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Abstract

Crystalline materials are ubiquitous in the pharmaceutical, food, chemical and agrochemical
industries, to name a fewhe development of products and formulatioostainingcrystalline

solids requires the idepth understanding and exploration of the varmsstingsolid forms

of thesesubstances. At the same time, crystal engineetiimg todesign molecular crystals

with directed properties, based tre knowledge ohydrogen bonding and intermolecular
interactionswithin the crystallattice. Such knowledge can enaldelivering particles with
optimized physiochemical properties, such as stability, morphology andcidhemistry,
which can ultimately lead to a faster product development and more efficient formutations
specific applicationsTherefore, there is a profound need of understaringhese properties

related tahe crystallographicharacteristics afolids

In this doctoral project, different solid forms of an important food grade flavonoid substance,
guercetin, includingquercetinanhydrous (QA), quercetin monohydrate (QMH), quercetin
dihydrate (QDH), quercetin DMS®olvate (QDMSO), quercetin ethdreblvate (QE) and
their respective deolvated formsyere studiedh order to understand how the crystallographic
structure affects the macroscopic properties of quercetin parfitiesstrength and nature of

the intermolecular pairwise interactionsrffyons) in thaifferent structures were calculated
and the lattice was comprehensively examined. The modelling workinteggrated and
validatedwith experimental soligtate characterization. It was found that crystallization of
guercetinfrom an aqueousolventfavorsthe formation of hydrates, witQDH being the
structure of highest stabiliigt ambient conditionsThis is because the water molecules in the

lattice satisfy the hydrogen bonding interactiamailable in the quercetin moleculedowing
X



a more planar conformatioaf this molecule that enable the formation ft r on'g e r
interactions. It was, further, demonstrated thastronger hydrogen bonding netwdritween
the quercetin and the DMSO molecuiesQDMSO can lead to a higher relatitbermal
stability for the that structureompared to QDH, for which the hydrogen bobhdsweenthe

guercetin and the water molecules were weaker.

The attachment energy morphological predictions and surface chemistry aobtysescetin

forms, verified by experimental studies on the structures, demonstrated surface anisotropy and
heterogeneous surface energies for the quercetin forms. Thespac#ic surface chemistry

was explainedbased on the study of the extrinsic synthons. It was shown that dyBtdlhas

more nonrpolar surfaces compared@MSO, whose dominant surface was found to grow by

polar hydrogen bonding interactions.

The solidform landscape ajuercetinvas alsdurtherexplored, and four new structures were
discovered two new solvates(QDMSO and QE)and their desolvated forms. The

transformation conditions between the different solid forms were also established.

The approachpresented in this work can be extremely useful when designing products and
processes involving different solid forms, specifically solvates, and for understanding and
controlling the morphology and surface chemistry of crystalline solids. The interlink
edablished between the crystal lattice and the physiochemical proertjasrcetimot only
elucidates the underlying chemistry behind many crystallization phenomena, such as the
formation of solvates and their anisotropic nature, but also assistshingnihe prediction

and design of tailemade crystals with optimal characteristics.
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CHAPTER 1 - INTRODUCTION

1.1 Background

Crystallization is one of the oldest unit operations in the chemical industry and it can be seen
as a purification technique, a separation process or a branch of particle techfiogy.
Crystallization from solution is widely used in the pharmaceutical, chensgabchemical,

food and cosmetic industrie?] In the food ndustry crystals play an important role in the
functionality, quality and consumer enjoyment of many food products. For example, the control
of size distribution of ice antht crystals in ice cream ensures that it provides the desired
mouthfeel, ané smamth texturethat is acceptable for consumgy More recently, research

into the crystallization behaviour of cocoa butter aimed to create novel chocolate products
providing healthier and more sustainable alternatives to traditional chodplatgucinghe

high saturted fat content using oleofoams stabilized by cocoa butter crygtiBs] In the
pharmaceutical and nutraceutical industries, crystal purity, polymorphic state, and crystal size
and shape are Yeproperties that can impact other physiochemical properties such as
bioavailability, flowability, adhesion and other downstream processes as well as storage and
handling.[6] Understanding the mechanisms that govern crystallization and improving the
ability to control this operation through a crystal engineering approach, is crucial to obtain the
desired crystalline phase and, therefore, to manufacture products with tailored physiochemical
properties anflinctionality. Relating product properties with crystallographic information and
designing processes that can deliver crystetls the desired chiacteristics has always been,

and will continue to be, important areas of research.

Understanding nucleation from solution, which is the-asffembly of the solute molecules

within a solvent, and the effect of crystallization parameters such as chosavent,



supersaturation and temperature profiles on the quality of the final product, is perhaps one of
the biggest longerm challenges in the crystallization communidyfferent solid forms of a
substance can exist, including polymorphs, solvates and/stals.[7] As a multitude of
solvents and processing conditions can be used in the manufacturing of crystalline products, it
is important to have a clear understanding of the solid form landscape of the crystallizing
compound.Solid form screening, which is the activity of generating andlyzingdifferent

solid forms of a substance, is an essential parpfoductdevelopmetin many industrial
sectors that make use of crystalline materials. Solid form screainisgt finding the optimal

form in terms of physiochemical propertaa®d stability for a specifiproduct [8] For example,

in the nutraceutical and pharmaceutical industries, solid form scrasmiedormed tadentify

the solid form with thebest profile in terms obioavailability, thermodynamic stabilitand
biological efficacy, as well as otheelatedproperties such as dissolution rate and surface

characteristicq9]

A significant number of marketed pharmaceutical and nutraceutical products contain solvated
active pharmaceutical ingredients (APIs) and exoigie[9] Solvates of a substance are
multicomponent crystalline solids that contain both the host moléatdganic molecule) and

a guest solvent molecule in the crystal lattice. The incorporation of the solvent molecules in
the lattice impacts the intermolecular interactions with the host molecule and generates a new
unit cell. Consequently, solvated solid s of a substance could exhibit different
physiochemical properties compared to the anhydrous pure form, in an effect analogous to that
of polymorphism.[7] These solvated structures could offer improved physiochemical
properties for a specific formulation, thus they are often preferred over the pure forms. In
addition, crystalline solids may often come in contact with water dret btjuid solvents and
vapours during various downstream processing steps such as filtration and d@jrage.

Therefore, knowledge of the solid form landscape and transformation conditions between the



various forms of a substance is essential to design storage conditions, and avoid any unexpected

transformations during manufacturing.

The anisotropic nature afrystalline substances poses another big challenge for industrial
crystallization. This arises due to the fact that crystals are made of multiple facets with different
chemical natur e, resulting from dif facet,ent or
Understanding crystal surface anisotropy is important in many processes that are typical of the
manufacturing of particulate products, including milling, granulation and tabletti@pThis
understanding will enable the control and design of particulate products with optimal properties

for a specifigoroduct and has been a subject of research for many scientists.

While solid form screening and experimental studies of crystalbhds and their anisotropic
properties is an irreplaceable stage for development and manufacturing, molecular modelling
of the crystal structures can provide a faster and more economical route for the prediction of
many of those properties. This can coempént the screening and experimental studiethe

solid form characterization and prediction of their properéspeciallyduring the early stages

of development where the availability of the material is usually &owl can ultimately aid in

engineeing crystals with optimal characteristics.

The ability to relate crystal structure to the physiochemical properties of the solid forms and
design particles with tailored properties is the basis of crystal engineering. Crystal engineering
requires the undstanding of intermolecular interactions, or synthons, within the lattice of the
crystal structure[11]]Synt hons are more specifically defi
that convey the essential features of a ctystas t r [LT] Camputaional methods for the
prediction of the strength, directivity and dispersive nature of the intermolecular interactions
within crystalline structures can be used in the prediction of crystaleladinc surface

attachment energies, and subsequently to morphological predidi@jsThese methods



require the use of atomistic forcdfie for the accurate calculation of the synthon strength
between the molecules in the crystal structyedj[14][15] Synthonic modelling can be used

to predict crystal properties based on the spatial arrangements and interaction energies of the
molecules witin the crystal lattice. Ultimately, this allows molecedaale design and control

of the physiochemical properties of crystalline mater[aB][17]

Whatisusal | y the Dbiggest challenge is the abili
and nature to the crystallization behaviour of a molecule from solution, in terms of molecular
conformation and morphology, and finally to the particle properties. irtkscén aid in the
understanding of the underlying chemistry behind many crystallization phenomena such as the
formation of solvates and hydrates, the anisotropic nature of the crystals arsptzgt

surface properties. This has been the focus ofitlisc t or a | project. To the
there is no other study that follows a similar systematic procedure that combinesangjlelti

modelling and experimental methods to gain insight into the crystallization behaviour of the

model molecule.

The model compound used in this thesis is quercetin, an important flavonoid substance popular
for its vast range of health benefits, and widely used in the food and nutraceutical industries.
[18][19][20] The different solid forms of quercetin were investigated both experimentally and
computationally to rationalize how and why the different crystallographic structuied via

terms of relative stability and surface properties, and to better understand its crystallization
behaviour. The methodology developed and presented here could also aid in the design of other

organic molecular crystals and particulate products.



1.2 The model compound: Quercetin

The model compound used in this thesis is quercetin. Quercgl@dy-Rihydroxyphenyl)

3,5, *trihydroxy-4H-chromen4-one, is a naturally occurring flavonoid, a polyphenolic
compound, found in many fruits and vegetablesyigiclg onions, tomatoes, apples and berries,

but also ingested from tea, wine and vinefit][22] Flavonoids are natural pigments found

in most parts of plants and are particularly attractive in the biological and food sciences, due to
their known beneficial effects on healtf20][23] Quercetin has stimulated considerable
interest in recent years, and it is the most extensively studied flavonoid, due to its significant
association between dietary consuimp and various health benefits, including antioxidant,
antrinflammatory and antitumor activitie§21][22][24][25] Due to this vast range of
biological effects, quercetin finds use in the nutraceutical industry addstgaplementg22]
Nutraceuticals are described as medicinal or nutritional components of food claimed to have a

medicinal effect on human health, also termed as functionas ffij[23]

The quercetin molecule consists of a pyrone ring and a phenyl ring, which constitute the
hydrophobic part of the molecule acdn form hydrophobic interactions such as Van der

Waal 6s f or c e[82]26](The dydrophikcgpart ob the molecule consists of five
hydroxylgpups t hat determine the molecul eds biol
acceptors and/or donors, as well as an ether and carbonyl group acting as acceptors for both

intramolecular and intermolecular hydrogen bondj&§][27][28][29]

Quercetin has received ample interest in scientific research due to the various health benefits
that it can provide. It has been shown todpeanticancer agent because it can inhibit cell
proliferation and angiogenesis and induce apoptosis and cellular seneg@taathermore,

it exhibits a number of properties that lead to cardiovascular protection, for example it is an
antioxidative and antiplatelet. Thantioxidant behaviour is due to its ability to scavenge

oxygenderived free radical$30] Due to the high reactivity of its hydroxyl groups, quercetin
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can stabilize the reactive oxygen species by interacting with the reactive compound of the
radical and inactivating if21][30] Further to hese, quercetin has been reported to inhibit
tumour growth due to its high affinity to interact with membrapend enzymes. For example,

it interacts in an inhibitory way with the cytochromet®0 isozyme specific for polycyclic
aromatic hydrocarbon metalsm. [21] Lastly, Quercetin inhibits inflammatory enzymes
cyclooxygenase (COX) and lipoxygenase, thereby decreasing inflammatory mediatas suc

prostaglandins and leukotrien§20]

Quercetin occurs in food mainly as glycosides, in a bounded form, with sugars, phenolic acids,
alcohols etc. After ingestion, derivatives of quercetin are hydrolysed in the gastrointestinal tract
and are then absorbed and metabolig28]. The content and form of all quercetin derivatives

in food is significant for their bioavailability as aglycone. However, due to its poor aqueous
solubility, quercetin is poorly absorbed by the body and the major percentage is excreted out,
therefae, the bioavailability of quercetin is relatively low, and this severely limits its potential
health benefitd31] The solubility of quercetin dihydrate in water has been measured and it is
reported by Srinivas et al [22] Otoer dtudies have tlied w a s
to measure the solubility in methanol and ethanol solvents, and agueous solvent mixtures,

where the solubility in those solvents was shown to be enhd323i33][34]

Quercetin can exist as anhydrous, monohydrate and dihydmtstal structures.
[21][28][35][36][18] Quercetin dihydrate has been reported to crystallize from evaporation of
an aqueous ethanol solution amdagjueous -propanol solution[21][18] The crystal packing

and conformation of quercetin in the different structures have been studied extensively. Souza
et al. have compared experimental and theoretitlMR shift patterns calculatl using the
Density Functional Theory (DFT) to predict the molecular structure and conformation of
guercetin in solution[37] They slowed that quercetin adopts a less planar conformation in

solution compared to a single molecule in the gas phase, owing to the intermolecular
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interactions that take place in the liquid ph43@] Hanuza et al. in 2016 have determined the
vibrational spectra of quercetin using FTIR, Raman Spectra as well as DFT quantum chemical
calculations[29] They discussed the role of hydrogen bonds in the stabilization of the structure

and have calculated the stable geometry of the moldedie.

Although the crystal structure of quercetin dihydratswsolved back in 1985 by Rossi et al.

and also reported by Jin et al. in 1989, the difficulty obtaining single crystals of the anhydrous
quercetin and quercetin monohydrate of sufficient size and quality for single crysagl X
diffraction is highlightedin literature. [21][18][38][39] Olejniczak et al. confirmed the
existence of an anhydrous form by several experimental techniques such as PXRD, DSC, TGA
and NMR, and discussed the impact of the water molecule on the hydrogen buetdiargk,
comparing the anhydrous and dihydrate forms and emphasizing its crucial role in determining
the molecular geometry of querceti®8] Filip et al. in 2013 fdbwed a multitechnique
approach, combining PXRD data with information fror\ddR and molecular modelling to
elucidate the conformation of quercetin in the anhydrous structure and gain insight into the
relationship between the hydrogen bonding networkthadrystal packing patterf89] For
guercetin monohydrate, the PXRD pattern was determined in 2011 by Domagata et al. and the
multipolar atom model was applied to analyse the structure in terms of its geometry, molecular
packing and intraand intermtecular interactions[35] The monohydrate structure was
nucleated from an acetonitrile solution, however exact experimental procedures remain
unclear. The PXRD patterns for the solved quercetin anhydrous, monohydrate, and dihydrate

structures are shown kigurel.l.
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Figure 1.1 PXRD patterns for the known quercetin structures. [21][28][35]

It is reported in literature that often quercetin is commercially available as a mixture of the
anhydrous and dihydrate forms, or in mixtures of crystalline structures with a different degree
of hydration.[38][40] Borghetti et al. have employed a rangieexperimental techniques
including VTPXRD, DSC/TGA and SEM to study the physiochemical properties and thermal
stability of quercetin hydrates. They identified quercetin dihydrate as being the most
thermodynamically stable structure compared to sampmagioing quercetin at different
degrees of hydration. They also report that the water molecules in the dihydrate form lead to a
lower energy state structure with a minimal potential for transifij.Furthermore, a study

on the solubilities of quercetin anhydrous and quercetin dihydrate by Srinivas et al. has shown
the aqueous solubpitof quercetin anhydrous up to 100°C to be higher than that of quercetin
dihydrate, implying that quercetin dihydrate is a more stable crystal structure at those

conditions.[22]

Quercetin often finds use in numerous applications in the food and nutraceutical industries.
[22] Quercetin dihydrate is marketed as a dietary supplement in capsule fornp, itorelve

antrinflammatory and immune respong&9] In 2018, Zembyla et. al have used quercetin



crystals as a Pickering stabilizer to stabilize water in oil emulsions; dbeerved that the
guercetin crystals absorb at the interface and provide stabilization of water droplets for several
days.[41][42] The ability of quercetin to act as a Pickering stabilizer may lead to various soft
matter applications where stabilization using biocompatible particles is necg¢43aiMore
recently, Ma et al. have studied the oral bioavailability of quercetin encapsulatediragedh
Pickering emulsions using a simulated gastrointestinal tfddk.The quercetidoaded zein

colloid particles were prepared from the simultaneous precipitation of quercetin and zein from
an aqueous ethanol solutiga4][45] Owing to its poor aqueous solubility and consequently
reduced bioavailability, crystal engineering approaches have been followed recently to enhance
the solubility and bioavailability of this important flavonoid substance, through the formation
of cocrystals.[28][46][47][48] Smith et al. have managed to produce four cocrystals of
guercetin with caffeine, caffeine and methanol, isonicotinamide, and theobromine dihydrate.
The four cocrystal structures exhibited enhanced degree of solubility when compared to

guercein dihydrate, and therefore improved pharmacokinetic propefies.

In this doctoral thesis, the specific model compound has been chosen because it can form a
range of intermolecular interactions, including hydrogen bonding-arstacking interactions,

and due to the fact that it readily forms solvated structures, viaistbeen the focus of the

work. The different solid forms of quercetin were investigated both experimentally and
computationally to rationalize how and why the different crystallographic structures varied in
terms of relative stability and surface propestiand to better understand its crystallization
behaviour. The methodology developed and presented here could also aid in the design of other

organic molecular crystals and particulate products.



1.3 Aims of the thesis

The present study will try to addi®the following research questions:

1. What is the solidform landscape of this important flavonoid substance, and what are
the physiochemical properties and transformation conditions of the different solid
forms?

2. Rationalize how the level of hydration/salia of a solid form affects the crystal
structure, packing and conformation energetics, in particular. how do the type and
strength of the synthons in the lattice change and how does this affect the conformation
and packing of the host molecules?

3. Elucidat the role of solvent molecules on the molecular packing and type of synthons
in different solvated structures: do different solvent molecules in the lattice form
interactions of different strength and polarity@w do these affect the crystal structure
ard molecular packing?

4. How do the solvent molecules relate to the crystallization behaviour and the
physiochemical properties of different solvates?

5. How does surface chemistry vary for the different facets and between different solvates
of the same substarizdHow does the predicted surface chemistry compare to the

experimentabne?

1.4 Delivery plan

The delivery plan to tackle the aims mentioned above includes both computational and

experimental techniques as follow:
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. Crystallization of quercetin from mnge of solvents and solvent mixtures, including
water, ethanol, and dimethyl sulfoxide, through a range of crystallization techniques
including cooling, antsolvent, and evaporation crystallization.

. Solid-state characterization of the solid forms usiagous techniques to assess solid
state stability, surface characteristics and transformation conditions between the
different forms.

. Calculation of the strength, directivity and dispersive nature of the bulk intrinsic
intermolecular interactions (synth®n in the different quercetin structures.
Characterisation and identification of the important synthons in the lattice.

. Calculation of the type, strength and direction of the extrinsic synthons. Identification
of the important synthons that contribute e growth of the different facets of the
guercetin solid forms. Prediction of surface chemistry of the facets of each form, based
on the characterisation of the extrinsic synthons.

. Prediction of the particle morphology of each quercetin solid form, basduegair

wise intermolecular interactions.

1.5 Thesis Outline

Chapter 27 Theoretical Background

This chapter provides a theoretical background on thedaisaystallization and synthonic

modelling.

Chapter 3 - Synthonic Modelling of Quercetin and lilydrates: Explaining Crystallization

Behaviour in Terms of Molecular Conformation and Crystal Packing

11



The aim of this study was to evaluate the effect of water molecules on the structure, packing
energetics and conformation of the model molecule, quercetin. Synthonic modelling was used
to compare the type and strength of intermolecular interactions irsttbetures of the
compound at different levels of hydration. The matigle modelling methodology proposed
here provides insight into hydrate formation and can be extremely valuable when designing
products, processes and storage conditions for partiquiadects with known hydrates. This
chapter was published in the peeviewed journalCrystal Growth & Designyol. 19, no. 8,

pp. 47744783, Aug. 2019

Chapter 4 - Solid-State Characterization and Role of Solvent Molecules on the Crystal

Structure, Packig and Physiochemical Properties of Different Quercetin Solvates

In this work a novel solvated structure of quercetin was discovered and characterized using a
range of experimental and computational techniques. The findings were compared to other
known solated structures of quercetin to evaluate the effect of the solvent molecules on the
type and strength of intermolecular interactions, conformation and packing arrangements in the
solvated crystal. This information was then related to the physiochemigarpes of these
structures. This proposed working framework can assist when designing particulate products
with known solvated forms. This chapter was published in thenegawed journalrystal

Growth & Designyol. 20, no. 10, pp. 6578584, Oct. 2Q0.

Chapter 5 i Quercetinethanol solvate: An elusive structure of the popular flavonoid

substance

In this chapter the crystallization behaviour of quercetin in different etiveaielr solvent
mixtures was investigated. Two novel solid forms, a weak gtierethanol solvate and its de
solvated structure, were discovered and characterised by a range of analytical techniques. The

work assisted in building up the solid form landscape and transformation conditions of

12



guercetin, which is widely used in many rffarlations. This chapter will be submitted to the

peerreviewed journalFood Chemistry

Chapter 6 i Designing particles with tailemade surface properties: A study on quercetin

solid forms

In this chapter the aim was to study the facet specific surfapeiies of different solid forms

of quercetin, using molecular modelling and experimental techniques. The main goal was to
determine the relationship between crystallographic structure and the surface anisotropic
properties. The extrinsic synthons andfacte energies of the different solid forms were
calculated and related to the facet specific polarity. This chapter will help in understanding and
controlling the morphology and surface chemistry of crystalline solids, to enable engineering
particles withthe most desirable characteristic and interfacial behaviour. This chapter will be

submitted to the peeeviewed journalJACS

Chapter 77 Conclusion and future studies

This chapter consists of a summary and discussion of the main results as well@samc

in relation to the main research problems and areas for future studies.

Appendicesi Appendices A, B and C provide the supporting information for Chagiess

and6, respectively.
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CHAPTER 21T THEORETICAL BACKGROUND

2.1 Crystal structures and Miller Indices

Crystallization is a process of solid formation which results in a highly organized 3D structure,

in which the constituent atoms, molecules or ions are characterized by long rangglprder.

The smallest repeating unit in a crystal st
asymmetric units are related to each other by symmetyrplete the unit cell, which is then

repeated infinitely in three dimensions to create a crystal lattice. The unit cell is described by

N 4

the unit cell parameters, which consist of three éRigtoand three anglesh ff . [1]

Crystals are classified into specific crystal systems according to the degree of symmetry. There
are seven different crystal systems, which are characterized with specsfiteagths and

angles between the axis. Within some crystal systems the molecules can be arranged into
different positionsn the lattice, resulting in four different space lattice types. The combination

of the lattice type and the seven crystal systenmagdhe 14 Bravais lattices éme of which

all crystal structures belon[2] The classification of the 14 Bravais lattices is showRigure

2.1. Highly symmetric crystal systems are more likely to crystaliz&mple atomic systems.
Increasing the complexity of the molecular species can result in the molecules crystallizing in

lower symmetry classel2]
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Figure 2.1 Classification of the fourteen Bravais lattices into the seven crystal systems. [2]

In 1839, W. HMiller introduced the concept of Miller indice€XQ)y suggesting that each face

of a crystal could be represented by the indi@é®and& The surface, or plane, was defined

as the reciprocal of where the plane intercepts the crystallographicThrisntercepts are
defined as A, B and C. If the plane cuts the axis at a distance equal to a full lattice parameter
from the origin X,Y or Z, then the integé& "Qor dis 1. If the plane cuts the axis at half the
lattice parameter, then the integeRjsand so on. If the plane is parallel to a crystallographic
axis then the intercept is infinity, and the Miller index i$1).This isdemonstrated ifigure

2.2. The distance between the planes in a isrds known as the interplanar spacig .
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Figure 2.2 Intercepts of planes on the crystallographic axis and definition of Miller indices.

[1]

2.2 Solubility and Supersaturation

A solution isdefined asa homogeneous mixture of two or more substances. The selection of
the Abesto solvent for a particular crystald]l
a mixture of two or more solvents may be found to possess therbpsrties for the particular
crystallization. The solute to be crystallized should be readily soluble in the solvent, and should

be easily precipitated from the solution, in the desired crystalline form, after cooling,

evaporation or antisolvent addiiq1] Solvents are usually classified as polar or-potar.

Solubility is defined as the amount of a substance that can be dissolved in a speciftasolven
a given temperature. It is worth noting that for a given solute in a given solvent, the solubility
curvecan usually be affected gmperaturelmpuritiesor additivesdissolved in solutiogan

affect the solubility[3]

Experimentally, solubility curves as a function of temperaitaa be obtained using a

technique known as theragravimetric method, or by using turbidimetry detect the clear
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point of a suspensiomponheaing. [4][5]1 t can al so be calcul ated

Hoff Equation which incorporates thectivity coefficient, toaccount for nonideal solutions:

| o — — - (2.1)

where,wis the mole fraction of the solute in solution (molar solubility) is the molar
enthalpy of fusion of the solute (J/madW,is the gas constarity is the fusion temperature of

the solute (K),Yis the solution temperature (K).

Knowing the solubility curve in a given solvestrequiredor the understanding and opl
design of a crystallization proce$sgure2.3 shows a hypothetical solubility curve (solid line).
Below the solid line, Region I, the solution is undersaturateldaay crystals cannot exist in
equilibrium with the solution, thus, they dissolve. Above the solubility curve, the solution is in

a supersaturated state where crystals can nucleate and grow.

Solubility curve

-------- Metastable zone limit J

Concentration, ¢

Temperature, T

Figure 2.3 Phase diagram of concentration versus temperature showing the various regions

within a crystallization process

Region Il, the metastable zone, beltve dashed line, is a region of lower supersaturation,
where existing crystals can grow but spontaneous nuclezdimmot happen. The width of the

metastablezone depends both on kinetic and thermodynamic factors including agitation,
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cooling ratesthe type of solvent, pthndthe presence ampurities.[6] Region lll, above the
dashed line, is called the labile regiwhere the solution possesses the critical degree of
supersaturation required fepontaneousucleation to occur. Supersaturation is, therefore, the

driving force for nucleation and growth.

Strictly speaking spersaturation is defined as the differehetveen the chemical potential of

the solute molecules in the supersaturatedl §nd saturatect{y) state respectivelyl]
Supersaturation can be exgsed as:

., — (22

where'Qis the Boltzmann constant afds the temperature.

Using the GibbDuhem equation, the chemical potentials can be related tgadlnéon

activities,and supersaturation can be also related to the solution concentrations
” i I — O \l T_ - (2.3)
Wherew andw refer to the molar fraction of solute in a supersaturated and saturated

solution, respectively.

In practise gpersaturatiois usually expressed as Supersaturation rati¢equatior2.4), or

as the degree of supersaturatiq®, (equatior?.5):
Y oo (24)
Wb © (25)

The aim in a crystallizatiofrom solutionis to create supersaturatighis can be achieved by

different methods, including cooling, evaporation, or additioanantisolvent.
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Cooling crystallizations used for compounds whose solubilities increase with temperature. As
the temprature is lowered there is a decrease in the solubility of the solute in sédutibis

type of crystallization; hence ¢hequilibrium concentrationy hdecreases and there is an
increase in the degree of supersaturation. Evaporation involveshtbgal of solvent from the
solution and increases the concentration of the solute in the solution, thus increasing
supersaturatianFinally, antisolvent addition relies on the addition of a second solvent that
reduces the solubility of the solute in tlesultant mixture[7] In cases where the solubility of

a solute is not strongly dependent on temperature, cooling crystallization would not be an
effective method; alternatively evaporation or awivent methods could be used. An
advantage of ansolvent crystalliation is that it can be used in cases where substances are
heat sensitive and large temperature alterations would nappeopriate Anti-solvent
crystallizationcan also create high degrees of supersaturatibich allows fast precipitation

of small size particleg6]

2.3 Nucleation

Nucleation is the@ppearancef a crystalline nucleus and is the process of creating a new solid
phase from a supersaturatkguid phase.[8] It can be classified into either primary or

secondary.

2.3.1Primary Nucleation

When nucleation happens ihe absence @xistingcr yst al s i s defined as
nucleation can be homogeneous if it is spontaneous in solution, or heterogeneous if it is induced
by the presence of an external surface (e.qg., foreign partieles)ogeneous nucleatioarely

occurs since solutions often contain random impurities that may induce nucleation. Generally,
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heterogeneous nucleation takes place at lower supersaturations as impurities tend to reduce the

energy required for nucleatiof7]

Homogeneous primary nucleation candxplained by two theories: the Classical Nucleation
Theory (CNT), and the Tw&tep Nucleation theory. The CNT states that the free energy
requiredfor the formation of a stable cluster that can grsathe sum of th&@olume excess
free energy wO, and the surface excess free energ®). WO is a positive quantity, the
magnitude of which is proportional io. In a supersaturated solutio@,O is a negative

guantity proportional td . [1]

©w0 WO O  -“i O T“i [ (26)

wherei is the cluster radius aridis the interfacial tensioandO is the free energy change

of the transformation per unit volume

In a supersaturated solution the solid state is more stable than the soluti@y emds to
decrease the enertparrierfor nucleation. Thepssinstead is associated with the presence of

a discontinuity of concentration at the solutmmystal boundary, thus tends to increase the total
qes.

The critical nucleus is the minimum size of a stable nucleus. For clusters of molecules of size
less than thighe clusters are unstableor nucleusiges greater than thige clusters are stable

and can growAs the supersaturation increases Méleeof theenergybarrier and the value of

the critical radius both decrease. With increasing supersaturation, the barrier eventually

becomes small enoudbr nucleation to become spontanedas.

The critical sizej , (equatior2.7) and the critical Gibbs free energy© , are given by:

i — 2.7)
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GO -t i (2.8)

The rate of nucleation is defined as the rate at which clusters grow through this critical size to

become crystals, antis an Arrhenius type of equation

0 OAPPD— (2.9)

The delay between the attainment of supersaturation and the detection of the first newly created
crystal in solution is called induction time, and is inversgigportional to the rate of

nucleation, as estimated by Mullis:

-0 App—— (2.10)

For some proteins and a few organic and inorganic molecules, thetdpvdheory seems to
describe crystal nucleation better than the C]9T The theory states that the formation of a
nucleus is preceded by the formation of a stable liquid cluster at higher density than the
solution. The high concentration of molegsiin this cluster favours the formation of the solid

nuclei which then grow in ordered crystalline structui&}.

2.3.2Secondary Nucleation

Nucleation of new crystals, induced only because of the prior presence of seed crystals of the
material being crystaltied, is defined as secondary nucleat[8h.Seed crystals catalyse the
nucleation which cartake place at a lower supersaturation as compared to primary nucleation.
[7] There are different mechanisitigt cannducesecondary nucleation; the most significant

one is contact nucleation, also referred to as collision breeding, caused by the collisions
between the growing crystals and the walls ofdtystallizer,a stirrer or impeller or contact
between crystals thenises. [8] Other mechanisms include initial breeding, caused by
crystalline dusfrom dry seedshatintroduces new centres for growth, needle or polycrystalline

breeding, and shear nucleation caused by fluid shear on growing crystaj3aces.
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Secondary nucleation the most important type of nucleation happerimgndustry where
seeding is performed][6] The rate of secondary nucleatid) Can be expressed empirically

by a power law functiom the form
6 Q0 0 oo (2.11)

The rate obecondary nucleation is affected by three main factors: the degree of supersaturation
(q), themassof seed crystals present in the supersaturated soliigngnd the interactions
between the crystals and solution, expressed as stirrer $f)edthé ate constamstkg, j, k and

b can be predicted by semnpirical models of contact nucleation in crystalliz§sk.

2.4 Crystal Growth

What follows crystal nucleation is crystal growth, which involves the addition of solute
molecules from a supersaturated solutto the crystal surfac¢7] Crystal growth is a two

step process consisting of mass trandfgd(ffusion) of solute molecules from the bulk to the
surface of the nuclei, followed by a surface reaction (surface integration) where the molecules
attach to the surfac§9] The rates of solute diffusion through the boundary layer adjacent to

the crystal surface, arile surface integration onto the crystal are gitagn

Diffusion:— Q06 6 & (2.12)

Integration— Q06 6 6° (2.13)
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Figure 2.4 Concentration driving forces in crystallization from solution according to the

simplediffusion-reaction model[1]

Wheremis the mass of crystal deposited in titnA is the surface area of the crystal,is

the mass transfer coefficielk; is the surface integration rate const&his the solute
concentration in bulk liquidZi is the solute concentration at the interface between the crystal
and the solution, an@* is the saturation concentratidfigure2.4 depicts the concentration

profiles during crystal growth.

SinceC; is difficult to measure, the two equations agmally combined to equatio.14
where @@ 6 0° is the overall driving force, ants is the overall crystal growth

coefficient.

— UV O wo (2.14)

with g thatis the overall growth rate order.
If g=1, then:

— - — (2.15)
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If the surface integration resistanee,is low, therKg is equal tdkm and the process is diffusion

controlled. If the diffusion resistances, is low, thenKg is equal tok: and the process is

controlled by the surface integration step.

2.5 Polymorphism

A substance capable of crystallizing into different, but chemically identical, crystalline forms
is said to exhibit polymorphism. Polymorpban havelifferent physical properties such as
density, melting point, solubility, reactivityheérmal and optical propertigd] Polymorphism

arises due to alternative ways in which molecules or ions can pack in a crystal structure to
minimise theirfree energy.Different packing is driven byifferences inintermolecular

interactionsbetween polymorphs of the same substaj@je

Together with polymorphdere areotherdifferent classes of solid forms, known as hydrates,
solvates and amorphous. In solvates, both solute and solvent molecules are part of the crystal
structure that make up the solid phase, and if the solvent molecule is water then the crystalline
form is referred to as hydratd6][8] In amorphous solids, molecules are arranged in a
disorderly manner. Solvate, hydrate anagshous forms areometimeseferred to as pseudo
polymorphs.[6] Polymorphs and solvates can be identified andratterised by several
analytical techniques including powderRay diffraction, Infrared (IR), and Near Magnetic
Resonance (NMR) spectroscopy. Differential Scanning Calorimetry (DSC) can be used to

monitor phase transformatiorj]

The nucleation of a certain polymorph and the transition between one form to another is an
important factor to control during crystallization due to the different propertietheof

polymorphs. A polymorphic transformation can lm@ught abouby changes in pressure,
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temperature, composition and pH, and can occur in the solidistag,be solutiomediated,
meltmediated or interface mediatéithe kinetics of transformationsal depend on conditions

such as temperature and pressi2k.

Crystallization from solution is widely used in the food and pharmaceutical industries and there
is a great interest in understanding and controlling this mecha@smt. wal d6s r ul e
states that upon crystallization, the metastable form will nteckeat and will thertransform

into other more stable forms until the most stedtecture appeain orderto minimize the

Gi bbés free energy of t H7%Thedfferéeneem Gabd @s e & cle

energy, g5, between the two formsacts as the driving force for the polymorphic
transformation, and the most stable form is therefore that with the @&k The most stable

form will always be the least soluble in every solvent at a given temperature and pasdure

for a dimorphic system there are two possible scenarios: (1) Where the solubility curves of the
two polymorphs cross each otlaa temperature (called the transition temperature) lower than
the melting point of both forms (2) Where the solubilitynes do not cross each other in
solution.[9] The first type 6 system is called enantiotropic while the latter is defined as

monotropic.This isschematicallyllustrated inFigure2.5.
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Figure 2.5 Phase diagrams for a compound containing two polymorphic forms (dimorphic)

showing a (a) monotropic and (b) enantiotropic system
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The mechanism of solvent mediated polymorphic transformation typically involves three steps:
(1) dissolution of the metastable phase into solution; (2) nucleation of the stable form; (3)
crystal growth of the new stable nuclgi] Any of these steps could be the rhteiting step
to influence the rate of polymorphic transformation. The rate of transformationbe

controlled by introducing specific additives that act as inhibifais.

It should be noted that transformation is not certain even if a systers argene that would
theoretically allow itlt will depend on conditions such as temperature and pressure, which can
alter the transformation kineticl] Furthermore, control over the polymorph nucleated can
be achieved by the choice of solvent or presence of additives: sbhsmstrong effect on

the nucleation of one polymorph or another because of the kind of bonds that camtform
solute.Similarly, additives can direct the nucleation towards a specific polymorph rather than
others by forming interactions with the solute molecule and therefore interfering with the
molecular preassembly route to nucleation, favouring the nucleation of a spgeanific
[10][11] Also, the level of supersaturation affects the polymorph to be nuclegteekally, a

high supersaturation favours the nucleation of the metastable[fjrm.

2.6 Crystal Engineering

Crystal engineering aimthedesi gn organic solids and it
understandingof intermolecular interactions in the context of crystal packing and in the
utilization of such understanding in the design of new solids with desired physical and chemical
pr op e 3] Cnestalliine materials are held togetbgmoncovalent interactions of varying
strength, including hydrogen bonding interactions and van der Waals forces of attraction. A
detailed understanding of these interactions is required in order to apply crystal engineering for

the design of new solifbrms.
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Hydrogen bonds are usually exploited in crystal engineering because of its strong and
directional nature, and it is often the dominant intermolecular interaction in many molecular
crystal s. Hydrogen bonds ar e daetion beteween &y | Ul
hydrogen atom from a molecule or a molecular fragmertl X which X is more
electronegative than H, and an atom or a group of atoms in the same or different molecule, in
which there is evi[d3Hydregendodndslcanvaty infswengthandicamn . o
be classified in terms of bond distance between donor and acceptor atoms. In crystal
engineering it is often challenging to predict where hydrogen bonds willdae to the multi

donor and acceptor sites contained in a sydtbf).

Another type of interaction usually found in organic crystals is known-asstacking
interactions, and are often formed in structures that contain two or more aromatic rings that lie
adjacent taeeach other. These interactions can occur when attractive interactions bétween
electrons and thé-framework are more favourable than the repulsions betwasdectrons.

The neighbouring aromatic rings can arrange themselves in different geometrigdinmcl

faceto-face” -stacking and offset-stacking[15][16][17]

Finally, van der Waal s tiractivecor repulsivie torces betwveen d e f i
molecular entities (or between groups within the same molecular entity) other than those due

to bond formation or to the electrostatic interaction of ions with one another or with neutral

mol ecul eso. Vm@aionsdaeermudVaveakescomparéddo the hydrogen bonding

and’-" stacking interaction$18]

The knowledge of these intermolecular interactions permits approaches such as crystal
engineering to be used in order predict ways in which molecules will interact and link

together for the formation of crystalline solids.
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2.7 Synthonic Modelling

The term Asynthonod is used to describe a gro
theintermolecular synthons that are directed in a particular direction are believed to govern the
growth rates in that direction, and therefore the overall shape of the crystal. Synthonic
Engineering (SE), or Synthonic Modellimyaws upon the molecular andystallographic
structure of a material and involves #galysis of the spatial arrangement and energy of the
synthons (intermolecular interactions) that hold a crystal togetisng the atoratom
approach[19] SE tools, such as HABIT 98, can calculate the nature, strength and directionality
of these synthong20] Hence, they can be used to predict crystal morphologies and facet
specific surface chemistry, in terms of the strengths of their intermolecular interactions, as well
as predict physiochemical properties of the cryis&lmaterial. SE can therefore provide a
guide to the experimental conditions required to produce-dgfneed crystal morphology and

physiochemical propertieR21]

The intemolecular interactions in a crystalline structure are often calculated using empirical
interatomic potentials derived from experimental d§a2][23] The lattice aergy for the
structure under study can be calculated and be compared to the experimentally obtained

sublimation enthalpyaccording to equatiaa16.
O O (Y'Y (216)

WhereO is the experimental lattice energy calculated from the sublimation enth#lpyy

is the universal gas constant anis the temperaturéd good agreement between tladtice

energy predicted by the modelling software and the experimentally dattiddtice energy
suggests that the potential is suitable to predict the strength of the interatomic interaction for

the atoms involved, and hence predict the strength of the intermolecular intergt8i{a4)
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The calculation of a pairwise intermolecul ar
at omo wwhkidh bums the individual atoatom interactions between the two molecules.
A LennardJones potential is used, which contains terms to calculate the van der Waals

interactions and the Coulombic term to calculate electrostatic interactions, as in egdtion

) - - — (2.17)

Where0 andd are atorsatom interaction specific parametefsandr| are fractional charges

on atomsnd’Geparated by distanceandO is the dielectric constariR4]

The SE tool used in this doctoral project is HABIT E&][21] HABIT 98 constructs a series

of unit cells in three dimensions and calculat®s nonbonded energy between a central
molecule and all other molecules in the central and surrounding unjtveigtis a sphere of a

limiting radius set by the user, beyond which the energy of interaction between a molecule and

the central molecule isegligible [20][21] The intermolecular interactions can be ranked by

strength or distance and outputted for analysis, along with the atom by atom contribution to the
lattice energy, summed over the asymmetric unit. The ranking of the intermolecular
interactions by strength oée outputted using the DEBUGfunction, while the breakdown

of lattice energy per molecule, atom type and functional group can be achieved using the
DEBUG:-2 function. The energy of interactions is broken down into van der Waals attractive,

van der Waalgepulsive, hydrogen bonding attractive, hydrogen bonding repulsive and
electrostaticIntermolecular interactions that are present within the bulk of the material are
termed as Aintrinsic synthonso. Thhatakthei nt er a
interactions are formed between a molecule in the bulk of the crystal and other bulk molecules
around it. AExtrinsic synthonso are fAunsatu
surface of a crystal; these are the interactions thatlacule on the surface of the crystal can

form with the surrounding$21] Facespecific information can be outputted for analysis. The
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nature and strength of these interaicsi, combined with molecular scale modelling of the
predicted surfaces using a molecular visualization software, can be used to provide important
information on the surface chemistry of the dominant faCGegstal growth involves the

creation and breakagé solvent/solvent, solute/solvent and solute/solute interac{i@bls.

Crystal morphology is predicted from the calculation of the strength and directionality of the
intermokcular interactions within the crystal structure. By identifying those interactions that
are exposed at the growth surfaces it is possible to establish which of them govern the relative

facetspecific growth rates through the attachment energy model.

2.7.1 The Attachment Energy model

The attachment energy model, developed by Hartmann and Perdok in 1955, states that the rate
of growth perpendicular to a crystal surfab&l) is proportional to the attachment energy for
that surface[25] Relative to any crystallane fikl) the lattice energy® , can be partitioned

into slice energyQ© , and the attachment energy for the sl@e,, as in equatio.18. [21]
O ©O © (2.18)

The lattice energyQ , is the sum of all atoratom interactions between a central molecule
and all the surrounding molecules within a summation radius limit beyond which the lattice
energy increases by negligible amount. $hee energyQ© , is the summation of all the atem

atom interactions within a slice layer of thickneSs, , whereas the attachment ener@y, h

is the energy released on the addition of a growth slice to the surface of the growing crystal. In
this model it is assumed that the attachment energy is proportional to the growth rate, in a

direction perpendicular to that facet, according to equ&titth [25][26]

Yo 0 (2.19)
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The attachment energies can lmwerted into centre to face distances and then used to
construct a Wulff plot prediction of the crystal morpholof31] Based on the attachment

energy model, a face of highattachment energy will have a faster growth rate. It is often
observed that the slow growing surfaces of a crystal, those having a lower attachment energy,
dominate the final morphology, and the fast growing faces, of higher attachment energies, are
smal , or can be Afaceted outo and not be pre
attachment energy morphological predictions give the best match to the morphology of crystals

grown in the vapour phase or at low driving force in solution. [19]

The suface anisotropy factor, , can provide a measure as to how satisfied the possible
intermolecular interactions of the molecules at a growing surface are, when compared to those

within the bulk.

- —  (220)

Lattice planes d,, thickness

Figure 2.6 Schematic representation of how attachment energy is calculated at the molecular

level.

2.7.2 Attachment Enerqgy morphological predictions

Early relationships of interplanar spacing to morphological inapee, linked with lattice
geometry, lead to Bravais, Friedel, Donnay and Harker model (BHRH)This model is still
used to identify the morphologically dominant fagbkl). The model suggests that, after
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allowances have been made for space group symmetry, the crystallographic forms with greatest
interplanar spacind® , will be the most morphologically important at the surface of the
crystalline particle. [1] Computegorograms, such as Morang, can calculate the interplanar
spacing in specific crystallographic directions. Morang utilises the unit cell information and
calculates the interplanar spacing in each crystallographic direction and then ranks them in
descending mler. Therefore, the likely morphologically important surfaces are efficiently
predicted. [19] The biggest limitation of the BFDH model is thdils to take into account

the effect of the intermolecular forces on face specific crystal growth in auntenrierystal.

Alternatively, the attachment energies calculated from the attachment energy model discussed
previously can beonverted into centre to face distances and then used to construct a Wulff

plot prediction of the crystal morphology, using roatimolecular drawing programs such as

Mercury. [21][19] The Wulffp| ot s are based on the Wulff t
equilibrium crystal habit would consist of crystal faces whose distance from the origin, in a
specific Qkl) direction, is proportional to the specific surface energies of the faces and the
crystd growth rates away from the nucleation c.
the threedimensional shape of a crystal will be the one in which the total free energy is at

minimum, according to equatiéh?1.
[0 (2.21)
Wherel andd are the surface energy and surface area, respectively, Bfftuei

The morphological predictions from the attachment energy model assume the crystals to be
grown in the vapour phase at a low driving force. However, it should tedsved that the
majority of crystallization processes take place in a solution phase, and that interactions of the
growing crystal with the surrounding solvent as well as the crystal growth kinetics are going to

affect the final crystal morphology.
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Figure 2.7 Morphological predictions for quercetin dihydrate from (a) the BFDH model, (b)

the attachment energy model.

2.8 Solidstate characterization techniques

Solid-state characterizatidachniques are analytical techniques used to characterize the crystal
products, providing information such as the polymorphic form and staf@2&j/;The analytical
techniques further provide information that can help understand the crystallization process of
a compound as well as identifying transformation conditioetsveen different solid forms.

[29] The techniques discusskdre are DSC, TGA, PXRD, DVS and IGC.

2.8.1Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermal analysis technique used for solid state analysis
of crystalline solids. The operation involves the heating of two cells,contining the
reference material and the other the sample. The two cells are kept at the same temperature by
a constant heating rate. Any changes within the system that occur during the heating process
will result in a change in the heat flow rate to faenple. The measurements take place at a

controlled flow of nitrogen to prevent degradation of the saniplg.

The measurements provide quantitative and qualitative information about the physiochemical
changes involving exothermic orathermic processes such as melting or boiling points, heats
of fusion and reaction, oxidative and thermal stability and specific heat. The technique can be

used to detect the presence of solvates and study polymorphic transitions. On a typical DSC
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diagram as inFigure 2.8, the transformations can be recognized by the sign of heat flow
absorbed by the sample. In this thesis, endothermic events are indicated as negative and

exothermic events as positive.

Exothermic event (eg.
chemical reaction)

Endothermic event
(eg. de-solvation,
melting, polymorphic
transformation)

Heat Flow (Wg™)

v

Temperature (°C)

Figure 2.8 DSC diagram example representing endothermic events as negative and

exothermic as positive.

2.8.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a thermal technique used in the idafitific and
characterization of solvate crystal structures. During the analysis, the sample is heated at a
constant rate and the mass of the sample is monitored against temperature and time. An
observed decreased in mass can indicate loss of solvent, vahidie @ither from the surface

of the particles (physisorption) or from the internal structure of the crystal irsalvigion

event. A weight loss at higher temperatures usually indicates loss of solvent from the lattice as
a higher amount of energy neddse supplied to break the intermolecular bonds. TGA data

can be used to determine the stoichiometry of solvates and hy{i3aies.
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2.8.3Dynamic Vapour Sorption (DVS)

Dynamic Vapor Sorption is a gravimetric sorption technique thasumea the rate and amount

of solvent sorbed and released by a sample. Theda¢@mplishes this by varying the vapo
concentration surrounding the sample and measuring the chamgesnwhich this produces

at constant temperaturéhe technique can be used to determine the hygroscopicity of solids,
detect different hydrate forms and measure the kinetic stability of solids at different conditions

of relative humidity (RH)[30][31]

2.8.4 X-Ray Diffraction (XRD)

Due to their long range order, crystalline materials have the ability to diffrdRays$ to
produce regular pattes, which can be used to provide structural information such as

discrimination between polymorphs and determination of unit cell dimensions.

An X-Ray cathode tube (typically Cu or Mo ofrdy wavelengths 1.5418A and 0.71073A,
respectively) generates therays which are filtered to produce monochromatic radiation, and
are directed towards the sample. Interaction of the incideatyX0eam with the electrons in
each atom of the sample causes theay§s to diffract at certain angles depending on the

arrangerant of atoms within the crystal lattida5]

Figure29X-r ays diffracted by a cryd3Xalline | att.]
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Diffraction occurs when an-Xay interacts with lattice planes known as Miller planes with a
characteristic spacin§ Miller planes refer to families of parallel planes that are described by
Miller indices, "(XQ¢ and their separation is termedQ@s . The path difference between the
incident and diffracted Xays can be calculated by consideringaXs reflectedby two
adjacent Miller planes separated by a distand®@ of, asshownin Figure2.9. The measured
angles of diffraction are used to determine the arrangement anchg@etween the atoms

within the lattice according to Braggs Law:
¢ _ C¢QOEFR (222
Where—is the angle of beam diffraction from the samiflés the distance between the Miller

planes in the crystal, is the wavelength of the incident beam andis the order of the

diffraction pattern[15]

The diffraected Xrays are detected by the detector and then processed and counted. The
different angles of diffraction are presented on ara)pattern by the presence of different
peaks. Each diffraction peak can thus be identified witti@gralue since eacheiak represents
diffraction from a specific Miller plane. It is possible to obtain all diffraction directions of the

crystal lattice by scanning the sample through a rangd ah@es[32]

Powder Xray diffraction (PXRD) isusually used to determine the different polymorphs within

a given system. If the sample is subjected to a controlled temperature programme during
scanning, the technique is called variable temperature powday Hiffraction (VT-PXRD).

If a single crysthis used (SEXRD), the technique can identify the specific positions of the
atoms within a crystal structure, by yielding an electron density map. Hence, the crystal

structure can be produced.
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2.8.5Inverse Gas Chromatography (IGC)

Inverse gas chromatogray has been demonstrated as a practical technique for measuring
surface energy and surface energy heterogen@y.It operates in the opposite way to
conventional chromatography, where the stationary phase is the unknown component and
solvent probes with known properties are the mobile phase. For heterogeneous materials, the
relationship between the measured surface energy and the surface coverade prov
information about the surface energy distribution of the matg¢84]. During the analysis,

known solute molecules are carried by an inert gas through a packed column of the unknown
solid substance, and the physiochemical characteristics of theseblié¢ system can be
determned from the retention times and retention volumes of these known solute molecules.
At infinite dilution IGC (IFD-IGC), small amounts of solvent are injected, covering only the
high surface energy sites of the stationary phase, while in the finite mod&EDhigher
amounts of solvent are injected covering larger sections of the stationary [#4k26]
Dispersive interactions can be determined from nonpolar solute molecules, such as alkanes (eg.
heptane, octane, nonaaad decane), while the adida s e ( pol ar) i nteract.
requires a polar solute molecule, eg. ethanol or water. The retentiorotined éach injected

probe vapour depends on the strength of interaction with the sample s{Bfg[26] The

retention volumed) ) can be calculated as follow:

@ —006 o — (2.23)

Where Qs the Jame#iartin pressure drop factor accounting for the compressibility of the
injected probesp stands for the specific surface area of stationary pbaisethe carrier gas

flow rate, 0 is the dead time, the time required for an inert md&dto travel through the
stationary phas€Yi s t he experi meiWt 8 te referange eempetature ef a n d

273.15 K.
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The dispersive component of a solid surface enérgy,can be obtained using approaches
describediy Schultz et aland Dorris and Gray, using the retention volume data of the alkane
probes[37][38] Figure2.10is a graphical representation of how the Schultz method can be
used to calculate the surface energy. Fronstbpe of the line formed by the alkane probes,
the dispersive van der Waals component surface erfergycan be calculatedhe retention
volume data of the polar probes consist of both a dispersive and dmaeidomponent. With
knowledge of thalispersive component for the polar probes used, thebasid component

can also be calculateds the difference between the change in the Gibbs free energy of

adsorption of a pol ar sol vent data .point

[35][36][39][40][41]
RTIn(Vy")
A
[ isthe liquid Polar
vapour surface Probe Alkane

tension O s the
acid-base adsorption
energy contribution,
‘Yis the universal

(non-polar)
series

- - AG® _ pngd 3112
gas constantpis AB Slope = 2(Ygy)
the crosssectional
area of the solvent
used e

172

o (nrd
> aly,y)

Figure 2.10 Schematic representation of the Schultz method for the determination of surface

energy, using IGC analysig6]
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CHAPTER 3 - SYNTHONIC MODELLING OF QUERCETIN
AND ITS HYDRATES: EXPLAINING CRYSTALLIZATION
BEHAVIOUR IN TERMS OF MOLECULAR

CONFORMATION AND CRYSTAL PACKING

Abstract

Hydrated structures of a specific compound can often diffeeent physiochemical properties
compared to the anhydrous form. Therefore, being able to predict and understand these
properties, especially the stability, is critical. In this study quercetin, a flavonoid molecule, is
modelled in three different stat®f hydration to gain an understanding of the effect of water
molecules on the structure, packing and conformation energetics of the three forms.
Conformational analysis and modelling of intermolecular interactions (synthonic modelling)
have been perfornde It was found that in the anhydrous form hydrogen bonding is the
strongest type of interaction while in the two hydrate structures, the incorporation of water
within the lattice leads to the formation of hydrogen bonds between the quercetin and water
molecules. Within hydrates quercetin molecules adopt a more planar conformation which
all ows them to pack mdraec kdlnogs @ lnyt ebrya csttiroonnsg, 't
relative stability. The modelling results highlight the importance of watére stabilization

of the lattice and explain the preferential nucleation of the dihydrate form. It is further
demonstrated how synthonic modelling can be

leading to more efficient product design and fad&relopment.
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3.1 Introduction

Hydrates are multicomponent crystalline solids that contain both the host molecule and one or
more water molecules incorporated in the crystal lattice, whereby it is thought that
approximately a third of organic compoundg€an form hydrated structures[1][2]
Understanding organic molecules propensity to form hydrates and mapping their
thermodynamic stability is of critical importance when formulating particulate products,
particularly for the pharmaceutical, food and agesultal industrieq3]

Exposing anhydrous structures to conditions of high relative huntgditynduce hydration
whilst some hydrates precipitate in water or aqueous solutdites the dissolution of the
formulated product in the desired media (stomac digestive tract for drugs, wet soil for
agrochemicals)[4] Since hydrates can present significantly different physical and chemical
propertiegsolubility, density, bioavailability etcompared to their anhydrous counterparts,
their unexpected foration can dramatically affect the quality and efficiencya gfrticulate
product.[5][6][7] In some cases theydrated forms of molecular crystals exhibit properties
that are desired for a particulate product, for example improved release rate ortalghtr. s
[3][71[8][9] Understanding how the water interacts with the host molecules in crystalline solids,
as well as how the pathway from solution to hydrated structure can become preferential over
the pathway to pure form, is essential to predict the relataaility and cystallisability of
hydrated crystaorms. [1]

Different crystal forms, whether they are single or multi component, can vary in terms of
molecular conformation or crystal packind0] The presence of water moleculeghin a
crystal latticecan affect tk type and strength of intermolecular interactiafithin the bulk

which in turn could stabilise moleculaonformatiors that may not be accessible within the
pure crystal formg11] This in turn not only can influence the properties of the ssibdie but

also the kinetic pathway frothe solution to the crystalline state.
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Unsatisfied hydrogen bond donors and acceptors within an anhydrous crystal structure, those
that could potentially form hydrogen bonds, is the main driving force for hydrate formatio
[9][12] The incorporation of water molecules in the crystal lattice provides additichahH

donor and acceptor sites that can potentially compensate for the unsatisfied hydrogen bonding
between the donors and acceptors of the host mold6lfi¢][12] In 1991 Desiraju reported

that hydratdormation is more favourable when the hydrogen bond donor/acceptor ratio (d/a
ratio) for the host molecule is low, and usually <(1R] The d/a ratio is a ratio between the
hydrogen bond donoendacceptors thatould potentially participate in a hydrogen bond, and
represents a measure of thidalance between the two in the struct{t8] The incorporation

of water molecules within the crystal structure increases the number of available bond donors
and shifts tk donor/acceptor ratio towardsity. [14] The polarity ofthe functional group®f

the molecules oatomsthat forma crystalline structure can also influence hydrate formation,

as compounds with charged or polar groups or atoms have a high tendenoy hydoated
structures[1] Finally, the formation of hydrates tends to decrease the void space in a crystal

structure and leads to more efficient packii®j[15]

OH
N OH
HO O| JI\/ Phenyl Ring
OH
Pyrone Ring OH O

Figure 3.1 The molecular structure of quercetin

In this work, aercetin, 2(3,4-Dihydroxyphenyl)3,5,7trihydroxy-4H-chromen4-one, is

chosen as the model compound. The molecule is a polyphenolic compound found in many
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fruits and vegebles, including onions, tomatoes, apples and befi6§17][18] Due to this

vast range of biological effects, having antioxidant,-arftammatory, antbacterial and ani
hypertensive properties as well as the ability to inhibit the growth of heararer cell lines,
guercetin finds use in the nutraceutical industry and as food supplement or ingredient
[19][20][21][22][23][24][25]

The molecular structure of quercetin can be observeEmiure3.1.[27][28] Quercetin can exist
asanhydrous (QA), monohydrate (QMH) and dihydrate (QDH) fof@®][30] It is sparingly
soluble in water, which results in difficulties when crystallizing the hydrated fornms fro
aqueous solvents.

While the crystal structure of QDH was solvedtie late 80scrystals of QA and QMH of
suitable size and quality have not been obtained to beddmhsingle crystal X-ray diffraction
(SCXRD). [30][31][32] The existence of the QA form was confirmed using several
experimental techniques such pewder XxRay diffraction (PXRD) and nuclear magnetic
resonanc€NMR), while for QMH the PXRD pattern was determined in 2011 by Domagata et
al. [8][31][32]

Experimental characterisation of the physiochemical properties and thermal stability of the
guercetin hydrates has been conducted by Borghetti et al., employing a range of experimental
techniques including variable temperature PXRD (VTPXRD), differentignising
calorimetry coupled with thermogravimetric analysis (DSC/TGA) and scanning electron
microscopy (SEM). The authors have identified QDH as the most thermodynamically stable
form. [33] A study on the solubilities of QA and QDH by Srinivas et al. hasve the aqueous
solubility of QA up to 100°Go be higher than that of QDH, implying that QDH is a more
stable crystal structure at those conditigh3] While experimental studies could be laborious,

time consuming and expensive, molecular modellingpramide an alternative route to gain
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insight into the properties and propensity of formation of hydrates, minimizing the required
laboratory work neededi34][35][36][37]

Synthonic modelling and computational methods can utilize atomistic force fields tian
empirical data, to calculate the strength, directionality and dispersive nature of the
intermolecular interactions (synthons) within a crystalline structure. This information can help
in predicting the physiochemical properties of crystd®][36] In the past synthonic
modelling has been used to study crystalline structures and estimate their properties, by
calculating the lattice energy and identifying the dominant intermolecular interactions
[38][39][40][41][42][43][44][45][46][47][48][49][50][51][52][53][54]

Synthonic modelling allows studying more complex mattmponent systems, including those

of hydrated structures [55][56][57] Characterisation and comparison of the bulk
intermolecular interactions within the anhydrous and hydrated wstasctof a specific
compound can provide evidence on how water molecules can affect the intermolecular
interactions among the different forms, and direct properties such as crystal shape,
thermodynamic stability and surface chemistry. As an example, Chidestal. (1995) have

used synthonic modelling to simulate the morphology of(#tectose monohydrate crystal
structure and identified that the water molecules in the structure play afipageole during

the growth procesg56] More recently, D.EBraun et al. have studied the intermolecular
interactions in 1,1{henanthroline anhydrate and monohydrate, and explained the higher
stability of the monohydrate form, identifying the lack of hydrogen bond donor groups of the
molecule as the reason leaglito hydrate formatiorj57]

The structure and conformation of the quercetin molecules in the three forms have been studied
individually both by experimental anitheoreticaltechniquesand theeffect of wateron the
molecular geometry of quercetin the hydrated structures has been discus$2d][58]

However, it is still unclear from these studies what is the effect of water on intermolecular
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packing energetics and conformational energy of each structure and how this link to the
experimentally observephysiochemical properties of each form, including thermodynamic
stability, crystallizatiorbehaviour of the compound and the preferential nucleafione form

to the other[59][60]

In the presented work, the effect of water molecules on the strucaaldéng energetics and
conformation of a muktomponent system characterised by a model molecule, quercetin, and
water in different ratios is investigated using a maiftgle modelling approach. Synthonic
modelling is used here to compare the type andgtineof intermolecular interactions in the
structures of a compound at different levels of hydration. A systematic procedure is developed
to gain insight of hydrate formation of quercetin and its hydrates, and to explain the
crystallization behaviour of ¢hcompound. This proposed modelling methodology can be
extremely valuable when designing products, processes and storage conditions for particulate
products with known hydratef61][62]

The intermolecular interactions in the solid state of quercetinvamdftits hydrated crystalline

forms have been estimated and studied in this work. The knowledge of such interactions can
elucidate the different mechanisms of crystal growth for these structures and explain the
crystallization behaviour in different sohs, particularly water. Additionally, comparing the
main intermolecular interactions can explain differences in the properties (e.g., relative stability

and solubility) of crystals structures of the same compound at different hydration levels.

3.2 Computational Modelling Methodology

3.2.1 Structure file preparation and minimisation

The crystallographic information files (.cif) for the three quercetin structures were obtained

from the Cambridge Structural Database (CDS): quercetin anhydrous (REFCBBEEC),
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guercetin monohydrate (REFCODE: AKIJEK), quercetin dihydrate (REFCODE: FEFBEX).
[8][16][27]

The crystal structures were minimised using the Forcite module in Mat8tiads 2017
[63][64] The torsion angle around the phenyl and pyrone ringiseofjuercetin molecule was
kept rigid while the hydroxyl group torsion angles were allowed to obtain the most
energetically favourable configuration according to the packing of each structure. The unit cell
parameters were kept constant. The SMART algaritvas selected for the structural
minimisationand he DREIDINGforcefield was used as this is one of the most suitable-force
fields for treating organic molecules and it was proved to work effectively with quercetin.
[65][66][67][68]

The files were expoetd as .car files (Cartesian coordinates) and then converted to fractional

coordinates.

3.2.2 Conformational Analysis

The quantum chemical calculations were carried out in Gaussig@9p The cartesian
coordinates of the quercetin molecules from the ardus] monohydrate and dihydrate crystal
structures were extracted and used as the starting point for the geometry optimization. The
energy of the molecules was calculated at the density functional level of theory, utilising the
triple zeta with polarisatio (TZVP) basis set of Alrich and e@orkers [70] The exchange
correlation energy was calculated using the Becke three parameter Lee Yang Parr (B3LYP)
functional, with the Grimme D3 dispersion energy function added to account for aryomtra
inter-molecdar dispersion energy{71] The agqueous environment was simulated using the
conducting polarisable continuum model (CPCM2]

To represent the crystal conformer in solution, the central torsion was frozen using the

redundant coordinate option, whilst tfest of the molecule was relaxed to reduce any possible
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energetic inconsistencies due to bond lengths from the crystal structures. To calculate the
favoured conformation of each crystal structure conformer in the solution environment, the
molecule was relxed without any constraints.

All energies were normalised to the lowest energy molecular conformer to calculate the relative

energy differences between the conformers.

3.2.3 Bulk Intrinsic Synthon analysis

The bulk intrinsic synthon analysis was carmed usingthe HABIT98 software developed at

the University of Leeds[73] HABIT98 takes in structural informatiofrom existing
crystallographic datéo construct a series of unit cells in three dimensions, and calculates the
pairwise intermolecular intaction between a molecule in the origin unit cell and all the other
molecules within a fixed radidsom the central moleculd35][36] In all three structures, the
guercetin molecule of the first asymmetric unit of the unit cell was taken as the celettaleno

and all intermolecular interaction were calculated within a sphere of 8@dus The
calculation of intermolecular interaction energies was performed using the Momany force
field, which contains a Lennattbnes potential for the VdW interactionsspeecific 1612 H
bonding potential and a Coulombic term with respect to the electrostatic interalgtdihe
contributions per functional group and per atom type to the total lattice energy of each structure
were calculated using the DEBWZfunction,and were summed over the asymmetric unit.
The ranking of the intermolecular interactions by strength was outputted using the BEBUG
function. All visualization of molecular and crystal packing were carried outéndury CSD

3.10 [75]

The unit celldensity wasalculated usinggquation3.1.:

Vi HOAAE | Qo6 (3.1)
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where®is the number of asymmetric units in the unit.cell
The sequence of calculati® followed for the conformational and bulk intrinsic synthon

analysis ardlustrated inFigure3.2.

N i N ' N f N
Convertion to HABIT98: Mercury CSD 3.10:
Materials fractional calcu!atlc_)n _of Visualization of
Studio 2017: coordinates and bulk infrinsic . mole_cular
Structure — calculation — synthons and - interactions _and
minimisation fractional functional and crystal . packmg;_
atomic charees atom group calculation of unit
S contributions cell density.
Download .cif — \ J \ / . J/
from CSD 7 ™ h
Crystal conformer in
solution: central torsion
frozen
\ Gaussian09:
quantum chemical A
calculations
Favoured crystal structure
conformer: full relaxation
\ J )

Figure 3.2 Flow diagram for the structure files preparation and sequence of calculations for

the conformational and bulk intrinsic synthorabysis.

3.3 Results and Discussion

3.3.1Unit Cell and Donor/Acceptor ratio Analysis

The unit cell packing and crystallographic data for quercetin anhydrous, monohydrate and
dihydrate, as obtained from the Materials Studio optimised filesl|l@asgated inFigure 3.3
andTable3.1. QA crystallizes with 4 quercetin molecules, and QMH with 4 quercetin and 4
water molecules, in orthorhomband monoclinic unit cells respectively. QDH crystallizes

with 2 quercetin molecules and 4 water molecules in a triclinic unit cell.
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(b) (©

Figure 3.3 Unit cells of (a) Quercetin anhydrous (b) Quercetin monohydrate (c) Quercetin

dihydrate

The density of the unit cell for each structure was calcukateldt was found thathe QMH
and QDH structures present vergimilar values, whereas that of the QA structure is
significantly lower. It is generally assumed that denser crystal forms are more

thermodynamically stable than their less dense counterparts, for the same host mglégules

Table 3.1. Unit cells parameters of quercetin structures. Z is the number of asymmetric units

and Z6 the number of molecules in each asymn
Name Quercetin anhydrous Quercetin monohydrate Quercetin dihydrate
Formula CisH10 Oy Ci5 H10 O7 .HO CisH1007.2H,0
Space Group P2/a . P 21/C. . .P .1.
Orthorhombic Monoclinic Triclinic
Cell Lengths (&) a14.7998b 11.2379% a8.7370b 4.8520c a13.109b 17.026¢
10.3512 30.1600 3.67
Cell Angles (%) U90.00006 90.00000 U90.0000b 95.5200 098.18b 90.342
90.0000 290.0000 0119.638
Cell Volume (,5?) 1721.6 1272.61 701.931
Ce'('u?/g;s'ty 0.702 1.007 0.964
Z, Z0 4,1 4,2 2,3
Donor/acceptor 0.357 0.438 0.500
ratio

A donor/acceptor ratio (d/a ratio) analysis wasried outfor the quercetin structures, as

described byDesiraju.[13] This analysis allows the identification of all the donors and
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acceptors of the asymmetric unit that could potentiallyinselved in a hydrogen bond
interaction, and not only thosleat actually form hydrogen bonds.

The d/a ratio is a ratio between all the hydrogen lwmbrs and acceptors in the asymmetric
unit of the consideresitructure (QA, QMH, and QDH) that could potentiallyibeolved in a
hydrogen bondhteraction. Since the quercetimolecule is made of only C, O, and H atoms, it
contains fivepotential hydrogen bond donors (the H atoms in the hydrgeodips) and 14
hydrogen bond acceptors (ttveo lone pairs oklectronseach O atom of the hydroxyl groups,
the carbonybond, and the keto group), as showrrigure3.4. Table3.1 shows that the d/a
ratio for the quercetistructures follows thadend QA < QMH < QDH. The inclusion of one
water molecule in the lattice introduces tvamlditional donorghydrogen atoms) antivo
additional acceptors (two lonmirs ofelectrons on the oxygen atom) in the asymmetric unit,
which reduces the imbalance of donors to acceptorpuasites the d/a ratio toward unity.

QA has a d/a ratio of 0.357, below the characteristic val@ebofvhich has been identified as
the threshold below whiclorganic molecules have a high tendency to form hydretgstal

structures[13]

Figure 3.4 Hydrogen bond donors (highlighted in pink) and hydrodend acceptors
(highlighted in yellow), for the quercetin molecule. Colour code: Goaybon atoms, red

oxygen atoms, whitbydrogen atoms.
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3.3.2Conformational analysis

The geometry and conformation of the quercetin molecule in the three solid fasrbedn
studied andesults werecompared. The torsion angle of the phenyl to the pyrone ring of the
guercetin molecules in easblid form has been calculated amdk illustratedin Figure3.5. It
is observed that the torsion angle is gregt&k5°) for the anhydrous structure. This torsion
angle leaves the molecule much less plas@npared to the monohydrate and dihydrate
structureswhich presentorsion angles ofl.0° and6.7° respectively[32]

The energy of the quercetin molecules in their different crystal structure conformations was
calculated, to compare the impact tha thhange in molecular conformation has on molecule
stability. It was found that their energy ranking was of the order QDH > QA > QMH. However,
upon optimisation of the structures in the aqueous environiienguercetin moleculdsoth

in the QMH and QDHstructuresoptimised toalmostthe same cdormation which has a
torsionangleof close tol7° about the central degree of freedom. In contrpgtrcetin in QA
optimised to a more twisted confoation which was calculated to be approximately 2.6
kcal/molless stable than the conformer found from optimisation otél andQDH crystal

structure quercetin molecules.
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Anhydrous Monohydrate Dihydrate

Quercetin molecule in solid

Energy (kcal): -692598.89 Energy (kcal): -692601.52 Energy (kcal): -692597.00
Relative Energy (kcal): 2.63 Relative Energy (kcal): 0 Relative Energy (keal): 4.52
Energy Energy Energy
Change: change: Change:
-0.16 -0.15 -4.68
[ -17.21%
-692599.06 -692601.67 . -692601.68
Relative Energy (kcal): 2.61 Relative Energy (kcal): 0 Relative Energy (kcal): -0.01

Quercetin molecule in solution

Figure 3.5 DFT geometry optimisation in aaqueous environment of the anhydrous,
monohydrate and dihydrate crystal structure conformers of quercetin. The monohydrate and
dihydrate optimise to almost the same twist about the central torsion, whilst the anhydrous

optimises to a significantly differéconformation.

These results suggest that that QMH quercetin molecald#brmation is closest to the most
stable conformation in the solution, with it only showing a small energy penalty to go from its
optimised conformer to its crystal structure confer. Despite the QDH molecule doing more
energetic work to go from optimised conformer to crystal structure conformer, it should be
observed that it is optimised to the same conformer as the QMH conformer, suggesting there

is a low energy pathway betwedmetcrystal structure conformer and optimised conformer.
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In comparison, the QA conformer optimised to a completely different structure, suggesting that
the crystal structure conformation is not close to the most stable solution conformation and
instead it @timises to a local stable minimum. Hence, one would assume that if the
conformation is fluctuating in the dynamic solution state, it is more likely that the conformation
would fluctuate to conformers which are close to its global minimum, such as the loca
minimum found from the QA geometry optimisation or the QMH and QDH conformers.
Therefore, it can be postulated it is less energetically likely for the quercetin molecule to
randomly fluctuate into the QA conformation, in favour of the local minimum fdwomd the

QA optimisation or the QMH or QDH conformers, suggesting that this would provide an
energetic barrier to crystallisation.

Literature solubility studies indicates that the QDH structure is thermodynamically more stable
than the QMH form below 10C. [33] However, the conformational analysis presented here
indicates that the QDH needs to do menergetic work to transition into its crystal structure
conformation, in comparison to QMH. It is possible that, during nucleation from solution, the
smalker amount of desolvation necessary for the formation of QDH and a more energetically
favourable intermolecular packing play a greater role than the conformation, driving the
crystallisation of the QDH form over the monohydrate. This is further corroblobgtehe

results of the synthonic analysis shown in the following paragraphs.

3.3.3 Bulk Intrinsic Synthon Analysis

The main bulkintrinsic intermolecular synthons in the three structures were computed using
HABIT98 and ranked by strength using the DEBUGunction. The three strongest
intermolecular synthons in each structure, those havingestenergyvaluein kcal mot?,

were calculated and are illustratedrigure 3.6, Figure3.7 andFigure3.8, for QA, QMH and

QDH respectivelyTable3.2 summarises the information for these synthons.
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Figure 3.6 Key intermolecular synthons in quercetin anhydrous ordered by synthon strength.

Light blue dotted linesdicate hydrogen bonding

QMH1 QMH2 QMH3

Figure 3.7 Key intermolecular synthons in quercetin monohydrate ordered by synthon

strength. Light blue dotted lines indicate hydrogen bonding
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View along b axis View along a axis View along c axis

QDH1 QDH?2 QDH3

Figure 3.8 Key intermolecular synthons in quercetin dihydrate ordered by synthon strength.

Light blue dotted lines indicate hydrogeanding

Table 3.2. Summary of intermolecular synthons in QA, QMH and QDH structures

Quercetin  Synthon  Molecules Main Inter - Atom- Synthon %
structure involved synthon  molecular atom energy contribution
type distance distance (Kcal to lattice
R forH-bond  mol?) energy
(A)
Anhydrous QA1 Quercetinn  Hydrogen 6.93 1.89 -4.26 38.4%
Quercetin bond
QA2 Quercetinr  Hydrogen 7.57 1.88 -2.86 25.8%
Quercetin bond
QA3 Quercetinn  Hydrogen 11.24 2.28 -1.57 14.1%
Quercetin bond
Monohydrate QMH1  Quercetinii 4.85 - -6.39 24.5%
Quercetin  stacking
QMH2  Quercetini  Hydrogen 7.99 1.92 -5.33 10.2%
Quercetin bond
QMH3  Quercetinr  Hydrogen 5.93 1.76 -2.55 9.8%
Water bond
Dihydrate QDH1  Quercetini 3.67 - -7.66 37.8%
Quercetin  stacking
QDH2  Quercetiri  Hydrogen 5.64 2.02 -1.61 7.9%
Water bond
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QDH3  Quercetinn  Permanent 9.14 - -1.43 3.5%
Quercetin dipole-
dipole

In QA, the three strongest interactions in ktice are found to be mainly hydrogen bonds
between quercetin moleculewhereby the QA2 forms an unbrokenchain of quercetin
moleculesunning along the-direction of the lattice.

Table 3.3 shows that a quercetin molecule is found to form hydrogen bonds with six other
guercetin molecules. The carbonyl bond and hydroxyl groups of the quercetin molecule are
involved in the hydrogemonding. The noiplanar conformation of the quercetin molecule
facilitates close contact between the hydroxyl and carbonyl groups, in order to maximize the
number and strength in energfythese interactiond.his isdemonstrated ifkigure3.6, where

the twisted conformation of quercetin allows for the close contacts between the hydroxyl and
carbonyl groups to form the QA3 synthon.

However the nonplanarconformation of the molecule does not allow the formation of strong
"-" stacking interactions which can be observed in the two hydrates structures, as shown in
Figure3.7 andFigure3.8. Stacking interactionsf such small intermolecular distanes in the

two hydratesare not found to be among the three strongest interactions in the ddttive
anhydrous form, explaining tHess closely packed nature of the quercetin molecules in the

anhydrousstructure

Table 3.3. Hydrogen bonding interactioms QA, QMH and QDH

Quercetin structure Number of quercetinquercetin Number of quercetiawater hydrogen
hydrogen bonds bonds
Anhydrous 6 0
Monohydrate 6 4
Dihydrate 0 6
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The strongest intermolecular synthons in the QMH and QDH strucnaesgd H1 and

QDHL1 respectively, aré-" stacking interaction between quercetin molecules. The main
contribution to thigype ofinteraction comes from th@omaticcarbon atoms of the phenyl

and pyrone rings of the quercetin moleculasich interact via Van der Waal forces of
attraction. In bth hydratel structures these interactiors promote the formation of
uninterrupted chains of stacked quercetin moleculesgohickan offset orientatigrthought to
maximise the interaction between the negative central aromatistem and the positively
charged hydrogens on the outer rifig/] These strong interactiongomote the close packing
(shorter intermolecular distancex)the quercetin molecules in the two hydrates.

Comparison of th€@DH1 to QMH1 shows that thé-" stacking interaction in theiltydrate

form is stronger, with shorter intermolecular distances compared tofttied monohydrate.

The " -" stacking interaction in the dihydrate is the dominant synthon, contributing to almost
38% of the total lattice energy. Clearly, the addition efskcond water molecule in the unit

cell of QDH indirectly influences the interactismmongquercetin molecules, allowing them

to pack closer together by forming strongends.

In the two hydrate forms, synthon©QMH3 andQDH2 are both hydrogen bond inaetions
between a hydroxyl group of a quercetin molecule and a water molecule. In both cases the
interaction creates a channel of water molecules running parallel to the stacked chain of
quercetin molecules. Under conditions which promote dehydratidredfytdrated structures,

the packing of water molecules in the two hydrates is expected to influence the dehydration
mechanism[78][79]

Unlike the anhydrous form, in both hydrates all of the hydroxyl groups of the quercetin
molecules are forming at leashe hydrogen bond, indicating that water compensates for
unsatisfied hydrogen bomd). As presented imable 3.3, in the QMH structure hydrogen

bonding is partly satisfiedy interactions amonguercetin molecules and partly quercetin
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water interactions, whereas in the dihydrate form all hydrogen hgmsisatisfied exclusively

by interactions between quercetin and water moleciiles.contribution of the quercetin and
water molecule interactienergies to the total lattice energy of each structure were calculated
As shown inFigure 3.9, the contributiorof water to the total lattice energy increases with the
number of water molecules per unit catidicatingthe tendency of incorporation of water
molecules into the lattice, and that the formation of interactions between quercetin and water
is favoured. The water molecules are found to contribute to 23% utfttidattice energy of

QDH, highlighting the significance of the quercetuater interactias in ths structure.

100%

80%

60%

40%

20%

ml

Quercetin molecules Water molecules

0%

Quercetin Anhydrous ® Quercetin monohydrate m Quercetin dihydrate

Figure 3.9 % contributions of quercetin and water molecalesi n t eto wtaltlatticen s

energy of the three structures

In conclusion, the results of the present modebinglysis show thatsdhe degree of hydration

and the number of water molecules in the unit cell increases for the three quercetin structures:
(1) hydrogen bonding in the lattice is more satisfied by interaction witin¢beporatedvater
moleculesallowing a more planar conformation for the quercetin molecules in the two hydrate
structures

(2) the contribution of thé -~ stacking interactiondetween quercetin moleculés the

stabilization of therystallattice increases.
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It is obvious from literatre that crystallization of quercetin from an aqueous solvent always
produces the dihydrate forrf16][30] This behaviour is explained by the modelling results is
as follows:

91 During crystallization from an aqueous solvent, teger moleculedbeing much
smallerin sizecompared to quercetin moleculean be positioned close to the polar
groups of the quercetin molecule forming hydrogen bonds;

1 Oncehydrogen bondings satisfied, the quercetin molecsjl@aving a more planar
configuration, can pack more cBely and efficientlyvia strong "-° stacking
interactions

1 The smaller amount of démolvation and conformational rearrangement in the
dihydrate structure probably results in the easier crystallisation of this form from
agueous solution. This agrees witte thigher calculated unit cell density which
predicts a greatest stability;

1 Quercetin in QA must take an energetically unfavourable conformation to satisfy its
hydrogen bonding groups, thus ends up having a lower thermodynamic stability, and
is not preferetially nucleated from an aqueous solvent.

From the points above, we summarise that the favourable packing of the guesatetirt
bonding and quercetiquercetin -~ stacking, rather than the conformational stability, results

in the dominant crystallisatn of the dihydrate form. We do however believe that the
unfavourable conformation of the anhydrous form plays some role in making this structure
especially challenging to nucleate.

The modelling results shown here highlight the importance of the watecubed in the
stabilization of thecrystal structures of QMH and QDldsthey can influence the hydrogen

bonding pattern and affect the strength and nature of intermolecular interactions fonesed.
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resultsagree with experimental studies on teéative stability of quercetin and its hydrake
forms [17][28][31][32][33]

In conclusion, this works can explain why quercetin preferentially crystallizes as hydrated form
from aqueous solventand why polymorphic transitiors from the QA to a hydrateare

favourablen environmerg with high humidity. [17][33]

3.4 Conclusions

In this work, synthonic modellingnd molecular conformational analysisreused tostudy

three different crystalline structures of quercetin: the anhydrous, hhpdrate and dihydrate
forms. The role of water molecules within the structures was studied to understand how it
affects the packing and conformation energetics of quercetin crystals. By analysing the bulk
chemistry of QA, it was found that all key synth@ms polar interactions, involving hydrogen
bonds and permanent dipal@ole interactions, while in th@MH and QDH structures the
synthon contributing more to the lattice energy is amanl ar st acking i nter a
hydrogen bonding interactions the two hydrates are satisfied part@MH) or exclusively

(QDH) by interaction with the water molecules.

The results of the synthonic modelling can explain the crystallization behaviour of quercetin
reported in literature and its tendency to crystalizéransform in the dihydrated form in the
presence of water moleculésconformational analysis wadsoperformed and revealed that

the quercetin molecules withiQA are organized in a less planar arrangement, thus being
unable to pack as efficientdg in the hydrated crystadgsd resulting in a lower unit cell density.

The quercetin molecules in ti@gMD and QDHare arranged in a more planar way, since
guercetin hydrogen bonding is satisfied by the presence of water molecules.

In conclusion, his work shows how synthonic modelliagd conformational analystsan be

used as a predicting tool to better understand the relationship between strystakeand
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productproperties (particularly stability)eading to a more efficient product formtiten and
faster development, but also as a togiredict anddesign crystallization processin order to

obtain crystals with desired physiochemical properties.
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CHAPTER 4 - SOLID-STATE CHARACTERIZATION AND
ROLE OF SOLVENT MOLECULES ON THE CRYSTAL
STRUCTURE, PACKING AND PHYSIOCHEMICAL

PROPERTIES OF DIFFERENT QUERCETIN SOLVATES

Abstract

In this work a novel quercetin andntethyl sulfoxide(DMSO) solvate (QDMSO) crystal
structure was grown from a mixture of DMSO and water as solventc€lireis a naturally
occurring bioflavonoid widely used in the nutraceutical industry due to its many health
benefits. Understanding quercetin solvates formation is essential for the design of novel
particulate products with tailored quality attributegluding solubility, thermal resistance and

bioavailability.

Here, the physiochemical properties and phase transitions of QDMSO were characterized by a
wide range of experimental techniques, and the crystal structure, molecular packing and
intermolecularmteractions (synthons) within the crystal lattice were modelled. Modelling and
experimental results were compared to those of other known quercetin crystal structures, an
anhydrous, a monohydrate and a dihydrate form, to elucidate the role of the salemnities

on the molecular packing and intermolecular interactions and, ultimately, on the
physiochemical properties of each crystal form. It was found that in QDMSO, hydrogen bonds
and dipoledipole interactions had a greater contribution to the totatdagnergy, and
guercetinsolvent hydrogen bonds were stronger in energy compared to those of the other
guercetin structures. These findings were used to explain the superior thermal stability of the

QDMSO structure as well as its moistutependent behasi. This work demonstrates a
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coupled modelling and experimental methodology that relates intermolecular interactions and
molecular packing in different solvated forms to physiochemical properties and can help in a

better prediction and design of particelaroducts via rational choice of the solid form.

4.1 Introduction

Solvates and hydrates are multicomponent crystalline solids that comprise a host molecule and
a guest solvent molecule in the crystal lattidd. Many active pharmaceutical ingredient
(APIs) and food grade substances can form these strucflif2§. The presence of guest
solvent molecules within the crystal can affect the molecular conformation of the host molecule
within the structure, as well as the type and strength of intermateoueractions that
characterize the crystal lattice, resulting in different physiochemical properties, such as

thermodynamic stability, solubility, dissolution rate and bioavailabil&}f4][5][6]

Hydrate/solvate formation can then be exploited telgamanipulate the physiochemical
properties of crystals in order to achieve desired quality attributes such as improved solubility
and bioavailability[7] In fact, many pharmaceutical products are marketed as solvated crystal
forms, for example amoxicilt trihydrate and darunavir ethanolaf@][9] De-solvation of a
solvated crystal form can also provide an alternative pathway to the formation of polymorphic
forms that would otherwise be difficult or impossible to crystallize by conventional
crystallizaton techniques[6] These are typical examples of crystal engineering approaches,
which focus on controlling the way that molecules crystallize to produce materials and final

products with tailoregroperties[10]

In some cases, unexpected transformatiointhe unsolvated crystals to their solvated forms,

or even between different solvated forms, can happen during manufacturing or.storage
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[11][12] These transformations can cause undesired physiochemical properties of the final
marketed products, comprasing their quality and thus incurring extra costs and safety risks
for the consumerg$6][11] It is, therefore, imperative to know how crystallization parameters,
for example choice of solvent, or environmental conditions during storage, like temperature
and relative humidity, could induce any phase transitions between the different crystal forms

of a crystalline materia[13]

Quercetin, 2-(3,4-Dihydroxyphenyl}3,5, #trinydroxy-4H-chromen4-one is a naturally
occurring flavonoid found in many fruits amdgetables (e.g., onions, berries and tomatoes) as
well as in tea, wine and vinegdf.4][15] Quercetin has recently stimulated considerable
interest within the nutrition and food science communities due to its significant association
between dietary caumption and various health benefits, including antioxidant,- anti
inflammatory and antitumor activitiegl4][15][16][17] Due to this vast range of biological

effects, quercetin finds use in the nutraceutical industry and as a food supplement @rofduct.

Quercetin has been reported to exist as anhydrous, monohydrate and dihydrate crystal forms.
[14][18][19][20][21] A previous study identified how water molecules in the hydrated
structures of quercetin could impact significantly upon packing and conformation energetics
of these forms, as compared to the anhydrous fi&2h Quercetin dihydrate, the commercial

form ofthis compound, has been studied experimentally using a widesataphniques, and

has been identified as the most thermodynamically stable form at ambient con[f18¢24)
However, there has been relatively little work to explore other possiblatedl forms of

guercetin, which could have superior physical properties for formulation in food products.

In this work, we further explored the sclthte landscape of quercetin by crystallizing this
molecule in mixtures ofitchethyl sulfoxide(DMSO) and vater. Quercetin is characterized by

a very low water solubility, which results in difficulties in growing quercetin crystals from
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water. [15] Therefore, mixtures of DMSO and water were used to improve yield of
crystallization as well as to achieve larggrstals, since DMSO has the ability to solubilize a

wide range of otherwise insoluble or sparingly soluble substai2&gs.

A novel crystal structure of quercetin, a querc&wSO solvate (QDMSO), was discovered

and comprehensively characterized by ajeaof analytical techniques. This was underpinned

by molecular modelling of the molecular conformation and packing energetics to discover the
role of the DMSO solvent molecule. The modelling work was compared to that of other
guercetin structure$ quercein dihydrate (QDH), quercetin monohydrate (QMH), and
guercetin anhydrous (QA), to evaluate the effect of the solvent molecules on the type and
strength of intermolecular interactions, conformation and packing arrangements in the crystals.
This informationwas then related to the physiochemical properties of these structures, for
example the thermal and moistudtependent stabilitieg22][24] This proposed working
framework for the analysis of solvated structures can be extremely valuable when designing
products, processes and storage conditions for particulate products with known solvated forms.

[26][27]

4.2 Experimental section

Materials. Quercetin dihydrate with a purity of 9A¥w was obtained from Alfa Aes&Port

of Heysham Industrial Parkancashire, Englandvhile dimethyl sulfoxide (DMSOQO) solvent
was purchased frofisher Scientific (Bishop Meadow Road, Loughborough, Englatidjer
purified by treatment witta Milli -Q apparatus was useQuercetin dihydrate was used as

received for thedid-state characterization.
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Preparation of QuercetinrDMSO solvate (QDMSO).QDMSO was obtained by preparing
several 70g solutions of different DMSO/water ratios, ranging from 50%(w/w) to 80%(w/w)
DMSO. Each solution was made to be saturated at arout@ Bbscontinuously dissolving
guercetin dihydrate crystals at such temperature, until further dissolution was not pdksible.
temperaturef the solutionsvasthenreduced to 15 °C at a cooling rate-6f1 °C/min This
procedurehasallowedplatelike crygals of QDMSQ of sizes ranging from %0n to 30Cem
depending on the conditions of crystallizaticlm be obtained The temperaturef the
70%(w/w) DMSO solutiorwasthencycledfrom 15 °C to 23 °C at a cooling/heating rate of
0.5 °C/minfor three daysto promote growth of the crystate a final size of approximately

50 m, which was suitable for single crystalrXy diffraction (SCXRD)The temperature was
controlled using a Huber Ministat 230 thermoregulator connected to a 100mL jacketed vessel.

The cnystals werdhen filtered using filter paper and dried without any further washing

Single Crystal X-ray Diffraction (SCXRD). Measurements were carried out at 120K on an
Agilent SuperNova diffractometer equipped with an Atlas CCD detector and connected to a
Oxford Cryostream low temperature device using mirror monochromatedaCGadkation (

= 1.54184 A) from a Microfocus-Xay source. Crystals of dimensich&5 x 0.36 x 0.06m?

were used. The structure was solved by intrinsic phasing using SHELXT and refined by a full
matrix least squares technique based ®nuBing SHELXL2014[28][29] All non-hydrogen

atoms were located in the Fourier Map and refined anisotropically. Abedntund hydrogen
atoms were placed in calculated positions an
oxygenbound hydrogen atoms were located in the Fourier Map and refined isotropically. The
structure exhibited disorder where one moleculBMSO was modelled across two positions

in an 85:15 ratio. For the purposes of the computational studies shown in this work the minor

component was disregarded and a modified cif file was generated that only modelled the 85%
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position of the DMSO molecule.oF the new QDMSO structure the crystallographic fitaf

(CCDC No0.1971580 is availabldree of charge dtttps://www.ccdc.cam.ac.uk/structures/

Variable Temperature Powder X-ray Diffraction (VT -PXRD). PXRD patterns were
collectedon a Panalytical X'Pert PR@hich was set up in Bragdrentano mode, using Cu
Ka radiation [ = 1.54184 A)jn a scan betweésr to 90°in 2d with astep sizeof 0.032° and

time per step 25 seconds. Temperature was vanad25 °C to 180 °C.

Thermogravimetric Analysis coupled with Differential Scanning Calorimetry
(TGA/DSC). TGA and DSC experiments were performed on a Mettler Toledo TGA/DSC 3+
Stare System equipment. The samples (arouritbih@y) were placed in €daluminium pans,
covered with a lid, and heated from 25 to 8D@t a heating rate of 1.min. Nitrogen was
used as the purge gas at 50 mL tnifihe measurements were repeated three times for each

sample.

Hot Stage Microscopy (HSM).All HSM experimentswere performed on a Leitz Dialux 22

Polarized microscope (Leica, Germany) equipped with a controlled heating and cooling stage
CSS450 (Linkam, Surrey, Ukgontrolled by the Linksys 32 softwarkifkam, Surrey UK

and an imaging system (Canon E@S Mark Il DSLR Camerpat 40X magnifications. The
samples were heated over a temperature range
min' 1

Dynamic Vapour Sorption (DVS). Dynamicvapour sorption experiments were performed on

a Surface MeasuremeSystems DVS Resolution equipmenteddurementaerecarried out

over a humidity range of 09%0% relative humidity (RH)at 25°C. Each humidity step was

terminatedwhen less than 0.02% sample weight change was obserwgdena maximum

hold time of 360 nms was reachedcach measurement was repeated at least twice.
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Scanning Electron Microscopy (SEM).The dy samples were imaged using a Carl Zeiss
EVO MAL15 scanning electron microscope at magnifications from 5@0@%. Samplesvere
arranged on Leit tabgtached to SEM specimen stubs ardiridium coating was applied

before measurement

4.3 Computational Analysis

As mentioned earlier, for the purposes of computational modelling the modified .cif file of the
QDMSO structure that modelled only the 85% ipos of the DMSO molecule was used.
Computational analysis was performed using Materials Studio 2017, HABIT98, and Mercury
software.[30][31][32] The crystal structure was minimized using the Forcite module in
Materials Studio 2017, using the same methugio described in previous publications
[22][30] The files were exported as .car files (Cartesian coordinatasyerted to fractional
coordinates and then fractional charges were calculated using the AM1 method within
MOPAC. [33] The bulk intrinsic synthon analysis was carried out usimg HABIT98
software, whichtakes in structural information to construct a series of unit cells in three
dimensions, and calculates the pairwise intermolecular interaction between a molecule in the
origin unit cell and all the other molecules within a fixed radii8OA from the central
molecule.[31][34][35] The calculation of intermolecular interaction energies was performed
using theDreiding Il forcefield. [36] The ranking of the intermoleculeateractions by strength

was outputted using the DEBUGfunction.All visualization of molecular and crystal packing

were carried out in Mrcury CSD 3.1(0/32]
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4.4 Results

4.4.1QuercetinDMSO solvatd QDMSQ) Single Crystal Structure

Cooling of all he saturated solutions of quercetin in the DM®@ter mixture solvents (from

50% to 80% w/w DMSO) resulted in the formation of colorless gikéecrystals. However,
crystals of suitable size for SCXRD were only obtained from the 70%(w/w) DMSO solution at
the end of the temperature cycling period. The crystal structure was identified as a gquercetin
DMSO solvate that crystallized inmaonocliniccell. SEM images of the crystals are shown in
Figure4.1, QDMSO present a platike morphology. The structure was solved in tB&a

space group, wittwo molecules of quercetin and three molecules of DMSO in the asymmetric
unit. The structure exhibited disorder, where one oftinree DMSO molecules was modelled
across two positions in an 85:15 ratio. The crystallographic data and structure refinement data

for the QDMSO structure are presentedppendix ATableA.1.

Figure 4.1 SEM images of QDMSO at 51X (left) and 200X (right) magnification.

The PXRD pattern obtained experimentally from the bulk powder samples and the simulated
patternfrom the cif file in Mercury (calculated based on the QDMSO single crystal structure
solved) areshown inFigure4.2. The two patterns closely matched confirming that the bulk
sample is a highly pure phase and the single crystal is representative of the bulk material. A

90



slight shift in the whole pattern was observed betweendberinental and simulated patterns
due to the fact that the SCXRD was run at 120K while the PXRD was performed at room
temperaturedb °C). The higher temperature at which the PXRD was run resulted in a general

expansion of the unit cell of the structuresulting in the observed shift in the pattern.

——QDMSO simulated
—— QDMSO Experimental

5 10 15 20 25 30 35
2d

Figure 4.2 PXRD pattern for QDMSO obtained experimentally and simulated from crystal

structure.

The DMSO solvate crystallizes with two quercetin molecu@$s & Q2) and three DMSO

molecules (D1, D2 & D3) in the asymmetric uriiigure4.3 a). This arrangement allows all

of the carbonyl and hydroxyl groups to form at least one intermolecular hydrogen bond,
whereby several of the hydroxyl groups act as betiord acceptors and donors. This creates
6cooperative hydrogen bondsd, whemgreupgwilal | t h
be strengthened37]

Figure4.3 shows that the Hbonding provided by the DMSO molecules allows the unbroken

chain of close stacking of the quercetin males along the daxis Figure 4.3 c). These
interactions have previously been shown to be important in stabilizing the hydrated structures

of quercetin [22] Most of the hydrogen bonds are aligned in the OC/OA pl&ingufe4.3 b),
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since the stacking of the quercetin molecules along-#vasbrequires a planar conformation
of the quecetin molecules, which in turn arranges thdédhds to be planar as well. Though
there is a limited amount of-blonding shown irFigure4.3 d, due to the DMSO molecules
filling spaces in the direction of theaxis, the Hbonds are not all aligned specifically in one

direction, forming unbroken chains instead.

Figure 4.3 The packing diagrams for the QDMSO solvate structure. (a) The asymmetric unit
with the Hbonds toneighbouringmolecules shown as 'hanging’; (b) the OC/OA view of the
unit cell, where the majority of donds are formed; (dhe OB/OC view of the unit cell
showing the close stacking of the quercetin molecules; (d) the OA/OB view of the unit cell

showing a limited amount of-4Honding in this direction.

The arrangement of the DMSO molecules shows that they are waldty into the

arrangement of the quercetin molecules, without any obvious channel-sotva@¢ion. The
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strong synergistic Hhonding and lack of an obvious-delvation route may be reason for the
superior thermal stability of the DMSO solvate.

When cosidering the arrangement of this solvate, as compared to the hydrated and non
solvated forms, it seems that the increasing presence of solvent encourages the planar close
packing of the quercetin moleculd22] Indeed, as the solvent/solute ratio increagbe
propensity for all the quercetin molecules to align and stack in one direction increases. Such
packing characteristics have been linked with crystal forms that are relatively easy to nucleate
and grow, in particular showing needle like morpholadi&®][39]

The torsion angle of the pyrone to the phenyl ring for both molecules in the asymmetric unit of
QDMSO was measuretll represents the torsion angle for molecule Q1 wiiis the torsion

angle for Q2. It was found th&l and (2 for the two quecetin molecules of the asymmetric

unit have slightly different torsion angles of 30.@hd 31.11, respectively, as shownwgure

4.4,

QA QMH QDH

)
~ & ;"\ \\ ) \ ~ 7\ "\
*(i>ﬁ;;§;i/~w *(j>ff$§;:/~w *(i}‘sjf;:y~ﬁ

QDMSO
Q1 Q2
\ \
¥y H3ey
./:\ 0722~ ./:\ 3LAT A~

Figure 4.4 Torsion angles of phenyl to pyronags for quercetin molecules in quercetin
structures (quercetin anhydrouA, quercetin monohydraieQMH, quercetin dihydraté

QDH, quercetiri DMSO solvate QDMSO). [22]
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A previous study identified that the quercetin molecules in the QMH®1H structures were

close to planar, as the water molecules helped in satisfying the hydrogen bonding sites on the
guercetin molecule, and the planar conformation facilitated close packing and favourable
guercetinquercetin stacking interaction®2] In comparison, the quercetin conformation in

the QA structure was found to be almost identical to that found in the new QDMSO structure.
Since DMSO has no hydrogen bonding hydrogens and only one hydrogen bonding oxygen, in
combination with it being bulkier timawater, results in it being far less effective at hydrogen
bonding. Hence, the quercetin molecule must adopt the twisted conformation to maximise its

guercetinquercetin hydrogen bonds.

4.4.2Bulk Synthon Analysis for QDMSO

The six strongeshtermolecular interactions in the QDMSO structuh®se having the lowest
energy valus which represent interactions of greater strength and stahi@yillustrated in
Figure4.5, in order ofincreasingstrength. For each synthon the packing of molecules in the
lattice is presented and a closer view on the two interacting molecules for each synthon is also
included. The properties of each studiedtbgn are summarised ifable4.1. The first two
strongest interactions, QDMSO1 and QDMSO2, are bdtktacking interactions contributing

to growth along the daxis of theunit cell. In QDMSOL1 the phenyl rings of the interacting
molecules face opposite directions, while in QDMSO2 these rings face the same direction. The
centroidcentroid distances of theugrcetin molecules in the two interactions are similar
(5.998A in QDMSO1 and 5.034A in QDMS02). However, the interplanar angles differ
significantly. In QDMSO1 the interplanar angle is 3.64° while in QDMSO?2 it is 22.73°,
meaning that QDMSO2 does not resala parallel packing of the quercetin molecules in the

lattice as much as QDMSO1 doé&sble4.1 shows that for both interactions the contributions
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of the aromatic rigs (pyrone and phenyl) to the total energy of each synthons are high, about
55.8% and 74.4% for QDMSO1 and QDMSO2 respectively. Instead, the contribution from the
hydroxyl groups are lower, meaning that QDMSO1 and QDMSO2 are mosthpatan
synthons. Th&™" strongest interaction, QDMSO5, is another 4pafar interaction due to the

high contribution of the aromatic rings. The quercetin molecules pack in a parallel orientation
(interplanar angle is 0.00°). However, the offset between the molecules is raatdr ghaving

a centroidcentroid distance of 9.995A. The muiltiplicity of this interaction is 1 since only one
of the two quercetin moleculed the asymmetric unit forms this interaction. This means that
this specific interaction is encountered half ttimes compared to others thhave a
multiplicity of 2; this reflects on the contribution of the specific interaction on the total lattice
energy.

The 39 and 4" strongest interactions, QDMSO3 and QDMSO04, are double hydrogen bonding
interactions betweentydroxyl and a carbonyl group (for QDMSO3) and two hydroxyl groups
(for QDMSO04) of two adjacent quercetin molecules. For QDMSO3 it was found that the
contribution of hydroxyl groups (34.5%) and carbonyl groups (11.1%) to the total synthon
energy are relately high, which indicates that this interaction is mostly polar. For QDMS0O4,
the contribution of hydroxyl groups to the synthon energy is very high, 83.1%, marking this
interaction as the most polar of the key synthons presented here.

The quercetin mokaules in the QDMSO structure are found to form hydrogen bonds with the
DMSO molecules. QDMSOS6, is a hydrogen bond betwdgrdeoxyl hydrogen on the phenyl

ring of a quercetin molecule and a sulfinyl oxygen of a DMSO molecule. QDMSOG6, which is
the strongesquercetirDMSO hydrogen bond in QDMSQs found to be muclstronger
(QDMS06=4.14 kcal.mol?), compared to the strongest quercetivent interaction in QMH
(QMH3=-2.55 kcal.mot') or QDH (QDH2=1.71 kcal.mol?), suggesting that quercetin

DMSO hydrogen bonds are stronger compared to quewater interactions.
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A closer look at the hydrogen bonding network in the structure reveals that the first quercetin
molecule of the asymmetric unit, Q1, forms 6 hydrogen bpafiwhich 3 are with 3 DMSO
molecules and 3 with 2 quercetin molecules. The second quercetin molecule of the asymmetric
unit, Q2, forms 6 hydrogen bonds, of which 1 is with a DMSO molecule and 5 are with 3 other

guercetin molecules. This information isnsmarisedn Appendix ATableA.2.
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Figure 4.5 Main bulk intrinsic synthons in QDMSO ordered by strength (green dotted lines

indicate hydrogeibond).

Table 4.1 Summary of bulk intrinsic synthons in QDMSO.

Synthon name QDMSO1 QDMSO2 QDMSO3 QDMSO4 QDMSO5 QDMSO6
Molecules involved Q-Q Q-Q Q-Q Q-Q Q-Q Q-D
Synthon type stacking stacking H-bond H-bond stacking H-bond
Intermolecular
distance (A)
Synthon energy
(kcal.mol?)
Multiplicity 2 2 2 1 1 2
% contribution of
synthon to total 6.2% 4.8% 4.5% 2.1% 1.8% 3.5%
lattice energy
% contribution of
aromatic rings to 55.8% 74.4% 54.4% 21.3% 63.6% 33.3%
synthon
% contribution of
hydroxyl groups to 22.2% 15.2% 34.5% 83.1% 34.3% 45.2%
synthon
% contribution of
carbonyl bond to 22.0% 10.4% 11.1% -4.4% 2.0% 21.5%
synthon

5.83 5.05 8.36 13.12 6.69 5.27

-7.37 -5.74 -5.42 -4.87 -4.24 -4.14

4.4.3Comparison ofjuercetinstructures

A comparison of the modelling work for the different quercetin structures (QDMSO, QDH,
QMH and QA) has been conducted and the main findings are sisethanTable4.2. A more
extensive comparison can be foundAjppendix ATableA.3. [22] As discussed earlier, the
asymmetric units of the quercetin structures contain: two molecules of quercetin and three
molecules of DMSO in QDMSO, one molecule of quercetin and two molecules of water in
QDH, one molecule of quercetin and one molecule oewist QMH and one molecule of
guercetin in QA. It was found that the unit cell densities for the solvated structures were very

similar and higher than that €A (0.964u/A% and 1.007/A3 for QDH and QMH respectively,
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while 0.702u/A3 for QA), due to tie formation of hydrogen bonds with the solvent molecules
that result in a more clogmcked structure. The unit cell density of QDMSO was found to be
slightly lower than those of QMH and QDH, possibly because of the less planar conformation
of the quercetimolecule in QDMSO.

The contribution of the quercetsolvent interactions to the lattice energy was found to be very
high for QDMSO (45.1%) and QDH (45.9%) and considerably lower for QMH (27.2%). This
emphasizes that both QDMSO and QDH are structuresavthe quercetisolvent interactions

are critical for the stabilization of the lattice. The loss of those interactions, due to-a heat
induced desolvation for example, could result in a thermodynamically unstable structure. It
should be nad that althoudy the first five strongest synthons for QDMSO are quercetin
guercetin interactionsQDMSO6 and many the following synthons are quereetfiSO
interactions. Summing the energies of these quer€HIIMSO interactions the overall
contribution is very high (44%) and equal to the overall contribution of all the quereetin

guercetin interactions.
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Table 4.2 Comparison of quercetin structuf@g]

QDMSO QDH QMH QA
Unit cell Density (u/A 3) 0.900 0.964 1.007 0.702
yT OAOAAQGET 1 08 /
lattice energy: *
Quercetinz Quercetin 45.1% 53.8% 72.6% 100%
Quercetinz Solvent 45.1% 45.9% 27.2% -
Solventz Solvent 9.7% 0.3% 0.2% -
Contribution of Van der
Waals interactions to lattice 60.8% 91.2% 89.1% 92.1%
energy*
Contribution of hydrogen
bonds and dipole -dipole 39.2% 8.8% 10.9% 7.9%
interactions to lattice energy*
Q-Q Hbonds (per quercetin 3 for Q1 0 6 6
molecule) 5 for Q2
Q-solvent H-bonds (per 3 for Q1 6 4 i
guercetin molecule) 1 for Q2

* Based on the energy of interactions

Comparing the main bulk synthons, while in QDH and QMH there is only one typé of
stacking interaction, in QDMSO there are several different stacking interactions
(QDMSO1, QDMS02, QDMSO05)][22] However, in these interactions the quercetin
molecules are not found to stack as closely as in QDH or QMH, as seen by comparing the
intermdecular distances of QDMSO1 and QDMSO2 to those of QDH1 and QMH1. This is
probably due to the less planar conformation of the quercetin molecule in QDMSO compared
to QDH and QMH.

The contribution of hydrogen bonds and dipdipole interactions to the late energy is more
significant for QDMSO (39.2%) compared to all the other structures, for which those
interactions contribute to less than around 11%. This indicates that quepeetaetin and
guercetinDMSO hydrogen bonds and other polar interactiamsQDMSO are stronger
compared to other quercetin crystal structures. Moreover, in our previous work it was stated

that for QA, QMH and QDH, as the number of water molecules in the unit cell increases,
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hydrogen bonding is more satisfied by interactions thi¢ghincorporated water molecules than

by quercetirquercetin interaction$22] For QDMSO, hydrogen bonding is partially satisfied
between quercetiquercetin and quercetibMSO molecules. Although the querceXMSO
hydrogen bonds are favourable and treédy strongercompared to the quercetwater
hydrogen bonds, the much larger size of the DMSO molecule compared to water does not allow
these molecule to be positioned close to all the polar groups of the quercetin molecules to
completely satisfy all hyrogen bonds. Thus, hydrogen bonds are also formed and satisfied
among quercetin molecules, which attain a less planar conformation to facilitate interaction

between their polar groups.

4.4.4Thermal analysis (DSTGA)

Experimental characterisation foetquercetin structures was only performed for QDMSO and
QDH as it was very difficult to obtain pure forms of QMH and QA, which were stable for long
enough to allow any characterization. Furthermore, the pure form of quercetin obtained from
the desolvationof QDMSO and QDH, as discussed below, did not match the deposited PXRD
pattern of QA, therefore it could not be related to the modelling work previously performed.
Thedifferential scanning calorimetry coupled with thermogravimetric anaty$gMSO and

QDH was performed to evaluate the thermal stability of the quercetin structures, and results
are shown inFigure 4.6. Two endothermic peaks were observed for QDH, which were
identified as the dehydration and melting of the solid. The dehydration peak was accompanied
with a weight loss of 10.0%, as shown in the TGA curve. This is very close to the calculated
theoretical bss in mass (10.7%) that would result from the loss of two water molecules per
molecule of quercetin, confirming the 1:2 stoichiometry of QDH. The onset temperature for
dehydration was found to be approximately®5in agreement with previously published

data?**° There was only one endothermic peak related to dehydration of the QDH, meaning
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that the two water molecules are lost from the crystal latiticene single dehydration step.

The second endotherm, which corresponds to the melting of the dehydrated form, was observed
at an onset temperature of 3C6The melting temperature agrees with previous studies on the
thermal stability of quercetin[24][40] A second loss in mass, corresponding to the
decomposition of quercetin was observed af@3@gether with an exotherm peak in the DSC
curve.

Upon heating the QDMSO structure, two weight losses were observed in the TGA data,
corresponding to dsolvaion and the molecular decomposition. The onset temperature-for de
solvation was 13%, as confirmed by the DSC endotherm at that temperature. The endotherm
for de-solvation exhibits a shoulder at around 4®,7and the endset temperature for the de

solvation from the TGA curve was found to be 187which could indicate that the
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Figure 4.6 DSC and TGA curves for QDH (top) and QDMSO (bottom).

102



DMSO molecules are lost from the lattice not in one singlsalleation step but in more
consecutive steps. This result was observed in all three repeats of the @S&nalysis
performed. The observed loss in mass after complesoldation, 26.4%, is oke to the
theoretical value of 27.9% for a stoichiometry of 1:1.5. The endotherm peak onset temperature
for melting was obtained &1 7°C. A small shoulder appeared just before the melting peak and

it was observed only in one of three measurements cauteth QDMSO. The shoulder could

be due to the presence of an impurity in the sample, which probably originated from the
purchased quercetin (97% w/w purity). Tliecomposition takes place at 331 All

information obtained by DSTGA is summarized il\ppendix ATableA.4.

4.4.5Hot Stage Microscopy (HSM)

The temperature at which élvation of QDMSO was observed usiH$M was consistent

with the onset dsolvationtemperature as calculated by DSC. It was found that the colourless
platelike crystals ofQDMSO were transparent at temperaturesveer25 °C to 130 °C, after
which the crystals appeared to darken and became less transherdatstructural changes
related to the loss of solvertt 140 °C the crystals were completely opaque but maintained
the platelike shape, as shown Kigure4.7. The HSM onset temperature (130) agrees with

the DSC onset temperature for the loss of the DMSO solvent from the stru€the resulting
crystals were tested using SCXRD, but it was found that a single crystal of QDMSO did not
give a single crystal of the émlvated form, therefore the structafethese crystalsould not

be solved.
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(d)

Figure 4.7 HSM images of QDMSO at (a) 25 °C, (b) 130 °C, (c) 135 °C, (d) 140 °C

4.4.6Variable Temperature PowderRay Diffraction (VI-PXRD) analysis

The thermal stability of the two solvates was furthedysed using VIPXRD. XRD patterns

of QDH were observed in a temperature range betwe¥h &%l 140C. This is illustrated in
Figure4.8 (top). At room temperature tHeXRD pattern of QDH exhibited distinct peaks in
agreement with the data obtained by Rossi et al. (CSD Refcode: FEFBEX) and with other
PXRD patterns for QDH previously reported in literatitd][24] The PXRD pattern of QDH
remained unchangdzbtween 2%8C and 70C, while at 100C many of the peaks characteristic

for QDH (10.70, 16.02, 23.70, 38.54) decreased in intensity indicating the start of a phase
transition. The PXRD pattern stopped changing af@Xhd remained unchanged up to the
maximum temperature of 14Q and also upon cooling down to°2€5 This behaviour shows

that the resultant quercetin form does not change back to the QDH form after cooling, at least
during the time frame of the VIPXRD experiment. Combining this information witte DSC

TGA analysis, the phase change at°@0orresponds to the dehydration of QDH. Since no
further loss in mass occurred after the first dehydration step, and before decomposition, as
indicated by the TGA curve ifrigure 4.6, the PXRD pattern obtained at £@0should

correspond to an anhydrous form of quercetin. It should be noted that the PXRD pattern of this
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anhydrous polymorph of quercetin does not match wittp#iern reported by Vasisht et al.
(CSD Refcode: NAFZEC) for the anhydrous structure of querdéth.

The PXRD pattern for QDMSO is illustratedrigure4.8 (bottom) The structure appeared to

be stable between 35 and 100C. At 120C a phase change started occurring and a new PXRD
pattern was exhibited from 14D up to 1806C, which remained unchanged when the
temperature was reduced to I2Gand further down to 2&. This phase change corresponds
to the loss of the DMSO solvent molecules observed in the D&&data. The PXRD pattern

of the desolvated QDMSO is almost identical to the PXRD pattern obtained from the
dehydration of the QDH, both having common reflawiat2d values 0f12.84 16.58,25.87,

2661, 34.64, 37.28nd42.8Q This suggests that both forms lose the solvent and transform to
the same deolvated polymorph of quercetin.

VT-PXRD and DCSTGA showed that QDH and QDMSO exhibited different thermal
stabilities in their heainduced desolvation process: QDH appears tosidvate at a lower
temperature of about 180 (95°C from DSGTGA) while the desolvation for QDMSO begins

at a higher temperature of about I20(136C from DSCTGA). It has beernreported in
literature that the thermal stability of solvate structures in-inelaiced desolvation is
dependent on the type and strength of intermolecular interactions of solvent molecules with the
main compound as well asn crystal packing[6][13] Ouwr synthonic modelling work
demonstrated that the strongest quereBtiSO hydrogen bonds as¢rongeiin energy(lower

energy valuetompared to the quercetwater hydrogeonds in QDH.
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Figure 4.8 The VT-PXRD patterns for QDH (top) and QDMSO (bottom).

This can explain the greater thermal stability of QDMSO compared to QDH. In fact, more

energy is required to break the querc®MSO hydrogen bonds to release the solvent, and
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this occurs at a higher temperature. The loss of solvent results in -ats@ittansformation

to a pure quercetin form. It is clear that in both solvates the quesdti@nt interactions are
critical for the stabilization of the crystal lattice. When the solvent molecules are lost during
the heainduced desolvation, the quert® molecules rearrange to form new interactions and

compensate for the lost quercesiolvent interactions.

4.4.7 Dynamic Vapour Sorption (DVS) analysis

The moisturedependent stability of the two solvates was evaluatadRid range from €©0%

The mass of QDH appeared to be stable over a wide humidity range from RH=10% to
RH=80%, as shown iRigure4.9 (top). At RH=90%, both during sorpthi and desorption, a

small increase in the mass of QDH was observed (approximately 2%) which could be a result
of adsorption of water moisture on the surface of the QDH crystals. Below RH=10% the mass
decreased down to 95% of the initial value. This roygbkresponds to the loss of one water
molecule from the lattice per molecule of quercetin (theoretical value of 94.6%) and could
indicate a moisture dependent transformation from the dihydrate structure to a monohydrate
form. Figure4.9 shows that the mass of QDH was still changing at 604 min, when the humidity
was changed from RH=0% to RH=10% (this is because the sample reached the maximum
allowed time at constant hudity). This behaviour indicates that the loss of water from QDH

is slow. During sorption, at RH=10% there was an increase in mass to 98.6% of the initial
value, which indicates a potential rehydration of the dehydrated form back to QDH. This
behaviour show that the QDH structure is the stable form for values of RH=10% and above.
Once again, the fact that QDH is only unstable at very low RH (below 10%) highlights the
importance of the quercetimater interactions in the stabilization of the crystal lattdeich

were found to contribute to 45.9% of the total lattice energy.
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DVS analysis for the QDMSO structure showed that this solvate is stable over a RH range from
0% to 80%, where the sample mass only increased up to 102.2% of the starting mass, most
likely because of adsorption of water at the crystal surface. At RH=90% the mass increased
significantly to 112% of the initial value. This could be the result of a gain in water molecules
and potential transformation of the DMSO solvate into theH@érm. Becaise of its low
volatility the DMSO incorporated in QDMSO will unlikely evaporate during this polymorphic

conversion. This explains why the change in mass recorded by DVS corresponds to the water

incorporation only.
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Figure 4.9 DVS diagrams for QDH (top) and QDMSO (bottom), illustrating the mass change
at different relative humidity values. The dotted horizontal lines indicate the theoretical mass
change for the loss/gain of water molecules per quercetin moleculelattite d each

structure.

Figure 4.9 shows that the mass was still changing at the end of the RH=90% step as the
maximum hold time was exceeded, meaning that any transformation to QDH was possibly still

ongoing at that time. Durg desorption the sample lost all the water gained during the sorption
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step, with the final mass at RH=0% was found to9Be5% of the initial value, perhaps
indicating evaporation of part of the DMSO released from the structure at RH=90. The
modelling reslts for QDMSO showed that the overall energy of the querfaMISO
hydrogen bonds was higher than the sum of the energies related to the quetmtin
interactions in QDH. This could explain why QDMSO appeared to be stable over such a wide
RH range, anavhy the quercetin molecules would preferentially form hydrogen bonds with

water only above a RH of 80%.

In summary, the DVS results show that, at ambient temperature, QDMSO is stable over a RH
range from 0% to 80%, while QDH is stable from 10% to 90% $Ridwing slow dehydration

at RH=0%.

4.5 Conclusion

Crystallization of quercetin from DMS@atermixturesresulted in a novel crystal structure of
guercetin, a quercetin DMS€blvate This form was identified via SCXRD and its
physiochemical propertiesid phase transitions were characterised byPXRD, DSCTGA,

HSM and DVS. The crystal structure packing and bulk intermolecular interactions of QDMSO
were studied and compareddther quercetin structures (quercetin anhydrous, monohydrate
and dihydrate) rad experimental solidtate characterisation was performed for QDMSO and

QDH.

It wasfoundthat quercetin molecules in QDMSO assume a less planar conformation compared
to QDH and QMH which results in slightlyhigher intermolecular distances between the
interacting molecules, and lower unit cell densitiiis can bettributed to theargersize of

the DMSO molecule compared to water. Molecular modelling calculations shaiatthe
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contribution of hydrogen bonds and dipdlipole interactions to the tdthattice energy was

much higher for QDMSO compared to all other quercetin structures. Alscstriieger
guercetinDMSO hydrogen bonds caexplain the improved thermal stabiliff QDMSO
compared to that of QDH. It was further demonstrated that both QDAMMS@DH transform

to the same anhydrous form after healuced desolvation,which was found to generate
molecular packing rearrangemeiint the lattice.DVS showed that the QDH structure was
stable above RH=10% while it exhibited dehydration below R&MSO was stable from
RH=0% to RH=80%, with a possible transformation to QDH above RH=80%. Both the kinetics
of dehydration of QDH and the transformation of QDMSO were found to be slow.

In summary, the novel solvated structure of quercetin, QDMSO, exhsbjterior thermal
stability compared to that of QDH which is the commercial form of quercetin.

The work demonstrates how synthonic modelling can be used to explain many of the
physiochemical properties of solvated quercetin crystals via finding stromglatmns
between experimental findings and type/strength of intermolecular interactions. This
multiangle characterization method, which couples computational and experimental techniques
can be applied for other systems, amlokservations regarding the typand strength of
interactions and packing can be extended to other solvated crystalline structures. The presented
work can also assist in the ongoing effort to design and predict the behaviour of crystallization
processes. In fact, the synthonic modellmgthodology proposed here can be used during
solid form screening of crystalline products such as pharmaceuticals or agrochemicals, to guide
the design of crystallization conditions, such as the choice of solvent, and to infer the
physiochemical propertseof the generated crystal forms without the need of a large number
of experiments. This is particularly useful when little amount of crystallizing material is
available, for example in early drug development stages, and it can result in faster product and

process development.
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CHAPTER 5 - QUERCETIN -ETHANOL SOLVATE: AN
ELUSIVE STRUCTURE OF THE POPULAR FLAVONOID

SUBSTANCE

Abstract

Quercetin, a naturally occurring bioflavonoid substance widely used imuth@ceutical and

food industries, exists in various solid forms that can have different physiochemical properties,
t hus, I mpacting this compoundé6s performance
forms attainable from crystallization in difesrt ethancelvater solvent mixtures were studied,

and a novel quercetiethanol solvate was prepared and characterized using a range of
experimental techniques. The structure was found to be unstable and difficult to isolate in pure
form, and to readily deolvate upon heating at a temperature of just over,28 when treated

in vacuum, to form another novel anhydrous quercetin structure. The elusive solvate was found
to desolvate over a period of 16 months at ambient conditions, and to transform irdetouer
dihydrate when slurried in pure water. In this work, the full known solid form landscape of
guercetin was mapped to provide conditions under which each form is stable as well as
information on their kinetics of solid state transformations. Expldhegsolid form landscape

of quercetin is essential to ensure accurate control of the functional properties of products

containing crystals of this substance.

5.1 Introduction
Quercetin,2-(3,4-Dihydroxyphenyl}3,5, #trihydroxy-4H-chromen4-ong is a mapr dietary

flavonol found in many fruits and vegetables, including onions, tomatoes, apples and berries.
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[1][2] It belongs to a group of plamhetabolites named flavonoids, which at@ought to
provide health benefits through cell signalling pathways and antioxidant ef83cfaiercetin

has stimulated considerable interest in recent years, and it is the most extensively studied
flavonoid, due to its significant association between dietansemption and various health

benefits, including antioxidant, asitiffammatory and antitumor activitiefl][2][4][5][6]

The quercetin molecule consists of a pyrone ring and a phenylwimgh constitute the
hydrophobic part of the molecule and can form hydrophobic interactions such as Van der
Waal 6s f or c e[g][6]oThe hadtopiic parttof thenmolecule consists of five
hydroxyl groups that determine the mol ecul ed
acceptors and/or donors, as well as an ether and carbonyl group acting as acceptors for both
intramolecular and interatecular hydrogen bonding6][7][8][9] Quercetin can exist as an
anhydrous structure, a monohydrate and a dihydrate structure, with ameveaiter molecules

per quercetin molecule respectively, and a DMSW@ate structure (QDMSO).
[1][8][10][11][12][13][14] Solvates of quercetinan present significantly different physical

and chemical propertiegsolubility, density, bioavailability etc.Jdue to the different
intermolecular interactions that the quercetin molecules can form with the solvent molecules
in the lattice, thus, these different propertias dramatically affect the quality and efficiency

of aparticulate produc{13][14][15][16][17]

Because oits widerange ofhealth benefits andiological effects, quercetin finds use in the
nutraceutical industry and food supplemef2§ Quercetin dihydrate is marketed as a dietary
supplement in capsule form, to help impromé-enflammatory and immune respon§&3] In

2018, Zembyla et. al have used quercetin crystals as a Pickering stabilizer to stabilize water in
oil emulsions. They observatat the quercetin crystals absorb at the interface and provide

stabilization of water droplets for several dayji€][20] The ability of quercetin to act as a
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Pickering stabilizer may lead to various soft matter applications where stabilization using
biocompatible particles is necessaf®l] More recently, Ma et al. have studied the oral
bioavailability of quercetin encapsulated in zbased Pickering emulsions using a simulated
gastrointestinal trac22] The quercetidoaded zein colloid particles were prepared from the
simultaneous precipitation of quercetin and zein from an aqueous ethanol s¢RR]{#8]
Quercetin is sparingly soluble in water and tieisults in difficultiedn obtaining quercetin i
hydrate crystals with controlled size distributiom aqueous solventsTo increase the

solubility of quercetin, mixtures of alcohols and water are ndynuaked.[2][24][25][26][27]

In food, quecetin mainly exists in a bounded form, with sugars, phenolic acids, alcohols etc.
After ingestion, derivatives of quercetin are hydrolysed in the gastrointestinal tract and are then
absorbed and metabolizel®] The content and formof all quercetin derivatives in food is
significant for their bioavailability as aglycone. However, due to its poor aqueous solubility
and extensive phagemetabolism, the bioavailability of quercetin is relatively low, and this
severely limits its potgtial health benefitd28] The challenges faced by poorly wasaiuble

drugs or nutraceuticals, particularly aroundprecipitation in the gastrointestinal track are
highlighted in literature[28][29] Hence, the development of effective formulations for poorly
solublesubstances heavily relies on a good knowledge of the landscape of all their existing
solid forms, as well as oan understanding of the chemical, physiological and biochemical
processes that occur between substance administration and absorption. Altneneghirgis

one of the most exploited flavonoslibstances, extensively studied by researchers over the
past thirty years, more needs to be understood about the different crystalline solid forms that
guercetin can form, as these can influence its perfartenan the different industrial
applications, its digestion dynamics, and its bioavailability. In this work, the crystallization
behavior of quercetin at different ethanwedter solvent mixtures was investigated, and two

novel forms, a weak quercetgthand solvate, QE, and its d&olvated structure, were found
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and are reported here. The two crystal forms were studied and characterized fully using a range
of solid-state characterization techniques. Furthermore, the solid form landscape of quercetin,

including all the known solid forms of quercetin is summarized.

5.2 Experimental section

Materials. Quercetin dihydrate with a purity of 97% was obtained from Alfa A@3art of
Heysham Industrial Park, Lancashire, Englaithanol solvent, 99.98%, was phased from
VWR chemicals Water purified by treatment with Milli -Q apparatus was uséor all the

experiments

Slurrying of quercetin dihydrate (QDH) in ethanol-water solvent mixtures Slurries of
guercetin in ethanelater solvent mixtures were preparey adding 4.0 g of quercetin
dihydrate in 100g of 100%, 90%, 85%, 75%, 60% and 15% (w/w) ethanol in water solvent
mixtures. The temperature of the slurry was kept constant at 2@ing a Tamson TLC2
recirculating chiller. The slurry was stirred usinggnaetic stirring at approximately 300 rpm

for 48 hours. The solid samples removed from the slurry were filtered using a buchner flask,
funnel and filter paper to remove the solvent. The samples were allowed approximately 24

hours to dry completely.

The sluring behaviour of quercetin in other solvents including acetonitrile, acetone and
methanol was also investigateshd the resulting solids were partly characterisedjever, it

was decided to study the ethanol form further due to the fact that ethamatadrequently
used as a solvent to dissolve quercetin. The methogédligwed for the preparation of those
solidswasidentical to that used for the preparation of the ethanol form, by slurrying quercetin

dihydrate in 100% acetonitrile, acetone or raethl, respectively.
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Growth of QE crystals on petri dish Approximately 10 mL of supernatant solution of QDH
in 100% ethanol solvent was transferred to several petri dishes, and seed crystals from the
100% ethanol slurry were added to the petri dishedfateiit ratios of seeds to solution. This
was done to promote growth of the seeds by evaporation. The petri dishes were covered with

parafilm with holes to allow evaporation of the ethanol.

Scanning Electron Microscopy (SEM).The crystal morphology of th@E crystals was
determined using SEM. The dry samples were imaged using a Carl Zeiss EVO MA15 scanning
electron microscope. Samples were arranged on Leit tabs attached to SEM specimen stubs and
an Iridium coating was applied before measurement. Samplestii® 100% ethanol slurry

and from the growth experiments on the petri dishes were imaged.

Thermogravimetric Analysis coupled with Differential Scanning Calorimetry
(DSC/TGA). TGA and DSC experiments were performed on a Mettler Toledo TGA/DSC 3+

Stare Syg m equi pment . The samples (around 107115
pans, covered with a lid, and heated from 20 to 500 °C at a heating rate of 10 @itrimgen

was used as the purge gas at 50 mL' rhiMeasurements were repeated three times.QB

samples were filtered the day before the analysis and left to dry overnight.

X-Ray diffraction (SAXS/WAXS, PXRD, VT-PXRD). The small and wide angle-bay
scattering (SAXS/WAXS) data were collected on a SAXSpace instrument (Anton Paar GmbH,
Graz, Austia) equipped with a Cu anode that operates at 40 kV and 56w@A164nm). The
powder Xray diffraction (PXRD) data were collected on a Panalytical XPPR@ which was

set up in BraggBrentano mode, using Cuakradiation { = 1.54184 A), in a scan between 5°

to 50° in 2 with a step size of 0.032° and time per step 25 seconds. The Variable Temperature
PXRD (VT-PXRD) data were collected on the Panalytk&tert PRO and the temperature

was increased from 20 °C to 90 °C at a rate of 10 °Ctmin
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QE mass loss over time experiment®ynamicVapour Sorption ExperimenA 50 mg sample

of QE in 100% ethanol slurry was placed on a DVS pan and the mass changgesied of

20 hours was monitored at a constant temperature 4 20d relative humidity of 20%. The
Dynamicvapour sorption experiments were performed on a Surface Measurement Systems

DVS Resolution equipment.

Monitoring sample mass of QE over timdesample of QE was filtered atige solid waplaced
on a plastic petri dishnd left uncovered at ambient conditiomfie mass of the sample was

measured for 6 days to observe amsschanges.

Stability studies for the QE form. The stability of QE was detmined by measuring the
SAXS/WAXS patterns of QE samples treated under different conditions. The samples tested
include: 4 week old and 16 month old samples of QE left in room temperature conditions in
the laboratory, a sample of QE which was slurriegure water for 24 hours and magnetically
stirred at 300 rpm, and a sample of QE that was treated in a vacuum oven at 0 mbar for 24

hours.

5.3 Results

5.3.1Slurryingof quercetin dihydrate (ODH) in ethanghter solvent mixtures

The solid crystals from the various etham@ter solvent mixtures after slurryingere tested
using SAXS/WAXS and PXRD to identify the solid forAppendix BFigureB.1). The PXRD
patterns for the solid samples from 15% to 90% (w/w) ethanol slurries were identical to the
PXRD pattern of quercetin dihydrate. This means that the stalidefearm of quercetin for
those ethanelvater solvent mixtures is the dihydrate. Quercetin dihydrate as purchased was

also tested using SAXS/WAXS and shown in FigBire for comparison. The solid taken from
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the 100% ethanol slurry exhibits a different IXBattern which is not identical either to the
guercetin dihydrate or its emolvated form, nor to any other deposited quercetin structure
[13][14][10][8] However, the pattern looks idésdl to a pattern previously reported by
Miclaus et al. which is believed to be a weak quereetiiranol solvatg30] This is an eample

of a solvenimediated polymorphic transformation, where at the 100% ethanol solvent
conditions, the metastable QDH interacts with the solvent and subsequently transforms to a
more stable solid form by dissolution and recrystallization. To get lpitdity PXRD data

the sample was also run on the Panalytical
Figure5.1. The pattern exhibits its main peakis2d angles of 8.9%, 9.83, 13.03, 22.1C,

26.17 and 28.18.

Intensity

2d

Figure 51P X RD pat t e’ the pfoduct of th@Qdblvemediate transformation QDH

in 100% ethanol slurry.

It is interesting to notice that QE is omitained from slurrying QDH in 100% ethanol solvent,
and as little as 10%(w/w) of water in the solvent ressnlQDH being the most stable form in
solution. In our previous publications it was shown how thenmatdecules in the QDH lattice
satisfy the hydrogen bonding interactions, leading to a-g@asked structure of higher relative
stability compared to the known monohydrate and anhydrous quercetin fb8jiBherefore,

it is not a surprise that even at a lower ratio of water in the solvent, the quercetin dihydrate
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structue is the stable form. The existence of a highly unstable questbtmol solvate was
earlier postulated by Miclaus et al. They described that the ethanol molecules are weakly linked
by hydrogen bonds to only one neighbouring quercetin molecule, anttagiorated into an
extended hydrogen bonding network, therefore they can easily escape to form the anhydrous
guercetin.[30] Assumng the QE structure is a querceé@thanol solvate, it seems that
interaction with the ethanol molecules in solution is not favourable at solvent ratios lower than
100%(w/w) ethanol, and this could possibly be due to the bulkier size of the ethanollenolecu
compared to the water molecule size, impacting on the strength of the hydrogen bonding
interactions with the quercetin molecules, and thus, not being able to offer the same degree of

stabilization of the lattice as water moleculégl]

The slurrying experiments demonstrate that for applications where the tquelibgdrate

crystal form is desired, the use of an aqueous ethanol solvent to increase the solubility of
guercetin in solution is safe, as long as the ethanol ratio in solution is 90%(w/w) or lower. A
100% ethanol solvent will result in the formatioradafifferent quercetin structure. The stability

and characterisation of this QE form was investigated and discussed in the following sections.
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5.3.2Scanning Electron Microscopy (SEM)

Images of the QE crystals are showirigure5.2.

3 i/ ‘ o \ A %
fage 100KX WD=80mm  2000kV SE1 Joum e | Maa= 1mKx  wo=s0mm 2000 kv SE1 N N A0 -
Width = 300.1 um mas Width = 3001 ym H @

Figure 5.2 SEM images of the QE crystals from the 100% ethanol slurry (top)6&t 8
magnifications and from thegrowth experiments on petri dishes (bottom) at 1K X

magnifications.

The SEM images showa needle morphologfor the QE crystalsalthough thecrystals from
the 100% ethanol slurrgre more flaky and smaller in sizempared to those grown on the
petri didves Thecrystals from the petri dish are bigger in size, betweed BP0 m, and hav.

higher aspect ratio comparedthmsefrom theslurry. It should be noted that this morphology
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is very similar to that of the QDH crystals, which also exhibits a nebdfges For comparison,

SEM images of the morphology of the QDH crystals are showppendix BFigureB.2.

5.3.3Thermal Stability

Thermogravimetric Analysis coupled with Differenfalanning Calorimetry (DSC/TGA)he
thermal stability of the QE structiwas studied to assess under weatperatureonditions
the sample undergoes changes in mass or heat flow. The results for the thermogravimetric

analysis coupled with differential scanning calorimetry are shovwgures.3.
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Figure 5.3 DSC and TGA curves for QE.

Observing the TGA curve, there is a loss in mass of about 6.2%, starting at an onset temperature
of 28.5 and finishing at approximately 70
endotherm as seen on the DSC curve. The loss could be attributed eitfe= &hanol
evaporating from the wet solid (e.g., the sample was not completely dry after being left to dry

overnight), or to a dsolvation process, where the ethanol molecules leave the crystal lattice.
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To confirm which of the two was the reason fbe tweight loss, the mass of ethanol was
monitored in two different experiments, a DVS experiment where the mass was monitored for
24 hours under controlled relative humidity and temperature conditions, and a mass loss over
time experiment, where the magsacdQE sample left in room conditions of approximately 20
was monitored for sever al days . AppeldxBdat a
FiguresB.3 andB.4. Both experiments confirmed that the mass of QE does not change
considerably after therft day of drying. More specifically, the mass of a sample of QE after
one day of drying to the sixth day just decreased by 0.8%. This confirms that during the DSC
TGA experiment, it is very unlikely that the sample lost 6.2% of its mass due to it ngt bein
completely dry. Hence, the thermal event observed in the DSC should be associated to a de

solvation event.

The theoretical mass loss for a solvate stoichiometry of one molecule of ethanol to one
molecule of quercetin is calculated to be 13.2%. The obddoss was much less than that,
almost half, and there was also significant variability between the different repeats. This
suggests that the QE sample could be a mixture of a queetesinol solvate and an anhydrous
form of quercetin. Miclaus et al.sad emphasized in their paper the difficulty in obtaining a
pure form of QE due to its low stabilitygd0] The possibility of a hermsolvate, a solvate of one
molecule of ethanol per two molecules of quercetin, is ruled out as the theoretical loss for that
would be 6.6%, which is lower than the maximum loss obtained from the different repeats of

the TGA expements (8.6%). There is no further loss in mass after the endset temperature of

f

70 and before the quercetin chemical decomp

The melting point of QE occurs at a sharp t
point of quercetin,starting either from the dihydrate or the DMSGIvate forms.[14]

However, it is interesting to note that a small endotherm occurs just before melting at an onset
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temperature of 247. 8btained foi€ithartlse dieydrdteartheeDMB0O i s n o
solvate forms, and it is probably due to a structural regement thabccurs in the lattice of

guercetin before melting. If the ethanol molecules are weakly hydrogen bonded to the quercetin
molecules, they could escape the lattice during the thermsbldation event, without this

process being accompanied byaamformational rearrangement of all the quercetin molecules.

In that case, the solvaspecific quercetin molecular conformation would be preserved.
Therefore, it is possible that during that small endothermic event, the quercetin molecules
rearrange tottain a more stable conformation. The data from the D&@ is summarized in

Table5.1.

Table 5.1 DSCTGA thermal analysis data for QE.

Assumed stoichiometry 1.1
Theoretical weight loss (%) 13.2%
Observed weight loss TGA (%) 6.2+24
Guest loss Temp. (°C) 285+5.1
gpH for guest loss (Jg -102.3 + 35.5
Structural rearrangement Temp. (°C) 247.3+7.2

gpH for structuripl rearr-82+£1.0

Melting Temp. (°C) 316.5+0.8
pH for mRlting (Jg -125.7 + 16.0
Decomposition Temp. (°C) 335.3+7.3

Variable Temperature Powderpay Diffraction (VFPXRD).To verify that the QE form loses

the ethanol in a dsolvation step between the temperaturesof 28670 , t he PXRD pat
of QE was measured up t oFigare54. FromhéRXRDdatsam | t s a
is evident that there is a change in the structure, as the main peaks are different. The two main
peaks of @ E°(a2d™.8 Yisappaatr and two new peaks appearQE(90 ) , at

10.2 and 10.9. Furthermore, the main peak@fE ( 2 0 ) ° disappehr8 an® another one

at 13.6 appears foQE(90 ) .
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Combining the data from the TGA curve and the QEQ(attern, it can be confirmed that

this pattern belongs to an ammous form of quercetin, as marther loss in mass appears to be
occurring at any higher temperature before decomposMoneover,thesedata suggest that

the initial sample of QE at 2« could already contain a small amount of thesdeated form,
astheQE( 20 ) patter n c 2darglasohl®.2andid.8 Whiclpieceeise a't
in intensity in the QE(90 ) pattern. Thi s
sample of QE due to the very low stability of the form, and explainstiynass loss in the

de-solvation step from the TGA data does not meet the theoretical loss.

13.6¢ QE 93

Intensity

Figure 54VT-P XRD patterns f or witke importabtpeaks armataded 9 0

It is interesting to note that this anhydrous form of quercetin, obtained from-Swvdd¢ion

of the quercetirethanol solvate, does not matdte tdehydrated quercetin dihydrate or-de
solvated quercetidbMSO solvate (QDMSO) patterns obtained previously, nor to the PXRD
pattern of the anhydrous quercetin struct(@A) deposited in literature[8][14] This
anhydrous structure could belong to a novel anhydrous quercetin form, which is only seen after
de-solvation of the ethandolvate. A PXRD pattern comparison between the different
anhydrous quercetin structures is showirigure5.5. The different PXRD patterns indicate
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that quercetin could have several different polymorphic forms in the anhydrouslstas.
been frequently reported in literature thatsidvation of a solvated crystal form can provide
an alternative pathway todlormation of polymorphic forms that would otherwise be difficult
or impossible to crystallize by conventional crystallization technid@&sHowever, it would

be interesting to understand why-sldvation of QDH and QDMSO leads to the formation of
the same anhydrous quercetin, whilesdévation of QE or recrystallization of QDH in a
solvent (the QAdeposited in CSP lead to a different anhydrous form. In their work, Garnier
et al. postulated that dehydration conditions, whether being mild or hard, will determine the
way thatthe solvent molecules depart from the lattj8@] A slow thermal desolvation process
would allbw the cooperative departure of solvent molecules, followed by a structural
reorganization step, leading to the nearest possible crystalline paf3@hgrhe resulting
packing in the anhydrous structure should, at least to a certain extent, be detéynined

initial solvated structure.

This is probably what we observe in thestdvation of QDH and QDMSOIhe departure of
solvent molecules from QDH and QDMSO leads to some molecular rearrangements, both
stabilizing in a new anhydrog®lymorphtowards he nearest well in energy the DSC curve

of QDH, a single endotherm is observed for the dehydration event, which leads to the formation
of the dehydrated QDH. In the DSC curve QDMSO, a second endotherm is obsemight

after the desolvation endotbrm, probably signalizing the rearrangement of quercetin
molecules towards the same anhydrous polymorphic form that is obtained from-the de
hydration of QDH.On the contrary, the dsolvation of QE leads to a different anhydrous
polymorph, probably a met@ble form, which requires further heating to induce polymorphic
transformation towards a more stable anhydrous, wiichably occura t 2 ,4aiid hence

an endotherm is observatithat temperature
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Quercetin anhydrous

QDMSO desolvated

QDH desolvated
—— QE desolvated

Intensity

N m QWWN——/\’WW\_——

5 10 15 20 25 30 35 40 45 50
>

Figure 5.5 Comparison of the PXRD patterns for the different anhydrous quercetin structures,
formed by the de&olvation of QE, QDH, QDMSO, and the anhydrous quercetin structure

deposited in Cambridge Crystallographic databi@}.4]

The resulting anhydrous structure aftersdvation occurs should in some extent depend on
the original solvated forms, their structueatangementand intermolecular interactions, as
well as the arrangement of solvent molecules in the lattice. Thatigtes of QDH and QDMSO
could possibly share more commstnucturalcharacteristics, therefore -delvation leads to

the same anhydrous form, whereas for QE that might not be the case. Hdareaemore
detailed understanding of the dehydration mecimasas the different forms, further structural
information regarding the resulting anhydrous structw@sld be needed, and a combination

of experimental and computational techniques, such as density functional theory (DFT)

calculations, would be required.
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5.3.4 Stability studies

Samples of QE of different age and processing history were compared to study the stability in
atmospheric conditions for this crystal structure. The SAXS/WAXS data of the analysed

samples are shown Figure5.6.

Treated in
vacuum

1ldayin
water

16 months
old

Intensity

4 weeks
old

2 6 10 14 18 22
2£

Figure 5.6 SAXS/WAXS patterns of QE samples treated under different conditions.

The QE samples that were 1 day old, 4 weeks old and 16 sholdtivere left in open vials in

the laboratory at ambient temperature and pressure. The results show that the patterns for the
1 day old and 4 weeks old samples were identical; therefore, QE is unlikely to transform over
such period of time. However, tié months old samples exhibited some extra peaks &t 10.2

and 10.9, and the peak around 13#&ppears to be slightly shifted to the right compared to the
other patterns. These extra peaks match with the peaks of-Huvdeed form of QE shown

earlier. As the pattern appears to confirm a mixture of the QE and of-gsldated form, it

shows that over the period of 16 months, QE is likely to slowdgaieate.
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The pattern of a QE sample that was slurried in water for 24 hours contained peaks that are
chaacteristic of QE, but also some extra peakd(8°, 129°, 139° and 14.2°, whiclare
characteristic peaks of QDHhis indicates that when the QE form is slurried in wateait
transform back into the QDH form. Howevénge pattern suggestlat the transformation is
incomplete and thathe sample is anixture of both QE and QDH This shows that for
applications of quercetin in water, QE would not be a stable solid form aslld tansform

to the QDH.

The pattern of the QE sample treated in vacuum for 24 hours exhibits peaky 4025

10.9 and 13.8 that completely match the peaks of thesdévated QE obtained by heating the
sample to 90 . The pattern does not containy peaks from the original QE pattern; therefore,

the desolvation in vacuum appears to be complete and give a ptsehdded QE form.
Therefore, it can be concluded that thesdésation of QE can be accelerated either by heating

the sample at a tempdure above 28, as this wasslvattomfeom thenBSEt o f

TGA experiments, or by treating the solid in vacuum for 24 hours.

When using solid forms of quercetin for various applications in the nutraceutical or food
industry, it is of critical importance to have a knowledge of the solid form landscape of the
substance. This will guide the choice of crystallization parameteesgetta particular form

of quercetin and provide information for the conditions under which each structure is stable, to
avoid any undesired transformations, and lead to faster product and process development.
Figure5.7 summarizes the solid form landscape of quercetin, showing the different structures
of quercetin and transformations between them, based on the work done in this paper and in

our previous pblications[13][14]
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Relative humidity = 90%

solvation at 136°C
Quercetin DMSO-solvate QDH / QDMSO Quercetin dihydrate
(QDMSO) de-solvated (QDH)

Slurrying
in pure
water

Stable in ethanol-water solvent
for ethanol 0-90%(w/w)

Thermal de-solvation
at 95°C
Relative humidity = 0%,

Slurrying
in 100%
ethanol

Quercetin-ethanol
solvate (QE)

QE de-solvated SR E < R 3 G A
Formed by slurrying QDH in

ﬂ 100% ethanol
5 15 25 35 h ! ﬁ : i
5 15 25 35

Treating in vacuum for 24h
Thermal de-solvation at 28 °C

Figure 5.7 The solid form landscape qtiercetin, including the dihydrate, DMSfIlvate and

ethanolsolvate forms and their ekolvated structures.

5.3.5 Slurrying of guercetin dihydrate (QDH) in methanol, acetone and acetonitrile solvents.

QDH slurried in acetonitrile solvent

The SAXS/WAXS p#ern for the acetonitrile slurried sample is illustratedrigure 5.8.
Patterns of QDH and QE are also shown for comparison. It can be observed thattern of

the acetonitrile slurried sample is not identical to the QDH or QE patterns, neither to any other
known quercetin structure. It exhibits characteristic peaksf @ngles of 4.71°, 8.53°, and

14.16°, which are not shared with other quercstinctures. The big sharp peak at 4.71° on
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the acetonitrile pattern is also exhibited by the QE at a smaller angle of 4.53°, however no other
consistent peak shifts were observed for any other peaks of the two structures, which indicates
that the two formsre distinct. The acetonitrile slurried pattern is also different to the QDH
pattern, however, it exhibits some smaller peaks which are also observed in the QDH pattern,
at 10.75° and a smaller one at 12.40°, which could mean that the acetonitrile camguleed

some of the QDH form. This could indicate an incomplete transformation from the QDH to the

acetonitrile form during the slurrying experiment.

——100% ethanol slurried

453 ——QDH
Acetonitrile slurried

Intensity

Figure 5.8 SAXS/WAXS patterns for QDH, and for samples obtained by slurrying QDH in

acetonitrile and ethanol solvents.

Since no further solidtate characterization was carried out for the acetonitrile form, it is
inconclusive whether the form is an acetonitrile solvate of quercetin, or if the pattern belongs
to an anhydrous form of quercetin. If the latter is the case, then the form is a novel anhydrous
guercetin structure, as its pattern does not match with aey olbserved anhydrous pattern of
guercetin. What can be concluded from the experiment is that quercetin dihydrate is metastable
in 100% acetonitrile solvent, which undergoes a solwesdiated transformation to a novel

guercetin form.
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QDH slurried in methnol solvent

The XRD pattern for the methanol slurried sample is illustrat&igiare5s.9, together with the

QE pattern for comparison. It can be observed that the two patterns are almost identical. The
peaks in the methanol pattern are slightly less sharp, possibly indicatimgpée s&# lower
crystallinity. The fact that the two forms exhibit almost identical patterns is particularly
interesting, as it could indicated that the two quercetin forms are isostructural. Isostructural
crystal structures have been previously shown énditire to share very similar XRD patterns
resulting from similar crystal structure and packing patterns, but different cell dimensions and
chemical compositiorj33][34] This type of behaviour would not be a surprise as the methanol
and ethanol solventsrea very similar, each containing a hydroxyl group of very similar
electronegativity, and ethanol only being slightly bigger in size just by a methyl group. It is,
therefore, expected that the type and strength of intermolecular interactions that they would
form with the quercetin molecules would not differ greatly, and this should result in similar

packing arrangements in the lattice.

—— Methanol slurried

Intensity

0 10 20 30 40 50 60
2d

Figure 5.9 XRD patterns for samples obtained by slurrying QDH in methandl ethanol

solvents.

The DSC/TGA curves for the methanol sample are showigure5.10 (a). A very small loss

in mass accompanied with an endothesmexhibited at an onset temperature of 32 Al s o,
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at a temperature of 250 a small endot her m
sample is at 317 agreeing with the melting
events for the methanol sample are similar to those of the QE esalBgih samples show a

very similar thermal stability, where they-delvate at a low temperature, and exhibit an
endotherm, possibly due to a structural rearrangement, just before the melting. The actual loss

in mass in the deolvation event was measuredbe only 2.1%, whereas the theoretical loss

for a 1:1 stoichiometry should be 9.6%, possibly because the sample lost part of the solvent

before the thermal analysis, which was also the case with the QE sample.
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Figure 5.10DSC and TGA curves for (a) methanol slurried sample (b) acetone slurried sample

137



QDH slurried in acetone solvent

The XRD pattern of the sample slurried in acetone has not been measured, however, a thermal

analysis has been conducted on the sample ai2SGTGA curves are shown igure5.10

(b). A Il oss in mass of 10.7% is observed at

mass matches with the theoretical loss that would have been observed from the dehydration of

QDH,t he event occurs at a much | ower temperat

woul d occur at 95 . Further to that, the en
, before a second e nsbleatioh endsettemmerataseaoend 38 d. Th

This ther mal behaviour is different to QC

it is probably a solvate of acetone. The two consecutive endotherms suggest that the de

solvation of the sample could be a tatep process similar tinat of QDMSO which was

di scussed in the previous chapter. The sam

characteristic of all quercetin samples. Before melting, another small endotherm is observed,

which could be due to an impurity in the sampleaother structural rearrangement similar

to those that were obtained before melting of the QE and the methanol samples. Although the

thermal analysis results suggest that the structure could be an acetone solvate, further tests,

such as XRD analysis, arequired to confirm this.

5.4 Conclusion

In this work, the crystallization behaviour of quercetin in different ethedadér solvent
mixtures was studied. It was found that quercetin dihydrate is always obtained for ethanol in
water contents lower than 90%(w/w). In 100% ethanol a different fdriguercetin was
obtained, which is likely to be an ethanol solvate. The structure is characterised by a low
stability at ambient conditions. Slurrying QE in pure water can reverse the transformation and

form the dihydrate structure. The thermal analysts&d that the QE structure-delvates at
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an onset temperature of 28.5to form its desolvated structure that is a novel anhydrous
structure of quercetin, different to the-sl@lvated quercetin structures that are obtained by de
solvation of quercetin dirdrate or its DMS&solvate. Desolvation of QE can also be achieved

by treating the QE form in vacuum for 24 hours. The structure does not appeaotoale at

room temperature conditions over a period of 4 weeks but it seems to be losing part of the

ethanol over 16 months.

These experimental findings enhance the knowledge around the different solid forms of this
important bioflavonoid substance. The comprehensive understanding of the physiochemical
properties, crystallization conditions and transfororabetween the various forms is essential

when designing processes and optimal solid forms for specific applications using quercetin.
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CHAPTER 6 - DESIGNING PARTICLES WITH TAILOR -
MADE SURFACE PROPERTIES: A STUDY ON QUERCETIN

SOLID FORMS

Abstract

The surface energy heterogeneity and surface chemistry anisotropy of a crystal are of great
importance when designing particles for a specific application, as these will impact both
downstream manufacturing processes as well as final product qualitis Wwotlk, the surface
properties of different solid forms of quercetin, including solvates, are studied using molecular
modelling and experimental techniques, including Inverse Gas Chromatography (IGC). The
aim of this study was to investigate the relatiopsbetween crystallographic structure and
surface properties ajuercetin particles. The surface chemistry and hydrophobicity of the
different facets of several quercetin structuvesre evaluated through the study of their
extrinsic synthons. The modeig results showed that the most dominant facet of quercetin
dihydrate is mostly hydrophobic as it grows by +#pmiar stackinginteractions, while for
guercetinDMSO solvate, the most dominant surface grows by polar hydrogen bonds, granting
it a hydrophilic nature. Water contact angle measurements and IGC confirmed the modelling
results, and showed the anisotropic nature of ifferent forms studied. When designing
particles with tailored surface properties, knowledge of the surface chemistry is vital; the
results presented here can guide the choice of crystallization conditions which will determine

the optimal crystal form anfthal morphology for optimal surface properties.
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6.1 Introduction

The anisotropic nature of crystalline solids has been a subject of considerable interest for
researchers for many years, and results from differences in physical, thermodynamic, kinetic,
surface, spectroscopic, optical, or electrical properties along different index crystal planes.
[1][2][3] Surfae energyheterogeneity in crystalline substanteperhaps the most significant
manifestation of thermodynamic anisotropy, aindolves variations in surface energy,
adsorption energy argipe of favorablechemical interactions (e.g. hydrophobic/hydroiahil

of the differentfacetsof a crystal.[4][5] This heterogeneitys due to thalifferentmolecular
arrangemesstrelative toeach crystaburface(e.qg. different functional groupsf the crystal

moleculeseing exposed[4][5][6]

In the pharmaceutical industry, where crystalline powders are widely used, the surface energy
and its digtibution along the different facets of a crystal play an important role in both
downstream processing and product performance. For example, these properties have been
found to significantly influence the performance of dry powder inhalers, powder mixihg an
the cohesion of compressed tablpt§5][7] Crystal surface energy can also influence particle
agglomeration phenomena, wetting phenomena and behavior of particle dispersions in liquids.
[7] Furthermore, unfavorable crystalorphologes can disturb the operating conditions of
downstream operations and affect product stability during stoj@ig@]} It is, therefore, vital

to have a good knowledge of the surface properties of crystalline powders, and to understand
how such properties are affected by crystal structure (e.g., polymorphs or solvates) as well as
morphology. Such knowledge can enable theige®f particles with optimal surface

properties and surface energy distribution along the different surfaces.

Predictive computational techniques and molecular modelling can be used to predict crystal

morphologies, and tprovide a vital insight into théacet specificpropertiesof crystalline
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materials[10][11][12][13][14] This can aid in the design of a crystal morphology with optimal

surface properties. Synthonic engineering tools, such as the HABIT software, allow
morphological and surface emistry predictions through the calculation of thee x t r i nsi ¢
synt honsé6é, the synthons t hafacemsduatstermisaiobh ur at ec
[15][16][17][18][19][20] These extrinsic synthons araportant as they impact the physical

and chemical properties of the crystals, for example crystal growth rate of specific facets,
particle shape and aspect ratio, tendency to agglomeraf@ §tRosbottom et al. have used
synthonic modelling to examine the crystal morphology and analyze the sthaoéstry of

the U and b -amidolyenzoic acidby estblishipy the key intermolecular
interactions that contribute to the attachment energies of the morphologically important
surfaces[22] Nguyen et al. have characterized the extrinsic synthons-dfiffofen to assess

how the crystal might interact with thsrrounding solution and understand its interfacial
stability. [21] In parallel with modelling it is also important to estimate experimentally facet
specific surface properties of crystalline solids. The experimental determination of the surface
properties of powders includes contact angle measutemprobe force microscopy and

atomic force microscopy and inverse gas chromatography ([&®inite dilution inverse gas
chromatography (FBGC) has been demonstrated as a practical technique for measuring

surface energy in a range of probe molecule surface covejalfjég5][23][24] [25][26][27]

In our previous publications it was demonstrated that quercetin, a bioflavonoid substance
widely used in the food and nutraceutical industries, can exist as an anhydrous pure form or as
different solvated structures, including two types of hydrates and a DMSO solvate, which
possess different physiochemical propertj28][29][30][31][32] As different solid forms of
guercetin can have different surface properties, choosing the optimal one can offer improved
materials handling, flowability, compaction, tabletting and dissolution properties.

[5][33][34][35][36]. Although the use of solvates in formulations is becoming more common,
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understanding of the surface anisotropic properties of a solid form, and more specifically
between different solvates of thense substance, is yet undesearched and more needs to be

invested into exploiting these structures.

In this paper, a holistic study of the morphologies and surface chemistry of different quercetin
forms is presented. The extrinsic synthons and sueiaeryies of the forms are calculated and
related to the facet specific polarity. The role of the solvent molecules on the facet growth and
facet characteristics is discussed. The modelling calculations are compared to experimental
surface properties measunents, including inverse gas chromatography and water contact
angle measurements. Experimental characterization was performed on quercetin dihydrate and
guercetinDMSO solvate, the two forms that could be obtained experimentally in the
laboratory. The wde aims to provide a complete and comprehensive study of the surface
properties of different solvates of quercetin. Understanding and controlling the morphology
and surface chemistry of crystalline solids of a material, whether this is a polymorph or a
solvate, enables the manipulation of its surface properties, therefore engineering a particle with
the most desirable characteristic and interfacial behavior. Ultimately, this will lead to a rational

and quicker product design.

6.2 Experimental section

Materials. Quercetin dihydrate with a purity of 97% was obtained from Alfa A@3art of
Heysham Industrial Park, Lancashire, Englaridimethyl sulfoxide (DMSO) solvent was
purchased frorfisher Scientific (Bishop Meadow Road, Loughborough, England) andatha
solvent, 99.98%, was purchased from VWR chemidalater purified by treatment with

Milli -Q apparatus was used.
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Crystallization of quercetin dihydrate (QDH). A 200gsolution of90%(w/w) ethanoland
10%water solventvith quercetirconcentratiorf 0.01g/gwas preparedt 20°C The quercetin
dihydrate was recrystallized by adding water as the antisolvent until the final solvent mixture
was 45%(w/w) ethanol 55% water. The first 100g of water was added at a rate of 400 mL/hr,
using a ColedParmer syringefusion pump. At the end of the first addition, 0.3g of QDH seeds
(from the bottle) was added to the solution and a further 100g of water was added to the solution
at a rate of 50 mL/hrThe temperature was controlled using a Huber Ministat 230
thermoreglator and a PT100 temperature probennected to &00mL jacketed vesselhe

crystals were then vacuum filterading disposable paper filters

Crystallization of quercetin-DMSO solvate (QDMSO) A 100g solution of60% (w/w)
DMSO and 40% water solvenwith quercetin concentration of 0§/ was prepared via
heating tab0 °Cto ensure complete dissolution of the solid material. Such solution was then
subjected to coolingt a rate 0f-0.3 °C/minto a temperature dfO °C.The temperatie was

then cycledfrom 10 °C to 14 °C at a cooling/heating rate 0.5 °C/minfor 24 hours to
promote growth of the crystasd Ostwald ripeningrhe temperature was controlled using a
Huber Ministat 230 thermoregulatand a PT100 probmnnected to 200mL jacketed vessel.

The crystals were then vacuum filtenesing disposable paper filters

Inverse Gas Chromatography The (@@MSO and QDHcrystals obtained as previously
described were studied for their surface energy heterogeneity using Inverse Gas
Chromatography, IGC surface energy analyzer (IGC SEA, SMS, UK). Due to the difference in
the specific surface areas of ttwe samples different amounts of samples were used for the
analysis. About 25 mg of tl@DH and 115 mg of QDMSO sample was packed agitanized

glass column (internal diameter = 4 mm) and plugged vilginized glass wool on both the

ends. A jolting voltameter (Surface Measurement Systems, London, UK) was used to provide
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mechanical tapping to the sample in order to remove the vottie ppacked sample bed. The
packed sample column was placed into the column oven and conditioned at the analysis
temperature of 30°C and 10% relative humidRy1) for 2 hours under 10 bdmin carrier gas
(Helium) flow rate prior to each measurement. Heliwas usedsa carrier gas at a flow rate

of 10mL/min and methane was used as a reference gas to determine the dead ModuRtd.

was keptat 10% to avoidhe dehydration of th&€DH sample which would occur at a lower

RH. The analysis was carried out in the finite dilution range using a seriealkédume probes

like nonane, octane, heptane and hexane to determine the dispersive interactions.

Contact Angle measurementsand Wettability . Thewater contact anglmeasurementsere

carried out at 25 °C using a OCA25 disipape tensiometer (DataPhysics Instruments,
Germany) fitted with a microsyringe and a higfpeed camera. Compressed discs oftDél

and QDMSO samplesere prepared by placing 0.3 g@DH or 0.6 g of QDMSCObetveen

the plates of a hydraulic bench press (Clarke, UK) using a 1.54 cm diameter die under a weight
of 6 tonnes for 30 s. Static contact angles were measured using the sessile drop method. Water
droplets (3 e€L) were pr odunmeuer diasneter,gofama t r ai |
sessile drop onto the compressed particle disc surfaces. A video camera was used to record the
droplet behavior. The droplet contour was fitted using the 8QA software, and the contact

angles between th@ompressed disand the water droplet were measured. All measurements
were repeated at least 6 times to ensure consistency of measurements, using three different

disks for each material.

Powder X-ray Diffraction (PXRD) . PXRD was used to confirm the quercetin solid form and
identify the morphologically dominant crystals facets. This was estimated by a comparison of
the experimental and a predicted diffractogram from the crystal structure, where the reflection

that was significantly enhanced in the experiment as comparee tioethretical was assumed
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to be the dominant plane. PXRD patterns were colleated Panalytical X'Pert PRO which
was set up in Brag@drentano mode, using Cual¢adiation ( = 1.54184 A)jn a scan between

5°t050° in 2d with astep sizeof 0.032° anditne per step 25 seconds.

Scanning Electron Microscopy (SEM)Thecrystal morphologies of the quercetin forms were
imaged using SEM. Thdry samples were imaged using a Carl Zeiss EVO MA15 scanning
electron microscope. Samples were arranged on Leit talchatt to SEM specimen stubs and

an Iridium coating was applied before measurement

6.3 Computational procedures

The crystallographic information files (.cif) for thaur quercetin structurassed in the analysis

were obtained from the Cambridge Structural Database (CDS): quercetin anhydrous
(REFCODE: NAFZEC), quercetin monohydrate (REFCODE: AKIJEK), quercetin dihydrate
(REFCODE: FEFBEX)quercetinDMSO solvate (REFCODB/UVHOM). [29][32][37][38]
Computational analysiwas performed using Materials Studio 2017, HABIT98, Miedcury

CSD 2020.3.[15][39][40] The structures were minimized using the Forcite module in
Materials Studio 2017, using methodologiesaibed in previous publicatio22][31][39]

The files were exported as .car files (Cartesian coordinatesjverted to fractional
coordinates and then fractional charges were calculated using the AM1 method within
MOPAC. [41] The synthonicanalysis was carried out usitige HABIT98 software, which

takes in structural information to construct a seriesrof cells in three dimensions, and
calculates the pairwise intermolecular interaction between a molecule in the origin unit cell and
all the other molecules within a fixed radios30A from the central moleculg15][22][42]

The calculation of intermolecular interaction energieseperformed using th®omany and

Dreiding Il forcefields. [17][19] The ranking of the intermolecular interactions by strength
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was outputted using the DEBUGfunction.All visualization of molecular and crystal packing
were carried ot in Mercury CSD2020.3 [40]

Morphology and Surface Chemistry calculations The most likely growth slices and BFDH
morphologies were calculated using the BFDH morphology calculation feature in Mercury
CSD 2020.3, based on the fact that the facets with the largegilamtar spacing (dhkl) are
likely to be morphologically important32][40][42][43] For the slices with the largest
interplanar spacing, the lattice enerdy , was partitionednto a slice energy© , and

attachment energ¥) , according tdequation6.1. [42][44][45]

O O O (61

Where he slice energyQ , is the summation of all the interactions between a central molecule
and all other molecules within a growth slice of thickness dinidlthe attachment energy,

O , is the summation of all the interactions between the central molecule and molecules
outside the growth slice. The attachment energy can be taken to be proportional to the growth

rateof that facetaccording to Egation6.2.

YO O (6.2)

The relative attachment energies of each surface were expressed as centrelistdacest,

then used to determine the external mor phol
Furthermore, the surface anisotropy factor , was calculated to provide a measure as to how
satisfied the possible intermolecular interactions of a cutdeat a growing surface are when

compared to those of a molecule within the bulk, according tatitm6.3.

- — (63)
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6.4 Results

6.4.1 Attachment energy and morphological simulations analysis

The calculated slice eneggi and attachment energies for the specific surfaces of the four
guercetin structures, as well as the anisotropy factors, are sholiabl@6.1. It should be

noted that the faces that are grouped together have the same surface properties due to the
symmetry of the structures. The surface anisotropy faetor, provides the degree of
satisfaction of the intermolecular interactions of a mdéeatia facet, compared to a molecule

in the bulk and can be relatedhow labile a surfaces to accepting molecules from solution,

and thus how fast a given facet will grow. For example, for QDH the surface anisotropy factors
for the different facets arsignificantly different. The (010) {D0) facets are calculated to have
93.1% of the interactions satisfied, compared to the capping surfaces (0Q))g066 (01
1),(0-11) that both have 35.2%6 the interactions satisfied, meaning that those facetkahg

to grow significantly faster than the (01&)d(0-10) surfaceghat grow at a much slower rate

and hence become the dominant fadétgure6.1 shows the predicted morphologies based on

the attachment energy model.
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Table 6.1 Slice, attachment and surface energies and anisotropy factor of the important faces

predicted by the attachment energlerfor the quercetin structures.

Quercetin anhydrous (QA)

Facet (hkl) Slice Energy  Attachment Energy Surface Energy g
(Kcal/mol) (Kcal/mol) (mJ/m”"2)
(101),(101),(-101),c10-2) -16.6 -6.7 486 71.2%
(200),£200) -13.9 -9.4 55.6 59.8%
(011),(0%1),(0-11),(01-2) -12.2 -11.1 69.5 52.5%
(111),(1212),(-111),¢11-1),(2- -9.5 -13.8 76.4 40.9%
11),(2-1-1),(-1-11),(1-1-1)
(210),£210),(210),(-2-10) -6.9 -16.5 83.4 29.4%
(020),(620) -5.8 -17.5 76.4  24.9%
Quercetin monohydrate (QMH)
Facet (hkl) Slice Energy  Attachment Energy Surface Energy tlgs
(Kcal/mol) (Kcal/mol) (mJ/m~"2)
(002),(0062) -23.1 -3.9 62.5 85.6%
(100),¢100) -18.8 -8.2 76.4 69.6%
(10-2),(-102) -15.7 -11.3 97.3 58.2%
(11-1),(1-1-1),(-111),¢1-11) -8.9 -18.2 83.4 32.7%
(110),(+10),(-110),(1-10) -8.4 -18.6 83.4 31.2%
(011),(011),(0%1),(0-1-1) 7.4 -19.6 104.2 27.5%
Quercetin dihydrate (QDH)
Facet (hkI) Slice Energy  Attachment Energy Surface Energy Elge
(Kcal/mol) (Kcal/mol) (mJ/m”"2)
(010),(010) -13.1 -1.0 139 93.1%
(100),¢100) -11.9 -2.2 27.8 84.5%
(-110),(x10) -11.3 -2.8 34.7 80.3%
(001),(001) -5.0 -9.1 34.7 35.2%
(01-1),(0-12) -5.0 -9.2 34.7 35.2%
Quercetin DMSO Solvate
(QDMSO)
Face (hkl) Slice Energy  Attachment Energy Surface Energy  tjga
(Kcal/mol) (Kcal/mol) (mJ/m"2)
(011),(0%1),(0-1-1),(0-11) -26.7 -4.00 20.8 92.0%
(002),(002) -25.1 -2.3 139 86.3%
(110),£110),(+10),(-1-10) -24.7 -4.3 13.9 85.1%
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Quercetin anhydrous (QA)

o i

Quercetin monohydrate (QMH)

Quercetin dihydrate (QDH)

Quercetin DMSO-solvate(QDMSO)

Figure 6.1 Attachment energy morphological predictions for the four different quercetin

structures, showing the major faces that are predicted in the final morphology.

The experimental morphologies of QDH&a@QDMSO, grown from an ethanrwlater solvent
and a DMSQOwater solvent respectively, are showrFigure6.2. It should be noted that only
these two quercetin forms could be obtained in the laboratory, therefore comparison of

modelling to experimental findings will be conducted only for these twstalrgtructures.
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For QDH, SEM images show a needle morphology. The experimental morphology is in a
reasonably good agreement with the predicted morphology, showing a large dominant facet
that runs along the length of the crystal and a hgpect ratioThe QDHcrystal are very small

in size comparatively to the QDMSO crystals, approximately 30 microns in length instead of
100 of microns for QDMSQgs shown from the SEM image analy3ike crystals do not seem

to have a weldefined shape, and the diffeteiaces of the needle crystals, especially the
capping faces are not clearly seen from the SEM images. This imightt the experimental
surface energy measurements for the QDH crystals. Due to the slow growth kinetic and low
water solubility sitablesize crystals of QDHor single crystal indexing could not be obtained
Figure 6.3(a) shows the simulated XRD pattern of QDH as obtained from Mestityare
(REFCODE: FEFBEX and the experimental PXRD pattern from the crystallized sample.
Comparing the tw, it can be seen that the intensity of certain peaks is enhanced in the
experimental pattern. It has been reported in literature that crystalline materials with largely
exposed facets tend to orient in a particular direction during XRD analysis, trdiffrdeion

peaks corresponding to the lattice planes perpendicular to the direction are intdAsifiéd]

For QDH, the planes corresponditigthe peaks that exhibited considerably higher intensity
than the simulated pattern were identified from Mercury, and were found to be planes (020)
and (300). The (020) plane is part of th&apindices family, therefore it confirms the presence

of a dominant (010) facet on the crystals measured, agreeing with the morphological
predictions which give that facet as the most dominant one. Moreover, the (300) plane belongs
to the {(MO) indices family and confirms the presence of a large exposed (100asaseis

also predicted from the attachment energy model.

For QDMSO, SEM images show a thin, pHike morphology From the SEM images, three
differentfacetscan be distinguished. One igtlarge flat surface, and two different side facet

of much smallerelative surface area. Comparing the experimental to the simulated PXRD
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pattern for QDMSOFigure 6.3(b), it is obviousthat some peaks have a greatly enhanced
intensity compared tsome othepeaks for QDMSO, which were found to be for the (002),
(004), (006) and (008) planes, all belonging to thed(@@dices family. This indicates a large
exposure of the (002) facet. Thus, it can be assumed that the large dominant facets of the plate
like crystals shown in the SEM images are the (002R{((0@cetsThis result does not seem to
agree with the attachment energy morphological predictions, which giy@lthe(0%1),(0-1-

1),(0-11) to be the most dominant facets, with an anisotropy facter of w @t b followed

by the(002),(0062) facets, having an Y @ P However, it should be considered that the
attachment energy model prediction assumes the growth of the crystal to take place in vacuum,
and does not account for the external growth conditions, such as the crystallization temperature,
supersturation or interactions of the crystal surfaces with the solvent or solution impurities,

which have been shown to significantly affect the crystal hig}[48][49][50]

Dominant surface:
(002)(002)

Width = 300.1 p V H s oo e eomn o czs?l\ltjid«msm]pm H
€Y (b)
Figure 6.2 SEM images for (a) QDH grown from an etham@ter solvent and (b) QDMSO

grown from a DMSG@water solvent.
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Figure 6.3 PXRD patterns for simulated and experimental crystal structures of (a) QDH and

(b) QDMSO.

6.4.2 Surface Chemistry Analysis

The extrinsic synthons and the specific unsaturated interactions that contribute to the
attachment energy and growth for the different facets of the QDH and QDMSO structures were
calculated and characterised. The six strongest intermolecular synthons found in the lattice of
QDH and QDMSO, which contribute to the growth of some of their fasetse calculated in
previous publications, and their properties are summarisédpendix CTableC.1 [31][32]
Quercetin dihdrate (QDH).For the most dominant facet pair (0131(@©), it was found that

none of the first five strongest synthons contribute to the attachment energy, instead synthon
QDH6 which is an offset stacking interaction between two quercetin moleculesnaitheay

that the facet pair grows. The strength of that synthon was predicted to be seven times smaller

than the strongest synthon in the lattice of QDH, which is consistent with the low attachment
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energy and growth rate of the facet. As showiable6.2, the contribution to the growth of

this facet pair comes mainly from the expos@tH groups at the surface termination, which
participate in this offst stacking of quercetin molecules. The aromatic hydrogens on the phenyl
and pyrone rings that participate in the stacking interaction also show a significant contribution
to the growth of the facet. No hydrogen bonding was found to contribute to thengridvet

fact that the facet (010){00) terminates withOH groups but it does not grow via hydrogen
bonds is a particularly interesting observation. This behavior could be due to the orientation of
the quercetin molecules on the facet that prevent$ @hé groups from forming hydrogen
bonds with other incoming molecules. Instead, stronger stacking interactions could be
preferentially formed to grow this pair of facets. This behavior could indicate that this facet has
a nonpolar nature.

On the contrary, # facet pair (100%;100) grows mainly through synthon QDH5, which is a
guercetinwater hydrogen bond. The surface termination shows the exposed oxygens on the
hydroxyl groups of the pyrone ring of the quercetin molecule which are available to participate
in a hydrogen bonding with the water molecules from solution. This justifies the high hydroxyl
groups contribution, 72%, to the growth of the facet. It is therefore expected that this facet pair
would present a strong polar character.

The needle capping dats (001),(0l) and (011),(2-11) that were predicted to have the
highest attachment energy and growth rate, were found to have very similar surface
chemistries. The growth direction of these facets is almost parallel te’tls¢acking of the
guercetinmolecules, the strongest synthon in the structure (QDH1), and it was found to
contribute to their growth. This is reflected by the high contribution of the phenyl and pyrone
rings to the growth of these facets, showd @ble6.2. At the same time, hydrogen bonding
between hydroxyl groups of the quercetin molecules and water molecules were also found to

contribute to the growth (synthons QDH2, QDH4). Theercetin molecules were found to
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pack more closely along those facets, which favours the faster growth. Sin¢e’ bsiticking
interaction and hydrogen bonds contribute to the growth of those facets, it is predicted that
these are highly energetic facetsth a capability of forming both polar and npolar
interactions.

Faces: (010),(0-10)
Termination: Faces: (100),(-100)

Faces: (001),(00-1)
and (01-1),(0-11)

Y
HE ﬁ.

X Termination:
@*Mm
) [ e ; oy
ok i‘m\,ﬁx K4

(V¢
U
W

Figure 6.4 Surface chemistry analysis schematic for the habit planes of QDH.

Table 6.2 Functional group contribution to the growth of the habit planes of QDH.

(010),(610)  (100),€100) (01-1),(0-11) (10-1),(-101)

Phenyl & 32.9% 172% 64.3% 64.0%
Pyrone rings

C=0 18.1% 11.0% 10.4% 10.3%

OH 49.0% 71.8% 253% 25.7%

Quercetin DMS&solvate (QDMSO)-or QDMSO the attachment energy model predicted the
facet group(011),(0%1),(0-1-1),(0-11) to be of highest morphological importance, followed

by the facet pair (002),(6B) which was in fact shown earlier to be the dominant facet pair for
the QDMSO sample prepared experimentally. The facet dfiip,(0%1),(0-1-1),(0-11) was

found to grow mely by synthon QDMSOS5, which is a ngoolar - stacking interaction
between two quercetin molecules, to which the aromatic rings mainly contribute to the overall

interaction, and thus to the growth of those facets. The facet termination predictiomsonfir
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this by showing the phenyl and pyrone rings exposed at the surface. It is, hence, predicted that
the(011),(0%x1),(0-1-1),(0-11) facets should have a nqolar nature.

On the other hand, the facet pair (002);0)@rows mainly from synthon QDMSO4, auble
hydrogen bonding interaction between the hydroxyl groups of two quercetin molecules. As
seen irFigure6.5, the hydroxyl groups are exposed at the facet termination. Since the exposed
groups can form hydrophilic interactions with polar molecules like DMSO or water, it is
suggested that (002),(€®) should have a polar nature.

As a final comment, it is agairethonstrated how the two most morphologically important
family of facets in a structure could have so different chemical nature, stemming from the

different synthons that contribute to their growth and different functional groups exposed.

Figure 6.5 Surface chemistry analysis schematic for the habit planes of QDMSO.

6.4.3Contact Angle measurements and Wettability

The wettability of compressed disks of QDH and QDMSO was assessed by measuring the
contact ankg of water droplets on their surface, in order to evaluate how these crystals interact
with polar solvent, and to assess their overall surface polarity. Facet specific water contact

angle measurements were not possible due to the fact that crystatsloessize for QDH or

160









































































































