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Abstract 

Crystalline materials are ubiquitous in the pharmaceutical, food, chemical and agrochemical 

industries, to name a few. The development of products and formulations containing crystalline 

solids requires the in-depth understanding and exploration of the various existing solid forms 

of these substances. At the same time, crystal engineering aims to design molecular crystals 

with directed properties, based on the knowledge of hydrogen bonding and intermolecular 

interactions within the crystal lattice. Such knowledge can enable delivering particles with 

optimized physiochemical properties, such as stability, morphology and surface chemistry, 

which can ultimately lead to a faster product development and more efficient formulations for 

specific applications. Therefore, there is a profound need of understanding how these properties 

related to the crystallographic characteristics of solids. 

In this doctoral project, different solid forms of an important food grade flavonoid substance, 

quercetin, including quercetin anhydrous (QA), quercetin monohydrate (QMH), quercetin 

dihydrate (QDH), quercetin DMSO-solvate (QDMSO), quercetin ethanol-solvate (QE) and 

their respective de-solvated forms, were studied in order to understand how the crystallographic 

structure affects the macroscopic properties of quercetin particles. The strength and nature of 

the intermolecular pairwise interactions (synthons) in the different structures were calculated 

and the lattice was comprehensively examined. The modelling work was integrated and 

validated with experimental solid-state characterization. It was found that crystallization of 

quercetin from an aqueous solvent favors the formation of hydrates, with QDH being the 

structure of highest stability at ambient conditions. This is because the water molecules in the 

lattice satisfy the hydrogen bonding interactions available in the quercetin molecules, allowing 



 

 

xi 

 

a more planar conformation of this molecule that enable the formation of stronger π-π 

interactions. It was, further, demonstrated that the stronger hydrogen bonding network between 

the quercetin and the DMSO molecules in QDMSO can lead to a higher relative thermal 

stability for the that structure compared to QDH, for which the hydrogen bonds between the 

quercetin and the water molecules were weaker. 

The attachment energy morphological predictions and surface chemistry analysis of quercetin 

forms, verified by experimental studies on the structures, demonstrated surface anisotropy and 

heterogeneous surface energies for the quercetin forms. The facet-specific surface chemistry 

was explained based on the study of the extrinsic synthons. It was shown that overall QDH has 

more non-polar surfaces compared to QDMSO, whose dominant surface was found to grow by 

polar hydrogen bonding interactions. 

The solid-form landscape of quercetin was also further explored, and four new structures were 

discovered: two new solvates (QDMSO and QE) and their de-solvated forms. The 

transformation conditions between the different solid forms were also established. 

The approach presented 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 

established between the crystal lattice and the physiochemical properties of quercetin not only 

elucidates the underlying chemistry behind many crystallization phenomena, such as the 

formation of solvates and their anisotropic nature, but also assists in enabling the prediction 

and design of tailor-made 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 technology. [1] 

Crystallization from solution is widely used in the pharmaceutical, chemical, agrochemical, 

food and cosmetic industries. [2] In the food industry 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 and fat crystals in ice cream ensures that it provides the desired 

mouthfeel, and a smooth texture that is acceptable for consumers. [3] More recently, research 

into the crystallization behaviour of cocoa butter aimed to create novel chocolate products 

providing healthier and more sustainable alternatives to traditional chocolate, by reducing the 

high saturated fat content using oleofoams stabilized by cocoa butter crystals. [4][5] In the 

pharmaceutical and nutraceutical industries, crystal purity, polymorphic state, and crystal size 

and shape are key properties 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 and functionality. Relating product properties with crystallographic information and 

designing processes that can deliver crystals with the desired characteristics has always been, 

and will continue to be, important areas of research. 

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

within a solvent, and the effect of crystallization parameters such as choice of solvent, 
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supersaturation and temperature profiles on the quality of the final product, is perhaps one of 

the biggest long-term challenges in the crystallization community. Different solid forms of a 

substance can exist, including polymorphs, solvates and cocrystals. [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 and analyzing different 

solid forms of a substance, is an essential part for product development in many industrial 

sectors that make use of crystalline materials. Solid form screening aims at finding the optimal 

form in terms of physiochemical properties and stability for a specific product. [8] For example, 

in the nutraceutical and pharmaceutical industries, solid form screening is performed to identify 

the solid form with the best profile in terms of bioavailability, thermodynamic stability and 

biological efficacy, as well as other related properties such as dissolution rate and surface 

characteristics. [9] 

A significant number of marketed pharmaceutical and nutraceutical products contain solvated 

active pharmaceutical ingredients (APIs) and excipients. [9] Solvates of a substance are 

multicomponent crystalline solids that contain both the host molecule (organic 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 forms 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 and other liquid solvents and 

vapours during various downstream processing steps such as filtration and storage. [9] 

Therefore, knowledge of the solid form landscape and transformation conditions between the 
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various forms of a substance is essential to design storage conditions, and avoid any unexpected 

transformations during manufacturing. 

The anisotropic nature of crystalline substances poses another big challenge for industrial 

crystallization. This arises due to the fact that crystals are made of multiple facets with different 

chemical nature, resulting from different orientation of the crystal’s molecules at each facet. 

Understanding crystal surface anisotropy is important in many processes that are typical of the 

manufacturing of particulate products, including milling, granulation and tabletting. [10] This 

understanding will enable the control and design of particulate products with optimal properties 

for a specific product, and has been a subject of research for many scientists. 

While solid form screening and experimental studies of crystalline solids 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 complement the screening and experimental studies for the 

solid form characterization and prediction of their properties, especially during the early stages 

of development where the availability of the material is usually low, and can ultimately aid in 

engineering 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 understanding of intermolecular interactions, or synthons, within the lattice of the 

crystal structure. [11] Synthons are more specifically defined by Desiraju as “structural units 

that convey the essential features of a crystal structure”. [11] Computational 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 crystal lattice and surface 

attachment energies, and subsequently to morphological predictions. [12] These methods 



 

 

4 

 

require the use of atomistic forcefields for the accurate calculation of the synthon strength 

between the molecules in the crystal structures. [13][14][15] Synthonic modelling can be used 

to predict crystal properties based on the spatial arrangements and interaction energies of the 

molecules within the crystal lattice. Ultimately, this allows molecular-scale design and control 

of the physiochemical properties of crystalline materials. [16][17] 

What is usually the biggest challenge is the ability to link the synthons’ strength, directivity 

and nature to the crystallization behaviour of a molecule from solution, in terms of molecular 

conformation and morphology, and finally to the particle properties. This link can 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 and facet-specific 

surface properties. This has been the focus of this doctoral project. To the author’s knowledge 

there is no other study that follows a similar systematic procedure that combines a multi-angle 

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 structures varied in 

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.  
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1.2    The model compound: Quercetin 

The model compound used in this thesis is quercetin. Quercetin, 2-(3,4-Dihydroxyphenyl)-

3,5,7-trihydroxy-4H-chromen-4-one, is a naturally occurring flavonoid, a polyphenolic 

compound, found in many fruits and vegetables, including onions, tomatoes, apples and berries, 

but also ingested from tea, wine and vinegar. [21][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 health. [20][23] Quercetin has stimulated considerable 

interest in recent years, and it is the most extensively studied flavonoid, due to its significant 

association between dietary consumption and various health benefits, including antioxidant, 

anti-inflammatory and antitumor activities. [21][22][24][25] Due to this vast range of 

biological effects, quercetin finds use in the nutraceutical industry and food supplements. [22] 

Nutraceuticals are described as medicinal or nutritional components of food claimed to have a 

medicinal effect on human health, also termed as functional foods. [20][23] 

The quercetin molecule consists of a pyrone ring and a phenyl ring, which constitute the 

hydrophobic part of the molecule and can form hydrophobic interactions such as Van der 

Waal’s forces of attraction. [22][26] The hydrophilic part of the molecule consists of five 

hydroxyl groups that determine the molecule’s biological activity and can act as hydrogen bond 

acceptors and/or donors, as well as an ether and carbonyl group acting as acceptors for both 

intramolecular and intermolecular hydrogen bonding. [26][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 to be an anticancer agent because it can inhibit cell 

proliferation and angiogenesis and induce apoptosis and cellular senescence. [20] Furthermore, 

it exhibits a number of properties that lead to cardiovascular protection, for example it is an 

antioxidative and antiplatelet. The antioxidant behaviour is due to its ability to scavenge 

oxygen-derived free radicals. [30] Due to the high reactivity of its hydroxyl groups, quercetin 



 

 

6 

 

can stabilize the reactive oxygen species by interacting with the reactive compound of the 

radical and inactivating it. [21][30] Further to these, quercetin has been reported to inhibit 

tumour growth due to its high affinity to interact with membrane-bound enzymes. For example, 

it interacts in an inhibitory way with the cytochrome P-450 isozyme specific for polycyclic 

aromatic hydrocarbon metabolism. [21] Lastly, Quercetin inhibits inflammatory enzymes 

cyclooxygenase (COX) and lipoxygenase, thereby decreasing inflammatory mediators such as 

prostaglandins and leukotrienes. [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 metabolized. [26] 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, 

therefore, the bioavailability of quercetin is relatively low, and this severely limits its potential 

health benefits. [31] The solubility of quercetin dihydrate in water has been measured and it is 

reported by Srinivas et al. to be as low as 0.00263 g/L at 25 ℃. [22] Other studies have tried 

to measure the solubility in methanol and ethanol solvents, and aqueous solvent mixtures, 

where the solubility in those solvents was shown to be enhanced. [32][33][34] 

Quercetin can exist as anhydrous, monohydrate and dihydrate crystal structures. 

[21][28][35][36][18] Quercetin dihydrate has been reported to crystallize from evaporation of 

an aqueous ethanol solution and an aqueous 1-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 theoretical 1H NMR shift patterns calculated using the 

Density Functional Theory (DFT) to predict the molecular structure and conformation of 

quercetin in solution. [37] They showed 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 phase. [37] 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 molecule. [29]  

Although the crystal structure of quercetin dihydrate was solved 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 crystal X-ray 

diffraction is highlighted in 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 bonding network, 

comparing the anhydrous and dihydrate forms and emphasizing its crucial role in determining 

the molecular geometry of quercetin. [38] Filip et al. in 2013 followed a multi-technique 

approach, combining PXRD data with information from ss-NMR and molecular modelling to 

elucidate the conformation of quercetin in the anhydrous structure and gain insight into the 

relationship between the hydrogen bonding network and the crystal packing pattern. [39] For 

quercetin 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 intra- and intermolecular 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 in Figure 1.1. 
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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 range of experimental 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 samples containing 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 transition. [40] Furthermore, a study 

on the solubilities of quercetin anhydrous and quercetin dihydrate by Srinivas et al. has shown 

the aqueous solubility of 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 form, to help improve 

anti-inflammatory and immune response. [19] In 2018, Zembyla et. al have used quercetin 

5 10 15 20 25 30 35 40 45 50

R
el

at
iv

e 
in

te
n

si
ty

2θ

Quercetin anhydrous

Quercetin monohydrate

Quercetin dihydrate



 

 

9 

 

crystals as a Pickering stabilizer to stabilize water in oil emulsions. They observed that the 

quercetin 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 necessary. [43] More 

recently, Ma et al. have studied the oral bioavailability of quercetin encapsulated in zein-based 

Pickering emulsions using a simulated gastrointestinal track. [44] The quercetin-loaded zein 

colloid particles were prepared from the simultaneous precipitation of quercetin and zein from 

an aqueous ethanol solution. [44][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 

quercetin with caffeine, caffeine and methanol, isonicotinamide, and theobromine dihydrate. 

The four cocrystal structures exhibited enhanced degree of solubility when compared to 

quercetin dihydrate, and therefore improved pharmacokinetic properties. [46] 

In this doctoral thesis, the specific model compound has been chosen because it can form a 

range of intermolecular interactions, including hydrogen bonding and π-π stacking interactions, 

and due to the fact that it readily forms solvated structures, which has been 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 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. 
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1.3    Aims of the thesis 

 

The present study will try to address the following research questions: 

1. What is the solid-form 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/solvation 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. Elucidate 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? How do these affect the crystal structure 

and 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 substance? How does the predicted surface chemistry compare to the 

experimental one? 

 

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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1. Crystallization of quercetin from a range of solvents and solvent mixtures, including 

water, ethanol, and dimethyl sulfoxide, through a range of crystallization techniques 

including cooling, anti-solvent, and evaporation crystallization. 

2. Solid-state characterization of the solid forms using various techniques to assess solid-

state stability, surface characteristics and transformation conditions between the 

different forms. 

3. Calculation of the strength, directivity and dispersive nature of the bulk intrinsic 

intermolecular interactions (synthons) in the different quercetin structures. 

Characterisation and identification of the important synthons in the lattice. 

4. Calculation of the type, strength and direction of the extrinsic synthons. Identification 

of the important synthons that contribute to the growth of the different facets of the 

quercetin solid forms. Prediction of surface chemistry of the facets of each form, based 

on the characterisation of the extrinsic synthons. 

5. Prediction of the particle morphology of each quercetin solid form, based on the pair 

wise intermolecular interactions. 

 

1.5    Thesis Outline 

 

Chapter 2 – Theoretical Background 

This chapter provides a theoretical background on the basics of crystallization and synthonic 

modelling. 

Chapter 3 - Synthonic Modelling of Quercetin and Its Hydrates: Explaining Crystallization 

Behaviour in Terms of Molecular Conformation and Crystal Packing 
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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 in the structures of the 

compound at different levels of hydration. The multi-angle modelling methodology proposed 

here provides insight into hydrate formation and can be extremely valuable when designing 

products, processes and storage conditions for particulate products with known hydrates. This 

chapter was published in the peer-reviewed journal Crystal Growth & Design, vol. 19, no. 8, 

pp. 4774–4783, Aug. 2019. 

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

Structure, Packing 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 solvated 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 physiochemical properties of these 

structures. This proposed working framework can assist when designing particulate products 

with known solvated forms. This chapter was published in the peer-reviewed journal Crystal 

Growth & Design, vol. 20, no. 10, pp. 6573–6584, Oct. 2020. 

Chapter 5 – Quercetin-ethanol solvate: An elusive structure of the popular flavonoid 

substance 

In this chapter the crystallization behaviour of quercetin in different ethanol-water solvent 

mixtures was investigated. Two novel solid forms, a weak quercetin-ethanol 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 



 

 

13 

 

quercetin, which is widely used in many formulations. This chapter will be submitted to the 

peer-reviewed journal, Food Chemistry. 

Chapter 6 – Designing particles with tailor-made surface properties: A study on quercetin 

solid forms 

In this chapter the aim was to study the facet specific surface properties 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 and surface 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 with the most desirable characteristic and interfacial behaviour. This chapter will be 

submitted to the peer-reviewed journal, JACS. 

Chapter 7 – Conclusion and future studies 

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

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

Appendices – Appendices A, B and C provide the supporting information for Chapters 4, 5 

and 6, respectively.  
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CHAPTER 2 – 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 range order. [1] 

The smallest repeating unit in a crystal structure is known as the “asymmetric unit”. Several 

asymmetric units are related to each other by symmetry to complete the unit cell, which is then 

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

the unit cell parameters, which consist of three axis 𝑎, 𝑏, 𝑐 and three angles 𝛼, 𝛽, 𝛾. [1] 

Crystals are classified into specific crystal systems according to the degree of symmetry. There 

are seven different crystal systems, which are characterized with specific axis lengths and 

angles between the axis. Within some crystal systems the molecules can be arranged into 

different positions in the lattice, resulting in four different space lattice types. The combination 

of the lattice type and the seven crystal systems forms the 14 Bravais lattices to one of which 

all crystal structures belong. [2] The classification of the 14 Bravais lattices is shown in Figure 

2.1. Highly symmetric crystal systems are more likely to crystallize in simple atomic systems. 

Increasing the complexity of the molecular species can result in the molecules crystallizing in 

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

 

In 1839, W. H. Miller introduced the concept of Miller indices (ℎ𝑘𝑙), suggesting that each face 

of a crystal could be represented by the indices ℎ, 𝑘 and 𝑙. The surface, or plane, was defined 

as the reciprocal of where the plane intercepts the crystallographic axis. The intercepts 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 integer ℎ, 𝑘 or 𝑙 is 1. If the plane cuts the axis at half the 

lattice parameter, then the integer is 2, and so on. If the plane is parallel to a crystallographic 

axis then the intercept is infinity, and the Miller index is 0. [1] This is demonstrated in Figure 

2.2. The distance between the planes in a direction is known as the interplanar spacing 𝑑ℎ𝑘𝑙. 
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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 is defined as a homogeneous mixture of two or more substances. The selection of 

the “best” solvent for a particular crystallization process is not an easy matter, and sometimes 

a mixture of two or more solvents may be found to possess the best properties 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 addition. [1] Solvents are usually classified as polar or non-polar. 

Solubility is defined as the amount of a substance that can be dissolved in a specific solvent at 

a given temperature. It is worth noting that for a given solute in a given solvent, the solubility 

curve can usually be affected by temperature. Impurities or additives dissolved in solution can 

affect the solubility. [3]  

Experimentally, solubility curves as a function of temperature can be obtained using a 

technique known as thermo-gravimetric method, or by using turbidimetry to detect the clear 
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point of a suspension  upon heating. [4][5] It can also be calculated using the modified Van’t 

Hoff Equation, which incorporates the activity coefficient, γ, to account for non-ideal solutions: 

ln(𝑥𝛾) =
𝛥𝐻𝑓

𝑅
[

1

𝑇𝑓
−

1

𝑇
]  (2.1) 

where, 𝑥 is the mole fraction of the solute in solution (molar solubility), 𝛥𝐻𝑓 is the molar 

enthalpy of fusion of the solute (J/mol), 𝑅 is the gas constant, 𝑇𝑓 is the fusion temperature of 

the solute (K), 𝑇 is the solution temperature (K). 

Knowing the solubility curve in a given solvent is required for the understanding and optimal 

design of a crystallization process. Figure 2.3 shows a hypothetical solubility curve (solid line). 

Below the solid line, Region I, the solution is undersaturated and any 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.  

 

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

within a crystallization process 

 

Region II, the metastable zone, below the dashed line, is a region of lower supersaturation, 

where existing crystals can grow but spontaneous nucleation cannot happen. The width of the 

metastable zone depends both on kinetic and thermodynamic factors including agitation, 
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cooling rates, the type of solvent, pH and the presence of impurities. [6] Region III, above the 

dashed line, is called the labile region where the solution possesses the critical degree of 

supersaturation required for spontaneous nucleation to occur. Supersaturation is, therefore, the 

driving force for nucleation and growth. 

Strictly speaking supersaturation is defined as the difference between the chemical potential of 

the solute molecules in the supersaturated (μss) and saturated (μeq) state respectively. [1] 

Supersaturation can be expressed as: 

𝜎 =
𝜇𝑠𝑠−𝜇𝑒𝑞

𝑘𝑇
  (2.2) 

where 𝑘 is the Boltzmann constant and 𝑇 is the temperature. 

Using the Gibbs-Duhem equation, the chemical potentials can be related to the solution 

activities, and supersaturation can be also related to the solution concentrations: 

𝜎 = ln (
𝛼𝑠𝑠

𝛼𝑒𝑞
) → ln (

𝑥𝑠𝑠

𝑥𝑒𝑞
) ≈

𝑥𝑠𝑠−𝑥𝑒𝑞

𝑥𝑒𝑞
     (2.3) 

Where 𝑥𝑠𝑠 and 𝑥𝑒𝑞 refer to the molar fraction of solute in a supersaturated and saturated 

solution, respectively. 

In practise supersaturation is usually  expressed as Supersaturation ratio, 𝑆, (equation 2.4), or 

as the degree of supersaturation, ΔC, (equation 2.5): 

𝑆 = 𝑐𝑠𝑠/𝑐𝑒𝑞  (2.4) 

𝛥𝐶 = 𝑐𝑠𝑠 − 𝑐𝑒𝑞 (2.5) 

The aim in a crystallization from solution is to create supersaturation; this can be achieved by 

different methods, including cooling, evaporation, or addition of an anti-solvent.  
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Cooling crystallization is used for compounds whose solubilities increase with temperature. As 

the temperature is lowered there is a decrease in the solubility of the solute in solution for this 

type of crystallization; hence the equilibrium concentration, 𝑐𝑒𝑞, decreases and there is an 

increase in the degree of supersaturation. Evaporation involves the removal of solvent from the 

solution and increases the concentration of the solute in the solution, thus increasing 

supersaturation. Finally, anti-solvent addition relies on the addition of a second solvent that 

reduces the solubility of the solute in the resultant 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 anti-solvent methods could be used. An 

advantage of anti-solvent crystallization is that it can be used in cases where substances are 

heat sensitive and large temperature alterations would not be appropriate. Anti-solvent 

crystallization can also create high degrees of supersaturation, which allows fast precipitation 

of small size particles. [6] 

 

2.3   Nucleation 

Nucleation is the appearance of a crystalline nucleus and is the process of creating a new solid 

phase from a supersaturated liquid phase. [8] It can be classified into either primary or 

secondary. 

2.3.1 Primary Nucleation 

When nucleation happens in the absence of existing crystals is defined as “primary”. Primary 

nucleation can be homogeneous if it is spontaneous in solution, or heterogeneous if it is induced 

by the presence of an external surface (e.g., foreign particles). Homogeneous nucleation rarely 

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 nucleation. [7] 

Homogeneous primary nucleation can be explained by two theories: the Classical Nucleation 

Theory (CNT), and the Two-Step Nucleation theory. The CNT states that the free energy, 

required for the formation of a stable cluster that can grow, is the sum of the volume excess 

free energy, 𝛥𝐺𝑉, and the surface excess free energy, 𝛥𝐺𝑆. 𝛥𝐺𝑆 is a positive quantity, the 

magnitude of which is proportional to 𝑟2. In a supersaturated solution, 𝛥𝐺𝑉 is a negative 

quantity proportional to 𝑟3. [1] 

𝛥𝐺 = 𝛥𝐺𝑉 + 𝛥𝐺𝑆 =  −
4

3
𝜋𝑟3𝛥𝐺𝑣 + 4𝜋𝑟2𝛾     (2.6) 

where 𝑟 is the cluster radius and 𝛾 is the interfacial tension and 𝛥𝐺𝑣 is the free energy change 

of the transformation per unit volume. 

In a supersaturated solution the solid state is more stable than the solution, so ΔGv tends to 

decrease the energy barrier for nucleation. The ΔGs instead is associated with the presence of 

a discontinuity of concentration at the solution-crystal boundary, thus tends to increase the total 

ΔG. 

The critical nucleus is the minimum size of a stable nucleus. For clusters of molecules of size 

less than this, the clusters are unstable. For nucleus sizes greater than this, the clusters are stable 

and can grow. As the supersaturation increases, the value of the energy barrier and the value of 

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

becomes small enough for nucleation to become spontaneous. [1] 

The critical size, 𝑟𝑐, (equation 2.7) and the critical Gibbs free energy, 𝛥𝐺𝑐𝑟𝑖𝑡, are given by: 

𝑟𝑐 = −
2𝛾

𝛥𝐺𝑉
      (2.7) 



 

 

28 

 

𝛥𝐺𝑐𝑟𝑖𝑡 =
4

3
𝜋𝛾 𝑟𝑐

2      (2.8) 

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

become crystals, and it is an Arrhenius type of equation: 

𝐽 = 𝐴 exp[−
16𝜋𝛾3𝑣2

3𝑘3𝑇2(𝑙𝑛𝑆)2
]    (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 inversely proportional to the rate of 

nucleation, as estimated by Mullin[1]: 

1

𝑡𝑖
∝ exp (

𝛾3

𝛵3(lnS)3)   (2.10) 

For some proteins and a few organic and inorganic molecules, the two-step theory seems to 

describe crystal nucleation better than the CNT. [9] 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 molecules in this cluster favours the formation of the solid 

nuclei, which then grow in ordered crystalline structures. [8] 

2.3.2 Secondary Nucleation 

Nucleation of new crystals, induced only because of the prior presence of seed crystals of the 

material being crystallized, is defined as secondary nucleation. [8] Seed crystals catalyse the 

nucleation, which can take place at a lower supersaturation as compared to primary nucleation. 

[7] There are different mechanisms that can induce secondary 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 of the crystallizer, a stirrer or impeller or contact 

between crystals themselves. [8] Other mechanisms include initial breeding, caused by 

crystalline dust from dry seeds that introduces new centres for growth, needle or polycrystalline 

breeding, and shear nucleation caused by fluid shear on growing crystal faces. [3] 
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Secondary nucleation is the most important type of nucleation happening in industry, where 

seeding is performed. . [6] The rate of secondary nucleation (B) can be expressed empirically 

by a power law function in the form: 

𝐵 = 𝑘𝐵𝑀𝑇
𝑗
𝑁𝑘𝛥𝐶𝑏 (2.11) 

The rate of secondary nucleation is affected by three main factors: the degree of supersaturation 

(ΔC), the mass of seed crystals present in the supersaturated solution (MT), and the interactions 

between the crystals and solution, expressed as stirrer speed (N). The rate constants kB, j, k and 

b can be predicted by semi-empirical models of contact nucleation in crystallizers. [8] 

 

2.4   Crystal Growth 

What follows crystal nucleation is crystal growth, which involves the addition of solute 

molecules from a supersaturated solution to the crystal surface. [7] Crystal growth is a two-

step process consisting of mass transfer (by diffusion) 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 surface. [9] The rates of solute diffusion through the boundary layer adjacent to 

the crystal surface, and the surface integration onto the crystal are given by: 

Diffusion: 
𝑑𝑚

𝑑𝑡
= 𝑘𝑚𝐴(𝐶 − 𝐶𝑖) (2.12) 

Integration: 
𝑑𝑚

𝑑𝑡
= 𝑘𝑟𝐴(𝐶𝑖 − 𝐶∗) (2.13) 
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Figure 2.4 Concentration driving forces in crystallization from solution according to the 

simple diffusion-reaction model. [1] 

 

Where m is the mass of crystal deposited in time t, A is the surface area of the crystal, km is 

the mass transfer coefficient, kr is the surface integration rate constant, C is the solute 

concentration in bulk liquid, Ci is the solute concentration at the interface between the crystal 

and the solution, and C* is the saturation concentration. Figure 2.4 depicts the concentration 

profiles during crystal growth. 

Since Ci is difficult to measure, the two equations are normally combined to equation 2.14, 

where 𝛥𝐶 = 𝐶 − 𝐶∗ is the overall driving force, and KG is the overall crystal growth 

coefficient. 

𝑑𝑚

𝑑𝑡
= 𝐾𝐺𝐴(𝛥𝐶)𝑔  (2.14) 

with g that is the overall growth rate order.  

If g=1, then: 

1

𝐾𝐺
=

1

𝑘𝑟
+

1

𝑘𝑑
         (2.15) 
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If the surface integration resistance, 
1

𝑘𝑟
, is low, then KG is equal to km and the process is diffusion 

controlled. If the diffusion resistance, 
1

𝑘𝑑
, is low, then KG is equal to kr 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. Polymorphs can have different physical properties such as 

density, melting point, solubility, reactivity, thermal and optical properties. [1] Polymorphism 

arises due to alternative ways in which molecules or ions can pack in a crystal structure to 

minimise their free energy. Different packing is driven by differences in intermolecular 

interactions between polymorphs of the same substance. [8]  

Together with polymorphs there are other different 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 hydrate. [6][8] In amorphous solids, molecules are arranged in a 

disorderly manner. Solvate, hydrate and amorphous forms are sometimes referred to as pseudo-

polymorphs. [6] Polymorphs and solvates can be identified and characterised by several 

analytical techniques including powder X-Ray diffraction, Infrared (IR), and Near Magnetic 

Resonance (NMR) spectroscopy. Differential Scanning Calorimetry (DSC) can be used to 

monitor phase transformations. [1] 

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 properties of the 

polymorphs. A polymorphic transformation can be brought about by changes in pressure, 
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temperature, composition and pH, and can occur in the solid state, it can be solution mediated, 

melt mediated or interface mediated. The kinetics of transformation also depend on conditions 

such as temperature and pressure. [9]  

Crystallization from solution is widely used in the food and pharmaceutical industries and there 

is a great interest in understanding and controlling this mechanism. Ostwald’s rule of stages 

states that upon crystallization, the metastable form will nucleate first and will then transform 

into other more stable forms until the most stable structure appear, in order to minimize the 

Gibb’s free energy of the system and reach equilibrium. [7] The difference in Gibb’s free 

energy, ΔG, between the two forms acts as the driving force for the polymorphic 

transformation, and the most stable form is therefore that with the lower G. [7] The most stable 

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

for a dimorphic system there are two possible scenarios: (1) Where the solubility curves of the 

two polymorphs cross each other at a temperature (called the transition temperature) lower than 

the melting point of both forms (2) Where the solubility curves do not cross each other in 

solution. [9] The first type of system is called enantiotropic while the latter is defined as 

monotropic. This is schematically illustrated in Figure 2.5.  

 

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 nuclei. [7] Any of these steps could be the rate-limiting step 

to influence the rate of polymorphic transformation. The rate of transformation can be 

controlled by introducing specific additives that act as inhibitors. [1] 

It should be noted that transformation is not certain even if a system enters a zone that would 

theoretically allow it. It will depend on conditions such as temperature and pressure, which can 

alter the transformation kinetics. [1] Furthermore, control over the polymorph nucleated can 

be achieved by the choice of solvent or presence of additives:  solvent has a strong effect on 

the nucleation of one polymorph or another because of the kind of bonds that can form with 

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 specific form. 

[10][11]  Also, the level of supersaturation affects the polymorph to be nucleated; generally, a 

high supersaturation favours the nucleation of the metastable form. [9] 

 

2.6   Crystal Engineering 

Crystal engineering aims the design organic solids and it is defined by Desiraju as “the 

understanding of 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 

properties”. [12] Crystalline materials are held together by non-covalent 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 solid forms. 
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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 

crystals. Hydrogen bonds are defined by IUPAC as “an attractive interaction between a 

hydrogen atom from a molecule or a molecular fragment X-H in 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 evidence of bond formation.” [13] Hydrogen bonds can vary in strength and can 

be classified in terms of bond distance between donor and acceptor atoms. In crystal 

engineering it is often challenging to predict where hydrogen bonds will form due to the multi 

donor and acceptor sites contained in a system. [14] 

Another type of interaction usually found in organic crystals is known as π-π stacking 

interactions, and are often formed in structures that contain two or more aromatic rings that lie 

adjacent to each other. These interactions can occur when attractive interactions between π-

electrons and the σ-framework are more favourable than the repulsions between π-electrons. 

The neighbouring aromatic rings can arrange themselves in different geometries, including 

face-to-face π-stacking and offset π-stacking. [15][16][17] 

Finally, van der Waals interactions are defined as “the attractive or repulsive forces between 

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 

molecules”. Van der Waals interactions are much weaker compared to the hydrogen bonding 

and π-π stacking interactions. [18] 

The knowledge of these intermolecular interactions permits approaches such as crystal 

engineering to be used in order to 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 “synthon” is used to describe a growth unit of a crystalline material. The strength of 

the intermolecular 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 Modelling draws upon the molecular and crystallographic 

structure of a material and involves the analysis of the spatial arrangement and energy of the 

synthons (intermolecular interactions) that hold a crystal together, using the atom-atom 

approach. [19] SE tools, such as HABIT 98, can calculate the nature, strength and directionality 

of these synthons. [20] 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 crystalline material. SE can therefore provide a 

guide to the experimental conditions required to produce a pre-defined crystal morphology and 

physiochemical properties. [21] 

The intermolecular interactions in a crystalline structure are often calculated using empirical 

interatomic potentials derived from experimental data. [22][23] The lattice energy for the 

structure under study can be calculated and be compared to the experimentally obtained 

sublimation enthalpy, according to equation 2.16. 

𝐸𝑐𝑟 = 𝛥𝐻𝑆 − 2𝑅𝑇        (2.16) 

Where 𝐸𝑐𝑟 is the experimental lattice energy calculated from the sublimation enthalpy, 𝛥𝐻𝑆, 𝑅 

is the universal gas constant and 𝑇 is the temperature. A good agreement between the lattice 

energy predicted by the modelling software and the experimentally calculated lattice 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 interactions. [19][21] 
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The calculation of a pairwise intermolecular interaction is often achieved through the “atom-

atom” method, which sums the individual atom-atom interactions between the two molecules. 

A Lennard-Jones potential is used, which contains terms to calculate the van der Waals 

interactions and the Coulombic term to calculate electrostatic interactions, as in equation 2.17.  

𝑉𝑖𝑗 = −
𝐴

𝑟𝑖𝑗
6 +

𝐵

𝑟𝑖𝑗
12 +

𝑞𝑖𝑞𝑗

𝐷𝑟𝑖𝑗
  (2.17) 

Where 𝐴 and 𝐵 are atom-atom interaction specific parameters, 𝑞𝑖 and 𝑞𝑗 are fractional charges 

on atoms 𝑖 and 𝑗 separated by distance 𝑟 and 𝐷 is the dielectric constant. [24] 

The SE tool used in this doctoral project is HABIT 98. [20][21] HABIT 98 constructs a series 

of unit cells in three dimensions and calculates the non-bonded energy between a central 

molecule and all other molecules in the central and surrounding unit cells, within a sphere of a 

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

the central molecule is negligible. [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 can be outputted using the DEBUG-1 function, 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 Waals repulsive, hydrogen bonding attractive, hydrogen bonding repulsive and 

electrostatic. Intermolecular interactions that are present within the bulk of the material are 

termed as “intrinsic synthons”. These interactions are “fully satisfied”, in the sense that all the 

interactions are formed between a molecule in the bulk of the crystal and other bulk molecules 

around it. “Extrinsic synthons” are “unsaturated” intermolecular interactions exposed at the 

surface of a crystal; these are the interactions that a molecule on the surface of the crystal can 

form with the surroundings. [21] Face-specific information can be outputted for analysis. The 
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nature and strength of these interactions, 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 faces. Crystal growth involves the 

creation and breakage of solvent/solvent, solute/solvent and solute/solute interactions. [21] 

Crystal morphology is predicted from the calculation of the strength and directionality of the 

intermolecular 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 

facet-specific 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 surface (hkl) is proportional to the attachment energy for 

that surface. [25] Relative to any crystal plane (hkl) the lattice energy, 𝐸𝑐𝑟, can be partitioned 

into slice energy, 𝐸𝑠𝑙, and the attachment energy for the slice, 𝐸𝑎𝑡𝑡, as in equation 2.18. [21]  

𝐸𝑐𝑟 = 𝐸𝑠𝑙 + 𝐸𝑎𝑡𝑡        (2.18) 

The lattice energy, 𝐸𝑐𝑟, is the sum of all atom-atom interactions between a central molecule 

and all the surrounding molecules within a summation radius limit beyond which the lattice 

energy increases by negligible amount. The slice energy, 𝐸𝑠𝑙, is the summation of all the atom-

atom interactions within a slice layer of thickness, 𝑑ℎ𝑘𝑙, whereas the attachment energy, 𝐸𝑎𝑡𝑡 , 

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 equation 2.19. [25][26] 

𝑅 ∝ 𝐸𝑎𝑡𝑡 (2.19) 
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The attachment energies can be converted into centre to face distances and then used to 

construct a Wulff plot prediction of the crystal morphology. [21] Based on the attachment 

energy model, a face of higher attachment 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 

small, or can be “faceted out” and not be present in the final morphology. In general, the 

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 surface anisotropy factor, 𝜀ℎ𝑘𝑙, 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. 

𝜀ℎ𝑘𝑙 =
𝐸𝑠𝑙

𝐸𝑐𝑟
 (2.20) 

 

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

level. 

2.7.2 Attachment Energy morphological predictions 

Early relationships of interplanar spacing to morphological importance, linked with lattice 

geometry, lead to Bravais, Friedel, Donnay and Harker model (BFDH). [27] This model is still 

used to identify the morphologically dominant faces (hkl). The model suggests that, after 
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allowances have been made for space group symmetry, the crystallographic forms with greatest 

interplanar spacing, 𝑑ℎ𝑘𝑙, will be the most morphologically important at the surface of the 

crystalline particle. [1] Computer programs, 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 order. Therefore, the likely morphologically important surfaces are efficiently 

predicted.  [19] The biggest limitation of the BFDH model is that it fails to take into account 

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

Alternatively, the attachment energies calculated from the attachment energy model discussed 

previously can be converted into centre to face distances and then used to construct a Wulff 

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

Mercury. [21][19] The Wulff plots are based on the Wulff theory which states that “the 

equilibrium crystal habit would consist of crystal faces whose distance from the origin, in a 

specific (hkl) direction, is proportional to the specific surface energies of the faces and the 

crystal growth rates away from the nucleation centre”. [1] This is based on Gibbs’ theory that 

the three-dimensional shape of a crystal will be the one in which the total free energy is at 

minimum, according to equation 2.21. 

𝛴𝑖𝛾𝑖𝐴𝑖        (2.21) 

Where 𝛾𝑖 and 𝐴𝑖 are the surface energy and surface area, respectively, of the ith face.  

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 be considered 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. 



 

 

40 

 

 

Figure 2.7 Morphological predictions for quercetin dihydrate from (a) the BFDH model, (b) 

the attachment energy model. 

 

2.8   Solid-state characterization techniques 

Solid-state characterization techniques are analytical techniques used to characterize the crystal 

products, providing information such as the polymorphic form and stability. [28] The analytical 

techniques further provide information that can help understand the crystallization process of 

a compound as well as identifying transformation conditions between different solid forms. 

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

2.8.1 Differential 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, one containing 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 the sample. The measurements take place at a 

controlled flow of nitrogen to prevent degradation of the sample. [30] 

The measurements provide quantitative and qualitative information about the physiochemical 

changes involving exothermic or endothermic 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 

(a) (b) 
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diagram, as in Figure 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. 

 

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 identification 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, which can be either from the surface 

of the particles (physisorption) or from the internal structure of the crystal in a de-solvation 

event. A weight loss at higher temperatures usually indicates loss of solvent from the lattice as 

a higher amount of energy needs to be supplied to break the intermolecular bonds. TGA data 

can be used to determine the stoichiometry of solvates and hydrates. [30] 
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2.8.3 Dynamic Vapour Sorption (DVS) 

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

of solvent sorbed and released by a sample. The DVS accomplishes this by varying the vapour 

concentration surrounding the sample and measuring the change in mass which this produces, 

at constant temperature. The 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 diffract X-Rays to 

produce regular patterns, 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 of X-ray wavelengths 1.5418Å and 0.71073Å, 

respectively) generates the X-rays which are filtered to produce monochromatic radiation, and 

are directed towards the sample. Interaction of the incident X-ray beam with the electrons in 

each atom of the sample causes the X-rays to diffract at certain angles depending on the 

arrangement of atoms within the crystal lattice. [15] 

 

Figure 2.9 X-rays diffracted by a crystalline lattice following Bragg’s law [32] 
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Diffraction occurs when an X-ray interacts with lattice planes known as Miller planes with a 

characteristic spacing, 𝑑. Miller planes refer to families of parallel planes that are described by 

Miller indices, (ℎ𝑘𝑙), and their separation is termed as 𝑑ℎ𝑘𝑙. The path difference between the 

incident and diffracted X-rays can be calculated by considering X-rays reflected by two 

adjacent Miller planes separated by a distance of 𝑑ℎ𝑘𝑙, as shown in Figure 2.9. The measured 

angles of diffraction are used to determine the arrangement and spacing between the atoms 

within the lattice according to Braggs Law: 

𝑛𝑜𝜆 = 2𝑑 sin (𝜃)  (2.22) 

Where 𝜃 is the angle of beam diffraction from the sample, 𝑑 is the distance between the Miller 

planes in the crystal, 𝜆 is the wavelength of the incident beam and 𝑛𝑜 is the order of the 

diffraction pattern. [15] 

The diffracted X-rays are detected by the detector and then processed and counted. The 

different angles of diffraction are presented on an X-ray pattern by the presence of different 

peaks. Each diffraction peak can thus be identified with an ℎ𝑘𝑙 value since each peak 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 range of 2θ angles. [32] 

Powder X-ray diffraction (PXRD) is usually 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 powder X-ray diffraction (VT-PXRD). 

If a single crystal is used (SC-XRD), 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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2.8.5 Inverse Gas Chromatography (IGC) 

Inverse gas chromatography has been demonstrated as a practical technique for measuring 

surface energy and surface energy heterogeneity. [33] 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 coverage provide 

information about the surface energy distribution of the material. [34] 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 the solid-solute system  can be 

determined 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 mode (FD-IGC), higher 

amounts of solvent are injected covering larger sections of the stationary phase. [35][36] 

Dispersive interactions can be determined from nonpolar solute molecules, such as alkanes (eg. 

heptane, octane, nonane and decane), while the acid-base (polar) interactions’ identification 

requires a polar solute molecule, eg. ethanol or water. The retention time (𝑡𝑅) of each injected 

probe vapour depends on the strength of interaction with the sample surface. [35][36] The 

retention volume (𝑉𝑁) can be calculated as follow: 

𝑉𝑁 =
𝑗

𝑊𝑠
𝑤(𝑡𝑅 − 𝑡𝑜) (

𝑇

𝑇𝑟𝑒𝑓
)    (2.23) 

Where 𝑗 is the James-Martin pressure drop factor accounting for the compressibility of the 

injected probes, 𝑊𝑠 stands for the specific surface area of stationary phase, 𝑤 is the carrier gas 

flow rate, 𝑡𝑜 is the dead time, the time required for an inert molecule to travel through the 

stationary phase, 𝑇 is the experiment’s temperature and 𝑇𝑟𝑒𝑓 is the reference temperature of 

273.15 K. 
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The dispersive component of a solid surface energy, 𝛾𝑆𝑉
𝑑 , can be obtained using approaches 

described by Schultz et al. and Dorris and Gray, using the retention volume data of the alkane 

probes. [37][38] Figure 2.10 is a graphical representation of how the Schultz method can be 

used to calculate the surface energy. From the slope of the line formed by the alkane probes, 

the dispersive van der Waals component surface energy, 𝛾𝑆𝑉
𝑑 , can be calculated. The retention 

volume data of the polar probes consist of both a dispersive and an acid-base component. With 

knowledge of the dispersive component for the polar probes used, the acid-base component 

can also be calculated, as the difference between the change in the Gibbs free energy of 

adsorption of a polar solvent data point and the chain alkanes’ regression line. 

[35][36][39][40][41] 

 

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

energy, using IGC analysis. [36] 
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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 have different 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 states of 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 performed. 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 

allows them to pack more closely by strong π-π stacking interactions, thus resulting in a higher 

relative stability. The modelling results highlight the importance of water in the stabilization 

of the lattice and explain the preferential nucleation of the dihydrate form. It is further 

demonstrated how synthonic modelling can be a predictive tool for the product’s properties, 

leading to more efficient product design and faster development. 
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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 compounds can 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 agrochemical industries. [3]  

Exposing anhydrous structures to conditions of high relative humidity can induce hydration, 

whilst some hydrates precipitate in water or aqueous solutions, after the dissolution of the 

formulated product in the desired media (stomach or digestive tract for drugs, wet soil for 

agrochemicals). [4] Since hydrates can present significantly different physical and chemical 

properties (solubility, density, bioavailability etc.) compared to their anhydrous counterparts, 

their unexpected formation can dramatically affect the quality and efficiency of a particulate 

product. [5][6][7] In some cases the hydrated forms of molecular crystals exhibit properties 

that are desired for a particulate product, for example improved release rate or higher stability. 

[3][7][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 relative stability and crystallisability of 

hydrated crystal forms. [1] 

Different crystal forms, whether they are single or multi component, can vary in terms of 

molecular conformation or crystal packing. [10] The presence of water molecules within a 

crystal lattice can affect the type and strength of intermolecular interactions within the bulk, 

which in turn could stabilise molecular conformations that may not be accessible within the 

pure crystal forms. [11] This in turn not only can influence the properties of the solid-state, but 

also the kinetic pathway from the 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 formation. 

[9][12] The incorporation of water molecules in the crystal lattice provides additional H-bond 

donor and acceptor sites that can potentially compensate for the unsatisfied hydrogen bonding 

between the donors and acceptors of the host molecule. [6][9][12] In 1991 Desiraju reported 

that hydrate formation is more favourable when the hydrogen bond donor/acceptor ratio (d/a 

ratio) for the host molecule is low, and usually <0.5. [13] The d/a ratio is a ratio between the 

hydrogen bond donors and acceptors that could potentially participate in a hydrogen bond, and 

represents a measure of the imbalance between the two in the structure. [13] The incorporation 

of water molecules within the crystal structure increases the number of available bond donors 

and shifts the donor/acceptor ratio towards unity. [14] The polarity of the functional groups of 

the molecules or atoms that form a crystalline structure can also influence hydrate formation, 

as compounds with charged or polar groups or atoms have a high tendency to form hydrated 

structures. [1] Finally, the formation of hydrates tends to decrease the void space in a crystal 

structure and leads to more efficient packing. [9][15] 

 

Figure 3.1 The molecular structure of quercetin 

 

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

chosen as the model compound. The molecule is a polyphenolic compound found in many 

Pyrone Ring 

Phenyl Ring 
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fruits and vegetables, including onions, tomatoes, apples and berries. [16][17][18] Due to this 

vast range of biological effects, having antioxidant, anti-inflammatory, anti-bacterial and anti-

hypertensive properties as well as the ability to inhibit the growth of human cancer cell lines, 

quercetin 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 observed in Figure 3.1.[27][28] Quercetin can exist 

as anhydrous (QA), monohydrate (QMH) and dihydrate (QDH) forms. [29][30] It is sparingly 

soluble in water, which results in difficulties when crystallizing the hydrated forms from 

aqueous solvents.  

While the crystal structure of QDH was solved in the late 80s, crystals of QA and QMH of 

suitable size and quality have not been obtained to be solved by single crystal X-ray diffraction 

(SCXRD). [30][31][32] The existence of the QA form was confirmed using several 

experimental techniques such as powder X-Ray diffraction (PXRD) and nuclear magnetic 

resonance (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 

quercetin hydrates has been conducted by Borghetti et al., employing a range of experimental 

techniques including variable temperature PXRD (VTPXRD), differential scanning 

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. has shown the aqueous 

solubility of QA up to 100°C to be higher than that of QDH, implying that QDH is a more 

stable crystal structure at those conditions. [17] While experimental studies could be laborious, 

time consuming and expensive, molecular modelling can provide an alternative route to gain 
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insight into the properties and propensity of formation of hydrates, minimizing the required 

laboratory work needed. [34][35][36][37] 

Synthonic modelling and computational methods can utilize atomistic force fields drawn from 

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 crystals. [34][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 multi-component systems, including those 

of hydrated structures. [55][56][57] Characterisation and comparison of the bulk 

intermolecular interactions within the anhydrous and hydrated structures of 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, Clydesdale et al. (1995) have 

used synthonic modelling to simulate the morphology of the α-lactose monohydrate crystal 

structure and identified that the water molecules in the structure play a space-filling role during 

the growth process. [56] More recently, D.E. Braun et al. have studied the intermolecular 

interactions in 1,10-phenanthroline 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 leading to hydrate formation. [57]  

The structure and conformation of the quercetin molecules in the three forms have been studied 

individually both by experimental and theoretical techniques, and the effect of water on the 

molecular geometry of quercetin in the hydrated structures has been discussed. [28][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 observed physiochemical properties of each form, including thermodynamic 

stability, crystallization behaviour of the compound and the preferential nucleation of one form 

to the other. [59][60] 

In the presented work, the effect of water molecules on the structure, packing energetics and 

conformation of a multi-component system characterised by a model molecule, quercetin, and 

water in different ratios is investigated using a multi-angle modelling approach. Synthonic 

modelling is used here to compare the type and strength of 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 the compound. This proposed modelling methodology can be 

extremely valuable when designing products, processes and storage conditions for particulate 

products with known hydrates. [61][62] 

The intermolecular interactions in the solid state of quercetin and two of its 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 solvents, 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 (REFCODE: NAFZEC), 
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quercetin monohydrate (REFCODE: AKIJEK), quercetin dihydrate (REFCODE: FEFBEX). 

[8][16][27] 

The crystal structures were minimised using the Forcite module in Materials Studio 2017. 

[63][64] The torsion angle around the phenyl and pyrone rings of the quercetin 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 algorithm was selected for the structural 

minimisation and the DREIDING forcefield 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 exported as .car files (Cartesian coordinates) and then converted to fractional 

coordinates. 

 

3.2.2 Conformational Analysis 

The quantum chemical calculations were carried out in Gaussian09. [69] The cartesian 

coordinates of the quercetin molecules from the anhydrous, 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 polarisation (TZVP) basis set of Alrich and co-workers. [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 any intra- or 

inter-molecular dispersion energy. [71] The aqueous environment was simulated using the 

conducting polarisable continuum model (CPCM). [72] 

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

redundant coordinate option, whilst the rest 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 relaxed 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 carried out using the HABIT98 software developed at 

the University of Leeds. [73] HABIT98 takes in structural information from existing 

crystallographic data 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 radius from the central molecule. [35][36] In all three structures, the 

quercetin molecule of the first asymmetric unit of the unit cell was taken as the centre molecule 

and all intermolecular interaction were calculated within a sphere of 30Å radius. The 

calculation of intermolecular interaction energies was performed using the Momany force-

field, which contains a Lennard-Jones potential for the VdW interactions, a specific 10-12 H-

bonding potential and a Coulombic term with respect to the electrostatic interactions. [74] The 

contributions per functional group and per atom type to the total lattice energy of each structure 

were calculated using the DEBUG-2 function, and were summed over the asymmetric unit. 

The ranking of the intermolecular interactions by strength was outputted using the DEBUG-1 

function. All visualization of molecular and crystal packing were carried out in Mercury CSD 

3.10. [75] 

The unit cell density was calculated using Equation 3.1: 

 

𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑤𝑒𝑖𝑔ℎ𝑡 × 𝑍

𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
    (3.1) 
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where 𝑍 is the number of asymmetric units in the unit cell.  

The sequence of calculations followed for the conformational and bulk intrinsic synthon 

analysis are illustrated in Figure 3.2. 

 

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

the conformational and bulk intrinsic synthon analysis. 

 

3.3   Results and Discussion 

3.3.1 Unit 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 files, are illustrated in Figure 3.3 

and Table 3.1. QA crystallizes with 4 quercetin molecules, and QMH with 4 quercetin and 4 

water molecules, in orthorhombic and monoclinic unit cells respectively. QDH crystallizes 

with 2 quercetin molecules and 4 water molecules in a triclinic unit cell.  
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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 calculated and it was found that the QMH 

and QDH structures present very similar 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 molecules. [76] 

 

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

and Z’ the number of molecules in each asymmetric unit. 

Name Quercetin anhydrous Quercetin monohydrate Quercetin dihydrate 

Formula C15 H10 O7 C15 H10 O7 .H2O C15 H10 O7 .2H2O 

Space Group 
P21/a 

Orthorhombic 

P 21/c 

Monoclinic 

P 1 

Triclinic 

Cell Lengths (Å) 
a 14.7998 b 11.2379 c 

10.3512 

a 8.7370 b 4.8520 c 

30.1600 

a 13.109 b 17.026 c 

3.67 

Cell Angles (°) 
α 90.0000 β 90.0000 γ 

90.0000 

α 90.0000 β 95.5200  

γ 90.0000 

α 98.18 β 90.342  

γ 119.638 

Cell Volume (Å3) 1721.6 1272.61 701.931 

Cell Density 

(u/Å3) 
0.702 1.007 0.964 

Z, Z’ 4, 1 4, 2 2, 3 

Donor/acceptor 

ratio 
0.357 0.438 0.500 

 

A donor/acceptor ratio (d/a ratio) analysis was carried out for the quercetin structures, as 

described by Desiraju. [13] This analysis allows the identification of all the donors and 

(a) (b) (c) 

a 

c 

b 

o 

c 

b 

a 

o 

a 

b 

c 
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acceptors of the asymmetric unit that could potentially be involved in a hydrogen bond 

interaction, and not only those that actually form hydrogen bonds.  

The d/a ratio is a ratio between all the hydrogen bond donors and acceptors in the asymmetric 

unit of the considered structure (QA, QMH, and QDH) that could potentially be involved in a 

hydrogen bond interaction. Since the quercetin molecule is made of only C, O, and H atoms, it 

contains five potential hydrogen bond donors (the H atoms in the hydroxyl groups) and 14 

hydrogen bond acceptors (the two lone pairs of electrons each O atom of the hydroxyl groups, 

the carbonyl bond, and the keto group), as shown in Figure 3.4. Table 3.1 shows that the d/a 

ratio for the quercetin structures follows the trend QA < QMH < QDH. The inclusion of one 

water molecule in the lattice introduces two additional donors (hydrogen atoms) and two 

additional acceptors (two lone pairs of electrons on the oxygen atom) in the asymmetric unit, 

which reduces the imbalance of donors to acceptors and pushes the d/a ratio toward unity.  

QA has a d/a ratio of 0.357, below the characteristic value of 0.5, which has been identified as 

the threshold below which organic molecules have a high tendency to form hydrated crystal 

structures. [13] 

 

Figure 3.4 Hydrogen bond donors (highlighted in pink) and hydrogen bond acceptors 

(highlighted in yellow), for the quercetin molecule. Colour code: Grey- carbon atoms, red-

oxygen atoms, white-hydrogen atoms. 
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3.3.2 Conformational analysis 

The geometry and conformation of the quercetin molecule in the three solid forms has been 

studied and results were compared. The torsion angle of the phenyl to the pyrone ring of the 

quercetin molecules in each solid form has been calculated and it is illustrated in Figure 3.5. It 

is observed that the torsion angle is greatest (31.5°) for the anhydrous structure. This torsion 

angle leaves the molecule much less planar compared to the monohydrate and dihydrate 

structures, which present torsion angles of -1.0° and 6.7° respectively. [32] 

The energy of the quercetin molecules in their different crystal structure conformations was 

calculated, to compare the impact that the change 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 environment, the quercetin molecules both 

in the QMH and QDH structures optimised to almost the same conformation, which has a 

torsion angle of close to 17° about the central degree of freedom. In contrast, quercetin in QA 

optimised to a more twisted conformation which was calculated to be approximately 2.6 

kcal/mol less stable than the conformer found from optimisation of the QMH and QDH crystal 

structure quercetin molecules. 
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Figure 3.5 DFT geometry optimisation in an aqueous 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 different conformation. 

 

These results suggest that that QMH quercetin molecular conformation 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 conformer. 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 between the crystal structure conformer and optimised conformer. 

Quercetin molecule in solid 

form 

Quercetin molecule in solution 

Anhydrous Monohydrate Dihydrate 

-692598.89 

 
2.63 

-692601.52 -692597.00 

 
4.52 

 -0.16 
 

-0.15  
-4.68 

-692599.06 -692601.67 -692601.68 

 
2.61 

 
-0.01 
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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 optimises 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 local 

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 found from 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 100°C. [33] However, the conformational analysis presented here 

indicates that the QDH needs to do more energetic work to transition into its crystal structure 

conformation, in comparison to QMH. It is possible that, during nucleation from solution, the 

smaller amount of de-solvation 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 corroborated by the 

results of the synthonic analysis shown in the following paragraphs. 

 

3.3.3 Bulk Intrinsic Synthon Analysis 

The main bulk intrinsic intermolecular synthons in the three structures were computed using 

HABIT98 and ranked by strength using the DEBUG-1 function. The three strongest 

intermolecular synthons in each structure, those having the lowest energy value in kcal mol-1, 

were calculated and are illustrated in Figure 3.6, Figure 3.7 and Figure 3.8, for QA, QMH and 

QDH respectively. Table 3.2 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 lines indicate hydrogen bonding 

 

Figure 3.7 Key intermolecular synthons in quercetin monohydrate ordered by synthon 

strength. Light blue dotted lines indicate hydrogen bonding 

 

View along c axis View along b axis View along c axis 

QA1 QA2 QA3 

QMH1 QMH2 QMH3 
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Figure 3.8 Key intermolecular synthons in quercetin dihydrate ordered by synthon strength. 

Light blue dotted lines indicate hydrogen bonding. 

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

Quercetin 

structure 

Synthon Molecules 

involved 

Main 

synthon 

type 

Inter-

molecular 

distance 

(Å) 

Atom-

atom 

distance 

for H-bond 

(Å) 

Synthon 

energy 

(Kcal 

mol-1) 

% 

contribution 

to lattice 

energy 

Anhydrous QA1 Quercetin - 

Quercetin 

Hydrogen 

bond 

6.93 1.89 -4.26 38.4% 

QA2 Quercetin - 

Quercetin 

Hydrogen 

bond 

7.57 1.88 -2.86 25.8% 

QA3 Quercetin - 

Quercetin 

Hydrogen 

bond 

11.24 2.28 -1.57 14.1% 

Monohydrate QMH1 Quercetin – 

Quercetin 

π-π 

stacking 

4.85 - -6.39 24.5% 

QMH2 Quercetin – 

Quercetin 

Hydrogen 

bond 

7.99 1.92 -5.33 10.2% 

QMH3 Quercetin - 

Water 

Hydrogen 

bond 

5.93 1.76 -2.55 9.8% 

Dihydrate QDH1 Quercetin – 

Quercetin 

π-π 

stacking 

3.67 - -7.66 37.8% 

QDH2 Quercetin – 

Water 

Hydrogen 

bond 

5.64 2.02 -1.61 7.9% 

View along b axis View along a axis View along c axis 

QDH1 QDH2 QDH3 



 

 

67 

 

QDH3 Quercetin - 

Quercetin 

Permanent 

dipole-

dipole 

9.14 - -1.43 3.5% 

 

In QA, the three strongest interactions in the lattice are found to be mainly hydrogen bonds 

between quercetin molecules, whereby the QA2 forms an unbroken chain of quercetin 

molecules running along the a-direction of the lattice.  

Table 3.3 shows that a quercetin molecule is found to form hydrogen bonds with six other 

quercetin molecules. The carbonyl bond and hydroxyl groups of the quercetin molecule are 

involved in the hydrogen bonding. The non-planar conformation of the quercetin molecule 

facilitates close contact between the hydroxyl and carbonyl groups, in order to maximize the 

number and strength in energy of these interactions. This is demonstrated in Figure 3.6, where 

the twisted conformation of quercetin allows for the close contacts between the hydroxyl and 

carbonyl groups to form the QA3 synthon. 

However, the non-planar conformation of the molecule does not allow the formation of strong 

π-π stacking interactions which can be observed in the two hydrates structures, as shown in 

Figure 3.7 and Figure 3.8. Stacking interactions of such small intermolecular distance, as in the 

two hydrates, are not found to be among the three strongest interactions in the lattice of the 

anhydrous form, explaining the less closely packed nature of the quercetin molecules in the 

anhydrous structure. 

 

Table 3.3. Hydrogen bonding interactions in QA, QMH and QDH 

Quercetin structure Number of quercetin-quercetin 

hydrogen bonds 

Number of quercetin-water hydrogen 

bonds 

Anhydrous 6 0 

Monohydrate 6 4 

Dihydrate 0 6 
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The strongest intermolecular synthons in the QMH and QDH structures, named QMH1 and 

QDH1 respectively, are π-π stacking interaction between quercetin molecules. The main 

contribution to this type of interaction comes from the aromatic carbon atoms of the phenyl 

and pyrone rings of the quercetin molecules, which interact via Van der Waal forces of 

attraction. In both hydrated structures, these interactions promote the formation of 

uninterrupted chains of stacked quercetin molecules packed in an offset orientation, thought to 

maximise the interaction between the negative central aromatic π-system and the positively 

charged hydrogens on the outer ring. [77] These strong interactions promote the close packing 

(shorter intermolecular distances) of the quercetin molecules in the two hydrates.  

Comparison of the QDH1 to QMH1 shows that the π-π stacking interaction in the dihydrate 

form is stronger, with shorter intermolecular distances compared to that of the monohydrate. 

The π-π stacking interaction in the dihydrate is the dominant synthon, contributing to almost 

38% of the total lattice energy. Clearly, the addition of the second water molecule in the unit 

cell of QDH indirectly influences the interactions among quercetin molecules, allowing them 

to pack closer together by forming stronger bonds. 

In the two hydrated forms, synthons QMH3 and QDH2 are both hydrogen bond interactions 

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 dehydration of the hydrated 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 least one hydrogen bond, indicating that water compensates for 

unsatisfied hydrogen bonding. As presented in Table 3.3, in the QMH structure hydrogen 

bonding is partly satisfied by interactions among quercetin molecules and partly by quercetin-
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water interactions, whereas in the dihydrate form all hydrogen bonding is satisfied exclusively 

by interactions between quercetin and water molecules. The contribution of the quercetin and 

water molecule interaction energies to the total lattice energy of each structure were calculated. 

As shown in Figure 3.9, the contribution of water to the total lattice energy increases with the 

number of water molecules per unit cell, indicating the 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% of the total lattice energy of 

QDH, highlighting the significance of the quercetin-water interactions in this structure. 

 

Figure 3.9 % contributions of quercetin and water molecules’ interactions to total lattice 

energy of the three structures 

 

In conclusion, the results of the present modelling analysis show that, as the 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 with the incorporated water 

molecules, allowing a more planar conformation for the quercetin molecules in the two hydrate 

structures  

(2) the contribution of the π-π stacking interactions between quercetin molecules to the 

stabilization of the crystal lattice increases.  
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It is obvious from literature that crystallization of quercetin from an aqueous solvent always 

produces the dihydrate form. [16][30] This behaviour is explained by the modelling results is 

as follows: 

• During crystallization from an aqueous solvent, the water molecules being much 

smaller in size compared to quercetin molecules, can be positioned close to the polar 

groups of the quercetin molecule forming hydrogen bonds;  

• Once hydrogen bonding is satisfied, the quercetin molecules, having a more planar 

configuration, can pack more closely and efficiently via strong π-π stacking 

interactions; 

• The smaller amount of de-solvation and conformational rearrangement in the 

dihydrate structure probably results in the easier crystallisation of this form from 

aqueous solution. This agrees with the higher calculated unit cell density which 

predicts a greatest stability; 

• 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 preferentially nucleated from an aqueous solvent. 

From the points above, we summarise that the favourable packing of the quercetin-water H-

bonding and quercetin-quercetin π-π stacking, rather than the conformational stability, results 

in the dominant crystallisation 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 water molecules in the 

stabilization of the crystal structures of QMH and QDH, as they can influence the hydrogen 

bonding pattern and affect the strength and nature of intermolecular interactions formed. These 
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results agree with experimental studies on the relative stability of quercetin and its hydrated 

forms. [17][28][31][32][33] 

In conclusion, this works can explain why quercetin preferentially crystallizes as hydrated form 

from aqueous solvents and why polymorphic transitions from the QA to a hydrate are 

favourable in environments with high humidity. [17][33] 

 

3.4   Conclusions 

In this work, synthonic modelling and molecular conformational analysis were used to study 

three different crystalline structures of quercetin: the anhydrous, monohydrate 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 synthons are polar interactions, involving hydrogen 

bonds and permanent dipole-dipole interactions, while in the QMH and QDH structures the 

synthon contributing more to the lattice energy is a non-polar π-π stacking interaction. The 

hydrogen bonding interactions in the two hydrates are satisfied partly (QMH) 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 crystallize or transform in the dihydrated form in the 

presence of water molecules. A conformational analysis was also performed and revealed that 

the quercetin molecules within QA are organized in a less planar arrangement, thus being 

unable to pack as efficiently as in the hydrated crystals and resulting in a lower unit cell density. 

The quercetin molecules in the QMD and QDH are arranged in a more planar way, since 

quercetin hydrogen bonding is satisfied by the presence of water molecules. 

In conclusion, this work shows how synthonic modelling and conformational analysis can be 

used as a predicting tool to better understand the relationship between crystal structure and 
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product properties (particularly stability), leading to a more efficient product formulation and 

faster development, but also as a tool to predict and design crystallization processes in 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 and dimethyl sulfoxide (DMSO) solvate (QDMSO) crystal 

structure was grown from a mixture of DMSO and water as solvent. Quercetin is 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 attributes, including 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 

intermolecular interactions (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 solvent molecules 

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 dipole-dipole interactions had a greater contribution to the total lattice energy, and 

quercetin-solvent hydrogen bonds were stronger in energy compared to those of the other 

quercetin structures. These findings were used to explain the superior thermal stability of the 

QDMSO structure as well as its moisture-dependent behavior. 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 particulate products 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 lattice. [1] Many active pharmaceutical ingredients 

(APIs) and food grade substances can form these structures. [1][2] 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 intermolecular interactions that 

characterize the crystal lattice, resulting in different physiochemical properties, such as 

thermodynamic stability, solubility, dissolution rate and bioavailability. [3][4][5][6] 

Hydrate/solvate formation can then be exploited to safely manipulate 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 amoxicillin trihydrate and darunavir ethanolate. [8][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 

crystallization 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 tailored properties. [10]  

In some cases, unexpected transformations of the 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, compromising their quality and thus incurring extra costs and safety risks 

for the consumers. [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 material. [13]  

Quercetin, 2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one, is a naturally 

occurring flavonoid found in many fruits and vegetables (e.g., onions, berries and tomatoes) as 

well as in tea, wine and vinegar. [14][15] Quercetin has recently stimulated considerable 

interest within the nutrition and food science communities  due to its significant association 

between dietary consumption and various health benefits, including antioxidant, anti-

inflammatory and antitumor activities. [14][15][16][17] Due to this vast range of biological 

effects, quercetin finds use in the nutraceutical industry and as a food supplement product. [15] 

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 form. [22] Quercetin dihydrate, the commercial 

form of this compound, has been studied experimentally using a wide range of techniques, and 

has been identified as the most thermodynamically stable form at ambient conditions. [23][24] 

However, there has been relatively little work to explore other possible solvated forms of 

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

In this work, we further explored the solid-state landscape of quercetin by crystallizing this 

molecule in mixtures of dimethyl sulfoxide (DMSO) and water. 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 larger crystals, since DMSO has the ability to solubilize a 

wide range of otherwise insoluble or sparingly soluble substances. [25]  

A novel crystal structure of quercetin, a quercetin-DMSO solvate (QDMSO), was discovered 

and comprehensively characterized by a range of 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 

quercetin structures – quercetin dihydrate (QDH), quercetin monohydrate (QMH), and 

quercetin 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 information was then related to the physiochemical properties of these structures, for 

example the thermal and moisture-dependent stabilities. [22][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 97% w/w was obtained from Alfa Aesar (Port 

of Heysham Industrial Park, Lancashire, England) while dimethyl sulfoxide (DMSO) solvent 

was purchased from Fisher Scientific (Bishop Meadow Road, Loughborough, England). Water 

purified by treatment with a Milli-Q apparatus was used. Quercetin dihydrate was used as 

received for the solid-state characterization. 
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Preparation of Quercetin-DMSO 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 around 55°C by continuously dissolving 

quercetin dihydrate crystals at such temperature, until further dissolution was not possible. The 

temperature of the solutions was then reduced to 15 °C at a cooling rate of -0.1 °C/min. This 

procedure has allowed plate-like crystals of QDMSO, of sizes ranging from 50μm to 300μm 

depending on the conditions of crystallization, to be obtained. The temperature of the 

70%(w/w) DMSO solution was then cycled from 15 °C to 23 °C at a cooling/heating rate of -

0.5 °C/min for three days, to promote growth of the crystals to a final size of approximately 

500μm, which was suitable for single crystal X-ray diffraction (SCXRD). The temperature was 

controlled using a Huber Ministat 230 thermoregulator connected to a 100mL jacketed vessel. 

The crystals were then 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 an 

Oxford Cryostream low temperature device using mirror monochromated Cu K radiation ( 

= 1.54184 Å) from a Microfocus X-ray source. Crystals of dimensions 0.55 × 0.36 × 0.06 mm3 

were used. The structure was solved by intrinsic phasing using SHELXT and refined by a full 

matrix least squares technique based on F2, using SHELXL2014. [28][29] All non-hydrogen 

atoms were located in the Fourier Map and refined anisotropically. All carbon-bound hydrogen 

atoms were placed in calculated positions and refined isotropically using a “riding model”. All 

oxygen-bound hydrogen atoms were located in the Fourier Map and refined isotropically. The 

structure exhibited disorder where one molecule of DMSO 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. For the new QDMSO structure the crystallographic .cif file 

(CCDC No. 1971580) is available free of charge at https://www.ccdc.cam.ac.uk/structures/. 

Variable Temperature Powder X-ray Diffraction (VT-PXRD). PXRD patterns were 

collected on a Panalytical X'Pert PRO, which was set up in Bragg -Brentano mode, using Cu 

K radiation ( = 1.54184 Å), in a scan between 5° to 90° in 2θ with a step size of 0.032° and 

time per step 25 seconds. Temperature was varied from 25 °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 (around 10-15mg) were placed in 70μl aluminium pans, 

covered with a lid, and heated from 25 to 600°C at a heating rate of 10 °C.min-1. Nitrogen was 

used as the purge gas at 50 mL min-1. The measurements were repeated three times for each 

sample. 

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

Polarized microscope (Leica, Germany) equipped with a controlled heating and cooling stage 

CSS450 (Linkam, Surrey, UK) controlled by the Linksys 32 software (Linkam, Surrey UK) 

and an imaging system (Canon EOS 7D Mark II DSLR Camera) at 40X magnifications. The 

samples were heated over a temperature range of 25−150 °C at a constant heating rate of 10 °C 

min−1. 

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

a Surface Measurement Systems DVS Resolution equipment. Measurements were carried out 

over a humidity range of 0%-90% relative humidity (RH) at 25°C. Each humidity step was 

terminated when less than 0.02% sample weight change was observed or when a maximum 

hold time of 360 mins was reached. Each measurement was repeated at least twice. 

https://www.ccdc.cam.ac.uk/structures/
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Scanning Electron Microscopy (SEM). The dry samples were imaged using a Carl Zeiss 

EVO MA15 scanning electron microscope at magnifications from 50X to 200X. Samples were 

arranged on Leit tabs attached to SEM specimen stubs and an Iridium 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% position 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 methodology described in previous publications. 

[22][30]  The files were exported as .car files (Cartesian coordinates), converted to fractional 

coordinates, and then fractional charges were calculated using the AM1 method within 

MOPAC. [33] The bulk intrinsic synthon analysis was carried out using the HABIT98 

software, which takes 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 radius of 30Å from the central 

molecule. [31][34][35] The calculation of intermolecular interaction energies was performed 

using the Dreiding II force-field. [36] The ranking of the intermolecular interactions by strength 

was outputted using the DEBUG-1 function. All visualization of molecular and crystal packing 

were carried out in Mercury CSD 3.10. [32]  
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4.4   Results 

4.4.1 Quercetin-DMSO solvate (QDMSO) Single Crystal Structure 

Cooling of all the saturated solutions of quercetin in the DMSO-Water mixture solvents (from 

50% to 80% w/w DMSO) resulted in the formation of colorless plate-like crystals. 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 quercetin-

DMSO solvate that crystallized in a monoclinic cell. SEM images of the crystals are shown in 

Figure 4.1, QDMSO present a plate-like morphology. The structure was solved in the I2/a 

space group, with two molecules of quercetin and three molecules of DMSO in the asymmetric 

unit. The structure exhibited disorder, where one of the three DMSO molecules was modelled 

across two positions in an 85:15 ratio. The crystallographic data and structure refinement data 

for the QDMSO structure are presented in Appendix A Table A.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 

pattern from the cif file in Mercury (calculated based on the QDMSO single crystal structure 

solved) are shown in Figure 4.2. 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 
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slight shift in the whole pattern was observed between the experimental and simulated patterns 

due to the fact that the SCXRD was run at 120K while the PXRD was performed at room 

temperature (25 °C). The higher temperature at which the PXRD was run resulted in a general 

expansion of the unit cell of the structure, resulting in the observed shift in the pattern. 

 

 

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

structure. 

 

The DMSO solvate crystallizes with two quercetin molecules (Q1 & Q2) and three DMSO 

molecules (D1, D2 & D3) in the asymmetric unit (Figure 4.3 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 both H-bond acceptors and donors. This creates 

‘cooperative hydrogen bonds’, whereby all the hydrogen bonds formed from these groups will 

be strengthened. [37]  

Figure 4.3 shows that the H-bonding provided by the DMSO molecules allows the unbroken 

chain of close stacking of the quercetin molecules along the b-axis (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 plane (Figure 4.3 b), 
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since the stacking of the quercetin molecules along the b-axis requires a planar conformation 

of the quercetin molecules, which in turn arranges the H-bonds to be planar as well. Though 

there is a limited amount of H-bonding shown in Figure 4.3 d, due to the DMSO molecules 

filling spaces in the direction of the a-axis, the H-bonds 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 H-bonds to neighbouring molecules shown as 'hanging'; (b) the OC/OA view of the 

unit cell, where the majority of H-bonds are formed; (c) the 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 H-bonding in this direction. 

 

The arrangement of the DMSO molecules shows that they are woven tightly into the 

arrangement of the quercetin molecules, without any obvious channel for de-solvation. The 

(a) (b) 

(c) (d) 

Q1 
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strong synergistic H-bonding and lack of an obvious de-solvation route may be reason for the 

superior thermal stability of the DMSO solvate. 

When considering 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 molecules. [22] Indeed, as the solvent/solute ratio increases, the 

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 morphologies. [38][39]  

The torsion angle of the pyrone to the phenyl ring for both molecules in the asymmetric unit of 

QDMSO was measured: τ1 represents the torsion angle for molecule Q1 while τ2 is the torsion 

angle for Q2. It was found that τ1 and τ2 for the two quercetin molecules of the asymmetric 

unit have slightly different torsion angles of 30.71° and 31.11°, respectively, as shown in Figure 

4.4. 

 

 

Figure 4.4 Torsion angles of phenyl to pyrone rings for quercetin molecules in quercetin 

structures (quercetin anhydrous – QA, quercetin monohydrate – QMH, quercetin dihydrate – 

QDH, quercetin – DMSO solvate – QDMSO). [22]  

QDMSO 

QA QMH QDH 

6.74° 

Q1 Q2 

τ1 τ2 

30.71° 31.11° 

31.48° -1.04° 
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A previous study identified that the quercetin molecules in the QMH and QDH structures were 

close to planar, as the water molecules helped in satisfying the hydrogen bonding sites on the 

quercetin molecule, and the planar conformation facilitated close packing and favourable 

quercetin-quercetin stacking interactions. [22] 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 than water, results in it being far less effective at hydrogen 

bonding. Hence, the quercetin molecule must adopt the twisted conformation to maximise its 

quercetin-quercetin hydrogen bonds. 

 

4.4.2 Bulk Synthon Analysis for QDMSO 

The six strongest intermolecular interactions in the QDMSO structure, those having the lowest 

energy values which represent interactions of greater strength and stability, are illustrated in 

Figure 4.5, in order of increasing strength. 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 studied synthon are summarised in Table 4.1. The first two 

strongest interactions, QDMSO1 and QDMSO2, are both π-π stacking interactions contributing 

to growth along the b-axis of the unit cell. In QDMSO1 the phenyl rings of the interacting 

molecules face opposite directions, while in QDMSO2 these rings face the same direction. The 

centroid-centroid distances of the quercetin molecules in the two interactions are similar 

(5.998Å in QDMSO1 and 5.034Å in QDMSO2). However, the interplanar angles differ 

significantly. In QDMSO1 the interplanar angle is 3.64° while in QDMSO2 it is 22.73°, 

meaning that QDMSO2 does not result in a parallel packing of the quercetin molecules in the 

lattice as much as QDMSO1 does. Table 4.1 shows that for both interactions the contributions 
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of the aromatic rings (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 mostly non-polar 

synthons. The 5th strongest interaction, QDMSO5, is another non-polar 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 much greater, having 

a centroid-centroid distance of 9.995Å. The multiplicity of this interaction is 1 since only one 

of the two quercetin molecules of the asymmetric unit forms this interaction. This means that 

this specific interaction is encountered half the times compared to others that have a 

multiplicity of 2; this reflects on the contribution of the specific interaction on the total lattice 

energy. 

The 3rd and 4th strongest interactions, QDMSO3 and QDMSO4, are double hydrogen bonding 

interactions between a hydroxyl and a carbonyl group (for QDMSO3) and two hydroxyl groups 

(for QDMSO4) 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 relatively high, which indicates that this interaction is mostly polar. For QDMSO4, 

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 molecules in the QDMSO structure are found to form hydrogen bonds with the 

DMSO molecules. QDMSO6, is a hydrogen bond between a hydroxyl hydrogen on the phenyl 

ring of a quercetin molecule and a sulfinyl oxygen of a DMSO molecule. QDMSO6, which is 

the strongest quercetin-DMSO hydrogen bond in QDMSO, is found to be much stronger 

(QDMSO6=-4.14 kcal.mol-1), compared to the strongest quercetin-solvent interaction in QMH 

(QMH3=-2.55 kcal.mol-1) or QDH (QDH2=-1.71 kcal.mol-1), suggesting that quercetin-

DMSO hydrogen bonds are stronger compared to quercetin-water 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 bonds, of which 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 

quercetin molecules. This information is summarised in Appendix A Table A.2. 
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Figure 4.5 Main bulk intrinsic synthons in QDMSO ordered by strength (green dotted lines 

indicate hydrogen bond). 

 

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 
π-π 

stacking 

π-π 

stacking 
H-bond H-bond 

π-π 

stacking 
H-bond 

Intermolecular 

distance (Å) 
5.83 5.05 8.36 13.12 6.69 5.27 

Synthon energy 

(kcal.mol-1) 
-7.37 -5.74 -5.42 -4.87 -4.24 -4.14 

Multiplicity 2 2 2 1 1 2 

% contribution of 

synthon to total 

lattice energy 

6.2% 4.8% 4.5% 2.1% 1.8% 3.5% 

% contribution of 

aromatic rings to 

synthon 

55.8% 74.4% 54.4% 21.3% 63.6% 33.3% 

% contribution of 

hydroxyl groups to 

synthon 

22.2% 15.2% 34.5% 83.1% 34.3% 45.2% 

% contribution of 

carbonyl bond to 

synthon 

22.0% 10.4% 11.1% -4.4% 2.0% 21.5% 

 

4.4.3 Comparison of quercetin structures 

A comparison of the modelling work for the different quercetin structures (QDMSO, QDH, 

QMH and QA) has been conducted and the main findings are summarised in Table 4.2. A more 

extensive comparison can be found in Appendix A Table A.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 of water in QMH and one molecule of 

quercetin in QA. It was found that the unit cell densities for the solvated structures were very 

similar and higher than that of QA (0.964 u/Å3 and 1.007 u/Å3 for QDH and QMH respectively, 
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while 0.702 u/Å3  for QA), due to the formation of hydrogen bonds with the solvent molecules 

that result in a more close-packed 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 quercetin molecule in QDMSO.  

The contribution of the quercetin-solvent 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 structures where the quercetin-solvent interactions 

are critical for the stabilization of the lattice. The loss of those interactions, due to a heat-

induced de-solvation for example, could result in a thermodynamically unstable structure. It 

should be noted that although the first five strongest synthons for QDMSO are quercetin-

quercetin interactions, QDMSO6 and many the following synthons are quercetin-DMSO 

interactions. Summing the energies of these quercetin-QDMSO interactions the overall 

contribution is very high (45.1%) and equal to the overall contribution of all the quercetin-

quercetin interactions. 
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Table 4.2 Comparison of quercetin structures [22] 

 QDMSO QDH QMH QA 

Unit cell Density (u/Å3) 0.900 0.964 1.007 0.702 

Interactions’ contribution to 
lattice energy:* 

    

Quercetin – Quercetin 45.1% 53.8% 72.6% 100% 
Quercetin – Solvent 45.1% 45.9% 27.2% - 

Solvent – Solvent 9.7% 0.3% 0.2% - 

Contribution of Van der 
Waals interactions to lattice 
energy* 

60.8% 91.2% 89.1% 92.1% 

Contribution of hydrogen 
bonds and dipole-dipole 
interactions to lattice energy* 

39.2% 8.8% 10.9% 7.9% 

Q-Q H-bonds (per quercetin 
molecule) 

3 for Q1 
5 for Q2 

0 6 6 

Q-solvent H-bonds (per 
quercetin molecule) 

3 for Q1 
1 for Q2 

6 4 - 

* Based on the energy of interactions  

 

Comparing the main bulk synthons, while in QDH and QMH there is only one type of π-π 

stacking interaction, in QDMSO there are  several different π-π stacking interactions 

(QDMSO1, QDMSO2, QDMSO5). [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 

intermolecular 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 dipole-dipole interactions to the lattice 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 quercetin-quercetin and 

quercetin-DMSO hydrogen bonds and other polar interactions in QDMSO 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 with the incorporated water molecules than 

by quercetin-quercetin interactions. [22] For QDMSO, hydrogen bonding is partially satisfied 

between quercetin-quercetin and quercetin-DMSO molecules. Although the quercetin-DMSO 

hydrogen bonds are favourable and relatively stronger compared to the quercetin-water 

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 hydrogen 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. 

 

4.4.4 Thermal analysis (DSC-TGA) 

Experimental characterisation for the quercetin 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 de-solvation of 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. 

The differential scanning calorimetry coupled with thermogravimetric analysis of QDMSO and 

QDH was performed to evaluate the thermal stability of the quercetin structures, and results 

are shown in Figure 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 loss 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 95°C, in agreement with previously published 

data.24,40 There was only one endothermic peak related to dehydration of the QDH, meaning 



 

 

102 

 

that the two water molecules are lost from the crystal lattice  in one single dehydration step. 

The second endotherm, which corresponds to the melting of the dehydrated form, was observed 

at an onset temperature of 316°C. The 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 at 330°C, together with an exotherm peak in the DSC 

curve. 

Upon heating the QDMSO structure, two weight losses were observed in the TGA data, 

corresponding to de-solvation and the molecular decomposition. The onset temperature for de-

solvation was 136°C, as confirmed by the DSC endotherm at that temperature. The endotherm 

for de-solvation exhibits a shoulder at around 167°C, and the endset temperature for the de-

solvation from the TGA curve was found to be 197°C, which could indicate that the  

 

 

Figure 4.6 DSC and TGA curves for QDH (top) and QDMSO (bottom). 
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DMSO molecules are lost from the lattice not in one single de-solvation step but in more 

consecutive steps. This result was observed in all three repeats of the DSC-TGA analysis 

performed. The observed loss in mass after complete de-solvation, 26.4%, is close to the 

theoretical value of 27.9% for a stoichiometry of 1:1.5. The endotherm peak onset temperature 

for melting was obtained at 317°C. A small shoulder appeared just before the melting peak and 

it was observed only in one of three measurements carried out on 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). The decomposition takes place at 331°C. All 

information obtained by DSC-TGA is summarized in Appendix A Table A.4. 

 

4.4.5 Hot Stage Microscopy (HSM) 

The temperature at which de-solvation of QDMSO was observed using HSM was consistent 

with the onset de-solvation temperature as calculated by DSC. It was found that the colourless 

plate-like crystals of QDMSO were transparent at temperatures between 25 °C to 130 °C, after 

which the crystals appeared to darken and became less transparent due to structural changes 

related to the loss of solvent. At 140 °C the crystals were completely opaque but maintained 

the plate-like shape, as shown in Figure 4.7. The HSM onset temperature (130 °C) agrees with 

the DSC onset temperature for the loss of the DMSO solvent from the structure.  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 de-solvated form, therefore the structure of these crystals could not 

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

 

4.4.6 Variable Temperature Powder X-Ray Diffraction (VT-PXRD) analysis 

The thermal stability of the two solvates was further analysed using VT-PXRD.  XRD patterns 

of QDH were observed in a temperature range between 25°C and 140°C. This is illustrated in 

Figure 4.8 (top). At room temperature the PXRD 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 literature. [14][24] The PXRD pattern of QDH 

remained unchanged between 25°C and 70°C, while at 100°C 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 at 110°C and remained unchanged up to the 

maximum temperature of 140°C and also upon cooling down to 25°C. 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 VT-PXRD experiment. Combining this information with the DSC-

TGA analysis, the phase change at 100°C corresponds 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 in Figure 4.6, the PXRD pattern obtained at 110°C should 

correspond to an anhydrous form of quercetin. It should be noted that the PXRD pattern of this 

(a) (b) (c) (d) 
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anhydrous polymorph of quercetin does not match with the pattern reported by Vasisht et al. 

(CSD Refcode: NAFZEC) for the anhydrous structure of quercetin. [18] 

The PXRD pattern for QDMSO is illustrated in Figure 4.8 (bottom). The structure appeared to 

be stable between 35°C and 100°C. At 120°C a phase change started occurring and a new PXRD 

pattern was exhibited from 140°C up to 180°C, which remained unchanged when the 

temperature was reduced to 120°C and further down to 25°C. This phase change corresponds 

to the loss of the DMSO solvent molecules observed in the DSC-TGA data. The PXRD pattern 

of the de-solvated QDMSO is almost identical to the PXRD pattern obtained from the 

dehydration of the QDH, both having common reflections at 2θ values of 12.84, 16.58, 25.87, 

26.61, 34.64, 37.21 and 42.80. This suggests that both forms lose the solvent and transform to 

the same de-solvated polymorph of quercetin.  

VT-PXRD and DCS-TGA showed that QDH and QDMSO exhibited different thermal 

stabilities in their heat-induced de-solvation process: QDH appears to de-solvate at a lower 

temperature of about 100°C (95°C from DSC-TGA) while the de-solvation for QDMSO begins 

at a higher temperature of about 120°C (136°C from DSC-TGA). It has been reported in 

literature that the thermal stability of solvate structures in heat-induced de-solvation is 

dependent on the type and strength of intermolecular interactions of solvent molecules with the 

main compound as well as on crystal packing. [6][13] Our  synthonic modelling work 

demonstrated that the strongest quercetin-DMSO hydrogen bonds are stronger in energy (lower 

energy value) compared to the quercetin-water hydrogen bonds 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 
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this occurs at a higher temperature. The loss of solvent results in a solid-state transformation 

to a pure quercetin form. It is clear that in both solvates the quercetin-solvent interactions are 

critical for the stabilization of the crystal lattice. When the solvent molecules are lost during 

the heat-induced de-solvation, the quercetin molecules rearrange to form new interactions and 

compensate for the lost quercetin-solvent interactions. 

 

4.4.7 Dynamic Vapour Sorption (DVS) analysis 

The moisture-dependent stability of the two solvates was evaluated in a RH range from 0-90%. 

The mass of QDH appeared to be stable over a wide humidity range from RH=10% to 

RH=80%, as shown in Figure 4.9 (top). At RH=90%, both during sorption 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 roughly corresponds 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. Figure 4.9 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 humidity). 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 shows 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 quercetin-water interactions in the stabilization of the crystal lattice, which 

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 the QDH form. Because 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 molecule in the lattice of 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. During 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 to be 98.6% of the initial value, perhaps 

indicating evaporation of part of the DMSO released from the structure at RH=90. The 

modelling results for QDMSO showed that the overall energy of the quercetin-DMSO 

hydrogen bonds was higher than the sum of the energies related to the quercetin-water 

interactions in QDH. This could explain why QDMSO appeared to be stable over such a wide 

RH range, and why 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% RH, showing slow dehydration 

at RH=0%. 

 

4.5   Conclusion 

Crystallization of quercetin from DMSO-water mixtures resulted in a novel crystal structure of 

quercetin, a quercetin DMSO-solvate. This form was identified via SCXRD and its 

physiochemical properties and phase transitions were characterised by VT-PXRD, DSC-TGA, 

HSM and DVS. The crystal structure packing and bulk intermolecular interactions of QDMSO 

were studied and compared to other quercetin structures (quercetin anhydrous, monohydrate 

and dihydrate) and experimental solid-state characterisation was performed for QDMSO and 

QDH.  

It was found that quercetin molecules in QDMSO assume a less planar conformation compared 

to QDH and QMH, which results in slightly higher intermolecular distances between the 

interacting molecules, and lower unit cell density. This can be attributed to the larger size of 

the DMSO molecules compared to water. Molecular modelling calculations showed that the 
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contribution of hydrogen bonds and dipole-dipole interactions to the total lattice energy was 

much higher for QDMSO compared to all other quercetin structures. Also, the stronger 

quercetin-DMSO hydrogen bonds can explain the improved thermal stability of QDMSO 

compared to that of QDH. It was further demonstrated that both QDMSO and QDH transform 

to the same anhydrous form after heat-induced de-solvation, which was found to generate 

molecular packing rearrangements in the lattice. DVS showed that the QDH structure was 

stable above RH=10% while it exhibited dehydration below that. QDMSO 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, exhibits superior 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 strong correlations 

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, and observations regarding the type and 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 modelling methodology 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 properties of 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 in the nutraceutical and 

food industries, exists in various solid forms that can have different physiochemical properties, 

thus, impacting this compound’s performance in various applications. In this work, the solid 

forms attainable from crystallization in different ethanol-water solvent mixtures were studied, 

and a novel quercetin-ethanol 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 de-solvate upon heating at a temperature of just over 28℃, or when treated 

in vacuum, to form another novel anhydrous quercetin structure. The elusive solvate was found 

to de-solvate over a period of 16 months at ambient conditions, and to transform into quercetin 

dihydrate when slurried in pure water. In this work, the full known solid form landscape of 

quercetin was mapped to provide conditions under which each form is stable as well as 

information on their kinetics of solid state transformations. Exploring the solid 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)-3,5,7-trihydroxy-4H-chromen-4-one, is a major 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 plant metabolites, named flavonoids, which are thought to 

provide health benefits through cell signalling pathways and antioxidant effects. [3] Quercetin 

has stimulated considerable interest in recent years, and it is the most extensively studied 

flavonoid, due to its significant association between dietary consumption and various health 

benefits, including antioxidant, anti-inflammatory and antitumor activities. [1][2][4][5][6] 

The quercetin molecule consists of a pyrone ring and a phenyl ring, which constitute the 

hydrophobic part of the molecule and can form hydrophobic interactions such as Van der 

Waal’s forces of attraction. [2][6] The hydrophilic part of the molecule consists of five 

hydroxyl groups that determine the molecule’s biological activity and can act as hydrogen bond 

acceptors and/or donors, as well as an ether and carbonyl group acting as acceptors for both 

intramolecular and intermolecular hydrogen bonding. [6][7][8][9] Quercetin can exist as an 

anhydrous structure, a monohydrate and a dihydrate structure, with one or two water molecules 

per quercetin molecule respectively, and a DMSO-solvate structure (QDMSO). 

[1][8][10][11][12][13][14] Solvates of quercetin can present significantly different physical 

and chemical properties (solubility, density, bioavailability etc.) due to the different 

intermolecular interactions that the quercetin molecules can form with the solvent molecules 

in the lattice, thus, these different properties can dramatically affect the quality and efficiency 

of a particulate product. [13][14][15][16][17] 

Because of its wide range of health benefits and biological effects, quercetin finds use in the 

nutraceutical industry and food supplements. [2] Quercetin dihydrate is marketed as a dietary 

supplement in capsule form, to help improve anti-inflammatory and immune response. [18] In 

2018, Zembyla et. al have used quercetin crystals as a Pickering stabilizer to stabilize water in 

oil emulsions. They observed that the quercetin crystals absorb at the interface and provide 

stabilization of water droplets for several days. [19][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 necessary. [21] More recently, Ma et al. have studied the oral 

bioavailability of quercetin encapsulated in zein-based Pickering emulsions using a simulated 

gastrointestinal track. [22] The quercetin-loaded zein colloid particles were prepared from the 

simultaneous precipitation of quercetin and zein from an aqueous ethanol solution. [22][23] 

Quercetin is sparingly soluble in water and this results in difficulties in obtaining quercetin di-

hydrate crystals with controlled size distribution from aqueous solvents. To increase the 

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

In food, quercetin 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 metabolized. [6] The content and form of all quercetin derivatives in food is 

significant for their bioavailability as aglycone. However, due to its poor aqueous solubility 

and extensive phase-II metabolism, the bioavailability of quercetin is relatively low, and this 

severely limits its potential health benefits. [28] The challenges faced by poorly water-soluble 

drugs or nutraceuticals, particularly around re-precipitation in the gastrointestinal track are 

highlighted in literature. [28][29] Hence, the development of effective formulations for poorly 

soluble substances heavily relies on a good knowledge of the landscape of all their existing 

solid forms, as well as on an understanding of the chemical, physiological and biochemical 

processes that occur between substance administration and absorption. Although quercetin is 

one of the most exploited flavonoid substances, extensively studied by researchers over the 

past thirty years, more needs to be understood about the different crystalline solid forms that 

quercetin can form, as these can influence its performance in the different industrial 

applications, its digestion dynamics, and its bioavailability. In this work, the crystallization 

behavior of quercetin at different ethanol-water solvent mixtures was investigated, and two 

novel forms, a weak quercetin-ethanol solvate, QE, and its de-solvated  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 Aesar (Port of 

Heysham Industrial Park, Lancashire, England). Ethanol solvent, 99.98%, was purchased from 

VWR chemicals. Water purified by treatment with a Milli-Q apparatus was used for all the 

experiments. 

Slurrying of quercetin dihydrate (QDH) in ethanol-water solvent mixtures. Slurries of 

quercetin in ethanol-water solvent mixtures were prepared by 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 20 ℃ using a Tamson TLC2 

recirculating chiller. The slurry was stirred using magnetic 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 slurring behaviour of quercetin in other solvents including acetonitrile, acetone and 

methanol was also investigated, and the resulting solids were partly characterised, however, it 

was decided to study the ethanol form further due to the fact that ethanol is more frequently 

used as a solvent to dissolve quercetin. The methodology followed for the preparation of those 

solids was identical to that used for the preparation of the ethanol form, by slurrying quercetin 

dihydrate in 100% acetonitrile, acetone or methanol, 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 dishes at different 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 the QE 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. Samples from the 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 System equipment. The samples (around 10−15 mg) were placed in 70 μL aluminum 

pans, covered with a lid, and heated from 20 to 500 °C at a heating rate of 10 °C min−1. Nitrogen 

was used as the purge gas at 50 mL min−1. Measurements were repeated three times. The QE 

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 X-ray 

scattering (SAXS/WAXS) data were collected on a SAXSpace instrument (Anton Paar GmbH, 

Graz, Austria) equipped with a Cu anode that operates at 40 kV and 50mA (λ=0.154nm). The 

powder X-ray diffraction (PXRD) data were collected on a Panalytical X'Pert PRO which was 

set up in Bragg -Brentano mode, using Cu K radiation ( = 1.54184 Å), in a scan between 5° 

to 50° in 2θ with a step size of 0.032° and time per step 25 seconds. The Variable Temperature 

PXRD (VT-PXRD) data were collected on the Panalytical X'Pert PRO and the temperature 

was increased from 20 °C to 90 °C at a rate of 10 °C min-1. 
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QE mass loss over time experiments. Dynamic Vapour Sorption Experiment: A 50 mg sample 

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

20 hours was monitored at a constant temperature of 20 °C and relative humidity of 20%. The 

Dynamic vapour sorption experiments were performed on a Surface Measurement Systems 

DVS Resolution equipment.  

Monitoring sample mass of QE over time: A sample of QE was filtered and the solid was placed 

on a plastic petri dish and left uncovered at ambient conditions. The mass of the sample was 

measured for 6 days to observe any mass changes. 

Stability studies for the QE form. The stability of QE was determined 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 slurried in pure 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 

5.3.1 Slurrying of quercetin dihydrate (QDH) in ethanol-water solvent mixtures 

The solid crystals from the various ethanol-water solvent mixtures after slurrying were tested 

using SAXS/WAXS and PXRD to identify the solid form (Appendix B Figure B.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 stable solid form of quercetin for 

those ethanol-water solvent mixtures is the dihydrate. Quercetin dihydrate as purchased was 

also tested using SAXS/WAXS and shown in Figure B.1 for comparison. The solid taken from 
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the 100% ethanol slurry exhibits a different PXRD pattern, which is not identical either to the 

quercetin dihydrate or its de-solvated form, nor to any other deposited quercetin structure. 

[13][14][10][8] However, the pattern looks identical to a pattern previously reported by 

Miclaus et al. which is believed to be a weak quercetin-ethanol solvate. [30] This is an example 

of a solvent-mediated 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 better quality PXRD data 

the sample was also run on the Panalytical X’Pert PRO and the PXRD pattern is shown in 

Figure 5.1. The pattern exhibits its main peaks at 2θ angles of 8.91°, 9.83°, 13.03°, 22.10°, 

26.17° and 28.15°. 

 

Figure 5.1 PXRD pattern for “QE” – the product of the solvent-mediate transformation QDH 

in 100% ethanol slurry. 

 

It is interesting to notice that QE is only obtained from slurrying QDH in 100% ethanol solvent, 

and as little as 10%(w/w) of water in the solvent results in QDH being the most stable form in 

solution. In our previous publications it was shown how the water molecules in the QDH lattice 

satisfy the hydrogen bonding interactions, leading to a close-packed structure of higher relative 

stability compared to the known monohydrate and anhydrous quercetin forms. [13] Therefore, 

it is not a surprise that even at a lower ratio of water in the solvent, the quercetin dihydrate 
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structure is the stable form. The existence of a highly unstable quercetin-ethanol 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, and not incorporated into an 

extended hydrogen bonding network, therefore they can easily escape to form the anhydrous 

quercetin. [30] Assuming the QE structure is a quercetin-ethanol 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 ethanol molecule 

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 molecules. [14] 

The slurrying experiments demonstrate that for applications where the quercetin dihydrate 

crystal form is desired, the use of an aqueous ethanol solvent to increase the solubility of 

quercetin 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 formation of a different quercetin structure. The stability 

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

Images of the QE crystals are shown in Figure 5.2. 

 

 

Figure 5.2 SEM images of the QE crystals from the 100% ethanol slurry (top) at 3-6K X 

magnifications and from the growth experiments on petri dishes (bottom) at 1K X 

magnifications. 

 

The SEM images show a needle morphology for the QE crystals, although the crystals from 

the 100% ethanol slurry are more flaky and smaller in size compared to those grown on the 

petri dishes. The crystals from the petri dish are bigger in size, between 20-40μm, and have a 

higher aspect ratio compared to those from the slurry. It should be noted that this morphology 
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is very similar to that of the QDH crystals, which also exhibits a needle shape. For comparison, 

SEM images of the morphology of the QDH crystals are shown in Appendix B Figure B.2. 

5.3.3 Thermal Stability  

Thermogravimetric Analysis coupled with Differential Scanning Calorimetry (DSC/TGA). The 

thermal stability of the QE structure was studied to assess under what temperature conditions 

the sample undergoes changes in mass or heat flow. The results for the thermogravimetric 

analysis coupled with differential scanning calorimetry are shown in Figure 5.3. 

 

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 ℃. This loss in mass is accompanied by an 

endotherm as seen on the DSC curve. The loss could be attributed either to free ethanol 

evaporating from the wet solid (e.g., the sample was not completely dry after being left to dry 

overnight), or to a de-solvation process, where the ethanol molecules leave the crystal lattice.  
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To confirm which of the two was the reason for the weight 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 mass of a QE sample left in room conditions of approximately 20 

℃ was monitored for several days. The data for these experiments are shown in Appendix B 

Figures B.3 and B.4. Both experiments confirmed that the mass of QE does not change 

considerably after the first 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 not being 

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 observed loss 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 quercetin-ethanol solvate and an anhydrous 

form of quercetin. Miclaus et al. also emphasized in their paper the difficulty in obtaining a 

pure form of QE due to its low stability. [30] The possibility of a hemi-solvate, 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 experiments (8.6%). There is no further loss in mass after the endset temperature of 

70℃ and before the quercetin chemical decomposition at 335.3 ℃. 

The melting point of QE occurs at a sharp temperature of 317 ℃ which agrees with the melting 

point of quercetin, starting either from the dihydrate or the DMSO-solvate 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 247.3 ℃. This endotherm is not obtained for either the dihydrate or the DMSO-

solvate forms, and it is probably due to a structural rearrangement that occurs in the lattice of 

quercetin before melting. If the ethanol molecules are weakly hydrogen bonded to the quercetin 

molecules, they could escape the lattice during the thermal de-solvation event, without this 

process being accompanied by a conformational rearrangement of all the quercetin molecules. 

In that case, the solvate-specific quercetin molecular conformation would be preserved. 

Therefore, it is possible that during that small endothermic event, the quercetin molecules 

rearrange to attain a more stable conformation. The data from the DSC-TGA is summarized in 

Table 5.1. 

Table 5.1 DSC-TGA thermal analysis data for QE. 

Assumed stoichiometry 1:1 

Theoretical weight loss (%) 13.2% 

Observed weight loss TGA (%) 6.2 ± 2.4 

Guest loss Temp. (°C) 28.5 ± 5.1 

ΔH for guest loss (Jg-1) -102.3 ± 35.5 

Structural rearrangement Temp. (°C) 247.3 ± 7.2 

ΔH for structural rearrangement (Jg-1) -8.2 ± 1.0 

Melting Temp. (°C) 316.5 ± 0.8 

ΔH for melting (Jg-1) -125.7 ± 16.0 

Decomposition Temp. (°C) 335.3 ± 7.3 

 

Variable Temperature Powder X-ray Diffraction (VT-PXRD). To verify that the QE form loses 

the ethanol in a de-solvation step between the temperatures of 28 ℃ to 70 ℃, the PXRD pattern 

of QE was measured up to 90 ℃. The results are shown in Figure 5.4. From the PXRD data it 

is evident that there is a change in the structure, as the main peaks are different. The two main 

peaks of QE(20℃), at 8.9° and 9.8° disappear and two new peaks appear for QE(90℃), at 

10.2° and 10.9°. Furthermore, the main peak of QE(20℃) at 13.0° disappears and another one 

at 13.6° appears for QE(90℃).  
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Combining the data from the TGA curve and the QE(90°C) pattern, it can be confirmed that 

this pattern belongs to an anhydrous form of quercetin, as no further loss in mass appears to be 

occurring at any higher temperature before decomposition. Moreover, these data suggest that 

the initial sample of QE at 20 °C could already contain a small amount of the de-solvated form, 

as the QE(20℃) pattern contains small peaks at 2θ angles of 10.2° and 13.6°, which increase 

in intensity in the QE(90℃) pattern. This further highlights the difficulty obtaining a pure 

sample of QE due to the very low stability of the form, and explains why the mass loss in the 

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

 

Figure 5.4 VT-PXRD patterns for QE at 20 ℃ and 90 ℃ with the important peaks annotated. 

 

It is interesting to note that this anhydrous form of quercetin, obtained from the de-solvation 

of the quercetin-ethanol solvate, does not match the de-hydrated quercetin dihydrate or de-

solvated quercetin-DMSO solvate (QDMSO) patterns obtained previously, nor to the PXRD 

pattern of the anhydrous quercetin structure (QA) 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 ethanol-solvate. A PXRD pattern comparison between the different 

anhydrous quercetin structures is shown in Figure 5.5. The different PXRD patterns indicate 
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that quercetin could have several different polymorphic forms in the anhydrous state. It has 

been frequently reported in literature that de-solvation of a solvated crystal form can provide 

an alternative pathway to the formation of polymorphic forms that would otherwise be difficult 

or impossible to crystallize by conventional crystallization techniques. [31] However, it would 

be interesting to understand why de-solvation of QDH and QDMSO leads to the formation of 

the same anhydrous quercetin, while de-solvation of QE, or recrystallization of QDH in a 

solvent (the QA deposited in CSD), 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 that the solvent molecules depart from the lattice. [32] A slow thermal de-solvation process 

would allow the cooperative departure of solvent molecules, followed by a structural 

reorganization step, leading to the nearest possible crystalline packing. [32] The resulting 

packing in the anhydrous structure should, at least to a certain extent, be determined by the 

initial solvated structure.  

This is probably what we observe in the de-solvation of QDH and QDMSO. The departure of 

solvent molecules from QDH and QDMSO leads to some molecular rearrangements, both 

stabilizing in a new anhydrous polymorph towards the nearest well in energy. In the DSC curve 

of QDH, a single endotherm is observed for the dehydration event, which leads to the formation 

of the de-hydrated QDH. In the DSC curve of QDMSO, a second endotherm is observed right 

after the de-solvation endotherm, 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 de-solvation of QE leads to a different anhydrous 

polymorph, probably a metastable form, which requires further heating to induce polymorphic 

transformation towards a more stable anhydrous, which probably occurs at 247 ℃, and hence 

an endotherm is observed at that temperature. 
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Figure 5.5 Comparison of the PXRD patterns for the different anhydrous quercetin structures, 

formed by the de-solvation of QE, QDH, QDMSO, and the anhydrous quercetin structure 

deposited in Cambridge Crystallographic database. [8][14] 

 

The resulting anhydrous structure after de-solvation occurs should in some extent depend on 

the original solvated forms, their structural arrangements and intermolecular interactions, as 

well as the arrangement of solvent molecules in the lattice. The structures of QDH and QDMSO 

could possibly share more common structural characteristics, therefore de-solvation leads to 

the same anhydrous form, whereas for QE that might not be the case. However, for a more 

detailed understanding of the dehydration mechanisms of the different forms, further structural 

information regarding the resulting anhydrous structures would 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 in Figure 5.6. 

 

 

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 months old were 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, the 16 months old samples exhibited some extra peaks at 10.2° 

and 10.9°, and the peak around 13.0° appears to be slightly shifted to the right compared to the 

other patterns. These extra peaks match with the peaks of the de-solvated form of QE shown 

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

shows that over the period of 16 months, QE is likely to slowly de-solvate. 
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The pattern of a QE sample that was slurried in water for 24 hours contained peaks that are 

characteristic of QE, but also some extra peaks at 10.8°, 12.9°, 13.9° and 14.2°, which are 

characteristic peaks of QDH. This indicates that when the QE form is slurried in water it can 

transform back into the QDH form. However, the pattern suggests that the transformation is 

incomplete and that the sample is a mixture of both QE and QDH. This shows that for 

applications of quercetin in water, QE would not be a stable solid form as it would transform 

to the QDH. 

The pattern of the QE sample treated in vacuum for 24 hours exhibits peaks at 5.5°, 10.2°, 

10.9° and 13.5° that completely match the peaks of the de-solvated QE obtained by heating the 

sample to 90 ℃. The pattern does not contain any peaks from the original QE pattern; therefore, 

the de-solvation in vacuum appears to be complete and give a pure de-solvated QE form. 

Therefore, it can be concluded that the de-solvation of QE can be accelerated either by heating 

the sample at a temperature above 28℃, as this was the onset of de-solvation from the DSC-

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 parameters to target a 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. 

Figure 5.7 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 publications. [13][14] 
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Figure 5.7 The solid form landscape of quercetin, including the dihydrate, DMSO-solvate and 

ethanol-solvate forms and their de-solvated structures. 

 

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

QDH slurried in acetonitrile solvent 

The SAXS/WAXS pattern for the acetonitrile slurried sample is illustrated in Figure 5.8. 

Patterns of QDH and QE are also shown for comparison. It can be observed that the pattern of 

the acetonitrile slurried sample is not identical to the QDH or QE patterns, neither to any other 

known quercetin structure. It exhibits characteristic peaks at 2θ angles of 4.71°, 8.53°, and 

14.16°, which are not shared with other quercetin structures. 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 forms are 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 sample contained 

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

acetonitrile form during the slurrying experiment. 

 

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

acetonitrile and ethanol solvents. 

 

Since no further solid-state 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 

quercetin structure, as its pattern does not match with any other observed anhydrous pattern of 

quercetin. What can be concluded from the experiment is that quercetin dihydrate is metastable 

in 100% acetonitrile solvent, which undergoes a solvent-mediated transformation to a novel 

quercetin form. 
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QDH slurried in methanol solvent 

The XRD pattern for the methanol slurried sample is illustrated in Figure 5.9, 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 indicating a sample of 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 in literature to share very similar XRD patterns 

resulting from similar crystal structure and packing patterns, but different cell dimensions and 

chemical composition. [33][34] This type of behaviour would not be a surprise as the methanol 

and ethanol solvents are 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. 

 

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

solvents. 

 

The DSC/TGA curves for the methanol sample are shown in Figure 5.10 (a). A very small loss 

in mass accompanied with an endotherm is exhibited at an onset temperature of 32 ℃. Also, 
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at a temperature of 250 ℃ a small endotherm is observed. The melting temperature of the 

sample is at 317 ℃ agreeing with the melting temperature of quercetin. Overall, the thermal 

events for the methanol sample are similar to those of the QE sample. Both samples show a 

very similar thermal stability, where they de-solvate 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 de-solvation event was measured to be 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. 

 

 

 

Figure 5.10 DSC and TGA curves for (a) methanol slurried sample (b) acetone slurried sample 
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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 and the DSC/TGA curves are shown in Figure 5.10 

(b). A loss in mass of 10.7% is observed at an onset temperature of 78 ℃. Although the loss in 

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

QDH, the event occurs at a much lower temperature of 78 ℃, compared to that of QDH which 

would occur at 95 ℃. Further to that, the endotherm appears to form a shoulder at around 108 

℃, before a second endotherm is observed. The de-solvation endset temperature is around 131 

℃. This thermal behaviour is different to QDH and indicates that the sample is not QDH, and 

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

solvation of the sample could be a two-step process similar to that of QDMSO which was 

discussed in the previous chapter. The sample melts at a sharp temperature of 317 ℃, 

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

which could be due to an impurity in the sample, or another 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, are required to confirm this. 

 

5.4   Conclusion 

In this work, the crystallization behaviour of quercetin in different ethanol-water 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 form of quercetin 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 analysis showed that the QE structure de-solvates at 
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an onset temperature of 28.5℃ to form its de-solvated structure that is a novel anhydrous 

structure of quercetin, different to the de-solvated quercetin structures that are obtained by de-

solvation of quercetin dihydrate or its DMSO-solvate. De-solvation of QE can also be achieved 

by treating the QE form in vacuum for 24 hours. The structure does not appear to de-solvate 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 transformation between 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 quality. In this work, 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 relationship between crystallographic structure and 

surface properties of quercetin particles. The surface chemistry and hydrophobicity of the 

different facets of several quercetin structures were evaluated through the study of their 

extrinsic synthons. The modelling results showed that the most dominant facet of quercetin 

dihydrate is mostly hydrophobic as it grows by non-polar stacking interactions, while for 

quercetin-DMSO 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 the different 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 and final 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] Surface energy heterogeneity in crystalline substances is perhaps the most significant 

manifestation of thermodynamic anisotropy, and involves variations in surface energy, 

adsorption energy and type of favorable chemical interactions (e.g. hydrophobic/hydrophilic) 

of the different facets of a crystal. [4][5] This heterogeneity is due to the different molecular 

arrangements relative to each crystal surface (e.g. different functional groups of the crystal 

molecules being exposed). [4][5][6] 

In the pharmaceutical industry, where crystalline powders are widely used, the surface energy 

and its distribution 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 mixing and 

the cohesion of compressed tablets. [4][5][7] Crystal surface energy can also influence particle 

agglomeration phenomena, wetting phenomena and behavior of particle dispersions in liquids. 

[7] Furthermore, unfavorable crystal morphologies can disturb the operating conditions of 

downstream operations and affect product stability during storage. [8][9] 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 the design of  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 to provide a vital insight into the facet specific properties of 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 chemistry predictions through the calculation of the ‘extrinsic 

synthons’, the synthons that are unsaturated (broken) at the crystal facets due its termination. 

[15][16][17][18][19][20] These extrinsic synthons are important 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 agglomerate etc. [21] Rosbottom et al. have used 

synthonic modelling to examine the crystal morphology and analyze the surface chemistry of 

the α and β polymorphs of p-aminobenzoic acid, by establishing the key intermolecular 

interactions that contribute to the attachment energies of the morphologically important 

surfaces. [22] Nguyen et al. have characterized the extrinsic synthons of RS-ibuprofen to assess 

how the crystal might interact with the surrounding 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 measurements, probe force microscopy and 

atomic force microscopy and inverse gas chromatography (IGC). [4] Finite dilution inverse gas 

chromatography (FD-IGC) has been demonstrated as a practical technique for measuring 

surface energy in a range of  probe molecule surface coverages. [3][7][5][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 properties. [28][29][30][31][32] As different solid forms of 

quercetin 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 the same substance, is yet under-researched 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 surface energies 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 measurements, including inverse gas chromatography and water contact 

angle measurements. Experimental characterization was performed on quercetin dihydrate and 

quercetin-DMSO solvate, the two forms that could be obtained experimentally in the 

laboratory. The work 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 Aesar (Port of 

Heysham Industrial Park, Lancashire, England). Dimethyl sulfoxide (DMSO) solvent was 

purchased from Fisher Scientific (Bishop Meadow Road, Loughborough, England) and ethanol 

solvent, 99.98%, was purchased from VWR chemicals. Water purified by treatment with a 

Milli-Q apparatus was used. 
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Crystallization of quercetin dihydrate (QDH). A 200g solution of 90%(w/w) ethanol and 

10% water solvent with quercetin concentration of 0.01g/g was prepared at 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 Cole-Parmer syringe infusion 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/hr. The temperature was controlled using a Huber Ministat 230 

thermoregulator and a PT100 temperature probe, connected to a 500mL jacketed vessel. The 

crystals were then vacuum filtered using disposable paper filters. 

Crystallization of quercetin-DMSO solvate (QDMSO). A 100g solution of 60% (w/w) 

DMSO and 40% water solvent with quercetin concentration of 0.05g/g was prepared via 

heating to 50 °C to ensure complete dissolution of the solid material. Such solution was then 

subjected to cooling at a rate of -0.3 °C/min to a temperature of 10 °C. The temperature was 

then cycled from 10 °C to 14 °C at a cooling/heating rate of +0.5 °C/min for 24 hours, to 

promote growth of the crystals and Ostwald ripening. The temperature was controlled using a 

Huber Ministat 230 thermoregulator and a PT100 probe connected to a 100 mL jacketed vessel. 

The crystals were then vacuum filtered using disposable paper filters. 

Inverse Gas Chromatography. The QDMSO and QDH crystals 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 the two samples different amounts of samples were used for the 

analysis.  About 25 mg of the QDH and 115 mg of QDMSO sample was packed into a silanized 

glass column (internal diameter = 4 mm) and plugged with silanized 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 voids in the packed sample bed. The 

packed sample column was placed into the column oven and conditioned at the analysis 

temperature of 30°C and 10% relative humidity (RH) for 2 hours under 10 mL/min carrier gas 

(Helium) flow rate prior to each measurement. Helium was used as a carrier gas at a flow rate 

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

was kept at 10% to avoid the dehydration of the QDH sample, which would occur at a lower 

RH. The analysis was carried out in the finite dilution range using a series of n-alkane probes 

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

Contact Angle measurements and Wettability. The water contact angle measurements were 

carried out at 25 °C using a OCA25 drop-shape tensiometer (DataPhysics Instruments, 

Germany) fitted with a microsyringe and a high-speed camera. Compressed discs of the QDH 

and QDMSO samples were prepared by placing 0.3 g of QDH or 0.6 g of QDMSO between 

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 μL) were produced using a straight needle of 0.52 mm outer diameter, to form a 

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 SCA V.20 software, and the contact 

angles between the compressed disk and 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 compared to the theoretical was assumed 
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to be the dominant plane. PXRD patterns were collected on a Panalytical X'Pert PRO which 

was set up in Bragg -Brentano mode, using Cu K radiation ( = 1.54184 Å), in a scan between 

5° to 50° in 2θ with a step size of 0.032° and time per step 25 seconds. 

Scanning Electron Microscopy (SEM). The crystal morphologies of the quercetin forms were 

imaged 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. 

 

6.3   Computational procedures 

The crystallographic information files (.cif) for the four quercetin structures used in the analysis 

were obtained from the Cambridge Structural Database (CDS): quercetin anhydrous 

(REFCODE: NAFZEC), quercetin monohydrate (REFCODE: AKIJEK), quercetin dihydrate 

(REFCODE: FEFBEX), quercetin-DMSO solvate (REFCODE: VUVHOM). [29][32][37][38]  

Computational analysis was performed using Materials Studio 2017, HABIT98, and Mercury 

CSD 2020.3. [15][39][40] The structures were minimized using the Forcite module in 

Materials Studio 2017, using methodologies described in previous publications. [22][31][39]  

The files were exported as .car files (Cartesian coordinates), converted to fractional 

coordinates, and then fractional charges were calculated using the AM1 method within 

MOPAC. [41] The synthonic analysis was carried out using the HABIT98 software, which 

takes 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 radius of 30Å from the central molecule. [15][22][42] 

The calculation of intermolecular interaction energies were performed using the Momany and 

Dreiding II force-fields. [17][19] The ranking of the intermolecular interactions by strength 
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was outputted using the DEBUG-1 function. All visualization of molecular and crystal packing 

were carried out in Mercury CSD 2020.3. [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 largest interplanar spacing (dhkl) are 

likely to be morphologically important. [32][40][42][43] For the slices with the largest 

interplanar spacing, the lattice energy, 𝐸𝑙𝑎𝑡𝑡, was partitioned into a slice energy, 𝐸𝑠𝑙, and 

attachment energy, 𝐸𝑎𝑡𝑡, according to Equation 6.1. [42][44][45]  

𝐸𝑙𝑎𝑡𝑡 = 𝐸𝑠𝑙 + 𝐸𝑎𝑡𝑡   (6.1) 

Where the slice energy, 𝐸𝑠𝑙, is the summation of all the interactions between a central molecule 

and all other molecules within a growth slice of thickness dhkl, and the attachment energy, 

𝐸𝑎𝑡𝑡, 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 

rate of that facet, according to Equation 6.2. 

𝑅 ∝ 𝐸𝑎𝑡𝑡    (6.2) 

The relative attachment energies of each surface were expressed as centre to facet distances, 

then used to determine the external morphology based on the “attachment energy rule”. 

Furthermore, the surface anisotropy factor, 𝜀ℎ𝑘𝑙, was calculated to provide a measure as to how 

satisfied the possible intermolecular interactions of a molecule at a growing surface are when 

compared to those of a molecule within the bulk, according to Equation 6.3. 

𝜀ℎ𝑘𝑙 =
𝐸ℎ𝑘𝑙

𝑠𝑙

𝐸𝑙𝑎𝑡𝑡
     (6.3) 
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6.4   Results 

6.4.1 Attachment energy and morphological simulations analysis 

The calculated slice energies and attachment energies for the specific surfaces of the four 

quercetin structures, as well as the anisotropy factors, are shown in Table 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 factor, 𝜀ℎ𝑘𝑙, provides the degree of 

satisfaction of the intermolecular interactions of a molecule at a facet, compared to a molecule 

in the bulk and can be related to how labile a surface is 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 are significantly different. The (010),(0-10) facets are calculated to have 

93.1% of the interactions satisfied, compared to the capping surfaces (001),(00-1) and (01-

1),(0-11) that both have 35.2% of the interactions satisfied, meaning that those facets are likely 

to grow significantly faster than the (010) and (0-10) surfaces that grow at a much slower rate 

and hence become the dominant facets. Figure 6.1 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 energy rule for the quercetin structures. 

Quercetin anhydrous (QA) 
    

Facet (hkl) Slice Energy 

(Kcal/mol) 

Attachment Energy 

(Kcal/mol) 

Surface Energy 

(mJ/m^2) 

𝜺𝒉𝒌𝒍 

(101),(10-1),(-101),(-10-1) -16.6 -6.7 48.6 71.2% 

(200),(-200) -13.9 -9.4 55.6 59.8% 

(011),(01-1),(0-11),(0-1-1) -12.2 -11.1 69.5 52.5% 

(111),(11-1),(-111),(-11-1),(1-

11),(1-1-1),(-1-11),(-1-1-1) 

-9.5 -13.8 76.4 40.9% 

(210),(-210),(2-10),(-2-10) -6.9 -16.5 83.4 29.4% 

(020),(0-20) -5.8 -17.5 76.4 24.9% 

Quercetin monohydrate (QMH) 
    

Facet (hkl) Slice Energy 

(Kcal/mol) 

Attachment Energy 

(Kcal/mol) 

Surface Energy 

(mJ/m^2) 

𝜺𝒉𝒌𝒍 

(002),(00-2) -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),(1-10),(-110),(-1-10) -8.4 -18.6 83.4 31.2% 

(011),(0-11),(01-1),(0-1-1) -7.4 -19.6 104.2 27.5% 

Quercetin dihydrate (QDH) 
    

Facet (hkl) Slice Energy 

(Kcal/mol) 

Attachment Energy 

(Kcal/mol) 

Surface Energy 

(mJ/m^2) 

𝜺𝒉𝒌𝒍 

(010),(0-10) -13.1 -1.0 13.9 93.1% 

(100),(-100) -11.9 -2.2 27.8 84.5% 

(-110),(1-10) -11.3 -2.8 34.7 80.3% 

(001),(00-1) -5.0 -9.1 34.7 35.2% 

(01-1),(0-11) -5.0 -9.2 34.7 35.2% 

Quercetin DMSO Solvate 

(QDMSO) 

    

Face (hkl) Slice Energy 

(Kcal/mol) 

Attachment Energy 

(Kcal/mol) 

Surface Energy 

(mJ/m^2) 

𝜺𝒉𝒌𝒍 

(011),(01-1),(0-1-1),(0-11) -26.7 -4.00 20.8 92.0% 

(002),(00-2) -25.1 -2.3 13.9 86.3% 

(110),(-110),(1-10),(-1-10) -24.7 -4.3 13.9 85.1% 
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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 and QDMSO, grown from an ethanol-water solvent 

and a DMSO-water solvent respectively, are shown in Figure 6.2. 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 two crystal structures.  
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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 high aspect ratio. The QDH crystal are very small 

in size comparatively to the QDMSO crystals, approximately 30 microns in length instead of 

100 of microns for QDMSO, as shown from the SEM image analysis. The crystals do not seem 

to have a well-defined shape, and the different faces of the needle crystals, especially the 

capping faces are not clearly seen from the SEM images. This might impact the experimental 

surface energy measurements for the QDH crystals. Due to the slow growth kinetic and low 

water solubility suitable size crystals of QDH for single crystal indexing could not be obtained. 

Figure 6.3 (a) shows the simulated XRD pattern of QDH as obtained from Mercury software 

(REFCODE: FEFBEX), and the experimental PXRD pattern from the crystallized sample. 

Comparing the two, 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, thus the diffraction 

peaks corresponding to the lattice planes perpendicular to the direction are intensified. [46][47] 

For QDH, the planes corresponding to the 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 the (0𝑘0) indices 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 (ℎ00) indices family and confirms the presence of a large exposed (100) facet as was 

also predicted from the attachment energy model. 

For QDMSO, SEM images show a thin, plate-like morphology. From the SEM images, three 

different facets can be distinguished. One is the large flat surface, and two different side facets 

of much smaller relative surface area. Comparing the experimental to the simulated PXRD 
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pattern for QDMSO, Figure 6.3 (b), it is obvious that some peaks have a greatly enhanced 

intensity compared to some other peaks for QDMSO, which were found to be for the (002), 

(004), (006) and (008) planes, all belonging to the (00𝑙) indices 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 (002),(00-2) facets. This result does not seem to 

agree with the attachment energy morphological predictions, which give the (011),(01-1),(0-1-

1),(0-11) to be the most dominant facets, with an anisotropy factor of 𝜀ℎ𝑘𝑙 = 92.0%, followed 

by the (002),(00-2) facets, having an 𝜀ℎ𝑘𝑙 = 86.3%. 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, 

supersaturation or interactions of the crystal surfaces with the solvent or solution impurities, 

which have been shown to significantly affect the crystal habit. [44][48][49][50]  

 

Figure 6.2 SEM images for (a) QDH grown from an ethanol-water solvent and (b) QDMSO 

grown from a DMSO-water solvent. 

(a) (b) 

Dominant surface: 

(002)(00-2) 
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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 facets, were calculated in 

previous publications, and their properties are summarised in Appendix C Table C.1. [31][32] 

Quercetin dihydrate (QDH). For the most dominant facet pair (010),(0-10), 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 molecules is the main way 

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 shown in Table 6.2, the contribution to the growth of 

this facet pair comes mainly from the exposed -OH groups at the surface termination, which 

participate in this offset 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 the growth. The 

fact that the facet (010),(0-10) terminates with -OH 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 prevents the –OH 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 non-polar nature. 

On the contrary, the facet pair (100),(-100) grows mainly through synthon QDH5, which is a 

quercetin-water 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 facets (001),(00-1) and (01-1),(1-11) 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 to the π-π stacking of the 

quercetin molecules, 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, shown in Table 6.2. 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). The quercetin molecules were found to 
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pack more closely along those facets, which favours the faster growth. Since both π-π stacking 

interaction and hydrogen bonds contribute to the growth of those facets, it is predicted that 

these are highly energetic facets with a capability of forming both polar and non-polar 

interactions. 

 

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. 

 

 

 

Quercetin DMSO-solvate (QDMSO). For QDMSO the attachment energy model predicted the 

facet group (011),(01-1),(0-1-1),(0-11) to be of highest morphological importance, followed 

by the facet pair (002),(00-2) which was in fact shown earlier to be the dominant facet pair for 

the QDMSO sample prepared experimentally. The facet group (011),(01-1),(0-1-1),(0-11) was 

found to grow mainly by synthon QDMSO5, which is a non-polar π-π 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 prediction confirms 

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

Phenyl & 

Pyrone rings 

32.9% 17.2% 64.3% 64.0% 

C=O 18.1% 11.0% 10.4% 10.3% 

OH 49.0% 71.8% 25.3% 25.7% 
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this by showing the phenyl and pyrone rings exposed at the surface. It is, hence, predicted that 

the (011),(01-1),(0-1-1),(0-11) facets should have a non-polar nature.  

On the other hand, the facet pair (002),(00-2) grows mainly from synthon QDMSO4, a double 

hydrogen bonding interaction between the hydroxyl groups of two quercetin molecules. As 

seen in Figure 6.5, 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),(00-2) should have a polar nature.  

As a final comment, it is again demonstrated 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. 

 

6.4.3 Contact Angle measurements and Wettability 

The wettability of compressed disks of QDH and QDMSO was assessed by measuring the 

contact angle 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 crystals of suitable size for QDH or 
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QDMSO could not be obtained. This technique measures a single parameter over all sites of a 

compressed powder surface, and the angle measured is an average depending on the relative 

area of the different facets present on the surface of the compressed disk. Thus, it does not give 

a complete picture of the surface anisotropy of a crystal. However, the average hydrophobicity 

of the two crystal structures tested can be compared and can be related to the surface chemistry 

of the most dominant facets in each form. The results are shown in Table 6.3. 

 

Table 6.3 Water contact angle measurements for QDH and QDMSO. 

QDH water contact angle measurement 48.0 ± 3.2° 
QDMSO water contact angle 

measurement 
38.8 ± 1.1° 

 

The lower the water contact angle is, the more hydrophilic the surface. These results show that 

QDH is relatively more hydrophobic compared to QDMSO. It was earlier shown that the most 

dominant facets in QDH were (010),(0-10). In the surface modelling section it was 

demonstrated that the (010),(0-10) facets grow by quercetin-quercetin interactions, and 

although -OH groups are present at the termination, no hydrogen bonds were observed to form 

on those facets. It can then be assumed that attachment of water molecules on that facet is not 

favorable. On the contrary, for QDMSO the most dominant facet pair was shown to be 

(002),(00-2) and it was predicted to be polar as it grows by quercetin-quercetin hydrogen 

bonding due to the exposed -OH groups on the quercetin molecules, hence it is reasonable to 

think that this facet could easily form hydrogen bonds also with different, smaller molecules 

such as water. These results come in agreement with the contact angle measurements. If it is 

assumed that the relative area contribution of the most dominant facets is greatest for each 

form, and the polarity of that facet will contribute more to the overall polarity, then it is well 
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predicted that the more polar facets (002),(00-2) will interact more strongly with water, thus 

exhibit a smaller contact angle compared to the QDH. 

6.4.4 Inverse Gas Chromatography (IGC) 

The contact angle measurements give a quantitative measurement for the bulk polarity of the 

two solvates studied, but it  is not facet specific.  IGC goes one step ahead because it can be 

used to evaluate the surface energy heterogeneity profile of the substances under study, and 

assess their surface chemistry anisotropy. IGC data give the relationship of the dispersive 

component of the surface energy at different surface coverages of alkane probe molecules. 

Since different crystal facets have different adsorption energies, it is expected that for a 

heterogeneous material, the surface energy will decrease with increasing surface coverage, as 

at a lower surface coverage the more energetic sites will interact with the alkane probes first. 

As the surface coverage increases the interaction strength between the probe molecules and the 

less energetic sites will be weaker. All measurements shown here were carried out at 35°C and 

10% RH. To confirm that the two solvates were stable at these conditions, the specific surface 

area (SSA) of the crystals was measured at different RH, using an octane isotherm Brunauer-

Emmett-Teller (BET) method. As de-solvation processes are often associated to changes in 

shape of a crystal,  SSA measurements at different RH values can give an indication of the 

presence of solid phase transition. To validate the BET SSA measurements, the crystal size 

distribution for QDH and QDMSO was also measured using image analysis (Morphologi G3). 

The methodology and results for these are shown in SI. The IGC data for the two quercetin 

solvates are shown in Figure 6.6, for the dispersive component of the surface energy. 
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Figure 6.6 Dispersive surface energy as a function of surface coverage for QDH and QDMSO. 

 

The first observation to be made from the IGC data is that both QDH and QDMSO show 

surface energy heterogeneity, as the surface energy changes as a function of the surface 

coverage. This goes in line with the modelling calculations that predict facets of both solvates 

to have different surface chemistries and polarities. The dispersive surface energy changes as 

the energy of adsorption of the alkane probe molecules changes when it interacts with a 

different facet. At low fractional surface coverages, the probe molecules will interact with the 

most energetic sites that can form the strongest non-polar interactions with. At higher fractional 

surface coverages, the facets that can form weaker interactions with the probe molecules will 

also start interacting, and this is the reason that the dispersive surface energy component 

decreases at higher fractional surface coverages. [4][7][23]  

When comparing the two solvates, the energy range for QDMSO is higher, from 54.7 mJm-2 at 

a surface coverage of 0.01 to 44.8 mJm-2 at a surface coverage of 0.08; whereas QDH only 

changes from 55.3 mJm-2 to 47.3 mJm-2 at surface coverages of 0.01 and 0.12 respectively. 
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This suggests that the anisotropy in surface chemistry and polar nature for the surfaces is 

greater for QDMSO, as the surface energy span for QDMSO is greater. Surfaces of similar 

polarity would form interactions of similar strength with the alkane probe molecules. Thus, a 

higher variance in the energy of interactions of the QDMSO shows a greater heterogeneity in 

the polar nature of the different facets. Furthermore, the smaller variability in the dispersive 

surface energy for QDH could be attributed to the fact that these crystals have poorly-defined 

facets, which might be contributing less to the energies measured by the IGC, as compared to 

the much more well-defined facets of the QDMSO. 

Although the surface energy range for QDMSO is greater, the surface energy seems to reach a 

plateau after a surface coverage of 0.06, while the surface energy for QDH keeps decreasing 

even at higher surface coverages. The reason for this could be that the relative surface area of 

the (002)(00-2) facets in QDMSO is much greater than that of the side facets. In fact, SEM 

image analysis revealed that the (002)(00-2) facets account for approximately 95% of the total 

surface area of the QDMSO crystal. This could explain why the dispersive surface energy 

remains constant above a fractional surface coverage of 0.06, at about 46 mJ/m2. This could be 

the energy of interaction of the probe alkane molecules with the (002)(00-2) surface. Since the 

(002)(00-2) facets were predicted to have a polar surface chemistry, it is expected that they 

would have a lower interaction energy with the alkane probe molecules than the (011),(01-

1),(0-1-1),(0-11) facets. The (011),(01-1),(0-1-1),(0-11) facets were predicted to have a non-

polar nature, thus they would form interactions of higher energy and interact with the probe 

molecules at lower fractional surface coverages, which is probably what is observed in the IGC 

data. 

When the magnitude of the dispersive surface energy is compared for the two structures, it can 

be seen that at any surface coverage the energy for QDH is higher compared to that of QDMSO. 

Since the dispersive component of surface energy is a measure of the van der Waal’s 
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interactions, it is suggested that overall the facets of QDH are more non-polar compared to 

QDMSO. In fact, this was demonstrated in the modelling section where it was shown that the 

most dominant facet pair of QDH (010),(0-10) is non-polar as it grows mainly by offset π-π 

stacking interactions, while the largest facet pair for QDMSO (002),(00-2) is polar because it 

grows by quercetin-quercetin hydrogen bonds. 

Overall, the IGC experiments show a good agreement with the surface chemistry prediction 

from the modelling work, and they demonstrate that both solvates are anisotropic, exhibiting a 

surface energy heterogeneity for the dispersive component that is greater for QDH, and that 

QDH is more non-polar compared to QDMSO. Therefore, due to the vast difference that the 

surface properties of solvates can have, the most desirable surface characteristics, those that 

will result in the optimal behaviour in a specific application, can be obtained from the synthonic 

modelling.  

 

6.5   Conclusion 

A molecular modelling analysis has been conducted on several solid forms of quercetin, to 

rationalize the surface properties of this material through the study of the extrinsic synthons 

and morphologies. The modelling calculations were then compared to experimental work 

including IGC and contact angle measurements. 

Via synthonic modelling the attachment energies and surface anisotropy factor for the different 

quercetin solid forms were calculated, along with the predicted morphologies. These were 

compared to SEM images of the crystals and PXRD data. The surface chemistry analysis 

confirmed the anisotropy of the different solid forms and helped in the characterization of the 

hydrophobicity of their surfaces.  

For QDH the (010),(0-10) faces were predicted to be hydrophobic as they grow mainly by a 

non-polar offset quercetin-quercetin stacking interactions, while the (100),(-100) faces are 
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expected to be hydrophilic as the main growth interaction is a polar quercetin-water hydrogen 

bond. For QDMSO, the dominant face pair (002),(00-2) grows by a strong polar quercetin-

quercetin hydrogen bonding interaction, while the second most dominant face group (011),(01-

1),(0-1-1),(0-11) grow by non-polar π-π stacking interactions. 

The contact angle measurements showed that the QDMSO form has a greater overall surface 

hydrophilicity compared to QDH. The IGC data demonstrated surface energy heterogeneity for 

both structures, as the surface energy changed as a function of surface coverage. The data 

showed a greater heterogeneity in the polar nature of the facets of QDMSO, as it spanned a 

greater range of surface energies. The dispersive component of the surface energy for QDH 

was found to be greater than QDMSO at all surface coverages, which indicated a greater overall 

hydrophobicity for QDH. 

In general, the modelling results combined with the experimental findings demonstrated facet-

specific anisotropy in the surface properties of the different quercetin solid forms studied. This 

includes heterogeneous surface energy along the different facets, and different hydrophobicity 

and polar nature of facets. This information is vital to know when designing solid forms for a 

particular application. The approach used in this work can be applied to design particles with 

optimal crystal structure and morphology and to guide the choice of crystallization solvent and 

other crystallization parameters such as solvent composition and supersaturation that will affect 

crystal properties. 
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CHAPTER 7 - CONCLUSION AND FUTURE 

DEVELOPMENTS 

 

Relating crystallographic information to the macroscopic properties of crystalline particles is a 

challenging task. The comprehensive understanding of the synthons that are important in the 

self-assembly and growth of a crystalline material can help in the prediction of those 

physiochemical properties, and it can also guide the choice of crystallization conditions that 

provide a better control and design of crystals with tailored characteristics. 

In this doctoral project, the research goals were motivated by the fact that the model substance, 

quercetin, is a molecule that readily forms solvates with distinct physiochemical properties, 

which can undergo solid-state transformations under certain conditions. These research 

questions aimed to provide a link between the synthonic structure of the quercetin solvates to 

their physiochemical properties and provide an insight into the crystallization behaviour of this 

molecule. 

The main findings from the modelling and experimental work are summarized to provide an 

answer to those research questions outlined in Chapter 1 of the thesis: 

 

- What is the solid-form landscape of this important flavonoid substance, and what are the 

physiochemical properties and transformation conditions of the different solid forms? 

Quercetin was crystallized from a range of solvents, including water, ethanol and DMSO, and 

solvent mixtures, to explore the solid-form landscape of this molecule. Further to the quercetin 

forms already known from literature (QA, QMH and QDH), two novel solvate structures of 

quercetin, QDMSO and QE, and their de-solvated forms were discovered. [1][2][3] QDMSO 
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was found to crystallize by cooling from aqueous-DMSO solutions ranging from 50%(w/w) to 

80%(w/w) DMSO, to give colourless plate-like crystals. Thermal analysis of the structure 

revealed that at 136°C it de-solvates to give an anhydrous form of quercetin, which is not the 

same as the anhydrous quercetin (QA) form reported in literature. The same form is also 

obtained from the dehydration of QDH at 95 °C. 

The QE solvate was obtained by slurrying QDH in 100% ethanol at 20 °C. This form is 

characterized by low stability at ambient conditions, as it can de-solvate at a temperature of 

28.5℃ to form a novel anhydrous quercetin structure, which is not the same as the de-solvated 

form obtained thermally starting from either QDH or QDMSO. De-solvation of QE can be also 

brought about by treating QE in vacuum for 24 hours, or leaving it at ambient conditions for 

longer periods of time, approximately 16 months. 

These new findings add to the knowledge of the solid-form landscape, physiochemical 

properties and transformation conditions for quercetin, which are extremely useful when 

designing processes and optimal solid forms for specific applications using this important 

bioflavonoid substance. 

 

- Rationalize how the level of hydration/solvation 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?  

The QA, QMH, QDH system follows Desiraju’s d/a ratio rule for the formation of hydrates 

which says that a structure with a d/a ratio of less than 0.5 is vulnerable to hydrate formation. 

[4] Quercetin forms hydrates to reduce the imbalance in the d/a ratio from 0.357 towards unity. 

It was shown that as the degree of hydration and the number of water molecules increases, 



 

 

174 

 

hydrogen bonding is more satisfied by interaction with the incorporated water molecules. This 

is because the water molecules, being much smaller in size compared to quercetin molecules, 

can be positioned close to the polar groups of the quercetin molecule forming hydrogen bonds. 

Once hydrogen bonding is satisfied, the quercetin molecules, having a more planar 

conformation, can pack more closely and efficiently via strong π-π stacking interactions, thus 

the contribution of π-π stacking interactions increases with hydration level. The more twisted 

conformation of the quercetin molecules in QA, 31.5°, probably due to the lack of water 

molecules and the need to satisfy hydrogen bonding interaction between the quercetin 

molecules, prevents it from forming strong π-π interactions, thus being a structure of lower unit 

cell density. 

The results highlighted the importance of the water molecules in the stabilization of the 

hydrated crystal structures, and the influence on the hydrogen bonding pattern and the strength 

and nature of intermolecular interactions. 

 

- Elucidate 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? how do these affect the crystal structure and molecular 

packing? 

The comparison of QDMSO to QMH and QDH revealed that the quercetin molecules in 

QDMSO were less planar, with a torsion angle of around 31° as compared to the much more 

planar conformation of the two hydrates. This was explained by the bulkier size of the DMSO 

molecule compared to the water molecules, and the fact that it has no hydrogen bonding 

hydrogens but only one hydrogen bonding oxygen atom. Due to this, the quercetin molecules 

in QDMSO must adopt a more twisted conformation to maximize interaction and facilitate the 



 

 

175 

 

quercetin-quercetin and quercetin-DMSO hydrogen bonds. Hydrogen bonding in QDMSO is 

not exclusively satisfied between host-solvent interactions as in QDH, but also between host 

molecules. This was again justified due to the bulker size of the DMSO molecule, which was 

unable to be positioned next to all the hydroxyl groups of the quercetin molecule and form the 

hydrogen bonding interactions. The less planar conformation of quercetin also resulted in 

QDMSO having a slightly lower unit cell density compared to QMH and QDH. Several and 

different π-π stacking interactions were obtained in the lattice of QDMSO; however, the 

intermolecular distances for those interactions were longer compared to the π-π stacking 

interactions of QMH and QDH, probably for the same reason of the more twisted molecular 

conformation. 

Although the QDMSO structure was less closely packed, and with generally longer 

intermolecular distances, the energy of the hydrogen bonding interactions in the lattice, both 

between host and host-solvent molecules, was found to be stronger than that of QMH or QDH. 

Furthermore, the arrangement of the DMSO molecules in QDMSO showed that these were 

woven tightly into the arrangement of the quercetin molecules, without any obvious channel 

for de-solvation. The stronger synergistic hydrogen bonding and lack of an obvious de-

solvation route was used to explain the superior thermal stability of QDMSO compared to 

QDH. 

The study of the intermolecular interactions and the lattice were used to explain some of the  

physiochemical properties of the structures of quercetin. 

 

- How do the solvent molecules relate to the crystallization behaviour and the physiochemical 

properties of different solvates? 
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Relating the modelling work to the experimental study of the quercetin structures was limited 

to only QDH and QDMSO, due to the fact that pure forms of QA and QMH could not be 

obtained experimentally. Quite often in literature QDH is reported as the most 

thermodynamically stable form between the three (QA, QMH and QDH), and the difficulty in 

obtaining pure QA and QMH is emphasized. [5][6][7][8] This goes in line with the modelling 

work on the quercetin hydrates. The favourable packing arrangements in QDH, particularly the 

very strong π-π stacking interaction contributing to 38% of the total lattice energy, and the 

smaller amount of de-solvation and conformational rearrangement needed during 

crystallization, probably result in the easier crystallization of this form from an aqueous 

solution. On the contrary, the unfavourable conformation of the quercetin molecules in QA and 

less efficient packing, play a role in making this structure especially challenging to crystallize. 

[5][6][7][8] 

The thermal study on the stability of QDH and QDMSO revealed that QDH de-solvates at an 

onset temperature of 95 °C while QDMSO loses the solvent at 136 °C. Synthonic modelling 

showed that the quercetin-DMSO hydrogen bonds in QDMSO are stronger compared to the 

quercetin-water hydrogen bonds in QDH. This can explain the higher energy required to break 

the stronger quercetin-DMSO hydrogen bonds to release the solvent, occurring at a higher 

temperature. 

The moisture-dependent stability study for QDH and QDMSO revealed that both forms are 

stable over a wide RH range: 10-90% RH for QDH, and 0-80% RH for QDMSO, showing 

dehydration or possible solid-state transformation at extreme RH (at 0% RH for QDH and 90% 

RH for QDMSO). Once again, this highlights the importance of the host-solvent interactions 

and hydrogen bonding in the two structures. It was shown that the host-solvent interactions 

account for 45.1% and 45.9% of the total lattice energy, for QDMSO and QDH respectively, 

thus emphasizing how important these interactions are for the formation of stable structures. 
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- How does surface chemistry vary for the different facets and between different solvates of the 

same substance? How does the predicted surface chemistry compare to the experimental one? 

A study of the morphologies and surface chemistry of the quercetin structures was conducted 

through the analysis of their facet-specific extrinsic synthons and exposed functional groups at 

the surface termination. All quercetin structures exhibited surface anisotropy, with varying 

surface chemistry and surface energy for each facet. 

For QDH, the dominant facet pair (010),(0-10) was found to grow mainly by non-polar offset 

quercetin-quercetin stacking interactions, thus it was considered to have a hydrophobic nature, 

while the second most dominant face pair (100),(-100) was expected to be hydrophilic as the 

main growth interaction is a polar quercetin-water hydrogen bond. For QDMSO, the facets 

(002),(00-2), which almost completely dominate the surface area of this form, were found to 

grow by strong polar quercetin-quercetin hydrogen bonding interactions, thus expected to have 

a hydrophilic nature.  

Experimental studies on the two crystal structures (water contact angle measurements and IGC 

studies) confirmed the surface energy heterogeneity and varying surface chemistry for both 

solvate forms. It was further shown that all facets on QDMSO were more polar compared to 

those of QDH, as they could not form as strong dispersive surface energy interactions with a 

non-polar molecule such as with QDH. The results demonstrated how solvates of the same 

substance could exhibit substantial differences in their surface chemistry and how a study of 

the extrinsic growth synthons can enable the understanding and design of particles with desired 

surface characteristics. 
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In general, the work presented in this doctoral project has demonstrated a strong correlation 

between the crystallographic characteristics, and more specifically the synthons’ type and 

strength, to experimental observations regarding the physiochemical properties and the 

crystallization behaviour of quercetin solvates. This multiangle characterization method, which 

couples computational and experimental techniques, can be extended to other solvated 

crystalline structures and can be used to better understand the relationship between crystal 

structure and product properties.  

The presented work can assist in the ongoing effort to design  crystallization processes, and the 

methodology proposed can be used as a tool to guide crystallization conditions in order to 

engineer crystals with optimal physiochemical characteristics, including morphology and 

surface chemistry. This will ultimately lead to more efficient product formulations and faster 

development. 

 

Future developments 

- The work in this doctoral thesis has looked at the effect of two different solvent 

molecules, water and DMSO, on the intermolecular interactions and packing of 

quercetin molecules in solvated structures, and subsequently the impact on the 

physiochemical properties of each structure. It would be interesting to look at the effect 

of other different solvent molecules, to further evaluate how the solvent molecule’s 

size, polarity, abundancy of donors and acceptors and their electronegativity affect the 

synthons and packing and what effect that would have on the particle properties. A 

molecule like quercetin would be ideal for this study as it has been shown to be prone 

to solvate formation. 
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- While synthonic modelling can be used to predict some physiochemical properties of 

structures by linking the synthonic structure to macroscopic properties, more needs to 

be understood about the self-assembly of molecules during nucleation. Experimental 

techniques, such as Near-edge X-ray absorption fine structure spectroscopy 

(NEXAFS), have been used to provide molecular-level information about the 

supersaturated state from which nucleation occurs. It would be extremely useful if 

modelling tools were developed to provide information about the solute-solute and 

solute-solvent interactions during that prenucleation state. Such knowledge would 

allow the prediction of crystallization environments, for example the solvent, which 

would drive the formation of specific structures with desired properties. That could help 

direct the choice of crystallization conditions for many processes. 

- The facet-specific surface characterization of quercetin was not possible due to the fact 

that crystals of quercetin large enough for facet-specific measurements could not be 

obtained. Experimental facet-specific surface characterization could be performed on 

the crystals of a different compound that can grow to a suitable size, using techniques 

such as atomic force microscopy (AFM), chemical force microscopy (CFM) or facet-

specific wettability measurements, such as water contact angle measurements. That 

would permit a direct comparison with the modelling calculations and allow a model 

improvement for more accurate surface chemistry calculations. 

- In the work it was shown that quercetin is a molecule that can form a range of solvated 

structures which, upon de-solvation, give rise to different anhydrous forms of the 

molecule. The use of Gaussian modelling and Density Functional Theory (DFT) could 

be employed to further investigate into the de-solvation behaviour, predict the 

anhydrous quercetin PXRD patterns and elucidate structural differences between them. 

The solvated forms could be relaxed to remove the solvent molecules and be optimized 
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to a lower energy to generate the de-solvated structures of quercetin. This could explain 

why certain solvated forms de-solvate to the same or to different anhydrous 

polymorphs, and gain a deeper understanding regarding the re-arrangement of quercetin 

molecules after the loss of the solvent from the lattice. 
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APPENDIX A – SUPPORTING INFORMATION FOR 

CHAPTER 4 

 

Table A.1 Crystal Data and Structure Refinement for QDMSO. 

Empirical formula C18H19O8.5S1.5 

Formula weight 419.42 

Temperature/K 119.99(10) 

Crystal system Monoclinic 

Space group I2/a 

a/Å 17.42258(8) 

b/Å 13.09931(7) 

c/Å 33.11034(16) 

α/° 90 

β/° 99.5873(4) 

γ/° 90 

Volume/Å3 7451.02(6) 

Z 16 

ρcalcg/cm3 1.496 

μ/mm-1 2.506 

F(000) 3504.0 

Crystal size/mm3 0.55 × 0.36 × 0.06 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 7.272 to 147.678 

Index ranges -21 ≤ h ≤ 21, -15 ≤ k ≤ 16, -41 ≤ l ≤ 40 

Reflections collected 74992 

Independent reflections 7487 [Rint = 0.0427, Rsigma = 0.0165] 

Data/restraints/parameters 7487/25/569 

Goodness-of-fit on F2 1.039 

Final R indexes [I>=2σ (I)] R1 = 0.0351, wR2 = 0.0981 

Final R indexes [all data] R1 = 0.0370, wR2 = 0.0998 

Largest diff. peak/hole / e Å-3 0.39/-0.50 

 

Table A.2 Hydrogen bond parameters in QDMSO. 

Molecules involved Atoms involved Bond distance (Å) 

Atom-atom 

interaction Energy 

(kcal.mol-1) 

Q1 & Q2 H19-O13 2.11 -7.125 

Q1 & Q2 O6-H29 2.02 -6.970 

Q1 & D3 H21-O3 1.98 -13.404 

Q1 & D1 H22-O1 2.05 -14.207 

Q1 & D1 H23-O1 2.02 -14.910 

Q2 & Q1 H31-O8 1.96 -4.622 
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Q2 & Q2 H33-O16 2.19 -5.531 

Q2 & Q2 O16-H33 2.19 -5.531 

Q2 & D2 H32-O2 1.79 -0.750 
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Table A.3 Comparison of quercetin structures. 

 QDMSO QDH QMH QA 

Unit cell Density (u/Å3) 0.900 0.964 1.007 0.702 

Quercetin molecule 

torsion angle (phenyl to 

pyrone ring) 

30.71° for Q1 

31.11° for Q2 
6.74° -1.04° 31.48° 

Interactions’ 

contribution to lattice 

energy:* 

    

Quercetin – Quercetin 45.1% 53.8% 72.6% 100% 

Quercetin – Solvent 45.1% 45.9% 27.2% - 

Solvent – Solvent 9.7% 0.3% 0.2% - 

Contribution of Van der 

Waals interactions to 

lattice energy* 

60.8% 91.2% 89.1% 92.1% 

Contribution of hydrogen 

bonds and dipole-dipole 

interactions to lattice 

energy* 

39.2% 8.8% 10.9% 7.9% 

Q-Q H-bonds (per 

quercetin molecule) 

3 for Q1 

5 for Q2 
0 6 6 

Number of quercetin-

solvent H-bonds (per 

quercetin molecule) 

3 for Q1 

1 for Q2 
6 4 - 

Main synthons QDMSO1 QDMSO2 QDMSO3 QDH1 QDH2 QDH3 QMH1 QMH2 QMH3 QA1 QA2 QA3 

Type 
π-π 

stacking 

π-π 

stacking 

H-bond 

(Q-Q) 

π-π 

stacking 

H-bond 

(Q-W) 

Permanent 

dipole-

dipole 

π-π 

stacking 

H-bond 

(Q-Q) 

H-bond 

(Q-W) 
H-bond H-bond H-bond 

Intermolecular distance 

(Å) 
5.83 5.05 8.36 3.67 5.64 9.14 4.85 7.99 5.93 6.93 7.57 11.24 

Synthon Energy (kcal/mol) -7.37 -5.74 -5.42 -7.66 -1.61 -1.43 -6.39 -5.33 -2.55 -4.26 -2.86 -1.57 

% contr. to lattice energy 6.2% 4.8% 4.5% 37.8% 7.9% 3.5% 24.5% 10.2% 9.8% 38.4% 25.8% 14.1% 

* Based on the energy of the interactions 
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Table A.4 DSC-TGA thermal analysis data for QDH and QDMSO. 

Guest molecule H2O DMSO 

Mw 18.02 78.13 

Stoichiometry 1:2 1:1.5 

Calculated weight loss (%) 10.7 27.9 

Observed weight loss TGA (%) 10.0 ± 0.5 26.4 ± 0.3 

Guest loss Temp. (°C) 94.9 ± 2.7 135.9 ± 2.8 

ΔH for guest loss (Jg-1) -300.3 ± 70.6 -165.2 ± 23.4 

Melting Temp. (°C) 315.8 ± 4.7 317.1 ± 4.0 

ΔH for melting (Jg-1) -95.8 ± 32.1 -53.1 ± 2.9 

Decomposition Temp. (°C) 330.0 ± 2.9 331.1 ± 2.0 
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APPENDIX B - SUPPORTING INFORMATION FOR 

CHAPTER 5 

 

 

Figure B.1 SAXS/WAXS patterns for samples from slurrying experiments for solvent ratios 

from 15%(w/w) ethanol to 100% ethanol. 

 

 

Figure B.2 SEM image of QDH crystals from 70% ethanol (w/w) 30% water solvent. 
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QE mass loss over time experiments 

Dynamic Vapour Sorption Experiment: The results from the DVS experiment are shown in 

Figure B.3. The data shows that there is a decrease in the mass of the sample for approximately 

the first 30 minutes, which should be due to the evaporation of the liquid ethanol from the 

slurry. After that, the mass of the sample appears to be constant. At time t=100 min, the 

recorded rate of mass change is -0.004 %/min, and after t=288 min the rate becomes 0 %/min. 

This shows that a time of approximately 300 minutes was enough to dry the specific sample 

completely and after that no further loss of mass was recorded.  

 

Figure B.3 DVS data for QE slurry at constant temperature of 20℃ and relative humidity of 

20%. 

Monitoring mass sample of QE over time: The results of this experiment, illustrated in Figure 

B.4, show that the mass of the sample decreases considerably from day 0, which is the day the 

sample is filtered, to day 1. This initial loss is due to the sample still being wet with ethanol 

after filtration and the mass loss is due to the evaporation of ethanol. It is assumed that the loss 

is only due to drying, as suggested by the X-ray data which show that the structure does not 

change within a time of 4 weeks (See Stability Studies Section). However, after day 1 the mass 

appears to be fairly stable. Assuming that the sample is dry on day 1, and that being 100% of 
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the mass, the mass change from day 1 to day 6 is found to be 0.8%. The change in mass is not 

considerable to be associated with any de-solvation event of the sample during the specific 

timeframe. 

 

Figure B.4 QE mass loss over time in laboratory conditions 
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APPENDIX C – SUPPORTING INFORMATION FOR 

CHAPTER 6 
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Table C.1 Summary of the six strongest bulk intermolecular synthons for QDMSO and QDH and their properties. [1] 

 QDMSO Intermolecular Interactions QDH Intermolecular Interactions 

Main 

synthons 
QDMSO1 QDMSO2 QDMSO3 QDMSO4 QDMSO5 QDMSO6 QDH1 QDH2 QDH3 QDH4 QDH5 QDH6 

Type 
π-π 

stacking 

π-π 

stacking 

H-bond 

(Q-Q) 

H-bond 

(Q-Q) 

π-π 

stacking 

H-bond 

(Q-D) 

π-π 

stacking 

H-

bond 

(Q-W) 

Permanent 

dipole-

dipole 

H-

bond 

(Q-W) 

H-

bond 

(Q-W) 

Offset 

stacking 

Intermolecular 

distance (Å) 
5.83 5.05 8.36 13.12 6.69 5.27 3.67 5.64 9.14 6.60 6.69 8.12 

Synthon 

Energy 

(kcal/mol) 

-7.37 -5.74 -5.42 -4.87 -4.24 -4.14 -7.66 -1.61 -1.43 -1.40 -1.15 -1.07 

% 

contribution 

of aromatic 

rings to 

synthon 

55.8 74.4 54.4 21.3 63.6 33.3 66.7 11.3 56.0 5.4 17.2 33.0 

% 

contribution 

of hydroxyl 

groups to 

synthon 

22.2 15.2 34.5 83.1 34.3 45.2 23.0 72.7 27.1 91.8 71.8 49.0 

% 

contribution 

of carbonyl 

bond to 

synthon 

22.0 10.4 11.1 −4.4 2.0 21.5 10.3 15.7 16.9 2.8 11.0 18.1 
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BET analysis of Quercetin dihydrate and Quercetin DMSO crystals using 

Inverse Gas Chromatography at different RH 

 

Method 

BET using IGC 

The Quercetin crystals were studied for their BET using Inverse Gas Chromatography, IGC 

surface energy analyser (IGC SEA, SMS, UK). Due to the difference in the specific surface 

areas of the 2 samples different amounts of samples were used for the analysis.  About 25 mg 

of the Quercetin dihydrate and 115 mg of Quercetin DMSO sample was packed into a silanised 

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

ends. A jolting voltameter (Surface Measurement Systems, London, UK) was used to provide 

mechanical tapping to the sample in order to remove the voids in the packed sample bed.  The 

packed sample column was analysed  using Octane as a solvent at 10% RH , 30% RH and 50% 

RH conditions at a temperature of 35°C. Prior to BET measurement, the sample column was 

conditioned at the same RH and temperature conditions for a period of 2 h with Helium as a 

carrier gas at  10 ml · min-1 carrier gas flow. Methane was used as a reference gas to determine 

the dead volume.  

Results 

Table C.2 Specific surface area using octane isotherm in IGC 

Quercetin dihydrate 

 RH (%) BET SSA (m2/g)  

10 31.4 

30 31.1 

50 31.4 
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Table C.3 Specific surface area using octane isotherm in IGC 

Quercetin DMSO 

 RH (%) BET SSA (m2/g)  

10 6.3 

30 6.2 

50 6.4 

 

The BET SSA values for both QDH and QDMSO do not change considerably as a function of 

the RH. As de-solvation processes are often associated to changes in shape of a crystal, the 

constant SSA values indicate that the two structures do not undergo any de-solvation process 

within the RH range tested. 

 

Morphologi G3 size measurements 

Morphologi G3 is a particle characterization technique using imaging and data analysis, which 

can measure the particle size and shape distribution of extremely large number of crystals. The 

technique measures the area of a 2D image of the particle which can be used to calculate a 

circle equivalent diameter distribution. 

The Circle Equivalent (CE) diameters for QDH and QDMSO are shown in the figures below. 
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Figure C.1 Circle Equivalent (CE) diameters for QDH and QDMSO 
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2. The aspect ratio of the crystals (width/length) was 0.56 for the whole population. This 

was the peak aspect ratio measured by the technique. 

3. The thickness of the crystals is 1/3 of the width. This assumption was made based on 

measurements taken from SEM images of QDH which showed that usually the 

thickness was 1/3 of the width. 

The density of QDH (1600.24 kg/m3) was used to calculate the mass based on the predicted 

volume. 

The predicted SSA for QDH was 10.18 m2/g. This is approximately 3 times smaller than the 

SSA measured from the BET octane isotherm method before the IGC. However, it is expected 
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that the prediction from the Morphologi G3 data is greatly underestimated due to the significant 

degree of agglomeration of the QDH crystals which the software recognizes as a single particle. 

This means that the agglomerated sides of the crystals would not contribute to the predicted 

SSA. An example of agglomerated QDH crystals is shown below. 

 

Figure C.2 Agglomerated QDH crystals shown on Morphologi G3 size measurement tool. 

 

For the QDMSO SSA prediction, different assumptions were made: 

1. The shape of the QDMSO crystals are circular plates. 

2. The thickness of the plates is 0.026 times the circle equivalent diameter of the circular 

surface. 

The SSA was calculated to be 11.39 m2/g, where as the BET measured one was 6.3 m2/g. This 

overestimation is likely to be due to the overlapping agglomeration of the QDMSO crystals as 

seen from the software imaging. Example image is shown below. 

 

Figure C.3 Agglomerated QDMSO crystals shown on Morphologi G3 size measurement tool. 
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