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Abstract

This thesis investigates the ‘crystal-regeneration’ phenomenon, where a single macro-

scopic paracetamol crystal, broken along its cleavage plane (010), extrinsically regener-

ated into its pre-breakage shape before growing equivalently to its unbroken counterpart.

Regeneration occurred via rapid growth along the cleavage plane, with facets on the in-

tact crystal remaining dormant until the shape was restored. The extent and orientation

of breakage influenced regeneration: breakage parallel to the cleavage plane promoted

regeneration as opposed to perpendicular breakage, emphasising the importance of both

particle size and shape evolution after breakage. Growth perpendicular to the cleavage

plane was at least twice as fast as parallel growth, with most regeneration occurring in the

experiment’s initial phase. These observations support a two-step mechanism consisting

of a fast phase followed by a slower phase.

Graphical abstract: Crystal regeneration observed in a form I paracetamol crystal post
breakage along the cleavage plane

The phenomenon was elucidated through intricate single crystal experiments, supported

by advanced imaging setups and automated image analysis via MATLAB to measure

facet-specific growth rates. Crystal regeneration was examined in three solvents—ethanol,

acetone, and tetrahydrofuran (THF)—across various supersaturations (1.03 to 1.30) and

under agitation. Regeneration was favourable under all tested conditions, with solute-

solvent interactions, hydrodynamics, and thermodynamics influencing the process. Solute-

surface interactions, driven by higher solubility, were preferred over unfavourable solvent-

surface interactions, resulting in higher regeneration rates. Regardless of conditions,

regeneration led to accelerated growth kinetics strongly dependent on supersaturation,

following power law kinetics. Cleaved crystals also enhanced secondary nucleation, show-

casing their potential as a seeding strategy in batch crystallisation processes.

Crystal regeneration challenges traditional morphological theories that emphasise the
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influence of slow-growing facets, as broken crystals behave differently. The preferred

‘switching off’ of facets during regeneration suggests a possible link between crystal

‘shape-memory’ effect and surface energetics. This thesis systematically explores crystal

behaviour post-breakage and proposes mechanisms to explain these phenomena, offering

critical insights into previously unexplored post-breakage crystal growth dynamics.
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Chapter 1

Introduction

1.1 Background and Motivation

Active Pharmaceutical Ingredients (APIs) also known as ‘drug substances’ are crucial

in pharmaceutical crystallisation as they are the components responsible for treating or

preventing disease [25]. APIs range from common drugs like paracetamol and ibuprofen

to therapeutic proteins for more severe conditions. The rise in chronic diseases has

driven demand for drug research, with the API market forecast to grow by 60 billion

USD by 2025 at a 6% Compound Annual Growth Rate (CAGR) [26, 27, 28]. However,

pharmaceutical production is time and cost intensive, where the cost of a single batch

can surpass £1 million [29], making advanced techniques like crystallisation essential

for improving efficiency. Crystallisation is a ubiquitous process where molecules self-

assemble into well-ordered, three-dimensional structures. The characteristics of crystals

are largely influenced by the conditions under which crystallisation occurs, often leading

to unexpected morphologies, shapes, and sizes. However they need to be of a certain size,

shape, purity and structure before entering downstream processing [1]. Crystal attributes

not only affect the performance of these processes – filtration, drying, milling etc., but

also the final drug product qualities such as dissolution rate, shelf life, and bioavailability

[30, 31]. With economic and regulatory pressures becoming increasingly stringent [32, 33],
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immense emphasis is put on designing and controlling the crystallisation process so that

any undesired crystal characteristics are avoided.

However, accurate prediction of crystal shape and size still remains a big challenge in

pharmaceutical crystallisation. Mechanical breakage is a common occurrence in industrial

crystallisers, yet a systematic study on crystal breakage and the consequent effect on

crystal growth has never been reported. Micro breakage and attrition have been studied

vastly as means of secondary nucleation, however, the repercussions of crystal fracture

resulting in the ‘death’ of the large crystal and the consequent ‘birth’ of substantially

sized crystals is unknown. In most cases, growth post breakage is assumed to be the same

as before breakage either due to lack of understanding or for simplification purposes in

process modelling [34].

In the pharmaceutical industry, the unique responses of crystals to external mechanical

forces, such as ‘self-healing’ [35, 36, 37] and ‘bending’ [38, 39], are particularly intriguing.

These phenomena can provide valuable insights into the crystal structure and enhance

the performance of downstream processes like milling and tableting. Along similar lines

of crystal abnormalities, this PhD reports and investigates a novel observation of crystal

growth post breakage called ‘crystal regeneration’. Here, paracetamol crystals broken

along their cleavage plane regrew into their original shape prior to demonstrating growth

like an unbroken crystal. These eccentricities have the potential of changing for the better

or worse, the end crystal properties as well as their downstream performance. Considering

that breakage along the cleavage plane is most probable when a crystal is under pressure

[40], understanding the growth behaviour post cleavage is highly crucial to accurately

predict the end crystal properties and improve their downstream processibility.

1.2 Aims of this PhD thesis

This PhD research aims to investigate the behaviour of organic crystals after breakage

through systematic experiments involving the breakage and subsequent growth of single
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crystals which have previously not been attempted. The primary focus will be on studying

breakage along the cleavage planes of crystals to observe and report changes in crystal

shape, size, and growth rates post-breakage. To achieve this overarching goal, four key

objectives will be pursued:

1. Investigate in detail the recently reported ‘crystal regeneration’ phenomenon. With

the aid of high quality images, crystal growth measurements, and characterisation

techniques, propose a ‘regeneration mechanism’ applicable to organic crystals

2. Develop an experimental workflow utilizing automated imaging and image analysis

to obtain precise growth rate measurements for deducing regeneration kinetics. This

framework can then be applied to screen other crystal systems, demonstrating that

regeneration is not limited to paracetamol alone

3. Investigate the effect of crystallisation conditions such as type of solvent, supersat-

uration ratio, and agitation, on regeneration as well as its implications on other

crystallisation processes such a secondary nucleation. The goal is to highlight the

significance in the behavioural differences between broken and whole crystals

4. Finally, propose hypothesis and mechanisms to explain the peculiar observations

arising from the regeneration phenomenon and their deviations from the growth

behaviour of crystals prior to breakage, inspiring further exploration into crystal

breakage and growth

1.3 Thesis overview

This thesis consists of seven chapters in total with three main results chapters. Prior to

the start of any technical content, a summary of my publications, attended conferences,

and PhD achievements has been provided. The breakdown of the thesis is as follows:

• Chapter 2: Literature review

This section encompasses all the relevant literature associated with the PhD topic
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from the theory of crystallisation, thermodynamic and kinetic theories of growth,

through to the mechanical properties of crystals. A review of the most current un-

derstanding of crystal breakage and growth as well peculiar behaviours in molecular

crystals has been provided.

• Chapter 3: Materials and Methods

Description of the general experimental set-ups as well as any computational meth-

ods and solid state characterisation techniques used, have been detailed in this

chapter.

• Chapter 4: Crystal regeneration - a proposed growth mechanism in crys-

tals post breakage

The first results chapter introduces the regeneration phenomenon observed in crys-

tals post breakage. The effect of crystal size, and extent and orientation of breakage

has been investigated via evaporative crystallisation and optical microscopy.

• Chapter 5: Design of isothermal crystallisation set-up with integrated

macrophotography to investigate solvent effects on crystal regeneration

This chapter describes the developed workflow comprising of an isothermal crys-

tallisation setup, a macrophotography rig, and MATLAB image analysis, to study

the effect of solvents on crystal regeneration

• Chapter 6: Effect of supersaturation and agitation on the regeneration

rates of paracetamol crystals

Utilising the experimental set-up developed in the previous chapter, this section

reports the facet specific growth rates during regeneration as a function of super-

saturation and agitation. This section also addresses the anomalies in crystallisation

kinetics resulting from regeneration.

• Chapter 7: Conclusions and future work

Key findings and takeaways of this research have been summarised in this chapter.

Ongoing work as well as some of the short term and long term plans associated

with crystal regeneration have been detailed.



Chapter 2

Literature review

2.1 Crystallisation in the pharmaceutical industry

Crystallisation is the process of generating and isolating solid crystals from solution, melt,

or directly from a gas phase by molecular self-assembly into well-defined and rigid lattices

to minimise their energy state. Due to the ordered structure of crystalline materials,

impurities or solvents are usually excluded, resulting in a pure product [41, 42]. This

single-step separation and purification process is more efficient than traditional methods

like chromatography, making crystallisation a key link between synthesis and downstream

processing [30, 29]. Industries including food, pharmaceutical, and fine chemicals – dyes,

pigments, explosives, implement crystallisation to different extents in their manufacturing

process depending on their end product goal [43, 44, 45]. In the pharmaceutical industry

specifically, crystallisation plays a crucial role in the development and manufacturing of

drug substances.

Crystallisation is the primary method for purifying and producing solid APIs, influencing

the physicochemical properties of drugs such as solubility, stability, and bioavailability

[1]. The ability to control the crystallisation process is essential for ensuring the quality,

efficacy, and safety of pharmaceutical products. The solid-state form of a drug, including

its polymorphic and crystalline state, can have a significant impact on its therapeutic

5
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performance [46]. For instance, different polymorphs of a drug may exhibit distinct

solubility profiles, which can influence the rate and extent of drug absorption in the body

[47].

The crystallisation process is highly sensitive to a range of factors, including temperature,

solvent type, concentration, and the presence of impurities [48]. In pharmaceutical man-

ufacturing, precise control of these parameters is critical to ensure consistent production

of the desired crystal form with appropriate particle shape and size distributions, which

in turn affects downstream processing such as filtration, drying, and tableting [49]. This

chapter explores both the fundamental concepts and recent advancements in key areas

of crystallisation, including solubility, nucleation, and crystal growth. It concludes with

a summary of the current understanding of crystal breakage and post-breakage growth,

alongside a detailed account of the solid-state properties of paracetamol that sets a scene

for the results chapters to follow.

2.2 Fundamentals of crystallisation

2.2.1 Solubility

Phase diagram

Solubility is a fundamental thermodynamic variable that governs the crystallisation pro-

cess and influences the mechanisms of nucleation and growth. Solubility can be defined as

the maximum amount of a solid species that can completely dissolve in a certain amount

of solvent at a given temperature and pressure. When this happens, the solution is said

to be saturated and is in dynamic equilibrium with the solid phase.

Usually the temperature dependence on the solubility of a solute in a solvent or solvent

mixture is represented graphically using a solubility curve. The work of Ostwald in

1897 and Miers and Isaac in 1906-1907 led to the development of a phase diagram for
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crystallisation, a generalised version of which is shown in Figure 2.1.

Figure 2.1: A generalised phase diagram showing the solubility curve and the three
thermodynamically varied regions

As can be seen from the diagram, the curve above the solubility line is the ‘supersolubility’

curve, separating the ‘metastable’ region from the ‘labile’ region [50] - first reported by

Mier and Isaac by studying the dependence of temperature on spontaneous crystallisation

using refractive indices of the solution [51, 52]. With both, solubility and supersolubility

showing a proportional relationship to temperature, the three regions on the diagram can

be described as follows:

• Stable region: the region below the solubility line is the undersaturated zone where

the energy barrier for crystallisation is high enough for no crystallisation to take

place. Any amount of solid added in this region will instantly dissolve, as well as

any pre-existing crystals will exhibit dissolution.

• Metastable region: This supersaturated zone between the solubility and supersolu-

bility line is where, even though no spontaneous crystallisation takes place, already

present crystals will grow. Crystallisation in this region is sought after as it provides

adequate control over the process.

• Labile region: The supersaturated region above the supersolubility curve is the least
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desired region for operation as it leads to spontaneous crystallisation due to a low

energy barrier. Therefore there is a risk of ‘run-away’ crystallisation which cannot

be controlled, giving undesired crystalline products.

Overall, crystallisation can only take place above the solubility line in the supersaturated

region. There are various ways of achieving supersaturation; via evaporation of solvent

(red line on Figure 2.1), cooling of the solution (blue line on Figure 2.1), as well as anti-

solvent addition. Even though there is substantial understanding about the solubility

curve, this is not the case with the metastable and labile region. This metastable limit

or the Metastable Zone Width (MSZW); as shown on the diagram, is a kinetic entity

and varies for a specific system depending on parameters including agitation, impurities,

solution history, fluid dynamics etc., and thus difficult to determine [53, 54]. Current

experimental methods of determining this region include polythermal ([51, 52]) methods,

however due to the large uncertainties associated with this property and consequently

the time consuming nature of these experiments, some theoretical models to predict the

MSZW have also been developed [55]. Despite the complications of obtaining data on

metastability, determining the MSZW and therefore controlling the supersaturation is

always sought after as it has the potential to influence the thermodynamic and kinetic

parameters of the entire crystallisation process.

Supersaturation

A solution is said to be supersaturated when the solute concentration at a given temper-

ature surpasses its equilibrium concentration. As mentioned above, supersaturation, σ,

is the driving force for crystallisation and is essentially derived from the difference in the

chemical potential of the solute species, i, [56]:

σ =
µi − µ∗

i

RT
=

[µ0
(aq)(T ) +RT ln(ai)]− [µ0

(aq)(T ) +RT ln(a∗i )]

RT
= ln

(
ai
a∗i

)
(2.1)
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Where µi is the chemical potential of the solute species, µ∗
i is the chemical potential of the

solute species at equilibrium, µ0
(aq) is an arbitrary reference state chemical potential, R is

the gas constant, and T is temperature. Moreover, ai and a∗i is the activity of the solute at

supersaturation and at equilibrium respectively. As activity is a function of the activity

coefficient, γi, and the mole fraction of the solute in solution, xi, the dimensionless eq.2.1

can be rewritten as:

σ = ln

(
γixi

γ∗
i x

∗
i

)
(2.2)

Under the assumption of an ideal solution where γi = γ∗
i = 1 the following definition of

supersaturation is obtained:

σ = ln

(
xi

x∗
i

)
(2.3)

Generally, the dimensionless chemical potential difference is approximated using a di-

mensionless concentration difference and the following expression is used to display the

relative supersaturation, ϕ [57, 48]:

ϕ =
∆c

c∗
= S − 1 (2.4)

Where, ∆c is the concentration difference and S is the supersaturation ratio, defined as:

∆c = c− c∗ (2.5)

S =
c

c∗
(2.6)

Where, c is the concentration and c∗ is the concentration at equilibrium

2.2.2 Nucleation

Nucleation is the onset of crystallisation i.e. the ‘birth’ of a new phase from the bulk phase

that eventually develop into ordered crystalline solids. This process can be categorised

into two groups, primary and secondary as seen in diagram 2.2. The major difference be-

tween them is that in primary nucleation nuclei are formed directly from solution without
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the presence of a previously formed crystal, whereas, in secondary nucleation, crystals of

the same solute species induce nucleation. To classify further, primary nucleation, can

be homogeneous or heterogeneous. When the supersaturation of the system itself drives

the formation of nuclei in a crystal free solution, it is termed as homogeneous nucleation.

Conversely, the surface of foreign substances such as dust, crystalliser walls and other solid

impurities act as an active site for nuclei formation leading to heterogeneous nucleation.

MSZW and Induction time, tind are the most common ways of determining the onset of

nucleation in a crystalliser. MSZW is measured during polythermal experiments and is

the temperature range or the time, tMSZW between the solution reaching saturation and

the first appearance of crystals. Whereas tind is measured under isothermal conditions as

the time taken from the solution reaching constant temperature until nucleation being

detected [58].

Figure 2.2: A schematic of the major categories of nucleation processes

Primary Homogeneous Nucleation

The Classical Nucleation Theory (CNT) is the most elementary and widely used theory

describing homogeneous nucleation. It was first developed to understand the condensa-

tion of vapour into a liquid droplet but over the years is has been treated analogous to

the generation of crystals from solutions [59, 60]. The fundamental idea of CNT is the

creation of solute molecule ‘clusters’ in a supersaturated solution which eventually grow

into nuclei after reaching a minimum size required for stability.
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Figure 2.3: Free energy diagram for the nucleation process as a function of the nuclei
radius

Gibbs formulated this theory into a thermodynamic explanation using the following equa-

tion [59, 61, 62]:

∆G = ∆GS +∆GV = 4πr2γ − 4

3
πr3∆Gν (2.7)

which states that the Gibbs free energy change, ∆G, associated with the formation of

a cluster in solution is the sum of two quantities; the surface free energy gain, ∆GS,

resulting from the formation of a new surface and the volume free energy loss, ∆GV ,

resulting from the creation of a new solid phase which is inherently more stable than

the supersaturated solution. Here ∆GS is dependent on the cluster radius, r, and the

interfacial tension between the cluster surface and solution, γ.

Equation 2.7 can be visually represented as seen in diagram 2.3 [60]. It can be seen

that only after the radius of the cluster reaches a critical size, rc, does the free energy

of the system become negative i.e the system becomes stable and nuclei growth becomes

energetically favourable. As ∆G passes through a maximum at rc, this critical radius can
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be found by making d∆G/dr = 0:

d∆G

dr
= 8πrγ − 4πr2∆Gνrc = 0 =⇒ rc =

−2γ

∆Gν

(2.8)

Hence, using Equations 2.7 and 2.8, ∆Gcrit, gibbs free energy at rc can be found:

∆Gcrit =
4

3
πr2cγ (2.9)

The Gibbs-Thompson equation originally developed for a liquid-vapour system in the late

1800s was later applied to crystallisation systems by Ostwald and Freundlich separately

in the early 1900s to express the growth of the nuclei clusters [63]:

ln
c

c∗
= ln(S) =

2Mγ

RTρr
(2.10)

Where, M is the molar mass and ρ is the density. The above equation (Equation 2.10)

highlights the dependence of the particle size, r, on the supersaturation, S, of the solution

where at higher supersaturations the critical radius is smaller due to smaller energy bar-

riers compared to at lower supersaturations. This underpins the phenomena of ‘Ostwald

ripening’. At low supersaturations, S approaching 1, there will be many particles smaller

than the critical radius, as rc is large. Hence they will dissolve whilst those larger than

the rc will eventually come together to form one, single large particle [64]. As Ostwald

ripening takes place at low supersaturations, meaning a lower driving force, it takes place

very slowly; on a scale of days to months [64].

Equation 2.10 can be rearranged in terms of r (Equation 2.11) and substituted into Equa-

tion 2.9 to obtain the critical Gibbs free energy with respect to the solution concentration

(Equation 2.12):

r =
2Mγ

RTρ ln(S)
(2.11)
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∆Gcrit =
16

3
πγ3

(
M

RTρ lnS

)2

(2.12)

In 1926 Volmer and Weber first came up with a kinetic theory for CNT which was

developed through the years to ultimately show that the nucleation rate, J , which is the

number of nuclei formed per unit time per unit volume, can be expressed in an Arrhenius

form [60, 61, 65]:

J = A exp

(
−∆Gcrit

kBT

)
(2.13)

WhereA is the pre-exponential term which depends on the rate of attachment of molecules

to the cluster [60], and kB is the Boltzmann constant. Using Equation 2.12, this can be

written as:

J = A exp

(
− 16πγ3M2

3R2kBT 3ρ2 ln2(S)

)
(2.14)

As R = kBNA, where NA is the Avogadro’s constant, M/ρ = Vm, where Vm is the molar

volume, and ν = Vm/NA, where ν is the volume of a single molecule, the above equation

can be simplified further and a final equation for CNT can be written as:

J = A exp

(
− 16πγ3ν2

3k3
BT

3 ln2(S)

)
(2.15)

Though widely used, CNT is based on major assumptions [30, 60]:

• The clusters are treated as spherical and the dependence of surface curvature on

interfacial tension is neglected

• The clusters grow by the attachment of one monomer at a time, in a ordered manner,

resulting in the same molecular arrangement as the resulting crystal
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• The clusters are stationary and the nucleation rate assumes steady state kinetics.

The assumptions and simplicity of CNT limit its use in more complex systems as it

does not take into consideration the entire picture. Hence, Non-classical Crystallisation

(NCC) theories have been gaining traction over the years. These are based on density

fluctuations in the solution resulting in molecular precursors that are larger than the

building blocks/monomers in CNT [66]. NCC includes mechanisms such as the two-step

nucleation theory [67, 30], and the pre-nucleation cluster theory [68]. Details of the non-

classical nucleation pathways will not be discussed here are they lie outside the scope of

this thesis.

Primary Heterogeneous Nucleation

Although spontaneous homogeneous nucleation is conceptually straightforward, it re-

quires high supersaturations such that the thermodynamic energy barrier for nucleation

is low, making it difficult to control. The excessive supersaturations can lead to ‘runaway’

crystallisation with imperfect final crystals, sustaining impurities and defects. Hence,

heterogeneous nucleation, inducing nucleation using foreign species in solution, is sought

after. Theoretically, solid impurities like dust particles, crystalliser walls etc., also act

as hetero nucleants, lowering the energy barrier for nucleation. These substances are

inevitably present in the system, therefore achieving 100% homogeneous nucleation, al-

though assumed, is rarely possible. Having said that, in the past 2-3 decades, the effect

of various heterosurfaces, known as ‘templates’, on the nucleation behaviour of APIs

have been widely studied. They have been shown to not only to speed up nucleation

kinetics [2, 4] but also selectively nucleate the desired API polymorph [69, 5]. As the

solute molecules aggregate on the heterosurface and form stable nuclei at the solid-liquid

interface, the specific interactions between the solute and the template surface is a cru-

cial parameter to investigate [70]. These interactions are mainly governed by the surface

topography, epitaxy, and surface chemistry of the templates being used [71].
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Heterogeneous nucleation via epitaxy occurs via lattice matching such that there is a

degree of similarity between the molecular arrangement of the template surface and the

crystal structure of the solute of interest [72]. These favourable epitaxial interactions

reduce the interfacial energy required for nuclei formation, hence reducing the induction

time for the desired crystalline product. Various studies have shown that the matching

of the three-dimensional (3D) molecular arrangement of the solute and substrate have

resulted in favourable nucleation outcomes [73, 74, 75, 76], however increasing number of

studies have shown the success of two-dimensional (2D) interfaces, and Ledge directed

epitaxy (LDE). A popular 2D interface are self assembled monolayers (SAMs) of the

solute of interest. In the case of entacapone [77], used to treat Parkinson’s disease, as

well as 1,3-bis(m-nitrophenyl) urea [78], SAMs assembled on a gold surface led to the

selective nucleation of the desired polymorph. Ledge directed epitaxy (LDE), a variation

of 2D epitaxy, is the matching between the dihedral angles of the nucleating crystal

structure and the defect of the template surface, developed by Ward and co-workers [79].

More recently the effect of functional group matching and surface topography have been

more promising. Multiple studies have shown that hydrogen bonding between the sub-

strate and the solute, along with the extended lifetime of the bond is crucial for solute

molecule adsorption and the creation of stable nuclei on the hetero surface. E.g., the

acceleration of paracetamol nucleation due to hydrogen bond complimentarity between

paracetamol and graphite hetero surface [4], and the use of microcrystalline cellulose

(MCC) as a template for inducing heterogeneous nucleation in five of the seven APIs

tested [80, 3]. In terms of topography, pore sizes and shapes of the polymer templates

have been shown to selectively nucleate the desired crystalline product. Whilst 5-methyl-

2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (ROY) preferentially crystallised in the

pores of porous glass template with smaller pore size [81], Aspirin showed preferred nu-

cleation in hexagonal shaped pores of polymers rather than any other geometry [2].

To summarise, a hetero template could be any material from the likes of organic crystals

[4, 5], inorganic crystals [82] [3], polymers [2], porous silica [83], porous glass [81], SAMs
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Figure 2.4: (a) induction time data showing preferred nucleation in the hexagonal pores
of polymer films (b) Aspirin crystals nucleated inside the square pores due to favourable
interactions at the pore angles. (a) and (b) adapted with permission from [2] (c) Molecular
dynamic simulations showing cluster formation of paracetamol and fenofibrate molecules
of MCC surface due to hydrogen bonding. Figure adapted with permission from [3]
(d) paracetamol crystals nucleating on D-mannitol crystal and (e) pimelic acid crystals
nucleating on malonamide single crystal. Images obtained with permission from [4] and
[5] respectively

[77, 78] etc. (Figure 2.4) . As long as these surfaces enable favourable interactions,

epitaxial and/or chemical, with the crystal structure of the desired solute, heterogeneous

nucleation has been seen to be successful. The way in which a heterosurface is introduced

to a crystallisation cocktail is via ‘seeding’ which will be discussed in detail in Section

2.2.2.

Secondary Nucleation

Secondary nucleation (SN) is the generation of nuclei in the presence of the parent crystal

of the solute in solution [84]. As seen previously, nucleation is the interplay between the

free energy gain from formation of a new surface and the free energy loss due to creation

of solid phase in solution. Due to the already present crystal surface, the energy required

for the creation of a solid-liquid interface is lower, thus allowing secondary nucleation to

occur at lower supersaturation compared to primary nucleation, consequently enhancing

crystallisation control. The readers are directed to the secondary nucleation reviews for
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a detailed account on the process [85, 86, 6] however to summarise, the following are the

main routes of SN identified with consensus across the literature (Figure 2.5 (left)):

• Nucleation from parent crystal

1. Needle/dendritic breeding and Attrition

At very high supersaturations, needles (dendrites) grow on the crystal surface

and shear away into the solution [87]. Industrial crystallisers do not normally

operate at such high supersaturation and thus this phenomenon rarely occurs.

Under attrition, impact forces such as crystal-crystal (CC), crystal-wall(CW),

and crystal-impeller (CI) interactions can also chip away fragments from the

crystal which then grow into bigger crystals [88]. Since these two mechanisms

result in particles bigger than the average nuclei, it is debated whether they

classify as a SN mechanisms. Moreover, the high collision energy leads to

considerable lattice strain in parent crystals, leading to growth rate dispersion

[86].

2. Contact nucleation/microattrition

High fluid shear and/or CC, CW, and CI interactions occurring at minimal

collision energy result in microattition or contact nucleation [89]. This form

of SN causes minimal damage to the parent crystal and produces fines that

are in the size range of nuclei. These fines on the parent crystal surface get

displaced into the solution due to fluid motion or by contact, which then grow

into individual crystals [84].

• Nucleation from solute layer

1. Embryo Coagulation Secondary Nucleation (ECSN)

In this mechanism first discovered by Qian and Botsaris in 1997 [90], so-

lute/prenucleation clusters in the solution move towards the parent crystal

via Van der Waals attractive forces. When concentration of these clusters

or ‘embryos’ increases within the boundary layer, they rapidly coagulate and
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form nuclei of critical size, which are washed away into the bulk solution by

fluid shear stress and contact nucleation [91].

2. Surface nuclei breeding

Prenucleation clusters from solution come into contact with the surface of the

crystal, which facilitates the formation of stable nuclei. These nuclei are weakly

bound to the surface and hence, as with the previous cases, are washed away

by fluid motion or weak contact forces (Figure 2.5 (middle)). Recently, this

mechanism has been proposed as the route for secondary nucleation in several

studies, including the crystallisation of paracetamol and glycine [7, 92, 93].

Figure 2.5: Left: Main mechanisms of secondary nucleation, obtained with permission
from [6] Middle: Surface nuclei breeding mechanism shown via molecular dynamic simu-
lations at moderate supersaturation, obtained with permission from [7] Right: Updated
phase diagram depicting the secondary nucleation threshold for seeded systems, highlight-
ing the seed growth only and seed proliferation zones, obtained with permission from [6]

The rate of SN, BN , is normally expressed as an empirical relationship [1]:

BN = kn,sN
j
i M

k
Tσ

b (2.16)

Where kn,s is the empirical SN rate constant, MT , Ni and σ are the suspension den-

sity, impeller speed and supersaturation respectively, and j, k, b are empirical constants.

Although Equation 2.2.2 is widely used, several other ways are used for expressing SN

depending on the specific mechanism. These include power law models for contact SN

[94], mechanistic models for collision-induced SN [95], and surface nucleation models [6].
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Seeding

Seeding is the process of adding crystals of the crystallising species or a heterogeneous

entity to a crystallisation solution to create more crystals. Seeding is commonly employed

to provide better control of the batch crystallisation process and impacts the final Crystal

Size Distribution (CSD) depending on the amount of seeds added (seed loading), time

of seeding and size, shape and chemistry of the seeds itself [24, 96, 97]. Seeding is often

regarded as an art [98], and the specific technique employed can significantly impact the

final product’s quality, including yield, size, and polymorphism. For example, dry or

wet addition can affect the final CSD depending on the hydrophilicity of the seeds, with

hydrophobic seeds being more prone to agglomeration [97].

In the case of homogeneous or solute crystals, seeds are typically introduced within the

metastable zone to prevent secondary nucleation while promoting seed growth. A ‘sec-

ondary nucleation threshold’ (SNT) (Figure 2.5 (right)) lies between the solubility curve

and the supersolubility curve. Below this threshold, only seed growth is observed; above

it, seed proliferation occurs [99, 92]. To accurately measure SNTs, single crystal seeding

strategies have been employed in addition to traditional batch crystallisation techniques.

Here the delay time, td, time between crystal addition and moment the suspension density

increases, was used to determine the SNT. It has been observed that smaller seeds and

lower supersaturation led to a larger delay time and also lower SN rates (low suspension

density per unit time) [100, 93].

2.3 Crystal Growth

2.3.1 The crystal structure

Crystals are three-dimensional solids formed by periodically repeating units of atoms,

ions, or molecules. The crystal lattice, or ‘point lattice’, consists of regularly spaced

points, each with an identical surrounding environment. Organic crystals are composed
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of repeating molecular units held together by intermolecular forces, which are weaker

than the intramolecular forces within molecules. These forces, such as hydrogen bonding

or dipole-dipole interactions, depend on the molecule’s properties [101] and influence how

the molecules are packed, determining the crystal’s structure.

Figure 2.6: Left: Typical unit cell, Right: Example of miller indices based on a typical
unit cell, obtained with permission from [1]

The repeating unit, also known as a ‘unit cell’ can be constructed using ‘lattice param-

eters’, which are three dimensions, a, b, c and three angles, α, β, γ, as shown in Figure

2.6. Bravais in 1848 showed that only 14 point lattices can be constructed which can be

divided into 7 categories known as ‘crystal systems’ [48, 1]. These crystal systems are

characterised using unit cell dimensions and are highlighted in Table 2.1. Depending on

whether the Bravais lattice is ‘simple’, ‘face centred’, ‘base centred’ or ‘body centred’ it

can be determined whether the unit cell has one lattice point i.e. a ‘primitive’ lattice, or

multiple lattice points i.e. a ‘non-primitive’ lattice. Simple lattices are primitive whereas

face centred, body centred and base centred lattices are non-primitive as they have lattice

points present at the centre of the faces, centre of the overall unit cell and centre of the

top and bottom faces respectively.

The crystal system can also have ‘symmetry’, either by reflection, rotation, inversion or

rotation-inversion. This means that if the lattice undergoes the above movements, it

will superimpose over itself. Each system has its unique way of achieving symmetry and

hence, this can be used as a distinction technique between different systems [102].
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Table 2.1: The 7 crystal systems and 14 Bravais lattices [1]

System Axial lengths and angles Bravais lattice

Cubic

Three equal axes at Simple

right angles Body centred

a = b = c Face centred

α = β = γ = 90°

Tetragonal

Three axes at right angles, Simple

two equal angles Body centred

a = b ̸= c

α = β = γ = 90°

Orthorhombic

Three unequal axes at Simple

right angles Body centred

a ̸= b ̸= c Base centred

α = β = γ = 90° Face centred

Rhombohedral

Three equal axes, equally Simple

inclined Body centred

a = b = c

α = β = γ ̸= 90°

Hexagonal

Two equal coplanar axes Simple

at 120°,
third axis at right angles

a = b ̸= c

α = β = 90°
γ = 120°

Monoclinic

Three unequal axes, Simple

one pair not at right Base centred

angles

a ̸= b ̸= c

α = γ = 90° ̸= beta

Triclinic

Three unequal axes, Simple

unequally inclined,

and none at right angles

a ̸= b ̸= c

α ̸= β ̸= γ ̸= 90°
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Miller Indices

The three axes of the unit cell, a, b, c, are used to identify and name the faces of the

crystals using a convention known as ‘Miller indices’ (Figure 2.6), denoted (hkl) [48,

103, 62]. Taking a point on the lattice as the origin for the axes, facets will intersect

the axes at various distances, ni. These indices are calculated by taking the reciprocal

of the intersections and then rounding to the lowest integer while maintaining the ratio

(Equation 2.17). For example, if a plane intercepts the a axis at a/1, and b axis at b/2,

and does not intercept the c axis, then the facet will be (120).

h : k : l =
1

na

:
1

nb

:
1

nc

(2.17)

The miller indices for a particular facet of a crystal remains constant irrespective of the

crystal size [62]. Moreover, as (hkl) is a plane, if the facet intercepts a negative axis e.g.,

−b, it is denoted by adding an overbar in the notation, (hkl) [48]. Whilst round brackets

are used to denote a specific plane, planes related by symmetry are denoted with ‘curly’

brackets, {hkl}. For example, (010), (100), (001), and their negative counterparts belong

to the same family of planes, {100}, because their indices depend only on the way the

unit cell axes are defined [48]. Moreover, when referring to specific directions in a crystal,

the vectors are denoted by square brackets, [hkl]. For example, (010) and (020) are both

part of the [010] direction, and the symmetry equivalent < 100 > set of directions.

2.3.2 Polymorphism

Molecular solids can either exhibit amorphous or crystalline properties (Figure 2.7). In

the crystalline state, they may exist as single-component crystals or multicomponent

crystals, such as cocrystals, solvates, or hydrates. Hydrates and solvates consist of a

‘host’ molecule (e.g., the API in pharmaceuticals) and a ‘guest’ (water or solvent), where

the guest may either integrate into the crystal structure or simply occupy space within
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it [104]. Cocrystals, by contrast, are defined as ‘solids that are crystalline, single-phase

materials composed of two or more different molecular and/or ionic compounds, typically

in a stoichiometric ratio’ [8]. While the classification and nomenclature of these solids

are widely debated [8, 105], this thesis will focus on single-component crystals. However,

polymorphism—where a solid can exhibit different crystal structures due to variations in

molecular arrangement—can occur in any of these crystalline forms.

Predicting and controlling polymorphism is crucial for APIs, as different forms can ex-

hibit varied physical properties, such as stability and solubility, as well as differences

in processability, including flowability and compressibility. Additionally, polymorphs

can affect drug delivery, with some forms potentially leading to reduced bioavailability

[106, 107, 108]. An example is the AIDS drug Ritonavir from the late 90s. While Form I

was stable and safe, the sudden appearance of Form II in capsules reduced its dissolution

rate in the body [109]. Many other APIs such as Paracetamol [19], Aspirin, Atorvastatin,

Axitinib, Citric acid [110], L-Glutamic acid [108] etc., exhibit polymorphism with varying

effects on their end goal.

Figure 2.7: Left: simplified breakdown of the solid phase, adapted from [8] Right:
Schematic of the Ostwald’s rule of stages, depicting the journey from solution (S), to
phase 4 (least stable),3,2, and 1 (most stable), image taken with permission from [9]

The reason why polymorphs are seen can be understood using a theory of ‘Rule of Stages’,

proposed by Ostwald in 1897 (Figure 2.7). According to this, the Gibbs free energy of a

crystallising system decreases in ‘steps’ from an initial stage of high-energy to equilibrium.
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These steps arise from local minima, which are essentially the points where polymorphs

are created. So the most unstable polymorph is crystallised out of the solution first

followed by the metastable polymorph and finally the most stable polymorph is formed

as the system reaches its lowest energy state [111, 112, 106]. Though this is the most

widely used theory, there has been no general proof of its validity [9].

2.3.3 Crystal morphology

Morphology defines the inherent and unique set of crystal faces, resulting from the crys-

tals’ internal structure. When particle formation occurs slowly enough to allow the facets

to reach equilibrium, the resulting morphology is governed by thermodynamics, and is

known as the equilibrium morphology [12]. However, when growth proceeds more rapidly

than the particle can adjust its shape, growth kinetics dictate the particle’s morphology,

and the stable shape that forms during growth is labelled as the growth morphology or

steady-state morphology or crystal habit [12]. Growth morphology is the geometric ap-

pearance of the crystal, such as needle-like, plate-like, tabular, prismatic, spherical etc.

[113, 114].

Figure 2.8: (a) Wulff construction, obtained with permission from [10], (b) Diagram
showing the Frank-Chernov condition, used with permission from [11]
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Equilibrium morphology

The earliest understanding of crystal morphology was shown by Gibbs and Wulff where

Gibbs in 1875 postulated that the equilibrium morphology of a crystalline solid in contact

with a fluid, at any given volume, will minimise its overall surface tension [115, 10, 116]:

∑
i=1,n

γiAi = minimum (2.18)

Where, n is the number of facets, γi and Ai, are the facet specific surface tension and total

surface area of the ith face. Wulff in 1901 proposed a geometric construction, the ‘Wulff

plot’ (Figure 2.8(a)), fulfilling the Gibbs condition, which shows that the distance, Hi, of

a given facet from the growth origin (centre) of the crystal will be directly proportional

to γi [117, 10, 116]:

γi
Hi

= constant (2.19)

The Gibbs-Wulff theorem however, does no hold true for crystals grown in a multicom-

ponent liquid phase, i.e., solution, as thermodynamic control is unlikely [115], and also

lacks solid experimental evidence for organic crystals [118, 116].

Growth morphology

The morphology of solution-grown crystals is determined by kinetics, such that the

steady-state morphology will be dominated by the slow growing facets. This is because in

a solution environment, the attachment of growth units onto the crystal surface defines

the particle shape rather than the surface tension. Frank and Chernov described this

growth morphology using an equation analogous to Gibbs’ formulation [49, 119, 120]:

Gi

Hi

= constant (2.20)

Where Gi is the growth rate of facet i, and Hi is the distance of a given facet, i, from

the growth origin (centre) of the crystal (Figure 2.8(b)). This model is based on an
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assumption that the crystal remains faceted throughout the growth process.

2.3.4 Morphology prediction theories

As early as the 20th century, molecular structure of crystals has been used to predict their

growth morphology. The widely used Bravais-Freidel-Donnay-Harkar (BFDH) theory

proposed that the growth rate of a crystal facet (hkl), Ghkl, is inversely proportional to the

d-spacing (interplanar spacing), dhkl; thus, faces with the slowest growth rate will occupy

the largest surface area on the crystal (high morphological importance) [10, 118, 121].

Hartman and Perdock [122, 123] proposed the Attachment Energy (AE) model, based on

the understanding that crystals are anisotropic and contain Periodic Bond Chains (PBC).

If a facet has a combination of weak and strong bonds in the PBC, then the growth rate

will be controlled by the weakest bonds [10, 122], such that the slowest growing facet

will have the highest morphological importance. AE is the bond energy released when a

growth slice attaches onto the crystal surface.

Eatt(hkl) = Ecr − Eslice (2.21)

Where, Ecr is the energy of the crystal lattice and Eslice is the energy released when

a growth slice of thickness dhkl is formed. Ecr is found by summing the intermolecular

interactions between the central molecule and all its surrounding ones in a crystal [10] and

is constant for each face [118]. Two simplifications were introduced, where it was shown

that the AE of a facet, Eatt(hkl), can be used as a proxy for the facet specific surface

tension, γ, and Eatt is directly proportional to the facet specific growth rate, Gi. AE

models blur the distinction between equilibrium and growth morphologies by considering

both arguments. In AE methods, the Frank-Chernov and Gibbs-Wulff conditions result

in the same crystal morphology.

BFDH and AE morphologies are calculated under the assumption of a vacuum system.
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They do not take into account external factors such as solvent effects, presence of impu-

rities, and supersaturation and therefore do not tell the complete story of the facet [124].

Modified Attachment Energies (MAE) have been introduced that consider the solvent

binding energy, Es onto facet (hkl) by using the following correction [125, 126]:

Eatt,m(hkl) = Eatt(hkl)− Es(hkl) (2.22)

Molecular Dynamic (MD) simulations have been gaining traction for the molecular level

understanding of the growth/dissolution process at the crystal surface, and work by

solving the Newtonian equations of motion between interacting atoms [12]. MD simu-

lations, with appropriate initial and boundary conditions and an interatomic potential

that reflects the relevant physics, have demonstrated the ability to characterise the ther-

modynamics, kinetics, mechanisms, and final growth morphology of crystals like urea

[127, 128], and calcite [129], even in the presence of external factors.

2.3.5 Growth mechanism and mechanistic models

The growth rate refers to the speed at which the crystal-liquid interface advances and

is fundamentally determined by the mechanism through which growth units are incor-

porated into the crystal lattice. During crystal growth the following transport processes

take place in series and usually the slowest of them is the rate determining step [130, 131]:

1. Bulk Diffusion:

Movement of solute molecules through the boundary layer between the solid-liquid

interface and the bulk solution via diffusion.

2. Surface Integration:

Adsorption of solute molecules onto the crystal surface, followed by surface diffusion

to the nearest kink site, followed by eventual integration into crystal lattice.
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Figure 2.9: (a) Three possible sites on a crystal surface for growth unit incorporation; A:
terrace, B: ledge, C: Kink, (b) The three growth regimes, rough growth, 2D nucleation,
and spiral growth, (c) Diagram depicting the change in growth regimes with supersatu-
ration. All images have been obtained with permission from [1, 12, 13] respectively.

As seen from Figure 2.9(a), there are three possible sites for the molecules to incorporate

on a crystal surface: terrace (A), ledge (B), and kink (C). However, a kink site (C)

is sterically and energetically the most favourable position of incorporation as it has

the maximum number of neighbouring entities [1]. Therefore, growth on crystal surface

occurs due to the presence of ‘kink’ sites. Any surface above 0 K will have kink sites

[49, 132], however their density is dependent on the surface temperature and number of

Periodic Bond Chains (PBCs) present, which are uninterrupted chains of bonds. Facets

have been classified into 3 types depending on the number of PBCs they contain [122]:

• F-Faces: Flat and stable faces with two or more PBCs

• S-Faces: Stepped faces with one PBC

• K-Faces: Kinked faces with no PBCs

Diffusion limited growth

If the growth is diffusion limited, it either means that the mass transfer is very slow

or the surface integration step is very fast. In the former case, solution hydrodynamics

will affect the growth rate and faster mass transfer will mean faster growth rates. Rapid
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surface integration is mainly dominating on S and K facets due to the abundance of

kink sites, especially at higher supersaturation, thus solute molecules can attach onto

the surface with ease in any orientation [49], hence also known as continuous or rough

growth (Figure 2.9(b)). Due to a lack of control, this growth mechanism is never desired

during organic molecule crystallisation and is postulated to be directly proportional to the

supersaturation [133]. The growth rate in this regime can be defined using the following

equation with A being a system dependent constant:

Rhkl = Aσ (2.23)

Surface integration limited growth

If surface integration (SI) is the rate limiting step, growth normal to the surface occurs

as layers of solute molecules build on top of one another either via 2-D nucleation and

growth or via spiral growth (BCF model) (Figure 2.9(b)). This growth type does not

require an abundance of kink sites and can progress at low to moderate supersaturation,

therefore predominantly occurs on F faces.

• 2D Nucleation and Growth: This mechanism resonates with homogeneous nucle-

ation where the formation of a critical nucleus on the crystal face is essential for

growth to begin. Once the nucleus exceeds the critical size, solute molecules can

attach onto it such that the nucleus grows laterally leading to the formation of a

layer, and such a build of layers from nuclei on the facet leads to crystal growth

normal to the facet. This growth is defined via two characteristic times; τbirth,

and τspread, which are the time for the appearance of a single 2D nuclei and the

time taken for the nucleus to spread over the entire facet area, respectively [12].

If, τbirth >> τspread, growth is ‘mononuclear’ because formation of multiple nuclei

is time consuming. If τbirth << τspread growth is ‘polynuclear’, when multiple nu-

clei form on the edges and corners of the facet and the layers resulting from them

merge together to form one single layer covering the surface. But if τbirth ≈ τspread,
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then nuclei form and spread simultaneously, known as the ‘Birth and Spread’(B&S)

regime. Under 2D nucleation, the facet specific growth rate, Rhkl has an exponential

dependence on the supersaturation [133]:

Rhkl = A1σ
5/6 exp

(
A2

σ

)
(2.24)

Where A1 and A2 are system-specific constants.

• Spiral Growth: This theory developed by Burton, Cabrera, and Frank (BCF) [134,

132], is based on the formation of kink sites from screw dislocations (Section 2.4.1).

The dislocation exposes an edge on which, after it exceeds critical length, solute

molecules adsorb onto the kink sites resulting in the step to grow laterally in a

perpendicular direction to the facet. As the step is growing, an edge always remains

exposed, forming a continuous spiral. The BCF growth rate of a facet can be

expressed as [133]:

Rhkl = Aσ2 tanh

(
B

σ

)
(2.25)

Where A and B are temperature dependent constants. When τbirth >> τspread, it

is energetically more favourable for growth to occur via the already present surface

dislocations rather than a 2D nucleation regime [12].

The direction of PBCs in a facet governs the direction of facet growth. Therefore the

PBC direction can be approximated by examining the edges of the 2D nucleus and the

spiral where each new edge corresponds to the adjacent PBC [49, 132, 135]. The growth

mechanisms as a function of supersaturation are depicted in Figure 2.9(c) [49, 13]. At

low supersaturations, BCF dominates over B&S due to a high energy barrier for 2D

nuclei formation. As supersaturation increases, B&S model dominates followed by rough

growth at extremely high supersaturations. It is important to note that this dependence

on supersaturation only holds true, if either of the mechanisms: diffusion or SI, largely

dominate over the other. At low supersaturation, surface integration will only be limiting

if mass transfer limitations are negligible (no stirring at very small volumes) or if mass
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transfer is extremely fast (adequate mixing in a large volume). If SI and diffusion are both

competing, then the mechanism cannot be deduced based solely on the supersaturation,

and further investigations need to be carried out.

2.3.6 Measuring growth rates

Various analytical techniques like microscopy [136], Focused Beam Reflectance Measure-

ment (FBRM), and Fourier transform infrared/attenuated total reflectance spectroscopy

(FTIR/ATR) [137, 138, 24], are implemented to measure average crystal growth rates

(m/s) in a batch crystalliser using the desupersaturation curves. However, when under-

standing the fundamentals of crystal growth, single crystals are normally used and two

methods are generally used to measure their growth rates:

• Facet specific growth rate (m s-1): Where the forward movement of facet (hkl) is

measured over time [133, 20, 139, 140]

• Overall Linear Growth Rate (m s-1): Which is the rate of change of the crystal’s

characteristic dimension, such as length and width, over time. This is particularly

useful when crystal habit is such that capturing facet growth rate is difficult and

hence an arbitrary crystal dimension can be defined to analyse a group of similar

single crystals [141, 142, 143, 144].

Using these measurements, the growth rate, G, is calculated using the following equation:

G =
dL

dt
(2.26)

Where L is the length of the characteristic dimension or the distance between the crystal

centre and the facet (hkl), and t is the time. Crystal growth experiments are carried

out in various crystallisation conditions and in most studies the crystal growth rates are
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expressed as a function of supersaturation using an empirical power law equation [145]:

G = kg(S − 1)g (2.27)

Where g is the growth rate order, S − 1 is the relative supersaturation (sometimes also

replaced with ∆c) and kg is the rate constant, expressed as a temperature dependent,

Arrhenius-type equation:

kg = kg,0 exp
−Ea

RT
(2.28)

where kg,0 is the rate constant pre-exponential factor, Ea is the activation energy, R is

the universal gas constant, and T is the temperature in Kelvin. When it is certain that

growth is SI limited, the growth rates are also fitted using either of the 2D nucleation

(Equation 2.3.5) or BCF (Equation 2.3.5) models mentioned above, instead of the generic

power law.

2.3.7 Effect of external factors on crystal growth

As understood from the above sections, the interplay of facet specific growth rates results

in variation of end crystal habits. Crystals exist in various shapes including needle, cubic,

plate, prisms etc., and some are preferred over the other depending on the application

[89]. High-aspect ratio (needle) crystals are generally disliked in the pharmaceutical

industry as they are more fragile and difficult to process compared to cubic or prismatic

crystals. Crystal shapes are drastically influenced by external factors such as variation

in the solvent used, supersaturation, temperature, and impurities [107], as will be seen

below.

Variations in supersaturation were demonstrated to switch-on and switch-off specific

facets in urea [146] and paracetamol crystals [20], leading to different morphologies.

Whilst low supersaturation resulted in columnar habits in paracetamol, and needle-like

habits in urea, high supersaturation led to more prismatic habits in both. Moreover,

at lower temperatures it was shown that the area of (001) facet of 1,1-diamino-2,2-
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dinitroethylene reduced considerably, resulting in low aspect-ratio diamond-like crystals,

suitable for intended use [147].

Crystal anisotropy results in varied solute-solvent interactions on the different crystal

facets and has hence been shown to affect the final crystal shape [148, 149]. MAE calcu-

lations and molecular modelling are extensively used to study these differences in habits

[126, 150, 151, 152, 125, 153, 154]. For example the (110) facet on salicylamide crystals

was shown to have reduced growth in ethyl acetate, resulting in a more plate like habit as

opposed to a block-like habit [155]. Moreover, using a modelling approach, an ideal sol-

vent was selected to reduce the aspect ratio of needle-like 2,6-dihydroxybenzoic acid form

2 crystals [156]. Experimental studies with paracetamol have demonstrated a columnar

habit when using polar protic water, and a prismatic habit in other selected polar protic,

aprotic, and non-polar solvents [157].

The presence of impurities and additives in the crystallisation cocktail has also proven

to have extensive effects on the crystal growth process, as detailed in these reviews [158,

159, 160]. The step-blocking mechanism developed by Cabrera and Vermilyea, propose

the cessation of layer propagation on a facet due to the adsorption of impurity molecules

on the surface, and is utilised by multiple studies [161, 162, 163]. For example, amino

acid impurities during L-alanine crystallisation [164], and p-acetoxyacetanilide impurity

during paracetamol crystallisation [165], have shown to inhibit the growth of certain

facets resulting in elongated structures.

2.4 Mechanical properties of crystals

2.4.1 Lattice defects

Imperfections in the crystal lattice are crucial when it comes to determining not only the

chemical and mechanical properties of the crystalline solid but also the growth process.

These defects are broadly categorised into four main types:



34 2.4. Mechanical properties of crystals

• Point Defects (0D): ‘Vacancies’ are a common point defect where ‘holes’ develop in

the lattice due to missing molecular units [48].

• Line Defects (1D): In this case dislocations are characterised by line vectors and

Burgers vectors, b. When the dislocation line vector is parallel to b, a partial step

is produced on the crystal surface, and is called a screw dislocation [166, 101], useful

for spiral growth.

In edge dislocation, the line vector is perpendicular to b and occurs due to the

insertion of an extra half plane within the lattice [101]. Dislocation occurs at the

weakest point in the lattice, the ‘slip plane’ of the crystal [1, 48]. When force is ap-

plied, the crystal will shear at this plane as here it has the weakest interactions with

its neighbouring planes [167]. Slip planes are important in a pharmaceutical con-

text as their presence has been shown to increase the compressibility of crystals and

therefore their tabletability [168]. Recent work has also shown their incorporation

in computational models simulating compression of single crystals [169].

• Surface/Planar Defects (2D): Stacking faults or mismatch in boundaries such as

‘twist’ and ‘tilt’ boundaries lead to defects that can be seen on the face of the

crystal [48, 166]. For example, twinning is a common stacking error where a mirror

image of the face is created due to a change in the attachment order of molecular

units [62].

• Volume Defects (3D): Is the incorporation of undissolved solids such as precipitates

and dispersed particles, or gaseous species such as voids and bubbles into the crystal

lattice [170].

2.4.2 Slip planes vs. cleavage planes

There are discrepancies in the literature about what slip planes and cleavage planes are,

and in certain occasions they are used interchangeably. Cleavage is a form of crystal

fragmentation that occurs in the direction perpendicular to the plane of least resistance
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Figure 2.10: (a) Effect of surface corrugation on slip propensity. Top: High corrugation
but no interpenetration between 2 layers, hence highly likely to slip. Bottom: Less
corrugation but high interpenetration between the 2 layers, thus more likely to cleave.
Image obtained with permission from [14] (b) Matrix depicting the possible outcomes of
the interplay between slip plane energy and the detachment energy, adapted from [15]

whilst slip is a form of plastic deformation occurring parallel (lateral displacement) to

the plane of least resistance. While slip is the measure of crystal ductility, cleavage is the

measure of crystal brittleness [15].

Traditionally, the d-spacing and the attachment energy of a facet are used to identify the

slip and cleavage planes. Planes with higher d-spacing and/or low attachment energies

are considered to be weakly interacting and hence more prone to slippage and cleavage.

However, they are both deemed as inadequate at accurately predicting mechanical prop-

erties of a crystal [15, 171]. d-spacing does not take into account crystal anisotropy and

fails for systems with 1D and 2D hydrogen bonding dimensionality. Although attachment

energies consider intermolecular interactions of a facet, they are predicted in vacuum and

are not an extensive quantity. The AE theory only considers the energy required to attach

a single molecule to the facet rather than the entire area of the facet.

Hence, although the d-spacing and attachment energy method can be used for an initial

approximation, two other parameters need to be considered when identifying slip and

cleavage planes.

1. Specific interaction energy [15]: the attachment energy normalised with respect to
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the facet surface area, also known as the detachment energy:

γhkl = Z × dhkl × |Ehkl|/2V (2.29)

Where Z is the number of molecules in the unit cell and V is the volume of the cell.

This quantity is essentially the work required to detach a layer of molecules in a

direction perpendicular to the plane i.e. barrier to cleavage. Simplistically, a low

interaction/detachment energy will mean a more brittle surface, which is likely to

favour cleavage.

2. Surface corrugation [14]: The extent to which planes are physically intertwined

(Figure 2.10(a)). This qualitative parameter indicates the energy barrier for the

lateral displacement of the plane, i.e. for slippage. So, a smoother, less corrugated

surface will result in higher chances of slip.

When a material experiences impact stress, it has two primary responses: it can either

accommodate the stress by slipping along planes with the lowest energy barrier, or it can

fragment at an interface with the lowest detachment energy. Based on the interplay of

these two conditions, the mechanical behaviour of planes can be summarised into a matrix

as seen in Figure 2.10(b) [15]. At the extremes, if the minimum detachment energy of

a plane is lower than the slip energy barrier, it is more prone to fracture. Conversely, if

the slip energy barrier is lower than the minimum detachment energy, the plane is more

likely to exhibit plastic behaviour. However, due to crystal anisotropy, planes can lie

anywhere in between the spectrum of plastic to brittle. Thus, mechanical responses are

not straightforward where the slip barrier and the inter planar interaction energy are both

similar to each other. In that case, the orientation of the crystal to the applied stress

and its magnitude will impact the mechanical behaviour. As paracetamol is the system

of interest for regeneration studies, a detailed analysis of its mechanical properties and

cleavage plane identification can be found in Section 4.3.1 of the first results chapter.
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2.5 Current understanding of crystal breakage and

growth

The crystalline structure of organic molecules has long puzzled scientists. As attractive

is the highly ordered nature and purity of the crystal products, it is equally difficult to

decipher the crystalline lattice, and its critical quality attributes. Approaches to deter-

mine crystal morphology have evolved over the years, as detailed in Section 2.3, but it

is surprising to see that very little is known and studied about the effect of mechani-

cal breakage on the final crystal structure, shape and size. Population Balance Models

(PBMs), are mathematical models used to determine the number density of particles

in the crystalliser i.e the Particle Size Distribution (PSD), using kinetic data of various

crystallisation mechanisms such as nucleation and growth [172, 173]. A reliable model

for simulating the crystallisation process is highly desirable, as it allows thermodynamic

and kinetic parameters to be optimised for the final product before implementation, sav-

ing time and cost compared to trial-and-error methods. However, comprehensive models

that account for all process mechanisms, including crystal breakage and post-breakage

behaviour, are rare. This is due to the complexity of PBMs, which become less feasible

to solve as more dimensions and parameters are added, and the limited understanding

and experimental data on crystal behavior after breakage itself, which makes modelling

them even more difficult [174, 175].

Firstly, crystal breakage is generally deemed insignificant and ignored for crystals below

the 10 µm size range [7]. However, crystals used for oral dosage, are around 200 µm [176]

and thus understanding their breakage, and growth and shape evolution post breakage is

crucial. Crystal-Impeller (CI), Crystal-Crystal (CC), and Crystal-Wall (CW) interactions

are very prevalent in industrial crystallisers, making attrition a highly studied phenomena.

Gahn and Mersmann in 1999 developed a mathematical model predicting the fracture

behaviour of the crystals depending on the impact forces applied [177] and consequently a

growth model for the resulting fragments [178]. Bosetti and Mazzotti in 2019 used these
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findings to develop a population balance model that took into account this attrition and

size dependent growth [179]. Along similar lines, Tyrrell et. al., developed a model to

specifically account for different types of crystal fragmentation, however they still utilised

size dependent growth for particle size determination [180]. Moreover, the simultaneous

prediction of PSD and crystal shape is an emerging field of ‘Crystal Shape Evolution’ [174,

181, 49], which takes a step closer to accurately determining the final crystal properties.

Recent work by Doherty, uses facet specific growth rates and shape factors to derive a

1-D PBM that determines the shape and size evolution in a Mixed Suspension Mixed

Product Removal (MSMPR) crystalliser [174, 181]. However, none of these models take

into consideration specific post breakage growth kinetics, and assume that growth of

fragments will follow the same trajectory as unbroken crystals. Very recently, steps

have been taken in understanding the facet development of fractured crystals through

4D tracking in studies observing the growth of fractured aluminium potassium sulfate

crystals [182]. Additionally, simulations have been employed to predict the growth rates

of the facets of para-aminobenzoic acid crystals exposed by breakage [183]. On the process

modelling side, an MSMPR model has been developed, designed to utilize broken crystals

as seeds as a means of enhancing product yield due to their faster growth rates than

unbroken crystals [184]. However, still, large knowledge gaps exist in the understanding

of the specifics of the post-breakage crystal growth behaviour due to a lack of experimental

evidence.

Recent work has also shown many peculiarities in the behaviour of organic crystals in

response to external mechanical forces, regarding them as dynamic crystals [185, 186,

187]. Some molecular crystals have been shown to ‘self-heal’ into a single entity after

its two broken pieces were pushed together [188, 17, 189] (Figure 2.11(b)), whilst some

have shown to self-heal the surface cracks by bridging their inter-molecular network [37].

Another example is of ferrooelectric crystals that show elasticity and thus return to their

original shape after lateral compression [18] (Figure 2.11(c)). Moreover, Malla Reddy’s

work on ‘bending crystals’ (Figure 2.11(a)) show that the activation of slip-planes in a

certain direction play a huge role on the elasticity and plasticity of crystals [16, 190, 39].
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Figure 2.11: (a) 2-(Methylthio)nicotinic acid crystal bent on the (010) face (b) self-healing
dipyrazolethiuram disulfide crystal after application of moderate mechanical compression
(c) Self-healing of the cracks in a ferroelastic crystal AMU3. Images have been obtained
with permission from [16] [17], and [18] respectively

This emphasises that there are eccentricities in the way organic molecular crystals behave

in the presence of mechanical pressure and thus their behaviour cannot be ignored.

2.6 Crystalline state of paracetamol

Paracetamol, also known as Acetaminophen, is a very common analgesic and antipyretic

drug used in modern medicine. It is an aromatic compound with a carbonyl, amide and

hydroxyl group attached on para position (Figure 2.12) which leads to hydrogen bonding

within the crystal lattice. So far nine anhydrous polymorphs of paracetamol have been

discovered, with forms I, II, and III being the only ones produced by solution crystallisa-

tion [191]. The stability of the three polymorphs varies in the order I > II > II, such that

monoclinic form I is the most stable [192], followed by the metastable form II (orthorhom-

bic) [193] and the least stable form III [194]. Due to the high instability of form II and

form III, they convert instantly after generation into the stable form I, thus making their

isolation tricky. However, efforts have been made in recent years to produce and isolate

the two polymorphs as they provide improved solubility and compressibility compared

to the form I paracetamol. Despite recent successes in crystallising the elusive Form III

in confined conditions, such as vacuum-sealed glass capillaries and observing it in situ
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using Differential Scanning Calorimetry (DSC) [106, 195], large-scale production remains

a challenge. Form II has been successfully isolated using batch and continuous processes

with the aid of additives such as metacetamol [19, 196, 197], and other carboxylic acids

[191]. The flat arrangement of hydrogen-bonded planes in form II offers enhanced com-

pressibility, making form II the preferred polymorph for tableting purposes [198]. The

herringbone lattice of Form I paracetamol makes it inherently brittle [199], causing it to

preferentially fracture along the (010) plane during milling [200]. The difference in their

internal structure also leads to different habits where form I is prismatic while II is more

elongated, Figure 2.13(a) [19].

Figure 2.12: Comparison between the chemical structure of (a) paracetamol and (b)
metacetamol, highlighting the difference in the para and meta positions of the amide and
hydroxyl functional groups

Throughout the years extensive amount of research has been done on the crystallisation of

paracetamol by evaporation [40, 142], cooling [201, 202, 203], melts and antisolvent. Mul-

tiple papers can be found in the literature that have studied the growth of paracetamol

crystals in batch crystallisation environment, as well as in single crystal environment. The

nucleation and growth of form I paracetamol has shown strong dependence on supersatu-

ration [20] (Figure 2.13(c)), temperature [204, 24], solvent [157, 205] (Figure 2.13(b)), and

flow conditions [145], as detailed in above Sections 2.2.2 and 2.3.7. Paracetamol crystals

are largely anisotropic and their facet specific properties have been studied using various

characterisation techniques such as X-ray Photoelectron Spectroscopy (XPS) [40] for sur-

face chemical composition, Atomic Force Microscopy (AFM) to study surface roughness

and growth mechanism [206], Time of flight secondary ion mass spectrometry (TOF-
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SIMS) to study impurity distribution mapping [207], as well as optical interferometry to

study surface defects [208].

Figure 2.13: (a) The packing and morphology of form I and form II paracetamol, used
with permission from [19], (b) form I paracetamol grown in top: ethanol, bottom: water
vapour at (i) low and (ii) high supersaturation, (c) facet specific growth rates of form I
paracetamol as a function of supersaturation. (b) and (c) used with permission from [20]

Although numerous studies exist on the growth of paracetamol single crystals, the under-

standing of their growth behaviour after breakage remains limited. This thesis aims to

systematically study the growth of paracetamol crystals after breakage and draw conclu-

sions that could be translated across organic crystals for improved prediction capabilities

of their end size and shape.



Chapter 3

Materials and Methods

3.1 Materials

Investigations on regeneration were predominantly carried out on form I paracetamol

crystals. Paracetamol, meeting USP testing specifications (CAS: 103-90-2), was acquired

from Sigma Aldrich with a purity of >98.0%. Additionally, other organic pharmaceutical

compounds were tested for regeneration, as will be seen in the future works section

(chapter 7), such as Carbamazepine (CBZ), and Aspirin. Carbamazepine (CAS: 298-46-4)

and aspirin (CAS: 50-78-2) of purity >98.0% and both meeting USP testing specification,

were purchased from Sigma Aldrich. Three solvents were used to study crystal growth

and regeneration; ethanol, acetone, and tetrahydrofuran (THF). Ethanol (CAS: 64-17-5)

with 100.0% purity and acetone (CAS: 67-64-1) with 100.0% purity were purchased from

VWR Chemicals. THF (CAS: 109-99-9) with 99.8% purity was purchased from Thermo

Scientific. All chemicals were used as received without any further purification.

42
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3.2 Solubility determination

The most common procedure of measuring the solubility involves stirring an excess

amount of solute in the desired solvent for a prolonged period of time, until a ther-

mal equilibrium is reached. Following this, the concentration of the clear solution is

determined [22]. A similar approach was undertaken for determining the solubility of

paracetamol. An excess of as received paracetamol was mixed with 100 ml of solvent and

stirred using a magnetic stirrer at 200 rpm for 24 hours at the desired temperature. The

temperature was controlled using a circulating water bath, Grant GR150, which has a

temperature range from -5 to 150 °C and a sensitivity of +/- 0.005 °C. A jacketed vessel

was connected to the waterbath and filled with enough water to immerse the jar such

that effective heat transfer between the jacket and the jar took place. Following a mixing

period of 24 hours, the solution was allowed to settle for 2 hours and subsequently two

5 ml samples of the supernatant were taken. The concentration of the supernatant can

be measured using various techniques such as UV-Vis [209], FTIR [96], HPLC [210] or

gravimetric analysis [22, 19]. In this case gravimetric analysis was used. The 5 ml sam-

ples were filtered through a 0.2 µm cellulose acetate membrane into eppendorf vials and

allowed to evaporate until no traces of liquid were left. The mass of the solution before

and after evaporation was measured and the concentration of the solution was calculated

using equation 3.1 [22]. This was repeated thrice for each temperature and hence an

average concentration over six samples was calculated to determine the solubility curve.

c =
(mvdr −mv)

(mvs −mvdr)
(3.1)

Where mvdr is the combined mass of the dried solute and the vial, mvs is the combined

mass of the solution and the vial, and mv is the mass of the empty vial.
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3.2.1 Metastable zone width determination

For the purpose of this work, cloud point temperatures were measured to determine the

MSZW. Following up from the above Section 3.2, at each temperature being investigated,

after taking samples for gravimetric analysis, the rest of the supernatant was filtered into

three 30 ml vials. A small PTFE stirrer bar was placed in the vials and they were put

back into the jacketed vessel. At a cooling rate of 0.1 °C/min and agitation of 200 rpm,

the solution was cooled until spontaneous nucleation occurred, monitored using a Nikon

D90 DSLR camera with a Nikon AF-S 18-105 mm lens, which took images every 1 min

using an external timer. The images were analysed manually to note the time taken for

the solution to turn cloudy and consequently calculate the corresponding temperature

using the cooling rate. As 3 vials were studied at the same time, an average cloud point

temperature was obtained and eventually a supersolubity curve was determined.

3.3 Macroscopic single crystals

Macroscopic single crystals were used across all the experimental work detailed in this

thesis. Since this work investigates a unique phenomenon that has not been reported

before, it is crucial to be able to visualise the process as clearly as possible. With mi-

croscopic crystals any growth process occurs relatively quickly compared to macroscopic

crystals making it difficult to capture. As the regeneration process would take place

over a prolonged period of time in macroscopic crystals, this increases the feasibility of

capturing the process via imaging techniques, thus enabling superior elucidation of the

phenomenon which could further be translated onto microscopic crystals.

3.3.1 Seed preparation

Single crystals for the regeneration experiments were obtained via slow solvent evapo-

ration at room temperature, irrespective of the solvent. Firstly, a saturated solution of
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Figure 3.1: Representative image showing a broad classification of (a) High quality seeds
and (b) Poor quality seeds

Paracetamol and the desired solvent at room temperature was prepared by mixing an

excess of solute in a 500 ml glass bottle with the solvent. The contents were then stirred

for 24 hours using a magnetic stirrer. Consequently, the solution was allowed to rest until

the excess solids settled to the base of the bottle and the saturated solution above could

be extracted.

The supernatant was extracted using a plastic syringe and filtered through a 0.45 µm

PTFE filter into a 50 ml borosilicate glass crystallisation dish. Once the dish was three

quarters of the way full, it was covered using parafilm which was pierced using tweezers

to make approximately 1 mm diameter perforations. It was then placed in the fumehood

to allow for slow evaporation of the solvent. After having left the crystallisation dish

in the fumehood for a few days, depending on the rate of evaporation of the solvent,

approximately 1-2 mm diameter seeds of paracetamol could be seen at the base of the

dish. These seeds were carefully extracted using blunt tweezers, immediately placed on

a soft tissue and pat dried to avoid encrustation on the crystal surface. These seeds were

stored away in an air tight glass vial until further use.

It was ensured that only high-quality seeds were selected and used in subsequent steps.

To broadly define ‘high quality’, seeds obtained from the same dish under identical crys-

tallisation conditions were categorised into two groups: “good” and “bad,” as shown in
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Figure 3.1. ‘Good’ or ‘high-quality’ crystals met two key criteria. First, they needed to

be relatively pristine, with minimal to no stress accumulated in the crystal lattice and

minimal to no surface defects. Second, the four major facets—(001), (011), (201), and

(110)—had to be clearly identifiable.

3.3.2 Growing large single crystals

Different techniques were used in order to grow the seeds further into the desired size.

In order to grow the seeds into 4-5 mm (small) sized crystals they were individually

placed in 10 ml vials containing the supersaturated solution. The vials were covered with

parafilm, perforated as mentioned above and placed in the fumehood for 1 week to enable

evaporative crystallisation. The solution was continually refilled so that the vials do not

dry out during the experiment. Once the crystals reached an approximate size of 4-5 mm

they were extracted and stored using the same procedure as mentioned above.

In order to grow 7-8 mm (large) sized crystals, the aforementioned small crystals were

looped on a string made of a few strands of Kevlar fibres. The crystal was carefully

looped around its centre with the knot resting on the top of the crystal such that growth

occurred around it, eventually engulfing the knot. The looped crystal was consequently

immersed into in a 30 ml glass vial filled with the saturated solution, using a stainless

steel rod (Figure 3.2(c)). Kevlar fibres were utilised for their high tensile strength despite

the strands being thin. This enabled the crystal to grow large without snapping the string

as well as aided good quality imaging. The vial was covered with parafilm which was

perforated in a similar manner as detailed previously and the crystal was let to grow for a

period of 1 week via slow evaporation. Crystals were hung in solution in order to minimise

contact with the walls and base of the vial to prevent growth inhibition of facets. This

was particularly important when growing large crystal as they are in solution for a long

period of time. A few important points to note:
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Figure 3.2: Slow solvent evaporation procedures for (a) obtaining paracetamol seeds, (b)
isolating the seeds to grow small macroscopic crystals, and (c) dangling the small crystals
in solution using kevlar fibres to obtain large crystals

1. Room temperature in this context is approximately 25 °C ± 2 °C.

2. The ‘size’ of the crystal refers to an approximation of the longest edge to edge

distance of a crystal.

3. Prior to using any stored seed or crystal, they were washed with ice cold (4 °C)

de-ionised water and pat dried using white tissue in order to wash away any macro-

scopic impurities on the crystal surface. As solubility of paracetamol in water is low

especially at lower temperatures (8.2 g/kgwater at 5 °C [22]), this enables cleaning

the crystal without dissolving the facet surfaces.

3.4 Crystal cleaving

Cleaving a crystal involves cutting the crystal along its most brittle plane such that its

internal counterpart is exposed. In the context of this thesis, all crystal cutting was done

by applying mechanical force on the crystal to mimic the mechanical breakage undergone

by crystals in an industrial crystalliser. A Swann Morton No 26 scalpel blade was used to

break the crystals which had a tip size of approximately 1 × 0.5 mm. Point pressure was

applied on the (001) facet of the macroscopic paracetamol crystal led to a self-propagating

crack along the (001) facet in the a direction. This resulted in the crystal snapping into
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Figure 3.3: left: Macroscopic paracetamol crystal grown in ethanol being cut using a
scalpel by applying point pressure on the (001) facet, Right: Paracetamol crystal after
cleavage, with (010) plane exposed

two clean halves exposing the cleavage plane, (010). For all regeneration experiments,

freshly cut crystals were used. Once the crystals were cut, they were quickly rinsed with

ice cold water to wash away any crystalline debris generated as a result of mechanically

breaking the crystal. Following this, the crystals were pat dried with white tissue to dry

out any excess water prior to starting the regeneration experiment.

3.5 Crystallisation techniques for crystal regenera-

tion

Crystal regeneration was investigated via two major techniques: evaporative crystallisa-

tion and isothermal crystallisation:

1. Evaporative crystallisation: Crystal growth via solvent evaporation although is not

an industrially relevant technique, is commonly used for lab scale experiments for

slow and controlled crystal growth. All evaporative crystallisation experiments in

accordance with this thesis, have been carried out at room temperature and pressure

with no active temperature control and was limited to the paracetamol-ethanol sys-

tem. As most laboratory apparatus is resistant to ethanol, it was possible to allow

the solution to evaporate slowly over a prolonged period of time, avoiding drastic

changes to the concentration of the mother liquor. This was due to a continuous
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creation and depletion of the supersaturation during the growth of crystals, result-

ing in a self-regulating steady state. The maintenance of a low supersaturation over

a long period of time enabled capturing the phenomenon clearly via imaging.

2. Isothermal crystallisation: To quantify the rate of crystal regeneration and crys-

tal growth more accurately, an isothermal crystallisation set-up was designed and

utilised. This will be discussed in detail in 5. The working principle of this method

involves making a saturated solution of the system of interest at a desired temper-

ature followed by cooling it down to a temperature corresponding to the needed

supersaturation. Once the solution has equilibrated at the lower temperature, the

crystal is inserted and growth is monitored (Figure 5.1). The temperature for the

required supersaturation is calculated using the solubility data of the solute in the

respective solvent. It is also crucial to ensure that the chosen range of temperature

is within the metastable zone of the system to prevent any primary nucleation.

3.6 Imaging techniques

To capture the regeneration phenomenon, distinct imaging set-ups were designed to work

in conjunction with the desired crystallisation approach. Two major types of imag-

ing techniques were implemented; optical microscopy using a streo microscope, and

macrophotography using Digital Single-Lens Reflex (DSLR) cameras, as elaborated be-

low.

3.6.1 Optical microscopy

Stereo microscopy is a type of optical microscopy commonly used in biological and

biomedical applications for 3D imaging and analysis of biological objects such as cells,

tissues, and embryos [211, 212]. For imaging single crystals in the context of this work,

Leica M60 stereo microscope was jointly used with the Leica MC120 HD camera. Leica



50 3.6. Imaging techniques

Application Suites (LAS Core V4.13) software was then utilised to analyse the images

and obtain crystal dimensions. Since macroscopic crystals, of 4 mm size range, were used

for the experiments, a stereo microscope was used rather than a compound microscope.

Although both are types of optical microscopes, stereo microscopes are more adequate

for larger objects as they have a lower optical range: 6x to 50x magnification. Even with

a low optical range, the images produced are more three dimensional than those from a

compound microscope as the stereo microscope has separate optical pathways for the two

eyepieces and objective lens [213]. This, in combination with a longer working distance

which allows for manipulation of crystals when on the stage plate, enabling high quality

crystal visualisation and facet identification.

3.6.2 Macrophotography

For real time imaging of crystals under certain crystallisation conditions (for example, in

the presence of agitation, or observing crystals larger than 4 mm), microscopic imaging

can be challenging. Hence macrophotography with the help of DSLR cameras was im-

plemented. In simple terms, this involves taking extreme close-up photographs of small

objects such that the object in the photograph is not only larger than in real life, but

also the fine details of the subject are captured [214, 215]. This type of photography

is commonly used for capturing details in nature eg., dewdrops on leaves, flower buds

and filaments, as well as features of an insect. This is only possible if the camera lens

being used allows for 1:1 magnification, meaning, the size of the object as appears on the

camera sensor is equal to the objects size in the real world. Hence the object of interest

should be smaller than or equal to the size of the camera sensor. Such lenses also mean

a long focal length wherein the field of view is narrow but the depth of field is longer. As

such it is possible to bring the camera close to the object, without losing focus, allowing

the object to occupy most of the sensor area and therefore capturing more details of the

object. For the purpose of the experiments explained further in the thesis, Nikon D90

DSLR cameras [216] were used, with a sensor size of 23.6 × 15.7 mm, for crystals of a



3.7. Measuring crystal growth rate 51

Figure 3.4: (a) Leica M60 stereo microscope used for optical microscopy of single crystals
(b) Macrophotography set-up designed for single crystal imaging

size range 4-8 mm. The camera was attached with a Nikon AF-S 18-105mm lens and 68

mm Newer extension tubes, to take high resolution macro photographs.

3.7 Measuring crystal growth rate

Crystal growth rates in the context of this thesis were measured in one of the two following

ways:

• Change in characteristic dimensions: Two characteristic dimensions of the crystal

were measured over time; length a, normal to the cleavage plane, and length b,

parallel to the cleavage plane (figure 3.5(a)).

• Facet propagation: To get a more accurate representation of the rate of regener-

ation, facet specific growth rates of two facets, (010), and (110) were measured.

This was done by measuring the growth normal to the facets such that facet ad-

vancement over time could be recorded (Figure 3.5 (b)). As imaging was only done

from one direction, only the aforementioned facets could precisely be identified and

tracked. The dihedral angle between (010) and (110) was found to be 37.4°from
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the predicted vacuum morphology in Materials Studio. This was further consoli-

dated by manually measuring the angle using Image J for images at time = 0 for

5 randomly selected experiments and obtaining angles between 35-37 °. Using this

angle, the length of (110) at a given time was calculated by the following Equation

3.7:

L(110) = x× cos (90− θ) where θ = 37.4◦ (3.2)

Where L(110) is the length of facet (110), and θ is the dihedral angle between (110)

and (010), and x is the perpendicular distance between (010) and the topmost edge

of the crystal (Figure 3.5(b)).

The crystal growth rate was then calculated using Equation 2.26.

Figure 3.5: Diagram depicting the measurement of (a) Characteristic dimensions: length
a and b (b) Facet propagation of (010) and (110), on a simplified drawing of a paracetamol
crystal as viewed through the microscope and camera

3.7.1 Automated image analysis using MATLAB

To make the image analysis more efficient, a MATLAB (version R2023b) code was devel-

oped in house to measure the characteristic dimensions as well as the facet propagation of

crystals. The basis of the script is essentially an edge detection algorithm that discretely

identifies the crystal boundary, and therefore the desired dimensions.
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The essential steps for successful edge detection are outlined below, with the primary

MATLAB default functions emphasised in italics :

1. Image cropping: First the original Red Green Blue (RGB) i.e., coloured image,

is cropped using the function imcrop, to remove the excess background such that

the crystal occupies majority of the frame. Cropping the image depends on the

measurement of interest. For characteristic dimensions, the entire crystal needs to

be in the cropped frame. For facet-specific measurements, only the regenerating

part should be considered for (010), while for (110), the non-regenerating part

should be taken into account.

2. Pre-processing of image: Following this the image is converted into greyscale

(rgb2gray) and treated with a median filter (medfilt) to remove any extra bright

hotspots, ‘noise’. As the crystal is mainly transparent, to improve the contrast with

the background, the image is equalised using an adaptive histogram (adapthisteq).

Meaning, multiple histograms are generated for the various parts of the image and

eventually redistributed into a single histogram, such that tonal intensities of the

image are evened out across the image.

3. Conversion to binary image: Following conversion into grayscale, the image is

binarised: each pixel now has a value of either 0 (white) or 1 (black), with the

objects of interest being the white pixels. This is achieved by thresholding the

grayscale image. Each pixel on the grayscale has a value between 0 and 256, with

0 being the brightest pixel and 256 being the darkest. During thresholding these

values are binned such that, pixels below a certain value are assigned a value of

0, whilst the ones above are assigned as 1. This binary image then undergoes

morphological dilation followed by an erosion (imclose). During erosion, all the

stray black pixels are removed whilst the small white pixels close to the edge of the

white objects are incorporated into the object based on the specified constraints.

4. Removal of undesired objects: On certain occasions, even after histogram

equalisation, there remain bright spots on the image due to reflections from the
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glass rod (experimental set up detailed in Section 5.2.2), glass bottle, and even the

crystal itself. These brigh spots get converted into white objects during binarisation

and are engulfed into the crystal boundary. To remove them and prevent the script

from overestimating the crystal size, a watershed function is used. This watershed

function treats the image as a 2D surface and categorises bright areas as ‘low’ points

and dark areas as ‘high’ points. The region where the two attached objects meet

is treated as a dark area due to do the discontinuity in the boundary and sudden

decline in white pixel density. This results in a line between the objects, thus de-

taching them. Finally, once all unwanted objects are detached from the crystal, a

quick area selection is done to only keep the biggest object i.e. the crystal, in the

frame.

5. Determining crystal boundary: To refine the edges of the binary crystal, its

convex hull is calculated, using bwconvhull, such that a smooth shape, joining all

the outermost pixels of the object, is created. At this point only one large white

object remains in the image, of which the boundary is detected. This boundary is

also superimposed on the original RGB image to confirm acceptable crystal edge

detection.

6. Measuring crystal dimensions using bounding box: To measure the charac-

teristic lengths or the facet propagation of the crystal, a minimum bounding box

around the detected crystal boundary is drawn. This box has the smallest dimen-

sions feasible in order to fit all the points of the crystal boundary. The length and

width of the bounding box are therefore the measurements of interest.

7. For-loop for processing image folder: All the above steps are enclosed in a

loop such that a folder containing all the images from one experimental condition

can be analysed at once. As a result a plot of the crystal dimensions as a function

of time is produced. The crystal dimensions are by default measured in pixels and

therefore a calibration value needs to be inputted into the script in order to convert

all measurements into millimetres.
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Figure 3.6 depicts a summary of the image analysis script for a representative crystal

image. The full code can be found in Appendix A.3

Figure 3.6: A summary of the steps used in the MATLAB script to analyse crystal images,
starting from preprocessing into binary image all the way to edge detection and obtaining
measurements
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3.8 Characterisation techniques

3.8.1 Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction is commonly used to acquire diffraction patterns of powder

samples in order to obtain information about their crystal structure [116, 110, 106, 217].

As high quality single crystals are not required for this technique, as in the case of single

crystal X-ray diffraction (SC-XRD), PXRD is a convenient technique to check powder

samples firstly for crystallinity as well as polymorphism. Due to the three dimensional

regularity of atoms in crystals, all crystalline species will produce a diffraction pattern,

distinct to the structure being investigated.

Figure 3.7: (a) Visual representation of the working principle of PXRD (b) Typical
PXRD pattern obtained from a powdered sample of (a) form I paracetamol, and (b)-(g)
its cocrystals and salts - image used with permission from [21]

The working principal of PXRD (Figure 3.7) involves producing electrons by heating up

a tungsten filament in a cathode ray tube and accelerating them at a voltage of 10 kV

to 60 kV towards a metal anode [218, 219]. The most commonly used metal anode is

copper (Cu) and once in contact with the high energy electrons, the metal atoms ionise,

consequently decelerating the electrons and emitting X-ray radiation. The Kα type of

radiation is the strongest that is emitted, which has a wavelength, λ, of 1.5405 Å for Cu.

This wavelength is filtered amongst another wavelengths to eventually be targeted at the

sample. A goniometer sets the angle between the source, sample, and the detector. The
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angle between the incident beam and the sample stage, θ, is varied, and depending on

the interplanar spacing, dhkl, of the crystalline plane, incident beam only at a specific

angle will be diffracted. This diffraction will lead to the constructive interference of the

waves such that Bragg’s Law (Equation 3.3) is obeyed:

nλ = 2dhklsinθ (3.3)

Where n is the order of diffraction and is an integer (1, 2, 3,...), dhkl is the interplanar

spacing of the crystal facet, and θ is the X-ray incident angle.

PXRD investigations for this thesis was carried out using PANalytical X’Pert PRO X-ray

diffractometer. As standard PXRD protocol, the crystals were ground to fine powder in

a pestle and mortar to minimise any preferred orientation. The powder was then pressed

flush against the sample holder using a glass slide to flatten it and excess powder on

the edges of the holder was brushed off using soft tissue prior to being placed inside

the machine. The X-ray diffraction measurement was performed using Cu Kα radiation

(1.5405 Å) at 40 kV and 20 mA. All samples were conducted at a scanning rate of 50

seconds per step, with a step size of 0.013°, over a diffraction angle range from 5° to 35°.

3.8.2 Scanning Electron Microscopy (SEM)

To capture topographical details of a solid sample, SEM is a broadly used characteri-

sation technique. As electron waves have drastically shorter wavelengths compared to

light waves, SEM can capture finer details and achieve higher resolution images (2 nm)

compared to an optical microscope. Electrons in an SEM are produced by heating up a

tungsten filament, which are then accelerated using a voltage of upto 40 kV [220, 221].

This primary electron (PE) beam is focused onto the sample using an electromagnetic

lens, which scans the sample surface in a pattern of parallel lines. Once in contact with

the specimen, two types of scattering of the electron beam can occur; elastic and inelastic

[222]. In the inelastic scattering, the PEs collide with the atoms in the sample, transfer-
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ring their kinetic energy onto the atom’s electrons and resulting in their emission. These

are called secondary electrons (SEs) which are generally low in energy (<50 eV) and are

picked up by specialised detectors that convert the electron intensity into an electrical

signal. Hence, a grey scale image is generated where the brightness is proportional to

the electron density and therefore the surface rugosity. Meaning, elevated points on the

sample surface will result in more SE emission compared to the troughs of the surface,

corresponding to the brighter and darker aspects of the image respectively. Elastic scat-

tering on the other hand is when the PEs are reflected after interacting with the nuclei

of a specimen atom. These are called backscattered electrons (BSEs) and are relatively

high in energy as the PEs do not lose much kinetic energy during scattering [223]. The

intensity of BSEs is directly proportional to the weight of the element, where a heaver

element results in brighter spots on the image and vice versa. Therefore, BSEs are used

to identify the elemental distribution on the sample surface [224]. The working principle

of SEM can be seen in Figure 3.8(a).

Figure 3.8: (a) Visual representation of the working principle of SEM (b) A macroscopic
paracetamol crystal, coated in a thin layer of gold, and placed on a stainless steel stub
using carbon tape in preparation for SEM imaging

SEM of paracetamol crystals was conducted using a JEOL 6010LA scanning electron

microscope. Crystals were mounted on a stainless steel stub using carbon conductive
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adhesive tape and gold coated in a Emitech K575X pumped coating system (Figure

3.8(b)). Coating was done at a sputter current of 20 mA for 30 seconds to obtain an Au

coating of approximately 15-20 nm thickness. As the crystals are non-conductive, coating

the surface with a layer of heavy metal inhibits charging of the sample and enhances SE

emission. The gold-coated sample was then analysed with an accelerating voltage of 10

kV and at a working distance between 13-14 mm.

3.8.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a widely used surface analytical technique which is based on the photoelectric effect

described by Einstein [225, 226]. An X-ray source, typically a metal anode; aluminium

(Al) or Magnesium (Mg), is used to irradiate the sample with low energy X-rays (6 keV).

When X-ray photons reach the sample, electrons in the orbitals absorb the energy of

the photon resulting in their emission. The binding energy of the electrons in the atom

will depend on the element and orbital to which they belong. The kinetic energy of the

emitted electrons is therefore a function of the energy of the photon, as well as the binding

energy of the electron, and represented by the Equation 3.4:

Ebinding = hν − Ekinetic − φ (3.4)

Where Ekinetic us the kinetic energy of the emitted photoelectron and is a known and

fixed value depending on the instrument being used. Ebinding is the binding energy of the

electron in the orbital, calculated using, hν, where h is the Planck’s constant and ν is

the frequency of the X-rays. φ is the constant work function, which the minimum energy

required to remove an electron from a material at 0K. The emitted photoelectrons are

analysed by a detector and their kinetic energy is measured, following which the binding

energy is calculated. Figure 3.9(a) shows a diagram depicting the working principle of

XPS.

A ‘fingerprint’ spectra is produced, which essentially presents the photoelectron counts
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as a function of their binding energy (eV), and is useful to determine the elemental

composition of the sample. More detailed spectra of a certain element is also produced

such as the C1s spectra. The binding energy of core electrons will change depending

on the bound state of the element. For example, increased oxidation state (removal of

valence electrons) during bonding will increase the binding energy of the electrons and

thus result in a shift in the XPS peaks [40, 227]. These unique binding energies for each

bonding environment can be identified from the atomic spectra using databases such as

the National Institute of Standards and Technology (NIST) database [228].

Figure 3.9: (a) Visual representation of the working principle of XPS and (b) paracetamol
crystals mounted on a sample holder in preparation for XPS

XPS was performed on the 5 major facets of paracetamol form I; (001), (010), (110),

(011) and (201), using Thermo Fisher K-Alpha+ that uses a Monochromated Al Ka

Micro-focused X-ray source. A strong agreement was observed between the experimen-

tally determined crystal habits and those reported in the literature [40, 157]. Facets were

identified by superimposing the experimental habits onto those from previous studies.

Additionally, the facets were further verified by measuring their dihedral angles under a

microscope which were compared to those calculated during the vacuum morphology pre-

diction (Section 3.9.3), rendering Single Crystal X-ray Diffraction (SC-XRD) unessential.

Paracetamol crystals were stuck on a stainless steel plate mounted on a copper holder

(Figure 3.9(b)), under an hour of taking out from solution to minimise exposure to the

environment. Crystals from the same batch were used and mounted at angles such that
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the desired facet was parallel to the plate and therefore in direct path of the X-rays. This

was achieved by using crystals with a facet area of around 9 mm2 that were mounted on

the plate using carbon tape and copper clips. Moreover, flood gun was on at all times

to minimise surface charging due to the X-rays. Multipoint analysis was carried out by

scanning 5 randomly chosen points of spot size 400 µm on every facet and the C1s, O1s

and N1s spectra were acquired at 20 eV pass energy. All spectra were Shirley background

subtracted and peak fitted using a Lorentzian/Gaussian (25:75) mix. Fitting was carried

out using the Thermo Avantage V5 software using minimum number of peaks required

to minimise R-factor. The quantitative analysis carried out for each facet was averaged

over the 5 points and the standard deviation was calculated.

3.8.4 Nanoindentation

Nanoindentation is a common technique used to measure the hardness and elastic mod-

ulus of solid materials [229]. Although it is widely used for inorganic materials, the use

of nanoidentation to measure the mechanical properties of the organic crystals is rapidly

gaining traction [199, 230]. Data is obtained by pressing an indenter tip into the sam-

ple surface using a specified amount of load, P (mN), and rate (mN/s). The material

and geometry of the tip depends on the solid being characterised, however in the case of

organic crystals and hence in this study of paracetamol crystals, a diamond Berkovich

pyramidal tip is used. During the test, a load (mN) against displacement (nm) curve (P -

h curve) is produced to show the loading and unloading profile of the tip as it digs into

the surface and eventually pulls out. The loading and unloading data is generally fitted

using a power law fit, also known as the Oliver and Pharr fit [231]. A representative P -h

curve can be seen in Figure 3.10, using which the hardness (H), and reduced modulus

(Er) are calculated with the following equations:

H =
Pmax

A
(3.5)
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Where Pmax is the maximum indentation load, and A is the projected contact area,

estimated using Equation 3.6 for a Berkovich indenter:

A = 24.56× hc
2 (3.6)

Where hc is the contact depth, defined as the depth of the indenter in contact with

the sample under load, but corrected for the extra depression of the sample around the

indentation [232]. Equation 3.6 is an empirical equation found by performing a series

of indentations at different depths on a material of known modulus, mostly Quartz, and

measuring the contact area at each of these depths [231].

The elastic modulus of the material of interest can also be measured by first calculating

the reduced modulus (Er) of the system. The reduced modulus accounts for the elasticity

of the material as well as the identer tip and is found using the equation:

Er =

√
π

2
× S√

A
(3.7)

Where S is the gradient of the tangent of the unloading curve. The value of Er can

further be used to calculate the material’s elastic modulus as follows:

E =
1− ν2

1
Er

− 1−νi2

Ei

(3.8)

Where E and ν are the Young’s modulus and Poisson’s ratio of the material,whilst Ei

and νi are the equivalent for the indenter.

The hardness and Young’s modulus of the different facets of single paracetamol crystals

were measured to study their mechanical properties post regeneration. The Micro Mate-

rials SPM Nanopositioner was used to perform indentations, which were analysed by the

NanoTest Vantage software. Indents were made using the Berkovich diamond indentor

with a maximum load of 5 mN at a loading and unloading rate of 0.5 mN/s as well as a

dwell time of 10 s. On each facet 9 indents were made in the form of a 3 × 3 grid, with 50
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Figure 3.10: (a) Paracetamol crystal being indented in the SPM nanopositioner using
a Berkovich diamond tip (b) A representative Load vs depth (P-h) curve showing the
loading and unloading profiles fitted using the Oliver and Pharr fit, where hf and hmax

are the final indentation depth and indentation depth at maximum load respectively (c)
representative image showing the pyramidal indent post tip unloading on a paracetamol
facet

µm spacing between each indent. 3 different crystals were tested for every desired facet,

such that an average H and E was calculated for every facet along with the standard

deviation.

3.9 Computational Methods

Computational studies with context to this thesis were carried out as a means to aid the

discussions leading on from the experimental findings. Therefore, the following tools were

used to provide validation to the conclusions drawn from the experimental observations

rather than provide any fundamental quantitative information.

3.9.1 Cambridge Structural Database (CSD)

For all computational studies, crystal structure of monoclinic form I paracetamol was

obtained from the Cambridge Structural Database (CSD) (refcode: HXACAN01 [192]),

of space group P21/a with lattice parameters: a = 12.93 Å, b = 9.40 Å, c = 7.10 Å and

α = 90°, β = 115.9°, γ = 90°, with four paracetamol molecules in the unit cell. For the

metastable orthorhombic form II, HXACAN21 [233] was used with unit cell parameters
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a = 7.1986 Å, b = 11.782, c = 17.183 Å, and α = β = γ = 90°, of Pcab space group.

3.9.2 CSD Mercury

Mercury (version 2024.1.0, CCDC, Cambridge, U.K.) was used to predict the powder

XRD patterns of form I and form II paracetamol, HXACAN01 and HXACAN21 respec-

tively (Section 3.9.1). Moreover, to better visualise the molecular arrangement in the

crystallographic planes of interest, the embedded ‘Packing and Slicing’ tool was used.

Using this tool, the packing along any facet could be viewed across the desired area and

depth.

CSD-Particle BFDH Morphology

The BFDH morphology of form I paracetamol (HXACAN01) was calculated using the

‘Morphology’ tool on Mercury. This was predicted based on the interplanar spacing, dhkl,

and therefore the slow growing facets with the highest dhkl occupied a larger proportion

of the crystal surface area and vice versa. The theory behind the morphology prediction

using BFDH rules can be found in Section 2.3 of the literature review.

CSD-Particle Surface Analysis

The ‘VisualHabit’ tool was used to predict the morphology of form I paracetamol (HXA-

CAN01) in order to isolate and analyse the the various planes of the crystal. The ‘Surface

Analysis’ tool on Mercury allows visualisation and quantification of the surface proper-

ties of the desired crystal plane. Here the h,k,l values of the desired plane were inputted,

based on which a slab of wanted thickness and length is generated. The tool then analyses

the surface properties of the slab and the following information was outputted:

1. Topology: This calculates the ‘projected area (Å2)’ of the surface, i.e., the total

surface area of the surface based on the initially specified size, and the ‘surface area
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(Å2)’, calculated based on the physical properties of the surface. If the surface has

multiple peaks and troughs due to the orientation of chemical moieties, the surface

area will be large compared to a flatter surface. Therefore based on these values,

the ‘rugosity’ is calculated using the equation:

Rugosity =
Surface Area

Projected Area
(3.9)

2. Atom properties: The density information of the chemical functionalities of the

surface are calculated. This includes the density of aromatic bonds, hydrogen bond

donors, hydrogen bond acceptors, and the unsatisfied hydrogen bond donors on the

surface, in the units, number/Å2.

3.9.3 Accelrys Materials Studio 7.0

This software was used to predict the vacuum morphology of form I paracetamol (HXA-

CAN01) and perform Molecular Dynamic (MD) simulations.

Forcefield selection

All simulations were performed in Accelrys Materials Studio 7.0 software. Prior to any

simulations, the crystal structure was geometry optimised using the ‘Forcite’ module

using 3 forcefields: COMPASS II [234], Drieding [235], and Universal [236], that are

commonly used for organic molecules. COMPASS II was chosen as the forcefield going

forwards as the relative error associated with the optimised cell parameters was the least

(Table 3.1).
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Table 3.1: Lattice parameters of HXACAN01 before and after optimisation using COM-
PASSII forcefield and the associated relative error

Lattice parameter a (Å) b (Å) c (Å) β (°)
Initial 12.93 9.40 7.10 115.90

COMPASS II opt. 12.65 8.86 7.24 114.76
Relative error (%) 2.16 5.74 1.97 0.98

Vacuum morphology

Following geometry optimisation, the crystal habit in vacuum was predicted using the

‘Morphology’ tool in Materials Studio. The ‘Growth Morphology’, which is based on the

AE model, was executed using the COMPASS II forcefield and a list of important facets

that determine the morphology was obtained.

Interaction energy calculation

Based on the vacuum morphology, the crystal was cleaved parallel to the (010) surface

and a periodic supercell of 3 × 3 unit cells and 4 × dhkl depth was created. The solvent

layer was then constructed using the ‘Amorphous cell’ tool by creating a cell of 400 ran-

domly distributed solvent molecules of the desired solvent; ethanol, acetone and THF.

The dimensions of the solvent layer were chosen to match that of the superstructure of

the crystal surface and the target density was set to the solvent density at room temper-

ature (298 K): ethanol – 0.789 g/cm3, acetone – 0.784 g/cm3, and THF – 0.888 g/cm3.

The amorphous layer was then subject to geometry optimisation and cell relaxation by

molecular dynamics using the NVT ensemble at 298 K for 300 ps controlled by the An-

derson thermostat [237]. The NVT ensemble ensures that a constant number of moles,

volume, and temperature of the system is maintained. Subsequently, a bilayer was built

with the solvent layer placed above the crystal surface along the c axis. A 50 Å vacuum

slab was placed above the solvent layer to avoid the effect of additional free boundaries.

All except the topmost layer of the crystal were fixed along the a, b, and c directions.

The entire system was then geometrically optimised and the MD was assessed by the

Anderson thermostat using the NVT ensemble at 298 K with a step time of 1 fs. The
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Figure 3.11: Diagram summarising the MD simulation set-up on Materials Studios for
calculating the surface-solvent interaction energy

electrostatic interactions were calculated using the Ewald method with an accuracy of

0.0001 kcal/mol, whilst the atom-based summation method with a cut-off distance of

15.5 Å was used van der Waals forces. Two sets of MD simulations were run, first to

equilibrate the whole system for 100 ps followed by another MD simulation for 50 ps to

obtain the energy values. Figure 3.11 shows a schematic representation of the simulation

approach for this study.

The total potential energy, Etot, of the simulated crystal-solvent layer was used to the

calculate the interaction energy, Eint, using Equation 3.9.3:

Eint = Etot − (Ecry + Esol) (3.10)

Where Ecrys and Esol are the energy of the crystal and solvent layer respectively.



Chapter 4

Crystal regeneration - a proposed

growth mechanism in crystals post

breakage

4.1 Overview

This chapter introduces the phenomenon of ‘crystal regeneration’ and establishes the

groundwork for the subsequent chapters of this thesis. Here, imaging setups compatible

with evaporative crystallisation were developed to monitor the growth of macroscopic

single crystals of paracetamol. The study revealed that a cleaved paracetamol crystal

exhibited a remarkable ability to restore its original shape via rapid growth of the cleavage

plane (010) and, once restored, growth resumed in the same fashion as prior to breakage.

This extrinsic self-healing behaviour was found to be influenced by the direction of the

breakage, with crystals broken parallel to the cleavage plane exhibiting regeneration, while

those cut perpendicular did not. Characterisation techniques, such as PXRD, SEM, and

nanoindentation, also confirmed that the regenerated crystals retained the original form,

shape and mechanical properties from before breakage.

68
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Quantitative analysis demonstrated that during regeneration, growth perpendicular to

facet (010) occurred approximately thrice as fast (0.06 mm/hr) than in unbroken crystals

(0.024 mm/hr), whilst that parallel to the cleavage plane occurred at the same rate as

unbroken crystals. Moreover, the majority of the regeneration process took place in the

initial duration of the experiment, where the length perpendicular to (010) doubled in

size, as opposed to a mere 20% increase each following day. Thus a two-phase regeneration

mechanism has been proposed: an initial rapid regeneration phase followed by a slower

one.

This discovery challenges conventional morphology prediction theories, which suggest

that fast-growing facets, due to their rapid growth surpassing slower-growing facets, do

not contribute to the crystal habit and are therefore disregarded in crystal growth. While

this principle may apply to unbroken crystals, the study emphasises that in broken crys-

tals, fast-growing facets play a dominant role in the regeneration process and cannot

be dismissed as insignificant. The chapter concludes with a discussion of the potential

factors contributing to this anomalous behaviour, including surface energetics, synthonic

interactions within the crystalline lattice, as well as the implications of regeneration on

the crystal properties.

4.2 Methods

4.2.1 Obtaining and cutting paracetamol crystals

Paracetamol and ethanol were the only two chemicals used in this study, the details

of which can be found in Section 3.1. Macroscopic single crystals of paracetamol were

grown in an ethanolic solution as elaborated in Section 3.3. To investigate the effects of

the extent and orientation of breakage, a few different types of cuts were implemented on

the paracetamol crystals, as summarised in Figure 4.1. Firstly, the crystals were cleaved

using the same approach as detailed in Section 3.4. This was to cut the crystal in two
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Figure 4.1: Summary of the extent and orientation of breakage studied: parallel to the
cleavage plane - 50% (cleaved), 25%, 10% and perpendicular to the cleavage plane -
chipped. Note: The crystal diagrams are simplified representations of a paracetamol
crystal as seen through the microscope and camera. For a comparison with the actual
crystal, please refer to Figure 3.3.

clean halves, also known as the 50% cut. To achieve the 25% and 10% cut, point pressure

was applied on facet (011) approximately 25% and 10% respectively from the edge of

the crystal, such that breakage was parallel to the cleavage plane. Finally, the crystal

was ‘chipped’ by cutting the crystal perpendicular to the cleavage plane. This was done

by going back and forth on the (001) facet in the b direction, using a scalpel, until two

fragments were produced. The original crystal after breakage is referred to as the ‘mother’

while the fragmented piece is termed as the ‘daughter’.

4.2.2 Bench top optical microscopy for small crystals

The pre-prepared cut crystal was placed in a 50 ml crystallisation dish, which was filled

with 25 ml of saturated solution of paracetamol and ethanol prepared at room temper-

ature. The dish was covered with a glass lid that resulted in an overhang of 1 cm. To

prevent rapid solvent evaporation, parafilm was used to seal the edges of the enclosed

dish, which was then placed in a fumehood for a week-long evaporation period. Every 5

hours during the day, crystal images were taken using a Leica stereomicroscope (Figure

3.4(a)). To better elucidate the regeneration phenomenon, the growth of small unbro-
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ken whole crystals was also investigated in the same manner to eventually compare the

growth rates of broken and unbroken crystals. Three cleaved and three unbroken crystals

were studied and average growth rates were calculated. Leica Application Suite (LAS)

4 software was used the analyse the images and measure the characteristic dimensions,

length a and length b of the crystals (Section 3.7), to eventually calculate the growth

rates using Equation 2.26.

4.2.3 Macro photography for large crystals

The large crystals used were almost double in size compared to the small crystals thus

making microscopic imaging techniques substandard. A more adequate imaging rig was

designed that utilised a macrophotography approach. The cut crystals were hung in

solution as described in Section 3.3, with the freshly exposed plane facing the base of

the vial, and allowed to grow via slow solvent evaporation. A Nikon D90 DSLR camera

attached with a Nikon AF-S 18-105 mm lens and 68 mm Newer extension tubes was used

to take high resolution macro photographs. Due to the prismatic and transparent nature

of the paracetamol crystal as well as the use of a clear solution and cylindrical glass vials

to suspend the crystal, controlling the lighting for the set-up was crucial to minimise

reflection and glare in the images. Hence, the vials were kept inside a photography light

box, embedded with LED lights and a diffuser cloth for even dispersion of light. The

camera was then pointed directly at the vial, with a front view of facet (001) directly

in frame. Images were taken every 30 mins over a period of 2-2.5 weeks using a timer

connected to the camera (Figure 3.4(b)). Using these images the characteristic lengths a

and b (Section 3.7) of three cleaved crystals were measured with the aid of Image J and

average growth rates were calculated using Equation 2.26.
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4.2.4 Powder XRD

Powder XRD patterns of as received paracetamol powder, paracetamol seeds grown from

ethanol, and crystals before and after regeneration were obtained using the methodology

outlined in Section 3.8.1.

4.2.5 Scanning electron Spectroscopy

SEM of paracetamol crystals was carried out using the methodology detailed in Section

3.8.2. The aim was to image the (010) facet at various time points during the regeneration

process. Hence the (010) facet was imaged before placing the cleaved crystal in solution

(0 hours), 25 hours, and 50 hours. These were obtained by removing the partially re-

generated crystals from solution at the desired time to quench their growth, followed by

quickly patting them dry with a soft tissue. It is important to note that images for every

time point correspond to a different single crystal. This is because, post SEM, crystals

cannot be put back in solution firstly due to their gold coating and secondly, they have

been exposed to the atmosphere which will inevitably affect their growth.

4.2.6 Nanoindentation

To investigate the effect of regeneration on the mechanical properties of crystals, nanoin-

dentation was performed on two major facets of paracetamol; (001), and the freshly

cleaved (010). For each facet, 3 whole and 3 regenerated crystals were studied and mea-

surements were carried out using the methodology detailed in Section 3.8.4.

4.2.7 Computational methods

The attachment energy habit i.e., the vacuum morphology of form I paracetamol was

obtained via Material Studios using the methodology detailed in section 3.9.3. Moreover,
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the BFDH morphology as well as the surface analysis of the five major facets of paraceta-

mol, (001), (010), (201), (011), and (110) was performed with the aid of Mercury (Section

3.9.2).

4.3 Results

4.3.1 Identifying cleavage planes of form I paracetamol crystals

Although (010) has been identified as the weakest plane/slip plane/cleavage plane in mul-

tiple publications ([238, 239, 240, 171]), there is immense ambiguity in the classification

of these planes and at most times these words are used interchangeably. As detailed in

Section 2.4.2, slip planes and cleavage planes have different properties and therefore an

attempt has been made here to distinguish (010) as the cleavage plane of paracetamol

using the decision making process outlined in Section 2.4.2. This nomenclature and clas-

sification is crucial so that the regeneration phenomenon can be attributed to a particular

type of facets.

Figure 4.2: (a) Vacuum habit of form I paracetamol (HXACAN01) predicted by the
attachment energy theory using Materials Studio (b) BFDH morphology of paracetamol
calculated using Mercury (c) Experimental habit of paracetamol crystal grown in ethanol

As can be seen from Figure 4.2 (c), the experimental habit of paracetamol from ethanol

is in excellent agreement with the literature [40, 142, 240, 239]. Facet indexing was done

based on the habits reported in the aforementioned studies and therefore the four major
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facets: (201), (001), (011), and (110) were identified. The facet (010) occupies negligible

to no surface area of the experimental habit and is only exposed when the crystal is cut

perpendicular to the (001) facet [239, 40].

Figure 4.3: Depiction of the packing of corrugated (010) and (020) planes, highlighting
the hydrogen bonding in the a and c direction

The attachment energy habit is generally in good agreement with the experimental habit

of paracetamol (Figure 4.2 (a)). A ‘prismatic’ crystal shape is observed with major

facets (110), (001), (201), and (011), (020), (111), and (200). Due to the effect of solvent

environment and crystallisation conditions, some of these facets have no morphological

importance on the experimental crystal habit. The attachment energy habit produced

the (020) facet instead of the (010) facet. Following examination of the packing of the two

planes on Mercury, not only were the two planes parallel to each other as they intersect

the b axis, but they also expressed the same chemical moieties on the surface. The only

difference being that the chemical groups were a mirror image of each other because

the monoclinic form of paracetamol has an ‘a-glide’ plane, therefore (010) was just a

reflection of the (020) plane along the plane intersecting the a axis (Figure 4.3). The

(020) facet intercepts the b axis at 1/2 whilst the (010) at 1, thus the d spacing of the

(010) will be larger than (020). The same explanation is true for facets (200) and (100)

or (001) and (002) as they are all part of the same family of planes {100} as elaborated

in Section 2.3.1. However when the BFDH morphology of the monoclininc paracetamol

was computed, neither the (010) nor the (020) facets were observed (Figure 4.2 (b)),

consolidating that both the facets still have the lowest interplanar spacing compared to

the other major facets. Therefore due to these similarities in the 2 planes, (020) from the

attachment energy habit was considered to be equivalent to the (010) facet. Table 4.1
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Table 4.1: Interplanar spacing, dhkl, attachment energy, Eatt, specific interaction energy
(SIE), and total facet area, of the major facets of the vacuum habit of paracetamol as
obtained from Materials Studio

hkl Multiplicity dhkl Eatt SIE Total facet area

Å kcal/mol/unit cell kcal/mol/Å2 (%)

(110) 4 7.01 -54.62 0.94 41.94

(001) 2 6.58 -68.09 1.10 14.41

(200) 2 5.74 -82.36 1.17 1.40

(201) 2 5.66 -53.11 0.74 22.56

(111) 4 5.56 -70.51 0.97 7.59

(011) 4 5.28 -74.42 0.97 3.16

(020) 2 4.30 -57.23 0.61 8.95

highlights the major facets on the vacuum habit of paracetamol in order of the percentage

surface area they occupy, from highest to lowest along with their multiplicity, d-spacing

(dhkl), and attachment energy (Eatt). The specific interaction energy (SIE) has also been

calculated using Equation 2.29.

It can be seen that the (020) facet has the lowest interplanar spacing however a moderate

attachment energy compared to other facets. This contradicts the attachment energies

found by Prasad et al. in 2001 using the MOMANY molecular potential [239], where

(010) was found to be the lowest attachment energy plane and therefore most likely to

slip. This discrepancy was postulated to be due to advancements in the development of

forcefields over the years as recent studies [171] have confirmed that attachment energy

calculations using various forcefields, does not yield in a low attachment energy (010)

plane for form I paracetamol. Thus, based on these findings, an initial approximation

can be made that (010) is more likely to cleave than demonstrate slip.

Detailed surface analysis of the major facets was performed using Mercury (Section 3.9.2)

as seen in Figure 4.4 to elucidate the surface rugosity and chemistry, results of which can

be found in Table 4.2. Form I of paracetamol has been reported to have extremely

corrugated and interpenetrating planes due to its herringbone lattice [19]. Relative to

other facets, (010) has the highest rugosity, almost 15% higher than the flattest (201)

facet. Therefore with lowest specific interaction energy, and high corrugation makes (010)
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Figure 4.4: Analysed surfaces of planes (a)(010) and (b)(011) as obtained from Mercury
depicting the (i) packing and hydrogen bonding, (ii) topological information, and (iii)
surface chemical functionalities

Table 4.2: Surface analysis results including rugosity and the density of chemical moieties
of the major facets of form 1 paracetamol

Aromatic H-Bond H-Bond Unsatisfied

(hkl) Rugosity Bonds Acceptors Donors H-Bond Donors

counts/Å counts/Å counts/Å counts/Å

(201) 1.304 0.081 0.029 0.029 0.015

(011) 1.347 0.109 0.034 0.027 0.014

(110) 1.348 0.094 0.038 0.028 0.019

(001) 1.419 0.107 0.016 0.033 0.016

(010) 1.538 0.145 0.048 0.048 0.000

a brittle plane and, consequently, most susceptible to cleavage (Section 2.4.2).

The hydroxyl (OH) groups in a paracetamol molecule participate in hydrogen bonding by

accepting a hydrogen bond from the amine (NH) group and donating it to the carbonyl

(=O) group of an adjacent molecule, forming criss-cross layers in the a and c crystallo-

graphic directions (Figure 4.3). This leaves no hydroxyl groups available for hydrogen

bonding along the b axis, hence leaving (010) with 0 hydrogen bonding potential where

only methyl groups (-CH3) protrude from the surface (Figure 4.4). The corrugated lattice

as well as no hydrogen bonding potential makes (010) not only a brittle plane but also

a apolar, weakly interacting plane. Therefore, the (010) plane is classified as the brittle
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cleavage plane in a Form I paracetamol crystal. This plane is inherently a fast-growing

facet, which is why it does not appear on the external crystal habit.

4.3.2 Effect of extent and orientation of breakage on regenera-

tion

Figure 4.5: Regeneration observed in (a) 50% cleaved, (b) 25% mother, and (c) 10%
mother paracetamol crystal

It was observed that regardless of the initial crystal size, cuts parallel to the cleavage

plane resulted in regeneration (Figure 4.5 (a)-(c)). The cleaved (50%), 25% mother and

10% mother crystal regenerated their broken part and returned to their original shape.

Crystals with a low degree of fracture demonstrated quicker repair such that the order

of regeneration completion was as follows: 10% mother, 25% mother, 50% mother. This

was due the low overall solute demand for smaller cuts. The daughter crystals from the

parallel cuts also exhibited regeneration (Figure 4.6 (a)). However in this case, instead of

the large mother segment reappearing on the crystal, it was more energetically favourable

for the daughter fragments to regenerate into small whole crystals and eventually grow

bigger. On the contrary, crystals that were cut perpendicular to the cleavage plane did

not exhibit regeneration (Figure 4.6 (b)). Rather, they retain an overall shape similar
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to the one spawned as a result of the breakage. Facets corresponding to the equilibrium

morphology developed in accordance with the new shape and the crystal simply grew

larger.

Figure 4.6: (a) Regeneration observed in a 10% daughter paracetamol crystal and (b)
Growth behaviour of a chipped paracetamol crystal

This was postulated to be due to the plane exposed after breakage. In the case of 50%,

25% and 10% cut crystals, the plane parallel to the cleavage plane, i.e., a surface from the

(0k0) set of planes, is exposed, resulting in analogous regeneration behaviour. However

with the chipped crystals, no specific facet is exposed. Unlike the previous cuts, this

type of breakage does not result in a ‘clean’ cut and requires moving the scalpel back

and forth multiple times to slice through the crystal. This results in a surface that is an

amalgamation of different facets and hence does not propagate as a traditional facet.

These observations emphasise the importance of the extent and orientation of breakage

on the shape evolution of the crystal. Depending on the type of breakage, the eventual

crystal shape and size can vary and result in undesired crystal shapes that can further

hinder downstream processes.
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4.3.3 Growth rates of cleaved crystals vs. unbroken crystals

Figures 4.7 (c) and (d), show plots of the average growth data obtained for small cleaved

and small whole crystals respectively. The measured dimensions of length a and b were

normalised, Lnorm, to the total change in the characteristic dimension at the end of

325 hours, Lf − Li, using Equation 4.3.3, for better visual representation of the growth

trajectory.

Lnorm =
L− Li

Lf − Li

(4.1)

Where Li and Lf are the initial and final length of the characteristic dimensions.

The end of regeneration was deduced visually at the point where crystal shape restoration

is achieved (Figure 4.7 (a)) and is further consolidated using the gradients of the growth

plot. In Figure 4.7 (c), at 100 hours, the change in the gradient of the curve for length a

aligns with the end of the regeneration phase observed in the images, after which overall

growth begins. After 168 hours, the cleaved crystal exhibits negligible growth, likely due

to solute depletion caused by prolonged evaporation. Therefore, only the growth period

between 100 and 168 hours was considered for analysis. For a consistent comparison,

the growth of a whole crystal was also evaluated up to 168 hours, as shown in Figure

4.7 (b) and (d). Thus, further analysis on the growth rates was carried out taking into

consideration only the first 168 hour time period.

The regeneration period was then segregated into 25 hour bins for clear demonstration of

trends. For each 25 hour bin, the % growth of the crystals was calculated using Equation

4.2:

%Growth =
∆L

Li

(4.2)

Where ∆L is the change in the characteristic dimension in the 25 hour period, and Li is

the initial length of the characteristic dimension at the beginning of a particular 25 hour

period. Figures 4.7 (e) and (f) show the % growth of the cleaved and a whole crystals

over the regeneration period of 100 hours. It can be seen that in the first 25 hours length

a of the cleaved crystal grew by an extra 80% compared to its length b as well as length
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Figure 4.7: Snapshots of (a) a cleaved crystal regenerating post breakage and (b) the
growth trajectory of a whole crystal. Averaged over at least 3 samples, the normalised
growth behaviour of (c) cleaved crystals compared to (d) whole crystals during the en-
tire 300 hours of the experiment. (FR and SR stand for ‘Fast Regeneration’ and ‘Slow
Regeneration’ respectively)
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a of the whole crystal. This emphasises two things: one, the propagation of facet (010)

dominates during the regeneration process, and two, there exists an initial phase in the

regeneration process, where the majority of the crystal regeneration is completed. It was

postulated that as regeneration progresses, new facets like the (011) and (110) develop on

the crystal, increasing the number of growing facets competing for solute molecules, which

in turn slows down the regeneration process. Therefore the remainder of the regeneration

takes place over a period of the subsequent 75 hours where growth in both directions

resonated with that of an unbroken whole crystal.

Figure 4.8: Propagation of characteristic dimensions a and b over time for 3 cleaved and
3 whole crystals: (a) Length a of cleaved crystal, (b) Length b of cleaved crystal, (c)
Length a of whole crystal, and (d) Length b of whole crystal

Using the measured lengths, the growth rates during the regeneration period were deter-

mined as seen in Figure 4.8 using Equation 2.26, ∆L being the change in characteristic

dimension. In Figure 4.8 (a), length a shows a clear change in gradient between 0-25
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Table 4.3: Average growth rates of length a and b of cleaved crystals during fast regen-
eration, slow regeneration, and overall growth

Cleaved Crystal Growth Rates (mm/hr)

Phase
Length a Length b

Run 1 Run 2 Run 3 Average SD Run 1 Run 2 Run 3 Average SD

Fast Regen 0.054 0.071 0.066 0.064 0.009 0.016 0.022 0.024 0.021 0.004

Slow Regen 0.022 0.019 0.022 0.021 0.002 0.024 0.028 0.028 0.027 0.002

Overall 0.028 0.020 0.027 0.025 0.004 0.030 0.023 0.032 0.028 0.005

Table 4.4: Average growth rates of length a and b of whole crystals during regeneration
and overall growth of cleaved crystals

Whole Crystal Growth Rates (mm/hr)

Phase
Length a Length b

Run 1 Run 2 Run 3 Average SD Run 1 Run 2 Run 3 Average SD

Regen 0.021 0.022 0.028 0.024 0.004 0.026 0.031 0.035 0.029 0.006

Overall 0.022 0.024 0.028 0.025 0.003 0.025 0.026 0.035 0.029 0.006

hours and 25-100 hours suggesting a growth rate 3 times faster in the initial stage on

regeneration compared to the later stage. This interestingly also translates to a slightly

slower growth rate of length b in the first 25 hours compared to the later 75 hours (Figure

4.8 (b)). When compared to the growth rates of whole crystals (Figure 4.8 (c) and (d)),

it is evident that there is no change in the growth rates during the 100 hours irrespective

of the characteristic dimension; length a and b advance uniformly at a constant rate of ∼

0.026 mm/hr. Growth rates in all the stages are summarised in tables 4.3 and 4.4. Once

regeneration is completed, the now regenerated crystals grow at the same rate as whole

crystals in both directions. The growth rates of large crystals follow a similar trend and

can be found in the Appendix A.1, however more experiments need to be carried out to

deduce meaningful conclusions on the effect of crystal size on regeneration.

These results contradict the traditional morphological prediction theories (Section 2.3)

that suggest slow growing facets dominate the crystal growth process and therefore the

habit. This holds true for the growth of crystals from nuclei where fast growing facets

instantaneously outgrow the slow growing facets and therefore have no morphological

importance. Thus, the resulting growth of the seed crystals is dominated by slow growing

facets. However, this does not apply to broken crystals where breakage exposes previously
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non present facets. It is clearly seen that in the initial period of crystal growth post

breakage, the fast growing facet dominates the crystal growth behaviour in a significant

manner. It not only affects the growth rate of crystals but also the shape evolution.

4.4 Discussion

4.4.1 The proposed regeneration mechanism

Following on from the above results, a mechanism for post breakage growth has been

proposed which can be categorised into three distinct regions: rapid regeneration, slow

regeneration, and overall growth. This behaviour was unique to broken crystals because

even though all experiments were carried out using the same mother liquor and under the

same operating conditions, the whole crystals did not show these three regions (Figure

4.9).

As these experiments were carried out at ambient conditions in a fumehood, the rate of

evaporation was not actively and rigorously controlled. However it was certain that the

supersaturation was never too high because spontaneous nucleation was not observed.

Moreover, since very slow yet continuous evaporation under stable room temperature

and pressure was carried out over a period of multiple days, drastic changes in the con-

centration of the mother liquor were regarded unlikely. This was postulated to be due to

a continuous creation and depletion of the supersaturation during the growth of crystals,

resulting in a self-regulating constant concentration over the 150 hours. This can be be

further consolidated by considering the growth of the unbroken crystals under the same

conditions where growth rates for entire duration of the experiment have been constant.

Hence the three distinct growth regions were associated with changes in the intrinsic

growth behaviour of the crystal rather than due to variation in solution concentration.
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Figure 4.9: The proposed regeneration mechanism consisting of 2 phases; fast regener-
ation, and slow regeneration, followed by the overall growth of the crystal post shape
restoration

4.4.2 Effect of regeneration on crystal shape and form

From Figure 4.10, it can be seen that predicted PXRD patterns of form I and form II

of paracetamol are significantly different. As expected, the as-received paracetamol pow-

der and the seeds grown from ethanol align with the form I PXRD pattern. Moreover,

the regenerated crystals retained the monoclinic form of paracetamol with no observable

differences in the peak positions of the unbroken and regenerated paracetamol crystals.

The peak intensities observed for the seeds and regenerated crystals showed slight differ-

ences compared to the predicted pattern and the as-received paracetamol powder. This

variation was attributed to sample preparation rather than any intrinsic alteration in

the crystal properties. Since the seeds and regenerated crystals were macroscopic and

required grinding before placement on the sample holder, inconsistencies in particle size

could have resulted in variations in peak intensities.
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Figure 4.10: PXRD spectra of paracetamol crystals top to bottom, form II predicted using
Mercury, form I predicted using Mercury, as received paracetamol powder, paracetamol
seeds grown in ethanol solution, paracetamol crystals regenerated in ethanol solution

SEM was performed on the (010) facet of the crystal at various time points during the

regeneration process; 0 hours (Figure 4.11 (a)), 25 hours (Figure 4.11 (b)), and 50 hours

(Figure 4.11 (c)). The main aim was to track the advancement of the (010) facet which

was not captured via the previously mentioned imaging techniques. It can be seen that

at 0 hours, before the cleaved crystal was placed in solution, the (010) facet is relatively

smooth, consolidating the claimed ‘clean cut’ from cleavage. The cracks that can be

seen were generated from the point of pressure application and would be expected as a

result of mechanical breakage. After 25 hours, (010) can be seen rugged as a result of

growth on the facet. In comparison to the newly developed and smooth (011) facets, the

(010) has more visible steps and ledges potentially due the multifold faster growth during

rapid regeneration. Finally at 50 hours, a very thin remainder of the growing (010) facet

can be seen along with the almost entirely developed (011) facets. Although the exact

step heights and velocities cannot be deduced using SEM and will require more powerful

techniques such as Atomic Force Microscopy (AFM), the rugosity itself is an indication of

the rapid advancement of the (010) facet. These SEM micrographs support the proposed

shape evolution of cleaved crystals during regeneration and confirm the restoration of

their original, unbroken shape.
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Figure 4.11: SEM images of (010) facet at different time intervals during regeneration
(a) at 0 hours, (b) 25 hours and (e) 50 hours after cleaving.

4.4.3 Effect of regeneration on the fracture properties of crys-

tals

The basis of regeneration is the existence of a brittle cleavage plane in paracetamol crystals

which grows rapidly once exposed to achieve shape restoration. Preliminary studies have

shown ‘recyclability’ of regenerated crystals such that a once regenerated crystal has the

potential to be cleaved and regenerate again (Section 7.2.1). Hence it becomes crucial

to understand, how regeneration affects the cleaving ability or the fracture properties

of the crystal. Therefore nanoindentation was predominantly carried out on the two

main facets associated with cleavage: (001), and (010). The load-displacement curves

provide valuable qualitative information about the deformation behaviour of the facet

being indented; in this case the effect of penetrating a Berkovich indentor at 90 °to the

facet of interest. In general all curves, regardless of pristine or regenerated crystals,

resulted in ‘pop-ins’ on the loading curve. As seen from the displacement curves of facets

(001) and (010) of pristine crystals (Figure 4.12), the sudden increase in the penetration

depth during the tip movement into the facet is a result of local dislocations, and a

common observation in brittle organic crystals [241, 242]. Paracetamol crystals have

been found to be brittle in nature [199] however due to anisotropy, differences in the

deformation behaviour are observed. Very clearly, there are fewer and shallower pop-ins

on the (001) facet as opposed to the (010) facet, potentially because indentation along the

cleavage direction, [010] is this case, leads to a smoother curve [199]. Indentation normal

to the (001) facet could also mean fracture along the [100] direction, but as reported
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Figure 4.12: Example of the load-displacement curves obtained for the paracetamol
facets,(a) (001) and (b) (010), before regeneration. The curves highlight the ‘pop-in’
behaviour commonly observed in molecular crystals along with micrographs of the indent

by previous indentation studies, and established in Section 4.3.1, [010] is the most likely

cleavage direction and therefore responsible for the smooth curve. Since [001] and [100]

are not the likely slip or cleavage directions, indentation on the (010) facet lead to more

prominent dislocations as reflected by the pop-ins. This was further consolidated by the

shape of the indentation. Whilst the (001) facet resulted in a clean triangular indent, the

(010) led to ‘pile ups’ and micro cracks along the edges as seen from the micrographs in

Figure 4.12.

Using the displacement curves, the hardness of facets (001) and (010) before and after

regeneration was calculated using Equation 3.5, results of which are displayed in Figure

4.13(a). Some initial tests were also done on facets (201) and (011) and the results can

be found in Section A.2 of the appendix. The hardness values are in similar orders of

magnitude for paracetamol crystals as reported in the literature [238], with (001) being

the easiest to indent and (010) being the hardest [239]. Although the standard deviation

is significant, it is not uncommon due to crystal to crystal variability [242]. Even so, the

data suggests a general increase in the hardness after regeneration, with the least increase

(∼ 2%) in the (001) facet followed by ∼ 6% increase in the (201) and (011) facets and the

largest increase of ∼ 10% in the (010) facet. This increase in hardness was postulated to

be due to the accumulated strain inside the crystal post regeneration. As seen from Figure
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Figure 4.13: (a) Bar chart depicting the hardness of facets before and after regeneration
where the error bars correspond to the standard deviation across 3 samples with 9 indents
each. (b) images of the indents after regeneration on facet (i) (001) and (ii) (010) along
with (b)(iii) the image of facet (010) exposed from a regenerated crystal

4.5(a), the regenerated part of the crystal is opaque compared to the non-regenerating

side, corresponding to the accumulated tension due to rapid growth of the cleavage plane.

As a result, when load is introduced normal to the facet, it dissipates via these lattice

defects and therefore more work in required for the same level of indentation. Examining

the (010) facet after regeneration (Figure 4.13(b)(iii)), it appears significantly rougher

compared to its state before regeneration (Figure 4.11 (a)). This increased roughness is

evident in the indentation, which lacks a distinct triangular shape and instead exhibits

more pronounced pile-ups (Figure 4.13(b)(ii)), as opposed to the (001) after regeneration

which still produces a neat indent.

The hardness conveys the resistance of the facet to indent under a certain load, and it can

be deduced that even after regeneration (001) was the easiest to indent, whilst (010) was

the hardest to indent. The reduced modulus of the (001) and (010) facets was calculated

using Equation 3.8.4, displayed in Table 4.5, and even though there was a 20% decrease

in the elasticity along the [001]/[100] direction after regeneration, the [010] direction still

remains more susceptible to fracture after regeneration. Detailed analysis using the crack

propagation along edges of the indents is required to elucidate the mechanisms of the

fracture propagation for these facets. However, this lies outside the scope of this study as
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Table 4.5: Reduced modulus, Er, of facets (001) and (010) before and after regeneration

Indentation plane Fracture plane θ Before regeneration After regeneration

(hkl) (hkl) ° Er, GPa Er, GPa

(001) (010) 90 13.13 ± 1.18 13.14 ± 1.66

(010) (001)/(100) 90 9.03 ± 0.98 10.88 ± 0.79

the main aim is to understand how regeneration affects the overall mechanical properties

of a single paracetamol crystal.

4.4.4 Effect of regeneration on crystal quality

As seen in the above sections, even though the crystals retain their form, shape, and

mechanical properties after regeneration, they seem to no longer remain ‘pristine’ in

condition. Going by the definition of ‘high quality’ crystals stated in Section 3.3.1, the

regenerated crystals only satisfy one of the two conditions. Although all the major facets

are distinctly visible on the regenerated crystals, the majority of them also develop stress

and defects internally - seen very clearly in the presented images. This is predominantly

due to the mechanical damage induced during breakage, that then culminates into voids

and irregularities in the crystal lattice during rapid regeneration. Even though this

does not affect the overall fracture propensity of the crystal as seen in Section 4.4.3,

the dislocations on the (010) plane exposed after regeneration (Figure 4.13(b)(iii)) are

apparent. These dislocations could potentially host various impurities, including solvents,

dust particles, or additives introduced to enhance crystallisation in an industrial context.

Studies have shown that solvent occlusions can span up to 500 µm in radius in the

presence of defects [242], whilst some studies have traced high impurity incorporation in

crystals that are grown post fracture, via imaging [243] and via X-ray tomography [182].

These impurity incorporations can further alter the physical and chemical properties of

the crystals such as their melting points, dissolution rates, purity, etc., making it a crucial

topic to investigate in the future.

On the whole, peculiar observations arise from the regeneration phenomenon; firstly,
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the rapid growth of facet (010) even though it is a weakly interacting plane. This was

postulated to be due to the crystal trying to minimise it’s overall surface free energy. Since

facet (010) has little to no morphological importance on the equilibrium crystal habit,

the cleaved crystal becomes extremely unstable once in solution, thus prompting rapid

advancement of (010) to attain a thermodynamically stable configuration. Moreover, this

effect could be amplified due to the 0 hydrogen bonding potential of the (010) facet. As the

surface is extremely apolar, it is unlikely for the surface to have any affinity to the ethanol

molecules which is a polar protic solvent. Hence, no substantial energy would be required

to desorb the solvent molecules from the crystal surface before the solute molecules can

adsorb. This goes against the traditional morphological prediction theories that suggest

that slow growing facets dominate the crystal habit. Although this holds for unbroken

crystals, it is not necessarily true for broken crystals. It is proposed that regeneration

can occur in crystals that have a prominent cleavage plane that is also an inherently fast

growing plane. Preliminary work has been carried out on carbamazepine (CBZ), glycine,

and aspirin where CBZ and glycine have shown signs of regeneration when broken along

their fast growing cleavage plane. Asprin on the other hand has a cleavage plane with

high morphological importance and therefore does not regenerate. The author refers the

reader to Section 7.2.4 of the conclusion chapter for preliminary results.

In this chapter, evaporative crystallisation was employed as the primary method for

crystal growth. While this approach proved robust for observing and interpreting the

regeneration phenomenon under ambient crystallisation conditions, it has limitations in

analysing qualitative and quantitative behaviours across a broader range of conditions.

Consequently, new methodologies and analysis were developed to investigate the effects

of solvents, supersaturation ratio, and agitation on regeneration rates and behaviour, as

detailed in chapters 5 and 6.
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4.5 Conclusion

A clear distinction has been made in terms of nomenclature for slip planes and cleav-

age planes, and facet (010) has been identified as the preferred cleavage plane of form

I paracetamol crystals based on the crystal structure. A previously unreported ‘regen-

eration’ phenomenon was observed in paracetamol crystals following breakage along the

cleavage plane. Here the broken crystal grew back to its pre-breakage shape prior to

demonstrating overall growth via rapid advancement of (010), which has previously not

been reported. It was demonstrated via slow solvent evaporation, that regeneration is

dependent on the breakage orientation, regardless of initial crystal size. Cuts parallel to

the cleavage plane, irrespective of the extent of breakage, resulted in regeneration whilst

cuts perpendicular to the cleavage plane did not. Following growth rate measurements

of cleaved crystals, a 3-step post-breakage growth mechanism has been proposed; rapid

regeneration, followed by slow regeneration, and eventually overall growth. Overall, the

regeneration phenomenon not only restores the crystal shape and the mechanical prop-

erties but also preserves the crystal form. This chapter emphasises that after breakage,

fast-growing facets dominate crystal growth, making it essential to account for specific

post-breakage kinetics to accurately predict crystal shape and size.



Chapter 5

Design of isothermal crystallisation

set-up with integrated

macrophotography to investigate

solvent effects on crystal

regeneration

5.1 Overview

Solvents play an important role in crystallisation where they can strongly influence the

crystal growth process and therefore the resulting crystal properties. This chapter inves-

tigates the effect of three solvents; ethanol, tetrahydrofuran, and acetone, on the novel

regeneration phenomenon observed in paracetamol crystals. An isothermal crystallisation

rig, compatible with macrophotography was developed to perform single crystal regen-

eration experiments in a controlled environment. Moreover, an image analysis protocol

was designed on MATLAB for precise edge detection and facet specific crystal growth

rate measurements.

92
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Regeneration was successfully observed in all three solvents at a constant supersaturation

of 1.10, despite differences in crystal habit. The rapid growth of the (010) face dominated

the regeneration process, restoring each crystal to its pre-breakage shape. Regeneration

rates differed across solvents, with the fastest observed in ethanol (0.07 mm/hr), followed

by THF (0.03 mm/hr), and the slowest in acetone (0.02 mm/hr). Interestingly, it was also

established that along with the rate of regeneration, the original crystal shape also plays a

crucial role in the time taken for the completion of regeneration. Consistent with Chapter

4, two stages of regeneration were noted, with the rapid initial phase accounting for 8–15%

of the total regeneration time across solvents. However, after regeneration, growth rate

trends shifted, with ethanol exhibiting the fastest growth, followed by acetone and then

THF.

Discussions revolving around crystal shape, surface chemistry, solvent interactions, as well

as paracetamol solubility in the three solvents have been used to decipher the observations.

These discussions have been aided with characterisation techniques such as XPS, as well

as molecular dynamic simulations to quantify the binding energy of the crystal and the

solvent, providing deeper insight into the regeneration behaviour.

5.2 Methods

5.2.1 Solubility of paracetamol in different solvents

Paracetamol was used as the pharmaceutical compound of choice along with three sol-

vents; ethanol, acetone and THF. The details of these chemicals can be found in Section

3.1. The solubility of paracetamol in ethanol was determined using the method detailed

in Section 3.2. Solubility was measured at 20 °C, 25 °C, 30 °C, 40 °C, and 50 °C. The

procedure was repeated three times for each temperature and the final solubility at the

corresponding temperature was found by calculating an average of the three repeats. The

final solubility curve; concentration against temperature, was found by fitting the data
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points as an exponential function of temperature with an R2 value closest to 1. Solubility

of paracetamol in acetone and THF was obtained by a colleague in the Heng group, Deniz

Etit, using the same procedure and hence their data was utilised.

5.2.2 Isothermal crystallisation without agitation

Figure 5.1: (a) isothermal crystallisation set-up using a jacketed vessel connected to a
circulating waterbath and imaging done via a DSLR camera at fixed time intervals (b)
Temperature profile for isothermal crystallisation where T0 is the initial temperature at
which solution is equilibrated and Tc is the temperature required to reach S = 1.10

Paracetamol seeds and macroscopic crystals were obtained from all three solvents in the

exact manner as detailed in Section 3.3. Consequently they were cleaved using a scalpel

to expose the cleavage plane (010) prior to being used in regeneration experiments. The

methodology for cleaving the crystals can be found in Section 3.4 of this thesis. To in-

vestigate the effect of solvents at a constant supersaturation an isothermal crystallisation

set-up was developed (Figure 5.1). A 100 ml jacketed vessel was connected to a circulat-

ing waterbath. Paracetamol crystals of size of 4-5 mm were cleaved and suspended in a

60 ml glass bottle, ensuring the freshly cleaved facet faced the bottle’s base. This setup

was achieved by tying the crystal to a few strands of Kevlar fibre, threading these fibres

through a glass capillary, and securing the fibres to the capillary using Blu Tak ®. The

capillary was passed through a hole in the bottle lid and secured in place, again using

Blue Tak ®. This immobilised the crystal in the solution for better imaging, as seen in

Figure 5.1. A solution saturated at 30 °C (T0) was added to the glass jar before suspend-

ing the crystal, which was then placed in the jacketed vessel set at 30 °C for 2 hours.

The solution was subsequently cooled to a temperature resulting in a supersaturation of
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1.10 (Tc) and maintained for another hour, after which the crystal was inserted into the

solution.

The jacketed vessel was placed inside a photography light box and using the same Nikon

D90 DSLR camera rig detailed in Section 4.2.3, the regeneration of the crystals was

monitored. Images were captured every 15 mins for a duration of 55 hours following

which they were analysed using MATLAB (section 3.7.1) to obtain growth data. It is

important to note that concentration of the solution was measured before the crystal was

inserted as well as at the end of the 55 hours. In each case the change is concentration

was ≤ 5% and therefore considered constant throughout the experiment.

5.3 Results

5.3.1 Experimental habits and PXRD patterns of paracetamol

crystals from different solvents

Experimental habits of paracetamol crystals obtained from ethanol, acetone and THF

solutions can be seen in Figure 5.2(a-c). PXRD confirmed the crystals to be of the mon-

oclinic form I paracetamol (Figure 5.3(b)). However, the habits are seen to be relatively

different. Although they are of the same polymorphic form and have the same major

facets, in agreement with the attachment energy habit shown in Section 4.3.1, the pro-

portion of facets occupied on the equilibrium habit varies, highlighting the significance

of solvent effects on the crystal growth. For instance, even though facets (111) and (200)

appear on the attachment energy habit, due to the fast growing nature of the facets, (111)

does not appear on any experimental habits whilst (200) only appears on crystals grown

in acetone. Overall, the experimental habits are in line with the ‘prismatic’ morphology

reported in literature [142, 157].
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Figure 5.2: Experimental habits of paracetamol obtained via slow evaporation in (a)
Ethanol, (b) THF, and (c) Acetone. The crystals in the image are approximately 1 cm
large along their longest dimension (d) diagrams highlighting the characteristic dimension
and (010) facet propagation on the observed experimental habits in the different solvents

5.3.2 Solubility of paracetamol in pure solvents

The solubility curves of paracetamol in ethanol, acetone and THF can be found in Figure

5.3(a) and show good agreement with literature [22]. Paracetamol shows highest solubility

in ethanol, followed by THF, and the lowest in acetone. As the standard deviation

(SD) of the solubility data is less than 2% and cannot be seen clearly on the plot, the

corresponding SD values can be found in Table 5.1, along with the equations of the

respective solubility curves. Using the measured solubility at 30 °C, the concentration

resulting in a supersaturation of 1.10 was calculated via Equation 2.6, for each solvent

system. Consequently the temperatures corresponding to a supersaturation of 1.10 for

ethanol, acetone, and THF were found and can be seen in Table 5.2 below.



5.3. Results 97

Figure 5.3: (a) Solubility curves of paracetamol in the three solvents and (b) the PXRD
spectra of the crystals obtained from top to bottom: THF, acetone, and ethnaol

Table 5.1: Solubility of paracetamol in g/ml ± SD ×10−4 in three different solvents;
ethanol, THF and acetone

Solvent
Temperature (°C)

Equation
10 20 25 30 40 50

Ethanol
0.128 0.156 0.172 0.190 0.232 0.283

c = 0.1045× exp0.0199×T

± 1.3 ± 1.1 ± 2.6 ± 3.4 ± 3.5 ± 3.3

THF
0.102 0.123 0.134 0.149 0.179 0.222

c = 0.0836× exp0.0193×T

± 3.0 ± 8.5 ± 5.7 ± 5.3 ± 5.4 ± 12.8

Acetone
0.067 0.082 0.092 0.103 0.130 0.159

c = 0.0534× exp0.0219×T

± 1.9 ± 1.9 ± 2.1 ± 1.5 ± 1.3 ± 7.0

Table 5.2: Crystallisation conditions at S = 1.10 for the regeneration of paracetamol in
ethanol, acetone, and THF

Crystallisation Equilibrium

Temperature Concentration concentration

Solvent Tc c c∗ ∆c

°C g/ml g/ml g/ml

Ethanol 25.6 0.192 0.175 0.017

Acetone 25.9 0.103 0.093 0.011

THF 25.8 0.149 0.135 0.014
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5.3.3 Effect of solvent on the rate of regeneration

Firstly, as seen from the snapshots in Figure 5.4, paracetamol crystals were observed

to regenerate in all three solvents. The time taken for regeneration varied across the

systems with the fastest regeneration taking place in acetone, followed by ethanol, and

lastly THF, taking almost twice as long as in acetone. To further quantify the growth

behaviour in the different crystallisation environments, the facet propagation of (010) was

measured alongside the characteristic length b (section 3.7). Even though the dihedral

angle between the (010) and (110) plane stays constant regardless of the crystal habit, the

varying morphological significance of facets in different solvents leads to inconsistencies

in which facets are imaged. So whilst keeping the focus on (010), (110) is only visible in

ethanol but not in acetone and THF. Therefore to keep the comparison uniform, growth

rate of (010) and length b, i.e., non-regenerating crystal dimension, for the different habits

were calculated.

Figure 5.4: (a) Regeneration snapshots of paracetamol in top to bottom: ethanol, THF
and acetone

Figure 5.5 depicts representative plots for each solvent system, illustrating the progres-

sion of length (mm) over time (hours) as obtained via MATLAB image analysis. Figure

5.5(a) highlights the facet propagation of (010) over the entire duration of the experi-

ment. Using this plot and more importantly with visual verification from images, the
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Figure 5.5: Example plots of crystal growth in each solvent obtained via MATLAB.
Each line represents 1 individual crystal: (a) facet propagation of (010) for the entire
duration of the experiment. Using this plot, the duration of the fast regeneration and
the total regeneration period was deduced. Change in characteristic dimension b (b)
during regeneration and (c) after regeneration. The gradients of these plots were used to
estimate the growth rates

end point of regeneration for every crystal was deduced. The point where the line shows

a change in gradient as well as the images indicate full shape restoration was designated

as the end point of regeneration (as seen from the long dashed lines in Figure 5.5(a)).

After regeneration is completed, (010) is no longer present on the crystal, deeming facet

propagation of (010) unreliable. Therefore, for the rest of the experimental duration,

length a and b are measured to demonstrate the change in characteristic dimensions of

the crystal post regeneration as depicted in Figure 5.5(c). The growth rate in mm/hr

for (010), length b during regeneration (Figure 5.5(b)) as well as length a and b after

regeneration was calculated by fitting a linear trendline to the growth data.

The regeneration rate varies between the solvents in the order: Ethanol > THF > Ace-
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tone. Figure 5.6(a) highlights that regeneration in ethanol is almost 3 times and 4 times

faster than in THF and acetone respectively. Moreover, just as observed in the case of

evaporative crystallisation with ethanol in chapter 4, the facets on the unbroken side

of the crystals, regardless of the habit, were relatively dormant during regeneration and

maintained a trivial growth rate in the range of 0.006 ≤ Gb ≤ 0.017 mm/hr. Post regen-

eration, once the pre breakage shape is restored, length a and length b grow at relatively

equivalent growth rates as shown in Figure 5.6(b). Interestingly, after regeneration, the

trend between acetone and THF reverses, with crystal growth in acetone becoming nearly

three times faster than in THF, although ethanol still leads with the fastest growth rate.

It is important to note that the elongated appearance of the error bars in Figure 5.6(b)

is primarily due to the narrow range on the y-axis. Despite the standard deviation, there

remains a relative difference in growth rates among the three solvents. Notably, in the

case of THF, the slight negative value of the error bar of length b is an artifact resulting

from the very slow growth rate (fairly dormant), which overlaps with the uncertainty

introduced by the edge detection algorithm.

Figure 5.6: (a) Growth rates of (010) and length b during regeneration along with the
absolute and normalised time taken for regeneration in each solvent. (b) Growth rates of
length a and b after regeneration in all three solvents. Error bars in each case represent
the standard deviation

Even though the rate of regeneration in acetone was the lowest in comparison to the

other solvents, it resulted in the shortest regeneration period. This was postulated to

be due to the distance required for (010) to grow in order to complete the regeneration.
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This distance varied across the solvents because of the difference in crystal habits (Figure

5.2(d)). For instance, crystals grown in acetone have a very small (011) facet and a large

(110) facet, opposite to that of ethanol grown crystals. Hence in acetone, (010) had to

grow over a shorter length before the growth habit was achieved as opposed to in ethanol,

where (010) had to keep growing until the large (011) facets were formed. Therefore, the

time taken for regeneration was normalised over the distance of facet propagation required

for regeneration to be completed. These normalised regeneration times can be seen as

the blue dotted line in Figure 5.6(a) and as expected depict the opposite trend to that of

the regeneration rates.

Table 5.3: Fast and slow regeneration rates of paracetamol in different solvents at S =
1.10

fast % of Total Fast Slow

regeneration regeneration regeneration regeneration

Solvent period period Rate Rate

Hours mm/hr mm/hr

Ethanol 1.6 8.5% 0.16 0.07

THF 1.75 7.2% 0.12 0.04

Acetone 2 16% 0.07 0.02

The regeneration period of crystals was further analysed to elucidate if the mechanism

proposed in chapter 4 applies in the case of different solvents. As seen from Figure 5.6(a),

for each solvent there was indeed an initial segment on the (010) growth curve that has a

steeper slope compared to the rest of the regeneration phase. The duration and growth

rates of which have been tabulated in Table 5.3. It is interesting to note that regardless of

the total regeneration period, the fast regeneration phase only lasted for around 2 hours

for each solvent, corresponding to around 8.5%, 7%, and 16% of the total regeneration

period in ethanol, THF, and acetone respectively. However, the growth rates in this

initial phase varied depending on the solvent, following the same trend as the overall

regeneration rate: the fastest in ethanol (0.16 mm/hr), followed by THF (0.12 mm/hr),

and lastly acetone (0.07 mm/hr). These rates were at least twice as fast as the slower

regeneration rates.
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5.4 Discussion

The relative order of polarity between the solvents is as follows: Ethanol > Acetone

> THF. It was hypothesised that, since the (010) facet is an apolar facet, the least

polar solvent (THF) would have the highest affinity to the surface and hence result in

a larger barrier to regeneration as more energy would be required to remove the solvent

layer. However, this did not correlate with the case at hand. Based on the regeneration

rates in the above sections, regeneration was the fastest in ethanol followed by THF

and then acetone. To elucidate this discrepancy, the interaction energy between the

solvent and (010) crystal surface was calculated using molecular dynamic simulations

as described in Section 3.9.3. Because (010) is not a morphologically important facet

of form I paracetamol, it has never been studied in detail, as opposed to some of the

other major facets (001), (011), and (110), whose solvent interactions have already been

reported [157, 205]. Prior to carrying out the simulations, the atomic composition as

well as the functional group composition of each facet was analysed using XPS to get a

better understanding of the facets at a molecular level. This XPS study goes in parallel

with the molecular dynamic studies to reinforce that there is no fundamental discrepancy

between the plane being modelled and the experimental facet.

As illustrated by the paracetamol structure (C8H9NO2), carbon was found to be the

most abundant element on each facet, followed by oxygen and then nitrogen (Table 5.4).

However, the exact elemental composition varied between each facet which was postulated

to be due to the molecular packing in each plane. It is important to note that the

minimum penetration length of the X-rays is 10 nm and thus the ‘surface’ in this context

in reality is 10 nm into the bulk of the crystal. As the miller indices are indicative of

the crystallographic axis that the plane of the facets intercept, the orientation of packing

in each individual facet will vary. Thus, the proportions of carbon, oxygen and nitrogen

atoms coinciding with the X-rays will differ for unique facets.

From the atomic composition itself, it can be deduced that the (010) facet is relatively

least polar with the highest carbon content and lowest oxygen and nitrogen content. To
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Table 5.4: Elemental composition of different facets determined via XPS

Facet
Elemental composition

% C % N % O

(001) 82.7 ± 2.8 6.1 ± 0.7 11.2 ± 2.1

(010) 88.2 ± 0.9 4.4 ± 0.4 7.5 ± 0.5

(011) 83.9 ± 1.0 5.9 ± 0.4 9.9 ± 0.7

(110) 80.0 ± 1.5 6.4 ± 0.3 13.2 ± 1.5

(201) 82.2 ± 3.5 6.0 ± 1.8 11.7 ± 3.6

analyse further, the C1s, O1s, and N1s spectra were deconvoluted to obtain the func-

tional group proportions for each element. A representative deconvoluted C1s spectra of

facet (001) can be seen in Figure 5.7(a). The C1s spectra showed 3 peaks at 284.4 eV,

285.5 eV and 287.6 eV corresponding to the C-C, C-O+C-N and C=O functional groups

respectively. From the C1s spectra in Figure 5.7(b), the ratio of peak intensities appears

to vary between facets. Although there is some overlap in the error bars for the %C-C

bonding environment (Figure 5.7(c)) — likely due to C-C being the most abundant func-

tional group across all facets — a specific ratio of %C=O and %C-O, C-N to %C-C was

calculated to better evaluate facet polarity. Despite this overlap, the (010) facet is clearly

identified as the most apolar, with the least amount of the polar groups in proportion

to the C-C environment, prompting it to be the most hydrophobic facet (Figure 5.7(c)),

also in agreement with the literature [244]. When the aromatic contributions from each

C spectra were compared with those obtained via surface analysis using Mercury (section

4.3.1), a good agreement in the trend between facets was observed. This can be seen as

the red line on Figure 5.7(c).

Following the validation, interaction energy between the solvent and (010) surface was

calculated and can be found in Table 5.5. The interaction energy of THF was almost

7% lower than of acetone which was similarly lower than of ethanol. This suggested

stronger bonding between (010) and THF followed by acetone and then weakest with

ethanol. Molecules at the surface behave differently to those in the bulk because they are

not fully surrounded by neighbouring atoms. Thus the topmost layer of the crystal was

unfixed during the simulations whilst keeping the lower layers fixed. This also leads to
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Figure 5.7: (a) An example plot of the deconvoluted carbon spectra of individual facets,
(001) in this case (b) Overlayed carbon spectra of all major facets to highlight the differ-
ences in functional group composition (c) Summary plot of the amount of C-C bonding
environment and ratio of C=O to C-C in each facet as well as a comparison with the
aromatic bonds density obtained via Mercury in Table 4.2
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surface relaxation where the top layer of atoms slightly adjusts its positions to minimize

surface energy, therefore more accurately capturing the real physical behaviour of the

crystal. Snapshots of the bilayer after the MD simulation were taken to analyse the

bonding between the solvent molecules and the paracetamol molecules on the surface

(Figure 5.8). Although (010) has no hydrogen bonding potential in the b direction, the

unfixed solute layer has some degree of movement, thus, acetone and THF both formed

hydrogen bonds with the surface molecules (Figure 5.8(b) and (c)) but ethanol did not

(Figure 5.8(a)).

Table 5.5: Interaction energy between solvent and (010) crystal surface along with the
solvent dielectric constant and molecular weight

Solvent
Interaction Energy

Dipole moment
Molecular Weight

kcal/mol g/mol

Ethanol -220.9 1.69 46.1

Acetone -237.5 2.88 58.1

THF -255.0 1.75 72.1

Although acetone and THF have higher dipole moments compared to ethanol, they are

polar aprotic solvents, whereas ethanol is a polar protic solvent capable of independently

forming hydrogen bonds. Since THF and acetone can only accept hydrogen bonds, it is

postulated that the C-O-C group in THF and the C=O group in acetone preferentially

bond with the hydroxyl (OH) groups of paracetamol molecules, rather than allowing

hydrogen bonds to form between paracetamol molecules in the a and c directions. Con-

versely, in ethanol, it is energetically more favourable for the ethanol molecules to engage

in hydrogen bonding with each other, interacting with paracetamol primarily through

Van der Waals and Coulombic interactions. As confirmed by the radial distribution func-

tion (RDF) analysis in Figure 5.9, hydrogen bonding ( r ≤ 3 Å) is dominant in THF

and acetone, followed by Van der Waals interactions ( 3 ≤ r ≤ 5 Å). In contrast, ethanol

shows a dominance of Coulombic interactions ( r ≥ 5 Å). Although this is theoretically

sound, does not align with the regeneration observation.

The role of solvents in crystal growth is highly complex and influenced by multiple inter-

dependent factors, not just the hydrogen bonding affinity to the surface, though this is
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Figure 5.8: Snapshots of the bilayer at the end of the MD simulations depicting the
bonding between the top layer of (010) surface with (a) ethanol, (b) acetone, (c) THF

often emphasised in the literature. Factors such as solubility, the rate of supersaturation

generation, solvent pH, and evaporation number all contribute to the growth rate [157].

As shown in Table 5.2, the initial temperature across all solvent systems was consistent at

30°C, as was the crystallisation temperature, Tc. With a constant supersaturation ratio

of 1.10, the ratio of c to c∗ remained the same in each case. Additionally, the gradient of

the solubility curves between 25°C and 30°C was similar for all three solvents, resulting

in only a marginal difference in ∆c. Consequently, the amount of excess solute at 1.10

supersaturation available for growth in a 60 ml volume was also approximately 1 gram,

regardless of the solvent.

Figure 5.9: RDF analysis of the bonding between the (010) surface and (a) ethanol, (b)
Acetone, and (c) THF

The primary difference, however, stems from the solubility of paracetamol in these sol-

vents. Keeping all other crystallisation variables constant, the inherent differences in
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solubility mean that the available solute for growth varies. For instance, the concentra-

tion of paracetamol in acetone was nearly 50% lower than in ethanol and 30% lower than

in THF. Thus, while sufficient solute was present for crystal growth in each case, the ratio

between solvent and solute molecules in solution differed, leading to a higher likelihood of

favourable interactions in solvents with higher solubility [245]. This is particularly rele-

vant during the regeneration phase when the (010) crystal face interacts with the solvent.

After regeneration is complete and the (010) face disappears, the trend reverses, with

growth rates in acetone surpassing those in THF, highlighting once again, the dominance

of solute-solvent interactions with the morphologically important facets.

5.5 Conclusion

Using a newly designed isothermal crystallisation setup for single crystals, integrated

with macrophotography, the regeneration of paracetamol in ethanol, acetone, and THF

was observed. Precise measurements of the fast and slow regeneration times along with

the growth rates was achieved with the aid of a crystal edge detection MATLAB script

developed in house. It was found that the shape of the crystal prior to breakage has a large

impact on the time taken for the regeneration to complete, even if the morphology of the

crystals is the same. This difference in the initial habit being the effect of specific solute-

solvent interactions with the facet. However, after cleavage, the (010) facet dominates

growth, with its rate determined by the solubility of paracetamol in each solvent rather

than solvent interactions. Higher solubility results in more favourable interactions of the

crystal surface with the solute molecules and a faster rate of regeneration. Interestingly,

once the (010) facet disappears after regeneration, solvent interactions regain influence,

and overall growth rates once again depend on these interactions, as with the unbroken

crystal.



Chapter 6

Effect of supersaturation and

agitation on the regeneration rates

of paracetamol crystals

6.1 Overview

Crystal growth is a two step process; diffusion followed by surface integration and there-

fore profoundly impacted by solution hydrodynamics. The final results chapter delves into

the effect of supersaturation as well as solution stirring on the regeneration behaviour of

crystals. The same experimental procedure and image analysis tool developed in chapter

5 were utilised to capture and measure the facet specific growth rates of paracetamol

crystals during regeneration.

Three key observations were made in this study; firstly, although the rate of regeneration

increased with supersaturation, the growth rate of (110) remained dormant at approx-

imately 0.01 mm/hr regardless of the supersaturation until regeneration was complete,

following which the growth rate increased with supersaturation. Secondly, even in the

presence of agitation, the crystals demonstrated regeneration, emphasising that it is not

108
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an artefact of solute accumulation at the cleavage plane. Finally, agitation also led to

secondary nucleation, the onset of which varied depending on supersaturation as well as

the type of crystal used; cleaved or whole.

The measured regeneration rates have been fitted to power law kinetics to understand the

dependence of regeneration on supersaturation. Moreover, discussions revolving around

‘memory effects’ in crystals have been utilised to explain the ‘turning on’ and ‘turning

off’ of facets that has not been observed in unbroken crystals. The chapter concludes by

proposing a mechanism for the effect of crystal regeneration and growth on the onset of

secondary nucleation which has previously not been studied.

6.2 Methods

6.2.1 Isothermal crystallisation with agitation

Paracetamol and ethanol were the primary chemicals used in this study, details of which

can be found in Section 3.1. Paracetamol seeds and macroscopic crystals (4 mm) were

obtained from ethanol using the procedure detailed in Section 3.3. Consequently they

were cleaved using a scalpel to expose the cleavage plane (010) prior to being used in

regeneration experiments. The methodology for cleaving the crystals can be found in

Section 3.4 of this thesis. The same isothermal crystallisation set-up as outlined in

Section 5.2.2 was used for the investigations of this chapter. A slight variation in the

crystal immobilisation method was implemented, wherein to further secure the crystal

and prevent it from moving due to solution flow, the cleaved crystal was directly stuck

to the glass rod using a very small quantity of Loctite® super glue (figure6.1). To

study the effect of agitation, firstly regeneration was carried out without any agitation

at 5 different supersaturations; 1.03, 1.10, 1.17, 1.25, and 1.33. Following this, another

set of experiments were carried out at the same supersaturations but in the presence of

agitation. This was achieved by placing the jacketed vessel on a magnetic stirrer plate
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Figure 6.1: (a) isothermal crystallisation set-up with agitation using a magnetic stirrer
(b)(i)-(iii) Cleaved crystal without agitation, cleaved crystal with agitation, whole crystal
with agitation respectively, studied at 5 different S values; 1.03, 1.10, 1.17, 1.25, and 1.33

and stirrer the solution at 200 rpm with the aid of a PTFE magnetic stirrer bar. A set of

control experiments were also conducted such that the same aforementioned experimental

protocol was followed but instead of cleaving the crystals, the whole unbroken crystals

were utilised. Figure 6.1(b) summarises the three crystal conditions tested, for which at

least 3 crystals at each supersaturation were studied. The same temperature profile as

seen in Figure 5.1(b) was implemented and in the case of agitation, the magnetic stirrer

bar was introduced at the same time as the crystal. Images were taken between every

15-30 minutes depending on the supersaturation being tested. Images obtained from the

DSLR camera were analysed using the edge detection MATLAB script detailed in Section

3.7.1, and the facet specific growth rates of (010) and (110) were measured (section 3.7).

6.3 Results

6.3.1 Metastable zone width determination

The solubility of paracetamol in ethanol was measured using the method detailed in

Section 3.2 at 5 temperatures; 10°, 20°, 25°, 30°, 40°, and 50°, and a solubility curve

was determined as seen in Figure 6.2. As the error associated with the measurements is

small, error bars representing standard deviation are not visible and hence summarised

in Table 5.1. The experimentally determined solubility showed good agreement with
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the studies carried out by Granberg and Rasmuson [22], as well as by Fernandes [23]

in literature. Consequently the MSZW was found as outlined in Section 3.2.1, at four

different temperatures (25°, 30°, 40°, 50°), at 200 rpm and 0.1 °C/min cooling rate (Figure

6.2). Using the determined MSZW of 15.5 °C at a solubility temperature of 30 °C, five

different supersaturations, S, were chosen for regeneration experiments; 1.03, 1.10, 1.17,

1.25, and 1.33, such that the S lies within the metastable zone and only crystal growth

occurs.

Figure 6.2: Solubility curve of paracetamol-ethanol system determined experimentally
and compared against literature sources; Granberg and Rasmuson [22], and Fernandes
[23]. Metastable zone width measured experimentally to select an ideal range of supersat-
urations for crystal growth experiments. Error bars represent standard deviation across
a sample size of 3 repeats. Error bars for solubility curve are too small and hence can be
found in Table 5.1

6.3.2 Effect of supersaturation on the rate of regeneration

Firstly, Figure 6.3 shows that the cleaved paracetamol crystal exhibited regeneration

across all the supersaturations studied. The time required for regeneration decreased as



112 6.3. Results

supersaturation increased, taking nearly 100 hours at a supersaturation of 1.03 and as

little as 2 hours at 1.33. This point of regeneration completion was detected in the same

way as detailed in chapter 5 Section 5.3.3.

Figure 6.3: Snapshots of regenerating crystal at different supersaturation; top to bottom,
1.03, 1.10, 1.17, 1.25, 1.33, in non agitated systems along with the time taken to complete
regeneration

To further quantify regeneration, three measurements were taken from the analysed im-

ages: facet propagation of (010) until regeneration completes, facet propagation of (110)

on the unbroken side during regeneration, and facet propagation of (110) after regen-

eration is complete. Figure 6.4 shows example plots of these measurements for each

supersaturation. In Figure 6.4(c), the x-axis starts at time 0, corresponding to the point

of regeneration completion. Each experiment was limited to about twice the regenera-

tion time to maintain constant supersaturation, except for S = 1.03, which was capped
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at 120 hours due to time constraints. Consequently, linear trendlines were fitted to the

growth plots and average growth rates over n ≥ 3 samples for each supersaturation were

obtained.

Figure 6.4: Example plots of crystal growth at each S obtained via MATLAB. Each line
represents 1 individual crystal: (a) facet propagation of (010) during regeneration, (a)(i)
a stand-alone plot showing the facet propagation of (010) for S = 1.03 to ensure data
clarity. Facet propagation of (110) (b) during regeneration and (c) after regeneration.
The gradients of these plots were used to estimate the growth rates.

As seen in Figure 6.5(a), the rate of regeneration, or, the growth rate of facet (010) in-

creases exponentially with the supersaturation. Likewise, the time taken for regeneration

to fully complete itself decreases exponentially with S. This consolidates that regener-

ation is not just limited to low supersaturation conditions. In the previous chapters it

was also established that the facets on the unbroken side of the crystal remain relatively

dormant during the rapid growth of (010). Here with the help of facet specific growth

rates of (110) (Figure 6.5(b)), it is seen that regardless of the supersaturation, (110) on

the unbroken side of the crystal grows at a rate of ≤ 0.03 × 10-7 m/s up until regeneration
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is complete. After which, the rate of (110) increases considerably with supersaturation.

This difference in growth rates during and after regeneration is amplified at higher S.

Figure 6.5: (a) Growth rate of (010) during regeneration as a function of supersaturation
along with the time taken in hours for regeneration to finish at each supersaturation
(b) Growth rates of facet (110) during regeneration (green) and after regeneration is
completed (orange). Error bars demonstrate standard deviation

Table 6.1: Fast and slow regeneration rates of paracetamol in ethanol at different super-
saturations

Relative fast % of Total Fast Slow

Supersaturation regeneration regeneration regeneration regeneration

S period period Rate Rate

Hours (m/s) ×10−7

0.03 - - 0.06 ± 0.01 0.06 ± 0.04

0.10 1.6 ± 0.1 ∼ 8.5% 0.44 ± 0.08 0.21 ± 0.06

0.17 0.8 ± 0.09 ∼ 11.5% 0.76 ± 0.20 0.51 ± 0.09

0.25 0.4 ± 0.06 ∼ 7.5% 0.96 ± 0.20 0.88 ± 0.08

0.33 0.2 ± 0.04 ∼ 9.5% 2.04 ± 0.50 1.93 ± 0.08

Furthermore, it is interesting to note that the regeneration mechanism proposed in chap-

ter 4, also hold true at high supersaturations. Table 6.1 highlights the ‘fast’ and ‘slow’

regeneration rates as well as the duration of the fast phase. This is evident in the change

in gradient of the L(010) lines in Figure 6.4(a). Unlike between S = 1.10 and 1.33, at S

= 1.03, two distinct phases were not observed. The ratio of the growth rates in these

regions was, 1.1 ≤ Gfast/Gslow ≤ 2.3. Although the duration of the fast regeneration

phase decreased with increasing S as the total time for regeneration itself decreases, it
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still makes up approximately 10% of the total regeneration period irrespective of the

supersaturation.

6.3.3 Effect of agitation on the rate of regeneration

Figure 6.6: Snapshots of regenerating crystal at different supersaturation; top to bottom,
1.03, 1.10, 1.17, 1.25, 1.33, in agitated systems at 200 rpm

Figure 6.6 shows representative images of a cleaved crystal regenerating in the presence

of agitation at different supersaturations. This consolidates that regeneration is not an

artefact of solute accumulation at the cleavage plane due to the occurrence of concentra-

tion hotspots in a stagnant solution. However, before the regeneration could complete

itself, nucleation occurred in the bulk of the solution which not only slowed down/halted

the regeneration, due to a sudden drop in supersaturation, but also profoundly increased

the solution turbidity making crystal detection impossible. Therefore the rate of regen-
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eration was only measured up to the point just before nucleation was observed because

beyond that point, the subsequent fall in concentration would affect the growth rate of

(010) and it would no longer be a genuine representation of the phenomenon.

Figure 6.7: (a) Growth rate of (010) during regeneration as a function of supersaturation
with and without agitation (b) Growth rates of facet (110) during regeneration and after
regeneration is completed in the presence and absence of agitation

In order to compare the rate of regeneration with and without agitation, the time taken

for the onset of nucleation in the stirred system was noted and the growth rate of (010)

for the same duration in the unstirred system was calculated. This time frame also

roughly corresponded to the fast regeneration phase of the non-agitated system. Figure

6.7(a) depicts the rate of (010) with and without agitation, and a clear difference in

the trend lines can be seen where agitation results in faster regeneration rates, with

the difference increasing with higher supersaturation. Surprisingly, agitation did not

increase the growth rate of (110) during regeneration. From Figure 6.7(b), a considerable

overlap in the data points for the (110) growth rates can be seen, irrespective of the

supersaturation. Although counter intuitive, the preferred growth of (010) at an even

higher rate in the presence of agitation further depletes the solute availability at the

(110) facets, thus stifling their growth.

Since it was not feasible to track the growth rate of (110) after regeneration in the

stirred system, whole unbroken crystals under the same conditions were observed (Figure

6.8). Considering the facet propagation of (110) of a whole crystal in a stirred system
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Figure 6.8: Snapshots of whole, unbroken crystals at different supersaturation; top to
bottom, 1.03, 1.10, 1.17, 1.25, 1.33, in agitated systems at 200 rpm

to that of a regenerated cleaved crystal in an unstirred system, a substantial difference

was observed. At 1.25 and 1.33, (110) grew 10 times faster in the presence of agitation.

Looking at the agitation growth rates of (110), these are in agreeable orders of magnitude

to the facet specific growth rates of paracetamol measured by Ristic et al. [20]. Moreover,

a steep increase in the growth rates of (110) between supersaturations 1.15 and 1.25

was reported, which also supports our observation. The study suggests that at low

supersaturations (≤ 1.10), (110) shows no growth at all and only switches on at moderate

to high supersaturations. Similarly in the data presented, although facet (110) was fully

developed, the growth rate was 0 at a supersaturation of 1.03. Table 6.2 below summarises

all the growth rates obtained at these conditions.
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Table 6.2: Summary of the facet-specific growth rates of cleaved and whole paracetamol
crystals in agitated and non-agitated environments with the time taken for secondary
nucleation detection.

Non-agitated Cleaved Agitated Cleaved Agitated Whole

S - 1 G(010) G(110)R G(110) G(010) G(110)R td G(110) td

(m/s) ×10−7 (m/s) ×10−7 (Hours) (m/s) ×10−7 (Hours)

0.03 0.06 ± 0.05 0.007 ± 0.007 0.02 ± 0.02 0.10 ± 0.05 0.00 4.9 0.003 ± 0.002 24

0.10 0.21 ± 0.06 0.02 ± 0.01 0.03 ± 0.02 0.49 ± 0.12 0.01 ± 0.01 2.3 0.12 ± 0.10 8.7

0.17 0.51 ± 0.09 0.04 ± 0.01 0.12 ± 0.02 1.08 ± 0.08 0.03 ± 0.02 0.83 0.33 ± 0.02 1.9

0.25 0.68 ± 0.16 0.03 ± 0.003 0.13 ± 0.02 2.70 ± 0.92 0.00 0.37 1.62 ± 0.002 0.47

0.33 1.93 ± 0.08 0.04 ± 0.002 0.24 ± 0.06 7.71 ± 3.11 0.00 0.16 2.47 ± 0.001 0.13

6.3.4 Secondary nucleation in agitated system

The major difference between the agitated and non agitated system was the onset of

secondary nucleation, as seen in Figure 6.6. Secondary nucleation is the generation of

nuclei in the presence of the parent crystal of the solute in solution [84]. This concept

has been defined and discussed in detail in literature review Sections 2.2.2. Even though

the same supersaturations were tested, no secondary nucleation occurred in the stagnant

solution as opposed to in stirred conditions with a cleaved as well as a whole crystal.

The total time taken for secondary nucleation to occur and detectable crystals to appear

in the bulk solution, also called delay time, td [100, 93], was measured for the cleaved

and the whole crystals, plotted in Figure 6.9. Two key observations were made; first,

cleaved crystals in general led to shorter delay times and second, regardless of the crystal

type, at higher supersaturations secondary nucleation occurred extremely quickly. At

1.33 supersaturation the whole and cleaved crystal both resulted in a delay time of 9

minutes whilst at 1.25 supersaturation, 28 and 22 minutes respectively. This difference

in the td progressively widened at lower supersaturations, reaching a 20 hour difference

at S = 1.03.

tind = 24390×∆T−2.276 (6.1)

The induction times, tind at various supersaturations for paracetamol-ethanol solution at

a saturation temperature of 30 °C was measured by Mitchell et al. [24] and found to fit

the function 6.3.4, based on the induction time theory developed by Kubota [246], where
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∆T is the degree of supercooling in °C.

This data can be seen in Figure 6.9, as a red curve, for comparison between induction

times and delay times. As expected the delay times did not show any overlap with the

induction time, where the detection of particles via primary nucleation in unseeded solu-

tions takes considerably longer than the detection of particles via secondary nucleation.

This difference between the td and tind, also increases at lower supersaturations with

unseeded experiments taking around 100 hours to nucleate.

Figure 6.9: Plot depicting the delay time, td, for a cleaved crystal and a whole crystal
grown in agitated conditions in comparison to the induction time data of paracetamol-
ethanol solutions studied by Mitchell et al. [24]

6.4 Discussion

The most intriguing observation was that during the fast regeneration phase, all other

facets on the crystal remain dormant. Although it is understandable that the crystal is

prioritising stability by fast growth of (010), it still unclear as to how this rapid growth

completely overwhelms growth on other facets. It was thought that perhaps the stagnant
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solution results in selective deposition of solute molecules on the cleavage plane, thus

hindering the growth of all other facets. However, even in a well mixed system, growth

only on the (010) facet was preferred during fast regeneration. It was postulated that the

selective ‘turning on’ and ‘turning off’ of facets could perhaps be a mechanism of crystals

demonstrating ‘shape-memory effect’ that allows them to ‘remember’ their pre-breakage

shape and return to it. Although this has only been seen in a few organic crystals that

demonstrate shape and phase restoration after undergoing plastic bending [187], it could

be a potential explanation. This effect in conjunction with surface energetics, where

the freshly exposed thermodynamically unstable facet tries to grow rapidly to minimise

the overall surface energy, may result in the temporary cessation of pre existing facets.

Further atomic-level simulations are needed to clarify local facet behaviour and draw

definitive conclusions.

As discussed in detail in Section 2.3.5, crystal growth involves 2 distinct steps: bulk dif-

fusion of solute particles through the solute-solvent boundary layer, followed by surface

integration of the solute particles into the crystal lattice. Bulk diffusion and surface in-

tegration occur in series and therefore the slower of the two, governs the crystal growth.

When surface integration is the rate limiting step, solution hydrodynamics do not have

any effect on the growth rate unlike when growth is diffusion limited. As the data clearly

shows an increase in growth rates in the presence of agitation at 200 rpm, growth in

the stagnant system can be classified as mass transport/diffusion limited. Therefore, the

growth rates can not be fitted to the spiral growth (BCF), Birth and Spread (B&S),

or the rough growth models that are only valid when surface integration is rate limit-

ing. Faster growth rates in the presence of agitation mean an enhancement in the mass

transfer due to the decrease in the width of the boundary layer in solution. Normally to

understand growth kinetics, agitation rates are increased until growth becomes surface

integration limited and no more increase in growth rates is observed [144, 143]. As the

main aim of this work was to elucidate the implications of a stirred system on the regen-

eration phenomenon in contrast to a stagnant one, only one agitation rate was studied.

So even though an increase in growth rates was observed, a surface integration limited
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Table 6.3: Parameters of the power law equation fitted to the facet specific growth rates
of cleaved and whole paracetamol crystals

Facet Phase Condition R2 kg (m/s ×10−7) g

(010) Regeneration No agitation 0.967 33.50 2.40

(010) Regeneration With agitation 0.871 38.60 2.00

(110) Overall No agitation 0.848 0.86 1.25

(110) Overall With agitation 0.999 8.65 1.84

(110) Regeneration No agitation N/a N/a N/a

(110) Regeneration With agitation N/a N/a N/a

regime can not be ascertained. Therefore the growth rates were fitted to the power law

equation (2.3.6) to elucidate the dependence of regeneration on supersaturation. The

fitted parameters kg and g, for each facet are shown in Table 6.3 along with the crystalli-

sation condition and the R2 value. The power law shows a good fit for the (010) facet

without agitation and the (110) facet with agitation, with R2 values of 0.967 and 0.999,

respectively. Although the fit for the other two conditions is less optimal, all param-

eters remain within acceptable ranges when compared to reported paracetamol growth

kinetics in the literature [145]. The key takeaway from these findings is that the regen-

eration rate, specifically the growth of the (010) facet, exhibits a stronger dependence on

supersaturation compared to the other facets.

The major point of discussion highlighted from the results is the observation of secondary

nucleation during growth in stirred conditions (Figure 6.9). Although various studies have

been undertaken to understand secondary nucleation as well as single crystal growth, as

seen in Sections 2.2.2 and 2.3 respectively, the dependence of one on the other is rarely

reported. As the cleaved and whole crystals being studied were immobilised, there was

no possibility for crystal-crystal, crystal-wall, and crystal-stirrer collisions. Thus contact

secondary nucleation was disregarded as a feasible SN mechanism. It was postulated

that the source of SN was most likely to be crystal nuclei breeding where the surface of

the crystal enable the formation of stable nuclei from the pre-existing solute clusters in

solution [7, 92]. These nuclei are weakly bound to the crystal surface and are therefore

swept away by the agitated fluid, leaving the crystal surface available again for nucleation.
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Figure 6.10: Displacement of red dye in solution being stirred using magnetic stirrer at
200 rpm (top) without, and (bottom) with the presence of an immobilised crystal

To demonstrate homogeneous mixing in the agitated system and verify surface breeding as

a viable mechanism for secondary nucleation (SN), a quick mixing test was conducted. A

few drops of orange dye (5 ml in total for each case) were introduced into the solution, first

in the absence of a crystal (Figure 6.10 (top)) and then in the presence of an immobilised

crystal (Figure 6.10 (bottom)), with the movement of the dye tracked in each case. In the

absence of a crystal, a vortex forms at the centre, creating a dead zone with inefficient

mixing. As shown in Figure 6.10 (top), this results in the development of a dye column

in the middle of the jar, where the vortex is located, taking approximately 30 seconds

to dissipate evenly throughout the solution. However, when a glass rod and crystal are

introduced at the centre of the jar (Figure 6.10 (bottom)), the vortex is eliminated, and

the dye disperses evenly in about 8 seconds. This observation confirms effective mixing

in the solution and highlights a potential source for secondary nucleation.

Two key observations were mentioned in Section 6.3.4, where cleaved crystals as well as

high supersaturations (irrespective of whole or cleaved) lead to a rapid onset of secondary

nucleation. Only considering the crystal type, the freshly cleaved (010) facet is topologi-

cally more uneven compared to the fully developed facets of the whole crystal. This can

be seen in the SEM images (Figure 4.11) in chapter 4. Therefore a higher surface area

would mean lower interfacial energies at the (010) surface and an increased probability



6.4. Discussion 123

of inducing secondary nucleation of the solute clusters, resulting in lower td. However, a

bigger question arises: how does the growth rate of a crystal affect the delay time? In

every scenario, regeneration/growth was observed prior to secondary nucleation. So, it

could be argued that if the facet is growing extremely quickly then most of the solute

molecules interacting with the crystal surface are being integrated into the crystal lat-

tice, leaving less available for secondary nucleation and resulting in higher td, however

the opposite is observed. At the same agitation rate, supersaturation, and temperature,

a cleaved crystal is growing at least 2 times faster than the whole crystal, so what is

causing the early onset of SN?

Figure 6.11: Proposed mechanism of the effect of regeneration on the occurrence of
secondary nucleation in stirred systems

It was hypothesised that the secondary nucleation and crystal growth compete in solution,

and an interplay between their energy barriers favour one over the other. At very high

supersaturation, S = 1.33 and 1.25, the td for cleaved and whole crystals is relatively

similar. It was postulated that the activation energy barrier for SN and growth are

both very low. Hence, they don’t affect one another - regeneration of the cleaved crystal

and SN as well as growth of the whole crystal and SN can coexist. Due to the high

S, secondary nucleation happens in the bulk solution itself with minimal aid from the

surfaces [7]. The bigger difference appears at low and medium supersaturation, S = 1.03,

1.10, and 1.17. It is suggested that the nuclei breeding is dominated by the dormant

facets. As the cleaved crystal has only 1 fast growing facet as opposed to the whole

crystal which is growing evenly in all directions, it has more facets that do not need to
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compete between SN and growth. This increases the available surface area for nuclei

breeding. Moreover as S increases (from 1.03 to 1.17), td still decreases with an increase

in growth rate regardless of a cleaved or whole crystal. This is probably because with

a higher S, the energy barriers for SN and growth are both decreasing and the solution

can facilitate both. The large volume allows S to remain constant whilst the even mixing

ensures no concentration hotspots occur. This proposed mechanism has been visualised

as a diagram in Figure 6.11.

6.5 Conclusion

Regeneration was observed in a range of supersaturations from S = 1.03 to S = 1.33 in

the absence and presence of agitation. This confirmed that neither is regeneration limited

to low supersaturations nor is it an artefact of solute accumulation at the cleavage plane

in a stagnant solution. Facet specific growth rates of (010) and (110) during and after

regeneration were measured with the aid of MATLAB image analysis and consequently

fitted to obtain power law kinetics. It was demonstrated that the regeneration rate has a

stronger dependence on supersaturation than the growth rate of facet (110). Regeneration

is also highly impacted by solution hydrodynamics, especially when it is not occurring

in the surface integration regime, such that enhanced mass transfer in the presence of

agitation led to faster regeneration. It was also shown that regeneration aids the onset

of secondary nucleation due to the availability of dormant facets for nuclei breeding,

which could potentially be used as a seeding strategy to lower crystallisation times. This

peculiarity in terms of selective cessation of facets during the regeneration process also

hints at ‘shape-memory’ effect in crystals and needs to be explored further.



Chapter 7

Conclusions and Future Work

7.1 Overall Contributions and Conclusions

This thesis reports on a previously unobserved regeneration phenomenon in organic crys-

tals, especially paracetamol, post breakage along their cleavage plane. The mechanistic

understanding of this phenomenon, the effect of crystallisation conditions on it, and its

implications on other aspects of crystallisation have been studied and discussed across

the chapters. To summarise, the following are the key achievements, takeaways, and

potential applications emerging from this work:

1. A systematic study was designed to investigate crystal growth post breakage which

currently lacks understanding. This involved obtaining high quality, single macro-

scopic crystals of paracetamol, followed by a procedure to neatly break them along

the cleavage plane. This established the groundwork required to carry out sequen-

tial and thought out experiments to study crystal growth.

2. ‘Crystal regeneration’ was reported for the first time, wherein a paracetamol crystal

was shown to grow back to its original pre-breakage shape via rapid advancement of

the (010) facet before demonstrating overall growth. This process was found to be

analogous to the ‘self-healing’ phenomena found in nature such as a lizard regrowing

125
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its tail after autotomy. This suggested that growth after breakage is dominated by

fast growing facets as opposed to slow growing facets as in the case of unbroken

crystals.

3. Novel imaging rigs utilising macrophotography, compatible with evaporative as well

as isothermal crystallisation were designed to capture the regeneration phenomenon

under various conditions. Moreover, an automated image analysis script was devel-

oped using MATLAB that works on the principle of ‘edge detection’ and was used

to obtain precise crystal growth rates efficiently.

4. Regeneration was shown to be dependent on the orientation and extent of breakage

but not on the initial size of the crystal. Regardless of the amount of breakage, cuts

parallel to the cleavage plane resulted in regeneration whilst those perpendicular to

the cleavage plane did not. Growth perpendicular to facet (010) in cleaved crystals

was 3x faster than both parallel growth in cleaved and perpendicular growth in

unbroken crystals, with the majority of regeneration occurring in the first 25 hours,

one-fifth of the total 125-hour regeneration period.

5. Regeneration occurred in paracetamol crystals regardless of the solvent used (ethanol,

THF, acetone), with the fastest rate in ethanol (0.07 mm/hr), followed by THF (0.03

mm/hr), and the slowest in acetone (0.02 mm/hr). In all solvents, regeneration was

completed within 24 hours at a supersaturation of 1.10, with the rapid regeneration

phase occurring in the first 8-15% of this period. Interestingly, after regeneration,

the growth trend reversed, being fastest in ethanol, followed by acetone, and slowest

in THF.

6. It was proved that regeneration is not an artefact of the crystallisation conditions

but an inherent crystal growth behaviour since it was observed over a range of

supersaturation (S = 1.03 to S = 1.33), and in the presence as well as absence of

agitation. Not only were the growth rates of (010) between 3-8 times faster than

the growth rates of (110) after regeneration, but during regeneration, the growth

of (110) was seen to be temporarily ‘switched-off’ regardless of the crystallisation
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condition.

7. Peculiar crystal behaviour arising as a result of regeneration have also been dis-

cussed in detail. In chapter 5, it was suggested that in a regenerating crsytal,

paracetamol solubility has a dominating effect on the growth rate of (010) over the

intermolecular interactions between solute and solvent. The cessation of surround-

ing facets during regeneration, reported in chapter 6, was postulated to be due to

‘shape-memory’ effect in crystals in conjunction with surface energetics

8. Two new mechanisms have been proposed:

• Regeneration mechanism (chapter 4): The regeneration process in crystals

occurs in 2 stages, fast regeneration and slow regeneration, before progressing

towards overall crystal growth. This holds true regardless of the crystallisation

condition

• Effect of regeneration on secondary nucleation: This mechanism suggests that

the dormant facets on the regenerating crystal aid the rapid onset of SN via

nuclei breeding in comparison to an unbroken crystal where all facets are ad-

vancing and therefore competition between growth and SN is more pronounced

9. Finally, based on the results and discussion across the chapters, the regeneration

phenomenon serves as a warning to consider post-breakage growth kinetics in pro-

cess modelling and not treat it similar to that of unbroken crystals, in order for more

accurate crystal shape and size prediction. This phenomenon also highlights the

gaps in the current understanding of fundamental crystal growth and hence opens

up new avenues for engineering the ‘perfect’ crystals. Finally, due to the increased

growth kinetics and secondary nucleation times during regeneration, cleaved crys-

tals have the potential to serve as a promising seeding strategy for enhancing batch

crystallisation.
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7.2 Future Work

7.2.1 Recyclability of crystals

Preliminary results have shown that a regenerated crystal can be cleaved again and both

the resulting halves can demonstrate regeneration. This is a crucial step in order to

understand the number of cycles of regeneration a crystal can undergo before completely

‘dying’. The aim of this work is to eventually investigate how the crystal properties such

as purity, form, shape, dissolution rates, melting points, etc change with every cycle.

Figure 7.1: Snapshots depicting the regeneration of a pristine cleaved crystal followed by
2 cycles of further regeneration post cleavage of the regenerated crystal

7.2.2 Effect of crystal orientation

All isothermal crystallisation experiments in the presence of agitation carried out in

chapter 6 involved immobilising the crystal with its cleavage face down. Here it was

hypothesised that depending on the orientation of the cleavage plane with reference to

the flow direction, the regeneration rate and behaviour could potentially be affected.

With the cleavage plane facing downwards the fluid profile and therefore the trajectory

of solute molecules would vary in comparison to if the crystal was oriented sideways and

the cleavage plane was either facing in the direction of the flow or against the flow. Hence
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preliminary experiments were carried out with an International Research Opportunities

Programme (IROP) student, Hirokatsu Yoshioka, as part of student supervision, to study

the effect of crystal orientation. Initial findings have shown that regeneration does occur

when the cleavage plane is oriented against the fluid flow (Figure 7.2). However more

work needs to be done do quantify the rates and compare them with other orientation

scenarios.

Figure 7.2: Snapshots of a cleaved crystal regenerating, despite being oriented with the
cleavage plane facing sideways

7.2.3 Automated optical microscopy for regeneration screening

To increase the throughput of data from the evaporative crystallisation experiment and

steer it in the direction of a regeneration ‘screening’ technique, a more automated ap-

proach was undertaken. Crystallisation dishes were prepared in the same manner as

detailed in Section 4.2.2 and placed in the fumehood. A system was designed wherein a

RS90 USB microscope was attached to a Dobot magician robotic arm such that top down

crystal imaging could be done through the glass lid. A python script has been developed

by a member of the Heng Group, Hamish Mitchell, to control the movement of the arm

so that multiple crystallisation dishes could be imaged at once, at regular and shorter

time intervals. This enabled imaging to be done continuously over a desired period of

time, without having gaps in data from nighttime and weekend measurements as was the

case with manual imaging. Furthermore, the set-up is currently being adjusted to enable

isothermal crystallisation capabilities, with the help of waterbaths and jacketed vessels,

so that screening of regeneration can be carried out in controlled environments (Figure

7.3(b)).
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Figure 7.3: Automated imaging set-up using Dobot, the robotic arm, and USB microscope
for cystal imaging in (a) evaporative crystallisation environment, and (b) isothermal
crystallisation environment

7.2.4 Regeneration in other organic crystal

Figure 7.4: Macroscopic crystals of (a) carbamazepine, (b) glycine, and (c) aspirin ob-
tained from methanol, DI water, and acetone respectively

A few other systems have been screened for regeneration using the automated imag-

ing set-up discussed above. Carbamazepine, aspirin, and α glycine crystals were grown

and regenerated in methanol, acetone, and DI water respectively. This work has been

done in conjunction with a visiting student, Karolina Stankova, as part of student su-

pervision undertaken during this PhD. Preliminary results have shown that regeneration

occurring in CBZ and α glycine post breakage exposing their cleavage planes, (111) and

(200) respectively, which are also fast growing planes. Aspirin on the other hand, has

a morphologically important cleavage plane, (001), and therefore does not demonstrate

regeneration. Figure 7.4 and 7.5 show the experimental habits of the CBZ, glycine, and
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aspirin crystals grown in the lab and their growth behaviour post breakage respectively.

Figure 7.5: Snapshots representing the regeneration behaviour observed for (a) carba-
mazepine in methanol, (b) glycine in DI water, and (c) aspirin in acetone over a period
of 48 and 24 hours respectively



Appendix A

Results

A.1 Growth rates of large crystals

Figure A.1: % Growth and growth rate of length a and b for large cleaved paracetamol
crystals over a period of 200 hours. Error bars represent standard deviation across 3
crystals

Figure A.1 shows the growth rates of large cleaved crystal where a trend similar to that of

small crystals was observed – regeneration takes place in 2 phases followed by slow overall

growth. However, due to the size difference, the larger crystals regenerate over a longer

period of time – phase 1 from 0-75 hours corresponding to rapid regeneration and phase 2

from 75-150 hours corresponding to slow regeneration. As can be seen from Table A.1 the

average growth rates for a small and large cleaved crystal for the characteristic lengths a

and b are relatively similar. However, the wide standard deviation of the growth rates of
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the larger crystal highlights the crystal to crystal variability during growth mainly due to

temperature fluctuations. Hence, further repeat experiments need to be done to validate

the growth rates of the large crystals to draw meaningful conclusions on the effect of

initial crystal size on regeneration.

Table A.1: Growth rates of small and large crystals in the different phases of regeneration
along with the standard deviation in mm/hr

Length a Length b
Initial Crystal Size Small Large Small Large

Phase 1 0.064 ± 0.009 0.063 ± 0.038 0.021 ± 0.004 0.020 ± 0.029
Phase 2 0.021 ± 0.002 0.029 ± 0.009 0.027 ± 0.002 0.004 ± 0.018
Overall Growth 0.025 ± 0.004 0.002 ± 0.003 0.028 ± 0.005 0.003 ± 0.002

A.2 Hardness of facets before and after regeneration

Preliminary results on the hardness of facets (201) and (011) measured before and after

regeneration

Figure A.2: Hardness of facets (201) and (011) before and after regeneration
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A.3 MATLAB script for Image analysis

1 function Final_Dobot_Script_copy ()

2 clc;

3 clear;

4 workspace;

5 format long g;

6 format compact;

7 fontSize = 10;

8

9 % Check that user has the Image Processing Toolbox installed.

10 hasIPT = license(’test’, ’image_toolbox ’);

11 if ~hasIPT

12 % User does not have the toolbox installed.

13 message = sprintf(’Sorry ,␣but␣you␣do␣not␣seem␣to␣have␣the␣

Image␣Processing␣Toolbox .\nDo␣you␣want␣to␣try␣to␣continue␣

anyway?’);

14 reply = questdlg(message , ’Toolbox␣missing ’, ’Yes’, ’No’, ’

Yes’);

15 if strcmpi(reply , ’No’)

16 % User said No , so exit.

17 return;

18 end

19 end

20

21 % Specify the folder where the files live.

22 myFolder ="C:\Users\Isha Bade\OneDrive - Imperial College London\

PhD\Experimentation\jacketed vessel\Cooling regeneration\

GLycine ";

23 % Check to make sure that folder actually exists. Warn user if

it doesn ’t.
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24 if ~isfolder(myFolder)

25 errorMessage = sprintf(’Error:␣The␣following␣folder␣does␣not␣

exist:\n%s\nPlease␣specify␣a␣new␣folder.’, myFolder);

26 uiwait(warndlg(errorMessage));

27 myFolder = uigetdir (); % Ask for a new one.

28 if myFolder == 0

29 % User clicked Cancel

30 return;

31 end

32 end

33

34 % Get a list of all files in the folder with the desired file

name pattern.

35 filePattern = fullfile(myFolder , ’*.png’); % Change to whatever

pattern you need.

36 theFiles = dir(filePattern);

37 Data = [];

38 for m = 1 : length(theFiles)

39 baseFileName = theFiles(m).name;

40 fullFileName = fullfile(theFiles(m).folder , baseFileName);

41 fprintf(1, ’Now␣reading␣%s\n’, fullFileName);

42

43 I = imread(fullFileName);

44 I2 = imcrop(I ,[442.51 203.51 521.98 327.98]);

45 I3 = rgb2gray(I2);

46 I4 = medfilt2(I3 ,[1 1]);

47 I5 = imfill(I4);

48 grayImage = adapthisteq(I5,’NumTiles ’ ,[8 8],’ClipLimit ’ ,0.01)

;

49 image_thresholded = grayImage;

50 image_thresholded(grayImage >100) = 256;
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51 image_thresholded(grayImage <=100) = 0;

52

53 se = strel(’line’ ,1,90);

54 dilatedI = imdilate(image_thresholded ,se);

55 BW2 = imfill(dilatedI ,’holes’);

56

57 se2 = strel(’disk’ ,5);

58 BW3 = imclose(BW2 ,se2);

59 BW4 = imfill(BW3 ,’holes’);

60 BW5 = bwareaopen(BW4 , 5);

61

62 D = -bwdist (~BW5);

63 Ld = watershed(D);

64 bw2 = BW5;

65 bw2(Ld == 0) = 0;

66 mask = imextendedmin(D, 0.01);

67 D2 = imimposemin(D,mask);

68 Ld2 = watershed(D2);

69 bw3 = BW5;

70 bw3(Ld2 == 0) = 0;

71

72 props = regionprops(bw3 , ’Centroid ’, ’Area’);

73 BW6 = bwpropfilt(bw3 ,’area’ ,[200 1500000]);

74 BW7 = bwconvhull(BW6);

75

76 boundaries = bwboundaries(BW7);

77 numberOfBoundaries = size(boundaries , 1);

78 for k = 1 : numberOfBoundaries

79 thisBoundary = boundaries{k};

80 plot(thisBoundary (:,2), thisBoundary (:,1), ’g’, ’

LineWidth ’, 1);
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81 end

82 caption = sprintf(’%d␣Outlines ’, numberOfBoundaries);

83 title(caption , ’FontSize ’, fontSize);

84 firstBoundary = boundaries {1};

85

86 x = firstBoundary (:, 2);

87 y = firstBoundary (:, 1);

88

89 subplot(1, 2, 1);

90 imshow(I2, []);

91 axis image;

92 hold on;

93 plot(x, y, ’r-’, ’LineWidth ’, 1);

94 title(’Overlayed␣boundary ’, ’FontSize ’, fontSize)

95 set(gcf , ’Units’, ’Normalized ’, ’OuterPosition ’, [0 0 1 1]);

96 set(gcf , ’Name’, ’Crystal␣boundary␣and␣size’, ’NumberTitle ’,

’Off’)

97

98 info = regionprops(BW7 ,’Orientation ’);

99 A = struct2table(info);

100 Orientation = table2array(A(:,1));

101

102 Rotationorder = -Orientation;

103 box1 = imrotate(BW7 ,Rotationorder ,’bilinear ’,’crop’);

104 info2 = regionprops(box1 ,’Boundingbox ’,’MajorAxisLength ’,’

MinorAxisLength ’,’Orientation ’);

105

106 subplot(1, 2, 2);

107 imshow(box1);

108 title(’Bounding␣box␣around␣crystal ’);

109 hold on;
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110

111 for k = 1 : length(info2)

112 BB = info2(k).BoundingBox;

113 rectangle(’Position ’, [BB(1),BB(2),BB(3),BB(4)],’

EdgeColor ’,’r’,’LineWidth ’ ,0.1);

114 end

115

116 baseFileName = sprintf(’Image␣%d.png’, m);

117 fullFileName = fullfile ("C:\ Users\Isha Bade\OneDrive -

Imperial College London\PhD\Experimentation\jacketed

vessel\Multiple cleavage plane Deniz\Processed images",

baseFileName);

118 saveas(gcf , fullFileName);

119

120 A = struct2table(info2);

121 Para = table2array(A(:,1));

122 FT = array2table(Para ,’VariableNames ’,{’x’,’y’,’length␣b’,’

length␣a’});

123 Data = [Data; FT];

124 Finaltable = Data (:,[3 4]);

125 Finaltable {:, :} = Finaltable {:, :};

126 end
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Figure Permissions
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[246] Noriaki Kubota Ã. A New Interpretation of Metastable Zone Widths Measured for

Unseeded Solutions. Journal of Crystal Growth, 310:629–634, 2008.


	Introduction
	Background and Motivation
	Aims of this PhD thesis
	Thesis overview
	Literature review
	Crystallisation in the pharmaceutical industry
	Fundamentals of crystallisation
	Solubility
	Nucleation

	Crystal Growth
	The crystal structure
	Polymorphism
	Crystal morphology
	Morphology prediction theories
	Growth mechanism and mechanistic models
	Measuring growth rates
	Effect of external factors on crystal growth

	Mechanical properties of crystals
	Lattice defects
	Slip planes vs. cleavage planes

	Current understanding of crystal breakage and growth
	Crystalline state of paracetamol

	Materials and Methods
	Materials
	Solubility determination
	Metastable zone width determination

	Macroscopic single crystals
	Seed preparation
	Growing large single crystals

	Crystal cleaving
	Crystallisation techniques for crystal regeneration
	Imaging techniques
	Optical microscopy
	Macrophotography

	Measuring crystal growth rate
	Automated image analysis using MATLAB

	Characterisation techniques
	Powder X-Ray Diffraction (PXRD)
	Scanning Electron Microscopy (SEM)
	X-Ray Photoelectron Spectroscopy (XPS)
	Nanoindentation

	Computational Methods
	Cambridge Structural Database (CSD)
	CSD Mercury
	 Accelrys Materials Studio 7.0


	Crystal regeneration - a proposed growth mechanism in crystals post breakage
	Overview
	Methods
	Obtaining and cutting paracetamol crystals
	Bench top optical microscopy for small crystals
	Macro photography for large crystals
	Powder XRD
	Scanning electron Spectroscopy
	Nanoindentation
	Computational methods

	Results
	Identifying cleavage planes of form I paracetamol crystals
	Effect of extent and orientation of breakage on regeneration
	Growth rates of cleaved crystals vs. unbroken crystals

	Discussion
	The proposed regeneration mechanism
	Effect of regeneration on crystal shape and form
	Effect of regeneration on the fracture properties of crystals
	Effect of regeneration on crystal quality

	Conclusion


	Design of isothermal crystallisation set-up with integrated macrophotography to investigate solvent effects on crystal regeneration
	Overview
	Methods
	Solubility of paracetamol in different solvents
	Isothermal crystallisation without agitation

	Results
	Experimental habits and PXRD patterns of paracetamol crystals from different solvents
	Solubility of paracetamol in pure solvents
	Effect of solvent on the rate of regeneration

	Discussion
	Conclusion

	Effect of supersaturation and agitation on the regeneration rates of paracetamol crystals
	Overview
	Methods
	Isothermal crystallisation with agitation

	Results
	Metastable zone width determination
	Effect of supersaturation on the rate of regeneration
	Effect of agitation on the rate of regeneration
	Secondary nucleation in agitated system

	Discussion
	Conclusion

	Conclusions and Future Work
	Overall Contributions and Conclusions
	Future Work
	Recyclability of crystals
	Effect of crystal orientation
	Automated optical microscopy for regeneration screening
	Regeneration in other organic crystal


	Results
	Growth rates of large crystals
	Hardness of facets before and after regeneration
	MATLAB script for Image analysis
	Figure Permissions
	References



