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Figure 2.3: The Polar Bear Plus with interchangeable inserts (right) 
Figure 2.4: The unit cell showing the length and angle parameters 
Figure 2.5: The four types of unit cell. Each lattice point is represented by a filled circle 
Figure 2.6: The Bragg construct used to show the diffraction of X-rays from sets of parallel lattice 
planes with a d spacing = dhkl 
Figure 2.7: The Rigaku Oxford Diffraction Supernova set-up with key features labelled 
Figure 2.8: The cone of diffraction produced from a polycrystalline sample 
Figure 2.9: The experimental set-up of the D8 Advance diffractometer, with key features labelled 
Figure 2.10: Thermal events in a DSC trace showing (a) a glass transition (change in baseline level), 
(b) a desolvation/phase transition (endothermic), (c) a re-crystallisation (exothermic) and (d) a melt 
(endothermic) 
Figure 2.11: A typical TGA trace, showing mass loss from a decomposition event 
Figure 2.12: The measurement of chord length distribution through FBRM (a) a focussed laser beam 
scanning in a circular path, (b) the measurement of suspended particles in the circular path, (c) the 
resulting chord length distribution 
Figure 3.1: The molecular structure of paracetamol 
Figure 3.2: The crystal structures of PCM-I (left) and PCM-II (right), showing the clear difference in 
their packing arrangements 
Figure 3.3: PXRD patterns for PCM-I and PCM-II 
Figure 3.4: DSC trace of PCM, with the transition between 130 and 140 °C highlighted. This subtle 
transition is best observed using a slow temperature scan rate 
Figure 3.5: BFDH calculated morphology of PCM-I (left) and PCM-II (right) 
Figure 3.6: Solubility diagram showing the increased aqueous solubility of PCM-II over PCM-I, 
determined by turbidity measurements in the Technobis Crystal 16 
Figure 3.7: The molecular structures of the template molecules employed in this work 
Figure 3.8: The stepped cooling profile employed in cooling crystallisation experiments 
Figure 3.9: The seeding profile employed 
Figure 3.10: Solubility curves for 4-BrBA, 4-ClBA, 4-FBA and both polymorphs of PCM in a 60:40 
H2O:IPA solvent system 
Figure 3.11: Solubility curves of metacetamol in (a) 60:40 H2O:IPA and (b) EtOH 
Figure 3.12: PXRD analysis confirming the presence of predominately PCM-II, with circled peaks 
showing the presence of small quantities of MCM.H2O. The y-axis displays intensity in arbitrary 
units. 
Figure 3.13: PXRD analysis showing the presence of small quantities of MCM from linear cooling 
experiments (circled in red). The y-axis displays relative intensity in arbitrary units. 
Figure 3.14: Refinement parameters and a molecule of paracetamol showing small thermal 
ellipsoids 
Figure 3.15: PXRD analysis of PCM/MCM evaporative crystallisations showing the formation of a 
physical mixture of PCM-I and MCM. The y-axis displays relative intensity in arbitrary units. 
Figure 3.16: PXRD patterns showing the formation of some PCM-II (peaks in red boxes) within MCM 
samples. The y-axis displays relative intensity in arbitrary units. 
Figure 3.17: DSC trace of a PCM-II sample with trace amounts of MCM.H2O present 
Figure 3.19: VT-PXRD for a PCM-II containing small amounts of MCM.H2O. The y-axis displays 
relative intensity in arbitrary units. 
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Figure 3.18: VT-PXRD of a sample of pure PCM-II showing the transition from PCM-II to PCM-I 
between 121 °C and 146 °C. The y-axis shows relative intensity in arbitrary units. 
Figure 3.20: SEM images showing the morphology of samples produced in the presence of (a) 4-
FBA and (b) MCM (both from a 60:40 H2O:IPA solvent system) 
Figure 3.21: SEM images showing the morphology of samples produced for samples of (a) pure 
PCM-II and (b) PCM-II with small quantities of MCM.H2O 
Figure 3.22: Solubility curves for OCM in (a) 60:40 H2O:IPA, (b) EtOH and (c) IPA solvent systems 
Figure 3.23: PXRD analysis showing a mixture of PCM-II and PCM-I being formed with 2 % and 3 % 
OCM (the peaks boxed in red are those that correspond to PCM-I). The y-axis displays relative 
intensity in arbitrary units. 
Figure 3.24: PXRD analysis confirming the production of a mixture or PCM-II and PCM-I with 2.4 % 
OCM, but the production of pure PCM-II with 2.8 % OCM. The y-axis displays relative intensity in 
arbitrary units. 
Figure 3.25: Production of PCM-II in the presence of 3A4MA as a template, with peaks from this 
template boxed in red. The y-axis displays relative intensity in arbitrary units. 
Figure 3.26: DSC trace of a sample of PCM with some 3A4MA present 
Figure 3.27: VT-PXRD patterns of a sample of PCM-II with small quantities of 3A4MA present. The 
y-axis displays relative intensity in arbitrary units. 
Figure 3.28: PXRD patterns of the filtered solid at the end of slurrying experiments in the presence 
of varying percentages of MCM. The y-axis displays relative intensity in arbitrary units. 
Figure 3.29: The (002) plane in PCM-II showing the carbonyl group lying on this plane 
Figure 3.30: N-H...O interactions forming the next layer of molecules in PCM-II 
Figure 3.31: Crystal packing similarity of PCM-II (grey) and MCM (green) - hydrogen atoms have 
been removed for clarity 
Figure 3.32: PXRD patterns showing a sample stability of 24 months. The y-axis displays relative 
intensity in arbitrary units 
Figure 3.33: PXRD patterns over a one month period with a 1 % PCM-I seed loading, showing the 
appearance of PCM-I peaks after 4 weeks. The y-axis displays intensity in arbitrary units. 
Figure 4.1: A visual representation of the COST approach (black dots) and the DoE approach (red 
dots) 
Figure 4.2: Polar Bear Crystalliser with overhead motor and shaft to provide overhead stirring to 
the system 
Figure 4.3: PXRD analysis on all 35 DoE experiments, y-axis shows intensity in arbitrary units 
Figure 4.4: DSC analysis on the 35 DoE experiments, y axis showing heat flow in mW 
Figure 4.5: Summary of fit plot for the both the polymorphic form and yield response 
Figure 4.6: Variable Importance plot (VIP) highlighting the importance of factors and their 
interactions 
Figure 4.7: Summary of fit plots after removal of factors with an importance of <0.8 
Figure 4.8: Coefficient plots for both the responses, quantifying the effect of each of the factors on 
each of the responses 
Figure 4.9: PXRD patterns showing the DoE samples after a period of 15 months; the y axis shows 
relative intensity in arbitrary units 
Figure 4.10: The Mettler Toledo EasyMax 
Figure 4.11: Mettler Toledo OptiMax with inline process monitoring using a Raman PhAT probe and 
FBRM probe 
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Figure 4.12: Offline reference spectra for PCM-I, PCM-II and MCM; the y axis shows intensity in 
arbitrary units 
Figure 4.13: Trend output from 800 ml crystallisations in the OptiMax showing the temperature 
profile employed (blue), total FBRM counts (green), PCM-I Raman at 1236 cm-1 (orange) and PCM-
II Raman at 1624 cm-1 (pink) 
Figure 4.14: Raman spectra collected throughout the course of the crystallisation from the inline 
PhAT probe (0 mins - suspension, 20 mins - after dissolution of all solid, 300 mins - suspension of 
final product at end of crystallisation). The y-axis shows intensity in arbitrary units 
Figure 4.15: PXRD patterns confirming the presence of PCM-II in the OptiMax experiment, with 
small quantities of MCM.H2O present; the y-axis shows intensity in arbitrary units 
Figure 4.16: Schematic of the MSMPR set-up used 
Figure 4.17: The MSMPR set-up at AstraZeneca Macclesfield used in this work with key features 
labelled 
Figure 4.18: Settling of solid in vacuum transfer lines 
Figure 4.21: SEM images for the samples from experiment AZ1 (RT2 was not analysed due to the 
small amount of solid available). 
Figure 4.20: DSC analysis on the samples taken from experiment AZ1; the y axis shows heat flow in 
mW. 
Figure 4.19: PXRD analysis of RT2 and RT3 of experiment AZ1 showing the production of 
predominately PCM-II with some PCM-I present (peaks corresponding to PCM-I boxed in red). The 
y-axis shows intensity in arbitrary units. 
Figure 4.23: PXRD patterns showing the production of PCM-II in Experiment AZ3. The y-axis shows 
intensity in arbitrary units. 
Figure 4.22: Encrustation on the walls of MSMPR 2 in experiments AZ2 and AZ3. 
Figure 4.24: DSC traces for experiment AZ3, showing the absence of any MCM.H2O. The y-axis 
shows heat flow in mW. 
Figure 4.25: SEM analysis of samples from each of the MSMPR vessels in Experiment AZ3 
Figure 4.26: Blockage of the inline filtration unit in experiment AZ4 
Figure 4.27: PXRD patterns of the solids produced in experiment AZ4; the y-axis shows intensity in 
arbitrary units 
Figure 4.29: SEM analysis of samples from each of the MSMPR vessels in Experiment AZ4 
Figure 4.28: DSC traces for experiment AZ4, indicating the absence of any MCM.H2O. The y-axis 
shows heat flow in mW 
Figure 4.31: 12 month stability PXRD patterns for samples produced from AZ1 with peaks 
corresponding to PCM-I boxed in red; the y-axis displays intensity in arbitrary units 
Figure 4.30: 12 month stability PXRD patterns for samples produced in experiments AZ2, AZ3 and 
AZ4; the y-axis displays relative intensity in arbitrary units 
Figure 5.2: The generation of eddies within the baffles in a COBC 211 
Figure 5.1: The compact 4-straight COBC set-up at the University of Bath (left) with the baffle 
geometry highlighted (right) 
Figure 5.3: Plug and laminar flow through a pipe 
Figure 5.4: Encrustation on the baffle walls in Experiment COBC 1 
Figure 5.6: PXRD analysis of the samples for experiment COBC 3; the y-axis shows relative intensity 
in arbitrary units 
Figure 5.5: Crystallisation in the exit piece in experiment COBC 3 
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Figure 5.7: PXRD patterns from experiment COBC 4, showing the production of PCM-II with some 
peaks from MCM.H2O present (boxed in red). The y-axis displays relative intensity in arbitrary units 
Figure 5.8: Crystallisation in the exit piece in Experiment COBC 5 
Figure 5.9: PXRD patterns for Experiment COBC 5 showing the production of predominately PCM-
II, with some peaks (boxed in red) from MCM.H2O. The y-axis displays relative intensity in arbitrary 
units 
Figure 5.10: Temperature profile used for Experiment COBC 6 
Figure 5.11: PXRD patterns for Experiment COBC 6 showing the production of PCM-II with some 
MCM.H2O present (boxed in red). The y-axis displays relative intensity in arbitrary units. 
Figure 5.12: Temperature profile used in Experiment COBC 7 
Figure 5.13: PXRD patterns showing the production of PCM-II with some MCM.H2O (peaks boxed in 
red) in Experiment COBC 7. The y-axis displays intensity in arbitrary units 
Figure 5.14: Temperature profile employed in Experiments COBC 8 and COBC 9 
Figure 5.15: PXRD analysis showing the production of PCM-II in Experiment COBC 8; the y-axis 
displays relative intensity in arbitrary units 
Figure 5.16: DSC analysis showing the presence of some MCM·H2O in all three residence times in 
Experiment COBC 8 (exothermic up) 
Figure 5.17: High solid loadings in Experiment COBC 9 
Figure 5.18: PXRD patterns confirming the production of PCM-II with trace MCM.H2O (boxed in red) 
in Experiment COBC 9. The y-axis displays relative intensity in arbitrary units 
Figure 5.19: PXRD analysis of each of the six samples taken during the course of Experiment COBC 
10; the y-axis displays relative intensity in arbitrary units 
Figure 5.20: DSC analysis for samples 3-6 in Experiment COBC 10 (exothermic up) 
Figure 5.21: PXRD analysis for the solid produced in Experiment COBC 11 confirming the production 
of PCM-II with some peaks from MCM.H2O (boxed in red). The y-axis displays relative intensity in 
arbitrary units 
Figure 5.22: The temperature profile employed for the 12-straight COBC experiments (COBC 12 and 
COBC 13) 
Figure 5.23: PXRD analysis for the samples taken during experiment COBC 12; the y-axis displays 
relative intensity in arbitrary units 
Figure 5.24: DSC analysis on the samples taken from Experiment COBC 12 
Figure 5.26: DSC analysis of the samples taken in Experiment COBC 13 
Figure 5.25: PXRD analysis of the samples taken in Experiment COBC 13; the y-axis displays relative 
intensity in arbitrary units 
Figure 5.28: Recirculating motion within slugs which provide mixing to the system 
Figure 5.27: Schematic representing the differences between air and liquid segmentation 
Figure 5.29: The KRAIC segmented flow crystalliser as set-up at the University of Bath 
Figure 5.30: The mixer piece in the heated water bath 
Figure 5.31: The cold tube attached to the KRAIC to allow cooling below ambient temperatures 
Figure 5.32: Novel end piece to allow separation of carrier fluid from solution flow 
Figure 5.33: The cross mixer piece alignment used in KRAIC 1 
Figure 5.34: The K-mixer piece alignment used in KRAIC 3A and 3B 
Figure 5.35: Crystallisation in the cold tube in Experiment KRAIC 2A 
Figure 5.36: High solid loadings in the three coils in Experiment KRAIC 2B (images taken at 12 mins 
for coil 1 and 38 mins for coils 2 and 3) 
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broadly categorised as either primary or secondary and the former as either homogeneous or 

heterogeneous (detailed in Figure 1.21). 

Homogeneous nucleation is spontaneous and does not require external stimuli; supersaturation, 

as outlined above, drives this process. Secondary nucleation, which is by its nature heterogeneous, 

requires a surface on which to nucleate, which can be an additive, an impurity or a seed crystal of 

the desired product. The presence of this additional surface, on which to nucleate, lowers the value 

of free energy of the assembling system, hence allowing nucleation at lower values of 

supersaturation than those required for spontaneous homogeneous nucleation.2 

There are two nucleation pathways that are currently accepted within the crystallisation 

community: classical nucleation theory (CNT) and two-step nucleation. The differences between 

these are highlighted schematically in Figure 1.3.  

 

 

Figure 1.2: Nucleation classification (adapted from Beckmann1) 
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1.3.4 Secondary nucleation 

Heterogeneous nucleation that occurs due to the presence of a seed particle of the crystallising 

substance is known as secondary nucleation. This nucleation tends to occur at much lower 

supersaturations than homogeneous or heterogeneous nucleation induced by a foreign body. Seed 

crystals are added within the metastable zone width to ensure no spontaneous nucleation (more 

details in section 1.5.3); as such, tight control over particle size distributions and polymorphic form 

output are achievable.  

Methods of generating these secondary nuclei in the reaction vessel are varied: they can be added 

deliberately to the crystallisation process either dry or in suspension, they can come from 

encrustation on vessel walls or they can be a result of particle breakage due to shear from an 

impellor, often observed with brittle needle crystals. 

1.4  Crystal Growth 

Once formation of initial nuclei has occurred, supersaturation within the reaction mixture is 

depleted to aid the growth of these nuclei into larger crystals. There are a number of mechanisms 

that have been proposed for crystal growth, some of which are outlined in this section. 

1.4.1 Crystal faces 

Nuclei in a supersaturated solution can be considered to be in equilibrium; growth units are 

constantly arriving at the surface and if they have the correct interactions to bind they will stay and 

if not they will leave. When the flux to the surface is higher than those leaving, crystal growth 

occurs.  Hartmann and Perdock12 introduced a classification system in order to define how growth 

units can be classified depending on how many interactions they make with the crystal face: a 

surface in which three bonds are possible is a kinked face, a surface in which two bonds are possible 

is a stepped face and a flat face is a surface with which only one bond is possible (Figure 1.5). 

Figure 1.5: The classification of crystal faces according to Hartmann and Perdock12 
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Traditionally, in terms of pharmaceuticals and fine chemicals, evaporative crystallisation is useful 

for small-scale, discovery crystallisations. The main barrier to implementation of evaporative 

crystallisation into the pharmaceutical industry is the inability to control the supersaturation in a 

system sufficiently carefully, which can lead to inconsistent particle attributes. However, industrial 

scale evaporative crystallisers are marketed, many of which are steam heated, such as the Oslo-

Krystal evaporating crystalliser and the wetted-wall evaporative crystalliser.26 

1.6.3 Antisolvent crystallisation 

In antisolvent crystallisation, a solvent, in which the solute displays poor solubility, is added to an 

undersaturated solution of the solute in order to increase the level of supersaturation within the 

system. The antisolvent added works to decrease the solubility of a substance in solution, hence 

resulting in crystallisation.  

Antisolvent crystallisation is a commonly used method to produce solubility enhanced forms of 

Biopharmaceutics Classification System (BCS) Class II and IV drugs (low solubility-high permeability 

and low solubility-low permeability respectively). In particular, there are numerous examples of the 

use of antisolvent crystallisation to produce nanoparticles of poorly water-soluble drugs; these 

micronised nanoparticles are shown to increase the dissolution rate by a significant increase in the 

relative surface area and hence increase the bioavailability of these drugs.27-30 Antisolvent 

crystallisation has also been used to obtain metastable polymorphs; examples include 

indomethacin31, abecarnil32 and L-histidine33.  

Figure 1.13: The variation in solubility of the solute with increasing antisolvent concentration in a typical 
antisolvent crystallisation 
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1.6.4 Reactive crystallisation 

Reactive crystallisation occurs when two or more compounds react within the solution phase to 

give a product that is less soluble than the parent compounds in the particular solvent system 

chosen. This decrease in solubility, or increase in saturation, results in crystallisation. The rate at 

which supersaturation is generated in the system is dependent on the rate of reaction between the 

two components. Within the pharmaceutical industry, a common approach to reactive 

crystallisation is  by changing the pH.34 

1.6.5 Seeded crystallisation 

As nucleation has a stochastic nature, many processes look to avoid spontaneous nucleation by 

introducing seed crystals into the crystallisation process, limiting nucleation to secondary 

nucleation at lower values of supersaturation. As such, seeding is commonly employed in order to 

obtain greater control over the solid form produced during crystallisation and obtain narrower 

particle size distributions. Seed crystals of the desired product are introduced when the growth 

solution is in the metastable zone (Figure 1.14); the solution is then cooled in line with the lower 

solubility curve. As a general rule, seeds are introduced one third of the way into the metastable 

zone; any higher in temperature (closer to the solubility line) and the seeds will dissolve, any lower 

in temperature (further into the MSZ) and there is a chance spontaneous nucleation will occur.  The 

right of Figure 1.14 shows a typical temperature-time profile for a seeded crystallisation. Once the 

seeds are added, there is a hold period in order to ensure no dissolution of the seeds. 

Addition of seeds can be through a suspension or as dry seeds. Adding the seeds dry can cause 

problems with particle dispersion and agglomeration, especially if the seeds are particularly 

hydrophobic, however if trying to crystallise a metastable form where slurrying in solvent will cause 

conversion to a more stable form, addition of dry seeds may be desirable. Addition of seeds in a 

Figure 1.14: A typical solubility curve showing the change in concentration with temperature during a seeded 
cooling crystallisation (left) and a typical seeded crystallisation temperature profile (right) 
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suspension mitigates the problems with dispersion experienced with dry seeds. They can be added 

in a saturated solution in the same solvent as the crystallisation or as an antisolvent. The use of 

suspensions is particularly beneficial in continuous processes where a suspension can be continually 

pumped in throughout the course of the crystallisation.  

There are a number of examples of the use of seeding within the pharmaceutical industry to gain 

polymorphic control within the system. 35-39 Abu Bakar et al 39 coupled seeding with temperature 

cycling in order both to gain polymorphic control and obtain a narrow particle size distribution of 

the antibacterial drug sulfathiazole. The use of temperature cycling results in faster dissolution of 

fines (very small crystalline particles of undesirable morphology) and accelerated growth of larger 

particles on cooling, increasing the kinetics of Ostwald ripening (the process whereby smaller 

crystals dissolve and the generated supersaturation aids the growth of larger crystals). This allows 

for tighter control of the particle size distribution. 

1.6.6 Monitoring the crystallisation process 

It is clear that control is one of the most critical elements of a successful crystallisation process. In 

order to exert such control most effectively, it is important to monitor crystallisation processes, to 

diagnose conditions and allow for these to be optimised throughout the process. The most effective 

way of monitoring the crystallisation process is through the use of inline process analytical 

technology (PAT); examples include focussed beam reflectance measurements (FBRM), infrared (IR) 

spectroscopy, UV-Vis spectroscopy, Raman spectroscopy and particle visualisation measurements 

(PVM). The experimental details of the techniques used in this work are outlined in Chapter 2.  

Monitoring of the crystallisation process allows real-time analysis of the product being produced 

and allows necessary adjustments to the operating conditions in order to obtain specific product 

attributes. 

UV-Vis and IR spectroscopy are both techniques used to monitor the concentration of a particular 

species throughout the crystallisation process. In multi-component systems, where the different 

species have different spectra, specific peaks characteristic of each component can be tracked 

throughout the crystallisation process, enabling the formation or disappearance of the various 

components to be studied. 

Raman spectroscopy is also commonly employed in the monitoring of crystallisation processes. It 

has the benefits of being an in-situ, non-destructive technique that requires little sample 

preparation and is relatively insensitive to aqueous solutions. The use of Raman spectroscopy is of 

particular use in the identification of polymorphic forms and transitions throughout a 
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improve its efficacy.  Bruni et al showed that by co-crystallising loperamide hydrochloride with 

glutaric acid, an increase in solubility of a factor of six (from 10.1mg/100ml to 63.5mg/100ml) can 

be achieved. 134 Multiple other examples of co-crystallisation for solubility increase have been 

reported throughout the literature.135-139 

Co-crystallisation has also been used to alter a variety of mechanical properties of active 

ingredients. Co-crystallisation of caffeine with 4-chloro-3-nitrobenzoic acid has shown the 

possibility to use this method to increase the tensile strength of brittle active ingredients. 140 

Materials with greater flexibility generated through methods such as this could be used in 

applications such as photovoltaic materials and chemical sensors. In another example of the 

altering of mechanical properties, co-crystallisation of paracetamol with the co-former 

trimethylglycine has resulted in increased compressibility upon tabletting.141 Furthermore, the 

possibility to engineer co-crystals that display a layered arrangement of molecules within the crystal 

structure could allow for improved compressibility. 

1.9.2 Hydrates 

Solvated forms of crystal structures are found when a solvent from the crystallisation step is 

incorporated into the crystal lattice through the formation of intermolecular interactions. Owing to 

its small molecular size and ability to form multi-directional hydrogen bonds, water is often 

incorporated into the crystal structure, resulting in the formation of a hydrate.142 It is estimated 

that one third of all pharmaceutical solids can form hydrates. 143 The formation of hydrates in the 

pharmaceutical industry can be both advantageous and disadvantageous.  

In aqueous solvent systems, hydrated forms are often the most stable, displaying reduced solubility 

in comparison to their anhydrous counterpart.144 They also pose the risk of dehydration in storage, 

risking loss of crystallinity or change in crystal form and efficacy. 145 Furthermore, hydrated forms 

of pharmaceuticals can also result in different crystal morphologies, potentially complicating 

downstream processing steps if these were to suddenly appear in manufacture. 

However in the case of a polymorphic system whereby reliable formation of individual polymorphs 

was problematic, hydrate formation could offer a route to solid form control. 

1.9.3 Additives within crystallisation 

Over recent years there has been an increased interest in the use of additives included within the 

crystallisation process in order to direct specific particle attributes such as polymorphic form and 

particle morphology. Here an additive encompasses either small, size-matched molecules or 
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crystallisation of paracetamol157 and the use of nanoscopic pores and polymers in the crystallisation 

of aspirin.158 

1.10 Aims of research 

The overarching theme of this work will be the use of multi-component crystallisation techniques 

to control the solid form of pharmaceutical materials. The ability to control the solid form of 

pharmaceutical materials and to be able to develop robust crystallisation processes to impart this 

control is of great interest to both academia and industry. The work presented in this thesis will 

investigate two different techniques to exert solid form control through crystallisation.  

The first, and main, focus of the work will look at obtaining metastable polymorphic forms through 

multi-component templating techniques, using additives to promote formation of a desired solid 

form. Work will use the model system of paracetamol (PCM) and the distinction between its two 

main polymorphic forms, looking to design a large scale route to the metastable polymorph that 

displays enhanced physical properties. Previous work in this area has been limited to small scale 

evaporative crystallisation discovery environments. With this work emerging from the EPSRC 

Future Manufacturing Research Hub in Continuous Manufacturing and Advanced Crystallisation 

(CMAC), eventual aims will be to transfer systems into a variety of continuous crystallisation 

platforms set-up both at the University of Bath and within CMAC partner institutions.  

The second strand of the work presented here will look at hosting of pharmaceuticals that display 

poor stability, with the aim of increasing said stability through incorporation into a host molecule 

via intermolecular host-guest association. Although work has been done to investigate the use of 

host materials to increase the solubility of a variety of APIs, their use in controlling the stability of 

these materials is still a new concept, with limited reports in the literature.  
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2 Experimental methods 
Experimental details specific to particular investigations carried out during this project are 

presented within the main results chapters (Chapters 3-6); however details of the theory and 

experimental procedure for commonly used methods are presented here. 

2.1 Solubility Measurements 

Solubility measurements were performed at the University of Strathclyde using the Technobis 

Crystal 16 (Figure 2.1). 

The technology employed within the Crystal 16 uses turbidity measurements to give clear and cloud 

points for the solution understanding. In the Crystal 16, up to 16 vials of the sample solution are 

subjected in parallel to a heating and cooling temperature programme. For each of the vials a 

temperature vs transmissivity vs time plot is generated and analysed in the CrystalClear software 

(Figure 2.2) in order to determine clear and cloud points. The clear point is where the solution 

allows for 100 % light transmission i.e. all particles having dissolved. The cloud point is where this 

transmittance no longer has a value of 100 % indicating precipitation of particles out of solution. 

From this, metastable zone widths (MSZW) can be determined and cooling crystallisation 

experiments designed; it is important to note that the MSZWs depend on a variety of crystallisation 

conditions including cooling rate, stirring and scale and so can only be used as a guideline for 

experimental design. 

Figure 2.1: The Technobis Crystal 16 
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As used in the present work, in general four 1.5 cm3 vials of varying concentrations of the compound 

to be measured were heated from 20 °C to 75 °C and then cooled from 75 °C to 5 °C, via a peltier 

thermoelectric device, at a rate of 0.1 °C min-1 with a magnetic bottom stirring speed of 800 rpm. If 

a lower boiling point solvent such as ethanol (bpt = 78 °C) was used, the cooling profile was adjusted 

accordingly to prevent vaporisation of solvent, which would reduce the accuracy of the 

measurements. Data were processed using CrystalClear v.1.0.1.614 from Avantium Technologies.  

2.2 Cooling crystallisations  

Cooling crystallisation experiments were carried out using the Polar Bear Plus crystalliser from 

Cambridge Reactor Design (Figure 2.3). The Polar Bear Plus crystalliser provides a platform for 

simultaneous controlled cooling of up to 28 1.5 cm3 vials in a temperature range of 150 °C to -40 °C 

via a peltier thermoelectric device with bottom magnetic stirring. It has interchangeable inserts 

that allow gradual scale up of systems from 1.5 cm3 vials to 20 cm3 vials up to 250 cm3 round-

bottomed flasks (RBFs). 

Overhead stirring can be implemented in conjunction with larger scale experiments in RBFs utilising 

a separate motor and shaft (detailed in Chapter 3) in order to provide more effective mixing at 

Figure 2.2: A temperature vs transmissivity vs time plot for a vial in a Crystal 16 experiment 

Figure 2.3: The Polar Bear Plus with interchangeable inserts (right) 
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FBRM is a useful technique for detecting onset of nucleation in systems as well as providing crucial 

information when using seeding techniques. However, particle size information from chord length 

distributions should be treated with caution; chord length distributions can be significantly skewed 

by crystals that display a high aspect ratio, such as needles.  

Full experimental details for the FBRM used in scaled batch experiments are given in Chapter 4. 

2.8.2 Raman probe 

Raman probes apply the principles of Raman spectroscopy described above to monitor a 

crystallisation process non-invasively, giving real time information on the solid form produced 

throughout the process.  Probes can be immersion based (i.e. submerged in a solution like a FBRM 

probe) or non-contact based such as the PhAT probe employed in this work. 

One of the main benefits of monitoring crystallisation processes with a Raman probe is their 

insensitivity to aqueous solutions. However, other crystallisation solvents can swamp spectra, 

resulting in poor resolution of peaks from the product.  

2.9 SEM 

2.9.1 Theory 

Scanning electron microscopy (SEM) is a technique used to obtain high resolution images of solid 

particles in terms of their morphology, surface features and topography and is often used to 

Figure 2.12: The measurement of chord length distribution through FBRM (a) a focussed laser beam scanning in a circular 
path, (b) the measurement of suspended particles in the circular path, (c) the resulting chord length distribution 
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complement optical microscopy images. Electrons are emitted from an electron gun and 

accelerated towards the sample, which has been coated in a thin film of a metal in order to prevent 

charge build up on the surface. The electron beam hits the sample and can interact with the sample 

to generate backscattered electrons, secondary electrons or X-rays. Backscattered electrons have 

a similar energy to the incident electron beam, losing very little energy on interaction with the 

sample.  They originate from deep within the sample and provide compositional information. 

Secondary electrons have a lower energy than the incident electron beam, losing energy on 

interaction with the sample. They originate from within a few nanometres of the surface, and as 

such provide sensitive surface information. When interaction of the electron beam with the sample 

results in the ejection of an electron from the outer shell, the excess energy produced can be 

emitted as an X-ray. These give information about the elemental composition of the sample. 171 

2.9.2 Experimental 

As different SEMs were used depending on where the work was performed, full experimental 

details are given in the relevant Chapters.  

2.10 NMR 

2.10.1 Theory 

When a nucleus is placed in a strong magnetic field, the spin states of nuclei with a non-zero nuclear 

spin, such as 1H and 13C, can align themselves with or against the magnetic field resulting in a split 

in these normally degenerate energies. By applying an external radio-frequency (RF) field of correct 

frequency, the spin state of a nucleus can be changed from the stable state (aligned with the 

magnetic field) to the unstable state (aligned against the magnetic field); this is known as 

resonance. Depending on the local bonding environment of the nucleus (i.e. the local chemical 

environment), a slightly different external RF field frequency would be required to cause the 

nucleus to resonate; this is due to local shielding effects diminishing the effective magnetic field by 

a small amount. It is this difference in RF magnetic field that an NMR experiment measures. From 

the differences in frequency required for resonance, the chemical environment in which the 

nucleus sits can be determined.   

2.10.2  Experimental 

Routine NMR analysis was performed by dissolving the sample in D2O and using a Bruker Avance 

500 MHz spectrometer, with all spectra recorded at 298 K. Data were processed using ACD labs. 
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Chapter 6 details various different NMR methods used for host-guest complexes, the experimental 

details of which are given in the Chapter. 
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by Nichols and Frampton.172 They observed that when crystallised from the melt, the DSC trace 

shows one sharp endothermic peak at 157 °C, indicating the monotropic relationship of the two 

polymorphs. However, when crystallised from solution, a small endothermic peak at 157 °C, 

corresponding to a phase transition from PCM-II to PCM-I, followed by a sharp melt at 171 °C, 

corresponding to the melt of PCM-I, are observed. They postulate that solution based methods 

produce samples of PCM-II which are not polymorphically pure, with the presence of this small 

amount of PCM-I being responsible for the first endothermic event. Alternatively, the fast 

precipitation of PCM-II crystals from solution based methods could result in more defects on the 

crystal surface, which could induce the transformation between the two forms. 

Calculation of the Bravais-Friedel-Donnay-Harker (BFDH) morphology for each of the two 

polymorphic forms of PCM shows that PCM-I adopts equant block crystals with the herringbone 

arrangement growing perpendicular to the (002) plane, while PCM-II forms a more elongated 

diamond, again with the hydrogen bonded layers growing perpendicular to the (002) plane 

(Figure 3.5). It is commonly reported in literature that PCM-I adopts a block like morphology while 

PCM-II adopts a needle morphology. 

Figure 3.4: DSC trace of PCM, with the transition between 130 and 140 °C highlighted. This 
subtle transition is best observed using a slow temperature scan rate 
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Figure 3.5: BFDH calculated morphology of PCM-I (left) and PCM-II (right) 

However, calculations of the BFDH morphology are based on crystallographic parameters and use 

only knowledge of the unit cell and corresponding symmetry operations; they do not take into 

account any external factors such as solvent, supersaturation or presence of additives or impurities, 

nor do they take account of the internal molecular arrangement. As such, a lot of work has been 

carried out to investigate the effect of different parameters on the morphology of PCM.  Prasad et 

al reported the change in morphology of PCM-I from columnar to plate-like upon increasing 

solution supersaturation.178  The effect of a variety of structurally similar additives, including p-

acetoxyacetanilide (PAA), methyl paraben (MP), 4-acetamidobenzoic acid (4-ABA), metacetamol 

(MCM) and orthocetamol (OCM), on the morphology of PCM-I has been  

reported178-179, with the effects being classified as blocking, docking or disrupting depending on the 

mechanism of action and uptake of the additive into the PCM crystal. For example, due to the extra 

steric bulk of the ester group, PAA is a good blocking molecule; it does not have a proton donor to 

continue the hydrogen bonded chain and so blocks growth along the (002) face. MCM is considered 

to be a good docking molecule, meaning it can be included within the crystal lattice due its 

complementary hydrogen bonds to PCM. PAA is also considered to have a disrupting effect on the 

emerging nucleus, reducing its stability and inhibiting growth. 

The differing morphologies of the two polymorphs has allowed for the use of in-line process 

analytical technologies to monitor the polymorphic transformation upon cooling a saturated 

solution of PCM. Here, focussed beam reflectance measurement (FBRM) was used to observe the 

change from a needle-like morphology (characteristic of PCM-II) to an octahedral morphology 

(characteristic of PCM-I), when crystallised from ethanol.180 
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cooling profile employed throughout these seeding experiments is shown in Figure 3.9. A 15 minute 

hold period was utilised after addition of seeds to check that the added seeds do not dissolve; such 

dissolution would trigger the solution mediated phase transformation hence resulting in the 

production of PCM-I. 

A PCM concentration of 35 mg/g of solvent was used throughout all experiments in a 50 ml volume, 

with an overhead stirring rate of 400 rpm. This concentration of PCM was chosen as it corresponds 

to a saturated solution of PCM-II in the water solvent system at a temperature of 35 °C. Dry form II 

seeds were added at the beginning of the hold period and any obvious dissolution observed by eye.  

3.2.4 Characterisation techniques 

SEM analysis of the solid product from the crystallisations of PCM in presence of 4-FBA and PCM in 

presence of MCM at small scale was used to visualise crystal morphology more accurately than 

microscope images. The samples were prepared by vacuum filtration and subsequent drying at 

room temperature. They were then mounted and stored under vacuum. A Quorum QT Chrome 

Coater (UK) with a film thickness of 20 nm was used to coat the samples. The images were then 

obtained via use of the FESEM (JOEL 6301F SEM (Japan) with a Saturn Imaging System (Belgium)). 

SEM analysis of PCM-II in the presence and absence of metacetamol hydrate was undertaken at 

AstraZeneca in Macclesfield. Samples were mounted on an aluminium stub with a carbon tab and 

were gold coated with a Quorum Q150R sputterer to a target film thickness of 10 nm. The images 

were obtained using a Hitachi TM-1000 with an accelerating voltage of 15 kV. 

Figure 3.9: The seeding profile employed 
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presence of PCM-II. For subsequent experiments, the concentration of PCM was decreased in order 

to decrease the supersaturation ratio of the system, allowing for more controlled nucleation; the 

concentration of PCM was chosen to ensure the system still remained supersaturated with respect 

to PCM-II in order to try and induce crystallisation of this polymorphic form. 

Table 3.3: Cooling crystallisation conditions that have produced PCM-II with benzoic acid derivatives 

Experiment 

set 

Concentration 

PCM (mg/g) 

Co-

former 

Wt.% co-

former 

Stirring 

speed 

(rpm) 

Cooling 

rate 

(°C min-1) 

Scale 

(ml) 

1 300 4-ClBA 1.0 800 0.02 1 

2 300 4-ClBA 1.7, 2.3, 4.0 800 0.02 1 

3 250 4-BrBA 0.4, 1.6, 2.4 800 0.02 1 

4 250 4-ClBA 1.2 800 0.02 1 

5 250 4-BrBA 1.2, 2.0, 2.4 400 0.02 1 

6 250 4-ClBA 1.2, 1.6 400 0.02 1 

7 250 4-FBA 4.8 400 0.02 1 

8 250 4-FBA 0.8, 2.0, 2.8 800 0.05 1 

9 250 4-ClBA 0.6 800 0.05 1 

10 250 4-FBA 3.4 400 0.02 1 

Investigations were conducted with all three 4-substituted derivatives in varying concentrations, 

with varying PCM concentrations, stirring speeds and cooling rate, with Table 3.3 highlighting the 

conditions through which PCM-II was produced. The highlighted rows indicate conditions under 

which the production of PCM-II is fully reproducible; these conditions were used to produce enough 

PCM-II for solubility analysis. The production of PCM-II was confirmed through PXRD analysis and 

the absence of any co-former molecule in the solid product through DSC and NMR analysis. 

The poor reproducibility of some of the experiments can be attributed to the small vials in which 

the crystallisations were carried out. In these small volumes, presence of varying amounts of 

impurities, such as dust or surface imperfections, between vials would have a greater effect than in 

a larger bulk solution where on average these would even out.  

In general, it can be seen that those experiments where 4-BrBA and 4-ClBA were used, which display 

considerably lower solubility in comparison to 4-FBA, a higher stirring rate of 800 rpm was needed 

in order to direct the formation of PCM-II. The use of these higher stirring rates can be attributed 

to the fact that these conditions provide greater mass transfer required for these lower 
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concentrations. For cases where this does not hold true (Experiment Set 5 and 6), it can be seen 

that PCM-II production was only achievable at the higher concentrations of co-former molecules, 

where it had been seen at lower concentrations under the same conditions with a faster stirring 

rate. 

The cooling rate used here for the production of PCM-II would not be conducive to transfer into 

continuous crystallisation platforms; to achieve a cooling rate this slow in a continuous 

crystallisation environment would require very long crystallisers consisting of many straights (in the 

case of the COBC) or vessels (in the case of an MSMPR). As such, investigations with faster cooling 

rates of 0.1 °C min-1 and 1 °C min-1 were performed, however all experimental parameters 

investigated with these cooling rates resulted in the production of pure PCM-I. 

3.3.1 Seeding experiments 

Attempted scale-up of the production of PCM-II using halobenzoic acid template molecules has 

been largely unsuccessful. Experiments were performed at both 5 ml and 10 ml scale, however only 

the production of PCM-I was observed under all conditions attempted. It can be postulated that 

this is due to the low solubility of the template molecules combined with the naturally reduced 

mass transfer experienced upon scale-up.  

As such, seeding experiments at the 50 ml scale, in both the absence and presence of template 

molecule, were conducted to investigate another method for large-scale production of PCM-II.  

Table 3.4: Experimental parameters investigated for seeding experiments. For templated experiments within the Table, 
4-FBA was used 

Seed 
loading 

(%) 

Template 
present 

(Y/N) 

Cooling 
rate 

before 
seed 

addition 
(°C min-1) 

Cooling 
rate after 

seed 
addition 
(°C min-1) 

Seeding 
temperature 

(°C) 

Nucleation 
time (mins) 

Solid 
product 

5 N 0.5 0.1 55 7 Form I 

5 N 0.5 0.1 53 4 Form I 

5 Y 0.5 0.1 48 5 Form I 

10 Y 0.5 0.1 46.5 0 Form I 

5 Y 0.3 0.1 48.5 2 Form I 

5 Y 0.3 0.1 48.0 6 Form I 

5 Y 0.3 0.1 47.8 2 Form I 

5 Y 0.3 0.1 47.9 3 Form I 
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Table 3.4 highlights the experimental parameters investigated for the seeding experiments. The 

two experiments performed in the absence of any templating molecule were unsuccessful, yielding 

only PCM-I and so succeeding experiments were performed with 4-FBA as a template molecule in 

a 1:30 (4-FBA:PCM) ratio; this ratio ensured that no 4-FBA was present in the final solid product. 

Initial experiments with a 5 % seed loading showed obvious seed dissolution followed by visible 

crystallisation in the hold period, indicating the seed was added too early and the supersaturation 

generated by dissolution resulted in crystallisation. PXRD analysis on the filtered solid product 

showed the production of PCM-I. As such, the seed loading was increased to 10 % and the 

temperature of seed addition decreased. However, although no visible seed dissolution was 

observed, this resulted in instantaneous nucleation. It can be suggested that the seed was added 

at the point of highest supersaturation in the system, close to nucleation, resulting in this 

instantaneous nucleation. Again analysis of filtered solid product showed the presence of PCM-I. 

For subsequent experiments, the cooling rate before seed addition was decreased from  

0.5 °C min-1 to 0.3 °C min-1; it was hoped that this slower cooling rate would allow the solution to 

equilibrate more to give more control over the point of nucleation in the system and aid with 

addition of seeds at the correct temperature. However, four experiments with seed addition at 

different temperatures all resulted in the production of pure PCM-I. 

The lack of success in producing PCM-II in attempted scale-up crystallisations with benzoic acid 

derivatives as templating molecules prompted work with some structurally similar template 

molecules. 

3.4 Crystallisation with metacetamol 

Metacetamol is a structural isomer of paracetamol and displays a much higher solubility in a 

60:40 H2O:IPA solvent system than the benzoic acid derivatives; the solubility curves in two 

different solvent systems are shown in Figure 3.11. It was hoped that this solubility increase would 

mean higher concentrations of template molecule could be used, aiding in the scaled-up production 

of PCM-II, but still achieving the desired outcome of no template molecule being present in the final 

solid product.  
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As with the halobenzoic acid crystallisations, a concentration of PCM of 250 mg/g was used, and 

concentrations of metacetamol again chosen so that this component was undersaturated with 

respect to the solvent system. Initial experiments at the 1 ml scale allowed for determination of 

which solvents and concentrations of MCM were likely to produce PCM-II and these were used to 

inform future larger scale experiments. These initial experiments investigated three different 

solvent systems (60:40 H2O:IPA, EtOH and IPA) with percentages of MCM between 1 and 25 w/w %. 

PCM-II was produced from both 60:40 H2O:IPA and EtOH, but its appearance was never observed 

in the product from IPA; use of IPA was therefore not investigated further after these experiments. 

A systematic study was conducted at the 10 ml scale to investigate the reproducibility of the 

production of PCM-II in the two selected solvent systems under varying crystallisation conditions. 

Table 3.5 highlights the experimental conditions under which PCM-II has been obtained 

reproducibly. 

Table 3.5: Crystallisation conditions for the reproducible production of PCM-II using MCM as a template molecule 

Solvent Cooling rate 
(°C min-1) 

Cooling 
profile Wt.% MCM 

60:40 H2O:IPA 0.02 Stepped 10, 25 

EtOH 0.02 Stepped 5, 10, 25 

60:40 H2O:IPA 0.2 Stepped 5, 10, 15, 25 

EtOH 0.2 Stepped 5, 10, 15, 25 

60:40 H2O:IPA 1 Stepped 10, 15, 20, 25 

EtOH 1 Stepped 10, 15, 20, 25 

60:40 H2O:IPA 1 Linear 10, 20, 25 

EtOH 1 Linear 10, 20, 25 

 

The reproducible production of PCM-II was observed through a variety of crystallisation conditions. 

Those crystallisations performed with a cooling rate of 1 °C min-1 are of most interest as this cooling 

Figure 3.11: Solubility curves of metacetamol in (a) 60:40 H2O:IPA and (b) EtOH 



84 
 

rate would be more conducive to what would be achievable in a continuous crystalliser. At higher 

percentages of metacetamol, some vials showed the presence of small quantities of an extra 

crystalline form within the PCM-II solid (Figure 3.12); this extra form was confirmed by PXRD to be 

metacetamol hydrate (MCM·H2O), as reported by Pulham et al.184  Despite water being used in one 

of the solvent systems, the hydrate was more prevalent in the ethanol crystallisations. The presence 

of MCM·H2O was eliminated through truncation of the cooling profile at a temperature of 20 °C. 

 

 

 

 

 

 

 

 

 

The ability to obtain PCM-II through a linear cooling profile is of great interest in terms of its transfer 

to continuous crystallisation platforms. However, as a consequence of not having the periods of 

dwelling to allow the solution to equilibrate, combined with a widening of the metastable zone 

width (MSZW) in the presence of MCM, crystallisation did not occur until lower temperatures. This 

effective crash cooling resulted in the crystallisation of MCM in the solid product (Figure 3.13). It 

can be suggested that the control exerted through the stepped cooling profile is needed to direct 

the formation of MCM·H2O, which is not exerted through a quick linear cooling profile.  As such, for 

scale-up experiments (see Chapter 4), the stepped cooling profile was employed in order to 

mitigate against the crystallisation of either MCM or MCM·H2O.  

 

 

 

 

Figure 3.12: PXRD analysis confirming the presence of predominately PCM-II, with circled peaks showing the 
presence of small quantities of MCM.H2O. The y-axis displays intensity in arbitrary units. 
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Analysis of the yields of the crystallisations showed lower yields from the ethanol solvent system: 

an expected result due the enhanced solubility of PCM in this solvent. The yields from ethanol 

crystallisations were typically around 35 %, with those from 60:40 H2O:IPA ranging between 60 and 

70 % (Full experimental yields are shown in Appendix A3). The lower yields and the higher 

propensity for hydrate formation in an ethanol solvent system meant that investigations into the 

scaling potential of PCM-II production with MCM as a template were conducted in a 60:40 H2O:IPA 

solvent system (see Chapter 4). 

Use of DSC, PXRD, SCXRD and NMR spectroscopy confirm the absence of any MCM·H2O in the solid 

sample. SCXRD analysis was performed to confirm whether any MCM has been included into the 

crystal lattice, a distinct possibility owing to the structural similarity of PCM and MCM. Single 

crystals from crystallisations were analysed by a full structure determination. The refinement 

parameters are good and the crystal structure shows no extra electron density that could 

correspond to a solid solution being formed (Figure 3.14). 

 

 

Rint 0.027 

Completeness (%) 99.8 

GooF 1.068 

R1 (observed) 0.0411 

R1 (all) 0.0547 

wR2 (all) 0.0989 

Figure 3.13: PXRD analysis showing the presence of small quantities of MCM from linear cooling 
experiments (circled in red). The y-axis displays relative intensity in arbitrary units. 

Figure 3.14: Refinement parameters and a molecule of paracetamol showing small thermal ellipsoids at a 
50% probability level 
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3.4.1 Metacetamol hydrate (MCM·H2O) 

The appearance of small quantities of metacetamol hydrate (MCM·H2O) in some of the 

crystallisation products prompted further investigations into its presence and properties by using 

analytical techniques. The presence of MCM·H2O within PCM-II samples resulted in a DSC trace as 

shown in Figure 3.17. 

The endothermic peak at 100 °C can be attributed to loss of water; however, the origin of the event 

at 150 °C (endotherm followed directly by exotherm) was unclear.  As such VT-PXRD analysis was 

performed on a sample of pure PCM-II (Figure 3.18) and a sample of PCM-II with metacetamol 

hydrate present (Figure 3.19). 

Figure 3.16: PXRD patterns showing the formation of some PCM-II (peaks in red boxes) within MCM samples. 
The y-axis displays relative intensity in arbitrary units. 

Figure 3.17: DSC trace of a PCM-II sample with trace amounts of MCM·H2O present 

Exo up 
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PCM-I. Unlike in the sample with no hydrate present, where this transformation is complete, there 

are still a few PCM-II peaks present in the PXRD pattern at 150 °C (shown inside the blue boxes in 

Figure 3.19). It could be suggested that the metacetamol melt acts to stabilise the PCM-II against 

the transformation to PCM-I.  The transformation is only complete when extra energy is supplied 

to the system by further heating; once heated beyond 150 °C the transformation is driven to 

completion and the remaining sample is pure PCM-I, which then melts at ~ 170 °C. 

3.4.2 SEM  

SEM image analysis was undertaken in order to compare the morphologies of the samples of  

PCM-II produced with each individual template molecule; the shape of the crystals could help to 

elucidate a mechanism through which the template molecule acts, that affects the growth of  

PCM-II. Figure 3.20 shows the comparison between the samples of PCM-II produced in the presence 

of 4-FBA and MCM. It can be seen that crystals produced in the presence of 4-FBA are more 

elongated than those produced in the presence of MCM, which display a more block-like 

morphology. Block crystals are more favourable in terms of ease of downstream processing steps185 

and so use of MCM to produce PCM-II is again advantageous; samples of PCM-II produced in the 

absence of any template molecules have been reported to adopt a needle like morphology. The 

varying sizes of the crystals from each sample can be attributed to the use of magnetic bottom 

stirring in the crystallisations and its corresponding grinding motion, leading to fracturing of the 

forming crystals.186-187 

SEM analysis was also used to compare any morphological differences between samples of pure 

PCM-II and samples of PCM-II that contained low levels of MCM·H2O (Figure 3.21). The samples 

analysed were produced from crystallisations on the 100 ml scale (the details of which will be 

outlined in Chapter 4). 

Figure 3.20: SEM images showing the morphology of samples produced in the presence of (a) 4-FBA and (b) 
MCM (both from a 60:40 H2O:IPA solvent system) 
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The use of 60:40 H2O:IPA as solvent combined with both 2 % and 3 % OCM as a template resulted 

in the production of a mixture of PCM-II and PCM-I, as confirmed through PXRD analysis 

(Figure 3.23). 

 

 

Figure 3.23: PXRD analysis showing a mixture of PCM-II and PCM-I being formed with 2 % and 3 % OCM 
(the peaks boxed in red are those that correspond to PCM-I). The y-axis displays relative intensity in 

arbitrary units. 

Figure 3.22: Solubility curves for OCM in (a) 60:40 H2O:IPA, (b) EtOH and (c) IPA solvent systems 
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For succeeding experiments, the stepped cooling profile was truncated at a temperature of 20 °C 

to try to mitigate the formation of PCM-I; if the system was crystallising at a higher temperature 

and being left until 5 °C for filtration, this period of dwelling could result in the solution mediated 

phase transformation being initiated. Weight percentages of OCM of 2 %, 2.4 %, 2.8 % and 3 %, 

each in triplicate, were subjected to a 70-20 °C stepped cool at a rate of 0.02 °C min-1. The three 

vials containing 2.4 % OCM all gave PCM-II, with no trace of PCM-I in the solid product. Despite 

crystallisations being performed on the same scale, the two concentrations of OCM (2 % and 3 %) 

that previously gave PCM-II, albeit with small quantities of PCM-I, reproducibly gave PCM-I in this 

set of experiments. Using such low percentages of OCM on a small scale can result in inaccuracies 

in weighing, combined with difficulties in reproducibility on the small-scale, as explained previously. 

These inaccuracies could account for the difference in results from this set of experiments.  

The slow cooling rate of 0.02 °C min-1 used in these experiments is not conducive to transfer to 

continuous crystallisation platforms and as such investigations with a faster cooling rate of 

0.2 °C min-1 were undertaken. Again, weight percentages of OCM of 2 %, 2.4 %, 2.8 % and 3 %, each 

in triplicate, were subjected to a stepped cooling profile. Here, the use of 2.4 % OCM resulted in a 

mixture of PCM-II and PCM-I, with 2.8 % OCM giving samples of pure PCM-II (Figure 3.24), within 

the limits of detection of PXRD. However, reproducibility of these results has been poor and further 

experiments would be required to fine-tune the conditions suitable for the production of PCM-II 

reproducibly; this will be the subject of future work. 

Attempted scale-up of the templated production of PCM-II using OCM as a template molecule have 

been unsuccessful, encountering the same combined low solubility and poor mass transfer effects 

as was found for the benzoic acid derivatives described above. 

Figure 3.24: PXRD analysis confirming the production of a mixture or PCM-II and PCM-I 
with 2.4 % OCM, but the production of pure PCM-II with 2.8 % OCM. The y-axis displays 

relative intensity in arbitrary units. 
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Reproducibility of the production of PCM-II on the 3 ml scale was investigated by examining the 

concentration range between 35 and 45 % of 3A4MA. In order to mitigate the crystallisation of 

3A4MA, initial crystallisations were cooled to 25 °C (instead of 20 °C as in previous crystallisations), 

and were left stirring at this temperature for a period of 2 hours until crystallisation occurred. 

Analysis of the product showed, instead of PCM-II, the production of pure PCM-I in the absence of 

any 3A4MA. It can be suggested that by forcing crystallisation at 25 °C this resulted in a faster 

solution mediated phase transition (SMPT) to PCM-I and PCM-II was unable to be stabilised. As 

such, the same crystallisations were repeated, but instead truncating the cooling profile at a 

temperature of 20 °C. Analysis of the powder produced from these experiments showed the 

production of PCM-II at percentages of 3A4MA of 35 % and 40 % thus supporting the interpretation 

that the SMPT from PCM-II to PCM-I is suppressed at this lower temperature. However, small 

quantities of the template molecule were detectable in the product through PXRD analysis. DSC 

analysis of this sample shows a similar behaviour to that observed from the product containing 

metacetamol hydrate (Figure 3.26). 

 

Figure 3.25: Production of PCM-II in the presence of 3A4MA as a template, with 
peaks from this template boxed in red. The y-axis displays relative intensity in 

arbitrary units. 
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peaks corresponding to 3A4MA disappear, with all patterns from 75 °C to 123 °C showing only the 

presence of PCM-II. Interestingly, the melting point of 3A4MA is not usually observed in DSC until 

120 °C, with no corresponding thermal event seen in Figure 3.27. It could be that a solvated form 

of 3A4MA has been formed in the crystallisations, and upon desolvation at temperatures above 

60 °C the crystal structure collapses and crystallinity is lost, meaning peaks from this compound are 

no longer observed in the PXRD pattern. Between 140 °C and 156 °C a phase transformation from 

PCM-II to PCM-I is seen. However, this is only a partial transformation as peaks from PCM-II are still 

visible in the spectra at 156 °C (boxed in red in Figure 3.27); a behaviour seen where small quantities 

of metacetamol hydrate are present in PCM-II samples. This further suggests that small quantities 

of these structurally similar molecules within PCM-II samples are acting to stabilise the metastable 

PCM-II against the polymorphic transformation. 

Attempts have been made to investigate the scaling potential of the templated production of  

PCM-II with 3A4MA at the 50 ml solvent scale. Utilising the concentrations of 3A4MA used in small-

scale batch crystallisations resulted in the production of PCM-I (Table 3.6, Experiment 1). As such, 

the concentration of 3A4MA was increased (Table 3.6, Experiment 2 and 3) in order to counteract 

the reduced mass transfer seen upon scale-up. However all crystallisation conditions examined 

have resulted in the production of PCM-I with 3A4MA in the solid product. 

Table 3.6: Experiments performed with 3A4MA at the 50 ml scale. A concentration of PCM of 300 mg/g was used 
throughout 

Experiment % 3A4MA Cooling rate ( °C min-1) Solid product 

1 35 1 PCM-I 

2 40 1 PCM-I + 3A4MA 

3 45 1 PCM-I + 3A4MA 

Investigations have also been conducted into the possible templating effect of polymers in the 

production of PCM-II. These experiments were undertaken with two different polymers that 

possess similar functional groups to PCM; polymers are typically used in very low concentrations 

which would be more desirable than the use of, for example, 25 w/w % of the structurally similar 

MCM as a templating molecule in terms of overall product purity. Crystallisations with polyacrylic 

acid (PAA) and polyvinyl alcohol (PVA) at the 3 ml solvent scale, under a variety of crystallisation 

conditions, whereby the concentration of each polymer was varied between 0.25 and 1 w/w % at 

a cooling rate of 1 °C min-1, did not result in the production of PCM-II in any instance, with PCM-I 
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observed. This observation shows that at sufficiently high concentrations, MCM is significantly 

retarding the rate of the SMPT. 

Although use of additives is a common concept found in literature, their use has been largely limited 

to the control of morphology105, 188 or their effect on the growth of a stable polymorphic form179, 189, 

with only limited reports on their use in the controlled production of metastable or elusive 

polymorphic forms102, 190 and even fewer on their mechanism of action in this case. Mukura et al 

examined the effect of structurally related impurities on the solution mediated phase 

transformation of an API, monitoring the transformation with PXRD and computationally modelling 

the uptake of the impurities into the API.153 They concluded that the retardation effect of the 

impurities is due to kinetic stabilisation of the metastable polymorph through inhibition of the 

nucleation of the stable polymorph. They also noted that the driving force for the SMPT is the 

solubility difference between the stable and metastable forms and linked this to the effect of the 

impurities on the solubilities of the API. They postulate that the impurities could act to increase the 

solubility of the stable form, hence reducing the solubility difference (i.e. reducing the free energy 

difference) between the two forms and consequently the driving force for the SMPT, hence 

stabilising the metastable polymorph. Work by Qu et al 151 also showed that additives can act to 

increase the solubility of the stable form preferentially over that of the metastable form, enhancing 

the credibility of the above argument. As such, the effect on the solubility of varying percentages 

of MCM on two different concentrations of PCM was investigated (Table 3.7); recorded in Table 3.7 

is the temperature at which the concentration of PCM and the corresponding percentage of MCM 

dissolves when subjected to a standard solubility experiment (outlined in Chapter 2). A higher 

temperature of dissolution would indicate a reduced solubility of that solid composition.  
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Table 3.7: The effect of varying percentages of MCM on the solubility of PCM-I, at two different concentrations 

Concentration 

PCM (mg/g) 

Wt.% 

MCM 

Temperature of 

dissolution (°C) 

250 0 38.7 

250 15 49.9 

250 20 45.4 

250 25 44.7 

250 30 45.0 

300 0 44.2 

300 15 52.1 

300 20 51.6 

300 25 49.7 

300 30 56.8 

 

It is clear from Table 3.7 that the presence of MCM actually acts to decrease the solubility of PCM, 

a result that might be expected due to the large quantities of MCM that are being used, a stark 

contrast to the small (<1 %) quantities used in the literature work. Interestingly, at both 

concentrations of PCM, the solubility in the presence of 25 % MCM (the concentration used 

throughout all batch crystallisation experiments) is increased in comparison to other percentages 

of MCM, but still decreased in comparison to the solubility in the absence of MCM. However, the 

decrease in solubility in the presence of MCM poses an interesting question that could elucidate a 

mechanism of action. If the MCM is acting also to decrease the solubility of PCM-II, then the barrier 

to dissolution, with dissolution being the first step in the SMPT, will be greater. This would reduce 

the driving force for the SMPT, hence stabilising the metastable PCM-II. Put another way, if the 

solubility of PCM-II is lowered, then crystallisation may not drop the solution concentration into the 

undersaturated region of the solubility phase diagram, meaning no dissolution of PCM-II can occur. 

If this dissolution does not occur, the SMPT cannot begin.  

The concentrations of the template molecules employed in this work, especially when scaled to 

larger volumes, are relatively large in comparison to traditional additive concentrations, which 

typically employ concentrations below 10 %.22, 189, 191-192 The reason that additives are typically able 

to act at such low concentrations is the fact that the concentration of active growth sites on a 

surface is low and so only small quantities are required to fill these sites. 2 As such, one would expect 

the templating effect to work at much lower concentrations of MCM if it was purely a growth effect. 
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It has been documented that high impurity loadings decrease the nucleation and growth rate 

coefficients for the stable form, increasing the transformation time (i.e. slowing down the SMPT)153, 

which could act as a further explanation as to why the concentrations need to be so high in order 

to direct the production of PCM-II.  Further, in order to elucidate whether the effect was a 

nucleation or growth effect, the crystallisation containing PCM and MCM was seeded with PCM-I. 

At two seed loadings (1 % and 5 %) the product of these crystallisations was PCM-I. This indicates 

that the MCM is acting to affect nucleation rather than growth; if the MCM was purely acting to 

promote growth of PCM-II over PCM-I, there would have been some PCM-II in this solid product. 

In order to hinder the growth of PCM-I, the template molecules approaching the surface of the 

PCM-II crystals must be able to mimic a PCM molecule in terms of the interactions it makes at the 

surface. Using the calculated BFDH morphology from Mercury, the (002) face is the plane to which 

hydrogen bonded layers in PCM-II grow parallel (see above, Figure 3.5). Calculation of this plane in 

the Mercury software shows that the functionality lying on this surface is the carbonyl group of the 

amide (Figure 3.29). As such, to mimic a PCM molecule and continue this hydrogen bonding, the 

template molecule must first and foremost contain a hydrogen bond donor that is likely to be able 

to form a hydrogen bond to this carbonyl.  Looking at the template molecules investigated in this 

work (Figure 3.7), all those templates that have successfully resulted in the production of PCM-II 

satisfy this requirement. This logic can be used to explain why p-acetanisidide does not result in the 

successful production of PCM-II; the ether functionality in place of a hydrogen bond donor means 

this molecule would not continue the hydrogen bonding in PCM-II.  

The next layer of PCM-II molecules, growing parallel to the (002) plane, is formed through N-H···O 

interactions (circled in red in Figure 3.30). Therefore the absence of this moiety in the template 

Figure 3.29: The (002) plane in PCM-II showing the carbonyl group lying on this plane 
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molecule would hinder the continued growth of PCM-II. This reasoning can then be used to explain 

why methyl paraben also does not result in the production of PCM-II. 

However, based on these observations, it would suggest that 4-ABA would be a good molecule to 

direct the formation of PCM-II, differing only from PCM by substitution of the alcohol group for a 

carboxylic acid. It was noticed that at higher concentrations of 4-ABA, the template molecule 

crystallised preferentially over PCM. It may simply be that due to its low solubility and higher 

propensity to crystallise over PCM, 4-ABA is unsuitable as a template molecule; as demonstrated 

above, relatively high quantities of template are needed and if these quantities cannot be 

successfully achieved then the templating ability will be poor. All other templating molecules 

employed in this work have the correct moieties to continue the hydrogen bonding pattern and so 

could promote the growth of PCM-II. The difficulties in the reproducibility and scaling of the 3A4MA 

system could be explained by the added steric bulk from the ether functionality that may hinder 

the continuation of the hydrogen bonding depending at what angle the molecule approaches the 

growing crystal surface. 

Figure 3.30: N-H...O interactions forming the next layer of molecules in PCM-II 
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Although the PCM-II to PCM-I solid-state polymorphic transformation is well-documented, the 

speed of the transformation and quantification in relation to the percentage of PCM-I within a  

PCM-II sample is previously unreported. As such, doping experiments were performed whereby 

varying percentages (ranging from 1-50 %) of PCM-I were included within PCM-II samples and left 

in a closed vial. Aside from initial stirring with a spatula to distribute the PCM-I evenly throughout 

the sample, the samples were left in a non-agitated environment to ensure any polymorphic 

transformation was only due to the presence of PCM-I in the sample. Analysis of the solid product 

each week allowed for determination of a transformation time. Those samples containing more 

than 5 % PCM-I within were difficult to interpret as it was not possible to distinguish peaks present 

from the PCM-I simply being in the solid or from conversion; the limit of detection of PXRD using 

the instrument available is ~5 % and so the powder pattern recorded at the beginning of the 

stability studies to act as a reference contained peaks from PCM-I. Further, as the PXRD set-up is 

flat plate, preferred orientation effects are often seen and so peak heights cannot be used to help 

in this determination and full quantitative phase analysis was not undertaken. However, the 

analysis of the sample with 1 % form I seed loading provides some useful results (Figure 3.33); after 

a period of a month peaks from PCM-I are present in the PXRD pattern, indicating some conversion 

from PCM-II to PCM-I (1 % is well below the limit of detection of PXRD and so these peaks must, at 

least in part, be from converted PCM-I). 

 

 

Figure 3.32: PXRD patterns showing a sample stability of 24 months. The y-axis displays relative intensity in 
arbitrary units 
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3.7 Conclusions 

The production of metastable paracetamol form II (PCM-II), which displays enhanced physical 

properties of greater compressibility and higher solubility, has been investigated with three p-

substituted halobenzoic acid derivatives and a variety of structurally similar, size-matched 

molecules as template molecules; here a template is defined as a molecule included in the 

crystallisation process that forces the adoption of a particular polymorphic form of a substance 

without itself being present in the final crystal product.  

Based on previous literature evaporative work, initial crystallisations were carried out at the 1 ml 

scale using three p-substituted halobenzoic acid derivatives. Although all yielded PCM-II under 

varying experimental conditions, only the production of PCM-II with 3.5 wt.%  4-fluorobenzoic acid 

(4-FBA) and 0.4, 1.6 and 2 wt.% 4-bromobenzoic acid in a 60:40 H2O:IPA solvent system were fully 

reproducible at this scale. The poor reproducibility of other experiments at this scale can be 

attributed to accuracy in weighing small quantities of template molecule. Attempted scale-up of 

the production of PCM-II using these derivatives were largely unsuccessful, postulated to be due to 

the low solubility combined with the naturally poorer mass transfer experienced at the larger scale. 

As such, work was conducted using a variety of structurally similar molecules. Use of metacetamol 

(MCM) resulted in the reproducible production of PCM-II up to the 20 ml solvent scale (the further 

scaling of this system will be detailed in Chapter 4). Work with MCM showed the production of 

PCM-II at a relatively fast cooling rate (1 °C min-1) in two different solvents (60:40 H2O:IPA and 

Figure 3.33: PXRD patterns over a one month period with a 1 % PCM-I seed loading, 
showing the appearance of PCM-I peaks after 4 weeks. The y-axis displays intensity in 

arbitrary units. 
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molecules. These experiments showed that for percentages of MCM between 1 and 20 %, full 

conversion back to PCM-I was observed. However, for 25 % MCM, only partial conversion to  

PCM-I was observed, with the filtered product PXRD still being largely dominated by peaks from 

PCM-II. As such, it was concluded that the presence of the template molecule was hindering the 

solution mediated phase transformation, stabilising the metastable PCM-II. 

The samples produced through this templated crystallisation method display a stability of 

24 months against the well-documented PCM-II to PCM-I solid state transformation, which is 

accelerated by the presence of even trace quantities of PCM-I in a PCM-II sample. Investigations 

into this transformation time through doping of PCM-II samples with varying percentages of  

PCM-I showed that the presence of 1 % PCM-I or greater started the conversion back to the 

thermodynamically stable PCM-I within a month. The stability of the PCM-II samples produced here 

further highlights the polymorphic purity of the samples produced through this method.  

The transfer of the templated crystallisation of a metastable polymorphic form to a cooling 

crystallisation environment, as demonstrated in this chapter, is a key first step towards the 

continuous crystallisation of these metastable polymorphic forms, which often display enhanced 

physical properties. It represents a breakthrough in the manufacture of these metastable 

polymorphic forms with previously reported methods of obtaining these metastable forms being 

largely limited to small scale discovery environments, with samples displaying poor polymorphic 

stability with respect to the transformation to the thermodynamically stable form.  
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experiments was 50 ml. RBFs were subjected to the stepped cooling profile detailed in Chapter 3, 

cooling from 70 °C to 20 °C at 1 °C min-1 , unless otherwise stated. 

Table 4.1: Experimental information for RBF crystallisations with magnetic bottom stirring 

Experiment 

Wt.% 

MCM 

(%) 

Temperature of crystallisation (°C) Product 

RBF1 40 20 PCM-II + MCM·H2O 

RBF2 40 Did not crystallise - 

RBF3 35 13 PCM-II + MCM·H2O 

RBF4 30 15 PCM-II + MCM·H2O 

 

The use of magnetic bottom stirring, and the associated reduced mass transfer, required larger 

quantities of MCM to be used in order to direct the formation of PCM-II. Further, the widening of 

the metastable zone width experienced with larger quantities of MCM meant crystallisations had 

to be cooled below 20 °C, resulting in more MCM·H2O in the solid product. As such, all further 

investigations were conducted with overhead stirring. In order to try to aid the crystallisation of 

PCM-II at higher temperatures, which will have the effect of mitigating the formation of MCM·H2O, 

the concentration of PCM was increased to 300 mg/g for subsequent experiments (Table 4.2). 

Table 4.2: Overhead stirring crystallisations of PCM/MCM 

Experiment 
Scale 

(ml) 

Wt.% 

MCM (%) 

Temperature of 

crystallisation (°C) 
Product 

RBF5 50 25 30 PCM-II + MCM·H2O 

RBF6 50 25 25 PCM-II + MCM·H2O 

RBF7 100 25 30 PCM-II + MCM·H2O 

RBF8 100 25 30 PCM-II 

RBF9 100 25 30 PCM-II 

RBF10 150 25 30 PCM-II + MCM·H2O 

RBF11 150 25 30 PCM-II + MCM·H2O 

 

For all experiments shown in Table 4.2, DSC was required to detect the small quantities of MCM·H2O 

present. This reduction in the quantities of MCM·H2O in the solid products combined with 

inconsistencies at the 100 ml scale prompted a Design of Experiments (DoE) study to be performed, 
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with the aim of fine-tuning the conditions needed to produce pure PCM-II in the absence of any 

MCM·H2O. 

4.1.2 Introduction to DoE 

Traditionally, optimisation of a process is achieved through changing one factor at a time until a 

perceived optimum is found; this approach to experimentation is called one variable at a time 

(OVAT) or the COST approach (illustrated with black dots in Figure 4.1). It can often be an inefficient 

method of experimentation, requiring large numbers of experiments, and could result in missing 

the optimum conditions, especially if two different factors interact and are thus correlated. As such, 

many researchers now employ a Design of Experiments (DoE) approach to experimentation. DoE 

varies all factors simultaneously in a systematic manner to produce a model to describe the 

behaviour of the system with respect to these variables.193-194 From this model, through selection 

of correct factors and meaningful responses, producing a statistically relevant model, can allow for 

prediction of future results from experiments not performed, allowing an optimum to be 

discovered without the need for extensive experimentation (Figure 4.1; red dots). 

There are three scenarios for which DoE is commonly employed: screening, optimisation and 

robustness testing.195 Screening is used to identify important factors and the corresponding ranges 

for which they should be investigated. As the name suggests, optimisation is used to elucidate the 

factors that allow for optimal conditions for production of the desired product. Robustness testing 

analyses how small changes in operating conditions could affect the outcome of the experiment, 

for example if small amounts of an impurity were introduced into a crystallisation process. The DoE 

Figure 4.1: A visual representation of the COST approach (black dots) and the DoE approach (red dots) 
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and yield, were selected for the DoE. The MODDE software requires the responses to have a 

quantitative value. As such for the polymorphic form response, numerical values were assigned to 

each of the possible polymorphic form outcomes, with a 0 representing PCM-I, 1 representing  

PCM-II and 2 representing a mixture of PCM-II with some MCM/MCM·H2O impurity present. 

Table 4.3 highlights the experimental parameters investigated in this DoE, alongside the responses 

measured. All experiments were performed at the 100 ml scale in a 250 ml RBF. Temperature 

control was provided by the Polar Bear Plus crystalliser and overhead stirring from an overhead 

motor and shaft (Figure 4.2). A stepped cooling profile with one hour dwell periods, as used in small 

scale experiments in Chapter 3, was used throughout all DoE experiments. 
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Table 4.3: Design of Experiments experimental parameters 

Experiment  
Number 

Run 
order 

Stirring 
rate (rpm) 

Concentration 
PCM (mg/g) 

Wt.% 
metacetamol 

Stirring time at final 
temperature (mins) 

Final 
temperature 

(°C) 

Polymorphic 
form 

Yield 
(%) 

N1 18 200 250 25 30 15 2 30 
N2 31 400 250 25 30 15 2 43 
N3 27 200 300 25 30 15 2 59 
N4 4 400 300 25 30 15 1 57 
N5 29 200 250 30 30 15 2 35 
N6 1 400 250 30 30 15 2 36 
N7 17 200 300 30 30 15 2 35 
N8 32 400 300 30 30 15 2 48 
N9 28 200 250 25 120 15 2 51 

N10 2 400 250 25 120 15 2 56 
N11 33 200 300 25 120 15 2 60 
N12 23 400 300 25 120 15 2 65 
N13 12 200 250 30 120 15 2 64 
N14 26 400 250 30 120 15 2 46 
N15 6 200 300 30 120 15 2 -1 
N16 22 400 300 30 120 15 2 55 
N17 19 200 250 25 30 20 2 29 
N18 34 400 250 25 30 20 1 37 
N19 5 200 300 25 30 20 2 30 
N20 16 400 300 25 30 20 2 44 
N21 8 200 250 30 30 20 2 37 
N22 24 400 250 30 30 20 2 27 
N23 15 200 300 30 30 20 2 35 

                                                           
1 Solid was lost during the filtration process so yield was not included in the model 
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Experiment  
Number 

Run 
order 

Stirring 
rate (rpm) 

Concentration 
PCM (mg/g) 

Wt.% 
metacetamol 

Stirring time at final 
temperature (mins) 

Final 
temperature 

(°C) 

Polymorphic 
form 

Yield 
(%) 

N24 10 400 300 30 30 20 1 46 
N25 21 200 250 25 120 20 2 40 
N26 25 400 250 25 120 20 1 39 
N27 7 200 300 25 120 20 2 51 
N28 13 400 300 25 120 20 2 41 
N29 3 200 250 30 120 20 2 33 
N30 11 400 250 30 120 20 2 48 
N31 20 200 300 30 120 20 2 40 
N32 9 400 300 30 120 20 1 46 
N33 14 300 275 27.5 75 17.5 2 51 
N34 30 300 275 27.5 75 17.5 2 49 
N35 35 300 275 27.5 75 17.5 2 46 
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4.1.4 Results and discussion 

PXRD analysis (Figure 4.3) shows that PCM-II was formed under all experimental conditions 

investigated in the DoE (polymorphic outcomes 1 and 2 in Table 4.3). Only one experiment showed 

the production of MCM·H2O in the solid product at high enough levels to be detected by PXRD (N3; 

peaks corresponding to MCM·H2O shown in the red box in Figure 4.3). In order to determine 

whether trace quantities of MCM·H2O were present in the solid product, differential scanning 

calorimetry (DSC) analysis was performed on each of the samples after being left to dry in air 

overnight; this was to ensure any of the peaks attributed to solvent were from the internal crystal 

structure rather than any solvent left on the surface of the crystals. As shown in Chapter 3, the 

presence of a melt/recrystallisation event in the DSC before the final melt can be attributed to the 

presence of MCM or MCM·H2O. Only five experiments result in the production of pure PCM-II, with 

experiment N4 resulting in the highest yield; as such a concentration of PCM of 300 mg/g coupled 

with 25 % MCM was used for all future experiments. 
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Figure 4.3: PXRD analysis on all 35 DoE experiments, y-axis shows intensity 
in arbitrary units. The shift in the pattern for N10 can be attributed to 

sample preparation. 
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Figure 4.4: DSC analysis on the 35 DoE experiments, y axis showing heat flow in mW 
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Application of partial least squares regression to the data produced from these experiments gave 

the DoE summary of fit plot shown in Figure 4.5. 

There are four indicators used to produce the summary of fit plot: R2, Q2, model validity and 

reproducibility. R2 represents how well the model produced fits the data; the value of R2 needs to 

exceed 50 % to be informative, with a value over 75 % indicating a good model. Q2 gives an 

indicator as to how well the model predicts new data; an important parameter to consider if the 

purpose of the DoE is to allow prediction of future results. A useful model should have a high value 

of Q2, with a low Q2 resulting from either poor reproducibility or poor model validity. Good model 

validity has a value above 0.25, indicating there is no lack of fit of the model and the associated 

model error is within experimental error. The reproducibility represents the variation of the 

response under the same experimental parameters (pure error), compared to the total variation of 

the response over all experiments. 199 

As can be seen from Figure 4.5, the summary of fit plot for the yield response shows good 

reproducibility (93 %), a good R2 value (indicating a good model) and reasonable model validity. 

The value of Q2 is, however, low, likely due to the large number of factors investigated in the 

experiments. The low Q2 value prompted analysis of the factors using the variable importance plot 

(VIP) (Figure 4.6). Although the polymorphic form response has an excellent reproducibility, all 

other indicators show a poor model in terms of validity and ability to predict new data. This is likely 

due to having to represent polymorphic form, a qualitative response, as a quantitative value. The 

formulation of a DoE involves setting each of the responses at one of three levels: a minimum, an 

optimum and a maximum. This works well with responses that yield a numerical value, however in 

Figure 4.5: Summary of fit plot for the both the polymorphic form and yield response 
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the case of the polymorphic form response, numbers had to be assigned to each of the possible 

polymorphic form outcomes, with a level of 1 representing the optimal result of pure PCM-II, and 

2 representing a mixture. As such there were no responses at values in between 1 and 2. Therefore, 

the formation of a histogram to determine the distribution of responses, which should display a 

normal distribution (i.e. rising and falling each side of a maximum in the traditional bell curve), only 

represents the two values of 1 and 2, skewing the distribution, resulting in a poor model. 

Furthermore, as there is perfect reproducibility for the polymorphic form response, the pure error 

will be zero. The reason for low model validity is due to the model error being significantly larger 

than the pure error, resulting in a lack of fit.  

The VIP plot (Figure 4.6) summarises the importance of the terms in the model and the interaction 

between individual factors. They are normalised such that a VIP of 1.0 corresponds to average 

importance. It is common practice to keep anything with a VIP>0.8, removing all factors that have 

a value lower than this. However, the MCM factor was retained, as removal of this factor would 

result in removal of the correlation PCM*MCM which can be seen to have an importance >0.8. 

Removal of the other factors with VIP < 0.8 resulted in the summary of fit plots shown in Figure 4.7. 

Figure 4.6: Variable Importance plot (VIP) highlighting the importance of factors and their interactions 
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As can be seen from Figure 4.7, removal of these interactions from the model increases the value 

of Q2 for both of the responses. The inherent problem of qualitative values being represented 

quantitatively has not been altered through removal of the interactions, and so the model validity 

for the polymorphic form response remains missing.  It was this refined model that was used to 

examine the coefficient plots for the two responses, allowing quantification of how changing 

different factors impacts the responses (Figure 4.8). 

The coefficient plot displays the regression coefficients with confidence intervals. The coefficients 

are scaled by the MODDE software in order to allow for direct comparison between all factors. The 

size of the coefficient represents the change in the response when a factor varies from 0 to 1, in 

coded units, while the other factors are kept at their averages. The coefficient is considered as 

significant (i.e. different from the noise), when the error bar does not cross the horizontal zero axis.  

Figure 4.8: Coefficient plots for both the responses, quantifying the effect of each of the factors on each of the 
responses 

Figure 4.7: Summary of fit plots after removal of factors with an importance of <0.8 
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For the coeffcient plot for the yield response, it can be seen that increasing the concentration of 

PCM and the time at the final temperature results in an increase in the yield, with time having the 

greatest effect. This is what would be expected: increasing the time allows for more time for growth 

of crystals and increasing the concentration of PCM will cause the system to nucleate at an earlier 

temperature (as it is more saturated) and so has more time for growth to occur. It is interesting to 

note that the concentration of MCM with respect to paracetamol is not seen as significant. Initial 

experiments (outlined in Section 4.1.1) suggested that increasing the concentration of MCM results 

in a widening of the metastable zone; this widening would result in crystallisation at lower 

temperatures, giving less time for growth in the system and hence reducing the yield of 

crystallisation. It can be suggested that within the ranges explored in this DoE, this interaction was 

not as obvious and so was not considered important.  

The results for the polymorphic form coefficient plot are slightly more difficult to interpret, due to 

the software requiring quantitative values. Therefore, any negative effect on polymorphic form on 

the coefficient plot actually corresponds to an increased propensity for forming PCM-II in the 

absence of MCM·H2O. The only factor found to have a significant effect on polymorphic form is the 

stirring speed; increasing the stirring speed increases the propensity for the formation of pure  

PCM-II. In terms of the polymorphic purity of the samples produced, stability analysis under 

standard room temperature conditions has been investigated, through analysis of the PXRD 

patterns of the samples every three months. The PXRD patterns after a period of 15 months 

(Figure 4.9) show all samples still to be PCM-II, indicating the polymorphic purity of the samples 

produced; the presence of any PCM-I in these samples, as shown in Chapter 3, would seed the 

conversion back to the thermodynamically stable PCM-I within one month. 
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Figure 4.9: PXRD patterns showing the DoE samples after a period of 15 
months; the y axis shows relative intensity in arbitrary units 
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4.1.5 Conclusions 

A full factorial design with five factors Design of Experiments (DoE) investigation has been 

conducted in order to find the optimal conditions for the production of PCM-II in the absence of 

metacetamol hydrate (MCM·H2O). The concentration of PCM, the wt. % of MCM, the final 

temperature of the cooling profile, the stirring rate and the stirring dwell time at the final 

temperature were investigated to observe their effect on two outcomes, polymorphic form and 

yield of crystallisation.  

All experimental parameters investigated resulted in the production of PCM-II, the desirable 

polymorphic form. However, only five experimental conditions resulted in the production of  

PCM-II in the absence of any MCM·H2O, at levels detectable through DSC analysis. As such, for all 

future experiments a concentration of PCM of 300 mg/g and 25 % MCM was used as these showed 

the production of pure PCM-II in the highest yield. The samples produced from all DoE experiments 

are currently stable for a period of 15 months, indicating the polymorphic purity of the PCM-II 

samples produced. 

Inputting the responses to the MODDE software resulted in the production of a model which 

allowed for the effects of factors and interactions between factors to be examined. The yield 

response showed good model statistics, with the four indicators of R2, Q2, model validity and 

reproducibility indicating a reliable model. It was shown that a higher concentration of PCM and a 

longer dwell time at the final temperature of the cooling profile resulted in increased yields. The 

former would allow crystallisation earlier, resulting in a longer crystallisation time, allowing more 

time for growth and hence an increased yield. The latter would allow for increased time for growth, 

again resulting in an increased yield. However, due to an inherent problem with representing a 

qualitative response quantitatively, the polymorphic form response resulted in poor model 

statistics. However, general trends could be identified that showed that the stirring rate was an 

important factor, with a faster stirring rate showing a higher propensity for the production of pure 

PCM-II in the absence of any MCM·H2O.  
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4.2 Scaled crystallisation in the OptiMax 

4.2.1 Introduction and aims 

The ability to scale systems beyond discovery scale is crucial if a manufacturing method within an 

industrial setting is to be established. However, with the reduction in mixing efficiency upon scale-

up comes the possibility of supersaturation build-up in certain areas of the crystalliser, resulting in 

potentially different particle attributes and impurity rejection. 200-201 As such, much industrial and 

academic interest has been dedicated towards developing scalable crystallisation processes.  

As many currently operational continuous crystallisers operate on the principle of cooling 

crystallisation, a large scale cooling crystallisation route to the target PCM-II first had to be 

developed, which will be the subject of this section. This work was performed in collaboration with 

Dr Thomas McGlone at the CMAC National Facility housed within the Technology and Innovation 

Centre at the University of Strathclyde. 

4.2.2 Experimental 

Initial cooling crystallisations were carried out at the 100 ml scale using the Mettler Toledo EasyMax 

(Figure 4.10), in order to check the transferability between the Polar Bear Plus and this platform, 

which both operate at the same working volume. One important consideration in this initial 

transferability investigation was to ensure that the results seen in the laboratory in Bath were not 

due to accidental seeding of the vessels. These crystallisations also allowed for optimisation of the 

positioning of the Raman PhAT probe above the crystallisation vessel in order to achieve the 

optimal spectra. 

 

 

 

 

 

 

 

 

Figure 4.10: The Mettler Toledo EasyMax 
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Table 4.4: Characteristic Raman bands differentiating PCM-I and PCM-II (adapted from Szelagiewicz et al.202 ) 

Raman shift (cm-1) Form II (cm-1) Form I (cm-1) Functional group 
1200-1260 1242 and 1218-1219 1254-1258 and 1233-1238 Amide 

855-865 860 857-859 C-C ring stretch 
790-810 797-798 795-798 C-N-C ring stretch 
450-470 451-452 460-466 O-H vibration 
200-220 200-201 207-215 C-C stretch (chain) 

 

4.2.4 Results and discussion 

An initial cooling crystallisation performed in the EasyMax showed the production of PCM-II to be 

transferable from the Polar Bear set-up at the same 100 ml scale, verifying the results obtained 

from the DoE. However, PXRD analysis indicated that there were still trace levels of MCM·H2O in 

the solid product. It is likely that this is due to the different mixing conditions experienced in the 

EasyMax in comparison to the RBF due to different vessel shape and use of a different impeller. 

Owing to time constraints, further work was not conducted at this scale in order to optimise the 

system and focus was directed towards trying to scale the system further, utilising the OptiMax. 

Initial experiments in the OptiMax were conducted using a working volume of 500 ml. The 

positioning of the Raman PhAT probe at the top of the vessel, through one of the holes in the lid, 

meant that this lower working volume resulted in a distance from probe to solution longer than any 

focal length obtainable with the varying spot sizes, meaning the spectra obtained from the Raman 

Figure 4.12: Offline reference spectra for PCM-I, PCM-II and MCM; the y axis shows intensity in arbitrary units 
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presence of PCM-I. This high degree of scalability offers confirmation of the robustness of the 

process devised to produce PCM-II using MCM as a template molecule. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Raman spectra collected throughout the course of the crystallisation from the inline PhAT 
probe (0 mins - suspension, 20 mins - after dissolution of all solid, 300 mins - suspension of final product at 

end of crystallisation). The y-axis shows intensity in arbitrary units 

Figure 4.15: PXRD patterns confirming the presence of PCM-II in the OptiMax experiment, with small 
quantities of MCM·H2O present; the y-axis shows intensity in arbitrary units 
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Table 4.5: Each of the spectral regions where differences between PCM-I and PCM-II are visible, showing the shape of 
the patterns from final product (green) to match PCM-II (orange) and not PCM-I (blue) in all regions 

Spectral region (cm-1) Raman 

200-220 

 

450-470 

 

790-810 

 

855-865 

 

1200-1260 
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A dip tube was positioned in MSMPR 1 and MSMPR 2 to allow transfer of a calibrated volume (8 ml) 

between these two vessels and MSMPR 2 and the feed vessel, respectively.  As the MSMPR was 

operated in periodic mode, this transfer was done through manual opening and closing of valves at 

set time intervals; if the system was to be operated in non-periodic mode, the valves would remain 

constantly open for the duration of the experiment. The time between transfers was dictated 

through the residence time within each vessel, with calculations being done based on ten transfers 

between the two vessels per residence time (RT). 

Temperature control was provided by three JULABO heater/chiller units operated on control of 

thermocouple temperature rather than chiller internal temperature. The transfer tube from 

MSMPR 2 to the feed vessel was fitted with a three-way valve to allow sampling with an inline 

filtration unit. Filter papers in this filtration unit were changed every residence time to allow for a 

sample from each residence time to be taken. 

Figure 4.16: Schematic of the MSMPR set-up used 

Figure 4.17: The MSMPR set-up at AstraZeneca Macclesfield used in this work with key 
features labelled 
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Table 4.6: Operating parameters and start-up calculations for experiments operated with a 45 minute residence time 

 OPERATING PARAMETERS START-UP CALCULATIONS 

Vessel VMAX 
(ml) 

VMIN 
(ml) 

Operating 
volume (ml) 

Flow rate 
(ml/min) 

Residence time 
(min) 

Initial 
Volume to 
pump (ml) 

Time to 
pump initial 

volume 

Transfer 
interval (mins) 

Transfers per 
residence time 

Feed 500 200 250 1.8 140.6 - - - - 

MSMPR1 160 80 80 1.8 45.0 80.0 45.0 4.5 10 

MSMPR2 160 80 80 1.8 45.0 80.0 90.0 4.5 10 

Table 4.7: Operating parameters and start-up calculations for experiments operated with a 30 minute residence time 

 OPERATING PARAMETERS START-UP CALCULATIONS 

Vessel VMAX 
(ml) 

VMIN 
(ml) 

Operating 
volume (ml) 

Flow rate 
(ml/min) 

Residence 
time (min) 

Initial Volume 
to pump (ml) 

Time to pump 
initial volume 

Transfer 
interval (mins) 

Transfers per 
residence time 

Feed 500 200 250 2.7 93.8 - - - - 

MSMPR1 160 80 80 2.7 30 80.0 30.0 3.0 10 

MSMPR2 160 80 80 2.7 30 80.0 60.0 3.0 10 
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4.3.3 Results and discussion 

Table 4.8: Experimental Conditions and Output from MSMPR experiments 

Exp RT 
(mins) 

TFEED 
(°C) 

TMSMPR1 
(°C) 

TMSMPR2 
(°C) Product Supersaturation 

ratio (S) 

AZ1 45 60 25 20 PCM-II + PCM-I + 
MCM·H2O 1.63 

AZ2 45 60 30 25 PCM-II  1.03 
AZ3 45 60 30 25 PCM-II 1.03 
AZ4 30 60 30 25 PCM-II 1.03 

 

Table 4.8 highlights the experimental parameters investigated in the MSMPR continuous 

crystallisation experiments; note the supersaturation ratio is calculated at the point of nucleation, 

relative to PCM-II. As the effect of using this set-up on the metastable zone width (MSZW) of the 

crystallisation was not known, the temperature of the final MSMPR in experiment AZ1 was set at 

20 °C, which considering batch crystallisation experiments nucleate at 30 °C, should allow for 

crystallisation in the system. Crystallisation in the system was observed initially in MSMPR 2 after 

the third transfer in RT2 (i.e. after 59 minutes), with a dense slurry being observed in MSMPR 2 by 

the end of RT3. The high solid loadings produced in this experiment resulted in settling of solid in 

the vacuum transfer lines (Figure 4.18); although in this experiment this did not result in blockage, 

over extended operation times this settling could become detrimental to the crystallisation process 

either through blockage of transfer lines or of possible conversion to the stable PCM-I and 

subsequent seeding. 

Solid from each of the residence times along with the solid from both MSMPR vessels at the end of 

the crystallisation were analysed by PXRD (Figure 4.19), DSC (Figure 4.20) and SEM (Figure 4.21). 

 

 

Figure 4.18: Settling of solid in vacuum transfer lines 
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 Figure 4.21: SEM images for the samples from experiment AZ1 (RT2 was not 
analysed due to the small amount of solid available). 

Figure 4.20: DSC analysis on the samples taken from experiment AZ1; the y axis shows heat flow in mW. 

Figure 4.19: PXRD analysis of RT2 and RT3 of experiment AZ1 showing the production of predominately PCM-II with 
some PCM-I present (peaks corresponding to PCM-I boxed in red). The y-axis shows intensity in arbitrary units. 
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PXRD analysis confirms the production of predominately PCM-II, however there are peaks 

corresponding to another crystalline form. These are not from MCM·H2O, as would be expected, 

but correspond to the presence of PCM-I. Interestingly, looking at the SEM images, all residence 

times display large block like crystals that can be attributed to PCM-II. On the surface of these 

crystals are finer, needle crystals. It can be suggested that these needle crystals can be attributed 

to PCM-I; in contrast, SEM from batch crystallisation experiments show metacetamol hydrate to 

adopt a block morphology on the surface of PCM-II crystals (Chapter 3). Literature work has always 

suggested PCM-I adopts a hexagonal block-like morphology, with PCM-II adopting a needle-like 

morphology.24, 180 Block-like morphologies are likely to have more desirable flow properties than 

needles and perform better in downstream processing steps such as filtration and charging in the 

drug product process, so this alteration in morphology of PCM-II offers an additional advantage to 

the templating approach adopted in this work. It can be suggested that this nucleation of PCM-I is 

due to crystallisation at a higher supersaturation ratio, which would result in less controlled 

nucleation. Further, as crystallisation was initially observed in MSMPR 2 when the volume was low, 

the different mixing dynamics at the volume may have induced nucleation of PCM-I. The DSC 

analysis does show small quantities of MCM·H2O to be present in earlier residence times, through 

the presence of a thermal event at 145 °C. 

As such, for future experiments (AZ2-4), the temperature of MSMPR 2 was increased to 25 °C and 

correspondingly the temperature of MSMPR 1 to 30 °C, reducing the supersaturation ratio at the 

point of nucleation, hence providing greater control over crystallisation. Experiment AZ2 and AZ3 

were executed with the same experimental parameters, however experiment AZ3 was run for a 

longer period of time (c.a. 5 hours) to see whether the polymorphic form outcome could be 

retained over longer operation times. In both cases, crystallisation was observed whilst still filling 

MSMPR 2, in RT1. It can be suggested that crystallisation was observed earlier due to a reduction 

in cooling rate, narrowing the MSZ, as a result of increasing the temperatures of the two MSMPR 

vessels. Upon discharging remaining solid from the two MSMPR vessels, encrustation on the vessel 

walls was observed in MSMPR 2 (Figure 4.22). 
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Offline characterisation of the solid produced from each residence time and the discharged solid 

from each of the two MSMPR vessels shows the production of PCM-II (PXRD; Figure 4.23) in the 

absence of any metacetamol hydrate (DSC; Figure 4.24). This MSMPR run has thus been successful 

in producing phase pure PCM-II, with no impurity phases present in the solid product. 

 

 

 

 

 

Figure 4.22: Encrustation on the walls of MSMPR 2 in experiments AZ2 and AZ3. 

Figure 4.23: PXRD patterns showing the production of PCM-II in Experiment AZ3. The y-axis shows 
intensity in arbitrary units. 
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Due to time constraints, for the SEM analysis, images were only taken of the samples from each of 

the MSMPR vessels at the end of the experiment. These images (Figure 4.25) show the production 

of large diamond-shaped crystals of PCM-II. Since all analytical methods indicate the absence of any 

MCM·H2O, the smaller crystals present in the SEM images can be attributed to either crystal 

breakage or to crystals that have not had as much time for growth; the latter explanation is more 

likely as these small crystals are seen more in MSMPR 1. 

 

 

 

 

 

 

The final experiment, AZ4, investigated a reduction in the residence time within the crystalliser to 

observe whether the polymorphic form outcome could be retained. Reducing the residence time, 

whilst maintaining the correct polymorphic form, would be beneficial as it would allow for shorter 

operation times and hence higher throughput, increasing plant productivity. After 30 minutes of 

operation, the solution in MSMPR 1 appeared turbid, indicating the onset of nucleation, with 

crystallisation following shortly. Crystallisation in MSMPR 2 was observed at the end of RT2. This 

difference in point of crystallisation can be attributed to the faster pumping rate of solution into 

Figure 4.24: DSC traces for experiment AZ3, showing the absence of any MCM.H2O. The y-axis shows heat flow in mW. 

Figure 4.25: SEM analysis of samples from each of the MSMPR vessels in Experiment AZ3 



141 

the MSMPRs associated with a shorter residence time, which could alter the kinetics of the 

crystallisation process. Blockage of the inline filtration unit (Figure 4.26) meant that a sample for 

RT3 was unable to be collected. 

 

 

 

 

 

 

 

PXRD (Figure 4.27) and DSC analysis (Figure 4.28) shows the production of PCM-II in the absence of 

any MCM·H2O. SEM analysis (Figure 4.29) again shows the production of large diamond shaped 

crystals, attributed to PCM-II. 

 

 

 

Figure 4.26: Blockage of the inline filtration unit in experiment AZ4 

Figure 4.27: PXRD patterns of the solids produced in experiment AZ4; the y-axis shows intensity in 
arbitrary units 
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The samples produced in experiments AZ2-4 display a high degree of polymorphic purity, with the 

samples stable as PCM-II for a period of a year at the time of writing (Figure 4.30), with no peaks 

indicating conversion back to the thermodynamically stable PCM-I. Using knowledge from the 

doping experiments outlined in Chapter 3, which showed that the presence of 1 wt.% or greater of 

PCM-I in a PCM-II sample would catalyse the process of conversion back to PCM-I within one month, 

it can be concluded that the samples produced in these experiments display a high polymorphic 

purity. 

 

 

 

Figure 4.29: SEM analysis of samples from each of the MSMPR vessels in Experiment AZ4 

Figure 4.28: DSC traces for experiment AZ4, indicating the absence of any MCM·H2O. The 
y-axis shows heat flow in mW 


































































































































































































