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Abstract 

 

Many pharmaceutical compounds have poor aqueous solubilities that 

can result in difficulties in formulation, and ineffective therapeutic 

treatments. Pharmaceutical compounds can exist in different states 

(i.e. amorphous or crystalline), as well as existing in different 

polymorphic forms, which can dramatically affect physicochemical 

properties. However, a technique called containerless processing has 

shown promise in the control of crystallisation and crystal form. Using 

high strength magnetic fields (> 16 T) that are strong enough to 

freely levitate pharmaceutical solutions we investigated the potential 

of magnetic levitation for containerless processing.  

 

Initial experiments included the characterisation of starting materials 

and production of reference materials, to be used as a comparison to 

samples in later chapters. Initial levitation studies involved the 

levitation of paracetamol solutions (water/ ethanol) using our helium-

cooled, closed-cycle superconducting magnet. We showed that it was 

possible to crystallise pharmaceutical materials whilst levitated. Form 

I paracetamol was predominantly formed, whilst form II was 

occasionally also formed showing that there could be an influence of 

the process on the crystal form produced. In further levitation studies 

we used clotrimazole, which had already been shown to form 

amorphous gels when levitated by acoustic levitation. Our study was 

therefore a comparison of acoustic and diamagnetic levitation 

methods. Interestingly droplets were found to produce an amorphous 

gel, crystalline shell, or a combination of both. Optimisation of the 

experimental set up with mirrors allowed filming of the droplet from 

the side, which allowed investigation into the crystallisation/ 

amorphisation processes involved. Final experiments include more 

detailed investigations into the influence of the magnetic field. 

Paracetamol, clotrimazole and propranolol were crystallised from 

solution under magnetic fields of 1 T. Low strength magnetic fields 



 

ii 

 

did not have any effect on the crystallisation of paracetamol or 

clotrimazole. However, propranolol crystallised under low strength 

magnetic fields produced form III propranolol which is not usually 

formed from solution, usually from a melt. It is therefore 

demonstrated that diamagnetic levitation offers a unique ability to 

investigate crystallisation/ amorphisation of different pharmaceutical 

drugs in solution. 
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1 Introduction 

1.1 An overview of containerless processing 

 

Research into containerless (or non-contact) processing has gathered 

momentum in the last few years and containerless techniques have 

been used to study the vitrification (Tangeman et al. 2001), 

supercooling (Weber et al. 2009) and nucleation (Takahashi et al. 

2006) of a wide range of materials. Due to the removal of container 

walls liquids can be supercooled and supersaturated under high purity 

conditions. The removal of vessel walls also allows for better quality 

crystals to be grown; by removing heterogeneous nucleation (often 

caused by vessel walls) crystals can grow with less mismatched facets 

and thus be of enhanced quality. The technique of acoustic levitation 

has shown promise in this regard as it has also been able to create 

amorphous versions of pharmaceutical compounds that were 

previously difficult to amorphise (Benmore and Weber 2011). 

 

Many new drugs in the pharmaceutical pipeline have poor solubility 

which can cause problems for pharmaceutical companies; it is 

essential that when the patient takes the active pharmaceutical 

ingredient (API) it is properly absorbed and utilised before being 

excreted. Poor solubility can affect the efficacy of the medicines, and 

drugs that do not dissolve completely have the potential to cause 

irritation in the gastrointestinal tract. Poorly soluble drugs may 

require a larger dose of the drug compound being formulated which 

can be expensive to formulate especially if a large amount may be 

excreted by the patient. Low solubility drugs may be particularly 

problematic during pre - clinical trials, as large quantities (up to 100 

times the usual dose) may be given to assess the compound’s toxicity 

(Weber et al. 2017). 
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One solution to a poorly soluble pharmaceutical compound is to create 

the amorphous form of the compound. Amorphous pharmaceutical 

compounds have better bioavailability, solubility and enhanced 

dissolution compared to their crystalline versions (Benmore and 

Weber 2011). Techniques used to create amorphous compounds 

including freeze and spray drying, milling, hot melt extrusion and 

melt quenching in containers (Weber et al. 2012). However, not all 

compounds can be processed by these means, for example melt 

quenching is only suitable if the compound is thermally stable at 

temperatures slightly above its melting point (Weber et al. 2017). 

Therefore there is interest in containerless methods for 

pharmaceutical processing. 

 

In addition to providing a route to amorphous materials containerless 

processing can also provide better quality protein crystals. High 

quality protein crystals of sufficient size are required for x – ray 

diffraction analysis for complete protein structure analysis. 

Containerless crystallisation research has been stimulated by the 

results of Littke and John, who performed a microgravity experiment 

in the US Space Shuttle (Littke and John 1984). Littke and John 

crystallized two proteins: beta galactosidase and lysozyme in 

microgravity. Their results show that, in comparison to the crystals 

grown on earth, they were of increased size and quality. Littke and 

John’s results suggested that the microgravity environment could be 

favourable for macromolecular crystallization (DeLucas et al. 2002). 

Beneficial effects of microgravity on macromolecular crystallisation 

include more synchronised nucleation and growth, less 

heterogeneous nucleation on solid surfaces, fewer crystals with larger 

volume, and well-shaped crystals with fully developed faces (Lorber 

2002). 

 

Large superconducting magnets can levitate diamagnetic objects 

creating a microgravity environment. Diamagnetic objects are 
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materials that are repelled by the magnetic field due to induced 

magnetic fields caused within the material (for a more detailed 

explanation see section 1.3- 1.3.3). Using diamagnetic levitation 

enhanced by the magneto-Archimedes effect Maki et al. (2004) 

crystallized lysozyme in a floating and containerless state. Using 

magnetic fields of 3.8 T and a crystallising agent of gadolinium 

chloride they were able to produce optically flawless crystals. As the 

lysozyme crystals are diamagnetic and the gadolinium solution 

paramagnetic the upward magnetic buoyancy could be enhanced. 

 

 

1.2 Types of containerless techniques 

 

This section contains an overview of the main containerless 

techniques used in materials processing. Examples of containerless 

techniques include acoustic, magnetic, and aerodynamic levitation 

(Brandt 1989) which are summarised in Table 1-1 and Table 1-2. 

 

 

Type of 

containerless 

manufacture 

Description 

Acoustic Uses high intensity sound waves to levitate sample(s) 
(Santesson et al. 2003) 

Aerodynamic A fluid jet is used to levitate the sample (Hennet et al. 
2011) 

Gels Crystals grown without touching the container walls 
can be considered containerless (Cao et al. 2013) 

Magnetic Using a high strength magnetic field diamagnetic 
material can be levitated (Maki et al. 2004) 

Micropipette Small volumes of crystallisation solution pipetted into 
oil/ immiscible solvent (Kinoshita et al. 2016) 

Oils Crystallisation fluid can be suspended in oil (Cao et al. 
2013) 

 

Table 1-1 Different types of containerless manufacture. 
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Table 1-2 Table comparing the different types of containerless 

processing (a) Image taken from Benmore and Weber (2011) (b) 

Image taken from Nakamura et al.  (2012) (c) Image taken from 

Brandt (1989) (d) Image taken from Cao et al. (2013) (e) Image 

taken from Rickard et al. (2010). 
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1.2.1 Acoustic levitation 

 

Acoustic levitation uses the pressure produced by sound waves to 

levitate small objects. Acoustic levitation relies on the ability to create 

standing waves, which occurs when two waves of the same frequency 

interfere when travelling in the opposite direction. Therefore an 

acoustic levitator usually consists of a transducer and a reflector, with 

the reflector positioned a few multiples of the wavelength above the 

transducer. The transducer emits an ultrasonic wave which is then 

reflected back on itself in exactly the opposite direction. The 

destructive points of interference along the wave are called nodes, 

here there is very little wave movement and hence low pressure. 

Below the nodes are points of maximum displacement called 

antinodes where the pressure is highest. Objects tend to move from 

high pressure to low pressure so any sample placed in the standing 

wave will move to the closest node. Therefore, the low pressure nodes 

are an ideal place for samples to rest in a standing wave (Figure 1-1). 
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Figure 1-1 (a) A photograph of an acoustic levitator levitating several 

samples (white spheres). Image taken from Benmore and Weber (2011) (b) 

A diagram of an acoustic levitator showing a standing wave with a droplet 

being levitated in the node of the wave. Image adapted from Leiterer et 

al.(2008). 

 

 

Cao et al. (2012) developed an ultrasonic levitation system which 

allowed crystals to be grown in the containerless state. Crystals 

grown include NaCl, NH4Cl, proteinase K and lysozyme. Results show 

that both inorganic and protein crystals can be successfully grown. 

Data demonstrated that crystals had a higher growth rate, were 

larger in size, were better shaped, and had fewer twins and shards in 

comparison to the controls.  

 

Santesson et al. (2003) was able to produce high quality large 

molecular weight protein crystals via acoustic levitation whilst Chung 

and Trinh (1998) used a combined ultrasonic electrostatic levitator as 

a method for growing protein crystals. 
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By coupling acoustic levitation with a portable Raman spectrometer 

Puskar et al. (2007) levitated 5 µL suspensions of red blood cells. 

Using their experimental set up they were able to study heme 

dynamics as well as the detection of hemozoin in malaria infected 

cells. The authors suggest that their set up has potential to be taken 

to remote environments for in situ diagnosis of malaria.  

 

Disadvantages of acoustic levitation are that acoustic levitators can 

only levitate samples with diameters less than half the wavelength. 

Typically levitated samples have volumes of 5 nL to 5 µL (with 

corresponding diameters of 0.2 – 2 mm) (Leiterer et al. 2008). 

Another disadvantage is that acoustic levitation is open to 

contamination, (Benmore and Weber 2011) admit that no steps were 

taken to minimise dust which could cause unwanted crystallisation.  

 

 

1.2.2 Aerodynamic levitation 

 

Aerodynamic levitation uses a fluid jet (or gas jet) to levitate spherical 

specimens. The fluid jet is aimed at an off axis specimen causing 

asymmetry on one side (where flow is faster) which produces a 

centring force stabilising the specimen. The friction caused by the 

fluid at the surface of the off axis specimen causes rapid rotation 

resulting in an additional centring force. In the vertical direction 

levitation is stabilised by the divergence of the jet decreasing drag 

with increasing height (Brandt 1989).  

 

Using an aerodynamic levitation system Oran and Berge (1982) were 

able to heat, cool, melt and solidify small spherical spheres in a 

containerless way. Small beads of alkali borosilicate glass and lead 

(up to 4 mm in diameter) were levitated by air or argon gas and 

heated using an elliptical radiant heater. 
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By combining wide-angle x-ray scattering and small-angle x-ray 

scattering with aerodynamic levitation Greaves et al. (2008) were 

able to study in situ phase transitions of liquid material in a 

containerless fashion. Yttria-alumina was levitated by a vertical 

steam of argon and heated by a laser whilst being analysed by x-ray 

scattering in situ.  

 

Hennet et al. (2011) also combined aerodynamic levitation with laser 

heating,  x – ray and neutron diffraction allowing the structural 

analysis of high temperature liquids including alloys, ceramics, glass, 

oxides and metals.  

 

The disadvantages of aerodynamic levitation are that vibrational 

instabilities prevent levitation of liquids (Brandt 1989). Cao et al. 

(2012) reiterate this by stating that aerodynamic levitation involves 

a complex system and that levitated droplets display poor stability. 

 

 

1.2.3 Crystallisation from gels 

 

Crystallisation from gels can be considered containerless as the 

crystals grow in a viscous gel without any contact with the container 

walls (Table 1-2).  

 

Gels can be considered to mimic microgravity because they reduce 

crystal sedimentation and convection. (Biertümpfel et al. 2002). By 

reducing convection gels allow more homogenous molecular 

transport during crystal growth. (Garcı́a-Ruiz et al. 2001) As crystals 

cannot move or sediment they are able to remain suspended and 

grow in three dimensions within in the mother liquor (Lorber and 

Giegé 1996; Garcı́a-Ruiz et al. 2001; Sauter et al. 2002). Such a 

stable environment has shown to stop twinning in alcohol 

dehydrogenase crystals (Sica et al. 1994).  
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The crystalline quality of hen egg white lysozyme (HEWL) crystals 

grown in silica and agarose gels have been compared to crystals 

grown from solution (Vidal et al. 1999). Crystals were analysed by 

x - ray diffraction and x – ray topography and crystals were of lower 

mosaicity and had more homogenous lattices compared to crystals 

grown in solution. Crystals grown from agarose gel were better than 

crystals from solution, however crystals grown from silica gel were of 

the best quality. 

 

Lorber et al. (1999) also compared crystals grown from solutions and 

gels. Three proteins; thaumatin, turkey egg white (TEW) lysozyme 

and bacterial aspartyl-tRNA synthetase (AspRS) were crystallised as 

well as a tomato bushy stunt virus (TNSV). For the turkey egg white 

lysozyme and thaumatin better quality crystals can be obtained more 

reproducibly when crystallised from gel. X – ray topographs support 

the fact that gel improves the crystalline quality.   

 

Cao et al. (2013) use agarose gel to crystallise several protein 

crystals including hen egg white lysozyme and proteinase K. 

Morphological comparison with control crystals showed improvement 

in crystal size and shape when using silica gels. The crystals were 

analysed by x – ray diffraction analysis and the samples crystallised 

from the agarose gel had better diffraction properties than the control 

crystals which were in contact with the vessel walls.  

 

The disadvantages of crystallisation from gel include a small sample 

size and Cao et al. (2013) reported that crystallisation in agarose gel 

was more difficult than in silicone oil. Care must also be taken during 

solution preparation to avoid the formation of bubbles and denaturing 

the protein due to the transient high temperature of the agarose gel 

solutions.  
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1.2.4 Crystallisation from oils 

 

Oils can be used for containerless crystallisation of protein crystals, 

the crystallisation solution is injected into a vessel of high density oil; 

for example silicone oil. The crystallisation droplet maintains a 

spherical, or elliptical shape within the oil (Table 1-2).  

 

Using low and high density silicone fluids Lorber and Giegé (1996) 

were able to levitate droplets of protein in an aqueous crystallisation 

fluid between the two interfaces. Six proteins and one virus were 

crystallised using the floating droplet technique including thaumatin, 

hen and turkey egg white lysozyme and horse serum albumin. Once 

conditions were optimised large perfect single crystals could be 

grown. Crystals would nucleate at the interface between the 

crystallisation droplet and the silicone oil, with crystals growing 

inwards into the droplet. The crystals showed no preference to 

growing on the top or bottom silicone layer, whilst crystals that grew 

on the top interface would often cause the droplet to rotate round 

due to the weight of the crystal. After 30 to 50 days crystals were 

counted for both the control and levitating drops and for tetragonal 

thaumatin, hexagonal turkey egg white lysozyme and tetragonal hen 

egg white lysozyme nucleation is significantly and reproducibly 

reduced in the floating droplets.  

 

A containerless environment for protein crystallisation was created by 

Chayen (1996) by using two layers of silicone oil, one of higher 

density compared to water and common precipitating agents and one 

of lower density. The crystallisation solution is then pipetted into the 

low density silicone oil and the crystallisation droplet re-positions 

itself between the two layers. Results agree with Lorber and Giegé 

(1996) that the floating droplets have significantly reduced nucleation 

compared to control samples grown on a container surface.  
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Cao et al. (2013) use silicone oil to crystallise several protein crystals 

including protein crystals including hen egg white lysozyme and 

proteinase K. Crystals grown from silica gel showed improvement in 

crystal size and shape when compared to the control crystals. 

However, agarose crystals had better morphology than the crystals 

grown in silicone oil, although crystallisation in agarose gel was more 

difficult than in silicone oil. X –ray diffraction analysis confirmed that 

the crystals demonstrated better diffraction properties than the 

control crystals.  

 

The crystallisation of salt microcrystals was studied by Quilaqueo and 

Aguilera (2016) using saline droplets in a hot oil phase. The saline 

solution would be added to a beaker of hot oil using a syringe and 

rapid evaporation of the water would encourage the formation of salt 

microcrystals. The effects of droplet volume, brine concentration, and 

oil temperature were studied. Crystal size decreased by increasing 

the volume, solution concentration and temperature of the oil. The 

microcrystals had a dissolution rate twice that of the original crystals. 

The authors suggest it would be beneficial in the food industry, for 

example adding to surface salted snacks to reduce or optimise salt 

intake while maintaining saltiness perception. 

 

A disadvantage of containerless crystallisation in oils is that the 

crystallisation medium has to be carefully selected as some organic 

molecules (for example, ethanol, phenol, and dioxane) are soluble in 

oils (Chayen 1996). When preparing samples for the floating drop 

method Lorber and Giegé (1996) caution that when mixing 

concentrated protein and precipitant solutions supersaturation may 

be reached at their interfaces which can cause denaturation of part 

of the macromolecule. The authors also note that dust particles 

favourably stick to the crystallisation droplet within the silicone oil 

causing unwanted heterogeneous nucleation by generating surface 

imperfections. 
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1.2.5 Micropipette crystallisation 

 

The micropipette technique involves pipetting small volumes of an 

aqueous supersaturated solution into a second immiscible solvent.  

 

Using sodium chloride solutions Utoft et al. (2018) studied 

microcrystallisation, solvent dissolution and crystal morphology of 

microdroplets. As demonstrated by Bitterfield et al. (2016) when an 

aqueous sodium chloride microdroplet is introduced into an 

immiscible medium for example a long chain alcohol, the water 

dissolves out into the solvent, increasing the concentration of sodium 

chloride in the droplet. When there is no external nucleation site the 

solubilised sodium chloride will undergo homogenous nucleation. 

Utoft et al. (2018) describe the affect that changing the bathing 

medium from octanol to decane made on the sodium chloride 

microdroplets. In the decane system loss of water was slower, with a 

concomitant slower increase in sodium chloride concentration, 

resulting in a lesser tendency to nucleate and slower crystal growth 

compared to the octanol system. In the decane system slower 

nucleation resulted in single cubic crystals whilst fast dissolution and 

nucleation in the octanol system formed dendritic crystals.   

 

Protein dehydration was investigated by Rickard et al. (2010) using a 

micropipette technique. A protein microdroplet was introduced into a 

dehydration medium which removed water from the lysozyme 

microdroplet. The removal of water resulted in a spherical, single 

phase glassy protein bead. The amount of water remaining in the 

glassy bead could be calculated by knowing the initial lysozyme 

concentration of the microdroplet and by measuring the change in 

diameter of the microdroplet. The micropipette technique offers an 

alternative to lyophilisation, during which ice can damage the protein 

secondary structures. When decanol is used as the dehydration 

medium water can be removed within minutes at room temperature.  
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Aniket et al. (2014) also used a micropipette to create solid 

amorphous microspheres; a process they named microglassification. 

Microdroplets of serum bovine albumin solution were introduced into 

decanol or pentanol which removed the water from the microdroplet 

creating a glassy bead.  

 

Disadvantages of the micropipette technique for containerless 

crystallisation include the small volumes used and the careful choice 

of solvent required.  

 

 

1.2.6 Magnetic (diamagnetic) levitation 

 

Using large superconducting magnets diamagnetic materials can be 

levitated. Diamagnetic materials are ones that induce their own 

magnetic field antiparallel to an externally applied magnetic field 

causing repulsion. Many objects are diamagnetic and examples 

include; water, alcohol, organic chemicals, frogs and flies. In the 

superconducting magnet the repulsion force is enough to 

counterbalance the force of gravity levitating the object (for a detailed 

explanation see section 1.3 - 1.3.3). 

 

Advantages over other containerless techniques include the ability to 

levitate larger volumes of solution (the Cryogenic magnet used at the 

University of Nottingham can levitate up to approximately 20 mL). No 

extra considerations need to be taken for the crystallisation medium, 

unlike crystallisation in oils where some solvents are soluble in oil. 

Using a bore insert the temperature of the magnet bore can be 

controlled and varied as required. An extra advantage is that a 

Perspex box set up can potentially reduce unwanted nucleation from 

dust in the lab unlike the acoustic levitation set up. 
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1.3 Introduction to magnetism 

 

The most well-known magnetic material is iron, with nickel and cobalt 

sharing similar magnetic properties. Iron, nickel and cobalt are 

attracted to magnets and this common type of magnetism is known 

as ferromagnetism. However, all ordinary substances are also very 

weekly magnetic - although a thousand to a million times less than 

ferromagnetic materials. This weak magnetism can be divided into 

two types; materials that are attracted to magnetic fields 

(paramagnetic) and those that are repelled (diamagnetism) 

(Feynman et al. 2010)  

 

 

1.3.1 Magnetic moments 

 

All materials consist of atoms. The nucleus of atoms are made up of 

one or more atomic particles (protons and neutrons), creating a 

positively charged centre. This positive centre is orbited by one or 

more negatively charged electrons. These electrons spin as they orbit 

the nucleus producing a magnetic field. The strength of the magnetic 

field is called the magnetic moment and the direction of the electron 

spin and orbit determine the magnetic field direction (Knight 2008). 
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Figure 1-2 (a) A diagram of electrons orbiting the atomic nucleus 

(b) A diagram depicting the magnetic moment of an electron 

spinning anticlockwise. 

 

 

1.3.2 Types of magnetic materials 

 

Ferromagnetic materials are commonly thought of as being 

“magnetic”. Examples of this include fridge magnets or horse shoe 

magnets which are commonly made from iron. Ferromagnetic 

materials include iron, cobalt, nickel and manganese; the prefix ferro 

meaning iron like. In iron and other ferromagnetic materials the spins 

interact with each other in such a way that the magnetic moments all 

tend to line up in the same direction creating a macroscopic magnetic 

dipole. The material has north and south magnetic poles, creates its 

own magnetic field, and when placed in an external magnetic field 

aligns parallel to the applied magnetic field (Figure 1-3). When 

removed from the external magnetic field ferromagnetic materials 

can retain some residual magnetisation, meaning that they can be 

permanently magnetised (Knight 2008). 

 

 



 

16 

 

 

 

Figure 1-3 Schematic representation of magnetic materials at rest 
and in a magnetic field (B). Adapted from Iacovacci et al. (2016).  

 

 

In paramagnetic materials the atoms have a permanent magnetic 

moment which means that the electron spins and orbits create a net 

circulating current that is not zero. An example of a paramagnetic 

substance is oxygen whose unpaired electrons give rise to incomplete 

cancellation of the electron’s spin magnetic moments. These unpaired 

electrons give rise to a net magnetic moment, even in the absence of 

an external magnetic field. Unlike ferromagnetic material the 

magnetic moments do not align and are randomly orientated in the 

absence of a magnetic field. However, when an external magnetic 

field is applied (B) the moments try to line up with the external 

magnetic field, and the induced magnetism can even enhance the 

magnetic field (Figure 1-3) (Feynman et al. 2010; Iacovacci et al. 

2016). 

 

Diamagnetic materials have no permanent magnetic moments 

because the magnetic moments within each atom balance out, 

meaning there is zero net moment; the electron spins and orbits 

exactly cancel out so that each atom has no average magnetic 

moment. Water is an example of a diamagnetic substance. When 

oxygen bonds to two hydrogens, all the electrons are paired up 

meaning their spins and orbits cancel out. When an external magnetic 

field is applied little currents are created inside the atom through 

induction. These little currents are in such a direction to oppose the 

magnetic field i.e. the magnetic moments align in the opposite 
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direction to the magnetic field. Diamagnetic materials do not retain 

magnetisation after the external magnetic field is removed (Figure 

1-3) (Feynman et al. 2010; Iacovacci et al. 2016). 

 

 

1.3.3 Magnetic levitation 

 

Diamagnetic materials such as water, organic chemicals, diamonds 

and even whole organisms (for example frogs and mice) can be 

levitated by strong magnetic (10 T) fields, which are now quite 

standard to generate (Geim 1998). 

 

 

 

 

Figure 1-4 Examples of objects levitated by diamagnetism. (a) A 

frog, (b) A chestnut and (c) A strawberry. Images taken from 

Radboud University, high field magnet laboratory website, 
http://www.ru.nl/hfml/research/levitation/diamagnetic/ 

[Accessed on 07/08/2020]. Images of the frog and hazelnut also 

available from Geim (1998). 

 

 

Diamagnetic materials create their own magnetic field that is 

antiparallel to an externally applied magnetic field, causing repulsion. 

However, if this magnetic force can counterbalance the force of 

gravity then the object can be levitated. Diamagnetism is felt at the 

molecular level, with both gravity and magnetism having an effect on 

molecules. Therefore, magnetic levitation has been considered by 

some to be an equivalent condition to microgravity in space. It has 

been proposed that similar experiments could thus be carried out 

http://www.ru.nl/hfml/research/levitation/diamagnetic/
http://www.ru.nl/hfml/research/levitation/diamagnetic/
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within magnets as those performed on the space shuttle (Tagami et 

al. 1999). 

 

 

1.3.3.1 Forces on diamagnetically levitated objects 

 

As explained in section 1.3.3 diamagnetic materials can be levitated 

by strong magnetic fields, produced for example by large 

superconducting magnets. Water droplets can be levitated by placing 

them in the field of a large superconducting magnet, where they 

create their own magnetic field antiparallel to the field of the 

superconducting magnet. When the upwards repulsive force is strong 

enough it can balance out the force of gravity allowing the droplet to 

levitate within the bore of the magnet. Figure 1-5 (b) depicts the 

forces on a droplet of water levitating within the magnet bore. Field 

lines (B) are indicated by the black arrows. The droplet is also 

stabilised laterally by the magnetic field which is stronger by the walls 

of the magnet (lines are closer together) so the droplet is pushed in 

towards the centre of the bore. 
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Figure 1-5 (a) Bird’s eye view of a droplet being levitated in the bore of the magnet (b) Cross section of a superconducting 

magnet levitating a droplet of water. The schematic depicts forces on the droplet of water in a homogenous magnetic field. 
Image (a) taken from the University of Nottingham, levitation in the lab blog. 

https://blogs.nottingham.ac.uk/physics/2017/09/27/levitation-in-the-lab/ [Accessed 07/08/2020]

a) Looking down b) Looking from the side 

Levitation force 

Laterally stabilising 
diamagnetic force 

Superconducting 

solenoid coils 

Weight 

B 

Magnetic field lines, 
B 

Droplet 

https://blogs.nottingham.ac.uk/physics/2017/09/27/levitation-in-the-lab/
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1.4 Introduction to nucleation and crystal growth 

 

In crystallisation the critical phenomena are the formation of new 

crystals (nucleation) and crystal growth. Nucleation and crystal 

growth determine the size of the crystal and size distribution. The 

driving force for crystallisation and crystal growth is the level of 

supersaturation in the solution (Doran 2013). 

 

 

1.4.1 Solubility and supersaturation 

 

The solubility of a substance is the maximum concentration of the 

solute in a particular solvent that can be dissolved under set 

conditions of pressure and temperature whilst remaining 

thermodynamically stable. A saturated solution is one that contains 

this maximum concentration. A supersaturated solution is one that 

contains more dissolved solute than the saturated concentration. In 

general it is quite easy to create such solutions, however 

supersaturated solutions are thermodynamically unstable. 

Sometimes supersaturated solutions can be metastable which means 

that they are able to resist small disturbances but become less stable 

when perturbed (Doran 2013). 

 

Typical results for solute concentration as a function of temperature 

are displayed in Figure 1-6. 
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Figure 1-6 A solubility diagram displaying solubility and supersolubility 

curves as a function of temperature. Points A to F indicate a hypothetical 
pathway for batch crystallisation without the need of seed crystals. Image 

taken from Doran (2013). 

 

 

Thermodynamic equilibrium between the liquid and solid phases is 

represented by the solubility curve (Figure 1-6). Below the solubility 

curve is the undersaturated region where crystallisation is impossible. 

Above the solubility curve is the shaded area of the metastable zone, 

where crystal nucleation is unlikely but any crystals already present 

will start to grow. The dashed line is the supersolubility curve which 

represents concentrations and temperatures that will make 

spontaneous crystallisation likely. The area above the supersolubility 

curve is the labile or unstable area of supersaturation where 

spontaneous crystallisation is likely to occur.   

 

 

1.4.2 Nucleation 

 

Nucleation is the formation of a crystal from a liquid or amorphous 

phase. Nucleation can be classed as primary or secondary (Figure 
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1-7). When nucleation occurs in a solution that was previously crystal 

free it is classified as primary nucleation. When the solution moves 

into the labile region of a supersaturation curve, this is when primary 

nucleation occurs (Figure 1-6). In these conditions the solute 

molecules join together, initially forming clusters which then become 

ordered and take up the structural geometry of the crystalline form.  

 

Primary nucleation can be classified as homogenous or 

heterogeneous. Homogenous nucleation occurs spontaneously in a 

clean solution with no impurities. However, heterogeneous nucleation 

is induced by particles such as dust or on vessel walls (Myerson 2002; 

Karthika et al. 2016; Yazdanpanah and Nagy 2020) 

 

 

 
 
Figure 1-7 Mechanisms of nucleation. Image adapted from Myerson 

(2002). 
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The creation of new crystals by crystals already in the suspension is 

called secondary nucleation. Secondary nucleation is thought to be 

caused by several factors such as collisions between crystals or 

between crystals and the vessel walls, dislodgement of very small 

crystals from the surface of larger crystals and crystal attrition or 

breakage (Doran 2013).  

 

 

1.4.3 Crystal growth 

 

Crystal growth is described by the addition of more solute molecules 

to the nucleation site or crystal lattice to produce larger crystals 

(Aulton 2002; Myerson 2002). When a crystal is in a supersaturated 

environment the flux of growth units (e.g. molecules, atoms, or ions) 

to the surface is greater than that leaving, therefore resulting in 

crystal growth. The ability of the crystal to capture growth units as 

they arrive depends on the strength and number of interactions they 

can form between the surface and the growth unit. In Figure 1-8 the 

inner crystal contains molecules bound to four of its neighbours, 

however on the surface, less intermolecular interactions are 

available. On surface one, two intermolecular interactions are 

available whilst on surface two only one intermolecular interaction is 

possible. Therefore, when molecules attach to surface one it gains 

twice as much energy compared to surface two meaning surface one 

will grow twice as fast as surface two.  
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Figure 1-8 A diagram of a two dimensional crystal, the dotted line 
indicates crystal growth after a period of time. Surface 1 grows 

faster than surface 2. Image taken from Davey and Garside (2000). 

 

 

In three dimensions it is possible for a growth unit to form a maximum 

of three bonds with the crystal surface (Figure 1-9). Hartman and 

Perdok (Woensdregt 1993) introduced a classification system for the 

different surfaces/ faces based on how many bonds are possible with 

the growth unit. A face where just one surface bond is possible is 

classified as a flat face (F face), a face where two surface bonds are 

possible is called a step face (S face) and a surface where three faces 

are possible is called a kink face (K face). 

 

 

 

Figure 1-9 A diagram of a three dimensional crystal showing kink, 
step and flat sites. Image taken from El – Zhry El-Yafi and El-Zein 

(2014). 
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Assuming that the linear growth rate, v, of a face is proportional to 

the total binding energy of a growth unit joining that surface, it would 

be expected that vK > vS > vF. As indicated in Figure 1-8 the final 

shape of the crystal is defined by the slowest growing flat face. 

 

 

1.4.4 Crystalline or amorphous 

 

Compounds in the solid state can be either amorphous, crystalline or 

a mixture of both. In crystalline solids the molecules are stacked in a 

defined order, which repeats throughout the particle. A material in 

the amorphous state is solid; however, the molecules are not in a 

repeating ordered fashion.  

 

 

1.4.5 Polymorphism 

1.4.5.1 What is polymorphism? 

 

Many of the pharmaceutical drugs we use today exist in one or more 

crystalline forms. Examples include carbamazepine (Rustichelli et al. 

2000), sulfamerazine (Sun and Grant 2001), venlafaxine (Roy et al. 

2005), axitinib (Campeta et al. 2010). The property of being able to 

exist in different forms is known as polymorphism, with each 

crystalline form called a polymorph. Olanzapine which is used to treat 

schizophrenia and related psychoses crystallises in 25+ forms 

(Reutzel-Edens et al. 2003) form II and IV polymorphs are displayed 

in Figure 1-10. The packing arrangements of the two polymorphs are 

completely different, in form II dimers are stacked in parallel whilst 

in form IV they are arranged in a herringbone arrangement. 
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Figure 1-10 (a) the parallel stacking of olanzapine dimers in 
olanzapine form II (b) the herringbone arrangement of dimers in 

form IV. Image taken from Thakuria and Nangia (2011). 

 

 

By changing the manufacturing conditions it is possible to produce 

different polymorphs. Methods used to obtain polymorphs include; 

crystallisation from single or mixed solvents (Morissette et al. 2004), 

crystallisation from the melt (Sun et al. 2008), seeding (Beckmann 

et al. 1998), laser induced crystallisation (Zaccaro 2001) or 

crystallisation from a supercritical fluid (Bettini et al. 2001). 

 

A colourful example of physical properties changing with different 

polymorphs is the polymorphism of ROY (red, orange, yellow or 5-

methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile). ROY was 

initially synthesised as an antipsychotic and has 10 different 

polymorphic forms. The different polymorphs vary in colour and 
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melting points (Brog et al. 2013). Examples of different ROY 

polymorphs are displayed in Figure 1-11  

 

 

 

 

Figure 1-11 Different crystal forms of ROY (5-methyl-2-[(2-

nitrophenyl)amino]-3-thiophenecarbonitrile. Image taken from Yu 
(2010). 

 

 

1.4.5.2 Why is polymorphism important? 

 

Polymorphism is important to the pharmaceutical industry because 

changing the polymorphic form of a compound can change its 

physicochemical properties. Properties that can be altered with 

changing the polymorphic forms include thermodynamic properties 

such as melting temperatures and solubility or mechanical properties 

such as hardness, flow and blending, compactability and tabletting. 

Other properties that can be altered include chemical, kinetic, surface 

and packing properties, which are summarised in Table 1-3 (Lee et 

al. 2011; Lee 2014).  
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Table 1-3 Properties that can be altered by choosing different polymorphic forms. Adapted from Lee et al. (2011) and Lee 

(2014). 
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Polymorphism can affect the mechanical properties of the 

pharmaceutical compound which can have an impact on 

manufacturing. Examples of polymorphs affected by altered 

mechanical properties include paracetamol (Di Martino et al. 1996; 

Joiris et al. 1998; Nichols and Frampton 1998; Beyer et al. 2001), 

metoprolol tartrate (Ragnarsson and Sjogren 1984; Singhal and 

Curatolo 2004), carbamazepine (Otsuka et al. 1999; Roberts et al. 

2000), phenobarbitone and phenylbutazone. A common effect of 

polymorphism on pharmaceutical compounds is the alteration in 

powder flow between the polymorphs. Crystals with needle like 

morphology will have poor flow compared to crystals with cubic 

morphology (Singhal and Curatolo 2004). Carbamazepine is an 

example where polymorphism changes crystals morphology, which is 

displayed in Figure 1-12. 

 

 

 

 

Figure 1-12 (a) Scanning electron micrograph of α - carbamazepine 

(b) Scanning electron micrograph of β - carbamazepine. Images 
adapted from Roberts et al. (2000). 

 

 

Different polymorphs of the same pharmaceutical compound can 

have different solubilities due to their crystalline structures and free 

energy required to dissolve. Therefore polymorphs of the same 

compound can have a range of different solubilities. Differences in 

solubility between polymorphs can affect the bioavailability of the 
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solid dosage form especially if bioavailability is limited by dissolution 

(Bauer et al. 2001). 

 

Unwanted polymorphism can have a dramatic effect on commercial 

pharmaceuticals, one example is that of Ritonavir ([5S-

(5R*,8R*,10R*,11R*)]-10-Hydroxy-2-methyl-5-(1-methylethyl)-1-

[2-(1-methylethyl)-4-thiazolyl]-3,6-dioxo-8,11-bis(phenylmethyl)-

2,4,7,12-tetraazatridecan-13-oic acid, 5-thiazolylmethyl ester) which 

is an antiviral compound formulated for the treatment of AIDS 

(Acquired Immunodeficiency Syndrome). Ritonavir was not 

bioavailable from the solid form so was formulated as an oral liquid 

and semi-solid capsules, both of which contained ritonavir in ethanol/ 

water based solutions and marketed in 1996. During formulation 

development only one crystal form was discovered and capsules were 

produced with no stability problems. However, in 1998 several 

batches failed dissolution testing, and when analysed by x – ray 

powder diffraction a new polymorph was discovered which had vastly 

reduced solubility compared to the original polymorph. The sudden 

appearance of this less soluble polymorph caused the formulations to 

be unmanufacturable and it had to be reformulated (Bauer et al. 

2001).  

 

 

1.5 Crystallisation in droplets 

 

Small impurity free droplets can be used for crystallisation studies on 

homogenous nucleation (Goh et al. 2010; Murray et al. 2010). Protein 

crystallisation is frequently studied using this approach with 

advantages such as ease of theoretical prediction and crystal stability 

(Chayen et al. 1992; Galkin and Vekilov 2000). Microfluidic systems 

have also been used for protein crystallisation (Song et al. 2006) and 

other homogenous nucleation experiments (Leng and Salmon 2009).  
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Kuil et al (2002) studied the crystallisation of protein crystals in 

nanolitre droplets. As no nanowell plates were available commercially 

the authors used PDMS (poly(dimethylsiloxane)) elastomer to create 

nanowells. PDMS was chosen as it is optically isotropic and 

transparent in the visible part of the spectrum, meaning crystals 

could be viewed with a microscope and CCD camera. Using a piezo-

electric dispensing method droplets (10 -250 pL) of hen egg white 

lysozyme solution were dispensed on to the elastomer mould. To 

prevent quick evaporation of the lysozyme droplets paraffin oil was 

placed on top along with a glass microscope cover slide. Lysozyme 

crystals formed within 20 hours, with one crystal per nanowell. In 

comparison, crystallisation of lysozyme in larger vessels produced 

larger volumes of crystals over one to two days. Preliminary 

comparisons between nanowell and the µL droplet processes were 

that nucleation events in the nanowells appear to be lower than in 

the µL droplets. In nanowells it was proposed that it is easier to grow 

a single crystal and that reduced nucleation (number of nuclei per 

droplet) allows the testing of highly supersaturated solutions. As 

nanowells reduce nucleation, it opens up the possibilities of growing 

single crystals from samples that would usually produce intergrown 

clusters or showers of crystallites. In the authors experience the 

crystals grown in the nanowells had less growth defects than crystals 

grown from the same solution in a larger volume, although crystals 

grown from more proteins need to be analysed as they commented 

that this data was anecdotal. 

 

Using patterned self-assembled monolayers (SAMs), Stephens et al. 

(2011) studied the crystallisation of calcium carbonate (CaCO3) in 

picolitre sized droplets. The experimental set up allowed the study of 

crystallisation in a volume and reservoir limited environment, unlike 

other crystallisation templating systems such as porous polymers or 

membrane pores which offer confinement but are still open to the 

bulk solution. It was found that limiting the reaction volume had 
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significant results on the crystallisation of CaCO3; crystallisation of 

calcium carbonate was retarded due to the small volume of the 

droplet compared to bulk solution. Secondly, crystallisation 

terminated early due to the finite conditions, which in the study 

revealed intermediate forms of calcium carbonate. As crystallisation 

was slower in the droplet than in bulk solution the mechanism of 

crystallisation could be observed, which progressed via amorphous 

calcium carbonate. The authors suggested that the droplet arrays 

provided a method for studying nucleation and crystal growth, which 

usually occur rapidly in bulk solution, without the need for 

sophisticated equipment such as X-ray scattering techniques or 

cryogenic transmission electron microscopy. 

 

Crystallisation of calcium carbonate polymorphs could also be 

controlled by using droplet based microfluidics (Yashina et al. 2012). 

The authors compared calcium carbonate crystallisation methods by 

using a segmented-flow microfluidic reactor, a continuous flow 

microfluidic reactor and crystallisation in bulk solution. Previously, 

calcium carbonate microfluidic experiments involved continuous flow 

mixing at a T junction (Yin et al. 2009). These microfluidic 

experiments predominantly formed the calcite polymorph. The 

residence time distributions reduced control over the reaction times, 

which lead to a wide size distribution of the crystals and limited 

control of the polymorph being formed. The segmented flow regime 

used by the authors allowed picolitre droplets to be encapsulated by 

oil meaning that they did not interact with the channel walls, and 

moved at a constant linear velocity which reduced residence time 

distributions. By using the segmented flow method the authors were 

able to selectively produce different polymorphs. Concentration of 

reagents of 4 mM and 8 mM produced calcite and vaterite 

respectively, while 10 mM produced a mixture of vaterite and calcite. 

The droplets also had a narrower size distribution compared to the 

other methods investigated i.e. continuous flow microfluidics and 
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crystallisation from bulk solution. In the continuous flow microfluidics 

and bulk solution experiments a mixture of vaterite and calcite 

crystals were formed in all solution concentrations. 

 

Using microfluidics, Teshima et al (2013) developed a method for 

crystallising a metastable crystal in microdroplets. The amino acid, 

L-glutamic acid, has two polymorphs, a metastable α form and a 

stable β form. The α form is usually obtained prior to the β form under 

rapid cooling, while the β form is obtained prior to the α form under 

slow cooling. However, as the α form is thermodynamically 

metastable it is impossible to obtain it alone. The authors used a 

microdroplet system where crystallisation takes place in an aqueous 

droplet surrounded by fluorinated fluid (immiscible carrier). 

Crystallisation of the L-glutamic acid took two hours and Raman 

spectroscopy confirmed all the samples had formed the metastable α 

polymorph. After the initial studies on L-glutamic acid, 

pharmaceutical compounds paclobutrazol, indomethacin and an 

amino acid L-phenylalanine were also crystallised in the microdroplet 

system. The crystals formed in these experiments were also 

confirmed to be the metastable form, by FT-IR spectroscopy for 

L-phenylalanine, Raman spectroscopy for indomethacin and 

microscopy for paclobutrazol. Long term stability of the crystals was 

monitored by FT-IR or Raman spectroscopy. The results indicated no 

spectral changes for at least three months for L-phenylalanine, and 

at least five months for paclobutrazol and indomethacin.  

 

Microfluidic protein crystallisation can also be controlled using 

spontaneous emulsification (Fukuyama et al. 2015). The advantage 

of using microdroplets for crystallisation is the control of nucleation 

numbers, however, with a small volume, nucleation also takes a 

relatively long time. Therefore, in order to improve microdroplet 

crystallisation for high throughput screening the degree of 

supersaturation was enhanced by removing water from the protein 
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solution. The authors reported a simple method to control the rate of 

water transport which was based on nanodroplet formation by 

spontaneous emulsification. A microfluidic device made from PDMS 

with 100 microwells was used. Aqueous microdroplets containing the 

protein were introduced into the microwells and exposed to a flow of 

dodecane (organic phase) containing Span 80 which isolated each 

microdroplet. Nanodroplets were formed at the interface of the 

microdroplet, which allowed water to be transported from the 

microdroplet to the nanodroplets. As a result, the concentration of 

the protein and precipitant in the microdroplet increases and a protein 

crystal forms. Increasing concentrations of Span 80 were used and 

the number of crystals in a droplet counted using a CCD (charge-

coupled device) camera. As expected, increasing the concentration of 

Span 80 increased the nucleation frequency. The authors concluded 

that the rate of water transport from the microdroplets could be 

controlled by Span 80, which in turn could control the number of 

crystals formed within the microdroplets. It was proposed that the 

method could increase the flexibility of a protein crystallisation 

screening system. 

 

Buanz et al. (2019) studied the crystallisation of D-mannitol in ink jet 

printed droplets, compared to spray dried droplets. D-mannitol has 

three known polymorphs; the stable β form (orthorhombic), and the 

metastable α (orthorhombic) and δ forms (monoclinic). The crystals 

formed were very small which made analysis by powder X-ray 

diffraction (PXRD) difficult, therefore the authors used Raman 

microscopy instead to identify the polymorphic forms. Ink jet printed 

droplets were found to produce the metastable α and δ polymorphs. 

Increasing the droplet size predominantly produced the metastable α 

polymorph. However, the smallest droplets (100 pL) produced the 

stable β polymorph. In the spray dried samples, the β polymorph was 

predominant, however, when Eudragit (a polymer) was added the 

metastable forms were produced. Spray drying with Eudragit 
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favoured the metastable α polymorph supporting the author’s 

hypothesis that it is a surface induced polymorph. The authors 

proposed that the crystallisation of D-mannitol polymorphs depends 

on the presence or absence of surface to favour either the metastable 

or stable polymorphs.  

 

 

1.6 Protein crystallisation in magnetic fields 

 

Creating a single large high quality crystal for analysing the three 

dimensional structure of protein molecules for X-ray diffraction has 

proven difficult. Challenges to producing a high quality crystal include 

the initiation of nucleation and reducing the number of nuclei. 

Research has grown in the use of magnetic fields to influence the 

nucleation and growth of protein crystals. Sazaki et al. (1997) used 

a super conducing magnet (Hasebes et al. 1996) to research the 

effects of a magnetic field on the nucleation and growth of protein 

crystals. Crystallisation of horse spleen ferritin and hen egg white 

lysozyme was carried out under a uniform magnetic field of 10 T 

whilst control crystals were grown under 0 T. The results indicated 

that the magnetic field reduced the quantity of nuclei, oriented the 

crystals as well as altering the habit of the protein crystals.  

 

Hen egg white lysozyme was grown in magnetic fields in the range of 

0 – 10 T using a superconducting magnet (Yanagiya et al. 1999). The 

authors report that the degree of orientation depends on the 

container geometry and the crystal growth rate, in addition to the 

magnetic field strength. 

 

Using a superconducting magnet with a magnetic field strength of 8 T 

or 10 T crystallisation experiments were carried out on two proteins; 

human estrogenic 17b-hydroxysteroid dehydrogenase (17b-HSD1) 

and snake muscle fructose-1,6-bisphosphatase (Fru-1,6-Pase). 
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Researchers report improved quality of crystals for both proteins. (Lin 

et al. 2000). 

 

Sato et al. (2000) crystallised HEWL (hen egg white lysozyme) in high 

strength magnetic fields. A supersaturated solution was placed in the 

bore of the magnet and crystals were grown under a homogeneous 

and static magnetic field of 10 Tesla for 11 days. Their results 

indicated the magnetic field improved the quality of the orthorhombic 

crystals, the resolution of the X-ray diffraction increased and so did 

the dimensions of the unit cell.  

 

Yin et al. (2003) crystallised hen egg white lysozyme in a magnetic 

field using a 10 T superconducting magnet. Results agreed with 

previously reported experiments in that the crystals aligned to the 

direction of the magnetic field. Yin et al. also report that the magnetic 

field causes differences in the growth rates of faces, which therefore 

leads to differences in the crystal morphology.  

 

Numoto et al. (2013) used a superconducting magnet to produce 

steep gradient magnetic fields to crystallise light harvesting complex 

2 (LH 2) from a photosynthetic bacterium, Thermochromatium 

tepidum. The light harvesting complex 2 produced rod shaped 

crystals in the magnetic field and oriented parallel to the magnetic 

field direction. X-ray diffraction indicated that the crystals had 

improved R value and mosaicity. 

 

Yin (2015) reviewed recent literature and reports protein crystals that 

had enhanced crystal quality due to magnetic fields. As well as hen 

egg white lysozyme examples include; monomeric sarcosine oxidase 

(Hirose et al. 2007), bovine adenosine deaminase, (Kinoshita et al. 

2003) and bacterial UMP kinases (Tu et al. 2007). 
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1.7 Diamagnetic levitation for protein crystallisation 

 

Since Geim and co-workers (Berry and Geim 1997; Geim 1998) 

famously levitated a frog there has been increased interest in 

diamagnetic levitation. 

 

Yin et al. (2008) levitated and crystallized hen egg white lysozyme 

(HEWL) in a super conducting magnet. The supersaturated solution 

was levitated in the bore of the magnet at 22 ˚C and the 

crystallisation was captured on a CCD camera installed above the 

magnet. The researchers found that the crystal would slowly rotate 

(about 2 degrees per hour), however, the crystals inside the droplet 

would stay still relative to each other indicating that there was no 

obvious internal flow. They also discovered that most of the crystals 

were in the lower half of the droplet. The difference in density and 

magnetic susceptibility between the solution and crystals meant the 

crystals didn’t cluster together at the bottom, however they were not 

completely freely suspended either. They reported that levitation may 

have positive effects on crystal quality and it is well known to be 

effective for decreasing heterogeneous nucleation. The authors 

concluded that it was reasonable to expect a positive effect on the 

levitated crystal quality and that verification was underway in their 

group.  

 

Wada et al. (2012) used a 16 T super conducting magnet to crystallise 

protein solutions under quasi - microgravity. The samples were 

placed in a crystallisation cell in the microgravity zone of the magnet 

bore and photographs taken every week of the crystal precipitates. 

The authors summarise that a microgravity environment retards 

convection and substantially slows the crystallisation of proteins. 

Preliminary X-ray diffraction analysis suggests crystal quality 

improvement of protein crystals grown in quasi-microgravity within 

the magnet bore. 
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With the increase in interest in high strength magnetic field work 

Okada et al. (2013) developed a protein crystal formation system 

within a superconducting magnet. Using magnetic fields strong 

enough to compensate gravity samples were crystallised in the 

magnet bore within crystallisation cells. The crystallisation cells were 

temperature controlled between 4 and 20 ˚C and the system had 

observational equipment to allow in situ monitoring of the protein 

solutions. The experimental set up was able to exert high magnetic 

forces on the proteins and also reduce convection in the solutions. By 

carrying out numerical simulation analysis the authors showed that 

the magnetic force does suppress convection. 

 

 

1.8 Processing of materials using magnetic 

levitation 

 

Using a hybrid magnet consisting of a superconducting magnet and 

water cooled magnet Tagami et al. (1999) levitated and solidified 

water. Images were captured by a micro-CCD camera inside the 

magnet bore and include; the droplet before solidification, the initial 

solidification creating an ice shell, the appearance of inner water at 

the top of the ice shell and the appearance of bubbles of dissolved 

air. The researchers report their method could be applied to crystal 

growth from levitating solutions in a magnetic field.   

 

Motokawa et al. (2001) crystallised ammonium chloride (NH4Cl) and 

melted glass using magnetic levitation. Using a hybrid magnet NH4Cl 

solution was levitated at 18.1 T and 20 T. It is reported that 

crystallisation in the levitating droplet reduces the number of crystals 

grown which implies a decrease in heterogeneous nucleation which 

usually occurs due to container walls. During the 18.1 T experiment 

crystallisation grows along the surface of the droplet due to the 

sedimentation of the nucleus at the bottom of the droplet. This is 
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attributed to the liquid gas interface suggesting that mass transport 

at the interface is larger than the bulk solution. A second observation 

is that the magnetic susceptibility of NH4Cl is smaller than that of 

water meaning the crystal sediments in the droplet. However, in the 

20 T experiment the magnetic force acting on the NH4Cl crystal is 

upwards and the crystal grows on top of the droplet. This is reportedly 

the first example of sedimentation of a crystal at the top of a solution. 

 

Magneto – Archimedes levitation can be used to create large polymer 

spheres (Yamato et al. 2002). The usual method for creating polymer 

spheres is by suspension and emulsion polymerisation. However, 

difficulties arise in producing larger droplets as increasing the size 

relies on a stable suspension of monomer and a resulting high 

sphericity which becomes difficult to attain as the droplet size 

increases. Spheres produced by suspension and emulsion 

polymerisation are usually in the µm range, however using 

magneto - Archimedes levitation spheres in the range of 7-9 mm were 

created. Magneto – Archimedes levitation involves using a 

paramagnetic gas or liquid instead of air, allowing more moderate 

strength magnetic fields to be used due to the magnetic buoyancy 

given by the paramagnetic gas/ liquid in addition to the magnetic 

repelling force directly acting on the levitating particle. The monomer 

used in this study was benzyl methacrylate (which is diamagnetic) 

and the aqueous solution (suspending liquid) used was manganese 

chloride (which is paramagnetic) to create large polymer spheres. 

 

Strong magnetic fields can be used in conjunction with vertical 

vibrations to separate binary granular mixtures. Catherall et al. 

(2005) were able to separate out millet seeds and small insulating 

beads (both with a diameter of 2 mm) using a loud speaker to vibrate 

the seeds and beads vertically whilst in a strong magnetic field. Both 

the millet seeds and small insulating beads are weakly diamagnetic. 

When the beads and seeds are vibrated for 300 seconds with zero 
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magnetic field separation is poor. When the beads and seeds are 

vibrated in the upper part of the magnet bore separation is complete 

with the millet seed above the beads which is explained by effective 

gravity where the component with the lower effective gravity lies 

above the component with the higher effective gravity. A third 

experiment sees the beads and seeds being vibrated in the lower part 

of the magnet bore, separation is complete but this time the millet 

seed is lying below the beads. The component with the lower effective 

gravity once again lies on top of the lower section.  

 

Biological specimens can be levitated and moved by magnetic traps 

by taking advantage of the natural diamagnetism of virtually all 

biological specimens. Using a superconducting solenoid Coleman et 

al. (2007) levitated yeast cells using a magnetic field strength of 4.1 

to 8.5 T. Results indicate that gravity effects gene expression, whilst 

the magnetic field changed the yeast growth rate, which can also be 

linked with changes in the cell cycle and gene expression. 

 

Using magnetic levitation Mirica et al. (2009) set up a system to 

measure the densities of solids and water immiscible organic liquids 

< 1 mL. The method used two permanent magnets positioned with 

like poles facing each other, between them a container with a 

paramagnetic solution of manganese chloride dissolved in water. The 

sample was then placed into the container and the density calculated 

depending on the position of the sample in the device relative to the 

bottom magnet. As gravitational and magnetic forces determine the 

vertical position of the sample, knowing this position allows the 

density to be calculated. Very small samples sizes can be analysed by 

this method making it well suited for calculating the density of 

resource limited samples. Mirica et al. (2010) also used the same 

experimental set up to analyse water and food samples. The magnetic 

levitation device was used to estimate the salinity of water and to 

compare the contents of fat in cheese, milk and peanut butter. 
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Diamagnetic levitation can be used to levitate droplets of water and 

Hill and Eaves (2010) investigated the vibrations of a levitated droplet 

by measuring the frequencies of small amplitude shape oscillations. 

The levitating droplet levitated in a magnetogravitational potential 

trap and as such the restoring forces of the trap acted on the droplet 

surface, in addition to the surface tension increasing the frequency of 

the oscillations.  

 

Liquid bacterial cultures can be levitated using diamagnetism and 

Dijkstra et al. (2011) investigated the effect of levitation on liquid 

bacterial cultures. Escherichia coli (Gram-negative) and 

Staphylococcus epidermidis (Gram-positive) were levitated by a 17 T 

superconducting magnet. The samples were levitated in a nutrient 

liquid broth and the bore of the magnet was kept at 37 °C by forced 

air flow. A reduction in sedimentation of the cells is observed and an 

increase in the population growth rate. Microarray gene analysis 

indicated that the increased growth rate is due to enhanced oxygen 

availability. Researchers propose that the paramagnetic force on 

dissolved oxygen can cause convection around the liquid culture 

enhancing the oxygen availability to the cells.  

 

Previous studies on the common fruit fly Drosophila melanogaster 

during Earth’s orbit have shown that it walks more quickly and 

frequently during microgravity compared to its travels on Earth. 

However, the fruit flies were subject to physical and environmental 

changes during launch making it difficult to expose the control flies 

to the same changes. To address this Hill et al. (2012) studied the 

motions of D. melanogaster in a pseudo-weightless environment, 

pseudo-hypergravity environment and a normal environment using a 

strong magnetic field produced by a superconducting solenoid. 

Compared to the 1g* (* indicates the presence of a strong magnetic 

field) experiment the fruit flies had a greater mean speed in the 0g* 

experiment, and smaller mean speed in the 2g* experiment. The 
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distanced (mean-squared) travelled by the fruit flies grew more 

quickly with time in the 0g* experiment than in the 1g* experiment 

and slower in 2g* experiment. Comparing the weightlessness 

produced by diamagnetism to the weightlessness produced by an 

orbiting spacecraft the researchers identify the cause of the fruit flies 

behaviour as altered effective gravity. 

 

The effects of a diamagnetic levitation on the common fruit fly 

Drosophila melanogaster were investigated by Herranz et al. (2012). 

Using a superconducting magnet, fruit flies were levitated for up to 

22 consecutive days. A delay in the fruit flies development was seen 

from embryo to adult fly. Imagoes that developed from larvae under 

hypergravity and levitation conditions had changes in gene 

expression when analysed by microarray. Significant changes were 

observed in the expression of temperature-, immune-, and stress-

response genes. Exposure to a strong magnetic field produced similar 

effects to the genes expression independent of the hypergravity/ 

levitation conditions. 

 

Magnetic levitation can be used to separate out mixtures of different 

crystal polymorphs. Using two fixed magnets with like poles facing 

each other and a paramagnetic solution between them Atkinson et al. 

(2013) were able to separate polymorphs of four different 

compounds, trans-cinnamic acid, sulfathiazole, carbamazepine and 

5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (ROY). 

The benefits of using magnetic levitation to separate polymorphs is 

that different packing arrangements of molecules in the crystals can 

often result in different densities for the different polymorphs allowing 

easy separation and the method is non-destructive.  

 

Magnetic levitation is not just beneficial for crystallisation 

experiments as Tseng et al. (2014) used magnetic levitation to make 

a three dimensional co-culture model of the aortic valve. The aortic 
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valve co-cultures consisted of valvular interstitial cells and endothelial 

cells which were assembled using magnetic levitation and cultured for 

three days. The model created will serve as a basis to future 

experiments to help understand biology of the valve.  

 

Diamagnetic levitation can be used to study the formation of tektites; 

glassy stones which form from molten rock ejected from asteroid 

impacts Tektites often have a dumb-bell shape due to their rotation 

mid-flight before solidification. Using a superconducting magnet 

Baldwin et al. (2015) levitated liquid wax and spun the droplets using 

air from two air nozzles placed in the magnet bore. Comparison of 

the tektite dimensions with numerical models shows good agreement. 

 

Using a MagLev (magnetic levitation) device Matheys et al. (2016) 

were able to separate out crystals from cocrystals. The MagLev device 

consisted of two magnets with like poles facing each other and an 

aqueous paramagnetic solution between the magnets, for example 

manganese chloride. Cocrystals of carbamazepine and salicylic acid 

and conformer crystals of salicylic acid were separated by the MagLev 

device. In a second experiment they separated cocrystals of 

carbamazepine and camphoric acid and coformer crystals of 

camphoric acid. Results indicate that diamagnetic levitation is 

efficient in separating pure coformer crystals from the cocrystals. 

 

Diamagnetic levitation can be used to investigate the stability and 

shape of free electrically charged and spinning liquid droplets Liao 

and Hill (2017). Using a superconducting magnet droplets of water/ 

tertbutanol and ethanol were levitated and charged by using a thin 

grounded wire. In addition to Taylor cone-jet fission and binary fission 

it is observed that an unusual mode occurs which appears to be a 

hybrid of the two. 
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1.9 Processing of materials using high and low 

magnetic fields  

 

Torbet et al. (1981) were able to orient fibrin fibres within gels by 

polymerising in strong magnetic fields of up to 18 T. Comparing 

scanning micrographs of the polymerised fibres formed in the strong 

magnetic field and the control (no magnetic field) it is was 

demonstrated that the fibrin gels orientated parallel to the magnetic 

field. 

 

Multi-walled carbon nanotubes can be aligned by strong magnetic 

fields (Kimura et al. 2002). Using magnetic fields of 10 T Kimura et 

al. were able to align the carbon nanotubes in a monomer solution of 

unsaturated polyester resin, and then polymerise the monomer 

matrix. Using analytical techniques such as electrical conductivity, 

elastic modulus measurements, and transmission electrical 

microscopy (TEM) they confirmed that the multi-walled carbon 

nanotubes were aligned parallel to the magnetic field in the matrix.  

 

With the help of magnetic nanoparticles carbon nanotubes can also 

be aligned by low magnetic fields (0.2 T). Correa-Duarte et al. (2005) 

deposited layers of magnetite/ maghemite nanoparticles on carbon 

nanotubes using polymer wrapping and layer by layer assembly. 

When in a zero field, the magnetic moments of the nanoparticles 

pointed in random directions meaning there was no overall net 

magnetisation. However, when the magnetic field was applied, the 

magnetic moments of the nanoparticles aligned and the carbon 

nanotubes reoriented and formed chains of nanotubes.  

 

Strong magnetic fields can also be used to align aromatic peptide 

tubes. Hill et al. (2007) investigated the alignment of FF tubes in a 

strong magnetic field. FF is a diphenylalanine motif of the Alzheimer’s 

disease β-amyloid polypeptide. The FF tubes were suspended in a 
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HFIP-water solution (1, 1, 1, 3, 3, 3,-hexafluoro-2-propanol – water 

solution) and a substrate coated with a droplet of solution left to dry 

whilst held in a 12 T magnetic field. The peptide tube coated orifices 

where then analysed by AFM (atomic force microscopy). In the 0 T 

images there was no overall alignment and the same was observed 

with the 3 T sample. However the 7 T and 12 T images indicated that 

the tubes align with their long axis parallel to the magnetic field. 

 

Supramolecular chirality can be selected using gravitational, 

rotational and orienting forces during self-assembly (Micali et al. 

2012). Most biological molecules only exist in one enantiomer as left 

or right handed forms and it was shown that this can be selected by 

using magnetic forces. Using J-aggregates of achiral tris-(4-

sulfonatophenyl)phenylporphyrin (TPPS3) and magnetic field 

strengths of up to 25 T the authors investigated selective chirality. 

Samples of aggregating TPPS3 solution were placed in vials in a 

magnet bore, and rotated clockwise or anticlockwise at a fixed 

frequency, temperature and field strength. Once the experiment was 

complete the samples were left to stand for three days. Magnetic and 

rotational forces generated an external chiral influence which caused 

the TPPS3 to self-assemble. Over time the small nano-assemblies 

(short helices) grew into larger chiral structures. Depending on the 

symmetry of angular momentum (either clockwise or anticlockwise 

rotation) and the effective gravity the system grew into left or right 

handed aggregates.  

 

High strength magnetic fields have been used to orient polymer 

stabilised liquid crystals (PSLC). Polymer stabilised liquid crystals 

consist of a polymer mesh and a continuous liquid crystal phase. The 

purpose of the polymer mesh to assist in the alignment of the liquid 

crystalline bulk by acting as an anchor. The macroscopic order in 

polymer stabilised liquid crystals depends on two effects; the order 

parameter and the domain order parameter. The domain order 
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parameter is induced by external stimuli for example electric fields, 

magnetic fields and substrates, and the order parameter is given by 

the temperature. Fernandez et al. (2015) studied thick polymer 

stabilised liquid crystals that were unsuitable for substrate 

interactions, and used magnetic fields for the alignment instead. 

Using 4-octyl-4’-cyanobiphenyl based crystal polymer liquid crystals 

they showed how the magnetic field and temperature can influence 

the overall order parameter. Samples polymerised in magnetic fields 

in excess of 5 T and at room temperature were optimal for 

macroscopic alignment. 

 

Using magnetic fields it has been shown that it is possible to direct 

peptide assembly in liquid crystal templates. The advantages of using 

magnetic fields are that it is a non-contact method that applies to all 

shapes and sizes, whilst the liquid crystal template also provide high 

magnetic susceptibilities. van der Asdonk et al (2016) used a 

magnetic field to align peptide amphiphiles in a lyotropic chromonic 

liquid crystal template. The peptide amphiphiles self-assembled in the 

aqueous liquid crystal template and as time elapsed they bundled into 

micron – millimetre sized structures. The magnetically responsive 

lyotropic chromonic liquid crystal template was found to reduce the 

magnetic field required for alignment by 10 fold. The authors 

proposed that this magnetic field reduction for alignment opens up 

the possibility to create more complex structures at higher magnetic 

fields. The method may have the potential to make complex 

structures of functional soft matter. 

 

Stopin et al. (2016) created an anisotropic organogel, formed using 

magnetic fields to align polymeric organogels. Applying a magnetic 

field during the gelification of poly(3-hydroxybutyric acid-co-3-

hydroxyvaleric) acid in toluene an anisotropic organogel was created. 

The authors proposed there are two alignment steps in the process; 

in the liquid phase and during gelification. Using low magnetic fields 
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of 2 T the fibres in the material could be aligned giving the organogel 

the property of birefringence. The organogel was also found to be 

anisotropic, changing from transparent to opaque upon rotation of a 

polarizer. 

 

 

1.10 Containerless processing of pharmaceuticals  

 

Containerless methods have allowed research into non equilibrium 

forms that cannot be made by other means, which often have novel 

structures. These methods also can be used to investigate high 

temperature melts and glasses (Price 2010; Weber et al. 2012). 

Recent developments also include acoustic levitation experiments on 

supercooled liquids made from pharmaceutical and organic 

substances. Acoustic levitation experiments can also be used to 

research low temperature supersaturated solutions (Weber et al. 

2012). 

 

Active pharmaceutical ingredients with poor solubility can lead to 

reduced efficacy of medication. However, bioavailability and solubility 

can be increased by vitrification (Willart and Descamps 2008; 

Kawakami 2009). In 2011, Benmore and Weber (2011) used acoustic 

levitation to develop a method for synthesizing pharmaceuticals in 

the amorphous form. The proof of concept method was demonstrated 

for several drugs with different glass forming abilities. The developed 

method was used to investigate the ability of the acoustic approach 

to produce amorphous forms of different drugs; the two main 

variations on the method were explored including laser heating and 

solvent evaporation. Ibuprofen, dibucaine, clotrimazole, ketoprofen, 

were dissolved in ethanol and probucol in acetone, and the solutions 

introduced into the acoustic levitator by a 1 mL syringe. A high energy 

X-ray diffraction beamline was used to analyse the structure of the 

starting materials, the samples produced from the levitator and 
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monitor the evaporation progress. As high energy X-rays are very 

sensitive to glass formation they could accurately determine the 

amount of amorphous material to within approximately 0.2% 

compared to a few percent using a laboratory X-ray source. Benmore 

and Weber observed that as the levitated liquids evaporated a 

supersaturated solution formed, which lead to the formation of a 

viscous amorphous gel. To preserve the amorphous form the gels 

were quenched in a small volume of liquid nitrogen. The cold solid 

sample(s) were then recovered, re-levitated and whilst re-warming 

to room temperature in situ X-ray measurements taken. Ibuprofen, 

clotrimazole, clofoctol and ketoprofen remained amorphous despite 

the cryogenic temperatures, indicating that they could be stored at 

low temperature. The dibucaine and probucol shattered upon 

immersion in liquid nitrogen and dibucaine fragments were found to 

be crystalline. 

 

The second method applied by Benmore and Weber (2011) involved 

the levitation of solid crystalline pharmaceutical compounds which 

were heated by a CO2 laser beam whilst levitating. The melted 

levitating droplets were then repositioned out of the laser beam 

where they cooled and formed glassy or partially glassy solids. For a 

non-levitated comparison the same pharmaceutical compounds were 

heated by a laser in a copper hearth; under these conditions all the 

samples formed polycrystalline forms. Miconazole nitrate, 

carbamazepine and cinnarizine when levitated and heated were found 

to be fully vitrified, whereas the non-levitating samples left to cool in 

containers formed the crystalline form.  

 

In summary, the levitated melt quenched carbamazipine and 

cinnazirine remained completely amorphous for a minimum of four 

months. However, clofoctol crystallised out within a few weeks and 

dibucaine a few minutes. The authors propose that their levitation 

technique offered a new route to processing amorphous materials. 
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Weber et al. (2012) published an article that briefly reviewed the 

advances made in acoustic levitation and presented more details on 

their levitation experiments. They demonstrate that acoustic 

containerless methods can produce amorphous ibuprofen and 

carbamazepine; these are both low molecular weight drugs which are 

typically hard to vitrify and usually form unstable glasses. Work was 

therefore in progress to investigate the stability of the amorphous 

materials made and to investigate the addition of stabilizers to 

composition. 

 

Rehder et al. (2013) were able to acoustically levitate particles and 

monitor the real time solid state phase transformations by using NIR 

(near infrared) and Raman spectroscopy. Prior to levitation they 

created amorphous ibuprofen by quench cooling (heating the material 

until molten and then quickly cooling it by pouring into liquid 

nitrogen). The authors then levitated a single amorphous glassy state 

ibuprofen particle in an acoustic levitator. At ambient temperature 

the particle transformed from the glassy state to a rubbery state and 

then recrystallized within a few minutes. NIR and Raman 

spectroscopy tubes were placed near to the levitating droplet to 

obtain spectroscopic data. The authors showed that acoustic 

levitation in combination with Raman spectroscopy, NIR and MCR 

(multivariate curve resolution) are valuable for monitoring solid state 

phase transformations. Raman spectroscopy was beneficial as it gave 

an insight to recrystallization on the molecular level, whereas NIRs 

could give an estimation of recrystallization kinetics. MCR data 

analysis was a useful tool in the analysis of the results; despite the 

small sample size and poor signal to noise ratio. 

 

Using acoustic levitation Leiter et al. (2008) followed the 

crystallisation of vitamin c and aspirin as it crystallised from a 

levitating saturated solution. By using in situ X-ray diffraction the 

authors were able to monitor the crystallisation of the droplets.  
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In conclusion, several different groups have looked at diamagnetic 

levitation for improving protein crystal quality/ growth, which are 

promising. However, little research has been carried out on the 

crystallisation and amorphisation of pharmaceuticals using 

diamagnetic levitation. Benmore and Weber (2011) have recently 

carried out research on the amorphisation of pharmaceuticals using 

acoustic levitation. However, acoustic levitation has limitations such 

as the size of sample that can be levitated. Therefore, in this thesis 

we intended to explore the fundamentals of crystallisation by using 

diamagnetic levitation as a way to control the environment. 

Diamagnetic levitation has the potential to levitate much larger 

droplets than acoustic levitation which can only levitate droplets/ 

samples with diameters no more than half the size of its wavelength 

(typically 5 mL to 5 µL). Unlike crystallisation in droplets within a 

microfluidic device, there is no need for a surfactant or oil to emulsify 

the droplet as it floats freely when levitated by diamagnetism. Using 

the magnet set up at the University of Nottingham different 

parameters such as the air flow and temperature within the magnet 

bore can also be controlled. The crystallisation process can also be 

monitored with cameras and mirrors in-situ giving a unique insight to 

the crystallisation process in diamagnetic levitation. We intended to 

also explore containerless crystallisation of pharmaceutical 

compounds using diamagnetic levitation. 

 

Research into the effects of high and low magnetic fields on different 

materials has been undertaken by several different groups For 

example, peptide nanotubes can be aligned by high strength 

magnetic fields (Hill et al. 2007) and more recently magnetic fields 

have been used to crystallise a different polymorph of coronene; a 

polycyclic aromatic hydrocarbon (Potticary et al. 2016). Little 

research has explored the effect of high/ low strength magnetic fields 

on the polymorph formation of different pharmaceuticals, so in the 
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later part of this thesis (chapter 6) magnetic fields for polymorph 

selection is explored.   

 

 

1.11 Aims 

 

The aims of this thesis were to investigate the use of diamagnetic 

levitation as a containerless crystallisation technique to study the 

fundamentals of crystallisation. We aimed to explore the 

crystallisation, amorphisation and polymorphism of pharmaceutical 

compounds. We also intended to explore changing the physical 

properties of the droplet, for example the pharmaceutical compound 

used, the concentration of the drug, the volume of the droplet and 

the solvent used. As well as physical conditions we aimed to change 

the environmental conditions, for example the strength of the 

magnetic field, temperature of the magnet bore along with the 

nitrogen/ air flow used. A secondary aim was to investigate the 

potential of high and low magnetic fields for the formation of 

pharmaceutical polymorphs which involves crystallisation at a fixed 

point in the centre of the bore i.e. not levitating. 

 

The work herein discusses the experimental methods performed in 

this thesis. The experimental configurations of the magnet system at 

the University of Nottingham and analytical techniques/ methods are 

described in more detail. Chapter 3 focuses on creating reference 

materials and spectra for each pharmaceutical compound. For 

example, producing amorphous versions and different polymorphic 

forms of the pharmaceutical compounds to be studied. Once the 

amorphous/ polymorphic forms had been produced they were 

analysed using different analytical techniques. The analytical 

techniques employed include DSC, FT-IR (ATR) and handheld Raman. 

Chapter 4 is a proof of concept chapter where the levitation of 

paracetamol solutions is explored. A secondary aim was investigating 
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diamagnetic levitation for polymorphic control i.e. was it possible to 

selectively create form II paracetamol in the magnet? In chapter 5 

we explored the use of diamagnetic levitation for the amorphisation 

of clotrimazole These initial experiments were compared to the 

acoustic levitation work carried out by Benmore and Weber (2011). 

Chapter 6 explores low strength magnetic fields for polymorph 

selection. Pharmaceutical compounds paracetamol, clotrimazole, 

propranolol and the polyaromatic hydrocarbon coronene are 

crystallised in the magnet bore under low strength magnetic fields. 

In chapter 7 the results are discussed and future work suggested. 
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2 Instrumental methods 

2.1 Experimental configurations 

2.1.1 The magnet system at the University of Nottingham 

 

Within the Mag Lev lab at the University of Nottingham there are two 

superconducting magnets. The first magnet, the Cryogenic 

(Cryogenic Ltd, London), has been used for most experiments 

performed within this thesis. The cryogenic magnet is an 18.5 T 

(185,000 Gauss) superconducting solenoid magnet. The magnet has 

a vertical 58 mm diameter bore that is kept at room temperature due 

to insulation from the liquid helium coolant at 4K (-269.15 °C). Figure 

2-1 shows the laboratory with the Cryogenic Ltd superconducting 

magnet in the centre.  

 

 

 

 

Figure 2-1 The Cryogenic Ltd superconducting magnet based in the 

Mag Lev lab at the University of Nottingham. The red and white 

tape on the floor denotes the 30 Gauss field line, and no magnetic 

objects are permitted within this circumference.  

 

 

The second magnet within the Mag Lev lab is the Oxford magnet 

(Oxford Instruments, Abingdon, UK), which like the Cryogenic 

Superconducting 

magnet 

High magnetic 
field line 
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magnet is a superconducting solenoid magnet. The solenoids are 

cooled by liquid helium and are contained in a thermally insulated 

vessel. The Oxford magnet can support a field of 17 T (170,000 

Gauss).  

 

 

2.1.2 The bore insert for the Cryogenic magnet 

 

As explained in section 2.1.1 the Cryogenic magnet has a vertical 

bore where the levitation experiments are performed. To control the 

temperature of the bore, a bore insert was designed and made by the 

technicians working within the School of Physics at the University of 

Nottingham. The bore insert was connected to a thermostatically 

controlled (GR150; Grant Instruments (Cambridge) Ltd., Royston, 

UK) 20 L water bath (R4 series refrigerated circulating bath, Grant 

Instruments, (Cambridge) Ltd, Royston, UK) using foam lagged 

polypropylene tubing which connected to the bottom of the bore 

insert (Figure 2-2). Connecting the bore insert to a water bath with 

an external pump allowed water to flow around the bore insert and 

back into the water bath allowing the temperature of the bore insert 

to be maintained. 
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Figure 2-2 A schematic of the bore insert set up within the magnet 
bore. The bore insert was connected to a water bath using foam 

lagged polypropylene tubing which allowed the temperature of the 

bore insert to be set at the required temperature. 

 

 

2.1.3 Collection devices and sample holders 

 

In chapter 4 paracetamol solutions were levitated and over time as 

evaporation occurred paracetamol crystals formed. Once the crystals 

were too heavy for the magnetic field to levitate they would fall out 

of the solution. To collect the crystals a collection device consisting of 

a plastic petri dish (35 mm diameter), and a non-magnetic pole was 

created. The petri dish was modified by cutting a large circle hole in 

the lid, leaving just the rim, allowing filter paper to be held in place 

when in the centre of the bore. A small amount of sticky tape would 

sometimes be required to hold the plastic rim in place as it had a 

tendency to levitate when in position. For aqueous samples the petri 

dish was filled with silica gel (self-indicating, BHD, Poole, England) 

and covered with a layer of filter paper (Schleicher & Schuell, 

Whatman, UK). For ethanolic samples tissue paper was used instead 

of the silica gel. The petri dish, contents and lid were placed into the 
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petri dish holder and inserted into the bore insert before performing 

a levitation experiment (Figure 2-3 a).  

 

In chapter 6 low field experiments are undertaken, which involved 

placing the pharmaceutical solutions in a cuvette within the magnet 

bore whilst evaporation and crystallisation occur. A cuvette holder 

was designed by cutting a small square with rounded edges in a non-

magnetic metal plate which was then attached to a non-magnetic pole 

(Figure 2-3 b). 
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Figure 2-3 (a) A diagram of the petri dish sample collector within the magnet bore insert  (b) A diagram of the cuvette 

holder within the magnet bore insert .
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2.1.4 Apparatus to observe levitating droplets 

 

In chapters 4 and 5 levitating droplets are filmed from above (bird’s 

eye view). A Fire-i digital camera (Unibrain S.A., Athens, Greece) was 

mounted on a clamp stand above the magnet bore to allow imaging 

from above of the levitating droplet. The camera was modified to 

allow it to be used in close range of the magnetic field, by removing 

non-essential ferromagnetic parts, such as screws, and replacing 

them with brass equivalents. The firewire cables were also stripped 

of non-essential magnetic parts.  

 

To image the droplet from the side (chapter 5) a 25 mm2 mirror 

(Melles-Griot, Carlsbad, California) was attached to a 45° nylon 

wedge. The nylon wedge was attached to an aluminium ruler (Wickes, 

Northampton, UK) and was lowered down into the bore of the 

magnet, being held in position (just below the levitation point of the 

droplet) by a clamp stand (Figure 2-4).  
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Figure 2-4 A diagram of equipment used to film the levitating 

droplets from the side (using a 45 ° mirror carefully positioned 

under the levitating droplet). 

 

 

2.1.5 Air/ nitrogen flow in the magnet bore 

 

Initially air or nitrogen was blown in an upward direction into the 

magnet bore. The set up consisted of attaching the air/ nitrogen line, 

controlled by an airflow meter gage (Cole-Palmer, St. Neots, UK) to 

the bottom of the petri dish sample holder’s non-magnetic pole. The 

non-magnetic pole was hollow and had holes drilled into it to allow 

airflow to reach the droplet. This set up has been named set up 1 and 

is displayed in Figure 2-5. 
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Figure 2-5 Schematic diagram of set up 1 with the air/ nitrogen 

line attached to the bottom of the petri dish sample holder pole, 

which is hollow to allow the air to flow around the droplet.  

 

 

For later experiments where keeping the droplets free from dust, 

which could cause unwanted nucleation was a priority a Perspex box 

was designed to sit on top of the magnet covering the magnet bore. 

The Perspex box had an inlet to allow compressed air or nitrogen to 

be blown into the box keeping it at a positive pressure. This set up 

has been named set up 2 (Figure 2-6). 
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Figure 2-6 (a) A schematic diagram of set up 2 which includes the 

Perspex box on top of the magnet along with the air/ nitrogen line 

attached to the inlet on the box (b) A picture of the magnet set 

up. 



 

62 

 

2.2 Analytical techniques 

 

In most levitation experiments (chapter 4 and 5) a droplet consisting 

of a pharmaceutical drug in solution is levitated until the drug 

crystallises, and for comparison a control sample is also crystallised 

out (usually in a Falcon tube). The samples are then analysed by DSC, 

FT-IR (ATR), handheld Raman and optical microscopy, which is 

summarised in Figure 2-7. 

 

 
 

 

Figure 2-7 A flow chart of the method for collecting crystals from 
levitating and non-levitating samples and analytical methods used. 
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2.2.1 Optical microscopy & polarised light microscopy theory 

 

Using a two-step magnification process an optical microscope can 

attain magnification of 1000x or more. The optical microscope 

contains two lenses; the objective and the eyepiece. The sample is 

loaded on to the microscopes stage (which moves up and down to 

focus the sample) positioned below the objective; which is a 

converging lens with a relatively short focal length. The objective 

creates a magnified real image that is further enlarged by the 

eyepiece. Commonly the microscope will have a prism that bends the 

light path so that the eyepiece is at a comfortable angle (Knight 

2008).  

 

An optical microscope uses white light which vibrates in all directions 

and can be seen by the human eye. However, a polarising microscope 

uses polarised light which vibrates in one direction only and cannot 

usually be seen by the human eye.  

 

A polarised microscope is beneficial when viewing birefringent 

anisotropic materials. An anisotropic material is one that has two 

refractive indices and does not have the same optical properties in all 

directions. For comparison isotropic materials, for example most 

gases and liquids, have the same optical properties in all directions 

(i.e. they have one refractive index).  

 

Many optical microscopes can be modified to view samples with cross 

polarised light (when the polarisation directions of the analyser and 

polariser are 90° apart producing extinction (no light)) (see Figure 

2-8). The polariser can be manually rotated and is usually located in 

the light path beneath the sample, usually below the microscope 

stage. The filter is aligned horizontally, with the particles it is 

composed of arranged in one direction only. The polariser therefore 

only lets light through that is vibrating along its polarising axis and 
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absorbs light that is traveling in other directions. The analyser is a 

second polariser that slots in between the eye pieces and the 

objective lenses, it is aligned vertically. 

 

 

 

 

Figure 2-8 Schematic diagram of a conventional polarising 
microscope. Image taken from Koike-Tani et al. (2015). 

 

 

The microscope’s light source light travels upwards, however the 

polariser will absorb any light that is not travelling along the 

polarisation axis. The light will then travel through the sample and up 

to the analyser which if set at a position 90° to the first polariser (e.g. 

they are crossed polarisers) will block any light that is not traveling 

in its own polarization axis, which is 90 ° to the first filter. After 

travelling through both polarization filters the viewer therefore only 

sees darkness.  
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Materials such as crystals, minerals and fibres can be identified using 

polarised microscopy. When the polarisers are aligned at 90° to each 

other no light is able to pass through, however, adjusting the angle 

of the polariser allows light through at different angles, allowing you 

to visualise different features of the sample.  

 

For example, isotropic samples always appear dark when light travels 

through them, compared to an anisotropic sample which will appear 

bright as they reflect the light. A birefringent anisotropic sample will 

have different components that can be seen at different angles, 

meaning that if you rotate the polariser (or the sample stage if your 

microscope has a rotating option) it will cause different parts to “black 

out” as you rotate through the different angles (Chayen 1983).  

 

 

2.2.1.1 Method for optical (or polarised) microscopy analysis 

 

Approximately 5 mg of sample was placed on a glass microscope slide 

and viewed using a GX top down optical microscope (GXM-L3201 

LED) under x4 magnification; samples were also viewed using crossed 

polarisers. Images were recorded digitally. 

 

 

2.2.2 Differential scanning calorimetry theory 

 

Differential scanning calorimetry (DSC) is a thermo-analytical 

technique. Calorimetry is the measurement of heat changes, and 

since most physical transitions and all chemical reactions create heat 

(exothermic) or consume heat (endothermic) these changes can be 

detected.  
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Calorimeters are currently used in pharmacology, cell biology, 

chemistry, biochemistry, biotechnology and bioscience (Sturtevant 

1987; Bruylants et al. 2005; Gill et al. 2010) However, it wasn’t until 

the 1960s when Perkin Elmer introduced their DSC that the potential 

of differential calorimetry was recognised as a technique for 

pharmaceutical analysis (O’Neill 1966; Knopp et al. 2016). DSC has 

gained wide spread use in the pharmaceutical industry in the 

determination of melting points, boiling points, stability, purity and 

polymorphism. In theory, the melting transition of an absolutely pure 

crystalline substance should occur over a very small temperature 

range, the broadening of this range would indicate impurities (van 

Dooren and Müller 1984). DSC has gained popularity due to its 

simplicity, speed and small sample size (1 - 10 mg). 

 

A typical DSC consists of a measurement chamber containing two 

sensors (Figure 2-9). The sample is then weighed into a pan (usually 

aluminium) and placed on the sensor (thermocouple). The second 

sensor has the standard placed on it (usually an empty pan) for 

comparison. Usually, the calorimeter is set to increase the 

temperature at a constant rate while being purged with inert gas. The 

difference in heat flow between the sample and empty pan is 

measured as a function of temperature and time (O’Neill 1966; Knopp 

et al. 2016).  
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Figure 2-9 Schematic diagram of heat flux differential scanning 

calorimeter (DSC). Adapted from Clas et al. (1999) and Kodre et 

al. (2014). 

 

 

Therefore, DSC can be used quantitatively or qualitatively to look at 

thermal events such as changes in heat capacity or enthalpy (Knopp 

et al. 2016). For example, an endothermic event such as a solid 

melting to a liquid, will require more heat to raise the sample 

temperature. Likewise, an exothermic event such as crystallisation 

requires less heat to raise the sample temperature (Kodre et al. 

2014). 
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Figure 2-10 An example differential scanning calorimetry scan of 

sucrose (undried), showing the glass transition temperature (T g), 

recrystallization exotherm temperature (T c) and enthalpy (ΔH c), 
melting endotherm temperature (Tm) and enthalpy (ΔH f) and onset 

of degradation. Data were recorded at 10K min-1. Endotherm 

transitions are down. Figure taken from Clas et al. (1999). 

 

 

2.2.2.1 Method for DSC analysis 

 

Approximately 5 mg of sample was loaded into aluminium Tzero, 

hermetically sealed pans and loaded into the DSC. Samples were 

ramped from -40 to 200 °C at 10 °C/ min. DSC curves were recorded 

on the TA instruments Q2000, starting temperature ambient, heating 

rate 10 ˚C/ minute and final temperature 200 ˚C. Nitrogen flow was 

set at 150 mL/ minute dry gas and 80 mL/ minute purge gas.  

 

 

2.2.3 Fourier transform infrared spectroscopy theory 

 

FT-IR (Fourier transform infrared) spectroscopy is an analytical 

technique that uses infrared radiation to analyse samples. The 

instrument works by determining how much of the incident light is 
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absorbed at a specific wavelength. It then produces a spectrum 

characterizing the vibrations of the bonds within the molecule 

(Beasley et al. 2014). As an approximate rule, functional groups 

absorb in the range 4000 to 1500 cm-1 with triple and double bonds 

exhibiting higher wavenumbers than single bonds. Wavenumbers 

below 1500 cm-1 are significant for ring vibration, bending and 

deformation which can be specific to a compound. This range is often 

referred to as the fingerprint region (Schmitt and Flemming 1998).  

 

There are two main types of IR instrument; dispersive instruments 

and Fourier transform instruments. In dispersive instruments a 

monochromator is used to select each wavenumber sequentially to 

allow it to monitor the intensity of the radiation once it has passed 

through the sample. Fourier transform instruments work without 

needing dispersion, they can create a radiation source that can 

monitor individual wavenumbers within a one second pulse of 

radiation. In a Fourier transform (FT-IR) instrument an 

interferometer is used instead of a monochromator. The 

interferometer relies on a moving mirror which displaces part of the 

radiation created by a source (Figure 2-11). This produces an 

interferogram which can be converted using a Fourier transform, 

allowing the spectrum to be extracted from a series of overlapping 

frequencies. Fourier transform instruments have the advantage that 

they can acquire a full spectral scan in about 1 second compared to 

2-3 minutes for the dispersive technique. Another advantage is that 

FT-IR is attached to a computer allowing multiple spectral scans to 

be taken and then averaged to improve the signal: noise ratio 

(Watson 2005).   
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Figure 2-11 A schematic diagram of Michelson interferometer used 

in FT-IR instruments. Adapted from Watson (2005) and Harris 

(2010). 

 

 

Attenuated total reflectance (ATR) is an attachment for an FT-IR 

instrument that allows fast and simple analysis. Traditionally liquid 

samples are run sandwiched between two sodium chloride (NaCl) or 

potassium chloride (KCl) discs. Solid samples are ground up with 

potassium bromide (KBr), transferred into a die block and 

compressed into a disc (Watson 2005). Potassium bromide is used in 

sample preparation as it has no significant peaks in the mid IR range 

and can easily be made into a smooth transparent disc when mixed 

with other powders. However, when using ATR no sample preparation 

is required - the sample is placed on the optic window with a zinc 

selenide (ZnSe) ATR crystal held in place using a compression clamp. 

ATR works by total internal reflection which measures the changes 

that occur when an internally reflected IR beam comes into contact 

with the sample through a diamond or zinc selenide crystal. When a 
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sample is analysed the resulting evanescent wave is attenuated in 

the regions of the IR spectrum where the sample absorbs energy 

(Hind et al. 2001; Glassford et al. 2013; Beasley et al. 2014). 

 

 

2.2.3.1 Method for FT-IR (ATR) analysis 

 

A small sample (approx. 1 – 10 mg) was placed on the diamond ATR 

crystal of the Agilent Cary 630 FT-IR and held in place using a 

compression clamp. Spectra were obtained by scanning in the range 

of 600 to 4000 cm-1. 

 

 

2.2.4 Handheld Raman spectroscopy theory 

 

Raman spectroscopy is a vibrational technique which is popular due 

to its easy sampling methods and specificity. One advantage is that 

samples can be analysed directly or even through transparent 

containers. Raman spectroscopy is named after Professor C. V. 

Raman, who in 1928 observed the Raman scattering effect when he 

used a telescope to direct sunlight onto his samples. He was later 

awarded the Nobel Prize in 1930 (Harris 2010). For pharmaceutical 

materials Raman spectroscopy can be used to gain information on the 

structure, bonding, crystallinity and polymorphs of a sample. 

 

In the last 20 years enhanced technical developments and 

miniaturisation of instruments has allowed relatively cheap portable 

instruments to be developed (Kudelski 2008; Carron and Cox 2010). 

Hajjou et al. (2013) investigated the potential of using handheld 

Raman in evaluating medicines and found it valuable in detecting 

counterfeit medicines. Witkowski (2005) also used Raman 

spectroscopy in the detection of counterfeit and adulterated 
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pharmaceutical products. Raman spectroscopy can even be used 

through a tablet blister pack if necessary (de Veij et al. 2007); many 

blister packs are made from material that is a suitable spectral 

window as the scattering radiations and excitation both lie within a 

narrow spectral interval, unlike IR where absorption of the sample 

and packaging overlap in the spectral range (Kudelski 2008).  

 

The Raman effect is the occurrence of inelastic scattering of light, 

which occurs when the shift in wavelength of radiation scattered by 

molecules have a different frequency from that of the incident beam.  

The shift in wavelength is influenced by the chemical structure of the 

molecules in the sample. Raman spectroscopy uses the scattered light 

to gain information about the molecular vibrations to determine the 

structure, electronic environment and even the bonding of the 

molecule (Das and Agrawal 2011). Raman spectroscopy also allows 

the quantitative (by measuring frequency of scattered radiations) and 

qualitative analysis of samples (intensity of scattered radiations) 

(Bumbrah and Sharma 2016).  

 

As with spectrum produced from other vibrational techniques (e.g. 

infrared spectroscopy) the Raman spectrum can be classed as a 

compound’s fingerprint. Raman spectroscopy is a scattering 

technique and is based on the inelastic scattering (Raman scattering) 

of monochromatic light (usually a laser) interacting with vibrating 

molecules. When a monochromatic laser interacts with the molecules 

in the sample it scatters light, this scattered light has a different 

frequency to the incident light (inelastic scattering) and this is used 

to create the Raman spectrum (Bumbrah and Sharma 2016).  

 

A typical Raman spectrometer is contains a light source (usually a 

laser), a monochromator, a sample holder and a detector (Figure 

2-2).Raman spectroscopy consists of a monochromatic laser beam 

which illuminates the sample. The radiation then interacts with the 
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molecules in the sample which then scatter the light. The scattered 

light can have a frequency that is different from the incident light 

(inelastic scattering, Raman scattering) or it can have an equal 

frequency to the incident radiation (elastic scattering, Rayleigh 

scattering). The majority of scattering that occurs is elastic (Rayleigh) 

which is filtered out by a filter in the instrument allowing the inelastic 

(Raman) scattering to be dispersed onto the detector, allowing a 

Raman spectrum to be produced (Bumbrah and Sharma 2016; 

Rostron et al. 2016).  

 

 

 

 

 

Figure 2-12 Schematic diagram of Raman spectrometer. Image 
adapted from Watson (2005). 
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2.2.4.1 Method for handheld Raman analysis 

 

A small sample (ca. 20 mg) was placed in a glass vial and loaded into 

the DeltaNu ReporteR hand held Raman spectrometer (SciApps) and 

scanned between wavenumbers 300 and 2000 cm-1. 
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3 Creating reference materials 

3.1 Introduction 

 

In this chapter pharmaceutical compounds paracetamol, clotrimazole 

and propranolol are characterised. Paracetamol and clotrimazole 

were used in levitation studies described in chapters 4 and 5. 

Propranolol, along with paracetamol and clotrimazole were used in 

the low field studies in chapter 6. In order to compare the effects of 

magnetic fields and containerless crystallisation as obtained through 

diamagnetic levitation it was important to develop well characterised 

reference materials. Therefore in this chapter we provide an overview 

of the pharmaceutical compounds used in later chapters and the 

production and characterisation of the required reference materials. 

 

Paracetamol was chosen as the first active pharmaceutical (API) for 

investigations of diamagnetic levitation (chapter 4) as it has been 

widely studied and is well characterised. Paracetamol has three 

polymorphs, the monoclinic form I, an orthorhombic form II, and the 

elusive form III. Clotrimazole was chosen as a second API (chapter 

5) to show comparison of the diamagnetic approach to Benmore and 

Weber’s acoustic levitation method where they successfully 

amorphised clotrimazole (Benmore and Weber 2011). Propranolol 

was selected as a third API for the low field studies (along with 

paracetamol and clotrimazole) in Chapter 6, as it has four well 

characterised polymorphic forms (Bartolomei et al. 1998). 

 

 

3.1.1 Paracetamol 

 

Paracetamol (Figure 3-1) is a commonly used analgesic drug, with 

many millions of paracetamol tablets being manufactured each year. 
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Paracetamol has been researched extensively and three polymorphs 

have been found. The two best characterised polymorphic forms are 

monoclinic (form I) and orthorhombic (form II) paracetamol. The 

crystal structures of form I (monoclinic) (Haisa et al. 1974) and form 

II (orthorhombic) (Haisa et al. 1976) were published in the 1970s 

(Nichols and Frampton 1998). The monoclinic form of paracetamol is 

the most thermodynamically stable in ambient conditions, whilst the 

orthorhombic form is metastable (Delmas et al. 2013). In both of the 

paracetamol polymorphs molecules are linked by −OH···O=C− 

hydrogen bonds, as well as the −NH···OH− bonds which give a layer 

pleated effect in form I and flat layer in form II (Smith et al. 2014).   

 

 

 

Figure 3-1 (a) The structure of paracetamol (Perlovich et al. 2007) 
(b) The 3D structure of paracetamol, with red indicating an oxygen 

atom and blue a nitrogen atom (Kolesov et al. 2011) (c) The crystal 

structure of monoclinic paracetamol (form I) (d) The crystal 

structure of orthorhombic paracetamol (form II). Image adapted 
from Thomas et al. (2011). 
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A third polymorphic form, Form III was reported in the 1980s; 

however, it has remained elusive ever since (Burger 1982). Form III 

is difficult to isolate due to its stability and is believed to be an 

intermediate in the formation of form II (Di Martino et al. 1997; 

Nichols and Frampton 1998). However, more recently form III has 

been isolated and characterised (Burley et al. 2007; Perrin et al. 

2009). 

 

Evidence of paracetamol forms IV and V has been found at high 

pressure (Smith et al. 2014). By conducting high pressure Raman 

measurements the authors have shown evidence of form IV and V at 

~ 8 and ~ 11 GPa respectively. 

 

 

3.1.1.1 Form I paracetamol (monoclinic)  

 

Monoclinic paracetamol is stable at room temperature and is used 

commercially; however, it is not manufactured by direct compression 

due to poor compaction properties. The puckered hydrogen bonds on 

the sheets of molecules (Figure 3-1) do not allow the sheets to slip 

over one another very easily during direct compression (Haisa et al. 

1976; Burley et al. 2007). Therefore, form I must be wet granulated 

before tableting (Garekani et al. 2000; Burley et al. 2007). Compared 

to direct compression, wet granulation is a slower, more expensive 

and a complex method for manufacturing tablets. Therefore, research 

is being carried out on the crystallisation process to try and improve 

compressibility in the efforts to manufacture paracetamol tablets 

using the more efficient process of direct compression. 

Physicochemical properties, such as being compressible and free 

flowing, are important for the production of high quality tablets by 

direct compression. For example, Fachaux et al. (1995a), modified 

the crystallisation process using dioxane to produce sintered crystals. 
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The porous nature of the crystals improved compression by allowing 

distribution of force and thus giving plasticity (Fachaux et al. 1995b). 

 

 

3.1.1.2 Form II paracetamol (orthorhombic)  

 

The crystal structure of orthorhombic paracetamol includes slip 

planes (Figure 3-1) which allow plastic deformation upon compression 

(Di Martino et al. 1997; Nichols and Frampton 1998). Therefore, it 

has been assumed that the orthorhombic form will have processing 

advantages compared to form I paracetamol. In addition to the 

benefit of being more suitable for direct compression, evidence 

suggests that orthorhombic paracetamol may also be slightly more 

soluble than the monoclinic form (Sohn 1990; Nichols and Frampton 

1998). 

 

There is much interest in producing orthorhombic paracetamol and 

research is being carried out on an optimisation process, as this could 

lead to reduced manufacturing costs. Orthorhombic paracetamol has 

been made by the slow cooling of melts and from ethanolic solution. 

Haisa et al. (1974) produced orthorhombic crystals by slowly 

evaporating ethanol solution, whilst Nichols and Frampton (1998) 

produced orthorhombic paracetamol from ethanol using a seeding 

technique. Crystallisation from ethanolic solution still needs 

improving as the yield is less than 30% (Al-Zoubi et al. 2002a) and 

the orthorhombic paracetamol easily converts back to the monoclinic 

form upon contact with the solvent (Nichols and Frampton 1998). The 

melt crystallisation is not very suitable for the large scale and isn’t 

very reproducible (Di Martino et al. 1997). 
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3.1.1.3 Form III paracetamol 

 

To produce form III paracetamol it seemed necessary to use closed 

conditions with Di Martino et al. (1997) reporting they could only 

identify form III when it was made between a glass coverslip and a 

microscope slide during thermomicroscopy experiments or during 

DSC analysis in a closed pan. In those experiments form III couldn’t 

be identified by any other methods, as the form III paracetamol was 

found to convert to form II within 10 minutes of removing one of the 

glass microscope slides. Perrin et al. (2009) also produced form III 

by keeping the paracetamol sample in an inert atmosphere; either by 

using nitrogen or placing the sample under a vacuum. However, 

Burley et al. (2007) were able to reliably isolate form III through 

controlled crystallisation, and characterised it using optical 

microscopy, solid state NMR, X-ray diffraction and calorimetry. The 

pure sample of form III was prepared in solid-state NMR rotor, which 

was not strictly under inert conditions. 

 

Rossi et al. (2003) were able to stabilise form III paracetamol using 

hydroxypropylmethylcellulose (HPMC) and obtained a tentative 

melting temperature of 139 – 141 °C. Although Burley et al. (2007) 

were able to isolate form III, they were unable to determine a melting 

point using the DSC due to a solid-solid transition to form II before 

any melting occurred. Hence, in their study only the melt of form II 

paracetamol was seen at 159 °C. Gaisford et al. (2010) however, were 

able to use rapid-heating DSC instrumentation, which had a heating 

rate of up to 2000 °C min-1 to isolate and characterise form III. When 

heating at slow rates (up to 300 °C min-1) a solid-solid transition was 

seen at ca. 120 °C (to form II) followed by a melt at 156 °C (form II 

melting). However, when they used heating rates up to 400 °C min-1 

the solid-solid transition was absent and two endotherms were 

observed; one at 156 °C (the form II melt) and a lower temperature 

endotherm at 143 °C which they ascribed to the melting of form III. 
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As the form II melt is present in all experiments, they presume that 

the paracetamol crystallises into a mixture of form II and III during 

preparation, indicating the unstable nature of form III. This 

hypothesis is backed up by experiments conducted with 

hydroxypropylmethylcellulose (HPMC) where increasing the HPMC: 

paracetamol ratio or increasing the HPMC molecular mass resulted in 

a concomitant increase in form III relative to the form II peak 

supporting the idea that both forms coexisted in the sample prior to 

crystallisation. 
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Table 3-1 Summary of form I, II, III and amorphous paracetamol. References [1] (Zimmermann and Baranović 2011) [2] 
(Łuczak et al. 2013) [3] (Nanubolu and Burley 2012) [4] (Di Martino et al. 1996) [5] (Di Martino et al. 1997) [6] (di 

Martino et al. 2000) [7] (Nichols and Frampton 1998) [8] (Boldyreva 2003) [9] (Espeau et al. 2005) [10] (Rossi et al. 

2003) [11] (Gaisford et al. 2010)
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3.1.2 Paracetamol characterisation 

 

Paracetamol and its polymorphs can be characterised by different 

analytical techniques; including microscopy, DSC, Raman and FT-IR 

spectroscopy. The analytical techniques and the characteristic 

differences between the polymorphs and amorphous solid will be 

discussed below. 

 

 

3.1.2.1 Optical light microscopy 

 

Using optical light microscopy form I and form II can be visually 

identified by their crystal morphology. Form I paracetamol forms 

prisms and plates whereas form II forms elongated prisms (needles).   

 

Haisa et al. (1974) crystallised form II paracetamol from solution in 

1974, however, crystallisation from solution has remained elusive 

ever since. Di Martino et al. (1997) reported they were never able to 

prepare form II crystals by crystallisation from solution, instead they 

used a melt recrystallization method to prepare form II. Nichols and 

Frampton (1998) reported the growth of orthorhombic (form II) 

paracetamol from solution, however, they discovered if the form II 

crystals remained in contact with the mother alcohol for too long they 

would convert to form I (the more stable polymorph). A paracetamol 

saturated solution was seeded with form II powder and observed 

using light microscopy. Initially form II crystals started to grow, 

however, within 15 minutes platy and prismatic crystals of form I 

started to grow as the form II needles dissolved. Below (Figure 3-2) 

is an image taken from their article showing the morphology of form 

I and form II crystals but also the conversion of form II to form I over 

30 minutes.  
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Figure 3-2 Photomicrographs showing the solution phase 

polymorphic conversion of orthorhombic paracetamol (needles) to 

monoclinic paracetamol (prisms and plates) at room temperature 
in saturated benzyl alcohol. Micrograph (a) was taken at t = 0 and 

(b) was taken at t = 30 min. Scale bars = 250 µm. Image taken 

from Nichols and Frampton (1998). 

 

 

3.1.2.2 Hot stage microscopy 

 

Hot stage microscopy can be used to study the formation of form III 

crystals which is an advantage as form III paracetamol is very 

unstable and therefore difficult to characterise. However, form III can 

be produced between two glass microscope slides by crystallisation 

from the melt (Di Martino et al. 1997; Burley et al. 2007). Form III 

can be visually identified by fine crystals growing radially (Figure 3-3 

b).  
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Figure 3-3 Hot stage microscopy image of paracetamol taken from 
Burley et al. (2007). Image (a) Melted paracetamol to form a glass 

(b) Form III isolated by gentle warming (c) Form II isolated by 

further heating (d) Melting of paracetamol. 

 

 

3.1.2.3 Differential scanning calorimetry 

 

Paracetamol polymorphs can be identified by their onset melting 

temperature. Paracetamol form I has a reported melting temperature 

between 168 – 172 °C. Form II however, has a lower melting point of 

156 – 158 °C (Di Martino et al. 1996, 1997; Nichols and Frampton 

1998; di Martino et al. 2000; Boldyreva 2003; Espeau et al. 2005). 

Rossi et al. (2003) reported a tentative melting temperature for form 

III as 139 – 141 °C, while Gaisford et al. (2010) used rapid-heating 

DSC to determine the melting point of form III, which they stated as 

143 °C.  

 

In Figure 3-4 are DSC thermograms of form I and form II paracetamol 

(Nichols and Frampton 1998). In Figure 3-4 a) a single endothermic 

event can be seen at 171 °C which is attributed to the melting of form 

I. The thermogram for form II (Figure 3-4 b) exhibits three 
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endothermic events, a small and broad peak between 115 – 128 °C, 

a small sharp peak at 157 °C and a strong sharp peak at 171 °C. 

Nichols and Frampton (1998) attribute the small and broad peak circa 

120 °C to the conversion of form II to form I with the melting at 157 

°C being interpreted as nonconverted form II. The final melt at 171 

°C indicates form I.  

 

 

 

Figure 3-4 DSC thermograms of form I and form II paracetamol  

(a) form I paracetamol (b) form II paracetamol. Image taken from 

Nichols and Frampton (1998). 
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3.1.2.4 FT-IR spectroscopy 

 

FT-IR can also be used to identify different polymorphic forms. Below, 

(Figure 3-5 a) the IR spectra of paracetamol form I and form II is 

shown. The red trace (1) being form I paracetamol and the blue (2) 

form II. Notable differences can be seen in the C-C aromatic 

stretching peaks (1614, 1507, 1442 and 1626, 1513, 1453 cm-1) and 

the C-N amide stretching peaks (1566, 1507 and 1560, 1513 cm-1). 

However, the most noticeable difference is the presence of extra 

absorption peaks, which correspond to intra- or inter-molecular 

interactions. For form I paracetamol additional peaks are at 806, 682 

and 1228 cm-1. In addition to the extra peaks other absorption peaks 

can vary in intensity. For quantification of form I and form II in a 

mixture, ratios of characteristic peaks (at 806 cm-1) with others 

existing in both spectra (at 836 cm-1) can be used (Al-Zoubi et al. 

2002b).  

 

Figure 3-5 (b & c) are spectra comparing form II paracetamol and 

amorphous paracetamol. For form II paracetamol a sharp peak is 

seen at 3331 cm-1, which is attributed to the NH group, while a 

broader OH peak can be seen at 3162 cm-1 (Figure 3-5 b). In the 

amorphous sample the peaks become broadened due to the fact the 

molecules can now take up a range of positions and conformations 

with a wide range of interaction distances leading to a wider 

distribution of absorption frequencies. In the amorphous sample the 

OH and NH peaks, which were clearly defined in form II paracetamol 

spectra have merged leading to a broad peak around 3301 cm-1. In 

Figure 3-5 c) the C=O stretch appears at 1650 cm-1 for form II while 

for the amorphous sample it shifts to a slightly higher wavenumber 

(1655 cm-1) while developing a shoulder at 1636 cm-1, this suggests 

two populations of interactions in the amorphous solid involving this 

functional group, some stronger than in form II and some weaker. 

The higher wavenumber peak is attributed to the weaker NH-CO 
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interaction and the shoulder the stronger phenol-carbonyl 

interactions (Trasi and Taylor 2012).  
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Figure 3-5 (a) FT-IR spectra of form I paracetamol (red, 1) and form II paracetamol (blue, 2) . Image taken from Ivanova 

(2005) (b & c) FT-IR spectra of from II and amorphous paracetamol in the (b) NH, OH stretch and (c) carbonyl stretch 
region. Image taken from Trasi and Taylor (2012).  
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Table 3-2 summarises the IR absorption frequencies that have been 

assigned for form I and form II paracetamol.  

 
 

 
 

Table 3-2 IR absorption frequencies for form I and form II 

paracetamol. Table adapted from Moynihan and O’Hare (2002). 

 
 

3.1.2.5 Raman spectroscopy 

 

Raman scattering has high sensitivity to crystalline structures 

meaning it is widely used to study polymorphism (Łuczak et al. 2013). 

Spectra can be recorded rapidly, including bands due to both inter- 

(10 - 400 cm-1) and intra-molecular vibrations (400 – 4000 cm-1). 

The “fingerprint” region (400 – 2000 cm-1) arises from intra-

molecular vibrations and the spectra for form I, form II, form III and 

amorphous paracetamol are similar (Figure 3-6). For amorphous 

paracetamol the peaks are broader at 1600 cm-1 than crystalline 
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paracetamol due to the disordered nature of the molecules in the 

amorphous state (Al-Dulaimi et al. 2010).  

 

Form I paracetamol has two characteristic peaks at 1234 and 1325 

cm-1, with three well resolved peaks in the 1500 - 1700 cm-1 range. 

In contrast form II has a pair of weak peaks at 1220 and 1245 cm-1 

and a strong peak at 1329 cm-1. The peaks in the 1500 – 1700 cm-1 

range for form II are shifted closer to one another relative to the 

peaks in the form I spectra. Form III paracetamol appears to be 

similar to form I paracetamol, however, subtle peaks shifts and peak 

intensities are evident. The amorphous spectrum appears similar to 

the crystalline spectra, however some peaks appear broader and 

have shifted compared to the form I spectra. Form I and form II 

paracetamol can be distinguished by the intensities of the 1234 and 

1329 cm-1 peaks, and the same peaks can be used to distinguish form 

II and III. The amorphous spectrum can be identified by the intensity 

of the 1325 cm-1 and missing peak at 1650 cm-1 (Kauffman et al. 

2008).  
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Figure 3-6 (a) Raman spectra form I, II & III paracetamol and amorphous paracetamol, image taken from Nanubolu and 
Burley (2012) (b) A table of Raman frequencies and mode assignments for paracetamol (Kolesov et al. 2011; Nanubolu 

and Burley 2012; Łuczak et al. 2013) .
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3.1.3 Clotrimazole 

 

Clotrimazole (Figure 3-7) is an imidazole type antifungal with broad 

spectrum activity, it inhibits cytochrome P450 14a-demethylase 

which is required by fungal cells for membrane synthesis. 

Clotrimazole has antimycotic activity against crytococcuss spp, 

candida spp, aspergillus spp and dermatophytes and is therefore used 

in the treatment of tinea infections and candidiasis in the vagina, oral 

cavity and the skin (Tonglairoum et al. 2014, 2015a, b). Clotrimazole 

also works against different strains of Plasmodium falciparum (Saliba 

and Kirk 1998; Mittapalli et al. 2015). When compared to antimalarial 

drugs chloroquine and quinine, clotrimazole shows enhanced activity 

against chloroquine resistant malarial parasites, due to clotrimazoles 

ability to form complexes with free heme (Huy et al. 2002).    

 

 

 

 
Figure 3-7 Structure of clotrimazole. Image adapted from Song and 

Shin (1998). 

 

 

Clotrimazole has high lipophilicity (log P 6.30) and poor aqueous 

solubility (0.49 µg/ mL) meaning that the rate controlling step for 

absorption in the lumen is dissolution (Borhade et al. 2012). 

Clotrimazole is a class II drug according to the Biopharmaceutical 

Classification System (Mittapalli et al. 2015).  
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3.1.4 Clotrimazole characterisation 

 

Clotrimazole has no reported polymorphs, however, pure clotrimazole 

has been analysed by DSC, FT-IR and Raman spectroscopy and has 

been widely reported in literature (Todica 2008; Cristini-Robbe et al. 

2013; Gupta et al. 2013). Amorphous clotrimazole has been created 

by Yang et al. (2016) however, no FT-IR or Raman spectra for 

amorphous clotrimazole have been reported. 

 

 

3.1.4.1 Differential scanning calorimetry 

 

The melting point of clotrimazole can be determined by using DSC. 

Borhade et al. (2012) report a melting range of 141 – 145 °C for 

clotrimazole,  with other research groups recording melting points 

within the range reported (Taneri et al. 2004; Gupta et al. 2013; 

Karolewicz et al. 2014; Tonglairoum et al. 2014, 2015a). However, 

Bhat and Shivakumar (2010) reported a melting point of 146.0 °C and 

Madgulkar et al. (2016) and Mittapalli et al. (2015) reported a higher 

melting point of 148 0°C. 

 

Below is a DSC thermogram (Figure 3-8) from Gupta et al. (2013) 

showing a sharp melting endotherm for pure clotrimazole at 144.47 

°C.  
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Figure 3-8 DSC spectra for pure clotrimazole and clotrimazole 

loaded microspheres. Image taken from Gupta et al. (2013). 

 

 

3.1.4.2 FT-IR spectroscopy 

 

Pure clotrimazole has been analysed by FT-IR and the characteristic 

peaks assigned (Gupta et al. 2013; Karolewicz et al. 2014; 

Tonglairoum et al. 2014, 2015a, b; Hani et al. 2015; Madgulkar et al. 

2016). The clotrimazole spectrum (Figure 3-9) has its first 

characteristic peak at 3057 cm-1 due to C-H stretching vibrations. The 

second peak is at 1585 which is attributed to the C=N stretching 

vibrations. A large double peak at 1481 and 1438 cm-1 is due to C=C 

stretching, with another large double peak at 1082 and 1039 cm-1 

being attributed to the C-N stretching. Peaks at 1202 and 1313 cm-1 

represent C-H bending as well as 902, 823, 756 and 702 cm-1 (Hani 

et al. 2015). Bhat et al. (Bhat and Shivakumar 2010) also 

characterise the smaller peaks of 1564 cm-1 (aromatic N-O 

stretching) and 1266 cm-1 (C-O stretching).       
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Figure 3-9 (a) FT-IR spectra of pure clotrimazole. Image taken from Gupta et al. (2013) (b) Summary of characteristic 

peaks and their assignments (Hani et al. 2015). 
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3.1.4.3 Raman spectroscopy 

 

Clotrimazole has been characterised by Raman spectroscopy ( 

 

Figure 3-10) and some of its peaks assigned (Todica 2008; Cristini-

Robbe et al. 2013). The peak at 1004 cm-1 is due to the stretching of 

N-C bonds while the peak at 1160 cm-1 is the deformation of CH/NH 

bonds. A deformation of CH/ CH2 of rings can be seen at 1460 cm-1 

and at 1600 cm-1 a deformation of the phenyl group can also be 

observed.    
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Figure 3-10 (a) Raman spectra of solid clotrimazole (spectra a), clotrimazole from the dried gel (spectra b) and 

clotrimazole from the re-hydrated gel (spectra c), image taken from Todica (2008) (b) Assignment of characteristic peaks 
for clotrimazole, image taken from Cristini-Robbe et al. (2013).
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3.1.5 Propranolol 

 

Propranolol is a nonselective β-adrenergic antagonist also known as 

a β blocker (Ammon et al. 1977)  Propranolol is a naphthyloxy 

propanolamine derivative, (Figure 3-1) a specific β-antagonist and is 

a widely used β-adrenergic drug (Franklin et al. 2009). As a non-

selective beta blocker, it blocks the action of adrenaline on both β1 

and β2 adrenergic receptors (Viera et al. 2009). Propranolol is used 

clinically in the prevention and treatment of many disorders including 

acute myocardial infarction, angina, hypertension, arrhythmias, 

anxiety and migraine (Black et al. 1964) (Bredikhin et al. 2004). The 

propranolol base is poorly soluble in water and has a low melting point 

(92-93 °C) therefore, it is marketed as the hydrochloride salt, and is 

available in tablets, capsules and injections (Stepanovs et al. 2015). 

Propranolol hydrochloride exists in three crystalline forms, form I, II 

and III, with decreasing melting temperatures respectively (Ambrus 

et al. 2014), the stable form of propranolol and commercial product 

being form II (Bartolomei et al. 1998; O.M.M. et al. 2014).   

 

 

 

 

Figure 3-11 Structure of propranolol Image adapted from Patel and 

Bhatt (2012). 
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3.1.6 Propranolol characterisation 

 

Propranolol and its polymorphs (form I, II and III) can be 

differentiated using DSC, FT-IR and Raman analysis. 

 

 

3.1.6.1 Differential scanning calorimetry 

 

Propranolol hydrochloride has three crystalline polymorphs, form I, II 

and form III, with decreasing melting temperatures respectively. 

Propranolol’s polymorphs can therefore be identified by their onset 

melting temperatures. The DSC curves of form I, II and III are shown 

below (Figure 3-12). Bartolomei et al. (Bartolomei et al. 1998) report 

onset melting temperatures of 163.0 °C (form I), 161.8 °C (form II) 

and 154 °C (form III). 

 

 

 

Figure 3-12 DSC curves for propranolol hydrochloride polymorphs 

I, II, and III impure of I (III with seed crystals of form I). Image 
taken from Bartolomei et al. (1998).  
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The commercially used form II has reported melting points in the 

range of 161.8 – 167.56 °C (Bartolomei et al. 1999; Chaturvedi et al. 

2010; Polenske et al. 2010; Meka et al. 2012; Venkata Srikanth et 

al. 2012; Ambrus et al. 2014; AMJ and SM 2016). 

 

 

3.1.6.2 FT-IR spectroscopy 

 

The three propranolol polymorphs can be easily differentiated by their 

IR absorption bands in the 3400 – 2000 cm-1 range (Figure 3-13 a). 

Form I and form II propranolol can be distinguished over the whole 

3400 – 700 cm-1 range, however, form I and form III show only a few 

subtle differences (Bartolomei et al. 1998). Subtle differences include 

a more intense peak at ~2970 cm-1 for form III, whilst form I has a 

more intense peak than form III at 1560 cm-1. Form I has a double 

peak at ~1390 and ~1370 cm-1 whilst form III has a peak and 

shoulder at ~1390 and ~1370 cm-1 respectively. At ~910 cm-1 form 

I has a more intense single peak than form III (Figure 3-13 b). 

 

In the 3600 – 3300 cm-1 range (OH and NH stretching vibrations) 

form I can be determined by its single peak at 3337 cm-1, while form 

II has a peak with larger intensity at 3280 cm-1 with two shoulders at 

3325 and 3321 cm-1. The spectra for form I and form II differ in 

intensity and location for some of the major absorption bands as well 

as the fine structure. While in the 2000 – 650 cm-1 range the 

fundamental frequencies of the peaks were almost the same, with the 

main differences being in the intensity ratio of the peaks and the 

presence of peaks specific to each form (Bartolomei et al. 1998).  

 

In 1999 Bartolomei et al. (1999) published the FT-IR spectra of form 

I and form II propranolol and indicated the specific peaks for each 

form. Form I propranolol has a single peak at ~990 cm-1 and a single 



 

101 

 

peak at ~910 cm-1, whilst form II has a small single peak at ~1140 

cm-1, a small broad peak at ~920 cm-1 and a shoulder at ~760 cm-1. 
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Figure 3-13 (a) FT-IR spectra in the 4000 – 2000 cm -1 range, for propranolol hydrochloride polymorphs form I, II and III 

(b) FT-IR spectra in the finger print region for propranolol hydrochloride polymorphs form I, II and III. Images taken 
from Bartolomei et al. (1998).
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The major peaks for propranolol hydrochloride (form II) and their 

assignments are also summarised in Table 3-3. 

 

 

 

 

Table 3-3 Propranolol hydrochloride characteristic peaks and 

assignments. References [1] (Meka et al. 2012) [2] (Venkata 

Srikanth et al. 2012) [3] (Meka et al. 2014) [4] (Ambrus et al. 

2014) [5] (Chaturvedi et al. 2010). 

 

 

3.1.6.3 Raman spectroscopy 

 

The Raman spectra for propranolol has two strong peaks at 1385 cm-

1 and 737 cm-1 (Figure 3-13 a) which are attributed to napthyl ring 

vibrations. Medium intensity vibrations were also recorded at 1578 

cm-1 and 1439 cm-1 which are also attributed to different modes of 

napthyl group vibration (Figure 3-13 b) (Farca et al. 2016) .  
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Figure 3-14 Raman spectra for propranolol  (form II), and vibrational bands for propranolol in the Raman spectrum. Taken 

from Farca et al. (2016). 
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3.2 Aims and objectives 

 

The aim of this chapter was to characterise starting materials 

paracetamol, clotrimazole and propranolol. The secondary aim was to 

produce polymorphic forms (where applicable) and amorphous forms 

of each compound and to characterise these too. The characterised 

reference samples are used in later chapters for comparison to 

materials produced from levitation or low field crystallisation studies. 

The aims were achieved by completing the following objectives: 

 

 Characterise the starting materials (as received from the 

manufacturer) of paracetamol, clotrimazole and propranolol by 

DSC, FT-IR (ATR) and handheld Raman.  

 Create reference polymorphs for paracetamol (form I and II) 

and propranolol (forms I, II, and III) and characterise them by 

DSC, FT-IR (ATR) and handheld Raman. Clotrimazole has no 

reported polymorphs. 

 Create amorphous paracetamol and clotrimazole as reference 

samples then characterise them by DSC, FT-IR (ATR) and 

handheld Raman.  

 

 

3.3 Materials and methods 

3.3.1 Materials 

 

Pharmaceutical drugs paracetamol, clotrimazole and (+/-) 

propranolol hydrochloride were obtained from Sigma Aldrich, Dorset, 

UK and used without further purification. 
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3.4 Experimental methods 

3.4.1 Creating paracetamol polymorphs & amorphous 

paracetamol 

3.4.1.1 Form I paracetamol 

 

Form I paracetamol crystals were prepared using a modified method 

by Hendriksen et al. (1998). Crystals were prepared by dissolving 

0.535 g of paracetamol (Sigma Aldrich, Dorset, UK) in 40 mL of HPLC 

grade water (18.2Ω). The solution was then heated at 40 °C and 

stirred using a magnetic stirrer until all of the solute had dissolved. 

The solution was then transferred to a refrigerator and maintained at 

5 °C. Four days later small crystals had crystallised out in the bottom 

of the vial. When the samples were required for analysis the crystals 

were filtered from the solution, air dried and analysed by optical light 

microscopy, DSC, Raman and FT-IR (ATR).  

 

 

3.4.1.2 Form II paracetamol 

 

Paracetamol form II can be created by crystallisation of the melt of 

form I or by a heat, cool, heat cycle. In this thesis three methods 

were used to create form II paracetamol which are described below.  

 

Method 1 

Form II paracetamol can be crystallised from the melt. The first 

method, modified from Sohn (Sohn 1990; Nichols and Frampton 

1998) involved melting approximately 5 mg of paracetamol on a glass 

microscope slide on a temperature controlled hot plate at 180 °C until 

molten. The paracetamol was then quickly vitrified by rapid cooling 

which involved placing the glass microscope slide on an aluminium 

block. The microscope slide was then transferred to a -20 °C freezer 

for storage. 
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Method 2 

Form II paracetamol can also be produced by a heat, cool, heat cycle 

in the DSC (Di Martino et al. 1997). Approximately 5 mg of 

paracetamol was heated in a Tzero hermetically sealed pan to 180 °C 

with a ramp rate of 10 °C/ min. The paracetamol was then held 

(isothermally) for 5 minutes and then cooled to 20 °C to produce a 

glassy melt. The paracetamol was then reheated to 140 °C (again, at 

10 °C/ min) to produce form II. Upon further heating a form II melt 

was detected. DSC curves were recorded on the TA instruments 

Q2000, starting temperature ambient, heating rate 10 ˚C/. Nitrogen 

flow was set at 150 mL/ minute dry gas and 80 mL/ minute purge 

gas.  

 

Method 3 

The same heat, cool, heat cycle was also applied to ca. 5 mg of 

paracetamol on a glass microscope slide (uncovered), heated on a 

temperature controlled hot plate. The sample was heated to 180 °C, 

cooled to room temperature and heated again to 140 °C. 

 

 

3.4.1.3 Form III paracetamol 

 

A method adapted from Burley et al. (2007) was used to produce 

form III paracetamol. A small amount of paracetamol (ca. 5 mg) was 

placed between two glass circular microscope slides and was loaded 

into the hot stage microscopy cell of the optical microscope. The 

paracetamol was then heated to 180 °C at a heating rate of 10 °C/ 

minute. The sample was then held for 10 minutes to ensure complete 

conversion to the melt. The melt was then cooled to 40. 1°C and 

reheated again to 70 °C at a heating rate of 10 °C/minute. When the 

sample reached 70 °C it was held for 10 minutes to allow conversion 

to form III. The sample was then reheated at 10 °C/ min until it 

reached 120 °C where a new polymorph could be seen crystallising 
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out (form II), the sample was held at 120 °C for 5 minutes then 

reheated to 140 °C at a slower heating rate of 5°C/ min to allow 

complete conversion of form III to form II. The sample was viewed 

using crossed polarisers on the microscope and images recorded 

digitally.  

 

 

3.4.1.4 Amorphous paracetamol 

 

Amorphous paracetamol was produced by heating paracetamol 

(melting point 168 – 172 °C (Qi et al. 2008)) to 180 °C and allowing 

it to cool to room temperature producing a glassy melt (Zimmermann 

and Baranović 2011). Paracetamol can be heated on a glass 

microscope slide on a hot plate or in an oven. To allow for even 

heating in the oven, a brass block with a hole in the centre was 

specially made. A glass Raman vial could then be inserted into the 

centre of the brass block, which allowed even heating of the 

paracetamol around the whole circumference of the Raman vial. The 

brass block was pre- heated in the oven for 4 hours at 190 °C, before 

the addition of the Raman vial filled with paracetamol. Once the 

paracetamol had melted the Raman vial remained in the oven for 5 

more minutes to allow the complete transformation of the 

paracetamol powder to the liquid melt before being taken out and 

allowed to cool to room temperature.  

 

 

3.4.2 Creating amorphous clotrimazole 

 

Amorphous clotrimazole was created by melting a small amount (ca. 

10 mg) of clotrimazole (melting point 141 – 145 °C (Borhade et al. 

2012)) on a glass microscope slide at 160  °C on a temperature 

controlled hot plate until it had fully melted (Yang et al. 2016). The 
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glassy melt was then rapidly cooled on an aluminium block and stored 

in a – 20 °C freezer. 

 

 

3.4.3 Creating propranolol polymorphs 

 

For propranolol hydrochloride the commercial product is supplied as 

form II which can be readily produced by evaporation from water, 

methanol, acetone and n-propanol solutions at room temperature 

(Bartolomei et al. 1998, 1999). To produce form II crystals 50 mg of 

propranolol was dissolved in an appropriate volume (approx. 3 ml) of 

methanol. The solution was magnetically stirred and heated at 20 °C 

to ensure all the powder was dissolved. The solution was then syringe 

filtered (0.22 µm) and divided out into Falcon centrifuge tubes (50 

mL), either 0.5 mL or 2 mL for evaporation at room temperature.   

 

Evaporation of aqueous ethanol solution at room temperature will 

give mixtures of form I and form III. To produce crystals 50 mg of 

propranolol was dissolved in an appropriate volume of ethanol. The 

solution was magnetically stirred and heated at 20 °C to ensure all 

the powder was dissolved. The solution was then syringe filtered 

(0.22 µm) and divided out into Falcon centrifuge tubes (50 mL), 

either 0.5 mL or 2 mL for evaporation at room temperature. 

 

 

3.5 Results and discussion 

3.5.1 Characterisation of as received materials 

3.5.1.1 Paracetamol 

 

A small quantity of the paracetamol material as received from the 

supplier was analysed by DSC .The average onset of melting point 

was 168.99 ± 0.10 °C, which is within the range reported in literature 
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for form I (168 – 172 °C) (Di Martino et al. 1996, 1997; Nichols and 

Frampton 1998; di Martino et al. 2000; Boldyreva 2003; Espeau et 

al. 2005).  

 

The material was also analysed by FT-IR (ATR) and the spectra 

produced agreed with spectra reported for form I paracetamol in 

literature. The additional absorption peaks (which are not present in 

form II) at 806, 682 and 1228 cm-1 are present in the spectra 

confirming form I (Al-Zoubi et al. 2002b). 

 

Handheld Raman spectroscopy was used to analyse paracetamol as 

received. Characteristic peaks at 1234 and 1325 cm-1 with three well 

resolved peaks in the 1500 – 1700 cm-1 range confirm form I 

paracetamol (Kauffman et al. 2008).  
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Figure 3-15 (a) DSC spectra for paracetamol as received. The onset 

of melting temperature is indicated by an arrow and the value  

displayed above the trace (b) FT-IR (ATR) spectra for paracetamol 
as received and (c) Handheld Raman spectra for paracetamol as 

received. Areas of interest are highlighted by red boxes. 
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3.5.1.2 Clotrimazole 

 

The as received clotrimazole from the supplier was analysed by DSC, 

and the average onset of melting point was 142.49 ± 0.53 °C, which 

is within the range reported for clotrimazole (141 – 145 °C) (Borhade 

et al. 2012).  

 

FT-IR (ATR) was used to analyse the clotrimazole as received. Spectra 

agreed with reported spectra for clotrimazole. Characteristic peaks at 

3057, 1481 and 1438, 1082 and 1039 cm-1 along with the large peaks 

at 902, 823, 756 and 702 cm-1 are indicative of clotrimazole (Gupta 

et al. 2013; Hani et al. 2015). 

 

The clotrimazole as received from the manufacturer was also 

analysed by handheld Raman spectroscopy. The spectrum for the 

clotrimazole as received matched spectra reported in the literature 

with a large double peak at 1004 cm-1, and a smaller double peak at 

1160 cm-1.However, the small broad peak at 1460 cm-1 and a sharper 

peak at 1600 cm-1 (Todica 2008; Cristini-Robbe et al. 2013) have 

shifted slightly in the as received spectra to 1484 cm-1 and 1590 cm-

1 respectively.  
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Figure 3-16 (a) DSC spectra for clotrimazole as received. The onset 

of melting temperature is indicated by an arrow and the value  

displayed above the trace (b) FT-IR (ATR) spectra for clotrimazole 
as received and (c) Handheld Raman spectra for clotrimazole as 

received. Areas of interest are highlighted by red boxes.  The onset 

of melting temperature is indicated by an arrow in the DSC 

thermogram. 
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3.5.1.3 Propranolol 

 

The propranolol received from the supplier was analysed by DSC and 

an onset melting point of 164.83 °C was recorded which is within the 

range of 161.8 – 167.56 °C reported in the literature (Bartolomei et 

al. 1999; Chaturvedi et al. 2010; Polenske et al. 2010; Meka et al. 

2012; Venkata Srikanth et al. 2012; Ambrus et al. 2014; AMJ and SM 

2016). 

 

FT-IR (ATR) confirmed the as received propranolol as form II. The as 

received propranolol has characteristic peaks at 3280, 2964, 1579, 

1267, 1240, 1030 and a large sharp peak at 798 cm-1 (Chaturvedi et 

al. 2010; Meka et al. 2012, 2014; Venkata Srikanth et al. 2012; 

Ambrus et al. 2014). For form II propranolol defining characteristics 

are the peak at 3280 cm-1 with two shoulders at 3325 and 3321 cm-

1, while form I and form III have a sharp single peak. Another subtle 

difference is the three single peaks at approx. 1140 - 1180 cm-1 for 

form II while form I and III have a peak with a shoulder (Bartolomei 

et al. 1998). 

 

Propranolol as received was also analysed by handheld Raman 

spectroscopy. The spectra agreed with spectra produced in the 

literature (Farca et al. 2016) however, spectra were shifted to slightly 

higher wavenumbers. The two strong vibrations attributed to napthyl 

ring vibrations were at 1418 and 793 cm-1 and the medium strength 

vibrations at 1612 and 1478 cm-1.  
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Figure 3-17 (a) DSC of propranolol HCl as received. The onset of 

melting temperature is indicated by an arrow and the value 
displayed above the trace (b) FT-IR (ATR) spectra of propranolol 

HCl as received and (c) Handheld Raman spectra of propranolol 

HCl as received. Areas of interest are highlighted by red boxes.  
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3.5.2 Characterisation of amorphous and polymorphic 

standards 

3.5.2.1 Paracetamol 

3.5.2.1.1 Form I paracetamol 

 

Form I paracetamol crystals were created from solution, the method 

of which is described in section 3.4.1.1. The paracetamol crystals 

were viewed using optical light microscopy and under crossed 

polarisers ( 

Figure 3-18). Characteristic morphology for form I paracetamol is 

prisms and plates while form II is elongated prisms (needles) (Nichols 

and Frampton 1998).   

 

Form I and form II paracetamol crystals can easily be identified by 

rotating between crossed polarizers. When rotated every 90° form II 

displays complete extinction. However, when form I is rotated (and 

viewed along the b – axis) it shows dispersed and incomplete 

extinction, with a distinguishing change in colour from yellow to blue 

as it passes through the extinction position (Nichols and Frampton 

1998).  

 

Microscopy images of the paracetamol crystals are displayed in Figure 

3-18. The paracetamol crystals have a prism and plate morphology 

indicating form I paracetamol. Further to this the crystals produced a 

changed from blue to yellow when rotated by 90° between crossed 

polarisers supporting the microscopy morphology results indicating 

that the crystals are form I paracetamol. 
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Figure 3-18 (a) Paracetamol crystals viewed using optical light 

microscopy (b) Paracetamol crystals viewed under crossed 

polarisers, the crystals can be seen changing from blue to yellow 

when rotated by 90°. Images taken at x4 magnification. 

 

 

A small quantity of the paracetamol crystals were analysed by DSC 

and an onset melting point of 168.63 °C was recorded, which is similar 

to the as received melting point of 168.88 °C. The onset of melting 

temperature of the crystals is within the range reported in literature 

for form I (168 – 172 °C) (Di Martino et al. 1996, 1997; Nichols and 

Frampton 1998; di Martino et al. 2000; Boldyreva 2003; Espeau et 

al. 2005) indicating form I paracetamol.  

 

FT-IR (ATR) was used to analyse the paracetamol crystals and the 

spectra agreed with the as received sample. Absorption peaks specific 

to form I at 806, 682 and 1228 cm-1 are present in the spectra 

confirming form I paracetamol (Al-Zoubi et al. 2002b).  

 

The paracetamol crystals were also analysed by handheld Raman 

spectroscopy. Three well resolved peaks in the 1500 – 1700 cm-1 

range with characteristic peaks at 1234 and 1325 cm-1 confirm form 

I paracetamol (Kauffman et al. 2008). 
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Figure 3-19 (a) DSC thermograms of paracetamol crystals and 

paracetamol as received. The onset of melting temperature is 

indicated by an arrow and the value displayed above the trace (b) 

FT-IR (ATR) spectra of paracetamol as received and the crystals 

made from solution (c) Handheld Raman spectra of paracetamol as 
received and the crystals made from solution. Red boxes indicate 

areas of interest. The spectrum for the crystal sample has been 

offset horizontally due to operator calibration error. Spectra have 

been scaled and offset vertically for presentational purposes. 
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3.5.2.1.2 Form II paracetamol 

 

Form II paracetamol can be crystallised from the melt of form I (Sohn 

1990; Nichols and Frampton 1998; Al-Zoubi et al. 2002a) or made by 

a heating, cooling, heating cycle (Di Martino et al. 1997). In this 

thesis three methods were used to create form II paracetamol, the 

methods of which are described in section 3.4.1.2. 

 

The samples made from the melt of form I (method 1), or by a 

heating, cooling, heating cycle (method 3) were viewed using optical 

light microscopy, which confirmed the crystalline nature of the 

samples (Figure 3-20). 

 

 

 

Figure 3-20 (a) Optical microscopy images of paracetamol 
produced by method 1, sample no 1 (b) Paracetamol produced by 

method 1, sample no 2 (c) Paracetamol produced by method 3, 

sample no 1 (d) Paracetamol produced by method 3, sample no 2. 

Images taken at x4 magnification. 

 

 

Method 2, which involved a heating, cooling and heating cycle, whilst 

useful for DSC analysis was problematic when trying to remove the 
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samples from the hermetically sealed pans, thus making it difficult to 

further analyse the sample by microscopy, Raman or FT-IR (ATR). 

The samples produced from method 1 and method 3 were analysed 

by handheld Raman spectroscopy. Form II paracetamol has a pair of 

weak peaks at 1220 and 1245 cm-1 and a strong peak at 1329 cm-1 

compared to the form I spectra which has two large peaks at 1234 

and 1325 cm-1. In the 1500 – 1700 cm-1 range form II peaks are 

shifted closer to one another relative to the spectra for form I 

(Kauffman et al. 2008). The samples produced by method 1 and 3 

indicated form II paracetamol. The spectra for both methods have a 

sharp peak at 1329 cm-1 and the three peaks in the 1500 – 1700 cm-1 

range have moved closer together (Figure 3-21). 
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Figure 3-21 (a) Handheld Raman spectra of form I paracetamol and 

samples produced by methods 1 and 3.Red boxes indicate areas of 

interest and are zoomed in in part (b & c).(b) Zoomed in spectra 

in the range 1200 – 1450 cm -1 (c) Zoomed in spectra in the range 

1500 – 1800 cm -1. Spectra for samples method 1 & 3, numbers 1 
and 2, were offset horizontally due to operator calibration error. 

Spectra have been scaled and offset  vertically for presentational 

purposes.  

 

 



 

122 

 

The samples made from methods 1 and 3 were also analysed by FT-

IR (ATR). Differences in the C-C aromatic stretching peaks include 

extra peaks at 1626 cm-1 and 1453 cm-1 for form II compared to form 

I paracetamol. Form I has an addition peak at 1228 cm-1 compared 

to form II paracetamol. Additional peaks for form I include a small 

peak at 806 cm-1 and a broader peak at 682 cm-1 (Al-Zoubi et al. 

2002b). Method 1, sample 1 and 2, and method 3, sample 1, indicate 

form II paracetamol (Figure 3-22) as they have the extra peaks at 

1626 cm-1 and 1453 cm-1.However, method 3, sample 2 now has a 

spectrum that matches the form I spectra, with additional peaks at 

806 cm-1, and a broader peak at 682 cm-1, and a peak at 1228 cm-1. 

The handheld Raman spectra for method 3, sample 2 indicated form 

II paracetamol, so it is possible that the paracetamol converted back 

to the more stable form I. A second possible cause is sub sampling, 

where a different part of the sample is used in the handheld Raman 

compared to the FT-IR (ATR). It is possible during the heating cycle 

on the microscope slide that some of the paracetamol didn’t fully melt 

and therefore convert to form II leaving a mixture of form I and form 

II on the microscope slide. 
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Figure 3-22 (a) FT-IR (ATR) for paracetamol samples made by 

methods 1 and 3. Red boxes indicate areas of interest and are 
zoomed in in parts (b & c & d).(b) Zoomed in spectra in the range 

1650 – 1350 cm-1 (c) Zoomed in spectra in the range 1300 – 1100 

cm-1 (d) Zoomed in spectra in the range 900 – 650 cm-1. Spectra 

have been scaled and offset for presentational purposes. 
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The samples produced by method 1 and 3 were also analysed by DSC; 

melting points were in the range of 165.38 – 168.88 °C (Figure 3-23). 

Despite all samples indicating form II in the FT-IR (ATR) and handheld 

Raman spectra (with the exception of method 2, sample 3) the onset 

melting temperatures were closer to form I paracetamol (168-172 

°C). However, Di Martino et al. (1996, 1997) also reported similar 

difficulties. When creating form II paracetamol in an oven, and 

analysing the sample by DSC the form II would indicate form I, even 

when no form I was detected by XRPD (X-ray powder diffraction) 

which had a detection limit of 2%. The authors suggest that if the 

form II paracetamol has trace amounts of form I then the DSC curve 

produced will indicate form I. 

 

 

 

 

Figure 3-23 DSC thermograms of paracetamol samples made using 

method 1, 2 and 3. Onset of melting points are indicated by the 
number above each individual spectra. Spectra have been scaled 

and offset for presentational purposes. 
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The paracetamol sample produced by method 2, which involved a 

heat cool heat cycle in the DSC had a melting point of 156.67 °C. This 

onset of melting temperature agrees with literature, where form II 

paracetamol has a melting point in the range of 156 – 158 °C (Di 

Martino et al. 1996, 1997; Nichols and Frampton 1998; di Martino et 

al. 2000; Boldyreva 2003; Espeau et al. 2005). A large exothermic 

peak at approximately 70 °C and a smaller exothermic peak at 

approximately 120 °C can also be seen in the DSC trace for method 

2 (Figure 3-23). In the late 1990s these exothermic peaks were 

attributed to the amorphous to form II transition (~ 70 °C) and the 

transition of form II to form I (~ 120 °C) (Di Martino et al. 1997; 

Nichols and Frampton 1998). More recent literature assigns the large 

exotherm between 60 – 80 °C to an amorphous to form III transition, 

and the exotherm at 100 – 120 °C to a form III to II transition 

(Kauffman et al. 2008). However, Qi et al. (2008) investigated the 

crystallisation of amorphous paracetamol and found it can crystallise 

as form III, II or I depending on the thermal history and gaseous 

environment in which crystallisation takes place. 

 

All samples produced handheld Raman spectra indicating form II. This 

was also confirmed by FT-IR (ATR) with the exception of method 3, 

sample 2, which indicated form I. The DSC results for the samples 

also gave melting points indicative of form I paracetamol rather than 

form II. As discussed by Di Martino et al. (1996, 1997) their form II 

samples (verified by X-ray powder diffraction) gave form I traces 

when analysed by DSC. If the form II paracetamol isn’t 

polymorphically pure then any trace of form I will convert the material 

back to form I. 

 

As all of the samples produced form II spectra when analysed by 

handheld Raman and FT-IR (ATR) (with the exception of method 3, 

no2 which indicated form I) it is reasonable to believe that form II 

was successfully created. However, like Di Martio et al. (1996, 1997) 
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the samples may have contained very small amounts of form I which 

lead to the conversion of the form II into form I whilst in the DSC.  

Method 3, sample 2, could have had a larger percentage of form I, 

possibly due to incomplete melt. Sub sampling of the material could 

have caused the difference in spectra when analysed by FT-IR (ATR) 

and handheld Raman. Form II paracetamol is also the meta-stable 

polymorph so it could have converted from form II to form I between 

analysis. Di Martino (1997) report that when creating form II 

paracetamol grinding of the glassy material promoted 

recrystallization to form I. Sohn (1990) reports that form II 

paracetamol transforms to the more stable form I upon grinding, but 

not by compression. Zimmermann et al. (2011) also report grinding 

can induce solid state transitions on sensitive metastable polymorphs. 

However, Moynihan and O’Hare (2002) report that grinding of the 

orthorhombic paracetamol did not cause transformation to the more 

stable monoclinic form which agreed with the findings of Nichols and 

Frampton (1998). 

 

 

3.5.2.1.3 Form III paracetamol 

 

Form III paracetamol was produced using a method adapted from 

Burley et al. (Burley et al. 2007) that involved heating and cooling 

paracetamol between two glass microscope slides (section 3.4.1.3). 

Fine crystals that grew radially can be seen in Figure 3-24 b, c & d 

which agree with the structure reported in literature for form III (Di 

Martino et al. 1997; Burley et al. 2007). Heating above 120 °C caused 

a phase transition to form II which is displayed in Figure 3-24 e & f.   
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Figure 3-24 Microscopy images of paracetamol (a) At the melt at 
180°C (b) During the second heating run at 70° (c) During the 

second heating run at 70 °C (d) During the second heating run at 

70 °C (e) During the second heating run at 120 °C (f) During the 

second heating run at 140 °C. Images viewed using crossed 

polarisers and with x4 magnification. 

 

 

3.5.2.1.4 Amorphous paracetamol 

 

Amorphous paracetamol was created by melting paracetamol in a 

Raman vial in a brass block in an oven (3.4.1.4). The paracetamol 

was then quickly and easily analysed without the need to remove the 

sample from the container. The sample was analysed by handheld 

Raman over a period of 71 days. 
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Figure 3-25 (a) Handheld Raman spectroscopy of the paracetamol 

sample over time Red boxes indicate areas of interest. Spectra 

have been scaled and offset for presentational purposes (b) 

Images of the paracetamol sample in Raman vials. 

 

 

The paracetamol sample is amorphous at time 0 (Figure 3-25). An 

amorphous spectrum can be identified by the intensity of peak at 

1325 cm-1 compared to the other peaks in the 1100 – 1300 cm-1 and 

the missing peak at 1650 cm-1 giving a broad shoulder in the 1500 – 

1700 cm-1 range. The paracetamol sample stayed amorphous for up 

to 12 days, until it converted to form II on day 14. Form II can be 

distinguished by the intense peak at 1329 cm-1, and the narrowing 

of the peaks in the 1500 – 1700 cm-1 range compared to form I 
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(Kauffman et al. 2008) which are displayed in Figure 3-25. Compared 

to the amorphous peak and shoulder in the 1500 – 1700 cm-1 range 

the form II spectra has three definitive peaks. The amorphous sample 

starts off transparent but slowly turns white in colour as the 

amorphous paracetamol transforms into form II paracetamol (Figure 

3-25 b).  

 

 

3.5.2.2 Clotrimazole 

 

Amorphous clotrimazole was created from the melt of clotrimazole 

powder, on a temperature controlled hot plate (section 3.4.2). 

 

 

 

Figure 3-26 (a) Glassy melt clotrimazole on microscope slides (b) 

Optical microscopy images of glassy melt clotrimazole at x4 
magnification. Samples were cracked to show contrast as the 

glassy melt was transparent. 
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The glassy melt clotrimazole was transparent when viewed with an 

optical microscope (Figure 3-26) confirming the amorphous nature of 

the material. Samples were cracked with a spatula to show contrast 

as the sample was transparent. 

 

The glassy melt clotrimazole was analysed by FT-IR (ATR) and 

handheld Raman. As there are no reported FT-IR and Raman spectra 

for amorphous clotrimazole in the literature the samples are 

compared to the clotrimazole received from the manufacturer. The 

FT-IR (ATR) spectra are displayed in Figure 3-27 where the spectra 

for the glassy melt samples contain noticeable differences to the 

clotrimazole reference spectrum. In the 650 – 800 cm-1 range the 

double peak at 670 cm-1 changes. The larger peak at 670 cm-1 

becomes less intense whilst the peak at 659 cm-1 becomes more 

intense for the glassy melt samples. The double peak at 693 cm-1 and 

704 cm-1 becomes merged and less well defined compared to the 

clotrimazole reference. The triple peak in the clotrimazole reference 

at 741, 749. 764 cm-1 becomes a large single peak with a shoulder in 

the clotrimazole glassy melt spectra. Compared to the triple peak at 

1036 cm-1 for the clotrimazole reference the glassy melt spectra 

becomes a broad peak with a shoulder. The peak at 1207 cm-1 for the 

clotrimazole reference also becomes a broader peak with a shoulder 

for the clotrimazole glassy melt. The clotrimazole reference has a 

small peak with a shoulder at 1431 cm-1 however, the peak becomes 

a more defined double peak in the clotrimazole glassy melt spectra.   

 

The glassy melt clotrimazole was also analysed by handheld Raman 

(Figure 3-28). The spectra for the clotrimazole reference and the 

glassy melt clotrimazole were similar however, there were a few 

subtle differences. The main difference is the absence of the peak at 

327 cm-1 in the glassy melt spectra compared to the clotrimazole 

reference spectrum. Another difference is the reduction in intensity 
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in the 1083 cm-1 and the 1193 cm-1 peaks for the glassy melt samples 

compared to the clotrimazole reference.  
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Figure 3-27 FT-IR (ATR) of clotrimazole and the glassy clotrimazole samples. Red boxes indicate areas of interest. Spectra 

have been scaled and offset for presentational purposes. 
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Figure 3-28 Handheld Raman of clotrimazole and the glassy clotrimazole samples. Red boxes indicate areas of interest. 

Spectrum for sample 1 was offset horizontally due to operator calibration error. Spectra have been scaled and offset 

vertically for presentational purposes. 



 

134 

 

3.5.2.3 Propranolol 

 

Propranolol polymorphs were made by following the method in 

section 3.4.3. The samples were then analysed by FT-IR (ATR) and 

the results are displayed below. 

 

The three polymorphs can be differentiated by their IR absorption 

bands in the 3400 – 2000 cm-1 range (Figure 3-29 b). Form I 

propranolol can be determined by its single peak at 3337 cm-1, while 

form II has a peak with larger intensity at 3280 cm-1 with two 

shoulders at 3325 and 3321 cm-1(Bartolomei et al. 1999). Form III 

spectra is very similar to form I with a large single peak 3340 cm-1, 

and very few differences over the whole 3400 – 700 cm-1 range 

(Figure 3-13).  

 

Form I and form III propranolol have subtle differences in their 

spectra for example a more intense peak at ~2970 cm-1 for form III 

whilst form I has a more intense peak than form III at 1560 cm-1 At 

~910 cm-1 form I has a more intense single peak than form III. 

However, one noticeable difference between form I and form III is a 

double peak at approximately 1400 cm-1 for form I, while form III has 

a single peak with a shoulder (Figure 3-13).  

 

The as received propranolol indicates form II propranolol as discussed 

in section 3.5.1.3., and is displayed in Figure 3-29. The propranolol 

standards all have the same spectra (Figure 3-29) which differs from 

II due to the double peak at 1375 and 1390 cm-1, whilst form II has 

a single peak at 1397 cm-1. The propranolol standards spectra also 

have a single peak at 1155 whilst form II has a three small peaks at 

1177, 1155 and 1140 cm-1. The propranolol standards have additional 

peaks at 991 and 909 cm-1 which are absent in form II whilst form II 

has an additional shoulder at 760 cm-1. Form I and form III have very 

similar spectra, with many differences being slightly different peak 
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intensities, therefore the main identifiable difference between the two 

forms is the double peak at ~1400 cm-1 for form I, and a peak with a 

shoulder for form III (Figure 3-13). As the propranolol standards all 

have a double peak at 1375 and 1390 cm-1 the spectra can be 

identified as form I rather than form III (Figure 3-29). 

 

 

 

Figure 3-29 (a) FT-IR (ATR) spectra of propranolol polymorphs (b) 
Zoomed in spectra between 3500 – 2000 cm -1 (c) Zoomed in 

spectra between 1700 – 700 cm-1. 
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Bartolomei et al. (1998, 1999) report that form II propranolol can be 

readily produced by evaporation from methanol (or water, acetone 

and n-propanol solutions) at room temperature. While evaporation of 

aqueous ethanol solution at room temperature would give mixtures 

of form I and form III. However, all samples (whether in methanol or 

ethanol) produced form I propranolol, apart from the as received 

sample which was form II.  

 

 

3.6 Conclusion 

 

In conclusion form I, and form II paracetamol were successfully made 

and characterised. One of the form II samples (method 3, sample 2) 

had produced a form II spectrum on one instrument whilst a form I 

spectrum was obtained on another; which is possibly due to an 

incomplete melt of the paracetamol causing a mixture of form I and 

form II on the microscope slide. Sub sampling of the paracetamol 

sample could then lead to a form II spectra on one instrument whilst 

a form I spectra on another. Form II paracetamol is the metastable 

polymorph, so it is possible that the paracetamol converted form 

between analyses. Form III paracetamol was successfully made 

between two glass microscope slides. Amorphous paracetamol was 

also successfully produced and analysed over time as it converted to 

form II (which took between 12 – 14 days).  

 

Propranolol standards all indicated form I despite being evaporated 

in different solvents, either ethanol or methanol. However, form I, II 

and III are well characterised in the literature so comparisons of 

samples and reference spectra can still be made in later chapters. 

 

The work in this chapter enables us to compare samples produced 

from levitation (chapters 4 and 5) and low field studies (chapter 6) to 

our reference spectra obtained in this chapter.  
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4 Initial levitation studies 

4.1 Introduction 

 

In this chapter diamagnetic levitation for pharmaceutical processing 

is explored. Research on the use of diamagnetism for containerless 

processing mainly focuses on the crystallisation of lysozyme (Yin et 

al. 2008) and other protein crystals (Okada et al. 2013) for enhanced 

X–ray crystallography, as well as melting and crystallisation 

experiments (Takahashi et al. 2006).  

 

An experiment performed by Motokawa et al. (2001) involved melting 

a glass cube (BK 7 glass, a mixture of SiO2 and B2O5) with 5 – 7 mm 

edges. It was placed in the levitation position of the magnet bore at 

22.89 T and melted with an infrared light beam from a CO2 laser. The 

glass cube melted and formed a perfectly spherical shape. The 

authors suggest this is a useful technique for melting materials as 

levitation avoids possible contamination from the crucible. 

 

Takahashi et al. (2006) used diamagnetic levitation for containerless 

melting and crystallisation experiments. Organic materials 

benzophenone and cycloolefin polymer were used for the 

crystallisation and melting experiments respectively. A thermostatic 

bath (within the magnet bore) and laser were used to melt the crystal 

and control the temperature during crystallization. A crystal was 

placed on the end of a wire and heated by the laser in the centre of 

the magnet, where the authors didn’t completely melt the crystal as 

they wanted to leave a nucleus. Crystal growth in a supercooled melt 

was observed at different temperatures. At 30 ˚C growth looked 

dendritic whilst at 45 ˚C facet growth could be seen from the melt. 

The shape of crystals was more flattened with larger axis 

perpendicular to the magnetic field. The authors suggest that with 

decreasing growth rate due to a decreasing supercooling degree the 
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growth mechanism changed. The paper suggests that magnetic 

levitation has potential to provide a novel technique in the synthesis 

of materials. 

 

Using a magnetic field gradient which was strong enough to be able 

to levitate droplets of water Nakamura et al. (2012) studied protein 

crystallisation. Three samples out of fifteen showed magnetic 

orientation parallel to the direction of the magnetic field; the aligned 

crystals had better x-ray diffraction patterns than the unorientated 

crystals in the magnetic field and the control crystals. Five samples 

(including the three that aligned to the magnetic field) showed better 

protein crystal quality than the controls. They concluded that high 

strength magnetic fields could enhance the quality of the crystals and 

aid in the determination of precise crystal structures. 

 

Cao et al. (2013) carried out a comparative study of the different 

containerless techniques diamagnetic levitation, silicone oil and 

agarose gel (crystals grown in gel or oil without contact with a solid 

surface can be considered containerless). Seven proteins were 

crystallised under the different containerless techniques, proteins 

crystallised included lysozyme, thaumatin, proteinase K. As a 

comparison to the levitation techniques the control samples were 

grown on a vessel wall. Crystal quality was determined by X-ray 

diffraction, mosaicity, resolution limit and Rmerge. The three 

containerless conditions showed better morphology than the control 

samples. For all three containerless conditions, X-ray diffraction data 

demonstrated that the quality of crystals were better than the control 

samples. Out of the three containerless conditions diamagnetic 

levitation was the best for enhancing crystal quality, the agarose gel 

demonstrating the second best improvement in crystal quality. The 

paper indicated that diamagnetic levitation was a useful aid in 

growing high quality protein crystals and is potentially useful in 

obtaining well diffracting crystals.  
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Using fixed magnets and a paramagnetic aqueous solution of 

manganese chloride Yang et al. (2014) were able to separate S-

ibuprofen and RS-ibuprofen crystals using magnetic levitation. 

Crystals levitated according to their density, the levitation height 

being the distance from the centre of the crystal to the bottom 

magnet. Therefore, low density objects levitated at a higher height 

compared to a denser object. Once separation had occurred the 

crystals were pipetted out of the levitation device. 

 

Currently there is a gap in the research of pharmaceutical processing 

using diamagnetic levitation. Therefore, in this chapter we explore 

the potential of diamagnetic levitation for pharmaceutical processing. 

In these proof of concept studies paracetamol was chosen as the first 

pharmaceutical entity to try, as is it a commonly used drug with up 

to five polymorphs. Paracetamol has been researched intensively and 

is well characterised (section 3.1.1). Initial experiments performed 

were to see if paracetamol could actually be levitated by the 

superconducting magnet system at the University of Nottingham 

(section 2.1.1). Once the experimental set up was configured the 

following experiments looked into the effect of containerless levitation 

on paracetamol. For example, could different polymorphs or 

amorphous paracetamol be created? 

 

 

4.1.1 Aims and objectives 

 

The aims of this chapter were to explore the potential of high strength 

magnetic fields for the levitation of pharmaceutical solutions. A 

secondary aim was to see if it was possible to grow crystals in this 

environment. Paracetamol was chosen as the model compound to be 

levitated. A further aim was the optimisation of the magnet set up 

once droplets could be successfully levitated. The final aim was the 
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investigation of diamagnetic levitation for polymorphic control. The 

aims were achieved by completing the following objectives: 

 

 Perform initial levitation experiments and vary different 

parameters such as volume, concentration and solvent of the 

pharmaceutical solution. 

 Optimise the set up and repeat experiments with optimised 

conditions. 

 Create for comparison samples prepared in a non-levitating 

environment keeping conditions as close to the magnet set up 

as possible. 

 Analyse samples by optical microscopy, DSC, FT-IR (ATR), and 

handheld Raman. 

 

 

4.2 Materials and methods 

4.2.1 Materials 

 

Paracetamol (Acetaminophen, BioXtra ≥ 99%) and ethanol (200 

proof, anhydrous, ≥ 99.5%) were obtained from Sigma Aldrich, 

Dorset, UK and used without further purification. 

 

 

4.3 Experimental methods 

4.3.1 Magnet set up 

 

The Cryogenic magnet (Cryogenic Ltd, London) has been used for 

most experiments performed in this chapter. However, due to the 

magnet being serviced the Oxford magnet (Oxford Instruments, 

Abingdon, UK) has also been used for some experiments. 
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Magnet set up 1 & 2 was used during the experiments in this chapter 

(section 2.1.5).For all experiments in this chapter the petri dish 

sample collector was used (section 2.1.3) as well as a digital camera 

which was mounted on a clamp stand above the magnet bore (section 

2.1.4). Details of the different experimental set ups can be found in 

Table 4-1 including the field strength and air/ nitrogen details. 
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Table 4-1 Table detailing the set up parameters for each experiment.
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4.3.2 Creating paracetamol solutions 

 

Paracetamol solutions were prepared by dissolving the required 

amount of paracetamol (Table 4-2) in ethanol or high purity water 

(resistivity 18 MΩ cm) in a glass beaker whilst being gently warmed 

and stirred on a magnetic hot plate. The solution was magnetically 

stirred until all of the paracetamol had dissolved, at which point it 

was taken off the heat and left to cool. The solution was then syringe 

filtered (0.22 µm syringe filter, Millex GP, Sigma Aldrich) into vials 

(25 mL sample tubes, Sarstedt, Leicester, UK) for storage.  
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Table 4-2 Table detailing the concentrations of paracetamol in water or ethanol used to make bulk solutions. 
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4.3.3 Sample preparation/ levitation 

 

Paracetamol solutions were prepared as the method described in 

section 4.3.2. During the initial experiments the required volume was 

pipetted using a Gilson pipette into a plastic vial (25 mL sample tube, 

Sarstedt, Leicester, UK). The solution was then pipetted into the 

magnet bore with a glass pipette. For the optimisation experiments 

and any subsequent experiments in this chapter the paracetamol 

solutions were syringe filtered (0.22 µm syringe filter, Millex GP, 

Sigma Aldrich) using non-magnetic needles (Neolus, 21G, 1 ½”, 0.8 

x 40 mm, Terumo Pharmaceutical solutions) into the magnet bore at 

the stable levitation position in the magnetic field. The levitation 

position for the Cryogenic magnet is approximately an inch from the 

top of the magnet bore (excluding the lip of the magnet bore insert) 

and for the Oxford magnet approximately 10 cm from the top of the 

magnet bore.  

 

 

4.3.4  Levitated droplets 

 

During the initial experiments different paracetamol solutions were 

levitated. Parameters that changed were the solvent (either water or 

ethanol) the size of the droplet (2, 4, or 6 mL) or the drug 

concentration (90%, 70% or 50% saturated solution as described in 

Table 4-2). Samples were levitated until crystals had formed, when 

the ratio of paracetamol to solvent increased the susceptibility of the 

whole droplet decreased causing the levitating droplet to fall out. The 

crystals would then be collected in the collection device (described in 

section 2.1.3, Figure 2-3 a). Details of the droplets levitated for each 

experiment are displayed in Table 4-3.  
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Table 4-3 Table detailing the droplets used for each levitation 

experiment. 

 

 

4.3.4.1 Non levitating samples 

 

Initially, for comparison non levitating samples were syringe filtered 

(0.22 µm) into 35 mm petri dishes. However, the solution spread out 

across the petri dish and wasn’t very representative of the levitating 

droplet’s shape. The non-levitating droplets were repeated in Falcon 

centrifuge tubes (50 mL) as the rounded end of the tube gave a more 

representative shape of the levitating droplet. The non-levitating 

solution in falcon centrifuge tubes was left to evaporate in a switched 

off laminar flow cupboard.  
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4.4 Results and discussion 

4.4.1 Initial experiments 

 

All the levitation experiments were filmed from above (an example 

image can be viewed in Figure 4-1 along with example crystals 

collected from the collection device within the magnet bore). 

Paracetamol would crystallise out as individual crystals, multiple 

small crystals creating cup shapes and even multiple small crystals 

creating a paracetamol shell (Figure 4-1  b). 
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Figure 4-1 (a) An image of a levitating droplet (viewed from above) within the magnet bore (b) Examples of crystals 
collected from the magnet bore. Examples include individual crystals, multiple small crystals formed in a cup shape and 

multiple small crystals formed in a small shell. 
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Initial experiments were run using solutions of paracetamol in water, 

and paracetamol in ethanol. The volume of the droplet and 

concentration of the droplet were varied. Droplets of 2, 4 or 6 mL 

were levitated with concentrations at 90% saturation or 50% 

saturation. Droplets were imaged using a Fire-i camera positioned 

above the magnet bore. Time lapse images of levitating droplets are 

displayed in Figure 4-2. As the droplet evaporated over time it 

decreased in volume and the concentration of paracetamol therefore 

increased. Paracetamol has a lower magnetic susceptibility than 

water or ethanol, (paracetamol powder being more difficult to levitate 

than water or ethanol). When the ratio of paracetamol to solvent 

increased the susceptibility of the whole droplet decreased causing 

the levitating droplet to fall out. The droplet is caught by the collection 

device positioned below the droplet. Filming is stopped when the 

droplet has fallen out.  

 

Water droplets were found to levitate longer than ethanol containing 

droplets as evaporation was slower allowing larger crystals to grow 

(Figure 4-1 a). Paracetamol droplets levitated for up to 11 hours, and 

crystals can be seen growing from 4 hours, and by 6 hours the 

crystals have grouped together in the centre of the droplet. The 

crystals continue to grow until they fall out into the collection device. 

In Figure 4-1 (b) an ethanolic droplet evaporates over time, within 5 

minutes small crystals can be seen gathering in the centre of the 

droplet, by 7 minutes the crystals have grown in size and by 10 

minutes the crystals reach the outer edges of the droplet. Within half 

an hour the droplet and the small crystals have fallen out into the 

levitation device. 
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Figure 4-2 Time lapse of levitating droplets (a) Paracetamol in water, 90% saturated solution, 4 mL (b) Paracetamol in 

ethanol, 90% saturated solution, 4 mL (c) Paracetamol in ethanol, 50% saturated solution, 4 mL 
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For comparison non levitating samples were produced (with the same 

concentrations, volumes and solvents) and syringe filtered (0.22 µm) 

into petri dishes and left to evaporate in a switched off laminar flow 

cupboard.  

 

 

 

 
Figure 4-3 Non levitating paracetamol crystals from (a) Ethanol 

50% solution, 6 mL, (b) Ethanol 90% solution, 2 mL, (c) Water 

90% solution, 6 mL. Images taken using a Canon EOS 70D digital 

camera. 

 

 

Non levitating paracetamol samples were found to be 

crystalline in nature: paracetamol in ethanol 50% saturated 

were dendritic in nature, whilst the 90% saturated solution 

and paracetamol in water were more platy and prismic in 

nature.   

 

 

4.4.1.1 DSC analysis of initial paracetamol samples 

 

Initial experiments were analysed by DSC after levitation, or 

after drying in the petri dishes. Example DSC thermograms 

for levitated samples are displayed in Figure 4-4. The majority 

of samples indicated form I paracetamol, however, 

occasionally form II paracetamol was observed (sample 1).  
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Figure 4-4 DSC thermograms of samples formed from levitating 
paracetamol in ethanol droplets, 90% saturated, 6 mL. The onset 

of melting temperature is indicated by an arrow and the value 

displayed above the trace. Graph offset and scaled for 

presentational purposes. 

 

 

The DSC results of the levitated and non-levitated 

paracetamol samples are summarised in Figure 4-5. 

 



 

153 

 

 

 

Figure 4-5 (a) Onset of melting points for levitating and non-

levitating paracetamol samples formed from ethanol 50% 
saturated solutions (b) Onset of melting points for levitating and 

non-levitating paracetamol samples formed from ethanol 90% 

saturated solutions (c) Onset of melting points for levitating and 

non-levitating paracetamol samples formed from water 90% 

saturated solutions. The melting point of form I is indicated by the 
grey dotted line at 169 °C and the melting point of form II is 

indicated by the yellow dotted line at 156 °C. 
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For the samples formed from the paracetamol in ethanol 50% 

saturated solutions (Figure 4-5 a) the non-levitating samples are 

spread over a larger range of values compared to the levitating 

samples. However, there were fewer levitating samples due to the 

small quantities of crystals produced, making analysis more difficult. 

The samples from the levitating paracetamol in ethanol and 

paracetamol in water 90% saturated solutions (Figure 4-5 b & c) gave 

a wider spread of melting points than the samples formed from the 

levitated paracetamol in ethanol 50% solutions. A small number of 

samples from both the paracetamol in ethanol and paracetamol in 

water 90% solutions indicate form II (melting point of approximately 

156 °C). For samples formed from water (90% saturated solution), 

the non-levitating samples gave a wider spread of melting points. 

However, the onset of melting points were not low enough to indicate 

the formation of form II. Examples of DSC spectra for the samples 

formed from the levitated paracetamol in ethanol 90% saturated 

solution are displayed in (Figure 4-6). Both of the levitating samples 

have a melting point of 152/ 153 °C indicating the presence of form 

II, sample one has a large exothermic peak at 74 °C which is likely to 

be the evaporation of ethanol (which boils at 78 °C) from the sample 

(Haynes. W.M. (ed.) 2014). When viewed using optical microscopy 

both levitated samples appeared crystalline in nature (Figure 4-6 b).  
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Figure 4-6 (a) DSC thermograms of two samples formed from 

levitated paracetamol in ethanol 90% saturated solution, 6 mL , 

along with the form I reference trace Spectra have been scaled 
and offset for presentational purposes.(b) Optical microscopy and 

polarised microscopy images of samples 1 and 2 (formed from 

paracetamol in ethanol 90%, 6 mL).  

 

 

The samples formed from levitated ethanol 90% saturated solutions, 

and water 90% saturated solutions gave a larger spread of melting 

points with some at approximately 156 °C indicating the formation of 

form II (Figure 4-5). Results indicate that increasing the volume of 

the droplet also increased the chances of forming form II 

paracetamol, therefore in further experiments 6 mL droplets were 

levitated. The crystallisation of form II paracetamol from solutions 
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has proven difficult (Nichols and Frampton 1998) and form II is often 

created from the melt of form I, or by seeding solutions with form II. 

Therefore, it is interesting that the DSC results indicate the formation 

of form II paracetamol from levitating solutions.  

 

These results indicate that it is possible to levitate paracetamol 

solutions and form paracetamol crystals in a containerless fashion, 

and they also suggest diamagnetic levitation may have potential for 

polymorph selection. Samples collected from 6 mL levitated ethanol 

90% saturated droplets, 2 and 6 mL water 90% saturated droplets 

produced melting points suggesting form II. Therefore, there is a 

need to further explore the levitation conditions of levitated droplets. 

 

 

4.4.2 Repeats of initial experiments 

 

As samples collected from 6 mL ethanolic droplets sometimes (2 out 

of 4 samples) gave melting points suggesting form II further repeats 

of the initial experiments were undertaken. Therefore, 6 mL droplets 

of paracetamol in ethanol, 90% saturated were levitated with 

different levitation conditions, for example the magnetic field strength 

and rate of air flow (Table 4-4). 
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Table 4-4 Table of conditions explored in the repeat experiments, and sample onset of melting points as determined by 

DSC. All samples are paracetamol in ethanol, 90% saturated solution, 6 mL.
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Inspection of Table 4-4 shows that 18 of 20 repeats produce melting 

points around 168 °C which we interpret as meaning that form I was 

the dominant form produced in these experiments. However, two 

samples (sample 5 and sample 10) appeared to produce a mixture of 

form II and form I paracetamol. The DSC thermograms are displayed 

in Figure 4-7.   

 

 

 

Figure 4-7 DSC thermograms for sample 5 and sample 10 (both 

paracetamol in ethanol, 90% saturated solution, 6 mL). Note that 

both samples have a large endothermic peak at 168 - 169 °C 

indicating form I, however, they both have smaller peaks at 159 

°C and 162 °C suggesting form II. Red boxes indicate areas of 

interest Spectra have been scaled and offset for presentational 

purposes. 
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Both samples have a large endothermic peak at approximately 

168  °C, indicating form I, however, they both have a small 

endothermic peak at 159 °C and 162 °C for sample 5 and 10 

respectively, suggesting the presence of form II also. Therefore these 

two samples are likely to be a mixture of form I and II. Nichols and 

Frampton (1998) report that if the sample isn’t polymorphically pure 

then a form II DSC thermogram will include a large endothermic peak 

at 171 °C (Figure 3-4) which is attributed to the melting of form I. 

 

Dust and particulates in the air may cause unwanted nucleation, for 

example heterogeneous nucleation of form I paracetamol on the 

surface of the droplet. Therefore, it was decided to optimise the 

experimental set up in terms of cleanliness. 

 

 

4.4.3 Optimising set up for cleanliness 

 

A Perspex box was designed to use on top of the magnet along with 

medical air/ nitrogen to produce a positive pressure to keep any 

particulates or dust in the lab from falling on the droplet, causing 

unwanted nucleation. It was decided to try medical air and nitrogen 

(from cylinders) as they would be cleaner than the air supply in 

physics as it could contain oil particulates. A clean room suit was also 

used in some experiments and before the experiments took place the 

lab was given a clean, to make it as dust free as possible.  

 

Parameters explored were the field strength, whether or not the bore 

needed to be covered by a glass cover or the Perspex box, and the 

gases used along with their flow rate.  
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4.4.3.1 Optimisation using ethanol 90% droplets 

 

The first set of optimisation experiments were performed using 

ethanol 90% saturated solution for levitation (6 mL) as this is what 

had been used previously in section 4.4.2. Optimisation experiments 

are summarised below (Table 4-5). 
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Table 4-5 Table of conditions used in optimisation experiments. All droplets are paracetamol in ethanol, 90% saturated 

solution and 6 mL. 
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The majority of samples collected were form I paracetamol, as 

determined by their DSC spectra. However, sample no. 10 was found 

to have a melting point of 156.26 °C indicating form II paracetamol 

(Figure 4-8).  

 

 

 

 

Figure 4-8 DSC thermogram of sample 10. The onset of melting 

point is 156.26 °C and is indicated by an arrow. 

 

 

The quick evaporation of ethanol, aided by the nitrogen flow caused 

the levitated droplets to supersaturate quickly. If supersaturation is 

too quick then paracetamol can crystallise out on nucleation sites, for 

example on the end of the needle (as was seen during initial levitation 

studies when using a glass pipette) causing unwanted heterogeneous 

nucleation of form I. As the 90% saturated solution droplets super 

saturated too quickly it was decided to use 70% saturated solutions 

instead, to investigate if it was more likely to lead to formation of 

form II paracetamol. 
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4.4.3.2 Optimisation using ethanol 70% droplets 

 

To slow down any potential supersaturation it was decided to levitate 

paracetamol in ethanol 70% saturated solutions (6 mL), instead of 

90% saturated solutions. Further optimisation experiments were also 

carried out on the Cryogenic and Oxford magnets (the Oxford magnet 

being used when the Cryogenic magnet was being serviced), with 

parameters explored being the field strength. As the bore insert 

(which connects to the water bath for temperature control) was 

purpose made for the cryogenic magnet it could not be used in the 

Oxford magnet, meaning the temperature inside the bore could not 

be controlled. The air temperature inside the lab was recorded 

instead, which usually was about 20 °C. Optimisation experiments are 

summarised in Table 4-6. 
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Table 4-6 Table of conditions used in optimisation experiments. All droplets are paracetamol in ethanol, 70% saturated 

solution and 6 mL. 
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When analysed by DSC sample number 3 had a melting point of 

158.66 °C indicating the presence of form II paracetamol, whilst 

sample 17 gave a melting point of 161. 05 °C, indicating the possible 

formation of from II (or mixture of form II/I paracetamol).  

 

It was therefore decided to carry out more detailed investigations 

after optimisation of the experimental set up. Rather than relying on 

DSC as the main analytical technique FT-IR (ATR) and handheld 

Raman were used for analysis of samples 

 

 

4.4.4 Ethanol 90% experiments following optimisation 

 

Samples were repeated using similar settings to sample 10 (Table 

4-5). Droplets (of paracetamol in ethanol, 90% saturated solution, 6 

mL) were levitated using a field strength of 17.5 T, using the Perspex 

box and nitrogen at a flow rate of 50 ccm/ min. A time lapse of a 

levitating (ethanol 90% saturated) droplet is displayed in Figure 4-9. 
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Figure 4-9 Bird ’s eye view time lapse of levitating paracetamol in ethanol droplet, 90% saturated, 6 mL.  
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Paracetamol droplets were levitated for approximately 3 hours until 

the magnetic susceptibility of the whole droplet decreased and it fell 

down into the collection device. After approximately an hour small 

crystals can be seen in the centre of the droplet (Figure 4-9), as the 

droplet continues to decrease in size, other crystals can be seen 

nucleating at the edge of the droplet and travelling in to the centre 

where they aggregate (2 h). Crystals continue to grow and collect in 

the droplet until the droplet appears opaque (2.5 h and 3 h). Shortly 

after three hours the droplet falls out and is collected in the collection 

device. 

 

Following optimisation of the set up, more detailed characterisation 

of the samples formed during levitation was performed using FT-IR 

(ATR) and handheld Raman in addition to DSC (Figure 4-10).  
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Figure 4-10 (a) FT-IR (ATR) and (b) Handheld Raman analysis of 

samples formed from levitated paracetamol/ ethanol, 90% 

saturated solution (6 mL). Red boxes indicate areas of interest. 
The form II reference has been offset horizontally due to operator 

calibration error. Spectra have been scaled and offset  vertically for 

presentational purposes. 

 

 

The FT-IR (ATR) spectra for the levitated samples were similar to 

spectra reported for form I paracetamol in the literature and are 
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displayed in Figure 4-10. The absorption peaks (which are not present 

in form II) at 806, 682 and 1228 cm-1 are present in the spectra, 

confirming form I (Al-Zoubi et al. 2002b). The Raman spectra also 

contain characteristic peaks at 1234 and 1325 cm-1 with three well 

resolved peaks in the 1500 – 1700 cm-1 range confirming form I 

paracetamol (Kauffman et al. 2008). 

 

 

 

 

Figure 4-11 DSC thermograms for the samples formed by the 
levitated paracetamol/ ethanol, 90% saturated solution (6 mL).  

Spectra have been scaled and offset for presentational purposes.  

 

 

A small amount of each sample was also analysed by DSC and the 

onset melting temperatures given in Figure 4-11. Onset of melting 

points range from 167.02 – 168.15 °C. which are within the range 
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reported in literature for form I paracetamol (168 – 172 °C) (Di 

Martino et al. 1996, 1997; Nichols and Frampton 1998; di Martino et 

al. 2000; Boldyreva 2003; Espeau et al. 2005). 

 

The DSC, Raman and FT-IR (ATR) results therefore indicated that the 

crystals from the levitated droplets were all form I paracetamol. The 

non-levitating samples (three repeats of 6ml paracetamol/ ethanol, 

90% saturated solution) were also analysed by DSC, FT-IR (ATR) and 

handheld Raman, and all samples indicated form I paracetamol (data 

not shown). 

 

 

4.4.5 Ethanol 70% experiments following optimisation 

 

Paracetamol in ethanol, 70% saturated droplets (6 mL) were levitated 

at 17.5 T, with a glass cover slip covering the magnet bore and the 

water bath set at 20 °C. 
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Figure 4-12 Bird’s eye view time lapse of levitating paracetamol in ethanol droplet, 70% saturated, 6 mL.  
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Droplets in these conditions levitated for approximately 6 hours, 

unlike the 90% saturated solution droplets which levitated for 

approximately 3 hours. This was due to the quantity of paracetamol 

in the droplet and the lack of air flow in the magnet bore meaning 

that evaporation rates were slower. After an hour and a half two small 

crystals can be seen in the droplet (Figure 4-12) these two small 

crystals continue to grow in size, and at approximately 3 hours a third 

crystal can be seen at the edge of the droplet. This crystal moves 

towards the centre of the droplet (3.5 h) and the crystals continue to 

grow in size and eventually meet (4.5 h). After 5 hours the droplet 

appears opaque as the crystals continue to grow. After 6.4 hours the 

droplet hits the collection device and remaining solution from the 

droplet can be seen on the filter paper around the crystal. In the final 

image the crystal can be seen as a cup shape in the collection device.   
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Figure 4-13 (a) FT-IR (ATR) of samples formed from the levitated 

paracetamol in ethanol, 70% saturated solution (6 mL) and (b) 
Handheld Raman spectra of samples formed from the levitated 

paracetamol in ethanol, 70% saturated solution (6 mL).  Red boxes 

indicate areas of interest. The form II reference has been offset 

horizontally due to operator calibration error. Spectra have been 

scaled and offset vertically for presentational purposes. 

 

 

The levitated samples were analysed by FT-IR (ATR) and handheld 

Raman (Figure 4-10). The FT-IR (ATR) spectra for the levitated 

samples agreed with spectra reported for form I paracetamol in 
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literature. The absorption peaks at 806, 682 and 1228 cm-1 are 

present in the spectra confirming form I (Al-Zoubi et al. 2002b). The 

Raman spectra contain characteristic peaks at 1234 and 1325 cm-1 

with three well resolved peaks in the 1500 – 1700 cm-1 range 

confirming form I paracetamol (Kauffman et al. 2008). 

 

 

 

 

Figure 4-14 DSC thermograms for samples formed from levitated 

paracetamol in ethanol 70% saturated solutions (6 mL). Spectra 

have been scaled and offset for presentational purposes. 

 

 

A small amount of each sample was analysed by DSC and the onset 

melting temperatures given in Figure 4-11. Onset of melting points 

range from 167.02 – 168.15 °C. which are within the range reported 

in literature for form I paracetamol (168 – 172 °C) (Di Martino et al. 

1996, 1997; Nichols and Frampton 1998; di Martino et al. 2000; 

Boldyreva 2003; Espeau et al. 2005).  
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The non-levitating samples (three repeats of 6ml paracetamol/ 

ethanol, 70% saturated solution) were also analysed by DSC, FT-IR 

(ATR) and handheld Raman, and all samples indicated form I 

paracetamol (data not shown). 

 

Occasionally form II paracetamol (or a mixture of form II/I) was 

formed from the levitating droplets (sections 4.4.1, 4.4.2, 4.4.3) 

however, it was difficult to reproducibly produce form II paracetamol. 

Haisa et al. (1974) produced orthorhombic crystals by slow 

evaporation from ethanolic solution, however, this method has 

subsequently eluded other researchers (Di Martino et al. 1997). Form 

II paracetamol can be created from the melt of form I, or from 

ethanolic solution when a seeding technique is used. However, 

seeding from ethanolic solution is still a challenge as the yield 

reported by Nichols and Frampton (1998) is typically less than 30%, 

and they also report that if the form II crystals are not dried fully then 

any residual mother liquor can induce formation to form I.  

 

 

4.4.6 Seeding experiments 

 

As it was difficult to reproducibly produce form II paracetamol via 

levitation it was decided to seed a droplet with form II, to see if it 

was possible to encourage the formation of form II paracetamol. 

Before seeding the droplets, form II paracetamol was made via the 

melt freeze method (method 1) detailed in chapter 3 (3.4.1.2). The 

prepared form II paracetamol, was then added to a paracetamol in 

ethanol droplet and a paracetamol in water droplet to see if seeding 

could initiate form II formation. The magnet was set up at 17.5 T, 

with the Perspex box, nitrogen flow rate of 50 ccm/ min, and the 

water bath set at 20 °C. A 1 mL paracetamol in ethanol 70% saturated 

solution was then levitated and form II introduced to the droplet with 
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a glass pipette tip. For the aqueous droplet 4 ml of paracetamol in 

water 90% saturated solution was used. 
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Figure 4-15 Bird’s eye view time lapse of levitating droplets (a) Paracetamol in ethanol 70% saturated solution, 1mL (b) 

Paracetamol in water 90% saturated solution, 4 mL. Both droplets were seeded with form II paracetamol. 
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Figure 4-16 FT-IR (ATR) and handheld Raman spectra of levitated 

water and ethanol droplets seeded with form II. Red boxes indicate 
areas of interest. The form II reference has been offset 

horizontally due to operator calibration error. Spectra have been 

scaled and offset vertically for presentational purposes. 

 

 

The seeded samples were analysed by FT-IR (ATR) and handheld 

Raman (Figure 4-16). The FT-IR (ATR) spectra for the levitated 

samples agreed with spectra reported for form I paracetamol in 

literature. The characteristic form I absorption peaks (which are not 

present in form II) at 806, 682 and 1228 cm-1 are present (Al-Zoubi 
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et al. 2002b). The handheld Raman spectra contain characteristic 

peaks at 1234 and 1325 cm-1 with three well resolved peaks in the 

1500 – 1700 cm-1 range confirming form I paracetamol (Kauffman et 

al. 2008). 

 

 

4.4.7  Overall results summary 

 

The results of this chapter are summarised in Table 4-7. The key 

result from the initial experiments was that by using the magnet 

system at the University of Nottingham we were able to levitate 

pharmaceutical solutions and form crystals within the levitated 

droplets. Aqueous paracetamol droplets levitated for longer periods 

than ethanol droplets and produced larger crystals. This is due to the 

droplet evaporating over a longer time with a slower decrease in 

volume, which gradually increases the concentration of paracetamol. 

As paracetamol has a lower magnetic susceptibility than water or 

ethanol, when the ratio of paracetamol to solvent is increased the 

susceptibility of the whole droplet decreased causing the levitating 

droplet to fall out of the magnet bore. As evaporation of water was 

slower than ethanol it allowed larger crystals to grow in the droplet 

before falling out of the magnetic trap. 

 

In the initial experiments droplets of varying volume (2, 4 or 6 ml), 

varying concentrations (50% or 90% saturated solution) and different 

solvents (water or ethanol) were levitated. Predominantly form I 

paracetamol was formed, however, occasionally form II was formed 

(e.g. 4 out of 26 samples). Larger droplets appeared to be more likely 

to crystallise form II paracetamol with 3 out 4 form II samples being 

from 6 mL droplets. Repeat experiments also occasionally produced 

form II paracetamol (2 out of 20 samples).  

 



 

180 

 

Optimisation of the experimental set up involved creating a Perspex 

box to sit over the magnet bore to keep the droplet clean from any 

falling dust/ particles. A flow of nitrogen/ medical grade air was used 

with the Perspex box to keep a positive pressure, again to prevent 

unwanted dust/ particles causing unwanted nucleation. It was 

hypothesised that dust or particles that fell on the droplet could act 

as nucleation points biasing the formation of form I paracetamol, 

which readily crystallises from solution. Again, form II paracetamol 

was occasionally formed, however, the addition of the Perspex box 

and nitrogen/ gas did not improve the odds of obtaining form II (1/ 

11 for 90% saturated solution, and 2/21 for the 70% saturated 

solution). The final 70% and 90% saturated solution droplets were 

repeated again with the Perspex box set up and this time analysed 

by FTIR (ATR) and handheld Raman. However, when analysed by 

these techniques they were confirmed as form I paracetamol.  

 

Although form II was produced infrequently in these studies, they still 

highlight that diamagnetic levitation has the potential for polymorphic 

control; by allowing the droplets to levitate freely it avoids unwanted 

heterogeneous nucleation i.e. nucleation on vessel walls or by dust 

particles. If the droplet is free of impurities and supersaturated, 

spontaneous homogenous nucleation can occur which could lead to 

the metastable form being produced.  

 

A final experiment to explore this potential was the seeding of 

paracetamol droplets with form II paracetamol. Although the droplets 

were seeded with form II when analysed by FTIR (ATR) and handheld 

Raman they indicated that form I paracetamol had been produced. It 

is already known that it is difficult to reproducibly produce form II 

from solution. Haisa et al. (1974) reported the crystallisation of form 

II by slow evaporation, however, this method has eluded other 

researchers (Di Martino et al. 1997). Form II paracetamol is often 

made from the melt of form I, or from ethanolic solution when using 
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a seeding technique. However, even when using a seeding technique, 

yields are often less than 30% (Nichols and Frampton 1998). Nichols 

and Frampton (1998) also report that if the form II crystals are not 

fully dried then any residual mother liquor can induce the formation 

to form I. It is possible therefore that in these studies the crystals 

that that fell out of the magnet bore still had residual solution on them 

causing them to revert back to the more stable form I. The collection 

device used in the magnet bore had filter paper and silica gel (for 

aqueous droplets) to try and soak up any residual solution to 

overcome this. 
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Table 4-7 A summary of the results obtained in this chapter. 

 

 

4.5 Conclusion 

 

Diamagnetic levitation was successfully used to levitate droplets of 

paracetamol in ethanol (or water) of varying volumes in the proof of 

concept studies. Using diamagnetic levitation containerless levitation 

studies were undertaken; levitating paracetamol in solution 
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(ethanolic or aqueous) at different field strengths and using different 

experimental set ups. Occasionally form II paracetamol was produced 

from the levitating droplets indicating that diamagnetic levitation has 

the potential for polymorphic control. However, in practice it has 

proven difficult to reliably reproduce form II paracetamol. As a result 

in chapter 5 it was decided to investigate the effect of diamagnetic 

levitation on clotrimazole, an antifungal pharmaceutical compound. 

Clotrimazole has previously been successfully levitated using acoustic 

levitation and the amorphous form created by Benmore and Weber 

(2011). 
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5 Clotrimazole levitation studies 

5.1 Introduction 

 

Many new pharmaceutical compounds that come to market have low 

aqueous solubility, i.e. they are class II or IV in the BCS 

(Biopharmaceutical Classification Scheme) classification system, 

which can pose a problem in clinical development and of the product. 

The Biopharmaceutical Classification Scheme (BCS) categorises 

drugs into four classes according to their solubility and permeability 

in the gastrointestinal tract (Amidon et al. 1995).  

 

 

 

Figure 5-1 Biopharmaceutical classification system (BCS) for 
characterising drugs based on their solubility and permeability. 

Image adapted from Rautio et al. (2008). 

 

 

Various approaches can be used to try and enhance solubility, such 

as modifying the particle size (micronisation), using cocrystals, 

micelles, oil encapsulation and creating the amorphous state of the 
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drug. Amorphous solid states have favourable solubility and 

dissolution rates compared to crystalline structures (Ehmann et al. 

2014) 

 

Using acoustic levitation Benmore and Weber (2011) amorphised 

pharmaceutical drugs that were previously hard to amorphise. One 

example of which is clotrimazole which is a BCS class II which has 

low solubility.  

 

Benmore et al. (2013) reported the structural characterization of 

different amorphous forms of drugs made by quenching molten 

droplets levitated by acoustic levitation. Examples of levitated 

pharmaceutical compounds include; cinnarizine, clotrimazole and 

miconazole nitrate. The 13C NMR results of these materials showed 

no evidence for degradation, broken or formed bonds caused by the 

laser and amorphisation process. Over an 8 month period the ratio of 

amorphous to crystalline material present in all of the samples was 

assessed by high energy X-ray diffraction. All the samples were stable 

for 6 months, however, carbamazepine crystallised out within a few 

months. Using combined neutron and X-ray pair distribution showed 

new information on intramolecular/ intermolecular differences in the 

amorphous drugs when compared to their crystalline forms.  

 

Weber et al. (2013) reported the levitation of probucol (and other 

pharmaceuticals) which was studied in situ by X-ray diffraction and 

ex-situ by NMR (nuclear magnetic resonance), neutron diffraction and 

DSC. Probucol is clinically used to reduce cholesterol, has poor 

solubility and has two known polymorphs (form I and form II). 

Analysing the glass by neutron/ X- ray difference function showed 

some molecular sub-groups (e.g. CH3) stayed rigid within the 

probucol structure but several of the correlations in hydrogens 

became smeared out in the glassy sample. The carbon backbone of 

probucol stays largely intact in the glassy sate however, the formed 
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glass was found to be mainly composed of distorted form I probucol, 

with disordered packing rather than changes in the molecular 

structure. Glassy probucol (when stored at 2 °C) remained stable for 

up to 8 months. 

 

Using acoustic levitation Weber et al. (2017) synthesised amorphous 

pharmaceuticals and compared them to amorphous pharmaceuticals 

produced by spray drying. The first experiment used the protease 

inhibitor; Atazanavir sulphate used for the treatment of HIV 

infections. The atazanavir was mixed with a binder, polyvinyl 

pyrrolidon (PVP) which can be used as a stabiliser and glass former 

for amorphous formulations. The mixtures were dissolved in 

methanol, filtered and syringed into the levitator. For comparison, a 

3:1 mixture of PVP and atazanavir sulphate was spray dried (as well 

as levitated). By using a large quantity of binder the authors inhibited 

unwanted crystallisation allowing fair comparison of the two methods 

as spray dried materials often contain crystals. The main difference 

between spray drying and acoustic levitation are the particle sizes. 

Particle sizes for the spray dryer are in the range of 10 – 100 µm, 

whilst the acoustic levitator produced particles in the range of 300 – 

500 µm. X-ray diffraction patterns of the samples indicated that 

similar amorphous material is produced by both methods. In the 

second part of the paper the authors investigate the stability of 

amorphous carbamazepine and miconazole nitrate made by 

containerless cooling of supercooled melts in their previous work 

(Benmore et al. 2013). The glass transition temperatures of 

carbamazepine and miconazole nitrate are 61 °C and 1 °C 

respectively, and the amorphous samples were stored at 2 °C 

Unexpectedly the carbamazepine crystallised rapidly whilst the 

miconazole nitrate did not. The results indicate that structural 

relaxation occurs for carbamazepine about 60 °C below the glass 

transition temperature. 
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In this chapter the potential of diamagnetic levitation for the 

containerless processing of clotrimazole is explored. Clotrimazole is a 

BCS class II compound with low solubility, thus creating an 

amorphous compound of clotrimazole would enhance the solubility. 

Clotrimazole was also chosen as a comparison to Benmore and 

Weber’s work where they used acoustic levitation to create 

amorphous clotrimazole (Benmore and Weber 2011).  

 

 

5.1.1 Aims and objectives 

 

The aims of this chapter were to explore the effect of diamagnetic 

levitation on the amorphisation of clotrimazole. The initial 

experiments aimed to be a comparison to the work carried out by 

Benmore and Weber (Benmore and Weber 2011) who used acoustic 

levitation to amorphise clotrimazole. Further studies aimed to explore 

different parameters such as levitation time, droplet volume and 

concentration. A secondary aim was the optimisation of in situ 

imaging of the droplet. The aims were achieved through the following 

objectives: 

 

 To perform initial levitation experiments by exploring different 

parameters such as volume and concentration. 

 To optimise imaging of the droplets to allow in situ monitoring 

of the processes by using mirrors to view the droplet from the 

side (as opposed to a bird’s eye view). 

 Create non levitating samples for comparison, keeping 

conditions as close to the magnet set up as possible. 

 Analyse samples by optical microscopy, FT-IR (ATR), and 

handheld Raman. 

 

 

 



 

188 

 

5.2 Materials and methods 

5.2.1 Materials 

 

Clotrimazole and ethanol (200 proof, anhydrous, ≥ 99.5%) were 

obtained from Sigma Aldrich, Dorset, UK and used without further 

purification. 

 

 

5.3 Experimental methods 

5.3.1 Magnet set up 

 

The Cryogenic magnet (Cryogenic Ltd, London) has been used for 

most experiments performed in this chapter, however, due to the 

magnet being serviced the Oxford magnet (Oxford Instruments, 

Abingdon, UK) has also been used for some experiments. 

 

During the experiments in this chapter magnet set up 1 & 2 was used 

(section 2.1.5).For all experiments in this chapter the petri dish 

sample collector was used (section 2.1.3) as well as a digital camera 

which was mounted on a clamp stand above the magnet bore (section 

2.1.4).  

Table 5-1 summarises the experimental conditions used for each set 

of experiments. 
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Table 5-1 Conditions of experimental set up for clotrimazole levitation studies. 
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5.3.2 Creating clotrimazole solutions 

 

Clotrimazole solutions were prepared by dissolving the required 

amount of clotrimazole (Table 5-2) in ethanol in a glass beaker whilst 

being gently warmed and stirred on a magnetic hot plate. The solution 

was magnetically stirred until all of the clotrimazole had dissolved, at 

which point it was taken off the heat and left to cool. The solution was 

then syringe filtered (0.22 µm syringe filter, Millex GP, Sigma Aldrich) 

into vials (25 mL sample tubes, Sarstedt, Leicester, UK) for storage.  

 

 

 

 

Table 5-2 A table detailing the different solutions and volumes 
used for each experiment. 
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5.3.3 Sample preparation/ levitation 

 

Clotrimazole solutions were prepared as the method described in 

section 5.3.2. The clotrimazole solutions were syringe filtered (0.22 

µm syringe filter, Millex GP, Sigma Aldrich) using non-magnetic 

needles (Neolus, 21G, 1 ½”, 0.8 x 40 mm, Terumo Pharmaceutical 

solutions) into the magnet bore at the stable levitation position in the 

magnetic field. The levitation position for the Cryogenic magnet is 

approximately an inch from the top of the magnet bore (excluding 

the lip of the magnet bore insert) and for the Oxford magnet 

approximately 10 cm from the top of the magnet bore.  

 

 

5.3.4 Levitated droplets 

 

Different clotrimazole solutions were levitated for each experiment, 

parameters that changed were the volume of the droplet or the drug 

concentration. Details of the droplets levitated for each experiment 

are displayed in Table 5-2  

 

 

5.4 Results and discussion 

5.4.1 Initial results (small droplets) 

 

The first set of experiments performed were the low volume 

experiments where droplets of 0.1 – 0.2 mL were levitated as a 

comparison to Benmore and Weber’s acoustic experiments (Benmore 

and Weber 2011). To directly compare the acoustic levitation method 

to diamagnetic levitation, initial experiments consisted of levitating 

small droplets of clotrimazole solution. Clotrimazole was chosen as 

Benmore and Weber had successfully created an amorphous gel of 

clotrimazole using acoustic levitation. Benmore and Weber (2011) 
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levitated 4 µL droplets, however, it was only possible to levitate 

droplets of 0.1 mL as the magnetic field prevented us using Gilson 

Pipettes (due to metal components). Figure 5-2 shows an example 

0.1 mL droplet levitating in the Oxford magnet. It can be seen that 

the droplet changes from transparent to opaque in appearance over 

45 minutes. 
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Figure 5-2 Time lapse of a small (0.1 mL) levitating clotrimazole droplet (conc. of starting solution 9mg/ ml) within the 

magnet bore. 
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The droplets collected from the magnet were viewed using an optical 

microscope. The levitated droplets produced a mixture of different 

results as can be seen in Figure 5-3. Leaving the droplet to levitate 

in the magnet for sufficient time to allow all of the solvent to 

evaporate produced a shell like structure (Figure 5-3 a). Taking the 

droplet out of the magnet earlier produced droplets with different 

features (Figure 5-3); some droplets would be gel like in nature but 

have small nucleations of clotrimazole on the surface (Figure 5-3 c 

&d) while some the droplets appeared to consist of two different 

halves with different appearances (Figure 5-3 b). 

 

 

 

 
Figure 5-3 Optical microscopy of tiny clotrimazole droplets 

removed from the magnet after levitation at x4 magnification. 

Image (a) Shell like structure produced from levitating droplet in 

Figure 5-2 (b) Droplet with clearly different halves (c) Droplet with 
nucleation on the surface (d) Droplet with crystalline structures 

and bubbles/ pockets of air.  

 

 

Due to the small size of the samples collected during the initial 

experiments (often 1 -2 mm in diameter) it was difficult to analyse 
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them by DSC, FT-IR and handheld Raman. The following experiments 

were therefore performed with larger droplet volumes. 

 

 

5.4.2 Medium volume droplets 

 

Droplets of 0.5 ml saturated clotrimazole solution were levitated 

using the cryogenic magnetic and filmed from above as they 

evaporated over time. Please refer to section 5.3.1 for magnet set up 

and  

Table 5-1 for the conditions used.  

 

Figure 5-4 shows a levitating droplet (0.5 ml) in the centre of the 

magnet bore as it evaporates over time (whilst being filmed from 

above). The droplet gradually changes from transparent to opaque as 

time elapses (0 – 112 min). At 112 minutes small bubble appear to 

form in the centre of the droplet, whilst over time several smaller 

bubbles form around the larger central bubble (144 min). Over the 

next half an hour the smaller bubbles disperse leaving just the large 

central bubble with a few small bubbles around it (176 m). The central 

bubble then disperses and the layer on the outside of the droplet can 

been seen growing thicker/ inwards, as the liquid from the centre 

evaporates (612 m). By 1014 m the outside layer has grown further 

inwards and small crystals can be seen starting to grow. Eventually 

the liquid in the centre evaporates off and the crystals continue to 

grow larger (2016 – 3232 m). This process is seen frequently in 

droplets (more so in larger droplets), however, the bubbles in the 

centre are not always visible, but bubbles around the circumference 

of the droplet can often be seen in time lapse images. 
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Figure 5-4 A time lapse of a small levitating droplet (0.5ml, saturated clotrimazole solution) within the magnet bore . 
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The majority of droplets consisted of a gel part and a white part. The 

gel part and the white parts of the droplets (illustrated in Figure 5-5) 

were analysed by FT-IR (ATR) and by handheld Raman.  

 

 

 
Figure 5-5 (a) Image of a levitating droplet (b) Samples collected 

after levitation with arrows indicating the white parts of the droplet 

and the gel part. 

 

 

Example spectra for the gel and white parts of a droplet are displayed 

in Figure 5-6. The spectrum obtained for the white part of the droplet 

closely matches that of the clotrimazole reference spectrum. Subtle 

differences for the white part of the droplet are the double peak at 

741 and 749 cm-1 which is less well defined than the clotrimazole 

reference spectrum, and a single peak 670 cm-1 which is less intense 
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than the clotrimazole reference spectrum. The spectrum obtained for 

the gel part of the droplet was also very similar to that of the 

amorphous reference spectrum. The spectrum for the gel part of the 

droplet has a less intense peak at 697 cm-1, as well as a broader peak 

at 902 cm-1 as compared the amorphous spectrum. The gel sample 

also has a more intense peak at 879 cm-1 compared to the amorphous 

spectrum (clotrimazole spectrum and white part spectra) which is 

attributed to the presence of ethanol in the sample, as ethanol also 

has sharp peak at 879 cm-1 (ethanol spectrum displayed in Figure 

5-10). 

 

The handheld Raman spectra of the white part of the droplet matches 

the spectrum for the clotrimazole reference, whilst the gel part 

matches the spectrum for the amorphous reference. Noticeable 

differences between the clotrimazole reference and the amorphous 

reference are the missing peak at 327 cm-1 and the less intense peaks 

at 1078 cm-1 and 1188 cm-1 for the amorphous reference. These 

differences are highlighted by a red box in Figure 5-6 (b). 

 

The FI-IR and handheld Raman spectra indicate that the white part 

of the droplet is crystalline clotrimazole and the gel part, amorphous. 
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Figure 5-6 (a) FT-IR (ATR) of the clotrimazole reference, 

amorphous reference, white and gel parts of an example 6 mL 

droplet (b) Handheld Raman of the clotrimazole reference, 

amorphous reference, white and gel parts of a 6 mL droplet. Red 

boxes indicate areas of interest. Spectra have been scaled and 
offset for presentational purposes. 
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5.4.3 Large volume droplets 

 

As the small droplets evaporated over time they became much 

smaller in volume making them difficult to image and analyse 

(handheld Raman requires a much bigger sample relative to the FT-IR 

(ATR)). For this reason larger droplets were levitated for comparison. 

 

Large droplets of 3, 4 and 6 ml saturated clotrimazole solution were 

levitated using the cryogenic magnetic and filmed from above as they 

evaporated over time. Please refer to section 5.3.1 for magnet set up 

and  

Table 5-1 for the conditions used. 

 

A time lapse of an example droplet can be seen in Figure 5-7. The 

droplet starts off as transparent and over time slowly reduces in 

volume becoming more opaque (0 – 300 min). After approximately 

half an hour small bubbles can be seen forming in the middle of a 

larger bubble (334 min). About an hour later (392 min) the bubbles 

have dispersed and a medium size bubble remains with very small 

bubbles around it. Eventually the bubbles disperse and the outer layer 

can be seen growing thicker/ inwards along with a single crystal in 

the inner circle (1362 min). By 1852 minutes, the outer layer has 

grown thicker with nucleation of more crystals on the outer surface 

of the droplet. As time elapses the outer layer further grows thicker 

with only a small amount of liquid in the centre with additional 

nucleation on the surface of the droplet (1852 – 4248 min). 
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Figure 5-7 A time lapse of a large levitating droplet (4 ml, saturated clotrimazole solution) within the magnet bore.  
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Figure 5-8 Examples of large levitating droplets collected from the 

magnet bore at the end of the experiment. (a) 4 ml saturated 
clotrimazole droplet (b) 6 ml saturated clotrimazole droplet (c) 3 

ml saturated clotrimazole droplet (d) 3 ml saturated clotrimazole 

droplet (e) 4 ml saturated clotrimazole droplet. The droplet in 

image (e) is the droplet from the time lapse in Figure 5-7. 

 

 

The levitating droplets were collected from the magnet bore on a 

glass microscope slide and photographs were taken before analysis. 

As can be seen in Figure 5-8 droplets consist of semi clear viscous 

liquid and white solid parts. Droplet (b) has formed a shell with a 

viscous liquid in the centre – this shell can be seen forming in the 

time lapse in Figure 5-9. 
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Figure 5-9 A time lapse of a large clotrimazole droplet (6 ml, saturated solution) forming a shell as it levitates within the 

magnet bore (droplet (b) from Figure 5-8). 
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In Figure 5-9 a large levitating droplet can be seen levitating in the 

magnet bore, the droplet starts off transparent and gradually 

becomes opaque over time (216 min). Small bubbles can be seen 

around the droplet circumference at 318 minutes. As time elapses the 

outer layer grows thicker/ inwards as the centre evaporates and 

multiple nucleation points can be seen on the droplet (776 – 1492 

min). By 3032 minutes the centre of the droplet has evaporated and 

the white crystalline parts are mainly covering the surface of the 

droplet. The crystalline parts continue to grow until the last image at 

4198 minutes.  

 

The levitating droplets were analysed by FT-IR (ATR) and handheld 

Raman (Figure 5-10 and Figure 5-11respectively). Where sample size 

allowed, the gel part and white part of the droplets were analysed 

separately. 

 

The FT-IR (ATR) spectra for the white parts of the droplets had 

spectra matching the clotrimazole reference, whilst the gel parts had 

spectra similar to the amorphous clotrimazole spectrum with only a 

few subtle differences. The peak at 697 cm-1 in all gel samples is less 

intense than the same peak in the amorphous spectrum, as well as a 

broader peak at 902 cm-1 compared to the amorphous reference. The 

spectra for the gel parts also contain a more intense peak at 879 cm-

1 than the amorphous spectrum (clotrimazole reference and white 

parts spectra) due to ethanol in the gel samples. An additional peak 

at 2970 cm-1 is also attributed to ethanol in the sample. 

 

The levitated droplets were analysed by handheld Raman (Figure 

5-11). As the sample size required for this analysis was a lot larger 

than for the FT-IR most samples were analysed as both the gel and 

white part together. The main difference between the spectra shown 

is the absence of the peak at 327 cm-1 in the amorphous reference 

spectrum and the more gel like samples, for example the 3 mL droplet 
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and 6 mL droplet (gel part). The amorphous clotrimazole reference 

spectrum and the more gel like samples (3 mL droplet, and 6 mL 

droplet (gel part)) have a reduction in intensity in the 1074 cm-1 and 

1187 cm-1 peaks compared to the clotrimazole reference spectrum 

and the more crystalline samples.  
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Figure 5-10 FT-IR (ATR) of large clotrimazole droplets. Red boxes indicate areas of interest. Spectra have been scaled 

and offset for presentational purposes. 
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Figure 5-11 Handheld Raman of large levitating droplets.  Red boxes indicate areas of interest. Spectra have been scaled 
and offset for presentational purposes.
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5.4.4 Further investigations of experimental parameters 

5.4.4.1 Investigating the effect of syringe filtering 

 

Droplets levitated in previous clotrimazole experiments (initial 

experiments, medium volume droplets and large droplets) have been 

syringe filtered into the magnet bore to avoid unwanted nucleation 

from particulates. As seen in Figure 5-4, Figure 5-7 and Figure 5-9 

droplets in these experiments were found to have bubbles in the 

centre as they evaporated over time. For comparison, a 4 mL 

saturated clotrimazole droplet was levitated using the same 

conditions as the large droplet experiments ( 

Table 5-1). However, this time the droplet was introduced into the 

magnet bore without a syringe filter to avoid aeration as bubbles in 

the droplet could act as nucleation site for unwanted crystal growth. 

The droplet was then filmed from above as it evaporated over time 

(Figure 5-12 b).  

 

The levitating droplet is initially transparent and gradually decreases 

in volume before becoming more opaque (0 – 164 min). By 335 

minutes small bubbles appear around the circumference of the 

droplet. A few hours later at 805 minutes the bubbles have dispersed 

and the outer layer has grown thicker/ inwards with a few small 

crystals nucleated on the droplet. At 1087 minutes the outer layer 

has grown thicker and the small crystals have grown larger with an 

agglomeration of crystalline material gathering at the bottom of the 

droplet. By 1391 minutes the crystals on the surface have grown 

larger and the outer layer of the droplet is less well defined. The 

droplet seems to contain less bubbles than the other droplets that 

were syringe filtered in Figure 5-4, Figure 5-7, and Figure 5-9. 

However, as this experiment was only performed once it isn’t 

conclusive and would need to be repeated. 
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Figure 5-12 Time lapse of a large droplet (4 ml clotrimazole saturated solution) levitated within the magnet bore . As a 

comparison to droplets that were syringe filtered this droplet was positioned in the magnet bore using a syringe only to 

avoid aeration. 
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5.4.4.2 Time controlled droplets (48 hour and 72 hour droplets) 

 

In the previous experiments described (medium volume droplets and 

large droplets) droplets were left to levitate overnight, however they 

were not taken out at exactly the same time as each other making it 

difficult for comparison. For that reason large droplets were levitated 

for exactly 48 hours and 72 hours. The levitating droplets were again 

analysed by FT-IR (ATR) and handheld Raman (Figure 5-13 and 

Figure 5-14 respectively). Where sample size allowed the gel part and 

the white part of the droplets were analysed separately.  

 

When analysed by FT-IR (ATR) the white parts of the droplet again 

closely resembled the clotrimazole reference spectrum (Figure 5-13). 

However, the 0.5 mL sample levitated for 48 hours had a large single 

peak with a shoulder at 749 cm-1 whereas the clotrimazole reference 

and the rest of the white parts spectra have a double peak (at 749 

and 741 cm-1) with shoulder. The large single peak with a shoulder at 

749 cm-1 is also seen in the gel samples and the amorphous 

spectrum, suggesting the white part of the 0.5 mL sample levitated 

for 48 hours contained some gel. 

 

The gel parts closely matched the amorphous clotrimazole spectrum 

with a few subtle differences (Figure 5-13). The gel samples have a 

less intense peak at 697 cm-1, and a broader peak at 902 cm-1 

compared to the amorphous reference spectrum. The gel parts of the 

droplet also have a more intense peak at 879 cm-1 compared to the 

amorphous spectrum (clotrimazole reference, and the white parts 

spectra) which suggests the presence of ethanol in the gel parts of 

the droplet as ethanol has a sharp peak at 879 cm-1 also. An 

additional peak at 2970 cm-1 in the gel spectra is also attributed to 

ethanol in the sample. 
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As handheld Raman requires a larger sample size than the FT-IR 

(ATR) most of the samples were analysed as both the gel and white 

part together. The handheld Raman results are display in Figure 5-14. 

 

One of the main differences between the crystalline clotrimazole and 

the amorphous spectrum is absence of the single peak at 327 cm-1 in 

the amorphous spectrum. All of the samples contain the 327 cm-1 

peak in their spectra indicating they are crystalline in nature, with the 

exception of the 5 mL droplet levitated for 72 hours which is more gel 

like. For the 5 mL droplet levitated for 72 hours, the peaks at 1074 

and 1187 cm-1 are less intense than the clotrimazole reference, and 

closely match the amorphous spectra, indicating this sample was 

more gel like than crystalline. 
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Figure 5-13 FT-IR (ATR) spectra for levitated clotrimazole droplets levitated for 48 hours or 72 hours. Red boxes indicate 

areas of interest. Spectra have been scaled and offset for presentational purposes.  
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Figure 5-14 Handheld Raman spectra of clotrimazole droplets levitated for 48 hou rs and 72 hours. Red boxes indicate 

areas of interest. Spectra have been scaled and offset for presentational purposes.  
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5.4.5 Optimisation of imaging (45 °mirror images) 

 

To better understand what occurred during evaporation of the 

levitating droplets and more specifically the bubbles in the droplet a 

45° mirror was inserted into the magnet bore attached to the end of 

a ruler to view the droplet from the side (Figure 2-4) as it evaporated 

over time. In Figure 5-4, Figure 5-7, Figure 5-9 and Figure 5-12 

bubbles can be seen forming inside the droplets and it was decided 

to investigate this further as it wasn’t seen in the levitating 

paracetamol droplets.  

 

A 0.5 mL saturated clotrimazole solution droplet was levitated using 

the cryogenic magnetic and filmed from above as it evaporated over 

time. Please refer to section 5.3.1 for magnet set up, Figure 2-4 for 

the mirror set up, and  

Table 5-1 for the conditions used. 
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Figure 5-15 Levitating droplet captured from above and the side in a 45° mirror positioned within the magnet bore. Red 

arrows indicate areas of interest.
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In Figure 5-15 the initial droplet can be observed from above as it 

levitated within the magnet bore (0 min). As time elapsed and the 

droplet evaporated, reducing in volume, it sat slightly lower in the 

magnet bore due to the increased concentration of clotrimazole. This 

decrease in height allowed the droplet to be viewed using the 45 ° 

mirror giving a side view of the droplet (40 minutes). In the 40 min 

image clotrimazole was seen collecting at the bottom of the levitating 

droplet and by 62 minutes clotrimazole had now collected at the 

bottom and the top of the droplet; the bird’s eye view of the droplet 

appeared opaque. At 94 minutes the clotrimazole had mainly 

collected around the bottom of the droplet and the top half of the 

droplet was now more transparent, with a bubble formed between 

the two layers. By 124 minutes the droplet had two clear layers and 

the bubble was now seen in the bird’s eye view image surrounded by 

lots of tiny bubbles. As time elapsed the clotrimazole started to 

crystallise out on the surface of the droplet, growing up the side of 

the droplet giving the ring effect seen in the bird’s eye view of the 

droplet (316 min). As the droplet evaporated and the clotrimazole 

crystallised out it moved closer to the mirror and in image 682 min 

the droplet was seen gently resting on the mirror. At 1122 minutes 

most of the ethanol had evaporated off, leaving a half moon 

clotrimazole outer shell. 

 

The clotrimazole that collected at the top and bottom of the droplet 

(62 minutes, Figure 5-15) can be hypothesised to be due to effective 

gravity. The levitation point for the droplet is in the very centre of the 

droplet (Figure 5-16), and when the ethanol started to evaporate the 

clotrimazole came out of solution and collected at the poles at the top 

and bottom of the droplet. I.e. the clotrimazole is less dense than the 

ethanol so it rises in the opposite direction to the effective gravity. 

When the magnet can no longer levitate all the clotrimazole it is 

hypothesised that it sinks to the bottom of the droplet (94 and 124 

minutes, Figure 5-15) and is held in place by surface tension. The 
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droplet now consists of two layers, thought to be a less dense ethanol 

rich layer on the top and a denser clotrimazole gel in the bottom half 

of the droplet. The bubbles seen at 124 minutes (Figure 5-15) are 

thought to be due to dissolved gas coming out of the solution. 

 

 

 

 

Figure 5-16 Schematic of levitating droplet within the magnet 

bore. g* denotes effective gravity, and the arrows indicate the 
direction of the effective gravity. 

 

 

5.4.6 Overall results summary 

 

The results of this chapter are summarised in Table 5-3. Initial 

experiments involved levitating small droplets with a volume between 

0.1 and 0.2 mL. Images captured of the levitating droplets show the 

droplet starting off as transparent and gradually becoming more 

opaque over time. Droplets were found to have a different 

appearance depending on the levitation time. By taking a droplet out 

earlier it could consist of two different layers or a thick gel with small 

crystalline parts on the surface. Leaving the droplet levitating for 

longer was found to create a crystalline shell. 
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Medium and large volume droplets were also levitated within the 

magnet bore. Again, droplets consisted of a thick gel, with small white 

crystalline parts on the surface; sometimes a crystalline shell also 

formed. Bubbles could frequently be seen in the centre of the droplets 

in the recorded time lapse images.  

 

The FTIR (ATR) and handheld Raman spectra for the gel part and 

white crystalline parts of levitated droplets were found to closely 

resemble the spectra for amorphous clotrimazole, and crystalline 

clotrimazole material respectively. The separation of the two layers is 

thought to be due to effective gravity; the clotrimazole is less dense 

than the ethanol so rises in the opposite direction to effective gravity 

i.e. to the poles of the droplet. When the magnet can no longer 

levitate the clotrimazole, it is hypothesised that it sinks to the bottom 

of the droplet where it is held in place by surface tension. The two 

halves of the droplet are therefore thought to consist of a less dense 

ethanol rich layer on top and a denser clotrimazole gel on the bottom. 

The observed bubbles are thought to be from dissolved gas coming 

out of the solution which could act to nucleate crystal growth. 

 

A further experiment considered the effect of syringe filtering on the 

droplets. It was hypothesised that syringe filtering the droplet directly 

into the magnet bore could introduce air into the droplet. In this 

experiment the droplet was syringed straight into the magnet bore 

without filtering and from the time lapse images it appears this 

method may produce fewer bubbles. As the experiment was only 

performed once the results aren’t conclusive and would need to be 

repeated. As the bubbles are thought to be from dissolved gas coming 

out of the solution eliminating this step would avoid aeration of the 

droplet. 

 

By using 45° mirrors droplets could be viewed from the side and from 

above allowing the crystallisation process to be better followed. For 
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the first time we could clearly see the clotrimazole gathering at the 

top and bottom of the droplet (when viewed from above the droplet 

looked opaque). The clotrimazole then sinks to the bottom of the 

droplet forming two distinct layers and bubbles appear at the 

interface between the two layers. The bubbles then disperse and the 

remaining ethanol continues to evaporate leaving a solid clotrimazole 

half shell. As discussed earlier the two separate layers are due to the 

differences in density between the clotrimazole and ethanol meaning 

the clotrimazole rises to the poles of the droplet as it is less dense. 

When the magnet can no longer levitate the clotrimazole it falls to 

the bottom of the droplet and is held in place by surface tension. The 

clotrimazole then crystallises up the side of the droplet as the ethanol 

evaporates leaving a half moon shell.  
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Table 5-3 A summary of the results obtained in this chapter. 
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5.5 Conclusion 

 

Diamagnetic levitation was successful used to freely levitate 

clotrimazole droplets and assess the potential for “containerless 

processing”. Droplets of different concentrations and volumes were 

successfully levitated and studied in this chapter. Small droplets were 

initially levitated as a comparison to Benmore and Weber (2011) who 

were able to successfully amorphise clotrimazole using acoustic 

levitation. In their studies µL volume droplets formed amorphous gels 

and were rapidly frozen to preserve the amorphous state.  

 

Our research found small droplets difficult to levitate due to the 

smaller sized droplets remaining attached to the needle tip, flicking 

of the needle would cause the droplet to swing out and stick to the 

side of the magnet bore. Once the small droplets were levitated they 

would evaporate, and reduce in volume, making them difficult to 

analyse by FT-IR (ATR) and handheld Raman as there wasn’t always 

enough sample. However, diamagnetic levitation has the advantage 

of being able to levitate larger volume droplets. The levitated droplets 

would consist of a thick viscous gel part and white parts. The viscous 

gel substance is similar to the gel reported by Benmore and Weber 

(2011). However, potentially due to the longer levitation times, small 

crystals would nucleate on the surface of the droplets levitated by 

diamagnetism, which when analysed by FT-IR (ATR) and handheld 

Raman suggested crystalline clotrimazole. The gel parts of the droplet 

analysed by FT-IR (ATR) and handheld Raman closely resembled the 

amorphous spectrum with a few subtle differences including peaks 

that matched the ethanol reference spectrum, suggesting ethanol 

was still in the sample.  

 

The imaging of the droplet was optimised by using a 45 ° mirror, 

which made it possible to successfully image the droplet from the side 

allowing a better understanding of the processes going on in the 
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magnet bore. It was discovered that the droplet would separate into 

two layers, which couldn’t been seen when imaging the droplet from 

above. It is hypothesised that the clotrimazole is less dense than the 

ethanol, which means it rises in the opposite direction to the effective 

gravity i.e. the poles of the droplet. When the magnet can no longer 

levitate the clotrimazole it is hypothesised it sinks to the bottom of 

the magnet and held in place by surface tension. The ethanol then 

continues to evaporate leaving a crystalline half-moon shaped shell. 

The bubbles seen in the droplet are hypothesised to be from dissolved 

gas coming out of the solution. 

 

As well as creating gel droplets, it was possible to create hollow 

spheres of clotrimazole (shells). These unique spheres could have 

potential uses in drug delivery, if the size could be reduced. A similar 

technique would be spray drying, which uses high temperatures. An 

advantage of diamagnetic levitation is that experiments can be 

performed at room temperature. 
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6 Low field experiments 

6.1 Introduction 

 

Research on magnetic fields has mainly focused on the ability to 

create large high quality protein crystals for X-ray diffraction analysis 

and to investigate the orientation of crystals grown under magnetic 

fields. For example Astier et al. (1998) investigated protein crystals 

orientation grown under a magnetic field. Using small permanent 

magnets producing a magnetic field strength of 1.25 T they grew 

crystals of porcine pancreatic α-amylase, hen egg-white lysozyme 

and bovine pancreatic trypsin inhibitor. Crystals were oriented in the 

direction of the magnetic field, with the exception of heterogeneous 

nucleation.  

 

Ribonuclease A, met-myoglobin and hen egg white lysozyme crystals 

were aligned by magnetic fields of less than 1 T by Sakurazawa et al. 

(1999). A magnetic field (0.2, 0.3, 0.4 and 1.13 T) was applied to 

solutions during crystallisation of monoclinic lysozyme. Results 

indicated that the crystals aligned perpendicular to the magnetic field, 

and crystals grown with no magnetic field were orientated at random. 

A second experiment showed 80% of ribonuclease A crystals grown 

in a magnetic field of 1.13 T were oriented perpendicularly to the field 

direction. Met-myoglobin crystals grown under a magnetic field of up 

to 0.7 T also aligned perpendicular to the field direction.  

 

Gavira and Garci (2009) et al also grew hen white lysozyme crystals 

in a static magnetic field of 7 Tesla. The crystals grew in an agarose 

gel to stop sedimentation occurring and buoyancy driven convection. 

It was reported that the homogeneous and constant magnet field 

decreased the nucleation induction time resulting in a higher 

nucleation density with larger crystal size. When the crystals were 
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grown in a solution of 0.02% agarose 100% of the crystals could be 

oriented by the 7 Tesla magnetic field.  

 

More recently, research has also investigated the influence of 

magnetic fields on the polymorph formation of different compounds. 

Knez and Pohar (2005) investigated the influence of magnetic fields 

on the polymorph composition of calcium carbonate. Calcium 

carbonate has three polymorphic forms; calcite, vaterite, aragonite. 

Calcite is the most stable polymorph and has a hexagonal structure, 

whilst vaterite, which is also hexagonal is the least stable polymorph. 

Aragonite is the metastable polymorph and has an orthorhombic 

structure. Using a closed recirculating system a carbonised aqueous 

solution was pumped through a magnetic field (up to 1.12 T) via 

silicon tubing and back into a glass container, the total circulation 

time was 6 hours. The solution was ultra-centrifuged once the 

treatment was complete and air dried at ca. 40 – 45 °C. Their results 

indicated that magnetic fields promote the precipitation of the 

aragonite polymorph from carbonised solutions. Magnetic induction 

and exposure time were found to influence the aragonite content of 

the precipitates. 

 

Magnetic fields have also been found to influence the polymorphic 

form produced when samples of 2,2’ :6’,2”-terpyridine were 

crystallised in a magnetic field (Honjo et al. 2008). 2,2’ :6’,2”-

terpyridine has photophysical properties, exhibits phosphorescence, 

and has two polymorphic forms; an orthorhombic and a monoclinic 

form. Applying magnetic field strengths above 5 T to a solution during 

crystallisation produced monoclinic crystals, whilst normal (0 T) 

conditions were found to produce orthorhombic crystals. The 

monoclinic crystals were phosphorescent at room temperature, and 

it was also found that increasing the magnetic field strength increased 

the lifetime of the phosphorescence. 
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The crystallisation of coronene in a magnetic field lead to the 

discovery of an unforeseen polymorph (Potticary et al. 2016). 

Coronene is a polyaromatic hydrocarbon with six aromatic rings, 

arranged in a planar discoidal fashion. Coronene was crystallised from 

a supersaturated toluene solution under magnetic fields of 1 T. The 

coronene solution was prepared at 93 °C and the whole system was 

kept at 93 °C for four hours after the cuvette was inserted. The 

temperature was then gradually reduced over a period of time until it 

reached room temperature. Crystals of β – coronene were produced 

rather than the ubiquitous γ – coronene. The β – coronene crystals 

were orange in colour and much longer in dimension than the γ-

coronene crystals. The β polymorph remained stable in ambient 

conditions and without a magnetic field (0 T). 

 

Research on magnetic fields for crystallisation has therefore mainly 

focused on the crystallisation of protein crystals for enhanced X-ray 

crystallography or the orientation of protein crystals. A few research 

groups have investigated magnetic fields for the control of polymorph 

formation. However, there is a gap in the research for the 

investigation of magnetic fields for the polymorphic control of 

pharmaceutical compounds. Therefore, in this chapter we explore the 

potential of magnetic fields on the crystallisation of paracetamol, 

clotrimazole and propranolol. Another part of this chapter was to 

repeat the work produced by Potticary et al. (2016) by crystallising 

coronene in our magnet system. 

 

 

6.1.1 Aims and objectives 

 

The aim of this chapter was to explore the effect of low strength 

magnetic fields on crystallisation. Initially this aim was to repeat the 

low field crystallisation of coronene as performed by Potticary (2016) 

using the experimental set up at the University of Nottingham. A 
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secondary aim was to perform similar experiments with paracetamol, 

clotrimazole, and propranolol. This aim was achieved by completing 

the following objectives: 

 

 Perform crystallisation of coronene under a magnetic field of 

1 T using our magnet set up. 

 Perform crystallisation of paracetamol, clotrimazole and 

propranolol under a magnetic field of 1 T. 

 Create zero field samples for comparison, keeping conditions 

as close to the magnet set up as possible. 

 Analyse samples by optical microscopy, FT-IR (ATR), and 

handheld Raman. 

 

 

6.2 Materials and methods 

6.2.1 Materials 

 

Paracetamol (Acetaminophen, BioXtra ≥ 99%), clotrimazole, 

± propranolol hydrochloride and ethanol (200 proof, anhydrous, ≥ 

99.5%) were obtained from Sigma Aldrich, Dorset, UK and used 

without further purification. 

 

 

6.3 Experimental methods 

6.3.1 Magnet set up 

 

The Cryogenic magnet (Cryogenic Ltd, London) was used for all 

experiments performed in this chapter. 

 

During the experiments in this chapter magnet set up 2 was used 

(see section 2.1.5).For all experiments a cuvette holder was used 

(see section 2.1.3) as well as a digital camera which was mounted on 
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a clamp stand above the magnet bore (section 2.1.4). The cuvette 

holder was positioned in the centre of the magnetic field which is 

134.5 mm from the inner plate of the magnet (145.5 mm when taking 

into account the 11 mm on the lip of the bore insert).Table 6-1 

summarises the experimental conditions used for each set of 

experiments. 
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Table 6-1 Conditions of experimental set up for low field studies.
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6.3.2 Creating solutions 

 

Coronene (25 mg) was dissolved in toluene (10 mL) in a glass beaker, 

in a water bath on a hot plate maintained at 93 °C. Once the coronene 

had dissolved it was syringe filtered (using glass syringe and 

Chromacol 4 – SF – 02 (PV) 4 mm Syr. Filter PVDF 0.2 µM) into glass 

test tubes and maintained at 93 °C in a pressure oven until required. 

 

Saturated solutions of paracetamol, clotrimazole and propranolol 

(Table 6-2) were made by dissolving the required amount of drug in 

ethanol in a glass beaker whilst being gently warmed and stirred on 

a magnetic hot plate. Drug was added to the solution until no more 

would dissolve at which point the solution was taken off the heat and 

left to cool. The solution was then syringe filtered (0.22 µm) into glass 

vials for storage. 

 

 

 

 
Table 6-2 Details of solutions used in low field experiments. 

 



 

231 

 

6.3.3 Sample preparation/ insertion into magnet bore 

 

The coronene solution was prepared as per section 6.3.2., and was 

stored in a pressure oven at 93 °C until it was required. The coronene 

solution (in sealed cuvettes) was transferred between labs in a sealed 

insulated vessel to try and maintain the temperature of the coronene 

solution. However, it was found that the temperature of the water 

had dropped to 83 °C by the time it arrived in the magnetic levitation 

lab. We therefore decided to position the sample (in a cuvette) in the 

magnet bore and maintained the temperature at 93 °C (with no 

magnetic field, 0 T) for an hour before following the method described 

by Potticary et al. (2016). The magnetic field was then turned on at 

1 T for 4 hours (the bore temperature was maintained at 93 °C), after 

which the temperature was reduced to 83 °C for 24 hours, 73 °C for 

24 hours, with a final dwell at 50 °C for 24 hours before reducing to 

room temperature. 

 

Paracetamol, clotrimazole and propranolol solutions were prepared as 

per section 6.3.2 and syringed filtered (0.22 µm) into the cuvette 

positioned in the centre of the magnetic field within the magnet bore 

(section 6.3.1) and left to crystallise over 24 hours. 

 

Zero field samples were crystallised in as similar conditions the low 

field experiments as possible. Coronene samples followed the 

reducing temperature programme above in a pressure oven. The 

paracetamol, clotrimazole and propranolol solutions were syringe 

filtered (0.22 µm) into cuvettes crystallised in a pressure oven at 

20 °C for 24 hours. 
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6.4 Results and discussion 

6.4.1 Low field coronene experiments 

 

The low field coronene experiment was performed once, with three 

zero field samples produced in parallel at the same time. The 

coronene crystals were viewed under ultra violet light using an ultra 

violet transilluminator (Figure 6-1). All four experiments were found 

to produce crystals that fluoresced green, indicating that the γ – 

polymorph of coronene had been formed. Crystals were also viewed 

with the UV setting on an optical microscope (Figure 6-2). The 

crystals had needle like morphology and fluoresced green, again 

indicating the γ – polymorph.  

 

Using low magnetic fields, Potticary et al (2016) reported that they 

were able to produce the β – polymorph of coronene which fluoresced 

orange. In their experiment they kept the coronene in solution at 93 

°C prior to use. In our experiments keeping the coronene solution at 

93 °C whilst syringe filtering proved to be very difficult, as crystals 

could be seen precipitating out of the solution within the syringe. The 

solution and syringe then had to be reheated. It is possible that during 

this process that not all the coronene went back into solution, 

resulting in unwanted nucleation of the γ form. The coronene solution 

had to be transported between the lab with the fume hood and the 

magic levitation lab in Physics, which also caused a drop in 

temperature, and could have allowed the coronene to start 

crystallising out. In an attempt to overcome this the coronene 

solution was heated at 93 °C for an hour in the magnet bore to 

counteract the temperature decrease before following the method by 

Potticary et al. (2016). 
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Figure 6-1 Coronene crystals viewed under ultra violet light. Zero 

field 1, 2, 3, and M (magnet, low field sample (1 T). 

 

 

 

 

 

Figure 6-2 (a) Optical microscopy of zero field samples 1, 2, 3, and 
M (magnet, low field sample (1 T) (b) UV (ultraviolet) microscopy 

of zero field samples 1, 2, 3, and M (magnet, low field sample (1 

T). 
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6.4.2 Low field paracetamol experiments 

 

Low field and zero field paracetamol samples formed in low strength 

and zero magnetic fields were analysed by FT-IR (ATR) and handheld 

Raman. As the handheld Raman required larger samples than the FT-

IR (ATR), only the low field paracetamol had samples of sufficient 

quantity to be analysed by handheld Raman.  

 

The FT-IR (ATR) spectra show that the samples formed in low and 

zero fields were all form I paracetamol (Figure 6-3). Characteristic 

peaks for form I paracetamol at 806, 682 and 1228 cm-1 are all 

present. It should be noted however, that some extra/ more intense 

peaks were also present in some spectra. Zero field sample number 

2 for example has a more intense peak at 1047 cm-1 compared to the 

paracetamol reference. This possibly is due to residual ethanol 

remaining in the sample as ethanol has an intense peak at 1047 cm-1. 

Zero field samples numbers 1, 2 and 3, also show peaks at 1106 cm-1 

gaining a small shoulder at 1084 cm-1: again this correlates to an 

intense peak observed at 1084 cm-1 in the ethanol spectrum. Low 

field sample number 1 and all three zero field samples gain a shoulder 

at 1148 cm-1 which is attributed to the PMMA (poly(methyl 

methacrylate)) in the plastic cuvettes which has interacted with the 

sample. An extra peak at 1722 cm-1 is also present in all low field and 

zero field samples, again from the PMMA. 

 

The handheld Raman spectra (Figure 6-4) for the paracetamol formed 

in low field contain characteristic peaks at 1234 and 1325 cm-1 with 

three well resolved peaks in the 1500 – 1700 cm-1 range, confirming 

the formation of form I paracetamol (Kauffman et al. 2008). Some of 

the handheld Raman spectra were of lower quality (poor signal: 

noise) than others due to a smaller sample size, for example low field 

sample number 2 (Figure 6-4). 
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It is not surprising that the paracetamol crystallised in low magnetic 

fields samples produced form I paracetamol, as levitation at much 

higher field strengths also routinely produced this form (chapter 4). 

Nichols and Frampton (1998) report that form II paracetamol crystals 

in contact with the mother solution can rapidly convert back to form 

I, which could also happen in samples left in the magnet, particularly 

when not all of the solvent is evaporated, as in these experiments. 

Interestingly Potticary et al. (2016) repeated the same coronene 

experiment at lower fields strengths of 0.2, 0.5 and 0.8 T which 

resulted in the formation of the γ polymorph rather than the β form 

seen at 1 T. They suggest that 1 T is close to an energetic threshold 

for selection between the two polymorphs. The authors repeated the 

experiments with pyrene at 1 T, however they were unable to control 

the polymorphic form. As pyrene is not as magnetically susceptible 

as coronene it is suggested that higher fields strengths would be 

required. Paracetamol is likely not as magnetically susceptible as 

coronene, as even at higher field strengths form II was only 

occasionally formed. 
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Figure 6-3 FT-IR (ATR) of low field (1 T) and zero field paracetamol samples. Red boxes indicate areas of interest. Spectra 
have been scaled and offset for presentational purposes. 
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Figure 6-4 Handheld Raman of low field (1 T) paracetamol samples. Red boxes indicate areas of interest. Spectra for 

sample 1 and 2 have been offset horizontally due to operator calibration error. Spectra have been scaled and offset 
vertically for presentational purposes. 
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6.4.3 Low field clotrimazole experiments 

 

FT-IR (ATR) spectra of the samples of clotrimazole formed in low and 

zero magnetic fields are displayed in Figure 6-5. Both low field and 

zero field samples produced spectra similar to the clotrimazole 

reference spectrum, with the exception of an extra peak at 1722 cm-1. 

This again is attributed to the PMMA cuvettes. Characteristic double 

peaks at 1481, 1438 and 1082, 1039 cm-1 are present along with 

peaks at 902, 823, 756 and 702 cm-1 (Hani et al. 2015).  

 

The handheld Raman spectra of the same samples are displayed in 

Figure 6-6.  Only the low field clotrimazole samples had enough 

sample to be analysed by the handheld Raman. Both spectra 

resemble the clotrimazole reference spectrum however they have 

additional broad peaks at 485, 785 and 1344 cm-1 which are 

attributed to the glass vial used in the handheld Raman. Again, the 

low field spectra are of lower quality (poor signal: noise) than the 

clotrimazole reference, this is due to a small sample size. 
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Figure 6-5 FT-IR (ATR) of low field (1 T) and zero field clotrimazole samples. Red boxes indicate areas of interest. Spectra 

have been scaled and offset for presentational purposes. 

 



 

240 

 

 

 
Figure 6-6 Handheld Raman of low field (1 T) clotrimazole samples. Red boxes indicate areas of interest. Spectra for 

sample 1 has been offset horizontally due to operator calibration error. Spectra have been scaled and offset vertically for 

presentational purposes. 
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6.4.4 Low field propranolol experiments 

 

Propranolol samples formed in low and zero field magnetic fields were 

analysed by FT-IR (ATR). The spectra are displayed in Figure 6-7 

along with a spectrum obtained for the propranolol as received from 

the manufacturer (form II) and a form I propranolol reference. In 

Figure 6-7 it is observed that an extra peak is present for all the low 

field and zero field samples at 1722 cm-1 which again, is attributed to 

the PMMA cuvettes.  

 

For clarity, the FT-IR (ATR) spectra have been divided into smaller 

zoomed sections which are displayed in Figure 6-8, Figure 6-9, and 

Figure 6-10. The first sub section of the FT-IR (ATR) spectra is 

between 4000 cm-1 and 2000 cm-1 (Figure 6-8), and in this range 

form I propranolol can be determined by its single peak at 3337 cm1, 

whilst form II has a large peak at 3280 cm-1 with two shoulders at 

3325 and 3321 cm-1. Propranolol forms I and II are distinguishable 

over the range of 3400 – 700 cm-1 whilst form I and III fingerprint 

regions have a few subtle differences (Bartolomei et al. 1998). The 

spectrum for form II propranolol, samples formed in the low field 

(repeats number 2, 3, 4), and zero field (number 2 and 3) all suggest 

form II propranolol was formed, as indicated by the peak at 3280 

cm-1,with two shoulders. However, sample number 1 formed in low 

field and zero field sample number 1 both have a sharp single peak 

at 3339 cm-1. The spectrum for the zero field (sample number 1) 

matches the form I standard, with a large single peak at 2966 cm-1 

and a more intense triple peak at 2788 cm-1. However, the spectrum 

for sample 1 formed in low field has a large peak at 2970 cm-1 with a 

less intense double peak at 2791 cm-1, suggesting that form III had 

been formed (for reference spectra see Figure 3-13). Another subtle 

difference between form III and form I is the small peak at 3052 cm-1 

which for form I propranolol is more intense than form III.  

 



 

242 

 

In the 1500 to 1300 cm-1 section it is observed that form II 

propranolol reference has a single peak at 1453 cm-1 with a sharp 

peak and shoulder at 1397 cm-1. In comparison, form I and form III 

both have a peak with a shoulder at 1457 and 1453 cm-1 respectively. 

Form I has a double peak at 1390 and 1375 cm-1 whilst form III has 

a peak with an intense shoulder. Therefore, spectra (numbers 2 - 4) 

for the samples formed in low field and zero field spectra (numbers 2 

and 3) all suggest form II propranolol. The spectrum for sample 1 

formed in zero field suggests propranolol form I was produced, whilst 

low field sample number 1 suggests form III propranolol was 

produced. 

 

In the 1300 to 1000 cm-1 section the form II propranolol reference 

spectrum has a three peaks at 1177, 1155 and 1140 cm-1, whilst form 

I and form III have a small peak at 1177 cm-1 plus a larger peak with 

a shoulder. The samples formed in low field (numbers 2 – 4) and zero 

field (numbers 2 and 3) all have the three peaks, however the third 

peak on each spectra is a little more intense than the form II 

reference spectrum which is possibly due to the PMMA cuvette which 

has an intense peak at 1140 cm-1. The spectra for low field sample 1, 

and zero field sample 1 both have a small peak and a larger peak with 

a shoulder rather than three smaller peaks, indicating that they are 

either form I or III.  

 

Most samples (low field samples 2 to 4 and zero field samples 2 and 

3) produced FT-IR (ATR) spectra that suggested form II propranolol 

had been formed. This was unusual as previously when making 

standards by evaporation from ethanol all the samples produced form 

I propranolol (section 3.5.2.3). However, as form II is the as received 

form and the most stable it is perhaps not unsurprising that it was 

formed. Bartolomei et al. (1998) report that form II is easily produced 

by evaporation of solvents for example methanol, propanol, acetone 

and water, whilst evaporation from 95% aqueous ethanol (at room 
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temperature) would produce mixtures of I and III, so it is unusual 

that the low field and zero field samples evaporated from ethanol 

produced form II here. The formation of form II, when form I or III 

was expected could be an influence of the magnetic field.  

 

Bartolomei et al (1998) report it is impossible to obtain form III by 

solvent evaporation and that form III could only be created by 

solidification of the melt in the presence of an alkali halide matrix. In 

the experiments in this chapter, the number 1 sample formed in low 

field produced a spectrum that appears to be consistent with the 

literature for form III propranolol (Bartolomei et al. 1998). It is 

therefore possible that the magnetic field encouraged the production 

of form III during crystallisation. It is possible that propranolol has a 

stronger magnetic susceptibility than paracetamol. Potticary et al. 

(2016) crystallised the γ polymorph at 0.8 T whilst at 1 T the β form 

is crystallised. It is suggested that 1 T is close to a threshold for 

energetic selection. It is therefore possible that 1 T is close to the 

energetic threshold required to selectively produce the form III 

polymorph. However, we can’t also rule out that this may also be due 

to sub-sampling of the sample i.e. it is possible only form III was 

collected from a mixture of form I and III. Further experiments would 

need to be conducted to see if the formation of form III propranolol 

from solution crystallised in magnetic fields could be repeated. 
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Figure 6-7 FT-IR (ATR) of low field (1 T) and zero field propranolol samples. Red boxes indicate areas of interest. Spectra 

have been scaled and offset for presentational purposes.* Sample 1, was 1 mL in volume, all other samples were 0.5 mL. 
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Figure 6-8 FT-IR (ATR) of low field (1 T) and zero field propranolol 
samples in the 2000 – 4000 cm -1 range. Spectra have been scaled 

and offset for presentational purposes.* Sample 1, was 1 mL in 

volume, all other samples were 0.5 mL. 
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Figure 6-9 FT-IR (ATR) of low field (1 T) and zero field propranolol 
samples in the 1300 – 1500 cm -1 range. Spectra have been scaled 

and offset for presentational purposes.* Sample 1, was 1 mL in 

volume, all other samples were 0.5 mL. 
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Figure 6-10 FT-IR (ATR) of low field (1 T) and zero field propranolol 

in the 1000 – 1300 cm -1 range. Spectra have been scaled and offset 

for presentational purposes. .* Sample 1, was 1 mL in volume, all 
other samples were 0.5 mL. 

 

 

6.5 Conclusion 

 

The first experiment in this chapter was a repeat of the Potticary et 

al. (2016) experiment, using our magnetic set up to see if we could 

reproduce their results. The experiment performed in this chapter 

produced the γ – polymorph of coronene suggested by the green 

fluorescence seen under UV light whilst Potticary et al (2016) were 

able to crystallise the β – polymorph. Difficulties in repeating the 
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experiment included keeping the temperature of the coronene 

solution at 93 °C whilst syringe filtering and transporting the solution 

between labs. It is possible the solution cooled down enough to allow 

crystallisation of the as received form (γ – polymorph) during 

transportation. The solution was warmed in the magnet at 93 °C for 

an hour before starting the experiment to try and overcome the 

possibility that any coronene had crystallised during transportation. 

 

We crystallised paracetamol in conditions of low and zero magnetic 

fields, samples from both conditions lead to the formation of form I 

paracetamol. Form I paracetamol is the most stable polymorph and 

in high strength magnetic field studies in chapter 4 this polymorph 

was routinely produced. 

 

Solutions of clotrimazole, which has no polymorphs produced samples 

in low magnetic fields similar to the clotrimazole reference spectrum. 

Additional peaks seen in the spectra were attributed to the PMMA 

from the plastic cuvette. 

 

For propranolol most samples (low field and zero field) produced form 

II propranolol (the as received polymorph) with the exception of two 

samples, a low field sample, which produced a spectrum that was 

more consistent with form III and zero field sample which produced 

form I. Bartolomei et al. (1998) report that evaporation from aqueous 

ethanol (at room temperature) would produce a mixture of form I and 

form III. However, the pure form III could only be crystallised from 

the melt in the presence of an alkali halide matrix. Although form III 

can be produced in a mixture with form I, it is possible the magnetic 

field encouraged the production of form III propranolol. However, it 

is also possible due to sub sampling that the solution contained both 

form I and form III crystals and that only the form III were analysed, 

so further experiments would need to be undertaken.  
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7 Discussion, conclusion and future 

perspective 

7.1 Summary 

 

The aim of this thesis was to investigate the effect of magnetic fields 

on pharmaceutical processing and explore the fundamentals of 

crystallisation using diamagnetic levitation. Research on 

containerless levitation has mainly focused on the crystallisation of 

lysozyme (Yin et al. 2008) and other proteins (Okada et al. 2013) for 

enhanced X-ray crystallography. Benmore and Weber (2011) 

however, have used acoustic levitation to amorphise pharmaceutical 

compounds. It was therefore decided to investigate the potential of 

diamagnetic levitation for containerless crystallisation of 

pharmaceutical compounds. To enable these studies, the work began 

in chapter 3 by characterising the starting materials (paracetamol, 

clotrimazole and propranolol) and creating polymorphs as reference 

materials. Paracetamol form I, II, III and the amorphous form were 

successfully created and characterised. As clotrimazole has no 

reported polymorphs the amorphous form was created as a reference 

material. Propranolol has three polymorphs, however, only two were 

created and characterised. The third polymorph is well characterised, 

so it was possible to compare our results in later chapters to the 

spectra reported in the literature.  

 

Chapter 4 investigated the potential to levitate pharmaceutical 

solutions in a containerless fashion. Initial levitation studies were 

performed with paracetamol, which is a commonly used analgesic and 

is well characterised. Droplets of paracetamol solution (ethanol/ 

water) were successfully levitated during initial studies. Different 

parameters such as droplet volume, paracetamol concentration and 

solvent were explored. Samples collected from the levitated droplets 
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predominantly formed form I paracetamol. However, occasionally 

form II paracetamol was created (as determined by DSC) and the 

results suggested that form II paracetamol was more likely to 

crystallise in larger droplets. The magnet set up was optimised to 

reduce unwanted heterogeneous nucleation which could be caused by 

particles/ dust in the air. It was hypothesised that dust or particles 

that fell on the droplet could act as nucleation points biasing the 

formation of form I paracetamol which readily crystallises from 

solution. A Perspex box was designed to sit on top of the magnet 

bore, with an inlet for air/ nitrogen to provide a positive pressure. As 

earlier results suggested larger droplets were potentially more likely 

to form form II, experiments with larger droplets with varying 

concentrations of paracetamol were repeated. Again, form II 

paracetamol was occasionally formed, however, this proved very 

difficult to repeatedly reproduce. 

 

In an attempt to encourage the formation of form II paracetamol, two 

paracetamol droplets were seeded with form II paracetamol. 

However, when the samples were collected at the end of the 

experiment, analysis confirmed the formation of form I paracetamol.  

 

The main finding of this chapter was that we could produce crystals 

of paracetamol using diamagnetic levitation. Form I paracetamol was 

predominantly formed, however, interestingly we could occasionally 

produce form II paracetamol. However, as form II paracetamol is less 

stable than form I it proved difficult to reliably produce. Haisa et al 

(1974) reported the formation of form II paracetamol by slow 

evaporation from ethanolic solution, however, this method has not 

been successfully repeated (Di Martino et al. 1997). More frequently 

form II paracetamol has been created from the melt of form II or 

from ethanolic solution when using a seeding technique. Creating 

form II by the seeding technique is still a challenge by any method 
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as yield rates are very low and if they crystals are not fully dried then 

any residual mother solution can induce formation to form I.   

 

In chapter 5 it was decided to further explore the containerless 

processing capabilities of diamagnetic levitation directly comparing 

the approach to the work of Benmore and Weber (2011), who were 

able to levitate and produce amorphous forms of pharmaceutical 

compounds, such as clotrimazole using acoustic levitation. In their 

studies during levitation the solution of clotrimazole would evaporate 

and form a gel, which would be collected and cryogenically frozen to 

preserve the amorphous form. As clotrimazole formed an amorphous 

gel upon levitation we decided to use clotrimazole as a direct 

comparison of the two methods (acoustic and diamagnetic). Benmore 

and Weber (2011) levitated 4 µL droplets, so we levitated as small 

droplets as possible for comparison purposes. Difficulties in syringing 

small (µL) droplets into the magnet bore were experienced, including 

the droplet remaining attached to the needle, with sudden movement 

such as flicking causing it to swing into the side of the magnet bore 

insert. However, small droplets of 0.1 mL were successfully levitated 

and studied. Droplets were found to produce a crystalline shell, a gel, 

or a combination of both. This was further explored by levitating 

medium sized droplets of 0.5 mL. As these droplets were larger it 

allowed better imaging of the droplet, which interestingly showed the 

process involved in the formation of small bubbles in the centre of 

the droplet, which was explored in more detail in later parts of the 

chapter. Levitation of the droplets usually resulted in a thick outer 

layer with white parts on the surface. Analysis of the gel and white 

parts of the droplet by FTIR (ATR) and handheld Raman suggested 

that the gel was amorphous and the white parts crystalline 

clotrimazole.  

 

This process was further explored by levitating larger droplets of 3, 4 

and 6 mL. The larger droplets also contained bubbles and occasionally 
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the droplet would form a white clotrimazole outer shell. Further 

investigations of experimental parameters included investigating the 

effect of syringe filtering to see if the shell resulted from contaminant 

particles which collected at the air/ droplet interface or if the observed 

bubbles were introduced due to filtering. A second parameter 

explored was the levitation time. In previous experiments in the 

chapter droplets were levitated overnight, however as they were not 

taken out at the same time this made comparison difficult. For this 

reason droplets were levitated for 48 hours and 72 hours. Again, the 

droplets produced an amorphous gel, with crystalline parts on the 

surface. 

 

The bubbles seen in most droplets were explored further by inserting 

a 45 ° mirror into the magnet bore just below the levitating droplet 

allowing imaging of the droplet from the side (rather than from 

above). As the droplet evaporated, clotrimazole started to come out 

of solution and accumulate at the bottom of the droplet, and then 

also at the top of the droplet. The effect seen is hypothesised to be 

due to effective gravity – the less dense clotrimazole rises ‘up’ to the 

poles of the droplet. When the magnet can no longer levitate all the 

clotrimazole, it is suggested that it sinks to the bottom and is held in 

place by surface tension. The droplet then appears to consist of two 

halves, thought to be a less dense ethanol rich layer on top and a 

denser clotrimazole gel on the bottom layer. The thick gel layer was 

observed to continue to grow up the sides of the droplet at the same 

time as crystallisation of clotrimazole on the surface, until a point at 

which the ethanol rich layer disappears.  

 

The main finding of this chapter is that clotrimazole solutions could 

be levitated by diamagnetic levitation, and an amorphous gel 

produced. These results are similar to the results reported by 

Benmore and Weber (2011) who used acoustic levitation to 

amorphise clotrimazole. Interestingly we also observed new 
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processes occurring during crystallisation by using our mirror and 

camera set up.  

 

As well as exploring the potential of magnetic fields for containerless 

processing, the effect of magnetic fields on crystallisation was 

explored in chapter 6. Several research groups have indicated that 

low strength magnetic fields could influence crystallisation (Knez and 

Pohar 2005; Honjo et al. 2008; Potticary et al. 2016). The first part 

of the chapter explored the potential of magnetic fields to control 

polymorph formation by comparing our low field method to the 

method of Potticary et al. (2016). In their experiment they were able 

to crystallise the β – polymorph of coronene under magnetic fields of 

1 T. Following their experimental method, whilst using our magnet 

set up, crystallisation of coronene unfortunately resulted in the 

formation of the ubiquitous γ – polymorph. This wasn’t perhaps 

surprising as many difficulties were experienced during our 

experiments including keeping the solution and glass syringe at 93 °C 

whilst syringe filtering, and keeping the solution at 93 °C whilst 

transferring it between labs. The coronene solution had to be 

transferred between the lab with the fume hood and the magnetic 

levitation lab in Physics.  

 

The second part of the chapter focused on exploring the effect of low 

strength magnetic fields on the pharmaceutical compounds studied in 

the earlier chapters of this thesis; paracetamol, clotrimazole and 

propranolol. Propranolol was chosen as it has three polymorphs as 

well as a naphthalene group (two fused benzene rings) in its 

structure. Coronene consists of six fused benzene rings, and it is 

hypothesised that the benzene rings in propranolol might make it 

more magnetically susceptible. The pharmaceutical compounds were 

crystallised out from ethanol solution in cuvettes placed in the centre 

of the magnetic field (1 T). Paracetamol was found to crystallise out 

as form I paracetamol. This is perhaps not surprising as Potticary et 
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al. (2016) repeated their coronene experiment with pyrene , and they 

were unable to control the polymorph selection. The authors suggest 

that pyrene is not as magnetically susceptible as coronene and would 

likely require higher field strengths for polymorphic selection. It is 

likely paracetamol isn’t as magnetically susceptible as coronene as 

levitation at higher fields strengths predominantly produced form I. 

Clotrimazole, which has no polymorphs reported in the literature, 

when crystallised out under low strength magnetic fields produced 

spectra closely matching the clotrimazole reference spectra.  

 

However, when solutions of propranolol were crystallised under low 

strength magnetic fields of 1 T interesting results were obtained. One 

sample, out of 4, when analysed by FT-IR (ATR) suggested the 

formation of form III propranolol. The other three low field samples 

spectra suggested the formation of form II propranolol, which is the 

most stable form, and the form of the material received from the 

manufacturer. Bartolomei (1998) reported it was impossible to obtain 

form III by solvent evaporation and that form III was obtained from 

the crystallisation of the melt on an alkali halide matrix. It is possible 

that the low strength magnetic field encouraged the production of 

form III propranolol. It is possible that propranolol has a stronger 

magnetic susceptibility than paracetamol. Potticary et al. (2016) 

found that using magnetic field strengths of 0.8 T produced the γ 

polymorph whilst slightly higher magnetic field strengths of 1 T 

produced the new β form. It is suggested that the 1 T is close to an 

energetic threshold required to selectively produce the β form. It is 

possible that 1 T is close to the energetic threshold required for 

propranolol to produce the form III polymorph. However, we can’t 

also rule out that this may also be due to sub sampling of the sample 

i.e. it is possible only form III was collected from a mixture of form I 

and III. Further experiments are needed to explore the formation of 

form III, however, due to time constraints at the end of this project 

such experiments weren’t possible. 
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7.2 Recommendations for future work 

 

To build upon the work in this thesis further experiments could be 

undertaken; both in the levitation studies and the low field studies. 

The further levitation studies can be split into two categories; 

experimental parameter variation, and sample preparation variation.  

 

The first experimental parameter that could be explored is the 

levitation time of the droplets. For paracetamol droplets a shorter 

levitation time could enhance the chances of the formation of form II 

paracetamol. Nichols and Frampton (1998) report that when 

examining droplets of saturated paracetamol solutions, which had 

been seeded with form II paracetamol they noted that the first 

crystals to grow were form II. However, after 15 mins form I crystals 

began to grow as the form II crystals dissolved. In our experiments 

paracetamol droplets were levitated until the droplets fell out of the 

magnetic trap, however collecting the droplets after a shorter time 

interval could potentially increase the chances of producing form II. 

 

Again, clotrimazole droplets could also be levitated for much shorter 

time intervals. Benmore and Weber (2011) only levitated 

pharmaceutical compounds for 10 to 20 minutes in their acoustic 

levitator before they became viscous gels. It is possible that by taking 

the clotrimazole droplet out sooner, that heterogeneous nucleation of 

clotrimazole on the surface of the droplet would be avoided.  

 

Other experimental parameters that could be explored are the 

temperature of the bore insert and reducing the pressure within the 

magnet bore. In the experiments within this thesis the temperature 

of the bore insert was always set at 20 °C (apart from the coronene 

experiments). However, increasing or decreasing the temperature 

could affect the crystallisation of the levitating droplets by 

encouraging supersaturation. 
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Future development work could also involve changing sample 

preparation. In this thesis it is hypothesised that the bubbles seen in 

the clotrimazole droplets were due to gas coming out of solution. 

Therefore, solvent could be degassed before use, for example, by 

using a vacuum pump, or boiling and cooling the water or ethanol 

before use. As well as experimental investigations a theoretical 

investigation could be carried out which would involve calculating the 

levitation positions in the magnet of solutions of varying 

concentrations, including magnetic, gravitational and buoyancy 

forces.   

 

Throughout this thesis ethanol was mainly used as the solvent for 

crystallisation due to preferable solubility (of drugs), magnetic 

susceptibility and volatility properties (quick evaporation/ 

crystallisation). Alternative solvents such as agarose gel could be 

used to explore paracetamol polymorph formation.  

 

Containerless levitation studies could also be carried out on 

propranolol. Propranolol showed some promise in the low field 

studies, when form III propranolol was formed in one of the low field 

experiments. If propranolol is more magnetically susceptible than 

paracetamol, or clotrimazole then the high strength magnetic fields 

could potentially encourage the formation of form III.  

 

Other drugs with known polymorphs could be levitated in the high 

field studies as well as poorly soluble drugs (to try and amorphise). 

For the low field studies, experimental parameters that could be 

changed include the magnetic field strength. For example, low 

strength magnetic fields of 2 and 3 T could be applied during 

crystallisation from solutions. Repeating the low field propranolol 

studies would be interesting to see if form III propranolol could be 

produced. 
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7.3 Concluding remarks 

 

These studies highlight the potential of diamagnetic levitation to offer 

a unique approach to investigate crystallisation/ amorphisation of 

different pharmaceutical drugs in solution. We have been able to 

show the formation of different polymorphs when pharmaceutical 

compounds are crystallised from solution under both high and low 

magnetic fields.  

 

Acoustic levitation has the advantage of being able to levitate very 

small (µL) droplets, which allows the solution to supersaturate very 

quickly forming an amorphous gel. However, the size of the droplet 

is limited to the length of the wavelength used, typically they can only 

levitate samples with diameters less than half the wavelength (5 mL 

– 5 µL). An advantage of magnetic levitation is that it can levitate 

droplets of up to 20 mL in volume, and have greater flexibility to 

change the environment than acoustic levitation. It would be difficult 

to scale up magnetic levitation to a processing plant level however, 

as a research tool it allows investigation of fundamental processes. 

 

With further development this approach could aid with the 

identification and optimisation of formulation approaches, for 

currently difficult to formulate compounds. 
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