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Summary 

 

The main finding that is reported in this thesis is that transmission electron 

microscopy (TEM), a technique widely used for the study of inorganic specimens, can 

also be used to obtain useful information about pharmaceutical materials. The 

combination of high magnification imaging and diffraction capability with this 

technique enabled identification of the crystal form of samples, mapping of crystal 

habit to crystal structure, characterisation of pharmaceutical nanomaterials and 

identification of crystal defects, and often yielded information that could not be 

obtained with conventional analytical methods. Atomic force microscopy was used to 

obtain complementary information from the surfaces of samples. 

 

A novel approach for the determination of crystal structures was developed and used 

to obtain the structure of a new crystal form (polymorph) of the pharmaceutically 

active compound theophylline. A set of potential crystal structures of theophylline 

was generated ‘in silico’, using crystal structure prediction (CSP) methods. TEM 

electron diffraction was then used to determine which of these potential structures 

corresponded to the new crystal form. The major advantage of this approach is that 

just a small number of electron diffraction patterns are required for the crystal 

structure determination. These patterns can be collected before a significant amount of 

electron beam damage occurs in a sample, enabling the strength of TEM as a tool for 

characterising small amounts of sample to be exploited. 

 

The methods that are routinely used to prepare cocrystals of pharmaceuticals are 

grinding, crystallisation from solution, slurrying and thermal methods. In this study, 

three alternative approaches to cocrystal formation were developed which overcome 

limitations with the more commonly used methods, and also offer potential 

advantages for the scale up of cocrystals. During this work, a number of polymorphic 

cocrystal systems were identified. 

 

Crystals of the compounds caffeine, theophylline, carbamazepine and aspirin were 

prepared with an unusual tubular crystal morphology. It is demonstrated that the 

growth of these tubular crystals occurs under diffusion limited conditions.
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1 Introduction 

1.1 Context 

 

“There is nothing we can do today to prevent a hurricane from striking any 

community or polymorphism from striking any drug” 

 

- Dr Eugene Sun, Abbott Laboratories1 

 

 

Understanding the solid state behaviour of a pharmaceutical compound is an integral 

part of the drug development process.2 The importance of this understanding is 

highlighted by the drug product NORVIR, a treatment for AIDS, which had to be 

withdrawn from the market due to the unexpected crystallisation of a new solid form 

of the active ingredient ritonavir.3 The above quote was given by a scientist working 

on NORVIR shortly after this withdrawal, and his use of the hurricane analogy 

probably alludes to the devastation experienced by the patients who were suddenly 

left without a supply of their vital medicine, and the turmoil within Abbott 

Laboratories as the scientists sought to understand the implications of this unexpected 

solid state behaviour of ritonavir. 

 

This chapter gives an overview of the roles of solid state chemistry in the 

pharmaceutical industry. It covers the different types of crystal forms that are 

investigated, methods that are employed to screen for these forms and analytical 

techniques that are used to identify and characterise them. Particular attention will be 

paid to one particular type of crystal form - the cocrystal. 

 

Limitations and difficulties associated with the screening methods and analytical 

techniques are known, and these provided motivation for the experimental work 

described in the subsequent chapters of the thesis. An overview of the aims of the 

investigation is given at the end of the introduction. 
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1.2 Solid Forms of Pharmaceutical Compounds 

 

The development of a pharmaceutical product involves several stages. Initially, a 

decision is made about which illness(es) a company will aim to treat. A specific stage 

of the disease pathway which might be disrupted by a drug molecule, often activation 

or inhibition of an enzyme, is then identified. In general, the subsequent lead 

identification phase involves testing the in-vitro activity of a vast library of small 

organic molecules against a relevant biological marker. Compounds that show a 

response will be modified systematically to optimise their activity (lead optimisation) 

and one final molecule will be selected for drug development. This active 

pharmaceutical ingredient (API) will be formulated along with several excipients into 

a drug product such as a tablet for oral administration or a dry powder for inhalation, 

and simultaneously subjected to clinical trials to assess toxicity and efficacy in-vivo. 

An application for permission to market the drug can then be made to the relevant 

authorities. This process typically takes around 10 years to complete4 and costs 

approximately $1Bn. For every drug product that makes it to market, it is estimated 

that 10 fail during the development process.5  

 

The solid state behaviour of a pharmaceutical is not usually investigated until after the 

lead optimisation phase, when a single drug molecule (or at most 2 or 3 molecules) 

has been selected. A suitable solid form of the drug is then chosen and will be used 

throughout the formulation and clinical trial stages of development. 

 

It is common that multiple different solid forms of a pharmaceutical compound are 

identified during drug development, including polymorphs, hydrates, solvates, salts, 

cocrystals and amorphous phases.6 The crystalline forms are shown schematically in 

Figure 1.1.  
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Figure 1.1  Schematic showing the different types of crystal forms of pharmaceutical 

compounds. Different crystal packing arrangements of the same API are known as 

polymorphs.  APIs can also form multi-component crystals. In cocrystals and solvates 

the molecules are neutral, in salts the molecules are charged. 

 

 

Polymorphism is the ability of a compound to form multiple different crystal 

structures,7 and a majority of pharmaceutical compounds exhibit polymorphism.6,8-10 

Water and other solvents can also be incorporated into a crystal lattice along with the 

drug molecule leading to the formation of hydrates and solvates (pseudopolymorphs). 

These polymorphs and pseudopolymorphs have different properties, and may have 

different bioavailablities,11 meaning that a different amount would need to be given to 

a patient in order to deliver a therapeutic dose. It is therefore extremely important to 

control the polymorphic form of a pharmaceutical compound in a drug product. 

 

Pharmaceuticals are often large, hydrophobic organic molecules with low aqueous 

solubility, and the current trend is towards larger and less soluble molecules.12 Low 
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solubility can lead to low bioavailability,13 and it may not be possible to obtain a 

therapeutic dose within patients. For APIs with ionisable functional groups this 

problem can be overcome by preparing salts,14,15 which may have aqueous solubilities 

that are several orders of magnitude greater than that of the neutral compound.  

 

In the case of ritonavir, the drug product was designed around Form I, the only 

polymorph that had been identified at the time. The product was formulated by 

dissolving ritonavir in an ethanol/water mixture and encasing the solution within a 

semi-solid capsule which patients would take orally. At some point, however, it was 

observed that a solid was precipitating in the capsules. The solid was found to be a 

second polymorph of ritonavir, a form which had a greater lattice energy than Form I, 

making it more stable and less soluble. Most importantly, the bioavailability of Form 

II was significantly lower than that of Form I, meaning that patients were no longer 

receiving the required therapeutic dose of ritonavir when taking the semi-solid 

capsules, necessitating the withdrawal of the product from the market.3 

 

1.2.1 Discovery and Preparation of Pharmaceutical Solid Forms 

 

Each drug molecule in development is screened thoroughly to identify all of the solid 

phases that it will form. Not only is this polymorph screening required by the 

regulatory authorities to prevent situations similar to that of ritonavir, it is also in the 

interest of the pharmaceutical company developing the active compound from an IP 

point of view. Any new solid form that is identified may have beneficial properties 

which would enable them to be patented, extending the period during which the 

company has exclusive rights to market the compound (and can recoup the vast 

amounts of money that were spent in developing the drug). Patenting all solid forms 

of a drug is also important as it prevents the possibility of competitors finding these 

forms and obtaining their own IP rights to the compound.  

 

Thermal screening methods exploit the fact that for many drug compounds the 

relative thermodynamic stability of polymorphs varies with temperature. For example, 

the stable phase of caffeine at room temperature, Form II, is less stable than the other 

known polymorph of caffeine, Form I, at temperatures above 150 °C.16 This kind of 
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polymorphic relationship is referred to as enantiotropic, and the polymorphic form 

which is stable at room temperature can be either heated or cooled to induce a phase 

transition to a different polymorph. The other possibility, where one polymorph is the 

most thermodynamically stable form at all temperatures below the melting point of 

the compound, is termed monotropic. A second method of thermally accessing 

different polymorphs is to make use of crystallisation kinetics. Heating the amorphous 

form of a compound (which can be obtained by quench cooling the melt, or by using 

freeze/spray-drying) can yield metastable polymorphs, as it is often metastable forms 

that are the first to crystallise.17 For example, a new, metastable polymorph of RS-

ibuprofen was recently prepared by crystallisation from the amorphous phase.18 

 

Crystallisation from solution is a complex process involving supersaturation, 

nucleation and crystal growth.12,19,20 The solvent which is used during crystallisation 

can influence the crystal form that is obtained through kinetic, thermodynamic and/or 

specific intermolecular interaction effects.19 For this reason, solution crystallisation 

screens are widely used to investigate polymorphism, and will typically involve a 

large set of solvents selected to have as wide a range of properties as possible.21 

Conditions such as level of supersaturation, temperature and evaporation rate may 

also be varied.19 

 

A second type of screen, which also uses solvent properties to direct formation of 

different polymorphs, is slurrying. Here, the amount of solvent that is used in the 

experiments is less than that required to dissolve all of the solid that is used as input 

material, meaning that the drug is present both as a solid and as a solute. The slurry is 

then subjected to thermal cycles to cause dissolution and re-crystallisation and 

promote a change in the crystal form of the solid. One limitation of the slurrying 

technique is that there may be a seeding effect due to the presence of the crystalline 

input material. Seeding is a process where molecules in a supersaturated solution 

crystallise on the surface of existing crystals (causing them to grow) rather than 

nucleating and forming crystals of a different phase.4,22 For this reason, the crystal 

form that is present at the start of a slurry experiment may persist, even if it is not the 

most thermodynamically stable phase under the solvent conditions used in the 

experiment.  
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In order to increase the range of crystallisation conditions that are investigated in 

solution and slurry polymorph screens, high throughput approaches can be used.19,23 

This will typically involve a robot capable of solid and/or liquid handling, and 

experiments performed in 96 or 384 well plates, with automated analysis of the 

resulting samples.24  

 

Although solution and thermal polymorph screening methods are the most frequently 

used, there are many other approaches that can be employed such as sublimation, 

crystallisation with supercritical CO2, epitaxial crystal growth and application of 

pressure to crystals.9,25 

 

When screening for salt forms of an API, suitable acids / bases are selected, for 

regulatory reasons, from a small number of pharmaceutically acceptable 

counterions.15 In order for a stable salt to form it is generally necessary for there to be 

a pKa difference of at least 2 units between the acidic and basic groups of the salt 

forming molecules.26 Just like the free form of the active compound, these salts may 

have polymorphic and pseudopolymorphic forms, and so polymorph screens are also 

conducted on salts.27  

 

Polymorph and salt screening is usually performed on a small scale, typically just a 

few milligrams of solid per experiment, since the drug substance is not being 

synthesised in large quantities at the point in the drug development process that 

screening is conducted. Though a variety of screening techniques are employed in 

identifying new phases, solution crystallisation is the optimum method for the large-

scale manufacture of a drug substance.4 It may be necessary to add seed crystals of the 

desired polymorph of a drug to a crystallisation in order to generate this form in 

preference to other polymorphs.4,22 
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1.2.2 Selection of the Optimum Solid Form 

 

All of the solid forms that are identified during polymorph and salt screening will be 

characterised to determine if they are anhydrous or solvated phases, and to measure 

their properties. An ideal solid form will have high purity, and a solubility / 

dissolution rate sufficient for the therapeutic dose of the compound to be achieved in 

the body. It will have low hygroscopicity to prevent problems of inconsistent dosing 

due to variable water content, and a melting point high enough to avoid melting 

during drug product manufacturing processes such as tableting. The crystal habit 

should not be needle-like or plate-like as this can cause problems with filtration, 

drying and handling, and if the form is taken orally it should not have an unpleasant 

taste. Whereas the properties of different polymorphs of an API tend to be similar, salt 

forms often have more diverse properties. An ideal salt form will incorporate a non-

toxic counterion that has a low molecular weight, as the inclusion of a counterion 

increases the mass of the tablet or capsule that the patient must swallow without 

contributing to the therapeutic action of the drug.28 

 

The final choice of solid form for use in a drug product will take into account not only 

these properties, but also solid state stability. A solid form with an ideal solubility 

profile may be a poor candidate for development if it will rapidly convert to a more 

stable, less soluble polymorph. For example, an amorphous phase of a pharmaceutical 

can be expected to have an enhanced intrinsic dissolution rate over crystalline forms, 

but it is a thermodynamically metastable phase and may well be liable to crystallise.29 

Similarly, solvates are not generally considered suitable for use in a drug product as 

over time the solvent molecules may leave the crystal lattice and evaporate, resulting 

in a form change.12,24 The one exception to this rule is hydrates. Hydrates may be 

stable under normal atmospheric conditions if water in the crystal lattice is in 

equilibrium with water in the atmosphere.4 

 

Solid forms of pharmaceutical compounds need to be physically and chemically stable 

during drug product manufacturing processes such as milling and tableting, and 

during storage under conditions of high temperature and humidity (40°C / 75% RH),30 

mimicking conditions that might be encountered in a bathroom cabinet or car glove 
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box on a hot day. In practice, a wide range of techniques and storage conditions are 

used in order to thoroughly understand the conditions under which solid forms of a 

pharmaceutical compound will inter-convert. 

 

Though Dr Eugene Sun has suggested that nothing can be done to prevent 

polymorphism from striking a drug, in practise, the more work that is put in to 

discovering all of the possible solid forms of a drug, and understanding the 

transformations between these forms, the less likely it is that problems such as those 

encountered with ritonavir will re-occur. 

 

1.2.3 Cocrystals as Novel Pharmaceutical Forms 

 

Recently, cocrystals containing pharmaceutically active molecules have been 

investigated as a way of improving the properties of drug molecules, building on 

cocrystallisation studies with organic molecules that were conducted by many groups 

including that of Etter.31,32 The first systematic studies of pharmaceutical cocrystals 

were performed by the groups of Caira, who prepared cocrystals of aspirin and 

4-aminosalicylic acid with sulfadimidine,33 and Zaworotko, who cocrystallised 

RS-ibuprofen, RS-flurbiprofen and aspirin with 4,4-bipyridine,34 and also prepared a 

variety of cocrystals of carbamazepine.35 There has been increasing interest ever 

since, but single component and salt forms of an API are still far more prevalent in 

drug products. Only two cocrystal forms of a drug molecule have been marketed to 

date, a caffeine:citric acid cocrystal and darunavir ethanolate, though other cocrystal 

forms are currently undergoing clinical trials. 

 

Cocrystals contain two or more neutral molecules in a crystal lattice (see Figure 1.1). 

There is debate in the literature as to whether or not the molecules are required to be 

solids at room temperature,12,36 but as this seems to be a rather arbitrary requirement 

(a solid form containing DMSO could be a cocrystal on a cold winter’s morning and 

not a cocrystal on a warm summer’s afternoon), solvates and hydrates will be 

classified as cocrystals in this thesis. From a pharmaceutical perspective, cocrystal 

forms that comprise coformers that are solids at room temperature are preferred to 

solvates as they are likely to be more stable, and so more suitable for development.12 
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1.2.3.1 Advantages of Cocrystals 

 

It is a relatively common occurrence that none of the polymorphic forms of an API in 

development are suitable for use in a drug product, and that salt forms are either 

impossible (as the molecule has no ionisable functional groups), or are also 

unsuitable. Free forms of an API often exhibit low bioavailability, whereas salts can 

be hygroscopic and prone to hydration problems. In these cases, cocrystallisation may 

provide a strategy for form development. The first example of cocrystal formation 

being used to improve the properties of an API is that of the prevention of hydrate 

formation in caffeine. Trask et al showed that cocrystals of caffeine with dicarboxylic 

acids showed a greater stability to hydrate formation than the free form of caffeine.37 

Subsequently, cocrystallisation has been used to modify many other properties such as 

chemical stability,38 propensity for polymorphism,39 tableting behaviour40 and  

melting point.35,41 

 

There have been many studies on the solubility of cocrystals, and though the 

thermodynamic aqueous solubility of an API is not always improved significantly by 

cocrystallisation (as in solution the cocrystal is dissociated and the API can 

crystallise),36 improvements in the kinetic solubility and dissolution rate have been 

observed.42-44 For example, the dissolution rate and solubility of certain cocrystals of 

itraconazole were shown to be equivalent to amorphous itraconazole.45 There is 

evidence of a ‘spring and parachute’ effect13 in the solubility-time profile of many 

cocrystals. They initially dissolve to a concentration much greater than the 

thermodynamic solubility of the API, and subsequently the concentration decreases 

slowly, not reaching the thermodynamic solubility of the API for an hour or more.36 

This may be long enough to have a significant improvement on the bioavailability of 

the API.42,44 
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1.2.3.2 Screening for Cocrystals 

 

Currently, cocrystallisation is not an entirely predictable process.46-48 Not every 

selected pair of molecules will form a cocrystal, and the propensity for different 

pharmaceutical molecules to cocrystallise varies greatly. For example, there are over 

40 reported carbamazepine cocrystals in the Cambridge Structural Database (CSD), 

formed with molecules containing a range of functional groups, whereas for other 

molecules such as artemisinin preparing any cocrystal is a challenge.49 Additionally, 

the ratio of coformers in the crystal form does not have to be 1:1. 2:1 and 1:2 

stoichiometries are also common.34,45,50  

 

The first stage of cocrystal screening with an API is the selection of coformers which 

may be expected to cocrystallise with the API. These compounds must be non-toxic, 

and will typically be one of the pharmaceutically acceptable salt formers or a 

compound on the Generally Regarded as Safe (GRAS) list.12,46,51 The selection is 

usually made by studying the functional groups that are present in the API, and 

identifying coformers with complimentary functionalities that would be expected to 

form strong hydrogen bonds with the API.32,35,52 The CSD is a useful resource for 

assessing the frequency with which different types of hydrogen bonding interactions 

(supramolecular synthons) occur in crystal structures.47,52,53 

 

Each API / coformer pair is then screened experimentally. A simple approach is to 

crystallise an equi-molar ratio of the two compounds by evaporation from a range of 

solvents. Although such solution based approaches are desirable for scale-up and 

manufacturing,46 and have been used successfully for cocrystallisation,54 often the 

cocrystal formers crystallise as separate phases due to the difference in their 

solubilities.46,55-57 For this reason, solution approaches are not ideal for cocrystal 

screening as a negative result does not necessarily indicate that the two coformers will 

not form a cocrystal. 

 

Another method that has been used to prepare cocrystals is slurrying,58,59 which is a 

way of avoiding the problem of differences in the solubility of cocrystal formers as 

neither coformer is fully dissolved,58 though there can be issues with seeding (as 
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described in Section 1.2.1). Seeding may prevent two compounds from nucleating as a 

cocrystal phase even if this phase is thermodynamically favourable. Slurrying is also 

much less suitable for the manufacture of cocrystals on a large scale than solution 

crystallisation.60 

 

Cocrystals have also been prepared by grinding coformers in the solid state, which 

again avoids solubility problems.55,57 The grinding can be done by hand using a 

mortar and pestle, or more energetically with a mechanical ball mill. The addition of a 

small amount of liquid to the grinding vessel (liquid assisted grinding) has also been 

shown to increase the likelihood and rate of cocrystallisation.61 There is debate in the 

literature as to the mechanism by which cocrystallisation occurs during grinding,62 

with amorphous intermediates, vapour diffusion and intermediate liquid (melt) phases 

all being postulated.56,63,64 A key advantage of grinding is that it is a quick and simple 

technique to use, furthermore, a recent study showed that some cocrystals of 

nicotinamide that were prepared by grinding could not be obtained (at least without 

further experimentation) from solution crystallisations.50 As with slurrying, there is 

potentially a seeding effect in grinding, though this has not been investigated in detail. 

Grinding is not a convenient and reproducible way of manufacturing a solid form of a 

drug on a large scale.48,54 

 

Another approach to cocrystal screening is to crystallise a mixture of API and 

coformer from the melt either by the Kofler method65 or by differential scanning 

calorimetry.66 Cocrystals of many APIs, including RS-ibuprofen,67 have been prepared 

in this manner, and the related technique of hot melt extrusion can be used to perform 

melt cocrystallisation on a large scale.68 This approach, however, can only be applied 

to the small percentage of pharmaceutical compounds which do not undergo 

degradation on melting. 

 

Other techniques that have been used to prepare cocrystals are sonication, spray 

drying and supercritical CO2 crystallisation.69-72 
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1.3 Identification and Characterisation of Pharmaceutical Solid 

Forms 

 

The standard technique for characterising samples that are generated during API solid 

form screening experiments, and for monitoring the solid state behaviour of crystal 

forms, is X-ray powder diffraction (XRPD).73 Every peak in an XRPD trace 

corresponds to Bragg diffraction from one set of crystal planes, and as different 

crystal forms have unique sets of crystal plane spacings, their X-ray powder 

diffraction patterns are different, and can be used as a ‘fingerprint’ of the form. XRPD 

analysis is a quick and easy way of determining if new phases have been obtained 

from screening experiments. The minimum amount of sample that is required for an 

XRPD trace is approximately 1 mg. 

 

Another indication that a new crystal form has been obtained, or that a solid form 

transformation has occurred, is a change in crystal morphology. There are several 

microscopy techniques that can be used to observe such changes, the simplest of 

which is optical microscopy (OM) / polarised light microscopy (PLM). If necessary, 

higher magnifications can be achieved by using scanning electron microscopy (SEM), 

a technique which yields images of the surfaces of crystals rather than the bulk. SEM 

is also useful for measuring particle size, which is linked to the dissolution rate of 

crystals. Atomic force microscopy (AFM) is a relatively new imaging technique for 

pharmaceutical analysis.74 A sharp tip on a small metal cantilever is run over the 

surface of a sample and if there is a change in the height of the sample surface (or in 

the force of interaction with the probe) this causes the cantilever to bend. The bending 

of the cantilever is monitored and can be used to generate an image showing surface 

features.75 AFM is so sensitive that atomic resolution is possible.76 

 

The existence of new API phases can also be determined thermally, as different 

crystal forms have different melting points. Differential scanning calorimetry (DSC), 

which measures changes in the enthalpy of a sample during heating, can be used as a 

sensitive way of measuring the melting point of samples. It is also a tool that can be 

applied to screening for any form changes that occur on heating or cooling a sample. 

Raman spectroscopy and solid-state NMR (SSNMR) are also sensitive to differences 
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in crystal structure, if there are variations in the intermolecular interactions that are 

present, and are frequently used to identify different forms of APIs. However, the 

differences between the Raman and SSNMR spectra of different polymorphs of a 

compound are often subtle,77 making these techniques more suitable for monitoring 

solid-form transitions in well understood systems rather than for finding new phases 

during screening. Raman analysis of pharmaceuticals is also associated with problems 

such as fluorescence, which can give rise to noisy spectra, and sample heating which 

can cause form changes.78,79 Raman microscopy is used to generate images which 

show the distribution of different crystal forms across a sample, and has a resolution 

of a few micrometers.78 

 

Difficulties can arise with these techniques when analysing mixtures of forms as 

spectra are made more complicated by multiple sets of overlapping peaks, and it may 

be impossible to detect all of the phases that are present in a sample. The limit of 

detection of a minor phase in a mixture of two crystal forms has been determined to 

be between 0.1 and 1 % for XRPD, as low as 0.9 % for Raman spectroscopy and 0.1 

% for DSC.80-82 

 

For any new form that is identified during screening experiments, further analysis 

must be performed to determine the nature of the form. Ideally, the crystal structure 

would be solved using single crystal X-ray diffraction (SXD), giving the unit cell 

dimensions for the crystal form and the position of each of the atoms and molecules in 

the unit cell. For typical laboratory single-crystal diffractometers this requires a high 

quality crystal with a reasonably isotropic morphology, such as a block or prism, and 

a large size (~200 µm), but it is not always possible to grow such a crystal.57,83 With 

the latest generation of diffractometers structures are possible from crystals several 

times smaller than this and at a synchrotron a crystal of just 1 µm3 may be sufficient. 

If small crystallite sizes or anisotropic crystal morphologies such as needles or plates 

prevent the use of SXD analysis, crystal structures can sometimes be determined from 

XRPD traces using structural solution algorithms, or by comparison with output from 

crystal structure prediction.57,84 SSNMR analysis can also provide limited information 

about crystal structures such as the number of molecules in the asymmetric unit 

(number of non-symmetry equivalent molecules in the unit cell).25 
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Frequently, it is not possible to solve the crystal structure of a new crystal form, but it 

is still important to determine if it is a single component (polymorph) phase of the 

API, or a salt / cocrystal, and to ensure that the molecular structure of the API has 

remained unchanged (i.e. that the new form is not a degradant of the API). This 

information can be obtained by 1H NMR spectroscopy. When solvated forms are 

obtained, thermogravimetric analysis (TGA) is used to determine stoichiometries by 

accurately measuring weight losses due to evolution of solvent during heating. 

 

An overview of the characteristics of the main pharmaceutical analytical techniques is 

shown in Table 1.1. Transmission electron microscopy (TEM), though a technique 

that has not found widespread use in pharmaceutical analysis, has also been included 

as it was identified as a tool which could fill some of the gaps in the pharmaceutical 

characterisation toolkit.  

 

 

Table 1.1  A table showing features of the analytical techniques routinely used for 

pharmaceutical analysis. 
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1.4 Introduction to Transmission Electron Microscopy (TEM) 

 

Transmission electron microscopy has been developed as an analytical tool for over 

50 years and is widely used for the characterisation of inorganic samples such as 

metals and minerals.85-90 A photograph of a TEM instrument is shown in Figure 1.2. 

A coherent beam of electrons is generated at the top of the instrument and passes 

down the column, through the sample, and is focussed on a screen at the bottom. 

Samples for TEM are prepared on a circular mesh grid, usually made of a metal such 

as copper, approximately 3 mm in diameter. The grid is then placed into a sample 

holder and inserted into the instrument. Only a small region of the sample grid is 

viewed at any one time, but the grid can be moved within the instrument so that the 

whole area of the grid can be analysed.  

 

 

 
 

Figure 1.2  Pictures of a TEM sample grid (left), sample holder (bottom left) and 

instrument (right). 
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Some of the electrons will pass straight through the sample, while others will be 

scattered. Electrons can be focussed with lenses to form an image, and the scattering 

gives rise to contrast in the image through differences in sample thickness, density 

and composition. The technique has a high spatial resolution, better than 0.1 nm for 

modern aberration-corrected instruments, allowing direct imaging of the crystal 

lattice.91 This ability, however, will require the specimen not to be charged or 

damaged by the incident beam (see later). 

 

Transmission electron microscopes also have a diffraction mode. Electron diffraction 

from crystalline materials is analogous to X-ray diffraction, but as the wavelength of 

electrons is of the order of two magnitudes shorter than that of X-rays (0.0197 Å at 

300 kV) the Bragg scattering angles are correspondingly smaller. Diffraction patterns 

are usually obtained by aligning the electron beam with a crystallographic axis. 

Because samples are not perfectly flat, and Bragg angles are small, the resulting 

diffraction pattern will contain reflections from each of the crystal planes that are 

perpendicular to the crystallographic axis. Electron diffraction patterns from each 

(non symmetry related) crystallographic axis of each different crystal structure are 

unique, and can therefore be used to identify crystal forms and measure the 

orientation of crystals with respect to the electron beam. It is also possible to solve 

crystal structures by combining diffraction patterns, but the process is not as 

straightforward as with single crystal X-ray diffraction due to difficulties in obtaining 

accurate reflection intensities.92 Electron diffraction patterns can be obtained from 

very small amounts of sample (< 1 fg).93 

 

Changing between imaging and diffraction modes in a TEM is easily achieved by 

varying the current through the electron lenses. Corresponding image and diffraction 

data from samples can therefore be readily obtained, and is a particular strength of the 

technique.  
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1.4.1 Application of Transmission Electron Microscopy to the Analysis of 

Pharmaceutical Samples 

 

A majority of the few literature examples of TEM analysis of pharmaceutical samples 

report imaging of liposomal, micellular and polymeric formulations of an API.94-96 

The use of TEM to study the solid form of an API has been very limited. Crystals of 

the compounds dipyridamole95 and taxol have been imaged,97 as have defects in liquid 

crystals of fenoprofen,98 and there has been an electron diffraction study on 

roxifiban,99 but the full potential of the technique has yet to be fully appreciated. 

There are two main reasons for this. The first relates to sample preparation: because of 

the strong interaction of the electron beam with the sample90 it is required that 

specimens be very thin (<<500 nm even for light, organic compounds).100 It is 

difficult to prepare crystals of this size, and while thin films of metals and minerals 

can be prepared from larger crystals by focussed ion beam milling or mechanical 

polishing, the fragile nature of pharmaceutical molecules makes this impractical. The 

second concern is the inherent susceptibility of an organic material to electron beam 

damage.100 In an electron beam, crystals of organic compounds are prone to bending, 

amorphisation, sublimation and even melting. Despite these problems, many TEM 

studies of organic compounds have been made.93,100-102 

 

Assuming that these difficulties could be overcome with pharmaceutical samples, 

there are several potential advantages of characterisation with TEM. Firstly, the 

resolution possible with TEM imaging is approximately an order of magnitude greater 

than with SEM. Also, the entire volume of particles is analysed with TEM making it 

complimentary to SEM, and also AFM, which image the surfaces of samples. 

Electron diffraction patterns could be used as a ‘fingerprint tool’ to identify the solid 

phase of a pharmaceutical compound, just as XRPD traces are used currently, but 

could be obtained from far less material (just a single crystallite). As crystals can be 

analysed one by one during TEM analysis, all of the phases present in mixtures could 

be identified, even if they are present in low proportions. This would be aided by the 

TEM imaging mode, as crystals of the different forms that are present in a sample 

could be distinguished by their different morphologies. Also, image (real space) and 

diffraction (reciprocal space) information about pharmaceutical crystals could be 
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combined making it possible to map crystal structure to crystal habit. This information 

is important when trying to modify crystal habit, and currently requires the use of 

single crystal X-ray diffraction. Finally, TEM could be an ideal technique for the 

characterisation of pharmaceutical nanoparticles, yielding a range of useful 

information such as particle size distribution, particle morphology and crystal phase. 

Interest in sub-micron sized particles of pharmaceuticals is increasing due to enhanced 

properties such as solubility.103-106 Characterisation of pharmaceutical nanoparticles is 

not straightforward, and TEM would compliment the methods that are currently used 

such as SEM, IR and dynamic light scattering.107-109 

 

In general, TEM has moved away from simple imaging and diffraction analysis 

towards approaches such as aberration-corrected high resolution imaging, electron 

tomography and scanned probe methods which give directly interpretable images or 

yield three dimensional data.93,110 However, because these methods require high 

signal to noise ratios, and therefore high electron doses, it is unlikely that they will be 

applicable to pharmaceutical samples. 

 

1.5 Crystal Defects and their Influence on Solid State Chemistry 

 

Crystals are defined as collections of atoms or molecules that are arranged into an 

ordered, 3-dimensional repeating lattice, with the simplest repeating section referred 

to as the unit cell. In real crystals, however, the ordering is not perfect, resulting in 

defects.  

 

Interstitial defects, where there is either a molecule missing from a lattice site, or an 

additional molecule included in a non-lattice site, exist in large numbers in all 

crystals. The presence of linear defects such as edge dislocations and screw 

dislocations, and planar defects such as stacking faults, will vary depending on the 

crystal form (see Chapter 9 for more detailed information about crystal defects).  

Linear and planar defects in crystals can be imaged by TEM, or by AFM if they are 

emergent at a crystal surface.111,112 
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The defects that are present in inorganic crystals are well understood,85,113 and have 

been correlated to bulk properties such as metal fatigue and conductivity in 

superconductors.114,115 Furthermore, defects have been linked to the solid form 

stability of inorganic materials. It has been shown that defects are sites in crystals at 

which chemical reactions and transformations, such as polymorphic transitions and 

hydrate formation, are initiated.116-119 For example, Thomas et al demonstrated that 

the dehydration of nickel sulphate hexahydrate in single crystals occurs at regions of 

the crystal surface where defects are found.120 Also, defects have been shown to 

influence the rate at which polymorphic transitions (from a metastable polymorph to a 

more stable one) occur.121 The transition process involves two steps. Firstly, a 

nucleation step where atoms/molecules locally re-organise into the structure found in 

the more stable polymorph. Secondly, there is propagation of the more stable phase 

throughout the crystal from the nucleation point. The propagation stage is rapid, often 

proceeding at a rate greater than the speed of sound. In contrast, the nucleation step 

has a large energy barrier associated with straining or breaking intermolecular 

interactions, and the rate is usually several orders of magnitude slower. Sometimes 

nucleation occurs at just one point in a crystal during a conversion.121 Crystal defects 

can have a very significant affect on the rate of nucleation as in the local area around a 

defect the atoms/molecules are arranged differently than in the bulk crystal. 

Depending on the type of defect, the local arrangement of atoms/molecules may be 

similar to that in the stable polymorph, in which case the kinetic barrier to nucleation 

of this polymorph would be lower in this region, and nucleation more rapid. In a 

martensitic transformation, the polymorphic conversion occurs at an interface (defect 

surface) which is crystallographically coherent for the two phases.117 

 

These studies would suggest that defects should be a key concern for the 

pharmaceutical industry, given the serious consequences of unexpected polymorphic 

conversions in pharmaceutical compounds3 and indeed, the potential importance of 

defects has been recognised.122-124 In addition, Byrn et al have demonstrated that 

crystal defects can have an influence on pharmaceutical solid-state behaviour by 

showing that introducing defects into crystals of caffeine monohydrate caused them to 

dehydrate more rapidly.125 It is, therefore, surprising that the amount and nature of 

defects in crystals of a pharmaceutical compound is very rarely well understood, or 

even studied at all, during drug development within the pharmaceutical industry,123 
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especially as processes that are routinely used in the manufacture of pharmaceutical 

products such as milling, drying and tableting introduce defects into crystals.123,126,127  

 

The few literature examples of defects in pharmaceutical crystals being observed and 

characterised have involved the use of chemical etching, X-ray topography or atomic 

force microscopy.124,128,129 Additionally, defect content in crystals has been calculated 

using X-ray diffraction, X-ray density measurements and grazing incident 

diffraction.123,126,127,130 

 

The primary reason that defects are not routinely studied in pharmaceutical materials 

could be the very limited application of TEM, the ideal technique for characterising 

defects, to pharmaceutical analysis. TEM has been used to study defects in crystals of 

other organic compounds such as anthracene,131 pyrene100 and p-terphenyl,132 

suggesting that defect analysis in pharmaceuticals should be possible. Furthermore, it 

was possible to determine that polymorphic conversions in 1,8-dichloro-10-

methylanthracene, p-dichlorobenzene and pyrene are martensitic in character, 

initiating at crystal defects.133-135  

 

1.6 Project Aims and Thesis Outline 

 

Experimental work was directed to four main areas of research. 

 

1.6.1  Cocrystals 
 

The first aim of the study on cocrystals was to investigate alternative cocrystallisation 

methods which avoid the coformer solubility problems associated with solution 

cocrystallisations and that could be used for preparing cocrystals on a large scale. 

Also, a seeding effect in grinding experiments was studied. This work is described in 

Chapter 3. 
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During this investigation, and while preparing samples for TEM analysis, several 

polymorphic cocrystals were identified. These observations are summarised in 

Chapter 4, and insights into strategies for screening for polymorphs of cocrystals are 

presented. 

 

1.6.2 Characterisation of Pharmaceutical Materials by Transmission 

Electron Microscopy 
 

The initial goal was to determine how much of a hindrance sample preparation and 

beam damage are to the analysis of pharmaceutical materials by TEM, and to develop 

strategies for reducing these problems. The basic applications of TEM were then 

explored with pharmaceutical samples (Chapter 5). 

 

The next aim was to use TEM to identify the crystal form of pharmaceutical 

compounds and distinguish between different polymorphs. Examples are given in 

Chapter 6. 

 

A strategy for solving the crystal structure of new crystal forms, through a 

combination of crystal structure prediction and TEM, was devised. An investigation 

was conducted in order to determine if this strategy was effective in practice. The 

method was then used to identify a new polymorph of the compound theophylline 

(Chapter 7).  

 

A further objective was to assess the potential of TEM for the analysis of sub-micron 

sized crystallites of APIs and to investigate changes in particle size and morphology 

during grinding experiments. This work is described in Chapter 8.  

 

1.6.3  Analysis of Defects in Pharmaceutical Crystals 
 

The primary objective was to observe and identify defects in pharmaceutical crystals 

by TEM. Another aim was to use AFM as a complimentary technique for observing 

defects at the surfaces of crystals. 
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Once defects were identified, it was hoped that they could be linked to the solid-state 

behaviour of pharmaceutical compounds (Chapter 9). 

 

1.6.4  Tubular Crystals of Pharmaceutical Compounds 
 

While preparing samples for TEM analysis tubular crystals of pharmaceutical 

compounds including caffeine and aspirin were isolated. This unexpected, but 

interesting, phenomenon is described in Chapter 10. 
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2 Analytical and Experimental Methods 

2.1 Analytical Methods 

2.1.1 X-ray Powder Diffraction 

 

XRPD analysis was performed on a Philips X’Pert Diffractometer equipped with an 

X’celerator RTMS detector using CuKĮ radiation at a wavelength of 1.5406 Å. Data 

were collected between 3 and 50 °2ș at ambient temperature. A step size of 

0.0167 °2ș was used and a collection time of 5 minutes. 

 

Typically, 20 mg of solid was used for analysis and pressed gently on a glass slide to 

give a level surface. 

 

XRPD overlays are plotted with an arbitrary intensity scale and were generated using 

X’Pert Highscore software. 

 

2.1.2 Single Crystal X-ray Diffraction 

 

Data were collected at 180 K (unless stated) on a Nonius Kappa CCD diffractometer 

equipped with an Oxford Cryosystems cooling device using MoKĮ radiation. Data 

collections and structure solutions were performed by Dr. J. E. Davis of the 

Department of Chemistry, University of Cambridge. 

 

2.1.3 Generation of Simulated XRPD Traces from Crystal Structures 

 

Simulated XRPD diffractograms were generated with Mercury v2.0 software from 

structures published in the Cambridge Structural Database. 
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2.1.4 Crystal Morphology Prediction 

 

Morphology predictions were generated with Mercury v2.0 software from structures 

in the CSD using the Bravais, Friedel, Donnay and Harker (BFDH) model. 

 

2.1.5 Optical Microscopy / Polarized Light Microscopy and Video 

Analysis 

 

Optical images and videos were collected on a Leica DM1000 transmission 

microscope, with and without a polarizing filter, using Studio Capture software. 

Samples were prepared for analysis on glass slides. 

 

2.1.6 Scanning Electron Microscopy 

 

SEM images were obtained with a JEOL JSM-5510LV instrument unless stated.  

 

Samples were prepared on a sticky carbon sample mount placed on a brass SEM stub 

and sputter coated with platinum to reduce charging during analysis.  

 

2.1.7 Transmission Electron Microscopy 

 

Transmission electron microscopy characterisation was performed at room 

temperature on a Philips CM30 instrument operating at 300 kV (unless stated), and 

data were collected on photographic films which were scanned in order to generate 

digital images. A double tilt sample holder was used and the samples supported on 

holey-carbon films on 400 mesh copper grids. The images presented in this thesis are 

bright field images (unless stated otherwise). Electron diffraction patterns were 

recorded using a selected area aperture to focus on a region of interest, and were 

indexed by comparison with known crystal structures. The positions of reflections in 

experimental diffraction patterns were measured using Motic Images Plus 2.0 

software. These values were converted to d-spacings and matched to calculated values 
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for known structures, giving both the composition of the sample and the zone axis of 

the diffraction pattern. The experimental diffraction pattern was then compared with a 

simulated diffraction pattern (based on a kinematic model of electron diffraction) of 

the given zone axis generated using CrystalMaker SingleCrystal v1.3 software from 

crystal structures published in the Cambridge Structural Database (CSD) to ensure a 

match. In practice, some diffraction patterns, especially those from high index zone 

axes, could not be unambiguously indexed. If a crystal form had no reported crystal 

structure, electron diffraction patterns were compared with a PXRD trace of the form 

by plotting reflections on a 2ș scale. 

 

A liquid nitrogen filled sample holder was used for work at sub-ambient temperatures. 

 

2.1.8 Atomic Force Microscopy 

 

AFM images were recorded using a Veeco Instruments Multimode atomic force 

microscope, operated by a Nanoscope IIIa controller, interfaced with a Quadrex 

extender module. Samples were prepared on a glass slide or mica coverslip attached 

to a stainless steel AFM sample disc using a sticky tab. Samples were imaged using 

either a J scanner (150 µm maximum scan size) or an E scanner (13 µm maximum 

scan size) in tapping mode (unless stated). Data were analysed using NanoscopeTM 

software version 6 and images were flattened prior to analysis. 

 

2.1.9 Differential Scanning Calorimetry 

 

DSC thermograms were recorded in a nitrogen atmosphere using a Mettler Toledo 

STARe DSC822e/700 calorimeter. STARe software was used for data acquisition and 

analysis. The heating rate was typically 10 °C.min-1. Endotherms are plotted as 

downward peaks unless stated. Samples were prepared by weighing typically 1-5 mg 

of solid into a 40 µl aluminum pan. Pans were then sealed using a cold weld. When 

analysing solvates, a pinhole was made in the pan lid. An empty 40 µl aluminium pan 

was used as a reference. 
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2.1.10 Thermogravimetric Analysis 

 

TGA analysis was performed in air in a Mettler Toledo TGA/SDTA851e/SF/1100 

instrument. STARe software was used for data acquisition and analysis. The heating 

rate was typically 10 °C.min-1. 5 to 20 mg of sample was analysed in a 100 µl 

aluminum pan. 

 

2.2 Experimental Methods 

 
All chemicals were purchased from Sigma-Aldrich and used as received. 
 
 

2.2.1 Grinding in a Ball Mill 

 

Ball milling was performed in a Retsch MM200 grinder for 30 minutes at a frequency 

of 30 Hz. The grinding was done in a metal vial with two 7 mm diameter metal balls. 

For liquid assisted grinding 20 µl of nitromethane was also added. Typically, 

experiments were performed on a 300 mg scale. 

 

2.2.2 Freeze-Drying 

 

Solutions for freeze-drying were prepared by dissolving compound(s) in water or 

t-butanol in a round bottom flask. The solutions were rapidly frozen by cooling the 

flask in an acetone/dry ice bath or in liquid nitrogen. A Virtis Advantage 2.0 EL 

instrument and Leybold vacuum pump were used for freeze-drying, with the round 

bottom flasks held on nozzles on the outside of the instrument. 
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2.2.3 Crystal Structure Prediction 

 

Crystal structure prediction (CSP) was performed by Dr Graeme Day and 

Dr Katarzyna Hejczyk of the Department of Chemistry, University of Cambridge. 

The methodology used for crystal structure prediction of theophylline is given here as 

an example. The molecule was built from scratch and then fully optimised using DFT 

and gaussian03. 50,000 structures were generated with CrystPred (constrained to the 

space groups P1, P-1, P21, P212121, P21/c, Pbcn, Pbca, Pnma, Pna21, Pca21, C2, Cc, 

C2/c and R-3) and minimised using a point charges model in DMACryst. The 

generated structures were re-minimised using atomic multipoles, and finally the 

lowest energy structures (within 10kJ/mol energy of the global minimum) were 

recalculated in order to obtain the final symmetry. 
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3 Alternative Cocrystallisation Methods 

3.1 Introduction 

 

There is an opportunity to develop new methods for preparing cocrystals of 

pharmaceutical compounds to overcome the difficulties associated with current 

approaches (which are described in Section 1.2.3.2 and listed in Table 3.1). 

 

Table 3.1  A table listing limitations with current cocrystallisation methods. 

 

 
 

 
A preliminary aim of this work was to study the seeding effect that may occur in 

grinding experiments. Cocrystal formation by grinding is thought to proceed via an 

amorphous intermediate phase. However, if crystalline input material is used in the 

grinding experiment, any amorphous phase that is generated could crystallise on the 

surfaces of the input crystals, rather than nucleating as a new crystal phase, and the 

crystalline phases that were initially present could persist rather than converting to a 

more stable cocrystal form. This is analogous to the seeding effect that is often 

observed in slurries, and would be an important consideration when screening for 

cocrystals of an API by grinding. Three possible alternative approaches to cocrystal 

formation were then identified which had the potential to avoid problems with 

seeding, and with differences in coformer solubility, and could also be used to prepare 

cocrystals on a large scale. 
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3.1.1 Cocrystallisation by Freeze-Drying 

 

The first method to be investigated was freeze-drying (lyophillisation). Freeze-drying 

is a technique where a solution of a compound in water, or other solvent with a 

suitable triple point, is prepared and rapidly frozen. The frozen solution is then held 

under a high vacuum causing the solvent to sublime, leaving the solute which forms a 

low density, often amorphous, powder. Though freeze-drying is a technique primarily 

used to prepare amorphous forms,1 if the glass transition temperature of these forms is 

at or below ambient temperature, they will be liable to spontaneous crystallisation.1,2 

The rationale for using freeze-drying as a cocrystallisation method is that if a solid 

amorphous mixture of two coformers can be prepared, the kinetic barrier of having 

crystalline seeds of the two cocrystal formers is avoided, and the chance of forming a 

cocrystal is maximised. Freeze-drying is also routinely used to prepare pharmaceutical 

solid forms and formulations on an industrial scale.3 

 

The compounds selected for freeze-drying investigations were caffeine and 

theophylline, well studied cocrystal formers.4-6 Caffeine is a stimulant present in tea 

and coffee. Theophylline, a compound that is used to treat asthma and COPD, has a 

similar molecular structure to caffeine, and is also found in tea.  

 

3.1.2 Cocrystallisation at the Interface between Solvent Layers 

 

The principle difficulty with preparing cocrystals from solution is that the two 

cocrystal formers often have very different solubilities, and therefore precipitate as 

separate phases. An alternative cocrystallisation method was proposed that actually 

exploits these differences in solubility. The strategy was to prepare two saturated 

solutions, one of a hydrophilic compound in water, and one of a hydrophobic 

compound in an organic solvent which is immiscible with water. One of these 

solutions would then be layered onto the other. If a cocrystal of the two compounds is 

more thermodynamically stable, and hence less soluble, than one of the individual 

coformers, there would be a driving force for it to crystallise at the solvent interface 

(See Figure 3.1). 
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Figure 3.1  A schematic showing the experimental set-up for preparing cocrystals at a 

solvent interface. 

 

 

The primary advantage of this technique is that by starting with saturated solutions of 

the coformers, the possibility of crystallising either of them in preference to a 

cocrystal phase is avoided. A possible limitation is that the individual coformers must 

be strongly hydrophobic/hydrophilic or they would be able to diffuse across the 

solvent interface, leading to sub-saturated solutions, and reducing the driving force for 

the cocrystal to precipitate at the solvent interface. 

 

The phenazine:mesaconic acid cocrystal7 was selected for initial investigation work. 

This cocrystal has been used previously as a model system for studying cocrystal 

formation by grinding8 and was chosen for this study as phenazine is a strongly 

hydrophobic molecule, while mesaconic acid is hydrophilic (aqueous solubilities have 

been measured to be 0.025 mg.ml-1 and 26.3 mg.ml-1 respectively).9 The 

crystallisation at a solvent interface method was then applied to a pharmaceutical 

system, the 1:1 caffeine:1-hydroxy-2-naphthoic acid cocrystal.10 
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Cocrystal formation at an interface of two solutions has been mentioned in a patent by 

Childs.11 However, the described method involves the mixing of two different 

solutions and so differs significantly from the approach detailed here, where mixing is 

deliberately avoided. Crystallisation between layers of immiscible solvents is not a 

new technique, but to the knowledge of the author it has not been applied to 

cocrystallisation of pharmaceutical compounds. 

 

3.1.3 Cocrystallisation by Salt Swapping 

 

It was hypothesised that the large difference in aqueous solubility between salt forms 

and neutral forms of compounds could be exploited to give a method for preparing 

cocrystals from solution, even when the solubilities of the two coformers are different. 

 

The strategy was to mix a saturated aqueous solution of the hydrochloride salt of one 

cocrystal former with a saturated aqueous solution of the sodium salt of a second 

cocrystal former (in equimolar quantities). On mixing the two solutions, a salt swap 

would occur, with the strongest conjugate base and conjugate acid (chloride ions and 

sodium ions respectively) associating and causing the two coformers to exchange a 

proton and neutralise. Both coformers would then be in a highly supersaturated state 

due to the lower aqueous solubility of the neutral forms, and would be expected to 

precipitate simultaneously giving an opportunity for cocrystallisation. 

 

The main drawback to this cocrystallisation technique is that both the API and 

coformer must have an ionisable functional group. 

 

The 2:1 RS-ibuprofen:4,4-Bipy cocrystal12 was chosen for investigating this 

preparation method. RS-ibuprofen is a non-steroidal anti-inflammatory drug used in 

pain relief and has been reported to form a sodium salt.13 4,4-Bipy has previously 

been prepared as a dihydrochloride salt.14 A schematic of the expected salt swap 

reaction is shown in Figure 3.2. 
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Figure 3.2  A schematic showing the expected salt swap reaction that would occur on 

mixing aqueous solutions of RS-ibuprofen and 4,4-bipyridyl dihydrochloride. 

 

 

3.2 Experimental 

 

Saturated solutions for cocrystallisation at a solvent interface were generated by 

preparing slurries of the two cocrystal formers in appropriate solvents and leaving 

them to equilibrate for 24 hours. The saturated solution with the lowest density was 

layered onto the second saturated solution in a vial, which was then capped and stored 

under ambient conditions. 

 

Planetary ball milling was performed with a Fritsch planetary mill at Universite Lille 

1. The grinding was done in a zirconium dioxide vessel with seven 15 mm diameter 

zirconium dioxide balls at a rotation speed of 400 rpm. Experiments were performed 

on a 1 g scale. 

 

See Section 2.2.2 for details of the freeze-drying method. 
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3.3 Results and Discussion 

3.3.1 Investigation of the Seeding Effect in Grinding Experiments 

 

A seeding effect was observed during competitive grinding experiments with caffeine, 

theophylline and glutaric acid.  

 

Both caffeine and theophylline form 1:1 cocrystals with glutaric acid (two 

polymorphs of the caffeine:glutaric acid cocrystal have been reported).5,15 These three 

compounds were ground in a 1:1:1 molar ratio, with nitromethane, to see which of the 

two cocrystals would be obtained. Caffeine and glutaric acid cocrystallised, leaving 

the theophylline unconverted (Figure 3.3). It is unclear whether the caffeine:glutaric 

acid cocrystal is thermodynamically more favourable than the theophylline:glutaric 

acid cocrystal, or whether it was just the first cocrystal form to nucleate. 
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Figure 3.3  XRPD analysis of caffeine, theophylline and glutaric acid ground in a 

1:1:1 molar ratio, with 20 µl of nitromethane. (a) Reference trace of the 1:1 

caffeine:glutaric acid cocrystal. (b) XRPD trace of a sample prepared by grinding 

caffeine, theophylline and glutaric acid. (c) Reference trace of theophylline Form II. 
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The procedure was then modified so that the compounds were ground in a step-wise 

manner. In the first step, two of the coformers were ground together. In the second 

step, the third coformer was added and grinding repeated. This is shown schematically 

in Figure 3.4.  

 

 

 
 

Figure 3.4  Schematic outlining an investigation into competitive grinding with the 

compounds caffeine, theophylline and glutaric acid.   

 

 

In the first step-wise experiment, caffeine and glutaric acid were ground together in an 

equimolar ratio, with 20 µl of nitromethane, to give a 1:1 cocrystal. One mole 

equivalent of theophylline was then added, and liquid assisted grinding repeated. The 

resulting solid was analysed by XRPD (Figure 3.5) and found to be a mixture of 

theophylline and the two known polymorphs of the caffeine:glutaric acid cocrystal.  
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Figure 3.5  XRPD analysis of caffeine ground with glutaric acid and then ground 

again with theophylline. (a) Caffeine ground with glutaric acid. (b) The same sample 

after grinding with 1 equivalent of theophylline. (c) Reference trace of theophylline 

Form II.16 

 

 

In a second experiment, theophylline and glutaric acid were ground together in an 

equimolar ratio, with 20 µl of nitromethane, to give a 1:1 cocrystal. One mole 

equivalent of caffeine was then added, and liquid assisted grinding repeated. The 

resulting solid was analysed by XRPD (Figure 3.6) and found to be a mixture of 

caffeine and the theophylline:glutaric acid cocrystal. 

 

In this second experiment, the same ratio of the three compounds were ground 

together as in the first experiment, but the outcome was different. The outcome was 

influenced by the order in which the compounds were ground together, and it can be 

concluded that in at least one of the two experiments, the thermodynamically 

favourable products were not obtained. This result demonstrates that a kinetic seeding 

effect may occur in grinding experiments (under conditions that are typically used 

when grinding pharmaceuticals).  
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Figure 3.6  XRPD analysis of theophylline ground with glutaric acid and then ground 

again with caffeine. (a) Theophylline ground with glutaric acid. (b) The same sample 

after grinding with 1 equivalent of caffeine. (c) Reference trace of caffeine Form II. 

 

 

As a further extension to this investigation, a third experiment was conducted where 

caffeine and theophylline were ground together in an equimolar ratio, with 20 µl of 

nitromethane. A new crystal form, a 1:1 cocrystal of caffeine and theophylline, was 

obtained. One mole equivalent of glutaric acid was then added, and liquid assisted 

grinding repeated. The resulting solid was analysed by XRPD (Figure 3.7) and found 

to be a mixture of glutaric acid and the caffeine:theophylline cocrystal. In this third 

experiment, even though caffeine, theophylline and glutaric acid were again ground 

together in a 1:1:1 molar ratio, the outcome was different to that in the two previous 

experiments. This further demonstrated a seeding effect in grinding. 

 

These findings differ from those of Caira et al who investigated competitive grinding 

experiments with a set of sulfadimidine:carboxylic acid cocrystals.17 They found that 

grinding any of these sulfadimidine cocrystals with one equivalent of anthranilic acid 

resulted in the formation of the sulfadimidine:anthranilic acid cocrystal.   
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Figure 3.7  XRPD analysis of caffeine ground with theophylline and then ground 

again with glutaric acid. (a) Caffeine ground with theophylline. (b) The same sample 

after grinding with 1 equivalent of glutaric acid. (c) Reference trace of glutaric acid. 

 

 

Further liquid assisted grinding experiments were performed with a 2:1 and 1:2 molar 

ratio of caffeine and theophylline, with analysis of the resulting samples by XRPD 

(Figure 3.8). Grinding at a 2:1 molar ratio gave a mixture of the new cocrystal phase 

(that was observed in the third competitive grinding experiment) and caffeine, 

whereas grinding at a 1:2 ratio gave a mixture of the new phase and theophylline. 

These results indicate that the new phase is a 1:1 cocrystal of caffeine and 

theophylline. 
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Figure 3.8  XRPD analysis of caffeine and theophylline ground at a 2:1 and 1:2 molar 

ratio. (a) A sample prepared by grinding caffeine and theophylline at a 2:1 ratio. (b) A 

sample prepared by grinding caffeine and theophylline at a 1:2 ratio. (c) Reference 

trace of Form II of caffeine. (d) Reference trace of Form II of theophylline. 

 

3.3.2 Cocrystallisation by Freeze-Drying 

 

The preparation of cocrystals by freeze-drying was investigated using the caffeine: 

theophylline cocrystal system. An aqueous solution of caffeine and theophylline was 

generated by dissolving 100 mg of caffeine and 92.8 mg of theophylline (1 mole 

equivalent) in 25 ml of water. The solution was freeze-dried, and the resulting solid 

analysed by XRPD (Figure 3.9). The XRPD trace of this sample was different to that 

of the 1:1 cocrystal that is generated by liquid assisted grinding (described in 

Section 3.3.1). The trace was also compared with those of the known polymorphs of 

caffeine and theophylline to determine if a mixture of cocrystal formers had been 

obtained rather than a cocrystal, and it was evident that the sample did not contain any 

of the known polymorphs of theophylline. The XRPD trace was, however, almost 

identical to that of Form I of caffeine (the metastable, hexagonal polymorph).18,19 The 

XRPD peaks of the freeze-dried sample were shifted slightly to higher or lower 2ș 
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with respect to the caffeine peaks, indicating that it was a different, but related crystal 

form. As no peaks due to a single component phase of theophylline were observed, 

and there was no indication that theophylline was present as an amorphous phase (no 

amorphous halo in the XRPD trace and no glass transition observed by DSC) it was 

concluded that a new cocrystal form of caffeine and theophylline had been isolated. 
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Figure 3.9  XRPD analysis of a sample prepared by freeze-drying caffeine and 

theophylline in a 1:1 molar ratio. (a) Reference trace of theophylline Form II. (b) 

Reference trace of caffeine Form I. (c) XRPD trace of a sample prepared by freeze-

drying caffeine and theophylline in a 1:1 molar ratio. 

 

 

More freeze-drying experiments were conducted with varying ratios of caffeine and 

theophylline. It was observed that as the relative theophylline content was increased, 

XRPD peak positions deviated progressively more from those of Form I of caffeine 

(though the new crystal phase was not obtained at all when theophylline was freeze-

dried alone). Examples of the change in XRPD peak position with relative 

composition are shown in Figure 3.10. This result suggested that the new phase was a 

solid solution of caffeine and theophylline that was isostructural with Form I of 
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caffeine and where the unit cell dimensions of the solid solution vary slightly with 

theophylline content. Caffeine molecules can therefore be replaced by theophylline 

molecules in this phase without disrupting the crystal packing, which is possible as 

caffeine and theophylline molecules are almost identical in size and shape.  
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Figure 3.10  XRPD analysis of freeze-dried samples of caffeine and theophylline 

showing variation in peak position as caffeine contents are varied from 100 % to 

50 %. Differences in peak intensity are due to variations in the amount of material 

used in generating the XRPD traces. 

 

 

Solid solutions of metals are common, and variations in lattice parameters with 

composition in these systems has been found to be linear in most cases (Vegard’s 

law).20 In order to determine if the caffeine:theophylline solid solution followed 

Vegard’s law, relative peak positions (calculated by dividing peak positions at each 

composition by the peak positions of pure caffeine Form I and multiplying by 100 %) 

for a range of compositions were plotted against percentage caffeine content (Figure 

3.11). The resulting graph showed clear trends in peak positions with percentage 

caffeine content. XRPD peaks corresponding to crystal planes of the type {h00} and 
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{hk0} were shifted to higher 2ș values as the relative caffeine content decreased. In 

contrast, crystal planes of the type {10-2} were shifted to lower 2ș values. This 

showed that as the relative caffeine content decreases, the a and b axes of the 

hexagonal unit cell contract, and the unique c axis expands. The R2 values for the data 

are not sufficiently high to conclude that the variation between composition and 

lattice parameters is linear as per Vegard’s law. 
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Figure 3.11  A plot showing how XRPD peak positions of freeze-dried 

caffeine/theophylline mixtures with a range of compositions vary with percentage 

caffeine content. The pink squares correspond to the peak from the {300} family of 

crystal planes, the green triangles to the {4-20} planes, the dark blue diamonds to the 

{2-10} planes and the orange circles to the {10-2} planes. Relative peak positions 

were calculated by dividing the peak positions at each composition by the peak 

positions of pure caffeine Form I and multiplying by 100 %. 
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Having successfully used freeze-drying to prepare a new cocrystal phase of caffeine 

and theophylline, the technique was applied to other systems which are known to 

form cocrystals.4,5,7,12,21 The systems that were investigated, and resulting 

observations, are shown in Table 3.2. 

 

 

Table 3.2  A table listing attempted freeze-drying cocrystal formation experiments 

and outcomes as determined by XRPD analysis. 

 

 
 

 

Cocrystal formation was achieved in all but one of the freeze-drying experiments, that 

with caffeine and adipic acid. This cocrystal has also been found to be difficult to 

obtain by other preparation methods.21 

 

3.3.2.1 Insight into the Mechanism of Cocrystal Formation by Freeze-Drying 
 
 

It was assumed that cocrystal formation by freeze-drying would proceed via an 

amorphous phase, and evidence to support this assumption was obtained from 

cryo-grinding experiments which are known to favour the formation of amorphous 
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phases.22 It was found to be possible to prepare the solid solution of caffeine and 

theophylline by grinding in a planetary mill at -10 °C (Figure 3.12), suggesting that 

cocrystallisation of this phase proceeds via an amorphous intermediate. The 

amorphous phase has not been observed experimentally, however, probably because it 

is unstable and rapidly crystallises at ambient temperature (at which characterisation 

was performed).  
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Figure 3.12  XRPD analysis of the solid solution of caffeine and theophylline 

prepared by different methods. (a) Solid solution of caffeine and theophylline 

prepared by freeze-drying. (b) Solid solution of caffeine and theophylline obtained by 

grinding an equimolar ratio of the two compounds in a planetary ball mill at -10 °C 

for 48 hours. 

 

3.3.3 Cocrystallisation at the Interface between Two Solvent Layers 

3.3.3.1 Phenazine:Mesaconic Acid Cocrystal 

 

Saturated solutions of phenazine in xylene and mesaconic acid in water were 

prepared. 2 ml of the phenazine solution was layered onto 2 ml of the mesaconic acid 
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solution and held in a sealed vial. Precipitate formed at the solvent interface within a 

few seconds and was isolated on a filter paper. The XRPD trace of this solid was 

different to that of the reported cocrystal phase (CSD ref. WOQBAF)7 and all known 

polymorphs of phenazine and mesaconic acid, indicating that a new crystal form had 

been isolated (Figure 3.13).  

 

0

5000

0000

unts

Position [°2Theta]
10 20 30

 

c 
 

b 
 

a 
 

 

Figure 3.13  XRPD analysis of a sample obtained by cocrystallising phenazine and 

mesaconic acid at a water/xylene solvent interface. (a) A sample obtained by 

cocrystallising phenazine and mesaconic acid at a water/xylene solvent interface. (b) 

The same sample after 10 days of storage under ambient conditions. (c) Reference 

trace of the reported cocrystal of phenazine and mesaconic acid.  

 

 

This new crystal phase converted to the known form of the phenazine:mesaconic acid 

cocrystal during 10 days of storage on a glass slide under ambient conditions. 

Thermal analysis of the new phase showed a broad endotherm consistent with solvent 

loss in the DSC trace (Figure 3.14). In addition, a 4 % weight loss was observed 

during TGA analysis, corresponding to 0.72 moles of water, suggesting that the new 

phase was a monohydrate of the cocrystal (Figure 3.15). 
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Figure 3.14  DSC thermogram of a sample obtained by cocrystallising phenazine and 

mesaconic acid at a water/xylene solvent interface (pinhole in lid of DSC pan). 
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Figure 3.15  TGA thermogram of a sample obtained by cocrystallising phenazine and 

mesaconic acid at a water/xylene solvent interface. The 4.01 % weight loss between 

45 and 74 °C corresponds to 0.72 moles of water (calculated on the basis of a 1:1 

cocrystal of phenazine and mesaconic acid). 
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The solvent interface cocrystallisation method was modified slightly in an attempt to 

grow large crystals suitable for structure solution by single crystal X-ray diffraction. 

Instead of using saturated solutions of phenazine in xylene and mesaconic acid in 

water, the solutions were diluted before combining. The rate of crystallisation was 

slower in this experiment, yielding crystals suitable for structure solution, and the new 

phase was confirmed to be a monohydrate of the phenazine:mesaconic acid cocrystal 

(Figure 3.16). A comparison of simulated and experimental XRPD traces showed that 

the single crystal that was used to obtain the crystal structure was representative of the 

bulk of the sample (Figure 3.17). 
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Figure 3.16  Molecular packing arrangement in the crystal structure of the 

monohydrate of the 1:1 phenazine:mesaconic acid cocrystal. 
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Figure 3.17  Overlay of experimental and simulated XRPD traces of the 

phenazine:mesaconic acid cocrystal monohydrate. (a) Simulated trace from the crystal 

structure of the monohydrate of the phenazine:mesaconic acid cocrystal. (b) 

Experimental trace of the sample obtained by cocrystallising phenazine and 

mesaconic acid at a water/xylene solvent interface. The slight differences in peak 

positions are due to thermal expansion (The crystal structure used for the simulation 

was collected at 180 K). 

 

 

Cocrystal formation between phenazine and mesaconic acid at the interface between 

two immiscible solvents was successful, and a new cocrystal phase was identified. 

This monohydrate was not obtained from grinding experiments with phenazine, 

mesaconic acid and an equimolar quantity of water, nor could it be obtained from 

conventional solution crystallisations due to the low aqueous solubility of phenazine. 

 

After removing the precipitated monohydrate of the phenazine:mesaconic acid 

cocrystal from the solvent interface, the vial was re-sealed and stored under ambient 

conditions. A second crop of precipitate formed slowly at the interface over several 

days. The size of crystals in this second batch was noticeably larger than in the 

previous crop. The XRPD trace of this sample was different to those of both the 
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monohydrate and the reported anhydrous form of the phenazine:mesaconic acid 

cocrystal, indicating that another new crystal form had been isolated (Figure 3.18). 
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Figure 3.18  XRPD analysis of the second crop of crystals obtained from 

cocrystallising phenazine and mesaconic acid at a water/xylene solvent interface. (a) 

The second crop of crystals obtained from cocrystallising phenazine and mesaconic 

acid at a water/xylene solvent interface. (b) Reference trace of the monohydrate of the 

phenazine:mesaconic acid cocrystal. (c) Reference trace of the previously reported 

phenazine:mesaconic acid cocrystal. 

 

 

The crystal structure of this new form was obtained by single crystal X-ray diffraction 

and found to be a new polymorph of the 1:1 phenazine:mesaconic acid cocrystal (this 

polymorph will be referred to as Form II, the previously reported phase as Form I). 

Phenazine and mesaconic acid molecules form hydrogen bonded chains (Figure 3.19), 

just as in the structure of Form I, but there is a different 3-dimensional packing 

arrangement of the chains. A comparison of simulated and experimental XRPD traces 

showed that the single crystal that was used to obtain the crystal structure was 

representative of the bulk of the sample (Figure 3.20). 
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Figure 3.19  Molecular packing arrangement in the crystal structure of Form II of the 

1:1 phenazine:mesaconic acid cocrystal. 
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Figure 3.20  Overlay of experimental and simulated XRPD traces of Form II of the 

phenazine:mesaconic acid  cocrystal. (a) The second crop of precipitate obtained by 

cocrystallising phenazine and mesaconic acid at a water/xylene solvent interface. (b) 

Simulated trace from the crystal structure of Form II of the phenazine:mesaconic acid 

cocrystal. The slight differences in peak positions are due to thermal expansion (The 

crystal structure was collected at 180 K). 
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3.3.3.2 Caffeine:1-Hydroxy-2-naphthoic Acid Cocrystal 

 
The solvent interface cocrystallisation method was also applied to the caffeine: 

1-hydroxy-2-naphthoic acid cocrystal.10 A saturated solution of 1-hydroxy-2-

naphthoic acid in diisopropyl ether (DIPE) was layered onto a saturated solution of 

caffeine in water. Precipitate formed at the solvent interface within a few seconds and 

was isolated on a filter paper. The XRPD trace of this solid was different to that of the 

previously reported cocrystal phase and all polymorphs of caffeine and 1-hydroxy-2-

naphthoic acid, indicating that a new crystal form had been isolated (Figure 3.21).  

 

0

000

000

ts

Position [°2Theta]
5 10 15 20 25 30

 

b 
 

a 
 

 

 

Figure 3.21  XRPD analysis of a new polymorph of the caffeine:1-hydroxy-2-

naphthoic acid cocrystal. (a) A sample obtained by cocrystallising caffeine and 

1-hydroxy-2-naphthoic acid at a water/DIPE solvent interface. (b) Simulated trace of 

the reported cocrystal of caffeine and 1-hydroxy-2-naphthoic acid (CSD ref 

KIGKIV).10 
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This new crystal phase was subsequently obtained in liquid assisted grinding 

experiments with several different solvents (see Section 4.3.9 for further details), and 

is believed to be a new polymorph of the 1:1 caffeine:1-hydroxy-2-naphthoic 

cocrystal. 

 

Cocrystallisation at the interface between two solvent layers was also attempted with 

RS-ibuprofen and nicotinamide.23 A saturated solution of nicotinamide in water was 

layered onto a saturated solution of RS-Ibuprofen in chloroform, but no precipitate 

formed at the solvent interface. The likely explanation for this negative result is that 

the solubility of RS-ibuprofen in water, or nicotinamide in chloroform, was not 

sufficiently low to prevent the compounds from diffusing across the solvent interface. 

This diffusion would have lead to the solutions being below the concentration limit of 

the cocrystal, removing the driving force for precipitation of the cocrystal.  

 

3.3.4 Cocrystallisation by Salt Swapping 

 

The aqueous solubility of RS-ibuprofen is less than 1 mg.ml-1, while in contrast, the 

aqueous solubility of the sodium salt of RS-ibuprofen is > 200 mg.ml-1. This 

difference in solubility was exploited for the cocrystallisation of RS-ibuprofen with 

4,4-bipyridyl. 

 

An aqueous solution of RS-ibuprofen sodium salt (46.1 mg in 200 µl) was mixed with 

an aqueous solution of 4,4-bipyridyl dihydrochloride (20 mg in 200 µl, 0.5 mole 

equivalents). A precipitate formed instantaneously and was isolated on a filter paper. 

XRPD analysis confirmed that the known cocrystal phase of RS-ibuprofen and 

4,4-bipyridyl had been obtained (Figure 3.22). 

 

As predicted, on combining the two salt forms, RS-ibuprofen and 4,4-bipyridyl 

neutralised and co-precipitated. Sodium and chloride ions remained in solution. 
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Figure 3.22  XRPD analysis of a sample obtained by cocrystallising RS-ibuprofen 

and 4,4-bipyridyl by salt swapping. (a) Simulated trace of the 2:1 

RS-ibuprofen:4,4-bipyridyl cocrystal (calculated from CSD crystal structure 

SODDIZ).12 (b) A sample obtained by mixing aqueous solutions of RS-ibuprofen 

sodium salt and 4,4-bipyridyl dihydrochloride. The slight differences in peak 

positions are due to thermal expansion (CSD structure SODDIZ was collected at 

200 K). 

 

3.4 Other Significant Results 

3.4.1 Thermal Dissociation of the Caffeine:Theophylline Cocrystal 

 

The 1:1 cocrystal of caffeine and theophylline that was prepared by liquid assisted 

grinding (described in Section 3.1.1) was analysed by DSC. There was a small 

endothermic event at 147 °C, followed by a sharp endotherm at 201 °C consistent 

with a melting event (Figure 3.23).  

 

67 



Integral -175.63 mJ
  normalized -86.94 Jg -̂1
Onset 201.07 °C
Peak 201.64 °C

Integral -56.75 mJ
  normalized -28.10 Jg^-1
Onset 146.68 °C
Peak 152.71 °C

[]!ME-001-023-1
ME-001-023-1, 2.0200 mg

Wg -̂1
5

min

°C40 60 80 100 120 140 160 180 200 220 240 260 280 300

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

^exo

 SW 8.01eRTASLab: METTLER  
 

Figure 3.23  DSC thermogram of the 1:1 cocrystal of caffeine and theophylline 

prepared by liquid assisted grinding. 

 

 

In order to determine the nature of the small endothermic event, the sample was 

heated to 170 °C in a sealed DSC pan and cooled to ambient temperature. The sample 

was then removed from the DSC pan and analysed by XRPD. The XRPD trace was 

made up of peaks corresponding to Form I of caffeine and Form II of theophylline, 

showing that the cocrystal had dissociated (Figure 3.24). 
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Figure 3.24  XRPD analysis of thermal dissociation of a 1:1 cocrystal of caffeine and 

theophylline. (a) The 1:1 caffeine:theophylline cocrystal prepared by liquid assisted 

grinding (b) The same sample after heating to 170 °C. (c) Reference trace of Form I 

of caffeine. (d) Reference trace of Form II of theophylline. 

 

 

It is interesting that this cocrystal dissociation event is endothermic, indicating an 

increase in enthalpy. A spontaneous form change is always accompanied by a 

decrease in the free energy of the system, meaning that the dissociation must be 

associated with an increase in entropy. Recent work on the crystal structure of Form I 

of caffeine has given an explanation for this increase in entropy.24 Descamps et al 

found that the caffeine molecules in this crystal form freely rotate at temperatures 

above 260 K, an entropically favourable phenomenon. If molecules of caffeine were 

not able to rotate in the cocrystal phase, as would be the case if there were hydrogen 

bonding interactions between the caffeine and theophylline molecules, then an 

increase in entropy would be expected on dissociation of the cocrystal. 
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The caffeine/theophylline mixture which results from the dissociation of the 1:1 

caffeine:theophylline cocrystal melts at 201 °C, a temperature significantly lower than 

the melting points of caffeine and theophylline (which were found to be 236 °C and 

270 °C, respectively), indicating that the two compounds have formed a eutectic 

mixture. 

 

3.4.2 Insights into the Mechanism of Cocrystal Formation by Grinding 

Resulting from Study of the Caffeine:Theophylline Cocrystal 

 

As described in Section 1.2.3.2, there is debate in the literature as to the mechanism 

by which cocrystallisation occurs during grinding experiments.  

 

Two different forms of the caffeine:theophylline cocrystal have been obtained by 

grinding; a solid solution from dry grinding at -10°C, and a 1:1 cocrystal from liquid 

assisted grinding at ambient temperature with nitromethane. It is believed that the 

solid solution crystallised from an amorphous intermediate that was generated during 

grinding, and that the 1:1 cocrystal phase must have crystallised by a different 

mechanism. Cocrystallisation from a liquid intermediate (formed due to localised 

melting at hot spots caused by impacts of the metal balls in the grinding vial) does not 

provide an adequate explanation in this case as the cocrystal has been shown to 

dissociate below its melting temperature. Another possibility is cocrystallisation via a 

solution phase. Although grinding is usually thought to be a solid state process as the 

amount of solvent added during liquid assisted grinding is small (~20 µl), this amount 

is enough to cover all of the solid particles that are present in the grinding vial with 

several layers of solvent molecules (this is described in more detail in Chapter 8), and 

so a solution mediated cocrystallisation mechanism is not unlikely. 

 

This 1:1 form of the caffeine:theophylline cocrystal has subsequently been prepared 

by crystallisation from solution (from a 3:2 mixture of DMF and dioxane), which 

supports the solution mediated cocrystallisation theory. 
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3.5 Conclusions 

 

It has been demonstrated that cocrystallisation grinding experiments do not always 

yield the most thermodynamically favourable solid forms. This suggests that grinding 

should not be used alone as a tool for screening for cocrystal formation. In some cases 

a negative result may be obtained even though cocrystal formation between two 

coformers is possible. 

 

Three alternative cocrystallisation methods have been successfully applied to the 

preparation of pharmaceutical cocrystals. These methods are a useful addition to the 

set of cocrystallisation tools that are available to solid form and process chemists 

working in the pharmaceutical industry as they have potential applications in cocrystal 

screening, cocrystal polymorph screening and the large scale manufacture of 

cocrystals. 

 

A solid solution of caffeine and theophylline has been prepared. To the knowledge of 

the author this is the first example of a solid solution formed between two active 

pharmaceutical compounds. This crystal phase is isostructural with Form I of caffeine, 

and so has hexagonal symmetry. This means that the molecules of caffeine and 

theophylline must either be rotating, or orientationally disordered in the crystal 

structure. 

 

3.6 Further Work 

 

An investigation into the rotation of caffeine and theophylline molecules in the solid 

solution of caffeine and theophylline could be conducted. The rotation of caffeine 

molecules in Form I of caffeine has been studied using dielectric measurements,24 and 

this technique should be applied to characterising the solid solution. 

 

To date, it has not been possible to grow crystals of the caffeine:theophylline 

cocrystals, or of the new polymorph of the caffeine:1-hydroxy-2-naphthoic acid 
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cocrystal, that are suitable for crystal structure determination. Further work should be 

performed in order to obtain these crystal structures. 

 

Cocrystallisation at an interface between two solvents could be studied in more detail 

to determine why this technique gave new polymorphic forms of two cocrystals, and 

whether it could be a widely applicable tool for investigating cocrystal polymorphism. 

 

The three alternative cocrystallisation techniques described in this chapter should be 

applied to a wider range of systems to systematically assess advantages and 

limitations relative to conventional cocrystallisation techniques. 

 

The applicability of the three alternative cocrystallisation techniques to the 

manufacture of cocrystals on a large scale should be investigated. 
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4  Cocrystal Polymorphism 

4.1 Introduction 

 

As described in Chapter 1, polymorphism is a key issue in the pharmaceutical 

industry. In order for cocrystal forms of APIs to be used in future pharmaceutical drug 

products it will be necessary to understand the polymorphic behaviour of cocrystals. 

 

Polymorphism in pharmaceutical cocrystals has not been extensively studied.1 Early 

work led to suggestions that cocrystals are less prone to polymorphism than free 

forms and salt forms of API’s,2-4 but there is no clear scientific rationale for why this 

should be the case. A study of the CSD in 2008, not limited to pharmaceutical 

systems, identified 33 sets of polymorphic cocrystals,5 and there are now also several 

reported examples of polymorphism in pharmaceutical cocrystals,6-8 including three 

different polymorphs of the ethenzamide:gentisic acid cocrystal.9 Porter et al have 

speculated that the lack of extensive polymorphism observed in cocrystal systems to 

date is due to difficulties with methods for screening for cocrystals rather than a 

decreased tendency for cocrystals to be polymorphic.6 Whereas solution based 

crystallisation screens are widely used for investigating the polymorphism of APIs, 

this approach is not so applicable to cocrystals as solution crystallisation often 

generates mixtures of coformers rather than cocrystal phases (as described in Section 

1.2.3.2). To date, no systematic approaches to investigating cocrystal polymorphism 

have been reported. The methods that have been used to prepare different polymorphs 

of individual systems are liquid assisted grinding,10 solution crystallisation,9,10 

slurrying,11 and polymer nucleated crystallisation.6 

 

The work in this chapter is not a systematic study of cocrystal polymorphism, but 

rather a collection of examples that have been identified during work for this thesis. 

Not all of the examples described are pharmaceutical systems.  
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4.2 Experimental 

 

Variable temperature X-ray powder diffraction (VT-XRPD) experiments were 

performed by Florence Danede of the Unite Materiaux et Transformation, Universite 

Lille 1. 

 

4.3 Results 

4.3.1 Caffeine:Theophylline Cocrystal 

 

Three multicomponent crystal forms of caffeine and theophylline have been isolated. 

The XRPD traces of these forms are shown in Figure 4.1. 
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Figure 4.1  Overlay of XRPD traces of three multicomponent crystal forms of 

caffeine and theophylline. (a) Form III. (b) Form II. (c) Form I. 
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Form I is a solid solution of caffeine and theophylline that was prepared by freeze-

drying (see Section 3.3.2 for further details). A PLM image of crystals of Form I is 

shown in Figure 4.2a. The crystals have lath or needle-like habits and lengths of up to 

20 µm. On re-analysing this sample after 6 days of storage under ambient conditions, 

a decrease in crystal size was observed (Figure 4.2b), suggesting that a change in 

crystal form may have occurred. This was confirmed by XRPD analysis (Figure 4.3). 

The new crystal form will be referred to as Form II of the caffeine:theophylline 

system. 

 

 

a               b 

  
 

Figure 4.2  Polarised light microscopy images of caffeine:theophylline forms. (a) The 

solid solution of caffeine and theophylline after preparation by freeze-drying. (b) The 

same sample after storage under ambient conditions for 6 days (Form II, a 

caffeine:theophylline cocrystal). 
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Figure 4.3  XRPD analysis of the solid solution of caffeine and theophylline before 

and after storage under ambient conditions. (a) The solid solution of caffeine and 

theophylline immediately after preparation by freeze-drying. (b) The same sample 

after storage under ambient conditions (Form II, a caffeine:theophylline cocrystal). 

 

 

In Form I, the solid solution, the ratio of caffeine and theophylline can be varied. If 

the solid solution is prepared with more caffeine than theophylline, after storing the 

sample under ambient conditions, a mixture of Form II and caffeine is obtained. 

Similarly, if Form I is prepared with an excess of theophylline, a mixture of Form II 

and theophylline is generated after ambient storage (Figure 4.4). This indicates that 

the ratio of caffeine to theophylline in Form II is 1:1. 
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Figure 4.4  XRPD analysis of the conversion of Form I, the solid solution of caffeine 

and theophylline, to Form II. (a) A sample of Form I prepared at a 2:3 ratio of caffeine 

to theophylline after storage under ambient conditions. (b) A sample of Form I 

prepared at a 3:2 ratio of caffeine to theophylline after storage under ambient 

conditions. (c) Reference trace of Form II of the cocrystal. (d) Reference trace of 

Form II of caffeine.12 (e) Reference trace of Form II of theophylline.13 

 

 

A series of potential crystal structures for the 1:1 cocrystal of caffeine and 

theophylline was generated by crystal structure prediction. More information about 

crystal structure prediction is given in Chapter 7. The simulated XRPD traces of these 

forms were compared with the experimental trace of cocrystal Form II. A match was 

found with the 10th lowest energy structure (monoclinic P21/c, a = 7.009, b = 14.563, 

c = 21.655 and ȕ = 49.99) from the predictions (Figure 4.5). There are slight 

differences between peak positions of the simulated and experimental XRPD traces of 

this crystal form, especially at high angles. This suggests that there are small 

differences between the unit cell dimensions of Form II of the cocrystal and the 

theoretical crystal structure that corresponds to Form II.  
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Figure 4.5  Overlay of experimental and simulated XRPD traces of Form II of the 

caffeine:theophylline cocrystal. (a) Simulated trace from the 10th lowest energy 

predicted cocrystal structure of 1:1 caffeine:theophylline. (b) Experimental trace of 

Form II of the caffeine:theophylline cocrystal. The slight differences in peak positions 

are due to imperfect prediction of the unit cell lengths and angles of the CSP structure. 

 
 

A Pawley refinement14 was performed on the experimental XRPD trace of Form II of 

the caffeine:theophylline cocrystal using the unit cell parameters from the 10th lowest 

energy predicted crystal structure as a starting point. The unit cell parameters were 

refined to a = 7.122, b = 14.481, c = 22.413 and ȕ = 48.73 respectively, and the 

overall fit was good with a Ȥ2 value of 3.18 (Figure 4.6). It was not possible to 

perform a Rietveld refinement15 as peak intensities in the experimental XRPD trace 

were strongly affected by preferred orientation. 

 

The molecular packing arrangement of the 10th lowest energy predicted crystal 

structure of the 1:1 caffeine:theophylline cocrystal is shown in Figure 4.7. Caffeine 

and theophylline molecules form pair-wise hydrogen bonding interactions, and pairs 

align to form 1-dimensional stacks. 
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Figure 4.6  Results of Pawley refinement for Form II of the caffeine:theophylline 

cocrystal. The experimental XRPD trace is shown in red, the Pawley fit is overlaid in 

blue and the difference trace for these two patterns is shown in pink. 

 

 

 
 

Figure 4.7  Molecular packing arrangement in the calculated crystal structure of 

Form II of the caffeine:theophylline cocrystal. 
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Form III is a 1:1 cocrystal of caffeine and theophylline that was prepared by liquid 

assisted grinding (see Section 3.3.1 for further details). 

 

No matches for Forms I and III were found in the set of molecules generated by 

crystal structure prediction. 

 

The relative thermodynamic stability of the three multicomponent forms of caffeine 

and theophylline is Form III > Form II > Form I. As shown above, under ambient 

conditions Form I converts to Form II. This conversion takes between 24 and 48 

hours. A much slower conversion of Form II to Form III has also been observed under 

ambient conditions (a sample of Form II partially converted to Form III during a three 

year period (Figure 4.8)). 
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Figure 4.8  XRPD analysis of Form II of the caffeine:theophylline cocrystal after 

storage under ambient conditions for 3 years. (a) Form II of the caffeine:theophylline 

cocrystal after storage under ambient conditions for 3 years. (b) Reference trace of 

Form II of the caffeine:theophylline cocrystal. (c) Reference trace of Form III of the 

caffeine:theophylline cocrystal. 
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4.3.2 1:1 Caffeine:1-Hydroxy-2-naphthoic Acid Cocrystal 

 

Form I of this cocrystal was reported by Bucar et al,16 and a new polymorph, Form II, 

was prepared by cocrystallisation at the interface between two solvent layers (see 

Section 3.3.3 for XRPD traces and further details).  

 

Cocrystal formation was also investigated by liquid assisted grinding with a selection 

of solvents (this work was conducted with Saranja Sivachelvam, a summer student at 

the Department of Chemistry, University of Cambridge). 103.2 mg of caffeine and 

100 mg of 1-hydroxy-2-naphthoic acid (1 mole equivalent) were ground with 20 µl of 

solvent. Both Form I and Form II of the cocrystal were isolated from this 

cocrystallisation screen. Grinding with polar solvents (high dielectric constant) 

favoured generation of Form I, whereas non-polar solvents tended to give Form II. 

The results are summarised in Table 4.1.  

 

 

Table 4.1  A table showing the outcome of grinding a 1:1 molar ratio of caffeine and 

1-hydroxy-2-naphthoic acid with different solvents. 
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4.3.3 1:1 Theophylline:Formamide Cocrystal 

 

A new crystal form was obtained by slow evaporation of a solution of theophylline in 

formamide. The crystals were suitable for single crystal X-ray structure 

determination. The sample was found to be a 1:1 cocrystal of theophylline and 

formamide (Figure 4.9). Theophylline and formamide form hydrogen bonded chains 

with one amide-extended amide interaction and one N-H....N hydrogen bond. 
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R1 = 5.7 % 
 

Figure 4.9  Molecular packing arrangement in the crystal structure of a 1:1 cocrystal 

of theophylline and formamide at 180 K. 

 

 

Small differences were observed between the XRPD trace simulated from the single 

crystal structure and that of the experimental sample (Figure 4.10). Peaks at 18.9 and 

25.3 °2ș in the experimental trace were absent from the simulated trace. Also, peaks 

at 18.3, 19.4, 24.7 and 25.9 °2ș in the simulated trace were absent from the 

experimental trace.  
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Figure 4.10  Overlay of room temperature experimental and low temperature 

simulated XRPD traces of the 1:1 theophylline:formamide cocrystal. (a) Simulated 

trace from the crystal structure of the 1:1 theophylline:formamide cocrystal (180 K). 

(b) Experimental trace of the sample obtained by slow evaporation of a solution of 

theophylline in formamide. Some differences in the traces are too large to be caused 

by thermal expansion, e.g. between 16 and 20 °2ș there are two peaks in the 

experimental trace, but no corresponding peaks in the simulated trace. There are also a 

greater number of peaks in the simulated trace in this region. 

 

 

Single crystal X-ray structure determination was repeated, with the temperature of 

data collection increased from 180 K to 270 K (Figure 4.11). The 270 K crystal 

structure had a different space group to the 180 K structure, showing that a 

polymorphic conversion occurs between these two temperatures (the polymorph that 

is stable at 180 K will be referred to as Form I, the polymorph that is stable under 

ambient conditions as Form II). The two single crystal structures are very similar, the 

main difference being a mirror plane in the Form II structure which is not present at 

low temperature. The simulated XRPD trace of the 270 K structure matched the trace 

of the experimental sample of the formamide solvate (Figure 4.12).  
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Figure 4.11  Molecular packing arrangement in the crystal structure of Form II of the 

1:1 cocrystal of theophylline and formamide at 270 K. 
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Figure 4.12  Overlay of experimental and simulated XRPD traces of Form II of the 

1:1 theophylline:formamide cocrystal. (a) Simulated trace from the crystal structure of 

Form II of the 1:1 theophylline:formamide cocrystal (270 K). (b) Experimental trace 

of the sample obtained by slow evaporation of a solution of theophylline in 

formamide. 
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4.3.4 1:1 Theophylline:Pyrazinamide Cocrystal 

 

Form I of the 1:1 theophylline:pyrazinamide cocrystal was obtained by evaporation of 

an equimolar solution of theophylline and pyrazinamide in tetrahydrofuran. The 

crystal structure of this form is shown in Figure 4.13. Theophylline molecules form 

dimers through extended amide-extended amide hydrogen bonding interactions, and 

pyrazinamide molecules form dimers through amide-amide arrangements. The dimers 

of theophylline and pyrazinamide link to form 1-dimensional hydrogen bonded 

chains. 
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Figure 4.13  Molecular packing arrangement in the crystal structure of Form I of the 

1:1 cocrystal of theophylline and pyrazinamide. 

 

 

Grinding theophylline and pyrazinamide in an equimolar ratio, with toluene or with 

DMF, gave a sample with an XRPD trace that did not match that of Form I of the 

cocrystal, or any of the known forms of theophylline and pyrazinamide (Figure 4.14). 
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Figure 4.14  XRPD analysis of samples prepared by liquid assisted grinding of an 

equimolar amount of theophylline and pyrazinamide. (a) Simulated trace from the 

crystal structure of Form I of the 1:1 theophylline:pyrazinamide cocrystal. (b) A 

sample obtained by grinding an equimolar amount of theophylline and pyrazinamide 

with DMF. (c) A sample obtained by grinding an equimolar amount of theophylline 

and pyrazinamide with toluene. 

 

 

Because grinding at a 1:1 molar ratio appears to have given a pure phase by XRPD, 

the new crystal form obtained by grinding is believed to be a 1:1 cocrystal of 

theophylline and pyrazinamide (there is no evidence of XRPD peaks corresponding to 

excess theophylline or pyrazinamide). This polymorph will be called Form II. 

 

With this system, the cocrystallisation method that is used to prepare the cocrystal of 

theophylline and pyrazinamide influences the polymorphic form that is obtained. 

Cocrystallisation from solution, using both polar and non-polar solvents, gave Form I 

of the cocrystal, whereas cocrystallisation by liquid assisted grinding, with both polar 

and non-polar solvents, gave Form II of the cocrystal. 
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4.3.5 1:1 Theophylline:Benzamide Cocrystal 

 

On grinding 150 mg of theophylline and 107.3 mg of benzamide (1 mole equivalent) 

with 30 µl of nitromethane, a new crystal form was obtained. The XRPD trace of this 

form did not match any of the known polymorphs of theophylline or benzamide 

suggesting that this new form was a 1:1 cocrystal (Figure 4.15). 

 

A second grinding experiment was conducted using the same amounts of theophylline 

and benzamide. The two compounds were initially ground together dry, and the 

resulting sample was analysed by XRPD. The XRPD trace contained peaks 

corresponding to theophylline Form II and benzamide Form I, and there was no 

evidence of cocrystal formation. Nitromethane was then added, and the solid was re-

ground. XRPD analysis after this liquid assisted grinding step showed not only that 

theophylline and benzamide were no longer present, suggesting that cocrystallisation 

had occurred, but also that this was a different crystal phase to that obtained from the 

first experiment (Figure 4.15). This phase is believed to be a second polymorph of the 

1:1 theophylline:benzamide cocrystal. 

 

The key difference between the preparation methods for these two polymorphs is the 

initial dry grinding step in the second experiment. It is possible that dry grinding 

generated seeds of the second form of the cocrystal, and that these subsequently 

directed crystallisation during the liquid assisted grinding stage of the experiment. 
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Figure 4.15  XRPD analysis of two polymorphs of a theophylline:benzamide 

cocrystal prepared by grinding an equimolar ratio of theophylline and benzamide. (a) 

A sample obtained by grinding an equimolar ratio of theophylline and benzamide with 

nitromethane. (b) A sample obtained by dry grinding an equimolar ratio of 

theophylline and benzamide. (c) The same sample after a second grinding period with 

nitromethane. (d) Simulated trace of Form I of benzamide (CSD ref BZAMID01). (e) 

Reference trace of Form II of theophylline. 

 

4.3.6 Theophylline Monohydrate 

 

There is only one reported polymorph of theophylline monohydrate, and a crystal 

structure of this form has been obtained by Sun et al.17  

 

Slow evaporation of an aqueous solution of theophylline gave a sample which by 

XRPD appeared to be a mixture of Form I of theophylline monohydrate and a new 

crystal phase (Figure 4.16). In the DSC thermogram of the sample there were two 

peaks in the water loss endotherm (onset 74 °C), again suggesting that the sample was 

a mixture of forms, and also indicating that the new form was hydrated (Figure 4.17). 
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By TGA, there was a weight loss corresponding to 0.88 moles of water between 60 

and 110 °C. Given that some water loss could have occurred before the TGA 

experiment was performed, this result is consistent with water loss from a mixture of 

two polymorphs of theophylline monohydrate. 

 

The new polymorph of the monohydrate is less thermodynamically stable than Form 

I: gentle crushing of crystals of Form II was found to be enough to cause conversion 

to Form I (Figure 4.16b). 
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Figure 4.16  XRPD analysis of a sample prepared by slow evaporation of an aqueous 

solution of theophylline. (a) A sample prepared by slow evaporation of an aqueous 

solution of theophylline. (b) The same sample after gentle crushing on a glass slide 

with a spatula. (c) Simulated trace of Form I of theophylline monohydrate (CSD ref 

THEOPH01).17 
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Figure 4.17  DSC thermogram of a sample obtained by slow evaporation of an 

aqueous solution of theophylline (pinhole in lid of DSC pan). 
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Figure 4.18  TGA thermogram of a sample obtained by slow evaporation of an 

aqueous solution of theophylline. The 8.8 % weight loss between 60 and 110 °C 

corresponds to 0.88 moles of water. 
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4.3.7 1:1 Theophylline:Acetic Acid Cocrystal 

 

Form I of the 1:1 theophylline:acetic acid cocrystal was first isolated by Shyam Karki 

of the Department of Chemistry, University of Cambridge, and can be prepared by 

evaporation of a solution of theophylline in acetic acid. 

 

A sample of Form II of theophylline was stored on a glass slide in an atmosphere of 

acetic acid for 48 hours. The sample was then analysed by XRPD and found to have 

changed form. The XRPD trace did not match Form I of the acetic acid cocrystal or 

any of the known forms of theophylline suggesting that a new form of the acetic acid 

cocrystal of theophylline had been obtained (Figure 4.19). Both forms of the acetic 

acid cocrystal are highly unstable, and within 24 hours under ambient conditions they 

lose acetic acid and convert to Form II of theophylline. 
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Figure 4.19  XRPD analysis of a sample prepared by storing theophylline in an 

atmosphere of acetic acid. (a) A sample obtained after storing Form II of theophylline 

in an acetic acid atmosphere. (b) A sample of Form I of the 1:1 theophylline:acetic 

acid cocrystal. (c) Form II of the theophylline:acetic acid cocrystal after storage under 

ambient conditions for 24 hours. (d) Reference trace of Form II of theophylline. 
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4.3.8 2:1 5-Fluorouracil:Phenazine Cocrystal 

 

Form I of the 2:1 5-fluorouracil:phenazine cocrystal was first isolated by Amit Delori 

of the Department of Chemistry, University of Cambridge, and can be prepared by 

slow evaporation of a 2:1 molar ratio solution of 5-fluorouracil and phenazine in 

methanol. 5-Fluorouracil is a well known chemotherapy drug. 

 

Crystals of Form I of the cocrystal, prepared by slow evaporation from a methanol 

solution, have a block-like habit and are up to 50 µm in length (Figure 4.20a). In 

contrast, if the same solution is pipetted onto a glass slide and allowed to evaporate 

rapidly, crystallites less than 5 µm in size are obtained (Figure 4.20c). Transmission 

electron microscopy analysis of this sample showed that there was also a difference in 

crystal habit (Figure 4.20d), with crystallites having a rectangular, thin-plate 

morphology and lengths of between 0.5 and 2 µm. In contrast, the fragment of a 

crystal of Form I shown in Figure 4.20b appears to be more block-like than plate-like 

and does not have a rectangular habit (this sample was gently crushed between two 

glass slides prior to TEM analysis). This observation suggested that evaporation on a 

glass slide may have given a different crystal form. 

 

Selected area electron diffraction patterns from the sample prepared by evaporation on 

a glass slide were also recorded (Figure 4.21). These diffraction patterns were not 

consistent with Form I of the 5-fluorouracil:phenazine cocrystal, nor with any of the 

known polymorphs of 5-fluorouracil and phenazine, suggesting that a new cocrystal 

phase of 5-fluorouracil and phenazine had been obtained. 

 

Background information on interpreting TEM images and diffraction patterns is given 

in Chapter 5. 

 

A discussion on the defects that are present in the crystals of Form II of the cocrystal 

can be found in Chapter 9. 
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Figure 4.20  PLM and TEM images of samples obtained by slow and fast evaporation 

of a 2:1 molar ratio solution of 5-fluorouracil and phenazine in methanol. (a) PLM 

image of crystals of Form I of the 5-fluorouracil:phenazine cocrystal obtained by slow 

evaporation. (b) TEM image of a fragment of a crystal of Form I. (c) PLM image of 

crystals obtained by fast evaporation on a glass slide. (d) TEM image of crystals 

obtained by fast evaporation onto a TEM sample grid on a glass slide. 
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Figure 4.21  Selected area electron diffraction patterns from crystallites obtained by 

evaporation of a 2:1 molar ratio solution of 5-fluorouracil and phenazine in methanol 

on a TEM grid on a glass slide. 

 

 

4.3.9 1:1 Phenazine:Mesaconic Acid Cocrystal 

 

Form I of this cocrystal was reported by Batchelor et al.18 A monohydrate of the 

cocrystal and a new polymorph, Form II, were prepared by cocrystallisation at the 

interface between two solvent layers (see Section 3.3.3 for further details). 

 

Cocrystal formation was also investigated by liquid assisted grinding with a selection 

of solvents (this work was conducted with Saranja Sivachelvam, a summer student at 

the Department of Chemistry, University of Cambridge). 138.5 mg of phenazine and 

100 mg of mesaconic acid (1 mole equivalent) were ground with 20 µl of solvent. 

Both Form I and Form II of the cocrystal were isolated from this cocrystallisation 

screen, and grinding with polar solvents (high dielectric constant) tended to favour 

generation of Form II, whereas non-polar solvents gave Form I. The main exception 

to this trend was in grinding with water, but the cocrystal is known to form a 

monohydrate and this may have influenced the result. Observations are summarised in 

Table 4.2. 
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Table 4.2  A table showing the outcome of grinding a 1:1 molar ratio of phenazine 

and mesaconic acid with different solvents. 

           

 
* 100 µl of solvent was used in this experiment. 

 

 

A new crystal form was obtained from the liquid assisted grinding experiment with 

DMSO. An XRPD trace of this phase is shown in Figure 4.22. This form converted to 

Form II of the cocrystal during heating at 90 °C for three hours, suggesting that it was 

a DMSO solvate of the phenazine:mesaconic acid cocrystal (i.e. a three component 

cocrystal). During TGA analysis there was a weight loss of 17.0 %, corresponding to 

0.68 moles of DMSO, before sublimation occurred above 170 °C (Figure 4.23). It is 

believed that a 1:1:1 cocrystal was isolated from the grinding experiment, and that 

partial de-solvation occurred prior to TGA analysis being performed. 
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Figure 4.22  XRPD analysis of a sample prepared by grinding phenazine and 

mesaconic acid with DMSO. (a) A sample prepared by grinding phenazine and 

mesaconic acid with DMSO. (b) The same sample after heating at 90 °C for 3 hours. 

(c) Reference trace of Form II of the 1:1 phenazine:mesaconic acid cocrystal. (d) 

Reference trace of Form I of the phenazine:mesaconic acid cocrystal. 
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Figure 4.23  TGA thermogram of a sample obtained by grinding phenazine and 

mesaconic acid in an equimolar ratio with DMSO. The 17.0 % weight loss between 

25 and 150 °C corresponds to 0.68 moles of DMSO (calculated on the basis of a 1:1 

phenazine:mesaconic acid cocrystal). 
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Evidence for the existence of a third anhydrous polymorph of the 1:1 phenazine: 

mesaconic acid cocrystal was obtained from analysing Form I by DSC (Figure 4.24). 

A small endotherm at 161 °C was observed, followed by an endotherm at 183 °C 

consistent with a melting event. The small endotherm at 161 °C was an indication that 

a change in crystal form had occurred before the cocrystal melted. 
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Figure 4.24  DSC thermogram of Form I of the 1:1 phenazine:mesaconic acid 

cocrystal. 

 

 

VT-XRPD analysis was performed on Form I of the cocrystal to investigate this 

potential form change. XRPD traces were recorded at 140 °C and 170 °C, 

temperatures below and above the endothermic event seen by DSC (Figure 4.25). 

There were small, but significant differences in these XRPD traces, demonstrating 

that a change in crystal form (solid-solid transition) had occurred, and that a third 

polymorph of the 1:1 phenazine:mesaconic acid cocrystal had been generated. A 

further XRPD trace was recorded after cooling the sample back to ambient 

temperature (Figure 4.26). This trace matched that of Form I of the cocrystal, 

demonstrating that Form III is a metastable polymorph under ambient conditions and 

that Form I and Form III have an enantiotropic relationship. 
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Figure 4.25  VT-XRPD analysis of a sample of Form I of the phenazine:mesaconic 

acid cocrystal. (a) The sample at 140 °C. (b) The sample at 170 °C. 
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Figure 4.26  XRPD analysis of a sample of Form I of the phenazine:mesaconic acid 

cocrystal before and after heating to 170 °C as part of a VT-XRPD experiment. (a) A 

sample of Form I of the phenazine:mesaconic acid cocrystal. (b) The same sample 

after heating to 170 °C. 
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4.3.10 1:2 Mesaconic acid:Urea Cocrystal 

 

Work on the mesaconic acid:urea cocrystal system was conducted with Saranja 

Sivachelvam, a summer student at the Department of Chemistry, University of 

Cambridge. 

 

Form I of the 1:2 mesaconic acid:urea cocrystal was obtained by evaporation of a 1:2 

molar ratio solution of mesaconic acid and urea in nitromethane. The single crystal 

X-ray structure of this form was determined, and the molecular packing arrangement 

is shown in Figure 4.27. Each urea molecule forms an amide-carboxylic acid 

hydrogen bonding interaction with a molecule of mesaconic acid, an amide-amide 

hydrogen bonding interaction with a second molecule of urea, and also an interaction 

between its two NH2 groups and one of the carbonyl groups of a second mesaconic 

acid molecule. 
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Figure 4.27  Molecular packing arrangement in the crystal structure of Form I of the 

1:2 cocrystal of mesaconic acid and urea. 
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Crystallisation of a 1:2 molar ratio solution of mesaconic acid and urea in methanol 

by evaporation gave a sample with an XRPD trace that did not match that of Form I of 

the cocrystal, or any of the known forms of mesaconic acid and urea (Figure 4.28). It 

is believed that this is a second polymorph of the 1:2 cocrystal. 
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Figure 4.28  XRPD analysis of the mesaconic acid:urea cocrystal. (a) A sample 

prepared by evaporation of a 1:2 molar ration solution of mesaconic acid and urea in 

methanol. (b) A sample prepared by evaporation of a 1:2 molar ration solution of 

mesaconic acid and urea in nitromethane. (c) Simulated trace from the crystal 

structure of the 1:2 mesaconic acid:urea cocrystal. The slight differences in peak 

positions between b and c are due to thermal expansion (The crystal structure was 

collected at 180 K). 

 

4.3.11 1:1 L-malic acid:L-tartaric acid Cocrystal 

 

Form I of the 1:1 L-malic acid:L-tartaric acid cocrystal was reported by Aakeroy et al 

(CSD structure NIVYOG).19  
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Grinding L-malic and L-tartaric acid in equimolar amounts without solvent gave a 

sample which had an XRPD trace that was different to that of Form I of the cocrystal 

and the known polymorphs of L-malic acid and L-tartaric acid. It is believed that this 

new crystal form is a second polymorph of the 1:1 L-malic acid:L-tartaric acid 

cocrystal (Form II). Form II was also obtained by liquid assisted grinding with non-

polar solvents such as cyclohexane and chloroform (Figure 4.29), whereas polar 

solvents such as water and DMSO gave Form I during grinding experiments. 

 

Form II of the cocrystal was found to convert to Form I during storage under ambient 

conditions indicating that Form I is the more thermodynamically stable polymorph 

(Figure 4.29). 

 

0

2000

4000

6000

8000

unts

Position [°2Theta]
10 15 20 25 30 35

 

c 

b 

a 

 

Figure 4.29  XRPD analysis of Form II of the L-malic acid:L-tartaric acid cocrystal. 

(a) A sample prepared by an equimolar amount of L-malic acid and L-tartaric acid 

with chloroform. (b) The same sample after storage under ambient conditions for two 

months. (c) Reference trace of Form I of the L-malic acid:L-tartaric acid cocrystal. 
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4.4 Discussion  

4.4.1 Propensity of Cocrystal Polymorphism 

 

Several cocrystal systems, with a variety of APIs, were studied during this PhD 

project. Though cocrystal polymorphism was not investigated directly, well over half 

of these systems were found to have more than one polymorphic form. This is strong 

evidence against claims that cocrystals are inherently less prone to polymorphism than 

single component forms. 

 

4.4.2 Methods of Screening for Cocrystal Polymorphs 

 

An overview of the new polymorphic cocrystal forms that were described in Section 

4.3, and the cocrystallisation methods used to prepare these different polymorphs, is 

given in Table 4.3. 

 

Many different techniques and conditions were used in generating these cocrystal 

polymorphs including solution crystallisation, liquid assisted grinding, thermal 

methods, storage under ambient conditions, storage in a solvent atmosphere, 

crystallisation at the interface between two solvents and freeze-drying. It would not 

have been possible to obtain all of these crystal forms if just one approach had been 

used. For example, one of the polymorphs of the theophylline:pyrazinamide cocrystal 

was obtained from solution cocrystallisations, but not from liquid assisted grinding 

experiments. For the second polymorph the opposite was true. 

 

These observations indicate that cocrystal screening strategies should include a 

selection of different cocrystallisation methods. 
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Table 4.3  An overview of the cocrystallisation methods that were used to prepare the 

polymorphic cocrystals that are described in Section 4.3 of this Chapter. 

 

 
 

 

4.5 Other Significant Results 

4.5.1 The Amide-Extended Amide Synthon in Theophylline Cocrystals 

 

The amide-extended amide synthon is present in two of the theophylline cocrystals 

published in the CSD, a 1:1 cocrystal of theophylline and urea, and a 2:1 cocrystal 

monohydrate of theophylline and 5-fluorouracil (Figure 4.30). 
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Figure 4.30  Amide-extended amide synthons in the crystal structures of (a) a 1:1 

theophylline:urea cocrystal (CSD ref DUXZAX20), (b) the monohydrate of a 2:1 

theophylline:5-fluorouracil cocrystal (CSD ref ZAYLOA21).  

 

 

The reliability of this supramolecular synthon was investigated by attempting to 

cocrystallise theophylline with a set of simple amides. As described in Section 4.3.3, 

the amide-extended amide synthon was found to be present in the formamide 

cocrystal of theophylline. Cocrystallisation was also attempted with the related 

compounds DMF and N-methylformamide.  

 

DMF does not have an amide proton and so cannot act as a hydrogen bond donor. A 

cocrystal of theophylline and DMF was prepared, and the crystal structure was solved 

by single crystal X-ray diffraction. As expected, there was no amide-extended amide 

interaction (Figure 4.31). Theophylline and DMF instead form dimers through an 

N-H….O=C hydrogen bond. 

 

With N-methylformamide, there was the potential to form an amide-extended amide 

interaction with theophylline. The single crystal X-ray structure of a 1:1 theophylline: 

N-methylformamide cocrystal was obtained, but this interaction was absent. Instead, 

there were hydrogen bonds between the imidazole nitrogens of theophylline and the 

amide carbonyl and amide proton of N-methylformamide, giving a 1D hydrogen 

bonded network (Figure 4.32). 
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Figure 4.31  Intermolecular interactions in the crystal structure of a 1:1 cocrystal of 

theophylline and DMF. 
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Figure 4.32  Intermolecular interactions in the crystal structure of a 1:1 cocrystal of 

theophylline and N-methylformamide. 
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Cocrystals of theophylline with acetamide and benzamide were also prepared, but it 

has not been possible to obtain crystal structures to determine if there is an 

amide-extended amide interaction. 

 

The crystal structure of a 1:1 theophylline:pyrazinamide cocrystal is shown in Figure 

4.13. There is no amide-extended amide interaction, although it is possible that this 

synthon could be present in the second polymorph of the cocrystal. 

 

Although the amide-extended amide synthon with theophylline has been observed in a 

cocrystal with formamide, it is clearly not a robust synthon that could be relied upon 

to be present in cocrystals of theophylline with other amides. 

 

4.5.2 De-solvation of Theophylline Solvates 

 

As described above, cocrystals of theophylline with formamide, N-methyl formamide 

and DMF were prepared. Under ambient conditions, these cocrystals were found to 

de-solvate. The relative rate of de-solvation was DMF > N-methylformamide > 

formamide, reflecting the strength of hydrogen bonding interactions in the crystal 

structures.  

 

The de-solvated samples were analysed by XRPD and found to be mixtures of Form 

II of theophylline and a second crystal phase (Figure 4.33). The XRPD peak positions 

of this other phase (6.8, 13.0, 13.8, 20.7 and 27.3 °2ș) match those reported for a 

polymorphic form of theophylline that has recently been obtained by Roy et al from 

supercritical CO2 crystallisations.22  
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Figure 4.33  XRPD analysis of de-solvation of the 1:1 theophylline:N-methyl-

formamide cocrystal. (a) XRPD trace of a sample of the 1:1 theophylline: 

N-methylformamide cocrystal. (b) XRPD trace of the same sample after storage under 

ambient conditions for two weeks. (c) Reference trace of Form II of theophylline. 

 

 

4.6 Conclusions 

 

11 cocrystal systems were identified as being polymorphic in this study, 5 of which 

were completely new cocrystal systems, significantly increasing the number of known 

polymorphic cocrystal systems. The caffeine:theophylline and phenazine:mesaconic 

acid cocrystals were found to have multiple forms with three polymorphs of each 

system being identified as well as a monohydrate and DMSO solvate of 

phenazine:mesaconic acid. 
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In three of these systems, caffeine:1-hydroxy-2-naphthoic acid, phenazine:mesaconic 

acid and L-malic acid:L-tartaric acid, it was found that the polymorphic outcome of 

liquid assisted grinding cocrystallisations could be controlled through choice of 

solvent (polarity). These observations mirror a previous finding reported by Trask et 

al for polymorphs of a caffeine:glutaric acid cocrystal.10 

 

It was demonstrated that a multi-method approach to cocrystal polymorph screening is 

necessary in order to identify all possible crystal forms. 

 

Also, cocrystals have been shown to be a route to the preparation of an unusual 

polymorph of theophylline. 

 

4.7 Further Work 

 

To date, it has not been possible to grow crystals of several of the new cocrystal 

phases described here that are suitable for crystal structure determination. Further 

work should be performed in order to obtain these crystal structures. 

 

There is also a need for a systematic comparative study of methods of screening for 

polymorphs of cocrystals. 
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5 Exploring the Potential Applications of TEM in 

Pharmaceutical Materials Analysis 

5.1 Introduction 

 

The aims of this work were to first assess the suitability of TEM for pharmaceutical 

analysis, by investigating the potential difficulties with sample preparation and 

electron beam damage, and then to explore the different types of information that can 

be obtained with TEM. Although the methodologies that are described in this Chapter 

are widely used, their application to characterising the solid form of organic 

pharmaceutical compounds is a relatively new area of research (see Section 1.4.1 for 

further details). 

 

There have been several reported TEM studies of organic compounds, mainly of 

simple hydrocarbons.1-5 As part of this previous work, strategies were developed for 

preparing thin samples suitable for TEM analysis, and for reducing beam damage. For 

example, crystal growth on a water surface, by evaporation of a solution of the 

compound of interest in a hydrophobic solvent such as xylene, was found to be a good 

way of preparing large plate-like crystals that were thin enough for TEM.6 Electron 

beam damage was reduced by increasing accelerating voltages, analysing samples at 

low temperatures and by controlling the flux of electrons through samples.1,5,7,8 These 

strategies were applied to the pharmaceutical systems studied in this Chapter. 

 

The diagram shown in Figure 5.1 is a schematic of a TEM instrument. The electron 

beam coming from the electron source is shown in green at the top of the image (for 

the work described in this thesis a parallel (non-convergent) beam of electrons was 

used). The paths of electrons that pass straight through the sample are shown in green. 

Diffracted electrons are coloured pink and lilac. Following the paths of electron 

beams below the sample it can be seen that they are focussed with a lens to form an 

image on the viewing screen at the bottom of the instrument (most TEM instruments 

actually use several lenses for focussing). Both non-diffracted and diffracted beams 

from the same part of the sample meet at the same point on the viewing screen. 
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Diffraction patterns are obtained by changing the strength of the lenses so that the 

back focal plane is brought into focus. This plane is the level on the diagram where 

crossing of beams diffracted at the same angle from different regions of the sample 

occurs. It is in this region of the microscope that an objective aperture can be inserted 

(this aperture is actually a diaphragm containing holes of different size). An 

appropriately sized aperture is selected and aligned with the centre of the instrument, 

and its purpose is to stop some diffracted beams from passing down the column and 

contributing to the image, as shown with the lilac beams in Figure 5.1. In this manner, 

diffraction contrast can be produced in images, which is how bend contours are 

formed (see below). A condenser aperture is located above the sample and can be 

used to restrict the number of electrons reaching the sample. There is also a selected 

area aperture, which is located close to the objective aperture, and is used in 

diffraction mode to obtain diffraction information from a specific region of the 

sample. 

 

 
 

Figure 5.1  A schematic of a TEM instrument (Gatan, 2007).9 Beams of electrons 

corresponding to un-scattered electrons are shown in green. Diffracted beams of 

electrons are shown in pink and lilac. 
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The TEM image of a crystal of p-terphenyl in Figure 5.2, recorded by Jones et al,6 is 

given as an example to show the types of information that have been previously 

obtained from TEM analysis. Many of the features that are typical of TEM images can 

be seen in the image. 

 

 

 

*

 

Figure 5.2  TEM image of a crystal of p-terphenyl. The corresponding electron 

diffraction pattern is shown as an inset. Image recorded by Jones et al.6 

 

 

The morphology of the crystal of p-terphenyl shown in Figure 5.2 is plate-like. The 

crystal is at least 14 µm x 10 µm in size, but thin enough for electrons to pass through 

(< 500 nm), and appears lighter on the left hand side of the image than the right hand 

side, indicating that there is a change in crystal thickness (thicker areas appear 

darker). There are also regions in the top left corner of the image that appear much 

darker than the surrounding sample. This contrast is again due to increased sample 

thickness, and indicates the presence of small crystallites on the surface of the main 

plate-like crystal. The dark lines which cross at the top middle of the image are bend 

contours.8 These bend contours show areas of the crystal where Bragg scattering 
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conditions are met, so at every point along a bend contour the orientation between the 

crystal and electron beam is constant, and each corresponds to diffraction from one set 

of crystal planes. In the region marked with an asterisk the crystal is bent into a dome 

shape, which results in several bend contours crossing at a single point, and forming a 

bend contour pole. The presence of crystal defects can also be seen,6 as in the region 

highlighted with a white box. The defects are revealed by the discontinuous nature of 

bend contours in the image, which results from distortion of crystal planes in the 

vicinity of the defects. 

 

The corresponding TEM diffraction pattern is shown as an inset at the bottom right of 

the image. The large central spot is from electrons that have passed through the 

sample without interacting. The other spots each correspond to diffraction from one 

set of crystal planes, and were indexed by Jones et al, allowing crystallographic 

directions to be applied to the image.  

 

The examples presented in this Chapter demonstrate that similar information can be 

obtained about pharmaceutical crystals. 

 

5.2 Experimental 

5.2.1 Growth of Plates of Organic Compounds on a Water Surface 

 

The method that was used to prepare plate-like crystals of p-terphenyl is given as an 

example. A 2.7 x 10-3 molar solution of p-terphenyl in p-xylene was prepared by 

dissolving 6.25 mg of p-terphenyl in 10 ml of p-xylene. 5 drops of this solution were 

pipetted carefully onto a water surface in a crystallization dish half-filled with 

distilled water. The p-xylene solution was allowed to evaporate yielding thin-plate 

crystals of p-terphenyl on the water surface. 

 

The area and thickness of plates of p-terphenyl was increased by covering the 

crystallization dish with parafilm to control the rate of evaporation of the p-xylene 

solution, and by adding 10 % of ethanol to the water to reduce the surface tension at 

the site of crystallisation.  
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5.3 Results and Discussion 

5.3.1 Sample Preparation for TEM 

 

The importance of preparing thin specimens for TEM analysis can be seen by 

comparing the bright field image of a thin crystal of p-terphenyl in Figure 5.2 with 

that of much thicker crystals of paracetamol grown from solution in methanol in 

Figure 5.3a. The crystals of paracetamol appear dark as they are too thick for many 

electrons to penetrate, and though the crystal habit could be determined from the 

image, no other useful information was yielded. It was, however, possible to obtain 

electron diffraction patterns from the paracetamol crystals by focussing on the edges 

and corners where they are thinner (Figure 5.3b). 

 

a                 b 

  
2 µm 

 

Figure 5.3  TEM analysis of paracetamol Form I prepared from a methanol solution. 

(a) TEM image showing hexagonal block shaped crystals. (b) Selected area electron 

diffraction pattern recorded from the edge of one of these crystals. 

 

 

As described above, crystallisation on a water surface has previously been used to 

grow large, thin crystals of organic compounds for TEM analysis.6 Thin foil crystals 
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of p-terphenyl up to 1 mm in length were prepared by this method. PLM and SEM 

analysis revealed that these thin foils had a range of thicknesses and a parallelepiped 

morphology (Figure 5.4). 

 

a             b  

  
400 µm 

 

Figure 5.4  (a) PLM image of p-terphenyl crystallized on a water surface. (b) SEM 

image of p-terphenyl crystallized on a water surface. 

 

This technique was applied to the crystallisation of several pharmaceutical 

compounds selected on the basis of low aqueous solubility (the compounds are listed 

in Table 5.1). It was not, however, possible to prepare large plate-like crystals of these 

materials. Microcrystalline powders were instead obtained. 

 

It was speculated that the high surface tension of the water surface could be inhibiting 

crystal growth. The water surface crystallisation technique was modified by the 

addition of between 1 and 10 % of ethanol to lower the surface tension. Crystals of 

p-terphenyl grown by this method were larger, and thicker, than those obtained by 

crystallisation on pure water. Again, no plate-like crystals of the pharmaceutical 

compounds were obtained (Observations are summarised in Table 5.1). A possible 

reason for the difficulty in obtaining large plates of the pharmaceuticals could be that, 

in contrast to p-terphenyl, the usual morphology of the crystals of these compounds is 

not plate-like (with the exception of cholesterol, where needles grew instead of the 

usual plates) and so large crystals are not able to grow in a very thin film of solution 

on a water surface. This crystal growth technique could be limited to compounds 

which both naturally crystallise as plates and have low aqueous solubility. 
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Table 5.1  Observations from the crystallisation of pharmaceutical compounds on a 

water or water/ethanol surface. 

 

Compound 

(Predicted 

crystal habit) 

Crystallisation 

solvent 

Percentage of ethanol 

in solution providing 

crystallisation surface*

Observations of resulting 

crystals 

p-Xylene 0 Thin plates p-Terphenyl 

(Plate) p-Xylene 10 Larger thin plates 

Carbamazepine 

Form III 

(Prism) 

p-Xylene 0 Dissolved in the water 

p-Xylene 0 Needle shaped crystals 

di-n-Butyl 

ether 
0 

Agglomerations of small 

needle shaped crystals 
Indomethacin 

(Block) 
di-n-Butyl 

ether 
5 

Agglomerations of small 

needle shaped crystals 

p-Xylene 0 Microcrystalline powder Griseofulvin 

(Block) p-Xylene 5 Microcrystalline powder 

p-Xylene 0 Microcrystalline powder Flurbiprofen 

(Prism) p-Xylene 5 Microcrystalline powder 

p-Xylene 0 Microcrystalline powder Ketoprofen 

(Prism) p-Xylene 5 Microcrystalline powder 

p-Xylene 0 Needle shaped crystals Cholesterol 

(Plate) p-Xylene 5 Needle shaped crystals 

 

* Note that the concentration of ethanol at the surface of the solution will be 

greater than that in the bulk of the solution 

 

 

Several other strategies for preparing thin crystals were investigated including rapid 

evaporative crystallisation, rapid solution cooling, crystallisation from the melt and 

grinding in a ball mill.  
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Crystals of aspirin and nifedipine, a calcium channel blocker, suitably thin for TEM 

analysis were prepared by evaporative crystallisation from a drop of solution pipetted 

directly onto a TEM grid on a glass slide. TEM images of these samples are shown in 

Figure 5.5. The crystal of aspirin has a thin, plate-like morphology and is at least 

10 µm x 10 µm in size. Bend contours are clearly visible in the image, and the white 

line running from bottom left to middle right is a crack in the crystal. The two dark 

lines running from top left to bottom right are from part of the carbon film that is used 

to support the samples. The nifedipine crystals are smaller, up to 4 µm in length, with 

a rectangular plate morphology, and again, bend contours can be seen. Some crystals 

are overlapping, or are orientated towards the electron beam, and so appear darker. 

The faint lacy network that can be seen in the image, marked with an asterisk, is the 

amorphous carbon support film.  

 

a                        b 

  

2 µm 

* 

 

Figure 5.5  TEM images of (a) aspirin Form I crystallised by evaporation from 

acetonitrile (sample analysed at -178 °C) and (b) nifedipine Form I crystallised by 

evaporation from ethanol. 
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This method of sample preparation was found to be only applicable to compounds that 

have plate, lath or needle habits. Crystals with other morphologies were too thick for 

imaging. 

 

Crystallisation from the melt was investigated with paracetamol. Molten paracetamol 

was thinly spread across a TEM grid and allowed to cool and crystallise, and the 

resulting crystals were thin enough for imaging (Figure 5.6). The way that bend 

contours on the image abruptly stop in some regions indicates the presence of domain 

boundaries in the crystals. This sample preparation technique is only suitable for the 

small percentage of pharmaceutical compounds that do not thermally degrade on 

melting.  

 

a               b 

  
3 µm 3 µm 

 

Figure 5.6  (a) TEM image of paracetamol Form I crystallised from the melt. (b) A 

magnification of the highlighted region. 

 

 

Grinding in a ball mill was found to be a reliable method of generating crystals that 

are sufficiently thin for imaging by TEM. The crystals of Form III of the 1:1 

caffeine:theophylline cocrystal shown in Figure 5.7 were prepared by grinding an 
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equimolar amount of caffeine and theophylline in the presence of nitromethane. These 

crystals have a lath habit and lengths of between 50 and 500 nm. It is evident from the 

image that TEM is a good technique for analysing pharmaceutical nanomaterials (this 

is explored further in Chapter 8). 

 

 

a          b 

  
1 µm 

 

Figure 5.7  (a) Sub-micron sized crystallites of Form III of the 1:1 caffeine: 

theophylline cocrystal prepared by grinding in a ball mill. (b) A magnification of the 

highlighted region. 

 

 

With pharmaceutical analysis, it is often important to ensure that any sample 

preparation that is performed prior to characterisation does not cause a change in 

crystal form. In these cases, if crystals were initially too large for TEM analysis, an 

appropriate approach to sample preparation was found to be gentle crushing between 

two glass slides. The resulting crystal fragments usually remain too thick for imaging, 

but are suitable for diffraction studies, enabling identification of the crystal phase. 

Data from TEM analysis of crystals of ranitidine hydrochloride, a compound used for 

treatment of heartburn, that were prepared in this manner are shown in Figure 5.8. The 

TEM image shows a crystal fragment of ranitidine hydrochloride with a rectangular 
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shape that is too thick for any detail to be seen, but the selected area electron 

diffraction pattern obtained from this crystal could be used to determine the 

polymorphic form of this crystal. The pattern was indexed to the <10-1> zone axis of 

Form II of ranitidine hydrochloride. Further details about the indexing process, and 

the use of TEM for phase identification, are given in Section 5.3.4 and Chapter 6 

respectively. 

 

a          b 

  

101 

010 

2 µm 

 

Figure 5.8  (a) Crystallites of ranitidine hydrochloride prepared by gently crushing 

larger crystals between two glass slides. (b) Corresponding selected area electron 

diffraction pattern of the <10-1> zone axis of ranitidine hydrochloride Form II. 

 

 

5.3.2 Limiting Electron Beam Damage during TEM Analysis 

 

Initial investigations into sample degradation in the electron beam were performed 

with p-terphenyl. The stability of this compound during TEM analysis had already 

been studied,6 and so it provided a good benchmark with which to compare the 

electron beam sensitivity of crystals of pharmaceutical compounds. All work was 

conducted at 300kV, the maximum accelerating voltage of the TEM instrument that 

was used for the study, in order to minimise beam damage. 
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If an instrument set-up that would be typical for the analysis of inorganic samples was 

used (high beam flux), the electron beam caused rapid tearing and localised melting of 

the p-terphenyl crystals, and it was therefore necessary to control the flux of electrons 

through the sample. This was achieved by reducing the size of the condenser aperture, 

using a small spot size, working at low magnifications and spreading the electron 

beam. The flux was reduced until it was only just possible to visualise the sample on 

the instrument screen with the room lights switched off, preventing excessive 

localised heating of the sample. 

 

Electron diffraction patterns of p-terphenyl were then recorded over time to monitor 

beam damage. The diffraction patterns in Figure 5.9 show p-terphenyl losing 

crystallinity in the electron beam. The initial diffraction pattern has many reflections, 

but after 20 minutes only a few strong reflections remain. This amorphisation is 

mainly caused by chemical degradation induced by the electron beam. 

 

a                b 

  
 

Figure 5.9  Selected area electron diffraction patterns showing beam damage in a 

sample of p-terphenyl at room temperature. (a) A <001> zone axis electron diffraction 

pattern of p-terphenyl. (b) The same pattern after approximately 20 minutes of beam 

exposure. The decrease in the number of diffraction spots indicates that the sample is 

becoming amorphous. 
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The beam lifetime of p-terphenyl (the time taken for a diffraction pattern to 

completely disappear, indicating complete amorphisation of the sample) was found to 

be approximately 30 minutes at ambient temperature. This is consistent with the 

previous study which found a beam lifetime of 22 minutes (with an accelerating 

voltage of 100 kV and a current density of 3.8 x 10-4 A.cm-2).6 Though it was not 

possible to measure the electron beam current density that samples were exposed to in 

the current study since the CM30 instrument that was used did not have a Faraday 

cup, the device required for this measurement, the current density is estimated to be 

5 x 10-4 A.cm-2 (based on a comparison of the beam lifetimes of p-terphenyl in this 

study and the previous study, and an expected increase in beam stability at 300 kV). 

 

Under similar low flux conditions, the stability of crystals of Form II of theophylline 

was found to be comparable to that of p-terphenyl. The beam lifetime was measured 

to be approximately 45 minutes at ambient temperature (slightly better than for 

p-terphenyl). The diffraction patterns in Figure 5.10 show loss of crystallinity in a 

sample of theophylline over time.  

 

a             b           c 

   
 

Figure 5.10  Selected area electron diffraction patterns showing beam damage in a 

sample of Form II of theophylline at room temperature (300 kV). Electron diffraction 

patterns of the <100> zone axis after (a) 2 minutes, (b) 20 minutes and (c) 40 minutes. 

 

 

Though this beam damage in theophylline was found to be unavoidable, the rate of 

amorphisation is relatively slow. In most cases, it was found that beam damage did 

not significantly hinder analysis by TEM, as it was possible to record several images 

and diffraction patterns before significant sample degradation had occurred. 
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The relative stability of pharmaceutical compounds during TEM analysis was found 

to vary greatly. The stability of many compounds was comparable to that of 

theophylline, but other specimens rapidly degraded. For example, the beam lifetime of 

the RS-Ibuprofen:4,4-Bipy cocrystal was found to be less than 1 minute, just enough 

time to record an image or diffraction pattern. Sample degradation with aspirin was 

also much quicker than with theophylline. The TEM images in Figure 5.11 show 

degradation in a plate-like crystal of aspirin over a six-minute period. Bending in the 

sample was severe, shown by the rapid movement of bend contours across the crystal, 

and the crystal even shrank in size during analysis due to sublimation. 

 

 

a              b              c 

   
4 µm 4 µm 4 µm 

 

Figure 5.11  TEM images showing beam damage in a sample of Form I of aspirin at 

room temperature (300 kV). Images were recorded after approximately (a) 2 minutes, 

(b) 4 minutes and (c) 6 minutes. The sample has moved slightly between the recording 

of each image. 

 

 

The rate of beam damage with aspirin crystals was significantly reduced by cooling 

the sample to -178 °C during analysis, using a liquid nitrogen sample holder. Crystals 

were stable for several minutes under these conditions allowing better images to be 

recorded (Figure 5.5a). 
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Another important consideration regarding the use of TEM as a tool for studying 

pharmaceutical materials is that samples are held under vacuum during analysis. This 

means that the characterisation of solvates and hydrates is not usually possible, 

especially at room temperature. This was demonstrated during the analysis of crystals 

of RS-ibuprofen sodium dihydrate by TEM. The TEM image in Figure 5.12 shows the 

effect of vacuum conditions on one of these crystals, the white lines indicating that the 

crystal has cracked. It is believed that water was lost from the crystal causing a 

change in crystal form, with an associated reduction in size of the crystal unit cell, and 

leading to the crack formation. The corresponding electron diffraction pattern could 

not be indexed to RS-ibuprofen sodium dihydrate, confirming that a form change 

(dehydration) had occurred. There is no reported crystal structure for anhydrous RS-

ibuprofen sodium, so it was not possible to assess whether the electron diffraction 

patterns were consistent with this form. 

 

a                       b 

  
 

Figure 5.12  TEM analysis of a sample of RS-ibuprofen sodium ‘dihydrate’. (a) An 

image of a crystal of RS-ibuprofen sodium. The white lines are cracks in the crystal, 

and are an indication that de-solvation has occurred in the TEM instrument. (b) A 

corresponding selected area diffraction pattern. The pattern could not be indexed to 

RS-ibuprofen sodium dihydrate, again suggesting that dehydration has occurred. 

5 µm 
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5.3.3 Comparison of TEM with 

 

A TEM image of crystallites of Form

crystals have an unusual triangular plate m

20 µm. Differences in brightness across the 

show that it varies in thickness. The TEM sa

image. The dark region to the bottom lef

network of pores seen clearly at the top 

support film on which the crystals are 

crystals, and are disrupted in several regions

due to defects. In the region marked with 

form a bend contour pole. At the bend contour

Other Imaging Techniques 

 II of theophylline is shown in Figure 5.13a. The 

orphology and sizes ranging from 5 to 

surface of the large crystal in the image 

mple support grid can also be seen in the 

t is part of the copper grid, and the fainter 

of the image is the holey amorphous carbon 

lying. Bend contours are evident on the 

 (such as that marked with an asterisk) 

a circle, many of the bend contours cross to 

 pole the electron beam is aligned with 

a crystallographic axis. 

 

The electron diffraction pattern shown in Figure 5.13b was taken from the region of 

sample that is circled in Figure 5.13a. Analysis was confined to this region by using a 

selected area aperture. In this case, the region that was selected was 4 µm in diameter, 

but it was found to be possible to obtain good diffraction patterns from areas of less 

than 1 µm2. All of the electron diffraction patterns presented in this thesis were 

recorded using a selected area aperture to highlight a region of interest. 

 

a              b 

  
*
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