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The process of milling drugs to obtain samples with a desirable particle
size range has been widely used in the pharmaceutical industry,
especially for the production of drugs for inhalation. However by
subjecting materials to milling techniques surfaces may become
thermodynamically activated which may in turn lead to formation of
amorphous material. Polymorphic conversions have also been noted
after milling of certain materials. Salt and cocrystal formation is a good
way of enhancing the properties of an API but little or no work has been
published which investigates the stability of these entities when subjected
to milling. Different milling techniques (ball and jet) and temperatures
(ambient and cryogenic) were used to investigate the milling behaviour of
polymorphs, salts and cocrystals. All materials were analysed by XRPD
and DSC to investigate any physical changes, i.e. changes in melting
point and by inverse gas chromatography (IGC) to investigate whether
any changes in the surface energetics occurred as a result of milling.
Another aim of this thesis was to see if it was possible to predict the
milling behaviour of polymorphs by calculating the attachment energies of
the different crystal facets using Materials Studio 4.0. These results were
compared to the IGC data to see if the predicted surface changes had
occurred. The data collected in this study showed that different milling
techniques can have a different effect on the same material. For example
ball milling at ambient temperature and jet micronisation of the SFZ
tosylate salt caused a notable increase in the melting point of the material
whereas ball milling at cryogenic temperatures did not cause this to
happen. The IGC data collected for this form also showed a contrast
between cryomilling and the other two techniques. The study also
showed that the formation of salts and cocrystals does not necessarily
offer any increased stability in terms of physical properties or surface
energetics. Changes in melting point were observed for the SFZ tosylate
salt and the IMC:Benzamide cocrystal. Changes in the specific surface
energies were also observed indicating that the nature of the surfaces
was also changing. The materials which appeared to be affected the
least were the two stable polymorphs, gamma IMC and SFZ III. The
computational approach used has many limitations. The software does
not allow for conversion to the amorphous form or polymorphic
conversions. Such conversions were seen to occur, particularly for the
metastable polymorphs used, meaning that this computational approach
may only be suitable for stable polymorphs.
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Introduction

1

1.

Introduction

1.1

Milling

The process of milling is widely used in the pharmaceutical industry as a way
of reducing particle size. This is extremely important in the formulation of
inhalation drugs as particle size (along with other factors such as density and
porosity) determines how far along the respiratory tract a particle will travel
and where it will be deposited. For example in order to target the alveolar
macrophages the ideal particle size is around 3µm (Garcia-Conteras et al,
2004). It has been found that decreasing the particle size can lead to an
increase in bioavailability as shown by the studies on griseofulvin by Atkinson
et al, 1962 and on phenacetin by Prescott et al in 1970.
Particle size can also have an effect on the solubility of a material. The
dependence on particle size has been attributed to the Gibbs-Thompson
Effect (Gibbs, 1961), (Burton et al, 1951), (Parks in 1990). By reducing the
size of particles the specific surface area is increased. The specific surface
area is the area per unit volume. Increasing the specific surface area leads to
a greater degree of dissolution of poorly soluble compounds as more of the
surface comes into contact with the solvent.
Milling can also lead to changes in polymorphic form. This could be an
advantage of milling a material since it has been shown that metastable
polymorphs can have greater pharmacotherapeutic activity (Babilev and
Andronik, 1981), (Byrn, 1982). The use of milling to produce metastable
forms has been reported by Lin and Nadiv (1979) and by Boldyrev (1986).
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The suitability of milling is determined by the properties of a compound.
Hard materials, for example, can cause damage to the mill as they will be
abrasive and an alternative method may be required. The properties of a
compound may also determine which type of milling process would be the
most appropriate. For example a cutting motion would be required for fibrous
materials as pressure or impact processes would not be able to crush these
compounds. As particle size and flow properties are important factors in the
formulation of inhalation drugs an attrition action may be beneficial over an
impact mill as the latter would lead to irregular sizing of particles.
Different types of mill exist, each with its own advantages and
disadvantages. An overview of the different types used within this study is
given below:

1.1.1 Ball Mill
Ball mills are most commonly comprised of a rotating or oscillating hollow
vessel containing balls made of either steel or porcelain. For the mill to work
at its optimum a critical speed must be reached. The critical speed is the
speed at which the balls are made to move in a centrifugal fashion. The ball
charge is the percentage of the mill volume occupied by the balls. If the mill is
operated at a slow speed an attrition process will occur. Increasing the speed
can lead to an impact attrition process.

1.1.2 Fluid Jet Mill
The fluid jet mill is also known as a microniser and is the technique most
commonly used when processing drugs for inhalation. The mill works by
suspending the feed in a stream of gas (such as air, steam or nitrogen) and
2

passing it through nozzles under pressure. The material exits the nozzles into
the grinding chamber where the turbulence created by the gas stream causes
the particles to collide with each other and the walls of the chamber breaking
larger particles into smaller ones. Within the chamber the gas moves in an
elliptical fashion causing a cyclone. The cyclone draws the smaller, lighter
particles to the centre of the chamber where they drop down into the collection
chamber. Micronisation can produce particles within the size range 1-20μm
which corresponds with the particle size required for inhalation compounds
(Johnson, 1997). Although this technique leads to the production of particles
within the desired size range the high energy required in the process can lead
to chemical and physical instability of a drug as particles may become highly
charged and cohesive (Hanna and York, 1998).

1.1.3 Comparison of Ball and Fluid Jet Mills
A study into the effects of using different mill types on product quality was
carried out by Chikhalia et al in 2006. The study was performed using βsuccinic acid and identified that the type of mill used had an effect on the
nature of the milled material and that this was also governed by morphology.
The study found that when a needle-like morphology was milled, jet
micronisation caused more disorder. When a plate morphology was used the
ball milled sample had a greater degree of disorder. The study also
highlighted the possibility that ball milling may lead to bulk as well as surface
disorder but that micronisation is likely to induce only surface disorder.
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1.1.4 Problems Associated with Milling and Inhalation
Micronisation is the most commonly used technique in the processing of drugs
for inhalation. In order for a drug to be deposited in the desired area within
the lung a particle size of 0.5-7.0m is required (Davies et al, 1976 and
Newman et al, 1994). Micronisation of a powder can lead to particles of this
size but the particle size distribution can be broad.
When using micronisation it is difficult to have any control over the
particle size, shape and morphology. This in turn leads to a lack of control
where surface properties are concerned.
Some scientists see milling as a potential problem as the surfaces
generated are not naturally grown as the crystal cleaves at the face which has
the lowest attachment energy (Roberts et al, 1994). Milling can also lead to
the production of surfaces which are thermodynamically activated (Briggner et
al, 1994), (Ticehurst et al, 2000). The increase in energy can lead to a
change in the surface (and possibly overall drug) properties (York et al, 1998;
Planinsek and Buckton, 2003; Heng et al, 2006). This may be exhibited as a
decrease in the crystallinity of the surface and conversion to the amorphous
form. Amorphous regions are commonly found on the surfaces of milled
powders (Elamin et al, 1994; Ward and Schultz, 1995; Steckel et al, 2003).
The presence of these highly energetic surfaces results in the powder
having poor flow properties due to the high cohesive forces of the particles
(Zimon, 1969), (Malcolmson and Embleton, 1998), (Feeley et al, 1998),
(Mackin et al, 2002). Particles may stick to each other and to the sides of the
storage vessel hindering the filling and emptying of the inhalation device.
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Amorphous materials have an increased tendency to absorb moisture.
This can be a problem on storage as powders may become stickier leading to
the expulsion of the powder from a Dry Powder Inhaler (DPI) being impeded.
The increased moisture uptake by amorphous materials can be studied by
dynamic vapour sorption (DVS).

1.1.5 Mechanisms for the Conversion of Crystalline to Amorphous
Material
Two mechanisms have been proposed to describe the conversion of a
crystalline material to an amorphous state. The first mechanism is
mechanical and arises from the increased anharmonicity of the lattice
vibrations within a material under increased compression. This increase in
anharmonicity will eventually violate the Born stability criteria of the crystal
lattice at a critical pressure causing the lattice to collapse yielding an
amorphous structure (Tse, 1992).
The second mechanism is thermodynamically controlled. This
mechanism states that if mechanical energy is input continuously an increase
in the number of defects in the crystal occurs. The number of defects can
only increase up to a critical limit, above which the amorphous phase has
greater thermodynamic stability than the disordered crystal. A transition to the
amorphous phase therefore takes place (Fecht, 1992), (Johnson et al, 1993).

1.2

Analytical Techniques

1.2.1 Differential Scanning Calorimetry (DSC)
DSC studies the change in heat flow between the sample and a reference.
The pans used in DSC are usually aluminium and only a few milligrams of
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sample are required. The data is laid out on a plot of temperature (x-axis)
against heat flow (W/g) (y-axis). The plot appears as a continuous line with
peaks corresponding to endothermic processes and exothermic processes
occurring in opposing directions.
DSC can be used to obtain information about the melting point of a
compound as well as any glass transitions, heats of fusion and levels of
crystallinity. DSC can be used as a quantitative technique by integrating
peaks corresponding to the melting points of different compounds.
DSC can also be used in a modulated fashion (MDSC). This technique
increases the temperature sinusoidally rather than ramping it in a linear
fashion. The thermogram is split into two by Fourier transform methods in
order to indicate which processes are reversible and which are non-reversible.

1.2.2 X-Ray Powder Diffraction (XRPD)
An x-ray powder diffractometer works on the principle of keeping the
wavelength constant and varying the angle of incidence, . This is due to the
fact that not all the molecules in the sample will be in the same orientation. By
keeping the wavelength constant and varying the angle at which the beam
“hits” the sample there is a greater chance that most, if not all, of the
reflections which obey the Bragg equation will be detected.
The Bragg equation states:
n = 2dhklsin
where n indicates the order of diffraction,  is the wavelength, dhkl is the
spacing between two lattice planes and  is the angle of incidence (and
reflection) of the beam to the lattice planes.
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The pattern is produced according to the intensity of the reflected
beams. The detector is linked to an electric circuit and causes the circuit to
pulse when a beam is reflected. The greater the intensity of the beam the
greater the number of pulses. A larger number of pulses leads to the peak on
the pattern being larger.
XRPD can be used to measure data in a qualitative way by checking
the pattern produced against a database of known crystalline substances or
against other patterns produced by the analyst. The qualitative method also
comes in handy when establishing if any changes in the crystal structure may
have been caused due to pharmaceutical processes such as milling.
For the purpose of this project a qualitative approach will be adequate.

1.2.3 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR)
Proton NMR can provide information on the number and type of protons in a
molecule. It does this by exploiting the magnetic properties of the 1H nuclei.
If a nucleus is placed in a magnetic field and an electromagnetic pulse is
applied across the field the nucleus will absorb energy from the pulse and
then radiate it back out at a specific frequency.
Proton NMR gives information on all the frequencies emitted by a
sample due to the different environments of the nuclei present. For example a
proton attached to an alkane carbon atom would resonate at a different
frequency to that of a proton attached to an aromatic carbon. These
frequencies lie between +12 and –4 ppm. Integration of the peaks at these
specific frequencies gives quantitative information about each different type of
proton.
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Nowadays proton NMR is routinely carried out in deuterated solvents
such as deuterated methanol or deuterated chloroform. These solvents can
interchange with protons which are attached to atoms such as oxygen,
nitrogen and sulphur so peaks corresponding to these protons may not be
expected in the NMR profile.
Two important factors affect the peaks present in an NMR profile, the
first being chemical shift and the second being spin-spin coupling. The
chemical shift value of a proton may be affected by the solvent used and by
the molecular structure of the sample. Electron withdrawing groups can
cause a proton to be deshielded causing them to resonate at a higher
frequency resulting in a chemical shift downfield of approximately 2-4ppm.
Examples of electron withdrawing groups are –OH, -OCOR, NO2 and Cl.
Electron donating groups cause the opposite to occur leading to higher
frequencies and upfield shifts.
Spin-spin coupling occurs as the nuclei themselves behave as
magnets. This means that they affect neighbouring protons by altering their
energy and frequency. The most prominent form of spin-spin coupling in
proton NMR is known as scalar coupling or J – coupling and occurs through
chemical bonds. This coupling affect can be felt up to three bonds away
meaning that a proton on a CH2 group can affect a proton on a neighbouring
CH3 group for example. The result of this coupling effect is that the peaks
produced by the resonating protons are split. The extent of this splitting is
dependent on the number of protons on the neighbouring functional group. In
the simplest of cases, where each proton containing functional group is only
affected by one other, the degree of splitting is equal to n+1 the number of
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protons. For example if we take ethyl acetate (CH3-CO2-CH2CH3) we would
see the CH2 group as a quartet due to the neighbouring CH3 group whilst the
CH3 group would appear as a triplet due to the protons on the CH2 group.
The amount of splitting and hence deviation from the original single
peak position is known as the coupling constant and is measured in Hertz
rather than ppm as it is a result of the magnetic field of the nuclei themselves
rather than the magnetic field generated by the instrument. The intensities of
the peaks after splitting are in accordance with Pascal’s triangle. Therefore in
the example above the triplet indicating the presence of the CH 3 attached to
the CH2 group would have peaks in the ratio 1:2:1 whereas the quartet would
have peaks in the ratio 1:2:2:1.
In more complicated molecules where a proton is neighboured by two
or more protons in different environments we see peak patterns known as
multiplets. For example rather than a triplet we may see a doublet of
doublets.

1.2.4 Inverse Gas Chromatography (IGC)
Inverse gas chromatography is a technique employed to study the surface
free energy of an unknown solid using a number of known volatile probes.
Probes with a greater affinity for the unknown stationary phase will have a
longer retention time than those with a greater affinity for the carrier gas. The
retention time (tr) is the time taken for a probe to be eluted from the column.
This is converted to the retention volume (vt) in order to normalise the results
for chromatographic conditions. The retention volume is the volume required
to elute a probe from the column. The net retention volume (vn) can be
calculated by subtracting the volume required to elute the non-interacting
9

carrier gas from the retention volume. The net retention volume gives
information on the interaction between the powder surface and the probe. All
of the above measurements are dependent on the temperature and the
amount of the probe injected. To eliminate the dependence on the amount of
probe it is injected at infinite dilution. This means that the amount injected is
not enough to cover the powder with a monolayer of the probe maximising the
number of probe-sample interactions and minimising the number of probeprobe interactions.
The surface free energy (γ) is the energy transfer required to produce
an increase in the surface area by one unit and is related to the energies of
the functional groups on the surface.
The surface free energy can be divided into two components; the
dispersive (non-polar) and the specific (polar) interactions. The dispersive
interactions are the result of induced dipoles whilst the specific forces result
from dipole-dipole and dipole-induced dipole forces as well as hydrogen
bonding and acid-base interactions.
Interfacial free energy (γ12) also comes into play in IGC, the subscripts
1 and 2 referring to the two neighbouring molecules. The interfacial free
energy allows us to take into account the fact that the surface molecules will
not only be experiencing forces from the bulk of their own molecule but will
also experience forces from neighbouring molecules. Fowkes (1964)
proposed that this phenomena is caused by dispersive forces and that the
collective effects of these forces from each molecule can be predicted from
the geometric mean of the dispersive surface forces of each molecule,
(γ1dγ2d)½.
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(1.11)

(1.12)

This equation has limitations as it is only derived from hydrocarbons and
therefore only purely dispersive forces have been taken into account.
The thermodynamics of adsorption are important and form the basis of
the calculations used in the spreadsheet template within this report. The net
retention volume can be divided by the mass and specific surface area of the
powder to give the partition coefficient (ks) of the sample.

k s  v n / mA
Where m is the mass of the sample and A is the specific surface area.
The partition coefficient can then be used to calculate the standard free
energy of adsorption (GA) using the following equations:
G o A   RT ln  p SG / p SA 

(1.13)

Where pSG is the vapour pressure of the adsorbate in the standard vapour
state and pSA is the vapour pressure of the adsorbate in equilibrium with the
standard adsorbed state. R is the gas constant. pSA can be calculated using
the following equations:

ks   / C
Where  is the concentration of the adsorbate at the surface and C is the
concentration of the adsorbate in the gas phase.
If ideal gas conditions are assumed then;

C  p / RT
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Where p is the vapour pressure of the probe. Combining the two equations
gives

k s  RT / p
Surface pressure () of the adsorbed material can be related to the surface
concentration by the Gibbs equation shown earlier.

  1 / RT d / d ln p    p / RT d / dp 

(1.14)

Under the conditions of infinite dilution
d / dp   / p

 ks   / p

p SA   / k s
 G o A   RT ln  p SG k s /  

(1.15)

As mentioned earlier the surface free energy of a sample can be broken down
into the dispersive and specific forces. The free energy of adsorption can be
used to determine values for these two types of force using the following
relationship;



 G o A  2 N .a  l  s
d

d



1

2

 kB

(1.16)

Where γld is the dispersive surface free energy of a probe, γsd is the dispersive
surface free energy of the sample, N is Avagadro’s number, a is the molecular
surface area of the probe, R is the gas constant and T is the temperature (in
Kelvin).
Schultz (1987) related the free energy of adsorption to RTlnvn.
 G o A  RT ln v n  k c

(1.17)
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Where kc is a constant dependent on the mass and specific surface area of
the sample and also on the choice of the reference states. Combining
equations 1.16 and 1.17 gives

 

RT ln v n  a  l
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RT ln v n can be plotted against a  l

 

gradient equal to 2 N  s

d

1

2

d

1

2

(1.18)
to give a straight line graph with a

.

 l d was determined by contact angle measurements on a reference sample
and a was determined using probe adsorption data from IGC experiments on
neutral reference samples. The Schultz relationship assumes that a stays the
same for n-alkanes even if the temperature or adsorbent surface are altered.
The specific surface interactions can be calculated in a similar way,
again following the method of Schultz. He proposed that the free energy of
the specific components (GspA) could be calculated by measuring the
distance between the polar probe and the reference line created earlier using
the alkanes.

1.2.4.1 IGC and Inhalation
Some work on inhalation compounds and devices has been published in the
literature by Tong et al (2005) and Buckton (1997). The latter paper stated
that the success of a formulated inhalation device depends on the nature of
the surface of the compound used. Therefore the surface energetics of a
compound are of paramount importance when developing drugs for inhalation.
The paper looked at different techniques for studying surface energetics
highlighting the ability of the IGC technique to measure both the dispersive
13

and specific components of the surface energy. Tong et al (2005) studied the
aerosol performance of a DPI using salmeterol xinafoate and lactose. This
study looked at the strengths of drug-drug and drug-excipient interactions in
relation to the emptying of the DPI. This study showed that IGC could be
used to measure both the cohesive drug-drug interaction and the adhesive
drug-excipient interaction. This paper highlights the advantage of using IGC
over direct force methods for studying surface interactions as the results
obtained are more reproducible. This is because IGC is capable of mapping
the whole powder surface whereas direct force techniques are very sensitive
to the contact area between the materials of interest.

1.2.4.2 IGC and Processing
The use of IGC to study the surfaces of materials before and after processing
has been published by Buckton et al (1999), Feeley et al (1998), York et al
(1998), Newell et al (2001) and Heng et al (2006). The paper by Buckton
studied the effect of different drying techniques whereas the other papers
studied the use of milling.
Buckton reported that IGC was capable of detecting batch to batch
variability. York et al studied the effect of increased milling time on the
surface of a material (dl-propanolol). The study showed that the surface of
the material became more energetic as the milling time was increased up to a
certain point when further size reduction did not increase surface energy.
This point was the brittle ductile transition. This paper also introduced the use
of molecular modelling in conjunction with IGC. The crystal structure of dlpropanolol was used to calculate attachment energies for the different faces of
the crystal. The face with the lowest attachment energy would be expected to
14

be the cleavage plane of the crystal. The paper reported that for dl-propanolol
the computational and experimental results were in good agreement.
The paper published by Feeley et al studied the effect of micronisation
on the surface energetics of salbutamol sulphate. The study showed that
samples which have been micronised have a higher dispersive energy than
those that have not. The study also showed that changes in the specific
energy of the surface also occurred when a sample is micronised. The
authors showed that differences in the energy values detected by IGC can be
related to important secondary processing properties such as powder flow.
Newell et al (2001) compared milled material to both crystalline and
amorphous material in a study on lactose and found that milling generated 1%
amorphous content but that the dispersive surface energy of the milled
material was similar to that of 100% amorphous material rather than a mixture
of crystalline (99%) and amorphous (1%) material. This finding suggests that
the milled material had a completely amorphous surface.
Heng et al (2006) found that milling of form I paracetamol crystals led
to the exposure of the (0 1 0) face which became more dominant as the
particle size was reduced as a result of milling. This increase in the incidence
of the (0 1 0) face in turn led to an increase in the dispersive energy of the
material.

1.3

Crystallography

A crystal structure can be broken down into different features. The way in
which the atoms are positioned and behave can be described in terms of the
overall crystal habit, crystal lattice, point groups and space groups to name
but a few. This section will give a brief explanation of the different
15

fundamental features of a crystal in order that the results may be understood
more fully.

1.3.1 Crystal Habit
The crystal habit (or morphology) describes the overall external shape of a
crystal. It is usual to describe the habit simply in terms of its shape, i.e.
needles, spherulite, cube although there are specified groups which these
habits belong to. For example a needle like habit may fall into the acicular
group. The crystal habit may be affected by many factors such as
temperature, pressure, the presence of more than one polymorph or the
presence of defects. Using different recrystallisation solvents can lead to
different habits.

1.3.2 Unit Cell
The unit cell contains the repeat unit of a crystal. The unit cell is viewed in 3D
along the x, y and z axes. The lengths of the unit cell are given the
dimensions a, b and c and the angles present are labelled ,  and . These
dimensions are collectively known as the lattice parameters. The parameter
values can be used to assign a crystal system.

1.3.3 Crystal System
When assigning a crystal system the positions of the atoms (known as the
point group) and the lattice parameters are taken into account. As with the
unit cell the crystal system is viewed in 3D. There are seven crystal systems
known to date each with different levels of symmetry. The most symmetric
(and therefore simplest) crystal system is the cubic (or isometric) system.
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The least symmetric of the systems is the triclinic system. This only has one
axis of symmetry as none of the angles within the lattice parameters are equal
to each other or to 90º (the unit cell lengths are also all of differing lengths).

1.3.4 Bravais Lattices
There are fourteen Bravais lattices which are derived from the combination of
the crystal system and the nature in which the lattice is centred. The simplest
form of a Bravais lattice is the primitive form which only has lattice points at
the corners of the cell. The lattices may also be body centred (with lattice
points at the corners of the lattice as well as an extra one at the centre). A
base centred lattice has lattice points at the corners of the lattice as well as
extra ones in the centre of the top and bottom faces. The lattice most densely
packed with lattice points is the face centred lattice. This has lattice points at
the corners of the lattice as well as in the centre of each face. This grouping
of atoms (lattice points) repeats in all directions within three dimensions as the
same grouping of atoms surrounds each lattice point.

1.3.5 Crystal Point Group
Thirty-two three-dimensional point groups, or crystal classes as they are also
called, exist. These groups help to describe the way in which the crystal may
exhibit non-translational symmetry operations which leave the structure of the
crystal unchanged. These operations may be a mirror plane, a rotation axis
(rotating about the centre of the crystal) or a centre of inversion (a central
symmetry axis through which all atoms must be able to pass, e.g., there is a
centre of inversion at the centre of a hexane ring).
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1.3.6 Crystal Space Group
Combining the point groups with the translational operations of the crystal
derives crystallographic space groups. Translational operations may be either
a screw axis, a glide plane or a pure translation.
A screw axis describes the way in which molecules can be rotated and
translated and is best visualised in a helical fashion. For example a 4 1 screw
axis would involve the rotation of the molecule through 90º (360/4) and the
translation of the molecule by a ¼ of the repeating distance. A full 360º
rotation would therefore end with the molecule being one repeat unit higher
than its original position.
A glide plane represents the way in which sections of a molecule may
be reflected and translated along an axis by half a lattice spacing. The axis
along which the molecule travels determines whether the glide plane will be
labelled a, b or c. For example a glide plane along the x axis would be
labelled an a glide.
A pure translation is, as the name suggests, a translation which moves
a molecule along an axis without rotation or reflection.
As an example the  polymorph of indomethacin (IMC) has the space
group P21 indicating that it has a primitive lattice and that a screw axis
(reflection through 180º and a translation of a ½) is present. There is no glide
plane in the crystal structure of this polymorph.

1.3.7 Miller Indices
Lattice planes can be indexed using Miller indices which describe the vector
perpendicular to a particular plane. Miller indices can be found by:
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1. Locating the intercepts of the plane in terms of the lattice parameters a,
b and c. A good way to visualise this is to imagine the crystal plane
lying on 3D squared paper and counting how many squares along each
axis the plane travels, e.g. 2, 3, 4.
2. Turning these into fractional co-ordinates. To do this the dimensions of
the unit cell must be known (a x b x c). The general rule is x/a, y/b, z/c.
Therefore in this example (taking a, b and c as 1, 3 and 2) the outcome
is 2/1, 3/3, 4/2. This leads to values of 2, 1, 2.
3. The final step is to take the reciprocals of these values. This example
leads to ½, 1/1, ½. This leads to values of 0.5, 1, 0.5. Miller indices
must always be represented as whole numbers so the values are
multiplied by a common factor. If 2 is used as the common factor the
Miller indices for this plane are (1, 2, 1).
Note that Miller indices are always written in brackets. An intercept which
occurs at a negative value is represented as a number with a line above.

1.4

Computational Chemistry

1.4.1 Molecular Mechanics
The term molecular mechanics refers to the empirical process of finding a
minimum potential energy for a given conformation of a molecule. The energy
value calculated by molecular mechanics is meaningless unless there is
another system which can be used for comparison, i.e. different polymorphs.
Molecular mechanics is a very useful tool as it can be applied to a large range
of systems including those which contain thousands of atoms such as
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proteins. The computational speed at which molecular mechanics
calculations can be carried out is advantageous and this relies on a number of
assumptions. Nuclei and electrons are not studied separately but are
considered together as atom-like particles. These particles are considered to
be spherical and to have a net charge. The interactions between these atomlike particles are considered to be springs whose parameters are assigned
based on experimental results (or ab initio calculations). These interactions
determine the spatial distribution of the particles and their energies and must
be pre-assigned. The term force field refers to a collection of constants,
defining these spheres and springs, which can be used to describe the
potential energy of a system.

The overall force field energy is calculated using the following equation

E ff  E str  Ebend  Etors  Evdw  Eel  Ecross
Where Estr is the energy required to stretch the bond a certain distance
Ebend is the energy required to bend the bond angle between three
atoms
Etors is the energy required to rotate the molecule about a bond
Evdw and Eel correspond to the non-bonding interactions (the van der
Waals and the electrostatic forces)
Ecross corresponds to the coupling which occurs between the first three
terms
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These components of the overall force field energy will now be explained in
more detail.

1.4.2 The Stretching Energy (Estr)
The stretching energy is most simply expressed as a Taylor expansion about
a “natural” bond length Ro. (The word natural here meaning the hypothetical
bond length if no other forces are acting on the bond).
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This can be simplified further by taking R to be equal to Ro and setting E(0) to
zero. This leads to the omission of the first two terms leaving the equation as
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(1.20)

In this form of the equation kAB is the force constant of the bond.

This type of equation works for simple systems but more terms need to be
added to take into account systems which may be strained or crowded or
systems where the force field may need to take into account the effect of
vibrational frequencies. The addition of the extra terms leads to the equation
becoming polynomial rather than harmonic.
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AB 4

This type of equation can cause problems if a suitable geometry has not been
chosen. K3 (the cubic anharmonicity constant) usually has a negative value,
therefore if the expansion ends with this the energy value will tend towards . Such a value would cause the molecule to fly apart. The value of k4 (the
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quartic constant) is usually positive causing the expression to tend towards +
 if terminated there.
An equation which satisfies the optimum behaviour for a bond
stretched to infinity (i.e. the energy value converges towards the dissociation
energy) is the Morse potential.
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(1.22)

Where D is the dissociation energy and  is related to the force constant,



k 2D

Problems arise with this equation when bond lengths are long as the restoring
force is small leading to distorted structures displaying a slow convergence
towards the equilibrium bond length.
The polynomial expansion can be simplified by considering the k3 and
k4 terms as a constant fraction of the force constant. A forth order expansion
would be written as follows
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(1.23)

For most systems the only part of the Estr curve (R vs. E) formed by these
expressions which is chemically important is the region up to ~10kcal/mol
above the bottom of the curve (the bottom of the curve giving the equilibrium
length energy). The curves created by the polynomial expressions and the
Morse potential are practically the same up to this point.
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1.4.3 The Bending Energy (Ebend)
As with the stretching energy the bending energy can be written as a Taylor
expansion around a “natural” bond angle. The term can be written as a
harmonic form being terminated at the second order.
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(1.24)

This type of expansion is usually sufficient but some occasions may arise
which require the inclusion of a third order term (analogous to Estr) and
possibly a forth order term to account for vibrational frequencies. The cubic
expression however is generally more accurate than the quartic expression
due to a lack of experimental data relating to the quartic expansion. The
region of the curve of chemical importance, ~10kcal/mol above the bottom of
the curve (the equilibrium geometry), is essentially the same for all the
expressions, therefore the harmonic second order expansion is usually used.

1.4.4 The Out of Plane Bending Energy
Atoms which are sp2 hybridised often prefer a tetrahedral conformation in
space. This leads to an arrangement of atoms such that the central atom is
out of plane with the rest of the molecule. A separate energy equation is used
in these cases as the energy costs associated with pyramidalisation require
very large k values for the in-plane angles. This causes the bonds to become
very stiff.
The expression used is harmonic and can be written using the out of
plane angle, , or the out of plane distance, d.

 

 

E oop  B  k B  B

2
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Eoop d   k B d 2
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1.4.5 The Torsional Energy (Etors)
The torsional bond energy corresponds to the energy change associated with
the rotation of a molecule around a B – C bond in a four atom sequence. The
energy function in this factor must be periodic with respect to the angle .
As opposed to the stretching and bending energies large deviations
from the minimum energy structure can occur as the energy cost for rotation
about a bond is low.
Rotation about a bond leads to different conformations of a molecule.
The different conformations will have different energy values (for example a
staggered conformation will be of lower energy than an eclipsed
conformation). These differences in energy lead to the production of a
rotational energy profile. For this reason a Taylor expansion is not suitable.
Instead a Fourier series is used to calculate the associated energy.

E tors     Vn cos n 
n 1

If

(1.25)

n = 1 then the rotation is periodic by 360º
n = 2 then the rotation is periodic by 180º
n = 3 then the rotation is periodic by 120º etc.

Vn is the size of the rotation barrier around the bond B – C.

For rotation about a double bond only terms where n = 2, 4 etc can be used.
As the energy required to rotate about a double bond is higher than that for a
single bond the value of the Vn constant is very large.
Force fields aimed at large systems often limit the Fourier series to one
term depending on the bond type. A single bond expression would only
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include the cos(3) term whereas a double bond expression would only
include the cos(2) term.
Systems with bulky substituents on sp3 hybridised atoms often have
four minima (with the anti- conformation split into two peaks with tors  170º).
These systems require the inclusion of a cos(4) term.
When calculating the torsional energy it is usual to shift the zero point
of the expression by adding a factor of one to each term
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(1.26)

The + and – signs can be altered so that the cos(2) term has minima at 0
and 180, (1 – cos(2)), and the cos(3) term has minima at 60, 180 and
300, (1 + cos(3)).
The fraction of ½ is included so that the Vn terms directly give the height of the
barrier if only one term is present.

1.4.6 The van der Waals Energy (Evdw)
The van der Waals energy represents the repulsion and attraction forces
between atoms which are not held together by a bond. These forces do not
rely on the charges of the atoms but are a result of induced dipole moments.
These dipoles are induced by the movement of electrons creating areas of the
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molecule which are more negative at a given point in time. This induces an
effect on a neighbouring atom.
Van der Waals forces are the main component of the non-bonding
interactions for non-polar molecules and are the only interaction present
between rare gas atoms.
If the interatomic distance is large it is unlikely that any dipole
interactions will be induced between the two atoms and the E vdw value is zero.
If the atoms are in close proximity the possible electron overlap causes the
atoms to repel each other, resulting in a large positive value for Evdw. At
intermediate interatomic distances slight attractive forces are induced due to
the electron correlation. Electron correlation refers to the fact that the
probability of finding an electron at a certain point within an orbital is
dependent on the positioning of the electrons in orbitals of surrounding atoms.
The value of the attractive force varies as the inverse sixth power of the
distance between the two atoms.
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Where Erep is the repulsive interaction and C is a constant.
Theoretically it is not possible to derive the functional form Erep.
Another expression which can be used for force field purposes is the LennardJones potential.

E LJ
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Where C1 and C2 are constants and

(1.28)

C1
represents the repulsive force.
R 12
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This expression can also be written in terms of the minimum energy distance,
Ro, and the depth of that minimum, .
6
 Ro 12
 Ro  
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(1.29)

Again the first term in the brackets refers to the repulsive forces whereas the
second term refers to the attractive forces.
Electron density decreases exponentially with increasing distance. The
R-6 function can therefore be written as an exponential function known as a
Buckingham or Hill type expression.

E vdw R   Ae  BR 

C
R6

(1.30)

Where A, B and C are constants. This expression can also be written in a
more drawn out form in order to reproduce the behaviour exhibited by the
Lennard-Jones potential. To do this a free parameter, , is added. The value
chosen for  dictates whether the long range order or the force constant at
equilibrium distance is reproduced.
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The curves generated by these functions are very similar for the
attractive forces but are quite different for the repulsive forces. The curves
produced for the repulsive forces however are similar up to approximately
100kcal/mol. As this is usually enough energy to break a bond values above
this energy are ignored when conducting calculations.
All of the equations mentioned in this section assume that the atoms
involved are spherical. This is not the case however for hydrogen as its one
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electron is always involved in bonding. A way to model this anisotropy is to
displace the measurement point of the van der Waals force inward along the
bond. Many force fields have different types of hydrogen to account for it
being bonded to electronegative atoms (Evdw for hydrogen will be smaller), or
to functional groups, e.g. alcohol, acidic oxygens (-COOH).
The presence of a lone pair can also cause similar problems. This is
due to the atom being slightly larger in the vicinity of the lone pair causing the
atom to be distorted. Some force fields rectify this problem by adding pseudo
atoms (which are smaller than hydrogen atoms) at these distortion points.
The Evdw component of hydrogen bonding is often modelled using a
modified form of the Lennard-Jones potential, replacing the normal
parameters with special ones (small Ro and large  value).
10
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1.4.7 The Electrostatic Energy (Eel)
The electrostatic forces are the second of the non-bonded forces present in a
molecule. They are a result of the internal electron distribution creating
positive and negative regions within the molecule. The force may be
represented in one of two ways: the atoms may be assigned charges or the
bonds may be assigned a bond-dipole moment.
The interaction is expressed using a Coulomb potential if point charges
are assigned.
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Where Q represents the charge on the atom and  is the dielectric constant.
This expression can be used to model hydrogen bonding as the interaction is
largely dependent on the attraction between the hydrogen atom (which is
electron deficient) and an electronegative atom such as oxygen, nitrogen etc.
If the force is to be represented using dipole moments then the
expression is written as follows.
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Where  represents the dipole moment of the atom.

The atomic charge model is preferred by most force fields as fitting it to an
electronic wave function can easily parameterise it.
The effect on the electrostatic force by neighbouring molecules can be
illustrated by the inclusion of the “effective” dielectric constant. In a vacuum
this value equates to 1 whereas large values decrease the importance of the
long range interactions.
A three-body effect can cause problems when modelling the
electrostatic interactions. This effect is a consequence of the interaction
between two atoms being affected by a third atom causing a polarisation of
the charges. This can be modelled using an expression which includes a
dipolar term corresponding to the electric field generated by the atomic
charges and the polarisability tensor.
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1.4.8 The Cross Terms (Ecross)
The cross terms represent the expressions which couple two or more of the
bonded energy terms. These expressions, for example, take into account the
bond length along with the bond angle.
A stretch/bend term would be expressed as follows:
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A bend/tors/bend expression is written as
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In these expressions the constants, k, are generally taken to be dependent on
one atom. For example kABC in the stretch/bend expression would be taken
as kB.
Atoms not directly involved in the calculations can have an effect on the
values generated. An example of this occurs when one carbon atom in a C –
C bond is also bonded to an atom such as oxygen causing a shortening of the
C – C bond length. A correction is added to the “natural” bond length to rectify
this.
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(1.37)

1.4.9 Parameterisation of the Force Field
Once suitable equations have been established the parameters need to be
assigned. Problems arise due to the sheer number of possible values.
Further problems are incurred as the function with the greatest number of
possibilities (Etors) is also the function for which it is hardest to obtain
experimental data.
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It is commonplace to overcome these problems by assigning the
parameters based on data from electronic structure calculations. This may
not always be straightforward or possible as the electrostatic energy potential
is calculated from a wave function whereas the van der Waals parameters are
assigned by fitting them to experimental data of either the solid or liquid state.
Force fields use the assumption that structural units can be transferred
between molecules with very little change in the energy values. This idea can
come in very handy when trying to optimise a compound which does not have
a full set of parameters.
If a full set of parameters is not available two methods may be used to
assign the missing data. The first is to compare specific groups or whole
compounds to the parameters of similar functions. For example if the
parameters for a bend between a C – N – O group are not available but
values are known for the bend between a C – N – C group it can be taken that
the values will be the same.
The second method is to use external information such as experimental
data or electronic structure calculations to assign the missing parameters. An
example of this would be if the data for a bond length were missing. An x-ray
diffraction experiment may be conducted in order to calculate this value.
If several parameters are missing these methods can be very time
consuming and the force field model may need to be abandoned.
Once the functional form of the force field has been decided a
reference data set for the parameters needs to be selected. This may not be
as easy as it sounds since different parameters have different units and
different available data sets may report the same feature with slightly different
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values. For example the way in which a bond length is determined will affect
the reported length. An x-ray method, which measures the bond length using
electron distribution, may report a slightly longer bond length than a
microwave spectroscopy method, which measures the distance between two
nuclei.
The decision of how to weight each parameter is left up to whoever is
running the force field. The goal however is to achieve the lowest possible
value for the error function, ErrF.

ErrF  parameters    weight  reference value  calculated value

2

data

1.4.10

Differences Between the Force Fields

Force fields differ in three main ways:


The functional form of the energy term



The number of cross terms used



The type of information used for fitting the parameters

Universal force fields can be quite useful when performing geometry
optimisation calculations but are not so good for calculating energies.
Universal force fields contain reduced sets of parameters and are
constructed on the principle of setting parameters based on atomic constants.
They also have the capability to parameterise all the elements in the periodic
table.
If the system being studied is large then the functional forms are kept
simple and only harmonic expressions are used. No cross terms are
considered for large systems and the van der Waals energy is calculated
using the Lennard-Jones potential. This type of system is called a class I
system.
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Class II systems are used when studying small or intermediate sized
molecules. Cross terms are included and cubic and quartic expansions are
often used. The van der Waals energy is calculated using an exponential
term. Class II systems can be used to calculate energies, vibrational
frequencies and to optimise geometries.
If the molecule being studied is on the macromolecular scale then a
different approach is taken. In order to simplify the molecule and reduce the
amount of work the computer has to do (and therefore the time taken to
perform calculations) hydrogen atoms are ignored and groups are considered
as single atoms. For example a methyl group would be considered as a “CH3”
atom. This is larger than a carbon atom and therefore the values of the van
der Waals radii are increased. This approach is known as the united atom
approach.

1.4.11

Advantages and Disadvantages of Force Fields

Non-bonded (van der Waals and electrostatic) forces account for most of the
terms required to calculate energies. It is therefore common practise for the
user to set a cut-off point (in Å) above which all such interactions are ignored.
This is done in order to save computer memory (this does not save much time
however as the computer has to first calculate all the distances before it can
neglect certain interactions).
A better way of using the cut-off distance theory is to construct a list of
non-bonding interactions which are of interest so that the force field only
studies these. This however can lead to problems when optimising the
geometry of a structure. Another problem is that the non-bonded list needs to
be updated regularly.
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Electrostatic energies can also be a problem when considering the cutoff point method. For a significant decrease in the strength of an electrostatic
interaction to occur a large distance would need to be put between the two
atoms.
In order to validate a force field the results must be compared with a
reference data set. A good quality force field will be able to reproduce, with
high accuracy, a set of experimental data. Several force fields can be tested
against the same data set and the average errors calculated in order to get a
feel for which force field would be suitable for certain types of structures or
calculations.
The advantages of force fields are that they are fast, can handle large
systems such as proteins and can be used in the pharmaceutical industry.
Force fields are also capable of studying the effects of solvents and the nature
of the packing within a crystal system. They can also be used to determine
the energy barriers between different conformations of the same molecule.
Disadvantages occur when there is a lack of parameters or good
experimental data. If the data used to construct the parameters was based on
assumptions rather than experimental data then the results may not always be
reliable.

1.5

Predicting Crystal Morphology

1.5.1 Bravais – Friedel – Donnay – Harker (BFDH) Theory
Bravais and Friedel developed the theory of predicting crystal morphologies
based on the interplanar spacing, dhkl. They reported that if the spacing is
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large then the rate of crystal growth would be slow (Bravais, 1886 and Friedel,
1907).
Donnay and Harker took this idea further by taking into consideration
the symmetry of the crystal (and space group) by reducing the depth of the
growth slice for faces which contain a screw axis or glide plane (Donnay and
Harker, 1937).
The BFDH theory states that the growth rate of a face is inversely
proportional to the depth of the spacing. This means that the face with the
largest surface area and slowest growth rate is of the highest morphological
importance.

red
Rhkl
 d hkl 

1

The drawback to this theory is that it does not take into account the effect of
intermolecular forces or the detailed molecular structure of the crystal.

1.5.2 The Hartman – Perdok Theory
The Hartman – Perdok Theory assigns the crystal morphology by utilising the
number of Periodic Bond Chains (PBCs) within a face (Hartman and Perdok,
1955). A PBC is an uninterrupted chain of strong intermolecular bonds, such
as hydrogen bonds, in a certain direction between the crystallographic units.
Faces are categorised into three groups:


Flat (F) faces are parallel to connected nets containing two or more
different sets of PBCs.



Step (S) faces are parallel to only one PBC
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Kinked (K) faces are not parallel to any PBCs

F faces are flat surfaces which grow by a lateral extension of the growth
layers. The F faces have low growth rates due to the limited number of kink
sites. S faces grow more rapidly as their growth mechanism only requires a
unidimensional nucleation. K faces have the fastest growth rates due to the
number of kink sites.
The term connected net refers to nets with an overall d hkl thickness with
all units connected to each other. In order to disconnect the net a positive
cutting energy is required. The nets involved in S and K faces are not
connected.
Hartman and Bennema derived a relationship between the attachment
energy, Eatt, of a face and the growth rate (Hartman and Bennema, 1980).
The attachment energy of a face is the energy released per mole when a new
slice (with thickness dhkl) is added to the growth face. They reported that the
attachment energy is proportional to the growth rate of the face, and hence
inversely proportional to the morphological importance.

E att  i 1 Ei (hkl)


Where Ei is the interaction energy between the slice and the ith underlying
slice.

Ecr  E sl hkl  E att hkl

(1.38)

Where Ecr is the energy of the whole crystal
Esl(hkl) is the energy between all of the atoms in the slice.
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Since Ecr is the same for all faces of the crystal a high Esl(hkl) value
corresponds to a low Eatt value for the face in question and ultimately a high
morphological importance.
The Hartman – Perdok theory can also predict the crystal graph of a
given crystal. The crystal graph is a mathematical representation of a crystal
structure. It consists of an infinite set of translationally invariant edges and
vertices. These vertices and edges all have the same space group and unit
cell as the crystal structure on which it is based. Crystal graphs can be used
to calculate PBCs.

1.5.3 Growth Morphology Using Materials Studio 4.0
The growth morphology model is more accurate than the BFDH model since it
takes into account the energetics of the system. Materials Studio calculates
the attachment energies for many different slices and allows the user to set
limits so that only slices greater than a certain thickness or with (h k l) values
smaller than (3 3 3), for example, are studied.
The attachment energies calculated are used to determine growth rates
leading to a centre-to-face distance being assigned to all faces. These are
then used in a Wolff plot to predict the morphology.
The software calculates data corresponding to the electronic and
geometric properties of a surface at all possible configurations. The surface
which emerges as the most stable following these calculations will dominate
the facet growth and will appear in the data table. This table is used to study
the relationship between the atomistic properties of the crystal and surfaces
and the resulting macroscopic morphology.
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In order for Materials Studio to run these calculations the software
assumes that the attachment energy is an average value based on the
surfaces with Miller indices of (h k l) and (h k l). This is important if the
crystal does not contain a centre of inversion as the energies for the two faces
will not simply be the converse of the other.
Another assumption made by the software is that the surface acts as
an absolute termination of the bulk growth in that direction.

1.6

Polymorphism

1.6.1 Definitions
The term polymorph has been defined numerous times over the years with
each definition sparking conversation and debate over its correctness and
ability to encompass all factors which need to be considered when discussing
polymorphs. McCrone (1965) gave a definition of a polymorph to be
“a solid crystalline phase of a given compound resulting from the
possibility of at least two different arrangements of the molecules of that
compound in the solid state.”
This definition was simplified by Rosenstein and Lamy (1969) by stating that
“when a substance can exist in more than one crystalline state it is said
to exhibit polymorphism.”
Burger (1983) also defined polymorphism in terms of the crystalline state of a
substance stating that
“If these [solids composed of only one component] can exist in different
crystal lattices, then we speak of polymorphism.”
This definition set out by Burger however is slightly confusing as the
term crystal lattice has been used as opposed to crystal structure which would
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make the definition more accurate. Sharma (1987) took the concept of crystal
system and packing and defined polymorphism in more depth stating that a
polymorph should be defined as
“different crystal forms, belonging to the same or different crystal
systems, in which the identical units of the same element or the identical units
of the same compound or the identical formulas or identical repeating units
are packed differently.”
Although all of these definitions state the same basic principles it is the
definition set out by McCrone which is generally recognised today.
Some basic rules for polymorphs were laid out by Frankenheim in 1839
and are as follows:


Polymorphs have different melting and boiling points and their vapours
have different densities.



The transition from the low-melting form (A) to the high-melting form (B)
occurs at a specific temperature.



The low-temperature form (A) cannot exist at temperatures above the
transition to form B. Form B however can exist at temperatures below
the transition point. At these lower temperatures form B is metastable.



At temperatures below the transition temperature form B will convert to
form A when in contact with form A.



Form B may be converted to form A by processing.



The transition from form A to form B is endothermic.
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1.6.2 Thermodynamics of Polymorphic Systems
It is expected that the most stable polymorph will have the lower free energy
value. Application of this rule results in the least stable form being driven to
convert to the more stable form in order to lower its free energy value.
The Gibb’s free energy is often used to demonstrate the
thermodynamic relationship between two polymorphs with qualitative
diagrams depicting the system.

G  H  TS
Where G is the Gibb’s free energy, H is the enthalpy, T is the absolute
temperature and S is the entropy.
The Gibb’s free energy of the liquid phase of the compound can be
calculated and used to determine the melting points of the polymorphs.
Diagrams take the form of temperature (x-axis) versus energy (y-axis)
curves and can show whether the system is monotropic or enantiotropic.
Lehman (1891) developed the theory of monotropism and enantiotropism in
polymorphic systems. He stated that in a monotropic system one form
undergoes an irreversible phase change to the other. In an enantiotropic
system the two polymorphs can undergo a reversible phase transition.
Lehman also observed that organic compounds have a tendency to crystallise
from melts as the least stable polymorph (with the lower melting point) and
undergo a monotropic transition to the more stable form.
The energy vs temperature diagrams for monotropic and enantiotropic
systems differ as the curves for the two polymorphs do not cross below the
melting point of the lowest melting form in a monotropic system whereas in an
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enantiotropic system a cross-over can be seen below this melting point. This
cross-over is attributable to the transition temperature.
Many rules have been formulated to help establish whether a system is
monotropic or enantiotropic:


Heat of transition rule – for two polymorphs to be enantiotropically
related an endothermic phase change occurs at a particular
temperature, below which the transition temperature lies. For a system
to be monotropic an exothermic phase transition occurs. An
exothermic transition may also be observed if the system is
enantiotropic but has a thermodynamic transition point higher than the
measured transition temperature. Burger and Ramberger (1979) claim
that this rule is observed in at least 99% of cases.



Heat of fusion rule – in an enantiotropic system the polymorph with the
highest melting point will have the lower heat of fusion whereas in a
monotropic system the polymorph with the higher melting point will also
have the higher heat of fusion. Burger and Ramberger (1979) claim
that this rule is as successful as the heat of transition rule (i.e. true in at
least 99% of cases).



Entropy of fusion rule – at the melting point of a compound the
difference between the Gibb’s free energy of the solid and liquid
phases is zero. The entropy of fusion expression is therefore S =
Hf/Tf. In an enantiotropic system the polymorph with the highest
melting point will have the lower entropy of fusion. In monotropic
systems the higher melting form has the higher entropy of fusion.
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Heat capacity rule – in an enantiotropic system the polymorph with the
highest melting point will have the highest heat capacity at a given
temperature. If the system is monotropic then the form with the highest
melting point will have the lowest heat capacity at a given temperature.

1.6.3 Stable and metastable polymorphs
Polymorphs can exist in either the most stable phase or as a metastable
phase. The matter of which polymorph will be present is dependent on the
rate of transformation and the energy barriers which need to be overcome.
Ostwald published work in 1897 to explain the existence of metastable forms.
He laid out a “Rule of Steps” (or “Law of Successive Reactions” as it is
sometimes called) which stated that
“on leaving any state, and passing into a more stable one, that which is
selected is not the most stable one under the existing conditions, but the
nearest”.
This means that the state observed will be the one for which the
change in free energy is the lowest. Therefore it is possible to observe many
transitions between the initial and the final stable state so long as the
intermediate states are relatively stable in the specific environment.
There are, however, exceptions to this rule when factors such as rate
of transformation and energy barriers come into play. For example when a
solid crystallises from a melt or from solution the metastable phase which will
form first following Ostwald’s Rule may not be observed if the transition rate
from this form to the more stable form is very fast due to the energy barrier
between the two being negligible. At the opposite end of the scale if the
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energy barrier between the two forms is high then the stable form may not be
observed unless changes in temperature and/or pressure are made.

1.7

Salt Screening

Converting an API into a salt by combining it with a counterion can be a good
way to overcome issues concerning stability and solubility. It is also important
in terms of intellectual property and patents if a salt screen reveals a novel
salt with desirable bioavailability characteristics.
A salt is overall a neutral species but it is comprised of two or more
ions. For example the simple salt sodium chloride is made up of an Na+ ion
and a Cl- ion bonded together. This bonding is based on the transfer of a
proton from one ion to the other resulting in a strong interaction.
When selecting counterions for a salt screen it is important to take into
account the pKa values of the API and the counterion. The pKa value is the
dissociation constant and is a measure of the strength of an acid or a base.
For a salt to be formed the difference between the pKa values (ΔpKa) typically
needs to be greater than 3 (Stahl and Wermuth, 2002).
ΔpKa = pKa (base) – pKa (acid)
The choice of solvent can also have an impact on the outcome of a salt
screen. The functional groups present in the API and the counterion need to
be considered when selecting solvents. If either the API or the counterion
contains an amine group it is perhaps not a wise choice to use a solvent such
as acetone as a reaction between the carbonyl and the amine may occur
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leading to the formation of an amide. In this example it would be better to use
alcoholic solvents such as ethanol or propan-2-ol.
The molecular weights of the two components are also important when
conducting a salt screen for a pharmaceutical agent. Trying to keep the
molecular weight low is important when considering dosage form.
A salt screen is generally conducted using a number of different
counterions and solvents. The resulting powders are analysed typically using
DSC and XRPD to determine whether a reaction has occurred and to what
extent (i.e. is there any starting material remaining) to select suitable
candidates to take forward for scale up. NMR or ion chromatography can
then be used to determine the stoichiometry of the salt with regards to API
and counterion.

1.8

Co-cryscocrystaltal Screening

In addition to salt screening another way of enhancing the properties of an
API is to form a cocrystal. As with salts a cocrystal has an overall neutral
charge but in contrast to salts the components of a cocrystal are also neutral.
As the components are all neutral the API and the co-former(s) are held
together with either hydrogen or halogen bonds (or a combination of both). As
no proton transfer needs to occur for this type of interaction to form the pKa
values of the component parts of a cocrystal are less important.
Cocrystals published in the literature are generally made in one of two
ways; from solution (Weyna et al, 2008) and by milling (Etter and
Frankenbach, 1989), (Shan et al, 2002). Solution drop grinding can be a
useful tool in the preparation of cocrystals as it can be a way of controlling
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polymorphism. A study carried out on the caffeine:glutaric acid cocrystal
showed that SDG using a nonpolar solvent gave rise to form I whereas the
use of a polar solvent gave rise to form II (Trask, 2004).
Without obtaining single crystal data for cocrystals it can be difficult to
say for certain that a cocrystal rather than a salt has been formed when using
DSC and XRPD for analysis. For this reason it is important to conduct IR
analysis on cocrystals as the hydrogen bonding between the components can
lead to a small shift in peak position in the spectrum.
As with a salt screen it is important to consider the functional groups
present in the co-formers and also the molecular weights of each for the
cocrystal screen to be most effective.

1.9

Aims and Objectives

The aim of this project was to study the effects of different milling techniques
on polymorphs, salts and cocrystals. In addition to studying the bulk
properties of the samples by DSC and XRPD the surface energetics were also
studied by inverse gas chromatography (IGC) as it has been found that
processing can lead to increases in surface energy (York et al, 1998;
Planinsek and Buckton, 2003; Heng et al, 2006). Salts and cocrystals were
incorporated into this project as the formation of these can be good ways in
which to increase properties such as stability and solubility (Banerjee et al,
2005; Trask et al, 2006; Caira, 2007; Weyna et al, 2008). Although many
papers have been published in the last few years outlining the preparation of
pharmaceutical cocrystals (Childs et al, 2004; Vishweshwar et al, 2006) no
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work has been published which looks at the stability of these cocrystals in
terms of milling.
This work was deemed to be of interest and importance to the
pharmaceutical industry especially when powders are to be formulated for
inhalation. Many powders which are formulated for inhalation need to be
milled in order to reduce particle size and this can lead to the introduction of
amorphous content (Elamin et al, 1994; Ward and Schultz, 1995; Steckel et
al, 2003).

Milling can cause changes to the surface energetics of a material as has been
reported in the literature. It has also been shown in the literature that
molecular modelling can be used to calculate attachment energies which can
be compared to experimental results to explain changes in the surface
energies (York et al, 2008).

The aim of this study is to use IGC to study the surface changes of
polymorphs, salts and cocrystals due to milling to see if the altered structures
conveyed any increases in stability of the surface energies. The study will
also aim to look at the effect of different milling techniques on the stability of
the materials and also on the surface energetics. The final aim of this study is
to further explore the use of molecular modelling to calculate the cleavage
planes of both stable and metastable polymorphs to explore whether there is
a link between the calculated cleavage planes and the experimental data.

46

In order to fulfil these aims a number of objectives need to be met. These
objectives are as follows:


Calculation of attachment energies for stable and metastable
polymorphs using computational techniques.



Synthesis of metastable polymorphs from commercially available stable
forms.



Synthesis of salts and cocrystals as a result of screening.



Milling of polymorphs, salts and cocrystals using a ball mill and a
microniser.



To analyse samples using DSC and XRPD to study changes to the
physical properties as a result of milling.



To analyse samples using IGC to study changes in the surface
energetics as a result of milling.

1.10 Selection of Model Compounds
Indomethacin was selected as a model compound for this project for a
number of reasons. Many papers have been published on the behaviour of
indomethacin in terms of milling and also on its crystal structure. The
compound is also cheap and it is easy to prepare the metastable α form from
the stable γ form.
Sulfathiazole was chosen for similar reasons. The crystal structures of
a number of polymorphs along with preparation methods have been
published. A number of papers on sulfathiazole salts have also been
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published making it an ideal candidate to be used in order to prepare salts
from a basic API.

1.11 Indomethacin
Indomethacin is a non-steroidal anti-inflammatory drug (NSAID). It can exist
in many different polymorphic forms as well as forming salts, solvates and
cocrystals. The polymorphs most commonly reported in the literature are the
 and  forms (forms I and II respectively) and it is these forms that will be
studied during this project. The two forms have been shown to be
monotropically related as the gamma form had a higher heat of fusion than
the alpha form (Urakami et al, 2002). Calculations performed by the authors
also show that the transition temperature lies way above the melting point of
the gamma form at 534.3°C. As this value is unrealistic it can be said that the
two polymorphs are indeed monotropically related.
Cl

CH3

O

O

N
OH

OMe
Figure 1a. Indomethacin
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1.11.1  - Indomethacin
The  form has one independent molecule in the asymmetric unit. This form
of indomethacin is triclinic, and has a space group of PĪ, therefore there are
two molecules in the unit cell (Z = 2). Reported values for the density and
melting point of this polymorph are 1.38g cm-3 (Chen et al, 2001) and 160ºC
(Okumura et al, 2005) respectively.
It has been reported that the morphology of the  polymorph, when
grown at low temperature, appears as a number of needles joined at a central
point to form a polycrystalline array. This can be attributed to the
conformation of the molecule and the way in which it is packed into the crystal
with the hydrogen bonding moieties pointing in different directions. It has also
been reported that nucleation predominantly takes place on the [010] face as
this is the shortest unit cell vector and hence has grown slowest (Wu and Yu,
2006). Figure 1b is a representation of the molecular configuration of the γ
form showing that the hydrogen bonding moieties are in fact pointing in
different directions in order to form dimers with neighbouring molecules.

Figure 1b. Representation of a unit cell in the  form with hydrogen bonding groups shown to
be pointing in different directions (hydrogen bonds shown as blue dotted lines).
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1.11.2  - Indomethacin
The  form can be made by dissolving the  form in hot ethanol and adding
distilled water to initiate precipitation (Kaneniwa et al, 1985).
The  form of indomethacin is metastable and has a more complex
crystal structure than the gamma form as it has three independent molecules
in the asymmetric unit. The  polymorph is monoclinic and has a space group
of P21 therefore there are six molecules in the unit cell (Z = 6). Reported
values for the density and melting point of this polymorph are 1.42gcm -3
(Chen et al, 2001) and 155ºC (Okumura et al, 2005) respectively.
Due to the complex nature of the hydrogen bonding in the  polymorph
it has been reported that the morphology of this form results from the packing
of helical asymmetric units. The crystals observed are spherical in nature.
The crystal structure obtained from the CSD shows that hydrogen bonding is
present between the carboxylic acid groups of molecules 1 and 2 and also
between the amide group of molecule 2 and the carboxylic acid group of
molecule 3 (Chen et al, 2001). It has been reported that nucleation occurs
predominantly at the [1 0 0] face as this is the shortest unit cell vector (Wu
and Yu, 2001). A representation of the bonding within the asymmetric unit is
given in Figure 1c.
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Figure 1c. Representation of the bonding between the three independent molecules in the
unit cell of the  form (hydrogen bonds shown as blue dotted lines).

1.11.3 Behaviour of Indomethacin During Milling
It has been generally reported that when both polymorphs of IMC are milled in
either a ball mill or in a microniser no conversion between the two polymorphs
is observed. In 1986 Otsuka et al reported the production of x-ray amorphous
IMC for both polymorphs after milling at a low temperature. In 2001 Crowley
and Zografi reported that no polymorphic changes occurred when
indomethacin was cryogenically milled using an impact mill further
substantiating the earlier findings.
The production of amorphous indomethacin during milling has been
shown using DSC and XRPD (Crowley and Zografi, 2001), and also IR
spectroscopy (Otsuka et al, 2001).
Descamps (2006) conducted a study into the milling behaviour of
indomethacin at different temperatures and with different milling intensities.
He found that when the gamma form was milled at room temperature the
nature of the transformation that occurred was dependent on the milling
intensity. At low intensity a polymorphic conversion to the metastable alpha
form was observed whilst at high intensity the transition to an amorphous
material occurred. A change from the stable gamma form to the metastable
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alpha form was also observed when samples of the gamma form (which had
been micronised) were mixed using a ceramic rod (Okumura and Otsuka,
2005). These changes would not be expected as a monotropic relationship
exists between the two polymorphs.
Yoshioka et al (1994) reported that if indomethacin is in the amorphous
phase then the crystallisation of the two polymorphs from this is dependent on
the temperature. Low temperatures will favour the formation of the stable 
form whereas higher temperatures will favour the formation of the less stable
 form. The  form will in turn melt and recrystallise to the  form if a suitable
temperature is reached.

1.11.4 Salts of Indomethacin
A number of papers have been published on the sodium (Tong and Zografi,
1999 and 2001) and meglumine (De Marzi and Morini, 1972) (El-Shattawy et
al, 1994) salts of indomethacin. Both of these salts are available on the
market with the meglumine salt going by the name of liometacen and the
sodium salt commonly marketed as a trihydrate (known as osmosin). The
sodium salt was supplied in its crystalline form by Merck & Co. in the two
papers mentioned above. The meglumine salt is available from Chiesi. A
patent detailing a method for the production of crystalline forms of both a
sodium and a potassium salt of indomethacin in the anhydrous form and as
trihydrates was filed in 1980 (Ryan, 1980).
The papers published by Tong and Zografi show that the sodium salt
has a much higher Tg than the gamma form of indomethacin at 121°C
(gamma form 45°C) and that may lead to enhanced physical and chemical
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stability relative to the free acid. The ionic interaction between indomethacin
and sodium gives a reduced free volume leading to an increase in density
compared to the free acid. This again may result in increased stability. The
sodium salt is used in the treatment of patent ductus arteriosus in premature
neonates.
The meglumine salt is used in the treatment of acute painful episodes
associated with musculoskeletal disorders. The paper by El-Shattawy studied
the bioavailability of directly compressed tablets of indomethacin (as the free
acid), sodium indomethacin and meglumine indomethacin. The findings of the
study showed that the meglumine salt had the greatest bioavailability.

1.11.5 Cocrystals of Indomethacin
Basavoju et al (2008) published a paper on the indomethacin:saccharin
cocrystal. The paper outlined the synthesis of the cocrystal using both slow
evaporation and grinding. Experimental data regarding the cocrystal is given
including DSC analysis which showed that the cocrystal had a melting point of
184ºC. The crystal structure of the cocrystal was also outlined in the study. It
found that the cocrystal was triclinic and had the space group P-1 with one
molecule each of indomethacin and saccharin in the asymmetric unit. It was
found that the indomethacin molecules form a carboxylic acid dimer synthon
which has an inversion centre whereas the saccharin molecules form an imide
dimer synthon. Both of these synthons adopt the R22 (8) motif. These
synthons are perpendicular to each other due to the repulsion between the
oxygen atoms of the sulfato group in saccharin and the carbonyl group in
indomethacin and the steric hindrance caused by the indole moiety and the
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saccharin molecule. Hydrogen bonding links the two synthons via an N-H…O
bond extending along the b axis. Weak C-H…Cl bonds give this pattern a
second dimension along the c axis and the overall structure is stabilised by
the presence of auxiliary C-H…O bonds.

1.12 Sulfathiazole
Sulfathiazole (SFZ) is an antimicrobial drug which was used in the treatment
of bacterial infections such as gonorrhoea and bacterial pneumonia. Less
toxic sulphonamide drugs have however largely replaced its use in humans.
Sulfathiazole is a heterocyclic compound and five polymorphs have been
reported in the literature. These were published by the following authors (in
accordance with the numbering used in the CSD); polymorphs I and III
(Kruger and Gafner, 1972), polymorph II (Kruger and Gafner, 1971),
polymorph IV (Babilev et al, 1987) and polymorph V (Hughes et al, 1999).
In this study Forms I and III were looked at. These forms were chosen
as Form III is stable at room temperature and is readily available in high
purity. Form I can easily be made from this and is reported to be a metastable
form (Kruger and Gafner, 1972). Form III undergoes a transition to form I at
173 – 175°C which in turn melts at 202°C (Shakhtsneider, 1993).

Figure 1d. Sulfathiazole
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1.12.1 Polymorph I
Polymorph I can be made by heating polymorph III to 180ºC for 15 minutes
(Apperley et al, 1999). This method is very favourable as it does not require
the use of any solvents and therefore made an ideal choice for this work.
This polymorph has two independent molecules in the asymmetric unit,
is monoclinic and has a space group of P21/c. This form has a melting point of
200-202ºC and a density of 1.50gcm-3 (Kruger and Gafner, 1972).
The two molecules in the asymmetric unit form a hydrogen bonded
dimer through two interactions between an imine nitrogen atom and an amino
hydrogen atom. These dimers are then linked together by hydrogen bonds
between a sulfato oxygen and an aniline hydrogen atom to form chain motifs.
In this polymorph two different hydrogen bonded chain networks are present,
one being two dimensional and the other three dimensional.
The nature of the hydrogen bonding in this polymorph means that it
exhibits better dissolution than the more stable polymorph, Form III, even
though the number of hydrogen bonds in each polymorph is the same. The
nature of the hydrogen bonds also means that the interactions are weaker and
this is reflected in the lower density value.
The hydrogen bonding in this polymorph is shown in figures 1e and 1f
(the figures shown are as they would appear in the CSD in order to show
more clearly the hydrogen bonding. Actual structures would contain double
bonds and more hydrogen atoms would be shown).
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Figure 1e. Hydrogen bonding between molecules to form dimers in SFZ I (hydrogen bonds
are shown as blue dotted lines)

Figure 1f. Hydrogen bonding between dimers to form chains in SFZ I (hydrogen bonds are
shown as blue dotted lines)

1.12.2 Polymorph III
This polymorph is more stable than polymorph I. Like polymorph I it also has
two independent molecules in the asymmetric unit, is monoclinic and has the
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space group P21/c. This polymorph undergoes a transition to form 1 at 173175ºC which then melts at 200-202ºC. The density of form III is higher than
that of form I at 1.57gcm-3 (Kruger and Gafner, 1972).
The two molecules in the asymmetric unit of form III form hydrogen
bonded dimers. This occurs through interactions between a sulfato oxygen
and an aniline hydrogen and between an aniline nitrogen and an amino
hydrogen. These dimers hydrogen bond to form single dimeric chains which
in turn create sheets. As in polymorph I this is via interactions between a
sulfato oxygen and an aniline hydrogen atom.
This more regular packing leads to an increased stability compared to
polymorph I and also a higher density value as the interactions are more
strongly bound.
The hydrogen bonding between the dimers is shown in figures 1g and
1h (as with polymorph I some hydrogen atoms and double bonds have been
left out to show more clearly the hydrogen bonding).

Figure 1g. Hydrogen bonding between molecules to form dimers in SFZ III (dimers are
shown in the top right and bottom left corners and hydrogen bonds are shown as blue dotted
lines)
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Figure 1h. Hydrogen bonding between dimers in SFZ III to form chains (hydrogen bonds are
shown as blue dotted lines)

1.12.3 Milling of Sulfathiazole Polymorphs
The milling behaviour of Forms I and III of sulfathiazole have been studied by
Shakhtsneider and Boldyrev (1993). The paper showed that milling can
cause the conversion of both Form I to III and Form III to I. The paper showed
that when form III is milled it initially converts to Form I. If however, milling is
continued the material reverts back to form III which is more stable at room
temperature. The transition temperature for the conversion of form III to I was
also seen to decrease after milling. The transition was lowered by 20-30°C
when no Form I was present in the sample and by 40-50°C when small
amounts of Form I were identified.
Milling of Form I showed that after 1 minute of milling peaks attributable
to Form III could be seen by XRPD. Prolonged milling led to the complete
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conversion of the high-temperature form to the room-temperature stable Form
III.
The relative ease by which these conversions take place may be due to
the very similar crystal structures of the two forms (Heinicke, 1984) which both
contain the same number of hydrogen bonds of approximately equal strength.
The shift in transition temperature observed after milling when no Form
I is present can be put down to an increase in the number of defects in the
crystal due to mechanical activation. When Form I is present the shift in
transition temperature can be attributed to the regions of new phase acting as
nuclei during the thermal phase transition.
Summers et al (1976) also noted the shift in transition temperature from
Form III to I after compression. In this case the authors attributed the change
to the production of dislocations in the crystal and the distortion of crystal
boundaries formed in the compressed material.
The phase transition from Form III to I was studied in more detail using
single crystals. Microscopic observations showed that the transition occurred
topochemically, that is to say that it occurred via the formation of a product
phase with propagation on an interface formed through the crystal. The
movement of this interface causes the crystal to crack. This process of rapid
propagation of the interface through the crystal at an irregular rate is typical of
what is known as a cooperative mechanism (Rotiburd, 1977). The
deformation of the crystal leads to the energy barrier for nucleation being
decreased which may be a reason for the phase transition observed during
milling.
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1.12.4

Salts of Sulfathiazole

The sodium salt of sulfathiazole is readily available from Sigma-Aldrich. It is
used as an antibiotic and works by blocking the synthesis of dihydrofolic acid
by inhibiting the enzyme dihydropteroate synthase. This salt will be used in
this study.

1.13 Scope of Thesis
Polymorph, salt and cocrystal screening is used in the pharmaceutical
industry to alter the properties of an API. One such aim is to increase stability
under certain desired conditions. Improved stability during and on milling is
thus desirable. The thesis will seek to answer the research question whether
milling outcome can be predicted from crystal structure or from initial
properties. The potential to identify whether an increase in milled product
stability via salt and cocrystal synthesis, will be studied in this project in terms
of both physical and surface changes. The use of crystallographic modelling
will also be explored for predictive insight.
The study will be carried out using two APIs; indomethacin and
sulfathiazole. Each sample will be subjected to ball milling at ambient
conditions and ball milling under cryogenic conditions and also micronisation.
The thermal behaviour, crystallinity and surface energy of the samples will be
studied before and after processing to note any changes that occur. Analysis
will be carried out using DSC, XRPD and IGC.
The experimental results will be compared to results obtained by
computational chemistry techniques. The structures which are available on
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the CSD will be imported into the modelling software and calculations
performed in order to establish likely cleavage planes. The surfaces
calculated will be compared to the IGC results to see if there is a correlation
between the functional groups on the surfaces calculated and the
experimental surface energy changes.

1.14 Thesis Structure
An introduction to the use of salt and cocrystal screening and also different
milling techniques in the pharmaceutical industry along with an explanation of
the analysis techniques used to study materials and detect changes in the
physical and surface properties has been given in chapter 1.0. An
introduction to the theories behind the computational techniques used to
calculate attachments energies has also been given in this chapter.

Chapter 2.0 of this thesis outlines the materials and methods used within the
study and includes details of both the experimental and computational
methods.

Chapters 3.0 to 5.0 outline the experimental results obtained during this study.
The results have been split into the following sections; polymorphs, salts and
cocrystals. All relevant DSC, XRPD and IGC data is given in this section.
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Chapter 6.0 gives a summary of the computational results obtained from the
polymorph study. This chapter identifies the possible cleavage planes of each
polymorph based on calculated attachment energies.

Chapter 7.0 brings together the findings of the study to determine whether any
trends have been seen with the different milling techniques and to see if salt
and cocrystal synthesis offers enhanced stability when studying surface
energetics. The findings will be discussed in relation to the original aims and
objectives set out at the beginning of the project. Finally conclusions will be
drawn on the work carried out and suggestions for further work presented.

1.15 Chapter Summary
This chapter outlines the reasons for conducting this work in terms of studying
the physical stability and the surface energetics of polymorphs, salts and
cocrystals when milled using different techniques. An introduction is given to
explain the experimental techniques used as well as the theory behind the
computational work. The two APIs used – indomethacin and sulfathiazole –
are discussed in terms of the crystal structures of the polymorphs used within
this study. A brief summary of relevant work in the area of IGC is given in
terms of its use on inhalation compounds and its use alongside computational
methods. The plan of work and the thesis structure are also given in this
chapter.
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Chapter 2

Materials and Methods
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2

Materials and Methods

In chapter one a background to the project was given including the reasons
for carrying out the work. The chapter also gave an explanation of the
techniques which were used within the study. This chapter gives details of the
materials used and the preparation procedures for obtaining the polymorphs,
salts and cocrystals. Specific details regarding each technique in terms of
instrumentation are also given. Finally in this chapter the computational
chemistry techniques are laid out in terms of approach and specific
parameters used in the software.

2.1

Laboratory

2.1.1 Indomethacin
The - form of indomethacin (- IMC) was purchased from Sigma Chemical
Co. (Poole, UK) and was used as received (Batch number 115K0689).
The - form of indomethacin was produced by dissolving 10g of the polymorph in 10ml ethanol at 80ºC for 5 minutes (Kaneniwa et al, 1985).
20ml of distilled water was added to the hot solution and the precipitate
formed filtered using a glass funnel. The product was dried in a dessicator.
Counterions and co-formers were purchased from the following
suppliers:


Benzamide: Sigma Chemical Co. (Poole, UK) (Batch number 521355484)



Tromethamine (TRIS): Sigma Chemical Co. (Poole, UK) (Batch number
038K0037)
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Meglumine: Sigma Chemical Co. (Poole, UK) (Batch number
127K0743)



Saccharin: Fluka (Batch number 426010/1)

2.1.2 Synthesis of Indomethacin Salts
5g IMC was used for each sample with one equivalent of base (TRIS and
meglumine) to make molar ratios of 1:1 in 50ml IPA. The solutions were then
temperature cycled using the following profile:
1. Heat to 75ºC at 5ºC/min
2. Hold at 75ºC for half an hour
3. Cool to 5ºC at 0.5ºC/min
4. Hold for 1 hour
5. Repeat steps 1-4 twice

2.1.3 Synthesis of Indomethacin Cocrystals
Cocrystals of indomethacin were synthesised using saccharin and benzamide.
5g IMC was used for each sample with enough co-former to make molar
ratios of 1:1 in 50ml toluene. The slurries were then temperature cycled using
the following profile:
1. Heat to 55ºC at 5ºC/min
2. Hold at 55ºC for half an hour
3. Cool to 5ºC at 0.5ºC/min
4. Hold for 1 hour
5. Repeat steps 1-4 twice
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2.1.4 Sulfathiazole
Sulfathiazole (polymorph III) was purchased from Sigma Chemical Co. (Poole,
UK) and was used as received (Batch number 088K1198).
Polymorph I was synthesised by heating the Form III powder to 180ºC
for 5min (Apperley et al, 1999). The polymorphic change was confirmed using
XRPD.

Counterions were purchased from the following suppliers:


P-toluenesulfonic acid monohydrate: Sigma Chemical Co. (Poole, UK)
(Batch number MKBB5807G9)



Methanesulfonic acid: (Fluka) (Batch number 1381742)

2.1.5 Synthesis of Sulfathiazole Salts
Salts of sulfathiazole were synthesised using p-toluenesulfonic acid and
methanesulfonic acid. 5g SFZ III was used for each sample with enough
counterion to make molar ratios of 1:1 in 50ml IPA. The solutions were then
temperature cycled using the following profile:
1. Heat to 75ºC at 5ºC/min
2. Hold at 75ºC for half an hour
3. Cool to 5ºC at 0.5ºC/min
4. Hold for 1 hour
5. Repeat steps 1-4 twice

2.1.6 Ball Milling
Ball milling was carried out using a Retsch MM 200 oscillating mill. 500mg of
sample were placed in the stainless steel vial along with two stainless steel
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balls (diameter 4mm, mass 500mg). The frequency of the mill was set to
25Hz.

2.1.7 Cryomilling
Cryomilling was carried out using the same mill and settings as described in
section 2.3.1. The filled vials were immersed in liquid nitrogen for 30 seconds
and then milled for 5 minutes. This was repeated for each sample to give a
total milling time of 10 minutes so that IGC data could be related.

2.1.8 Micronisation
Samples of approximately 1.5g were micronised using a JetPharma MCOne
microniser. The grind pressure for all samples was kept constant for all
samples but the feed rate was dependent on the nature of the material.

2.1.9 Differential Scanning Calorimetry (DSC)
Analyses were performed in triplicate using a TA Instruments Q2000 V23.5
differential scanning calorimeter connected to a TA Instruments Universal
Analysis 2000 V4.3A computer package. Samples (accurately weighed
between 2-5mg) were placed in crimped aluminium pans. An empty pan was
used as a reference. The temperature was conventionally ramped at a rate of
10ºC/min to 300ºC. Analysis was carried out in duplicate (n=2).

2.1.10

Powder X-Ray Diffraction (XRPD)

Powder diffraction spectra were obtained in one of two ways. The first using a
Bruker acs D8 Advance diffractometer linked to EVA software. The radiation
used in the diffractometer is a CuK source ( = 0.154nm). The 2 values
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were set from 5 to 35º increasing with a step size of 0.05. The second used
a Bruker AXS C2 GADDS diffractometer using Cu K radiation (40 kV, 40
mA) and a HiStar 2-dimensional area detector. The 2θ values were set from 5
to 35°C increasing with a step size of 0.05°. Due to the fact that two different
instruments were used some differences in the intensity of the diffractograms
were observed. The y-axis scale has been removed from the overlays in this
thesis. The scale was just a linear scale of counts to give an idea of intensity
but as the diffractograms have been overlaid this has been omitted.

2.1.11 Inverse Gas Chromatography (IGC)
Inverse Gas Chromatography was run on a Perkin Elmer AutoSystem gas
chromatograph. Nitrogen was used as the carrier gas with hydrogen and air
being used to enable the flame ionisation detector. The temperature of the
injection port and the detector were set at 100ºC and 150C respectively. The
injection volume was set at 0.0ml to satisfy the requirement for an infinite
dilution as explained in section 1.2.5 (i.e. only vapours were injected rather
than any liquid) and the injection speed set to NORM. The flow rate of the
carrier gas was set to 10ml/min. The sample was loaded into a pre-silanised
(using methanol, toluene and 5% dimethyldichlorosilane in toluene) u-tube
and either end of the tube plugged with silanised glass wool.
A pre-set method and sequence was used to run the probes (four
alkanes and four polar probes) with the time between injections set at 40min.
Each alkane was injected 8 times (n=8) and the polar probes 6 times (n=6)
per sample. The flow rate of the carrier gas and elution times of the probes
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were input into an excel spreadsheet to obtain values for the dispersive and
specific surface energies utilising the equations set-out in section 1.2.5.

2.1.12

1

H NMR

Proton NMR spectra were obtained using a Bruker DPX 400MHz instrument.
Samples were dissolved in deuterated methanol.

2.2

Materials Studio

Materials Studio 4.0 was obtained from Accelrys Software LTD.
2.2.1 Crystal Structure Data
The crystal structures of the four polymorphs were obtained from the
Cambridge Structural Database (CSD version 5.27, 2005) using ConQuest
(version 1.8, 2002). The indomethacin polymorphs were reported by
Kistenmacher and Marsh, 1971 and Chen et al, 2001 for the  and  forms
respectively (-IMC CSD record INDMET, -IMC CSD record INDMET02).
The sulfathiazole polymorphs were reported by Kruger and Gafner, 1972 (SFZ
I CSD record SUTHAZ01, SFZ III CSD record SUTHAZ02)

2.2.2 Geometry Optimisation
Materials Studio 4.0 from Accelrys Ltd was used for the molecular modelling
element of this study.
The CSD data was used to build the unit cells of the crystals in order to
perform the calculations. Structures were modified where required to add
double bonds and hydrogen atoms where they had been omitted from the
crystal structure files. The cvff (Dauber-Osguthorpe et al, 1988), pcff (Sun et
al, 1994) and Dreiding (Mayo et al, 1990) force fields were applied to optimise
the unit cells and their contents using the Forcite calculation tool and the
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changes in the energy of the lattice and the lattice dimensions were
measured. Ewald summation methods were used to calculate the
electrostatic forces. The atomic charges were calculated using Gasteiger
charges when using the Dreiding force field. The cvff and pcff force fields
already have charges assigned within the models and these were used for the
purposes of this study.

A cut-off distance of 6Å for the van der Waals forces

was set and a maximum of 500 iterations were performed. A detailed
overview of the parameters used is given in Table 2.2.2a.
This was performed for both polymorphs of IMC and SFZ.
Gasteiger Charge Parameters
Convergence Limit

5.0x10-6

Parameter Set

Gast_polygraf 1.0

Ewald Accuracy

0.0001kcal/mol

Buffer Width

0.5Å

Geometry Convergence Tolerance
Algorithm

Smart

Quality

Fine

Energy

1x10-4kcal/mol

Force

0.05 GPa

Displacement

5.0x10-5Å

External Pressure

0.0 GPa

H Bond Terms – Atom Based (Dreiding only)
Truncation

Cubic Spline

Cut-off Distance

15.5Å

Spline Width

1Å

Buffer Width

0.5Å

Table 2.2.2a. Force field parameters used for geometry optimisation
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2.2.3 Growth Morphology
After analysing the results of the geometry optimisation and selecting the
force field that performed best over the two polymorphs a growth morphology
calculation was performed on the optimised structures. This was done using
the Morphology tools. An h, k, l cut-off of 3, 3, 3 was set and a maximum of
200 faces were allowed within this range. Ewald summation methods were
used to calculate the electrostatic forces (with an accuracy of 0.001kcal/mol)
whereas direct-space cut-off methods were used to calculate the van der
Waals forces. The parameters used for the van der Waals forces are given in
Table 2.2.3a.
The results of the growth morphology calculations gave a table of data
corresponding to each surface and a view of the morphology superimposed
over the unit cell.
Truncation

Cubic Spline

Cut-off Distance

12.5Å

Spline Width

1Å

Buffer Width

0.5Å

Table 2.2.3a. Force field parameters used for morphology calculations.

2.2.4 Identifying cleavage planes
The three surfaces with the lowest calculated attachment energies were
studied. The surfaces were selected from the data tables generated by the
growth morphology calculations for closer inspection of the atoms on the
surface.
This was done for both polymorphs of IMC & SFZ.
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2.3

Chapter Summary

This chapter outlines the experimental work performed to synthesise the
different polymorphs, salts and cocrystals used in the study. The chapter also
provides information on the instruments and techniques used in the
laboratory. The chapter finally describes the computational methods used to
calculate cleavage planes for the different polymorphs used in the study.
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Chapter 3

Evaluation of the Milling Behaviour of
Indomethacin and Sulfathiazole
Polymorphs
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3

Results – Polymorphs

The last chapter outlined the experimental procedures used in this study. The
following chapters outline the results obtained by using the materials and
methods described previously. This chapter will focus on the characterisation
of the milling behaviour of the polymorphs of indomethacin and sulfathiazole
with subsequent chapters focussing on the salts and cocrystals. This chapter
only focuses on the experimental data collected for the polymorphs; the
computational data regarding the four materials is given in chapter 6.
In this chapter (and also in chapters 4 and 5) the ball milling carried out
at room temperature will be referred to simply as ball milling. The ball milling
carried out under cryogenic conditions will be referred to as cryomilling and
the fluid jet milling will be referred to as micronisation.
Different milling techniques were used to study the effect of milling at
different temperatures and to also study the effect of using a ball mill and a
more energetic, but perhaps “gentler”, fluid jet mill.
Indomethacin has been milled in a number of different studies (Otsuka
et al, 1986, 2001) (Crowley and Zografi, 2001). These studies have found
that the stable gamma form remains unchanged by milling whereas the
metastable gamma form undergoes some form of change. This change has
been seen by DSC with the appearance of an endotherm corresponding to
the gamma form in the thermograms of milled alpha IMC samples. The
intensity of this peak has been seen to increase as the milling time is
increased.
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Indomethacin has also been cryomilled to study the effect of temperature and
also to study the effect of milling IMC above and below its glass transition
temperature (Crowley and Zografi, 2001) (Descamps, 2006).
Sulfathiazole has been studied in terms of its milling behaviour.
Shakhtsneider and Boldyrev (1993) published a study which showed that
milling of sulfathiazole can lead to the conversion of SFZ III to SFZ I and vice
versa.

All ball milling was carried out as described in section 2.1.6, cryomilling as
stated in section 2.1.7 and micronisation as described in section 2.1.8. The
DSC analysis was conducted as stated in section 2.1.9, XRPD as stated in
section 2.1.10, IGC as stated in section 2.1.11 and NMR as stated in section
2.1.12. A summary table of all the data collected for all compounds used
within this thesis can be found in the summary section (Section 7, Table 7).

3.1

Gamma Indomethacin

3.1.1 Ball milling
The unprocessed and milled material were analysed by DSC and XRPD and
IGC.

The DSC profile for the ball milled samples of γ-IMC can be seen in Figure
3.1.1a.
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Figure 3.1.1a. DSC profiles of unprocessed (green) and ball milled samples of gamma
indomethacin, milling times were 10min (red) and 60min (blue).

The DSC thermogram shows that the gamma form of IMC remains stable
during ball milling. It does not undergo a polymorphic conversion nor does it
show any signs of amorphous content. The DSC profile for the form before
processing contains only one peak, an endotherm at 160ºC corresponding to
its melting point. After ball milling this is still the only peak present in the DSC
thermogram up to a milling time of one hour (the longest time used in this
study).

The XRPD patterns for the ball milled samples of gamma IMC are given in
Figure 3.1.1b.
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Figure 3.1.1b. XRPD patterns produced by unprocessed (green) and ball milled samples of
gamma indomethacin, milling times were 10min (red) and 60min (blue)

The XRPD patterns support the DSC data obtained. The ball milled samples
do not contain any new peaks, nor have they lost any peaks, indicating that
no polymorphic changes occurred during this milling process. The peaks
show a small loss in intensity and some peak broadening after a milling time
of 60 minutes indicating a slight loss of crystallinity due to prolonged milling.

The specific surface energy values obtained by IGC for the two samples can
be found in Table 3.1a and are shown diagrammatically in Figure 3.1.1c. The
dispersive energy increased with values of 41.2mJ/m2 and 48.8mJ/m2 being
reported for the unprocessed and ball milled gamma form respectively. This
indicates that the carbon density of the surface is increased during ball milling.

Unprocessed gamma IMC Ball milled gamma IMC
3510.1 (90.0)
2920.7 (67.8)
THF
Chloroform
-411.5 (98.4)
-832.6 (153.1)
Ethyl Acetate
4349.8 (29.2)
3632.3 (47.0)
Acetone
3941.2 (152.0)
3792.6 (121.5)
Table 3.1a. Specific energies obtained for the unprocessed and ball milled samples of
gamma indomethacin. Energy values are in J/mol. The numbers in brackets give the
standard deviations of the results (n=6)
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Figure 3.1.1c. Specific surface energies for the unprocessed (green) and ball milled (red)
samples of gamma indomethacin

The results obtained from the IGC analysis shows that the surface of the
gamma form becomes less acidic as a result of milling. This is shown by the
decrease in the energy corresponding to the THF probe. This data shows that
changes on the surface of a sample can occur which do not give rise to
changes in the bulk properties of that sample such as its thermal behaviour.

3.1.2 Cryomilling
The DSC profile of the cryomilled sample, along with the unprocessed sample
for comparison is given in Figure 3.1.2a.
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Figure 3.1.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
gamma indomethacin
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The gamma form of indomethacin remained stable during cryomilling. This
was suggested from the DSC data as the thermogram of the cryomilled
sample contained only one peak. This peak was an endotherm and appeared
at 160ºC corresponding to the melting point of the gamma form. The absence
of any exotherm suggests that no detectable amount of amorphous material
had been produced (LOD is 10% for DSC).

The XRPD pattern for the cryomilled sample along with the pattern for the
unprocessed sample is given in figure 3.1.2b.
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Figure 3.1.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of gamma indomethacin

The XRPD pattern of the cryomilled sample did not contain any new peaks
indicating that no polymorphic transformation had occurred. The intensity of
the peaks remained high and there was little peak broadening indicating that
only a small loss of crystallinity had occurred. The pattern obtained was
broadly similar to that obtained for sample of the gamma form which had been
ball milled for ten minutes. The DSC and XRPD data are in agreement with
each other.
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The data obtained from the IGC analysis of the cryomilled sample of gamma
IMC revealed that this technique gave rise to a dispersive energy value of
49.0mJ/m2 which is much higher than the value of 41.2mJ/m2 observed for the
unprocessed sample and similar to the value obtained for the ball milled
sample. The specific energy values for the cryomilled sample are given in
Table 3.1b and are shown diagrammatically in Figure 3.1.2c.

Unprocessed gamma IMC Cryomilled gamma IMC
3510.1 (90.0)
3270.5 (101.8)
THF
Chloroform
-411.5 (98.4)
-840.5 (46.8)
Ethyl Acetate
4349.8 (29.2)
3983.1 (74.2)
Acetone
3941.2 (152.0)
3403.6 (30.1)
Table 3.1b. Specific energies obtained for the unprocessed and cryomilled samples of
gamma indomethacin. Energy values are in J/mol. The numbers in brackets give the
standard deviations of the results (n=6)

Figure 3.1.2c. Specific surface energies for the unprocessed (green) and cryomilled (purple)
samples of gamma indomethacin

The increase in the dispersive energy indicates that the surface of the
cryomilled sample had a greater carbon density than the unprocessed
sample. The specific energy values for the cryomilled sample are similar to
the values obtained for the unprocessed sample indicating that the functional
groups present on the surface of both samples were of similar natures, i.e. the
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surfaces of the two samples were of similar acidity. This data supports the
DSC and XRPD data.

3.1.3

Micronisation

A comparison of the DSC profiles for the unprocessed and micronised
samples is given in figure 3.1.3a. Micronisation of the gamma form of IMC
was performed as described in section 2.1.8.
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Figure 3.1.3a DSC profiles of unprocessed (green) and micronised (blue) gamma
indomethacin.

The gamma form of indomethacin remained stable when micronised. This
was shown by studying the results from the DSC and XRPD analysis. Both of
the DSC thermograms, for the unprocessed sample and for the micronised
sample, only contained one peak. This was an endotherm occurring at 160ºC
corresponding to the melting point of the gamma form. Both of the
endotherms are sharp indicating high crystallinity.

The XRPD pattern of the micronised sample, along with the unprocessed
sample, can be seen in Figure 3.1.3b
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Figure 3.1.3b. XRPD patterns for the unprocessed (green) and micronised (blue) samples of
gamma indomethacin

The XRPD pattern for the micronised gamma sample did not contain any new
peaks indicating that no polymorphic conversion had occurred. The peaks
only showed a very slight loss of intensity indicating that the micronised
sample had a high level of crystallinity. This is in agreement with the DSC
data.

The results obtained from the IGC analysis show that the micronised sample
has a higher dispersive energy value than the unprocessed sample. The
dispersive energy values for the unprocessed and micronised samples of
gamma IMC were 41.2mJ/m2 and 50.9mJ/m2 respectively. The specific
surface energies for the micronised sample of gamma IMC are given in table
3.1c and are shown diagrammatically in Figure 3.1.3c
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Unprocessed gamma IMC
Micronised gamma IMC
THF
3510.1 (90.0)
3219.3 (10.8)
Chloroform
-411.5 (98.4)
-933.6 (28.9)
Ethyl
4349.8 (29.2)
3838.3 (13.9)
Acetate
Acetone
3941.2 (152.0)
3184.7 (25.5)
Table 3.1c. Specific energies obtained for the unprocessed and micronised samples of
gamma indomethacin. Energy values are in J/mol. The numbers in brackets give the
standard deviations of the results (n =6)
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Figure 3.1.3c. Specific surface energies for the unprocessed (green) and micronised (blue)
samples of gamma indomethacin

Inspection of the specific surface energy values for the micronised sample
indicates that the surface may have become more acidic. The energy
corresponding to the chloroform was lowered following micronisation but the
fast elution times of the probe means that it cannot be said for certain that this
is the case.

3.2

Alpha Indomethacin

3.2.1 Ball Milling
Ball milling the alpha form of indomethacin gave different results compared to
milling the gamma form. The DSC profiles of the unprocessed and ball milled
alpha samples are given in figure 3.2.1a.
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Figure 3.2.1a. DSC profiles for the unprocessed (green) and ball milled samples of alpha
indomethacin, milling times were 10min (red) and 60min (blue)

The DSC profile for the unprocessed alpha form contains only one peak, an
endotherm, at 155ºC corresponding to the melting point of the alpha form.
After ball milling two peaks are present in the DSC profile. Both of these
peaks are endothermic and occur at around 155ºC and 160ºC corresponding
to the melting points of the alpha and gamma forms of indomethacin
respectively. Increasing the milling time results in the peak at 160ºC
(corresponding to the melting of the stable gamma form) becoming the
dominant peak.

The XRPD patterns for ball milled samples of alpha IMC, compared to the
unprocessed sample, can be seen in Figure 3.2.1b.
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Figure 3.2.1b. XRPD patterns of the unprocessed (green) and ball milled samples of alpha
indomethacin, milling times were 10min (red) and 60min (blue)

The XRPD pattern for the ball milled alpha IMC sample does not contain any
new peaks indicating that ball milling does not cause a polymorphic
conversion. There is however a large amount of peak broadening and a large
loss in peak intensity indicating that the sample became more disordered
during the milling process. Taking the DSC and XRPD data together it can be
deduced that ball milling does not cause a polymorphic conversion to occur
but increases the level of disorder in the sample leading to an increased
tendency to convert to the more stable form when heated.

The dispersive energy values for the unprocessed and ball milled samples
were 44.3mJ/m2 and 45.0mJ/m2 respectively indicating that the carbon density
of the surface remained the same after ball milling. The specific surface
energies for the unprocessed and ball milled samples of alpha IMC are given
in Table 3.2a and are shown diagrammatically in Figure 3.2.1c.
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Unprocessed alpha IMC Ball milled alpha IMC
2854.2 (154.1)
2623.5 (106.8)
THF
Chloroform
97.1 (141.7)
124.2 (142.0)
Ethyl Acetate
3756.3 (140.5)
3333.2 (79.7)
Acetone
4210.3 (250.0)
3696.1 (178.9)
Table 3.2a. The specific surface energies for the unprocessed and ball milled samples of
alpha indomethacin. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n = 6)
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Figure 3.2.1c. The specific surface energies of the unprocessed (green) and ball milled (red)
samples of alpha indomethacin

The IGC results for the unprocessed and ball milled alpha IMC samples show
that , when taking the standard deviations into account, there is only little
change in both the dispersive and specific energy values. The specific
surface energy values also remained constant indicating that the levels of
acidity and basicity of the surface remained unchanged during ball milling.

3.2.2 Cryomilling
The DSC profile for the cryomilled sample is given in Figure 3.2.2a.
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Figure 3.2.2a. DSC profiles of the unprocessed (green) and cryomilled sample (purple) of
alpha indomethacin

The DSC profile of the cryomilled sample of alpha IMC only contains one
peak. This is an endotherm and appears at 160ºC corresponding to the
melting point of the stable gamma form. This suggests that a polymorphic
conversion had occurred during processing. This would not be expected as
the two polymorphs are monotropically related.

The XRPD pattern for the cryomilled sample of alpha IMC, compared to the
pattern for the unprocessed sample, is given in Figure 3.2.2b.
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Figure 3.2.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of alpha indomethacin
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The XRPD pattern produced by the cryomilled sample of alpha IMC did not
contain any new peaks indicating that no polymorphic change had occurred
during the cryomilling process. There was a large loss of peak intensity and
also some peak broadening indicating the loss of some crystallinity during
processing.

Taking the DSC and XRPD data together for the cryomilled sample of alpha
IMC it can be said that cryomilling induces some disorder in the sample which,
at cryogenic temperatures, does not cause a polymorphic conversion. The
conversion from the metastable alpha form to the stable gamma form is only
observed when the cryomilled sample is heated.

The dispersive energy for the alpha form increases from 44.3mJ/m 2 for the
unprocessed sample to 52.2mJ/m2 for the cryomilled sample. The specific
energies for the unprocessed and cryomilled samples of alpha IMC are given
in Table 3.2b and are shown diagrammatically in Figure 3.2.2c.
Unprocessed alpha IMC Cryomilled alpha IMC
THF
2854.2 (154.1)
3684.0 (30.0)
Chloroform
97.1 (141.7)
11.4 (29.3)
Ethyl Acetate
3756.3 (140.5)
4668.2 (78.3)
Acetone
4210.3 (250.0)
5789.6 (23.7)
Table 3.2b. The specific surface energies for the unprocessed and cryomilled samples of
alpha indomethacin. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 3.2.2c. The specific energies for the unprocessed (green) and cryomilled (purple)
samples of alpha indomethacin

The results obtained from the IGC analysis of the cryomilled sample of the
alpha form showed that fairly large changes occur on the surface of the
sample during processing. The increase in the dispersive surface energy
indicates that the process of cryomilling lead to the carbon density of the
surface being increased. The specific surface free energies for the cryomilled
sample of alpha IMC indicate that an increase in the acidic nature of the
surface occurred during processing. This is seen by the increase in the
energy corresponding to the THF probe. The chloroform probe was eluted too
quickly for any meaningful results to be obtained. This is due to the acidic
nature that the carboxylic acid function (and other less acidic functional
groups such as a carbonyl group and a chlorine atom) gives to indomethacin.
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3.2.3 Micronisation
The DSC profile for the micronised sample is given in Figure 3.2.3a.
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Figure 3.2.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
alpha indomethacin

The DSC profile for the micronised alpha form of indomethacin contains two
endotherms; one at 155ºC and the other at 160ºC corresponding to the
melting points of the alpha and gamma forms of indomethacin respectively.
As with the ball milled samples of the alpha IMC polymorph the presence of
the two peaks indicates that the sample undergoes a recrystallisation to the
stable gamma form when heated. A recrystallisation exotherm can clearly be
seen between the two melting points supporting the theory that the conversion
is occurring on heating.

The XRPD pattern for the micronised alpha IMC sample can be seen in Figure
3.2.3b.
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Figure 3.2.3b. XRPD patterns of the unprocessed (green) and micronised (blue) samples of
alpha indomethacin

The XRPD pattern for the micronised alpha IMC sample does not contain any
new peaks indicating that no polymorphic conversions occurred. There was a
slight loss of peak intensity indicating that some degree of disorder may have
been caused during the micronisation process. This decrease in disorder was
considerably less than that seen for both the ball milled and cryomilled
samples. Taking the DSC and XRPD data together it can be said that at room
temperature micronisation does not cause a polymorphic change from the
metastable to the stable form to occur. Some disorder is however generated
during the micronisation process leading to an increase in the tendency of the
metastable alpha form to convert to the stable gamma form when heated
above its melting point.

The dispersive surface energy of the alpha IMC polymorph was increased as
a result of micronisation from 44.3mJ/m2 for the unprocessed sample to
54.9mJ/m2 for the micronised sample. The specific surface energies for the
unprocessed and micronised alpha samples are given in Table 3.2c and are
shown diagrammatically in Figure 3.2.3c.
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Unprocessed alpha IMC Micronised alpha IMC
THF
2854.2 (154.1)
3586.3 (27.5)
Chloroform
97.1 (141.7)
-123.6 (16.7)
Ethyl Acetate
3756.3 (140.5)
4674.0 (5.3)
Acetone
4210.3 (250.0)
5344.8 (41.2)
Table 3.2c. The specific surface energies for the unprocessed and micronised samples of
alpha indomethacin. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 3.2.3c. The specific surface energies of the unprocessed (green) and micronised
(blue) samples of alpha indomethacin

The increase in the dispersive energy seen shows that an increase in the
carbon density of the sample surface occurs during micronisation of the alpha
form. A change was also noted in the specific surface energy values after
micronisation of the alpha form. An increase in retention time for the THF
probe indicates that the surface of the sample became more acidic during the
micronisation process.

The data collected for the polymorphs of indomethacin are in agreement with
previously published work in the sense that the alpha form is metastable with
respect to the gamma form. Similar changes to those seen in the literature
have been observed with the alpha form undergoing a transition, most likely to
the amorphous phase, upon milling.
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3.3

Sulfathiazole III

Sulfathiazole was selected as a second polymorphic system in order to study
its milling behaviour to see if any correlation could be drawn between
sulfathiazole and indomethacin.

3.3.1 Ball Milling
The DSC profiles of the ball milled samples of SFZ III are given, along with the
profile of the unprocessed sample, in Figure 3.3.1a.
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Figure 3.3.1a. DSC profiles of the unprocessed (green) and ball milled samples of SFZ III,
milling times were 10min (red) and 60min (blue).

The DSC profile of SFZ III contains two peaks, one between 160-170ºC
corresponding to a transition to SFZ I and the second at 202ºC corresponding
to the melt of the polymorph. The DSC profile of the ball milled samples show
that the melting point remains the same but the transition seen in the profile
occurs at a lower temperature. Increasing the milling time causes this
transition to occur at a lower temperature with the transition occurring at 162172ºC, 149-164ºC and 140-154ºC for the unprocessed, 10 minute milled and
60 minute milled samples respectively. Increasing the milling time also
resulted in this transition peak becoming much broader and shallower.
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The XRPD patterns of the ball milled samples of SFZ III, along with the
pattern for the unprocessed sample, are given in Figure 3.3.1b.
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Figure 3.3.1b. XRPD patterns for the unprocessed (green) and ball milled samples of SFZ
III, milling times were 10min (red) and 60min (blue)

The XRPD patterns produced by the ball milled samples show that a loss in
peak intensity occurs in comparison to the unprocessed sample indicating a
loss in crystallinity. This loss in intensity increases with increased milling time.
The patterns produced by the ball milled samples did not contain any new
peaks indicating that no polymorphic conversion had taken place during the
milling process.

The dispersive energy values for the unprocessed and ball milled samples
were 55.5mJ/m2 and 59.4mJ/m2 respectively. The specific energies are given
in Table 3.3a and are shown diagrammatically in Figure 3.3.1c.
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Unprocessed SFZ III Ball Milled SFZ III
THF
5556.9 (26.2)
5780.6 (22.6)
Chloroform
1696.5 (57.4)
1946.6 (29.3)
Ethyl Acetate
7226.7 (26.9)
7429.2 (18.8)
Acetone
7075.6 (33.0)
8327.4 (37.6)
Table 3.3a. The specific surface energies for the unprocessed and ball milled samples of
SFZ III. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
9000

8000

Specific Energy/ J/mol

7000

6000

5000

4000

3000

2000

1000

0

THF

CHCl3

EtAce

Ac

Figure 3.3.1c. The specific surface energies of the unprocessed (green) and ball milled (red)
samples of the SFZ III

The results obtained from the IGC analysis show that an increase in the
carbon density of the surface occurred during the ball milling process as an
increase in the dispersive energy of the surface was observed. The specific
energies of the surface remained constant after ball milling indicating that no
change in the acidity or basicity of the surface had occurred.

3.3.2 Cryomilling
The DSC profile for the cryomilled sample of SFZ III can be found in Figure
3.3.2a.
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Figure 3.3.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) sample of
SFZ III

The DSC profile for the SFZ III polymorph after cryomilling consisted of two
peaks. These were both endotherms with the first indicating a transition
between 153-163ºC and the second at 202ºC corresponding to the melting
point of the polymorph. The presence of the transition peak indicated that the
sample remained stable during the cryomilling process as this would not have
been present if conversion to the metastable form I had occurred. The
cryomilling process caused the position of the transition peak to be lowered by
10ºC. This shift in the transition temperature is similar to that seen for the ten
minute ball milled sample of SFZ III.

The XRPD pattern for the cryomilled sample of SFZ III can be found in Figure
3.3.2b.
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Figure 3.3.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of SFZ III

The XRPD pattern produced by the cryomilled sample of SFZ III did not
contain any new peaks indicating that the polymorph had remained stable
during the process and had not been converted to the metastable form. There
was a large loss of peak intensity indicating that the cryomilling process had
led to a large decrease in the crystallinity of the polymorph. The extent of this
decrease was similar to the decrease in crystallinity seen for the sample of
SFZ III which had been ball milled for sixty minutes.

The dispersive energy values for the unprocessed and cryomilled samples
were 55.5mJ/m2 and 58.0mJ/m2 respectively. The specific energy values for
the cryomilled sample are given in Table 3.3b and are shown
diagrammatically in Figure 3.3.2c.
Unprocessed SFZ III Cryomilled SFZ III
THF
5556.9 (26.2)
5125.5 (40.0)
Chloroform
1696.5 (57.4)
1396.4 (16.3)
Ethyl Acetate
7226.7 (26.9)
7121.2 (30.3)
Acetone
7075.6 (33.0)
7573.7 (13.8)
Table 3.3b. The specific surface energies for the unprocessed and cryomilled samples of
SFZ III. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
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Figure 3.3.2c. The specific energies of the unprocessed (green) and cryomilled (purple)
samples of SFZ III

The data obtained by IGC showed that there was a small increase in the
dispersive energy indicating an increase in the carbon density of the surface
had occurred during the cryomilling process. The specific surface energy
values for the cryomilled sample indicated that the process had little effect on
the surface. Only small changes were noted with any of the polar probes
indicating that the surface energetics were only altered very slightly by the
cryomilling process. This was similar to that seen for the ball milled sample
indicating that the SFZ III polymorph is stable when ball milled at both ambient
and cryogenic temperatures.

3.3.3 Micronisation
The DSC profile of the micronised sample, along with the profile of the
unprocessed sample can be seen in Figure 3.3.3a.
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Figure 3.3.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
SFZ III

Micronisation of the SFZ III polymorph gave similar results to those seen with
ball milling. The DSC profile of the micronised sample showed that the
temperature of the transition peak was lowered due to the processing down to
a temperature range of 143-155ºC. The melting point of the sample after
micronisation remained at 202ºC.

The XRPD patterns produced by the unprocessed and micronised samples of
SFZ III are given in Figure 3.3.3b.

0

5

10

15

20

25

30

35

40

2 theta/ degrees

Figure 3.3.3b. XRPD patterns for the unprocessed (green) and micronised (blue) samples of
SFZ III
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The XRPD pattern produced by the micronised sample did not contain any
new peaks indicating that no polymorphic conversion took place. A loss in
peak intensity was observed after micronisation indicating that the crystallinity
of the sample had been lowered due to the micronisation process.

Analysis of the IGC results indicated that there was an increase in the
dispersive energy of the surface from 55.5mJ/m2 for the unprocessed sample
to 59.4mJ/m2 for the micronised sample.

The specific energies for the

micronised sample of SFZ III can be seen in Table 3.3c and are shown
diagrammatically in Figure 3.3.3c.
Unprocessed SFZ III Micronised SFZ III
THF
5556.9 (26.2)
5424.6 (32.3)
Chloroform
1696.5 (57.4)
1607.3 (22.3)
Ethyl Acetate
7226.7 (26.9)
7171.2 (19.1)
Acetone
7075.6 (33.0)
7757.7 (40.8)
Table 3.3c. The specific surface energies for the unprocessed and micronised samples of
SFZ III. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
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Figure 3.3.3c. The specific energies of the unprocessed (green) and micronised (blue)
samples of SFZ III

The increase in the dispersive surface energy indicates that an increase in
carbon density of the surface occurred during the micronisation process. The
specific energies of the surface remained unchanged indicating that neither
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the acidic nor the basic nature of the surface had been affected during
processing. This data is consistent with that seen for the ball milled and
cryomilled samples of the stable SFZ III polymorph.

3.4

SFZ I

3.4.1 Ball Milling
Ball milling of SFZ I leads to the conversion of this metastable form to the
more stable polymorph, SFZ III (Shaktsneider and Boldyrev, 1993).

The DSC profiles of the unprocessed and some ball milled samples of SFZ I
can be seen in Figure 3.4.1a.
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Figure 3.4.1a. DSC profiles for the unprocessed (green) and ball milled samples of SFZ I,
milling times were 10min (red) and 60min (blue)

The conversion to the stable SFZ III polymorph is seen in the DSC profiles of
the ball milled samples with the emergence of the transition peak seen in the
profile of SFZ III. This peak is not present in the profile of the unprocessed
SFZ I.
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The XRPD patterns of the ball milled samples of SFZ I, along with the patterns
produced by the two unprocessed polymorphs are given in Figure 3.4.1b.
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Figure 3.4.1b. XRPD patterns for unprocessed SFZ I (green), unprocessed SFZ III (purple)
and ball milled samples of SFZ I, milling times were 10min (red) and 60min (blue)

The XRPD pattern produced by the SFZ I polymorph is distinctly different from
the pattern produced by the stable SFZ III form. The XRPD pattern of the ball
milled samples of SFZ I clearly show that a polymorphic conversion had
occurred as the patterns after processing match that of SFZ III. This
conversion is seen after milling times of as little as ten minutes. A loss of
peak intensity also occurs as the milling time is increased indicating that a
decrease in the level of crystallinity of the sample also occurs.

The results obtained by the IGC analysis show that the dispersive energy of
the sample increased after ball milling from 51.4mJ/m2 for the unprocessed
sample to 62.0mJ/m2 for the ball milled sample.

The specific energies of the

ball milled sample of SFZ I, along with the energies for the unprocessed SFZ I
sample, are given in Table 3.4a and are shown diagrammatically in Figure
3.4.1c.
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Unprocessed SFZ I Ball Milled SFZ I
THF
4359.5 (168.7)
5229.6 (65.6)
Chloroform
849.9 (154.2)
1411.4 (44.3)
Ethyl Acetate
6052.5 (167.8)
7061.3 (54.0)
Acetone
6205.8 (193.9)
7940.3 (73.6)
Table 3.4a. The specific surface energies for the unprocessed and ball milled samples of
SFZ I. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
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Figure 3.4.1a. The specific energies for unprocessed SFZ I (green) and ball milled SFZ I
(red)

A large increase in the energy corresponding to the THF probe is observed
indicating an increase in acidic nature of the surface. A slightly smaller
increase in the energy corresponding to the chloroform probe was also
observed. The large change in the energy corresponding to the acetone
probe indicates that the increases in the acidic and basic natures of the
surface do not cancel each other out. It is important to remember when
considering this data that a polymorphic change had occurred. Therefore the
surfaces present in the ball milled sample actually correspond to SFZ III
whereas the surfaces for the unprocessed sample represent Form I.
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3.4.2 Cryomilling
The DSC profile for the cryomilled sample of SFZ I can be seen in Figure
3.4.2a.
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Figure 3.4.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
SFZ I

Cryomilling of the metastable polymorph SFZ I caused the conversion of this
form to the more stable SFZ III. This was seen in the DSC profile as the
transition peak associated with the stable SFZ III polymorph was observed
after cryomilling of the metastable form. The transition consisted of two peaks
but no exotherm could be seen suggesting that no recrystallisation was taking
place. The transition could be clearly seen between 148-164ºC. This position
is again lower than the transition peak observed for the unprocessed SFZ III
sample.

The XRPD pattern produced by the cryomilled sample of SFZ I can be seen in
Figure 3.4.2b along with the patterns produced by unprocessed SFZ I and
unprocessed SFZ III for comparison.
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Figure 3.4.2b. The XRPD patterns for the unprocessed SFZ I (green), unprocessed SFZ III
(red) and cryomilled SFZ I (purple)

The XRPD pattern produced by the cryomilled sample of SFZ I clearly
indicated that a polymorphic transition had occurred during the cryomilling
process. The pattern produced after processing no longer matched the
pattern produced by the unprocessed SFZ I sample. As with the ball milled
samples the cryomilled sample produced a pattern which matched the stable
polymorph, SFZ III.

The dispersive energy values for the unprocessed and cryomilled samples
were 51.4mJ/m2 and 57.1mJ/m2 respectively. The specific energies for the
cryomilled sample of SFZ I are given in Table 3.4b and are shown
diagrammatically in Figure 3.4.2c.
Unprocessed SFZ I Cryomilled SFZ I
THF
4359.5 (168.7)
5676.7 (40.0)
Chloroform
849.9 (154.2)
1670.9 (18.9)
Ethyl Acetate
6052.5 (167.8)
7511.8 (36.9)
Acetone
6205.8 (193.9)
7953.7 (54.2)
Table 3.4b. The specific surface energies for the unprocessed and cryomilled samples of
SFZ I. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
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Figure 3.4.2a. The specific energies for the unprocessed (green) and cryomilled (purple)
samples of SFZ I.

The IGC data obtained indicated that an increase in the carbon density of the
surface occurred during the cryomilling process. This was shown by the
increase in the value for the dispersive energy of the surface post processing.
The results corresponding to the specific surface energies indicated that
increases in both the acidic and basic nature of the surface occurred during
the cryomilling process but that these were not equal. This inequality was
seen by the large increase in the energy corresponding to the acetone probe.
As the acetone probe is amphoteric it would be expected that if the acidic and
basic changes were equal the energy corresponding to the acetone probe
would remain constant. These changes in the specific surface area are
consistent with those seen for the ball milled sample. As with the ball milled
sample it should be remembered that a polymorphic conversion occurred
during cryomilling so the surface energetics for this sample correspond to SFZ
III.
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3.4.3 Micronisation
The DSC profiles for the two unprocessed polymorphs and the two micronised
samples are given in Figure 3.4.3a.
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Figure 3.4.3a. The DSC profiles of unprocessed SFZ I (green), unprocessed SFZ III (purple),
micronised SFZ I (red) and micronised SFZ III (blue)

Micronisation of the metastable SFZ I polymorph caused some conversion of
this form to the more stable SFZ III polymorph. This was shown in the DSC
profile of the micronised sample as the transition peak present in the profile of
the stable form was observed after processing. This peak is quite broad and
is very shallow but the positioning of it is similar to the positioning of the peak
in the profile for the micronised sample of SFZ III (143-155ºC).

The XRPD patterns for the micronised SFZ I sample, along with the patterns
of the two unprocessed polymorphs are given in Figure 3.4.3b.
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Figure 3.4.3b. XRPD patterns for unprocessed SFZ I (green), unprocessed SFZ III (red) and
micronised SFZ I (blue)

The XRPD pattern produced by the micronised SFZ I sample was
predominantly the same as the pattern produced by the unprocessed SFZ I
sample. Two peaks which are characteristic of the stable form could also be
seen in the pattern of the micronised SFZ I sample indicating that some of the
sample had been converted to the more stable form although the majority of
the sample remained unchanged. This was not consistent with the ball milled
and cryomilled samples which indicated that a complete conversion had
occurred. This result suggests that micronisation had caused less disorder
than ball milling and cryomilling to SFZ I.

The dispersive energy value was increased from 51.4mJ/m 2 for the
unprocessed sample to 59.1mJ/m2 for the micronised sample. The specific
energies for the unprocessed and micronised samples of SFZ I are given in
Table 3.4c and are shown diagrammatically in Figure 3.4.3c.
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Unprocessed SFZ I Micronised SFZ I
THF
4359.5 (168.7)
5314.0 (50.2)
Chloroform
849.9 (154.2)
1269.6 (15.1)
Ethyl Acetate
6052.5 (167.8)
7233.6 (35.5)
Acetone
6205.8 (193.9)
7715.9 (58.5)
Table 3.4c. The specific surface energies for the unprocessed and micronised samples of
SFZ I. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
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Figure 3.4.3c. The specific energies of the unprocessed (green) and micronised (blue)
samples of SFZ I

Analysis of the IGC results indicated that the carbon density of the surface
was increased during the micronisation process. Inspection of the specific
surface energies reveals that an increase in the acidic nature of the surface
also occurred with a large increase in the energy corresponding to the THF
probe being observed. An increase in the acidic nature of the surface was
also observed. The energy value corresponding to the chloroform probe was
increased due to micronisation although this change is much smaller than the
change seen for the THF probe.

3.5

Chapter Summary

This chapter outlines the experimental results obtained for the gamma and
alpha polymorphs of IMC and forms I and III of sulfathiazole. Results
obtained by XRPD, DSC and IGC are given for each polymorph and show a
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comparison between the unprocessed material and samples milled using ball
milling at ambient temperature, ball milling at cryogenic temperatures
(cryomilling) and fluid jet milling (micronisation).
The work in this chapter has shown that the two stable polymorphs
studied, γ-IMC and SFZ III, did not undergo polymorphic conversions. Neither
of these polymorphs was converted to the amorphous form either. The IGC
data also showed that the surfaces of these polymorphs was stable as only
small changes in both the dispersive and the specific surface energies were
observed. The metastable polymorphs studied in this thesis both underwent
conversions. The alpha IMC polymorph was converted to the amorphous
form which in turn converted to the stable gamma form on heating. The SFZ I
polymorph was converted to the stable SFZ III polymorph under the milling
conditions used, i.e. without the use of heat. Larger changes were also noted
in the surface energies measured by IGC for the metastable forms,
This chapter has also shown that the milling conditions used can have
an effect on the milling outcome. In the case of the SFZ I polymorph complete
conversion to the stable SFZ III polymorph was observed when the sample
was ball milled at both ambient and cryogenic conditions. When the SFZ I
polymorph was micronised however peaks corresponding to both polymorphs
could be seen in the XRPD pattern indicating that only partial conversion to
the stable form had occurred.

The next chapter will focus on the salt forms used within the study.
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Chapter 4

Evaluation of the Milling Behaviour of
Indomethacin and Sulfathiazole Salt
Forms
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4

Results – Salts

The previous chapter outlined the experimental data obtained for the
indomethacin and sulfathiazole polymorphs. This chapter gives the
experimental data regarding the salt forms used in this study. For each salt
form data will also be given to show that a new form had been successfully
prepared and that no starting materials remained.

All ball milling was carried out as described in section 2.1.6, cryomilling as
stated in section 2.1.7 and micronisation as described in section 2.1.8. The
DSC analysis was conducted as stated in section 2.1.9, XRPD as stated in
section 2.1.10, IGC as stated in section 2.1.11 and NMR as stated in section
2.1.12. A summary table of all the data collected for all compounds used
within this thesis can be found in the summary section (Section 7, Table 7).

4.1

IMC TRIS

A crystalline sample of the IMC TRIS salt was successfully synthesised from
solution in IPA. The salt has a melting point of 150ºC which is distinctly
different from the melting points of the two starting materials (indomethacin
melts at 160ºC and TRIS melts at 172ºC). The DSC profile of the
unprocessed salt, along with the profiles of indomethacin and TRIS can be
seen in Figure 4.1a.
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Figure 4.1a. DSC profiles of indomethacin (green), TRIS (red) and the IMC TRIS salt (blue)

The XRPD pattern produced by the IMC TRIS salt is distinctly different from
those produced by indomethacin and TRIS. This indicated that a salt had
been formed and that all of the starting materials had reacted. The XRPD
pattern of the salt also shows that there was a high level of crystallinity in the
sample. The XRPD of the IMC TRIS salt, along with the patterns of the
starting materials, is given in Figure 4.1b.
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Figure 4.1b. XRPD patterns produced by indomethacin (green), TRIS (red) and IMC TRIS
(blue)
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Studying the salt by 1H NMR and integrating the resulting peaks has shown
that the salt produced is a 1:1 ratio of indomethacin to TRIS.

4.1.1 Ball Milling
The DSC profiles for the unprocessed and ball milled IMC TRIS samples can
be seen in Figure 4.1.1a.

12

10

Heat Flow (W/g)

8

6

4

2

0

-2
10
Exo Down

60

110

Temperature (°C)

160
Universal V4.3A TA Instruments

Figure 4.1.1a. DSC profiles for the unprocessed (green) and ball milled samples of IMC
TRIS, milling times were 10min (red) and 60min (blue)

The IMC TRIS salt remained stable when ball milled up to a milling time of 30
minutes. From 30 minutes onwards a broad, shallow exotherm could be seen
in the DSC profile between 80ºC and 100ºC. This exotherm was then
followed by melting at 150ºC. The presence of the exotherm in the DSC
profile indicates that there is some level of disorder which is undergoing
recrystallisation to a more stable state. A slight shift in melting point can also
be seen for samples which have been milled for 30 minutes or more from
150ºC to 148ºC.
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The XRPD patterns produced by the unprocessed and ball milled samples
can be seen in Figure 4.1.1b.
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Figure 4.1.1b. XRPD patterns produced by the unprocessed (green) and ball milled IMC
TRIS samples, milling times were 10min (red) and 60min (blue)

The disorder identified by the DSC profiles is also seen in the XRPD patterns
produced by the IMC TRIS salt after ball milling for prolonged periods of time.
The intensity of the peaks became increasingly lower as the milling time was
increased with the pattern produced by the sample which had been milled for
an hour being almost completely amorphous.

The IGC data obtained for the ball milled sample of the IMC TRIS salt
indicated that the level of carbon density on the surface remained fairly
constant with only a small increase from 47.4mJ/m2 for the unprocessed
sample to 48.7mJ/m2 for the ball milled sample being observed. The specific
surface energies for the unprocessed and ball milled samples of the IMC TRIS
salt are given in table 4.1a and are shown diagrammatically in Figure 4.1.1c.
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Unprocessed IMC TRIS Ball milled IMC TRIS
THF
6729.6 (100.5)
5609.1 (16.4)
Chloroform
-301.6 (77.1)
-307.6 (67.1)
Ethyl Acetate
4842.1 (42.6)
4401.4 (13.5)
Acetone
5508.7 (92.0)
5041.5 (24.2)
Table 4.1a. The specific surface energies for the unprocessed and ball milled samples of the
IMC TRIS salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.1.1c. The specific surface energies of the unprocessed (green) and ball milled (red)
samples of the IMC TRIS salt

The dispersive energy value for the ball milled sample of the IMC TRIS salt is
slightly lower than that of the unprocessed sample. The specific surface data
for the ball milled sample shows that the surface of the salt had been made
less acidic by the ball milling process. This is shown by the decrease in the
affinity of the THF probe for the ball milled sample with respect to the
unprocessed sample.

4.1.2 Cryomilling
The DSC profile for the cryomilled sample of the IMC TRIS salt can be seen in
Figure 4.1.2a.
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Figure 4.1.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
the IMC TRIS salt

The DSC profile for the cryomilled sample of the IMC TRIS salt contained only
one peak. This peak was an endotherm and occurred at 150ºC corresponding
to the melting point of the salt. The DSC profile indicates that the salt
remained stable throughout the cryomilling process.
The XRPD pattern for the cryomilled sample is given in figure 4.1.2b.
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Figure 4.1.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of IMC TRIS

The XRPD pattern produced by the cryomilled sample of the IMC TRIS salt
also indicated that the salt had remained stable during cryomilling as no new
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peaks appeared. There was a decrease in peak intensity indicating that the
process had led to a decrease in the crystallinity of the sample

The dispersive energy value for the unprocessed IMC TRIS sample was
47.4mJ/m2 whereas the value for the cryomilled sample was 48.1mJ/m 2. The
specific energy results for the cryomilled sample of the IMC TRIS salt are
given in table 4.1b and are shown diagrammatically in Figure 4.1.2c.
Unprocessed IMC TRIS Cryomilled IMC TRIS
THF
6729.6 (100.5)
3978.6 (82.6)
Chloroform
-301.6 (77.1)
325.2 (57.0)
Ethyl Acetate
4842.1 (42.6)
3778.3 (25.2)
Acetone
5508.7 (92.0)
4420.6 (27.9)
Table 4.1b. The specific surface energies for the unprocessed and cryomilled samples of the
IMC TRIS salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.1.2c. The specific surface energies for the unprocessed (green) and cryomilled
(purple) samples of the IMC TRIS salt

The results obtained from the IGC analysis show that large changes had
taken place on the surface of the salt during the milling process. The
dispersive energy remained fairly constant indicating that the carbon density
of the surface had been unaffected by cryomilling. The specific surface
energy results however indicated that noticeable changes had occurred on the
surface in terms of its acidic nature. A large decrease in the value
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corresponding to the THF probe indicated a large decrease in the acidic
nature of the surface. An increase in the energy corresponding to the
chloroform probe (indicating an increase in the basic nature of the surface)
was also observed but due to the extremely fast elution of this probe caution
should be taken when assigning any significance to this result.

4.1.3 Micronisation
The DSC profile for the micronised sample is compared to the profile of the
unprocessed salt in figure 4.1.3a.
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Figure 4.1.3a. The DSC profiles for the unprocessed (green) and micronised (blue) samples
of the IMC TRIS salt.

The IMC TRIS salt remained stable during the micronisation process with only
one peak being observed in the DSC profile of the processed sample. This
peak was an endotherm and occurred at 150ºC corresponding to the melting
point of the salt. This data is consistent with the data observed for the
cryomilled sample.

The XRPD patterns of the unprocessed and the micronised IMC TRIS
samples can be seen in Figure 4.1.3b.
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Figure 4.1.3b. The XRPD patterns produced by the unprocessed (green) and micronised
(blue) samples of the IMC TRIS salt

The stability of the IMC TRIS salt during micronisation was also seen in the
XRPD pattern produced by the processed sample. The peak intensity of the
micronised sample was high indicating that the sample retained a high level of
crystallinity. This data suggests that the micronisation process causes less
disorder than both ball milling and cryomilling.

The dispersive energy values for the unprocessed and the micronised IMC
TRIS samples were 47.4mJ/m2 and 47.6mJ/m2 respectively. The specific
energies for the micronised sample are given in Table 4.1c and are also
shown diagrammatically in Figure 4.1.3c.
Unprocessed IMC TRIS Micronised IMC TRIS
THF
6729.6 (100.5)
2006.5 (25.5)
Chloroform
-301.6 (77.1)
-135.4 (39.4)
Ethyl Acetate
4842.1 (42.6)
3367.9 (24.3)
Acetone
5508.7 (92.0)
3723.3 (47.6)
Table 4.1c. The specific surface energies for the unprocessed and micronised samples of
the IMC TRIS salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.1.3c. The specific surface energies of the unprocessed (green) and micronised
(blue) samples of the IMC TRIS salt

The values for the dispersive surface energy for the micronised IMC TRIS
sample is very close to the value observed for the unprocessed sample
indicating that the carbon density of the surface was not altered by the
micronisation process. Inspection of the specific surface energies for the four
probes used in this study show that a large decrease in the acidity of the
surface occurred during micronisation. This is seen by the large decrease in
the specific energy value generated by the THF probe.

4.2

IMC Meglumine

The meglumine salt of indomethacin was successfully synthesised by
temperature cycling a 1:1 ratio of indomethacin to meglumine in IPA. The salt
has a melting point of around 140ºC which is distinctly different from the
melting points of indomethacin and meglumine themselves which have
melting points of 160ºC and 128ºC respectively. The DSC profile for the
meglumine salt only contained one peak corresponding to the melting point
indicating that the sample prepared was crystalline and that all of the starting
materials had reacted. The DSC profile of the meglumine salt in comparison
to the starting materials can be seen in Figure 4.2a.
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Figure 4.2a. DSC profiles of indomethacin (green), meglumine (red) and the IMC meglumine
salt (blue)

The XRPD pattern produced by the IMC meglumine salt was distinctly
different from those produced by the starting materials again indicating that all
of the material had reacted and that a new species had been formed. The
intensity of the peaks in the salt pattern show that the sample prepared was
crystalline but the crystallinity was not as high as it was for the starting
materials. The XRPD patterns of the IMC meglumine salt along with the
patterns produced by indomethacin and meglumine alone can be seen in
Figure 4.2b.
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Figure 4.2b. XRPD patterns produced by indomethacin (green), meglumine (red) and the
IMC meglumine salt (blue)

The salt produced had a 1:1 stoichiometry as was shown by the integration of
the peaks in the 1H NMR profile.
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No cryomilling data was collected for this material as the preparation could not
be repeated in order to obtain enough material to carry out this process.

4.2.1 Ball Milling
The DSC profiles of the unprocessed and the ball milled samples are given in
Figure 4.2.1a.
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Figure 4.2.1a. DSC profiles for the unprocessed (green) and ball milled samples of the IMC
meglumine salt, milling times were 10min (red) and 60min (blue)

The DSC profiles of the ball milled samples of the IMC meglumine salt
contained one peak, an endotherm, corresponding to the melting point of the
salt. Increasing the milling time causes a slight shift in this peak from 140ºC
to a lower temperature with the peak in the profile of the sample which had
been milled for an hour appearing at 135ºC. The melting endotherm was also
broadened in the DSC profile of the sample which had been milled for an hour
indicating that there was some loss of crystallinity.

The XRPD patterns for some of the ball milled IMC meglumine samples along
with the pattern for the unprocessed sample is given in Figure 4.2.1b
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Figure 4.2.1b. XRPD patterns for the unprocessed (green) and ball milled samples of IMC
meglumine, milling times were 10min (red) and 60min (blue)

The XRPD patterns produced by the ball milled samples show that the salt
remained fairly stable throughout the milling process. A decrease in peak
intensity and some peak broadening was observed with prolonged milling time
indicating that the sample had lost some crystallinity.

The dispersive energy values for the unprocessed and ball milled samples of
the IMC meglumine salt were 43.6mJ/m2 and 45.4mJ/m2 respectively. The
specific energy values for the two samples are given in Table 4.2a and are
shown diagrammatically in Figure 4.2.1c.
Unprocessed IMC Meglumine Ball Milled IMC Meglumine
THF
1326.3 (80.7)
1226.6 (50.0)
Chloroform
-244.8 (95.2)
72.8 (100.0)
Ethyl Acetate
2635.0 (53.8)
2510.0 (42.7)
Acetone
2959.4 (80.6)
2747.5 (175.9)
Table 4.2a. The specific surface energies for the unprocessed and ball milled samples of the
IMC meglumine salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.2.1c. Specific energy values for the unprocessed (green) and ball milled (red)
samples of the IMC meglumine salt

The IGC data for the ball milled sample of the meglumine salt of IMC indicated
that the ball milling process lead to small increase in the carbon density of the
surface with the dispersive energy value for the ball milled sample being
higher than that of the unprocessed sample. The specific energy values for
the two samples indicated that ball milling of the IMC meglumine salt possibly
led to a small increase in the basic nature of the surface. The process had
little effect on the acidic nature of the surface. This was shown by an increase
in the affinity of the acidic chloroform probe for the ball milled sample in
comparison to the unprocessed sample. The values corresponding to this
probe however are negative for the unprocessed sample and extremely low
(although positive) for the ball milled sample with the standard deviations for
the two data sets being quite high so too much emphasis must not be put on
this data.

4.2.2 Micronisation
The DSC profile of the micronised sample of the IMC meglumine salt, along
with the profile of the unprocessed sample for comparison, can be seen in
Figure 4.2.2a.

125

20

Heat Flow (W/g)

15

10

5

0

-5
0

50

100

Exo Down

150

200
Universal V4.3A TA Instruments

Temperature (°C)

Figure 4.2.2a. The DSC profiles of the unprocessed (green) and micronised (blue) samples
of the IMC meglumine salt

The DSC profile of the micronised sample of the IMC meglumine salt contains
only one peak. This peak is an endotherm and occurs at 142ºC
corresponding to the melting point of the salt. No other peaks are present in
the DSC profile indicating that the sample did not have a detectable amount of
amorphous content.

The XRPD patterns for the unprocessed and micronised samples of the IMC
meglumine salt are given in Figure 4.2.2b.
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Figure 4.2.2b. The XRPD patterns for the unprocessed (green) and micronised (blue)
samples of the IMC meglumine salt
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The XRPD pattern produced by the micronised IMC meglumine sample
indicated that the salt remained stable under the conditions. The peaks show
a small loss of intensity but the sample still shows a high level of crystallinity
after micronisation. As with the IMC TRIS salt this data indicates that
micronisation causes less disorder than ball milling.

The IGC data corresponding to the micronised sample of the meglumine salt
of IMC indicated The dispersive energy values for the unprocessed and
micronised samples of the salt were 43.6mJ/m2 and 48.4mJ/m2 respectively.
The specific energy data for the two samples is given in Table 4.2b and are
also shown diagrammatically in Figure 4.2.2c.
Unprocessed IMC Meglumine Micronised IMC Meglumine
THF
1326.3 (80.7)
1642.0 (27.9)
Chloroform
-244.8 (95.2)
452.4 (29.3)
Ethyl Acetate
2635.0 (53.8)
3285.3 (11.8)
Acetone
2959.4 (80.6)
3828.5 (19.7)
Table 4.2b. The specific surface energies for the unprocessed and micronised samples of the
IMC meglumine salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.2.2c. The specific energies for the unprocessed (green) and micronised (blue)
samples of the meglumine salt of IMC

The IGC data shows that micronisation of the IMC meglumine salt led to an
increase in the carbon density of the surface as indicated by the increase in
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the dispersive energy. The data also revealed that the micronisation process
led to a large increase in the basicity of the surface. The change in the
energy corresponding to the acetone probe indicates that the increases in
acidity and basicity do not cancel each other out.

4.3

SFZ Tosylate

The SFZ tosylate salt was successfully synthesised by temperature cycling a
1:1 stoichiometric mixture of sulfathiazole and p-toluenesulfonic acid
monohydrate in a solution of propan-2-ol (IPA). The salt had a melting point
of 197ºC which is distinctly different from the melting points of the starting
materials. The melting points of sulfathiazole and p-toluenesulfonic acid
monohydrate are 202ºC and 103-106ºC respectively. The DSC profiles of the
two starting materials and the salt can be seen in Figure 4.3a.
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Figure 4.3a. DSC profiles for sulfathiazole (green), p-toluenesulfonic acid monohydrate (red)
and the SFZ tosylate salt (blue)

The XRPD pattern for the tosylate salt is distinctly different from the patterns
produced by the two starting materials. The peak intensity exhibited in the
pattern of the salt is high indicating the salt was crystalline in nature. No
residual peaks corresponding to the starting materials can be seen in the
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pattern of the salt indicating that a complete reaction had occurred and that no
starting material remained. The powder pattern for the salt can be seen in
Figure 4.3b.
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Figure 4.3b. XRPD patterns for sulfathiazole (green) and the SFZ tosylate salt (blue)

Integration of the peaks produced by the 1H NMR analysis indicated that the
salt is a 1:1 ratio of sulfathiazole to p-toluenesulfonic acid.

4.3.1 Ball Milling
The DSC profile for the ball milled samples of the SFZ tosylate salt can be
seen in Figure 4.3.1a.
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Figure 4.3.1a. DSC profiles for the unprocessed (green) and ball milled samples of the SFZ
tosylate salt, milling times were 10min (red) and 60min (blue)
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The DSC profile of the SFZ tosylate salt after ball milling contains two peaks
indicating that the salt underwent some sort of physical change during the
milling process. The sharpest peak was an endotherm and occurred at
approximately 210-214ºC corresponding to the melting point of the ball milled
salt. The positioning of this peak indicates that ball milling caused an increase
in the melting point of the salt from 197ºC possibly indicating that ball milling
leads to a change of form. The second peak was much shallower and
broader occurring at a lower temperature of approximately 160-180ºC.
Increasing the milling time caused this shallow peak to be shifted to the lower
end of this temperature range.

The XRPD patterns produced by some of the ball milled samples of the SFZ
tosylate salt are given in Figure 4.3.1b.
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Figure 4.3.1b. XRPD patterns produced by the unprocessed (green) and ball milled samples
of the SFZ tosylate salt, milling times were 10min (red) and 60min (blue)

The XRPD patterns produced by the ball milled samples of the SFZ tosylate
salt indicated that a loss of crystallinity occurred during the process. This was
shown by the decrease in peak intensity of the patterns produced by the ball
milled samples when compared to the unprocessed sample. This loss in
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crystallinity may explain the changes seen in the DSC data. The introduction
of a large amount of amorphous material may mean that, when heated, the
material undergoes a polymorphic change.

The dispersive energy of the sample after ball milling had risen from
86.0mJ/m2 (unprocessed sample) to 103.5mJ/m2 (ball milled). The specific
energy values for the ball milled sample of the SFZ tosylate salt are given in
Table 4.3a and are given diagrammatically in Figure 4.3.1c.

Unprocessed SFZ Tosylate Ball Milled SFZ Tosylate
THF
2730.0 (15.8)
5050.2 (34.4)
Chloroform
444.2 (47.0)
781.7 (37.5)
Ethyl Acetate
5156.2 (40.2)
7154.4 (53.5)
Acetone
6190.1 (85.5)
10027.6 (35.9)
Table 4.3a. The specific surface energies for the unprocessed and ball milled samples of the
SFZ tosylate salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.3.2c. The specific energies of the unprocessed (green) and ball milled (red)
samples of the SFZ tosylate salt

The IGC data obtained reveals that ball milling of the SFZ tosylate salt has a
large impact on the surface energetics. The increase in the dispersive surface
energy indicates that the surface of the sample after ball milling had a higher
carbon density. The specific energy values also changed dramatically due to
the ball milling process. The surface became more acidic with a large
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increase in the energy related to the THF probe being seen. This was not
offset by the change corresponding to the chloroform probe (which was only
very small) resulting in a large increase in the energy corresponding to the
acetone probe as the sample had become less amphoteric.

4.3.2 Cryomilling
The DSC profile for the cryomilled sample can be seen in Figure 4.3.2a.
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Figure 4.3.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
the SFZ tosylate salt.

The DSC profile for the cryomilled sample of the SFZ tosylate salt only
contained one peak. This peak was an endotherm and occurred at 195°C
corresponding to the melting point of the salt. The absence of any other
peaks and the fact that the melting point had not been shifted indicated that
the salt remained stable throughout the cryomilling process. This data is not
consistent with that seen for the ball milled or micronised samples. The ball
milled and micronised samples had an increased melting point whereas the
cryomilled sample had the same melting point as the unprocessed sample.
The contrast in the DSC data suggests that the temperature at which a
sample is milled may have an effect on its behaviour.
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The XRPD pattern produced by the cryomilled SFZ tosylate salt can be seen
in Figure 4.3.2b.
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Figure 4.3.2b. XRPD patterns produced by the unprocessed (green) and cryomilled (purple)
samples of the SFZ tosylate salt.

The XRPD pattern produced by the cryomilled sample of the SFZ tosylate salt
did not contain any new peaks which indicated that no polymorphic changes
had occurred. The peaks in the cryomilled pattern were of a similar intensity
and broadness to the pattern produced by the unprocessed sample which
indicated that the sample was stable under the cryomilling conditions and that
little loss of crystallinity occurred.

A large decrease in the dispersive energy value of the sample after cryomilling
from 86.0mJ/m2 for the unprocessed sample to 50.2mJ/m2 for the cryomilled
sample was observed. The data corresponding to the specific surface
energies for the cryomilled sample of the SFZ tosylate salt are given in Table
4.3b and are shown diagrammatically in Figure 4.3.2c.
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Unprocessed SFZ Tosylate Cryomilled SFZ Tosylate
THF
2730.0 (15.8)
1995.9 (143.9)
Chloroform
444.2 (47.0)
2085.1 (61.6)
Ethyl Acetate
5156.2 (40.2)
3772.4 (80.6)
Acetone
6190.1 (85.5)
4214.1 (62.2)
Table 4.3b. The specific surface energies for the unprocessed and cryomilled samples of the
SFZ tosylate salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.3.2c. The specific energies of the unprocessed (green) and cryomilled (purple)
samples of the SFZ tosylate salt

The IGC data obtained for the cryomilled SFZ tosylate salt indicated that the
carbon density of the surface was decreased by the cryomilling process. The
results corresponding to the specific surface energies of the salt indicated that
the cryomilling process caused a decrease in the acidity of the surface to
occur coupled with a large increase in the basicity of the surface. This was
shown by the decrease in the affinity of the basic THF probe and the increase
in affinity of the acidic chloroform probe for the cryomilled sample compared
with the unprocessed sample. This data is not consistent with the data
collected for the ball milled or the micronised sample again indicating that the
temperature at which a sample is milled may have an effect on its behaviour.

4.3.3 Micronisation
The DSC profile for the micronised sample of the SFZ tosylate salt is given in
Figure 4.3.3a.
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Figure 4.3.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
the SFZ tosylate salt

The DSC profile for the micronised sample of the SFZ tosylate salt contains
two endothermic peaks. The first peak is very small and appears around
195°C corresponding to the melting point of the original unprocessed sample.
The second endotherm appears at 212ºC which is around 20°C higher than
the melting point recorded for the unprocessed sample indicating that the
sample is converted to a new form when heated after micronisation.

The XRPD pattern of the micronised sample of the SFZ tosylate salt is given
in Figure 4.3.3b.
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Figure 4.3.3b. XRPD patterns for the unprocessed (green) and micronised (blue) samples of
the SFZ tosylate salt.
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The XRPD pattern for the micronised sample of the SFZ tosylate salt indicates
that the salt remained in the same form after the micronisation process. No
new peaks were observed indicating that no transitions occurred although the
intensity of the peaks indicated that the sample had become slightly
amorphous. This data suggests that the sample does not undergo a transition
when micronised but that it becomes more susceptible to a phase change
when heated.

An increase in the dispersive energy from 86.0mJ/m2 for the unprocessed
sample to 95.1mJ/m2 for the micronised sample was observed by the IGC
analysis. The specific energy results are given in Table 4.3c and are also
shown diagrammatically in Figure 4.3.3c.
Unprocessed SFZ Tosylate Micronised SFZ Tosylate
THF
2730.0 (15.8)
3611.6 (29.4)
Chloroform
444.2 (47.0)
575.4 (32.1)
Ethyl Acetate
5156.2 (40.2)
5967.4 (19.2)
Acetone
6190.1 (85.5)
8465.9 (53.6)
Table 4.3c. The specific surface energies for the unprocessed and micronised samples of
the SFZ tosylate salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.3.3c. The specific energies of the unprocessed (green) and micronised (blue)
samples of the SFZ tosylate salt

The increase in the dispersive energy indicates that micronisation caused an
increase in the carbon density of the surface. The micronisation process also
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led to changes in the specific energies of the surface. A large increase in the
energy corresponding to the THF probe occurred indicating that the surface
had become more acidic. This data was consistent with the ball milled sample
but not the cryomilled sample indicating that the temperature at which a
sample is milled may affect its behaviour.

4.4

SFZ mesylate

The SFZ mesylate salt was successfully prepared by temperature cycling a
1:1 stoichiometric mixture of sulfathiazole and methanesulfonic acid in IPA.
The resulting salt had a melting point of 217ºC which is distinctly different from
the melting point of sulfathiazole (202ºC) and the boiling point of
methanesulfonic acid (167ºC). The DSC profile for the salt can be seen in
Figure 4.4a. Methanesulfonic acid is a liquid, therefore data could not be
obtained by DSC or XRPD.
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Figure 4.4a. DSC profiles for sulfathiazole (green) and the SFZ mesylate salt (blue)

The XRPD pattern produced by the SFZ mesylate salt was distinctly different
from the pattern produced by sulfathiazole. The XRPD pattern for the salt did
not contain any peaks corresponding to sulfathiazole indicating that a
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complete reaction had occurred and that no residual starting material was
present in the final sample. The XRPD pattern for the SFZ mesylate salt can
be seen in Figure 4.4b.
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Figure 4.4b. XRPD patterns for sulfathiazole (green) and the SFZ mesylate salt (blue)

4.4.1 Ball Milling
The DSC profiles for the ball milled samples of the SFZ mesylate salt are
given in Figure 4.4.1a.
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Figure 4.4.1a. DSC profiles for the unprocessed (green) and ball milled samples of the SFZ
mesylate salt. Milling times were 10min (red) and 60min (blue)

The DSC profiles for the ball milled samples of the SFZ mesylate salt show
that the physical properties of the material change during processing. The
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DSC profiles of the ball milled samples contain two additional peaks. The first
peak is endothermic and has an onset of 166°C. This peak is followed
immediately by a small exotherm indicating that it may be due to a glass
transition or a melt followed by a recrystallisation step. The second additional
peak is also endothermic and has an onset temperature of 185°C. This peak
contains two “humps” but the profile does not go back to the baseline in
between them. This peak may be due to a solid-solid transition. The melting
point of the material is also increased during the milling process although this
is only by 2°C. The milled samples had a melt onset of 217°C compared to
the onset of the unprocessed sample which was at 215°C. There was also a
2°C difference in the peak max positions of these two peaks (unprocessed
max at 217°C, processed max at 219°C).

The XRPD patterns of the ball milled samples of the SFZ mesylate salt are
given in Figure 4.4.1b
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Figure 4.4.1b. XRPD patterns for the unprocessed (green) and ball milled samples of the
SFZ mesylate salt, milling times were 10min (red) and 60 min (blue)

The results obtained from XRPD analysis show that the material does not
undergo a polymorphic change during the ball milling process as no new
peaks were observed. A loss of crystallinity was seen with prolonged milling
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producing more amorphous material. This data suggests that the extra
endotherms seen in the DSC endotherm of the ball milled samples of the SFZ
mesylate salt are probably due to the increase in the amorphous content of
the sample after milling.

The dispersive values for the unprocessed and ball milled samples were
49.6mJ/m2 and 57.1mJ/m2 respectively. The specific surface energies for the
ball milled sample are given in Table 4.4a and are shown diagrammatically in
Figure 4.4.1c.

Unprocessed SFZ Mesylate Ball Milled SFZ Mesylate
THF
3424.0 (77.7)
8855.2 (50.4)
Chloroform
226.3 (50.3)
1299.0 (11.0)
Ethyl Acetate
5165.3 (66.1)
10073.5 (20.4)
Acetone
5689.5 (22.6)
20692.4 (7.6)
Table 4.4a. The specific surface energies for the unprocessed and ball milled samples of the
SFZ mesylate salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.4.1c. The specific energies of the unprocessed (green) and ball milled (red)
samples of the SFZ mesylate salt

The results obtained by IGC show that ball milling has a noticeable effect on
both the dispersive and specific surface energies of the SFZ mesylate salt.
The increase in the dispersive surface energy indicates that the ball milling
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process leads to an increase in the carbon density of the surface. The
specific energy results show that the ball milled sample had a much more
acidic surface compared to the unprocessed sample. This was shown by the
large increases in the affinity of the THF probe. The chloroform probe also
increased in its affinity for the ball milled sample but this was not of the same
magnitude. The energy corresponding to the acetone probe also showed that
the surface had become less neutral as a large increase in this energy was
also seen.

4.4.2 Cryomilling
The DSC profile for the cryomilled sample of the SFZ mesylate salt can be
seen in Figure 4.4.2a.
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Figure 4.4.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
the SFZ mesylate salt.

The DSC profile for the cryomilled sample of the SFZ mesylate salt contains
two distinct peaks. These peaks are both endotherms and occur at 187ºC
and 218ºC. The latter peak corresponds to the melting point of the salt whilst
it is unknown what sort of transition the peak at the lower temperature
corresponds to as no changes are seen by XRPD.
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The XRPD pattern for the cryomilled sample of the SFZ mesylate salt can be
seen in Figure 4.4.2b.
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Figure 4.4.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of the SFZ mesylate salt.

The XRPD pattern produced by the cryomilled sample of the SFZ mesylate
salt indicates that the material underwent a polymorphic transition. This is
indicated by the presence of some additional peaks. The peaks in the pattern
produced by the cryomilled sample are not as sharp indicating that the sample
had also become slightly amorphous during the cryomilling process.

The dispersive energies for the unprocessed and cryomilled samples of the
SFZ mesylate salt were 49.6mJ/m2 and 44.3mJ/m2 respectively. The specific
surface energies for the cryomilled sample of the SFZ mesylate salt are given
in Table 4.4b and are shown diagrammatically in Figure 4.4.2c.

Unprocessed SFZ Mesylate Cryomilled SFZ Mesylate
THF
3424.0 (77.7)
1248.0 (69.1)
Chloroform
226.3 (50.3)
2085.7 (45.1)
Ethyl Acetate
5165.3 (66.1)
2708.8 (37.0)
Acetone
5689.5 (22.6)
3658.9 (54.2)
Table 4.4b. The specific surface energies for the unprocessed and cryomilled samples of the
SFZ mesylate salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.4.2c. The specific energies of the unprocessed (green) and cryomilled (purple)
samples of the SFZ mesylate salt.

The data obtained by IGC showed that cryomilling of the SFZ mesylate salt
had a very large effect on the surface energetics of the sample. The
dispersive energy for the cryomilled sample was lower than that of the
unprocessed sample indicating that a reduction in the carbon density of the
surface had occurred. The specific energies corresponding to the different
polar probes also changed due to the cryomilling process. The energy
corresponding to the THF probe decreased indicating that a decrease in the
acidity of the surface had occurred. This was coupled with an increase in the
energy corresponding to the chloroform probe indicating than an increase in
the basic nature of the surface had also occurred. These changes were not
equal as the energy corresponding to the acetone probe also decreased
indicating the amphoteric nature of the surface had been altered. This data
was different from that seen for the ball milled and micronised sample. As
with the SFZ tosylate salt this contrast in data suggests that the temperature
at which a sample is milled can have an effect on its behaviour in terms of
surface energetics.
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4.4.3 Micronisation
The DSC profile for the micronised sample of the SFZ mesylate salt is given in
Figure 4.4.3a.
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Figure 4.4.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
the SFZ mesylate salt

The DSC profile for the micronised sample of the SFZ mesylate salt only
contained one peak. This peak was an endotherm and occurred at 219ºC
corresponding to the melting point of the salt. There were no peaks at lower
temperatures indicating that no transitions had occurred during analysis. This
data was different from the data collected for the ball milled and cryomilled
samples. The ball milled and cryomilled samples gave DSC profiles which
contained an extra endotherm. This contrast in the DSC data suggests that
micronisation causes less disorder than ball milling and cryomilling.

The XRPD patterns for the micronised sample of the SFZ mesylate salt is
given in Figure 4.4.3b.

144

0

5

10

15

20

25

30

35

40

2 theta/ degrees

Figure 4.4.3b. XRPD patterns for the unprocessed (green) and micronised (blue) samples of
the SFZ mesylate salt

The XRPD pattern for the micronised sample of the SFZ mesylate salt
indicated that the salt remained unchanged during the process. The pattern
produced by the micronised sample did not contain any new peaks indicating
that no transitions had occurred. The intensity of the peaks was high
indicating that the sample had retained a high level of crystallinity even after
processing. This data again suggests that micronisation causes less disorder
than ball milling or cryomilling.

The dispersive energies for the unprocessed and micronised samples are
49.6mJ/m2 and 52.1mJ/m2 respectively. The specific energies of the
micronised sample of the SFZ mesylate salt are given in Table 4.4c and are
also shown diagrammatically in Figure 4.4.3c.

Unprocessed SFZ Mesylate Micronised SFZ Mesylate
THF
3424.0 (77.7)
6151.0 (16.0)
Chloroform
226.3 (50.3)
1041.0 (10.2)
Ethyl Acetate
5165.3 (66.1)
7948.0 (29.8)
Acetone
5689.5 (22.6)
8504.2 (45.0)
Table 4.4c. The specific surface energies for the unprocessed and micronised samples of
the SFZ mesylate salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.4.3c. The specific energies of the unprocessed (green) and micronised (blue)
samples of the SFZ mesylate salt.

The IGC analysis indicated that micronisation had a small effect on the carbon
density of the surface of the SFZ mesylate salt with a small increase in the
dispersive energy occurring. Large differences in the specific energies of the
surface were observed after micronisation. The energy corresponding to the
THF probe almost doubled indicating that the surface had become more
acidic in nature. An increase in the energy corresponding to the chloroform
probe was also observed indicating that the basic nature of the surface had
also increased.

4.5

Sulfathiazole Sodium Salt (NaSFZ)

The sodium salt of sulfathiazole was studied to see if there was any difference
in behaviour between organic and inorganic salts. The sodium salt was
purchased from Sigma Aldrich and used as received.

4.5.1 Ball Milling
The DSC profiles of the ball milled samples of NaSFZ are given in Figure
4.5.1a.
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Figure 4.5.1a. DSC profiles for the unprocessed (green) and some ball milled samples of
NaSFZ. Milling times were 10min (red) and 60min (blue)

The DSC profile of the ball milled samples contained one sharp peak and one
broader peak at a lower temperature. The sharp peak was endothermic and
occurred at 270ºC corresponding to the melting point of the salt. The broader
peak was also endothermic and occurred between 60-90ºC.

The XRPD patterns for the ball milled samples are given in Figure 4.5.1b.
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Figure 4.5.1b. XRPD patterns for unprocessed (green) and ball milled samples of the NaSFZ
salt, milling times were 10min (red) and 60min (blue)

The XRPD patterns for the ball milled NaSFZ samples contained some new
peaks. This may explain why an additional endotherm was seen in the DSC
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data. The patterns produced by the milled samples had sharp peaks and little
intensity was lost indicating that the crystallinity of the sample remained high
after processing.

No IGC data for the ball milled sample of NaSFZ as the retention times were
too long even when only a small amount of sample was used. Therefore no
meaningful quantitative data was collected with regards to the dispersive
energy. It can therefore be assumed that the dispersive energy for the ball
milled sample was extremely high. No retention times for the specific
energies could be obtained by IGC but it is not known if this is due to
extremely fast or very slow elution of the probes. Data was however collected
for the unprocessed sample but could not be compared to any ball milled data

4.5.2 Cryomilling
The DSC profile for the cryomilled sample of NaSFZ is given in Figure 4.5.2a.
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Figure 4.5.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
the NaSFZ salt

The DSC profile of the cryomilled NaSFZ sample contained one sharp peak
which was endothermic and occurred at 270ºC corresponding to the melting
point of the salt. There was also a much broader peak between 55ºC and
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75ºC corresponding to some form of disorder. This data is in agreement with
the DSC data collected for the ball milled samples of NaSFZ indicating that
milling causes some kind of disorder.

The XRPD pattern for the cryomilled sample is given in Figure 4.5.2b.
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Figure 4.5.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of NaSFZ

The XRPD pattern for the cryomilled sample contained some additional
peaks. These peaks are consistent with the ball milled sample. The intensity
of the peaks was decreased slightly in the pattern for the cryomilled sample
indicating that cryomilling leads to a decrease in the crystallinity of the sample.
The combination of decreased crystallinity and the presence of additional
peaks may explain the presence of the broad peak in the DSC profile from 5575ºC which could be a result of amorphous material in the sample.

The dispersive energy of NaSFZ increased from 52.9mJ/m 2 for the
unprocessed sample to 53.8mJ/m2 for the cryomilled sample. The specific
energies for the cryomilled sample of the sodium salt of sulfathiazole are
given in Table 4.5b and are shown diagrammatically in Figure 4.5.2c.
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Unprocessed NaSFZ Cryomilled NaSFZ
12248.8 (28.1)
11612.0 (114.4)
THF
Chloroform
1061.2 (76.4)
981.5 (8.6)
Ethyl Acetate
2688.5 (22.1)
2070.3 (39.5)
Acetone
15433.0 (61.9)
15127.0 (84.5)
Table 4.5b. The specific surface energies for the unprocessed and cryomilled samples of the
NaSFZ salt. The energies given are in J/mol and the numbers in brackets give the standard
deviations of the data (n=6)
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Figure 4.5.2c. The specific energies of the unprocessed (green) and cryomilled (purple)
samples of the NaSFZ salt.

The IGC data obtained indicates that cryomilling causes little change in the
carbon density of the sample with only a small change in the dispersive
energy being observed. The specific energy results showed that the surface
of the cryomilled sample was very similar to the surface of the unprocessed
sample indicating that neither the acidic or basic nature of the surface had
changed.

4.5.3 Micronisation
The DSC profile for the micronised sample of NaSFZ is given in Figure 4.5.3a.
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Figure 4.5.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
the NaSFZ salt

The DSC profile for the micronised sample of NaSFZ only contained one
peak. This peak was an endotherm and occurred at 272ºC corresponding to
the melting point of the salt. The absence of any other peaks suggests that
the salt remained stable throughout the micronisation process as there is no
indication of amorphous content or recrystallisation of other polymorphs. This
data supports the general finding that micronisation causes less disorder than
ball milling and cryomilling as additional endotherms were seen in the
thermograms of these samples.

The powder pattern for the micronised sample of the NaSFZ salt is given in
Figure 4.5.3b.
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Figure 4.5.3b. XRPD pattern for the unprocessed (green) and micronised (blue) samples
of the NaSFZ salt

The XRPD pattern for the micronised sample also suggests that the salt
remained stable when micronised. There are no new peaks in the pattern
indicating that no new polymorphs had been formed. The peaks also retained
a high level of intensity indicating that the sample was stable and lost little
crystallinity. As with the DSC data, when compared to the data obtained for
the ball milled and cryomilled samples it appears that micronisation causes
less disorder.

The dispersive energy values for the unprocessed and micronised samples of
NaSFZ were 52.9mJ/m2 and 48.2mJ/m2 respectively. The specific surface
energies for the micronised sample of NaSFZ are given in Table 4.5c and are
shown diagrammatically in Figure 4.5.3c.

Unprocessed NaSFZ Micronised NaSFZ
12248.8 (28.1)
11398.6 (11.5)
THF
Chloroform
1061.2 (76.4)
1101.4 (80.5)
Ethyl Acetate
2688.5 (22.1)
2718.6 (150.0)
Acetone
15433.0 (61.9)
14325.6 (136.7)
Table 4.5c. The specific surface energies for the unprocessed and micronised samples of
the NaSFZ salt. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 4.5.3c. The specific energies for the unprocessed (green) and micronised (blue)
samples of the NaSFZ salt

The IGC results for the micronised sample of NaSFZ show that the
unprocessed sample had a greater carbon density as the dispersive energy
value for this micronised sample was lower. The specific surface energy
values for the micronised sample were very similar to the values obtained for
the unprocessed sample indicating that the surface of the sample had become
neither more acidic nor more basic. The specific surface energy data is very
similar to that of the cryomilled sample indicating that the surface of NaSFZ is
not altered in terms of its acidic or basic nature by milling.

4.6

Chapter Summary

This chapter outlines the experimental results obtained for the IMC TRIS, IMC
meglumine, SFZ tosylate, SFZ mesylate and NaSFZ salts. Evidence is given
in this chapter to confirm the successful synthesis of a salt by XRPD, DSC
and proton NMR. This chapter gives results to compare the unprocessed
materials with milled materials. The results describing the physical stability of
the materials are shown by XRPD and DSC whilst the surface energetics are
described by IGC. The milling techniques discussed in this chapter are ball
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milling at ambient temperature, ball milling at cryogenic temperatures
(cryomilling) and fluid jet milling (micronisation).

The results collected in this chapter show that milling technique can have an
effect on the physical properties of a material. When the IMC TRIS salt was
ball milled for 30 minutes or more a broad exotherm was seen in the DSC
data. This corresponded to the crystallisation of the material from the
amorphous form. XRPD data also showed that prolonged milling led to the
conversion of the salt from a crystalline material to the amorphous form.
Cryomilling and micronisation did not cause this exotherm to be present
although the crystallinity of the material was lowered with cryomilling.
It was seen for the tosylate salt that both ball milling and micronisation
caused the melting point of the material to be raised. Cryomilling however did
not have an effect on the melting point. This may indicate that the tosylate
salt can exist in at least two polymorphic forms and that milling at sub ambient
conditions may be required to prevent a change of form occurring during the
milling process. The IGC results for the tosylate salt also showed that milling
technique can have an effect on the surface energetics of a material.
Increases in the dispersive energy and the specific surface energies
corresponding to the THF and ethyl acetate probes (with respect to the
unprocessed material) were observed when the sample had been ball milled
and micronised. Decreases in the dispersive energy and the specific energies
corresponding to the THF and ethyl acetate probes were observed, however,
when the sample was cryomilled. These IGC results may again suggest that
the tosylate salt of SFZ can exist in at least two polymorphic forms.
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Milling technique also had an effect on the mesylate salt of SFZ as
increases in all surface energies were observed when the material was ball
milled and micronised. When the material was cryomilled an increase was
only seen for the specific surface energy corresponding to the chloroform
probe with decreases seen for all other energies with respect to the
unprocessed sample. No changes in melting point or crystallinity were
observed for this salt to help explain the differences seen with the IGC data
but these results highlight the fact that the choice of milling technique may
have an effect on the surface energy of a material even though there are no
signs of physical change in the bulk of the material.
The use of the sodium salt in this chapter may have highlighted a
potential limitation of IGC. When the ball milled sample was analysed it was
not possible to obtain any useable quantitative data as the retention times for
the probes was too long. This may be due to the strong interaction present
between the two ionised atoms coupled with an increase in dispersive energy
which has almost always been seen when materials in this study were ball
milled. The dispersive energies recorded for this material also show again
that milling technique can have an effect on the surface energy. An increase
in dispersive energy was observed for the cryomilled sample with respect to
the unprocessed sample whereas micronisation led to a small decrease in this
energy.

A general trend that has been noted in this chapter is that micronisation
causes the smallest decreases in crystallinity. This may be due to the nature
of the process in that particles collide only with themselves and the walls of
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the container whereas when a sample is ball milled, whether it be at ambient
of cryogenic temperatures, the impact of the ball in addition to the particles
colliding with each other and the walls of the container may lead to more
disorder being induced in the material.

The next chapter will look at the final class of compound used in this project;
cocrystals.
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Chapter 5

Evaluation of the Milling Behaviour of
Indomethacin Cocrystals
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5

Results - Cocrystals

The previous two chapters have given details of the experimental results
obtained for the polymorphs and salts used within the study. This chapter
gives the experimental data collected for the cocrystals of indomethacin. This
chapter is of particular importance as the effect of milling on cocrystals is an
area which has not yet been explored in the literature. Data to show that new
phases had been successfully prepared is also given in this chapter.

All ball milling was carried out as described in section 2.1.6, cryomilling as
stated in section 2.1.7 and micronisation as described in section 2.1.8. The
DSC analysis was conducted as stated in section 2.1.9, XRPD as stated in
section 2.1.10, IGC as stated in section 2.1.11 and NMR as stated in section
2.1.12. A summary table of all the data collected for all compounds used
within this thesis can be found in the summary section (Section 7, Table 7).

5.1

Indomethacin: Saccharine Cocrystal (IMC:SAC)

The IMC:SAC cocrystal was successfully synthesised by temperature cycling
a 1:1 stoichiometric mixture of indomethacin and saccharine in toluene. The
difference between the pKa values for the two components is within the salt
formation range of 2-3 units difference but both compounds are acidic so salt
formation does not occur. The resulting cocrystal had a melting point of
183ºC. This melting point is distinctly different from the melting points of
indomethacin and saccharine which are 160ºC and 230ºC respectively. The
DSC profile for the IMC:SAC cocrystal is given in Figure 5.1a.
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Figure 5.1a. DSC profiles for indomethacin (green), saccharine (red) and the IMC:SAC
cocrystal (blue)

The XRPD pattern for the IMC:SAC cocrystal is distinctly different from the
patterns produced by the two components independently. This indicates that
a new phase had been produced and that no residual starting materials
remained in the sample. The XRPD pattern for the IMC:SAC cocrystal is
given in Figure 5.1b.
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Figure 5.2a. XRPD patterns for indomethacin (green), saccharin (red) and the IMC:SAC
cocrystal (blue)

5.1.1 Ball Milling
The DSC profiles of the ball milled samples are given in Figure 5.1.1a.
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Figure 5.1.1a. DSC profiles for the unprocessed (green) and some ball milled samples of the
IMC:SAC cocrystal, milling times were 10min (red) and 60min (blue)

The DSC profiles of the ball milled samples of IMC:SAC contain only one
peak. This peak is an endotherm and occurs at approximately 185ºC
corresponding to the melting point of the cocrystal. The peak is broader than
the peak for the unprocessed sample and the temperature is shifted by 1-2°C
indicating that the ball milling process may have caused a decrease in
crystallinity. The absence of a peak at 160ºC (which would correspond to the
melting point of indomethacin) indicates that the cocrystal remained stable
throughout the milling process and was not broken down into its component
parts.

The XRPD patterns for the ball milled samples of the IMC:SAC cocrystal are
given in Figure 5.1.1b.
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Figure 5.1.1b. XRPD patterns for the unprocessed (green) and some ball milled samples of
the IMC:SAC cocrystal, milling times were 10min (red) and 60min (blue).

The XRPD patterns for the ball milled samples of the IMC:SAC cocrystal also
indicate that the cocrystal remained polymorphically stable during processing.
The absence of any new peaks indicated that the cocrystal was not broken
down into its component parts during ball milling. The peaks became broader
with increased milling time indicating that the cocrystal had lost some
crystallinity. A loss in peak intensity was also observed between the sample
which had been ball milled for 10 minutes and the sample which had been
milled for 60 minutes.

An increase in the dispersive energy of the surface from 32.0mJ/m 2 for the
unprocessed sample to 53.7mJ/m2 for the ball milled sample was observed by
IGC. The specific energy data for the two samples is given in Table 5.1a and
is shown diagrammatically in Figure 5.1.1c.
Unprocessed IMC:SAC Ball Milled IMC:SAC
THF
1914.5 (241.4)
4672.9 (193.2)
Chloroform
-71.5 (449.6)
174.4 (72.0)
Ethyl Acetate
2158.6 (275.3)
6719.2 (36.0)
Acetone
2909.5 (394.0)
9074.6 (124.4)
Table 5.1b. The specific surface energies for the unprocessed and ball milled samples of the
IMC:SAC cocrystal. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 5.1.1c. The specific energies for the unprocessed (green) and ball milled (red)
samples of the IMC:SAC cocrystal

The IGC data for the ball milled sample of the IMC:SAC cocrystal indicated
that the process led to an increase in the carbon density of the surface. The
data provided by the polar probes indicated that the ball milling process led to
a large increase in the acidic nature of the surface. This was shown by a
large increase in the affinity of the basic THF probe for the ball milled sample.

5.1.2 Cryomilling
The DSC profile of the cryomilled IMC:SAC sample is given in Figure 5.1.2a.
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Figure 5.1.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
the IMC:SAC cocrystal
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The DSC profile of the cryomilled IMC:SAC cocrystal only contained one
peak. This peak occurred at 183ºC and was endothermic corresponding to
the melting point of the cocrystal. The absence of peaks corresponding to the
melting points of the two components of the cocrystal indicates that the
cocrystal remained stable during the cryomilling process and that hydrogen
bonds were not broken. This data is slightly different from the data obtained
for the ball milled samples which saw a shift in the melting point occur. This
may indicate that ball milling of the cocrystal at lower temperatures causes
less disorder. This may also be indicated by the sharpness of the peaks as
the melting endotherms in the ball milled thermograms were much broader
than that of the cryomilled sample.

The XRPD pattern for the cryomilled sample of the IMC:SAC cocrystal is
given in Figure 5.1.2b.
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Figure 5.1.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of the IMC:SAC cocrystal

The XRPD pattern produced by the cryomilled IMC:SAC cocrystal also
indicated that the cocrystal remained stable during the cryomilling process.
The pattern did not contain any new peaks indicating that the hydrogen bonds
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between the two components had not been broken. The peak intensities in
the pattern for the cryomilled sample were lower than the intensities of the
peaks in the unprocessed sample indicating that the sample had lost some of
its crystallinity during the cryomilling process.

It was not possible to obtain a value for the dispersive energy of the cryomilled
IMC:SAC sample as the non-polar probes had an extremely long elution time.
It can be assumed therefore that the dispersive energy of this sample was
very high. No elution peaks were seen for the polar probes with the exception
of a couple of peaks corresponding to the THF probe. It can therefore not be
said how the energetics of this material changed in terms of its acidic or basic
nature.

5.1.3 Micronisation
The DSC profile for the micronised IMC:SAC cocrystal is given in Figure
5.1.3a.
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Figure 5.1.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
the IMC:SAC cocrystal

The DSC profile for the micronised IMC:SAC cocrystal contained only one
peak which was endothermic. The peak appeared at 183ºC corresponding to
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the melting point of the cocrystal. The absence of any further peaks indicated
that the hydrogen bonds within the cocrystal remained intact and that the
sample did not break down into its individual components during the
micronisation process. The melting endotherm was very sharp indicating the
cocrystal retained a high level of crystallinity after micronisation. This is very
similar to the data obtained for the cryomilled sample but not the ball milled
samples indicating that ball milling may have caused more disorder.

The XRPD patterns for the micronised sample of the IMC:SAC cocrystal is
given in Figure 5.1.3b.
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Figure 5.1.3b. XRPD patterns for the unprocessed (green) and micronised (blue) samples of
the IMC:SAC cocrystal

The XRPD pattern produced by the micronised IMC:SAC cocrystal also
indicated that the sample remained stable during micronisation. No new
peaks appeared in the pattern for the micronised sample indicating that the
hydrogen bonds had not been broken. The peaks in the pattern for the
micronised sample are very sharp and of high intensity indicating that the
sample remained crystalline after the micronisation process. This data shows
that micronisation causes less disorder than ball milling and cryomilling as
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losses in peak intensity were seen with both of these methods. (The
diffractogram for the micronised sample is shifted to the left slightly due to
slight differences in instrumentation).

The dispersive energies for the unprocessed and micronised samples of
IMC:SAC were 32.1mJ/m2 and 46.5mJ/m2 respectively. The specific energies
for the micronised sample are given in Table 5.1c and are shown
diagrammatically in Figure 5.1.3c.

Unprocessed IMC:SAC Micronised IMC:SAC
THF
1914.5 (241.4)
6923.2 (17.9)
Chloroform
-71.5 (449.6)
-532.6 (48.6)
Ethyl Acetate
2158.6 (275.3)
4337.2 (16.1)
Acetone
2909.5 (394.0)
5691.9 (125.8)
Table 5.1c. The specific surface energies for the unprocessed and micronised samples of
the IMC:SAC cocrystal. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 5.1.3c. Specific surface energies for the unprocessed (green) and micronised (blue)
samples of IMC:SAC

The IGC analysis revealed that micronisation of the IMC:SAC cocrystal led to
an increase in the dispersive energy of the surface. This indicated that the
surface of the micronised sample had an increased carbon density. The
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specific surface energies for the two samples indicated that a large increase in
the acidic nature of the surface arose as a result of the micronisation process.
This was shown by the increased affinity of the THF probe for the micronised
sample as opposed to the unprocessed sample. This data is in agreement
with the data collected for the cryomilled sample which also showed a large
increase in the acidic nature of the surface.

5.2

Indomethacin: Benzamide Cocrystal (IMC:BEN)

The IMC:BEN cocrystal was successfully synthesised by temperature cycling
a 1:1 stoichiometric mixture of indomethacin to benzamide in propan-2-ol.
The cocrystal had a melting point of 115ºC which is distinctly different from the
melting points of either indomethacin or benzamide. The melting points of
indomethacin and benzamide are 160ºC and 127ºC respectively. The
formation of this new phase (and evidence that there was no residual starting
material) can be seen in the DSC profile which is given in Figure 5.2a.
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Figure 5.2a. DSC profiles for indomethacin (green), benzamide (red) and the IMC:BEN
cocrystal
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The XRPD pattern for the cocrystal was distinctly different from the patterns
corresponding to the two components indicating that a new phase had been
formed. No peaks indicating the presence of any residual starting material
were present. The XRPD pattern for the IMC:BEN cocrystal is given in Figure
5.2b.
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Figure 5.2b. XRPD patterns for indomethacin (green), benzamide (red) and the IMC:BEN
cocrystal (blue)

5.2.1 Ball Milling
The DSC profiles of the ball milled samples are given in Figure 5.2.1a.
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Figure 5.2.1a. DSC profiles for the unprocessed (green) and some ball milled samples of the
IMC:BEN cocrystal, milling times were 10min (red) and 60min (blue)
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The DSC profiles for the ball milled samples of the IMC:BEN cocrystal contain
only one peak. This peak is an endotherm and occurs at approximately
115ºC corresponding to the melting point of the cocrystal. The absence of
any other peaks in the profile indicates that the cocrystal was not broken down
into its constituent parts. The endotherm appears broader after ball milling
which may be an indication that some loss of crystallinity had occurred as a
result of processing. The endotherm for the sample milled for 60 minutes is
shallower and broader than the endotherm seen for the sample which had
been milled for 10 minutes indicating that a longer milling time may have led
to a larger loss in crystallinity.

The XRPD patterns of the ball milled samples of the IMC:BEN cocrystal are
given in Figure 5.2.1b.
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Figure 5.2.1b. XRPD patterns for the unprocessed (green) and some ball milled samples of
the IMC:BEN cocrystal, milling times were 10min (red) and 60min (blue)

The XRPD patterns for the ball milled samples of the IMC:BEN cocrystal were
different from the pattern observed for the unprocessed sample. The pattern
produced by the ball milled samples does not match the patterns
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corresponding to the separate components either. This result indicates that
the cocrystal may exist in (at least) two polymorphic forms. This data
supports the DSC data which shows a slight decrease in the melting point of
the material. Some peak broadening is observed with prolonged milling times
indicating that the sample losses crystallinity with increased milling times.
This data is supported by the more pronounced broadening of the DSC
endotherm for the sample which had been milled for 60 minutes.

The dispersive energy values for the surfaces of the unprocessed and ball
milled samples of the IMC:BEN cocrystal were 79.9mJ/m2 and 69.6mJ/m2
respectively. The specific energy data for the two samples is given in Table
5.2a and is shown diagrammatically in Figure 5.2.1c.
Unprocessed IMC:BEN Ball Milled IMC:BEN
THF
-595.2 (81.7)
811.9 (64.5)
Chloroform
-1103.7 (27.9)
-471.7 (38.1)
Ethyl Acetate
1289.7 (79.1)
2352.6 (65.6)
Acetone
1073.6 (187.2)
3314.7 (60.5)
Table 5.2a. The specific surface energies for the unprocessed and ball milled samples of the
IMC:BEN cocrystal. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 5.2.1c. The specific energies for the unprocessed (green) and ball milled (red)
samples of the IMC:BEN cocrystal
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The IGC data for the ball milled sample of the IMC:BEN cocrystal indicated
that the process led to a decrease in the carbon density of the surface as was
indicated by the decrease in the dispersive energy of the surface for the ball
milled sample. The specific energy data for the two samples indicated that
the milling process led to an increase in the acidic nature of the surface. This
was shown by the large increase in the affinity of the basic THF probe for the
ball milled sample.

The negative values obtained for the THF and CHCl3 probes when analysing
the unprocessed sample may be highlighting a limitation with IGC analysis.
The extensive hydrogen bonding within the cocrystal, which has been shown
to be strong by DSC and XRPD, may mean that there are no exposed
functional groups on the surface for the polar probes to interact with. These
probes would therefore be eluted extremely fast meaning that the peaks seen
at very low elution times may not be a true reflection of the peaks being
eluted. This data should therefore be used with caution and should only be
used to infer conclusions rather than to say with certainty that changes have
or have not occurred on the surface.

5.2.2 Cryomilling
The DSC profile for the cryomilled IMC:BEN cocrystal is given in Figure
5.2.2a.
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Figure 5.2.2a. DSC profiles for the unprocessed (green) and cryomilled (purple) samples of
the IMC:BEN cocrystal

The DSC profile for the cryomilled sample of the IMC:BEN cocrystal only
contained one peak indicating that the hydrogen bonds between the two
components had not been broken by the cryomilling process. The peak in the
profile for the cryomilled sample was endothermic and occurred at 111ºC
corresponding to the melting of the cocrystal. The melting point was slightly
lowered by the cryomilling process and the endotherm was broader indicating
that a loss in crystallinity may have occurred. This small change in peak
position may also indicate that this cocrystal could exist in more than one
configuration as a small shoulder is seen on the melting endotherm of the
unprocessed sample.

The XRPD pattern for the cryomilled sample of the IMC:BEN cocrystal is
given in Figure 5.2.2b.
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Figure 5.2.2b. XRPD patterns for the unprocessed (green) and cryomilled (purple) samples
of the IMC:BEN cocrystal

The XRPD pattern for the cryomilled sample is different from the pattern
produced by the unprocessed sample. This may be an indication that the
sample underwent a polymorphic transition as a result of the cryomilling
process. This supports the DSC data, in which a shift in melting point could
be observed again indicating that a polymorphic conversion may have
occurred. The XRPD pattern produced by the cryomilled sample matches
those produced by the ball milled sample indicating the same polymorphic
changes may have occurred in both cases.

An increase in the dispersive energy of the surface from 79.9mJ/m 2 for the
unprocessed sample to 89.9mJ/m2 for the cryomilled sample was observed.
The specific energy data for the unprocessed and cryomilled samples of the
IMC:BEN cocrystal are given in Table 5.2b and are shown diagrammatically in
Figure 5.2.2c.
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Unprocessed IMC:BEN Cryomilled IMC:BEN
THF
-595.2 (81.7)
-278.5 (79.4)
Chloroform
-1103.7 (27.9)
-1366.2 (78.4)
Ethyl Acetate
1289.7 (79.1)
1587.8 (53.5)
Acetone
1073.6 (187.2)
1455.2 (211.8)
Table 5.2b. The specific surface energies for the unprocessed and cryomilled samples of the
IMC:BEN cocrystal. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)
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Figure 5.2.2c. The specific energies for the unprocessed (green) and cryomilled (purple)
samples of the IMC:BEN cocrystal

The IGC data for the cryomilled sample of the IMC:BEN cocrystal indicated
that the process led to an increase in the carbon density of the surface.
Although the data corresponding to the specific surface energies of the two
samples suggest that the cryomilled sample had a more acidic surface the
reliability and value of these results should be considered carefully as the
energies have negative values (i.e. very fast elution times). The data
suggests that the THF probe has an increased affinity for the cryomilled
sample although elution is still very fast. This was coupled with the decreased
affinity of the chloroform probe for the cryomilled sample although again this
result should be considered carefully due to the negative energy values. This
data is not in agreement with the ball milled data which suggested that
increases in both the acidic and basic nature of the surface occurred. Again it
should be said that this data should be viewed with caution due to the
negative energy values generated.
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5.2.3 Micronisation
The DSC profile for the micronised sample is given in Figure 5.2.3a.
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Figure 5.2.3a. DSC profiles for the unprocessed (green) and micronised (blue) samples of
the IMC:BEN cocrystal.

The DSC profile for the micronised sample of the IMC:BEN cocrystal
contained only one peak. This peak was endothermic and occurred at 115ºC
corresponding to the melting point of the cocrystal. The absence of any other
peaks indicates that the cocrystal remained stable throughout the
micronisation process and that it was not broken down into its two
components.

The XRPD pattern for the micronised sample of the IMC:BEN cocrystal is
given in Figure 5.2.3b.
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Figure 5.2.3b. XRPD patterns for the unprocessed (green) and micronised (blue) samples of
the IMC:BEN cocrystal

The XRPD pattern for the micronised sample of the IMC:BEN cocrystal differs
from that of the unprocessed sample. This is not expected as no differences
in the DSC data are observed between the two samples. The peaks in the
pattern of the micronised sample were quite sharp and had a high level of
intensity indicating that the sample retained a large amount of crystallinity
throughout the micronisation process.

An increase in the dispersive energy of the surface from 79.9mJ/m 2 for the
unprocessed sample to 87.9mJ/m2 for the micronised sample was observed
by IGC analysis.

The specific surface energies for the micronised sample of

the IMC:BEN cocrystal are given in Table 5.2c and are also shown
diagrammatically in Figure 5.2.3c.
Unprocessed IMC:BEN Micronised IMC:BEN
THF
-595.2 (81.7)
-354.3 (48.8)
Chloroform
-1103.7 (27.9)
-1523.5 (39.0)
Ethyl Acetate
1289.7 (79.1)
1658.3 (33.4)
Acetone
1073.6 (187.2)
1936.0 (90.4)
Table 5.2c. The specific surface energies for the unprocessed and micronised samples of
the IMC:BEN cocrystal. The energies given are in J/mol and the numbers in brackets give the
standard deviations of the data (n=6)

176

2500

2000

Specific Energy/ J/mol

1500

1000

500

0

THF

CHCl3

EtAce

Ac

-500

-1000

-1500

-2000

Figure 5.2.3c. The specific energies of the unprocessed (green) and micronised (blue)
samples of the IMC:BEN cocrystal

The IGC data obtained for the micronised sample of the IMC:BEN cocrystal
indicated that the process led to an increase in the carbon density of the
surface as an increase in the dispersive surface energy was observed. The
specific surface energy data for the micronised sample indicated that the
process led to an increase in the acidic nature of the surface. This was shown
by the increased affinity of the THF probe for the micronised sample coupled
with the decreased affinity for the chloroform probe.

As with the ball milled and cryomilled samples of this cocrystal these results
should be considered carefully due to the negative energy values although
some consistency has been shown in the two data sets of the cryomilled and
the micronised samples.

5.3

Chapter Summary

This chapter outlines the experimental results obtained for the unprocessed
and milled samples of the IMC:SAC and IMC:BEN cocrystals. XRPD and
DSC have been used to study the bulk physical stability of the samples
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whereas IGC has been used to study changes in the surface energetics of the
samples.
The IMC:SAC cocrystal remained as a single entity under all of the
milling conditions used. This was shown by the DSC data which only
contained one endotherm, corresponding to the melting point of the cocrystal,
for all processed samples. The XRPD data however showed that some loss
of crystallinity occurred when the material was ball milled and cryomilled but
that crystallinity remained high with micronisation. The IGC data for this
cocrystal was in agreement for the ball milled and micronised samples with
similar trends being noted with all energies increasing with respect to the
unprocessed sample apart from the energy corresponding to the chloroform
probe.
The IMC:BEN cocrystal showed that this material may be able to exist
in more than one configuration. The DSC data for the unprocessed sample
contains a small endotherm just before the large melting endotherm. The
melting point seen for the cryomilled sample has been shifted slightly to the
temperature of this first, small endotherm. There are also some small
differences in the XRPD data of the unprocessed and cryomilled sample again
possibly indicating that more than one polymorph of this cocrystal may exist.
This chapter has again shown that the use of micronisation has caused
the least amount of disorder in the sample with only little or no loss in
crystallinity being observed with this technique.
This chapter has also highlighted a possible limitation when using IGC
analysis to study cocrystals. The hydrogen bonding between the coformers
may mean that no functional groups are present on the surface for the polar
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probes to interact with. The elution times of these probes were therefore very
fast leading to the energy values corresponding to some of these probes
being negative.

This chapter concludes the experimental data for this study. The next chapter
will give the results from the computational work carried out in order to see if
there is any correlation between the results obtained experimentally for the
polymorphs and the predicted cleavage planes.
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Chapter 6

The Use of Computational Techniques
to Predict the Milling Behaviour of
Polymorphs
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6

Results – Computational

The previous three chapters have focussed on the experimental data
collected throughout the project. This chapter will look at the data collected
using the computational chemistry approach. Data corresponding to the
geometry optimisation and morphology calculations is given for all polymorphs
with in depth analysis of the preferential cleavage planes being given.
A number of papers have been published which look at the surface
energetics of milled material and predicting cleavage planes. To date the
computational work carried out has looked at stable materials, dl-propanolol
(York et al, 1998), which does not undergo a polymorphic change. The
computational work carried out in this chapter was conducted with the
intention of exploring the accuracy of this approach when applied to both
stable and metastable forms.

All work carried out in this chapter was done so as outlined in section 2.2.

6.1

Indomethacin

6.1.1 Geometry Optimisation
The changes in the lattice parameters for the two IMC polymorphs using the
different force fields are given in tables 6.1a and 6.1b. The total energies
given in the tables are calculated per molecule in the asymmetric unit and
should be in agreement for both polymorphs.
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Ideally, if a force field has performed to an acceptable level of accuracy
in the optimisation the percentage change in the lattice parameters will be less
than 5%.
The same force field must be used for both polymorphs when
calculating the morphology. Therefore the force field which performed best
over all was selected even though it may not have given the best results for
one of the polymorphs. The force field which performed best overall when
optimising the indomethacin polymorphs was the cvff force field and this was
therefore selected for use in the later morphology calculations.
The results from the geometry optimisations performed by all three of the
force fields are given in Tables 6.1a and 6.1b.

Cvff
Total Energy (kcal/mol)
a (Å)
b (Å)
c (Å)
 (º)
 (º)
 (º)

Initial Crystal

Optimised Crystal

Percentage Change

203.87
9.30
10.97
9.74
69.38
110.79
92.78

30.62
9.43
10.90
9.28
73.86
106.57
87.34

N/A
1.40
-0.64
-4.72
6.46
-3.81
-5.86

Pcff
Total Energy (kcal/mol)
269.68
86.75
N/A
a (Å)
9.30
9.02
-2.93
b (Å)
10.97
10.74
-2.05
c (Å)
9.74
9.29
-4.68
69.38
79.394
14.43
 (º)
110.79
101.28
-8.58
 (º)
92.78
78.69
-15.19
 (º)
Dreiding
Total Energy (kcal/mol)
133.82
15.15
N/A
a (Å)
9.30
9.56
2.90
b (Å)
10.97
11.18
1.92
c (Å)
9.74
9.78
0.42
69.38
69.48
0.14
 (º)
110.79
108.72
-1.86
 (º)
92.78
90.82
-2.11
 (º)
Table 6.1a. The changes in the unit cell parameters on the -IMC polymorph
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Initial Crystal
Optimised Crystal
Percentage Change
Cvff
Total Energy (kcal/mol)
244.69
28.37
N/A
a (Å)
5.46
5.72
4.76
b (Å)
25.31
25.70
1.54
c (Å)
18.15
17.39
-4.19
90.00
90.00
0.00
 (º)
94.38
92.82
-1.65
 (º)
90.00
90.00
0.00
 (º)
Pcff
Total Energy (kcal/mol)
311.00
85.77
N/A
a (Å)
5.46
5.64
3.32
b (Å)
25.31
25.11
-0.81
c (Å)
18.15
17.85
-1.66
90.00
90.00
0
 (º)
94.38
93.30
-1.15
 (º)
90.00
90.00
0
 (º)
Dreiding
Total Energy (kcal/mol)
516.95
9.90
N/A
a (Å)
5.46
6.83
24.99
b (Å)
25.31
25.87
2.20
c (Å)
18.15
17.11
-5.74
90.00
90.00
0
 (º)
94.38
95.10
0.77
 (º)
90.00
90.00
0
 (º)
Table 6.1b. The changes in the unit cell parameters on the -IMC polymorph

6.1.2 Growth Morphology
The Growth Morphology was calculated using the cvff force field based on the
results of the geometry optimisation.
The three faces with the lowest attachment energies for the two polymorphs
are given in table 6.1c.
 Polymorph

 Polymorph

Surface

Attachment Energy (kcal/mol)

Surface

Attachment Energy (kcal/mol)

(0 1 1)

-41.95

(0 0 1)

-57.48

(0 1 0)

-45.48

(0 1 1)

-71.10

(1 0 –1)
-49.98
(0 –1 1)
-71.10
Table 6.1c. The three faces with the lowest attachment energies for the two polymorphs
obtained using the Cvff force field
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We can see from the table that the software has identified the (0 1 0) face as
having the second lowest attachment energy for the  form. This is the face
that was reported by Wu and Yu in 2006 as being the face on which
nucleation predominates. They also identified the (1 0 0) face as being the
face favoured for nucleation in the  form although this was not identified by
the software.

Figure 6.1.2a. Calculated morphology for the gamma IMC polymorph
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Figure 6.1.2b. Calculated morphology for the alpha IMC polymorph

6.1.3 Inspection of Cleavage Planes
The faces identified in the growth morphology were studied in more detail to
determine which surfaces would cleave most readily. The number and type of
atoms exposed at the surface and the degree of possible hydrogen bonding
through the surface between slices were taken into consideration.
The findings are summarised in tables 6.1d and 6.1e (the x1 indicates that this
only occurs for one of the molecules in the unit cell). Representations of
some of the faces are given in figures 6.1.3a-6.1.3c.
Surface

Atoms exposed on surface

Degree of hydrogen bonding

(0 1 1)

Hydrogen and chlorine

Hydrogen bonding is contained within
the slice

(0 1 0)

Half of the Chlorinated benzene ring
(including the chlorine atom) (x1), COOH
forms dimer

Hydrogen bonding is contained within
the slice

(1 0 –1)

-OCH3 group and hydrogen on adjacent
carbons of the non-chlorinated benzene
ring (x1), COOH group forms dimer

Hydrogen bonding is contained within
the slice

Table 6.1d. Summary of the surface roughness and degree of hydrogen bonding through the
surface for the  polymorph as predicted using Materials Studio 4.0
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Surface

Atoms exposed on surface

Degree of hydrogen bonding

(0 0 1)

Cl and H atoms of adjacent carbons of
molecule C (x1), all COOH groups
involved in bonding

Hydrogen bonding is contained within
the slice

(0 1 1)

Cl and H atoms of adjacent carbons of
molecule C (x1), all COOH groups
involved in bonding

Hydrogen bonding is contained within
the slice

(0 –1 1)

1 H atom from –OCH3 group and 2 H
atoms from –CH3 group (attached to
nitrogen containing ring) just visible (x1),
free COOH groups

Hydrogen bonding exists within the
slice although some other hydrogen
bonds would need to be broken for this
face to be exposed

Table 6.1e. Summary of the surface roughness and degree of hydrogen bonding through the
surface for the  polymorph as predicted using Materials Studio 4.0

Figure 6.1.3a. Representation of the (0 1 1) face of the γ form showing that the surface is
quite smooth and that chlorine and hydrogen atoms are present on the surface. Hydrogen
bonds (shown as blue dotted lines) remain intact below the surface

Figure 6.1.3b. Representation of the (0 1 0) face of the γ form showing that for this face
chlorine, hydrogen and carbonyl oxygen atoms are present on the surface. Hydrogen bonds
(shown as blue dotted lines) remain intact below the surface
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Figure 6.1.3c. Representation of the (0 0 1) face of the  form showing chlorine, hydrogen
and oxygen atoms are exposed at the surface and that hydrogen bonding (shown as blue
dotted lines) is contained within the slice

6.2

Sulfathiazole

The structures obtained from the Cambridge Structural Database did not
contain any double bonds and also had hydrogen atoms missing. As the
degree of hydrogen bonding within the crystal structures of the two
polymorphs is quite extensive it was important to rectify this. The structures
downloaded from the CSD were therefore refined by adding the missing
atoms and bonds within Materials Studio before any calculations were
performed.

6.2.1 Geometry Optimisation
After conducting the geometry optimisation calculations on the refined
structures it was found that the cvff force field gave the best results for the
sulfathiazole polymorphs. This is because the total energies per molecule in
the unit cell were in very good agreement, all of the changes made to the
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lattice parameters were within 5% of the original values. The total energy
corresponding to each molecule in the asymmetric unit is also the same for
both polymorphs.
The cvff force field was therefore used when running the morphology
calculations on the optimised crystal structures.
The geometry optimisation data for the three force fields is given in
Tables 6.2a and 6.2b and representations of the optimised unit cells are given
in Figures 6.2.1a and 6.2.1b
Initial Crystal
Optimised Crystal
Percentage Change
Cvff
Total Energy (kcal/mol)
1175.75
-264.86
N/A
a (Å)
17.57
17.27
-1.71
b (Å)
8.57
8.44
-1.52
c (Å)
15.58
16.02
2.82
 (º)
90.00
90.00
0
 (º)
112.93
107.83
-4.52
 (º)
90.00
90.00
0
Pcff
Total Energy (kcal/mol)
1068.59
-158.65
N/A
a (Å)
17.57
16.81
-4.33
b (Å)
8.57
9.25
7.93
c (Å)
15.58
14.75
-5.33
 (º)
90.00
90.00
0
 (º)
112.93
105.93
-6.20
 (º)
90.00
90.00
0
Dreiding
Total Energy (kcal/mol)
1397.74
160.95
N/A
a (Å)
17.57
18.56
5.63
b (Å)
8.57
7.86
-8.28
c (Å)
15.58
17.08
9.63
 (º)
90.00
90.00
0
 (º)
112.93
115.88
2.6
 (º)
90.00
90.00
0
Table 6.2a. Lattice parameters for the SFZ III polymorph before and after geometry
optimisation
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Initial Crystal

Optimised Crystal

Percentage Change

Cvff
Total Energy (kcal/mol)
1032.82
-265.45
N/A
a (Å)
10.55
10.52
-0.28
b (Å)
13.22
13.72
3.78
c (Å)
17.05
16.31
-4.34
 (º)
90.00
90.00
0
 (º)
108.06
106.97
-1.01
 (º)
90.00
90.00
0
Pcff
Total Energy (kcal/mol)
963.01
-147.94
N/A
a (Å)
10.55
10.27
-2.65
b (Å)
13.22
14.25
7.79
c (Å)
17.05
15.96
-6.39
 (º)
90.00
90.00
0
 (º)
108.06
112.93
4.51
 (º)
90.00
90.00
0
Dreiding
Total Energy (kcal/mol)
1170.35
150.80
N/A
a (Å)
10.55
11.21
6.26
b (Å)
13.22
12.28
-7.12
c (Å)
17.05
18.17
6.57
 (º)
90.00
90.00
0
 (º)
108.06
108.45
0.36
 (º)
90.00
90.00
0
Table 6.2b. Lattice parameters for the SFZ I polymorph before and after geometry
optimisation

Figure 6.2.1a. Geometry optimised unit cell of the SFZ III polymorph
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Figure 6.2.1b. Geometry optimised unit cell of the SFZ I polymorph

6.2.2 Growth Morphology
The growth morphology calculations for the sulfathiazole polymorphs were
calculated using the cvff force field which had been identified by the geometry
optimisation calculations as being the best suited to the molecules. The faces
with the lowest attachment energies were recorded and studied in more detail
to identify which atoms and/or functional groups were exposed on the surface
and to see what effect this was likely to have on the acidic or basic nature of
the surface. The extent of, and possibility of, hydrogen bonding on the
surface was also examined to try and determine if faces would be stable or
would be likely to be high in energy due to exposed groups which would
ordinarily like to be bound via hydrogen bonds to another functional group or
atom. The attachment energies for the selected faces of each polymorph are
given in Table 6.2c. Four faces have been selected for the SFZ III polymorph
so that all axes are represented, i.e. (h k l) are all above 0.
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Polymorph III

Polymorph I

Surface

Attachment Energy (kcal/mol)

Surface

Attachment Energy (kcal/mol)

(1 0 0)

-43.38

(1 0 0)

-82.30

(0 0 2)

-129.12

(0 1 1)

-102.51

(1 0 -2)

-134.87

(1 1 -1)

-123.29

(1 1 -1)
-139.21
Table 6.2c. . The three faces with the lowest attachment energies for the two sulfathiazole
polymorphs obtained using the Cvff force field

Since the difference between the attachment energies for the first two faces
corresponding to the stable form (SFZ III) is so large it is likely that the
polymorph will be preferentially cleaved along the (1 0 0) plane. The
differences between the attachment energies for the first two faces given for
the metastable form (SFZ I) are considerably smaller than those for the stable
polymorph but it is still likely that this polymorph will also cleave along the (1 0
0) face.
The morphology for the two forms is given in Figures 6.2.2a and 6.2.2b

Figure 6.2.2a. Calculated morphology for the SFZ III polymorph
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Figure 6.2.2b. Calculated morphology for the SFZ I polymorph

6.2.3 Inspection of Cleavage Planes
The faces identified in section 6.2.2 were studied in more detail to determine
which functional groups were exposed in each case. It can be seen that the
(1 0 0) face has the lowest attachment energy for both faces. This face is
very large due to the low attachment energy value as can be seen in Figures
6.2.2a and 6.2.2b which shows the calculated morphologies of the
sulfathiazole polymorphs.
The (1 0 0) face for the SFZ III polymorph has ionisable groups
exposed on the surface such as the HN2 and SO2 groups. These groups
however are involved in hydrogen bonding to other groups on the surface and
within the slice. The energy of this surface would therefore be expected to be
low as it will be very stable.
Surfaces with higher attachment energies for the SFZ III polymorph are
much rougher than the (1 0 0) face and therefore would not be cleaved so
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easily as friction forces would act to prevent the planes from “slipping” over
one another easily. The possibility of hydrogen bonding between slices of
these faces also means that they have higher attachment energies.
The nature of the faces is summarised in Tables 6.2d and 6.2e and
representations of some of the faces are given in Figures 6.2.3a-g.

Surface

Atoms exposed on surface

Degree of hydrogen bonding

(1 0 0)

NH2 group hydrogen bonded to SO2
group and NH group. Surface is very
flat.

There is a large degree of hydrogen
bonding on the surface which means it
may be unlikely that more will occur
between slices

(0 0 2)

Surface is rough. Oxygen from SO2
group, ring sulphur atom and aromatic
hydrogen atoms exposed

Hydrogen bonding may occur between
slices

(1 0 -2)

Surface is slightly rough. NH2 group
exposed which is hydrogen bonded to
SO2 group

Hydrogen bonding already exists
between atoms on the surface and in
the slice but it is also possible between
slices

(1 1 -1)

Rough surface. Flat aromatic ring
exposed at surface along with an NH 2
and SO2 groups. Extensive hydrogen
bonding

Hydrogen bonding exists on the
surface of the face as well as within
the slice and between slices. Structure
is very uniform (ladder-like) enabling
hydrogen bonding to be possible
between slices

Table 6.2d. Summary of the cleavage planes identified by the growth morphology
calculations performed on the SFZ III polymorph

Figure 6.2.3a. Representation of the (1 0 0) face of the SFZ III polymorph
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Figure 6.2.3b. Representation of the (0 0 2) face of the SFZ III polymorph

Figure 6.2.3c. Representation of the (1 0 -2) face of the SFZ III polymorph

Figure 6.2.3d. Representation of the (1 1 -1) face of the SFZ III polymorph
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Surface

Atoms exposed on surface

Degree of hydrogen bonding

(1 0 0)

An NH2 group attached to an aromatic
ring hydrogen bonded to an aromatic S
atom and some ring hydrogens are
exposed on the surface. This surface is
fairly flat.

Hydrogen bonding is contained within
the slice but may be possible across
slices due to the exposed NH2 group
(only one H already involved in
hydrogen bonding).

(0 1 1)

HN2, NH and SO2 groups exposed along
with some ring hydrogen atoms. This
surface is fairly rough.

Hydrogen bonding may occur between
slices due to the nature of the exposed
groups.

(1 1 -1)

An NH2 group and aromatic hydrogen
atoms are exposed on this surface.

Hydrogen bonding may occur between
slices.

Table 6.2e. Summary of the cleavage planes identified by the growth morphology
calculations performed on the SFZ I polymorph

Figure 6.2.3e. Representation of the (1 0 0) face of the SFZ I polymorph

Figure 6.2.3f. Representation of the (0 1 1) face of the SFZ I polymorph
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Figure 6.2.3g. Representation of the (1 1 -1) face of the SFZ I polymorph

6.3

Chapter Summary

This chapter outlines the results from the computational work. The two APIs
are discussed in turn with the geometry optimisation results discussed first
followed by the identification of faces with low attachment energies. The
faces identified to have the lowest attachment energies for each polymorph
were described in more detail with diagrams given to aid explanation.
This work was carried in order to try and establish whether or not it
would be possible to predict the milling behaviour of both stable and
metastable polymorphs. This work was of interest as large changes in the
acidic or basic nature of a surface may affect its bioavailability. It was thought
that if it was possible to predict these changes then certain drug candidates
could be discarded if it was deemed that milling would have an adverse effect
on the bioavailability.
The attachment energy calculations for gamma indomethacin
polymorphs suggest that a small increase in the acidity of the surface would
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be expected as a result of milling. This was only observed for the ball milled
sample with the cryomilled and micronised sample remaining unchanged.
It is also expected from the calculations performed on the alpha form
that an increase in the acidity of the surface would be observed. This is
expected due to the presence of both chlorine and carbonyl groups on the
surface. As the differences between the attachment energies of the faces is
larger for the alpha form the face with the lowest energy would be expected to
dominate when the crystal is cleaved. This is different from the gamma form
which contained two faces with fairly similar attachment energies. An
increase in acidity was observed for the cryomilled and micronised samples
but not for the ball milled sample. It should be noted when considering this
data that the software does not take into account the possible introduction of
amorphous material. It has been seen for the alpha polymorph of
indomethacin that some disorder is introduced as a result of milling. Although
the computational predictions for the alpha form seem to be good the
presence of amorphous material should be remembered.
The attachment energy calculations made on the sulfathiazole
polymorphs suggest that little or no change would be expected in terms of the
specific surface energies of the stable SFZ III polymorph. Although there is
an NH2 and an SO2 group on the surface these are involved in extensive
hydrogen bonding. Therefore it is very unlikely that these groups will be
accessible for the polar probes to interact with. These results are in
agreement with the experimental results which show that only very small
changes occurred with all polar probes used.

197

Things are more complicated when it comes to the metastable SFZ I
polymorph. The predictions made by the software assume that this form does
not convert and therefore the cleavage planes predicted are for the SFZ I
polymorph. The experimental data has shown however that the material
undergoes a conversion to the more stable SFZ III polymorph with all milling
techniques (even though this is only partial when micronisation is used). For
this reason the computational results for the SFZ I polymorph should be
disregarded. The milled samples of the SFZ I polymorph should instead be
compared to the predicted cleavage planes for the SFZ III polymorph. If it is
assumed that the face with the lowest predicted cleavage plane is the most
morphologically important, and hence the largest, then this can be used as the
starting point, i.e. the nature of the surface of the unprocessed sample. This
face contains exposed nitrogen atoms which would be accessible by the polar
probes. The face with the lowest attachment energy for the SFZ III polymorph
also contains nitrogen on the surface but this is involved in hydrogen bonding
so would not be as accessible. For this reason it may be assumed that a
decrease in the basic nature of the surface would be expected when the SFZ
Form I polymorph was milled. It was seen however that there was an
increase in the affinity of all of the probes for the milled SFZ I samples. Due
to the change in polymorphic form it cannot really be said whether or not the
computational predictions are accurate for this form even if the SFZ III faces
are also studied.

It is difficult to say whether or not the computational approach used was
successful or not. Some of the results generated were comparable with the
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experimental results, especially for the stable polymorphs. This approach
may not be suitable for metastable forms however as the calculations do not
allow for any deviation from the form being studied, i.e. conversion to the
amorphous from or to another polymorph.
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Chapter 7
Summary
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7.1 Summary
The probe interactions observed by the IGC experiments for the IMC
polymorphs indicate that some of the samples studied remained the same in
terms of the acidity and basicity of the surface but a number of them were
affected by the milling process. The samples which showed large changes
were the ball milled gamma form (which became less acidic) and the
cryomilled and micronised alpha form (both of which became more acidic).
The use of the chloroform probe unfortunately gave mostly negative energy
values as the elution time of this probe was too fast. With the unprocessed
samples already highly acidic it was deemed that the chloroform probe would
not be able to highlight increases in the acidity of the surface. The THF probe
however gave large positive values and was able to indicate changes in the
acidity of the surface. This probe indicated that the surfaces of the cryomilled
and jet micronised alpha form had become more acidic as they had a greater
affinity for the THF probe.
Inspection of the faces with the lowest calculated activation energies
for the  form of IMC showed that there were two faces with energies which
were fairly close together and which could both be plausible. Closer
inspection of these faces reveals that one is more acidic than the other. The
(0 1 1) face of the  form has chlorine and hydrogen atoms exposed on the
surface (Figure 6.1.3a) indicating that the face would have some acidic
regions but would be largely hydrophobic. The (0 1 0) face (Figure 6.1.3b) of
the  form also has chlorine and hydrogen atoms exposed on the surface but
in addition it has exposed carbonyl groups. These carbonyl groups contribute
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to a higher acidity for the face compared to the (0 0 1) face. It would therefore
be expected that a slight increase in the acidity of the surface may be
expected although this increase may be very small. The IGC results have
shown that an increase in the acidic nature of the surface was only observed
for the ball milled gamma IMC sample.
Inspection of the attachment energies calculated for the alpha form
indicate that there are bigger differences between the energies of different
faces and therefore the (0 0 1) face would be cleaved preferentially. Closer
inspection of the (0 0 1) face (Figure 6.1.3c) indicates that chlorine, hydrogen
and carbonyl oxygen atoms are present on the surface. The presence of the
chlorine and carbonyl oxygen on the surface would lead to this face being
slightly acidic. It would therefore be expected that cleavage along this face
would lead to an increase in the acidity of the sample after processing.
The results obtained from IGC have shown that an increase in acidity is
observed for the cryomilled and jet micronised sample of the alpha form of
IMC but not for the ball milled sample.
Comparison of the calculated and experimental data has shown that
the results for gamma indomethacin are inconclusive. Due to the nature of
the faces in the gamma form and the fact that there are two faces which could
have been cleavage planes it cannot be said whether or not the results give a
true indication of the cleavage of this polymorph.
The results for the alpha form have shown that different milling
techniques can give different results in terms of surface energetics. It was
seen that for the ball milled sample there were only very small changes in the
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specific surface energetics in terms of acidity and basicity. However the
cryomilled and jet micronised samples indicated that changes in the specific
surface energy had occurred with an increase in acidity being observed.
The calculated cleavage plane for the alpha form showed that the
acidity of the surface would increase if the calculations were accurate. It is
however very hard to tell whether or not these calculations are reliable. This
is due to two factors; the increase in disorder after processing of the alpha
form as seen in the DSC and XRPD data, and also the complexity of the
crystal structure.
The software does not predict the occurrence of disorder on the
surface, therefore the calculations are based on perfect crystals which remain
extremely crystalline after cleavage. As we have demonstrated some form of
disorder has occurred during processing so it cannot be said with confidence
whether or not the calculated cleavage plane was in fact exposed during
processing.
The second factor to take into consideration is the approach used when
deciding where the cleavage planes would be to give the most desirable
surface energy. The approach used in this study cleaved the surface as a
straight line without taking into account the stability that certain bonds may
bring to the surface if some atoms are left in place. This means that
sometimes the approach used within the study cleaved through hydrogen
bonds rather than cleaving around certain atoms so as to leave the hydrogen
bond intact. Since the alpha form has six molecules in the unit cell there are
many hydrogen bonds between independent molecules and also a large
number of ways in which each surface can be cleaved. For this reason again
203

it cannot be said whether or not the calculated cleavage plane is accurate or
not.
A better approach for the alpha form would be to use the HartmanPerdok model as this would take into account the stability that certain bonds
would bring to the surface. Unfortunately the software used in this study does
not allow the use of this model.
It can therefore be said that this approach to predicting the cleavage
planes for indomethacin polymorphs gave inconclusive results and that more
sophisticated techniques may need to be used to obtain results which can be
relied upon more heavily.
The computational results observed for the sulfathiazole polymorphs
suggest that the surfaces of the milled samples of the SFZ III polymorph
would perhaps be more basic due to the exposure of the NH2 group on the (1
0 0) face (Figure 6.2.3a) . The NH2 group and the SO2 group are involved in
hydrogen bonding with one another and would therefore not be accessible on
the surface.
As with the stable indomethacin polymorph, SFZ III did not undergo
any physical changes which were detectable by DSC or XRPD during any of
the milling techniques. The IGC results also show that the surface energetics
of the material in terms of the specific energy terms remained constant.
The results obtained for the SFZ I polymorph show that a conversion
(although not always complete) to the more stable Form III occurred when the
material was processed. This conversion was more complete when the
material was milled at ambient temperature. The conversion to the more
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stable polymorph was confirmed by DSC with the appearance of a transition
peak in the profile and also by the change in powder pattern obtained by
XRPD.
The IGC data obtained for the metastable SFZ I polymorph showed
that the surface of the material increased both in terms of its acidic and basic
nature. This is perhaps what would be expected if cleavage occurred along
the faces with the two lowest calculated attachment energies. Both of these
faces contain an exposed amine group whilst the second face also has an
exposed sulfato oxygen atom. These faces are the (1 0 0) face and the (0 1
1) face and can be found in Figures 6.2.3e and 6.2.3f respectively. This may
be true for the micronised sample as the sample underwent only a partial
polymorphic conversion. The ball milled and cryomilled sample however
underwent complete conversion to Form III so these faces would not be
relevant for these samples. For the ball milled and cryomilled samples the
faces predicted for SFZ III should be studied.
Due to the number of molecules in the unit cell of SFZ (Z = 8) the same
problems with modelling as mentioned for the alpha form of IMC will also be
true. Once again a more appropriate method for the calculation of cleavage
planes of SFZ would be to use the Hartman-Perdok method in order to take
into account stability of bonds on the surface. This may be particularly
important for SFZ as the hydrogen bonging within the molecule is quite
extensive.
Single crystals of the salts and cocrystals could not be grown in order
to obtain a crystal structure and therefore no computational data was
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generated for these. Some interesting results from the laboratory experiments
were noted however.
The experimental results obtained show that the choice of milling
technique has an effect on the stability and surface energetics of materials.
By looking at all the DSC and XRPD data obtained for all materials used in
this project it has been found that jet micronisation has the least effect on the
physical properties of the material. Jet micronisation did not have any
noticeable effect on the physical stability of eight out of the eleven samples.
Two of the materials which were affected by the jet micronisation process
were the metastable polymorphs, alpha IMC and SFZ I.
This finding that micronisation did not normally cause disorder goes
against what is generally accepted. It is generally stated that micronisation
causes a large degree of disorder in a sample as the energy input of the
technique is high. The fact that the micronised samples in this study became
the least disordered may be due to cleaner fractures in the crystals as the
particles are only colliding with themselves and the walls of the container. As
the particles drop out of the gas stream once they reach a certain size (mass)
it means that they may be subjected to this high input of energy for only a
short amount of time. With ball milling the particles are colliding with each
other, the walls of the container and the ball. They are also exposed to this
environment for the duration of the experiment. This may explain why
micronisation seems to actually cause less disorder than ball milling.
Ball milling at ambient temperature appears to have the greatest effect
on the physical stability of the materials which may indicate that temperature
as well as milling may have an effect on the behaviour of materials. For the
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metastable alpha IMC polymorph and the SFZ tosylate salt melt –
recrystallisation – melt type transitions were observed when ball milling at
ambient temperature and micronisation were used.

The first of these melts

corresponded to the starting material with the second being the stable gamma
IMC polymorph for the alpha IMC polymorph and an unidentified form for the
tosylate salt. The sample of the SFZ tosylate salt which had been cryomilled
did not exhibit this behaviour during thermal analysis and the melting point of
the material remained unchanged. The XRPD patterns for all these samples
did not contain any new peaks (although they did show loss of crystallinity)
indicating that the processing itself does not induce a phase change but
instead induces some kind of disorder which leads to conversion on heating.
Unexpected and interested results were also obtained when the
samples were cryomilled. It has been stated in the literature that a good way
of generating amorphous material is to mill at low temperatures, i.e. below the
glass transition of a material. For a number of samples in this study a
decrease in crystallinity of the material has been noted with cryomilling but
none of the samples became completely amorphous. It was also seen for the
SFZ tosylate salt that cryomilling was the only technique that did not cause a
polymorphic change to occur on heating of the material post processing. This
suggests that in this case the cryomilling process had actually induced the
least amount of disorder. Differences in the surface energetics were also
observed with this salt with cryomilling causing a decrease in acidity whilst ball
milling and micronisation caused increases. An explanation for this may be
that the milling vessels were opened, and the sample removed, while they
were still cold. This may have given water a chance to condense on the
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sample leading to recrystallisation. To test this theory the cryomilling
procedure would need to be repeated but the vessels allowed to warm up to
room temperature before opening and then seeing if the milled powder was
amorphous or crystalline.
The DSC profiles collected for the salts used in this project indicate that
in nearly all cases milling leads to some degree of disorder. This was shown
by the presence of peaks corresponding to melt – recrystallisation – melt type
transitions along with possible solid-solid transitions and possible glass
transitions. As noted earlier these peaks were most noticeable in the profiles
recorded for the samples which had been ball milled at ambient temperature.
The XRPD data collected for the salts did not contain any new peaks
but did show loss of crystallinity indicating again that milling may lead to some
kind of disorder which requires heat to convert to a new form.
The DSC and XRPD data obtained for the two cocrystals used in this
study show that none of the milling techniques had an effect on the physical
stability of the IMC:SAC cocrystal (although a small loss in crystallinity was
observed when the material was cryomilled. The DSC profiles obtained after
processing contained only one endotherm regardless of which milling
technique was used. This was not true however for the IMC:BEN cocrystal.
The DSC data showed that when this cocrystal was ball milled and cryomilled
small shifts in melting point were observed. This may be an indication that the
cocrystal could exist in more than one configuration. This theory is supported
by the XRPD data which shows that the ball milled and cryomilled samples
gave different diffraction patterns compared to the unprocessed sample.
From this it seems that cocrystals may offer more stability than salts when a
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material is to be milled although a much wider study would need to be
conducted in order to confirm this.
The results obtained by IGC show that, in general, milling leads to an
increase in the dispersive surface energy of a material. The degree to which
this occurs does not appear to follow any pattern in terms of which milling
technique is used.
The results obtained for the specific surface energies show that milling
can affect the surface of a material a great deal. The two stable polymorphs,
gamma IMC and SFZ III remained unchanged in terms of specific surface
energies regardless of milling technique (with the exception of small changes
for the ball milled gamma IMC sample) indicating that the nature of the
surface remained the same in terms of its acidity and basicity. The NaSFZ
salt also remained unchanged in terms of its acidic and basic nature (data
could not be obtained for the ball milled NaSFZ salt).
All other materials used showed that a change occurred with at least
one milling technique. There does not seem to be any general trends with
regards to milling technique or to solid form. Although most materials do
exhibit the same changes, i.e. an increase in acidity, some materials give
different results when different techniques are employed. An example of a
material which shows the same trend regardless of milling technique is the
IMC TRIS salt which always shows a decrease in acidity, although this is to
differing degrees. The SFZ tosylate salt on the other hand shows an increase
in acidity when ball milled and micronised. The cryomilled sample of the SFZ
tosylate salt exhibited a decrease in acidity coupled with a large increase in
the basic nature of the surface.
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Specific surface energy data was hard to obtain for the cocrystals most
probably due to extremely fast elution of the polar probes as negative values
for both the THF and chloroform probes were obtained. The presence of
hydrogen bonding between the two components may indicate that the polar
probes were eluted very quickly as there would be few available functional
groups to bind with. This theory is supported by the DSC and XRPD data
which indicated that the cocrystals exhibited a high level of physical stability
with all milling techniques i.e. they did not break down into their constituents.
By taking all the data together it can be said that although a material
may show a high level of physical stability by DSC and XRPD after processing
the changes in the surface energetics may be considerably large. Further
work would need to be done to determine whether these changes have an
effect on the performance of an inhalation drug in terms of lung deposition and
bioavailability.
This study has achieved its aims by studying the effect of milling
technique on the physical stability of polymorphs, salts and cocrystals and
identifying a trend for micronisation to produce less disorder in materials than
ball milling and cryomilling. The surface energetics of milled samples have
also been studied highlighting that even though a material exhibits physical
stability during milling large changes in the acidity and/or basicity of the
surface may occur. This finding has fulfilled another aim of the project which
was to study the effect of milling on surface energetics.
The final aim of the study was to determine whether or not it was
possible to use a standard computational chemistry approach to predict the
cleavage planes of polymorphs. This study has shown that the computational
210

approach used may be too basic to cope with complex crystal structures and
that a more sophisticated approach, such as the Hartman-Perdok model, may
be required.
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Compound
Gamma IMC

Unprocessed
m.p: 160ºC

γsd:

Alpha IMC

SFZ III

m.p: 160ºC

2

Cryomilled
m.p: 160ºC

Micronised
m.p: 160ºC

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

γsd:

γsd:

γsd: 50.9mJ/m2

48.8mJ/m

2

49.0mJ/m

2

THF 3510.1J/mol

THF: 2920.7J/mol

THF: 3270.5J/mol

THF: 3219.3J/mol

CHCl3: -411.5J/mol

CHCl3: -832.6J/mol

CHCl3: -840.5J/mol

CHCl3: -933.6J/mol

EtOAc: 4349.8J/mol

EtOAc: 3632.3J/mol

EtOAc: 3983.1J/mol

EtOAc: 3838.3J/mol

Acetone: 3941.2J/mol

Acetone: 3792.6J/mol

Acetone: 3403.6J/mol

Acetone: 3184.7J/mol

m.p: 155ºC

m.p: 155 and 160ºC

m.p: 160ºC

m.p: 155 and 160ºC

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

γsd: 44.3mJ/m2

γsd: 45.0mJ/m2

γsd: 52.2mJ/m2

γsd: 54.9mJ/m2

THF 2854.2J/mol

THF 2623.5J/mol

THF 3684.0J/mol

THF 3586.3J/mol

CHCl3: 97.1J/mol

CHCl3: 124.2J/mol

CHCl3: 11.4J/mol

CHCl3: -123.6J/mol

EtOAc: 3756.3J/mol

EtOAc: 3333.2J/mol

EtOAc: 4668.2J/mol

EtOAc: 4674.0J/mol

Acetone: 4210.3J/mol

Acetone: 3696.1J/mol

Acetone: 5789.6J/mol

Acetone: 5344.8J/mol

m.p: 202ºC

m.p: 202ºC

m.p: 202ºC

m.p: 202ºC

γsd:

SFZ I

41.2mJ/m

Ball Milled

55.5mJ/m

2

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

γsd:

γsd:

γsd: 59.4mJ/m2

59.4mJ/m

2

58.0mJ/m

2

THF 5556.9J/mol

THF 5780.6J/mol

THF 5125.5J/mol

THF 5424.6J/mol

CHCl3: 1696.5J/mol

CHCl3: 1946.6J/mol

CHCl3: 1396.4J/mol

CHCl3: 1607.3J/mol

EtOAc: 7226.7J/mol

EtOAc: 7429.2J/mol

EtOAc: 7121.2J/mol

EtOAc: 7171.2J/mol

Acetone: 7075.6J/mol

Acetone: 8327.4J/mol

Acetone: 7573.7J/mol

Acetone: 7757.7J/mol

m.p: 202ºC

m.p: 202ºC

m.p: 202ºC

m.p: 202ºC

γsd:

51.4mJ/m

2

THF 4359.5J/mol

Change in XRPD to SFZ III

Change in XRPD to SFZ III

Partial change in form by XRPD

γsd:

γsd:

γsd: 59.1mJ/m2

62.0mJ/m

2

THF 5229.6J/mol

57.1mJ/m

2

THF 5676.7J/mol

THF 5314.0J/mol
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IMC TRIS

CHCl3: 849.9J/mol

CHCl3: 1411.4J/mol

CHCl3: 1670.9J/mol

CHCl3: 1269.6J/mol

EtOAc: 6052.5J/mol

EtOAc: 7061.3J/mol

EtOAc: 7511.8J/mol

EtOAc: 7233.6J/mol

Acetone: 6205.8J/mol

Acetone: 7940.3J/mol

Acetone: 7953.7J/mol

Acetone: 7715.9J/mol

m.p: 150ºC

m.p: 150ºC

m.p: 150ºC

m.p: 150ºC

γsd:

IMC Meglumine

No change in form by XRPD

No change in form by XRPD

γsd:

γsd:

γsd: 47.6mJ/m2

48.7mJ/m

2

48.1mJ/m

2

THF 5609.1J/mol

THF 3978.6J/mol

THF 2006.5J/mol

CHCl3: -301.6J/mol

CHCl3: -307.6J/mol

CHCl3: 325.2J/mol

CHCl3: -135.4J/mol

EtOAc: 4842.1J/mol

EtOAc: 4401.4J/mol

EtOAc: 3778.3J/mol

EtOAc: 3367.9J/mol

Acetone: 5508.7J/mol

Acetone: 5041.5J/mol

Acetone: 4420.6J/mol

Acetone: 3723.3J/mol

m.p: 140ºC

m.p: 135-140ºC

No data collected

m.p: 142ºC

43.6mJ/m

2

No change in form by XRPD

No change in form by XRPD

γsd:

γsd: 48.4mJ/m2

45.4mJ/m

2

THF 1326.3J/mol

THF 1226.6J/mol

THF 1642.0J/mol

CHCl3: -244.8J/mol

CHCl3: 72.8J/mol

CHCl3: 452.4J/mol

EtOAc: 2635.0J/mol

EtOAc: 2510.0J/mol

EtOAc: 3285.3J/mol

Acetone: 2959.4J/mol

Acetone: 2747.5J/mol

Acetone: 3828.5J/mol

m.p: 197ºC

m.p: 210-214ºC

m.p: 195ºC

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

γsd:

γsd:

γsd: 95.1mJ/m2

γsd:

SFZ Mesylate

No change in form by XRPD

THF 6729.6J/mol

γsd:

SFZ Tosylate

47.4mJ/m

2

86.0mJ/m

2

103.5mJ/m

2

50.2mJ/m

m.p: 212ºC

2

THF 2730.0J/mol

THF 5050.2J/mol

THF 1995.9J/mol

THF 3611.6J/mol

CHCl3: 444.2J/mol

CHCl3: 781.7J/mol

CHCl3: 2085.1J/mol

CHCl3: 575.4J/mol

EtOAc: 5156.2J/mol

EtOAc: 7154.4J/mol

EtOAc: 3772.4J/mol

EtOAc: 5967.4J/mol

Acetone: 6190.1J/mol

Acetone: 10027.6J/mol

Acetone: 4214.1J/mol

Acetone: 8465.9J/mol

m.p: 217ºC

m.p: 217ºC

m.p: 218ºC

m.p: 219ºC

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

γsd:

γsd:

γsd: 52.1mJ/m2

γsd:

49.6mJ/m

2

57.1mJ/m

2

44.3mJ/m

2
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NaSFZ

THF 3424.0J/mol

THF 8855.2J/mol

THF 1248.0J/mol

THF 6151.0J/mol

CHCl3: 226.3J/mol

CHCl3: 1229.0J/mol

CHCl3: 2085.7J/mol

CHCl3: 1041.0J/mol

EtOAc: 5165.3J/mol

EtOAc: 10073.5J/mol

EtOAc: 2708.8J/mol

EtOAc: 7948.0J/mol

Acetone: 5689.5J/mol

Acetone: 20692.4J/mol

Acetone: 3658.9J/mol

Acetone: 8504.2J/mol

m.p: 270ºC

m.p: 270ºC

m.p: 270º

m.p: 272ºC

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

No IGC data collected

γsd:

γsd: 48.2mJ/m2

γsd:

IMC:SAC

53.8mJ/m

2

THF 12248.8J/mol

THF 11612.0J/mol

THF 11398.6J/mol

CHCl3: 1061.2J/mol

CHCl3: 981.5J/mol

CHCl3: 1101.4J/mol

EtOAc: 2688.5J/mol

EtOAc: 2070.3J/mol

EtOAc: 2718.6J/mol

Acetone: 15433.0J/mol

Acetone: 15127.0J/mol

Acetone: 14325.6J/mol

m.p: 183ºC

m.p: 183ºC

No change in form by XRPD

No change in form by XRPD

No change in form by XRPD

γsd:

No IGC data collected

γsd: 46.5mJ/m2

m.p: 183ºC

γsd:

IMC:BEN

52.9mJ/m

2

32.0mJ/m

m.p: 185ºC

2

53.7mJ/m

2

THF 1914.5J/mol

THF 4672.9J/mol

THF 6923.2J/mol

CHCl3: -71.5J/mol

CHCl3: 174.4J/mol

CHCl3: -523.6J/mol

EtOAc: 2158.6J/mol

EtOAc: 6719.2J/mol

EtOAc: 4337.2J/mol

Acetone: 2909.5J/mol

Acetone: 9074.6J/mol

Acetone: 5691.9J/mol

m.p: 115ºC

m.p: 115ºC

m.p: 111ºC

m.p: 115ºC

Change in Form by XRPD

Change in Form by XRPD

Change in Form by XRPD

γsd: 79.9mJ/m2

γsd: 69.6mJ/m2

γsd: 89.9mJ/m2

γsd: 87.9mJ/m2

THF -595.2J/mol

THF 811.9J/mol

THF -278.5J/mol

THF -354.3J/mol

CHCl3: -1103.7J/mol

CHCl3: -417.7J/mol

CHCl3: -1366.2J/mol

CHCl3: -1523.5J/mol

EtOAc: 1289.7J/mol

EtOAc: 2352.6J/mol

EtOAc: 1587.8J/mol

EtOAc: 1658.3J/mol

Acetone: 1073.6J/mol

Acetone: 3314.7J/mol

Acetone: 1455.2J/mol

Acetone: 1936.0J/mol

Table 7. Summary of all results collected throughout the study
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7.2

Chapter Summary

This chapter brings together all the data collected throughout this study to
determine whether any trends have been identified with the different milling
techniques and to see if salt and cocrystal synthesis offers stability when
studying physical stability and surface energetics. The chapter also discusses
the outcomes of the computational study in terms of its suitability for use in
conjunction with the complex crystal structures encountered in this study. The
findings are discussed in relation to the original aims and objectives set out at
the beginning of the project.
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Chapter 8
Conclusions
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8.1 Conclusions
After carrying out this project the following conclusions can be drawn:


The computational approach used may not be sophisticated enough
to cope with the complexity of some of the unit cells used within this
project. A more appropriate model may be the Hartman-Perdok
model but unfortunately the software used does not have this
capability.



The two stable polymorphs used in this project showed no changes
in terms of physical stability. The surface of the SFZ III polymorph
was also unchanged but the stable gamma IMC polymorph became
less acidic when ball milled. The two metastable forms showed
varying behaviour dependent on milling technique.



The temperature at which milling is conducted had an effect on the
level of disorder seen. This was seen most clearly for the SFZ
tosylate salt. When this salt was ball milled and micronised the
melting point was shifted from 195ºC to 210-214ºC. When the salt
was cryomilled the melting point was not shifted.



Cryomilling did not lead to the production of amorphous material.
This was not expected as it has been published in the literature (as
is generally accepted) that milling a material below its glass
transition temperature leads to amorphisation.



Micronisation was seen to cause the least amount of disorder in the
samples studied. This goes against the theory that micronisation
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leads to disorder in a sample due to the high energy input
associated with the technique.


The salts used in this study varied in their physical stability with a
general trend seen that micronisation causes the least amount of
disorder (if any) and ball milling at ambient temperature causing the
greatest level of disorder.



The salts used in this study also showed that using a different
milling technique can lead to different changes in the specific
surface energetics of a material. For example the surface of the
SFZ mesylate salt became more acidic when ball milled and
micronised whereas it became less acidic when cryomilled. This
was also true for the SFZ tosylate salt.



The cocrystals used in this study showed good physical stability
with no disorder being noted in the DSC profiles of the milled
samples and only a small loss in crystallinity being noted by XRPD.



It was difficult to obtain IGC data concerning the specific surface
energies of the cocrystals as the polar probes were eluted so
quickly. This led to negative energy values which are not possible.



A general trend seen across all the materials used in this study is
that milling, regardless of technique, causes an increase in the
dispersive surface energy (γsd).

218

8.2

Further Work Recommendations

This study has looked at the effect of different milling techniques on
polymorphs, salts and cocrystals. The use of salts and cocrystals was
included in this study to see if these modifications could offer greater stability
over the API alone. The materials were studied by XRPD and DSC to
determine if any physical changes had occurred in the bulk of the material.
The surface energies of the materials were also studied to see if certain types
of materials, i.e. salts or cocrystals, were altered less on a surface level than
the API alone.
The work could be improved by quantifying the level of amorphous
content in each sample to add more weight to the theories suggested. This
would be useful when discussing the differences seen in the DSC data for the
unprocessed and milled samples of the alpha IMC polymorph which showed
no change in form by XRPD. This work was not carried out during this study
due to a lack of instrumentation and time.
Obtaining some SEM images of the materials before and after milling
would also be a nice addition to this work. It would be interesting to see if the
materials supplied and prepared in this study had the same morphology as
those predicted by the modelling software. By making this comparison it may
have been possible to be more, or less, confident with the computational data.

It was found in this study that the formation of salts and cocrystals does not
appear to offer any advantage in terms of increasing the stability of the
surface energetics of an API. It was also found in this study that different
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milling techniques can have different effects on the same material both in
terms of the bulk physical properties and the surface energetics.

Large differences in the specific surface energies were observed for some of
the materials used in this study. Such large changes in the specific surface
energies would strongly suggest that different functional groups have been
exposed as the particles have fractured. This may have the potential to alter
the bioavailability of a drug. For this reason a suggestion for further work
would be to investigate whether these large changes have an effect on the
deposition of a material within the inhalation pathway.

This work could be done using a cascade impactor to initially assess the
particle size distribution generated by each milling technique. The dissolution
rate of the unprocessed and milled materials could also be investigated in
different simulated respiratory fluids. The dissolution results could then be
studied to see if there is any correlation between these results and the results
collected from the cascade impactor experiments. The dissolution results
could also be compared to the surface energetics of the unprocessed and
milled material to see if any correlation can be drawn between the dissolution
rate and the nature of the surface energetics. For example would an
unprocessed sample of the SFZ tosylate salt have a different dissolution
profile to the ball milled sample, which has a more acidic surface, or the
cryomilled sample, which has a more basic surface.
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This work could be taken even further, dependent on the pharmaceutical
acceptability of the material, to assess the lung deposition of the material in
vivo. This could be performed by adding a radiotracer to the material before
inhalation and then using either two-dimensional planar imaging or threedimensional single photon emission computerised tomography (SPECT) to
study the actual lung deposition.
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