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Abstract

Organic crystals are found in everyday goods such as foods, drugs, dyes,
and agricultural products. To better understand the solid-state behaviour of
organic crystals, the study of their surfaces is crucial, as several reactions occur
at the interface between the crystal surface and its immediate environment.
While atomic force microscopy (AFM) is a useful tool for studying surfaces, it
is not a common technique for studying organic crystals. The first part of this
report aims to address problems of imaging organic crystals by AFM which
arise from the nature of the imaging technique and the material property of
organic crystals. Methods of detecting and predicting the likelihood of the
problems encountered in imaging organic crystals are suggested in order for a
more accurate interpretation of the information obtained by this technique.

The effect of humidity on aspirin crystal surfaces is then investigated by
AFM. The growth of new features on the surface is believed to be a result of
the hydrolysis of aspirin molecules. Mechanisms are suggested based on the
observed surface response of aspirin, where surface defects and the mobility of
surface molecules are believed to be important factors affecting reactivity.

The last section investigates the solid-state photochemical reaction of an-
thracene, which is a reaction that should not occur according to the topochem-
ical postulate. The surface response of anthracene crystals to UV light was
studied, and the results indicate strong reactivity at sites of surface defects,
which is likely due to photodimerisation. A similar mechanism that described
the behaviour of aspirin surfaces was suggested for this reaction.

In summary, both reactions that were studied provided a better insight to-
wards understanding the solid-state reactivity of organic crystals. The proposed
surface mechanisms imply that surface defects and the presence of humidity or
solvent vapour are very likely to play a role in determining reactivity. Further
studies on the origin of defects are suggested in order to better control the

behaviour of organic crystals in the solid-state.
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Chapter 1

Introduction to organic solids

1.1 Organic crystals and crystal engineering

Organic crystals play a crucial part in numerous industries. Commodity goods
that are used in our everyday lives, including dyes, food, pharmaceutics, agri-
cultural agents often contain organic crystals. In order to improve the use
of organic crystals, it is important to understand their solid-state properties,
whether if it is to synthesize novel materials, develop more cost-effect man-
ufacturing procedures, achieve better quality control, or boost the stability
and performance of end-product. The solid-state properties of organic crystals
are influenced by their supramolecular structure, which is studied by crystal
engineering.

The concept of crystal engineering was introduced in 1971 [1], which subse-
quently was defined as “the understanding of intermolecular interactions in the
context of crystal packing and in the utilization of such understanding in the de-
sign of new solids with desired physical and chemical properties” [2, 3]. Among
others, such interactions include hydrogen bonding, halogen bonding, as well
as m-7 interactions [4]. By understanding the behaviour of these interactions,
crystal engineering was developed not only for the study of crystal structures,
but also for the rational design of crystalline materials using concepts like
supramolecular synthons and molecular self-assembly [5]. This approach has
been broadly employed in chemistry and materials science, drug industry, and
nanotechnology [6, 7].

Crystal engineering has advanced rapidly over the last few decades, where
several new robust supramolecular synthons have been identified, leading to a
better understanding of how molecules assemble in the solid-state. This has
enabled new crystalline architectures to be synthesized more by rational design

than by trial-and-error. In particular, one of the most active developments



in crystal engineering is the pursuant of pharmaceutical cocrystals [2, 5] with
improved properties such as solubility [8, 9], stability [10], dissolution rate [11],
and bioavailability [12-15].

1.2 Application of crystal engineering in

pharmaceutical materials sciences

As the pharmaceutical industry has benefited from the advances in crystal
engineering, an introduction should be given to pharmaceutical materials sci-
ences, which is a field of research that studies the structure, manufacture and
performance of drugs. As solid dosage forms are the major method of drug
delivery on the market, it is important that when developing a pharmaceutical
product, not only must the drug be targeted to the correct site in a human cell
or organ, it is also important to learn about the physical and material property
of the dosage form. For example, a tablet would not be a desirable form of
drug delivery if it disintegrated before consumption, and any commercial drug
containing unstable ingredients which are easily converted to undesirable or

unknown forms is unacceptable.

1.2.1 Studying drug components

Molecules form crystals, which form particles, and eventually dosage forms. By
learning about the fundamental behaviour of molecules of each drug compo-
nent, a strategy can be developed to relate molecular properties to the crystal
structure, and eventually dosage performance. A drug is usually made up of
two or more components, namely an active pharmaceutical ingredient (API),
and one or more excipients. While API molecules have the chemical function-
ality that provides the desired pharmaceutical effect to the body, excipients
are other components that are pharmaceutically inactive, which are often em-
ployed for a variety of functions, such as diluents, tablet coating, flavouring
and colouring [16].

Regardless of whether the drug components are crystalline or amorphous
materials, their stability is one of the most important properties to be consid-
ered, as it is crucial for each component to perform specific functions without
undergoing unwanted side reactions that affect drug performance. Amorphous
materials often have an advantage of greater solubility and bioavailability due
to their high-energy state compared to crystalline materials [17], however this

high-energy state can be unstable and convert to crystalline form. Although



Figure 1.1: Schematic representation of two different packing structures based on the same
molecule (represented by the block).

crystalline materials are more stable due to a structured arrangement of atoms
or molecules with long range order, very often a chemical entity can exist in
more than one crystalline form, in which each form is different from one an-
other in the packing pattern. This phenomenon is known as polymorphism
(Figure 1.1), which is often known to exist for APIs and excipients. Different
polymorphs of the same API molecule can have different physicochemical prop-
erties, and will most certainly affect drug performance if the polymorph used
in formulation changes. Therefore, a considerable amount of research effort
has been made to screen for polymorphs to ensure that the selected form is
stable and will not convert to another polymorph during manufacturing and

distribution.

1.2.2 Manufacturing solid-state dosage forms

The most common type of solid-state dosage form is tablets, which are often
composed of a certain amount of API dosage mixed and compressed with some
filler excipient. The main advantages are their good chemical stability, cost-
effective manufacturing, simple packaging and administration. Another type
of solid-state dosage is dry powder inhalers (DPIs), which are administered
via a respiratory route, and uses the inhalation force of patients to deliver
the drug particles to the lungs [18, 19]. The advantage of this route over the
oral route is that the high contact area to volume ratio between blood vessels
and the airstream in the lungs allows fast absorption of the drug into the
blood stream, and does not require passing through the digestive system. For
orally administered drugs the drug may be converted metabolically even before
entering the blood stream.

A few common manufacturing processes are outlined below. Extensive re-
search is carried out to ensure that the drug ingredients do not undergo any
undesirable reactions during each step, as a change of form in any ingredient of

a commercial drug puts the drug at risk of withdrawal from the market, with



subsequent loss to the company and patient. Ritonavir, marketed by Abbott
Laboratories with the trade name Norvir is an example of polymorphism hin-
dering the sales of a drug. In this case a new polymorph was discovered after

the drug was marketed, leading to a halt in production and loss of revenue [20].

Crystallisation

Crystallisation is usually the first solid-state process to purify the required
molecule formed from previous chemical reactions. During crystallisation, sol-
vent and other impurities are removed. Under different conditions, such as
different temperature or pressure, the molecule can crystallise in different poly-

morphs, or as an amorphous form.

Particle size reduction

Besides polymorphism, different crystallisation conditions also affect the parti-
cle size of the crystals. The distribution of particle size needs to be made more
uniform to yield better compression and flow properties for tabletting. This is
also particularly important for manufacturing DPIs, as a particle size of less
than 5 pm is normally required in order to allow API particles to be deposited
at the tracheobronchial and pulmonary regions of the lung [18, 19]. Excipi-
ents, for example, lactose monohydrate, with a typical particle size of 30 - 90
pum [21], are usually added to act as inert carriers of the small API particles,
which improve the flow characteristics of the drug, and prevents aggregation of
particles to allow easier handling of the drug [§].

While micronisation is a possible way to achieve this by breaking down large
particles with high energy impact, there is also an accompanying risk of change

in polymorph or the creation of amorphous material [22, 23].

Wet or dry granulation

Excipient molecules are mixed with API molecules by wet or dry granulation,
depending on whether a liquid is added or not. This aims to produce a ho-
mogeneous mixture of materials before further processing. As the API and
excipient are brought into direct contact, it is important to address the com-

patibility between the drug components.

Compression

The compression of the homogeneous drug component mixture is usually car-

ried out with a tablet press. A large pressure is exerted to press the mixture



into tablet shape. This impact force is high in energy, and may induce changes
to the APT or the excipient [24]. Drug components with good flow and compres-
sion properties sometimes do not have to go through all of the above processes,
and can be mixed together and directly compressed to form tablets. There-
fore, it is desirable to develop API and excipients with better physicochemical

properties, which can in turn reduce manufacturing time and costs.

1.3 The surface of organic crystals

Crystal engineering has not only played a significant role in the development of
pharmaceutical material sciences, as demonstrated in the previous section, but
it has also provided significant impact to several other industries. While the
majority of studies in this field has focused on designing crystalline materials
with improved bulk properties, significantly less studies have been devoted to
studying the surface of crystals. As most organic solids are manufactured in the
form of powders, especially in the pharmaceutical industry, given a high surface
area to volume ratio, the surface must play an important role in governing the
behaviour of these materials. Moreover, several reactions occur at interfacial

contacts:

1.3.1 Solid-solid interface

During manufacturing procedures such as micronisation or granulation, parti-
cles are broken and new surfaces are exposed. Different drug components are
mixed together and brought into close contact. The balance between the adhe-
sion and cohesion forces of different particle surfaces must be optimised in order
to prevent bad flow properties of the materials, as well as problems such as par-
ticle agglomeration. Moreover, any incompatibility between drug components
must be identified. This is particularly important during tablet compression,
as surfaces are being compressed onto one another with high impact energy,

which may induce reaction between particle surfaces.

1.3.2 Solid-liquid interface

Although solution crystallisation is a simple procedure, there is a lack of funda-
mental understanding of how dissolved molecules in the solvent are deposited
onto the growing crystal interface. Crystal growth is not only affected by the
growth conditions (e.g. temperature, pressure, and supersaturation), but is

also further complicated by factors such as the interactions between molecules
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Figure 1.2: An AFM deflection image of an aspirin (ASA) (100) crystal surface, showing a
screw dislocation, together with step features of approximately 1 nm in height. The imaged
area is 4.9x4.9 ym?

and different solvents used for crystallisation, and the presence of defects at the
interface. Studying the surface of organic crystals can provide insight towards
understanding crystal growth, in particular, what determines the growth rate
of different crystal faces, and how defects affect crystallisation (Figure 1.2).

On the other hand, the dissolution of a crystal also occurs at the solid-liquid
interface, which is strongly related to the bioavailability of drugs in the human
body.

1.3.3 Solid-gas interface

Many drugs are susceptible to degradation in the presence of oxygen or humid-
ity. As only molecules at the surface level of crystals or particles are exposed
to air, the degradation is expected to occur at this solid-gas interface. Factors
that could affect this reaction might include the number of defects the surface
contains, and the topography and roughness of the particle surface.

In the past, most studies regarding solid-state reactions have often employed
bulk techniques such as powder X-ray diffraction (PXRD), differential scanning
calorimetry, thermogravimetric analysis, as well as several spectroscopy tech-
niques. However, these bulk techniques cannot detect the surface response
of solids. As shown in Figure 1.3, atomic force microscopy (AFM) images of

aspirin (ASA) surfaces prepared by different methods can show very differ-
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Figure 1.3: 3-D height AFM images of two ASA crystal surfaces, grown by (a) sublimation
(b) solution crystallisation. The displayed images have the same height range of 40 nm. A
significant difference in roughness was observed between the two surfaces, possibly influencing
the reactivity of each sample. The imaging area is 5x5 pum?.

ent surface topography and roughness, which cannot be detected by any bulk
characterisation techniques. In order to fully understand solid-states reactions,

alternative techniques are required to study the behaviour of solid surfaces.

1.3.4 Comparison of surface techniques

The currently available techniques for surface characterisation of materials
include contact angle measurements and inverse gas chromatography (IGC).
While contact angle measurements are limited in detecting heterogeneity and
require a flat surface for accurate measurements, IGC is not surface-specific
and gives only average information of the overall surface. Optical microscopy
is useful in visualising surfaces, but its resolution is limited by the wavelength of
visible light. Electron microscopes provide higher resolution due to the smaller
wavelength of the electron beam, but often the high beam flux causes organic
samples to decompose quickly during data acquisition. With the introduction
of AFM, which was first reported in 1986 [25], non-destructive, high resolu-
tion surface studies were made possible, allowing the direct visualisation and
analysis of solid surfaces.

As the use of AFM in studying organic crystals is a relatively new technique
that has emerged in the past two decades, there are many areas where progress
is yet to be made. This thesis aims to address some of these areas, and demon-
strate the invaluable insight that AFM can provide to our understanding of

crystal engineering and organic crystals.



1.4 Thesis outline

In Chapter 2, an introduction to AFM is be given, followed by a literature
review of the use of AFM in studying organic crystals.

Chapter 3 is a literature review on ASA and its solid-state hydrolysis to form
salicylic acid (SA). Past studies involving the hydrolysis of ASA is presented,
followed by a discussion involving the anisotropy of different ASA crystal faces,
which highlights the importance of studying the solid-state hydrolysis on crystal
surfaces.

Chapter 4 is a description of all the experimental methods used to obtain
the results for this thesis. This is followed by Chapter 5, which presents a
study that explores the limitations of the AFM in studying organic crystals.
Due to the nature the technique and organic crystals, surface changes observed
by AFM may be influenced by the tip as well as the natural sublimation of
organic crystals. Precautions need to be taken to determine the extent of these
effects, in order to identify the surface response that corresponds to changes to
the experimental conditions.

Based on the literature review in Chapter 3, Chapter 6 presents a detailed
investigation on the reactivity of ASA crystal surfaces. Studies involving the
storage of (001) surface under different humidity conditions are discussed, and
a suggested mechanism that describes the observed surface reactivity of ASA
is given.

The photochemical reaction of anthracene (AN) crystals is explored in
Chapter 7. This reaction is forbidden by the well known topochemical postu-
late, and therefore challenges the fundamental concepts in crystal engineering.
With the use of continuous AFM imaging to study AN surfaces, this will give
a better insight towards understanding the reason of this unexpected photore-
activity. A surface mechanism similar to the previous chapter is proposed to
explain the photoreactivity of AN, which does not necessarily contradict with
the topochemical postulate.

This thesis ends with a conclusion chapter, where all the ideas and progress
presented throughout the thesis are tied together, and future work in the study

of organic crystals is suggested.



Chapter 2

Introduction to Atomic Force

Microscopy

This chapter aims to provide a thorough background on atomic force mi-
croscopy (AFM) and the use of this technique in studying organic crystals,
which will put the research material in later chapters into context. An overview
of how the AFM operates will be first presented, followed by a literature
overview on the use of AFM in studying organic solids, which has proved to
be an invaluable tool for understanding the fundamentals of how organic solids
behave.

It is noted that most of the material in this chapter is taken from the
following review article recently published by our group (Reference [26]):

E. H. H. Chow, D.-K. Bucar, and W. Jones. New opportunities in crystal
engineering - the role of atomic force microscopy in studies of molecular crystals.
Chem. Commun., 48(74):9210-26, September 2012

2.1 AFM: the fundamentals

AFM belongs to the family of scanning tunnelling microscopy, which relies on
a physical probe to explore the surface of interest. The AFM “feels” atomic
forces, such as electrostatic or van der Waals forces between the tip and the
sample, by the deflection of the cantilever on an AFM probe. A restoring
force (Fres) (i.e. the force required to restore the cantilever to its equilibrium
position) balances these forces. Given the spring constant of the cantilever
(Kcant), and using Hooke’s Law, F,..s can be determined from the corresponding
cantilever deflection (dz), where the z-axis is defined to be the direction along

the interactive force between the sample and the tip:



Fres = —keandz (2.1)

Measuring dz can therefore allow F.., and the corresponding tip-to sample

interaction to be determined.

Cantilever

Sample

Figure 2.1: Illustration of how the cantilever deflection is detected by a photodetector and
laser beam. Adapted from reference [26].

Nowadays, the cantilever deflection is normally detected by a visible laser
beam reflecting off the back of the cantilever onto a photodiode detector (Fig-
ure 2.1) [26]. The degree of bending can then be traced by monitoring the
displacement of the laser beam on the photodiode. The tip can be controlled
to scan an area of the sample, with a resolution depending on the cone angle
and radius of curvature of the tip, which are typically 30° and 10 nm respec-
tively. There are two main AFM operating modes: the force-distance mode

and imaging mode.

2.1.1 Force-distance mode

Force-distance curves are generated by bringing the probe and sample into

contact while applying a particular force, and subsequently pulling them apart.
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Figure 2.2: A typical force distance plot with illustrations showing each stage of the ramp-
ing cycle (stages 1-6). Arrows indicate sample movement towards the tip. Adapted from
reference [26].

The measured cantilever deflection is plotted against the vertical probe-to-
sample distance in the z direction. A typical force-distance curve is illustrated
in Figure 2.2 [26]. Initially the probe is far away from the sample such that
there is no interaction between the sample and the tip (stage 1). As the distance
between the tip and the sample is reduced, the attractive forces between the two
increases, but does not overcome F,.; and the deflection remains unchanged.
As the separation decrease the attractive forces eventually overcome F,..,, which
causes the cantilever to deflect and “jump” into contact with the sample (stage
2). The cantilever then returns to its undeflected position at a closer distance
between the tip and sample (stage 3). As the force exerted by the tip against the
sample increases, the cantilever deflects away from the sample. The pressing
motion introduces a loading force, Fj,.q, which acts against F.s (between stage
3 and 4).

No indentation will occur if both the tip and sample are hard materials, and
Flo0q Will only cause the cantilever to deflect more. This will yield a linear plot
between stages 3 and 4, which is defined as the constant compliance region. At
the end of the loading cycle (stage 4), the retracting plot follows the reverse of
the approach curve initially, returning to point 3. Further retraction causes the
cantilever to deflect towards the sample as the tip and sample are still bound
together by attractive forces (between stages 3 and 5). When F,.; overcomes
the attractive forces, the tip separates from the surface (stage 5), and the
cantilever returns to its undeflected position (stage 6).

The ramping cycle is completed when the retraction returns to stage 1,
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which can be repeated for more accurate and consistent measurements. Al-
though the resolution of the deflection along the z-axis can be as small as 10~
A [27], mechanical vibration lowers the resolution to approximately 0.1 A in
practice [28].

The force of adhesion or cohesion is one of the pieces of information that
can be obtained from force-distance measurements. The force of cohesion is
the attractive force between the same materials, whereas the force of adhesion
(Faan) is the attractive force between different materials. Both can be deduced
from force-distance plots as they are represented by F,.,, which by Hooke’s Law
is related to the change in deflection measured between stages 5 and 6. This
technique can be performed on a wide range of materials simply by varying the
materials of the tip and sample.

The force of cohesion or adhesion is often used to estimate other useful
quantities, such as the work of adhesion, and surface energy. To obtain the
work of adhesion (W,45) or cohesion, the contact area between the sample and
the tip must be determined, together with suitable contact models such as the
Johnson-Kendall-Roberts model [29], or the Derjaguin-Muller-Toporov model

[30]. The surface energy can then be calculated using the equation:

Waan = 2y/7172 (2.2)

Here, v, and v, are the surface energies of the material on the tip (1) and

the sample (2) respectively.

2.1.2 TImaging mode

The sample is raster-scanned when the AFM is operating in imaging mode.
The tip is moved back and forth continuously along the fast axis (i.e., x-axis),
while along the slow axis (i.e., y-axis) the tip moves in small increments after
each complete line of scanning along the fast axis. This allows an area of the
surface to be traced by the tip (Figure 2.3) [26]. A feedback signal is used to
maintain a constant force between the tip and the sample, allowing the tip to
track the surface topography as well as preventing the tip to retract or collide
with the sample surface. There are three basic imaging modes: contact mode,
intermittent contact mode, and non-contact mode. They differ in the used

feedback signal, and the tip-to-sample distance set for imaging.
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Figure 2.3: Generation of AFM images through scanning along the fast axis (a, b), and an
3-D height projection image depicting a calibration grid (c) (an artificial light source and a
false colour scheme were utilized to highlight the topological features of the grid). Adapted

from reference [26].
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Figure 2.4: Schematic illustration of AFM contact imaging with a constant cantilever deflec-
tion, whereby the deflection acts as feedback to adjust the tip-to-sample distance. Adapted
from reference [26].

Contact mode

In contact mode, the force applied is fixed to a certain value within the constant

compliance region as described in Figure 2.2, which is called the deflection
13



setpoint. The cantilever deflection is maintained as close as possible to this
value by the software of the instrument. The change in deflection can be
interpreted as a change in topography, which is recorded together with the
corresponding topography data to produce the deflection and height output
signal respectively (Figure 2.4).

Direction of scanning along the fast axis

Twisting of Cantilever \/

Figure 2.5: Schematic illustration of how frictional forces are detected by the cantilever
lateral twisting motion in contact mode imaging. Adapted from reference [26].

A friction signal can also be obtained in addition to the deflection and
height outputs. This is detected by the lateral twisting of the cantilever. If
the cantilever is positioned perpendicular to the fast axis, then any changes in
the lateral force exerted on the tip can be recorded (Figure 2.5), and can be
interpreted as the frictional force between the tip and sample.

Probes used for contact mode imaging should have a cantilever with a low
force constant, typically 0.15 Nm~!, to minimise the damage to the surface,
and to increase the range of deflection in response to atomic forces for better
sensitivity. The deflection setpoint is normally optimised to reduce surface
damage while imaging, especially for soft organic samples that can be easily
scratched by the tip. When samples are found to be unsuitable for contact
mode imagine, intermittent contact mode or non-contact mode are alternative

imaging methods that are less destructive to the sample.



Intermittent contact mode

Intermittent contact mode is commonly known as tapping mode. It requires
the base of the cantilever to be set on oscillation slightly below its resonance fre-
quency by applying a drive amplitude, which sets the free end of the cantilever
oscillating with a fixed amplitude in free space [31]. The laser and photodiode
detect the amplitude of the free cantilever end, which is a function of the drive
amplitude and the quality factor of the cantilever. This quality factor depends
on the dimensions and material of the cantilever, as well as the surrounding
environment.

The free end amplitude decreases as the tip and the sample are brought
closer together, as energy is dissipated from the oscillating tip to the sample.
The amplitude setpoint can be defined such that the system always adjusts
the amplitude as close as possible to this setpoint by varying the tip-to-sample
distance during scanning. This allows the tip to trace the surface at constant
energy dissipation from the tip to the sample, yielding a height output sig-
nal. The amplitude out signal is analogous to the constant deflection signal in

contact mode, and is also recorded.

Phase

Base

Free end / :

amplitude
C Cantilever Drive
- amplitude
I

sample

Figure 2.6: Illustration of phase signals in the AFM tapping mode arising from the phase
difference between the driving vibration and the free end vibration. Adapted from reference
[26].

A phase signal can also be obtained by intermittent contact mode. This
originates from the phase difference between the driving vibration at the base
and the free end vibration. If the cantilever is oscillating freely in space, this
phase difference is expected to be 90° [32]. Any interaction between the tip
and sample will induce a greater phase contrast, giving rise to the phase sig-
nal output (Figure 2.6) [26]. The phase contrast usually arises from different
physiochemical properties of the sample surface [33]. However, the phase signal
must be interpreted carefully, as it is also affected by many factors, including

the surface roughness and topography [34].
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Typical probes used for intermittent contact mode have cantilevers with
force constants of around 40 Nm™!, which are much stiffer than those used
in contact mode. The increased stiffness reduces cantilever deflection, as very
large cantilever deformations will lead to an inaccurate measurement [35]. Gen-
erally, better height resolutions along the z-axis are achieved by intermittent
contact mode over contact mode, as the oscillation allows the tip to trace the
surface without being “stuck” to any fluid layers such as the adsorption and

condensation of water molecules in the presence of moisture.

Non-contact mode

In non-contact AFM (NC-AFM), the tip is oscillated at either its resonant
frequency or just above, but is not in contact with the sample. This technique
was first reported by Martin et al., who obtained precise force measurement
between the tip and sample over a tip-sample distance range of 3 to 18 nm
[31]. By maintaining a constant tip-sample spacing by frequency modulation,
imaging with a spatial resolution of 50 A was acheived. Later studies with
NC-AFM allowed the true atomic resolution under ultra high vacuum (UHV)
conditions [36, 37].

Despite the advantage of no sample damage caused by the tip, as well as the
highest resolution amongst all three modes hereby mentioned, the biggest dis-
advantage of NC-AFM is the requirement of UHV conditions. This is often not
suitable for studying organic crystals, as these conditions would significantly
promote sublimation of surface molecules on these crystals. This mode would

also be complicated for in situ studies on organic crystals.

2.2 Literature review on studying organic
crystals by AFM

There has been a rapid development in the use of AFM in many scientific fields
since its invention, which is demonstrated by the numerous reviews on this
subject [26, 28, 37-49|. This literature review will focus on the use of AFM to

study organic crystals in particular.

2.2.1 AFM as an imaging method

The subsections below will emphasise the high utility of AFM imaging in exam-
ining a broad range of physicochemical phenomena of high interest in organic

solid-state chemistry. AFM imaging can be performed both in situ and ez situ.
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While simple ex situ imaging provides useful information regarding surface
behaviour, in situ imaging often gives better insight when analysing surface re-
sponse to variations in humidity and temperature, or even the reaction between

a fluid medium and the solid sample.

Crystal-growth mechanisms

Crystal properties such as defect content, morphology, purity, are determined
at early crystal growth stages, and are strongly influenced by crystallisation
conditions and crystal-growth substrates. AFM has proven to be an excel-
lent tool in studying the early stages of crystal growth, and providing critical
insights into crystal nucleation and the growth of macromolecules and small
organic molecules [50]. Both macromolecules and small organics can be easily
damaged during AFM studies, as such damage can be caused by strong me-
chanical forces exerted on the crystal surface [51], or capillary forces between
the tip and the sample [52]. To minimise the damage of structural features on
soft crystal surfaces, AFM can be performed in a controlled environment (e.g.
lowering the operating temperature so that the material is less likely to melt)
such that the surface to be monitored in real time with minimum destruction
of surface features [38].

Real time in situ AFM studies permitted the study of the crystal growth
mechanism of (melamine)-(cyanuric acid) cocrystals in water (Figure 2.7) [53].
The highly insoluble cocrystal was found to precipitate in kidneys which caused
renal failure in humans and animals [54, 55]. X-ray diffraction and crystal mor-
phology prediction techniques were used to identify the {110} as the largest
crystal face. The fastest growth axis was normal to (201) which is parallel to
the 2-D (melamine)-(cyanuric acid) sheets. This fastest growing direction was
attributed to hydrophobic forces that minimized the surface of the 2-D hy-
drophobic molecular sheets in water. The slow crystal growth parallel to (201)
was attributed to the ability of water molecules to inhibit the 2-D expansion
of the (melamine)-(cyanuric acid) sheets running parallel to (201) (Figure 2.7).
Hydrophobic forces and the fast stacking of the (201) sheets were thus respon-
sible for the cocrystal growth along the c-axis in aqueous conditions. Such
findings could be helpful in the development of remedies for urolithiasis.

Another AFM-based example of determination of crystal growth mecha-
nisms is found amongst studies of polycenes. Naphthalene, anthracene (AN)
and tetracene were sampled to elucidate factors that impact their crystal growth
and morphology [56]. Experimental and computational studies revealed that

screw dislocations on {001} have a crucial role in the crystal growth perpen-
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Figure 2.7: AFM contact-mode images of the (201) face of a (melamine)-(cyanuric acid)
crystal recorded in an aqueous solution saturated with melamine and cyanuric acid: (a) 20
min after addition of solution to the AFM cell, (b) 20 min and 40 s, (c) 21 min and 30 s,
(d) 22 min, (e) 22 min and 30 s and (f) 23 min. The white dots in (a) indicate dislocation
points. Growth directions of the crystal with respect to the AFM frames are depicted in
white. Adapted from reference [53].

Figure 2.8: AFM images of tetracene crystals with thicknesses of approximately 10 to 15
unit cell lengths. Adapted from reference [56].

dicular to this face. The absence of screw dislocations was shown to preclude
the growth of crystals with low aspect ratios, and to facilitate the growth of
extremely thin platelets of several unit cell thick (Figure 2.8).

In the same study, crystal-growth conditions that govern the formation of

screw dislocations, and thus the morphology development of the crystal were
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also identified. These findings are likely to facilitate the development of single-

crystalline thin films of technological relevance [57, 58].

Figure 2.9: Intermittent contact mode amplitude images showing the surface reconstruction
of a spray-dried lactose particle after exposure to 58% RH for: (a) 60 min, (b) 120 min, (c)
128.5 min. Sequential down-scan images are shown in (d f). Adapted from reference [59].

Price et al. monitored the crystallisation of amorphous lactose prepared
by spray drying in conditions of increasing humidity by AFM [59]. Their data
suggested secondary nucleation and growth at 58 and 75% relative humidity
(RH), and primary nucleation of a-lactose monohydrate at an elevated 94% RH
(Figure 2.9). Chen et al. monitored the transition of anhydrous theophylline to
its monohydrate form upon increasing humidity by in situ AFM (Figure 2.10)
[60]. These findings provided insight into the hydration mechanism, indicating
that the process was mediated by the formation of a surface solution generated

as a result of water adsorption.

19



Figure 2.10: Intermittent contact mode amplitude images of an anhydrous theophylline
crystal after exposure to 65% RH for: (a) 9 min, and (b) 108 min. Adapted from reference
[60]. The imaging area is 10x10 pm?.

Noteworthy, the study of crystal-growth by AFM has also been successfully
extended to protein-crystallisation studies. More specifically, AFM was used
to study the crystal-growth kinetics [61] and mechanisms [62], as well as in
studies focusing on the effects of crystal growth and protein shape [63]. In ad-
dition, AFM imaging has been extensively used in studying the mechanisms of
photochemical and other solid-state reactions. Several comprehensive reviews
on this topic have been published in recent years [64-66], and photochemical

aspects of solid-state reactions will be further explored in Chapter 7.

Epitaxial crystal growth

AFM goniometry, a method that can determine the growth modes and orienta-
tion of topographic features (e.g. ledges, terraces etc.) [68], was used to study
the selective nucleation of 5-methyl-2-[(2-nitrophenyl)aminol-3-thiophene-

carbonitrile (a decamorph commonly called ROY [67])(Figure 2.11) polymorphs
by epitaxy on organic crystals [69]. The authors demonstrated that polymorph
selectivity is very sensitive to surface features of the substrates. Specifically,
crystals of yellow-needle polymorph were found to grow selectively on the (101)
plane of pimelic acid as a result of epitaxy. Both AFM goniometry and compu-
tational simulations, namely geometric real-space analysis of crystal epitaxy,
allowed the determination of the (001) crystal face of ROY contacting the
(101) surface of pimelic acid with a crystal orientation [100]yy || [010]p4 and
[010]y n || [101]pa. On the other hand, crystals of succinic acid were found to
be less selective by facilitating the crystallisation of seven polymorphs. The low

selectivity of the (010) face of succinic acid was attributed to its poor epitaxial
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Figure 2.11: Polymorphs of ROY. Numbers 1 to 10 indicate the order of discovery. All the
abbreviations correspond to different colours of the polymorphs. For example, ON, OP, and
RPL represent orange needles, orange plates and red plates, respectively. Adapted from
reference [67].

match with all the studied polymorphs, as determined by geometric real-space

analyses.

12.5

Figure 2.12: Determination of orientations of C3oHgg crystals on substrate surfaces via AFM.
The inset depicts an atomic-resolution image of highly oriented pyrolytic-graphite in the same
area after fast Fourier transform filtering, with white arrows indicating different directions
relative to the crystal orientation. Adapted from reference [70].

Another recent example of AFM application in heteroepitaxial studies illus-
trates the 3-D crystal growth of n-alkane crystals on non-polar highly oriented

pyrolytic graphite surfaces [70]. AFM was employed to resolve structure re-
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lationships between the substrate and the n-alkane crystal contact planes. It
was found that the dotriacontane (C3aHgg) and tritriacontane (Cs3Hgg) grow in
two orientations, being parallel to <100> and <210> on the highly oriented
pyrolytic-graphite surface (Figure 2.12). Both n-alkane crystals were shown
to contact the substrate with their (010) planes. In addition, it was deter-
mined that dotriacontane crystals grow via a growth mechanism [71] where
crystal nucleation occurs on monolayers of dotriacontane molecules resulting
in the growth of its thermodynamically less stable orthorhombic form. The
formation of the less stable polymorph was attributed to the templating effect
of the dotriacontane monolayers that formed prior to crystal nucleation. The
templating effect was found to arise from the fact that dotriacontane molecules

adopt the same arrangement on the monolayer as in the orthorhombic crystals.

Crystal growth kinetics

In situ imaging was used to study the kinetics of the monotropic polymorph
transitions of caffeine form I to form II [72], a transition that readily occurs
during tablet compaction and mechanical treatment [24]. AFM micrographs
revealed that the phase transition initiates at the crystal surface, thus, allowing
the use of a penetration kinetic model [73] to determine the phase transition
activation energy (i.e. 73.8 kJmol™1). Jones et al. further quantified the sur-
face roughness and used such measurements to study the dehydration kinetics
of trehalose dihydrate by in situ AFM at a controlled humidity level [74]. No-
tably, AFM allowed the determination of the dehydration kinetics of the bulk
and the outer-layer of the crystal: while the outer layer undergoes dehydra-
tion following a zero-order-phase-boundary kinetic model, the bulk dehydrates
through either an Avrami-Erofeev model or a cylindrically-symmetrical-phase-
boundary model [75]. These findings show that kinetic AFM studies may lead
to a deeper understanding of the reactivity and, thus, stability of molecular

crystals.

Crystal growth inhibition

AFM is commonly used in studies regarding crystal growth inhibition. Nu-
merous examples describing the stabilisation of amorphous materials [77, 78]
and solid dispersions [79] by growth inhibition have been reported. In addi-
tion, crystal morphology control has been achieved by inhibiting the growth
of specific crystal faces using additives [80, 81]. It was recently proposed that
molecular additives could be used to prevent nephrolithiasis (i.e. kidney-stone

disease) — a medical condition with steeply increasing prevalence worldwide.
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Figure 2.13: Real-time in situ AFM height images of a L-cystine crystal surface recorded
12 min apart (a, b). Single screw dislocations of L-cystine and D-cystine crystals during
growth (c and d, respectively). AFM image of a hexagonal hillock on the (001) face of L-
cystine (e) before and after the addition of L-cystine dimethylester, showing step pinning
and roughening of {100} steps (f). Adapted from reference [76].

Rimer et al. recently reported a real-time in situ AFM study and found
that L-cystine dimethylester and L-cystine methylester considerably reduce
the growth rates of L-cystine based kidney stones [76]. The addition of the
L-cystine dimethylester resulted in the rounding of the hillock corners and the
roughening of the highly linear and six-symmetry equivalent {100} steps on
L-cystine crystals. These topological changes were attributed to the dimethyl
esters being adsorbed onto the {100} surfaces through S(cysteine)---S(cysteine),
NH(cysteine)---O=C(ester) and O~ (COO_, i, )---HsNT (ester) hydrogen bonds,
thus, simulating crystal growth through L-cystine molecules (Figure 2.13).
More importantly, the attached dimethylesters would further prevent attach-
ment of L-cystine molecules from solution due to steric hindrances caused by
the ester methyl group, which ultimately results in crystal growth inhibition.
This study clearly illustrates the use and importance of AFM in disease pre-

vention and the development of therapeutic agents.

Identifying phase transitions and polymorphism

It is crucial to understand surface changes of organic crystals during chemical
reactions or in response to environmental alterations. One example of ex situ
imaging is the study of (caffeine)-(oxalic) acid and (caffeine)-(malonic) acid
cocrystals, which were both reported by Trask et al. to be stable in 98% RH
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Needle Axis

Figure 2.14: AFM images of a (caffeine)-(oxalic acid) cocrystal stored at 75% RH. The
images were obtained from an area that covers (0 1 1) and ( 0 0 1) faces (labeled x and
y, respectively). The deflection images were recorded: (a) after the sample was prepared
for analysis and (b) after seven days of exposure to 75% RH. The corresponding 3D height
representations are shown on figures (c) and (d). Adapted from reference [82].

and 75% RH by PXRD studies [83]. Cassidy et al. monitored the surface re-
sponse of these cocrystals by ez situ AFM before and after exposure to these
humidities (Figure 2.14) [82]. The authors observed that caffeine and oxalic acid
exhibits a high degree of mobility on cocrystal surfaces that facilitates surface
recrystallisation events. This study demonstrated that the information regard-
ing surface changes which are not apparent from bulk measurements (such as
powder X-ray diffraction) can be detected by AFM, and may be important for
predicting the stability of the API-excipient interface.

(@) (b)

o 2.00

Figure 2.15: AFM height images of the (001) plane of an ingestigational drug molecule: (a)
before, and (b) after storage at 20°C and 40% RH for 24 h. The colour scale used to represent
the topography data of both images is shown on the right. Adapted from reference [84].

Surface changes upon exposure to variable humidity were observed by AFM
imaging on many other materials. Such findings add clarity to the understand-

ing of surface reaction mechanisms. For example, Kiang et al. reported surface
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changes of an investigational drug molecule after exposure to 40% RH envi-
ronment by ez situ AFM (Figure 2.15) [84]. AFM revealed that the (001)
plane exhibits a flat topography which upon exposure to moisture becomes sig-
nificantly rougher. Specifically, the measured root-mean-square crystal-surface
roughness increased form 0.173 nm to 0.749 nm. The observed change in rough-
ness was attributed to the formation of adsorbed water layers that enabled drug

dissolution and recrystallisation.

Figure 2.16: 2-D and 3-D height images of a chocolate sample obtained at various storage
times. Adapted from reference [85].

AFM is also useful in quality control in the food industry, particularly in the
development of confection formulations with improved textural and visual fea-
tures. Recently, Sonwai et al. described the use of AFM phase imaging to deter-
mine how the fat-phase composition of milk affects the surface-microstructure

and fat-phase-polymorphism of industrial milk chocolates (Figure 2.16) [85].
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Phase imaging in intermittent contact mode is particularly useful in detect-
ing different surface materials when the height signal does not provide useful
information, as the phase signal reflects differences in material properties. Ex-
tensive AFM imaging, along with colorimetry and PXRD, revealed that the
longest chocolate shelf-life can be achieved by using mixtures of milk fats and
cocoa-butter equivalents where the amount of cocoa-butter equivalents do not
exceed 5%. Samples with less than 5% cocoa-butter equivalents were shown
to display the least polymorph transitions of fat phases and the slowest cone

formation on the chocolate surface.

Figure 2.17: AFM images of the {110} face of paracetamol crystals grown by: (a) dislocation
mechanism, (b) 2-D nucleation, (c¢) step bunching at low supersaturation and (d) interface
instabilities manifested at high supersaturation. Adapted from reference [86].

In situ AFM imaging was involved in the development of new methods
for reducing morphological instabilities of pharmaceutical crystal surfaces [86].
Step bunching is a phenomenon occurring on crystal surfaces that entails the
merging of small crystal-growth steps of heights corresponding to few unit
cell lengths into large steps with heights of tens or even hundreds of unit cell
lengths [87]. The morphological instability is the most prominent cause of im-

purity (e.g. solvents, melts) trapping in crystal growth. Oscillatory flowmixing
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crystallizers have been used to reduce the interfacial instabilities of paraceta-
mol. Two types of mixers, oscillatory-baffled batch crystallizer (OBBC) and
impeller-driven batch crystallizer (IDBC), have been used for crystal growth,
with AFM imaging monitoring the growth of {110} faces in paracetamol crys-
tals (Figure 2.17). This study showed that crystals obtained from OBBCs
exhibit smaller volume-weighted median diameters, smoother surfaces with re-
duced microstrain levels and less pronounced step bunching than those obtained
in IDBCs.

nm

Sample@ 0.00Y
Scanned T —

Figure 2.18: AFM images of glycine crystals grown on a patterned self-assembled monolayer
substrate. Adapted from reference [88].

Recently, AFM significantly aided the study of polymorphism in glycine
nano-crystals, grown on self-assembled monolayers (Figure 2.18) [88, 89]. Pho-
tolithography was used to fabricate bifunctional patterned surfaces containing
hydrophilic and hydrophobic areas. The circular hydrophilic areas (diameter
of 500 nm) composed of 3-aminopropyl-triethoxysilane, while the remainder
of the substrate contained hydrophobic octadecyltrichlorosilane moieties. The
hydrophilic surfaces of the substrate then acted as deposition sites for solution
droplets of less than 500 nm in diameter, from which nano-sized glycine crystals
were grown. The supersaturation of the droplet was controlled by slow cooling
or by solvent evaporation, and was an important factor in the polymorphic out-
come. Particularly, cooling rates ranging from 0.05 - 0.001 °Cmin~! resulted in
the formation of the S-form, while cooling rates below 0.001 °Cmin~! yielded
both a- and S-glycine, and slow solvent evaporation over 100 hours resulted in
the realization of the a-, 5- and 7-glycine. The results of this study demon-
strated the potential of AFM in the development of technologically important
devices (e.g. field-effect transistors) [90], as well as in the formulation of poorly
soluble pharmaceutical materials [89]. In a related study, Ito et al. studied the

solution mediated phase transitions of a-glycine to v-glycine [91].
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Figure 2.19: AFM height and phase images of cimetidine polymorph A (a, b) and polymorph
B (c, d). Adapted from reference [92].

Danesh et al. [92] utilised AFM phase imaging to determine that the two
different polymorphs of cimetidine (Figure 2.19) exhibit different phase angles,
i.e. the phase difference between the oscillation of the tip and the driving
oscillation at the base of the cantilever. Therefore, phase imaging can be used
to map out different regions of materials on a surface [74] and in turn detect

any heterogeneity in the mixing of materials [93].

Dissolution studies

A detailed mechanistic understanding of the dissolution of materials is of tremen-
dous interest in pharmaceutical research, as it is related to the API bioavail-
ability, which contributes to the performance of drugs in the body. In studying
the dissolution and etching of materials, it is obvious that surface molecules are
always the most exposed to the liquid medium, therefore being the first to be
dissolved. Hence, studies that incorporate AFM imaging have been particularly
invaluable in elucidating the dissolution process. Wen et al. [94] used ez situ
AFM to observe changes on glycine crystal surfaces after etching with various
solvents (Figure 2.20). Most of the etching patterns reflected the directionality
and strength of attachment energies [95], i.e. the energy released when one

crystal-growth slice of the thickness djy is attached to the (hkl) crystal face.
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Figure 2.20: AFM images of (010) face of a-glycine etched by water (A-C) and acetone
(D-F). The image sizes were 60x60 pum? (A, D), 20x20 um? (B, E), 5x5 um? (C, F). The
images were zoomed in gradually from (A) to (C) and (D) to (F). Directions of the a-axis
and c-axis are shown in (A) and (D). Adapted from reference [94].

It was therefore suggested that the crystal structure (and the related attach-
ment energies) controls the etching process of crystal surfaces. The study also
described the role of solvents in assessing the relative significance of attachment
energies in various directions.

The dissolution of aspirin (ASA) has also been studied by both in situ [96]
and ez situ [94] AFM imaging. These will be further illustrated in Chapter
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3, which composes of a literature review on studies related to the solid state
hydrolysis of ASA crystals. Meanwhile, dissolution studies by AFM have also
been performed on other materials such as pathogenic biominerals [97] and
kidney stones [98, 99].

2.2.2 Force-distance measurements: adhesion forces and

surface energies

Cantilever deflection (nm)
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Figure 2.21: Representative force distance plot for a budesonide particle on an AFM probe
ramped onto a model mica surface. Adapted from reference [100].

Force-distance measurements are very useful for quantitative surface char-
acterisation of organic crystals. For example, the surface energy of micronized
budesonide particles was calculated by Davies et al. using this technique (Fig-
ure 2.21) [100]. The surface energy by this method was compared to that
measured by inverse gas chromatography. While the authors concluded that
these two values were in approximate agreement, the values obtained from AFM
measurements had a wider range owing to: (1) the assessment of localised ar-
eas, rather than the entire surface area, and (2) the presence of particulates on
the studied surface. It was concluded that AFM was particularly useful in as-
sessing the topography of drug-particle and carrier-material complexes and how
particles interact with one another. Surface energies obtained by force distance
measurements have also been used to identify various materials [101, 102].

The use of functionalised colloid probes in force distance measurements of
pharmaceutical crystalline materials has also been explored [104-106]. Such
probes can be used to assess the interactions between drug components and
other materials. For example, in investigating the problem of drug particles
sticking to tablet compressors during manufacturing, Wang et al. simulated
tablet compressor walls by using silicon nitride tips coated with a layer of iron
that was 20 nm thick [103]. The coated tips were then used in force distance

measurements on different profen drug molecule surfaces, whereby the work of
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Figure 2.22: Force distance measurement plots obtained from: (a) an iron-coated tip and a
flat ibuprofen surface immersed in ibuprofen-saturated water, (b) an iron-coated tip and a
flat ketoprofen surface immersed in ketoprofen-saturated water, (c) an iron-coated tip and a
flat flurbiprofen surface immersed in flurbiprofen-saturated water and (d) an iron-coated tip
and a flat iron-coated surface immersed in water. Adapted from reference [103].

adhesion of each profen surface to the tip could be determined (Figure 2.22).
Studies of cohesion-adhesion balance between dry powder inhaler (DPI)

components [107, 108], and drug-canister interactions [109] provide other ex-

amples of interesting interactions that can be addressed by this technique, even

at early stages of drug formulation.

2.2.3 Nanoindentation techniques and mechanical

properties of molecular crystals

Nanoindentation is a special force distance technique which uses a hard ma-
terial (e.g. diamond) for the tip and a substantial loading force. As a result,
the tip can penetrate soft samples and leave indentation marks on the surface.
The local hardness and Young’s modulus of the sample can be estimated from
the extent of the nanoindentation [111, 112]. Perkins et al. studied by AFM
the surface response of carbamazepine polymorphs before and after micronisa-
tion using standard silicon probes, noting an increase in surface energy after
micronisation for all three polymorphs form I, IT and III (Figure 2.23) [110].

The hardness measured based on the force distance plots of nanoindentation
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Figure 2.23: Selected force distance plots for the three forms of carbamazepine, together
with respective AFM height images of these forms. The force distance plots show that each
form has a different hardness based on the indentation depth using the same loading force.
Adapted from reference [110].

indicated different indentation depth for each polymorph while using the same
loading force, suggesting different hardness for each form. The authors also
reported a correlation between the ratio of indentation hardness to Young’s
modulus, and the increase in surface energy upon micronisation. This study
demonstrated that AFM can be particularly beneficial in predicting outcomes
of manufacturing procedures such as tabletting and micronisation by using
small amounts of sample.

Masterson et al. [113] employed nanoindentation to screen for mechanical
properties of various pharmaceutical compounds, ranking the compounds in
terms of hardness (Figure 2.24). Ascorbic acid was found to be the hardest,
followed by sucrose, lactose, and ibuprofen. Cao et al. [114] obtained the elas-
tic modulus and hardness for similar pharmaceuticals from nanoindentation
(Table 2.1), and related this to the compaction performance. It was found that
materials with very low or high particle hardness most likely exhibit poor com-

paction performance, while materials with medium particle hardness exhibit
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Figure 2.24: Plot of hardness [log(H)] vs. maximum peak load on the cantilever [log(P,44)]
for ascorbic acid, sucrose, lactose, and ibuprofen. Adapted from reference [113].

Materials H(Hpa) E. E (GPa) HE,
SAT 0.7 19 1.7 0.37
Tbuprofen, Lot A 0.6 21 1.9 .25
Ibuprofen, Lot B 0.4 12 1.1 0.33
Ibuprofen, Lot C 22 0.5 0.3 024
UE-3T0106 0.4 1.1 1 0.36
Acstaminophen 1 19 1.7 0.33
Phenacsatin 0.5 22 2 041
PHA-T358521 1.1 24 22 .45
Suerose 23 41 37 0.56
MCC 1.4 28 2.6 .43
Fluconazole 2 31 2.8 0.65

Ascorbie acid 3 3 4.4 1
Probenecid 45 43 35 1.14
Tartaric acid 4.7 4 37 1.18
52 4.5 43 44 .96

Table 2.1: Mechanical properties of particles of pharmaceutical materials determined by
AFM nanoindentation. Adapted from reference [114].

good compaction behaviour (Figure 2.25). However, it is also important to
note that hardness is not the only factor that should be considered in tablet
compaction.

Nanoindentation techniques were also employed to rationalize the bending
of organic crystals [115]. Bending was shown to be a result of the crystal
packing, rather than the crystal morphology. The authors further demonstrated
that bending arises in crystals where strong and weak interactions occur in
approximately perpendicular directions (Figure 2.26). AFM nanoindentation
was employed in this case to demonstrate the crystal-packing anisotropy in 2-
(methylthio)nicotinic acid crystals by the measuring the crystal hardness along

three crystal directions.
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Figure 2.25: A correlation plot between particle hardness and powder compaction perfor-
mance. Numbering scheme: 1. ibuprofen, 2. sodium acetate trihydrate, 3. phenacetin, 4.
acetaminophen, 5. microcrystalline cellulose, 6. fluconazole, 7. sucrose, 8. sodium starch
glycolate, 9. tartaric acid, 10. probenecid, 11. ascorbic acid. Adapted from reference [114].

Figure 2.26: (a) A hexachlorobenzene crystal bent along the (001) face, and (b) the crystal
packing of hexachlorobenzene. Adapted from reference [115].
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Figure 2.27: Representative load versus depth-of-penetration curves of saccharin obtained

with indentation normal to the (100) and (011) planes. The arrows in the graph indicate
possible discrete displacement bursts or pop-ins. Adapted from reference [116].
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Figure 2.28: AFM height images of saccharin showing: (a) cracks along two corners of the
indenter on the (100) face formed at a 6 mN peak load, (b) no radial cracks observed on the
(011) face under equal load, (c) horizontal cross-section at the center of indentation shown
in (a), (d) horizontal cross-section at the center of indentation shown in (b). Adapted from
reference [116].

AFM nanoindentation technique was also used to determine the correlation
between mechanical properties of organic crystals and their internal structures.
Kiran et al. reported a nanoindentation study that aimed to assess the mechan-
ical anisotropy of saccharin single crystals [116]. The authors studied plastic
deformation on the (011) and (100) faces of saccharin crystals (Figure 2.27).
The studied faces showed approximately 5% difference in Young’s moduli which
was attributed to the anisotropic interaction characteristics within the crystal.

Upon indentation, the load displacement curves obtained from (011) re-
vealed that the crystal undergoes a homogeneous plastic deformation (Figure
2.28 (a) and (c)). This deformation was attributed to the presence of various
possible slip systems parallel to the plane of indentation. On the other hand,
(100) showed discrete displacement bursts that were 18 nm in magnitude and
occurred in integer multiples of 18 nm (Figure 2.28 (b) and (d)).

In 2011, Karunatilaka et al. utilized AFM nanoindentation to charac-
terise mechanical properties of photoactive cocrystals of both macro- and nano-
dimensions that undergo a single-crystal-to-single-crystal reaction [117]. A
cocrystal consisting of 5-cyanoresorcinol and trans-1,2-bis(4-pyridyl)-ethylene

was found to undergo a [2+2] photodimerisation upon UV-irradiation accom-
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Figure 2.29: AFM height images of: (a) an unreacted, and (b) a reacted nano-cocrystal of
similar height, and Young’s moduli values of nano-cocrystals before (c¢) and after photoreac-
tion (d). Adapted from reference [117].

panied by a change in Young’s modulus, and a small change in crystal density
(0.1%). While macro-dimensional crystals softened and exhibited a decrease in
Young’s modulus from 260 MPa to 150 Mpa (40% change), nano-dimensional
crystals were found to harden around 40% showing an increase in Young's
modulus from 460 MPa to 635 MPa (Figure 2.29). The opposite changes in
stiffness of macro- and nano-dimensional crystals was attributed to the high
surface-to-volume ratio of the nano-crystals, which allowed efficient stress and
strain relaxation. AFM nano-indentation was performed on crystals isolated
from a bulk sample before and after UV-irradiation, as well as in situ during
the course of the photoreaction.

Jing et al. recently reported a novel nanoindentation based method for sys-
tematic studies of slip planes in molecular crystals [118]. The method required
the use of a non-axisymmetric cube-corner indenter to generate inhomogeneous
stress fields whereby various slip planes were activated by rotation of the sam-
ple. Succinic acid was used as a model compound, and the authors identified
the (111) and (010) planes as major slip planes. Notably, other crystallographic
planes were identified as slip planes that were not previously reported in the
literature, and could not be predicted by attachment-energy calculations. The

developed nanoindentation method, therefore, represents an important tool in
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understanding milling abilities of pharmaceutically relevant materials.

Kaupp et al. recently used nanoindentation and nanoscratching to study
molecular movements under various crystal faces of thiohydantoin [119]. The
AFM tip was used to scratch the (110) face, breaking the hydrogen bonds me-
chanically thus enforcing the covalently saturated fragments to migrate along
the unobstructed cleavage plane followed by the reinstatement of the hydrogen
bonds. It was also proposed that hydrogen-bond dimers, trimers, or hexam-
ers of thiohydantoin are the most likely migrating species (if not the isolated
molecules). The authors proposed that related studies might open up new op-
portunities in nanotechnology and surface structuring. Based on the results
obtained in a similar study, Kaupp et al. proposed that nanoscratching and
the observation of induced anisotropic molecular movement in crystals can be
used to predict whether a crystal is suitable for solid-state reactions (e.g. pho-
tochemical, thermal, etc.), given that the chemical structure of the molecules

in the crystal allows such reaction [120].

2.2.4 Concluding remarks

The use of AFM has not been limited to the techniques described above. There
has been a continuous exploration of new AFM techniques, including the use of
thermal probes [121-125], conductive probes [43, 126-130], Kelvin probe force
microscopy [131, 132] and combining confocal raman spectroscopy with AFM
[133]. In conclusion to this chapter, AFM has been developed to become an
important tool in various research fields. Bearing in mind that physicochem-
ical properties of crystals strongly depend on their surface morphologies and
properties, as well as the indispensability of AFM in surface studies, it is clear

that AFM needs to become a standard tool in studying organic crystals.
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Chapter 3

A literature review on the
hydrolysis of aspirin (ASA)

For more than 2000 years, willow tree barks and leaves have been used to
relieve fevers and pains. The ingredient found in willow trees that gives rise to
its medical effect is salicin, which transforms to salicylic acid (SA) in the body
as the main metabolite in the body. Aspirin (ASA), closely related to SA, was
first synthesized by Charles Frederic Gerhardt in 1853 [134]. It was only until
1897 when Bayer further developed and globally commercialised ASA as a new
drug. Nowadays, it is one of the most widely used medications in the world,
not only for fever and pain relief, but also for long term prevention of heart

attacks and strokes.

Figure 3.1: ASA tablets aged in 80% RH and 50°C for 98 days, containing needle-shaped
crystals of SA on the surface. Adapted from reference [135].

ASA, salicin, and SA are classified as nonsteroidal anti-inflammatory drugs.

ASA is normally the preferred form for manufacturing oral dosages, as it is less
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irritating to the lining of the mouth and stomach than SA and salicin. As
it is important to the pharmaceutical industry to study and understand the
stability of any drug products, the hydrolysis of ASA to form SA has always
been a research topic of interest (Figure 3.1). However, while the solution [136—
140] and solid state [135, 141-146] hydrolysis of ASA form I have both been
studied extensively, the latter reaction in particular is still not well understood.

There are two polymorphs of ASA crystals, where form II was first reported
in 2005 [147]. Although there was some ambiguity concerning the crystallinity
of the new form and whether form II domains were a result of a stacking disor-
der [148, 149] of the original form I structure [150], Bond et al. later confirmed
its existence by characterising single crystals of “pure” ASA form II [151].
There were also reports on new cocrystals [5, 152] and salts [153] of ASA which
were either less prone to hydrolysis, or had other improved physicochemical
properties. While the continuous search for improved ASA derivatives is bene-
ficial, the importance of further understanding ASA degradation via hydrolysis
must not be overlooked. In this chapter, an overview of studies involving the
solid-state hydrolysis of ASA from the literature will be presented. The va-
lidity and limitations of previous bulk hydrolysis studies will be assessed, and
recent studies involving ASA crystal surfaces will be reviewed, highlighting the

importance of considering the ASA crystal surfaces in future hydrolysis studies.

3.1 Bulk studies on the hydrolysis of ASA

MOLE % ASPIRIN
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Figure 3.2: Typical ASA decomposition curve in the presence of humidity at 60°. Adapted
from reference [141].

Leeson and Mattocks were one of the first to report kinetic studies on the
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hydrolysis reaction of ASA in the solid-state [141]. The degree of hydrolysis
was measured by detecting the amount of SA in the aged compound. A spec-
trophotometric technique was employed to achieve this, which required the
dissolution of the aged solids prior to detection. The authors suggested that
in the absence of water vapour, the reaction would not occur. In the presence
of humidity, a sigmoid curve was observed when plotting the amount of SA
formed over time, indicating an initial acceleration in the rate of hydrolysis
(Figure 3.2). The mechanism proposed for this solid-state reaction was water
initially being adsorbed onto the sample particles, followed by the diffusion of
ASA molecules into solution, then acid hydrolysis in the resultant liquid phase
on the particle surface.

Gore et al. later reported that the measurement of SA as an indicator of the
extent of hydrolysis was not accurate, as a significant amount of SA would have
sublimed under the studied conditions as well as during the dissolution of the
aged solids in preparation for spectrophotometry [135]. This most likely led to
the underestimation of the hydrolysis kinetics. To circumvent these issues, the
authors suggested an improved UV spectrophotometric method which allowed
the determination of the residual ASA content directly.

This system was further studied by Hasegawa et al., whom discarded the
surface solution mechanism that was initially proposed by Leeson and Mattocks
[145]. Though they observed a sigmoid curve in ASA degradation similar to the
previous authors, further tests showed that the presence of acidic decomposition
products SA and acetic acid did not cause the initial change in hydrolysis rate.
Moreover, the degradation of ASA was monitored by optical microscopy, and
the reaction occurred only at partial areas of the crystals before spreading all
over the surface. A surface nucleated mechanism was suggested to explain the
hydrolysis instead. While this mechanism was supported by Ball [144], it has
been challenged by different mechanisms proposed by others [142, 143, 146].
Furthermore, there have also been numerous studies on the effect of excipients
on the hydrolysis of ASA crystals [154-165].

3.2 Limitations of bulk studies

Despite numerous studies on the solid-state hydrolysis of ASA in the past, the
nature of the reaction remains unclear. Before further investigation, it is first
worth addressing the limitations of the bulk studies that were reviewed in the

previous section:

e The bulk studies relied on spectrophotometry or HPLC [166] for the de-
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tection of ASA and SA, which is an indirect method that required the

dissolution of the solid samples prior to detection.

e The temperature was raised above room temperature during the degra-
dation process in order to accelerate the rate of hydrolysis. This was
required to ensure sufficient chemical change in bulk content for detec-
tion over a reasonable timescale. Although this is a common practice for
pharmaceutical research, the sublimation of SA at such temperatures can

lead to inaccurate kinetic measurements [135].

e Most of the studies did not take into account the effect of the particle
size and surface area on sample degradation. Only one report considered
these factors, but the decomposition curves did not fit the models that
incorporated particle size effect [145]. The results were inconclusive, and
the authors suggested that although the decomposition could not be fully
described by any simple reaction model, particle size and surface area does

seem to affect the decomposition.

Amongst these limitations, the last one is the most significant factor. Based
on the observation that hydrolysis occurs in the presence of water, it is more
sensible to consider the hydrolysis as a surface reaction, as only the outermost
molecular layers of the particles are in direct contact with moisture. Therefore,
studies based on bulk characterisation techniques are not accurate, as they only
detect the combined reactivity of the bulk and surface of a crystal. In order
to better understand the degradation of ASA, only the surface of crystals or

particles should be considered.

3.3 The anisotropy of crystal faces

One further complication in studying particle surfaces is the anisotropy of dif-
ferent ASA crystal faces. This was first evident in a study by Tawashi [167],
who observed samples recrystallised from either ethanol or hexane had different
dissolution rates. Initially it was proposed that the difference in rates was due
to different polymorphs produced, one from each solvent. This was found to
be incorrect, although ASA form II was discovered several decades later [147—
149, 151]. In fact, it was the difference in morphology of the crystals used for
Tawashi’s study that gave rise to different dissolution rates. As each face has
its unique properties, the change in the exposed surface area of each face can

significantly affect how the sample behaves.
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Cleavage plane (001)

Figure 3.3: Crystal structure (CSD code ACSALAO1 [168]) and predicted BFDH growth
morphology of ASA, showing planes (100) and (001) which do not interfere with the hydrogen
bonding pattern between ASA dimers.

0 im

Figure 3.4: 10 x 10 um? AFM images of ASA (001) surface under dissolution at (a) t = 0's,
(b) t =132 s, (c) t = 197 s; 5 x 5um? images of ASA (100) surface under dissolution at (a) t
=0s, (b) t =267 s, (c) t = 444 s. Images are artificially illuminated from the left. Adapted
from reference [96].

Anisotropy of crystals arises from the nature of crystalline materials. In a

perfect crystal, molecules are locked in position and orientation. The exposed
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surface of each face reveals different functional groups. The two main cleavage
planes (100) and (001) of ASA is a good example. As these planes do not in-
terfere with the hydrogen bonding pattern, the crystals are easily cleaved along
them (Figure 3.3). There are two possible truncations on the (100) face, one
intersecting the hydrogen bonding pattern exposing the carboxylic acid groups,
another exposing the ester terminal groups of ASA molecules. The latter trun-
cation is more likely to occur, as this is more energetically favourable than
breaking the stronger hydrogen bond between the dimers. Regardless of which
truncation, the functional groups exposed on (100) are different to that of (001),
which have more C-H,, character. Therefore, as crystals of different morphology
have different surface area exposed for each face, their overall properties can
vary, including the dissolution rate, chemical reactivity, flow properties, etc..

The anisotropic nature of ASA crystals has been studied by various groups.
Danesh et al. was the first to study the dissolution rate of (100) and (001)
by in situ AFM imaging [96]. The results showed that in an acidic medium,
the (001) face dissolves by receding step edges (Figure 3.4(a) to (c)), six times
slower than the dissolution of the (100) face, which dissolves via a terrace
sinking mechanism (Figure 3.4(d) to (f)).

Ex situ AFM dissolution studies were conducted by Wen et al. [94]. Etching
patterns on (100) were analysed, and the results indicated that these patterns
were affected by the attachment energy, solvents with different solubilizing
ability and surface adsorption potential (Figure 3.5). The attachment energy
was the dominant factor, as faces of higher surface energy were dissolved, with
resulting etching patterns mainly containing steps aligned to the faces of small-
est surface energy, which in the case of ASA crystals, were {001}, {011}, and
{010}.

The wettability and hydrophilicity of ASA faces was investigated by Heng
et al. [169] using sessile drop contact angle measurements and X-ray photo-
electron spectroscopy (XPS). Large crystals of more than 2 cm in length were
grown in acetone, and cleaved crystal faces of (100), (001), and (011) were
studied. Contact angle measurements using water droplets indicated that out
of the three faces, (011) was the most hydrophillic, followed by (100) and (001).
This ranking was supported by XPS findings, as (011) and (100) had a higher
proportion of C=0 functionality than (001) due to the terminal ester group or
carboxylic acid group being exposed on (011) and (100), while (001) had more
C-H, functionality, accounting for its more hydrophobic nature (Figure 3.6).

ASA surface hydrophillicity was also studied by Aubrey-Medendorp et al.

[170], whom reported different contact angle measurement results. Only (100)
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Figure 3.5: AFM Deflection images of ASA (100) face etched by water (A-C), acetone (D-F),
and ethyl acetate (G-I) with image sizes of 60x60 um? (A, D, G), 20x20 um? (B, E, H),
and 5x5 ym? (C, F, I). Directions of the b and ¢ axis are shown in figures A-C. Adapted
from reference [94].

011)
(011)

Intensity
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(100)
(100)

(001) (001)
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Figure 3.6: Carbon 1s (left) and oxygen 1s (right) XP spectra of ASA crystal faces, showing
the deconvoluted C and O environments. Adapted from reference [169].

and (001) were considered, and from the water contact angle measurements, the
results indicated that in fact (001) was more hydrophillic than (100). This was
in contradiction with Heng’s findings. The authors, however, did not report

any other complementary analytical techniques to support their contact angle

44



measurements, and the hydrophillicity ranking of the two faces was not clearly
justified.

Based on both reports, the only main difference between the two water con-
tact angle studies conducted by Heng et al. and Aubrey-Medendorp et al. was
probably how the crystals were prepared. While Heng’s crystals were recrys-
tallised from acetone, Aubrey-Medendorp et al. only reported that the crystals
were recrystallised in either acetone or ethanol, but did not specify which one.
The reason for the discrepancy in hydrophilicity ranking is unknown, and there
have been no reports on whether a change in solvent used for recrystallisation
could affect the behaviour of resulting cleaved crystal faces. Heng’s XPS data
provides stronger evidence that (100) is the hydrophilic face. However, further

experiments are required to confirm these contact angle measurements.
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Figure 3.7: AFM image of (001) [left] and (100) [right] after nanoindentation. Adapted from
reference [171].

More recently, nanoindentation was used to study ASA crystal faces [171].
(100) and (001) of ASA form I were studied, and each face was characterised
by its hardness, elastic modulus. The hardness of the two faces were similar,
but (001) had a significantly greater elastic modulus than (100). The resulting
nanoindentation pattern also revealed that cracks formed along (100) but not
in (001), due to the presence of a slip plane along [001] but not along [100]
(Figure 3.7). The higher elastic modulus of (001) was also due to the presence
of slip planes along [001].

3.4 Importance of surface studies on the solid-
state hydrolysis of ASA

Considering the anisotropic nature of ASA surfaces, it is likely that each face
will respond differently upon exposure to moisture and hydrolysis. Despite

many studies on the solid-state hydrolysis of ASA in the past, only one of
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Figure 3.8: The measured force of adhesion values at different RH levels between dicalcium

phosphate probes and (a) ASA (100); (b) ASA (001); and (c) a Si reference surface. Adapted
from reference [172].
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Figure 3.9: AFM height profile of ASA (100)(a) under ambient conditions before dicalcium
phosphate contact; (b) at 75% RH after dicalcium phosphate contact; (¢) after 20 min; (d)
after 30 min. The same sites in (a) and (b) are marked by white arrows. The blue and red
arrows in (d) are areas of growth normal to (100). Adapted from reference [172].

them have taken surface anisotropy into account. Cassidy et al. studied the
surface response of the (100) and (001) faces in the presence of moisture and
dicalcium phosphate dihydrate [172], which is a common drug excipient. Col-
loid probes of dicalcium phosphate were used to measure the force of adhesion
between dicalcium phosphate and each of the two ASA faces at different rel-
ative humidity (RH) levels (Figure 3.8). While the force of adhesion showed

a strong dependence on RH for the interactions between dicalcium phosphate
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Figure 3.10: AFM amplitude profile of ASA (001) under ambient conditions before contact
with dicalcium phosphate. (b) AFM amplitude profile of the same location as (a) at 75% RH
after contact with dicalcium phosphate. Adapted from reference [172].

and (100), with stronger interactions occuring at higher RH, much weaker in-
teractions were measured between dicalcium phosphate and (001) under all RH
conditions. Moreover, the authors used AFM imaging to monitor the changes
on each face before and after dicalcium phosphate contact. At 75% RH, con-
tact between dicalcium phosphate and (100) led to the development of etch pits
(Figure 3.9), and in some cases needle growth normal to the surface, postulated
to be SA. No such changes were observed for the contact between dicalcium
phosphate and (001). Instead, step movement was observed on (001) (Figure
3.10), which was not a result of the dicalcium phosphate in contact but of
the partial dissolution of the surface. Therefore, it was concluded that there
was strong reaction between dicalcium phosphate and (100) but no reaction
between dicalcium phosphate and (001).

Cassidy’s study has clearly highlighted the difference in hydrolysis reactivity
on different ASA crystal faces. In Chapter 6, a study involving the surface
response of ASA crystals to humidity (without excipients) will be presented, in

hope to obtain a more fundamental understanding of the nature of this reaction.
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Chapter 4

Experimental Methods

4.1 Optical microscopy

Two optical microscopes were used for recording micrographs. A Leica DM1000
LED transmission optical microscope equipped with a JVC colour video camera
was used to record micrographs of samples, while a binocular GX reflective
optical microscope equipped with a Motticam 2000 microscope digital camera
was used to record micrographs of samples on an AFM metallic sample disc.

Objectives ranged from x4 to x60.

4.2 Attenuated total reflection — Fourier

transform infrared spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of
samples were collected on a ThermoNicolet Nexus FT-IR spectrometer with an
XT-KBr beam splitter, Smart Golden Gate Single Reflection ATR accessory.

1 1

Samples were measured from 500 to 4000 cmm™ at a resolution of 4 cm™" and

32 scans.

4.3 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) was used for identifying crystalline struc-
tures. Data was collected on a laboratory Philips X'Pert Pro diffractometer,
using Ni-filtered CuKa (A = 1.5418 A) at 40 kV and 40 mA with an X-Celerator
RTMS detector. Each sample was analysed in the range of 5° < 20 < 50° with
a total scanning time of approximately 3 minutes. Samples were supported on

a flat glass slide with a shallow depression to accommodate the material.
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A plot of diffracted intensity versus the 26 diffraction angle gave a fin-
gerprint pattern that was unique for each crystal structure. These patterns
were compared with the powder patterns simulated by structures found in the

Cambridge Structural Database.

4.4 The Cambridge Structural Database and
BFDH morphology prediction

The Cambridge Structural Database (CSD) contains data for over 600000 small
molecule crystal structures. Conquest version 1.15 was used to search the CSD
for the required crystal structures. Mercury was used to generate simulated
PXRD patterns from the searched structures. These patterns were used as
identification for crystal structures obtained from experiment.

The predicted crystal morphology of different crystal structures was ob-
tained using the Bravais-Friedel-Donnay-Harker (BFDH) geometric model [173],
included in the Mercury software. These were compared to the experimental
crystal morphologies to index and determine the orientation of the crystal face
that was studied.

4.5 Atomic Force Microscopy

4.5.1 Instrumental details

Optical camera

Head
Tip holder

Piezo stack

Humidity Chamber

Air table

Figure 4.1: Picture of the Multimode AFM instrument with labelled parts.
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The AFM images were recorded using a Multimode AFM (Figure 4.1),
operated by a Nanoscope Illa controller, with a Quadrex extender module
interface (Veeco Instruments, Cambridge, UK).

Two scanners, namely E and J, were available and used for imaging. The E
scanner has lateral scan size of approximately 10x 10 ym?, with a 2.5 ym height
range, while the J scanner has a lateral scan size of approximately 120x120
pm? with a 5 ym height range. The E scanner was used for most experiments,
as it had a better accuracy in scanning areas of 10x10 ym? or less. The J
scanner was used for experiments that required the use of a chamber to control
the RH level. This was because the humidity chamber prevented the access
to the knobs for adjusting the tip position. Tip re-positioning could only be
achieved by the software, and the area that the tip could cover was limited by
the scanner. The J scanner was therefore selected to provide greater flexibility

in choosing areas for imaging.

Figure 4.2: 3-D height profile of a standard calibration grid (50x50 pm?).

Standard calibration grids were imaged (Figure 4.2) regularly to ensure the
accuracy of the instrument. The grid images were measured to be within 2%
of the correct dimensions before imaging other samples of interest. The instru-
ment would require calibration if errors exceeded such values, or if distorted
images were observed due to bowing and creeping effects of the piezo stack.

The optical microscope shown in Figure 4.1 is equipped with a digital cam-
era, which aids the positioning of the tip on to the sample, and allows the tip

to be repeatedly mapped onto the same area of interest if required.

4.5.2 Cantilever selection and tip-to-sample force

Intermittent contact mode imaging was the main imaging mode used, due to

the soft nature of the organic crystals studied. Commercially available FESP
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18 series or TESP 15 series sharpened Si probes were used. The nominal k4,
values are 3.5 N/m and 40 N/m respectively, and both tips have an average
radius of curvature of 10 nm, and a cone angle of less than 30° (Mikromasch,
Estonia).

The tip-to-sample force can be measured using the amplitude setpoint ra-
tio between that during imaging and when freely oscillating (A/Ao). Typical
setpoint ratios used for imaging are above 0.8 to minimise any tip influence on

the surface.

4.5.3 Sample preparation and area of selection

Samples were generally prepared on glass or mica coverslips by one of the two

methods:

1. Evaporation of a drop of solvent containing dissolved material, yielding

crystals adhered onto the coverslips.

2. Mounting preformed crystals onto coverslips using quick dry glue or epoxy

resin.

The coverslips were then attached to stainless steel AFM sample discs,
which “snapped” onto the (magnetic) sample stage.

In choosing area of imaging, the optical microscope was used to identify
surfaces that were flat and contained no distinct features at the optical scale
(Figure 4.3). This was to ensure that any fluctuation in the height of the sample
was minimized and was within the height range detected by the AFM (2.5 or

5 pm, depending on the scanner).

4.5.4 Recording and processing AFM images

Data was recorded using the Nanoscope software version 6.13. Prior to imaging,
the amplitude setpoint was optimised such that the tip was tracing the surface
of the sample with minimum force exerted on the sample by the tip. Images
were recorded with a scan rate of 1 Hz, with scan size varying from 1x1 pm?
to 20x20 pm?. In some cases, imaging at a lower scan rate and harder tip-to-
sample force was required. Data acquired from the instrument was processed

using NanoScope Analysis version 1.4.

Plane fitting and flattening

Recorded images were plane fitted to remove the effect of any inclination of the

sample relative to the tip, resulting in a better representation of the surface

51



(c) (d)

Figure 4.3: Optical microscope image of two aspirin crystal surfaces (treated under different
conditions)((a), (b)); 3-D height profile of the two surfaces ((c), (d)), which was recorded
within the area enclosed by the black rectangles in (a) and (b) respectively. The area of both
images are 10x10 pm?, with the height range of 80 nm.

topography. First order plane fitting was usually sufficient. In some cases,
a second or third order plane fit gave rise to a better representation of the
surface, removing the bowing artifact introduced by the piezoelectric set up of
the instrument.

Some images required flattening, which is a process that removes image
artifacts due to vertical scanner drift. This modifies each line of the image, re-
moving the vertical offset between adjacent scan lines in the fast scan direction
by calculating a least squares fit polynomial for a scan line, and subtracting it

from the polynomial fit from the original line.

Colour scales and 3-D images

A colour scale was use to represent the vertical height (along the z-axis) or
the amplitude response at each pixel of the imaged area. In the case of ver-

tical height, the colour scale starts with a dark brown colour indicating low
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topography, and gradually turning to a light pink colour to represent higher
topography. The colour scales can also be applied to 3-D images for better

visualisation of surface features.

4.5.5 Surface roughness

The surface roughness can be measured based on a quantified area on a sample
surface. For this thesis, the root mean square surface roughness (Rq) was used,
which is the average deviation in the topography from an average plane running

perpendicular to these deviations:

Rq = UV f:(yn)Z] : (4.1)

n=1
In the equation above, N is the total number of data points within a given
area, and v, is the difference between the height value of each data point and

the average height value within the given area.

4.5.6 Cross sectional analysis

For crystal surfaces that are flat on the optical scale, step features of 5 to over
40 A thick were normally present. Another feature that often appeared on
surfaces was the emergence of “tall” features. Using a cross sectional height
analysis, the height of these steps and tall features could be measured, as shown
in Figure 4.4(a) and (c). Better accuracy in measuring the step heights was
obtained by taking the average height measured by several cross sectional lines

running across the step (Figure 4.4(b) and (d)).

4.6 Relating surface orientation to crystal

structure

Face indexing and the orientation of the surface relative to the crystal structure
were determined by 1-D XRD and comparison of experimental and predicted
morphology respectively. The normal PXRD instrument was used for 1-D
XRD, but instead of a powder sample, it was replaced by a coverslip containing
the crystals prior to AFM imaging. A plot of diffracted intensity versus 26 was
used to identify the top crystal face. An example of a cleaved aspirin crystal
is shown in Figure 4.6, which only 1 reflection was observed in the 1-D XRD
spectra (Figure 4.5 (b)). This corresponded to dgog, and confirmed that (001)
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Figure 4.4: (a) AFM height profile of an aspirin crystal surfaces showing both molecular
steps as well as tall features growing perpendicular to the surface (5x5 pm?); (b) AFM
height profile of another aspirin crystal surface showing only molecular steps (5x5 um?); (c)
A cross sectional plot along the white line in (a), allowing the height of features to measured;
(d) The average cross sectional plot taken across the step enclosed by the broken lines in (b),
which provides a better accuracy to measuring the step height.

was the top face (there is a systematic absence for dog ).

For crystals formed by evaporation of solvent on the coverslip, 1-D XRD
only provides an average representation of the many small crystals on the cov-
erslip (Figure 4.7). However, as most crystals studied had a strong preferred
orientation to crystallise with the dominant growth face on the top of the cov-
erslip, the resulting XRD spectra contained only the reflections arising from
the dp; spacing (corresponding to the dominant face (hkl)). From the spec-
trum of these ASA crystals, digo, daoo, d300, daoo Were observed (Figure 4.7 (a)),
confirming that the top face is (100).

Once the top face was indexed, the morphology was used as an indicator to
map out the relative orientation of the crystal surface relative to the structure,

as shown in Figure 4.8.
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Figure 4.5: 1-D XRD spectra of (a) ASA crystals formed by direct evaporation crystallisation
on the coverslip, showing 3 reflections corresponding to d1gg, d200, and dsgo; (b) recrystallised
ASA crystals (in acetone) of over 5 mm in length mounted on an AFM sample disc (Figure
4.6), which gave rise to only one reflection corresponding to the dgo2 spacing; (c) simulated
PXRD pattern of ASA form I (CSD ref code ACSALAO1) [168].

Figure 4.6: Picture of two sections of a large single crystal prepared by cleaving along the
length of the crystals. The crystals were glued onto coverslips that were attached to stainless
steel discs.

4.7 Controlled humidity environment

For experiments conducted under controlled humidity, desiccators of different
relative humidity (RH) were set up at room temperature. P,O;9 was added to

the dessicator that maintained a 0% RH environment, while saturated solution
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Figure 4.7: Schematic illustration of a 1-D X-ray diffraction on coverslip containing crystals
to be studied by AFM, with most crystals having the dominant face on top.

(00-1)

Figure 4.8: Crystal structure of ASA viewed onto {100} (left) compared to the optical mi-
croscope image of the crystal surface prepared by quick evaporation (green rectangle)(right).

of salts for other RH environments were used, e.g. Mg(NO3), for 53% RH
and K5SO, for 98% RH [174]. These chambers were monitored with humidity-
indicator cards available from the Sigma-Aldrich Company. Although the tem-
perature was not controlled and was observed to vary from 18 to 23°C, the

fluctuation of the humidity is expected to be no more than 2% RH.

4.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) studies presented in this thesis were
conducted by collaborators Sven Schroeder and Lauren Newton from University
of Manchester. Details of the experiment can be found in reference [175].
In summary, the spectra were recorded with a Kratos Axis Ultra instrument
using a monochromatic AlKa source (1486.69 eV) and a hybrid hemispherical

analyser (electrostatic and magnetic). The X-ray source power was set to 180
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W (15 kV and 12 mA), with a pressure lower than 10~® mbar during data
acquisition. High-resolution spectra were measured for the C 1s spectral range
with 0.1 eV steps and 1000 ms dwell time per data point. Repeats were carried
out to verfiy if there was any radiation damage.

Theoretical spectra were generated based on the identity of the molecule
in a crystal structure. These were compared with the obtained experimental
spectra in order to identify the chemical environment of the carbon atoms

detected on the studied crystal surface.
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Chapter 5

Organic surfaces imaged by
AFM

5.1 Introduction

5.1.1 The nature of AFM imaging technique and organic

crystals

In the previous chapter, an introduction to AFM was given, together with
various studies of organic crystals using this technique. This chapter will focus
on addressing potential issues concerning the nature of organic crystals, as well
as the AFM imaging technique.

Compared to metals and inorganic crystals, organic crystals are generally
softer and have weaker intermolecular forces that hold molecules together. As
a result, organic crystals tend to have higher vapour pressures, and are more
susceptible to sublimation. During sublimation, molecules at the surface are
more likely to sublime than molecules in the bulk crystal. Therefore, when
accounting for any changes observed on organic crystal surfaces imaged by
AFM (e.g. step rearrangement), the natural sublimation of the material must
be considered in addition to other factors.

As the nature of AFM imaging involves physical interaction between the tip
and the sample surface, there is a possibility of the tip influencing the imaged
surface, especially for soft organic crystals. This has been demonstrated by
Matlis et al. [176], who studied benzamide crystal surfaces by AFM continu-
ous imaging using both tapping and contact mode. Monomolecular steps were
observed to move across the imaged areas, which corresponded to the subli-
mation of molecules at the step edge (Figure 5.1). The sublimation rate on

the crystal surface was measured by recording the time taken for one molec-
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Figure 5.1: Four consecutive AFM height images of a benzamide crystal surface ((a) to (d)).
The arrows indicate a reference feature. Each image area was 4.5x4.5 ym?. Adapted from
reference [176].

ular step to move across the imaged area, which was found to increase as a
greater tip-to-sample force was applied to imaging (for both contact and inter-
mittent contact modes). This provided evidence that the tip can influence the
behaviour of soft sample surfaces, especially at greater tip-to-sample forces.
While there have been reports of intentionally promoting surface changes
by applying a greater tip-to-sample force [133, 177], the focus of this chapter is
drawn towards identifying any unintentional tip influence on the samples that
are to be studied by AFM, and whether the tip influence can be prevented by

any means.

5.2 Natural sublimation of organic crystals and
the influence of the AFM tip

Four organic materials were selected for this study, namely aspirin (ASA),
salicylic acid (SA), anthracene (AN), and theophylline (TP). All of the four
starting materials were sourced from Sigma Aldrich. Each chemical was dis-
solved in ethyl acetate until the solution was saturated. The solutions were

then filtered, and one drop of each resultant solution was evaporated on cover-
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Figure 5.2: Optical microscope images of crystals formed on coverslips: (a) anthracene (AN),
(b) salicylic acid (SA), (c) aspirin (ASA), and (d) theophylline (TP). The crystal at the
middle of each image was selected to be studied by AFM.
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Figure 5.3: 1-D XRD pattern of crystals grown on coverslips and the corresponding simulated
powder pattern. The peaks circled in green suggest that the top crystal surfaces on the
coverslips are (001) for AN, (011) for SA, (100) for ASA, and (200) for TP. The simulated
powder patterns were generated according to crystal structures from references [168, 178
180].
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slips. Crystallisation occurred on the coverslips (Figure 5.2), and the general
orientation of the crystals were determined by 1-D XRD (Figure 5.3) together
with a comparison between experimental and predicted morphologies. The top
crystal surfaces were identified as (001) for AN, (011) for SA, (100) for ASA,
and (200) for TP.

Each sample was imaged by tapping mode using a fixed amplitude set-point

ratio of A/Ay = 0.8. The AFM imaging sequence was as follows:
1. An image of 5x5 um? was recorded initially

2. A closeup area in the middle region (3x3 pm?) was continuously imaged

for 10 frames, at a scan rate of approximately 4 minutes per frame.
3. A final image of the original size (5x5 um?) was recorded.

Throughout this imaging sequence, the repeatedly imaged area in the mid-
dle would have experienced greater tip interaction than its surroundings. There-
fore, a comparison between these two areas on the surface could determine
whether there was any significant influence on the surfaces exerted by the tip.
As the surrounding area was the least disturbed by the AFM tip, this was used
as an indicator of any natural sublimation occurring on the surface.

Representative AFM images of each crystal are shown in Figures 5.4 to
5.7. The main features on each surface were steps of one to two molecules
thick. Some round tall features were also observed on SA and ASA. Although
the chemical composition of these features are not known, these features did
not change in height or position within the studied period. Therefore, these
features, together with some distinct step patterns, were used as reference
points to relate the exact position of all the images recorded for each crystal
(circled in green).

In the case of AN (Figure 5.4), step movement was detected in the area
that was repeatedly imaged, as well as its surrounding area. This is believed
to be a result of the natural sublimation of AN molecules on the surface. In
addition, tall features emerged from the surface, which is suspected to be the
photodimerisation of surface AN molecules under room lighting conditions.
The mechanism of the photochemical reaction to form these features will be
probed further, and is discussed in Chapter 7.

Even greater step rearrangement was observed on the SA surface for both
the repeatedly imaged region and its surrounding (Figure 5.5), suggesting that
the sublimation activity on SA is greater than that of AN. In contrast, there

were no changes on the ASA surface apart from one step rearrangement in a
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Figure 5.4: AFM height images of AN (001) surface before (a) and after (b) continuous
imaging (5x5 pum?). Continuous imaging was conducted over an imaging area of 3x3 pum?.
(c) and (d) show the first and last of the continuous imaging series, which correspond to the
area enclosed by the dotted green rectangles in (a) and (b) respectively. The green circle
shows common features observed on all four images. The black circles indicate regions of step
movement outside the repeatedly imaged area, while the blue circles indicate step movement

()

within the repeatedly imaged area. The blue arrows indicate formation of new features.
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Figure 5.5: AFM amplitude images of SA (011) surface before (a) and after (b) continuous
imaging (5x5 pum?). Continuous imaging was conducted over an imaging area of 3x3 pum?.
(c) and (d) show the first and last of the continuous imaging series, which correspond to the
area enclosed by the dotted green rectangles in (a) and (b) respectively. The green circle
shows common features observed on all four images. The black circles indicate regions of step
movement outside the repeatedly imaged area, while the blue circles indicate step movement

within the repeatedly imaged area.
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Figure 5.6: AFM height images of ASA (100) surface before (a) and after (b) continuous
imaging (5x5 pum?). Continuous imaging was conducted over an imaging area of 3x3 pum?.
(c) and (d) show the first and last of the continuous imaging series, which correspond to the
area enclosed by the dotted green rectangles in (a) and (b) respectively. The green circle
indicates the common features observed in all four images, while the blue circles is the only

(d)

area of minor step arrangement observed throughout the surface.

64

After

Last
cont.
image



Before After
50 50
First Last
cont. cont.
image image

(c) (d)

Figure 5.7: AFM height images of TP (200) surface before (a) and after (b) continuous
imaging (5x5 pum?). Continuous imaging was conducted over an imaging area of 3x3 pum?.
(c) and (d) show the first and last of the continuous imaging series, which correspond to the
area enclosed by the dotted green rectangles in (a) and (b) respectively. The green circle
indicates the common features observed on all four images. No significant changes were
observed throughout the imaged area.
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small part of the imaged area (circled in blue) (Figure 5.6). No changes were
detected at all in the imaged TP surface (Figure 5.7), suggesting that ASA and
TP are much less likely to undergo sublimation.

The tip influence on the surfaces was determined by comparing the repeat-
edly imaged region and its surrounding area. On the AN surface, new tall
features mainly emerged within the repeatedly imaged region, whereas less fea-
tures emerged in the surrounding areas. Therefore, it is possible that there
might be some degree of tip influence that promoted the surface photoreactiv-
ity of AN. For SA, ASA, and TP, there were no significant differences between

the two regions, indicating insignificant tip influence on the studied surfaces.

5.2.1 Preventing and determining the influence of the

tip on areas imaged by AFM

Figure 5.8: Representative AFM amplitude image of (a) SA (011) (5x5 um?), and (b) AN
(001) (4x4 pm?). The middle areas in both images were repeatedly imaged several times
prior to recording these images, which indicate significant tip influence causing the formation
of “frame” features.

In order to minimize any tip influence on the area of imaging, the tip-to-
sample force was always minimized such that the tip was just close enough to
the sample to trace the surface properly. However, despite the best efforts to
eliminate tip influence, this did not always guarantee success, particularly for
long periods of continuous imaging periods. Two examples are given in Figure
5.8, which show significant differences between the repeatedly imaged middle

region and its surrounding area. As the degree of tip influence on the surface
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was found to be rather unpredictable, an image of a larger area was always
recorded at the end of a continuous imaging study, in order to verify if any
distinctive “frame” features were observed, which would indicate significant tip

influence.

5.3 Predicting surface sublimation

Material | AHZ8K [kJ mol™]
Salicylic acid 99 £+ 2
Anthracene 1045 £ 1.5

Aspirin 109.7 + 0.5
Theophylline 142 £ 0.3

Table 5.1: Sublimation enthalpy of selected organic crystals. From references [181-183].

In attempt to predict the likelihood of surface sublimation of different or-
ganic crystals, the sublimation enthalpy was considered (Table 5.1) [181-183].
Based on the study in the previous section, a correlation could be drawn be-
tween the degree of step rearrangement observed at the surface of each crystal
and the corresponding sublimation enthalpy of the material. The lower the
sublimation enthalpy, the more sublimation of molecules is expected, there-

fore, more significant step rearrangement is expected.

K

(a) (b)

Figure 5.9: (a) Schematic illustration of the 2-D nucleation energy model (developed by
Dinesh-Ramesh Mirpuri Vatvani). The model assumes that the growth rate of a certain
crystal face is directly proportional to the energy released when one molecule is added to
that crystal face; (b) Schematic illustration of the sublimation of molecules at step edges and
kinks (dark yellow blocks). The arrows in different colours indicate the possible directions of
the molecule leaving the surface.
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Despite good agreement between the sublimation enthalpy and experimen-
tal observations, sublimation enthalpy is a bulk property. In an effort to im-
prove the agreement, face specific energy calculations were also considered.
These calculations were based on a morphology prediction model developed
by Dinesh-Ramesh Mirpuri Vatvani [184], together with the use of the UNI
forcefield [185, 186]. A schematic illustration of this model is shown in Figure
5.9(a). It assumes that the rate of growth of a certain crystal face is directly
proportional to the energy released upon the binding of the first molecule onto
a perfectly flat surface of this face.

As the sublimation of surface molecules is simply the reverse of the binding
of molecules onto the surface, it is possible that the tendency for a molecule
to sublime is related to the energy calculations obtained from this morphol-
ogy prediction model. However, while the model calculates the energy of one
molecule binding or leaving a perfectly flat surface, this is not likely the same
as the energy of molecules binding or leaving a step or kink site. Yet amongst
other models, this was found to be the model that relates closest to the study
of surface sublimation observed by AFM.

In an attempt to model the surface sublimation of molecules at the step,

the following assumptions were made:

1. There are several possible directions that the molecule at the step can

follow while leaving the surface (Figure 5.9(b)).

2. The energy required for the molecules leaving the step along a specific
trajectory [h,k,l,] equates to the negative of the binding energy of the
corresponding (h,k,l,,) face calculated using the 2-D morphology predic-

tion model.

3. The molecules at the steps can escape via any direction away from the
surface, but preferentially along directions that have smaller binding en-

ergy (in terms of magnitude).

For each crystal, the binding energies of all (hkl) planes were calculated,
where h, k, and 1 are integers that ranged from -4 to +4. It is hereby noted that
these binding energy calculations were performed by Dinesh-Ramesh Mirpuri
Vatvani. The calculated energies were ranked and combined into a histogram
for each crystal, which showed the number of faces with energy falling into bin
sizes of 5 kJmol ™.

The resultant histograms are shown in Figure 5.10. The binding energy

of the face of each material that was studied by AFM is circled in black in
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Figure 5.10: Histograms of the binding energy calculations for each material based on the
2-D nucleation morphology prediction model. The bins circled in black on the histogram of
each crystal correspond to the dominant face that was studied by AFM.

each histogram. These values do not show much correlation to the degree of
surface rearrangement observed experimentally for each material. AN (001)
had the smallest binding energy but the step movements on this surface was
less significant than that observed on SA (011). SA (011) and ASA (100)
had similar binding energies, but the former surface underwent much more
significant rearrangement, while the latter surface hardly changed.

Even when all the calculated binding energies are taken into account, the
range of binding energies found for ASA, SA, and AN are relatively similar.

While the distribution of binding energies for each crystal was different, it is
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hard to determine how this affects the sublimation behaviour observed on each
crystal surface. However, it is clear that the binding energies calculated for TP
are significantly larger in magnitude than the other four materials, which seems
to agree with the experimental observation that no step movement occurred on
the TP (002) surface.

Although this model does not show strong indication of the tendency of
sublimation on the surface of different materials, it highlights the complexity
of the sublimation of molecules at the surface, which is not addressed by subli-
mation enthalpy values. Despite the fact that the sublimation enthalpy values
agree well with the experimental observation of sublimation on the surface of
crystals, it should only be used as a rough guide to whether or not sublimation

is expected on the surface when imaged by AFM.

5.4 Chapter conclusion

Based on the results from this chapter, the following conclusions were estab-

lished:

1. The step rearrangement observed on selected organic crystal surfaces can

be caused by the sublimation of molecules on the surface.

2. The likelihood of the sublimation of molecules on the surface imaged by
AFM roughly varies according to the sublimation enthalpy value of the

crystal.

3. As the tip influence on the imaged area is sometimes unpredictable, it is
important to verify whether the tip altered the surface after continuous
imaging. This can be done by imaging a larger area and compare the

repeatedly imaged region and its surrounding area.

By acknowledging the possibility of surface sublimation on organic crystal
surfaces, and determining changes caused by the AFM tip, this establishes
an important foundation for the upcoming results chapters, in order to allow a

more accurate interpretation of the surface response detected by AFM imaging.
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Chapter 6

Surface study of the solid-state
hydrolysis of aspirin (ASA)

6.1 Introduction

In Chapter 3, the bulk studies of aspirin (ASA) hydrolysis was reviewed, and
the importance of studying isolated crystal surfaces was highlighted, given the
anisotropic nature of ASA crystal surfaces. In this chapter, a study of solid-
state ASA hydrolysis by AFM is presented, and a surface reaction mechanism

is proposed based on the findings.

6.2 Selecting a suitable ASA crystal surface
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Figure 6.1: Crystal structure of aspirin (ASA) form I viewed along the [010] direction. Steps
of around 5.7 A are expected to be observed on the (001) surface, corresponding to one
molecule thick, while steps of roughly around 11.4 A are expected to be observed on the
(100) surface, corresponding to the thickness of one pair of ASA molecules.

The crystal structure of ASA form I is shown in Figure 6.1 (CSD code
ACSALAO1) [168]. The unit cell parameters are as follow:
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e a=1143A,b=659A, c=1140 A
e a=90° 3 =9568,~ = 90°

e Space group: P 2;/c; Unit cell volume = 854.2 A3

Figure 6.2: The BFDH morphology prediction of ASA form I crystals

The most suitable surfaces for AFM study are ones that are flat at the
molecular scale and contain steps of few molecular layers thick. In selecting
the best method to prepare ASA crystals for this study, a method that pro-
duced consistent quantity of suitable crystal surfaces was required. The BFDH
morphology model prediction of ASA form I is shown in Figure 6.2, which pre-
dicts {100} and {001} to be the most dominant faces of crystal growth. Based
on the crystal structure, these two faces are potentially good cleavage planes
that can produce a surface that is flat at the molecular scale, which is ideal for
AFM studies.

The following methods of crystal preparation were tested:
1. Crystal growth by sublimation

2. Quick evaporation of a saturated solvent

3. Slow solution crystal growth

For all of the methods above, the starting material, ASA, was sourced from
Sigma Aldrich (research grade). 1-D XRD patterns were recorded for each
sample (Figure 6.3) to identify the orientation of the crystals prepared on the
coverslips. Each sample was also ground for a PXRD to be recorded, which

matched the simulated powder pattern of ASA.
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Figure 6.3: 1-D XRD scans of ASA crystals grown by (a) sublimation; (b) quick evaporation
of a solution of ASA saturated in toluene; (c) slow solution crystallisation from acetone or
ether, where the pattern was recorded about the dominant face; (d) slow solution crystalli-
sation in acetone, where the XRD was recorded on a crystal face cleaved along (002); (e)
simulated powder pattern of ASA form I. The arrows indicate the face of the d-spacings that
gives rise to the intensity at certain 26 values. Each sample was also ground for a PXRD to
be recorded (not shown), which matched the simulated ASA pattern.

6.2.1 Sublimation growth

A 2 dram vial that contained approximately 1 g of ASA powder was placed in
a freeze dryer (Figure 6.4(a)), with a glass coverslip suspended on top of the
vial. The freeze drier was set to approximately 1500 pbar, while the base of
the vial was heated to 80°C. As the crystals sublimed, crystallisation occurred
on the walls of the vials as well as on the suspended coverslip (Figure 6.4(b)).

Compared to the simulated powder pattern (Figure 6.3(e)), The 1-D XRD
of the product formed on the coverslip showed a stronger intensity at around
20 = 7.8° (Figure 6.3(a)), which corresponded to the d{i0; spacing. However,
as other reflections were also observed, there was no specific orientation of the
crystals on the coverslips that could be detected. There was also a mixture of
morphologies, with both hexagonal as well as rectangular crystals (Figure 6.4(c)
and (d)). Based on the morphology prediction, the top hexagonal face of the
crystal in Figure 6.4(c) was expected to be the dominant {100} face, and was
selected to be imaged by AFM.

A representative AFM height profile is shown in Figure 6.5. The main fea-
tures observed on the surface were monomolecular steps, where many of these

steps were aligned along the (001) face. The step heights measured approxi-
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Figure 6.4: (a) Schematic illustration of ASA crystal growth by sublimation; (b) Photo of the
resulting ASA crystals; (¢, d) Optical microscope images showing examples of ASA crystals
grown from the vapour with different morphologies.
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Figure 6.5: Representative AFM height profile of an ASA {100} crystal surface grown by
sublimation (5x5 pm?). The plot below is a cross section of the average height taken across

the step enclosed by the broken lines in the image, which measures the step height to be 11
A.

mately 1140.3 A, which matched the step height predicted in Figure 6.1 and
confirmed that the step thickness is equivalent to one pair of ASA molecules.
Although crystals prepared by sublimation were desirable as there are no
solvent effects introduced during growth, crystals prepared by this method were
not selected for the hydrolysis studies. The main reason was the lack of control
of where crystals formed, and very often crystallisation occurred only on the

walls of the vials but not on the coverslips.

6.2.2 Fast evaporation of a saturated solvent

ASA was dissolved in toluene at room temperature (approximately 20°C) until
the solution was saturated. A drop of the formed solution was added onto a
glass coverslip and left to evaporate, which took less than one minute. ASA

crystals of approximately 10 to 30 pm in length were formed (Figure 6.6(a)).
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Figure 6.6: (a) Optical microscope image of ASA crystals prepared by rapid evaporation;
(b) Crystal structure of ASA viewed along the [100] direction, together with the predicted
morphology (in yellow), showing the hydrogen bonding pattern running horizontally along
<010> ; (c) Representative AFM amplitude profiles (16.6x16.6 um?) of an ASA (100) surface
formed by quick evaporation, rotated to match the orientation of the crystal structure in (b);
(d) closeup image of a screw dislocation, enclosed by the green rectangle area in (c). The
average step density along [010] and [001] near the screw dislocation were measured to be
0.1 pm/step and 0.3 pm/step respectively. The step height measured was 11 A, which
corresponds to the length of one pair of ASA molecules along [100].
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Most crystals had a hexagonal morphology, which matched the BFDH pre-
diction (Figure 6.6(b)). The 1-D XRD pattern recorded contained reflections
corresponding to d100), d(200), and dsg0) (Figure 6.3(b)), confirming that {100}
was the main exposed face (same as for the crystals grown from vapour).

A representative AFM image of the crystal surface is shown in Figure 6.6(c,
d), where a screw dislocation was observed. Hillocks were formed during crystal
growth, with steps of around 11 A in height, corresponding to one pair of ASA
dimer in length along the [100] direction (Figure 6.1). The orientation and
shape of the screw dislocation indicates a strong difference in growth rates
along the [010] and [001] directions. The average step density along [010] and
[001] were both measured across 10 steps, and were found to be 0.1 pm/step
and 0.3 um/step respectively, indicating that the rate of crystal growth along
[001] was 3 times faster than that along [010].

6.2.3 Slow solution growth

Two grams of ASA was dissolved in approximately 20 ml of acetone and the
resulting solution was split into several 2 or 4 dram vials. The vials were
covered with plastic lids that contained 3 or 4 holes pierced by a needle, and
the solutions were left to evaporate slowly at room temperature over one or
two weeks. For some crystallisation setups, 40 ml of ether was used instead of
acetone, which produced similar results.

The crystals formed were all of mixed morphology and sizes, ranging from
millimetres to over one centemetre (Figure 6.7(a) to (c)). A rectangular crystal
was initially selected to be studied by the AFM, and the largest crystal face was
confirmed by 1-D XRD to be {100} (Figure 6.3(c)). The crystal was mounted
on to the AFM with {100} on top (Figure 6.7(d)). A representative AFM
image of the surface shows that the surface is much rougher than the previous
surfaces studied (Figure 6.8). No molecular step features were present, and
some trench features were observed running approximately along the vertical
direction of the image. The cross sectional height profile was used to measure

the depth of these trenches, which varied from a few nm to over 10 nm.

Cleaved ASA crystal surfaces

In order to obtain a flatter surface, the crystals grown in solution were cleaved.
Several long cylindrical crystals with a hexagonal cross section morphology
were selected, which were easily cleaved along the hexagonal cross section with
a razor blade (Figure 6.9(a)).
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Figure 6.7: ASA Crystals of mixed morphologies grown from solution (a - ¢); A large ASA
crystal mounted on the AFM for imaging, with (100) facing the top (d).
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Figure 6.8: Left: a representative AFM height image of the ASA (100) surface (5x5 um?).
Right: the cross sectional height along the white line in the image. The crystal was prepared
by slow solution growth in ether.

As the cross sectional area was hexagonal in shape, it was thought that this

was the {100} cleavage plane. However, the 1-D XRD on this face revealed
that this was in fact the {001} due to the systematic absence of {001} from
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Figure 6.9: (a) Preparation of ASA {001} face for AFM imaging by cleaving long ASA
crystals along the cross sectional area; (b) Schematic illustration of some morphologies of
ASA crystals that were obtained experimentally.

the pattern (Figure 6.3(d)). The {100} face of these crystals was instead along
the length of each crystal (Figure 6.9(b)).
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Figure 6.10: A representative AFM height image of a cleaved {001} surface (left) (10x10
pm?). The plot on the right is a cross section of the average height taken across the step
enclosed by the broken lines in the image, which measures the step height to be 5.5 A.

The cleaved {001} face was studied by AFM, a representative image is
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shown in Figure 6.10. The main features that were observed are steps, which
were measured to be 5.440.2 A in height, matching the thickness of one
molecule of ASA along the {001} direction (Figure 6.1). Other areas on the
fresh surface were also sampled, which showed similar step features of the same
height.

In summary of the methods to prepare ASA surfaces for AFM, the {100}
face can be obtained by sublimation growth, fast evaporation growth, as well as
slow solution growth. The {001} face can be obtained by slow solution growth,
which can be cleaved to expose a surface that is flat at the molecular scale.

Out of all the surfaces studied so far, the cleaved {001} was found to be the

best to be used for the hydrolysis studies due to the following reasons:

1. The long crystals could be reproduced easily, and each one could could
be split into many segments to give rise to several fresh {001} surface by

cutting along the length of the crystal.

2. The cleaved surface was the flattest amongst all others, containing only
few monomolecular steps. Crystals prepared by sublimation and quick
evaporation were too small to be handled with tweezers, and it was only
possible to cleave big crystals grown from solution. This was the closest

to a “perfect” crystal surface that could be obtained experimentally.

Although these long crystals did not match the morphology as predicted
by BFDH, the production of such crystal morphology was quite consistent for
the same source of ASA used for this study. It is unclear what gives rise to
ASA crystals of such morphology, which might be due to the impurity in the
sample or solvent affecting the crystal growth on different faces. However, this
is another research topic which is not further pursued in this thesis, and the
cleaved {001} was selected as the model surface for the hydrolysis study for the
rest of this chapter. Reference to Figure 6.1 gives an idea of the arrangement

of ASA molecules with regard to this plane.

6.3 Following surfaces of ageing ASA crystal

{001} face in different moisture levels

Cleaved ASA {001} surfaces were prepared and aged in the each of the following
conditions for 2 months (60 days):

1. 0% relative humidity (RH)
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2. 50% RH

3. room humidity (ca. 40% RH)
4. 98% RH

5. toluene atmosphere

In order to prevent any effects of different solvents on the surface and mor-
phology of the crystals produced, only crystals recrystallised from acetone were
selected for this study. All of the chambers that held the samples were left in
the same room, so every sample experienced the same fluctuation in temper-
ature over the aging period. The surface aged under room conditions also
experienced a fluctuation in RH level (between 30% RH and 60% RH), while
other samples were left in different controlled RH environments (the setup of
such environments is described in Chapter 4). The sample aged in a toluene
atmosphere was studied as well to observe the response of the surface exposed
to an organic vapour instead of moisture.

For this study, continuous imaging could not be applied. As the rate of
degradation obtained by bulk studies in the past were shown to be very slow
even at elevated temperature, the rate at room temperature is expected to be
even slower. Thus the aging period was set to be 2 months in hope that there
would be significant changes on the studied surfaces before and after aging,
which was not a reasonable timescale for continuous imaging. Therefore, only
non-continuous imaging was applied to study these samples.

Four areas (5x5 um?) were imaged for each crystal before aging. Monomolec-
ular step features observed on these imaged areas were found to be 5.4+0.2 A in
height (Figure 6.11). This measurement was based on the average height and
standard deviation of a total of 20 steps from all freshly cleaved surfaces, which
indicated that the step height was quite consistent. As it was not possible to
return to the same areas that were imaged before aging, four areas of the same
size (5x5 pm?) were chosen at random to be imaged for each sample after
aging. The images obtained before and after aging were compared to identify
the changes on the surface exposed to different conditions.

To ensure that the observed surface changes corresponding to different en-
vironments are reproducible and significant, at least two crystals were were
studied for each environment. All the surfaces studied under the same condi-

tion exhibited similar features that are described in the following sections.
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Figure 6.11: A representative AFM height image of a cleaved {001} surface (left) (5x5 um?).
The orientation of (100) and (110) faces are indicated by the white lines. The plot on the
right is a cross section of the average height taken across the step enclosed by the broken
lines in the image, which measures the step height to be 5.4 A.

6.3.1 0% RH

The AFM images of the crystal surface after two months in 0% RH showed no
significant changes (Figure 6.12). Apart from the step features corresponding
to one or two molecules thick (also observed on the fresh surfaces before age-
ing), the rest of the surface was flat at the molecular scale. To consider even
further storage effects, the surface after 4 months in 0% RH showed no changes,
which suggested that in the absence of moisture, no reaction is expected on the

surface, and the surface remains stable.

6.3.2 Room humidity (ca. 40% RH)

For the crystal left in room conditions for over two months, the surface showed
significant changes (Figure 6.13). Several tall surface features were observed,
which ranged from 200 A to over 1000 A in height. Few steps of one or two
molecules thick (5.4 and 11 A) were still present, but most of the steps ob-
served were over 100 A in height aligned to (100) and (110), which might have
aggregated from the original monomolecular steps (known as step bunching).
Most of the tall features observed were located at the edges and corners of these

macrosteps.
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Figure 6.12: A representative AFM image of an ASA surface aged in 0% RH for two months
(5x5 pum?). The orientation of (100) and (110) faces are indicated by the white lines. The plot
below is a cross section of the average height taken across the steps enclosed by the broken
lines in the image, which measures the step height to be 5.4 and 11 A. This corresponds to
the length of one and two ASA molecules thick along [001] respectively.

6.3.3 50% RH

The surface aged in 50% RH was similar to the sample aged in room humidity
(Figure 6.14). This was as expected because both samples experienced sim-
ilar level of RH, only that the room condition had a bigger RH fluctuation.
The height of tall features on the surface ranged from 300 to over 2000 A in
height, while macrosteps of over 50 A were measured. Again, most of the tall
features were situated along the edges and corners of these macrosteps, where

the macrosteps were aligned to the (100) and (110) faces.
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Figure 6.13: A representative AFM image of an ASA surface aged at room humidity for two
months (5x5 pm?). The orientation of (100) and (110) faces are indicated by the thick white
lines, where in this image steps mainly aligned to (110). The cross sectional height of the
thin white line in the image is shown below. A tall surface feature was measured to be over
220 A in height from the base of the lower terrace, while the macrostep step aligned to (110)
was measured to be 130 A in height.

6.3.4 98% RH

Surprisingly, the sample aged at 98% RH did not show any formation of tall fea-
tures on the surface. The two images in Figure 6.15 appear to be very different.
The first image shows irregular step edges and “islands” of thickness ranging
from 10 to 30 A, while the steps in the second image have straighter edges and
are more aligned to the (100) face, which resembles that of the surface stored
in 0% RH. The height of the step features (both macrosteps and microsteps)
ranged from 6 A to over 50 A in height. The height of ten monomolecular steps
were measured, and the average height (and standard deviation) was 64+0.5 A
Compared to the monomolecular step heights measured on the fresh crystal
surface (5.440.2 A), the steps observed on the surface stored in 98% RH had a
greater average height, but the higher standard deviation indicated that these
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Figure 6.14: A representative AFM image of an ASA surface aged at 50% RH for two months
(5x5 pm?). The orientation of (100) and (110) faces are indicated by the thick white lines.
For this image the steps were aligned to (100). The cross sectional height of the white line in
the image is shown below, which measures a tall surface feature to be over 2400 A in height
(blue), and a step feature of 110 A (red).

values were more dispersed. As a change in step height would suggest a change
in chemical composition on the surface, it is possible that a new species has
formed. This might be salicylic acid (SA), as under such conditions, hydrolysis
of ASA is likely to occur.

6.3.5 Toluene atmosphere

Tall features were observed on the surface aged in toluene atmosphere for 2
months (Figure 6.16). The height distribution measured was disperse, ranging
from 70 to over 400 A. The surface also contained step features of one or two

molecules thick (5.4 and 11 A), which were similar to those of the fresh surface.
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Figure 6.15: (a) and (b) Two representative AFM images of an ASA surface aged at 98% RH
for two months (5x5 pm?). The orientation of (100) and (1-10) faces for both images are
indicated by the thick white lines; (¢) The cross sectional height of the white line in (a). The
blue markers across a step feature measures the step height to be 12.6 A; (d) The average
cross section taken across the steps enclosed by the broken lines in (b), showing a small step
and a macrostep of 6.3 and 58 A in height respectively.

6.4 Surface characterisation and bulk studies

X-ray photoelectron spectroscopy (XPS) was employed in attempt to chem-
ically characterise the surfaces studied be AFM. It is noted that this study
was a collaboration work, and Dr. Sven Koehler and Lauren Newton from the
University of Manchester are acknowledged conducting these XPS experiments,
where the experimental details are given in Chapter 4.

Only two spectra were successfully recorded, one from the surface aged in
0% RH, and the other at 98% RH and 40°C for one week. The reason for the
much shorter storage period was due to the limited time available to prepare
the samples for XPS studies. The storage temperature was raised from room
temperature to 40° in order to accelerate the surface reaction rate within the
shorter storage time. Although the conditions were different to the samples

studied in the previous sections by AFM, tall features ranging from 100 to over

86



1: Height

T
' 15 2 um £l 100 150 2 250

Figure 6.16: (a) and (b) Two representative AFM images of an ASA surface aged in toluene
atmosphere for two months (5x5 pum?). The orientation of (100) and (1-10) faces for both
images are indicated by the thick white lines; (c) The cross sectional height of the white line
in (a). The height of a tall feature was measured to be 70 A; (d) The average cross section
taken across the steps enclosed by the broken lines in (b), showing steps of 5.3 A in height,
corresponding to the length of one ASA molecule along {001}.

400 A in height were observed, which were similar to the features on the surface
aged at room humidity for two months (Figure 6.17).

The carbon 1s XPS results are shown in Figure 6.18, together with the
theoretical spectra of ASA and SA. For the theoretical ASA spectrum, there are
two main bands at 285 eV (corresponding to the C=C/C-COOH environments)
and 289.5 ¢V (COOH) with a clear shoulder at around 286.5 eV (C-O), while for
theoretical SA spectrum both main bands are also present, with the intensity at
285 eV proportionally greater than that at 289.5 eV, and a greater contribution
from the shoulder at 286.5 eV. The experimental XPS of the crystal aged in
0% RH (Figure 6.18(e)) matched the theoretical spectrum of ASA, as well
as the (001) spectrum obtained from another study in the literature [169].
For the crystal aged in 98% RH and 40°C (Figure 6.18(f)), the spectrum did
not match either of the theoretical ASA or SA spectra. Only one asymmetric
broad peak was observed that spanned the range from 283 to 291 eV, where the
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Figure 6.17: A representative AFM image of an ASA surface aged in 98% RH and 40°C for
one week in preparation for XPS studies (5x5 um?). The cross sectional height of the white
line in the image is shown below, passing through several tall features that range from 100
to 400 A in height.

maximum intensity was at 285 eV, together with a shoulder region at around
287 eV. Therefore, the spectrum could not be resolved to any specific carbon
environments present. Nonetheless, compared to the spectrum obtained from
the crystal aged in 0% RH, the intensity at 289.3 eV (COOH) was significantly
lower for the spectrum obtained from aging in 98% RH and 40°C, suggesting
a loss of COOH.

Although there was a significant difference between the XPS of the crystal
aged in extreme humidity (and elevated temperature) and that aged in dry
conditions, the XPS studies failed to indicate the exact chemical composition
of the aged surfaces. It is possible that the resultant surface might be a mixture
of substances including ASA, SA, as well as other components. Moreover, the
spectrum of the crystal aged at elevated temperature and humidity might not

reflect the same chemical composition of the crystals aged at room temperature
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Figure 6.18: Theoretical carbon 1s XPS spectrum of ASA (a) and SA (c). The breakdown of
the contribution from different carbon environments is shown together with the overall spec-
tra. The molecular structure of ASA (b) and SA (d) is shown with atoms colours accorrding
to different carbon environments contributing to the XPS signal. The experimental carbon
1s XPS spectrum of {001} of ASA aged in 0% RH is shown in (e), while the spectra of the
crystal aged in 98% RH (40°C) is shown in (f). The vertical axis of all the plots correspond
to relative intensity detected at varying binding energies.
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that were studied by AFM.

Attempts were made to repeat this XPS studies on more crystals aged
in humidity. However, all the selected crystals were damaged either during
transport or loading onto the instrument, and no further spectra were obtained.
Nonetheless, this XPS study strongly indicated that there was a change in
chemical composition of the surface stored at 98% RH and 40°.

Other analytical techniques were employed in attempt to characterise the
bulk of the aged samples. Ground ASA samples were aged in 98% RH and
50% RH for over two months, and the PXRD patterns and ATR-FTIR spectra
were recorded before and after aging (Figure 6.19 and 6.20), and neither indi-
cated any changes after aging. This further confirms that the reaction mainly
occurs on the crystal surface and not the bulk, which agrees with the more

recent surface nucleation hydrolysis models in the literature [145].

6.5 Discussion

An overview of the surface study of ASA by AFM is presented in Figure 6.21,
which shows a series of 3-D height profiles, corresponding to the height images
in Figure 6.11 to 6.16. The following can be rationalised based on the results

of the study so far:

1. Over a period of two months, there is no significant change in the bulk

of ASA crystals aged in different conditions at room temperature.

2. In the absence of moisture, no tall features emerge and grow on the

surface.

3. At moderate RH, several tall features are observed, indicating significant

reaction.

4. The presence of macrosteps on some surfaces suggests that rearrangement
of the surface molecules has occurred, possibly driven by the growth of
tall features, as well as the natural sublimation of ASA as described in
Chapter 5.

As no chemical characterisation was available for the surfaces aged in hu-
midity (at room temperature), the reason for the absence of tall features on the
surface stored in 98% RH is unclear. The increase in step height from an aver-
age of 5.4 A to 6.0 A suggests that a new chemical species might have formed
on the terrace of the surface, which might be a result of the hydrolysis of ASA.
This is not unlikely, as under such conditions, hydrolysis of ASA is expected to
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Figure 6.19: PXRD patterns of (a) ground ASA before aging; (b) ground ASA after aging
for 2 months in 50% RH; (c¢) ground ASA after aging for 2 months in 98% RH; (d) simulated

powder pattern of ASA form I; (e) simulated powder pattern

of SA. A closeup of the region

10° <26 <13° (enclosed by the green rectangle) is shown on the right, indicating the absence

of the SA reflection at 20 = 9° for samples (a) to (c).
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Figure 6.20: ATR-FTIR spectra of (a) ground ASA before

aging; (b) ground ASA after

exposure to 2 months of 50% RH; (c) ground ASA after exposure to 2 months of 98% RH;
(d) SA (as purchased). The arrows indicate the distinct peaks of ASA and SA, and confirms

that no SA peaks were observed in spectra (a) to (c).
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Figure 6.21: (a) A representative 3-D height profile (with an amplitude colour scale) of a
fresh ASA {001} surface. (b-f) ASA {001} surface aged for two months in 0% RH (b), room
humidity (30 to 60% RH)(c), 50% RH (d), 98% RH (e) and toluene atmosphere (f). The
area and height range of all the images are fixed to be 5x5 pm? and 60 nm respectively for
a better comparison of the images. The approximate orientation of the faces are indicated
by the white lines at the bottom left of each image.
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occur. Moreover, as the increase in RH allows more moisture to be adsorbed
and condensed onto the surface, under such extreme RH it is possible that the
amount of adsorbed moisture is large enough to dissolve both the tall features
as well as the material on the terraces. As there are no longer specific sites of
growth, the hydrolysis becomes a more homogeneous reaction occurring in the
adsorbed layer of moisture, and recrystallising across the whole surface.

For the sample aged in toluene, tall features were also observed. This sug-
gests that the growth of features is not exclusive to the presence of mois-
ture. Any solvent vapour will likely provide a medium that mobilises surface
molecules, and even dissolving them, in order to allow molecules to be trans-
ported from one region to another, which can promote the growth of tall fea-

tures.

6.5.1 Proposed mechanism of surface product formation

Based on these observations, a mechanism of the formation and growth of the

tall features on the surface is proposed in Figure 6.22(a):

e In the presence of moisture or any solvent vapour, surface rearrangement

is possible as the adsorbed solvent mobilises the top few molecular layers.

e Tall features are suggested to have formed at sites of defects or along
the edge of steps, as these sites are relatively higher in energy than other
flat terrace regions. Once formed, these tall features remain stationary
relative to the rest of the surface, and continue to grow in time as steps

continue to move along the surface.

e As these features grows, material is drawn from the top few layers on
the flat terraces. These layers lose material gradually and shrink in size,

causing the steps to migrate.

e While shrinking, these steps combine and align to create a slow growing
face to reduce the number of steps and minimize the surface energy. An
example is shown in Figure 6.22(b), where steps of over 50 A were aligned

to the slow growing face {110}.

6.5.2 Physical or chemical interaction?

Up to this point, the chemical composition of the tall features observed has
still not been addressed. There are two possible routes of product formation,

either via a chemical or a physical reaction. Based on previous bulk studies

93



Bfoduct growing at pinning sites

Macro step heights of

over 50 A were observed
¥

Figure 6.22: (a) 3-D illustration of the mechanism of surface product formation; (b) Am-
plitude image of a sample {001} surface aged in room RH with labelled crystal orientation
(5x5 um?).

on the hydrolysis of ASA (at extreme humidity and elevated temperatures)
[135, 141, 142, 144], the tall features on the surface aged at 98% RH and 40°C
are likely composed of SA | as the hydrolysis reaction is expected to occur under
such condition.

However, at room temperature the hydrolysis is expected to be very slow.
Given that there are no changes to the bulk over the two month ageing period
for samples aged in humidity at room temperature, there is a possibility that
any tall features observed on the corresponding surfaces are not due to the
hydrolysis reaction, but simply due to the dissolution and recrystallisation of

ASA molecules at the surface. This is not unlikely, as once the features have
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emerged, they can template further molecules to deposit at the growing inter-
face of these features which are kinetically more accessible than the regions of
flat terraces. As a result, dissolved molecules may preferentially redeposit on

tall features, contributing to their growth in size.

Solvent Termperature| "Solubility" of |"Solubility" of Salicylic
(K) Aspirin (mol/dm?) acid (mol/dm®)

Water 298 0.023 0.014
Water (0%RH) 298 0.000 0.000
Water (509%RH) 298 0.012 0.007
Water (98%RH) 298 0.023 0.014
Toluene 298 0.012 0.110
Acetone 298 1.028 2.122

Table 6.1: Solubility of ASA and SA in water and toluene at room temperature. From
reference [187].

In an attempt to deduce the likely chemical composition of the surface
products, the relative solubility of ASA and SA in water and toluene were
considered (Table 6.1) [187]. In water, the solubility of ASA is greater than the
solubility of SA. Therefore ASA is preferentially dissolved, compared to any
SA that forms. As tall features are observed at moderate RH, these features
are more likely to be SA than ASA.

In toluene, however, ASA is almost 10 times less soluble than SA, which
would imply that any SA formed on the surface would most likely dissolve.
Therefore, tall features composing of SA is less likely to emerge on the sur-
face, and the observed tall features are a result of a physical dissolution and

recrystallisation of ASA molecules on the surface.

6.6 Chapter conclusion

In this chapter, a study was conducted to investigate the surface response
of ASA crystals in the presence of humidity and toluene vapour. The study
focused on the response of {001} to different RHs as well as the toluene vapour

environment, and the conclusions are as follow:

e A mechanism was proposed to describe the formation of tall features on
the aged surface, which applies to both scenarios where such features

form and grow via a physical or chemical reaction.

e Under dry conditions, no reaction on the surface is expected, due to the

lack of medium to dissolve and mobilise surface molecules. Therefore, the
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mechanism requires the presence of moisture or other solvent vapour in

order for any surface reaction to occur.

e At a moderate RH level, the emergence of tall features is suggested to
be composed of SA based on a solubility comparison analysis of SA and
ASA in water.

e At extreme RH, the absence of any tall features is likely due to a large
amount of water adsorbed onto the surface, dissolving any features that
were originally present. A change in step height was detected, but the
standard deviation of the measured step heights were large. It is sug-
gested that there might be a change in composition of the surface due
to the hydrolysis of ASA to SA, which is expected to occur under such

conditions.

e The surfaces aged in a toluene atmosphere also contained tall features.
Based on the solubility analysis, these features are not likely SA, but are
a result of a physical process, where surface ASA molecules are dissolved

and recrystallised at tall features (which are kinetically more accessible).

The results have highlighted the importance of studying the solid-state re-
activity of organic solids at the surface level, which can allow a more fun-
damental understanding of the nature such reactions. Moreover, the surface
rearrangement of ASA crystal surfaces due to exposure to toluene vapour was
discovered. Future work should focus on identifying the chemical species of the
surface products observed by AFM, in order to confirm the findings presented
in this chapter. The effects of ageing ASA crystal surfaces in other solvents is
also suggested, which may be a potential method to manipulate and control

crystal surface features and reactivity.
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Chapter 7

Following changes on crystal
surfaces during photochemical

reactions: A case study on
anthracene (AN)

7.1 Introduction to solid-state photochemical

reactions and the topochemical postulate

Packing type Structure Photoproduct

X

Y% hv X
N V=
Y
X

X

X

X
X E\ hv )
Y R v ——»  No reaction
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Figure 7.1: Three types of crystal structure classification based on the geometric relationship
between neighbouring molecules.

Solid-state photochemical reactions have been known to exist for a long
time, but only gained popularity and have been studied extensively since the
1960s. These reactions occur by exposing crystals to UV or visible light, and
very often can proceed to 100% conversion of the starting material. One of

the first reviews on photoreactions of organic solids was published by Cohen
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in 1975 [188]. The best studied systems at that time were the (2+2) photo-
cyclodimerisation of materials such as trans-cinnamic acid derivatives, dienes
and stilbenes. These materials could be classified into three groups based on
the geometric relationship between neighbouring molecules in the crystal struc-
ture (Figure 7.1), each group responding differently to UV light. As the family
of trans-cinnamic acid derivatives spans across all three groups, this family of
materials will be used to illustrate the photoreactivity of each group.

The topochemical postulate was initially proposed by Cohen and Schmidt
[189] to explain photoreactivity. The postulate states that “reaction in the
solid state occurs with a minimum amount of atomic or molecular movement” .
For photodimerisation to occur, pairs of C=C double bonds have to be closer
than a distance suggested to be 4.2 A in order for the p(z) orbitals to over-
lap sufficiently. Therefore, as both the a and 5 polymorphs of cinnamic acid
derivatives have separation of the pairs of C=C groups in between 3.6 to 4.1 A,
photodimerisation occurs, and S-cinnamic acid derivatives yield the tail-to-tail
dimer, and a-cinnamic acid derivatives yield the head-to-tail dimer. The ~-
cinnamic acid derivative polymorphs on the other hand have C=C separation
distances of 4.7 to 5.1 A, which is considered too far apart for dimerisation to
occur within the perfect crystal (Figure 7.1) [190, 191].

7.1.1 Anomalies of the topochemical postulate, e.g. AN

OO0, Qe
CCD “ o

Figure 7.2: Photodimerisation scheme of AN.

There are exceptions where the photoreactivity and corresponding prod-
ucts of some crystalline materials do not conform to the topochemical postu-
late. One example is AN, which in the presence of UV light was shown to
photodimerise (Figure 7.2) [192, 193].

The crystal structure of AN is shown in Figure 7.3 [180]. The BFDH mor-
phology model predicts the (001) face to be the dominant growth face, which

is hexagonal in shape. The unit cell parameters are as follow:
e a=8441 A, b =599 A, ¢ =11.112 A
e a=90° 8 =125.18° v = 90°

98



Figure 7.3: A unit cell in the crystal structure of AN (CSD reference: ANTCEN10) [180],
showing the distance between the nearest neighbour molecules (left), and an overlay of the
BFDH morphology prediction (right), where the top face is (001). The blue line indicates
the monomolecular steps (of approximately 1 nm) that are expected to be observed on the
(001) surface. Moreover, the AN molecules are not parallel to their neighbour molecules.

e Space group: P 2;/a; Unit cell volume = 459.725 A3

The closest distance between any pair of AN molecules is 4.31 A (Figure
7.3(a)), which is greater than 4.2 A. Moreover, as there are no parallel pairs of
molecules in the structure the reactive centres are not aligned correctly for the
reaction to occur. Therefore, the topochemical postulate predicts that AN is
not photoreactive. However, Chandross and Ferguson reported that crystalline
AN reacts photochemically to yield dianthracene (diAN) [193]. Kaupp further
studied this reaction by AFM, and showed substantial material transport at
the surface of AN crystals, contradicting the emphasis on minimum movement
of molecules according to the topochemical postulate. It was also suggested
that AN photoreactivity was enhanced at the surface compared to the bulk, as
the high absorption of light by AN crystals will limit the penetration of light to
the bulk of the crystal [192]. Furthermore, both Thomas et al. [194] and Craig
et al. [195] suggested that such photoreactions are likely to occur at defects,
where the molecules are displaced from regular lattice sites, which may reduce
both the distance between molecules and activation energy required.

In this chapter, the surface reactivity of AN will be further investigated.
In particular, the role of defects is assessed with the aid of AFM continuous

imaging.
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7.2 Experimental setup

7.2.1 Preparing AN crystals

Figure 7.4: Polarised optical microscopy images of AN crystals obtained by recrystallisation
from ethyl acetate, showing hexagon-shaped crystals ranging from 5 to 40 ym in length.

AN was sourced from Sigma Aldrich. For the bulk studies, including ATR-
FTIR and PXRD, the sample was ground to minimize the preferred orientation
in the PXRD patterns. Crystals for AFM imaging were prepared by applying
a drop of ethyl acetate saturated with AN onto round glass coverslips. Upon
evaporation of the solvent, crystals of hexagonal morphology formed (Figure
7.4), which matched the predicted morphology of AN with (001) being the
dominant hexagonal face. The 1-D XRD pattern was identical to those obtained
for the AN crystals prepared in Chapter 5, which revealed (001) as the dominant
deflection (Figure 5.3). The coverslips were then mounted onto a magnetic steel
disc to be imaged by AFM.

7.2.2 Studying the photoreaction of AN surfaces

An AM4113T-FVW Dino-Lite handheld digital microscope was used as a UV-
A light source (mean emission wavelength of 400 nm). The microscope was
placed near the AFM with the light shining on the sample (Figure 7.5).

All of the experiments were carried out under ambient room conditions (18
to 23°C, 30 to 60% RH) with the exception of that described in section 7.3.2,
where a low RH was required. In this case, a humidity chamber was added onto
the AFM (Figure 7.6), with the UV light source placed slightly further away
from the sample, and incident through the perspex shield. As the amount of
UV light absorbed by the shield was not determined, studies with and without
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Figure 7.6: Set up for AFM study under controlled humidity level.

the shield were considered separately in order to ensure the same amount of

UV light exposure to the samples for a fair comparison.

7.3 Experiments and results

The following experiments were all conducted at ambient temperature:

1. Bulk analysis of AN crystals by ATR-FTIR and PXRD, before and after

exposure to UV for one week under ambient condition.

2. Surface analysis of AN crystals by AFM:

(a) Non-continuous imaging of AN (001) before and after exposure to
UV for 5 hours.

101



(b) Continuous imaging of AN (001) during exposure to UV at a rate

of approximately 9 minutes per image frame.

(¢) Non-continuous AFM imaging of AN (001) at different relative hu-
midity (RH).

7.3.1 Bulk photoreactivity of AN crystals

Figure 7.7: Picture of AN crystals before (left) and after (right) exposure to UV light for 1
week.

AN crystals before and after exposure to UV for one week show a significant
colour change (Figure 7.7). The yellow colour of the crystal after UV exposure
matches the oxidation product anthraquinone (ANQ), which indicates that

oxidation might have occurred.
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Figure 7.8: PXRD patterns (left) of (a) recrystallised AN; (b) sample (a) exposed to UV for
one week; (c¢) commercial ANQ as purchased; (d) simulated pattern of AN [180]; (e) simulated
pattern of ANQ; (f) simulated pattern of diAN [196]. The same patterns are shown on the
right with 260 ranged between 11° and 18° (range enclosed by the green rectangle on the left).

However, the PXRD patterns of AN crystals before and after UV exposure
do not show evidence of any changes (Figure 7.8). This suggests that the
component giving rise to the yellow colour is either amorphous, or the amount
of it is insufficient to be detected by PXRD.
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Figure 7.9: ATR-FTIR pattern of (a) recrystallised AN; (b) sample (a) after exposure to
UV light for one week; (¢) ANQ (as purchased). The arrows indicate the distinct absorption
peaks only observed in ANQ, which were not detected in all other samples. The peak at
around 1670 — 1680 cm ™! corresponds to the C=0 stretch of ANQ.

The ATR-FTIR spectra are shown in Figure 7.9. AN and ANQ can be
readily distinguished by the presence of an absorption peak at 1670 — 1690
cm ™!, which is due to the carbonyl peak present in ANQ. The presence of ANQ
is not seen in the AN sample before nor after UV exposure. This suggests that
the reaction is occurring at the surface, which is not detected by ATR-FTIR, as
the normal penetration depth of this ATR-FTIR technique is several hundred

pms.

7.3.2 Surface photoreactivity of AN crystals
Non-continuous AFM imaging

As a control experiment, an AN surface was exposed to ambient conditions
in the dark. This was to verify that there were no changes when the samples
were not exposed to any UV or visible light. The sample was imaged by AFM
before and after an ageing period of 4 hours (Figure 7.10), and the area showed
no significant changes. Initially, the surface contained mainly step features of
10.740.4 A in height, which corresponds to the thickness of one AN molecule
along [001] (see Figure 7.3). After ageing, the only observation was the move-
ment of steps, but this was likely due to the natural sublimation of AN, as
discussed in Chapter 5. Therefore, based on these observations, no reaction is
expected to occur in the dark apart from the slow sublimation of AN molecules

from the surface.
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Figure 7.10: Amplitude AFM images of (a) a fresh AN (001) surface; (b) the same surface
after storage in ambient conditions in the dark. The area of imaging is 3x3 um?2. The typical
step height measured was 10.740.4 A. The arrows indicate the same features found in both
images.

The experiment was repeated on a fresh crystal, this time in the presence
of UV light. After 4 hours of UV exposure in ambient conditions, the surface
of AN showed significant changes (Figure 7.11). The overall roughness of the
surface increased, and Rq before and after exposure to UV were 0.5+0.3 nm
and 3.540.3 nm respectively, where these values were measured on the terraces
on the surface, which did not contain any steps and tall features. However,
photoreactivity was observed to be more enhanced at step edges. As highlighted
in blue in Figure 7.11, this region originally contained pits of 1 — 3 nm in height,
reacted to yield surface products of over 40 nm in height. The white arrows
indicate a large step feature of 3 nm originally, which showed significant product
formation of 20 nm. Although new protruding features were also observed
throughout the surface, the height of these features are significantly greater at
regions of pits and steps, suggesting that photoreactivity is more pronounced

at these sites of surface defects.

Continuous AFM imaging

In order to gain a better understanding towards how the photoproducts emerge,
a fresh (001) AN surface was monitored continuously by AFM imaging (10
min/image), and under continuous UV irradiation. A set of 6 representative
3-D height profiles of this study is given in Figure 7.12 to provide an overview
of the reaction. A more detailed analysis will be given below in reference to
the corresponding height profile images given in Figure 7.13. For reference, the

table below shows the relationship of the subfigures in Figure 7.12 and 7.13:
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Figure 7.11: Amplitude images of AN crystal surface (a) before exposure to UV light (9.9%x9.9
pum?); (b) a close up image of the area enclosed by the green rectangle in (a); (c) after exposure
to UV light (6.1x6.1 um?); (d) a close up image of (c). The white arrows indicate the same
step feature of 3 nm height, while highlighted in blue is originally an array of pits ranging
from 1 — 3 nm in depth. After exposure to UV light, new protruding features of 20 — 50
nm in height were observed at both of these features, indicating significant reactivity. The
surface roughness (Rq) measured before and after exposure to UV were 0.5+0.3 nm and
3.5+0.3 nm respectively. Note: The images shown in this figure were selected for better
representation purposes. These images were recorded prior to those shown in Figure 7.10,
and the step edges appeared to be much straighter than those shown in Figure 7.10. It is
suspected that over time there could have been a gradual degradation of AN and build up
of impurity in the solvent, which could affect crystallisation and give rise to the difference
in these step edge features. However, it was observed that such difference did not affect
reactivity of the crystal surfaces, as crystals prepared at a later date (where the step features
were less straight) changed in the same way as shown in the images shown in this figure
(upon exposure to UV light).
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Time | 3D height im- | Corresponding 2-D

(min) | age in 7.12 height profiles in 7.13
0 (a) (a), (b), ()
80 (b) (d), (e), (f)
480 (c) (g), (b), (i)
560 (d) (), (k), (1)
800 () (m), (n), (o)
1160 (f) (p), (q), (r)

Initially the surface contained a few tall features believed to be the result
of photodimerisation occurring during sample preparation in an illuminated
room. The rest of the surface was relatively flat, containing an emerging screw
dislocation and many step features of 1 molecule thick. There were also some
pit sites which were 1 to 4 nm deep (examples are given in Figure 7.13 (b) and
(c)). After 80 minutes of exposure to UV light, new features ranging from 3
to 6 nm in height emerged (Figure 7.13 (d)). The original pits and step edges
appeared to be sites of product formation, as shown in Figure 7.13 (e) and (f).

Over time, the features continued to grow in size, with several growing to
10 nm in height after 560 minutes (Figure 7.13 (g)). At this time, regions of
step rearrangement were observed, as highlighted by the arrows in Figure 7.13
(h) and (i). Although natural sublimation of AN on the surface can give rise to
such step movement, it is believed that this is not the only reason contributing
to step rearrangement. As the growth of surface features draws material from
the flat terrace regions, it is likely that this will also cause step movement as
the terraces shrinks in size.

As the steps continue to migrate, new sites of feature growth emerge (Figure
7.13 (k), (1), (n), (0)). Eventually product growth spreads throughout the
whole surface, as shown in Figure 7.13 (f) and 7.13 (p), where the height of the
observed features ranged from 5 to 30 nm. The features formed earlier continue
to grow as new growth sites emerge, giving these earlier formed features more
time for product formation. Therefore, the earliest formed features appear to
have grown larger than those surrounding them (Figure 7.13 (q) and (r)).

To verify whether the surface was influenced by the AFM imaging tip, as
discussed in Chapter 5, a larger area was recorded at the same position after the
continuous imaging sequence (Figure 7.14). As there was no difference between
the area that was repeatedly imaged and its surroundings, this indicated that
the tip induction effect was not significant.

At this point it is worth commenting on the prepared AN surface in the
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Figure 7.12: 3-D Height profile of continuous AFM imaging on AN (001) surface exposed to
UV for (a) 0 min; (b) 80 min; (¢) 480 min; (d) 560 min; (e) 800 min; (f) 1160 min. The
images are falsely coloured according to an amplitude scale for better representation. The
imaging area is 10x10 pm? for all images.
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Figure 7.13: Height profile of continuous AFM imaging on AN (001) surface exposed to
continuous UV for 0 min (a, b, ¢), 80 min (d, e, f), 480 min (g, h, i). The area of imaging
was 10x10 pm? in (a, d, g), while (b, e, h) and (c, f, i) are close up images of the area
enclosed by the green and blue rectangles respectively in (a, d, g). The circles indicate the
position of the pits and steps originally present in (b) and (c) which later appear to be sites
of high reactivity.
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Figure 7.13 (cont.): Height profile of continuous AFM imaging on AN (001) surface exposed
to continuous UV for 560 min (j, k, 1), 800 min (m, n, o), 1160 min (p, q, r). The area of
imaging was 10x10 pym? in (j, m, p), while (k, n, q) and (1, o, q) are close up images of the
area enclosed by the green and blue rectangles respectively in (j, m, p). The arrows indicate
regions of step movement, while the circles mark the original position of the pits and steps
present in (b) and (c).
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Figure 7.14: (a) Amplitude image, and (b) 3-D height profile of a larger area (12x12 pm?)
at the same position that was repeatedly imaged previously in Figure 7.12 and 7.13. The
green rectangle encloses the area that was repeatedly imaged, which indicates no significant
difference to the surrounding areas.

previous section (Figure 7.11) compared to that here (Figure 7.13 (a)). Steps
of one monolayer thick were observed on both surfaces. The step edges on the
former surface appeared to be much straighter than those on the latter surface.
As the same AN source and solvent were used to prepare new solutions each
time to form these crystals, the reason for this difference was unclear, but was
not further investigated. It is suspected that over time there might have been a
build up of impurity in the solvent, or possible degradation of AN, which could
affect the crystallisation process at the interface between the mother liquor and
the growing crystal surface.

The following mechanism, similar to that in Chapter 6, is proposed to ex-

plain the observations from the above continuous imaging study of AN surfaces:

1. Product formation initially occurs at sites of defects, including step edges

and pits.

2. Product growth continues over time, drawing material from the surround-

ing flat terrace.

3. This depletes the material from the flat terrace regions, eventually causing

steps to move and the associated terraces to shrink in size.

4. As the steps rearrange, new defect sites are created, initiating further

reaction.

5. Steps 2 to 4 continue to occur, eventually spreading product growth across

the surface
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Investigating the effect of moisture on photoactivity of AN

In contrast to the topochemical postulate, the mechanism of AN photoreac-
tion proposed above requires surface material to be mobile. The presence of
moisture is suspected to be an important factor in affecting the surface mo-
bility of AN surfaces, which in turn controls the photoreactivity occurring at
defect sites. However, it is worth noting that humidity could also lead to the
formation of ANQ, which will be further discussed in section 7.4.

To investigate the effect of humidity on the photoreaction, AN crystals were
exposed to UV under two test conditions: one in dry conditions that was near
to 0% RH, and another at ambient conditions. During the study, the measured
room humidity ranged from 40 to 50% RH, which was a narrower range than
the normal fluctuation of room humidity between 30 to 60% RH.

A continuous nitrogen gas flow was supplied to the chamber (Figure 7.6),
and as the chamber was not sealed completely, the nitrogen gas gradually re-
placed the original volume of gas in the chamber, removing moisture. It is
worth pointing out that the gas flow is expected to promote the sublimation of
surface molecules both kinetically and thermodynamically. The air turbulence
disturbs surface molecules which will more likely leave the surface. The contin-
uous removal of sublimed molecules in the chamber shifts the thermodynamic
equilibrium of the sublimation reaction towards the gas phase. Therefore, in
order to minimize such effect, the nitrogen flow was kept to a minimum, just
enough to maintain the RH of the chamber at less than 1%.

As it was expected that the transparent chamber wall could shield the
sample from the UV light source, the sample was left in the set up for 24 hours
to ensure enough time for the photoreaction to occur. The chamber was also
used without nitrogen flow for the experiments conducted in ambient conditions
to ensure equal UV exposure.

The samples were imaged by AFM before and after the 24-hour UV treat-
ment (approximately 1440 min), which in between this period the imaging tip
was withdrawn vertically from the surface, and sample remained in the set up.
This allowed returning the tip to image the same area afterwards. A slight
offset of the imaged area was expected due to creeping and bowing of the piezo
unit before and after 24 hours. However, the position should not have deviated
significantly, and certain features on the surface were used as reference points
to map out the overlap area of imaging when available.

For the sample studied under dry conditions, the images before and after
aging could be related by comparing the relative positions of the features ob-

served on each image (Figure 7.15 (a) and (d)). Closeup images are shown in
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Figure 7.15: Amplitude profile of an AN (001) surface exposed to UV under dry conditions
before (a — c) and after (d — f) 24 hours. The area of imaging was 5x5 um? in (a, d),
where the black rectangles enclose the same area that was imaged. (b, ¢) and (e, f) are close
up images of the area enclosed by the green and blue rectangles respectively in (a, d). The
circles indicate the features seen before and after 24 hours, while the arrows indicate the
position where step rearrangement has occurred.
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Figure 7.15 (b, c, e, f), where there was evidence of step rearrangement due to
sublimation of AN molecules, and this reaction was further promoted under the
continuous nitrogen gas flow. Some features were originally present before the
aging period, and some features showed growth in size. However, the change
in height for all the features was no more than 5 nm, which suggested that the
surface reactivity was not significant.

For the sample studied under ambient conditions, approximately the same
area of the crystal was imaged before and after 24 hours of exposure to UV
(Figure 7.16 (a) and (d)). The images showed that the original features ex-
panded laterally by a significant amount (Figure 7.16 (b, c, e, f)). Cross section
analysis showed that these features had grown in height by over 15 nm accord-
ing to a cross section analysis. Several new features emerged after the aging
period, and step rearrangement was observed (Figure 7.16 (c) and (f)), which
is possibly due to both the sublimation and the growth of features drawing
away material from the steps.

Overall the growth in both the number and size of features after aging in
ambient humidity was much more significant than for the sample studied in dry
conditions. Therefore, this set of experiments suggest that humidity is required
for any features to grow on the surface. It is also postulated that the vapour
of other organic solvents will have the same effect on the surface photoreaction

as moisture.

7.4 Dianthracene or anthraquinone?

Up to this point, no comment has been made on the chemical composition of
the features being formed at defect sites on the surface. As these features seem
to have initially grown at specific sites, the reaction involved is not homoge-
nous throughout the surface. This supports the idea that such surface features
correspond to the photodimerisation product, as the reaction is only expected
to occur when pairs of molecules are distorted from their original positions in
the crystal structure. While surface relaxation on the terrace can displace the
outermost molecules (Figure 7.17 (a)), the degree of such displacement is likely
to be even greater at steps (Figure 7.17 (b)). As the terrace did not show
any product growth, it is possible that surface relaxation on the terrace was
not sufficient to displace the position of AN molecules enough and create the
correct orientation for dimerisation, while the greater extent of relaxation at
the step edges was enough for photodimerisation to be possible.

However, as it was observed that moisture is required for the formation of
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Figure 7.16: Amplitude profile of an AN (001) surface exposed to UV under ambient humidity
before (a — c) and after (d — f) 24 hours. The area of imaging was 5x5 um? in (a, d), where
the black rectangles enclose the same area that was imaged. (b, ¢) and (e, f) are close up
images of the area enclosed by the green and blue rectangles respectively in (a, d). The circles
indicate the features seen before and after 24 hours, showing significant growth during this
period, while the arrow indicates the initial position of a step that had migrated.
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Figure 7.17: Schematic 2-D illustration of the surface relaxation (a) on a flat crystal surface;
(b) at step or pit features. The circles represent AN molecules, where the molecules in the
bulk crystal are coloured in blue, while the relaxed surface molecules on the (001) face of AN
are coloured in purple. The green circles represent the molecules near the edge of the step,
which are distorted to the greatest extent from their original position in the perfect lattice,
therefore making these sites the most reactive sites, as indicated by the arrows.

products, there is a possibility that the surface AN molecules oxidised to yield
ANQ instead of the dimer [197, 198]. As the photo-oxidation of AN to ANQ
only requires AN molecules to be exposed to oxygen and humidity, it is not a
topochemical reaction, 7.e. AN molecules do not have to be in close proximity
with one another to undergo photoreaction. Therefore, it is likely that the
formation of ANQ is not limited to sites of defects, but occurs across the entire
surface, as the outermost molecules are in contact with oxygen and moisture.

Another continuous imaging study of the photoreaction of a different AN
crystal under similar conditions (room humidity and temperature) is shown
in Figure 7.18. While new features were growing at localised sites (Figure
7.18 (c), (d)), which agreed with the proposed photodimerisation mechanism,
a secondary product emerged after approximately 5 hours of irradiation, which
was not limited to any particular sites (Figure 7.18 (e) to (1)). This secondary
growth covered the entire surface, converting both the regions of flat terraces
as well as the localised growing features. Later AFM images did not show
any further change on the surface, up to a period of 10 hours. An image of
a larger area was recorded afterwards, which showed no significant difference
between the continuously imaged area and the surrounding areas, indicating
insignificant tip influence on the surface (Figure 7.19).

Bulk techniques such as PXRD and ATR-FTIR were not able to show
any changes at the surface, and there were no other techniques to chemically
characterise the surface. Therefore, it can only be postulated that while the
features growing at localised sites correspond to the photodimerisation of AN

due to its topochemical nature, the secondary surface change corresponds to
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Figure 7.18: Amplitude profile ((a), (c), (e)) and 3-D height profile ((b), (d), (f)) of an AN
(001) surface exposed to UV for 0 min ((a), (b)), 270 min ((c¢), (d)), and 280 min ((e), (f)).
The imaging area is 2x2 um? for all images.
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Figure 7.18 (cont.): Amplitude profile ((g), (i), (k)) and 3D height profile ((h), (j), (1)) of an
AN (001) surface exposed to UV for 290 min ((g), (h)), 300 min ((i), (j)), and 310 min ((k),
(1)). The white arrow indicates the secondary product growth propagating across the whole
surface. The imaging area is 2x2 pum? for all images.
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Figure 7.19: (a) Amplitude profile of a larger area (12.5x12.5 um?) after the continuous
imaging period; (b) a closeup image of the area of the black rectangle in (a). The green rect-
angles denote the area that was continuously imaged (2x2 pm?), which showed no significant
difference to the rest of the surface, indicating insignificant tip effect.

the photo-oxidation of AN to ANQ), or the formation of an amorphous phase,

as both reactions are not topochemical.

7.5 Inconsistent rate of reaction at sites of
defects

There was no accurate method in determining the amount of product formed,
as the features grew both laterally and vertically on the surface. Moreover, the
growth about the lateral plane was often not uniform. Attempts to quantify the
rate of product formation at defect sites on AN crystals were made using the
growth in height of the features as indicator. For each of the UV studies of AN
(001) at ambient humidity so far in this chapter (Figure 7.11,7.16, 7.13, 7.18),
five features that showed the most significant growth in height were identified.

One of these studies showed a much slower growth compared to the others
(Figure 7.16 (c)). This was because the study involved a humidity chamber
which was expected to partially shield the sample from the UV source, hence
lowering its reactivity. For the other three studies, the height growth of features
varied from 4 nm/hour to over 20 nm/hour (Figure 7.13 (p) and 7.18 (1)), which
was still a very wide range. Although these were rough quantitative estima-

tions, a qualitative inspection of the images recorded on these samples further
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supports the scattered growth rate of the features on AN crystal surfaces.
The reason for the difference in growth rates is yet to be determined. It
is believed that the UV photon flux was constant as the UV light source was
kept at a fixed distance to the sample. Fluctuations in temperature and room
humidity is one of the suspected factors that can affect the rate of product for-
mation. Room temperature and RH ranged between 18°C to 23°C, and 30% to
60% respectively. The rate of sublimation of surface AN molecules is expected
to be higher at elevated temperatures, which would enhance step rearrangement
on the crystal surface, creating more initial product growth sites. Variation in
RH can affect AN surfaces in two ways: firstly, by mobilising surface molecules
which allow surface rearrangement for product growth at localised defect sites,
and secondly, by providing moisture for the photo-oxidation reaction, promot-

ing the formation of ANQ or amorphous content.

7.6 Chapter Conclusion

In this chapter, the surface photoreactivity of AN was investigated by AFM.

The findings are as follows:

e Photoreaction on AN crystal surfaces is more likely to occur at defect

sites such as steps and pits than the rest of the surface.

e This localised product formation is suggested to be the photodimerisation
product, diAN, as this reaction requires AN molecules to be distorted

from their original position in a perfect crystal.

e A mechanism of the solid-state photodimerisation was proposed, which

involves the rearrangement of surface molecules.

e Surface rearrangement was shown to be possible only in the presence of
moisture, suggesting that the presence of solvent vapour is required to

mobilise surface molecules for product growth to occur.

e A non-topochemical secondary product growth was observed to propagate
across the entire surface and was not limited to any defect sites. This was
postulated to be the formation of either an amorphous phase or a ANQ

(produced from the photo-oxidation reaction producing AN).

Although the topochemical postulate does not predict AN to photodimerise,
the results in this chapter have suggested that the “minimum movement of

molecules” of the postulate does not apply to surface molecules, as they can
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be more mobile than the molecules in the bulk crystal. Thus, the proposed
surface mechanism based on molecular movement allows the explanation of
why this reaction occurs. Future work should focus on chemical analysis of the
observed surface products, using analytical techniques such as XPS, or AFM
combined with Raman spectroscopy. It should also consider how AFM or other
techniques might be used to study the migration of the reactive front into the

crystal as the reaction proceeds.
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Chapter 8
Conclusions

In this thesis, three main topics were covered. The first one was evaluating
AFM as a technique to study organic crystals. Two aspects were identified
that influenced the surface of these crystals, namely the natural sublimation
of surface molecules at room temperature, and the interaction between the
AFM tip and the sample surface. While a correlation was found between the
likelihood of natural sublimation and the sublimation enthalpy of each material,
the influence on the surface by the AFM tip was found to be unpredictable.
It was suggested that an image of an enlarged area should be recorded after
any continuous imaging studies in order to determine whether the surface was
influenced by the tip.

The second topic was on the degradation of pharmaceutical solids, where
the solid-state hydrolysis of aspirin (ASA) crystals in the presence of humidity
was the model system that was studied by AFM. The surface behaviour of
ASA (001) varied under different RH levels. In the absence of humidity, no
changes were observed on the ASA surface, indicating that the surface is stable
under dry conditions. For the surface exposed to moderate RH, formation of
tall features were observed, which is likely related to the hydrolysis of ASA
molecules to salicylic acid (SA). In this case the reaction on the surface is not
homogeneous, as the features emerged at specific locations, which are believed
to be original sites of defects. A mechanism was proposed based on transporta-
tion of surface molecules to these reactive sites that propagate the extent of
the solid-state reaction, where moisture acts as both a chemical reagent for the
hydrolysis reaction, and a medium to mobilise surface molecules.

For ASA stored under high RH, no new growing features were observed at
the surface. There was a noticible change in step height, which suggests that
the whole surface material might be a different composition to the original.

It is possible that hydrolysis has occurred, with a new layer of SA forming
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across the entire surface, suggesting a more homogeneous reaction than the
surface stored at moderate RH. The difference in observations between the
two humidity levels might be due to the amount of water adsorbed onto the
surfaces at different RHs, which in turn affects the amount of surface molecules
dissolved, as well as the dissolution of such tall features.

Another interesting observation was the exposure of ASA (001) to toluene
vapour, as similar growth of tall features were observed. Based on a solubil-
ity comparison between SA and ASA in toluene and water, it is suggested that
such tall features are a result of dissolution and recrystallisation of ASA surface
molecules. Molecules are believed to preferentially deposit at growing features
emerging from sites of defects, which are kinetically more accessible than other
parts of the surface. This phenomenon is yet to be reported, and may have
potential applications in controlling the surface roughness of samples by expo-
sure to organic vapour, which in turn may allow better control over solid-state
reactivity.

In the last topic of the thesis, the photoreactivity of anthracene (AN) was
investigated. As the photodimerisation of crystalline AN is not predicted to
occur according to the well known topochemical postulate, this challenges one
of the fundamental concepts of crystal engineering. After exposure to UV, no
changes in the bulk were detected by PXRD and ATR-FTIR, confirming that
the photoreaction was a surface phenomenon. Continuous AFM imaging indi-
cated significant changes on AN (001) originating at defect sites such as steps
and pits. This is believed to be a result of the photodimerisation, as the reac-
tion can only proceed with AN molecules displaced from their original position
in a perfect crystal. A mechanism similar to that describing the hydrolysis
of ASA at moderate RH was applied to this study, involving the rearrange-
ment of surface molecule which was possible in the presence of moisture. A
non-topochemical secondary product growth was also observed to propagate
through the entire surface which was not limited to defect sites. This was sug-
gested to be either the formation of an amorphous phase or anthraquinone (a
photo-oxidation product of AN). These results suggested that the “minimum
movement of molecules” of the postulate does not apply to surface molecules,
as they can be more mobile than the molecules in the bulk crystal.

To the best of our knowledge, this is the first report that has investigated
the role of humidity and surface defects on the solid-state reactivity of organic
crystals. Evidence has suggested that the reactivity of a crystal surface can
depend on the amount of defects (steps and pits) present initially, as these are

often kinetic sites of higher energy than other parts of the surface. Moisture, or
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other solvent vapours also play an important role that enables surface molecules
to be transported to these reactive sites, allowing further propagation of the

reaction. A few future research ideas are suggested below:

1. Study the surface response of ASA (100). A comparison of this to the
response of ASA (001) will provide more insight towards the degree of

anisotropy between the two faces.

2. As two different surface responses were observed when storing ASA (001)
at 50% and 98% RH, studies of ASA (001) stored at RH levels in between
these two conditions will be useful in determining the transition of the

hydrolysis mechanism from one to another as the RH is changed.

3. Surface studies of organic crystals that follow the topochemical postulate
to undergo photoreaction, e.g. cinnamic acid. It will be interesting to
see how the surface changes upon exposure to UV light for such crystal
surfaces, whether the reaction will be homogeneous, or exhibit heteroge-
neous surface photoreaction which is similar to that found on AN crystal

surfaces.

4. As solid-state reactivity is likely affected by the number of defects present
on the surface, further investigation in the origin of defects on the surface
are suggested. With a better understanding of defects, this may allow a
more accurate estimation, and eventually better control over the amount
of defects present on a a crystal surface. This would be extremely useful
in various industries, such as maintaining homogeneity of products, or
fine-tuning the reactivity of solids by changing the number of defects

present.

Based on the results in this report, AFM was demonstrated to be a powerful
tool in studying organic crystal surfaces. The main limitation of this technique
is the lack of chemical characterisation of the surfaces that are studied, and
other common techniques are often not sensitive enough to detect the changes
observed by AFM. Future work involving better chemical analysis techniques is

recommended, especially the combination of AFM with Raman spectroscopy.
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