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Abstract

Interfacial phenomena are of crucial importance in both pharmaceutical process
development and drug product development. Inverse Gas Chromatography (IGC), is an
adsorption-based technique providing a versatile framework for the investigation of interfacial
phenomena. In the light of fundamental concepts of thermodynamics, new IGC protocols have
been developed enabling the accurate determination of the surface energy and the surface
energy heterogeneity of crystalline materials and of the Hansen Solubility Parameter (HSP) of

amorphous materials.

Experimental and in silico studies are deployed to reveal the importance of sample
preparation in the accuracy of IGC measurements. In this context, Monte Carlo simulations
were developed to support the experimental findings. The importance of spreading pressure in
IGC measurements is investigated as well. A separate chapter discusses the importance of
temperature and carrier gas flow rate in the measurement of HSP, of amorphous materials.
Results obtained from the three chapters, are used, alongside with the results from
complimentary techniques, to investigate the facet specific interactions of copovidone
solutions, with macroscopic single crystals of p-monoclinic carbamazepine. Very intriguing
findings are reported, highlighting among other things, the correlation between the aggregation
behaviour of the polymer and wettability. In the next chapter IGC measurements are deployed,
among other techniques, to investigate the mechanism of dehydration induced concomitant
polymorphism of carbamazepine dihydrate. As part of this chapter a novel bioinspired crystal
growth technique has been developed, enabling the growth of macroscopic hydrates of poorly

water-soluble molecules.

Overall this thesis, constitutes a unique piece of work combining a plethora of

characterisation techniques, with novel in silico tools to investigate interfacial phenomena, of



high importance in pharmaceutical industry. It highlights the importance of fundamental
notions of surface thermodynamics in the development of an in-depth understanding of
interfacial phenomena and it reveals the prospects of IGC as a potential game changer in

pharmaceutical process development and drug product development.
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1. Introduction

1.1 Background

In his pioneering work “On the Equilibrium of Heterogeneous Substances”, published
between 1875 and 1876, in the Transactions of Connecticut Academy,' Professor Josiah
Willard Gibbs, introduces for the first time the concept of surface energy, making the following

statement:

“We started, indeed, with the assumption that we might neglect the part of the energy, etc.,
depending upon the surfaces separating heterogeneous masses. Now, in many cases, and for
many purposes, as, in general, when the masses are large, such an assumption is quite
legitimate, but in the case of these masses which are formed within or among substances of
different nature or state, and which at their first formation must be infinitely small, the same
assumption is evidently entirely inadmissible, as the surfaces must be regarded as infinitely
large in proportion to the masses. We shall see hereafter what modifications are necessary

in our formulce in order to include the parts of the energy, etc., which are due to the surfaces”

In a few lines, well before any systematic investigation of surface phenomena in
molecular scale, Professor Gibbs was able to appreciate that surface energy can be of great
importance in the micro and nano scale. A lot of progress has been achieved since then. Micro
and nano scale phenomena are exploited in various industrial sectors, enabling the development

of innovative processes for the manufacturing of high value products.

Solid dosage forms constitute the backbone of the pharmaceutical industry and they are
expected to retain this status in the years to come.? Owe to the size of the particles used in solid
dosage forms, interfacial phenomena driven by, among other factors, surface energy are of
crucial importance.> The in vivo behaviour of drug products relies heavily on the surface

properties of the constituent components. In the majority of the manufacturing processes,
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interfacial phenomena play an important role, as well. Despite the sophisticated equipment
deployed, difficulties still exist in the development and implementation of mechanistic models

accounting accurately for interfacial phenomena.

Surface energy anisotropy is a concept that has been established, in the context of
pharmaceutical materials,*® and it has been shown to influence pharmaceutical processes, "
as well as the performance of the drug product.'? Nevertheless, it has not fully implemented in
the design and control of pharmaceutical processes and drug products. Instead, it is quite
common to encounter models assuming spherical, energetically isotropic particles. The
quantification of surface energy anisotropy, for macroscopic single crystals, via wettability
measurements is a tedious process. In powder samples, surface energy anisotropy is manifested
as surface energy heterogeneity. Establishing a robust framework for the determination of
surface energy heterogeneity could have a great impact in both drug product development and
pharmaceutical process development. Among other things, it would provide a robust quality
control tool, enabling the determination of the effects of different process operations (milling,

drying etc.) on the surface properties of materials.

Amorphous materials (such as polymers, amorphous APIs, and amorphous excipients)
are of high importance in pharmaceutical industry and they are expected to gain more ground
in the years to come.!! Appreciating the distinct differences between crystalline and amorphous
materials is crucial for the development of characterisation techniques, enabling the accurate
determination of the surface properties of amorphous materials. In this context, it should be
appreciated that techniques and protocols producing accurate results for crystalline materials

will not necessarily provide accurate results for amorphous materials.

Accurate understanding of the surface properties of polymeric materials could shade

light for the intriguing wettability behaviour of polymer solutions. The wettability of these
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solutions is governed by the surface activity induced by the presence of polymer. The presence
of polymer triggers a wettability mechanism, governed by the migration of polymer molecules
to the three phase contact line.'? This phenomenon leads to a solution with lower surface energy
than that of the pure solvent. However, it is still unclear how the surface activity influences the

van der Waals and the acid-base component of the surface energy of the liquid.

This concept of the different components of surface energy, introduced in early 1960’s
in a series of papers by Dr Frederick M. Fowkes,'*'* is key in the understanding of phenomena
happening at interfaces. Even though, this concept has not been unchallenged,' it still retains
its status as the cornerstone of surface thermodynamics. The importance of long range van der
Waals forces, in surface energy, is well understood. A lot of ambiguity exists in studies

concerned with the investigation of short range acid-base interactions.'®!7

Furthermore, issues exist with the experimental determination of the surface energy and
surface energy heterogeneity of powder samples. As mentioned, the concept of surface energy
anisotropy, existing in individual particles, is manifested as surface energy heterogeneity in
powder samples, comprising by a large number of individual particles. Traditional wettability
methods are incapable to capture surface energy heterogeneity. In this context, the use of
Inverse Gas Chromatography (IGC), '® coupled with in silico tools has emerged as a potential
tool.!”2° The cross validation of such a tool with complimentary techniques is, nevertheless, a

prerequisite for its industrial implementation.

IGC is a versatile platform, enabling the characterisation of polymers.?!">* However,
despite the plethora of measurements found in literature, there is not a methodology taking into
account the amorphous nature of polymers. For instance, the same protocol used for the

measurement of the Hansen Solubility Parameter of a crystalline®* material is used for the
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measurement of a polymer. This is a fundamentally erroneous approach that can potentially

lead to conclusions far from reality.

1.2 Objectives

In the context set from the previous section, it can be stated that the scope of this work
is to use fundamental understanding of interfacial phenomena to improve the state-of-the-art
IGC methodologies and use IGC, along with complimentary theoretical, experimental and

computational approaches, to investigate intriguing phenomena of pharmaceutical interest.

Thus, the objectives from this project can be formulated as follow:

1) Perform a thorough literature review on the fundamentals of interfacial phenomena
and their implications on the characterisation of pharmaceutical materials. Use the
results of this investigation to identify gaps in the field which can be filled with the
aid of IGC measurements.

2) Develop a theoretical background supporting the need for new methodologies in the
measurement of material properties using IGC, for both crystalline and amorphous
materials. In this context the following should be investigated:

a. Improve the state-of-the-art protocols used for the measurement of the
surface energy of crystalline materials via IGC measurements.

b. Validate and expand the state-of-the-art methodology for the calculation of
surface energy heterogeneity via the combination of IGC measurements and
in silico tools. Use this approach to study a physicochemical phenomenon
of pharmaceutical interest.

c. Propose modifications required in the experimental protocols for the
accurate prediction of the thermodynamic properties of amorphous

materials, via IGC.
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3) Use IGC measurements, in tandem with other experimental and in silico tools, to
investigate the implications of interfaces in phenomena of pharmaceutical interest
such as:

a. The enhanced wettability driven by the presence of polymers in solution.

b. Dehydration induced concomitant polymorphism.
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2. Fundamentals of interfacial phenomena

2.1 Introduction

In an ingenious essay, published in 1873, under the title “Graphical methods in the
thermodynamics of fluids”,' by Professor Josiah Willard Gibbs, the following statement can be
found:

“It may occur, however, in the volume-entropy diagram that the same point represent two
different states of the body. This occurs in the case of liquids which can be vaporized.”

This work, the first one providing a coherent mathematical description of an interfacial
phenomenon, marks the birth of a new scientific field dealing with the investigation of
phenomena at the boundaries between phases.

Interface is defined as the boundary between any two phases.?> This definition implies
that the two phases can be of the same state or they can even to be identical. For the sake of
convenience, in this work, interfacial interactions are distinguished on the basis of the states of
matter of the two contacting phases, solid, liquid and vapour. Therefore, six possible interfaces
exist, as a result of the binary combination of contacting phases: solid-solid, solid-liquid, solid-
vapour, liquid-liquid, liquid-vapour, vapour-vapour. It is obvious that not every type of
interface is of tremendous relevance to every single development of manufacturing activity.
For instance, the existence of an interface between two vapour phases is unlikely, thus it is
omitted in this work and in a large portion of literature. Additionally, the liquid-vapour interface
is of less practical importance in the development and manufacturing of solid oral dosage forms.
Therefore, these two types of interfaces have not been a matter of investigation in this study.

Solid-solid interactions: The formation of a solid-solid interface plays a crucial role in

the processability of pharmaceutical powders, used in both oral and inhalable drug products,

26-28

influencing the flow of powders, mixing” and blending operations (including dry

coating),® 3° as well as milling and micronisation. In this context, it is important to appreciate
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the concept of bidirectionality. The properties of materials are altered in processes such as dry
coating and milling, but the properties, of the materials fed into these processes will affect the
performance of the process as well.?!3* Furthermore, the formation of solid-solid interfaces is
crucial in downstream processes, such as tableting, where various components are formulated
35-37

together.

Solid-liquid interactions: These interaction are of particular importance for the design of

operations such as wet milling and wet granulation,** where the solid-liquid interface plays a
key role in the performance of process equipment. For instance, in wet granulation the affinity
of the polymer solution to the solid determines, in a great extent, the formation of the initial
granule nuclei, a prerequisite for a successful granulation process. Solid-liquid interactions will
10, 38-39

also affect the dissolution behaviour of solid dosage forms, both in vitro and in vivo.

Solid-vapour interactions: During processing or storage, pharmaceutical materials are

exposed at different types of vapours, with moisture being the most obvious of them.***? The
mechanisms determining the interactions of vapours of with solid surfaces are heavily
determined by surface properties, such as surface energy and roughness.**** The accumulation
of vapours on a material can cause changes in its topography and facilitate the crystallisation
of amorphous materials.**” Desolvation phenomena (when the solvent is water are called
dehydration phenomena), during which bound and/or unbound solvent is removed, are equally
important as solvent uptake phenomena. As the concept of polymorphism is crucial in drug
product development, understanding the mechanisms of desolvation induced polymorphism, in
other words which polymorph emerges from the desolvation of a solvate under certain
conditions, is quite important.*3-3° In addition, adsorption based techniques provide a versatile
platform for the characterisation of pharmaceutical materials. Thus, understanding their

fundamentals could enhance the understanding of materials’ properties.
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Liquid-liquid interactions: These interactions, can be of high importance in cases were

emulsions are employed to facilitate drug delivery. Furthermore, the interactions in systems
such as amorphous solid dispersions, gaining ground in drug product development, is studied
by means of liquid-liquid mixing models, with the Flory-Huggins one being the most well

known.

2.2 Fundamentals of intermolecular forces

In his Nobel Lecture, delivered on the 12" of December 1910, the Dutch physicist
Professor Johaness Diderik van der Waals®! challenged Boyle’s law stating:
“As you are aware the two factors which I specified as reasons why a nondilute aggregate of
moving particles fails to comply with Boyle’s law are firstly the attraction between the
particles, secondly their proper volume”.

This statement has been, later, interpreted mathematically (as no equations were provided
in the original manuscript of the lecture) by the well-known equation of state, that later on was

called van der Waals equation of state, honouring the great pioneer:

Ayaw
(v + . ) @ = byaw) = RT Eq. 2.1

where ay4y describes the attractive forces between the molecules, bygy, represents the
exclusion volume of a single molecule of the fluid and the rest of the parameters have the same
meaning as in the ideal gas law equation. If one takes the limit where both ay 4y, and by 4y, tend
to zero, the above equation reduces to the infamous ideal gas law. This is because under these
conditions, the system satisfies the two key assumption of the ideal gas law; that the molecules
are volumeless and they do not interact. The attractive forces mentioned are the infamous van

der Waals forces, which will be discussed in the next section.
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2.2.1 Van der Waals forces

Based on the type of molecules involved in the interaction, van der Waals forces are
categorised in: Keesom forces,”? Debye forces™ and London (or dispersion) forces.’* These
three types of forces are summarised schematically in Figure 2.1. For Keesom forces, two
polarised molecules interact because of the existence of an inherent difference in charge
distribution. In the case of Debye forces, a molecule with a permanent dipole induces charge
redistribution to neighbouring molecules with no dipole moments. Finally, London forces arise
in molecules without permanent dipoles. The fluctuations on the electron cloud lead to
temporary changes in the charge distribution, inducing a charge redistribution, to neighbouring

molecules. The mathematical formulation of all three components has the general form:

C
U =~ Eq.2.2

where C is a constant changing slightly for each component and r is the intermolecular distance.
It should be noted that despite the fact that London forces is the weakest of the three types of
van der Waals forces, they are the dominant type of forces arising in interactions involving

solid state matter>®; their importance is inversely proportional to their strength.

Keesom Debye London

Figure 2.1: Schematic representation of the three components of van der Waals forces.”

Apart from van der Waals forces, there exists an interaction between electron poor and
electron rich atoms, via the sharing of a lone pair of free electrons donated from the latter to
the former, called dipole-dipole interactions. When a hydrogen atom is involved in this
interaction, the interaction is called hydrogen bond.>® Due to its nature, it is characterised by

directionality and short-range action, meaning that the electron poor and the electron rich sites
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should “face” one another at a close distance, for the interaction to be successful. Directionality
leads to the formation of weak molecular structures, held together via dipole-dipole
interactions. Owe to the nature of the interactions, their magnitude is affected by the proximity
of the molecules, thus it changes depending on the state of the matter. The importance of
hydrogen bond interactions is, as expected, more profound in the liquid and the solid state. The
extraordinary behaviour of ice is, probably, the most striking manifestation of the effects of
these forces.
2.2.2 Thermodynamics of van der Waals forces

Owe to the practical importance of van der Waals forces, a lot of efforts were directed
towards the development of a coherent mathematical framework describing. In the following
section, two main approaches for the derivation of van der Waal force will be introduced:

Hamaker’s and Lifshitz’s approach.

2.2.2.1 Hamaker’s approach

This approach was developed by the Dutch physicist Dr Hugo Christiaan Hamaker.>” In
his work, Hamaker employed an approach grounded on classical notions of quantum physics.
If a single spherical molecule is suspended above a flat solid surface, like the one shown in
Figure 2.2, the total interaction is given by the summation of all the intermolecular interactions
between the molecule and the flat surface. Assuming ab n number of molecules on the surface
then the potential energy of attraction between the sphere and the surface, U, can be written in
terms of the following eqution:

du 3a2hvf

L Eq.23
dn . 4(dmeg)irs a

where 75 is geometric term shown in Figure 2.2, a is the polarisability, /4 stands for the Planck

constant, v is the frequency of fluctuation and o is the dielectric permittivity in vacuum.
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If it is assumed that the molecules on the surface are spherical, then the number of
molecules (n) of the surface can be easily calculated by integrating the following equation:

dn = 2np ada dx Eq.2.4

where p is the concentration of molecules on the surface.

A

r, H : f
dx™ . p I
4  —F
da da

Figure 2.2: Schematic representation for the derivation of potential energy equation by Hamaker’s

approach A) top view, B) side view.’

Combining the equations 2.4 (with a slight modification by Pythagoras’ theorem) and 2.5

and integrating in space, the following relation for the potential energy can be obtained:

U_f°°f°° 3a’hvy ) 1o d — 3a’hvy mp Ea. 2.5
) ) TaGne (02 + a2 TP T Ylaneyienr T

As can be seen in Figure 2.2 a is the radius of the flat solid surface, x is the variable used
to measure the perpendicular distance between the molecule and the surface and finally H is

the distance from the surface to the suspended molecule.
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For a system of two parallel identical plates the number of molecules is given simply by
dn = p-dh, so the potential is given by:

3a’hvy mp?
U — Eq. 2.6
4(4mey)? 12H? a

Similar approach can be followed to include the other two types of van der Waals forces in a

mathematical equation or to expand the analysis to different geometries.

On the ground of equation 2.6 Hamaker proposed the infamous constant (4i;), named after

him, to provide a measure for the strength of interactions between two similar bodies:
Ay = B(mp)? Eq.2.7

Using Berthelot's principle stating that the interactions between two different bodies
interaction can be estimated in terms of a geometric mean, the following equation can be

obtained for the Hamaker constant describing the interaction between two bodies:
where 4;; and 4j; are the Hamaker constants of each material in vacuum.

On the same ground, the Hamaker constant describing the interaction between two unlike

bodies (1, 2) via a third medium (3), can be calculated via:

Aizp ® Ajp + A1z — A3 —Ayz = (\/A11 - \/A33)(\/A22 - \/A33) Eq.2.9

2.2.2.2 Lifshitz’s approach

The Soviet physicist Professor Ilya Lifshitz developed a more refined approach, which
accounts for all three types of van der Waals forces, to avoid the inherent problems associated
with linear additivity of interactions, arising in Hamaker’s analysis.’® Lifshitz’s approach
ignores the atomic structure and treats the forces between large bodies as continuous media.

The Lifshitz theory, developed using quantum mechanics, is grounded on the dielectric
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constants and refractive indices of the materials. The Hamaker constant (A123), for two unlike
bodies (named 1 and 2) interacting in a medium (named 3), can now be evaluated according to
Lifshitz’s equation:
(22 (52
4 & te3/\& + &3
3hv (nf —n3)(nj —nj

+
8\/2\/(nf + n%)(n3 +n3) (\/(nf +n2) +(n? + n%))

Eq. 2.10

where n; and ¢; stand for the refractive index and dielectric constant of material i respectively.
The first term of equation 2.11 describes the Debye and Keesom interactions, where the right
one describes London forces.

The Lifshitz’s approach successfully overcomes the inherent limitations of Hamaker’s
approach. However, considering that the Lifshitz’s approach is grounded on the continuum
theory, it means that it also exhibits an inherent limitation. This limitation is that Lifshitz’s
theory holds true only when the interacting surfaces are further apart than their molecular
dimensions. Furthermore, the practical use of this theory is dependent on the availability of the

dielectric constant, for the materials of interest.

2.3 Thermodynamics of particles in solutions

2.3.1 DLVO theory

Let’s now consider an electrolyte containing solution with negatively charged particles
in it. For the sake of convenience, it is first assumed that only counterions (positive ions with
respect to the negatively charged surfaces) exist in the solution. The surfaces of the particles
are treated as flat, since in a microscopic point of view curvature effects can be neglected. The
chemical potential of the ions described can be written as:

u = zey + kT log(p) Eq. 2.11
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where z corresponds to a particular valency number, e to the electron charge constant
(1.602*%10°'° C), w stands for the electrostatic potential, p is the number density of ions with
valency z at a distance x from the midpoint. Assuming that at the midpoint y = yo = 0 then
(dw/dx)o= 0. Since the chemical potential at a particular value of x is the same throughout, then
the concentration of counterions on that line is given according to Nernst equation as follow:

zeY Eq. 2.12
P = Po €Xp (‘ ﬁ)

In this equation po is the value of p at the midpoint and the rest of the terms have their usual
meaning.

The behavior of the electrostatic potential is described by the Poisson-Boltzman (PB)*’
equation, which has the following one dimensional form:

d*p  zep Eq. 2.13

dx? €€

Similarly to the Lifshitz equation introduced in the previous section € stands for the dielectric
constant of the solvent and &o is the permittivity of the free space.

Instead of the simplistic case, with just one counterion described before, a more generic
situation is now assumed, with n-number of different counterions, each with different valency,
present in the electrolyte. So, at any point on the x-axis, the net charge is given by the
summation of the contribution of all the ions.

i=n Eq.2.14
Px = z Zi€Py

i=1

Substituting this more generic expression to the PB equation, the following differential

equation is obtained, assuming that zey << kT (Debye-Huckel approximation):>*
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i=n

dp e z (Zelp) e 1227:1 ( Zel/))
dx? ceg 4 ZiPo,i €Xp £eq 1le01
i=

i=1

Eq. 2.15

i=n
14
. SSOkTZ(Zie)ZpO’i = K*P
i=

The boundary conditions for the PB equation are that for x — 0 then  — wo and for x
— oo then ¥ — 0. These boundary conditions lead to a solution of the form:

Y (x) = Poexp(—kx) Eq.2.16

If the Debye-Huckel approximation is not valid, there is still an analytical solution for
the PB equation, provided that the electrolyte under consideration is symmetrical (e.g. KCI
dissolved in water, giving K™ and CI"). The symmetrical effect implies that equal number of
positive and negative ions exist in the solution. Thus, the PB equation can be written as:

d%y e o zey 2zepy; . . (zeY, Eq. 2.17
)= - . smh( )

dx? gy 4 4 ZiPo,i €XP ( kT €€ kT
=

This can be solved analytically using the same boundary conditions as before to give

the following general solution:

ey zew,l)()) Eq. 2.18
tanh ( 4kT) tanh( AT exp(—xx)

where x'=(eg0) /2zepo; is the thickness of the electrical double layer, i.e. the thickness of the

first two layers of ions attached on a surface as shown in the following figure:
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Stern potential—

Zeta potential —

Figure 2.3: Schematic depiction of the double surrounding a negatively charged particle. The graph
at the bottom right provides a qualitative depiction of the decrease in the magnitude of the potential

at increasing distances from the surface of the particle.?

Besides the double layer interactions between the charged surfaces, the presence of ions
gives rise to osmotic phenomena. In fact, osmotic pressure arises due to the change in ion
concentration between the surface of the charged surfaces and the bulk electrolyte. The
magnitude of the osmotic pressure is given simply as:

Hosmotic = 2KkTpo i Eq. 2.19

Combining the effects of the double layer and the osmotic pressure, the net repulsion
force between two surfaces in the solution is given by:

dl/l dnosmotic Eq. 2.20
frop =Pt ax

At the midpoint between two charged surfaces, the gradient of electric potential is equal

to zero, so repulsion is driven just by the osmotic pressure so:

Frep = kT(pmid,cations + pmid,anions - pO,i) Eq' 221

Substituting the Nernst equation on it, the following form is obtained:
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ePmi
Frep = kT(pmid,cations + Pmid,anions — pO,i) = ZPOkT (COSh (Zk—Td) -

Eq.2.22

1) = pokr ((2Lmie)”) = Kot 32

Integrating the above relation with respect to the distance (D) between the two bodies, the
interaction energy is obtained:
D Eq.2.23
Wrep(D) = = | "Frap dD = Zksozg Whexp(—rD)
To account for the same system, but with spherical particles instead of flat surfaces the
equation above can be modified as follow:

Wyep(D) = 2mRskegeg Yiexp(—kD) Eq.2.24

where R; is the radius of the sphere.
The total interactions between particles in an electrolyte solution are given by adding

the above repulsive component with an attractive van der Waals component:

A Eq. 2.25
Wtot(D) = - 2 a

op T 2mRkeyeg Yiexp(—kD)

This equation constitutes the basis of the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, named after its pioneers. If the concentration of colloidal particles is high, the
interparticle distances are small and hence repulsive forces dominate the system. The repulsive
forces reach their maximum value at a point called primary minimum, corresponding to the
case where D — 0. As the distance increases, in other words are moderate concentrations, the
behaviour of the system is determined by a combination of attractive and repulsive interactions.
For instance, at high o e.g. in strong electrolytes, the increase in attractive forces is such that
it can lead to the formation of a minimum point called secondary minimum. In a similar fashion,
for systems comprising of weak electrolytes or containing particles with low electrostatic

potential, the repulsive forces are so weak that the primary minimum corresponds to a value of
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Wi0r<0. This phenomenon corresponds to a highly unstable system, exhibiting extensive
flocculation.

DLVO remains one of the main pillars of colloidal research. Although, one should notice
that is grounded on the assumption that van der Waals and electrostatic forces are linear
additive.%” Nevertheless, this assumption lacks any solid thermodynamic support. The Debye-
Huckel approximation imposed in the PB equation, is the only one that satisfies the
superposition principle of electrostatics:

i=n i=n Eq. 2.26

e zey e zey
_a ZlPOlexp( ) _S_Z lp01( - )

i=1
As mentioned above, this approximation is valid if zey << kT. However, this holds true
only for dilute electrolyte solutions. For higher concentrations, the approximation collapses and
the averaging of the electric fields on the basis of the Boltzmann distribution becomes
increasingly non-physical. Furthermore, it is intuitive that for DLVO to hold true, it means that
the 1ons are not subjected in any influence by any surface forces (such as van der Waals etc.).
Obviously, this cannot be the case in any physical system. One could argue that low
concentration and low ionic strength are key qualifications for DLVO-based experiments to
produce accurate results. This limits the confidence on this type of experiments, investigating
phenomena such as protein crystallisation.
2.3.2 Tracking the behaviour of particles in solution, using Dynamic Light Scattering
The experimental observation of the behaviour of particles in liquid media has been a
subject of intense research for centuries. In observations performed in the summer of 1827,
Professor Robert Brown®! noted, among other things, that:
“This plant was Clarckia pulchelka, of which the grains of pollen, taken from antherae full
grown, but before bursting, were filled with particles or granules of unusually large size,

varying from nearly 1/4000th to about 1/3000th of an inch in length, and of a figure between
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cylindrical and oblong, perhaps slightly flattened, and having rounded and equal extremities.
While examining the form of these particles immersed in water, I observed many of them
very evidently in motion; their motion consisting not only of a change of place in the fluid,
manifested by alterations in their relative positions, but also not unfrequently of a change of
form in the particle itself; a contraction or curvature taking place repeatedly about the middle
of one side, accompanied by a corresponding swelling or convexity on the opposite side of
the particle. In a few instances the particle was seen to turn on its longer axis. These motions
were such as to satisfy me, after frequently repeated observation, that they arose neither from
currents in the fluid, nor from its gradual evaporation, but belonged to the particle itself.”
This paragraph summarizes, in essence, the main features of Brownian motion. The
development of more advanced microscopy methods enabled the study of colloidal particles in
solution. However, they were limited by the visible spectrum. Dynamic light scattering (DLS)

12 as it uses a laser beam, with a much smaller wavelength than

emerged as a promising too
visible light (140-400 nm), to track the behaviour of particles in solution.

As particles are suspended in solution, moving in different velocities, a monochromatic
laser beam passes through the solution. The beam scatters and the scattered light is directed to
a photomultiplier. This process is repeated at intervals with a constant duration. The intensity

of the scattered light (I;), a unitless quantity, is plotted against time in a plot similar to the one

depicted in Figure 2.4.
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Figure 2.4: Plot of the scatter intensity of laser (I;) passing through a solution containing colloidal

particles. The mean value of the intensity (<I>>) can be seen on the vertical axis, as well as the

boundaries of time intervals, which are shown with different colours.

The change in scattering intensity with time is described by the intensity correlation
function (Ga2(t)). Its value is calculated by the following integration over the total time (Total)

of the experiment:

G,(t) =

T 1 N
f I(®)I(t + 7)dt z—z 1) I(t; +7) Eq. 2.27
total Jo N L
The normalised form of Ga(t) is calculated by:

<IOIE+71) > =<I(t) >*  G,(t) =< I(t) >? Eq.2.28
< I(t) >2 < I(t) >2

g2(t) =

Similarly, to the intensity correlation function, an electric correlation function (G;(?) and g;(2)
for the normalised form), describing the measured fluctuations, exists and it is related with the

intensity correlation function on the basis of the Siegert equation:%?
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Go(t) = B(1 + Blg:(D)I?) Eq.2.29

where B and f are constants.

Then the following equation can be applied for the treatment of the experimental data:

G,(t)—B
B

Eq. 2.30

@) = = pe2rt

The value of I" can be correlated with the diffusion coefficient of the particles (D) according to

the following equation:

r Eq.2.31

D= >

41N gy
(# Sin(edetector))

where niguia 1s the refractive index of the liquid, 4 is the wavelength of the laser and Guerecror 18
the angle at which the detector is located with respect to the sample. Then the classical Stokes-
Einsten equation can be used to calculate the size of the particles in solution. It should be clear
that owe to the polydispersity of different systems and/or the non-spherical nature of some
particles, the calculated values of size obtained from the Stokes-Einstein equation, may not be
representative.

By altering the solvent and/or the environmental conditions (e.g. temperature) and
performing in situ measurements, one could track the interactions between the particles as they
coalesce, grow or shrink. Similarly, to suspensions, DLS can be used to track the behaviour of
polymers in solutions, as it enables to track aggregation and de-aggregation phenomena, of
crucial importance in industry. In the case of polymer solutions, the study of aggregation and
de-aggregation phenomena in different polymer loadings can provide indispensable
information about the nature of the solvent.

Solvents can be classified, based on their interaction with polymers in three categories;
namely theta, good and poor. In theta solvent conditions, it is assumed that the structure of the

polymer chain in solution, resembles a random walk. In other words, the monomers coil
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forming a random walk pattern. In good solvent conditions, the interactions between the
polymer and the solvent molecules are favourable, promoting homogeneity. Contrary to that,
under poor solvent conditions, the solvent-polymer conditions are unfavourable. These three
types of solvent conditions can be described in terms of the infamous Flory-Huggins interaction
parameter, y, which will be discussed thoroughly in the 2.8 section of this chapter on “Liquid-
liquid interfaces”. As a brief mention, for theta solvent conditions, x = 0,5, for good solvent
conditions y < 0,5 and for poor solvent conditions y > 0,5.

Plotting the value of normalised correlation function (gz(t)) against T one can obtain plots
similar to those presented in Figure 2.5. The presence of two shoulders indicates the presence
of a single shoulder as it happens with the continuous line you can see on the figure,
corresponds to good solvent conditions, where light scattering occurs only on small delay times
indicating the presence of very small entities in the solution. As the system moves away good
solvent conditions, a second shoulder appears, corresponding to the occurrence of relatively
larger entities in solution (i.e. aggregates). The presence of more than two shoulders indicates
the presence of two distinct values of § and 7. By fitting the experimental data appropriately,
using equation 2.33, the relative abundance of large and small aggregates can be determined

via the ratio of the corresponding 3 values.
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Figure 2.5: Schematic representation of DLS correlograms.

2.4 Surface Tension and Surface Energy

2.4.1 Fundamentals

The molecules, in the bulk of a substance, interact symmetrically with each other, by
means of intermolecular forces, the fundamentals of which have been introduced earlier on. On
the same time, molecules on the surface of the substance, consequentially at the interface with
air, exhibit anisotropic interactions, with the molecules of the same substance, leading to a net
force directed towards the bulk of the material. This concept is depicted in Figure 2.6. This
imbalance in intermolecular interactions at the surface, gives rise to the concepts of surface
tension (for liquids) or surface energy (for solids); effectively, a measure of the energy needed

to create a unit area of a material.
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Figure 2.6: Interactions for molecules in bulk and molecules on the surface of a material. For the
resultant forces shown on one of the surface molecules with a red arrow, there is an equal magnitude

and opposite direction force corresponding to the surface tension.

The simplest interface of concern, examined in this work, is between a liquid and a
vapour. If the height of the interface is 4; and its surface area is A4, then its volume is given
straightforwardly by V' = h;-4. The work needed (W) to create a unit area of this interface should
is a sum of the effects of surface energy and volume expansion:

dW =y dA—PdV Eq. 2.32

where y is the surface tension of the liquid and P is the pressure of the system.
The internal energy of the system is given by the sum of the work required and the change in
heat of the system (dQ):

dU=dQ+dW =TdS+y dA—P dV Eq.2.33

Thus, the expression for the Gibbs free energy of the system takes the following form:
dG = dH — d(TS) = dU + d(PV) — d(TS)
=TdS+ydA—PdV + PdV +VdP — SdT —TdS Eq.2.34

=y dA + VdP — SdT

If the system is isothermal and isobaric then the Gibbs free energy equation collapses
further to:
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<0G) Eq. 2.35
y=|=— . 2.
aA T,PV a

According to the equation, surface tension is defined as the change in Gibbs free energy
per change in surface area at constant pressure, temperature and volume.
If constant pressure and surface area are assumed, instead, then the equation for the

change in Gibbs free energy is taking the following form:
dG = —=SdT Eq. 2.36

It is known that Gibbs free energy at the interface (dG®) and surface tension are identical, thus

the above equation can be rewritten as:

S = (dGs) - (d’/) Eq.2.37
-~ \ar /), ~ " \ar/, 4=

The negative sign indicates that the surface free energy results to an attractive force
between two interacting bodies. The amount of work required, for holding the two different
interacting bodies together, is termed the adhesive work, Wa. If the two bodies are identhical
then the amount of work is called the work of cohesion, W..

2.4.2 The deconvolution of surface energy

In the previous section it has been stated, the surface energy of a material can be defined
as the energy required to create a unit area of it. According to Fowkes’,'>'* surface energy can
be expressed as the sum of the intermolecular forces exhibited by a body or a surface.
Mathematically this corresponds to equation 44, where n can be any surface energy contribution
(dispersion forces, hydrogen bonds, dipole-dipole interactions, ion-dipole interactions etc.).
This equation is usually written in a simplified form as proposed by Owens and Wendt,** with

one term accounting for the dispersive interactions, y9, and one term accounting for the polar

interactions, y*.
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V=Z)/n=)/d+yp Eq. 2.38
n

The dispersive components, technically, includes only dispersion (London) forces, but
not the forces induced by the orientation of the interacting molecules (Keesom forces) and by
the interactions between a polar and a non-polar molecule (Debye interaction), while the polar
component includes everything else. However, for the case of interactions in solid state matter,
London interactions are dominating over the other two types of van der Waals interactions.
Thus, it is an acceptable formalism to use, for convenience, y*" and call it the dispersive
component of the surface energy.

Work of adhesion (1}) is the most usual way surface energy is expressed in macroscopic
systems and it is effectively a measure of the work required to separate two dissimilar bodies.

It’s mathematical interpretation is given by:

Wi =vi+vi—vij Eq. 2.39

In the equation above, y; and y;, correspond to the surface energy of the surfaces i and j
respectively where p;j stands for the surface energy of the interface. Using a geometric mean

approximation, the value of the work of adhesion can be calculated by:

Wi =2 (JViLWV'LW + \/Vi" y,-p> Eq. 2.40

The geometric mean approximation is the most commonly used approach, to analyse
surface energy data. However, in a model suggested by Wu,% harmonic mean approximation

is used instead showing to accommodate data better, but posing more calculation challenges.:

Lw, LW

P. D
ViV Vi
Wi = 4 + Eq. 2.41

The polar component of equation 2.44, can be deconvoluted according to van Oss-

Chaudury-Good (vOCGQG) approach. The polar component is separated in order to take in
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account the electron acceptor (y")/donor (y") interactions between the two surfaces giving us

the following:

Wy = 2 ( JViLWV'LW + \/Vf‘yj‘ + \/yi‘y,*) Eq. 2.42

In cases where polar interactions are negligible, the polar components get a zero value.
When the surfaces i and j are the same, then y; = y;. In this situation the term energy of cohesion
is used. In their work, the four pioneers propose a split for the acid-base component of the
surface energy of different liquids. Water was used as the reference liquid and it was assumed
that owe to its amphoteric nature, its acid and base component of the surface energy are equal.
Later on, it was found that this approximation was resulting in clearly erroneous results, when
it was used for the measurement of the surface energy of solids, by means of wettability
measurements that will be presented later on in this chapter. Thus, Della Volpe and Siboni,®’

proposed that the ratio should be y,f,’zo = 6.5y, 0. This assumption resulted in the improvement

of the calculated values of the acid-base component of the surface energy.

Despite the fact that the work of adhesion is usually considered to be reversible, meaning
that is equal in absolute magnitude to the work required to disjoin the two objects, this has not
been verified experimentally. In fact, measurements performed both on the solid-solid and the
solid-liquid interface reveal that a number of different factors contribute to an inherent
irreversibility of the process of adhesion-separation; meaning that is not the experimental
procedure that leads to the irreversible behaviour, but the nature of the process per se.5®"!

The concept of the Lifshitz-van der Waals component of surface energy is quite well
established, however the exact nature of the acid-base component is a field of active discussion.
The different approaches, such as the geometric mean approximation, used to describe acid-

base interactions do not have a solid theoretical background and it has been adopted on the

basis that it has a theoretical meaning for the Lifshitz-van der Waals component. These
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theoretical weaknesses have been manifested in lack of consistency in the reported values of
acid and base component of the surface energy of materials, reported in literature. These
erroneous results are more profound for compounds as ethers, esters and aromatics.’”> Harmonic
mean approximation has also been employed instead of the geometric mean one. Nevertheless,
there is, also, a lack of theoretical explanation for why acid-base interactions can interact via
means of a harmonic mean approximation. While for van der Waals forces the relation between
the strength of the force and the distance is given by %, for the short range acid and base
interactions the strength of the interactions decays much faster, leading to a relation scaling

according to 1'!°.

2.4.2.1 Acid-base interactions

The use of the vOCG approach, including the geometric mean approximation and the
even split between y" and y for water, for the determination of the magnitude of the acid-base
interactions in certain types of molecules, was challenged. The use of the geometric mean
approximation is not grounded to any solid theoretical evidences. Furthermore, doubts were
casted owe to the appearance of hydrogen bonds in compounds such as ethers and esters, even
though their structure does not permit the formation of such bonds (corresponding to
W:g drogen _ 0).”? Instead of the erroneous geometric mean approximation, Fowkes and
Mostafa’ proposed the following relation to calculate the acid-base component of the work of

adhesion between two bodies from the enthalpy change at the interface:

WAB = —f « NAB « AHAB Eq.2.43

In the above equation, AH”Bstands for the enthalpy of adhesion, NAB for the number of acid-
base pairs per unit area and f for a conversion constant used to normalise the units. This equation
implies experimental calculation of AH*B, In this direction, two different models have been

proposed.

53



The first, developed by Drago’ is a combination of Mulliken’s work’* on molecular
complexes and of the Hard-Soft Acid-Base (HSAB) theory. According to this model, enthalpy
can be measured in terms of the tendency of the acidic or the basic components to electrostatic
interactions and covalent bonding. Mathematical formulation of it is given in the following
form:

AHAB = —(E Ep + C4Cp) Eq.2.44

To avoid any misconception, it is important to specify that for this equation the two terms
with subscript A correspond to the electrostatic (E) and covalent (C) parameters for acceptor
and those with B subscript to the same terms for the donor. The ratio of the two terms, E and
C, of each component defines the hardness of the corresponding component. lodine is used as
the reference, giving a ratio equal to one. The validity of this method for solids with very high
or very small hardness ratio has been disputed.

The second method for the determination of the acid-base component of the surface
energy, was proposed by Gutmann.” This theory is represented mathematically as follow:

AHAB = —(K,DN + KzAN™) Eq. 2.45

in this equation, the K’s are parameters characterising the acidic (A) and the alkaline (B)
capacity of the solid respectively. In addition, DN and AN* stand for the donor and acceptor
number respectively. The first one, DN, is a parameter measuring the electron donor
characteristics. It is measured based on the heat of mixing of the compound in a solution of
antimony pentachloride and dichloroethane. The corrected acceptor number (AN*) is a
parameter calculated indirectly from the acceptor number (4AN). Acceptor number is measured
based on the shifts the compound causes on the P-NMR spectrum of tri-ethyl phosphine. The
correction was introduced to account for the effects of van der Waal forces on the shift. Using
solvents with different acid/base properties, a plot of AHAB/AN* against DN/AN* can be

constructed. The slope would correspond to Ka and the interception with the y axis is Kg
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2.5 Thermodvynamics of solid-liquid interfaces

2.5.1 Fundamentals

As shown in Section 2.4, the surface tension of a liquid can be defined as the change in
the Gibbs free energy of a system of changing surface area at constant temperature, pressure
and volume. The process of wetting of a surface (named j) from a liquid (named 1) is governed
by the formation of an interface (named ij). This process can be interpreted mathematically as
the summation of the changes in the Gibbs free energy of each individual component of the
system (solid, liquid and interface):

3G = <a_(;) dA; + <6—6> dA; + <a_(;> dA; Eq. 2.46
04/ 1 p 04; P b \04; P J

During the wetting process, the following relationship for the change in the surface area

of the individual components holds true:

dAl = dAU = —dA] Eq 2.47

Thus, using the definition of surface energy/tension, the above equation can be written as:

oG
- (aAi)T,p =Sij =¥ ~ViTVij Eq.2.48

where Sjj is the so called spreading coefficient, relating the work of cohesion between the
molecules of the spreading liquid with the work of adhesion between the liquid and the solid.
Since the work of cohesion can be expressed in terms of surface tension by the equation

Wc = 2y;, then a derivation for the work of adhesion can be obtained as follow:

Wij = 2yi =¥ — Vi — ¥jj Eq. 2.50
Wi =v;+vi—vj Eq. 2.51

If the spreading coefficient is positive, then spontaneous spreading occurs and the solid
is covered by the liquid. Otherwise, the liquid sits on the solid forming a spherical cap, the
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dimensions of which are determined by the balance of forces between the liquid and the solid,
as it will be presented in the next section. The measurement of the contact angle between the
spherical cap and the solid, constitutes the bases for wettability measurements that they are

outlined in the next section.

2.5.2 Experimental techniques

2.5.2.1 Sessile drop contact angle

As mentioned, when the spreading coefficient for the spreading of a liquid droplet on a
solid is negative then the droplet does not spread instantaneously but it forms a spherical cap
instead. Contact angle measurements enable the calculation of the surface energy of a solid via
the measurement of the contact angle of different solvents, with known properties, with it.
These measurements exploit the observation described in Young’s pioneer essay on “The
cohesion of fluids™:”®
“It is necessary to premise one observation, which appears to be new, and which is equally
consistent with theory and with experiment; that is, that for each combination of a solid and
a fluid, there is an appropriate angle of contact between the surfaces of the fluid exposed to
the air, and to the solid”

This statement is depicted schematically in Figure 2.8. Let’s assume the droplet of a

liquid 1 sitting on a surface j and the corresponding value of the spreading coefficient is

negative. If the mass of a droplet is not big (its radius (r) should, in fact, satisfy the condition
r< /];L—;, where y; is the surface tension of the liquid, p is the density of the liquid and g is

the gravitational acceleration), the gravity effects can be omitted and the forces determining the
shape of the spherical cap are those illustrated in Figure 2.8. In this case yg; stands for the
solid-liquid interfacial energy, yJ, is the interfacial energy between the solid and the air (the

one that needs to be determined usually) free of the influence of any adsorbed film on the solid,
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y.v 18 the surface tension of the liquid and 6. is the equilibrium contact angle between the solid
and the liquid. If the sitting drop is in its equilibrium state then the net resultant force of the
system should be zero, as the droplet is not moving. Then assuming, also, that the effects of the
three phase contact line are negligible, a force balance analysis can be conducted resulting to
the infamous Young’s equation:

Ysv = Vst + Yiycoso, Eq. 2.52

In mid-30’s Bangham and Razouk,”””

in their pioneer work on gas-solid adsorption
showed that in the case that the droplet sitting on a surface is in equilibrium with its vapour,
then molecules from the vapour phase adsorb on the surface leading to a reduction on the value
of solid vapour surface energy. This phenomenon, described in Figure 2.8, and is expressed

mathematically by the equation:

Ysv + e = Vs + Vivcost, Eq. 2.53

The reduction in the solid vapour surface energy is indicated by the equilibrium spreading
pressure, me. The value ysv is in this case the values of the solid vapour surface energy in the

presence of an adsorbed film.

Y
+ eAd i
_ Vsv*TLe . . vaneing Ysi ! ! 9Rer:el:ling

Figure 2.8: Schematic representation of the concept of advancing and receding contact angle

measurements, indicating the relevant surface tensions, according to Young’s equation and the

spreading pressure.
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Combining the two equations above, one could, intuitively, derive the following equation
for the definition of spreading pressure.

Te =Y — Vsv Eq. 2.54

The determination of accurate values for me was a task challenged numerous prominent
researchers in the past. A number of studies revealed that for relatively high surface tension
and low vapour pressure liquids, including water, spreading on surfaces with relatively low
surface energy, where the contact angle is relatively high, the effect of spreading pressure can
be neglected.’-%

Theoretically, a clean and perfectly smooth ideal surface would lead to a single
equilibrium position. Experience lead to the conclusion that droplets do not exhibit a unique
contact angle, corresponding to a unique equilibrium position but they experience a range of
contact angles. Studies revealed that this spectrum of contact angles is related to the structural®>-

87 and chemical heterogeneity®!

of the material. The effects of structural heterogeneity on
wetting have been investigated in depth, with an example application in the development of
biomimetic surfaces.’>*> Contact angles on non-ideal surfaces can exhibit a maxima or minima,
referred to as the advancing and receding contact angle respectively, shown in Figure 2.9.
Advancing and receding contact angle measurements have been proposed as an
alternative, to capture the true equilibrium contact angle value.’® The droplet is placed on the
surface and is inflated through pumping liquid into it, via a needle. Simultaneously,
measurements of the advancing contact angle are taken at regular, constant time intervals. It is
important not to overinflate the droplet, because the effects of gravity become significant and
it may collapse (stick-slip phenomenon) under its own weight. When the droplet reaches a
sufficiently large volume, the contact angle should plateau at a value named the advancing

contact angle (64). Then liquid is removed, gradually, from the droplet. At the point where the

droplet reaches its minimum possible size and it is about to detach from the needle, it is
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expected that its contact angle has reached a minimum value termed the receding contact angle
(6r). The values of the advancing and receding contact angles are fed in the equations 61-63 to
calculate the “real” contact angle (6.). The difference between advancing and receding contact

angle, is the contact angle hysteresis.

sin30, 1 sin30y 1
rA = 3 3; rR = 3 3;
2 —3c0s0, + cos30, 2 — 3cos0g + cos30y
Eq. 2.55-2.57

TAC0SO, + TRC0OSOR
0. = arcos
N + ™R

2.5.2.2 Surface roughness and wettability

As mentioned a few paragraphs before, in section 2.4.2, the work of adhesion is not
reversible. Thus, inevitable advancing and receding contact angles cannot fundamentally be
equal. Nevertheless, structural and chemical heterogeneity of a surface reinforce contact angle

hysteresis The effects of structural and chemical heterogeneity have been first addressed by

97-99 1100

Cassie and Wenze respectively. Wenzel suggested a linear equation to relate the
measured (or actual) contact angle with the actual (or theoretical) contact angle, the liquid
should take on that specific surface. This was done through the introduction of an roughness
coefficient (rw > 1):.

Tw COS(Bactual) = COS(Bmeasured) Eq. 2.58

If the surface energy of the material results to an angle Gucuar> 90° then increasing the
roughness parameter (rougher surface) would result in an increase in the measured contact
angle. The opposite happens with surfaces where Gucuar < 90°. This is a very interesting notion
used for the design of hydrophobic surfaces, very important in industrial applications.

The Cassie-Baxter equation was developed to assess the effects of chemical heterogeneity

on the contact angle. It is widely used for the characterisation of composite surfaces. It assumes
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that the contact angle of a composite surface, wetted by a liquid, can be predicted by the

following equation:

n
cos(0) = Zfi cos(6;) Eq. 2.59
i=1

where f; stands for the relative surface coverage of component i on the surface of interest and

6 is the contact angle of the liquid on pure surface 1.

2.5.2.3 Solutions containing surface active molecules — Langmuir-Blodgett trough

In the presence of surface active molecules, such as polymers and surfactants, the wetting
behaviour of a solution does not obey the notions imposed by the Young’s fundamental work.
Instead, a fundamentally different wettability mechanism, based on the migration of the surface
active molecules on the three phase contact line, emerges.'> 19192 This gives rise to the concept
of surface activity. This phenomenon leads to improvement of wettability by decreasing the
work of cohesion term of the spreading coefficient, shown in equation 2.49. In terms of the
force balance, one could envisage surface activity as a component decreasing the surface
tension of the wetting fluid. Owe to its similarity to spreading pressure, the Greek letter =« is
ften used in literature to describe surface activity.

Intuitively, it can be hypothesised that surface activity can, similar to surface tension, be
decomposed to a van der Waals and an acid-base component. Nonetheless, no studies exist
showing the variation in these two components, upon addition of the surface active molecules.
Such a finding would be quite interesting as it will shade light on the importance of the polymer
properties, on its macroscopic behaviour in solution.

For the experimental study of solutions containing surface active molecules, the
Langmuir-Blodgett trough. This is an ingenious apparatus, first designed by Professor Irving

103194 and Professor Neil Kensington Adam!%-1% to study monolayers. Its use gained

Langmuir
a lot of popularity thanks to the work of Professor Katharine Blodgett'®” on multilayer films.
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The fundamentals of this apparatus, as it is used today, can be seen in Figure 2.9, whereas one

should look in literature for the original drawings.

Wilhelmy plate Barrier

" / /

._

PTFE tray kept at constant

A) temperature via a water bath

Surface active
molecule

§ S|l & & B—

B)

Hfé“?? N
C)

Figure 2.9: Images depicting the operation mode of a Langmuir-Blodgett trough. At the first figure,

on the top, the trough contains only water and callibration of the Wilhelmy plate is performed. In the

figure in the middle, the surface active molecules have just been added and a weak surface activity
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is recorded. In the last figure, the barrier has moved, compressing the surface active molecules,

increasing the surface coverage leading to an increase in the surface activity.

In the first frame, one could see the system as is it in the absence of any surface active
molecule. A known amount of water is loaded in a temperature controlled tray. Then the

Wilhelmy plate is calibrated for the surface tension of the water.

Surface
of water |

o
@D
T"'!—-

P
5
A) B)

Figure 2.10: Schematic showing the Wilhelmy plate dimensions, as it is immersed in water, from

A) side view, B) front view.

For a rectangular parallelepiped Wilhelmy plate with dimensions oy, by and ¢, (please
refer to Figure 2.10 as well), immersed in a liquid the following equation describes the force
balance of the system:

E, = ppgapbycy + 2Y1y waterbpcp c0s(6,) — pyghbycy, Eq. 2.60

in the above equation, the first component on the right hand side of the equation, accounts for
the gravitational forces acting on the Wilhelmy plate (p, is the density of the plate and g is the
gravitational acceleration), the second one accounts for the interfacial interactions between
water (Y., waer 1S the surface tension of water) and the third component accounts for the effects

of buoyancy (p: is the density of the liquid).
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A known amount of the polymer or surfactant, dissolved in an extremely volatile solvent,
is added in different points of the tray. Since the solvent is extremely volatile, the system is left
for a few minutes for it to evaporate. The amount of polymer in the water is known, so as the
volume of the water, so the concentration can be calculated.

After the solvent is evaporated, the barrier starts to move at a speed of a few millimetres per
minute. As the barrier moves, it pushes the molecules on the surface of the water with it. Thus
the surface area available for the active molecules to be spread decreases, increasing the
coverage of the surface of water with them. This induces a force on the Wilhelmy plate, which
is recorded by means of the equation described above. The experiment proceeds until the
recorded value plateaus, indicating the formation of the monolayer. Assuming that the
parameters of the system remains constant, then at this point, the surface activity of the solution

can be calculated, as follow:

AF

i _Z(bp + Cp)

Eq.2.61

It should be appreciated, that, similarly to the spreading pressure, the measured value of the
surface activity, is a relative quantity, measured with respect to a specific surface, in this case
the Wilhelmy plate. Thus, it is not used extensively for the design of surfaces or solutions but

as a mean to describe the behaviour of active molecules in solutions.

2.6 Solid-vapour interface

2.6.1 Introduction

Adsorption based techniques provide a versatile platform for materials characterisation.
They are more reliable than wettability methods and they can provide more insights than their
wettability counterparts. Thus, it is not a coincidence that they gain ground in the measurement

of the surface energetics of various types of materials.'® * In this section, the readers are
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introduced the fundamental concepts of adsorption, with emphasis in heterogeneous adsorption
in non-porous materials. The IUPAC definition of adsorption is given as follow:

“An increase in the concentration of a dissolved substance at the interface of a condensed
and a liquid phase due to the operation of surface forces. Adsorption can also occur at the
interface of a condensed and a gaseous phase”

This definition is grounded theoretically on Gibb’s work on “Equilibrium of

Heterogeneous Substances™.!% In a footnote in this work, the great pioneer makes the following
statement:
“If liquid mercury meets the mixed vapors of water and mercury in a plane surface, and we
use ui and u; to denote the potentials of mercury and water respectively, and place the
dividing surface so that I'; = 0, i.e., so that the total quantity of mercury is the same as if the
liquid mercury reached this surface on one side and the mercury vapor on the other without
change of density on either side, then I'>) will represent the amount of water in the vicinity
of this surface, per unit surface, above that which there would be, if the water-vapor just
reached this surface without change of density, and this quantity which we may call the
quantity of water condensed upon the surface of the mercury) will be determined by the
equation

do
Ir;ay = — i,

(In this differential coefficient as well as the following, the temperature is supposed to remain
constant and the surface of discontinuity plane. Practically, the latter condition may be
regarded as fulfilled in the case of any ordinary curvatures.)”

Noting that in the above statement ¢ stands for the surface tension of liquid mercury and
I for the surface excess, the equation, provided there, is the first mathematical interpretation of
adsorption. It is clear from the script that it refers to the phenomenon of the adsorption of
vapours on a liquid; no solid is mentioned.
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In 1937, three seminal papers were published by Bangham and Radzouk,”’-” pioneering
the studies of vapour-solid adsorption systems. In this work, they make the argument that this
isotherm proposed by Gibbs can be utilised for “the case where only one gas is present at the
surface of a solid or liquid in which it is nearly insoluble”.

As discussed in the section on “sessile drop contact angle”, Bangham and Razouk were
the first to provide a mathematical framework for the effect of adsorbed vapour on a solid
surface. They summarised this framework in terms of the Gibbs adsorption isotherm in the form
resembling to the definition of the spreading pressure outlined, as well, in the “sessile drop

contact angle”:

Po
Te =Vsy —Vsv = RTf ' d(In(P)) Eq. 2.62
0

In the above equation, 7. stands for the spreading pressure, ys and vy, are the surface
energy of the solid and of the solid vapour interface respectively, I' is the surface excess, R, T
and P have the same meaning as in the ideal gas law. This equation suggests that when the
influence of spreading pressure is negligible, the surface energy of the solid is the same as the
solid-vapour interfacial energy.

Following these publications, a lot of work was devoted work on the development of new
mathematical models to describe adsorption isotherms corresponding to different conditions.
The following table summarises some of the most well-known isotherms describing their main

attributes (chronological order is followed, going from the oldest to the most recent).
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Table 2.1: Summary of some of the most important adsorption isotherms available.?

Name Equation Comments
. 1 Developed for the investigation
Freudlinch (1909) 9. = K.pn ] ] )
e 07 of chemisorption on activated carbon.
. QobP, Emblematic equation, used for
Langmuir (1918) e =T . .
1+ bF, the study of monolayer chemisorption.
The most widely used isotherm.
Brunauer-Emmett— CPF,

Teller/BET (1938)

Fowler-Guggenheim

(1939)

Temkin (1940)

Kiselev (1958)

Elovich (1962)

Hill-de Boer (1968)

gmonolayer =

(1 _Pe)(1+ (C_ 1) Pe]

0, 20,W
Keabe =15 e"p( RT )
e

RT
0. = Eln(Kope)

Oe
K,P, =
ve (1 - ee)(l + knge)
i = KgP, exp <— £>
qmonolayer dm

ee He KZ He)

K.P, =
e 1—6),3'3""(1—9e RT

Employed for the investigation of

multilayer adsorption.

One of the first attempts to
introduce  non-idealities in  an

adsorption isotherm.

One of the first attempts to
introduce the concept of surface energy
heterogeneity in an adsorption

isotherm.

Similar to the BET equation,
used in the characterisation of

mesoporous materials.

A more advanced equation for

the investigation of multilayer
adsorption.
Similar to Fowler-

Guggenheim, derived from van der

Waals equation of state.

66



2.6.2 Heterogeneous adsorption

The aforementioned isotherms describe the adsorption phenomena in energetically
homogeneous surfaces. Nevertheless, populations of pharmaceutical particulate solids (as well
as other materials used in engineering applications) are characterised by energetic

heterogeneity. To account for heterogeneity, the following equation has been suggested:'®

f y()de =1 Eq. 2.63
0

The term y(e) is the probability distribution of having an energy site with energy ¢ on the
surface of a given material. Combining the aforementioned equation with any isotherm

equation, the fundamental equation of adsorption on heterogeneous surfaces is derived ’’.

6(T,p) = f 8o(e, T, p) » x(e) de Eq. 2.64
0

In equations 2.64 and 2.65, € denotes for the surface coverage and & for the adsorption
isotherm.
Similarly, an integral equation can be developed for the mean experienced surface

energy of adsorption:

o)

E= f ex0,(,T,p) * x(e) de Eq. 2.65
0

Considering that for a vapour to condensate on a solid surface, sufficient energy should
be provided by the latter to overcome the condensation energy of the fluid. In this context, the
integration should not be performed from zero to infinity. Instead, the integrals should be

rewritten as follow:

[oe]

6(T,p) = f 0u(e, T, p) * (&) de Eq. 2.6

Econdensation(T,P)
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E= f ex0,(s,T,p) * x(e)ds Eq. 2.67
&

condensation (T,P)

In the above equations, the &condenstion 1S the condensation energy, which depends on the
adsorption conditions.

Considering that the values of 8 and E can be determined experimentally, then the above
equations can be solved in order to obtain the surface energy distribution y(g). However, owe to the
nature of the equations, there is not a universal analytical solution for these equations. As IGC
is a tool of particular interest in the characterisation of pharmaceutical materials, it is quite
important that solution schemes have recently been developed for the treatment of IGC data.
These efforts have been materialised in the in silico tools presented in the works of Jefferson
et al. and Smith et al., which constitute the pillars of this field.!*2% 43

In Jefferson’s work, on the deconvolution of surface energy distributions from IGC
measurements, the Henry’s law model was used to model heterogeneous adsorption
phenomena. According to this model surface coverage increases linearly with vapour pressure.
Even though this approximation sounds over simplistic and it was challenged by Smith,!!' in
reality Henry’s law approximation is quite valid as IGC measurements are generally performed
at low partial pressures. In fact, as can be seen, in Table 2.1, BET equation at low pressure
reduces to Henry’s law.

Using the kinetic model proposed for gas adsorption on crystalline solids, Henry’s

constant (C) was given in the following terms:

C = Yo exp (_AG“'S) Eq. 2.68
Nef 2TM g kT kT 4=

In the definition of Henry’s constant given in the above equation, vo corresponds to the mean

stay time of an adsorbed molecule on the surface, n, stands for the concentration of surface
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adsorption sites, m 4 1s the mass of an adsorbed molecule, 4Gags 1s the change om Gibbs free
energy of adsorption, k is the Boltzmann constant, and 7 the temperature.
Assuming that the adsorbent molecule is an alkane, then the change in the Gibbs free

energy of adsorption is given as follow:

AGays = —Zam\/ W W Eq. 2.69

VsurfaceYadsorbent

On the surface of a crystal a finite number of patches/facets exists. Each facets carries a
specific surface energy value, depending on the corresponding facet specific surface chemistry.
The relative affinity of an adsorbent towards the two different patches is given by the ratio of
the Henry’s constant corresponding to each facet. In this context, it can be assumed that the
concentration of surface sites is facet independent, as it is determined by the crystal lattice
parameters. The adsorption of van der Waals fluids is driven only by the dispersive component
of surface energy (physisorption). The mean stay time, in this case, is approximately 107
seconds. Taking into account these two assumptions, the mathematical formulation of the

relative surface coverage takes the following form:

ﬁ — ex (_AGads,l + AGads,Z)
c, P KT
Eq. 2.70
/Zam\/y;‘(‘i/\s,orbent <\/VSLL‘1/1Yface,1 - \/VS]_‘I‘I/I\'/faceJ)\ q.2.7
= exp

kT

2.6.2.1 Mapping of energetic surface heterogeneity

Smith et al. used the analysis conducted above to solve the integral equations to obtain
de-convoluted representations of the surface energy heterogeneity profiles of crystalline
powders, assuming Gaussian distribution of surface energies. The integral equations were

solved using the point-by-point integration scheme suggested by Thielmann.** The underlying
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idea of this method is that the integral equations are solved for different combinations of the
surface energy density distribution function (y(€)), until agreement is reached between model
and experimental data. For example, let’s assume a sample of powder X containing crystals
with four different facets A — D, each one with a different surface energy value (let’s call it w).
Assumptions are made for the relative contribution of each of the facets to the total surface area
(this fraction would be called w) of the sample. If a Gaussian distribution of the energetic sites

is assumed then the following equation for the y(€) can be formulated:

2
D _1<yid—ui>

W;j 2 o
x(e) = g e Eq.2.71
— oV2m

In fact, since the values for u are known from contact angle experiments, only the values
of w’s can be varied in this equation. By inspection of the IGC data, is possible to obtain some
good predictions for them.

This, deterministic, approach for the solution of adsorption problems is grounded on two
main assumptions. The first one is that a Boltzmann distribution is adequate to describe the
behaviour of gas molecules in microscopic level. The second, is that each adsorption site
corresponds to a certain energetic threshold value, determined by the surface energy of the sites.
If the adsorbent particles carry enough energy to overcome this threshold, then this site will be
definitely filled.

Employing notions similar to those Einstein'!! used to explain the stochastic nature of
Brownian motion, adsorption phenomena can be classified as stochastic processes. The
stochastic nature of adsorption implies that even if the energy of an adsorbent particle does not
exceed the threshold value of the adsorption site, there are still probabilities to adsorb on it. A
stochastic description can shade more light in the study of adsorption phenomena, even though
the computational complexity scales significantly. In a similar manner, the codes developed by

Jefferson'® and Smith,?* could be modified. For instance, a Monte Carlo approach can be used
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to solve equation 2.71. This has been done by Smith,!'” but has not been published in peer
reviewed journals. These stochastic models, were more computationally expensive than the
deterministic and thus, they were not very practical for engineering applications.

More advanced Monte Carlo schemes, can also be used.!'>!'!'* However, this requires
computationally expensive simulations to be performed on large lattices, making them even
less practical for engineering applications than the stochastic models developed by Smith.
Nevertheless, these are very powerful simulations that they can be used to investigate, from a
more fundamental perspective, adsorption phenomena.

2.6.3 Inverse gas chromatography (IGC)

Powders are energetically heterogeneous and adsorption based methods provide an
attractive platform for the determination of surface energy and surface energy heterogeneity.
Inverse gas chromatography is the main method developed in this direction. As implied by its
name IGC, operates the opposite way conventional chromatography, developed by the Russian
botanist Mikhail Tswett''* at the beginning of the 20™ century, does. The stationary phase is
the unknown component and solvent probes with known properties are the mobile phase. The
retention time, the time required for a solvent to pass through the column of the packed solid,
determines the strength of the interactions between the adsorbent and the adsorbate and as it
will be shown in the next section, it can be used to measure surface energy.

At its infinite dilution mode of IGC, a relatively small amount of solvent is injected,
covering only the high surface energy sites of the stationary phase under investigation. In this
mode, the chromatograms obtained are usually Gaussian. In the finite dilution mode, higher
amounts of solvents are injected covering larger sections of the stationary phase. In this case,
the chromatograms can be skewed. A chromatogram exhibiting back tailing, indicates strong
interactions between the adsorbent and the adsorbate, corresponding to the type II and type IV

isotherms of IUPAC classification. On the other hand, when fronting is observed, then the
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interactions between the adsorbent and the adsorbate are weak, corresponding to the type III or
type V isotherms of [IUPAC classification. For non-Gaussian isotherms, the retention time (tg)
is not estimated from the maximum of the peak, but from the centre of mass of the

chromatogram. Then the retention volume (V) can be calculated as follow:

J) T
VN = —W(tR - tO) ( ) Eq 2.72

VVS TRef

In the above equation, j stands for the James—Martin pressure drop correction factor, accounting
for the compressibility of the injected probes. The coefficient Ws stands for the specific surface
area of stationary phase. The parameter w is the carrier gas flow rate. In chromatographic
processes, this is usually given in Standard Cubic Centimeters per Minute (sccm), which is
effectively how many cubic centimeters of gas are passing per minute at standard (reference)
conditions of 273.15 K and 1 atm. Then, fo stands for the dead time, which is the time required
for an inert molecule to travel through the stationary phase. For its determination methane
injections are usually employed. Finally, T corresponds to the experiment’s temperature and

Tref stands for the reference temperature, which, as mentioned before, is usually at 273.15 K.

2.6.3.1 Thermodynamics of IGC

In the context of IGC, the interaction between the sorbate and the sorbent is determined

by a distribution coefficient Kr, which is given by the following ratio:

_Vy TRT Ea. 273
R=Ws~ P 4=

Where Vy is the net retention volume, a measure of the strength of the interaction between

the sorbate and the sorbent. The parameter Ws stands for the specific surface area per unit mass

of the stationary phase. It can, also, be assumed that the behaviour of solvent molecules, inside

IGC, can be described in terms of the ideal gas law. Assuming that P=Po, then from the
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definition of the spreading coefficient it can be deduced that ne=I'RT. Thus, Kr can be written

as:

Te

K, = =%
R =P,

Eq.2.74

From classical thermodynamics, it can be recalled that the standard Gibbs free energy
change of adsorption ( 4G2;) and desorption ( AGJ,), at constant temperature, can be expressed

according to the classical equation:

E) Eq. 2.75

AGY; = —AGY, = —RTIn <P0

where Pg is the pressure of the adsorbate and the terms R and T have the same meaning as in
the ideal gas equation. By introducing the relationships derived for the distribution coefficient

the above equation takes the following form:

VyP,
l G) Eq.2.76

AGY, = —AGY, = —RTIn (T[eWS

Applying fundamental mathematics, the above equation can be rearranged to a linearised
form as follow:

AGY, = —AGY, = —RTIn(Vy) + C; Eq.2.77

The standard enthalpy change of adsorption (AH2,;) can be, similarly, be obtained, in

terms of VN, using the well established van Hoff’s equation:

dn(Kn)) _ d(In (l]//l/_l\;)) Eq. 278

(r) (r)

Thus, the standard entropy change of adsorption (4S2;), at constant temperature, can be

AHY, = —R

calculated according to the fundamental thermodynamic equation:

AGYy = AH2, — TASY, Eq. 2.79
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The thermodynamic analysis conducted above combined with the relationship between
change in standard Gibbs free energy and work of adhesion per molecule constitutes the basis
of the two graphical methods used for the determination of surface energy, using IGC; the
Schultz method!!" and the Dorris and Gray method.!!®!'” The fundamentals of these graphical

constructions are outlined in Figure 2.11.
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Figure 2.11: Schematic representations of A) the Schultz method and B) the Dorris and Gray

method for the determination of surface energy, using IGC measurements.

Chain alkanes are used, in both methodologies, for the determination of the van der Waals
component of surface energy. The Schultz method, assumes that the value of the intercept Ci,

of equation 2.78, is constant for every solvent probe; neglecting in this way the effect of
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spreading pressure. On the ground of this assumption a graphical construction as the one shown
in Figure 2. 12 A, can be generated. From the slope of the line formed by the van der Waals
probes, the van der Waals component surface energy can be calculated.

In the Dorris and Gray approach the concept of the methylene group, as the constituent
component of normal chain alkanes is used in the calculation. Using the results from a series
of chain alkanes, the change in the standard free energy of adsorption for a methylene group
(AG“H2) can be calculated from the retention volumes of two consecutive alkanes. Then the
van der Waals component of the surface energy can be calculated according to the following

linearised equation:

VN,n+1
W w1 [—AGCH\ 1 RTIn Vm )
Ysv ®Vsy = = : Eq. 2.80
4Ycu, \ Naacn, 4ycn, Nyacy,

In the above equation, Ny is the Avogadro’s constant, acm2 is the surface area of a
methylene group, ycy, is the surface tension of the methylene group, V. is the retention
volume of n alkane and R and T have the same meaning as in the ideal gas equation. Dorris and
Gray approach does not have a solid physicochemical background. Thus, even though it is quite
common to give similar results with the Schultz approach, it is not extensively used in literature.

The Schultz plot can be used for the calculation of the acid-base component of the surface
energy, via the retention volumes of polar probes. The difference between the change in the
Gibbs free energy of adsorption of a polar solvent data point and the chain alkanes’ regression
line provides a measure for the change in the acid-base component of Gibbs free energy of
adsorption. This value can be used along with the values of the acid and the base component of
the surface tension of the polar solvents to calculate the acid-base component of the surface
energy of the solid. The calculations are performed using the notions developed in section
2.4.2.1 of Chapter 2, using a geometric mean approximation to describe the interaction between

the adsorbent and the adsorbate. Thus, they are subjected to the limitations discussed there.
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Monopolar polar probes such as toluene and dichloromethane are usually employed in these
measurements. '8

As mentioned, the Schultz’s construction, even though it has some physical basis, omits
the fundamental concept of the spreading pressure, which has been introduced in the very early
days of solid-vapour adsorption. It is well documented that the spreading pressure of a gas
adsorbing on a solid, with surface energy higher than its surface tension, is positive. Thus, the
assumption, that the value of the spreading coefficient is negligible, is not very robust.

The development of Finite Diliution IGC (FD-IGC) enables experiments to be performed
at different and relatively high concentrations of the solvent probes. This means that relatively
large surface coverage of the packed material can be achieved. By performing experiments at
different concentrations, with different solvents, one can construct a surface energy map of the
material under investigation. Figure 2.12 depicts the general form of a surface energy map.
Two very distinct region can be identified. At low values of surface coverage, the injected
molecules adsorb preferentially on high energy sites, mainly defects, present on the surface of
the material. These defects constitute a relatively very small amount of the total surface area
and thus, as the surface coverage increases their effect, rapidly, becomes less prominent. When
the material is well into the finite dilution zone, corresponding to values of surface coverage
higher than 0.03 the surface energy map plateaus. This means that in the finite dilution zone,
the energy experienced by the injected molecules is relatively constant. In this context, the

surface energy at the plateau is usually regarded as the true surface energy of the material under

investigation.
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Figure 2.12: Schematic depiction of the qualitative behaviour of a surface energy map obtained by

FD-IGC measurements.

Using the notions described in 2.6.3.1 section of this work on the mapping of surface
energetics, one could recreate, in silico, the FD-IGC experiment and then use an optimisation
algorithm to determine the surface energy distribution better describing its experimental data.
Considering that crystalline materials have facets, each one carrying a specific value of surface
energy, the resulting surface energy distributions, for crystalline powders, would provide an
estimate of the relative abundance of each facet in the powder sample under investigation.
Theoretically, a robust optimisation algorithm can identify both the relative abundance of each
facet and its surface energy. Nevertheless, owing to the highly non-linear nature of
heterogeneous adsorption and the need for faster computation times, this can lead to erroneous
results. Thus, wettability measurements, on macroscopic single crystals, can be used to measure
the facet specific surface energy of the different facets. Facet specific surface energy is an

increasing property, meaning that it will be the same for a macroscopic crystal and a micron
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sized crystal. Thus, the wettability measurements can be fed into the in silico tool in order to

enhance its performance.'*°

2.7 Solid-solid interface

2.7.1 Fundamental thermodynamics

Surface properties have a critical role in the determination of the contact mechanics. In
this context all the types of forces discussed in the first sections of this chapter, including but
not limited to van der Waals forces and acid-base interactions are involved in the formation of
solid-solid interfaces. Similarly to before, London (dispersion) forces have the lion’s share in
these interactions. These forces dominate cohesive interactions between particles of the same
material or adhesive interactions between particles of different materials. Environmental
factors, especially relative humidity, have a major role in the formation of solid-solid
interfaces.!!” It should also be mentioned that electrostatics, heavily influenced by both the
surface properties of the materials and the relative humidity, play a key role in particle-particle
interactions, but they are not studied in this work.'?*1?* As discussed in the section on solid-
vapour interfaces, hydrophilic materials are more susceptible to the effects of relative humidity.

The mechanisms via which moisture influences adhesive/cohesive interactions are quite
though provoking. For instance, the presence of a moisture layer, adsorbed on the surface of a
solid, increases the effective distance between adjacent particles, diminishing the effects of
surface forces. Similarly, it will contribute to the rapid dissipation of the surface charge,
contributing further to the reduction of attractive interactions.

As arule of thumb, capillary forces are not generally significant when the RH is less than
50%. However as the RH climbs above 65%, capillaries can become the dominant mechanism
determining adhesion.'?* For hydrophilic materials, liquid bridges is an important mechanism
via which moisture can influence interparticle interactions.!?>"'2” These bridges are formed by

the condensation of moisture in the gaps between particles. These structures start gradually to
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dissolve the material and if they remain for prolonged periods of time undisturbed, then they
will consume significant amounts of a hydrophilic material. Then, during drying, the
evaporation of this moisture will cause the recrystallisation of the dissolved material leading to
the formation of solid bridges.!?*'?° Solid bridges increase the adhesive/cohesive interactions,
between particles, significantly. The formation of solid bridges can be attributed to other
factors, such as chemical reactions between adjacent particles of different materials. These
reactions can be, of course, facilitated by the presence of moisture. The presence of high level
of moisture can develop capillary forces which can enhance adhesive/cohesive interactions.

As it will be discussed in the next chapter, dry coating is a downstream process gaining
ground in pharmaceutical industry, used for the improvement of the flowability of cohesive.
The surface of cohesive micron-sized particles is coated with sub-micron particles, increasing
the roughness. Rough particles have less contact points, hindering the formation of van der
Waals interactions. Nevertheless, topographical changes, associated with increased roughening
can be induced by milling, as well. In this case, topographical features, such as holes and
crevices may induce mechanical interlocking. This will enhance attractive interactions between
particles.
2.7.2 Experimental techniques

For the quantitative determination of adhesion/cohesion forces, atomic force microscope
can be used. However, as this tool has not been used in the experimental section of this thesis,
no section was devoted to it. The interested reader can be referred to literature where abundance
of studies exists. Inverse gas chromatography, the operation of which has already been
discussed extensively, can be used to calculate adhesion/cohesion forces by measuring surface
energy. However, scanning electron microscope and other imagining techniques are also used

to understand the interparticulate interactions qualitatively. Spectroscopic techniques such as
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X-Ray Photoelectron Spectroscopy (XPS) have also been employed to quantify surface

chemistry, critical in the determination of adhesive/cohesive interactions.

2.7.2.1 Scanning Electron Microscope (SEM)

SEM is a microscopy technique enabling the imaging of submicron particles. Owe to the
size of particles used in pharmaceutical industry, SEM is an indispensable tool for drug product
development. It exploits electron scattering to create images of objects, thus a strong SEM can
achieve a theoretical maximum magnification of up to 10° times, enabling a resolution of up to
2 nm. SEM is a technique relying on electron scattering, so when a non-conductive material is
examined, it appears as a dark shade owe to poor scattering. Thus, non-conducting materials
are coated, via vapour deposition, with a thin film of a conducting material, such as gold, prior
to SEM examination. The introduction of environmental SEM in 1980s has made now possible

to study powder sample in relative humidity ranging from 0 to almost 100%. '3

2.7.2.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a surface probing technique enabling the quantification enabling of the surface
chemistry of a solid surface in terms of the different functional groups consisting it. X-ray
photons, emitted usually from an anode material bombarded by electrons generated from a
tungsten source, are bombarding a surface. The absorption of high energy X-rays, with photon
energy between 200 and 2000 eV, leads to the ejection of core electrons, as described by the
fundamentals of the photoelectric effect. The kinetic energy of the ejected electrons is recorded
and then the electron binding energy can be calculated using the classical quantum mechanical
equation:

Epp = hyvy—Exp — @ Eq. 2.81

Where Ege and Exg is the ejected electron’s kinetic energy and the electron binding

energy, hp is Planck’s constant, vy is the frequency of the X-rays and @ is the work function.
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Using simple Newtonian intuition, it is easy to realise that the product of h, and v gives the
energy of the incident X-rays and the work function is the minimum amount of energy required

for the ejection of one electron, the cornerstone of the photoelectric effect.

The ejected electron’s current density is plotted against calculated electron binding
energy to provide a quantitative plot for the frequency of each binding energy. Considering that
the binding energy for each individual element is unique, describing not only the pure state of
the element but its chemical functionality as well, the XPS plots can provide accurate mapping
of the functional group on the measured surface. Utilising reference materials, it was possible
to develop huge databanks summarising the binding energy corresponding to a wide range of
functionalities. Using these databanks is possible to accurately deconvolute, via optimization,

the relative abundance of each functional group.

2.8 Liquid — liquid interface

Contrary to crystalline materials, amorphous materials do not exhibit long range order.
This lack of long range order gives rise to the non-equilibrium character of amorphous
materials. Thus, amorphous materials are energetically higher than their crystalline
counterparts. Amorphous materials are gaining momentum in the development of solid dosage
forms. For instance, new strategies for the formulation of poorly soluble amorphous active
pharmaceutical ingredients, with the aid of polymers, are currently under investigation. Thus,
understanding of the interaction of amorphous materials with fluids is of crucial importance, as
it will open new boulevards in the study of the dissolution and bioavailability of drug products
and it will allow the development of new characterisation techniques. Thankfully, amorphous
materials have been a subject of study, thanks to their versatility making them suitable for a
wide range of applications in numerous industries. Thus, a plethora of theoretical,
computational and experimental approaches are available for the study of the properties of

amorphous materials. The concepts of miscibility and phase separation, both dictated by the
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thermodynamics of mixing have been in the epicentre of the efforts of understanding of the

behaviour of amorphous materials.

Between 1934 and 1935, Professor Lawrence Bragg and Professor James Williams

published a series of three papers!®!-133

on the phase transitions in alloys, discussing numerous
intriguing topics such as phase separation and metastability. The milestone of this work is the
statistical mechanical analysis for the change in the standard free energy of mixing of alloys.
In this analysis, the authors introduce, for the first time, the concept of interaction between the
atoms of a binary alloy, both similar and non-similar atoms, a concept that has been discussed
by other investigators in the same period. This statistical mechanical model constitutes the basis
of all the modern computational tools used for the study of phase transitions in complex

systems, as it can be generalised in a wide range of systems, introducing more sophisticated

types of interactions, to accommodate more intriguing phase transitions.

A few years later, in April 1941, Professor Maurice Huggins'** published his work on
“Solutions of Long Chain Molecules” arguing that the interactions between the long chain
molecules and between long chain molecules and solvent molecules influences the osmotic
pressure of the system. A few months later, in October, Professor Paul John Flory'*® published
a papers providing a more generalised statistical mechanical treatment of the ideas proposed by
Huggins. Using arguments similar to those proposed by Bragg and Williams, Flory proposed
the implementation of a heat of mixing term, to account for the interactions between the
different components of the solution. Later on, this heat of mixing parameter was manifested
in terms of a dimensionless parameter, y, called Flory-Huggins interaction parameter, to honour

the pioneers of the field.

In this section a thorough derivation of the classical lattice based Flory-Huggins equation,

for a system comprising of a solvent molecule and a macromolecule, is presented, aiming to
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provide an understanding of the key assumptions and limitations of the model. Then, it will be
shown how the concept of Flory-Huggins interaction parameter can be employed to
characterise amorphous materials, via IGC.

2.8.1 The Flory-Huggins theory

One should recall that the change in the Gibbs free energy of mixing is given as follow:
AG iy = Aoy — TAS, i Eq.2.82

For an ideal solution, where no interaction between the molecules are taking place the value of
AH,,;, 1s equal to zero. This implies that the thermodynamics of mixing are solely governed by
the entropy of the system. Furthermore, it is implied that an increase in temperature will favour

solubility as it leads to an even smaller value of 4G,

In the classical derivation of the Flory-Huggins equation a binary system comprising of
solvent molecules and linear polymer molecules was used. A Meyer type lattice was considered
to describe the binary system; a quasi-solid lattice, which enables the interchangeability of the
polymer chain with solvent molecules in the lattice cells and where the lattice parameters are

independent of the polymer composition.

The lattice comprises of ng cells and it is populated by solvent and polymer cells only.
The number of solvent molecules is No and the number of polymer molecules is N,. Each
polymer molecule consists of m segments. Each lattice cell can be populated either by a solvent

molecule or one segment of a polymer molecule, in order to fulfil the equation:
Ng = NO + mNp Eq 2.83

The number of nearest-neighbour cells available for each cell on the lattice is annotated

by Znn.
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It was assumed that the polymer is well dispersed in the matrix, in other words that the
concentration of polymer segment containing cells next to solvent containing cells is the same

as the overall polymer concentration.

Following that, intuitively it can be deduced that the number of conformations (o) for

each successive segment of the polymer chain is given by:

nyg — mN.
ac = (Zpn — 1)—( 0 - ») Eq. 2.84

However, the careful reader should notice that the aforementioned number includes a
number of impossible conformations such as the case when two segments of the same polymer
chain, separated by two or more intervening segments, occupy the same cell. Thus, it can be

deduced that the number of conformations that a single polymer chain can take is given by:

m-1
(ng —mN,)
Ny

1 z
UNy+1 = 2 ( ng — mNp) (Znnni 1) (Znn — 1)

Eq. 2.85

1
~ E(no - mNp)m(znn —1m-1

Since there are N, polymer molecules in the lattice, the total number of their possible

configurations is given by:

Np

1
Wconf = m 1_[ va Eq 2.86

p* =
Np=1

The first term on the right hand side of the equation above acts as an operator removing
the redundant configuration, differing only by one interchange of one or more pairs of polymer
chains. To simplify the equation, the Stirling approximation can be introduced which has the

form:
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Nyl = (_> Eq. 2.87

Thus, the equation for the total number of possible configurations of Np polymer

molecules becomes:

W .= (Znn - 1>(Z‘”N" (1>”” (No +mNy)"™™ Eq. 2.88
conf — e 2 NONONpr gJ. <.

Then applying the infamous equation written on Professor Ludwig Boltzmann’s

tombstone the following relationship is obtained:

Ny N,
ASmixtinear = —k | No In No"'—mNp + Np In NO+—mNp +kem

— DN, ((n(zp, —1) — 1) — kN, In(2)

Eq. 2.89

In real solutions, the polymer molecules are not linear, but entangled. The change in
entropy associated with the transition from a state of perfect orientation to a state of random

entanglement can be calculated by setting the number of solvent molecules equal to zero
(No=0).

V4

ASmix,entanglement = kNp In (E) + kNp (Znn - 1)(1n(znn - 1) - 1) Eq- 2.90

hen to obtain the entropy change for mixing, the following operation is performed:

ASmix = Amix,linear - ASmix,entanglement

k(Ny1 No +N,1 miNp Eq.2.91
O\ No +mn, ) TP T\ Ny + mN, 929

—k(NO In(po) + N, ln((pp))

where @, and @, are the volume fractions of the solvent and the polymer respectively. As
mentioned, for an ideal solution, the enthalpy of mixing is considered to be zero. Thus, the

change in the Gibbs free energy of mixing is given by:
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AGpix = kT(NyIn(go) + Ny In(g,)) Eq.2.92

This equation, corresponding to a parabolic curve, excludes the possibility of any phase

separation as it gives only negative values of AGmix.

So, to introduce the concept of enthalpy of mixing, Flory and Huggins used the idea that
the molecules in the solution interact with their neighbouring molecules. On the framework of
the lattice, this is manifested by the introduction of parameters accounting for the interactions
of cells with their nearest-neighbouring cells. In the cell there are solvent containing cells and
cells containing polymer segments, so there are three possible types of interactions: interactions
between solvent molecules, between polymer segment molecules and interactions between
solvent molecules and polymer segments. It has been assumed that the probability of finding,
let’s say a polymer segment cell next to a solvent cell is proportional to the concentration of
the polymer. In addition, they assumed that the polymer solution is incompressible, such as

AH i = AU So they derive the following expression for the internal energy of the solution:

1 1
Ug = kT <E No(€00290 + €0pzp) + EmNp(eppzq)p + eopzq)o)> Eq.2.93

In the above equation the term &;j describes the interaction energy between phase 1 and j. The

Y coefficient was added to eliminate double counting of bonds.

Following the same notions, the total change in the enthalpy of mixing is calculated
according to the following relationship, which includes the internal energy of the solvent (UJ)
and the polymer (Ug ) and the polymer segments:

1 1
AH iy = Ug —UQ — U8 = kT (E No(€00z®0 + €opzpp) + ~mN,, (eppzep, +

Eq.2.94

1 1
sopzq)o) - ENOSOOZ - EmNpeppz)
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After some mathematical treatment the equation takes the following form:
AHp i = kT (No + mNp) xp@o Eq.2.95

Where the y interaction parameter takes the following form

z
X = > (2&0p — €00 — Epp) Eq. 2.96

One should notice that the value of i, from the classical derivation, is independent of the
concentration of the solution. Nevertheless, this is not the case in physical systems, where it
was found to have a non-linear correlation with the polymer concentration. Even though y is a
parameter accounting for the heat of mixing, one should understand that the bond formation,
occurring during mixing, involves a change in the entropy of the system. The formation of
bonds inherently changes the vibrations of a particular molecule around its equilibrium position
in the lattice. Thus, the € parameters should not be regarded as purely enthalpic parameters, but
as free energy parameters. To cope with this situation, Guggenheim suggested that the

parameter could be divided in an enthalpic and an entropic component as follow:

X=Xy tXs Eq.2.97

Hildebrand'3%-13® suggested that the enthalpic component can be described in terms of the
solubility parameters of the system. Solubility parameters are metrics of the cohesive density

of a substance, which is given as follow:

1/2

AE;
5 = (_l) Eq. 2.98

Where, 6i, AE; and V; are the solubility parameter, the enthalpy of vapourisation and the
molar volume of compound i. Hence, the yy can be formulated, in terms of the analysis

conducted for the Flory-Huggins equation, as follow:
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Vi 2
X = 7 (80 = 8) Eq. 2.99

So substituting in the fundamental equation, the change in the Gibbs free energy of

mixing is given by:
AGpix = kT(NO In(¢po) + N, ln(<pp) + (N, + mNp))((ppgoo) Eq. 2.100

This is the infamous Flory-Huggins equation. Empirical studies, show that the classical Flory-
Huggins equation holds well for concentrated and dilute polymer solutions, lacking accuracy

in intermediate regimes.

Considering that there are no restrictions in the value of the y, it could be either positive
or negative, a number of possible miscibility cases can be observed. Four of them are illustrated
in figure. In the first schematic of Figure 2.14 figure, the value of y >>0, indicating strongly
repulsive interactions. Thus, the enthalpic component dominates the system, the value of

AG iy 1s constantly above zero and hence no mixing is expected to occur.
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Figure 2.14: Schematic the change in free energy of mixing between a polymer and a solvent
depicting the four main cases observed A) no mixing between the two components; B) partial

miscibility; C) mixing but with phase separation at some compositions; and D) complete
miscibility.

In the second schematic, the system is miscible only for ¢, < ¢,; and ¢, > @p2. For @p1 <
op < @p2, the system will phase separate in a solvent rich phase and a polymer rich phase, the
composition of which can be deduced graphically from the curve. In the third schematic, even
though AG,,;,, < 0, the system does not exhibit miscibility for every single composition.

Instead for ¢p; < @p < @p2 the system will decompose to the two local minima @p1 and @p.
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Finally, for the last case, full miscibility is expected as the curve does not exhibit any maxima
or minima.
2.8.2 Using IGC to measure the y interaction parameter and beyond

Flory-Huggins equation, has been employed for the study of various systems, beyond
polymer solutions, mainly thanks to its simple form. For instance, it has been used in the study
of the behaviour of surfactants and amorphous solid dispersions. Owe to its inherent limitations
stemming from weak assumptions such as that the polymer segments and the solvent molecules
are equal in size, Flory-Huggins equation was subjected to various modifications in order to
become more robust. Further modification were proposed in order to capture some more exotic
phenomena, like the appearance of Lower and Upper Critical Solution Temperatures and the
formation of closed loop phase diagrams.!*-1** Some of the modifications, attempted to model
the evolution of the value of y over different concentrations of polymer. Others, attempted to
introduce some additional terms, describing entropic phenomena upon physical bond

formation.!#!-142

In 1971, in a paper published in “Macromolecules”, Patterson'** proposed a framework
for the measurement of the  interaction parameter using IGC. He assumed that for a polymer
sample packed in a chromatographic column, interacting with a gas, the partition coefficient of

is given by:

N V. V
Ky = Vpolymer A}qas — - N Eq. 2101
polymer ‘Vgas polymer

Where, Npoyymer and Vyopmer stand for the number of polymer molecules and the molar
volume of the polymer respectively. Similarly, Ngas and Vus stand for the number of the probe
molecules in the vapour phase and the molar volume of the gas respectively. Finally, V stands
for the retention volume, similarly to what it has been described before for the interaction

between a gas and a solid.
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The activity coefficient for the probe gas (y, 1) in this system is given by the well-known

equation:

Va1 =— = Eq. 2.102

In the above equation o is the activity of the gas, f;; is the fugacity of the gas, fg(fl is the
fugacity at the standard state. Finally, x; stands for the mole fraction of the gas. Assuming that
the concentration of the gas probe is very small compared to the volume of the carrier gas, then
x1— 0. Under these conditions, the activity coefficient at infinite dilution (y;°) can be written

as follow:
Ya1 = 50 Eq. 2.103

Where P is the gas pressure and P} is the saturation pressure of the gas. Assuming ideal
gas behaviour and using the equation for the partition coefficient the following expression for

the activity coefficient at infinite dilution can be obtained:

Ny RT _ RT Npotymer Eq. 2.104
VPSP Vy q- =

o _
ya,l -

By introducing the second-virial coefficient (B,;) to account for the non-idealities in the

behaviour of the probe gas, one could obtain the following equation:

In(y3y) =1 RT PlO(B V) Eq. 2.105
n =In|l———|—-—— - 2.
Va1 P10 Ve, RT P11 1 q

In this equation, it is counterintuitive the fact that as M, — oo, the activity coefficient
Ya1 = —o. This suggests that the activity coefficient is not a suitable reference quantity for a
system where the value of the molecular weight of the polymer M,, can still be determined
accurately. In the same direction, it is obvious that a composition based quantity such as the

activity coefficient at infinite dilution, is inadequate to describe the interactions in a
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concentrated polymer solution. So, an alternative thermodynamic quantity was selected on the
ground of these limitations. The weight fraction of the gas phase (1) was picked as an ideal
candidate. Table 2.2 presents a comparison of the activity coefficient for n-hexane at infinite
dilution in different n-alkanes, as calculate using the classical definition of y;° and the
alternative one proposed on the ground of the weight fraction. It is evident that the latter gives

more realistic quantities. Thus, it will be used for the rest of this derivation.

Table 2.2: Calculated activity coefficients for n-hexane at infinite dilution in n-alkanes.'®

n-Alkane In(yz1) in (:1_11)00
Con -0.10 0.90
Con -0.39 1.25
Con -0.65 1.39
Coon -1.03 1.50
Cio00 -3.14 1.67
o - 1.69

Thus, the equation for the activity coefficient at infinite dilution is now written as follow:

l (al)w—l RT PlO(B A Eq. 2.106
") T\ povym,) T RT T a4 =

The classical Flory-Huggins equation can be differentiated, with respect to the number of
solvent molecules, and slightly modified to get the following form for the change in the molal

Gibbs free energy of mixing:

AGpix = RT* In -~ = RT|In o + ¢, 1—M " + x5 Eq. 2.107
1 P pYp

where v and vz stand for the specific volume of the solvent and the polymer respectively.

For a concentrated polymer solution, ¢, — 1, resulting to the following equation:
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o | <—RTU2 ) P (Byy — V) <1 " ) Eq. 2.108
x?=1In — 5B V) —({1- q. =
P’VyM,Vy) RT M,v,

Thus, an equation has been derived enabling the determination of y using IGC. One should
stand critically on the key assumption that this equation is valid only for the case of a
concentrated polymer solution. Thus, it is important to understand, that, contrary to the surface
energy measurements described in the section on “Solid-Vapour interfaces”, it is not reasonable
to run IGC experiments at the finite dilution mode, as the fundamental equations do not support
them theoretically.
2.8.3 Hansen Solubility Parameters

The concept of the Hildebrand solubility parameters was expanded by Hansen,?* who
proposed that the cohesive forces contributing to the vapourisation energy can be deconvoluted
in a similar manner as the surface energy. The following equation was proposed for the

cohesive energy (Econ):

Where Eq4, Ep and En correspond to the dispersive, the polar and the hydrogen bond
component of the cohesive energy. In a similar manner, the solubility parameter is

deconvoluted as follow:
§2=065+6%+6; Eq. 2.110

In the above equation d4, 0p and dn stand for the dispersive, the polar and the hydrogen bond

component of the solubility parameter.

Recalling Equation 2.99 and combining it with the recently derived Equation 2.108 one

should obtain the following equation linking HSP with the ) interaction parameter:
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52 x* 28 52
X %2 Eq. 2.111
RT 'V, RT ' RT

In the above equation, 61 and d; stand for the total HSP of the probe molecule and the stationary
phase, respectively. The parameter Vi is the molar volume of the probe molecule, ™ is the
interaction parameter calculated directly from IGC data via Equation 2.109. Finally, R and T
have the same meaning as in the ideal gas equation. Using the same notions used for the
development of graphical constructions, such as the Schultz’s plot, for the calculation of the
surface energy of a material, a graphical construction has been developed for the calculation of
HSP using multi-solvent IGC measurements. By performing infinite dilution measurements,
using alkanes, aprotic polar molecules and alcohols one could create a graphical construction,
like the one depicted in Figure 2.15, on the ground of Equation 2.111. From this graphical
construction one could calculate the slope of the lines resulting from alkanes (mp-aikanes), aprotic
polar molecules (maprotic) and alcohols (maicohots). On this ground, the different components of

the HSP of the stationary phase (82) are calculated according to the following equations:**

mn—AlkanesRT

6 =
d,2 2
m ic — Mpy_ RT
5p’2 — ( Aprotic 2n Alkanes) Eq. 2112-2.114

Sn o = (mAlcohols B mn—Alkanes)RT
h,2 - 2
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Figure 2.15: Schematic depiction of the graphical construction used for the determination of HSP

from IGC measurements.



3. Implications of interfacial phenomena in drug product development
and pharmaceutical process development.

3.1 Introduction

As it becomes clear from the previous chapter, the importance of interfacial phenomena
varies at different length scales. In addition, as it happens in every scientific field, a number of
conditions had to mature, before the community to be able to tackle complex problems
associated with interfacial phenomena in pharmaceutical industry. Considering that the first
scientific breakthroughs in the field took place in the late 19" century, it is not surprising that
it was not until 1970’s that people started to extensively employ the scientific tools required for
the study of interfacial phenomena. The development of more sophisticated and diverse
pharmaceutical formulations, including multicomponent drug products and sub-micron based
formulations, created the need for the use of these tools in pharmaceutical industry. It remains
a matter of discussion why some of the biggest breakthroughs (such as AFM, IGC, XPS etc.),
currently in use for the study of interfacial phenomena in pharmaceutical industry, have

developed for the study of phenomena in other disciplines.

The diverse nature of drug products and pharmaceutical processes does not allow a
thorough description of all the associated interfacial phenomena in a single chapter. In this
direction, this chapter aims to shade light in aspects of the influence of interfacial phenomena
associated with the development of solid oral dosage forms. Solid oral dosage forms constitute
the backbone of drug products marketed around the world. They are expected to retain this
status in the years to come, thanks to the unprecedented advantages they pose. In particular,
solid oral dosage forms, are easily administered, they enable accurate dosing, they are robust

upon storage and it is easy to package and distribute them.

A structure similar to the one followed in the previous chapter is used in this one, as

well. Phenomena from the four main interfaces are presented, starting from the solid-liquid
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interface, moving to the solid-vapour and the liquid-liquid interface and closing with the solid-
solid interface. The structure was picked in order to make the flow of the material more

coherent; in line with the previous chapter.

For the solid-liquid interface the emphasis is given on crystal nucleation, growth and
dissolution. These three key phenomena constitute the backbone of the operations of numerous
biopharmaceutical organisations. In the solid-vapour and the liquid-liquid interfaces, the
emphasis is given on vapour sorption phenomena and then for the solid-solid interface a wide
range of downstream processes such as milling, micronisation and granulation are discussed

here.

3.2 Implications of Solid-Liquid Interfaces

The first part of this section discusses the implications of interfacial phenomena in crystal
nucleation and growth in solution. A number of fundamental concepts of particular importance
for crystal growth will be addressed quite early on, to facilitate the discussions concerning the
effects of solvents and additives in crystallisation. Particular emphasis will be given on the
importance of anisotropic interactions in crystal growth. Then, the focus of the section will be
shifted towards crystal dissolution. In this context, the effects of additives will be discussed.
Furthermore, the influence of interfacial phenomena, in crystal engineering and post
crystallisation strategies employed for the improvement of crystal dissolution, will be
addressed. As the field of crystal dissolution is quite extensive, this work would remain focused
on the dissolution of crystals and little emphasis will be given on the dissolution of drug
products. At the end of the “Solid-Liquid Interfaces” section, a number of more advanced topics
are discussed, such as the use of surface active molecules for the control of crystal growth and
dissolution, in the light of the topics presented in the previous chapter, on the importance of

surface activity on the solid-liquid interface.
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3.2.1 Crystal nucleation and growth

3.2.1.1 Crystal nucleation in solution

Crystallisation commences with the formation of a crystalline nucleus. According to the
classical nucleation theory (CNT), the crystallisation conditions determine the thermodynamics
and kinetics of nucleation. In this context, according to CNT,!** the solid-liquid interfacial
tension is the major barrier for nucleation. On the other hand, the supersaturation of the solution
is the driving force for it. Solution conditions determine the critical diameter of a nucleus, the

point above which the nucleus is growing spontaneously.

CNT provides an easily digestible framework for the investigation of crystallisation.
However, it was proved to be not very reliable in the prediction of crystallisation kinetics,
deviating orders of magnitude from the experimentally measured data. In this direction,
research efforts non-classical nucleation schemes were investigated. At the epicentre of these
non-classical models is the idea that the solid nucleus does not emerge directly from solution,
but from a metastable amorphous precursor droplet.'* This concept was first proposed for
proteins, the size of which make the emergence of a crystalline nuclei directly from solution
thermodynamically expensive. However, the two-step nucleation model was later verified in
the context of small molecules experimentally for both small molecules'*® 47 Besides the
amorphous precursor mediated two step nucleation, more exotic non-classical nucleation

schemes have been discussed, especially in the context of biomineralisation. !

The emergence of non-classical nucleation schemes creates new challenges in the
direction of understanding of the influence of macromolecular additives in the formation of a
nucleus inside a precursor droplet or otherwise. For instance, it was shown that, in the field of
biomineralization, the process used by biological entities to create minerals, the presence of an
intermediate liquid-like phase, termed polymer induced liquid phase, is of high importance in
the regulation of the mineralisation process. As has been speculated in a review paper by
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Professor John Spencer Evans, the this phenomenon may be applicable in the macromolecules

assisted crystallisation of small organic molecules.'#-1>

Nucleation is a phenomenon taking place in the nanoscale. Inevitably, interfacial
phenomena play a key role in nucleation. From a classical nucleation perspective, interfacial
tension is the thermodynamic quantity opposing the formation of a nuclei. In this sense, it is a
key factor in the determination of the thermodynamic barrier required for nucleation to take
place and the critical nucleation size. Furthermore, for heterogeneous nucleation,>!"15? for the
case, where the nuclei are formed on a solid surface immersed in the solution, the contact angle
of the nuclei with the solid surface, determined by the work of adhesion between the two,
decides the geometric factor that lowers the thermodynamic barrier and the critical nucleation

size, making heterogeneous nucleation more energetically favourable. 15315

On the other hand, the importance of interfacial phenomena in two step nucleation'*’ is
still a topic of active research. As mentioned a metastable liquid droplet constitutes the

158-159 and

backbone of the two step nucleation theory. It has been suggested by MD simulations
very recently verified by in situ TEM experiments,'® that the nuclei are not formed generally
somewhere inside this metastable droplet, but instead they are formed on the walls of the
droplet. This suggests, that as long as the behaviour of a system is described by two step
nucleation, then every single nuclei is a product of heterogeneous nucleation. Concurrently, in
some more fundamental studies, it was shown the two step nucleation pathway is chosen over
the classical nucleation one because it offers a lower surface energy barrier. Similar to bigger
crystals, nuclei are anisotropic in nature and, as mentioned before, for their formation of which
is influenced a solid-liquid interfacial energy barrier. It remains unclear whether crystallisation

conditions will influence the crystal anisotropy of the primary nucleus or if all the nuclei exhibit

the same anisotropy.
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The size and the timescales associated with nucleation make the fundamental study of
nucleation phenomena an intellectually challenging field. In this direction, a lot of the concepts
are studied in conjunction with crystal growth. In fact, topics that will be discussed later on in
this chapter, such as the influence of additives in crystal growth, have direct applicability in

crystal nucleation in solution.

3.2.1.2 Introduction to crystal growth in solution

Crystal growth is the process following, chronologically, the nucleation of a stable
primary particle, where a crystalline solid will form and continue to grow, via incorporation of
solute molecules from the supersaturated solution surrounding it until equilibrium, with the
surrounding solution, is achieved. From a thermodynamic perspective this means that crystal
growth proceeds as long as the free energy of the molecules on the surface of the solid is lower
than that of those in the solution. In a footnote in his pioneering essay on the “Equilibrium of
Heterogeneous Substance”, published in 1878, Professor Josiah Willard Gibbs! made the
following statement highlighting the possibility for the growth of perfect crystals, where the
term ‘perfect’ refers to crystals where there only defects are their surfaces, via a layer by layer

nucleation mechanism:

“Single molecules or small groups of molecules may indeed attach themselves to the side of
the crystal but they will speedily be dislodged, and if any molecules are thrown out from the
middle of a surface, these deficiencies will also soon be made good; nor will the frequency
of these occurrences be such as greatly to affect the general smoothness of the surfaces,
except near the edges where the surfaces fall off somewhat, as before described. Now a

continued growth on any side of a crystal is impossible unless new layers can be formed.”

In the decades to follow, numerous prominent members of the crystal growth community

investigated the growth of perfect crystals, via the nucleation of layers on the surface of the
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crystals. It was soon realised that in the range of supersaturation, typically employed, where
crystals usually grow, two dimensional nucleation is not easily achievable. Thus, the possibility
topographical features of the crystal surface to dictate crystal growth was explored. by
researchers such as Frenkel, Burton, Cabrera,'! and Frank.'®? These works verify that in for
low and intermediate levels of supersaturations, surface defects are necessary for the

development of a quantitative framework for the study of crystal growth.

Defects can be distinguished in three large categories on the basis of their properties.

These categories can include more than one cases of defects:

1. Point defects: In this case, vacant sites appear in the lattice, as atoms or molecules are
missing, from the positions they should be. In addition, this category includes the cases
when atoms or molecules appear on random sites of the crystal lattice, where they were
not supposed to be.

2. Line defects: This category includes the defects associated with groups of atoms or
molecules that they are misplaced in the crystal lattice. This phenomenon gives rise to
screw or edge dislocations, that they are essential in crystal growth, as it will be
discussed later on.

3. Plane defects: This category includes the cases where interfaces appear between
homogeneous crystal planes, abruptly changing the direction of the crystal lattice. Grain
boundaries are pobable the most well perceived case of planar defects. However, by
definition, even the interface between the crystal and air is a plane defect. This argument
makes evident that there is not such a thing as a defect-less crystal, as the crystal facets
are inherently a type of defect.

As mentioned, surface defects are an inherent part of any modern crystal growth mechanism.

These defects can be induced during crystal growth or by thermal or mechanical stresses.
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Generally speaking, they are characterised by a higher surface free energy thus, they act as

preferential reaction sites (either via van der Waals or chemical interactions).

Crystal growth models effectively describe the addition, onto the crystal surface, of solute
molecules, becoming a part of the lattice. A qualitative crystal growth model, termed Kossel
model, was developed to interpret the importance of defects, such as dislocations in crystal
growth. This model comprises of four mains steps it is schematically depicted in Figure 3.1.

a b 1
A
A C “

-,
™
-

Figure 3.1: A schematic depicting the Kossel model of crystal growth. The numbering signifies the
steps undertaken by the molecule to move from the bulk to the surface (1), to diffuse on the solid
surface until it reaches a kink (2), for the solute molecule to desolvate along with the surface (3),
and finally for it to be incorporated into the solid shown with the black outline (4). The letters
describe the following topographical features: a. the terrace, b. the step, and c. the kink site of

preferred attachment.

It is critical for the reader to understand that, in the range of conditions typically used,
surface diffusion the rate limiting step of crystal growth. In addition, it should be clear that the
attachment frequency of a molecule onto a perfectly flat surface is a very energetically
expensive process. Thus, crystal growth on a flat surface is a very slow process. In his ground-
breaking work, Gibbs, shows that once a molecule is attached on a flat surface, it forms a point
defect greatly, contributing to the diminish of the energetic barrier and speeding up growth.
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These defects, facilitating crystal growth, are illustrated Figure 3.1. This process of layered
growth, mediated by the two dimensional nucleation on a flat surface, is highly unlikely to
occur as long as the supersaturation is not high. Nevertheless, in reality, experimental data

reveal that crystal growth could occur despite low degrees of supersaturation.

Crystal growth at relatively low supersaturations allowed researchers to understand that
a mechanism should exist, forcing flat monolayers to roughen, facilitating, in this way, crystal
growth. In the model developed by Burton, Carbrera, and Frank (BCF), a cornerstone in the
field, the concept of spiral growth was introduced. According to it, crystal facets grow in the
form via the spiral movement of a plane dislocation, regenerating in every turn of the spiral.

Thus, the perpendicular growth rate of a facet (Rux) should be given by the following equation:
hsv Eq. 3.1
Ry = ° / y a3

where h; is the height of the dislocation, v is the velocity of the rotation and y is the interstep
distance (all of these parameters vary at different experimental conditions and they can be
determined experimentally, mainly with the use of AFM). BCF model is grounded on the
Kossel lattice shown in Figure 3.1, assuming that the solute molecules attaching on the lattice
are isotropic cubes. In the work conducted by Chernov,'%3-1%* this concept was re-examined in

the context of anisotropy.

A novelty introduced, by the spiral growth model, was the implementation of the concept
of critical length (L) for the crystallographic steps. It was proved experimentally that for a step
to flow parallel to the facet, so to effectively have crystal growth, it must be of a certain length
and above. Otherwise, no movement occurs, the spiral mechanism is not taking place and
crystal growth is hindered. Using AFM measurements, on protein crystals, it was proved
experimentally, that the critical length is a function of the chemical potential difference (Au) of

the solution (which provides a measurement of the driving force for crystallisation), the liquid-
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solid interfacial tension (yg;) between the bulk solution and the newly formed nucleus (which
is effectively a measure of the energetic barrier required for this process), and the volume
occupied by a single molecule in the crystal lattice (w).'*>'®” The mathematical interpretation

of this, is given by:
L, = VSL“’/AH Eq. 3.2

If there are strong interactions between the fluid and the crystal facet, the magnitude of
the interfacial tension is large. As this parameter is at the numerator it means that the stronger
the interactions between the fluid and the crystal facet the larger the critical step and hence the

there is a larger thermodynamic barrier for growth (for the creation of new solid surface).

A more coherent approach on the crystal growth mechanism problem, focusing on growth
kinetics and the solid-liquid interface, was pioneered by Boek and Bennema.!®317" A modified
BCF mechanism was proposed to incorporate the process of solutes’ diffusion towards the
kinks on the surface of the crystal. On the same work the authors incorporated, on the BCF
model, the free energies required for both the desolvation of the solute and its incorporation at
the solid interface. This phenomenon is depicted in Figure 3.1 by the third step. In the same
work, the rate of attachment/detachment of solutes was presented, enabling the investigation of
the kinetics of the process of molecular re-orientation prior to the incorporation in the crystal

lattice.

More advanced studies were conducted with the aid of molecular simulations. Gilmer
and Bennema,'”! used Monte Carlo simulations, to study crystal growth at various conditions.
They showed that at low supersaturations, their mechanistic model was in good agreement with
the Monte Carlo simulations. Using urea as the model compound, Boek deployed Molecular
Dynamics (MD) simulations'®®-1% to understand the importance of hydration shell in crystal

growth. The results of this work revealed the importance of facet specific surface chemistry on
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the structure of the hydration shell surrounding a crystal. These results highlight the importance
of facet specific interfacial phenomena in the development of accurate mechanistic models for

crystal growth.

3.2.1.3 The influence of solution conditions in crystal growth

Snowflakes, quite abundant in different regions of the planet, were probably the first
system for which crystal habit was investigated, as a function of different parameters. As liquid
water crystallises to ice (the occurrence of amorphous ice, is highly improbable), the crystals
could be easily collected and examined, while the temperature, pressure and ambient humidity
could be very easily measured, using thermometers and manometers. From the early 171
century, scientists were already investigating their crystal habits, but it was not until 1932 that
a systematic study, correlating crystal habit with crystallisation conditions, was performed. At
that time, Professor Ukichiro Nakaya started examining the crystal habit of snowflakes
produced at different temperatures and different values of water vapour saturation. His results
were tabulated in the Nakaya diagram,'’? depicting the crystal habits obtained at different

temperatures and different supersaturations of the atmosphere with water.

In the field of industrial crystallisation, the crystal habit of urea, a compound of great
importance in the manufacturing of fertilisers and explosives, was one of the first to be studied.
A publication from 1936'7 reports that the urea produced in the USA, crystallised, on that time,
in alcohol, was rhombus like, contrary to the needle shaped imported urea, crystallised in water.
In the same publication, it was mentioned that the rhombohedral crystal habit offers great
advantages in terms of flowability over the needle shaped imported urea. Even without
advanced knowledge of crystal growth it can be claimed, that the strength of the interactions
between the different crystal facets on one hand and the solvent and solute molecules on the

other, determines the observed crystal habit. Thus, slow growing facets, having high affinity
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towards the solvent molecules, dominate the crystal habit compared to the faster growing

facets.

The first attempts to understand this phenomenon were done with the aid of a mechanistic
models based on the BCF approach. The model was parameterised using the results from force
field simulations and it was able to capture the needle shaped structure of urea crystals grown
in water and the cuboid habit of crystals grown in polar solvents. A similar model was

successfully implemented for the investigation of the crystal habit of amino acids.!7*!7°

The implementation of the concept of solid-liquid interfacial interactions in the modelling
methodology, signified an important advancement in the understanding of crystal growth. In
this direction, MD simulations were performed investigating the interaction of individual facets
with different solvent. These data, were, later introduced into a model, based on the Wulff-
Chernov formalism, to construct diagrams accurately predicting the crystal habit of different
compounds growing in different solvents at different supersaturations.!’® Despite their
unprecedented accuracy MD simulations require, occasionally, excessively long simulation
times. Thus, the investigation of more complex phenomena, such as the influence of additives,

in crystal growth, via MD simulations, becomes a non-trivial problem.

The improved understanding of the rate of attachment/detachment of solute molecules
on/from kink sites of a crystal facet, lead to the development of mechanistic models for the
study of spiral growth on individual facets, and the influence of solvents.!””!® The latest
version of these models is the ADDICT algorithm.!” ADDICT was tested with different
molecules of pharmaceutical interest (acetaminophen, lovastatin, d-mannitol, and glycine) and

solvents and it was able to accurately reproduce their steady state crystal habits.

The surface energies of both the solvent and the solid surface are key components of the

algorithm. Nevertheless, these surface energy-based approaches come with certain
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compromises, with the most notable one being that the acid-base component of the surface
energy of a crystal facet is assumed to be equal to zero if no hydrogen bonds are formed. Further
doubts are casted owing to the empirical nature of the geometric mean approximation proposed
to study acid-base interactions. In addition, certain aspects of the behaviour of fluids at
interfaces could be implemented. This could include the formation of “clathrate cages” by water
molecules around strongly hydrophobic molecules, where the average number of hydrogen
bonds is higher than in the bulk.!® Finally, an experimental validation of the proposed values
for both the surface energies of individual facets, as well as their corresponding work of
adhesions with different solvents, could provide guidelines for the enhancement of the

predictive power of the algorithms.

The importance of solvent polarity in the determination of the steady state crystal habit,
was investigated, from a purely experimental perspective, by Shah et al., using mefenamic acid
as the model compound.'®! A range of solvents was used, showing that mefenamic acid can
crystallise in a broad spectrum of habits, ranging from needles to thick plates. In this study, it
was possible to correlate the aspect ratio of the crystals with the polar component of the
solubility parameter of the solvent. However, the work did not investigate the influence of
degree of supersaturation, which can have a profound effect, influencing via different
mechanisms the crystal habit. Similar studies, investigating the effect of solvent polarity on
crystal habit were conducted using acetaminophen.'®? The high affinity of polar protic solvents
towards facets favouring the formation of hydrogen bonds diminished the growth rate of these
facets. Solvent molecules were interacting much stronger with the crystal, compared with the
solute molecules. For polar aprotic solvents, not favouring hydrogen bonding, the correlation

was more ambiguous.

Attempts have been made to understand the importance of more exotic phenomena like
n-n stacking in crystallisation.!®*1% In this direction hybrid modelling — experimental
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approaches have been employed. The a polymorph of para-amino benzoic acid (a-PABA) was
picked as the model compound thanks to its ability to interact via to n-n stacking interactions.
The conclusion of this investigation suggest that for the case of a-PABA crystal nucleation is
governed by the hydrogen bonding, associated with the carboxylic acid functional group. On
the other hand, the process of crystal growth is governed by the n-w stacking interactions. The
authors proposed a a poly-nucleation roughening mechanism to explain crystal growth.
According to this mechanism solute molecules diffuse on the (011) facet and they attaching on
it by means of n-m interactions. This attachment process creates a rough surface resembling
crystal growth at high supersaturations. This mechanism appears to dominate the process
independently of the supersaturation. Aspects of n-m stacking are still a matter of debate in
literature,'®” hence it can argued that beyond m-m stacking, a number of other phenomena,

including interfacial phenomena, could influence crystal growth of a-PABA.

3.2.1.4 The influence of additives in crystal growth

The studies described in the previous section enable the construction of a robust
framework for the determination of steady state crystal habit of small molecules at different
superaturations, in different solvents. The effect of solute additives in crystal growth emerged
as a new challenge; additives influence crystal growth via interacting anisotropically,
depending on their structure, with the different crystal facets, competing with both the solvent
molecules and the solute molecules of the crystallising material. In other words, additives can
adsorb on specific facets, inhibiting the attachment rate of the molecules of the crystallised

compound, slowing down the growth, changing in this way the steady state crystal habit.

The pillars for this field have been set by the works of Chernov, Cabrera and Vermilyea
investigating the influence of solute impurities on the development of surface dislocations

dictating crystal growth.!6% 188-18% More accurate models have been developed over the years,
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incorporating the accumulated experience of mechanistic modelling of crystal growth. %011
The concept of structurally similar additives emerged through these studies. Solute molecules
posing structural similarities with the crystallising molecules were found to act as crystal habit
modifiers. These additives interact with the crystal facets by means of adsorption and thus it
was not a surprise that their effect was found to be a function of their concentration. Amino
acids, have been a very attractive additive in different formulations, on the same time they
exhibit numerous challenges in their crystallisation. In experiments conducted, a-glycine was
crystallised in the presence of l-alanine. It was shown that 1-alanine has strong affinity towards
the (020) facet of a-glycine, making the dominant facet of the resulting crystal habit. %% 1
Similar experiments were conducted with acetaminophen, using p-acetoxyacetanilide as the

additive.'® In this case, the additive was found to have a strong affinity towards the (110) facet

of acetaminophen.

This concept, of structurally similar additives, has been implemented towards the
development of therapeutic strategies against a certain type kidney stones; kidney stones are
biominerals growing in tissues.'*1% In a very elaborate study the effectiveness of a plethora
of additives was explored. The growth velocities of different facets of kidney stones in
supersaturated solutions, containing different additives, were measured via AFM. In most of
the cases, as expected, inhibition of crystal growth was reported. The binding energy between
the solute and the crystal was found to provide a good metric for the extent of inhibition of each
imposter. However, a very intriguing case of crystal growth acceleration, owing to the presence
of additives was reported as well.!!®” The same phenomenon was observed during the
crystallisation of l-alanine in the presence of another amino acid, l-valine.!”® This
counterintuitive observation has been associated with the strong solvation of the crystal surface
by water molecules owe to the very strong hydrophobicity of the additive. Because of the strong

solvation the additive was not able to interact with the surface.

110



The same concept, of structurally similar additives, has been used for the development of
treatments for malaria, a life-threatening disease, used to eradicate populations in equatorial
countries. The heme present in red blood cells is toxic to the malaria parasites residing there.
To avoid eradication, malaria parasites were found to use heme molecules to crystallise
hemozoin in their digestive vacuole.'?*?%* Hemozoin crystals were grown, ex vivo, and their
structure was resolved. Using the structures obtained, the facet specific attachment energies of
hemozoin crystals were calculated. These results were used to explain the mechanism via which
quinoline, a compound present in tonic, is an effective anti-malarial drug. Quinoline acts as
inhibitor, preventing the growth of hemozoin crystals. Thus, the concentration of heme in the

digestive vacuole remains high killing the parasites.

It has been demonstrated that polymers and surfactants can be employed to control crystal
growth.24206 In this direction, investigators explored the applicability of polymers and
surfactants to for the development of therapeutic applications, associated with pathological
crystallisation. The influence of ionic polymeric additives in the inhibition of kidney stones has
been investigated and it was found that polyanions were interacting much better with crystal
surfaces compared to polycations.!¢”- 1% Furthermore, it was shown that beyond crystal growth,
polymeric additives contribute to the aggregation of crystals. In fact, it was demonstrated that
in the presence of a mixture of polyanions with polycations, the polymer aggregates formed

were mediating the formation of crystal aggregates.

Seeding is used extensively, in industry, for the control of crystallisation processes.??’-2%

From the hitherto discussion and from intuitive understanding of the mechanisms of crystal
growth, it becomes obvious that as long as crystal growth is going to be allowed to reach steady
state, the initial habit of the seed should not influence the steady state crystal habit. This was
proved experimentally, using sucinic acid as the model compound.?'” The steady state crystal
habit was found to be independent of the habit of the seed crystals. In addition, MD simulations
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crystallisation have shown that the presence of seeds facilitates the formation of metastable
precursor droplets, having the potential to give birth to crystal nuclei. This is an intriguing
phenomenon that has not been implemented in the development of mechanistic models for

seeding crystallisation.?!!

3.2.1.5 Interfacial phenomena in the crystallisation of amorphous materials

The study of the mechanisms determining the transformation of amorphous materials to
crystalline is an intriguing field, gaining attention, thanks to the growing influence of
amorphous materials in drug product development. For instance, active ingredients are
formulated in amorphous form as they improve the bioavailability of purely soluble molecules.
A field exhibiting thought provoking phenomena is that of crystallisation of organic compounds
from their amorphous organic glasses.?!??!3 Experimental studies suggest that even for organic
glasses below their glass transition temperature glasses e below its glass transition temperature
the molecular mobility could be sufficient to support crystallisation.?!'*?!> However, the most
intriguing experimental observation is that the rate of growth, of the crystalline phase from an
organic glass, can be up to several orders of magnitude higher at the surface of the material
than in the bulk.?!®?'7 Considering that the intermolecular forces, and consequentially the
molecular mobility, at the surface are different from the bulk, different mechanisms have been

proposed in this context to explain this phenomenon.

Contrary to crystallisation in solution, the organic glass to crystal transition occurs via
the expansion of the crystalline phase towards the glassy phase. The advancing crystalline
phase must move fast enough to overcome the fluidity barriers, hindering the formation of an
ordered phase. The ratio of the diffusivity of the amorphous glass to the rate of expansion of
the crystalline front is the critical quantity determining the feasibility of glass to crystal
transition. If its magnitude is more than seven picometers (7 * 107'? m), then crystallisation

ceases.?!®
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3.2.3 Crystal dissolution

3.2.3.1 Funamentals

Dissolution is a multistep process during which a homogeneous solute-solvent solution
is created owe to the mass transfer from particles (or any other solid material) surrounded by
an undersaturated liquid. Both interfacial and hydrodynamic phenomena can be of crucial
importance depending on the solids, the solvents and the dissolution system (reactor or tissue).
As this study focuses on interfacial phenomena and considering that the majority of the
dissolution studies in industry are performed under well controlled laminar regimes, this

chapter will not discuss the effects of hydrodynamics in dissolution.

Dissolution commences by the wetting of the solid and the formation of the solid-liquid
interface. Molecules at the surface of a particles are solvated and move to the solid liquid
interface. On the interface a diffusion controlled mechanism, the behaviour of which is
determined by means of the second law of thermodynamics, transfers the material to the bulk.
As discussed in Chapter 2, the change in the Gibbs free energy of dissolution can be
decomposed to an enthalpic and an entropic component. The enthalpic component provides a
measure for the energetic penalties associated with the solvation, stemming, mainly, from the
average potential energy interactions between solute and solvent molecules. On the other hand,
the entropic component describes the effects of the spatial conformation of the molecules taking
part in dissolution process. These concepts have been summarised in the Flory-Huggins theory,

in the previous chapter.

As mentioned the breakage of the bonds, leading to the formation of the solid-liquid
interface, involves large enthalpic penalties. On the other hand, for the dissolution in aqueous
media, the solvation of molecules requires the formation of hydrogen bonds. Owe to the short
range of these bonds, this phenomenon exhibits specific spatial arrangement. Thus, for the
dissolution in water the entropic interactions have a crucial role in dissolution.?!” The spatial
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orientation of the molecules in a solid particle affects the dissolution process. This phenomenon
can be better understood in the context of single crystals. As crystals exhibit anisotropic surface
chemistry, it was shown, with the aid of single crystals, that facets exhibiting greater tendency
towards the formation of hydrogen bonds dissolve faster in water.??’ Thus, similarly to surface

energy, it is expected that the y interaction parameter is facet specific.

The change in Gibbs free energy at the interface between a spherical and isotropic, solute
molecule and the bulk solvent, consisting of solvent molecules much smaller than the solute

molecules, is described mathematically with the following expression:
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where R is the radius of the solute molecule, p is the pressure of the system, y is the interfacial
tension at the solute-solvent interface and ¢ is a length scaling parameter indicating the
asymptotic behaviour of the surface tension, depending on the nature of the solute and the
solvent molecules. Theoretical studies, based on this equation, suggest that for solute molecules
(or clusters of molecules) with radius smaller than one nanometer (these is effectively the case
encountered in the dissolution of small APIs) the change in Gibbs free energy increases
proportionally with the solute size (R?). However, as the size of the solute goes to R> 1 nm a
qualitative shift is observed, leading the change Gibbs free energy to grow, proportionally to
the surface area of the solute (R?), approaching a limiting value. This qualitative shift marks
the formation of an interface between large solute molecules solute and the solvent. MD
simulations conducted on aqueous systems to shade light on the origins and the evolution of

this interface.

It was revealed that entropic phenomena dominate the interface formation. In particular,
it was shown that the tendency of water molecules, held together by hydrogen bonds, to increase

their distance from the solute molecule, so as to reduce the number of unformed hydrogen
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bonds and hence the entropic penalty on the system, drives the formation of the interface. Using
results from numerous in silico studies it was shown that, on average, about less than one
hydrogen bond (out of the four a water molecule can form) is lost, due to this structural shift in
the vicinity of large solute molecules. These in silico findings are in line with the ideas proposed

by Professor Frank Stillinger,??! who among other things stated that:

“Although liquid water might properly be described as a random, three dimensional,
hydrogen-bond network, it surely cannot have invariant fourfold coordination. Instead, some

of the hydrogen bonds must be broken and others severely strained in length and direction”.

Different properties of crystalline solids influence the dissolution rate via different
mechanisms, affecting one or more of its steps. This includes both surface properties, such as
such as crystal defects, surface chemistry and surface energetics, and bulk properties, such as
surface area to volume ratio and physiochemical stability (polymorphism and the propensity of
forming hydrates or solvates). Crystal engineering approaches exploiting synergistic
phenomena between different properties offer an attractive platform for the improvement of
dissolution rates. The following sections discuss some of the aspects associated with the effects

of interfacial phenomena in dissolution.

3.2.3.2 Anisotropy wettability of crystalline materials

The anisotropic nature of properties, such as surface energy, of crystals influences their
dissolution. Lippold and Ohm performed dissolutions experiments to assess the effect of
surface energy in dissolution.??? The experiments were conducted at constant agitation rate; the
initial effective surface area of the dissolved particles was, also, kept constant. Aqueous
solutions of isopropanol at different concentrations were used as probe liquids, in wettability
measurements, for the determination of a metric for the surface energy of the solids. The results

of this study show a correlation of dissolution rate with the surface energy of the solid. In a

115



series of similar studies performed by Modi et al. an attempt for the determination of crystal
anisotropy in dissolution was performed. The results suggest that as the concentration of high

energy crystal facets promote bioavailability.>® 223

In the aforementioned studies, it was attempted to assess the importance of surface energy
and surface energy anisotropy in crystal dissolution. Even though macroscopic single crystals
could provide an attractive platform for such studies, powder compacts were used instead. The
preparation of compacts induces defects on the crystalline particles, owe to the mechanical

224226 and hence the

stress imposed. The mechanical properties of crystals are anisotropic
compaction induced modifications are anisotropic as well. Thus, the extent of defect formation
is different on each facet, whereas the surface energy of individual facets, resulting from
compaction is difficult to be determined. As the post-compaction surface energy of individual
facet is unknown, doubts are created for the validity of wettability measurements. Adsorption
based techniques such as IGC may be more suitable for such an investigation. In the absence

of such a tool, wettability measurements performed on the ground of the Wenzel and Cassie-

Baxter equations, may provide more robust results.

3.2.3.3 The importance of defects in dissolution

Defect formation can potentially impact, significantly, the dissolution of pharmaceutical
crystals. Precise control of the defect formation during crystal growth is a non-trivial operation,
thus it is not easy to perform a systematic investigation of the effects of the different types of
defects in dissolution. It can be hypothesised that in a defect-less crystal, dissolution rate is
greatly determined by surface properties, thus from the crystal habit. In preliminary
experiments conducted with acetaminophen it was verified that it was not possible to correlate
facet specific dissolution rates with the attachment energies of the corresponding facets.?** In
the light of these results, it was hypothesised that defects are responsible for this lack of

correlation. In order to validate this hypothesis, X-ray topography was employed.
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Acetaminophen crystals with two distinct crystal habits were generated for the purposes of this
study; needle shaped particles were obtained at low supersaturations, and prismatic shaped
particles were obtained at elevated supersaturations. The X-ray topography data acquired
suggest that the abundance of defects incorporated within the crystal lattice of acetaminophen
lead to the accumulation of strain. This phenomenon is expected to promote dissolution.

However, it is not clear the exact mechanism via which the strain affects specific facets.

Defects introduced during crystallisation are inherent. However, the importance of
defects induced by mechanical processing is more often discussed in literature. This is because,
such defects are of higher industrial relevance and in addition they can be investigated with
common analytical techniques. The investigation of milling induced defects is of particular
interest, as milling is one of the most common downstream processes in pharmaceutical
industry. Milling induced defects create disorder into the crystal lattice. The effects of this
disorder are manifested in changes which can be tracked via DSC and XRPD measurements.
Solution calorimetry is another experimental platform providing a more accurate measure of
disorder.??’*8 The effects of cryogenic milling on brivanib alaninate was studied recently. It
was revealed that milling at cryogenic temperatures leads to higher disorder in the crystal
lattice, compared with milling at ambient temperature. This result suggests that even for

crystalline materials, cooling at cryogenic temperatures can make the material quite brittle.?*’

3.2.3.4 Crystal engineering approaches for enhanced dissolution

The importance of surface area and surface energy in dissolution kinetics, makes crystal
habit and crystal size critical factors in dissolution. Sometimes the physicochemical changes in
surface characteristics, such as defects and surface chemistry, may contribute as well.
Employing crystal engineering strategies to tune crystal habit may enable the design of drug
substances with improved dissolution rates. Different solvents and polymeric additives were

used to investigate the effects of crystal habit in the dissolution rate dipyridamole crystals. 23
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More sophisticated strategies taking advantage of the synergistic relation of surface area and
hydrophilicity have been employed as well. In a very elaborate study, the dissolution rate of
doped phenytoin crystals was improved by a strategy involving the manipulation of the crystal
habit and the doping of the surface of the crystals with hydrophilic dopants.?*! The hydrophilic
dopants are expected to provide the mean for a faster wetting. Similarly to other works
presented in this section, contact angle measurements were used to assess the effectiveness of
doping. However, it remains unclear how dopes interact with different facets and how the extent

of coverage of a facet with dope is determined.

Besides doping, a wide range of techniques have been used to enable the control of the
surface chemistry of pharmaceutical powders. Surface functionalisation is a quite attractive
technique, as it enables the introduction of functional groups with very tailored structure.
Functional polymeric coatings from solvents are the most commonly used approach to obtain
APIs with desirable dissolution properties.?*?> Besides improvement in dissolution rate, it was
shown that functionalisation with polymer coatings enable the controlled release of the drug.
Other wet functionalisation techniques, such as silanisation, can be explored in the future to

tune wettability.

As mentioned, improvement in dissolution can be achieved by the manipulation of more
than one of particles’ properties, such as the crystal habit and the hydrophilicity. In this
direction, designing processes enabling the simultaneous modification of more than particle
properties, in a direction improving dissolution, it will be an important advancement. In a recent
study, a method combining micronisation and surface modification to improve dissolution, was
presented. In this study ibuprofen particles were co-grinded with a hydrophilic polymer in a

continuous fluid energy mill.*!

Using this process, it was possible to achieve the simultaneous
decrease of the particle size and the enhancement of the hydrophilicity. The processed particles

were showing improved dissolution behaviour. In a similar study, Tay et al. performed the
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mechanofusion of poorly water-soluble indomethacin with MgSt and NaSt.?**>** An increase
in the dissolution rate of the NaSt coated drug substance was reported. In this case, the coating
was enhancing wettability, while on the same time it was promoting drug dispersion during
dissolution. Better dispersion prevents coagulation in solution, favouring dissolution. In a study
published by Karde and Ghoroi,>*>?3¢ dry coating of cohesive particles with functionalised
silica nanoparticles was performed. The results of this study suggest that by tuning the

functionalities of the host particles, the hydrophilicity of the coated particles can be tuned.

3.2.3.5 The effects of surface active additives in crystal growth and dissolution

The presence of additives, such as surfactants and polymers, in solution, gives rise to
surface activity, changing the wetting behaviour of the solution. In this case, the wetting
behaviour of the solution is driven by the migration of the surface active molecules to the three
phase contact line.!° 237 As crystal growth is heavily influenced by the solid-liquid interface,
this phenomenon can lead to intriguing changes in the steady state crystal habit. As a matter
of fact, surfactants were used to modify the crystal habit of carbamazepine dihydrate,?*® a
compound usually crystallising in needle shaped crystals or elongated plates. The interactions
between the hydrophilic component of sodium taurocholate (a surfactant) with the (111) facet
of the carbamazepine dihydrate, facilitated by the hydrogen bond network existing there, limits

the growth of that facet, diminishing the rapid increase of the aspect ratio of carbamazepine

dihydrate crystals. Similar studies have been conducted with aspirin and nifedipine.

Similarly to crystallisation, the presence of additives affects crystal dissolution, as well.
The influence of a wide range of polymers in the dissolution rate of pharmaceutical crystals has
been investigated. Experimental studies, in the absence of polymers, have revealed the
existence of a lag time between the contact of a tablet with a solvent and the start of drug
release.’ 23924 This lag phase, was found to be determined by the work adhesion between the

undersaturated fluid and the surface of the dissolving API crystal, under investigation. Higher
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wettability, linked with the presence of the polymers, decreases lag time. Increasing the amount
of polymer used and its physicochemical properties, one can alter the surface tension and
therefore the lag time. Dissolution experiments are usually performed with the use of tablets,
hence great importance should be given in the preparation of the tablets, especially as the
experiments aim to study the aforementioned lag time. In the preparation of the experiment,
any traces of unbound powder on the surface of the tablet should be removed. These
“untabletted” particles dissolve faster than the rest of the tablet owe to their small size. This

makes the measurement of the true value of the lag period difficult.

Numerous studies have established the fact that additives have a profound effect on the
surface tension of solution. Nevertheless, there are no studies suggesting a detailed mechanism
on how the surface activity, induced by the additives, influences the different components of
surface tension. It can be hypothesised that thermodynamic parameters, of the additives, such
as the HSP,?* could provide a metric for the influence of each additive on the different
components of the surface tension. For instance, a polymer with a relatively high van der Waals
component of the HSP, it could induce a large decrease in the van der Waals component of the

surface tension of its solution.

3.3 Implications of Solid-Vapour Interfaces

In this section, implications on the solid-vapour interface will be discussed. At first,
issues associated with the moisture content of pharmaceutical materials will be addressed. Then
some aspects associated with the influence of interfacial phenomena in drying processes are
presented. Emphasis will be given in the molecular mechanisms triggered during desolvation
processes. Finally, some aspects of vapour sorption in non-equilibrium materials will be
discussed. The careful reader may notice that this topic, strictly speaking, belongs to the field
of liquid-liquid interfacial phenomena. However, when non-equilibrium/amorphous materials,

such as amorphous drugs are under investigation, the separating lines are thin and it is not
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uncommon this kind of topics to be addressed in literature on solid-liquid interfacial
phenomena.
3.3.1 Moisture content in pharmaceutical materials

Pharmaceutical materials, either pure or in formulations, are quite often exposed to
different humidities, during processing and/or storage. In crystalline materials, water is present
in two main states; bound and unbound.**** Bound or stoichiometric water is incorporated in
the crystal lattice. On the other hand, unbound water can be either adsorbed on the crystal facets
or trapped in voids. This classification is useful in distinguishing water containing

pharmaceutical materials, but can be misleading.
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Figure 3.2: Sorption desorption isotherms for different hysteresis cases.

Sorption studies are used in materials characterisation. Both the adsorption and the
desorption behaviour are investigated. Interfacial phenomena associated with the Kelvin
equation can lead to a hysteretic behaviour during the adsorption-desorption process.?** The
shape of the hysteretic loop can provide invaluable data for the nature of the porosity of the
material under examination. Macroporous crystalline materials exhibit limited hysteretic
behaviour, porous materials have a larger hysteresis loop and amorphous materials can exhibit
an open loop hysteresis. The open loop indicates that the water bound in the bulk of the material
cannot be released by just decreasing the relative humidity. This phenomenon may be

associated with the recrystallisation of a solvate/hydrate.
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For systems dominated by multilayer adsorption, BET and Hill de Boer adsorption
isotherms were found to provide good fitting of the data obtained. On the other hand for systems
where monolayer adsorption prevails (systems dictated by short-range chemical forces),
Langmuir-type of isotherms?** would provide a more realistic description of the process. In any
case, the investigators should always be aware of the physical interpretation of these isotherms.
For instance, it is common to encounter pieces of literature where the investigators are
attempting to fit sorption data from amorphous materials in the van der Waals equation, and
use the coefficients obtained to draw conclusions. Considering that for amorphous materials,
absorption plays an important role, which becomes even more important with increasing
amount of sorbed vapours.

24 models,

Equilibrium models, such as the Flory-Huggins and the Vrentas and Vrentas
have been employed, as an alternative to adsorption isotherms, for the interpretation of sorption
data from amorphous materials. However, these models, fail to capture the inherently non-

equilibrium character of the phenomenon. Furthermore the y interaction parameter and the rest

of the thermodynamic quantities, appearing in these models, are of little practical importance.

Only the combined relaxation-diffusion models,** describing the sorption phenomenon
on the basis of the two fundamental processes involved provide physically meaningful data,
including the diffusion and relaxation coefficients. Nevertheless, a multiparametric fitting of
experimental data is required, prone to inaccuracies. Emerging techniques such as QCM may
provide the framework for the isolation of relaxation and diffusion phenomena, via the casting
of very thin films and the correlation of the relaxation phenomena with the dissipation mode of
the QCM.

3.3.2 Drying
Moisture or solvent removal is a dynamic process including both heat and mass transfer

phenomena; energy is transferred from the surroundings to the particle leading to the removal
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of moisture (bound or unbound) in the form of vapours. Due to the different states at which
moisture can be bounded in the solid, drying occurs at different stages. An initial heating period
exists, where the fluid is heated to evaporation. In the next phase moisture removal occurs at a
constant drying rate. During this phase, the moisture adsorbed on the surfaces is evaporated
until a critical moisture content value corresponding to the tightly bound water content; in other
words, the water confined in capillary structures or bound in the material stoichiometrically or
not. The vapour pressure of the moisture bound in capillary structures can be significantly lower

owe to capillary effects.

In the case of crystalline solids, with bound water, exposure to ambient moisture may
induce changes on the surface patterning or increase in the nucleation density of the anhydrous
phases.?*® The increase in surface roughness, arising from the nucleation of new phases is a
common feature of hydrated compounds. However, no literature findings support the facet

specific dependence of this process, although crystal defects can affect this process.

During desolvation, the nucleus of the anhydrous crystalline form is expected to initially
be formed in the vicinity of a high energy site, quite often a dehydration induced crack and/or
defect. In the case of catastrophic desolvation, when the removal of the solvent is very fast, the
stress induced may lead to the collapse of the crystal lattice and the formation of an anhydrous
amorphous form. Owe to its nature this amorphous, non-equilibrium, material has the
propensity to recrystallise towards an anhydrous crystalline polymorphic form, upon exposure
to conditions providing sufficient molecular mobility. The vapours released during the
desolvation provides the molecular mobility to facilitate the nucleation and growth of the
crystalline anhydrous phase. The amount of molecular mobility provided may determine which
anhydrous polymorphic form will emerge upon desolvation. It is not uncommon, for cases were
the molecular mobility is not sufficient, the process of recrystallisation not to be directed
towards the most stable anhydrous form, but towards the one with the energy minimum of
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closest proximity. Thus, it could turn to a metastable form which would then turn to the most

247

stable one, under the effect of Ostwald’s rule,”*” which can be summarised by the words of the

Nobel laureate Professor Wilhelm Ostwald:

“At a sufficiently high supersaturation the first form that crystallises is the most soluble
form. This transient state then transforms to the more stable form through a process of
dissolution and crystallisation.”

One should notice that the kinetics of this transformation, depending on the conditions, can be

quite slow, enabling the metastable form to remain for long periods.

Spray drying and freeze drying allow moisture removal combined with transition from
crystalline phase to amorphous. Thus, they gained a lot of ground recently. Amorphisation
significantly impacts the properties of the anhydrous form. However, the studies found in
literature are limited in the application of infinite dilution IGC for the determination of the
surface energetics of spray and freeze dried materials. Infinite dilution measurements are not
sensitive enough, as they account solely for high energy sites of the material.>*3->* It is not a
coincidence that the data obtained from these studies show negligible changes in the surface
energy. If the material prior to drying was having extensive high energy sites, will not be
uncommon to have a lot of them post drying. In fact, it will be expected. More advanced studies
employing finite dilution IGC, can provide more detailed maps of the surface energy shading

light to the mechanisms determining molecular rearrangement upon dehydration.

3.4 Implications of Solid-Solid Interfaces

This section starts with an introduction to flowability, a field where solid-solid
interactions play an important role. Following that, some key processes, where solid-solid

interactions are of particular importance, will be discussed. Particular importance is given to
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the examination of the influence of these processes on the surface energetics of the processed
material. A number of studies, showing the applicability of IGC in the field will be discussed.
3.4.1 Flowability

Flowabilty is an important bulk powder characteristic. The term ‘flowable’ refers to an
irreversible deformation causing a powder to flow under the influence of an external force.
Various parameters such as angle of repose, Carr’s index, Hausner ratio, flow function (ff) are
used to quantify flowability.

The flow of powders is influenced by interparticulate interactions, a term summarising
various phenomena including adhesion and cohesion interactions, friction forces and
mechanical interlocking. A range of other factors, including but not limited to the particle size
and particle size distribution, the particle shape and the shape distribution, the bulk and skeletal
density, the moisture uptake capacity and the ambient temperature and moisture, also influence
the flowability of powders. As this work has dealt a lot with adhesion and cohesion interactions,
it will be useful to mention that the lower the adhesion or the cohesion forces exhibited by the
particles in a powder sample, the smaller the barrier needed to overcome for flow.

Flowability can be improved via coating of the particles with both hydrophilic guest
particles (such as Aerosil) and hydrophobic guest particles (such as magnesium stearate,
sodium stearate, magnesium silicate and calcium silicate etc.). In both cases, coating increases
roughness, reducing the surface area available for interaction between particles.?*!: 230-25!1
Owing to their lower surface energy hydrophobic additives can increase flowability of powders
by decreasing the strength of interparticle adhesive interactions. The use of low cohesive,
hydrophobic lubricants has been attractive to improve flowability of powders. These types of
coating have already been explained, a few pages before, can be beneficial for the dissolution

performance of the particles, as well.
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One of the challenges of increasing flowability by using flow additives is to disperse the
flow additives on the surface of host particles, creating a thin layer. Flow additives are added
either by mixing or by mechanofusion. The processes of mixing and mechanofusion are to be
discussed in the following sections.

3.4.2 Mixing or blending

Mixing or blending is a widely used process enabling the creation of homogeneous blends
of multi-component particulate systems. This is of high interest in the development of
manufacturing processes for different types of solid dosage forms, such as tablets, capsules,
dry powders for inhalation and powders for reconstitution. For instance, in tablet
manufacturing, active ingredients are mixed with excipients before granulation, to create
homogeneous granules. Following that, the granules are mixed with glidants and lubricants,
before the final tableting step. Different types of blenders/mixers are currently in use such as
v-mixers, cone mixers and rotating cylinders.

There are three main mechanisms of solid mixing: diffusive mixing, convective mixing
and shear mixing. In diffusive mixing, individual particles move relative to each other in a
random way, resembling a random walk process. In this mechanism, particle size and density
determine the effectiveness of mixing in a great extent. Diffusive mixing is common for free-
flowing particles. It is easy to understand that for example for a binary system comprising of
two types of powders, with similar particle size and shape distribution and similar density,
achieving a uniform mixture is extremely difficult, especially when the concentration of one of
the components is very low.?>?> Thus, mechanisms relying more on the use of mechanical
energy, to facilitate mixing, are required.

As implied by the name of the mechanism, during convective mixing a fraction of one of
the materials is moved, by means of convection to another, from one position to another.

Finally, during high shear mixing, mechanical force is used to force aggregates of particles to
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move the one past the other and break down. The mechanical properties of the individual
particles and the aggregates, as well as the amount of input energy, influence the effectiveness
of shear mixing. High shear mixing is very important for the mixing of fine powders. As has
been discussed, particles with smaller size have the tendency to be more cohesive and the have
the tendency to form aggregates. In this case, for the efficient mixing of fine particles, the
mixing equipment should be able to provide sufficient mixing energy to break down the
aggregates and then force them to disperse, creating an evenly distributed mixture.

De-mixing (segregation) is a phenomenon taking place concurrently with mixing but also
during storage. The factors driving segregation include the sharp differences in particle size,
particle habit and density.?>32%4

IGC has emerged as a potential technique for quality control of mixing and blending
processes. Sampling could be performed from batches, obtained from mixing or blending
processes. The surface energy of the harvested sample could be measured by means of FD-
IGC. Having prior knowledge of the surface energy of the constituent components of the
mixture, the degree of mixing can be calculated. However, this type of measurements is
subjected to severe limitations, imposed by the adsorption nature of the technique. Let’s
consider a binary mixture comprising of two powders, one with high and one with low surface
energy. The solvent probes interact preferentially with the particles exhibiting higher energy,
leaving the adsorption sites of the lower energy material empty. Thus, especially at low values
of surface coverage, only one of the materials is effectively taking part the measurement. The
development of computational tools enabling the determination of the surface energy
distributions from IGC data, can boost the applicability of IGC as a quality control tool for
mixing and blending. IGC measurements can potentially be employed to identify the

differences between mixed and coated samples can be identified, but special care needs to be
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taken, to make sure that in the coated samples the guest particles are mechanically locked on

the surface.

In one of the pioneering studies showing the applicability of FD-IGC in quality control
of pharmaceutical processes, the mechanism of interaction between salbutamol sulphate and
magnesium stearate particles, upon mixing was investigated.?*> FD-IGC measurements reveal
that the van der Waals surface energy profile of the mixture was almost identical to that of the
magnesium stearate. The authors combined these results with complimentary techniques, such
as SEM to suggest that the magnesium stearate creates a coating layer around the salbutamol
sulphate particles. Nevertheless, they have not reported control experiments were a physical
mixture of the two compounds was measured using IGC. Considering the range of surface
energies exhibited by the two materials, it can be expected that IGC experiments alone, would
have not been sufficient to shade light to the mechanism. Thus, FD-IGC measurements should
be complimented in advanced studies. In similar studies, the surface energy maps of two blends
of fine lactose (LH210) and large lactose (LH250) at different ratios were found to be exhibit

similar behaviour with the mixtures of salbutamol sulphate with magnesium stearate.>>

AFM has been deployed for the investigation of multicomponent mixtures. The accuracy
provided by the AFM enabled the elucidation of one of the mechanisms via which fines can
improve the performance of dry powder inhalers. It was shown that upon mixing, the fines are
attached to the more energetically active sites of the carrier particles, making them less
accessible for drug particles. Thus, upon aerosolisation, the drug particles are released more

easily.?*¢

3.4.3 Dry coating

Dry coating is the process where submicron-sized guest particles directly attach onto

relatively larger, micron-sized host particles, by means of mechanical forces, in the absence of
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a liquid medium. Mechanofusion has been used to modify the surface properties of powders by
coating powders with guest particles with different surface chemistries.

Dry coating can be performed via equipment such as the magnetic assisted impaction
coater (MAIC) and mechanofusion apparatus.?® °” Magnesium stearate, a well-established
lubricant, has been widely used in coating by mechanofusion. Previous studies have revealed
the versatility of magnesium stearate as a guest particle, improving the properties of various
host particles, such as acetonide, fine lactose, salbutamol sulphate, salmeterol xinafoate and
triamcinolone.?*%? In fact, dry coating of a-lactose monohydrate with magnesium stearate
was found to be much more effective compared with conventional mixing via a turbular
mixer.?%

Recently, Resonant Acoustic Mixer (RAM) has been proposes as a promising technique
to improve mixing and mechanofusion. A high intensity acoustic field to transmit energy into
a mixing vessel containing both the host and the guest particles. The current technology enables
the particles to be accelerated with a force equal up to 100 times that of Earth’s gravitational
acceleration. RAM was found in proof of concept studies to be able to handle pharmaceutical
particles quite well.?®! Furthermore, owe to its design it can be easily scaled up and it can be
easily shifted from a batch mode to a continuous one. Thus, it has a number of attributes making
it an attractive technique for future applications.

3.4.4 Milling

Micronisation and milling are commonly used pharmaceutical processes for reducing
particle size of pharmaceutical materials.?**2®* A reduction in size is extremely important in
the development of dry powder inhaler, since particles of <5 pum size can reach the lower
respiratory tracts which are the primary sites of drug delivery through inhalation. In tablet
manufacturing, APIs are micronised before wet granulation with excipients. Micronisation is

often carried out using high energy air jet mill while ball milling is, also used. The process is
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influenced by many factors, which are quite often omitted. Most importantly, little attention is
given to the properties of the feed material (particle size and particle habit), reducing the
efficiency of the process.

Micronisation creates new interfaces by fracturing or breaking a particle, by creating
lattice defects, or by producing amorphous sites on a crystalline material. The new crystalline
interfaces may correspond to new, facets, not exposed in the initial sample. Therefore, this
process may increase or decrease the surface energy of powders based on the nature of the
newly created interfaces. However, in practice the high energy sites occurring in the form of
defects dominate the surface energy of the final product. Heng et al. used acetaminophen to
assess the changes in surface energy upon milling.?** The milled material was sieved and the
dispersive component of surface energy was measured by means of vapour sorption. The van
der Waals components of the surface energy was found to increase with decreasing particle size
of sieved fractions. This was attributed to the surface energy of the weakest attachment energy
plane for the acetaminophen crystals. Using contact angle measurements on macroscopic
crystals, it was shown that the weakest attachment energy plane, with a relatively small acid-
base component of surface energy, compared to the van der Waals one.

In general, an increase in dispersive or non-polar surface energy was observed upon
micronisation of compounds, such as form I paracetamol, salbutamol sulphate, salmeterol
xinafoate, and crystalline a-lactose monohydrate. Increase in surface energy may result in
increased aggregation due reinforced cohesive interactions, overcoming the gravitational
forces. Milling of DL-propranolol was found to result in an increase of the van der Waals
component of the surface energy, until a particular point, called the brittle to ductile transition
point. After this point the milled material was found to exhibit a decrease in the van der Waals
component of the surface energy with further milling.?®> A similar behaviour was reported for

the milling of ketoconazole and griseofulvin, again with the use of IGC measurements.?*®
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However, micronisation of compounds showed to lead to more intriguing changes on the
acid-base component of the surface energy. For example, the acidic component of surface
energy appears, upon micronisation to decrease for DL-propranolol, salbutamol sulphate,
salmeterol xinafoate and a-lactose monohydrate, but to increases for acetaminophen. On the
other hand the alkaline component of surface energy appears, upon micronisation, to increase

267 and o-lactose monohydrate,?®® but to decrease

for DL-propranolol,?®> salbutamol sulphate,
for acetaminophen.?%* This peculiar behaviour can similarly to before be attributed to the fact
micronisation exposes new surfaces. Unfortunately, only the study for acetaminophen employs
wettability measurements to verify its results, in the context of surface energy anisotropy. In
any case, one should keep in mind a number of issues associated with the measurement of the
above changes. In all these studies, surface energy was determined via infinite dilution IGC
and the results correspond to a small, very limited, amount of the material. Furthermore, the
issues associated with the accuracy of the currently existing methodologies for the experimental
determination of the acid-base component of the surface energy, should be taken in account
and create scepticism.

A limited number of finite dilution IGC studies exists, showing more robust results,
compared to those from infinite dilution measurements. It has been shown that the distribution
of the acid-base component of the surface of milled a-lactose monohydrate is more
heterogeneous compared with that of untreated a-lactose monohydrate.** Nevertheless, one
should keep in mind that the deconvolution performed in order to calculate the distribution of
surface energy sites, is not the one described in the previous chapter, that is based on the
mechanistic modelling of the adsorption process.!*?? Instead an empirical method, based on
the surface area below the surface energy map was used. Infinite dilution measurements showed

that milled a-lactose exhibits a more profound acid-base component of surface energy than

untreated o-lactose monohydrate at infinite dilution. However, finite dilution measurements
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showed that at higher surface coverages, the milled a-lactose monohydrate carries lower
surface energy than the unmilled a-lactose monohydrate. In another study, with ibipinabant as
the model compound, a more complex behaviour was reported upon milling.?®® The acid-base
component of surface energy after micronisation was measured to be smaller, compared to
before micronisation, at low surface coverages whereas it was larger at bigger coverages. This
result, it is subjected to the limitations discussed before, associated with the very fundamental
nature of the measurements of the acid-base component of surface energy. However, it suggests
a redistribution of the surface energy sites upon milling.

From the hitherto discussion, it is clear that the use of in silico tools, enabling the
deconvolution of surface energy distributions from surface energy maps, can be highly
beneficial. Especially for the case of milling these models, can be highly successful. Defects
occupy a small portion of the surface area of the material. Thus, their contribution influences
mainly the left-hand side of a surface energy map, as the one shown in Figure 2.12, but it also
has effects to higher coverages. Using wettability measurements on macroscopic crystals, the
facet specific surface energies can be determined. Then these data can be used for the
deconvolution of the surface energy distributions of the same material milled at different
conditions. This would allow the simultaneous identification of the formation of new facets and

the creation of high energy defects.
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4. Aspects of the influence of sample preparation on IGC measurements:
the cases of silanised glass wool and column packing structure

4.1 Introduction

Inverse Gas Chromatography (IGC) emerged in the mid-70’s as an attractive
technique for the characterisation of the particulate materials.?* 2’ The fundamentals of
this technique have been outlined extensively in Chapter 2. As it was shown, in its finite
dilution mode, IGC produces a surface energy map showing the value of surface energy
measured at a variety of surface coverages. These maps can then be used in conjunction
with in silico models'®?° to enable the construction of surface energy distributions

describing the surface energy heterogeneity.

Nowadays, IGC is widely used in both academia and industry, contributing to the
characterisation of different materials. However, cases exist where different researchers
record different data for the same material. Similarly, cases also exist where researchers
raise questions regarding the effect of packing on raw chromatographic data and the
corresponding results. In the literature, detailed analyses are provided for the accurate
analysis of IGC data, however no systematic work, investigating the importance of
sample preparation or good experiment practice in general, is reported. This work deals
with two important aspects of IGC experiments focusing on the column preparation. The
first is the amount of silanised glass wool used in the packing of IGC columns. The
second examines the effect of column packing pattern. The experimental data presented

are rationalised by the findings on in silico studies.

Silanised glass wool is a commercially available fibrous, amorphous material, used
to assist the package of powders in IGC columns, ensuring no powder movement during
the measurements. Silianised glass wool carries some surface energy and thus it could

potentially influence the measurements, as the injected probe molecules, interact with
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it, as well. However, it was not possible to identify, in literature, a reliable code of good
experimental practice which includes some data on how to identify what is the maximum
amount of silanised glass wool that can be used without influencing the quality of the
measurements. Intuitively, one could think that this would be a function of the specific
surface area of the material and its surface energy; neither of the two are reported in

literature.

As it has been outlined in the previous chapter, powder blending is an important
process in pharmaceutical process development. Nevertheless, the quality control
methods for it are not always very robust; IGC can provide an alternative for some cases.
However, as it is an adsorption-based method the interpretation of the data is not
necessarily straightforward. An IGC based quality control protocol for the blending of
a binary (or an arbitrary) system of powders, should commence with baseline
measurements of the surface energy of the two components at different ratios. In this
direction, the second section of this chapter investigates whether the packing structure

of a binary powder system would influence the IGC measurements.

4.2 Experimental Methods

The silanised wool, used in the experiments described in this chapter, was acquired
commercially (Sigma Aldrich, Poole, UK); the material was used as received. During
packing the fibrous material is introduced in the glass column with the aid of some sort
of stick. Usually a small amount of the material is introduced in one side of the column
and the weight of the column with it is measured. Then the powder of interest is added,
with the aid of a funnel, and the mass of the column is measured again to find the amount

of powder added. Then the column is sealed with the addition of silanised glass wool on
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its other side. In this work, the importance of silanised glass wool is under investigation,

thus known masses of it are used.

o-Lactose monohydrate, a sugar used as a pharmaceutical excipient, was used as
the model material in the experimental studies investigating the impact of silanised glass
wool in surface energy measurements via IGC. a-Lactose monohydrate was acquired
commercially (Sigma Aldrich, Poole, UK) and was recrystallised. Cooling

crystallisation, under stirring, was used in the recrystallisation.

For the studies, investigating the influence of packing, anhydrous p-monoclinic
carbamazepine, a common antiepileptic drug, and d-mannitol, another sugar used as an
excipient, were employed. Carbamazepine was purchased from Apollo Scientific,
Stockport, UK, and was recrystallised from methanol, under stirring, to obtain fine
powder. 6-Mannitol were obtained commercially (Sigma Aldrich, Poole, UK), and was
recrystallised from a mixture of deionised water and ethanol, under stirring, as well. The
active pharmaceutical ingredient (carbamazepine) and the two excipients (6-mannitol
and a-lactose monohydrate) used in this study are not only studied in this chapter but
elsewhere in this work. In particular, a lot of emphasis is given on carbamazepine, in

Chapters 5, 7, 8 and 9.

The surface areas of the aforementioned materials, both the powders and the
silanised wool, were measured using two alkane probes, octane and nonane. The surface
energy measurements were carried out using three alkane probes, octane, nonane, and
decane; at surface coverages ranging from 0.003 to 0.1. The Schultz’s construction was
used in surface energy calculations. The results presented in this study exhibit an R?
agreement greater than 0.999.27! The study did not expand to higher values of surface

coverage to avoid encountering complexities associated with the effects of lateral
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interactions, scaling with increasing surface coverage. In the case of strong lateral
interactions, the chromatograms exhibit fronting. At this regime, the instrument is not
effectively measuring adsorbate-adsorbent interactions, but only the interactions
between solvent molecules, making the measurement inaccurate. The properties of the

alkane probes used in this study are summarised in the following table.

Table 4.1: The properties of the alkanes used in the IGC measurements, which are relevant to this
work.

Alkane Molecular cross sectional | Surface tension | Change in surface tension for
area (A?) at 20 °C''5 at 20 °C (mJ/m?) | 1 °C increase in temperature
(mJ/m?)
Octane 64.9 21.62 -0.0951
Nonane 69.6 22.72 -0.0936
Decane 74.4 23.83 -0.0920

4.3 Results and discussion

4.3.1 Influence of silanised glass wool

This section outlines a simple set of experimental and in silico studies, used to
determine the influence of silanised glass wool. The results obtained were used to
propose a road map for the optimum selection of the amount of silanised glass wool used

in the measurement of materials with different surface energies.

The surface area of the silanised glass wool was determined, as mentioned in the
“Experimental Methods” section, to be about 0.27 + 0.02 m?/g. The dispersive surface
energy map of silanised glass wool was then determined using the three alkanes
mentioned in the previous section. The next step was to determine the surface energy
maps of a-lactose monohydrate sample. About 2.5 g of a-lactose monohydrate were

packed with about 0.1 g of wool and measurements of surface area (found to be about
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0.4 m?/g) and surface energy were conducted. This first measurement of surface energy
was used as the baseline for a-lactose monohydrate. In later experiments silanised glass
wool was added on top of this 0.1 g. Inarguably, this minor addition of wool can,
theoretically, influence the data. Nonetheless, it would become clear from the in silico
experiments, presented later on in this chapter, that such an amount of wool, packed with
a material like oa-lactose monohydrate, does not have a measurable impact in the
measurement. The surface energy distributions were determined, using a multi-solvent
system site filling model based on Boltzmann statistical distribution, under the
assumption that it comprises from the sum of four Gaussian distributions, each one at a
different ratio, each one representing an adsorption site of different surface energy.
Aspects of this model have already been presented in Chapter 2. The surface energy
distributions obtained for the pure glass wool and the almost pure a-lactose monohydrate
would be the surrogate for the development of a quantitative study of the importance of

silanised glass wool in IGC measurements.
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Figure 4.1: Surface energy maps of a-lactose monohydrate (termed simply lactose in the

legend) and glass wool at different combination ratios.

The next step was to pack silanised glass wool (W) and a-lactose monohydrate (L)
at a series of surface area ratios (the ratio of the surface area of the silanised glass wool
to the surface area of the a-lactose monohydrate baseline), L:W =1:2, 1:1, 2:1, 4:1. The
mixtures were examined and the curves of dispersive surface energy as a function of
surface coverage are shown in Figure 4.1 for these samples. It is important to note that
the two baseline measurements act as the boundaries, a-lactose monohydrate is the
higher boundary while silanised glass wool is the lower boundary. Data for all mixtures
lie in-between the two boundaries. Considering that the surface area of the silanised
glass wool is about 65% of the a-lactose monohydrate and that the silanised glass wool

is fibrous in nature, an experienced IGC operator would immediately realise that the
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amount of silanised glass wool used in the aforementioned mixtures is much higher than
the amount is frequently used. This was done intentionally in order to examine the limits
of the influence of silanised glass wool. The surface energy maps of the mixtures of
wool with a-lactose monohydrate were determined. It is important to clarify, that for the
calculation of the surface coverage, only the a-lactose monohydrate content was taken
in account. The reason for this was to highlight the erroneous results associated from the
use of excess amount of wool. In other words, the experiment was trying to reproduce
conditions were an IGC operator, unaware of the importance of the amount of silanised
glass wool in the measurements, is packing the samples using excessive amounts of the

fibrous material.
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Figure 4.2: A) The calculated surface energy distributions of the silanised glass wool and a-
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lactose monohydrate, B) The calculated surface distribution obtained from the deconvolution
of the surface energy map of a 1:4 wool to a-lactose monohydrate mixture, using the in silico
tool developed. The theoretical distribution was obtained from the combination of the surface
energy distributions of the constituent components of the mixture at the aforementioned ratio.

C) The same as for B but for a 1:1 wool to a-lactose monohydrate mixture.
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Figure 4.3: The deviation of the measurements at different loadings of silanised wool for the

a-lactose monohydrate and the two simulated materials.

Using in silico tools,?® it was possible to calculate the surface energy distributions
of the samples by fitting their surface energy distributions in a mathematical model
describing heterogeneous adsorption. In these calculations, the surface areas of the
columns was fixed, in order to obtain a meaningful distribution; contrary to the previous
paragraph, where the aim was to highlight the erroneous results, that will be obtained
from the excess amount of silanised glass wool. Theoretical surface energy distributions
were determined by appropriate combinations of the surface energy distributions of a-
lactose monohydrate and wool. For instance, for the column containing equal amount,
by surface area, of a-lactose monohydrate and silanised glass wool the theoretical
surface energy distribution was calculated by multiplying the distributions of the two
individual components (wool and a-lactose monohydrate) by 0.5 and adding the two
products together. In Figure 4.2, these theoretical surface energy distributions are

depicted, along with the surface energy distributions obtained from the fitting of the
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experimental data, using the in silico tool. By inspection, one could see that in both cases
illustrated in this figure, the theoretical and the actual surface energy distributions are
quite similar. This is a very promising result, as it verifies the accurate execution of the
experiment and the robustness of the in silico tool employed. Furthermore, it indicates
that there is no formation of new interfaces, upon mixing of the two materials, that can

alter the measurement.

The quantification of the effects of the silanised glass wool requires the use of an
approach taking into account all the surface energy map. Thus, the following equation
was developed measuring the deviation of a point at coverage x of a mixture of a-lactose
monohydrate with silanised glass wool, with the corresponding point obtained from the

surrogate column:

d d Eq. 4.1

d — —
AYt:overage x YCoverage x of lactose YCoverage xof sample x

where a-lactose monohydrate stands for the baseline a-lactose monohydrate column and
sample x for the combinations of a-lactose monohydrate with different amounts of
silanised glass wool. The largest value of Ayc‘ﬁ,vemge x for each column, was found and
plotted against the corresponding ratio of surface area of material to the total surface
area of the packed material in the column, given by the summation of the surface area
of the material with that of the silanised glass wool. The results of this operation are
illustrated in Figure 4.3. One should observe that for the case of the a-lactose
monohydrate even when the surface area of the sugar is four times bigger than that of
the silanised glass wool packed, the deviation from the real surface energy can be up to

three times larger than the fidelity of the instrument (~ 1 mJ/m?).
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Figure 4.4: The surface energy distributions of the six in silico materials, investigated in

this study.

As the influence of silanised glass wool was verified experimentally, in silico
studies were deployed to investigate the limits of this influence. Six model materials
with a wide range of surface energies were simulated. The surface energy distributions
of these materials are shown in Figure 4.4. These are in silico created material, with
specific surface energy distributions. They do not correspond to specific materials used
in pharmaceutical industry or elsewhere. The range of values was chosen to be in
realistic limits encountered in commercial materials, while providing sufficient breadth
of values, so to explore different possible scenario. The same procedure for the
calculation of the maximum deviation was employed and the results obtained are shown
in Figure 4.3. The most intrinsic finding of this analysis is that the materials can be
categorised in three main categories. The first category includes Materials 1 and 2. These
materials exhibit surface energy smaller than silanised wool (y¢ < 30 ml/m?),
corresponding to hydrophobic polymers like polytetrafluoroethylene (PTFE). When

these materials are investigated, the surface area of the packed material should be much
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larger than silanised wool because. In fact, as it can be seen from Figure 4.3, even when
material’s surface area is four times larger than that of silanised glass wool, the error in
the measurement can be up to five times the standard equipment error (approximately
1 mJ/m?). The second category involves Materials 3 and 4, with surface energy similar
to silanised wool (30 < y? < 40 mJ/m?). The surface energy of these materials is similar
to this of the wool, the effects of silanised wool are camouflaged and are not manifested
in the measurement. The last category includes materials similar to Material 5 and 6,
exhibiting high surface energies (y¢ > 50 mJ/m?). The affinity of an adsorbate molecule
towards two different adsorption sites can be determined by means of equation 2.70. In
the context of this equation it is not a surprise that for high surface energy materials the
measurements is not affected even if the surface area of the material under investigation
is equal to that of the silanised glass wool. However, heterogenous adsorption is a non-
linear phenomenon, the non-linearity of which is driven by the surface energy
heterogeneity. Thus, it would not have been possible to attempt to generalise further the
results of this study, as the amount of computational complexity will very easily

culminate.

The findings of this section are important as they highlight the need for
complimentary techniques in surface energy measurements. In order for an IGC operator
to select the optimum amount of silanised wool for a specific material, prior knowledge
of the order of magnitude of surface energy is required. Furthermore, the importance of
this section is that it provides with numerical data for the surface energetics of silanised
wool which can be used in the design of experiments. Finally, the computational
framework described can be used as a tool for researchers to assess previous

measurements in the light of the findings of this paper.
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4.4 Effects of packing

4.4.1 IGC measurements

Mixtures of carbamazepine and d-mannitol were used in this study. The materials
were prepared as described in the Experimental Methods section. Their surface area was
found to be quite similar (about 0.35 m?/g). Chromatographic columns were packed,
using four different ways, with the aforementioned materials, at a 1:1 surface area ratio.
The four different ways of packing are outlined in Table 4.2. The surface energy of each
of the columns was measured and the results were plotted in Figure 4.5. Similarly with

the wool analysis, the surface energy distributions of the two materials were calculated.

Table 4.2: Depiction of the four different packing configurations tested experimentally; in the

schematics carbamazepine is shown to have a yellow color, while d-mannitol is shown with blue

color; thus, the physical mixture of the two is naturally depicted green.

Packing name Description Schematic

Physical mixture | Powders are physically mixed together

Two layers of powder; a carbamazepine and a

Janus o0-mannitol one on each side of the column.

Three layers of powder; the upper and the
Tapir bottom layers are d-mannitol, and the middle
layer is carbamazepine

Six layers of powder, alternating between o-

Zebra . .
mannitol and carbamazepine

-l

From Figure 4.5, it can be seen that there is not a large variation in the measured
surface energy of the mixtures, indicating that the packing of the material does not
influence the IGC measurements. In addition, the deconvoluted surface energy
distribution of the mixture agrees with the theoretically distribution predicted from the

combination of the surface energy distributions of its constituent components. From a
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formulation perspective, this is a quite important finding. It indicates that the influence
of the solid-solid interfaces is negligible. Thus, no mechanical interlocking or particle
coating is observed. In turn, this suggest that IGC can be used as a quality check
technique for processes such as dry coating. The powder is expected to give different
profile in the case where mechanical interlocking, between two types of powders, is

observed compared with cases where only dispersion of the two powders occurs.
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Figure 4.5: The surface energy measurements obtained from pure carbamazepine, mannitol,

and 1:1 mixtures of the two packed with different configurations.

4.4.2 Monte Carlo simulations

The fundamentals of the in silico tool used for the deconvolution of surface energy
heterogeneity used in the previous section of this chapter, has been discussed in Chapter
2, as well as in literature. It is a deterministic model, where no randomness is involved.
However, as has been mentioned in Chapter 2, using arguments similar to those

Professor Albert Einstein!!! used to classify Brownian motion as a stochastic process,
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adsorption processes can be classified stochastic as well. In other words, the adsorption
phenomenon can be understood as an agglomeration of smaller and simpler interactions,
during which individual gas molecules interact with a solid. By repeating the same
simple gas solid interaction over a large number of times, the equilibrium behaviour of
the system could be determined, along with the variability associated with every

stochastic phenomenon.

In this context, the surface energy heterogeneity is not described, anymore, by an
equation, but by a two dimensional lattice. For the case of heterogeneous adsorption,
each site of the lattice can carry a different values of surface energy. A square type of
lattice was chosen, instead of a hexagonal one, in order to keep the computation times

in a reasonable time frame.

A Grand Canonical Monte Carlo ensemble is used for the simulations, presented
in this work.!'>!!> This means that the aforementioned lattice is in thermodynamic
equilibrium with a sink of particles. In this case, the particles are chain entities
resembling the chain alkanes used in IGC measurements. These particles are going to
interact with the lattice during the simulation. In IGC is assumed that the changes in the
Gibbs free energy of adsorption are due to adsorption/desorption phenomena and that
no surface diffusion occurs. Thus, for the purposes of these simulation, the particles
interacting with the lattice can either attempt to adsorb on it or if they are already
adsorbed they can attempt to desorb. However, no movement of particles on the lattice
can be performed. The Metropolis criterion was used to calculate the probability of
adsorption/desorption phenomena. This is a detailed process that has been extensively

discussed in literature.
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Figure 4.6: Schematic depictions of the three different types of lattice employed in the Monte
Carlo simulations; A) is for the physical mixture, B) is for the Janus and C) is for the zebra. The

lattices are not in scale and the two different colours represent materials A and B.

Monte Carlo simulations based on the works conducted were done on 500 x 500
square lattices. Three different types of lattice arrangements (depicted qualitatively in
Figure 4.6) were used in order to verify the results obtained from the surface energy

measurements on materials packed at different ways, as shown in Table 4.2:
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a) Physical mixture lattice: The adsorption sites predicted by the energy
distributions are allocated randomly throughout the lattice

b) The two side lattice: In this case the lattice was divided in two sections each with
dimensions 500 x 250, the adsorption sites for material A were distributed on one
side and those for material B were distributed on the other side.

¢) The zebra lattice: It is similar with (b), but it has six sections each with dimension

500 x 83 (apart from one which is 500 x 84).

The schematics in Figure, qualitatively describe the three types of lattice. Material
A was given a surface energy of 45 mJ/m2 and material B was given a surface energy
of 25 mJ/m2. In addition a small amount of high energy sites with surface energy of 100
mJ/m2 were distributed randomly around the lattice to account for the high energy
defects. The experiments were conducted at a relative pressure leading to small coverage
in order to minimise effects associated with the orientiation of the adsorbates. Figure
4.7 depicts a section of the physical mixture lattice at the end of the simulation. The
worm like structures appearing in the image at the right correspond to the decane
adsorbate. One should notice that the total coverage is not high in order to avoid issues

with the orientation of the adosrbate molecules.
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Figure 4.7: Snapshot of the physical mixture lattice used in Monte Carlo simulations at the

end of a simulation. The worm like blue structures are the adsorbates.

The results obtained, from the Monte Carlo simulations, for the experienced
surface energy of decane on the three different types of lattice are shown in Figure 4.8.
The systems behave similarly in all three lattices meaning that no significant differences
are identified for different lattice arrangements. In Table 4.3, the mean and the standard
deviation of the experienced energy calculated for each case is shown. The results are
quite similar and in the vicinity of the standard experimental error for IGC (~1 mJ/m?).
Thus, they are in agreement with the experimental findings for the influence of packing
structure. The simulations are performed using adsorption sites with quite distinct values
of surface energy (25 and 45 mJ/m2). If values corresponding to the surface energies of
the materials used in the experimental section of this paper, the proximity of the results

obtained from the simulation was going to be even smaller.
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Figure 4.8: The results of the Monte Carlo simulations for decane on different types of

lattice.

Table 4.3: The mean and the standard deviation of the experienced energy, calculated from the

Monte Carlo simulations.

Lattice Mean experienced energy | Standard  deviation of
(mJ/m?) experienced energy
(mJ/m?)
Physical mixture 45.18 0.49
Janus 47.66 0.30
Zebra 47.41 0.18

Simulations were performed with octane as well showing the same qualitative behaviour.

Using the results of the simulations, one could calculate the change in the Gibbs free energy

(AG) of adsorption for both alkanes using the equation:
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AG® = a,, N,Wr, Eq. 4.2

where a,, is the molecular cross-sectional area of the alkane, N4 is the Avogadro number and
W2 is the work of adhesion. The results of simulations performed on the physical mixture
lattice, for octane and decane at similar values (0.017 and 0.018 respectively) of surface
coverage, are shown in Figure 4.9. As expected from the experimental results, the change in
Gibbs free energy of decane is higher than for octane. As decane has a higher surface tension,
a bigger change in the Gibbs free energy is required to cover the same amount of surface. This
results for the change in Gibbs free energy of adsorption may not shade additional light in the

effects of packing, nevertheless they act as sanity checks for the simulations.
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Figure 4.9: The change in the standard Gibbs free energy of adsorption calculated for octane and

decane on the physical mixture lattice on similar values of surface coverage.

4.5 Conclusions

A combination of experimental and computational approaches was applied to investigate
the influence of the amount of silanised wool and of column packing patterns on IGC
measurements. For the case of silanised wool the surface energy of the material was
examined using IGC measurements and computational models. The recommendation is
that care should be taken especially for low surface area and/or low surface energy
materials. The presented data could be used for guidance to determine how much
material or wool should be packed in the chromatographic column and the
computational models provide a versatile toolbox guiding researchers in the selection of

the appropriate amount of silanised wool.
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In addition, it was shown that the packing of mixtures of particulate materials does
not significantly influence the experimental data and the surface energy results. All the
experimental measurements were supported by state-of-the-art computational
approaches, highlighting the importance of in-depth computational analysis of IGC data.
The Monte Carlo simulations can be a powertful tool, for the understanding of various
phenomena in gas-solid adsorption processes. Nonetheless, owe to their computational
cost they cannot substitute other, deterministic, in silico tools developed for the
deconvolution of the surface energy distribution of powders. Following the publication
of the results of this study, at least one independent study has been published verifying

the results presented in this chapter.?”?

In general this study verifies IGC as a powerful characterisation technique able to
detect even small variations in surface energy between different samples. It reaffirms
the importance of in silico tools for the in depth understanding of IGC results. In an era
where multicomponent mixtures gain ground in pharmaceutical process development,
the tools employed in this chapter, along with the corresponding outcomes, provide a
robust framework for the investigation of processes, involving different types of

powders such as mixing and dry coating.
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5. The importance of spreading pressure in the determination of surface
energy via IGC measurements

5.1 Introduction
In his work on “The Spreading of Fluids on Glass”, published in 1919, Sir William Bate

Hardy?”? argues that:

“Whether primary or secondary spreading does or does not occur on a fluid face depends
mainly upon the relative value of the surface tensions, but on a clean solid face it must

depend wholly upon the value of vapour tension.”

Considering that the term vapour tension is directly related to spreading pressure, this
constitutes the first scientific statement highlighting the importance of spreading pressure in
wetting (for reasons of clarity it should be noted that the term clean solid surface does not refer
to a molecularly smooth surface, but on a clean surface of normal glass). Nonetheless, the
concept of spreading pressure has been discussed, by Hardy and other prominent members of
the then scientific community, well before 1919, in the context of its importance in the

spreading of oils on water.?74276

In 1937 Bangham and Razouk’””

applied Gibb’s isotherm in gas-solid adsorption, in a
work where they addressed the importance of spreading pressure. In fact, the mathematical

interpretation for the influence of spreading pressure in adsorption was first proposed in these

publications. This mathematical interpretation is still used in the following form:

o Po Eq. 5.1
7o =3 — Ysy = RT f I d(n(P))
0

In the above equation, 7. stands for the spreading pressure, ys and ysy are the surface energy of
the solid and of the solid vapour interface respectively, I is the surface excess, R, T and P have

the same meaning as in the ideal gas law. This equation suggests that when the influence of
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spreading pressure is negligible, the surface energy of the solid is the same as the solid-vapour

interfacial energy.?”’

In adsorption-based techniques developed for surface energy measurements, in the years
followed the publication of this work, the importance of spreading pressure was omitted, on the
basis that its value can be considered negligible. One such technique is Inverse Gas
Chromatography (IGC), a widespread technique used since 70’s. The fundamentals of the
technique have been thoroughly discussed in Chapters 2 and in literature. IGC’s paramount
importance in the advancement of surface energy measurements is more than evident through
the constantly growing number of operators in a wide range of disciplines both in academia

and in industry.

Nonetheless, a limited number of publications have addressed the issue of good
experimental practice of IGC. IGC measurements are usually performed in temperatures
ranging from 25 °C to 150 °C, however in the majority of the published work the measurements
are performed at around 30 °C. Situations exist where the researchers want to examine the
behaviour of the material of interest under different conditions, however it is not unusual for
operators to perform measurements at temperatures well above the aforementioned usual value

in order to speed up the experiment.

From a fundamental physicochemical perspective it is expected that at higher
temperatures the majority of the materials would have a lower surface energy; even though
Lifshitz equation proposes that, theoretically, the opposite scenario is possible.’® 2 The
influence of temperature varies with the type of material, crystalline solids for example are less

susceptible compared to amorphous materials.

The work presented in this chapter stemmed from some peculiar results obtained while

measuring the surface energy of p-monoclinic carbamazepine, using IGC. This clear deviation
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from theory, could be explained in terms of the influence of spreading pressure. Spreading
pressure increases with temperature, owe to the higher tendency of the molecules to be in the
vapour phase. Using tailored experiments, the spreading pressure was measured. By
incorporating the values of spreading pressure on the surface energy measurements, it was
possible to obtain corrected values of surface energy. The new results suggest a decrease in
surface energy with increasing temperature, agreeing with theory. The results obtained were
verified with the aid of SEM images and surface energy distribution calculations. Then the
study was expanded for the case of carbamazepine’s triclinic polymorph. This work provides a
road map for the correction of IGC measurements at different temperatures. In addition, the
findings, presented, can be used by fellow investigators to re — examine their results in the light

of this work. In this direction, the main outcomes of Chapter 4 are re — examined.

5.2 Experimental Methods

Carbamazepine powder was purchased from Apollo Scientific, Stockport, UK, and was
recrystallised in ethanol, acquired commercially (VWR, Radnor, PA, USA). The
recrystallisation was performed under stirring in order to ensure the conversion of all the
material to the p-monoclinic polymorph. Powder X-ray diffraction measurements on the

resulting powder did not reveal the presence of any other polymorph.

The surface area of carbamazepine was measured using two alkane probes, octane and
nonane. The surface energy measurements were carried out using three alkane probes, octane,
nonane, and decane; at surface coverages ranging from 0.003 to 0.1. The measurements were
performed at five temperatures; 25, 30, 40, 50 and 60 °C. The temperature in this study was
kept relatively low, as carbamazepine has the tendency to sublime. The properties of the alkane
probes used in this work are the same as those presented in Table 4.1, from the previous

chapter. The Antoine’s equation for each alkane was obtained from NIST thermophysical data
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bank. The molecular cross-sectional area was assumed to increase, with increasing temperature,

the same way the molar volume was increasing.

The Schultz’s approach was used to determine surface energy at individual values of
surface coverage, with the R? agreement being greater than 0.999. For the calculation of the
surface excess, the isotherms were measured to higher values of surface coverage and then
extrapolation was performed in order to be able to integrate over the 0 to Po range. The
measurements were conducted using an IGC-SEA (Surface Measurement Systems, London,
UK).

Macroscopic crystals of p-monoclinic carbamazepine were grown in methanol. The
detailed description of this process is reported elsewhere. Seeds for macroscopic single crystal
growth were prepared via a two-step cooling crystallisation of a methanol (VWR, Radnor, PA,
USA) solution supersaturated with as received carbamazepine (Apollo Scientific, Stockport,
UK). The seeds were then suspended in a supersaturated methanol solution, evaporating slowly
at ambient conditions. The crystals were left to grow for a few weeks. Fresh supersaturated
solution was added to ensure sufficient amount of liquid in the vessel. The dispersive
component of the surface energy, for each of the major facets expressed, was determined using
sessile drop contact angle method; dilodomethane, also acquired commercially (VWR, Radnor,

PA, USA), was used as the probe liquid.

5.3 Results and discussion

5.3.1 IGC data

The first results from the measurements of the surface energy of p-monoclinic
carbamazepine are shown in Figure 5.1. It can be seen that the data show an increasing

tendency. To tackle this peculiar result, the concept of spreading pressure was employed.
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Figure 5.1: The surface energy measurements for p-monoclinic carbamazepine as obtained at the five
different temperatures shown at the legend, the numbers in the legend correspond to the temperature,

in degrees Celsius, of the experiment.

By extrapolation of the isotherms obtained at five different temperatures, for all three
alkanes, it was possible to perform numerical integration to calculate the corresponding values
for the spreading pressure; the results are shown in Figure 5.2 (a more detailed analysis of
these calculations, with some example isotherms can be found in Appendix 1). The data points,
as expected, follow the trajectories of the corresponding vapour pressures as they are
determined from Antoine’s equation. The magnitude of the spreading pressures compare quite
well with similar measurements, obtained with the same instrument, if they are adjusted for the

differences in the surface energy.!!® 27%-28!1
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Figure 5.2: The values of spreading pressure obtained from the isotherms at five different

temperatures, for the three alkanes of interest.

The data were implemented on Schultz’s!'!

plot in order to determine the overall
influence of spreading pressure on the measurement; a single value was obtained for each
temperature. The Schultz’s plot used is shown in Figure 5.3. Then, the value obtained for each
temperature was subtracted from every single point of the surface energy plot. Thus, a second
surface energy plot, shown in Figure 5.4, was obtained depicting the corrected values of surface
energy. The new surface energy plots correctly depict the decrease in surface energy of the
material. As expected, owe to the crystalline nature of the material, decrease in surface energy

1s not massive. In fact, this decrease can be associated, partially, with the adsorption nature of

IGC measurements.
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5.3.2 Wettability

Images of the macroscopic crystals of p-monoclinc carbamazepine are shown in Figure
5.4. Indexing has been performed and the indixes of the most important facets are shown on
the images.?®? Protractor measurements were used to confirm literature findings. For instance,
the dihedral angle between the (101) and the (001) facets was measured to be 65.3 °, comparable

to the theoretical value of 64.9 .83

The Kruss Drop Shape Analysis instrument (Kruss Gmbh, Hamburg, Germany), along
with the corresponding software, was used for the contact angle measurements. The sessile
drop contact angles were determined using the circle profile method. Each measurement
performed had 4 repeats, each on clean facets, where the initial drop volumes ranged from 3 to
6 pL in volume. The measurements were performed in a temperature controlled room at about

24 £2 °C.

Both advancing (Oadvancing) and receding (Oreceding) contact angle measurements were
performed, following the procedure described in section 2.5.2.1 on “Sessile drop contact angle
measurements”.”® The method proposed by Tadmor?® has been used to determine the
equilibrium contact angle from advancing and the receding contact angle measurements.
Diiodomethane is a liquid exhibiting only van der Waals interactions; thus, y;, = y;; = 0. The

work of adhesion (Ws;) for the formation of a solid-liquid interface is given by:

WsL = Vsv + Vv — Vse Eq. 5.2
where ygy is the surface energy of the solid, y; is the surface tension of the liquid and yg; is
the surface energy of the interface. Combining equation 5,2, with the definition of Young’s
equation, and taking into consideration the assumption about the nature of the interactions

exhibited by diiodomethane the following equation can be obtained:
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— Eq. 5.3
Yv (1 + cos(6,)) = 2( VZ‘I}A/Y.é‘I}A/)

This equation was used to directly calculate the surface energy of a solid, using contact angle
measurements from diiodomethane. In Table 5.1 the results of the contact angle measurements

are summarised along with the calculated values of surface energy.

Figure 5.4: Stercoscopic image of a macroscopic p-monoclinic carbamazepine crystal, grown in

methanol, with four facets of interest marked on it.
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Table 5.1: The contact angle values and the calculated surface energy as
they were measured on the four major facets of macroscopic p-monoclinic

carbamazepine crystals.

Facet OAadvancing (°) | OReceding (°) YW (mJ/m?)
(101) 35.1+£0.3 249+1.0 442 +23
(001) 526+12 |38 +1.1 36.6 3.0
(010) 508+29  |392+10 37.0 £ 1.0
(112) 452+0.2 389+0.8 38.6+0.3

5.3.3 Surface energy deconvolution.

In Figure 5.5, SEM images of the recrystallised p-monoclinic carbamazepine are shown.
Similarly to the macroscopic crystals, the (101) facet dominates the surface of the particles.
The reasons why the particular facet dominates have been explained exhaustively in Chapter 3,

even though interesting work heavily lying on the concept of surface energy has been published

30-33

recently.

Figure 5.5: SEM images of carbamazepine recrystallised in ethanol resulting to a p-mononclinic

polymorph.

In silico tools'?° deployed in the previous chapter, based on previous works, were
implemented to obtain the surface energy distributions of the powder at 25 °C. A BET type of
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isotherm is employed to fit the data. The contact angle values were used as inputs in the model.
In Figure 5.6 A one could see the corrected experimental data for p-monoclinic carbamazepine
at 25 °C and the simulated line, corresponding to the surface energy distribution show in Figure
5.6 B. The deconvoluted surface energy distribution shown in Figure 5.6 B, clearly reflects the
dominance of the (101) facet; which is calculated to account for about 50 % of the surface area

of the sample.
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Figure 5.6: A) The corrected dispersive component of the surface energy of p-monoclinic
carbamazepine (dots) along with the simulated line corresponding to the predicted surface energy

distribution. B) The surface energy distribution of the corrected IGC measurement at 25 °C.
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The simulations were repeated at 60 °C, assuming that the surface energy of the material
1s immune to the influence of the temperature. The surface energy plot obtained did not change
greatly from the one determined at 25 °C. A small decrease in the measured surface energy was
attributed to the adsorption nature of the process, but the value at a surface coverage of 0.1 was
found to be around 42 mJ/m?, well different from what has been measured experimentally,
shown in Figure 5.3B. Thus, all the surface energy change measured can be attributed to the
influence of temperature on surface energy. This gives a surface energy change of about 7
mJ/m? for a change of 35 °C.

5.3.4 Expanding beyond p-monoclinic carbamazepine

The same notions, described in the hitherto analysis of Chapter 5, have been applied for
the case of another carbamazepine’s polymorph; the triclinic one. In thorough discussion of the
polymorphic behaviour of carbamazepine will be conducted in Chapter 8. Nevertheless, for the
purposes of this chapter, it is important to mention that triclinic polymorph exhibits
enantiotropic behaviour with respect to the p-monoclinic polymorph. The transition
temperatures is at around 78 °C. Triclinic carbamazepine was prepared by heating p-monoclinic
carbamazepine prepared with the method described in the “Experimental methods” section of
this chapter at 140 °C overnight.”* In Figure 5.7 B and C, one can see SEM images of the
triclinic carbamazepine obtained. Previous DSC studies have shown that the polymorphic
transition occurs via the melting of the p-monoclinic carbamazepine and the subsequent
recrystallisation of the melt towards the triclinic polymorph. The crystals obtained exhibit a
distinct acicular habit, deviating significantly from the prismatic shape of the p-monoclinic

carbamazepine. The triclinic nature of the material was verified with XRPD scans as well.
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Figure 5.7: A) The XRPD scan of the material produced by overnight thermal treatment of p-
monoclinic carbamazepine at 140 °C. The peaks correspond to those of the triclinic polymorph. B
and C) SEM images of the triclinic polymorph produced by overnight thermal treatment of p-

monoclinic carbamazepine at 140 °C.

The same procedure used for the measurement of the surface energy of p-monoclinic
carbamazepine was used in the case of triclinic carbamazepine. The specific surface area of the
material was measured using octane. The surface energy maps for triclinic carbamazepine,
before it was corrected are shown in Figure 5.8 A. One could observe the same peculiar

behaviour suggesting an increase in surface energy with increasing temperature. Then in
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Figure 5.8 B the corrected version of the measurements is presented, showing a trend in

accordance with the theory.
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Figure 5.8: Surface energy maps for the triclinic polymorph of carbamazepine obtained at different

temperatures (the number in the legend corresponds to the temperature of the experiment in degrees

Celsius) before (A) and after (B) the spreading pressure correction.
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5.3.5 Implications of this study on the previous chapter

In the previous study, elaborated experiments have been employed to show the influence
of silanised wool and powder packing on IGC measurements. Whilst the experiments of this
chapter take into account the precautions suggested on the amount of silanised wool, the results
presented in Chapter 4 do not take into account the effects of spreading pressure. The
implementation of the findings on spreading pressure do change the results on the influence of
silanised glass wool quantitatively. The surface energy of silanised glass wool upon correction
was found to exhibit a decrease of around 6 mJ/m?, landing to the area of around 30 mJ/m>.
Corrections were imposed to the rest of the measurements, as well. The qualitative findings,
suggesting the ability of the in silico model to identify mixtures of two different materials, were

verified once more.

The new findings do not suggest a qualitative shift from the basic conclusions on the
influence of silanised glass wool. The new surface energy of silanised glass wool, obtained
upon correction, is lower than before. However, the classification of the materials, proposed in
Chapter 4 will not change. The materials can still be classified as low surface energy materials
severely affected by the amount of wool, materials with surface energy similar to that of
silanised wool where the effects of the wool are masked and high energy materials, not severely

influenced.

5.4 Conclusions

Overall, this study contributes to the building of a set of good experimental practice in
the field of IGC. Its importance spans in two different levels. It revealed the importance of
spreading pressure in the correction of surface energy measurements performed via
chromatographic methods. In this context, it provides a detailed method, grounded on well-
established theoretical approaches, to correct the results in order to be able to directly compare

measurements obtained at different temperatures. Furthermore, from the results presented it is
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clear that if operators want to minimise the influence of spreading pressure should use probe
molecules with high vapour pressure. It should also need to be clear that these measurements
would not be completely accurate, but they would be less susceptible to the effects of

temperature.

This study reaffirms the importance of spreading pressure in adsorption, based processes.
It shows that the magnitude of spreading pressure, directly related to the temperature, is not
negligible. A road map for the implementation of the influence of spreading pressure in IGC
measurements is proposed. Furthermore, it is showcased that surface energy measurements,
obtained with IGC, should be critically assessed with the aid of SEM images, wettability
measurements and surface energy distributions. The use of complimentary tools is paramount,

as they can provide more rational to the results obtained.
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6. The effects of amorphous interfaces in IGC measurements

6.1 Introduction

Hansen Solubility Parameters (HSP)** have been established as thermodynamic
quantities of crucial importance for the understanding of the behaviour of materials of industrial
importance; primarily polymers, but also minerals and nano-materials. The corresponding
theory has been addressed in Chapter 2 on the “Fundamentals of Interfacial Phenomena”.
Further studies can be found in literature, along with theoretical, experimental and

285289 some directly relevant to pharmaceutical

computational investigations of the topic,
industry.?”2% Contrary to surface energy, solubility parameters, have been considered, not to
be hindered by the surface area to volume ratio of the system and that’s why they are quite

convenient for the characterisation of amorphous materials. Thus, accurate determination of

HSP interests a wide spectrum of investigators both in academia and industry.

Traditionally, the measurement of HSP was performed by tedious experiments involving
the use of large quantities of materials and solvents. IGC came in mid-70s as a game changer,
providing a less labour and cost intensive route for the measurement of HSP. The development
of the methodology underlying the use of IGC in the determination of HSP should be credited
to a number of investigators, such as Voelkel, DiPaola and Ito.?!"** The corresponding theory,
which can be found in great detail in the chapter on the “Fundamentals of Interfacial
Phenomena”, is built around IGC’s ability to determine the, infamous, y mixing parameter,
predicted by the Flory-Huggins theory. This is achieved by measuring the retention time and
hence the interaction energy between, presumably, the surface of a stationary polymer phase
and a solvent of known properties. The value of y can be, then, introduced to appropriate
geometric constructions to determine the three components of the HSP, namely the dispersive,

the polar and the hydrogen bonding.
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One should remember that y is an interaction parameter, accounting mainly for the
enthalpy changes associated with interactions between molecules upon mixing. Thus, it is, in
essence, describing an interfacial phenomenon. The occurrence of any form of interaction
requires the presence of an interface. Numerous materials of pharmaceutical interest, mainly
polymers, are amorphous, hence during an IGC experiment the probe molecules have the
potential to diffuse through them. Considering that the flow rate of the carrier gas (usually
Helium) influences the retention time of a probe molecule a number of arguments can be made.
For high carrier gas flow rates, the retention time is small and the probe molecule interacts
mainly with the surface of the amorphous material. It does not have sufficient time to diffuse
in the material. Thus, the measured value of y accounts for the interactions with molecules on
the surface of the material. On the other hand, for high retention times, corresponding to low
carrier gas flow rates, the diffusion is more prominent. The probe molecules interact with
molecules in the bulk of the stationary phase; an interface is formed between the probe

molecules and the molecules of the amorphous material.

Literature findings suggest that a difference should exist between the bulk and the surface
value of y. For amorphous materials, the difference between the bulk and the surface magnitude
of properties such as molecular diffusivity, surface composition is a well-established concept
in literature. This difference has been reported for the first time in the study of crystallising
metallic glasses.?!?213 In those studies it has been reported that metallic glasses tend to nucleate
faster on the surface. Similarly, crystal growth was faster on the surface compared to the bulk.
Similar studies are nowadays conducted on organic glasses.?!>2!7 A more extensive discussion
on this can be found in the section 3.2.1.5 on the “Interfacial phenomena in the crystallisation

of amorphous materials”.

Taking into account these arguments and considering the existing status of literature, it
can be concluded that is important to study the extent of the influence of carrier gas flow rate
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on the measured values of %. Considering that the interactions at the molecular level, hence the
magnitude of y, are influenced by temperature, it is obvious that an investigation of the
imfluence of Helium gas flow rate, should not be considered complete unless it provides a
thorough overview of the influence of temperature on the measured values of y. Figure 6.1,
summarises the discussion of this paragraph with a simple schematic. On the right-hand side
there is a crystalline material. No diffusion occurs in crystalline materials and the measured
value of y should be the same for amorphous and crystalline materials. For amorphous materials
in their glassy state, some diffusion occurs. As the temperature rises above the T of the

material, diffusion is more prominent.

Amarphous rubbery Amorphous glassy Crystalline solid. Vaper
solid (T > T,). Solid solid (T < T,). Vapor is iz only adsorbed on
absorbs vapor adsorbed on the the surface

surface, with minimum
penetration in the bulk
solid

Figure 6.1: Schematic showing the interaction of vapours with amorphous (above and below the T,)

and crystalline materials.*3

This chapter addresses the importance of carrier gas flow rate and temperature on the
determination of the HSP. The study commences with an investigation of the effects of
temperature. The T, of copovidone was measured using IGC and the value obtained, compared

with the results obtained from DSC. Then the variation of the value of y with temperature and
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the consequent implications to the measured values of HSP are studied. The second part deals
with the importance of carrier gas flow rate on the measurements. The HSP for a crystalline
material, p-monoclinic carbamazepine, are measured at two different flow rates. The results are
identical, verifying that for crystalline materials where the diffusion of solvent in the crystal
lattice is negligible the measurement is independent of the flow rate. Then, copovidone was
used to expand the investigation in amorphous materials. The results, at 30 °C, suggest increase
of the magnitude of 64 with decreasing gas flow rate, in the glassy state. The same
measurements were performed at 100 °C, showing small variations with gas flow rate, owe to
the increased molecular mobility of the polymers at the rubbery state. For materials at the glassy
state, a methodology was proposed to decouple the effects of the flow rate and obtain the actual
value of . On this ground, it can be argued that amorphous materials in their glassy state exhibit
two main y parameters; a surface and a bulk one. The bulk one is that predicted by the Flory-
Huggins theory. The surface one may be significant when assessing kinetic phenomena, such
as the wettability of the surface of a polymer during dissolution. In this case, the formation of
the liquid-polymer interface on the may be described better in terms of the surface value of y.
The results of this section constitute an important improvement in the field, as they enable the

measurement of thermodynamic properties with higher accuracy.

6.2 Materials

6.2.1 Recrystallisation of p-monoclinic carbamazepine

P-monoclinic carbamazepine powder was purchased from Apollo Scientific, Stockport,
UK, and was recrystallised under stirring in ethanol, acquired commercially (VWR, Radnor,
PA, USA). The recrystallisation was performed under stirring in order to ensure the conversion
of all the material to the p-monoclinic polymorph. Powder X-ray diffraction measurements on

the resulting powder did not reveal the presence of any other polymorph.
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6.2.2 Copovidone
Copovidone (Kollidon VA-64) was provided by BASF and used in all the measurements

of this study as received.
6.2.3 Properties of the solvent probes used in the measurements

In Chapter 2 a thorough derivation of the equations used for the determination of HSP
via IGC, was performed. The resulting equations contain numerous thermodynamic quantities,
characterising the properties of the solvents used. As measurements will be performed at
various temperatures, the variations of the thermodynamic quantities with temperature are
required. Thermophysical quantities such as the molar volume, the partial pressure, the
molecular weight and the second virial coefficient (B11) are tabulated in NIST thermophysical

database.

As for the HSP of the solvents, Table 6.1 provides a summary of them at 30 °C. One

could calculate their value at different temperatures using the equations provided in literature.
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Table 6.1: The values of the different components of the HSP at 30 °C.2*

Solvent da (MPa’s) dp (MPa%d) on (MPa’s) ot (MPa’d)
Hexane 14.9 - - 14,9
Heptane 15.3 - - 15,3
Octane 15.5 - - 15,5
Nonane 15.7 - - 15,7
Decane 15.7 - - 15,7
Dichloromethane 18.2 6.3 6.1 20,2
Ethyl Acetate 15.8 53 7.2 18,2
Toluene 18.0 1.4 2.0 18,2
Ethanol 15.8 8.8 19.4 26,5
Propan-2-ol 15.8 6.1 16.4 23,6

6.3 HSP measurements

The measurements were performed using an IGC-SEA (Surface Measurement Systems,
London, UK), equipped with flame ionisation detector (FID). The geometric construction

1, as an improvement to the model proposed by DiPaola,?' was used for

proposed by Voelke
the determination of the components of HSP. As has been mentioned, in Chapter 2, the split of
the HSP in three components is arbitrary. For instance, for surface energy, people have

proposed to treat hydrogen bonds in terms of a separate surface energy parameter, in a similar

manner as with the HSP. As the number of solvents available is limited, an alternative approach
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was used in this study and the HSP was splitted in a way resembling the splitting of surface

energy:
8% = 62 + 62, Eq. 6.1

where ot stands for the total HSP and d4 and 0ap are the dispersive and the acid-base
components respectively. For the determination of 84 chain alkanes were used; namely heptane,
octane, nonane and decane. For the determination of dap five polar molecules were used;
namely toluene, dichloromethane, ethyl acetate, ethanol and propan-1-ol. It is important to
notice that the focus of this chapter is to provide a more in depth understanding of the influence
of amorphous interfaces on the measured values obtained via IGC. On the other hand using a
large number of solvents to calculate the HSP of copovidone does not constitute a significant

step forward in the field.

The material was packed in the glass IGC column and preconditioned at the appropriate
temperature for three hours before each measurement. At each measurement the amount of
solvent injected corresponded to a surface coverage of 3 %. The injected amount was kept low
in order to be in line with the assumption presented in Chapter 2, that ¢p—1. In the majority of
the literature studies, no mention is made on the injected amount of solvents. This is
problematic, as the development of new injection systems enable the use of high concentrations
of solvents. However, the use of high concentration injections violates the aforementioned
assumption, leading to a collapse of the mathematical formulae enabling the calculation of the

y interaction parameter by means of IGC measurements.

6.4 Results

6.4.1 Determining the T of copovidone

An IGC column was packed with a small amount (50-80 mg) of silanised glass wool and

placed in the machine. The sample was pretreated for three hours at 30 °C and 0 % RH. Then
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injections of hexane, heptane and octane were performed. After the elution of the solvents, the

temperature was raised to 40 °C and pretreated at this temperature for another three hours.

Measurements were performed with the same three alkane probes. The process was repeated in

10 °C increments up to a temperature of 130 °C. The logarithm of the retention volume for

each alkane was plotted against the inverse of temperature (in Kelvin), in Figure 6.2. This

graphical construct, resembling the well known Van’t Hoff plot.?** The T, for the polymer can

be determined graphically, from the onset of the non-linear behaviour as the plot moves from

right (low temperatures) to the left (high temperatures).

B Octane ® Heptane
Hexane ——Tg from literature (~95 oC)
'4.1 ] ] | |
Adsorption region
42 _Absorption region . & |
B
43 | - -

-4.7

0.0024 0.0026

Figure 6.2: Graphical construction for the determination of the T,. The legend names the three

0.0028 0.003 0.0032

1/T (K?)

alkanes used, as also a line corresponding to a common value of T, found in literature.
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The Ty is determined to be around 95 °C, close to the literature values for this material
and DSC measurements (~100 °C).2> As can be seen heavier hydrocarbons give a sharper
image of the behaviour of the system. The region right to the red line, corresponds to
temperatures below the T,, where adsorption is the dominant interaction mechanism between
the hydrocarbon and the polymer. On the Ty, this behaviour starts to shift, owe to the shift in
the molar volume of the polymer. This behaviour indicates a zone of non-equilibrium
absorption. From thereafter absorption dominates the system. It is interesting that heavier
hydrocarbons provide a sharper image of the process. This is attributed to the larger diffusion
coefficient of smaller molecules. Because of that, smaller molecules diffuse much more easily
in the polymer thus, the shift associated with the Ty is not that profound for them. This, very
sharp, difference in the diffusion coefficients, observed in this Figure 6.2, highlights the
importance of a study as that presented in this chapter.

6.4.2 The effects of temperature on y and HSP

In the previous section of this chapter, the ability of the IGC to determine the T of an
amorphous material was determined. Thus, the next step is to use different solvent probes to
understand the influence of temperature on the measured values of the i interaction parameter
and its constituent components, ys and yu, as well as of the HSP, in both the glassy and the
rubbery region. The measurements were performed using the methodology described in section
6.2 of this chapter, and some indicative values of x obtained are plotted in Figure 6.3 A. The
flow rate of the carrier gas was 1 sccm. The values of d4 were then calculated and plotted on
Figure 6.3 B. Using the definition of y, the values of ys and yu were calculated and some

indicative values are plotted in Figure 6.3 C.
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Figure 6.3: Graphs showing A) The temperature variation of the y interaction parameter, of three
alkanes with copovidone, at a flow rate of 1 sccm, B) The variation of 84 with temperature in both the
glassy and the rubbery region, C) The variation with temperature of the entropic and the ethalpic

component of the y interaction parameter of three alkanes with copovidone at a flow rate of 1 sccm.

According to the classical formulation of the Flory-Huggins theory an increase in
temperature will lead to a decrease of the entropic component of the Flory-Huggins equation,
favouring solubility. However, for the enthalpic component, things can be more intriguing,
especially when hydrogen bond is involved. In literature, a semi-empirical general equation
was found to describe quite well the variation of y with temperature, for a lot of cases. The

general form of the equation is:*%

B Eq. 6.2
)(=A+? q.6

in this equation, A and B are empirical constants, determined experimentally, and T is the
temperature. The results obtained in this study are in agreement with the proposed equation.
The decrease in the value of x with increasing temperature suggests favourable dissolution. The

results obtained do not show an abrupt change in the value of y during the glass transition.

182



However, a more careful observation of the data shows that for temperatures above the Ty, there
is a qualitative change in the values of x measured. The difference in the y parameter between

different alkanes becomes smaller. The values of y appear to converge.

This qualitative change is manifested in the values of 64. The abrupt decrease in the
rubbery region, is in agreement with the idea that in this region the molecular mobility of the
material increases, leading to a decrease in the cohesive forces between the molecules and an
increase in the molar volume of the polymer. Using the values of 4 obtained, the deconvolution
of the value of y in its two constituent components was performed, giving some intriguing
results. As the temperature increases in the glassy region, both the value of ys and yu decrease.
The decrease in the value of yy can be explained intuitively by the fact that the rate of decrease
of the value of 84 of the probe molecule, with temperature, is higher than that of the polymer.
This is because the probe molecule is liquid and the cohesive forces are not as strong as for a

soft material like a polymer.

In the rubbery region, both components of ¢ exhibit an inflection. The value of yu appears
to increase with increasing temperature. This suggests that in the rubbery region, an increase in
temperature does promote mixing, from an enthalpic point of view. As the temperature
increases above the Ty, the rate of decrease of the value of the d4, with temperature, becomes
faster, approaching that of the solvent. As the value of the o4 of the two phases approach, the
affinity between the molecules of the two decreases. On the other hand, the entropy component
exhibits an inflection to the opposite direction as the enthalpic. Because of the temperature, the
conformational changes associated with mixing may become more vigorous, favouring the
mixing of the two phases. On the same time, as the temperature increases the film mass transfer
coefficient at the surface of the polymer decreases, favouring diffusion. These two mechanisms

are not decoupled the one of the other; they are interrelated.
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6.4.3 The effect of flow rate on the measured value of ¥ and HSP of crystalline materials

The have been measured for p-monoclinic carbamazepine at two different flow rates, at

30 °C. Table 6.2 summarises the findings (with 6t being the total value of HSP). As can be

seen the values are quite similar, suggesting that the crystalline nature of the material does not

enable any diffusion. Thus, the measurement is conducted purely on the surface of the material.

The results of this table suggest that for crystalline materials the measurement is purely

interfacial. No bulk mixing occurs. Thus, the next step would be to investigate the behaviour

of amorphous materials, where diffusion can, actually, occur.
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Figure 6.4: The graphical construction used for the calculation of the two components of the HSP,

of p-monoclinic carbamazepine at a temperature of 30 °C and carrier gas flow rate 1 sccm.
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Table 6.2: Summary of the values of HSP obtained for p-monoclinc

carbamazepine at two different carrier gas flow rates at 30 °C.

Flow rate da (MPa%d) da8 (MPa"s) ot (MPa’s)
(sccm)
1 9.49 6.06 11.26
3 9.24 6.51 11.30

6.4.4 Measuring the value of HSP at different flow rates for amorphous materials

Before commencing the presentation of the results of this section and the corresponding
discussion, there is a point that should be highlighted. The flow rate in chromatographic
equipment is usually measured in standard cubic centimetres (sccm). This unit is effectively,
the volumetric flow rate in cubic centimetres per minute, standardised at 1 bar and 0 °C. This
means, that as the temperature of the measurement increases, the flow rate increases as well.
Fundamentally, all the measurements performed at different temperatures and same flow rates,
in sccm, are effectively performed at different flow rates as well. Considering that the behaviour
of the carrier gas, can be described in terms of the ideal gas law, one should immediately notice
that this change is not necessarily profound. In fact, as it was shown in the previous section, for

crystalline materials is negligible.
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Figure 6.5: Graphs showing A) The variation of the y interaction parameter between three alkanes
and copovidone at both the glassy and the rubbery region at different flow rates and B) The variation

of &4 for different flow rates in both the glassy and the rubbery region.
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For the purposes of this section, measurements were performed at both the glassy and the
rubbery region, at 30 and 120 °C respectively. The measurements were performed at four
different flow rates for both temperatures. The results of the measured values of y for the same
three alkanes presented before are shown in Figure 6.5, along with the corresponding values
of d4. Similarly to before the deconvoluted values of ys and yu, for the glassy state, are presented
as well. The values of y were plotted against the square root of the Reynolds number, which
enables the comparison of results obtained at different temperatures and from IGC columns of

different diameter.
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Figure 6.6: Graphs showing the variation of the enthalpic (yx) and the entropic (ys) component of the
¥ interaction parameter between three different alkanes and copovidone at different flow rates in A)

the glassy and B) the rubbery region.
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The results at the glassy state indicate a decrease in the value of 64 with increasing flow
rate, for the material in the glassy state. This change is manifested on the deconvoluted values
of the entropic and enthalpic component of y. As the flow rate increases the enthalpic
component of y increases, making mixing more and more unfavourable. Increasing flow rate
leads to a decrease in the retention time, indicating that the probe molecules mainly interact
with the surface of the polymer; diffusion is not prominent, as the molecules do not stay in the
column for long. Considering that the value of 84 of the solvent does not change with flow rate,
simple intuition can be used to understand that there two types of dq (as also the values of y, ys
and yu), an interfacial and a bulk one. The former should be smaller than the latter. This change
in magnitude is manifested on the value of yu. The decrease in the value of ys, can be explained
in similar terms to the case of increasing temperature. Higher flow rate decreases the mass
transfer film resistance. On the same time it facilitates conformational changes favouring

mixing.

In the rubbery state the value of 64 does not seem to be affected by the flow rate. It remains
almost constant. In the rubbery state, the molecular mobility of the polymer is higher, thus the

importance of interfaces is not prominent, as in the glassy state.

6.4.5 Expanding measurement methodology to include the effects of carrier gas flow
rate

The results, presented in the previous section, suggest that the carrier gas flow rate
influences the measured values of y and d. These effects are more prominent in the rubbery
state, owe to the stronger effects of diffusion (higher diffusion coefficient). However, the results
obtained in the glassy region are more intriguing, as absorption phenomena are sometimes
neglected in the study of glassy materials. It is evident that there are effectively two types of
an interfacial (two dimensional) and an actual/bulk (three dimensional) one; similarly, two

values of 0 exist. The interfacial values are those obtained from IGC measurements at high
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carrier gas flow rates, where the solvent interacts only with the surface of the polymer. The
bulk value is the one predicted by the Flory-Huggins theory. For the determination of the bulk

value of , an extrapolation approach is proposed.
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Figure 6.7: The extrapolation procedure to obtain the value of  at a zero flow rate. The

results for nonane in the glassy and the rubbery region are shown.

As shown in Figure 6.7, the values of y are extrapolated to a value of flow rate equal to
zero. A second order polynomial fitting was found to fit the data well and to give reasonable
values of y. It is expected, that the extrapolated value of y corresponds to the situation where
only diffusive phenomena are determining the interactions and the advective phenomena, owe
to the carrier gas flow rate, are negligible. Then using the extrapolated values of y, the corrected

value of 84 was calculated for both the glassy and the amorphous polymer, the calculated values
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are shown in Figure 6.8. As expected from the trend, values in both the glassy and the rubbery

state are higher than those under flow rate.
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Figure 6.8: Graph showing the variation of dq, for two different temperatures, with flow rate, along

with the corrected value of d4 corresponding to a zero flow rate.

The same approach can be used to calculate the values of da. The results for the glassy and

the rubbery state are summarised in Table 6.3. One could see that all the components of the

HSP exhibit a decrease upon the glass transition.
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Table 6.3: The HSP for copovidone at two different temperatures, one in the glassy (30 °C) and one

in the rubbery (120 °C) region.

Temperature (°C) da (MPa’s) daB (MPa’s) dTotal (MPa")
30 9.82 6.74 11.91
120 5.23 3.81 6.47

6.5 Discussion

The results of this study verify the applicability of IGC as a useful tool for the
characterisation of amorphous materials. Most importantly, they demonstrate that IGC can be
used to study bulk and surface properties of amorphous materials. For the first time, IGC is
deployed to investigate the difference between surface and bulk properties of amorphous
materials. Thus, the results of this study, create new opportunities for the faster measurement

of the variation of different thermodynamic quantities in the bulk and the surface of a material.

For a number of engineering applications, it is important to have an understanding of the
interfacial value of y, especially when these processes involve the formation of an interface as
a key step. Translating the values of x to HSP it will give better flexibility in the rigorous
selection of solvents for process design. Since y is a concentration dependent quantity, it
becomes clear that IGC is able to provide measurements for a limited range of values and with
a certain amount of solvents. However, this IGC based study is important, as it uses an
established technique to prove the variation of x in the bulk and on the surface. The results can
spark further studies on this field, primarily in silico. Some very sensitive surface probing

instruments, such as QCM can also provide experimental data.

This study is part of a greater effort presented in this thesis, to improve the accuracy of

IGC measurements. It is crucial to appreciate that there is a sharp boundary between surface
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energy and yx interaction parameter measurements. This sharp boundary arises from the
fundamental theory behind the calculations performed with the measured value of the retention
volume. In the former case, a set of equations, leading to the Schultz’s plot have been developed
assuming surface adsorption. In the latter, the corresponding equations are grounded on the
Flory-Huggins mixing theory. Of course, the same data can be studied both ways however, the
usefulness of the different measured quantities varies. For instance, someone measuring the
solubility parameters of PTFE, would hardly find any interest, as the material is quite
immiscible to almost everything. On the other hand, the surface energy of the PTFE is a very
useful quantity to be measured, as it enables the design of non-sticking surfaces. Of course, the
necessary precautions should be taken, so as the retention time to be as small as possible to
minimise the effects of diffusion and ensure that the measurement will be a result of mainly

interfacial interactions and not diffusion.

Using the same intuition as before, it is easy to see why the study conducted on the
influence of spreading pressure on surface energy measurements, is not relevant to the work of
this section on the accurate measurement of ). As there is no coherent thermodynamic
framework linking the two phenomena, adsorption and mixing, in the context of 1GC
measurements, then the two studies should be examined separately. Some work has been
conducted in the field, trying to relate diffusion with spreading pressure. Nevertheless, the work
was limited in liquid-liquid interfaces. These studies were focused in the kinetics of wetting
and thus their notions it was not possible to be implemented for the derivation of an analytical
equation relating the y interaction parameter and the spreading pressure with the change in

Gibbs free energy of the system.

One could speculate that the results of this chapter may have implications on the results
of Chapter 4. This is because silanised glass wool is an amorphous material, thus the flow rate
may influence the measurements conducted. However, considering how high is the Tg of glass

193



fibers (~800 — 1000 °C), one could assume that the effects of flow rate in the glassy state will
be negligible. Similarly, it seems not possible the moisture sorption upon storage by glass wool
to have caused any form of glass transition. If this has happened, it will have been manifested

in a change in the texture of the material; no such change has been observed.
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7. Anisotropic wettability of crystalline materials by aqueous solutions of
non-ionic polymers

7.1 Introduction
Wettability has intrigued investigators for centuries. For instance, in his groundbreaking
work “Discourses and Mathematical Demonstrations Relating to Two New Sciences”

published in 1638,%7 Galileo admits the following:

“There is one great difficulty of which I have not been able to rid myself, namely, if there be
no tenacity or coherence between the particles of water. How is it possible for those large
drops of water to stand out in relief upon cabbage leaves without scattering or spreading

out?”

It was Thomas Young who first provided a coherent approach to this phenomenon.”® In the
years following Young’s work, a large number of studies have been published approaching
wettability from either a theoretical, an experimental, or a computational perspective. Very
interesting works on the hydrophobicity and oleophobicity of surfaces highlight, amongst

others, the importance of the van der Waals and the acid-base interactions in wettability.! 3>

298-299

Nowadays, wettability is quite important in a wide range of industries. Processes like wet
granulation, liquid assisted grinding, and wet coating are the pharmaceutical processes heavily
dependent on the wettability of the components involved.** 3% Especially within the
pharmaceutical industry, the wet coating of active ingredients (API) with polymeric excipients

is of great importance to the drug products processability, flowability, and bioavailability.?*?

Previous studies have revealed the anisotropic nature of crystalline pharmaceutical
materials and have highlighted its direct implication on properties such as cohesion and

adhesion.” It is, consequentially, clear that crystal anisotropy influences wettability-based
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processes. However, the findings in the area of crystal anisotropy have, as of yet, not been
translated into mechanistic models for a more in depth understanding of wettability-based

Processes.

In this chapter, the concept of surface anisotropy for p-monoclinic carbamazepine, a
common antiepileptic drug, was established. Macroscopic single crystals of this compound
were grown to study this, as they express sufficiently large facets.*® A variety of techniques
were employed to quantify the crystalline anisotropy. X-ray phoroelectron spectroscopy (XPS),
a technique used extensively in the characterisation of polymeric materials, was used to
determine the abundance of each different functional group on each of the major facets.
Dynamic contact angle measurements were performed, using different solvents, to determine

the different components of the surface energy for each facet.

With the concept of surface anisotropy established, aqueous solutions of copovidone, a
common polymeric excipient, were prepared. The surface activity for each solution was
determined using dynamic light scattering (DLS), and Langmuir balance tensiometry. DLS has
been established, in previous studies, as a means for investigating the behaviour of polymers in
solutions.*"13% In those studies, the instrument successfully determined the aggregation
behaviour of polymers under different regimes. In this study, DLS is used to verify that the
surface activity of the polymer solution stems from the influence of the dissolved polymer. The
Langmuir balance, a technique developed for the measurement of monolayer films, was used
to determine the relative magnitude of the solutions surface activity and also to reveal the
different regimes of the water—copovidone system (dilute, semi-dilute and concentrated). The
data between the two techniques showed good correlation and agreement with those found in

literature for the behaviour of non-ionic polymer in aqueous systems.
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Following the establishment of the concept of surface activity for the polymeric solutions,
the density and the surface tension were determined. The solution density showed an increase
upon addition of polymer. On the other hand, the total surface tension, measured using pendant
drops, appeared to decrease. Contact angle measurements were used, to determine the work of
adhesion between the polymer solution and the different crystal facets.'> 3*° These
measurements showed that even a tiny amount of polymer is sufficient to lead to a substantial

change in the wettability of crystalline facets with aqueous solutions of copovidone.

7.2 Materials and Methods

7.2.1 Growth and characterisation of macroscopic p-monoclinic carbamazepine single
crystals

Seeds for macroscopic single crystal growth were prepared via a two-step cooling
crystallisation of a methanol (VWR, Radnor, PA, USA) solution supersaturated with as
received carbamazepine (Apollo Scientific, Stockport, UK). The seeds were then suspended in
a supersaturated methanol solution, evaporating slowly at ambient conditions. The crystals
were left to grow for a few weeks. Fresh supersaturated solution was added to ensure sufficient
amount of liquid in the vessel. Figure 7.2 is a stereoscopic image showing an indexed crystal
obtained from this procedure. The indexing was performed using previous literature work?s?
and the CCDC Mercury software (Cambridge Crystallographic Data Centre, Cambridge, UK).
The surface energy of three major crystal facets and their elemental composition were

determined using the same experimental procedure described in the literature.
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Figure 7.1: The molecular structure of carbamazepine.

Figure 7.2: Stereoscopic images, obtained at three different angles, of a macroscopic p-monoclinic

carbamazepine crystal, grown in methanol with three facets of interest marked on it.
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7.2.2 XPS

XPS analyses on the three available facets of the macroscopic CBZ crystal were
performed on a Theta Probe spectrometer (ThermoFisher, East Grinstead, UK). The XPS
spectra were acquired using a monochromatic Al Ko X-ray source (hv = 1486.6 e¢V) and the
anode voltage was set at 16 kV. An X-ray spot of ~200 pm diameter was employed in the
acquisition of all spectra. The survey spectra were acquired using a pass energy of 300 eV and
the high resolution, core level, spectra were acquired with a pass energy of 50 eV, for Cls, N1s
and Ols. Quantitative surface chemical analyses were calculated from the high resolution, core
level spectra following the removal of a non-linear (Shirley) background. The manufacturer’s
Advantage software was used which incorporates the appropriate sensitivity factors and
corrects for the electron energy analyser transmission function.

7.2.3 Contact Angle Measurements

The Kruss Drop Shape Analysis (Kruss Gmbh, Hamburg, Germany) instrument, along
with the corresponding software, was used for the contact angle measurements. The sessile
drop contact angles were determined using the circle profile method. Each measurement
performed had 4 repeats, each on clean facets, where the initial drop volumes ranged from 3 to
6 uL in volume. The measurements were performed in a temperature controlled room at about
24 + 2 °C. Both advancing and receding contact angle measurements were performed. Four
solvents were used in the contact angle measurements: ethylene glycol, formamide, and
deionised water for the acid-base component (y*P), and diiodo methane for the van der Waals
component (y*V). The organic solvents were acquired commercially (VWR, Radnor, PA,
USA). Advancing-receding contact angle measurements’® were conducted and the surface
energies were determined via the geometric mean approximation. Table 7.1 summarises the

surface energy values of the liquid probes used in this work from Della Volpe; y" is the acid
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Total

component of surface energy, y is the alkaline component and vy is the total surface

energy.>> ¢’

Table 7.1: The surface tensions of the liquids used in the contact angle measurements at 25

oC 67

Liquid Probes YW (mJ/m?) | y*(mJ/m?) | y (mJ/m?) | yT°@! (mJ/m?)
Diiodomethane 50.8 0 0 50.8
Water 21.8 65.0 10.0 72.8
Formamide 35.6 1.95 65.7 58.2
Ethylene glycol 314 1.58 42.5 47.8

The growth of the macroscopic crystals has already been discussed earlier in the work;
however, once all of the available facets were experimented on, the crystals had to be
regenerated to give a pristine surface. They were left to hang in a supersaturated solution once
more for at least 2 weeks, before being washed in a cyclohexane bath to quench further
crystallisation.

7.2.4 Polymeric Solutions

Copovidone (Kollidon 64), shown in Figure 7.3, was dissolved in deionised water for 12
hours under stirring, at set weight percentages by volume up to and including 20%. The values
of the polymer concentration are reported in terms of the volume fraction (¢p), which is the
volume of the polymer as a fraction of the whole volume of the solution. The contact angle of

copovidone solutions on crystal facets were measured using the same method as above.

The density of the polymer solutions was measured using a digital density meter PAAR
DMA 46 (Stantor Redcroft, London, UK). For each measurement 10 mL of fluid were injected,

the system was washed and calibrated with DI water between consecutive measurements.
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Surface tension values for the polymer solutions were obtained by pendant drop analysis
using the same contact angle goniometer and software given earlier (please refer to Appendix
2 for a short description of the method). Each measurement undertaken had six repeats
performed, where the drops ranged from 6 to 12 pL in volume. The measurements were
performed in an air-conditioned room at about 24 + 2 °C. Prior to the measurement of the
polymer solutions, the instrument was calibrated using droplets of deionised water with
assumed surface energies of 72.8 mJ/m?. Similar measurements were conducted in heptane, to
determine the van der Waals component of the surface tension of the liquid. Both copovidone
and water are practically insoluble in heptane, thus it was assumed that the interfacial mass
transport of components, from one phase to the other, was negligible. For the measurement in
heptane trial measurements were performed with water, in order to obtain the interfacial tension

corresponding to van der Waals component of the surface tension of DI water, 21.8 mJ/m?.

The water uptake of the polymer upon storage conditions, was determined using a mass
balance with a heating element incorporated into it. The polymer was placed on an aluminium
pan and left to dry at ~100 °C until no mass change was observed. This revealed a water uptake
of around 5 % by weight. The values for the density and the volume fraction of polymer

presented therefore account for it.

a b
N O
oﬁ Y
0
Figure 7.3: The skeletal structure of the copovidone used where the ratio between the vinylpyrrolidone

(a) and vinyl acetate (b) in the copolymer is roughly 1:1.2.
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7.2.5 DLS

DLS measurements were performed on the aqueous polymer solutions, of varying
polymeric volume fractions, at different temperatures; a Malvern Zetasizer uV (Malvern
Instruments, Malvern, UK) was employed along with disposable polystyrene cuvettes. The
samples were equilibrated for five minutes prior to each measurement at the designated
temperature. Each measurement was repeated at least ten times and the averaged data are
presented here in the form of correlograms.

7.2.6 Langmuir balance tensiometry

The Langmuir-Blodgett trough, also known as Langmuir balance, was used to measure
the surface activity of the polymeric solutions. The instrument used was a Nima 102M (Nima
Technology, Warwick, UK) Langmuir-Blodgett trough along with paper based Wilhelmy
plates. For the experiments, 20 puL solutions of copovidone dissolved in dichloromethane, were
used. The solution, used in each measurement, was spread on the surface of the water and left
for 10 minutes for the dichloromethane to evaporate. The speed of the barrier was set at 10 mm

per minute. The measurements were performed in a temperature controlled room, at 24 + 2 °C.

7.3 Results

7.3.1 XPS analysis

XPS analysis was conducted on the three major facets expressed on the macroscopic
single crystals of P-Monoclinc Carbamazepine. Considering the structure of the molecule, five
chemical environments were identified for the Cls component as shown in Figure 7.4; the
C=C-H environment appearing on the aromatic rings, the C=C-C environment on the azepine
ring, the C=C-C= connecting the azepine ring with one of the aromatic rings, the N-CONH»
environment of the carboxamide and the C=C-N group connecting the azepine with the
carboxamide regions. The first three chemical environments are quite similar chemically due

to the absence of any strong electronegative/electropositive atoms compared to the Carbon
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atom. Thus, they were all assumed to have a similar binding energy of 284.8 eV, which is
corroborated in the literature. The C=C-N group was found from literature to have a binding
energy of 285.5 eV, and the N-CONH> to be at around 289 eV. For the N1s component, two
chemical environments were identified, one associated with the primary amine and the other
one associated with the tertiary amine. The former has a binding energy of 400.6 eV and the
latter a binding energy of 400 eV. The deconvoluted data for the Cls components of the data
of each facet are shown in Figure 7.5 and the elemental composition of each facet is tabulated
in Table 7.2. An optimization algorithm was employed for the deconvolution, where an FWHM
value of about 1.1 eV and 1.3 eV were used for the Cls and N1s, respectively. For every facet
examined the polar components, oxygen and nitrogen, showed greater deviation than the carbon
relative to the bulk Carbamazepine composition. This trend was previously observed in the

XPS of amide compounds.* 3%

‘--../-::‘.-\4:..--' I_rl
\ / * C=(C-C
2NN

Figure 7.4: The 5 local environments identified for the Cls in Carbamazepine. The three in blue are

considered near identical in the deconvolution. The dashed double bonds represent the aromatic

bonding of the two phenyl rings.
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Figure 7.5: The deconvoluted Cls spectra for A) (101) facet, B) (010) facet and C) (001) facet, as also

the N1s spectra for D) (101) facet, E) (010) facet and F) (001) facet.
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Table 7.2: The elemental composition of carbamazepine’s facets

as measured with XPS.

C atomic % | N atomic % | O atomic %

Facet (101) 82.3 7.7 10
Facet (010) 81.2 12.2 6.6
Facet (001) 81.4 11.8 6.8
Theoretical 83.3 11.1 5.6

7.3.2 Surface Energy Anisotropy

The equilibrium contact angles were calculated using the equations 2.55-2.57, from
advancing-receding contact angle measurements with polar liquid probes, presented in Table
7.3. The corresponding results for dilodomethane have been presented in Chapter 5. The surface
energies were calculated using Young’s equation and the geometric mean approximation.
Contrary to Chapter 5 only three facets are reported here, as the number of relatively large (112)
facets expressed on the crystals, was not sufficient to obtain reasonable amount of
measurements. Diiodomethane shows a higher affinity to the three facets compared with water.
This indicates that the van der Waals interactions are dominant in carbamazepine crystals, even
though the molecule appears to be quite polar. By using the geometric mean approximation,
we obtained both the basic and acidic surface energy components for the crystal facets. The
surface energy values are given in Table 7.4 further on. On the same table, a surface energy
hydrophilicity factor, H, is defined by the ratio of the acid-base over the van der Waals

component of surface energy.
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Table 7.3: The equilibrium contact angles for the three polar solvents on the different facets

calculated from the subsequent results of advancing and receding measurements.

Solvent Probes
Facet
Water (°) Ethylene Glycol (°) Formamide (°)
(101) 71.7 48.1 60.1
(010) 66.6 44.3 56.5
(001) 60.3 45.4 49.6

Table 7.4: The surface energy values calculated from the averaged contact angles.

Facet LW Y T yAB yTotl H = yAB/ yLW

(mJ/m?) (mJ/m?) (mJ/m?) (mJ/m?) (mJ/m?)

(101) 44.2 0.01 4.2 0.40 44.6 0.01
(010) 37.0 0.38 6.5 3.1 40.1 0.08
(001) 36.6 0.57 8.9 4.5 41.1 0.12

Direct comparison of the XPS data with the contact angles measured lead to some
interesting observations. Nitrogen appears in two forms in Carbamazepine: as a carboxamide
group where it forms a C-NHz bond, and on the azepine structure as a tertiary amine. As
expected, the (101) site is the most hydrophobic, as expressed by the water contact angle, as it
has the smallest polar component; seen by the sum of the nitrogen (N %) and oxygen (O %)
content, found in Table 7.2. Similarly, it is the most acidic one. The (001) facet shows the
greatest hydrophilicity, which is expected given it has the highest basic component and water

has a greater acidic component of surface energy, according to Della Volpe.®’
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Figure 7.6: Plot showing the correlation of hydrophilicity, measured as the cosine of the advancing
contact angle of water on individual crystal facets, with the surface energy hydrophilicity factor, H,
and with the C1s XPS polarity. The facets corresponding to every set of points are illustrated on the

figure.

In Figure 7.6, it can be seen that the surface energy hydrophilicity factor, H, provides a
good correlation for the hydrophilicity of individual facets, as measured by the cosine of the
advancing contact angle of water. The C1s XPS polarity, given by the ratio between the relative
contributions of the N-CONH> over the contribution of the other two components of the Cls
spectrum also seems to correlate well with the hydrophilicity. This is an important finding,
verifying that the steric hindrance associated with the tertiary nitrogen, limits the ability of the

particular functional group to contribute in the formation of acid-base interactions.

The results obtained from the analysis of the anisotropic behaviour of the material are in

good qualitative agreement with similar works obtained on different compounds. The
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importance of the distinct components of the surface energy has been reaffirmed. Furthermore,
the validity of XPS as a surface probing tool, enabling the determination of the hydrophilicity
of individual crystal facets, has also been reaffirmed.
7.3.3 Wettability with polymeric solutions

The addition of polymer in a liquid gives rise to surface activity similar to the one
observed when a surfactant is added to a liquid. This phenomenon can be observed with DLS
measurements, 39 304 306, 307. 313 The syrface activity of copovidone molecules at different
concentrations was obtained with a Langmuir balance. The values of surface activity against
the polymer volume fractions are shown in Figure 7.7. On this same figure, the three solution

regimes can be identified; the dilute, the semi-dilute and the concentrated.3%-3%
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Figure 7.7: The variation of the surface activity of solution at different polymer concentrations.

DLS measurements were employed to visualise the behaviour of the polymer in solution
at the three solution regimes. In DI water, the equipment cannot measure anything, since no

scattering takes place. However, upon the addition of polymer, scattering occurs leading to
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correlograms similar to those shown in Figure 7.8. Similar to the behaviour observed in
polyvinylpyrrolidone, increasing the amount of polymer, at the semi-dilute region, leads to a
decrease of the slow mode of the autocorrelation function, which is depicted as the
disappearance of the second shoulder of the correlogram, shown in Figure 7.8 A. This shift has
been correlated with the effects of going from theta to good solvent conditions. However, in

the dilute region, the addition of polymer leads to the reappearance of the slow mode.
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semi-dilute region and B) in the concentrated region.
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Figure 7.9 depicts the variation of the surface tension of the polymer solution, measured
using the pendant drop in air method, as a function of the volume fraction of polymer in
solution. According to the literature, the variation of the surface energy is better described in

terms of an equation with the form:
Ywyp = a+ by Eq. 7.1

In this equation y,y ,, stands for the surface tension of the solution and ¢, is the volume
fraction of the polymer. The rest of the symbols are fitting coefficients. Fitting of the values
give the following values for the coefficients of this equation: a = 73.01, b =-36.37 and ¢ =

0.055. The fit line associated with this equation is, also, shown on Figure 7.9.

75 |
70
= Surface tension
-..E.. es | - = Fitline
E
c
=)
‘» 60 |
c
[+1] S,
5 >
@55 T~ o -
z >
W ~ o
50 S e
"\.lIh -
45 f!!f I I b
0 0.001 0.01 0.1 1

$, (-)

Figure 7.9: The surface energy variation of the polymer solution for different amounts of polymer, the

surface tension at no polymer content is shown at around 73 mJ/m?.
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During pendant drop measurements in heptane, the polymer solution droplet interacts
with the surrounding fluid only by means of van der Waals interactions, providing a
measurement for the liquid-liquid interfacial tension. Considering a surface tension of 21.4
mJ/m? for heptane, the van der Waals component of the surface tension for the polymer solution
can be calculated. Figure 7.10 shows the interfacial tension (Ymercia) @and the two components
of the surface energy of the polymer solutions. Using the values for the interfacial tension
between the aqueous solution of copovidone and heptane, the work of adhesion (W,4p) between

the aqueous solution and heptane could be obtained according to the following equation:

Wi = Yiv,c7 + Yivp — Yinterfacial Eq.7.2

In the above equation, y,y ¢ is the surface tension of heptane and y,y j, is the surface tension
of the polymer solution, obtained by pendant drop measurements in air. Then, to calculate the
van der Waals component of the surface tension, one should recall the definition of work of

adhesion:

Wyp = 2 ( \/ Yivicr VLLVW,p + \/ Vivier Yivp + \/ Yiv,c7 VL+V,p) Eq.7.3

In the above equation superscript LW describes the van der Waals component of the surface
tension, + stands for the basic part of the acid-base component of the surface tension and — for
the acid part of the acid-base component of the surface tension. However, as heptane exhibits
only van der Waals interactions, the last two terms of the right-hand side of equation 7.3 are

equal to zero. Thus, combining equations 7.2 and 7.3 the following equation is obtained:

YLv,c7 + VLV,p - ylnterfacial =2 ’ylf‘y,/c7 y]ﬁy,p Eq- 7.4
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The first term on the left-hand side of equation 7.4 is obtained from Figure 7.9, the second one
is known from literature and the third one was calculated from the pendant drop measurements
in heptane. On the right-hand side, the first term is equal as to the second term of the left-hand
side. Thus, using equation 7.4, the van der Waals component of the surface tension of the

polymer solution could be obtained by simple rearrangement.

Increasing polymer loading leads to a decrease in the total value of the surface tension,
as shown in Figure 7.9. However, when it comes to the specific components of the surface
tension an increase was observed in the value of the van der Waals component and a decrease
was observed for the acid-base component. In particular, the van der Waals component of the
surface tension of water is 21.8 mJ/m?, whereas the aqueous solutions of copovidone exhibit
van der Waals component of surface tension in the region of 33-38 mJ/m?. On the other hand,
the acid-base component of the surface tension of water is at 51.8 mJ/m? and it diminishes to

values below 22 mJ/m>.
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Figure 7.10: The interfacial work and the two components of the surface energy of the polymer

solution, at different polymer loadings.

As shown earlier, through the contact angle measurements, the surface energy anisotropy
is not very prominent between the three facets of p-monoclinic carbamazepine. Each of the
facets have quite similar surface energy values. This is reflected, also, in the contact angles for
the copovidone solutions on the particular facets. In Figure 7.11 B, the work of adhesion
between individual facets and the copovidone solutions is shown. The work of adhesion was

calculated using Young’s equation:

Wig = Yivp (14 cos(6)) Eq. 7.5
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in this equation Wyp stands for the work of adhesion, v,y , is the surface tension of the

polymer solution and @ is the value of contact angle, which can be found in Figure 7.11 A

and it was obtained, of course, from contact angle wettability measurements.>*®
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Figure 7.11: A) The wettability of polymer solutions and B) The work of adhesion of the polymer
solutions on the different facets. The dotted line describes the limit between the semi-dilute and the

concentrated region.
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The most intriguing finding is that the work of adhesion decreases as the total surface
energy of the three facets increases. In particular, the (001) facet exhibits the highest work of
adhesion with the aqueous solutions of polymer. This is attributed to the high ratio between the
van der Waals and the acid-base component of surface energy compared with the other two
facets. In other words, as the (001) facet carries a larger acid-base component of the surface
energy, it provides a more favourable substrate for the polymer solution, that exhibits a higher
polarity ratio (the ratio between the acid-base and the van der Waals component of the surface
energy) than DI water. From Figure 7.11 B, one could see the improvement in wettability as
the polymer content of the aqueous solution increases. It is interesting that despite the small
magnitude of surface activity at small polymer loading, the improvement in wettability can be
quite substantial, decreasing up to about 10 °. At the tail of the plot of the work of adhesion, an
interesting behaviour is observed. Moving from left to right, on the figure, a constant negative
slope is observed (at least for facets (001) and (010)), indicating a monotonic relation between
surface tension and work of adhesion. Then at the concentrated region limit, the point after
which the contact angle reaches its minimum value (corresponding to maximum value of
cos(0)), a sudden jump is observed, leading to a small maximum and then the trend becomes
decreasing again. The same jump could be seen by careful observation of the same region for

the values of cos(0).

7.4 Discussion

7.4.1 Anisotropic properties of p-monoclinic carbamazepine and implications on
crystallisation

The concept of anisotropy has been reaffirmed and established for the p-monoclinic
carbamazepine system. p-Monoclinic carbamazepine was found not to exhibit as strong surface
energy anisotropy as other pharmaceutical materials, studied in the past.*® 31° This observation
is not decoupled from the fact that carbamazepine’s molecule does not include a large number

of highly polar functional groups and from the specific spatial organisation of the molecules in
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the unit cell of the particular polymorph. The absence of strong anisotropy was highlighted by
the surface energy values calculated. In particular, the values for the dispersive component
calculated for the facets (001) and (010) are within the vicinity of experimental error. This
concept, of weak anisotropy, was further reaffirmed in the work of adhesion measurements

between the polymer solutions and crystal facets.

The XPS analysis verifies the anisotropic nature of the surface chemistry of crystals of p-
monoclinic carbamazepine. Furthermore, it verifies literature studies, based on in silico tools,
claiming that this anisotropy stems from the type, the number and the orientation of the
functional groups exposed in each facet.?®? Contact angle measurements with various organic
liquids showed that this anisotropy gives rise to different surface energies at each facet. All the
components of the surface energy identified, using the geometric mean approximation, were
different between each facet. This surface energy anisotropy can be seen as work of adhesion
anisotropy, as shown by the contact angle measurements of the polymer solutions on individual
p-monoclinic carbamazepine facets. These measurements showcased the importance of taking
into consideration all three components of surface energy: van der Waals, acidic, and basic.
Even though the (101) facet has the highest total surface energy, it was found to have the lowest
work of adhesion when interacting with the polymer solutions. This was attributed to the
specificity of acid and base interactions on each facet, which are determined by the orientation
of polar functional groups present at the surface. This topic will be discussed in greater detail

further down in the discussion section.

Only the primary amine is a reliable electron donor in carbamazepine thus, it can be
speculated that the basic component of the surface energy stems from it. Nonetheless the
magnitude of its influence, on different facets, is determined by various factors: the orientation
of the amine, the interaction of neighbouring amines to form dimeric structures, and its
interactions with other functional groups. Similar arguments could be made for the array of
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electron accepting groups contributing to the basic component of the surface energy. XPS
measurements further validated the concept of anisotropy, showing that the atomic composition
of each facet is different from the theoretical bulk composition of the crystal. From the
quantitative analysis of the XPS spectra, it can be seen that the amount of the primary amine,
the driving force for the acidic component of surface energy, is much smaller than the combined
contribution of both the tertiary amine and, mostly, the carbonyl, which both drive the basic

component of the surface energy.

Nevertheless, it seems that there is a correlation between the primary amine content and
the hydrophilicity of an individual facet. Among the available functional groups, primary
amines are the likeliest to form hydrogen bonds. The (001) facet, the only one where the
primary amine component is greater than the tertiary one, is also the most hydrophilic.
However, one should also note that it also has the biggest total surface energy acid-base
component, casting doubts over whether the earlier assertion can solely be attributed to the

primary amine content.

As mentioned in Chapter 3, the Wulff-Chernov formalism constitutes the backbone of
numerous computational models, used for the prediction of crystal habit at various conditions.
In 1901, the Russian crystallographer and mineralogist, Professor George Wulff*!! proposed,
on the ground of the ideas of Professor Josiah W. Gibbs, that the equilibrium shape of a crystal,

exhibiting N number of facets, is such that to satisfy the following criterion:

Z—i = Z—z == Z—Z = constant Eq. 7.6

in the above equation v; stands for the surface energy of facet 1 and h; is the distance of the facet
from the centre of the crystal. Experimental work, has revealed that this criterion was holding
true only for really small particles, growing from solution or from micron sized seeds. However,
it was shown that for cases, resembling the top seeded solution growth method employed in
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this chapter, where millimetre sized seeds are used, the seed particles were not reaching the
predicted equilibrium shape. Instead they were reaching the so-called steady state crystal habit.
This was attributed to the mass transport limitations imposed by the large size of the particle,
posing limitations in the growth. On this ground, Professor Alexander Chernov,'®* proposed
the following alternative criterion to describe the process leading to the steady state crystal

habit:

R R R
h_i = h_j B ﬁ — constant Eq. 7.7

where R; stands for the rate of growth of facet i. This last equation constitutes the ground of the
infamous Wulff-Chernov formalism, widely used in computational models for the prediction

of crystal habit.

Figure 7.12: Stereoscopic image, of a macroscopic crystal grew via top seeded solution growth,

showing the dominant (101) facet.
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Taking into account the crystal habit of numerous crystals (one can be seen in Figure 7.1
and another one in Figure 7.12), it is evident that the facet (101) is the dominant one, in the
case under consideration. Considering that this facet carries the highest surface energy from
those identified, it is evident that the habit of the crystals grew in this study are not in agreement

with the Wulff construction.

This finding should be seen in conjunction with the discussion at the beginning of this
section, regarding the lack of strong anisotropic behaviour by p-monoclinic carbamazepine.
For instance, in the case of p-monoclinic carbamazepine, one could not identify a strongly
hydrophobic facet, significantly differentiating from the rest; this does not preclude the
possibility of the existence of such a facet that for various reasons is not expressed in the
crystals produced. In fact, in one of the pioneering papers in the field of surface energy
anisotropy, Heng et al. were forced to use razor blades to slice form I paracetamol crystals in
order to reveal the strongly hydrophobic (010) facet that it was otherwise not expressed on the
surface of the macroscopic crystals.* Nevertheless, the inconsistency between the habit of the
crystals of p-monoclinic carbamazepine, obtained via different routes, and the Wulff
construction is not something dramatic. In fact, as it has been exhaustively explained in Chapter
3, severe limitations identified in the very early models, developed to predict crystal habit,
propelled the development of more accurate models, including the Chernov construction.
Furthermore, it is expected that for compounds not exhibiting strong anisotropy, such as p-
monoclinic carbamazepine, the affinity to the Wulff construction to be less profound.

7.4.2 Wettability with polymer solutions

The values of the van der Waals component of the surface energy for the polymer
solutions were determined via pendant drop measurements in heptane and are presented in
Figure 7.10. Using Fowkes’ approach, the acid base component can be obtained by subtracting

the van der Waals component from the total surface energy of the polymer solutions,
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determined via pendant drop measurements in air. Owing to the nature of the polymer under
consideration, it was not possible to use a polar solvent with well-defined van der Waals and
acid-base components, in a similar way to how heptane was used. This is because copovidone
is quite soluble in polar solvents. Furthermore, due to the ill-conditioning of the set of
equations, it was not possible to obtain reliable values for the acid-base component of the
aqueous solutions at different polymer concentrations. Ill conditioning has been reported in
literature for systems of non-linear equations used for the determination of the different
components of surface energy. It effectively means that even the smallest changes to the value
of the measured contact angle, diffuse and amplify downstream, leading to peculiar results.?!>
315 Furthermore, one should recall that surface active molecules behave differently upon contact
with different surfaces. Thus, correlation of pendant drop and contact angle measurements, for
a polymer solution, is not necessarily going to yield sensible results. This argument may cast

doubts about comparing pendant drop measurements obtained in air with pendant drop

measurements obtained in a liquid, such as heptane.

At this point, a very interesting observation arises. It is a well-established fact, the surface
tension of a polymeric solution is equal to the surface tension of the solvent, minus the surface
activity associated with the quantity of the polymer.3!%-316:322. 323,324,325 The regults of this work,
suggest that this is true only for the value of the total surface tension. However, it does not seem
to hold at the individual components. Upon pendant drop measurements in heptane, aqueous
copovidone solutions were measured to exhibit an increase in the van der Waals component of
the surface tension (from 21.8 mJ/m? to around 33-38 mJ/m?). This phenomenon corresponds
to a negative value of the van der Waals component of the surface activity induced by the
polymer. Positive surface activity comes from the adsorption of the surface active agents at the
interface between two interacting phases, at a particular orientation. For instance, surfactants

in an aqueous solution in contact with an oil will adsorb on the interface with their hydrophobic
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tails pointing towards the oil. In this case it seems that owe to the hydrophobic nature of
heptane, the copovidone molecules probably exhibit some sort of desorption from the interface

region.

In Chapter 6, the HSP of copovidone was measured accurately and it was found to exhibit
a strong van der Waals component. This appears to be manifested in an increase in the van der
Waals component of the surface tension of aqueous solutions of copovidone. Besides the
changes in the van der Waals component of the surface tension, it should be noted, that the
increase in wettability, may be favoured by changes in the split between the acid (y") and the
base (y") components of the surface tension, as well. According to Della Volpe split the acid
component of the surface tension of water is about 6.5 times bigger than the basic one. This
ratio could shift in favour of one or the other. Considering the numbers presented in Table 7.4,

this shift should be towards an even stronger contribution of the acid component.

This work establishes the correlation between the polymer aggregation in solution and
the surface activity of the solution. As revealed from the DLS measurements, the concentration
of the polymer can determine whether the system is exhibiting good or theta solvent
behaviour.’*!> 3%% 317 The transition from theta to good solvent behaviour, as shown by the
disappearance of the slow mode shoulder from the DLS correlogram observed in Figure 7.8
A, indicates that polymer aggregation can be more prominent at low concentrations. It is
noteworthy that the polymer solution does not exhibit a linear behaviour in its aggregate
formation. The polymer solution in the semi-dilute region shows a decrease in the relative
abundance of aggregates up to ¢p = 0.0234, the point where the system enters the concentrated
region, indicating that in the semi-dilute region good solvent conditions exist. Then in the
concentrated region, the solutions starts to once more have an increased tendency towards the
formation of aggregates. Thus, the slow shoulder, which disappeared at @, = 0.0234, started
rising again, as it can be observed in Figure 7.8 B. This overall non-linear behaviour is not
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uncommon in polymer solutions and possibly corresponds to a critical solution concentration,
not unlike a critical micelle concentration.’** Previous works, investigating phenomena in
systems similar to ours and using modified Florry-Huggins models, have explained such

phenomena on the grounds of hydrogen bonding.?°!:317-318

Such cluster formation behaviour, exhibited by an aqueous non-ionic polymer solution,
has been found to be related to hydrogen bonding. DLS measurements performed on samples
of copovidone at different temperatures show that an increase in temperature favours cluster
formation whereas lower temperature leads to a shift toward a good solvent behaviour.
According to classical Florry-Huggins theory, elevated temperatures lead to a decrease in the
free energy of mixing, promoting homogenisation; however, in this case elevated temperatures
promoted the opposite. Higher temperatures interrupt hydrogen bonding (necessary for good
solvent behaviour) leading to higher relative cluster formation. This is depicted in Figure 7.13,
in the context of a polymer solution with ¢p = 0.0157 (assuming negligible variation in the

water density).
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Figure 7.13: The correlograms obtained for a polymer solution with ¢, = 0.0157 at three different

temperatures.

It is interesting that, even at the dilute region, the surface activity seems to be sufficient
to cause a substantial improvement in wetting. Interestingly, the surface activity increases faster
in the semi-dilute region, i.e. in the region where the relative abundance of polymer aggregates
tends to decrease shifting to a more homogenised system. On the other hand, in the dilute and
concentrated regions, where there is a large relative abundance of clusters, the surface activity
increases slowly. This probably suggests that the aggregates do not tend to move towards the
three phase contact line owing to the hydrophobic nature of the surface of carbamazepine, i.e.
they can be viewed as micelles with a hydrophilic shell consisting of the polar functional groups
of copovidone, and a hydrophobic core consisting of the aliphatic backbones. Thus, they do not

contribute significantly to the change of the surface activity amd the improvement of
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wettability. This phenomenon is manifested very clearly in Figure 7.11 A. As the contact angle
measurements are getting in the concentrated region, one could observe that the values of cos(9)
are start forming a plateau, indicating that despite any decrease in the work of cohesion of the
wetting fluid, wettability is not going to be improved. In the same context, the slope of the
Figure 7.11 B, seems to become more negative in the concentrated region. Overall, it can be
suggested that the wetting of carbamazepine by aqueous solutions of copovidone improves
quite dramatically in the semi-dilute region, thanks to the migration of free polymers to the
three phase contact line. However, in the concentrated region, where aggregation dominates
this improvement in wettability slows down, owe to the lack of free polymers to migrate

towards the three phase contact line.

7.5 Conclusions

This work utilised a number of well-established experimental approaches to investigate,
for the first time, the anisotropic wettability of pharmaceutical materials by polymeric excipient
solutions. The energetic surface anisotropy of p-monoclinic carbamazepine was studied
thoroughly for the first time, as was the surface energy of aqueous copovidone solutions at
different polymer loadings. It was shown that despite the fact that the surface energy anisotropy
of p-monoclinic carbamazepine is not as profound as for other compounds, owing to the limited
number of functional groups, its influence is still clear. Furthermore, this study verified the
directionality of acid-base interactions and their sharp distinction from the van der Waals
interactions, notably due to hydrogen bonding. Most importantly it provides a correlation
between the aggregation in polymer solutions and wettability. It highlights that for the system
under investigation the wettability of p-monoclinic carbamazepine by aqueous solutions of

copovidone is dictated by the migration of polymers to the three phase contact line.

The findings from this chapter can have a direct impact on pharmaceutical process

development; especially in the development of a framework for the mechanistic understanding
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of processes, such as wet granulation, where capillarity and capillary forces are important. A
more rational framework for the optimisation of the amount of binder required can be designed
just with knowledge of the surface properties of the material of interest, significantly reducing

the use of trial and error.

228



8. Interfacial phenomena in the dehvydration of pharmaceutical channel
hydrates

8.1 Introduction

Desolvation induced concomitant polymorphism, i.e. the appearance of more than one
anhydrous polymorphs upon desolvation is not uncommon in molecular crystals.?!*32° Since
desolvation is a process dictated by heat and mass transfer phenomena, it can be speculated that
changes in the desolvation conditions can influence the ratio of the polymorphs obtained. Over
the years, different experimental and computational approaches have been proposed to quantify
mixtures of polymorphs. Owe to the nature of the techniques employed, the mass fraction of
the different polymorphs could be obtained. However, as discussed on the introductory
Chapters 2 and 3, it is not uncommon, in pharmaceutical process development and in drug
product development, mass fractions to be of little importance. In systems with a relatively
large surface area to volume ratio, interfacial phenomena dominate over bulk phenomena and
the quantity of importance is the ratio of the surface areas of the two polymorphs. In this context
the aim of this chapter is to provide some insights on the mechanisms underpinning desolvation
induced concomitant polymorphism and then to showcase how IGC can be employed to
quantify the surface area ratio of two polymorphs, proving the hypothesised mechanism of
desolvation induced concomitant polymorphism.* This application of IGC for the
determination of the mixture components is grounded on the findings of Chapter 4 on the
“Importance of Packing on IGC measurements”. In this direction, a brief introduction to the
concept of polymorphism would be presented at the beginning of the chapter. This will be
followed by an introduction to carbamazepine, the model drug used in this study. Then the
results of the work will be presented, followed by some conclusions. Considering that
polymorphism of the APIs is crucial for the formulation of drug products, the findings of this

study directly target major challenges of pharmaceutical industry.
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8.2 Polymorphism

The term polymorphism refers to the ability of the constituent components (ranging from
ions to molecules) of a crystal to arrange to more than one crystalline phases.**! Even though
the effects of polymorphism have been observed for centuries, the discovery of polymorphism
is attributed to Professor Eilhard Mitscherlich. In 1826,%? Professor Mitscherlich presented
evidences for the existence of two forms of sulphur; one monoclinic and one rhombic. On that
time, he was not aware of any other crystalline forms of sulphur and thus he called the
phenomenon dimorphism (meaning two forms, in Greek).

From a thermodynamic perspective, a compound existing in crystalline form, at fixed
values of temperature and pressure, can only exhibit a single stable polymorph. Any other
polymorph of this compound observed under these specified conditions is considered
metastable. Thus, there would always exist a thermodynamic driving force pushing it to convert
to the most stable polymorphic form. This thermodynamic driving force is described by means
of the Gibbs free energy of the polymorph and is calculated according to the infamous equation
(where the subscript 1 denotes a polymorph):

where G; is the Gibbs free energy, H; and S; are the enthalpy and the entropy of the system at
the given conditions and T is the temperature. In Figure 8.1 a qualitative plot, summarising the
behaviour of the three components with temperature, is shown. One should notice that even
though pressure affects the thermodynamics of the system, it importance is omitted for
pharmaceutical crystals. This is because, the range of pressures used in pharmaceutical process

development, does not influence the thermodynamics of the crystals significantly.
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Figure 8.1: Schematic representation of the variation of enthalpy, entropy and Gibbs free energy of
a crystalline material, with temperature. The slope of the enthalpy curve provides the magnitude of
the heat capacity of the material at the specified temperature. Similarly, the slope in the Gibbs free

energy curve can be used to calculate the entropy of the system.?

For the case of a compound exhibiting two (or more) polymorphs, as the temperature
changes, a shift in the relative magnitude of the value of the Gibbs free energy the two
polymorphs can occur, leading to a change in the order of stability. This phenomenon is called
enantiotropic transition. On the other hand, some solids exhibit only a single stable polymorph
and thus they are called monotropic. In this case all the other polymorphs appear as metastable.

These phenomena are illustrated in Figure 8.2.
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Figure 8.2: Schematics describing, qualitatively the thermodynamics of A) a monotropic and B) an

enantiotropic system.**

During crystallisation in solution, certain polymorphs can appear at conditions where
they are considered metastable, owe to the kinetic nature of the process. This behaviour is
attributed to the Ostwald rule of stages, as it has been addressed in Section 3.3.2.

In cases where more than one polymorphs emerge, the quantification of the resulting
polymorphs was found to be a quite intriguing problem, subjected to various limitations
associated with the techniques used and the nature of the material under examination. As
expected, different polymorphs exhibit different surface energy. Thus, IGC measurements have
been proposed as a tool enabling the quantification of the polymorphs present in a sample. The
findings of Chapter 4, suggest that FD-IGC measurements, combined with in silico studies, can
quantify mixtures of polymorphs, on the basis of their relative surface area. In other words a
framework exists enabling the quantification of the relative surface area occupied by each
polymorph. This metric is particularly useful if the mixture of the two polymorphs is going to
be processed via process operations involving the formation of interfaces.

8.2.1 The importance of polymorphism in drug product development
The solubility of a compound, in a specific solvent, should always be determined, via

dissolution experiments (crystallisation experiments are not reliable as contamination can
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inhibit crystal growth in a supersaturated solution), on the basis of the most stable polymorph.
It is not uncommon to encounter situations were an investigator is claiming, erroneously, that
metastable polymorphs result to higher solubility.*?*3? This statement is not accurate, as
metastable polymorphs can result to higher apparent solubility, but as the solution does not
have some sort of memory, it cannot result to an increase in actual solubility.

The concept of increase in apparent solubility is very neatly explained in terms of the
classical Flory-Huggins theory. During the dissolution of a compound X, exhibiting two
polymporphs, in a solvent Y at constant temperature, four types of intermolecular interactions
exist. The Y-Y interactions between the solvent molecules, the Xsolute)-Y interactions between
the solvent and solute molecules in solution, the Xsolute)- X(solute) between molecules of the
compound X in solution and the X(solig)-Y interactions between the solvent molecules and the
molecules of the solid. The intermolecular energy of the first three types of interactions is
independent of the polymorphic form, whereas the fourth one is not. In fact, for the fourth case
the intermolecular interactions are weaker for a metastable polymorph. Thus, the energetic
penalty is smaller for the metastable phase, resulting in higher apparent solubility.

This concept of enhanced apparent solubility is particularly useful in drug product
development. However, the tendency of the metastable polymorph to transform to a stable one,
creates regulatory issues. As a matter of fact, the well known case of ritonavir recall upon the
discovery of a metastable polymorph, highlights the importance of polymorphism selection in
drug product development.®*® In this context, one should remember that the rate of
transformation of a metastable polymorph to a stable one is subjected to factors such as the

storage temperature and humidity.

8.3 The case of carbamazepine dihvdrate

Carbamazepine dihydrate, one of carbamazepine’s solvates, is employed as the model

compound in this work, aiming to investigate the mechanisms of dehydration induced
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polymorphism. Carbamazepine is a quite interesting compound exhibiting plethora of
anhydrous forms and solvates. Until recently, four anhydrous forms were known, namely the
trigonal, the c-monoclinic, the triclinic and the p-monoclinic.?** An amorphous phase has also
been isolated.!*? The stability trend of the amorphous forms at ambient conditions is
summarised in Figure 8.3. Recently, a metastable catemeric polymorph has been isolated using
templating. Anhydrous carbamazepine was found to exhibit enantiotropic behaviour at around
90 °C,*?” with the anhydrous triclinic polymorph becoming the most stable form, instead of the

p-monoclinic one.

Amorphous

Trigonal

C-Monoclinic
AG

Triclinic

Free energy

P-Monoclinic

Course of reaction

Figure 8.3: Schematic showing the thermodynamic stability of the four main anhydrous polymorphs

of carbamazepine at ambient conditions.

Carbamazepine dihydrate, one of carbamazepine’s numerous solvates,3® 333-333

crystallises in the presence of water.>*® It is a channel hydrate and the water channels are aligned
parallel to the (h00) and (0kO) crystallographic planes, as shown in Figure 8.4. Structural
analysis of the crystal packing shows that there is a system of alternating weakly and strongly

attached planes, parallel to the (0kO) crystallographic plane. This is a consequence of the
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hydrogen bond network associated with the channel hydrates, giving rise to a stronger attraction
compared with the attractions associated with the dispersive interactions. Carbamazepine
dihydrate usually crystallises to acicular shaped crystals or elongated plates. Depending on the

crystallisation conditions, the crystals may create agglomerates.

Channels with
water molecules

(0kO)

Y

Figure 8.4: BFDH morphology of carbamazepine dihydrate showing the water channels and having

the major crystallographic planes.

Desolvation studies on carbamazepine’s solvates, showed that the plethora of
polymorphic forms is associated with complexities on dehydration thermodynamics.*®: %% 337
Interesting findings have been reported for the dehydration of carbamazepine dihydrate at mild
temperatures in the presence of different types of vapours. The key findings of these studies are
summarised in Figure 8.5. A very intriguing observation, is that as the molecular mobility
provided during dehydration increases, a more stable anhydrous polymorphic form is obtained.
This observation suggests that the dehydration induced polymorphism is governed in a great

extent by the Ostwald rule of stages. This observation suggests the presence of an amorphous

intermediate during dehydration the fate of which, in other words how fast will crystallise and
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towards what polymorph, is governed by the molecular mobility. In addition, structural
changes, such as whiskers and cracks, have been observed to accompany dehydration. It has
been speculated that the cracks act as sites of preferential nucleation for certain metastable

polymorphs. Thus, their presence may be associated with dehydration induced polymorphism.

CBZD crystals
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5—60 % RH Alcohol vapours
Catastrophic l 1
dehydration, limited

Water vapour Solvent vapour

vapour accessibility mediated dehydration  mediated dehydration
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Figure 8.5: Schematic summarising the anhydrous polymorphic outcomes obtained, by other

investigators, via experiments at mild temperatures.

However, the crystals investigated in those studies all have similar crystal habits, as they
are produced from similar methods (cooling crystallisation). In this work, different
crystallisation approaches are exploited to produce, among others, prismatic crystals of
carbamazepine dihydrate with size ranging from ~10um to ~lcm. Needle shaped crystals will
be studied as well. The main hypothesis is that the changes achieved with various crystallisation
conditions in features, such as crystal size, crystal habit and number of defects, can potentially

influence dehydration induced polymorphism.
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8.4 Experimental methodology

8.4.1 Materials used
Anhydrous carbamazepine was purchased from Apollo Scientific, Stockport, UK and all

the solvents used (both for recrystallisation and IGC measurements) were purchased from

VWR, Radnor, PA, USA.

8.4.2 Crystallisation and characterisation of macroscopic crystals of carbamazepine
dihydrate via a bioinspired method

As it was shown in Chapters 5 and 7, macroscopic crystals are quite versatile as they
enable the study of the intrinsic properties of the crystal, not scaling with size. For the purposes
of this work, macroscopic crystals could shade light in the dehydration mechanisms of
carbamazepine dihydrate.

For the growth of the macroscopic crystal of p-monoclinic carbamazepine used in
Chapters 5 and 7, solvent evaporation was used. Those crystals were containing only one
component, carbamazepine. However, carbamazepine dihydrate contains both water and
carbamazepine molecules. Aqueous solutions have been used for the crystallisation of a-lactose
monohydrate (containing both lactose and water), however it should be mentioned that a-
lactose monohydrate is a sugar, readily soluble in water. On the other hand, carbamazepine is
sparingly soluble in water. Thus, the option of following the same strategy, for macroscopic
single crystal growth, as in the case of a-lactose monohydrate, is not viable.

The use of mixtures of solvents, containing water and a water miscible organic solvent,
does not offer an alternative pathway either. In order for the macroscopic crystal of
carbamazepine dihydrate to be stable in a mixture of water with ethanol or methanol, two
alcohols used industrially for the crystallisation of carbamazepine dihydrate, the mixture should
contain at least 30 % and 40 % per volume water respectively. In the presence of such a large
amount of water, the solubility of carbamazepine drops significantly, thus the growth of

macroscopic crystals will be unpractical.
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Carbamazepine dihydrate usually crystallises in needle shaped crystals. This kind of
elongated crystals are not suitable neither for use as seeds, for macroscopic single crystal
growth, nor for extensive studies. As mentioned in Chapter 3, sodium taurocholate®*® has been
used for the crystallisation of carbamazepine dihydrate with a more compact shape.
Nevertheless, the crystals obtained where in the sub-millimetre scale, unsuitable for use in
macroscopic single crystal growth. Scaling up that process would require the use of vast

amounts of surfactant, increasing the possibility of excessive contamination of the crystal.

Parasite’s digestive
Parasite vacuole ( contains

Red blood lipids)
cell

Parasite’s |

cytoplasm Lipid bilayer
(aqueous) Hemozoin
crystal

Figure 8.6: Schematic showing the crystallisation of hemozoin crystals, by a malaria parasite, inside

a red blood cell.

The work on the crystallisation of hemozoin crystals by malaria parasites offers a
pathway for the development of a bioinspired strategy for the growth of prismatic macroscopic
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single crystals of carbamazepine dihydrate.**® Malaria parasites attack and reside in red blood
cells. The hematin, existing in red blood cells, is toxic for the parasites. Thus, the parasites tend
to crystallise hematin to hemozoin, in their digestive vacuole, a lipid rich organelle, as a mean
for detoxification.!” 2 The schematic in Figure 8.6 depicts the mechanism employed by a
parasite residing in a red blood cell to crystallise hemozoin crystals.?%?

A number of elaborate studies suggest that the hemozoin crystals nucleate on the
phospholipid membrane of the digestive vacuole. Hematin and other components required for
the crystal growth of hemozoin, are synthesised in the, mainly aqueous, cytoplasm. From there,
they are transported to the digestive vacuole, via means of mechanisms that they are not clear
yet. Thanks to this continuous flow of material, the supersaturation in the digestive vacuole is
sustained, enabling the growth of hemozoin crystals. A two-phase bioinspired solution,
comprising of an aqueous and an organic phase, has been employed, enabling the growth of
relatively (for a protein) large crystals. However, in that case, contrary to what happens in the
digestive vacuole, hemozoin crystals were seeded at the interface between the two faces.

In Chapter 3, a thorough discussion was performed on the influence of additives in the
crystallisation of small molecules used in solid oral dosage forms. A brief mention is made on
the importance of macromolecular structures in biomineralisation. Nevertheless, the
crystallisation of hemozoin in malaria parasites highlights the importance of lipids, which are

amphiphilic molecules, in biological crystallisation.
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Figure 8.7: Schematic showing the growth of a crystal in the bioinspired crystal growth system

developed.

To reproduce this system a two phase liquid-liquid system, comprising of a water rich
and an organic solvent rich phase was proposed, as the one shown in Figure 8.7. Cooling
crystallisation was performed in order to obtain nucleation at the interface between the two
liquids. For the experiment to be successful, the organic solvent should be slightly miscible to
water and lighter than water. In addition, carbamazepine should have a higher solubility in it
rather than in water. Literature findings suggest that light alcohols, such as methanol and
ethanol, in the absence of stirring, lead to the crystallisation of needle shaped crystals. In fact,
as the system was shifting from methanol to ethanol, the crystals were becoming more needle
shaped. This was attributed to the fact that the activity of water in the system was becoming
less profound. First principle calculations for the water activity in a three component system
comprising of carbamazepine, water and either ethanol or methanol, do not exist in literature.
However, the water activity for a water — methanol system, at 25 °C, comprising of 60 % v/v
methanol and 40 % v/v water was found to be, based on single component UNIFAC*
calculations, 3.419 and the methanol activity was determined to be 0.613. In a similar system,
containing ethanol, instead of methanol, the numbers calculated were 1.295 and 1.256
respectively. These numbers appear to provide a simple mechanistic explanation. The water

activity is a measure on how strongly the water molecules interact, relative to their standard

240



state. Thus, one can make an over simplistic argument, which nevertheless it does not necessary
deviate from reality, that if in the binary system the activity of the water is very high, this may
be reflected, in the ternary system containing carbamazepine. This is not unreasonable, as from
simple molecular intuition, one should see, that, probably, the water molecules have stronger
affinity to interact with alcohol molecules, rather than with carbamazepine molecules. Thus,
the high affinity of water molecules towards methanol molecules, limits their interactions with
the crystal. On the other hand, as the water activity in ethanol is lower, it may indicate that
more water molecules have the potential to interact with the hydrogen bond network of the
carbamazepine dihydrate, facilitating the appearance of long needles. Inarguably, stirring also
has an effect. However, for the case of ethanol, even for stirring rates higher than those reported
in this study, the author did not observe prismatic shaped crystals.

For the purposes of this study, it was decided to use a heavier alcohol, butanol, so to
compare it with lighter alcohols and two ketones, namely butanone and cyclohexanone. The
two ketones were chosen as they satisfy the criteria set in the previous paragraph. In addition,
it was hypothesised that interesting comparisons could be made between butanone and butanol,
as they have the same carbon chain length but different functional group. The solubility of
water in these organic solvents was found in literature. The activity of water and organic solvent
in saturated, with water, binary solutions of the aforementioned organic solvents was calculated
via UNIFAC method as follow: for water saturated butanol solution the activity of water is
0.593 and butanol activity is 0.768, for water saturated butanone solution the activity of water
is 0.828 and the activity of butanone is 1.03, finally, for water saturated cyclohexanone solution
the activity of water is 4.52 and the activity of cyclohexanone is 0.966.

So, for the experiment, 100 mL of the organic solvent were stirred, under reflux, with
150 mL of deionised water. As the two liquids are partially miscible, an emulsion was formed.

Then anhydrous p-monoclinic carbamazepine was added and left overnight to dissolve. In most
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of the experiments about 7 g of material were used. The emulsion was left for 24 hours to
separate in two liquid phases and then a negative temperature gradient of 1 °C per day was
applied on the system. After, a few days the first crystals appear in the interface between the
two liquid phases; the upper phase was containing the organic solvent and some water and the
bottom phase was mainly aqueous. The crystals were growing, at the interface as the
temperature was decreasing; surface tension forces were sufficient to keep them on the
interface. Some of the crystals grew quite big and under the effect of gravity they sank in the
aqueous phase, overcoming the effects of surface forces. There, the concentration of
carbamazepine was low and the growth halted. When the system reached 5 °C, the experiment
stopped and the crystals were harvested and washed. Owe to the long duration of the

experiments, it was not possible to perform detailed studies on the thermodynamics and kinetics

of crystallisation.
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Figure 8.8: XRPD spectra for the crystals obtained from the bioinspired crystallisation system,
verifying that the crystals are indeed carbamazepine dihydrate. The spectrum from material obtained

via antisolvent crystallisation is used for comparison.
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The nucleation and the growth were taking place on the organic side of the interface. The
carbamazepine molecules required for crystal growth were provided by the organic phase. The
water dissolved in the organic phase was sufficient to keep the carbamazepine dihydrate
crystals stable and prevent their transformation to anhydrous, irrespectively of the organic
solvent used. This is illustrated in the XRPD plots obtained from the crystals harvested from
systems containing different solvents (carbamazepine dihydrate obtained via antisolvent
crystallisation is used as the standard for comparison). As water molecules were incorporated
in the crystal lattice the amount of water dissolved in the organic phase was decreasing. The
aqueous phase was then acting as a sink providing water molecules to replace the crystallised
water molecules. The transport of water molecules was taking place by means of simple
diffusion. A concentration gradient from the water rich aqueous phase to the water poor organic
phase was facilitating diffusion.

8.4.3 Producing carbamazepine dihydrate crystals with different aspect ratios

The following protocols were used to produce crystals with different crystal habits (the
protocol described for the crystallisation of macroscopic carbamazepine dihydrate is termed
Protocol 1):

Protocol 2: 0.05 g/mL of anhydrous carbamazepine (as received) were dissolved under heating
in an ethanol-water (60:40 %v/v) mixture. Then the mixture was left to cool down slowly in
quiescent. The solution was filtered out and the crystals were washed and then left to dry.

Protocol 3: 0.1 g/mL of anhydrous carbamazepine (as received) were dissolved under heating
in a methanol-water (50:50 %v/v) mixture. Then the mixture was left to cool down for 12 hours
without stirring. The solution was filtered out and the crystals were washed and then left to dry.
Protocol 4: 0.1 g/mL of anhydrous carbamazepine (as received) were dissolved under heating

in a methanol-water (60:40 %v/v) mixture. Then the mixture was left to cool down for 12 hours
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under stirring (500 rpm). The solution was filtered out and the crystals were washed and then

left to dry.
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Figure 8.9: XRD spectra of the crystals obtained from the four different protocols compared with

carbamazepine dihydrate obtained from antisolvent crystallisation.

XRPD analysis, shown in Figure 8.9, verifies that the crystals obtained from these
protocols are carbamazepine dihydrate. Dehydration/weight loss experiments were, also, used
to verify the water content in the crystals. Crystals from each protocol were placed in different
petri dishes and their mass was determined. Then they were put in an oven at 50 °C and they
were left to dehydrate for 24 hours. Five samples were used for each protocol. The mass
decrease after they were for crystals from protocols one to three about 13.1 + 0.2 %. However,
for particles from Protocol 4 a smaller change was reported 12.4 + 0.3 %. This signifies that
there is, probably, a trace amount of p-monoclinic carbamazepine crystallising owe to the

effects of the Ostwald rule of stages.
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Figure 8.10: Microscopy images showing the examples of the crystals obtained from the four

different protocols, A) stereoscopic image of a macroscopic crystal from Protocol 1, B) SEM image
of a needle shaped crystal of carbamazepine dihydrate obtained from Protocol 2, C) SEM image of

crystals of carbamazepine dihydrate obtained from Protocol 3 and D) SEM image of carbamazepine

dihydrate crystals obtained from Protocol 4.

In Figure 8.10, images of the crystals obtained from the aforementioned protocols are
presented. It can be seen that the characteristic size of the crystals increases from the first to the

fourth protocol. The crystals from protocols one to three exhibit (100) as their major facet.
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8.4.4 Structural changes associated with dehydration

8.4.4.1 Crack formation

Previous studies have revealed the appearance of various types of cracks on the surface
of carbamazepine dihydrate, which have been associated with dehydration.*® 3% Quite
intriguingly, the most distinct cracks were appearing on the (100) facet and they were parallel
to the water channels. In this work, macroscopic crystals, obtained from Protocol 1, were
employed to investigate the surface cracks formed upon dehydration, using microscopy. The
crystals were placed on a heating stage mounted on the optical microscope, enabling the on-
line monitoring of crack formation. Results from this investigation are shown in Figure 8.11.
From the images three major types of cracks can be reported. The first one includes the cracks
parallel to the water channels. The other two types of cracks appear to have either a clockwise
or an anticlockwise orientation with respect to the first type of already known cracks, but they
appear on the same angle with respect to the primary type of cracks. The cracks of the first type

have a much bigger gap space compared with the other two types.
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Figure 8.11: A) A sections of the (100) facet before start dehydration. B) The same section, when the
three types of cracks have appeared. C) The (100) facet of another crystal exposed in dehydration

showing the similar types of cracks.

Careful examination of SEM images reveals that these cracks also appear in crystals
obtained from Protocols 2 and 3 as well. On the other hand, crystals from Protocol 4 do not
exhibit this kind of well-ordered cracks, but they exhibit a random network of cracks as the one
shown in Figure 8.13. These structural differences provide evidences for the different

molecular mechanisms triggered upon dehydration.
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Figure 8.12: SEM image of the (100) facet of a carbamazepine dihydrate crystal, not exposed in
dehydration, exhibiting the three types of cracks reported with optical microscope. The cracks are

created from the vacuum induced dehydration. The image has been processed, post-capture, to enhance

contrast.

Figure 8.13: SEM images of crystals from Protocol 4 dehydrated at 90 °C.

248



Figure 8.14: A) SEM image from the (100) facet of a crystal dehydrated partially at 50 °C. B) A magnified

image of the area marked with the red circle, showing the whiskers growing on the facet. C, D) Images

showing whiskers growing on (020) facet.

Macroscopic cracks parallel to the water channels appear only on the surface of the (100)
facet, whereas the rest of the facets do not exhibit such a feature. However, whiskers appear in
all the facets, as can be seen in Figure 8.14. This is important, as it highlights that the cracks
are not niches promoting the growth of whiskers.

Interestingly whiskers do not seem to appear on the surface of the crystals dehydrated
partially under vacuum like the one shown in Figure 8.15. Similar results were obtained for

crystals dehydrated fully under vacuum, as those shown in Figure. Furthermore, it is interesting
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that it was possible to obtain fully dehydrated material, not exhibiting whisker growth, by

vacuum dehydration.

Figure 8.15: SEM images from crystals fully dehydrated under vacuum at ambient pressure, showing

the absence of any long whiskers.

8.4.4.2 Cracks are formed inside the crystal

Macroscopic crystals were employed to study the mechanism determining the formation
of the macroscopic cracks on the (100) facet, which are parallel to the water channels. The
crystals were placed in an oven for a few minutes, to ensure that dehydration will be initiated,
but the cracks would not have appeared on the surface. Then the crystals were sliced, with a
razor blade. The cut was performed on a 90 © angle with respect to the channels (i.e. the cut and
the channels are forming a right angle). The dissected crystals were then put vertically in the
SEM. It is clearly depicted in the images of Figure 8.16 A-D that cracks appear in the centre
of the crystal, propagating towards the surface. In Figure 8.16 E-F, the crystal was left to
dehydrate extensively, before dissected and put under the SEM. In this case, the cracks have
sufficient time to propagate throughout the volume of the crystal, creating this intriguing
structure, of a particle comprising of slabs. The whiskers appear on the surface before the
cracks manage to propagate up to the surface. Even though whiskers can grow from inside the

cracks, no evidences exist suggesting any preference towards this.
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Figure 8.16: A-D) SEM images showing cracks that propagating from the core of the crystal towards

the (100) facet. E) SEM image showing cracks propagated to the surface. F) Magnification of image
(E).
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8.4.4 Dehydration induced concomitant polymorphism

Crystals from all the protocols were exposed in three different dehydration conditions;

50, 70 and 90 °C under ambient pressure in a lab oven, for two hours. At this point, a few things
should be mentioned regarding the selection of the dehydration temperatures. It was decided
not to perform experiments at temperatures higher than 90 °C. Above this point the
enantiotropic transition occurs and the material becomes very prone to sublimation as well.
This will cause issues especially in cases where the anhydrous p-monoclinic carbamazepine is
one of the resulting polymorphs. As the glass transition temperature of amorphous
carbamazepine was determined to be around 56 °C,**! it was decided to have one data point
below this temperature. This is to check whether an abrupt change is observed above this
temperature that can be attributed to an amorphous intermediate appearing during dehydration.
XRD and SEM were used to investigate the polymorphism of the dried material. The
results for all the cases are summarised in Figure 8.17 depicting the polymorphic outcome from
each dehydration. Two distinct behaviours are observed. Crystals from protocols one, two and
three dehydrate towards the metastable anhydrous triclinic polymorph when exposed at
dehydration temperatures of 50 °C and 70 °C. The same crystals dehydrate towards a mixture
of the anhydrous triclinic and p-monoclinic polymorphs when dehydrates at 90 °C. On the other
hand, the crystals from Protocol 4, consistently dehydrate towards the mixture of triclinic and

p-monoclinic polymorphs.
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Figure 8.17: Schematic summarizing the polymorph obtained from the dehydration of crystals

obtained from different protocols under different dehydration temperatures. The triangle corresponds
to the situations where only triclinic polymorph was observed, whereas the star corresponds to the

cases were a mixture of p-monoclinic and triclinic polymorphs was observed.

8.4.6 Polymorph quantification by means of IGC

It has been shown that the possibility of dehydration induced concomitant polymorphism
exists for certain cases. Quantification of the amount of p-monoclinic and triclinic polymorph
occurring upon dehydration, by means of IGC, can provide a better understanding for the
mechanisms determining concomitant polymorphism upon dehydration. The in silico tools
extensively discussed in chapters four and five would be used.

The main surface energy sites exhibited by the anhydrous p-monoclinic carbamazepine
are already known from Chapter 5. In this section, the surface energy map of the anhydrous
triclinic carbamazepine will be measured, by means of IGC. Using the aforementioned in silico
tool, the main surface energy sites exhibited by the anhydrous triclinic carbamazepine will be

determined. Following that, in silico studies will be performed on the surface energy maps of
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anhydrous samples obtained by dehydrating carbamazepine dihydrate, prepared by Protocol 4,
at 50 °C and 90 °C; the samples have been found to exhibit dehydration induced concomitant
polymorphism. These in silico investigations will enable the determination of the relative

surface area each of the two polymorphs occupy.
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Figure 8.18: A) The XRPD patterns obtained from the dehydration of carbamazepine dihydrate from
Protocol 4 at two different temperatures compared with the patterns of two anhydrous carbamazepine
polymorphs, the stable p-monoclinic and the metastable triclinic. B) The surface energy maps
obtained from the IGC measurements on dehydrated crystals from Protocol 4; the dehydration

temperatures are shown in the legend.

255



The surface energy of the anhydrous triclinic polymorph was measured, by means of
IGC, using the same method described in Chapter 5. The results of the measurement are shown
in Figure 8.19 A. The, the surface energy distribution was determined.?’ The fitting line on
Figure 8.19 A indicates the calculated surface energy map, corresponding to the surface energy
distribution shown in Figure 8.19 B. As can be seen very good agreement was achieved
corresponding to an R>>0.9. As can be seen from the surface energy distribution the sample

exhibits two main surface energy sites, one at y*"=32 mJ/m? and another one at y*"= 40 mJ/m>.
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Figure 8.19: A) The surface energy map obtained for anhydrous triclinic carbamazepine. B) The

surface energy distribution corresponding to the surface energy map, showing two major peaks.
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Using these results, the computational algorithm was tuned appropriately for the
determination of the surface energy distributions of the dehydrated samples. It was assumed
that the samples can exhibit only four surface energy sites, two attributed to the p-monoclininc
anhydrous carbamazepine and two attributed to the anhydrous triclinic carbamazepine. The two
distinct surface energy sites of the anhydrous triclinic carbamazepine have been calculated a
few lines before and the corresponding values have been reported. The two sites of attributed
to the p-monoclinic carbamazepine were assumed to have surface energies of Y= 37.5 mJ/m?
and y*"= 44.2 mJ/m? respectively. The latter corresponds to the surface energy of the (100)
facet of the anhydrous p-monoclinic carbamazepine, whereas the former is an average value
obtained from the surface energy values of the other sites identified in Chapter 5. It was decided

not to use all the reported sites for the anhydrous p-monoclinic carbamazepine in order to

reduce the computational burden and because some of them exhibit relatively similar values.
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Figure 8.20: A) The surface energy map obtained for material obtained from the dehydration of
carbamazepine dihydrate crystals obtained from Protocol 4 at 50 °C. B) The surface energy
distribution corresponding to the surface energy map, showing the peaks corresponding to the
anhydrous triclinic and p-monoclinic polymorphs (one low and one high surface energy site was

assumed for each of the anhydrous polymorphs, in order to decrease the computational complexities).
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Figure 8.21: A) The surface energy map obtained for material obtained from the dehydration of
carbamazepine dihydrate crystals obtained from Protocol 4 at 90 °C. B) The surface energy distribution
corresponding to the surface energy map, showing the peaks corresponding to the anhydrous triclinic
and p-monoclinic polymorphs (one low and one high surface energy site was assumed for each of the

anhydrous polymorphs, in order to decrease the computational complexities).
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The results from the deconvoloution of the surface energy are shown in Figures 8.20 B
and 8.21 B. The fit lines, in each figure, represent the lines obtained from the surface energy
distributions corresponding to each of the samples. It can be seen that there is quite good
agreement between the experimental and the modelled data. From the results it seems that for
the material dehydrated 50 °C the peaks corresponding to the anhydrous metastable triclinic
polymorph dominate, whereas the metastable anhydrous p-monoclinic polymorph dominates
the sample obtained by dehydration at 90 °C.

As it has been mentioned, the material produced from Protol, is expected to contain some
amount of the anhydrous p-monoclinic carbamazepine. Obviously, the amount of p-monoclinic
carbamazepine identified by means of both XRPD and IGC is much higher, indicating that
some of the dihydrate, dehydrates towards the anhydrous p-monoclinic polymorph. By
carefully looking the XRPD peaks, one could notice that the peaks of the anhydrous triclinic
polymorph are more profound for the material dehydrated at 50 °C, contrary to the material
dehydrated at 90 °C. Here, it should be noticed that SEM imaging was used for polymorph
identification and the presence of whiskers in crystals obtained by dehydration at 90 °C, were

considered as indicative of the presence of the anhydrous triclinic polymorph.

8.5 Discussion

8.5.1 Crystallising macroscopic hydrates on an interface

This work establishes a bioinspired methodology for the growth of macroscopic single
crystals. This methodology exploits the partial miscibility of water in certain organic solvent.
The organic solvent is able to dissolve larger amounts of the anhydrous carbamazepine
compared to water. The water activity in the organic phase of the system, for the organic
solvents used in this study, seems to be sufficient to sustain the nucleation and growth of
carbamazepine dihydrate. In his work on the crystallisation of hemozoin crystals by malaria

parasites, Professor Peter Vekilov, proposes that the hemozoin nuclei is surrounded by
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phospholipids in some sort of a droplet facilitating its growth.2? It’s not impossible to speculate
that an analogous mechanism maybe true for the growth of macroscopic crystals of
carbamazepine dihydrate via the methodology proposed here. In other words, a metastable
droplet, formed at the interface between the two liquid phases may exist facilitating the
nucleation and growth of carbamazepine dihydrate. However, the proposed system is very
vibrations sensitive. Even slight vibrations, may distract the equilibrium at the interface
between the two liquids, making the crystals to sink, prematurely, in the aqueous phase. Thus,
it was not possible to use any optical monitoring systems to study the crystal growth
methodology. Observations made from the walls of the glass jacketed vessel, where the growth
was taking place, may support the claim for a droplet facilitated crystal growth mechanism.
Nevertheless, without more thorough studies, no solid conclusions could be extracted.

The macroscopic crystals obtained do not show any polarity. In other words, the bottom
and the top facets, the one looking towards the organic phase and the one looking towards the
aqueous phase, are identical. This observation backs the argument made in section 8.4.2, on the
“Crystallisation and characterisation of macroscopic crystals of carbamazepine dihydrate via a
bioinspired method”, that crystal growth takes place on the organic side of the liquid-liquid
interface. In case that one of the facets was in contact with a different liquid compared to the
other it was expected that it will exhibit different growth. This observation is in-line with the
possibility of a droplet facilitated crystal growth mechanism.

Carbamazepine dihydrate crystals were obtained with all three organic solvents used in
this study. This, combined with the observations of the previous paragraph, suggests that the
activity of the water, dissolved in the organic phase, is sufficient to facilitate the nucleation and
sustain the growth of carbamazepine dihydrate crystals. Considering that no seeding is
performed, this means that for the given systems, with the given amount of dissolved anhydrous

material, carbamazepine dihydrate is the single most stable form of carbamazepine. On the
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ground of this argument, one could question why a two-phase system is required. Technically
an organic solvent, such as cyclohexanone, saturated with water, could perform the same job.
The answer to this is that the two liquids system proposed in this study, allows the crystal to
grow on a liquid-liquid interface. On the other hand, for a system comprising of water saturated
cyclohexanone, carbamazepine dihydrate crystals were going to grow on the walls of the
crystallisation vessel, owe to the low supersaturation used. Crystals growing in such a way will
have more defects and removing them from the walls of the vessel, by means of mechanical
force, will damage them.

The growth of needle shaped carbamazepine dihydrate crystals is driven by the hydrogen
bond network, associated with the water molecules in the channels. In literature, the vast
majority of the studies dealing with carbamazepine dihydrate, use aqueous solutions of alcohols
to crystallise it. The strong hydrogen bonding associated with these solvents is expected to
facilitate the growth towards the direction of the hydrogen bond network. In the case of
carbamazepine dihydrate, water molecules are an essential part of the crystal lattice. Thus,
strong association with a particular facet, promotes the elongation of that facet, instead of
inhibiting. In one sense, they do not compete with carbamazepine molecules, but they work
synergistically. One should also notice, that carbamazepine molecule does not have strong
hydrogen bonding functional groups. Thus, the growth of the carbamazepine dihydrate in any
other direction other than the one facilitated by the hydrogen bond network is extremely
unfavourable, as water molecules are key part of the crystal lattice.

For the case of the bioinspired crystal growth methodology, proposed in this chapter, only
the carbamazepine dihydrate crystals obtained from cyclohexanone exhibit prismatic crystal
habit, deviating from the acicular type of crystals obtained from the other three solvents (and
generally from any other solvent combinations found in literature). In particular, the crystal

habit becomes more prismatic as the solvent system shifts from butanol to butanone and then
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to cyclohexanone. This trend can be explained qualitatively using the notions discussed in the
previous paragraph, as well as the literature findings, on the influence of solvents in crystal
growth, outlined in Chapter 3. The trend is in line with the trend of the activity of water in the
binary solution of water and the organic solvent; water activity increases from butanol to
butanone and then to cyclohexanone. As it has been speculated increased water activity
suggests that the water molecules are strongly interacting with the organic solvent molecules.
Thus, they exhibit less interactions with the growing crystal. This limits the driving force
facilitating the elongation of carbamazepine dihydrate crystals via the hydrogen bond network.
As mentioned before, the reader should keep in mind that crystallisation is taking place in a
ternary system containing water, organic solvent and carbamazepine. Thus, the conclusions
derived from the activity of water in binary solutions is just a qualitative speculation and they
should not be used for the design of mechanistic models. The ability to manipulate the crystal
habit by tuning the organic solvent used in this bioinspired system is a quite intriguing finding
showing that crystal growth is taking place on the interface and inside the organic phase,
whereas the aqueous phase act, mainly as a sink of water molecules.

Overall, the proposed methodology is a robust alternative for the growth of hydrates of
poorly water soluble molecules. Traditionally, macroscopic crystals were grown via top seeded
solution growth, as the one described in Chapter 7 and elsewhere in literature. However, this
bioinspired method introduces a pathway for nucleating crystals directly on a liquid-liquid
interface. Thus, all the issues associated with the accumulation of defects during top seeded
solution growth or growth on the walls of a vessel, are removed. In this context, the applicability
of this methodology could be expanded for the growth of large protein crystals were the small

mechanical forces may jeopardise the crystals.
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8.5.2 Dehydration induced concomitant polymorphism and quantification

The results obtained for dehydration induced polymorphism and presented in Figure 8.17
are quite interesting. Crystals obtained from protocols one, two and three exhibit behaviour in
line with the results found in literature. At dehydration temperatures of 50 and 70 °C, where the
molecular mobility provided is low, the metastable anhydrous triclinic polymorph is obtained.
Whereas at 90 °C, the molecular mobility is sufficient to enable some nucleation of the stable
anhydrous p-monoclinic polymorph, leading to a mixture of two polymorphs.

On the other hand material from Protocol 4 seems to consistently dehydrate towards a
mixture of the two polymorphs. Quantification performed via means of IGC shows that for the
material dehydrated at 50 °C, the amount of the anhydrous triclinic polymorphs is less
compared to the material obtained from dehydration at 90 °C. This observation agrees with the
analysis conducted in the previous paragraph, having the concept of molecular mobility in its
epicentre.

Nevertheless, the question remains why the material from Protocol 4 exhibits such
peculiar behaviour. It has been proposed that this can be an indication of size dependent
dehydration induced polymorphism.**?3* However, for this argument to hold true, the particles
obtained from all four protocols exhibit Biot (Bi) dimensionless numbers much smaller than
one. Bi is a quantity determining the ration between conductive and convective heat transfer
phenomena and it is calculated according to the formula:

Bi = h_L2 Eq. 8.2
k

where h and k are the film heat transfer coefficient and thermal conductivity, respectively. The

geometric parameter L is given by the ratio of the volume over the surface area of the particle.

When the magnitude of Bi<<1 then the temperature gradients inside the body are negligible.

For pharmaceutical crystals the magnitude of k takes values from 0.2 to 0.5 W*m™*K!,

Similarly the magnitude of 4 was assumed to be around 10-50 W*m™2*K"!. The magnitude of
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L varies significantly and estimates were performed using images obtained from optical
microscopy and SEM.

Considering that the trace amount of p-monoclinic carbamazepine, in the batch produced
by Protocol 4, it can be speculated that this anhydrous material, acts as template, driving the
dehydration induced polymorphism towards the anhydrous p-monoclinic polymorph. The
traces of p-monoclinic carbamazepine are engulfed in the crystals of carbamazepine dihydrate.
As dehydration commences the temperature throughout the crystals is uniform, thanks to the
very small Bi number. The carbamazepine dihydrate around the p-monoclinic carbamazepine
core moves from dihydrate to amorphous and then to p-monoclinic very quickly. On the same
time the material on the surface dehydrates moving to the amorphous intermediate phase. Owe
to the lack of templating recrystallisation is not that fast. Depending on the molecular mobility
provided the p-monoclinic carbamazepine phase grows from inside. The theoretical basis for
this kind of glass to crystalline transitions has been described extensively in literature.!3: 344
The same templating phenomenon was not observed when samples of pure carbamazepine
dihydrate obtained from protocols two and three were seeded with p-monoclinic carbamazepine
obtained separately.

8.5.3 Structural changes during dehydration

Using macroscopic crystals, it was possible to prove that macroscopic ordered cracks,
appearing on the (100) facet of carbamazepine dihydrate crystals upon exposure in dehydration
conditions, are formed inside the crystal, propagating towards the surface. This feature is not
commonly encountered in literature. In fact, in the majority of the studies, cracks nucleate on
the surface of a material, propagating inside the material. However, in a paper published in
2013, discussing the dehydration kinetics of 5-nitrouracil hydrate, the possibility of cracks
nucleating from inside the crystal has been proposed.** Nonetheless, in that case, the

compound used was not a channel hydrate as carbamazepine dihydrate (although older studies
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have erroneously proposed that 5-nitrouracil hydrate was indeed a channel hydrate). The
aforementioned macroscopic cracks are accompanied by smaller cracks, as shown in Figures
8.11 and 8.12.

During the dehydration of a stoichiometric hydrate, water is removed in the form of
vapours. So, as long as the hydrated material is exposed to conditions favouring dehydration,
the water molecules would start to evaporate leaving their equilibrium positions inside the
crystal lattice. Molecules close to the surface will eventually escape. However, water molecules
deep inside the crystal will not. Even if they are removed from the channel, they will be trapped.
The trapped water molecules will lead to the build-up of vapour pressure inside the crystal. On
the same, the points from where water molecules have departed from are essentially points of
preferential crack nucleation. The presence of points of crack nucleation, combined with the
build-up of pressure, provides the necessary and sufficient conditions for the crack propagation.
Owe to the presence of channels the (0k0) cleavage plane is much more prone to breakage.
Thus, the cracks, stemming from inside the crystal, propagate towards the surface, via the route
provided by the (0k0) cleavage plane. In previous studies, in the absence of channels providing
a distinctively favourable cleavage plane, random cracks were appearing on the surface, as the
water was trapped in unlinked voids inside the crystal lattice. It should be noticed that
occasionally cracks perpendicular to the

The appearance of smaller cracks with a clockwise and counter clockwise orientation
with respect to the macroscopic cracks (corresponding to other cleavage planes) can be viewed
as an artefact of the removal of water molecules via less favourable routes and/or as a product
of stress accumulation associated with the transition from the less dense dihydrate phase to the
denser anhydrous forms. The clockwise or counterclockwise orientation of these cracks seems
to be random. The respective angles formed, were measured, from SEM images like the one

shown in Figure 8.13, and found to be relatively constant 111 + 2 °, indicating secondary
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preferential cleavage planes. The fact that the crystals dehydrating towards the anhydrous p-
monoclinic polymorph exhibit a random network of cracks instead of well-defined cracks,
indicates differences in the dehydration mechanisms, associated with the dehydration induced
polymorphism scheme proposed a couple of paragraphs before.
8.5.4 Growth of whiskers

The growth of needle shaped structures (whiskers) on surfaces, as an artefact of a
chemical reaction or some sort of thermal treatment, is a topic of active research, influencing
numerous industries. In thin films industry, the appearance of whiskers on the surface of thin
films has been a subject of interest, as it was found to be associated with reliability problems,
arising, over time, in microelectronics. Different models have been proposed to explain this
phenomenon, describing the appearance of whiskers as an artefact of a stress relief process. In
a paper published in 1994, Tu, proposed a mechanism describing the formation of whiskers on
the surface of bimetallic films.**® The whiskers were growing owe to the chemical reaction at
the interface between the two metals. The chemical potential of the reaction was used as a
measure to calculate the rate of whisker growth. Surface defects were proposed to act as
nucleation sites for the whisker growth, becoming a key point of the whole theory.

A number of studies, have been conducted to investigate the growth of hollow crystals
on the surface of materials undergoing sublimation. The studies have been expanded to both

347 and organic materials.>*® In one of the most recent studies, dealing with the

metals
appearance of hollow crystals in organic crystals exposed in a temperature gradient, Martins
suggested that the observed hollow crystals are the relics of dissipative structures, dissipating
heat by the enhancement of convective mass transport.** The hollow structures grow following
the temperature gradient, towards lower temperatures. The high aspect ratio structures provide

sufficiently high surface area to volume ratio to facilitate heat dissipation. Sublimed material

for the growth of these structures is provided by means of convection. There is a striking
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difference, between the mechanisms determining the formation of whiskers in metals, and the
mechanisms determining the formation of hollow crystals. The former refers to a close system,
the behaviour of which could be explained in terms of relatively simple thermodynamic
concepts. On the other hand sublimation, similarly to desolvation/dehydration, is an inherently
non-equilibrium process. Thus, the appearance of the dissipative structures is a topic that should
be discussed in the context set by the pioneer work of Professor Ilya Prigogine for which he
received the Nobel Laureate in 1977.3%

It is evident that for dehydration were the anhydrous p-monoclinic carbamazepine
prevails, over the anhydrous triclinic polymorph, the presence of whiskers is small. Contrary
for cases were the only triclinic polymorph is obtained, the whiskers are denser. Thus, it is not
unreasonable, for the systems under consideration, to correlate whiskers with the anhydrous
triclinic polymorph. As it was shown, whiskers do not appear in dehydration at ambient
temperature under vacuum. This observation suggests that, indeed, whiskers in this case may
be relics of heat dissipation mechanism.

However, in the cases reported in literature, the mass required for the growth of whiskers
is provided by means of convection through sublimed material. However, the sublimation
temperature of carbamazepine’s polymorphs is higher than 90 °C, the highest dehydration
temperature used in this study. Thus, it can be suggested that the material needed for the growth
of the whiskers, is convectively transferred along with the water vapours. One should
appreciate that during the dehydration, towards the anhydrous triclinic form, an amorphous
phase is strongly present. The amorphous material has higher apparent solubility when
compared with its crystalline counterparts. Thus, it can be more easily transported by means of

convection.
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8.6 Conclusions

This work exploits fundamental concepts of crystal engineering to explore aspects of
dehydration. By employing different crystallisation approaches, it was possible to obtain
carbamazepine dihydrate crystals with different sizes; ranging from a few microns to a few
centimetres. The development of a bioinspired method enabling the growth of macroscopic
hydrates of purely water-soluble molecules is a key milestone of this work. It is possible to tune
crystal habit by manipulating the organic solvents used. Simple UNIFAC calculations seem to
provide a useful toolbox for some qualitative predictions.

Macroscopic crystals were found to provide a versatile platform for the study of aspects
of dehydration. In particular, they enable the investigation of crack formation associated with
the dehydration of channel hydrates. For the first time it was shown that during the dehydration
of channel hydrates, crack formation is happening inside the crystals and the cracks propagate
to the surface. A mechanism describing the growth of whiskers was proposed as well. It is key
to appreciate

This study shades light on the mechanisms of dehydration induced polymorphism. It
highlights the importance of molecular mobility, provided during dehydration, on the
determination of the polymorphic form of the anhydrous material obtained. This concept can
be of crucial importance in the design of drying processes, enabling the isolation of stable
polymorphs. The results presented reinforce the opinion that, upon the dehydration of
carbamazepine dihydrate, an amorphous intermediate phase is formed, that quickly
recrystallises.

IGC measurements, were used to verify some of the findings on dehydration induced
concomitant polymorphism, showing the versatility of the tool, when it is combined with in
silico tools. Nevertheless, the interpretation of the IGC data should be performed with great

care. One should recall that the numbers obtained from the combination of IGC experiments
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and in silico studies, correspond to the relative surface area of each of the polymorphs. An
amount of the anhydrous triclinic polymorph is expected to be in the form of whiskers. Thus,
the mass fraction of the anhydrous triclinic polymorph is expected to be smaller, owe to the

large surface area to volume ratio of the whiskers.
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9. Conclusions

9.1 General conclusions

The work conducted in this thesis can be roughly divided in four main parts. The first
part comprises of Chapters 2 and 3. In these chapters, the reader is introduced to the
fundamentals of interfacial phenomena and to their implications to pharmaceutical process
development and drug product performance. The author does not claim that this is the first work
dealing with this subject. Nevertheless, it is one of the few works, providing a holistic and
critical overview of the most recent findings in the field. In this context, it contributes to the
enhancement of the efforts towards the creation of a mechanistic framework, linking
interactions at the molecular level to the macroscopic behaviour observed at the three main
interfaces of pharmaceutical importance; namely the solid-solid, the solid-liquid, the solid-
vapour and the liquid-liquid. Especially at the interfaces involving a solid surface, it is evident
that all the efforts towards the development of robust predictive tools is limited owe to the lack
of a framework explaining the facet specific properties of crystalline solids or the concept of
particle anisotropy in general. In this context, the first two chapters of this work elucidate the

sources of the anisotropy and the main bottlenecks faced by the community.

As the development of novel drug products requires a shift towards systems were the
importance of interfacial phenomena becomes increasingly important, it is argued that there is
a need for the development of techniques for the accurate probing of surface properties. IGC
has emerged as a potentially ground-breaking technique for this scope. Nonetheless, despite its
use by many industrial and academic organisations, it has not managed to be established as an
accredited technique for regulatory purposes. In other words, filing of new drug products does
not involve any parameters that can be measured with IGC. It is argued that this can be
associated with the lack of consistency observed between measurements on the same material

by different groups. This cannot, necessarily, be attributed to the instrument per se; it can be
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associated with factors such as different material history and contamination. However, the
results of this work highlight that, unfortunately, severe deficiencies exist, explaining, in part,
the lack of confidence by regulatory bodies towards IGC. In this context, the second part of this
thesis, covering the Chapters 4 to 6 aims to deliver solutions to some of the issues associated

with good experimental practice in different types of measurements with IGC.

In Chapter 4, the influence of silanised glass wool and packing structure is discussed. The
results suggest that the silanised glass wool can potentially have an impact on the quality of the
measurements. Using a combination of IGC data and in silico experiments, it was possible to
create a map describing the effect of silanised glass wool on the measurement of the surface
energy different materials. The proposed map can be used as a rule of thumb for the selection
of the optimum amount of silanised glass wool. For materials with Y-V < 35 mJ/m?, the effects
of silanised glass wool can be significant even if its relative amount is small. Owe to the highly
non-linear nature of heterogeneous adsorption, it was not possible to create a map fitting all the
possible scenaria. The authors encourage researchers to engage in the use of in silico studies
with the aid of the tools developed in previous study and expanded in this one. In the second
part of Chapter 3, a combination of experimental and in silico studies were used again to show
that for the case of powder mixtures, the IGC measurements are not influenced. Different types
of packing were examined verifying that in the range of surface energies examined, the IGC
measurements are not affected by the packing structure. In this a significant step forward is
performed; Monte Carlo simulations were performed to study heterogeneous adsorption in the
context of IGC. These simulations are quite computationally expensive, compared with the IGC
models used in previous studies. However, they provide unprecedented accuracy. Thus, they
can be used, along with wettability studies and IGC measurements in proof of concept studies,
to validate the accuracy of IGC measurements. Overall this chapter makes a significant

contribution towards the development of effective protocols for accurate surface energy
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measurements. It gives to the investigators the tools to carefully select the amount of silanised
glass wool required for their measurements. On the same time, it provides the seeds for more

advanced studies, towards the consolidation of IGC as an important technique.

One of the main advantages of IGC, is that it enables measurements in ambient
temperatures. From a fundamental physicochemical perspective, it is obvious that even small
variations in the temperature of the measurements can lead issues to the measurements. As the
temperature increases, the surface energy decreases. This can lead to changes in the spreading
pressure associated with adsorption. Since IGC is an adsorption based technique, this has a
direct impact on the accuracy of the measurements. Chapter 4 commences with the presentation
of a couple of peculiar cases, where the IGC measurements on two different polymorphs of
carbamazepine, suggest an increase in the surface energy. By using theoretical arguments,
grounded on the adsorption fundamentals, as they have been introduced by the pioneers of the
field, it was revealed that these peculiarities are artefacts of the effects of spreading pressure.
In this context, a thorough road map was proposed, in order to take into account the effects of
spreading pressure and correct the IGC measurements. A combination of IGC measurements,
wettability measurements, SEM images and in silico experiments were used to verify the
validity of this road map. The results of this chapter have, again, the potential to become game
changers in the development of standard operating procedures for IGC measurements. The
investigators were encouraged to look some of their previous works in the light of the new road
map. The results enhance the notion, put forward by the author and others in the field, that the
IGC measurements should be complimented by complimentary techniques. Especially
wettability measurements were found to be particularly useful. The results from Chapters 3 and
4 reinforce the use of surface energy deconvolution schemes, enabling the determination of
surface energy anisotropy from IGC measurements, quantifying the relative abundance of the

different facets.
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As a number of the materials used in pharmaceutical industry are amorphous in nature,
Hansen Solubility Parameters (HSP) are also a useful type of thermodynamic quantities of
interest. The fifth chapter deals with the improvement of the accuracy of IGC measurements
for the determination of HSP. However, the most profound finding of this chapter is not the
extrapolation process for the accurate determination of the y interaction parameter and HSP.
The most prolific finding is the discovery of the interfacial y interaction parameter; a quantity
with smaller magnitude than the bulk y interaction parameter predicted by the classical Flory-
Huggins equation. This finding could be of particular importance for the design of industrial
processes dominated by the formation of an interface between an amorphous material and a

liquid.

Overall, Chapters 4 to 6 provide a useful guideline for the development of accurate
standard operating procedures for the accurate execution of IGC measurements. They show
that even though deficiencies exist, they do not infringe the unprecedented capabilities of the
technique. The results presented on the wettability and energetic surface anisotropy of p-
monoclinic carbamazepine and HSP of copovidone will be used in Chapter 6, dealing with

some concepts of dissolution.

Dissolution is a multi-step and quite intriguing process, of particular importance for
pharmaceutical process development and for the study of the performance of drug products.
Considering that oral dosage forms constitute the backbone of pharmaceutical industry, it is
evident that their further development requires the intense study of dissolution. The
development of new drug substances creates numerous challenges, owe to their poor
bioavailability. It was found, in previous studies, that formulating the poorly soluble drug
substances with hydrophilic polymers improves their bioavailability. Because of the multi-step
nature of dissolution, an articulated investigation requires to isolate the different steps and study
the influence of individual components of the drug product in each one of them. Chapter 7
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focuses on the anisotropic wettability of p-monoclinic carbamazepine with aqueous copovidone
solutions. A thorough study of the anisotropic surface properties of p-monoclinic
carbamazepine was performed following the notions of similar works on other drug substances.
Aqueous polymer solutions were prepared, at different concentrations, and their surface
properties were studied; pendant drop measurements in air and heptane were used to calculate
the surface tension of the solutions and Langmuir balance measurements were used to quantify
the surface activity of the solution. The results suggest that the addition of a surface active agent
lowers the surface tension of a liquid, nevertheless, the decrease is not necessarily affecting
both components of the surface tension on the same way. In fact, it was shown that for the case
of copovidone, one of them, the van der Waals one, appears to increase, whereas the acid-base
one was decreasing. It was not possible to derive an empirical correlation between the
magnitude of the components of the surface activity of polymer solution at different
concentrations and the HSP of the polymer, owe to this peculiar behaviour. Nevertheless, it
was shown, that surface activity has two different components and definitely the correlation

between their magnitude of the polymer is something keep investigating.

Chapter 7 provides a qualitative correlation between the aggregation behaviour of the
polymer and the surface activity. Most importantly, this study verifies that even a small amount
of polymer can substantially decrease the spreading coefficient between the crystal facets and
the aqueous solution of polymer. This indicates that the presence of the polymer can
significantly speed up the wettability step of dissolution. The results can be further used for the
development of mechanistic understanding of processes such as wet granulation, where there
is an immense need for understanding of the influence of anisotropic particle properties on the

formation of liquid bridges.

Chapter 8 deals with another process of great interest in pharmaceutical industry, drying.
Crystal engineering approaches have been used to tune the particle size and habit of
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carbamazepine dihydrate. A novel bioinspired method has been deployed for the growth of
macroscopic crystals of the dihydrate. This new method enables the growth of hydrates
comprising of strongly hydrophobic molecules. Using tailored experiments, it was possible to
elucidate the mechanisms of dehydration induced polymorphism and reveal some of the aspects
of dehydration induced crack formation. For the first time, it has been shown that the cracks in
channel hydrates are nucleated inside the crystal owe to the departure of water molecules for
the channels. In Chapter 3 it has been shown that in silico studies can be used to quantify the
relative amount of two different polymorphs in a mixture, in terms of relative surface area.
Using this tool, it was possible to test and validate a hypothesis on the dehydration induced
polymorphism mechanisms, based on the polymorphic stability of anhydrous carbamazepine,
its glass transition temperature and the presence of trace amounts of p-monoclinic
carbamazepine. Further studies are required with other compounds to investigate whether these
findings can be generalised for a wide range of compounds. Especially the mechanism via
which the trace amounts of anhydrous p-monoclinic carbamazepine act as templates,
determining dehydration induced polymorphism, should be investigated further. This is
because, it can provide a robust framework for the control of dehydration induced
polymorphism, analogous to the use of seeding for the control of crystallisation processes. It is
the author’s opinion that in this investigation the interfacial interactions between the crystalline

and the amorphous phase, could be of crucial importance.

9.2 Criticism on aspects of this work

In Chapters 4, 5 and 6 the van der Waals component of the surface energy and HSP was
used, extensively, in the investigation of the physicochemical phenomena influencing the
quality of IGC measurements. As it has been mentioned in the aforementioned chapters this
decision was taken, as the van der Waals interactions are better understood, enabling more

confidence in the observed data and minimising the use of not well established theoretical
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concepts. Thanks to the exhaustive theoretical, computational and experimental studies
conducted by numerous pioneers in the field of interfacial phenomena, it was possible to create
a framework enabling the robust and thorough understanding of interactions including van der
Waals forces. This is not the case for acid-base interactions. Thanks to the robustness of the
geometric mean approximation for van der Waals interactions, it was possible to perform very

elaborate combinations of experimental data and in silico experiments.

In Chapters 4 and 6 two amorphous materials were in the epicentre of the investigations,
silanised glass wool and copovidone respectively. As it has been discussed at the end of Chapter
6, it is not expected the silanised glass wool to undergo any effects of plasticisation owe to
moisture sorption. For copovidone, the Ty was determined, using IGC, and found to be quite
close to the one reported in literature for dry material. Thus, the effects of moisture uptake were
negligible as well. However, because of the nature of the investigations conducted, it will have
been a good practice if the materials were stored under different controlled conditions, in order
to assess the importance of storage on the surface energy of the silanised glass wool and the

HSP of copovidone.

Nevertheless, this approach was not followed in Chapter 7, where the geometric mean
approximation, a notion with just a small glimpse of theoretical support, was used for the
calculation of the anisotropic surface properties. This casts doubts about some of the
conclusions, even though the key findings on the decrease of wettability with small addition of
polymer, thanks to the surface activity of the polymer, are undoubtful. Even though, from a
mathematical perspective, the geometric mean approximation is the simplest method for the
calculation of surface energies, the inherent non-linearities, associated with this approximation,
prevented the calculation of the acid and the base component of the surface tension of the
polymer solutions, as it was giving rise to an ill posed system. It is the author’s opinion that the
use of well characterised polymer surfaces for the deconvolution of the acid and the base
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component of the surface tension, would not necessarily solve the problem, eliminating all the
doubts regarding the calculated magnitude of the acid and the base component of the surface
tension. This is because wettability studies on polymers are affected by the liquid penetration
in the soft material and by the re-orientation of functional groups upon contact of the liquid
with the polymer. These phenomena are liquid dependent, making the selection of probe
solvents very difficult. Similarly, the use of silanised surfaces, would not be a great idea, as it
would require very good control over the silanisation procedure and extensive characterisation

of the silanised surfaces. This was going to create additional problems.

The results presented in Chapter 8 verify the applicability of surface energy heterogeneity
as a metric for polymorph quantification; enabling the use of IGC measurements in the study
of the mechanisms determining dehydration induced concomitant polymorphism. However,
under agitated bed drying (or any other form of drying involving the use of mechanical force),
defects are created on the surface of the crystals. Furthermore, new facets appear owe to
breakage. Thus, the applicability of IGC in this context is limited. Furthermore, the fact that it
was not possible to isolate macroscopic crystals of the anhydrous triclinic polymorph can create

doubts about the robustness of the conclusions presented.

Some of the most intrinsic findings of the work presented in Chapter 8, come from the
SEM images of macroscopic crystals of carbamazepine dihydrate. Some of the crystals were
cut using razor blade to examine the evolution of cracks and to study the differences between
the bulk and the surface. This process may have caused damage to the samples that may have
had consequences on the results observed. Immersing the crystals in epoxy prior to cutting
them, may have minimised the doubts created. The epoxy would have allowed a more precise
cutting, ensuring that the crystals, susceptible to mechanical force, would not be damaged.
Nevertheless, this process of epoxy coating prior to cutting is more common in studies
involving metals and alloys; not organic crystals. This process may have caused damage to the
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whiskers. Furthermore, the penetration of epoxy in the cracks may have resulted to damage as
well. Therefore, an interesting investigation would be one elucidating the effects of epoxy

coating on the surfaces features of organic single crystals, such as cracks and whiskers.

The findings of this chapter suggest that traces anhydrous p-monoclinic carbamazepine,
crystallising owe to the Ostwald rule of stages, provide a template driving dehydration induced
polymorphism. The same templating phenomenon was not observed when samples of pure
carbamazepine dihydrate were seeded with p-monoclinic carbamazepine. It was not possible to
study the exact mechanism of this phenomenon, even though solid-solid interactions between
the crystals of the two compounds are expected to be important. Despite the fact that
carbamazepine exhibits an intriguing polymorphic behaviour, while exhibiting numerous
solvates, may not be a suitable candidate for the investigation of the mechanisms dictating
dehydration induced concomitant polymorphism. A material, which has much slower

dehydration kinetics could have been chosen.

9.3 Directions for future work

From very early on, it was evident that a focus on van der Waals interactions would have
enabled more flexibility in terms of physicochemical aspects of interfacial phenomena. This
was found to be true. The expansion of a lot of the concepts developed in this work, requires a
more fundamental understanding of the exact nature of the action of specific acid-base
interactions. Intuitively it should be understood that this is a multidisciplinary task. It is the
opinion of the author that the direction, of the investigators in this field, is not right. Using
endless number of solvents and statistical regression models was never the way to advance in
physical chemistry and it is not expected to be the way forward in the future. A more
fundamental understanding should be achieved, at first, enabling the understanding of the
competition between long and short range interactions at different levels and different

interfaces. Kinetic studies on the formation of interfaces would shade light in a lot of the
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questions dominating the field. The formation of an interface is an inherently complex
phenomenon and is very poorly understood in the most important, from an industrial

perspective interface, the solid-solid one.

Then it will be easier to develop mechanistic simplifications, similar to the geometric
mean approximation, to implement the findings of fundamental studies in experimental
measurements, performed at a daily basis. It will also to be easier to assess the magnitude of

the difference in the influence between the different types of forces at the different interfaces.

A unifying theory, bringing together spreading pressure and diffusion phenomena is also
required for the development of a universally acceptable type of IGC measurements. This can
become true decoupled from the studies proposed in the previous paragraph. It will enable the

easier integration of IGC measurements in industry and regulatory bodies.

From a more practical perspective, of course, the notions of this work can found
applicability in numerous industrial processes, not limited in pharmaceutical processes. Some
work, worth sharing here, has been done in the field of dry coating. The coating of cohesive
pharmaceutical powders (host particles) with nanopowders (guest particles) is gaining ground
as a tool for the improvement of the performance of drug products. Considering that the silica
nanopowders are not marketed in the form of primary particles, but in the form of aggregates,
an efficient dry coating process should enable both the deaggregation of silica nanoparticles
and the adhesion of primary silica nanoparticles on the surface of the host particles. Figure 9.1

provides a visualisation of this process.
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Figure 9.1: Schematic representation of the dry coating process, commencing with the deaggregation of
silica nanoparticles and proceeding with the coverage of the surface of the host particle by primary silica

nanoparticles.

For the phenomenological understanding of dry coating, two mechanisms have been
proposed, a thermodynamic/spreading coefficient one and a kinetic one. The former states that
if the spreading coefficient between the host and guest particles is positive, then dry coating is
thermodynamically feasible and it will eventually happen as long as sufficient mixing intensity
is provided. On the other hand if the spreading coefficient is negative, then no dry coating will
ever happen irrespectively of the mixing intensity provided. The latter mechanism suggests that
dry coating is purely driven by kinetics and that for any combination of host and guest particles
dry coating will happen as long as some reasonable mixing intensity is provided. The relative
coverage at different times can be calculated from the amount of the mixing intensity, using
empirical correlations. These mechanisms have already been tested in the context of liquid
marbles. The kinetic based mechanism was the winner in that battle. Of course, it should be
considered that the investigators, in these studies, have relied on the classical geometric mean

approximation to describe acid-base interactions. However, it is the opinion of the author, of
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this work, that the use of geometric mean approximation, in this case, is not a robust reason to
reject the whole work. It may cast doubts on the accuracy of some of the numbers, but not on
the general outcomes. Otherwise, the majority of the work in the field of interfacial phenomena

should be rejected.

For the purposes of this work, hydrophilic silica was used to coat two drug substances (p-
monoclinic carbamazepine and monoclinic paracetamol) and two excipients (a-lactose
monohydrate and mannitol). The drug substances were recrystallized in methanol. The
excipients were used as received. The surface energies of the host particles were measured, at
35 °C and 32 % RH, using IGC. The temperature of the measurement was chosen to account
for the increase in temperature during processing. The RH was set at 32 %, as dry coating is
not, generally, performed in a sealed environment. The effects of the spreading pressure of
water were omitted, the results were corrected only for the spreading pressure of the solvents

used in the measurement.

The surface energy of the guest particles was measured at 35 °C and at different values
of RH, as shown in Figure 9.2. This was done to see the variation of the behaviour of the
material with RH. Finite dilution measurements were performed and the values reported in
Figure 9.2 are the values of the total surface energy at a surface coverage of 0.1. As can be
seen even though the surface energy seems to decrease with increasing RH, the hydrophilicity
of the material increases, as the composition of the surface energy changes, with the importance

of the acid-base component becoming increasingly important.
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Figure 9.2: Plot showing the variation of the total surface energy of hydrophilic silica nanoparticles,

with RH, and the corresponding values of work of adhesion with water.

The spreading coefficient was calculated according to the infamous equation:

S =Wp =W =2 (Jijyéw + JVIVE + JYXVE) — 2y el

In the above equation, S stands for the spreading coefficient, Wag is the work of adhesion
between a combination of host and guest particles and Wc is the work of cohesion between the
guest particles (B). The geometric mean approximation was used, as a convenient equation to
calculate the work of adhesion. The work of cohesion is measured by just multiplying the total
surface energy of the guest particles by a factor of two. The values obtained are plotted in

Figure 9.3.
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Figure 9.3: The spreading coefficient calculated for the materials used in this study.

Dry coating was performed using 1 % by mass guest particles loading in a 25 mL beaker,
on a sieve shaker for 14 hours. If the spreading coefficient based theory is correct, dry coating
was only going to be observed for carbamazepine. As can be seen from the images shown in
Figure 9.4, this is not the case. In fact, dry coating was observed on each material. Thus, it

seems that the spreading coefficient base hypothesis is not valid.
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Figure 9.4: SEM images of dry coated A-C) paracetamol and D-F) p-monoclinic carbamazepine.

The dry coating was found to decrease the cohesion®® of both carbamazepine and
paracetamol by about 30 %. Surface energy measurements were conducted on coated material.
It was shown that the surface energy increased with coating. This may seem counterintuitive,
as higher surface energy was expected to favour cohesion. However, it is not. It is in line with
previous studies, conducted with AFM, suggesting that the decrease in cohesiveness is mainly

thanks to the effects of increased roughness.?*! The careful investigator should appreciated that
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owe to the small size of the primary particles of silica aggregates, capillary phenomena are very

important in the measurement of the surface energy of pure silica.
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Figure 9.3: The surface energy maps of coated and uncoated A) mannitol and B)paracetamol
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Appendix 1: Supplementary information on the calculation of spreading
pressure

This section provides some calculations and analysis, in order to offer more clarity in the work

featured in the article.

A.1.1 The concept of spreading pressure

Spreading pressure is a quantity influenced by the adsorbent, the adsorbate and the conditions
of the experiment (temperature, presence of humidity etc.). It is calculated according to the

following equation:

Py
T, = RTf I' d(In(P)) iq. A.1.1
0

In the above equation, 7. stands for the spreading pressure, ys and ysv are the surface energy of
the solid and of the solid vapour interface respectively, I is the surface excess, R, T and P have

the same meaning as in the ideal gas law.

The integration is performed over the whole isotherm i.e. from P/Po=0 to P/Po=1 (P is the
saturation pressure). From an experimental perspective two main limitations exist. IGC
operators, usually, pack material with a total surface area of about 1 m? or more. This is done
in order to improve the accuracy of the experiment. This means, that the injection system of the
chromatographic instrument should be able to inject sufficient amount of solvent to cover the
whole surface area of the material. If this is not the case, then the experimental points are
collected for lower values of surface coverage and then extrapolation is performed. However,
there is a further experimental limitation associated with the quality of the chromatograms. At
injections aiming for high values of surface coverage is not uncommon to record flat top peak

chromatograms. Their occurrence is problematic, since it is not possible to calculate their
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retention time. This type of chromatograms further limits our ability to perform injections at

high values of surface coverage with fine powder materials.

As mentioned above, extrapolation is used in order to predict the behaviour of the surface
excess adsorption isotherms at high values of P/Po. A number of isotherms have been developed
over the years in order to study adsorption phenomena on different types of materials. A
thorough discussion of the features of individual isotherms is beyond the scope of this work. In
this work a BET type of isotherm was employed as the base on which extrapolations were

performed. The general formula for the BET isotherm is given as follow:

¢ (7;)

6 = (1 - (%)) ) <1 y (P%) i} (,%)) iq. A.1.2

In equation A.1.2, 0 is the fractional coverage, C is an adsorption exponential constant, Pg is
the saturation pressure and P is the pressure. A plot of this equation can be seen in figure 1. As
can be seen in the same plot, a two-term exponential model can fit this equation particularly

well, with an R? of 0.996.
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Figure A.1.1: Plot of a theoretical BET adsorption isotherm along with a two-term exponential fit.

Figure A.1.2 illustrates a number of surface excess adsorption isotherms obtained from octane
experiments on P-Monoclinic Carbamazepine at two temperatures (30 and 40 °C). The
agreement between the experimental data and the two-term exponential fit is quite good,

highlighting its applicability for the purposes of this work.

307



- +Exp. at 30 °C
' OExp. at 40 °C
. —Fitat 30 °C
—Fitat 40 °C

&

-
o

I (mol/m?)
=)

10 T e
Iog(PIPo) (<)

Figure A.1.2: The surface excess adsorption isotherms obtained for octane at two temperatures (30 and
40 °C) along with the fit lines obtained from two-term exponential fitting. The logarithmic plot in both
axes enables better visualisation of the good agreement. The area below the curves shown in the figure

above is used to calculate the magnitude of spreading pressure for octane at the two temperatures.

A.1.2 The roadmap for the correction of IGC data

FD-IGC is an established technique for the determination of surface energy heterogeneity of
crystalline materials. Thus, there was no reason to present its fundamentals in the main body of
the article. However, in this section of the supplementary information, a more thorough
explanation will be performed, including the notions introduced by this work. Figure 3 is going

to be used as a guide for the discussion that follows.

At point one of Figure A.1.3, the retention volumes measured for three different alkanes, at a
specific temperature and at different values of the relative pressure are shown. From these data,
since the number of moles injected is known, BET plots can be constructed, as shown in point
two, to enable the calculation of the relative coverage associated with each value of relative

pressure. Moving in point three, one can see two plots. The one on the left is similar to the plot

308



at point one. It shows the retention volume at different values of surface coverage. One can
now pick values from all three alkanes, at the same value of surface coverage and using the
Schultz’s plot shown on the right part of point three, to calculate, from the slope of the plot, the
surface energy for that particular value of surface coverage. By repeating the same process for
different values of surface coverage she can plot a graph of surface energy against coverage.

This graph is depicted at point five.

Each individual value plotted on the graph at point five corresponds to ys = ysy + yz, where yz is
the influence of spreading pressure. This influence is calculated at point four. The isotherms
are plotted for each alkane and numerical integration is performed. Then the spreading pressure
is calculated and introduced on the Schultz’s plot. From the slope of the Schultz’s plot, the
value of yz can be calculated. This value is then subtracted from each individual point of the
plot obtained at point five, in order to find the corrected value of surface energy, ysv, for the

different values of surface coverage.
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Figure A.1.3: Schematic showing the workflow for the determination of the corrected value of surface

energy, using IGC data.
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Appendix 2: Pendant drop measurements

Pendant drop measurements enable the calculation of the surface tensions of fluids. Let’s
consider a droplet of a liquid hanging from a needle, similar to the one used for contact angle
measurements, in another fluid (which can be a liquid or a gas). The dimensions of this droplet
are given in Figure A.2.1 (the figure is in cylindrical coordinates, meaning that it is described
by two direction vectors, z and r and an angle, ¢). If someone draws a tangent at any point on

the perimeter (s) of the droplet, then a contact angle ¢ is formed.

Figure A.2.1: Schematic depiction of a droplet hanging in a fluid. The schematic used cylindrical

coordinates.

The change in the radius (Ro) of this droplet, interacting with the surrounding medium
via an interfacial surface tension v, is governed by the Young-Laplace equation, describing the

pressure change (AP) required to change the radius from R; to R»:
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1 1 .
AP =P, — gz(pdroplet - pbulk) =Y (R_ - R_) iq. A2.1
1 2

In the above equation Py is the reference pressure at the point where the value of z is taken to
be zero (usually is at the bottom of the droplet), g is the acceleration of gravity and z is the
vertical direction from the point of reference. Furthermore, paroplet 1s the density of the droplet

and poulk 1s the density of the surrounding liquid.

In cylindrical coordinates, the dynamic behaviour of the system can be described in

terms of a set of three first order ordinary differential equations:

R d_(P —2_ g(pdroplet - pbulk)Rg (i) _ Sin(QD) RO
0 ds y R, T
sin R
2 Bo (i) _ sin(¢@) Ry
R, T

dr
E = COS((/)) Eq A22-24
dz
e sin(¢)

In equation A.2.2, the term Bo stands for the dimensionless Bond parameter describing the ratio

between gravitational and surface tension forces acting on the droplet.

Using a camera set-up, similar to the one used in contact angle measurements, one could
measure the dimensions of a droplet and try to fit the measured data, for the relationship
between the radius and the parameters z, ¢ and s, in the above set of equations. By doing that
and using appropriate optimization, the values for the interfacial tension between the droplet
and the surrounding fluid can be obtained. Numerous images can be used to produce a
statistically significant sample. If the measurements are performed in air, the resulting value is
the total surface tension of the liquid of the droplet. A very detailed explanation of the algorithm
used for the calculation of the interfacial tension can be found in literature, along with the

corresponding theory.*>!
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