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ABSTRAK

Carbamarzepine (CBZ) mempunyai lima jenis morfologi dan merupakan sejenis dadah
yang digunakan untuk merawat penyakit sawan (epilepsy). Masalah utama CBZ adalah
daya serapannya yang rendah dan lambat larut di dalam cecair. Ini menyebabkan dos
yang banyak diperlukan untuk memberikan kesan kepada pesakit yang mengambil ubat
ini melalui saluran mulut. Ko-kristal daripada CBZ dan Saccharin (SAC) diperkenalkan
bagi tujuan meningkatkan sifat fisiko-kimia sesuatu ubat. Buat masa ini, begitu sedikit
kajian yang dijalankan terhadap kinetik bagi CBZ-SAC ko-kristal. Uniknya kajian ini
adalah kerana penyelidikan terhadap kinetik bagi CBZ-SAC ko-kristal dijalankan dengan
mengaplikasikan pelbagai nisbah molar SAC/CBZ iaitu 1.0, 2.0, 2.5, 3.0 dan 3.5. Kajian
dijalankan dengan pelbagai kepekatan CBZ melalui cara politermal pada kadar
penyejukan yang pelbagai. Daripada kajian dapat disimpulkan bahawa kondisi yang
terbaik untuk penghasilan ko-kristal adalah dengan kepekatan CBZ sebanyak 17.96
mg/ml pada nisbah SAC/CBZ sebanyak 2.0. Nilai tertib nukleasi (nucleation order), m
yang diperolehi daripada proses pengkristalan secara perlahan adalah pada julat diantara
1.65 dan 4.9. Nilai ini adalah bertepatan dengan julat bagi nukleasi untuk sebatian
organik. Eksperimen pengkristalan secara laju dijalankan setelah kondisi pengkristalan
yang optima diketahui daripada proses pengkristalan secara perlahan. Daripada kajian
pengkristalan secara laju, maklumat penting seperti tempoh induksi (pembentukan kristal
melalui pengekalan suhu dalam Metastable Zone Width, MSZW), radius kritikal kristal
dan tenaga antara permukaan kristal (interfacial energy) dapat diperolehi. Nilai yang
diperolehi daripada kaedah Kashchiev—Borissova—Hammond—Roberts (KBHR) dalam
menentukan nilai kinetik ko-kristal CBZ-SAC adalah menyamai dengan nilai yang
diperolehi daripada kaedah isoterma. Kesan penambahan benih pada CBZ-SAC ko-
kristal dikaji dengan mempelbagaikan jumlah benih yang dicampurkan, saiz benih dan
suhu larutan semasa proses campuran benih dalam larutan. Proses nukleasi berlaku lebih
cepat apabila pembenihan dilakukan hampir dengan garisan keterlarutan super (27.84°C).
Analisis pengedaran saiz kristal (CSD) menunjukkan saiz kristal yang lebih halus
dibentuk pada suhu yang rendah. Di sisi lain, nukleasi berlaku lebih perlahan apabila
penambahan benih hampir kepada garisan keterlarutan (47.55°C) dan menghasilkan
kristal yang besaiz lebih besar. Saiz ko-kristal CBZ-SAC yang didapati daripada analisis
CSD adalah antara 100 hingga 200 pum. Melalui penggunaan Kalorimeter Pengimbas
Kebedaan (DSC) dan Sistem Pembelauan sinar X (XRD), dapat dibuktikan bahawa CBZ-
SAC ko-kristal yang stabil (Bentuk I) telah terbentuk.



ABSTRACT

Carbamazepine (CBZ) has five different polymorphs and is a drug used to treat epilepsy.
Major issue with CBZ is its low absorption and dissolution rate, thus high dosage is
required for the effectiveness of the drug via oral route. Aiming to enhance the
physicochemical properties of the drug, co-crystals of CBZ with relevant co-former,
saccharin (SAC) is introduced. To date, the kinetics of CBZ-SAC co-crystals has been
poorly characterised. The novelty of this research presents the application of different
SAC/CBZ molar ratios (1.0, 2.0, 2.5, 3.0 and 3.5) at different CBZ concentrations to
deduce the kinetic parameters via polythermal method at different cooling rates. The
optimum condition of the production of CBZ-SAC co-crystals were found to be as
SAC/CBZ mole ratio of 2.0 at a CBZ concentration of 17.96 mg/ml. The nucleation
orders obtained from slow cooling method were in between 1.65 and 4.9, which were
within the range for nucleation of organic compounds. Based on the results of kinetic
study from the slow cooling method, a fast cooling experiment was conducted to evaluate
the induction time, the radius of the critical nucleus and interfacial energy of the co-
crystal. The results from Kashchiev—Borissova—Hammond—Roberts (KBHR) method in
determining the kinetic values of CBZ-SAC co-crystals were similar to those of the
isothermal method. The effect of seed loading, seed size and the temperature of
supersaturated solution at the time of seeding on the CBZ-SAC co-crystals were
investigated. It was found that nucleation occurred faster when seeding is close to the
super solubility curve (27.84 °C) which is at the highest supersaturation. The analysis of
crystal size distribution (CSD) showed more fine particles were formed at a lower seeding
temperature. On the other hand, nucleation occurred slower when seeding is close to the
solubility curve (47.55 °C), which is at low supersaturation and therefore resulted in a
smaller number of fine particles formed. The size of CBZ-SAC co-crystals formed from
CSD analysis was in a range of 100 to 200 pm. Characterisation using Differential
Scanning Calorimetry (DSC) and X-Ray Diffraction (XRD) of all CBZ-SAC co-crystal
has proven that, the stable CBZ-SAC co-crystals of Form | were formed.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Broad spectrum of research and efforts have been done to find, select and control
of the solid forms of active pharmaceutical ingredients (APIs) over the past decades. APIs
can exist in a wide range of solid forms, such as polymorphs, pseudopolymorphs, salts,

solvates, and amorphous phases (Jie Lu, 2012).

According to the U. S. Food and Drug Administration (2013) guidelines, co-
crystals are defined as “solids that are crystalline materials composed of two or more
molecules in the same crystal lattice.” Co-crystals consist of a single crystalline phase of
multiple components in a given stoichiometric ratio, where the different molecular
species interact by hydrogen bonding or by other non-covalent bond. Co-crystals are able
to alter the physicochemical properties of active pharmaceutical ingredient (API) through
combining API and additional compaonents (i.e. co-formers) in the same crystal structure
thereby altering solid-state properties and solution behaviour without modifying
chemical structure (Childs & Zaworotko, 2009). As a consequence, co-crystals increase
the diversity of solid-state forms of an APl and enhance pharmaceutical properties by
modification of chemical stability, moisture uptake, mechanical behaviour, solubility,
dissolution rate, and bioavailability (Ghadi et al., 2014).

Carbamazepine (CBZ) was chosen as the drug model in this study. It is frequently
a prescribed as a drug used to treat epilepsy and trigeminal neuralgia (Novartis
Pharmaceuticals Corporation, 2018). Since CBZ has five different anhydrous
polymorphs, it has served as a model to study crystal polymorphism (Grzesiak et al.,
2003). The issue with CBZ is its low absorption and dissolution rate, thus high dosage is

required for the effectiveness of the drug (Cuadra et al., 2018). According to



Biopharmaceutical Classification System (BCS) that classifies drugs into four categories
according to their permeability and solubility properties, CBZ which has low solubility
and high permeability is classified as a class Il drug (Lee et al., 2015). Co-crystals of
carbamazepine are identified with relevant co-former, saccharin (SAC) using the crystal
engineering principles. SAC is widely used as co-former in the preparation of co-crystals.
SAC has good water solubility and one known polymorph (Cuadra et al., 2018).
Crystallisation from solution has been studied intensively and is widely used in many
industries and applications. The main purpose of crystallisation is to separate and purify
solids in a suitable solvent which lead to the control of the shape and size of final
crystalline products. This technique provides an end compound with a high degree of
purity that has many desirable properties such as good solubility, dissolution rate, and
chemical and physical stability (Mullin, 2001).

There are two steps in forming a crystal/solid from a solution: (i) nucleation,
which is the creation of minute nuclei in a supersaturated solution (ii) crystal growth, that
transforms the stable nuclei into solid crystals (Mullin 2001). The crystallisation occurs
in a metastable region, which exists in a supersaturated solution. Metastable zone width
(MSZW) is located between supersaturation and saturation limit of a system. The
optimisation of a crystallisation process and the quality of the forming crystal can be
simply controlled when the crystallisation runs within the MSZW (Kannan &
Brahadeeswaran, 2013; Mota et al., 2014). The factors that can affect the MSZW are
cooling/heating rates, solution temperature, impurities or seeds, stirring rate and solvent
(Camacho Corzo et al., 2014; Mota et al., 2014; Qian et al., 2014). Therefore, it is
particularly important to identify these parameters precisely for accessing the MSZW.
An analysis of the change in physical quantities such as particle count number, turbidity,
intensity (absorbance or transmittance), and electrical conductivity were used in the
research works as an indicator of the nucleation event (Kubota, 2008). Among these, the
turbidity measurement is an inexpensive method which several chemical processes are
using it (Bernardo & Giulietti, 2010).



1.2 Problem Statement

Co-crystal was introduced to enhance the pharmaceutical properties of drug. Pure
CBZ, used in treatment of epilepsy, has low solubility, low dissolution and low
absorption rate as taken in oral route. The pharmaceutical properties of CBZ can be
improved by converting the conversional drug to co-crystal drug. Recently, various
research in drug discovery and development have mostly focused on formation, solubility
and dissolution of CBZ co-crystals. However, to the best of authors knowledge, far too
little attention has been paid to the kinetics and particle size of CBZ cocrystals. In the
present work, nucleation kinetics for different molar ratio and concentration of CBZ co-

crystals with SAC as a co-former were studied.

Deep understanding of crystallisation kinetics is important to design and control
of the shape and size of final crystalline products. The Kkinetics of Carbamazepine (CBZ)-
Saccharin (SAC) co-crystals with enhanced pharmaceutical properties has been poorly
characterised. This kinetic study can be conducted by determining the MSZW. This
region is vital for crystallisation process because the supersaturation can be controlled
within this region to get the desired crystal properties. Furthermore, nucleation order of
the co-crystals can be obtained via slow cooling and induction time, radius of the critical

nucleus and interfacial energy of the stated co-crystal are obtained via fast cooling.

Nucleation kinetics is important for controlling crystal particle size.
Crystallisation is only occurred if solubility limit is exceeded or by introduction of seed
in ' metastable solution. Therefore, to know the metastable zone is an integral part for
crystallisation process, so that the desired crystal particles can be achieved when the
supersaturation is controlled within the metastable region. By understanding the
nucleation kinetics of CBZ-SAC cocrystals, a suitable crystalliser and a good
crystallisation process can be designed and operated. Finally, the characterisation process
of CBZ-SAC co-crystals are vital, so that desired form | (stable form) of CBZ-SAC co-
crystals are obtained. The novelty of this research presents the application of different
SAC/CBZ molar ratios (1.0, 2.0, 2.5, 3.0 and 3.5) at different CBZ concentrations to
deduce the kinetic parameters via polythermal method at different cooling rates. In
addition, an application of newly Kashchiev—Borissova—Hammond-Roberts (KBHR)



method in defining nucleation kinetics of CBZ-SAC cocrystals optimises the experiment

process.
1.3 Objectives of Research

This work focuses on the formation, analysing and characterisation of poorly
characterised CBZ-SAC co-crystals. Experiments with different ratios of SAC to CBZ
and different concentration of CBZ were performed to address specific objectives as

follows:

1. to determine the effect of cooling rate, heating rate and SAC/CBZ molar ratio on
MSZW of CBZ-SAC co-crystals.

2. to analyse the nucleation kinetics of CBZ-SAC co-crystals for different SAC to
CBZ molar ratios at different CBZ concentration.

3. to investigate the effect of seeding temperature, seed loading and seed size to the
crystal size distribution of CBZ-SAC co-crystals.

4. to characterise the CBZ-SAC co-crystals.

1.4 Scope of Work

For nucleation kinetics, the slow and fast cooling crystallisation experiments were
conducted. In slow cooling experiment, crystallisation and dissolution temperatures of
CBZ-SAC co-crystals for different CBZ concentrations and different SAC to CBZ mole
ratios were obtained. In addition, a new technique in determining the dissolution
temperature of the co-crystals was applied, in which uniformed temperature profiles
before heating were applied for the comparison of dissolution temperatures. For the slow
cooling experiment, four CBZ concentrations (19.14, 17.96, 17.01 and 15.83 mg/ml), five
mol ratios of SAC to CBZ (3.5, 3.0,-2.5, 2.0-and 1.0) and eight cooling rates (1.0, 0.8,
0.75, 0.6, 0.5, 0.4,0.25 and 0.2 °C/min) were used in these experiments. The nucleation
Kinetics parameter such as MSZW, nucleation orders and nucleation kinetic were

calculated.

Once the preferred metastable zone from slow cooling experiments was selected,

the research followed by fast cooling test, where the induction time, the radius of the



critical nucleus and interfacial energy of the co-crystal was determined. The variable
parameters in these experiments were four temperatures within a mestastable region (32,
36, 40, and 44 °C), and two fast cooling rates (1.2 and 1.0 °C/min). In addition, the
kinetics of CBZ-SAC co-crystals were evaluated by applying polythermal methodology
modelled by Kashchiev-Borissova—Hammond-Roberts (KBHR).

The addition of seeds to the metastable zone induces the nucleation process,
therefore seeds with different size and weight were prepared and added to the
supersaturation region at different temperature to have control over particle size
distribution, flow properties, yields of the co-crystals. The seeds were added at a seeding
temperature of (44, 40, 36, and 32 °C) and with a different seed mass of (0.5, 1.0 and 1.5
%) of the total product mass.

Lastly, the co-crystal physical properties produced from all experiments were
identified using Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD).
The crystal size distribution (CSD) of the CBZ-SAC co-crystals was determined using

sieve shaker and Malvern Mastersizer.
1.5  Significance of Study

The findings of this study will redound to the benefit of society considering that
pharmaceutical plays an important role in medical science and technology today. The
greater demand for enhanced drug properties justifies the need for introducing co-
crystals. Thus, researchers that apply a newly improved method in determining
dissolution temperature of the co-crystals derived from this study will be able to make
the right comparison of the effect of heating rate on metastable zone width of the co-
crystals. This technique can be easily applied to other-organic compounds. By knowing
the metastable zone of CBZ-SAC co-crystals for a different CBZ concentration and
various mol ratio of SAC to CBZ, more research can be proceeded such as effect of
seeding on that region and modelling of supersaturation control. The KBHR method
applied in determining nucleation kinetics of co-crystals will help researchers to optimise
the cost and duration of experiments. The details approach on different parameters in this

current study will surely contribute to the pharmaceutical industry since CBZ-SAC co-



crystals showed advantages, such as a favourable dissolution profile and suspension

stability, compared to commercial immediate-release products.



CHAPTER 2

LITERATURE REVIEW

2.1  Solubility and Supersaturation

The knowledge of solubility of a substance in a solvent is important in order to
understand the crystallisation process. The solubility of solute in a solvent can be defined
as the maximum concentration of the solute, which can be retained in the solvent in
equilibrium at a given set of temperatures and pressures (Jones, 2002). The point where
the maximum of solute can be dissolved in the solvent is named as saturation point
(Gillespie, 2018; Myerson, 2001). Miers and Isaac in 1906 constructed solubility and
supersolubility diagram and explained the supersaturation and spontaneous
crystallisation correlation (Miers & lIsaac, 1906). The diagram (Figure 2.1) shows the

zones where the crystallisation can occur.

Figure 2.1 provides an overview of three zones relating to crystallisation process;
(i) the stable zone, which is located on the right side of solubility curve and is unsaturated.
The crystallisation is not possible to occur in this zone; (ii) the metastable zone, which is
located in between solubility and supersolubility curves and is in supersaturated. In this
region, spontaneous crystallisation is unlikely to occur, but crystallisation is possible by
existence of foreign particle such as an addition of seed; (iii) the labile zone, which is a
non-stable zone and spontaneous crystallisation occurs mostly to in this zone (Mullin,
2001). In case of co-crystals, the solubility of co-crystal is higher than solubility of single
crystal, thus the co-crystal dissolves faster in the solution as the temperature increases.
Thus, the metastable zone width (zone (ii) of Figure 2.1) for cocrystal is narrower than

single crystal (Surov et al., 2017).
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Figure2.1  Solubility and supersolubility curves of stable, metastable and labile
zones.

Source: Mullin (2001).

Crystallisation in solution can achieve nucleation condition when the temperature
of solution in stable zone is cooled down across the solubility curve to become a
supersaturated solution (Randolph & < Larson, 1988). In crystallization process,
supersaturation acts as a driving force, which mostly affects the nucleation rate and the

forming of the crystals. Supersaturation can be defined as:
AC=C-C" 2.1
Where,
AC = the concentration driving force (mg/ml),
C =the actual solution concentration at the same temperature (mg/ml)
C* =the equilibrium saturation of the saturation at the given temperature(mg/ml).

Besides, supersaturation ratio, S is:



C 2.2

The supersaturated solution is achieved when value of S is greater than 1.

Furthermore, the relative supersaturation, G is:

AC 2.3

The state of supersaturation can-also be described by supercooling, AT as shown

in equation 2.4.

AT =T —-T 2.4

Where,

T* = the saturation temperature

T = the actual temperature.

2.2 Metastable Zone

Metastable zone is an area between solubility and supersolubility curve, where
the solution Is supersaturated, and spontaneous crystallisation is unlikely to occur. This
region-is vital for crystallisation process because the supersaturation condition can be
controlled within this region to get desired crystal properties. Metastable zone width
(MSZW) depends on several factors, such as cooling and heating rate, initial solution
concentration, stirring speed, volume of vessel or reactor, impurities or seeds addition,
temperature controls and solvent used (Wang, Feng, Dong, Peng, & Li, 2016). The crystal

forming in supersaturated solution with specific characteristics of nucleation leads to the



changes of MSZW values. Therefore, MSZW acts as a characteristic property for
crystallisation process (Shiau, 2016).

Determination of MSZW can be done via polythermal or isothermal methods.
Until now, the polythermal method is commonly used to determine the MSZW (Zhou et
al., 2016). In polythermal technique, the supersaturation changing with time, in which the
solution is cooled from stable zone with a constant and slow cooling rate. Whereas in
isothermal method, the solution temperature was brought down to the constant
temperature within metastable zone with a fast cooling rate and the supersaturation is
kept constant, due to the isothermal temperature of the solution. Both methods are
accomplished after a ‘first nuclei’ is detected via various determination technique, for
example turbidity, intensity measurement via absorbance or transmittance, particle count
number, electrical conductivity and many more. The isothermal method requires longer
time in particularly when the isothermal temperature is high, which means a low

supersaturation value (Randall et al., 2012).
2.3 Nucleation

Nucleation is a first step in crystallisation process, where a new solid phase is
formed in a supersaturated solution (Jones, 2002). If the supersaturation level surpasses
the supersolubility curve, i.e goes to the labile zone, then the formation of nuclei takes
place spontaneously (see Figure 2.1). The nuclei formation is due to the system attempts
to reach the equilibrium i.e stable state. Nucleation mechanisms are classified into two
categories; primary and secondary nucleation (Jones, 2002; Mullin, 2001). The primary
and secondary nucleation is differentiated by absence and presence of solute crystals,
respectively. Primary nucleation is mainly takes place at high level of supersaturation
and is often prevalent in unseeded crystallisation (Nemdili et al., 2016). Homogeneous
nucleation happens spontaneously in/from a pure solution, whereas heterogeneous
nucleation is induced by foreign particles. Secondary nucleation occurs when the
supersaturated solution is induced by crystals such as seeds or impurities. The nucleation
process begins possibly even at a very low supersaturation levels, which is impossible for
primary nucleation. In pharmaceutical industry, the secondary nucleation can be easily
controlled (Veesler & Puel, 2014).
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Primary and secondary nucleations can also be presumed from Figure 2.2, which
shows that metastable zone width is smallest for secondary nucleation and largest for
primary homogeneous nucleation. MSZW for primary heterogeneous nucleation is in
between these two (Ulrich & Strege, 2002). In relation to co-crystal, MSZW is expected
to be narrower for all primary and secondary nucleation, since co-crystal has higher

solubility than single crystal (Surov et al., 2017).

Metastable zone
width for o
nucleation B

________ Secondary

__________ Primary
heterogeneous
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\
\

Primary
homogeneous

v

Temperature T

Figure 2.2 Metastable zone width for all types of nucleation process.
Source: Ulrich & Strege (2002).

2.3.1 Primary Nucleation
2.3.1.1 Homogeneous Nucleation

Primary nucleation, which takes place mostly at high supersaturation level is
homogeneous when there are no foreign particles in the supersaturated solution. It occurs
spontaneously or in random manner from a clear solution. At high supersaturation level,
a cluster which later can become a larger crystal, is formed by coagulation of the small
solute molecules. If the size of cluster is larger than a critical size re, it can resist the
tendency to re-dissolve back to the solvent. Furthermore, the molecules will transformed
into fixed lattice, which later it can multiply to a several thousands of crystals (Mullin,

2001). Forming of stable nucleus is extremely very rare from simultaneous collisions of

11



certain number of molecules, rather the forming of critical size nucleus is mostly from
the collision of monomers, dimers, trimers and larger aggregates, which act as a growth

unit.

Theory for homogeneous nucleation namely classical nucleation theory (CNT)
developed by Volmer (1939) stated that, cluster will be stable if its size is bigger than the
critical value. The change of the free energies during nucleus formation (AGnucl)

associated homogeneous nucleation can be derived by following equation:

4mr3Ap 2.5
3v,

AGpye = AGs + AG, = 4mr?y —

Where,
AGs = free energy between surface of a particle and bulk
AGy = free energy between a very large particle and solution’s solute.
r = radius of cluster, m
y = interfacial tension, N/m
Ap = chemical potential
ve = molecular volume of the cluster.

Figure 2.3 illustrates that, AGs is proportional to r2 and will give a positive
quantity, whereas AGy is proportional to r3, will give a negative quantity. Summation of
AGs and AGy result in AGnug Which has the maximum free energy (AGegiit), Which is

corresponding to the critical radius cluster, re.

12
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Figure 2.3 Changes in Gibbs free energy in nucleation process.

Source: Myerson (2015).

By differentiating Equation 2.5, with respect to r, the critical size nucleus for a

spherical nucleus can be obtained as follow:

dAG o dmr?Au 0 2.6
dr TR v,
or,
_w 27
c AM
And,
Ayr?  16my3v? 2.8
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Equation 2.7 shows that critical radius, r¢ is inversely proportional to chemical
potential, Au. Following equation shows the relation between chemical potential and

supersaturation:

Cc
Au = kTInS = kTin (F) 29

Where,
« = Boltzmann constant (1.3805 x10% J/K),
C= actual solution concentration, and

C* = equilibrium concentration of the saturation at given temperature.

Equation 2.8 illustrates that, chemical potential is a function of supersaturation.

From Mullin (2001), the rate of nucleation, J can be defined as:

J = AeC ) 2.10
Where,

A= pre-exponential factor, and
T= temperature, K.

By combining AGerit and Ap, the homogeneous nucleation can be defined as

follows:
1 AGeyie\ 161y 3v? 2.11
J = Aexp (== 20 ) = e - g
Or,
_ 4 16my3v? 2.12
J = Aexp\ =3 5ranse
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From Equation 2.12, the rate of nucleation J is a function of free energy AG and

is a function of supersaturation. This connection leads to the graph in Figure 2.4.

Nucleation rate, J

/
/

o’

e

Supersaturation

Figure 2.4 Nucleation rate vs. Supersaturation.
Source: Davey & Garside (2001).

The classical nucleation theory (CNT) works with some assumptions. These

assumptions cause flaws in a prediction of nucleation rate of the process. Where:

i.  Nuclei are assumed to be a spherical drop, which means if it is not spherical, the

CNT theory is no longer valid. Besides it is neglecting the size or curvature

dependence of the surface tension.

ii.  In forming of a nuclei, only one monomer is added at a time. Therefore, the
formation of pre-nucleation clusters and collision between them is ignored. As a

result, final crystal has the same structure as the nuclei array.

iii.  The determination of the stability of nuclei is only based on the size of nuclei.

15



Erdemir, Lee, and Myerson (2009) proposed a two-step nucleation model which
addressing and overcome issues from CNT. In this model, nucleation of solids from
solution followed a complex route rather than a classical one. After formation of an
adequate cluster in supersaturated solution, the cluster is rearranged into a structured
crystal. The rearrangement acts as rate determining step (Myerson, 2015). In this step,
the nucleation rate is proportional to the complexity of the molecules. Then the model
continues in CNT, where ordered crystalline nuclei was formed and finally producing a
solid crystal. The steps of CNT and two-step nucleation model has been shown in Figure
2.5.

Two-step
Nucleation Model

i

o o o O o

0 ISR TN

O'5 0 <

O 50 Classical O o©
Nucleation Model

Figure 2.5 Classical nucleation model vs. Two-step nucleation model.
Source: Myerson (2015).

2.3.1.2  Heterogeneous Nucleation

Formation of nuclei via heterogeneous nucleation is more often than
homogeneous nucleation. Heterogeneous nucleation occurs at phase boundaries, surfaces
or induced by impurities like dust. Total free energy to be overcome for formatting nuclei
in heterogeneous nucleation is much lower than that in homogeneous nucleation (see
Figure 2.6).

16
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Figure 2.6 Total free energy of homogeneous and heterogeneous nucleation.
Source: (Celikbilek et al., 2012).

Correlation between homogeneous and heterogeneous nucleation can be found

as follow:
AGcrit,het = f v AGcrit,homo 2.13

Where,

Value of f is between 0 and 1and can be defined as:

~ 2—3cosh + cos36 2.14
B 4

Wetting angle, 0, influences total free energy of heterogeneous nucleation, which
can reduce the energy barrier in nucleation process. Followings are the result from the

value of wetting angle;

If 6 = 180°, f = 1, then the total free energy AG is equal to value of homogeneous

nucleation, where there is no wetting on the surface.

17



If 0 =0° f =0, there will be no barrier for nucleation to occur, where there is a

full wetting on the surface.

By substituting Equation 2.8 and Equation 2.14 into Equation 2.13, the value of

total free energy of heterogeneous nucleation AGnucinet Can be calculated as follows:

4ry3v2(2 — 3cos6 + cos30) 2.15
AGcrithet = 3012

2.3.2 Secondary Nucleation

In pharmaceutical industry, secondary nucleation is the most prevalence process
to form crystalline structure. It occurs due to an addition of foreign substance to a
supersaturated solution. Secondary nucleation is more controllable compared to primary

nucleation. The factors that inducing the nucleation are listed as follows:

Table 2.1 Factors inducing secondary nucleation.
Factors Description
Initial breeding known as dust breeding. Dust adhered to dry seed
crystals is swept off and forms secondary nuclei.
Needle breeding at high supersturation level, crystal breaks into fragile

needles, which acts as nucleation sites.

Poly-crystalline breeding  at high supersaturation level, irregular poly-crystalline
breaks into secondary nuclei.

Fluid shear at high supersaturation, nuclei formed after the removal
of adsorbed layer of crystal due to the shear between
fluid and crystal.

Secondary nucleation rate, Bsec depends highly on supersaturation' S and

concentration of solids in solution. It can be calculated as follows:

18



Bsec = ka(S - 1)aCsﬁ 2.16
Where,

kn2 = coefficient or order of magnitude of the secondary nucleation
Cs= concentration of solid in the solution

a = exponent for (S-1)

= exponent for Cs

Values of a and B are normally in between 0 and 2.

2.4  Crystal Growth

In supersaturated solution, stable nuclei are formed and start to grow with time.
Most popular theory to explain crystal growth is known as diffusion theory. The diffusion
theories assume that solid is deposited on the crystal surface is due to the different
concentration at the solution bulk and crystal surface (Jones, 2002; Mullin, 2001). Rate

of deposition of solid follows below Equation 2.17 (Noyes & Whitney, 1897):

dm 2.17
R Alc — c*
i kmA(c —c")

Where,

m= mass of solute deposited (kg)

t= time for deposition of solid (s)

km= mass transfer coefficient (kg/sm?)

A= crystal surface area (m?)

c= concentration of solute in supersaturated solution

c*= concentration at equilibrium

19



Nernst & von Lerch (1904) has found that, there is a layer which consists of
stagnant film between crystal surface and solution. Diffusion will first happen within this
film. The film thickness is inversely proportional to the agitation rate of the system. Thus,
Equation 2.17 can be modified as follows:

dm D . 2.18
Tt

Where,
D= diffusion coefficient
o= film thickness

From 1912 onwards, Berthoud (1912) has found that, the mass deposition consists
of two steps. First step is diffusion, where molecules from bulk of solution with
concentration ¢ were carried to the crystal surface with concentration c;. Rate of

deposition can be written as:

dm 2.19
I < fad(c =c:)

Where,
kg = diffusion mass transfer coefficient

Second step is called reaction, where first order reaction or the arrangement
process of the molecules from crystal surface with concentration ¢ to the crystal lattice

with concentration c¢*. Rate of deposition-can be written as:

dm 2.20
P krA(c; —c")

Where,

kr= reaction rate coefficient

20



Both steps can be illustrated in Figure 2.7. Since the interfacial concentration is

difficult to be measured, it can be ignored and therefore the rate of deposition is calculated
by following equation:

dm 2.21
—=K-A(c—¢*
dt cA(c—c")

Where,
Kg= overall crystal growth coefficient.

Adsorption layer
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Driving force
for diffusion -
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Driving force S
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s i oD . e e e — a— - C*
Stagnant i Bulk of
film solution

Figure 2.7  Steps in deposition process. Driving force for diffusion and reaction
(concentration).

Source: Mullin (2001).
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25 Determination of Nucleation Kinetics
2.5.1 Nyvlt's Approach

Nyvlt (1968) has introduced a polythermal method to determine the kinetics of
the nucleation. This is the common useful method until today. The nucleation rate J is

expressed by;
J = k(ACma)™ 2:22
where
k= nucleation rate constant,

m= nucleation order,
ACmax = the absolute supersaturation ( kgm™).

ACmax 1s defined as a function of the maximum possible undercooling ATmax

through the equation:

dac 2.23
AChax = d_TATmax

ATmax IS equal to MSZW which can be calculated by differencing the value of
crystallisation temperature and saturation temperature. Figure 2.8 show that, when the
solution approaches the critical supersaturation, ACmax the nucleation rate increases
sharply (Nyvlt, 1968).
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Figure 2.8 Schematic plot of nucleation rate versus degree of supersaturation.
Source: Nyvlt (1968).

The nucleation rate may be expressed to be equal to the rate at which

supersaturation is achieved at the time when first nuclei are detected. J also can be defined

as

dc 2.24
R

]=ﬁ

where, R is a cooling rate. By substitutes the Equation 2.22 and Equation 2.23

into Equation 2.24, the following expression is obtained:

dcC 2.25
In(R) = (m— 1)lnd—T + In(k) + min(MSZW)

By plotting In(R) vs. In(MSZW), the value of m and k can be calculated.

Nucleation order, m is the slope of the graph and the interception of the graph, b is equal

to:
dc 2.26
b=(m-— 1)lnﬁ + In(k)
By substituting the value of b and m, the nucleation kinetic constant, k can be
calculated.
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2.5.2 Kashchiev—-Borissova-Hammond-Roberts (KBHR) Method

The method was in details explained by Camacho Corzo et al. (2014) and Turner
et al. (2016). In brief, the critical undercooling, AT is calculated at a different between
equilibrium solubility temperature, Te and at crystallisation temperature, Terys.

AT, = T, — Topys 2.27

Then, the dimensionless relative critical undercooling, uc can be defined by

AT, 2.28

The graph of In uc vs In (R) resulted in straight line. If the slope is higher than 3,
then it is a progressive nucleation, otherwise the nucleation is instantaneous if the slope
is less than 3 (RULE OF THREE). In progressive nucleation, the forming of nuclei occurs
at various temperature which resulting in different crystallite sizes. To proceed further,
the inequalities uc < 0.1 and auc < 1 must be met. Value a is defined as

A 2.29

where A is the molecular latent heat of crystallisation and « is the Boltzmann

constant. Next, is to solve the values of In (R0O) and a, from the equation:

a; 2.30
(1 - uc)uc2

where the value of a1 = 3. This can be solved via least square method. Lastly, the

InR=mR0O+a;Inu, =

interfacial energy yerr , the radius of critical nucleus r*, and the molecular number of

critical nucleus i* can be calculated from the following equations:

a :knvozyeff3 2.31
z kT, A?
. 2YefrVo 2.32
r=—
Au
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_ 2a,kT, 2.33
E

i*

where kn is the nucleus shape factor, and vo is the molecular volume in the crystal.

2.5.3 Induction Time Measurements

Nucleation rate can be expressed as

16my3v,,2 2.34

J=Aexp| — 3
3k3T,” (In S)?

where A is the pre-exponential factor, y is the interfacial energy, Vm iS molar

volume, K is the Boltzmann constant, T, is the nucleation temperature and S is

supersaturation. The induction time is in general inversely proportional to nucleation rate.

1 2.35
tind X 7

Substituting Equation 2.35 into Equation 2.34 resulted in

N 16my3v,,2 2.36
3Kk3T,> (In $)?

tina=K

The graph In(ting) against 1/(In S)? at constant temperature give a straight line with

a gradient,

_ 1ény’vy,” 2.37

a 3k3T,,3

The interfacial energy is then calculated following the formula:
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1
B 3mi3T,*\3 238
V= 16mv,,>?
the critical size nucleus is defined as:

. 2vpy 2.39
" kTInS

and the molecular number of critical nucleus is defined as:

47'[1‘*3 2.40

K

3v,

2.6  Co-Crystal

Co-crystals were defined differently depending on view point (Braga et al., 2013;
Childs & Zaworotko, 2009; Dunitz, 2003; Ghadi et al., 2014; Stahly, 2007). In general,
co-crystals are crystalline materials that contain more than one component (i.e.
multicomponent crystals) in definite stoichiometric amounts (Ghadi et al., 2014).
According to the U. S. Food and Drug Administration (2013) guidelines, which is the
standard definition of co-crystals are defined as “solids that are crystalline materials
composed of two or more molecules in the same crystal lattice.” The reason for the
construction of co-crystals is to modify the physicochemical properties of active
pharmaceutical ingredient (API) by combining API and additional components (i.e. co-
formers) in the same crystal structure thereby altering solid-state properties and solution
behaviour without modifying chemical structure (Childs & Zaworotko, 2009). The co-
crystals- are known as ‘pharmaceutical co-crystals -if one of the ‘constituents is a

pharmaceutically active ingredient (Dunitz, 2003).
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2.6.1 CBZ-SAC Co-Crystal

2.6.1.1  Structure and polymorphs of carbamazepine (CBZ)

Carbamazepine is an active pharmaceutical ingredient used in the treatment of
epilepsy and trigeminal neuralgia. CBZ has strong hydrogen bonding among its
polymorphs and have a nearly identical molecular conformation. Figure 2.9 shows the
chemical structure of carbamazepine. At least four polymorphs and a dehydrate of CBZ,
have been described in the literature (O’Mahony et al., 2012). Among those, CBZ Form
I11 with C-monoclinic form is the most stable known anhydrous form in room conditions.
All four polymorphs have density range between 1.24 g/cm?® and 1.34 g/cm®. Based on
rule of density, polymorph with high density is most stable, in which at 0 K, its compound
lacking strongly directional intermolecular interactions (Gadamasetti, 2007). Thus, CBZ
Form 111, which has density of 1.34 g/cm?is the most stable form of CBZ polymorph at
room temperature. The melting points of the four polymorphs have been reported to be
in the range 175-190 °C (Pinto et al., 2014). Forms | and |11 of CBZ are an enantiotropic
pair with transition temperature of 185 °C (Byrn et al., 2017). If Form 111 is heated above
185 °C, the form will be converted to Form I. Figure 2.10 shows the polymorph of CBZ.

N

0% “NH,

Figure 2.9 Structure of carbamazepine (CBZ2).
Source: Pinto et al. (2014).
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Figure 2.10  Polymorphs of carbamazepine (CBZ).
Source: Rodr guez-Spong et al. (2004).

2.6.1.2 Saccharin

Saccharin is a condensed heterocyclic o-sulfobenzimide, discovered in the late
1870s by chemists in the USA. It is commercially available in four forms: acid saccharin,
sodium saccharin, potassium saccharin and calcium saccharin. Sodium saccharin is the
most.commonly used form because of its high solubility, stability, and low production
costs (O’Mullane et al., 2014). Saccharin (molar mass=183.18 g mol~1) is widely used
as co-former in the preparation of pharmaceutical salts (acting as a weak acid when
combined with a sufficiently basic molecule), or co-crystals (remaining then a neutral
molecule) (Cuadra et al., 2018). SAC has one known polymorph (Bart, 1968) and good
water solubility (Pagire et al., 2013). Figure 2.11 shows molecular structure of saccharin.
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Figure 2.11  Molecular structure of saccharin (SAC).
Source: Cuadra et al. (2018).

2.7 Co-Crystal Formation Methods

Many protocols for the co-crystal formation have been established. Formation
methods based on solution and grinding have been the most regular choice among the
researchers (He et al., 2008). Solution methods include evaporation of a hetero metric
solution method, reaction crystallisation method, and cooling crystallisation. Grinding
methods comprise of neat grinding and solvent drop grinding. Other methods that have
been established are co-crystallisation using supercritical fluid, hot-stage microscopy,

and ultrasound assisted co-crystallisation.
2.7.1 Solution Methods
2.7.1.1  Evaporation Co-Crystallisation

In this method solvents are used to saturate the co-crystal consistently so that the
compounds will have a common solubility. Two co-crystal components A and B have
similar solubilities in a solvent S and the 1:1 pure co-crystal can be formed when

equimolar components are dissolved in the solvent by evaporation (Abd Rahim, 2012).
2.7.1.2  Reaction Crystallisation (RC)

Reaction co-crystallisation (RC) is for components that have non-equivalent. By

this method crystallising a single reactant can be avoided. RC experiments are performed
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by adding reactant B to a saturated or close to saturated solution of reactant A and then

the solution becomes supersaturated with respect to co-crystal AB (Tahti et al., 1999).
2.7.1.3  Cooling Crystallisation

In this method, co-crystal is formed by manipulating the temperature of the
solution. By using a reactor or a jacketed vessel, the components and solvent are mixed
and heated to a higher temperature to make sure all solutes are totally dissolved in the
solvent and is followed by a cooling down step. Co-crystals will precipitate when solution
becomes supersaturated with respect to co-crystal as the temperature drops. Through
analysing the kinetic pathways and supersaturation levels of the components, it is possible
to determine the optimal operating-conditions for a cooling co-crystallisation process
(Abd Rahim, 2012; Lewis & Olsen, 2007).

2.7.2 Grinding Method

There are two different techniques for co-crystal formation via grinding. The first
method is neat grinding, which is also called dry grinding, consisting of mixing the
stoichiometric co-crystal components together and grinding them either manually, using
a mortar and pestle, or mechanically, using a ball mill or a vibratory mill. This method
requires one or both reactants exhibiting significant vapour pressures in the solid state
of liquid-assisted grinding (also referred to as kneading, solvent drop, wet co-grinding).
Significant improvements in Kinetics of co-crystal formation by grinding can be achieved
by the addition of minor amounts of an appropriate solvent (Shan et al., 2002). The
improvements in kinetics might be rationalised by the additional degrees of orientational
and conformational freedom open to molecules at the various interfaces as well as the
enhancement of opportunities for molecular collisions (Trask et al., 2004). In addition,
tiny co-crystal seeds may be envisaged to form within the solvent during the grinding

process so that the rate of co-crystallisation can be increased.
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2.7.3 Supercritical Fluid Atomization Process

Supercritical fluids use offers additional advantages compared to the classical co-
crystal production methods. Co-crystallization with supercritical solvent (CSS) is a
method where an API and a co-crystal former are mixed together by magnetic stirring
after being pressurized by supercritical CO- in a high-pressure vessel. Supercritical Anti-
Solvent (SAS) technique explores the anti-solvent effect of supercritical CO, to
precipitate particles (co-crystals) from solutions; the supercritical fluid enhanced
atomization SEA technique explores essentially the CO2 atomization enhancement in a

spray drying process (Pando et al., 2016).
2.8 Co-Crystal Properties

There are many advantages of co-crystals. Major one is good change in physico-
chemical properties such as solubility, dissolution, chemical stability, hygroscopicity,
bioavailability, hydrate/solvate formation, crystal morphology and mechanical
properties. Possible changes in physico-chemical properties of the cocrystal are due to
design and formation of the cocrystals which lead to the alteration in the molecular
interactions. Some properties of the co-crystals are listed in the next section.

2.8.1 Solubility

Solubility of the co-crystal is largely dependent on concentration and amount of
the individual components (drug and co-former) (Ghadi et al., 2014). The solubility of
the co-crystal is much lower than the combination of the individual components, when
the co-crystal formed is more stable (high stability) than the individual constituents.
Besides, the solubility of the co-crystals will be pH dependent, if one of both of drug and
co-former are ionisable (Lipert & Rodriguez-Hornedo, 2015).
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2.8.2 Dissolution

Like solubility, dissolution rate of co-crystals largely depends on co-former
selection. By adding varieties of co-formers to the API drug to produce co-crystals, the
dissolution rates are also increased. For instance, the curcumin cocrystals with the co-
formers of Resorcinol and Pyrogallol have the dissolution rates five and twelve times
higher than pure Curcumin respectively (Cysewski & Przybytek, 2017). Another example
is that, according to Ghadi et al. (2014) dissolution rate of indomethacin-saccharin co-
crystal in 200mM phosphate buffer (pH 7.4) is fifty times higher than the corresponding
drug, y- indomethacin, the most stable polymorph.

2.8.3 Chemical Stability

Alteration of chemical stability of the co-crystals is due to changing of the
molecular arrangement in crystalline lattice (Gadade & Pekamwar, 2016). For example,
photodegradation occurs to pure API such as carbamazepine, in which the degradation is
based on distance between azepine rings in chemical structure. By adding co-former such
as saccharin, the azepine rings between CBZ molecules become long enough (more than
4.1 A) to prevent the photodegradation to occur (Ghadi et al., 2014).

2.8.4 Hygroscopicity

Hygroscopy is the reaction when crystals interact with water possibly via
adsorption on the surface, absorption and hydrate formation. Pharmaceutical co-crystals
can prevent hydrate and solvate formation in APIs. For instance, anhydrous
carbamazepine can easily transform to dihydrate form, CBZ(D) in presence of high
relative ' humidity. Whereas drug  carbamazepine with co-formers saccharin and
nicotinamide show greater stability against CBZ(D) transformation by showing no
hydrate formation after 3 weeks storage at 98% and 100% relative humidity respectively
(Ghadi et al., 2014). Thus, it alters the hygroscopicity of API. Other co-crystals such as
caffeine and theophylline cocrystals with dicarboxylic acids have also shown similar

behaviour.
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2.8.5 Mechanical Properties

Mechanical properties such as tensile strength, breaking force and other elastic
properties of the co-crystals were influenced by molecular interactions and crystal
structure. Co-crystals have the layered structure, which can improve the ability to make
a tablet of adequate mechanical strength by powder compaction (tabletability) and the
elasticity of the co-crystals. For example, CBZ-SAC co-crystals have better tabletability
when compared to pure form of CBZ, in which CBZ(D) and CBZ(l11) required the least
compaction pressure of 5000 psi for 30 minutes to form the tablet, whereas tablet from
CBZ-SAC co-crystals can be formed with lower pressure and in shorter than 30 minutes
time (Spong, 2005). Similar results found for caffeine - methyl gallate co-crystals, in
which the caffeine cocrystal formed higher tensile strength than pure caffeine and pure
methyl gallate at compaction pressures between 40 and 400 MPa (Sun & Hou, 2008).

2.9  Seeding in Crystallisation Process
2.9.1 Seeding

Seeding has been studied over the latest few decades because it can alter the
properties of desired final crystal. In seeding process, the supersaturated solution was
enhanced by addition of crystalline (seed) to allow the growth of the seed crystals prior
to the occurrence of nucleation (Hattori et al., 2015). As co-crystallisation is concerned,
an introduction of seeding is mean to provide a co-crystal phase in solution during crystal
growth and to prevent inconsistent primary nucleation of another solid phase during
crystallisation (Gagniere et al., 2012). By considering the different parameters in seeding
process such as size of seed, amount of seed, seeding temperature and cooling profile,
seeding is therefore believed can expedite the nucleation process, optimise the

crystallisation behaviour and ensure the final particle size (Aamir et al., 2010).
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2.9.2 Seeding Parameters
2.9.2.1 Seeding Temperature

Addition of seed in crystallisation process is required to shorten the induction
time, narrowing the metastable zone width (MSZW), to control the crystal size
distribution (CSD) or specifically to reduce the size of broadening the CSD. The time of
seed to be added of seeding temperature will reflect the result of CSD. If seeds were
added too early, the seed will dissolve in that undersaturated solution. If the seeds were
added too late, the secondary nucleation might occur already, in which solute material
may have crystallised due to the high supersaturation level. Thus, resulted to the
undesired crystal characteristic of the crystal’s product. The example of the effect of
seeding temperature on the CSD was shown by O’Sullivan, Smith, & Baramidze (2012)
and Zhang, Liu, Huo, Guan, and Wang (2016) as listed in the Table 2.2 and Figure 2.12.

Figure 2.12(a) shows the result of seeding experiment of B-LGA crystal by Zhang
et al. (2016). The seed of 58-106 um was added at seeding temperature of 35, 45 and 55
°C. The results showed that, when seed was added at high seeding temperature, the length
and width of crystal products increased, and the crystal size distribution became wide.
Figure 2.12(b) shows the result of seeding experiment of an organic compound
crystallized from water by O’Sullivan et al. (2012). It illustrated that, the nucleation rate
increased at low seeding temperature, particle growth reduced, and more fine particles
were produced.

Table 2.2 Effect of seeding temperature on CSD from literatures.
Author (Zhang et al., 2016) (O’Sullivan et al., 2012)
Compound ~ B-LGA crystal an organic compound crystallized
from water

Parameter  Seed size range (58-106 pum) Amount of seed = 0.25g
Cooling rate (°C/min) = 0.2 Cooling is at a fixed linear rate.
Initial supersaturation = 1.2 Seeding temperature (°C) = 20, 22.5,
Seeding temperature (°C) = 35,45,55 o5

Results At high seeding temperature increases  Low seeding temperature increases
the length and width of crystal nucleation rate, reduces particle growth

products and widens the CSD and results in more fine particles.
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Figure 2.12 Effect of seeding temperature on CSD
(@) Source: Zhang et al. (2016) and (b) Source: O’Sullivan et al. (2012).
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29.2.2 Seed Load

Seed load is similar as seed surface area indicates the rate at which supersaturation
iIs consumed by the growing homogeneous seeds. Seed load applied to prevent the
secondary nucleation to occur. The ratio between seed mass and the crystal yield
determines the seed load. In industry, the level of seed loading is normally between 0.5
wit% and 10 wt% (Doki, 2002). High seed loading ratios result in unimodal product CSD.
Normally, high seed loading leads to a decrease in mean crystal size, but for silica as
heterogeneous seeds, increase in seed load leads to an increase in mean crystal size and
CSD (Hayles-Hahn, 2014). The effect of seed loading was described by Hayles-Hahn
using silica from Tetraethylorthosilicate (TEOS). Four different silica seed loading (0.25,
0.5, 1.0 and 3.0 wt%) were compared as can be seen in Figure 2.13. The increase in CSD
with high seed loads is most clearly observed in a comparison of the 0.25 wt% seeded
batch CSD with the 3.0 wt%.

— Unseeded control batch
10
—T7nm 0.25wt.%
7nm 0.50wt.%

—7nm 1.00wt.%

7nm 3.00wt.%

Volume (%)
(o2}

0.01 0.1 1 10 100 1000
Crvstal size distribution (um)

Figure 2.13  CSD of silica at different seed loading.
Source: Hayles-Hahn (2014).

Seed mass is proportional to the surface area of seed crystals and their size. In the

ideal case, when the secondary nucleation is suppressed, the number of crystals
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introduced with seeding should result in the same number of product crystals (Chianese
& Kramer, 2012a). Narducci (2012) compares product particle size distributions at three
different values of seeding load from cooling crystallization of adipic acid (AA) (Figure
2.14). The cooling speed was constant (0.5 K/min) with initial concentration of 5 g
AA/100 g water from 45 °C to 20 °C. At low seed loading (1% and 5%), the CSD is
widespread and bimodal. The crystals are largely produced by agglomeration and from
grown seed crystals, while some crystals generated by secondary nucleation. At 1% seed
loading, secondary nucleation occurred due to the bimodal size distribution. High seed
load resulted in high presence of fines, which is due to the agglomerative phenomena of

fine particles.
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Figure 2.14 _ Effect of seed loading on CSD.
Source: Narducci (2012).

Another author, Powell (2017) discussed the effect of seed loading (3.5 and 7.0
wt%) on size of product crystals of paracetamol (PCM) from water. Figure 2.15 shows
that, the crystal products from seed loading of 3.5 wt% are larger compared with 7.0 wt%.
This shows that the amount of seed influences the nucleation and growth kinetics of the
system, whereby low seed loading, crystals formed by growth of crystals rather than

secondary nucleation.
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Figure 2.15 Images of PCM product crystals under microscope with seed loading of
(@) 3.5 wt%, and (b) 7.0 wt%.

Source: Powell (2017).

Eder et al. (2010) showed in their study that increasing seed loadings resulted in
decreased differences between the mean seed and product crystal sizes. This is attributed
to the fact that more particles are introduced into the system which leads to increased

competition to consume the same amount of supersaturation available.
2.9.2.3  Seed Size

A small seed size provides a large specific surface area for the crystal growth
process. An increased surface area results in‘an increase in supersaturation depletion rate.
As a result, supersaturation decreases and the time for nucleation also decreases. In
industrial application. small seeds can cause problems such as possibility to agglomerate,
difficult preparation and slow growth. Therefore, using of seed size of less than 100 pum
is avoidable (Chianese & Kramer, 2012a). The seeds should also be not too large as the
required seed mass can be uneconomically large with respect to the process yield. Critical
seed size between 200 — 500 um was enough to produce nuclei in saturated solutions.
Seed crystal size is believed to have a significant impact on secondary nucleation. The
bimodal distributions in the graph of CSD indicate that significant secondary nucleation.

larger crystals cause more secondary nucleation than smaller ones.
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2.10 Summary

In the pharmaceutical industry, co-crystals were introduced to improve the
physicochemical properties of active pharmaceutical ingredient such as chemical
stability, moisture uptake, mechanical behaviour, solubility, dissolution rate, and
bioavailability. CBZ is a favourable model in studying of crystal polymorphism due to
its five different anhydrous polymorphs. To date, the kinetics of CBZ-SAC co-crystals
with enhanced pharmaceutical properties has been poorly characterised. One of the main
challenges in the production of CBZ-SAC co-crystals is to identify the metastable zone
width, a region in which the supersaturation can be controlled to get the desired co-crystal
properties. The kinetics of CBZ-SAC co-crystals can be obtained via slow and fast
cooling methods. Furthermore, KBHR method, which reduces the steps in obtaining
nucleation kinetics can be applied in co-crystals production. Also, several factors that
can affect the nucleation process, such as cooling rate, concentration of compound, ratios
between APl and co-former and additional of seeds are important to be studied. Finally,
the characterisation of the co-crystal needs to be obtained to ensure that the most stable
Form I co-crystal are produced.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Introduction

This chapter details out the materials and laboratory experimental methods used
in this study. The experimental laboratory works performed in this study were divided
into three major parts. Section 3.5 and Section 3.6 describes the slow cooling experiments
where the effect of cooling and heating rates , SAC/CBZ mole ratios and CBZ
concentration on metastable zone width (MSZW) were investigated. From the results,
solubility and super-solubility curves were constructed, followed by calculation of
nucleation order and nucleation kinetic constant of CBZ-SAC co-crystals. An improved
method for determination of dissolution temperature were introduced in this section.
Section 3.7 describes the fast cooling experiment of CBZ-SAC co-crystals. The
experiments were conducted based on the optimisation of parameters in cooling
experiment. In this section, induction time, the radius of the critical nucleus and
interfacial energy were calculated. The interfacial energy, critical size nucleus and
molecular number of critical of different CBZ concentrations were obtained using
Kashchiev—Borissova—Hammond-Roberts (KBHR) method and the results were
compared with fast cooling experiments. The details of KBHR method was explained in
literature review (Section 2.5.2). Section 3.8 describes the seeding experiment, in which
preparation of seed and seeding experiments with different seeding temperature, seed
loading and seed size were presented. From this experiment, the crystal size distribution
(CSD) of CBZ-SAC co-crystals were constructed using Malvern Mastersizer.
Furthermore, the characterisation of CBZ-SAC co-crystal properties using DSC and
XRD were done for samples obtained from slow cooling, fast cooling and seeding

experiments. The flowchart of research work is provided in Figure 3.1.
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Flowchart of research methodology presented in this thesis.
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3.2 Materials

Carbamazepine (CBZ) and Saccharin (SAC) were obtained from ECA
Corporation USA and Sigma Aldrich, respectively. The solvent used in co-crystals
production was an absolute ethanol (EtOH 99.4 %), which was purchased from Fisher

Scientific.
3.3  Experimental Setup

Crystalliser with jacketed vessel (Syrris Ltd, Royston, Hertfordshire, United
Kingdom) was employed in this-work, as seen in Figure 3.2. In this study, the 250 ml
vacuum jacketed vessel was equipped with a stirrer, a turbidity probe, and a valve for
draining purpose. An analysis software (Globe Reactor Master PC) was connected for
automated control and analysis of the operations. Temperature in the jacketed vessel was
adjusted via JULABO CF41 circulator, which has an operating temperature between -
40°C to +200°C. The turbidity sensor was calibrated before each experiment as 100% for

a suspension of CBZ-SAC co-crystals and 0% for a clear solution.

Overhead stirrer

‘ Turbidity EE
ﬂ probe 4

Temperature
probe

Globe
- L_ «- Reactor
. Master PC
Software

= ‘(IULABO heating/
| cooling system

250 ml jacketed vessel _] 4

Figure 3.2 Setup of experiment for slow and fast cooling test.
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3.4  Crystalliser Calibration and Testing
3.4.1 Turbidity Calibration

Turbidity reader was tested by using two-point calibration. The calibration was
done before each experiment to get consistent results of turbidity value. First, the motor
was set for the calibration, and the turbidity probe was taken out from the crystalliser. For
0% turbidity, the probe was place in a distilled water, which mean the solution is clear.
For the 100% turbidity, the black standard rubber plate was place between the 2 sensors
of turbidity, which mean that the solution is fully dark, or in respect to the crystallisation

process, this mean the crystal was formed in the solution.

3.4.2 Stirrer Speed Determination

To avoid formation of vortex in the vessel, the stirrer speed must be adjusted
accordingly. 200 ml ethanol was added in crystalliser. At the beginning, stirrer speed was
set to 400 rpm (fast speed) and was reduced gradually by 20 rpm until it reached zero
rpm. The movement of the solution was seen using naked eyes and recorded for each
stirrer speed. The fastest stirrer without formation of vortex was chosen for remaining

experiments.
3.4.3 Cooling and Heating Rates Determination

200 ml ethanol was added into crystalliser. Carbamazepine and Saccharin with
(SAC/CBZ) mole ratio of 2.0 and CBZ concentration of 17.96 mg/ml were added into
the solution. Mixture was stirred at 300 rpm continuously while heated to 60 °C. The
mixture was kept at 60°C for few minutes until the solid was fully dissolved. Using Syrris
crystalliser, only target temperature and time of cooling or heating can be set. Several
experiments (Table 3.1) have been done to identify the capability (maximum

cooling/heating rate) of the crystalliser to reach the target temperature in required time.
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Table 3.1 Experiments to identify the optimum cooling / heating rate with starting
and target temperature of 60 and 20 °C respectively.

Exp Calculated Calculated time Real (measured) time Target
no. cooling rate to reach Target to reach Target cooling rate
(°C/min) Temp. (min) Temp. (min) achieved?

1 2.0 20.0 27.8 no

2 1.8 22.2 28.2 no

3 1.6 25.0 29.4 no

4 1.4 28.6 30.2 no

5 1.2 33.3 33.3 yes

6 1.0 40.0 40.0 yes

3.5 Preliminary Experiments (Slow Cooling)

In preliminary experiments, 12 set of experiments with different (SAC/CBZ)
mole ratios, CBZ concentrations were conducted (Table 3.2). Each experiment was
repeated 3 times to get the consistency of the results. As example for experiment No. 1,
3.83 g CBZ and 10.39 g SAC were added into crystalliser with 200 ml ethanol. The
mixture was stirred continuously for the whole experiment with propeller at 300 rpm.
The mixture was heated to 60°C, which is higher than dissolution temperature for 40
minutes to make sure that the solid was fully dissolved. The mixture solution was
afterward cooled at a rate of 1.0 °C /min to a temperature T2, which is 2-3 °C lower than
the crystallisation temperature Tcrysi. The temperature, in which the turbidity started to
increase, serves as crystallisation temperature Tcrys1 Of the co-crystal. The solution was
again heated to 60°C and left for 40 minutes to get the complete dissolution of solid. The
steps were repeated with a new cooling rate (0.75, 0.5, and 0.25 °C/min) to obtain the
crystallisation temperature (Terys2, Terys3, Teryss) OF the co-crystal.-CBZ concentration
between 15.83 and 19.14 mg/ml and SAC/CBZ mole ratio between 1.0 and 3.5 were used
in this study based on previous research by Abd Rahim (2012).
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Table 3.2 Set of experiments for preliminary research in determining
crystallisation and dissolution temperatures of CBZ-SAC co-crystals.

CBz Amount  Amount
Exp. (SAC/CBZ) Cooling / heating
Conc. of CBZ of SAC
No mole ratio rate (°C/min)
(mg/ml) (9) (9)
1 3.50 19.14 3.83 10.39 1.00, 0.75, 0.50, 0.25
2 3.50 17.96 3.59 9.75 1.00, 0.75, 0.50, 0.25
3 3.50 17.01 3.40 9.23 1.00, 0.75, 0.50, 0.25
4 3.50 15.83 3.17 8.59 1.00, 0.75, 0.50, 0.25
5 3.00 19.14 3.83 8.90 1.00, 0.75, 0.50, 0.25
6 3.00 17.96 3.59 8.35 1.00, 0.75, 0.50, 0.25
7 3.00 17.01 3.40 7.91 1.00, 0.75, 0.50, 0.25
8 3.00 15.83 3.17 7.36 1.00, 0.75, 0.50, 0.25
9 2.50 19.14 3.83 7.42 1.00, 0.75, 0.50, 0.25
10 2.50 17.96 3.59 6.96 1.00, 0.75, 0.50, 0.25
11 2.50 17.01 3.40 6.59 1.00, 0.75, 0.50, 0.25
12 2.50 15.83 3.17 6.14 1.00, 0.75, 0.50, 0.25

3.6 Slow Cooling of CBZ-SAC Co-Crystal

Different mol ratios (3.5, 3.0, 2.5, 2.0 and 1.0) of SAC to CBZ with different
concentrations of ethanol solutions containing 19.14, 17.96, 17.01 and 15.83 mg/ml CBZ
in 200 ml ethanol were prepared. Four different heating and cooling rates (0.8, 0.6, 0.4,

and 0.2 °C /min) were applied in the crystallisation experiments.

Initial suspension (3.5 SAC/CBZ ratio and 19.14 mg/ml CBZ in 200ml ethanol)
was heated to 60°C, which is higher than dissolution temperature. The solution was
cooled quickly until the crystals formed and heated up again to 60°C. As can be seen in
Figure 3.3, the stirred mixture was kept at 60°C for 40 minutes to make sure that the solid
was fully dissolved. The mixture solution was afterward cooled at a rate of 0.8 °C /min
to a temperature T, which is 2-3 °C lower than the crystallisation temperature Tcrys1. The
temperature, in which the turbidity started to increase, serves as crystallisation
temperature Tcrys1 Of the co-crystal. The solution was again heated to 60°C and left for

40 minutes to get the complete dissolution of solid. The steps were repeated with a new
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cooling rate (0.6, 0.4, and 0.2 °C/min) to obtain the crystallisation temperature (Terys2,

Terys3, Terysa) OF the co-crystal and then with the different ratios of SAC to CBZ.
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Figure 3.3 Method for determining the crystallisation temperature from the solution.
Lines AB and CD are with cooling rate of 0.8°C/min and 0.6°C/min respectively.

There was some modification in the stage to determine the dissolution
temperature Taiss by comparing with previous researchers (Bernardes & da Piedade, 2010;
Bonnin-Paris et al., 2011; Camacho Corzo et al., 2014) as illustrated in Figure 3.4. The
solution was dissolved at 60°C for 40 minutes and cooled with a fixed rate of 0.6 °C/min
to a temperature Tp, which is 3°C lower than the crystallisation temperature Tcrys3. The
temperature T, was kept constant for 40 minutes between point b and c. The solution was
then heated with the different rate of (0.8, 0.6, 0.4, and 0.2°C/min). Different heating
rates resulted in different dissolution temperatures (Tiss1, Tdiss2, Tdiss3, and Taissa). Solution
at point e, f and g follows the same profiles as point a, b, and c that resulted in the similar
properties of co-crystal at a point ¢ and g. Therefore, comparison can be done for the
effect of different heating rate on MSZW.
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Figure 3.4 New approached method for determining the dissolution temperature of
the crystal. Lines abc and efg have the same cooling rate and isothermal temperature.
Lines cd and gh are with heating rate of 0.8°C/min and 0.6°C/min respectively.

3.7  Fast Cooling of CBZ-SAC Co-Crystal

Results from slow cooling experiment is further used in the fast cooling
experiment. Crystal with CBZ concentration of 17.96 mg/ml and mol ratio (SAC/CBZ)
of 2.0 is heated in 200 ml ethanol at 50°C for 40 minutes. The solution is cooled rapidly
(line UV) until the crystal is formed (point V) and is heated again to 50°C and left for 40
minutes in order to ensure the complete dissolution of solids (line WX) which is also
indicated by a decrease of turbidity (see Figure 3.5). Temperature of the solution is set to
28°C at a rate of 1 °C/min (line XY). Then the temperature is maintained until the crystal
Is formed. The time between point Y and Z (induction temperature until the forming of
crystal) is recorded. The experiments were repeated at a cooling rate of 1.2 °C/min with
different induction temperatures of 30, 32, 34, and 36°C. Each experiment was repeated

at least three times to get the consistency of the results.
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Figure 3.5  Temperature and turbidity profile of fast cooling experiment.

3.8 Seeding Process
3.8.1 Preparation of Sample and Sieve Analysis

The CBZ-SAC cocrystals with SAC/CBZ mole ratio 2.0 and CBZ concentration
of 17.96 mg/ml produced from slow cooling experiment were taken as seed for seeding
experiment. 20 minutes after the forming of nucleation in the crystalliser, the crystal was
drained and filtered. The solid was-dried for 60 minutes at 30°C. The produced seed
crystal was then collected and sieved using ASTM standard sieve. The sieve of six
different sizes from (RETSCH, Germany) were used. Six sizes of sieve were 250, 180,
150, 125, 106 and 63 pum. The sieves were arranged on the shaker in order of larger
opening on the top and smaller opening at the bottom. The CBZ-SAC co-crystals were
weight and put on the top of the sieve. The sieve shaker machine was run for 10 minutes.
As example, the crystals remained on the sieve of 180 um classified as crystal with the
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size of bigger than 180 um, because those seeds cannot pass through the sieve with mesh
size of 180 um. Finally, the CBZ-SAC co-crystals on each sieve was collected and

weight.
3.8.2 Seeding Experiments

In this experiment, CBZ-SAC co-crystal solution was prepared, corresponding to
a CBZ concentration of 17.96 mg/ml and mole ratio (SAC/CBZ) of 2.0, using a 250 ml
jacketed crystallisation vessel equipped with thermocouple, stirrer, and turbidity probe.
Seeding experiments can be seen in Figure 3.6. Firstly, the solution was heated to 50°C
and the temperature was maintained for 20 minutes to obtain a clear solution (line TU).
Then, the clear solution was cooled-rapidly until the crystal was formed and was heated
again to 50°C (line UVW). Then the temperature was held for 40 minutes to achieve
complete dissolution of solids which can be shown by a reduction in turbidity value (line
WX). After that, the temperature of the solution was brought down at a rate of 0.6°C/min
until it hit the targeted seeding temperature, Tseed (line XY), which was shown in Table
3.3. When the temperature of the solution reached 46.56°C (95% of MSZW range), 0.5
wit% seed was added whilst the solution continued to follow the temperature profile with
a rate of 0.6°C/min. Seeding temperature was quoted in percent based on MSZW range
obtained from slow cooling experiment (section 3.6). Calculated seeding temperature in

percent is shown in Table 3.3.

Table 3.3 Calculated seeding temperature (°C) based on percentage of MSZW

Seeding temperature (% of Calculated seeding temperature (°C) based on
MSZW) MSZW range of 47.55 to 27.84 °C), Tseed

95 46.56

85 4459

75 42.62

65 40.65

55 38.68

49



—— Temperature —— Turbidity

addition of seed

- wmmmmmm e mwmm e ---————————-

o 8
® e .
- ".Q 1
© '@ |
o) ' @)
Q. e T
= 3
C v f
10 0

0 | . %

0 20 40 60 80 100 ! 120
Time (min) :

(formation of crystal)

100

90

80

70

60

50

40

Turbidity (%)

30

20

10

Figure 3.6 Seeding experiment with 0.5 wt% of CBZ-SAC co-crystals at seeding

temperature of 46.05°C.

Once the nucleation started (point Z), which can be indicated by the changes of

turbidity value, the temperature was maintained for 20 minutes before the solution was

drained and seed crystal was filtered and collected. The experiment was repeated with
different temperature of seeding (85, 75, 65 and 55% of MSZW range) and different

amount. of seed loading (1.0 and 1.5 wt%). Each experiment of different seeding

temperature and seed loading was repeated at least three times to get the consistent

results. The number of the experiments can be seen in Table 3.4.
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Table 3.4 Parameters for seeding experiment

Experiment no. Seeding temperature (°C) Seed wt%
1 46.56 0.5
2 44.59 0.5
3 42.62 0.5
4 40.65 0.5
5 38.68 0.5
6 46.56 1.0
7 44.59 1.0
8 42.62 1.0
9 40.65 1.0
10 38.68 1.0
11 46.56 15
12 44.59 15
13 42.62 1.5
14 40.65 15
15 38.68 15

3.8.3 Crystal Size Distribution (CSD) of CBZ-SAC Co-Crystal

The crystal size distribution was obtained using laser scattering particle size
analyser (Mastersizer 2000®, Malvern Instruments Ltd., Malvern, UK) equipped with
Scirocco 2000 for dry particle at an air pressure of 3 bar. The particle size distribution
was evaluated by cumulative distribution data. The median diameter was taken for

evaluating the particle size of the seeded and unseeded CBZ-SAC cocrystals.
3.9 Characterisation of Co-Crystals Properties
3.9.1 Differential Scanning Calorimetry (DSC)

DSC is the most popular technique to determine the thermal property of co-
crystals. It monitors the difference in melting point between sample and an inert reference
material during heating and cooling cycle with a constant rate. The DSC curve was
obtained with the Y-axis as the differential rate of heat flow (in W/g) and the X-axis as
temperature (in °C). The peak was shown as melting, polymorphic transformation and

crystallisation took place.
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The thermal property of CBZ-SAC co-crystals was characterised by DSC model
of TA- Instrument DSC/Q 1000 (V9.6, Build 290). A sample of the crystal (about 0.05g)
was studied under a nitrogen purge and heated from 40°C to 200°C at a scanning rate of
10°C/min. The sample was placed in an aluminium pan and an empty pan was used a

reference. The melting point, heat of fusion and the onset temperature were obtained.
3.9.2 X-ray Diffraction (XRD)

The phase compositions and crystallinity of the compounds were characterized
and identified using XRD analysis. The data were collected using RIGAKU, model
Miniflex II diffractometer equipped with Cu Ka radiation of (A=1.54A), a tube voltage
of 40kV and a tube current of 200mA.-Scanning was generally done between 3°<26 <40°.
The measurements were performed with continuous step size of 0.01 degree/s, and the
step time of 1 second/step. The patterns or profiles of co-crystals were then obtained.

3.9.3 Malvern Mastersizer

Malvern Mastersizer 2000 particle size analyser was used to determine the particle
size of CBZ-SAC co-crystal compounds obtained using sucrose, urea and water.
Uniformity of particle size distribution and surface area of the samples could be also
determined by the analyser. Measurement of sample using Malvern Mastersizer consist
of three steps. At first, the sample was prepared and delivered to the optical bench. Then,
the scattering pattern of sample was captured by detectors in optical bench. Standardly
over 2000 snapshots of the scattering pattern were captured by detector for the
representative reading. Finally, the raw data from the optical bench was analysed by

Malvern software to calculate a particle size distribution (Malvern Instruments, 2007).
3.9.4 Sieve Shaker

The sieve shaker machine was used to sieve the seed crystals. Seven sieves with
opening of 63, 100, 125, 150, 200, 425 and 500 um were cleaned and weighted. The
sieves were arranged on the shaker in order of larger opening on the top and smaller
opening at the bottom. The CBZ-SAC co-crystals were weight and put on the top of the

sieve. The sieve shaker machine was run for 10 minutes. Finally, the weight of the crystal
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on each sieve was recorded and distribution of CBZ-SAC co-crystal for each sample was
obtained.
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CHAPTER 4

NUCLEATION KINETICS OF CBZ-SAC CO-CRYSTAL

4.1 Introduction

Nucleation Kkinetics play a significant role in manufacturing required co-crystals
product. In this chapter, the effect of the heating and cooling rate of various CBZ-SAC
mixture in ethanol was investigated in order to deduce the metastable zone width
(MSZW) and the nucleation order. The preliminary experiment was conducted, to get the
optimum range of parameter for the experiment and to know the trend of the graph. A
fast cooling experiment was conducted to evaluate the induction time, the radius of the
critical nucleus and interfacial energy of the co-crystal. In addition, an application of
Kashchiev—Borissova—Hammond-Roberts (KBHR) Technique to deduce the induction
time, the radius of the critical nucleus and the interfacial energy of the CBZ-SAC co-
crystals were conducted. The results from KBHR technique were compared with
isothermal method.

4.2  Polythermal Crystallisation of CBZ-SAC Co-Crystal

Cooling rate, initial concentration, agitation and impurities are the main
contribution to the shape of metastable zone in crystallisation (Nyvlt, 1968). MSZW of
CBZ-SAC co-crystals were defined by polythermal method, in which the experiments
were run with different concentrations of CBZ and different mole ratios of SAC/CBZ in
ethanol solution at different cooling and heating rates. Sample calculation for amount of

CBZ and SAC needed in the experiment was shown in the Appendix A.
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4.2.1 Effect of Cooling and Heating Rates on MSZW of CBZ-SAC Co-Crystal

The raw data of MSZW measurements for all CBZ concentrations were presented

in Appendix B and values for 1.0 SAC/CBZ mole ratio were shown in Table 4.1.

Table 4.1 Average crystallisation temperature, average dissolution temperature and
MSZW at different cooling/ heating rates for 1.0 SAC/CBZ mole ratio and different
CBZ concentrations.

CBz Cooling/ heating Terys (°C) Tdiss (°C) MSZW (°C)

concentration rate R (°C/min)

(mg/ml)

15.83 0.20 4.38 34.96 30.58
0.40 0.32 35.26 34.94
0.60 0.06 35.85 35.79
0.80 -4.53 35.17 39.70

17.01 0.20 0.88 36.87 26.99
0.40 7.08 37.03 29.95
0.60 3.32 37.24 33.92
0.80 1.19 37.34 36.15

17.96 0.20 10.96 37.00 26.04
0.40 7.92 38.34 30.42
0.60 4.26 37.39 33.13
0.80 2.17 37.93 35.76

19.14 0.20 15.11 40.29 25.18
0.40 10.07 40.17 30.10
0.60 7.50 40.41 32.91
0.80 5.94 40.18 34.24

Figure 4.1 and Figure 4.2 show the graphs of dissolution temperature and
crystallisation temperature for CBZ concentration of (19.14, 17.96, 17.01, and-15.83
mg/ml) with SAC/CBZ molar ratio of 1.0. The graphs for molar ratios of 2.0, 2.5, 3.0 and
3.5 can be found in Appendix C. It can be seen from Figure 4.1 that, there is a small
variation in dissolution temperature in relation to the changes in CBZ concentration.
Small variation here means that, the temperature difference is small as the CBZ
concentration changes. As example, the dissolution temperature different between CBZ
concentration of 19.14 mg/ml and 15.83 mg/ml for SAC/CBZ mole ratio of 1.0 at heating
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rate of 0.8 °C/min is only 5.01 °C. Whereas, in Figure 4.2 can be seen that, large variation
of crystallisation temperature was noted with the changes in CBZ concentration. For the
comparison, the crystallisation temperature of co-crystal at cooling rate of 0.8 °C/min
with 1.0 SAC/CBZ mole ratio for CBZ concentration of 19.14 mg/ml and 15.83 mg/ml
is 5.94 °C and -4.53 °C respectively, which resulted in temperature different of 10.47 °C.
This shows that changes in CBZ concentration gave huge different in nucleation process,
due to high concentration of CBZ leads to high supersaturation of solution and therefore
enhanced the nucleation process of CBZ-SAC co-crystals. Park & Yeo (2012) suggested
that, nucleation rate increased with high supersaturation of solution, which was generated
by high concentration of solution. At high concentration, more solute molecules are
available for solute/solute interaction, which are important for the nucleation process to
occur (Borissova et al., 2009).
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Figure 4.1 Dissolution temperature of CBZ-SAC co-crystals at different CBZ
concentrations.and SAC/CBZ molar ratio of 1.0.

The cooling rate is extremely affecting the crystallisation temperature. For
example, the crystallisation temperature of co-crystal with 1.0 SAC/CBZ mole ratio and
CBZ concentration of 19.14 mg/ml at 0.2 °C/min and 0.8 °C/min is 15.11 °C and 5.94
°C respectively, which indicates that the crystallisation is highly dependent on cooling

rate, which leads to the changes in temperature. The changes in temperature is an
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indication that, crystallisation is kinetically controlled (Toroz et al., 2015). From the
Figure 4.3 and Appendix D, it can be seen that, the MSZW increased with cooling rate
for all CBZ concentrations and SAC/CBZ ratios, these observations have also been
recorded from the preliminary experiments. The finding is also consistent with findings
of past studies (Camacho Corzo et al., 2014; Qian et al., 2014; Toroz et al., 2015). For
example, MSZW of SAC/CBZ mole ratio of 1.0 and CBZ concentration of 15.83 mg/ml
changes from 30.58 °C to 39.70 °C as the cooling rate increases from 0.2 °C/min to 0.8
°C/min. The results for all MSZW at cooling rates of (0.2, 0.4, 0.6 and 0.8) °C/min for
CBZ concentration of (19.14, 17.96, 17.01, and 15.83 mg/ml) with SAC/CBZ molar ratio
of (1.0, 2.0, 2.5, 3.0 and 3.0) are presented in Appendix B. Nucleation theory by Mullin
stated that, at high cooling rate, longer relaxion time needed to reach the quasi-steady-
state distribution of molecular cluster to allow the formation of first nuclei. As a result,
the MSZW widen with the cooling rate (Mullin, 2001). In addition, Qian et. al (2014) and
Sun et. al (2015) presented similar explanation that, during crystallisation process, the
saturation gradually reached, and the system creates supersaturation due to cooling. The
first nuclei will not be formed until supersaturation of solution reaches solubility (Qian
et al., 2014; X. Sun et al., 2015). The time lag between saturation and supersolubility is
known as induction period. Thus, by increasing the cooling rate resulted in wider MSZW
due to the delaying of onset nucleation (Rajoub, 2014). Furthermore, Wang et. al has
explained that a high cooling rate led to a high supply of supercooling, which enhanced
the MSZW (Wang et al., 2015).
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Figure 4.2 Crystallisation temperature of CBZ-SAC co-crystals at different CBZ
concentrations and SAC/CBZ molar ratio of 1.0.

A point to note that, the data of crystallisation temperatures for all concentrations
are inconstantly scattered and produce a relatively high standard deviation, which is not
the case for data of dissolution temperatures. This is-supported by Parsons, Black and
Colling (2003)’s study which reveal that the crystallisation temperature is influenced by

Kinetic parameters such as stirring speeds, cooling profiles and solution concentrations.

As MSZW was defined as different between dissolution temperature and
crystallisation temperature, the plot of MSZW of CBZ-SAC co-crystals at different CBZ
concentrations and SAC/CBZ molar ratio of 1.0 was obtained as can be seen in Figure
4.3. The graph showed clearly that the MSZW increased with cooling rate. As explained
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earlier, low cooling rate resulted to narrow MSZW due to the system has more time to
reach supersaturation and formed the nucleus. In theory, if solution is cooled infinitely
slow, formation of first nuclei could be seen at the solubility temperature (equilibrium
state) (Randall et al., 2012). The same observation was obtained for SAC/CBZ mole ratio
of 2.0, 2.5, 3.0 and 3.5 (Appendix D), where the MSZW for all SAC/CBZ mole ratio
increased with cooling rate. An increase in SAC/CBZ mole ratio led to an increase in
hydrogen bonding interaction, thus increased the possibility of producing stable CBZ-
SAC co-crystals form 1.
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Figure4.3  MSZW of CBZ-SAC co-crystals at different CBZ concentrations and
SAC/CBZ molar ratio of 1.0.
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The value of Taisso corresponds to the apparent dissolution temperature down to a
zero heating rate, which is in fact the equilibrium dissolution temperature (Arunmozhi et
al., 2004). Same goes with crystallisation temperature, which extrapolated to zero heating
rate for getting the equilibrium crystallisation temperature, Tcryso. The values of these
temperatures are presented in Table 4.2. The different between these equilibrium
temperatures is MSZW, which is also shown in Table 4.2. The data from Table 4.2 are
plotted in a graph MSZW at equilibrium versus SAC/CBZ mole ratio for all CBZ
concentrations in order to see the relation between them (Figure 4.6) . The explanation
about effect of SAC/CBZ mole ratio on MSZW is in section 4.2.3.

Table 4.2 The crystallisation temperature, dissolution temperature at equilibrium
(zero colling rate) and MSZW for all SAC/CBZ molar ratios and CBZ concentrations.

SAC/CBZ CBZconcentration  Tcrys0 TdissO MSZW (°C)
mole ratio  (mg/ml) (°C) (°C) (TdissO-Tcrys0)
1.0 15.83 8.26 35.01 26.75
17.01 12.83 36.72 23.89
17.96 13.83 37.21 23.37
19.14 17.18 40.29 23.11
2.0 15.83 21.95 43.43 21.48
17.01 23.98 44.68 20.70
17.96 27.84 47.55 19.72
19.14 27.54 48.72 21.18
2.5 15.83 26.14 46.35 20.22
17.01 29.38 47.99 18.61
17.96 32.59 49.88 17.29
19.14 33.05 51.15 18.09
3.0 15.83 27.48 48.64 21.16
17.01 30.39 48.25 17.86
17.96 33.39 51.49 18.10
19.14 35.38 51.87 16.50
3.5 15.83 34.05 51.80 17.75
17.01 32.85 51.88 19.03
17.96 34.53 52.38 17.85
19.14 36.13 52.76 16.63
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4.2.2 Effect of CBZ Concentrations on MSZW of CBZ-SAC Co-Crystals

Figure 4.4 shows the effect of CBZ concentration on MSZW of CBZ-SAC co-
crystals for SAC/CBZ mole ratio of 3.5 at different cooling rates and Figure 4.5 shows
effect of CBZ concentration on MSZW at equilibrium of CBZ-SAC co-crystals for all
SAC/CBZ mole ratio respectively. It was seen from all experiments with different CBZ
concentrations that the high concentrated solution (19.14 mg/ml) had a higher probability
to nucleate from the less concentrated solution (15.86 mg/ml). This results is in
accordance to previous study on the effect of initial concentration and saturation
concentration on MSZW, where the MSZW narrows with an increase of concentration
(Abdul Mudalip, 2016; Kadam, 2012; Mao, Zhang, Rohani, & Ray, 2010; Md Azmi,
Anuar, Abu Bakar, & Zakaria, 2015; Mohod & Gogate, 2018; Ramisetty, Pandit, &
Gogate, 2013; Wang et al., 2016). Wang et al. (2016) studied the factors affecting MSZW
of sodium dichromate dihydrate suggested that, the saturation temperature increased with
an increase in initial concentration, thus the probability for diffusion and collision of
solute improved and led to faster nucleation. The probability of molecular collision is the
pre-exponential factor, A defined in crystallisation nucleation theory as explain in section
2.3.1.1 (Equation 2.10). In addition the results are following to the conventional
crystallisation theory, in which the crystallisation is driven by supersaturation level of
solution: a higher concentrated solution attains supersaturation earlier than the solution
with less concentration level (A.-Z. Chen, Chen, S. Wang, Wang, & Zha, 2015).
Research finding by Ramisetty et al. (2013) on antisolvent crystallization of benzoic acid
also points out that, as the initial concentration increased, the solution become more
saturated resulting the high number of crystal produced, thus the MSZW narrowed.
Recent paper by Mohod and Gogate (2018) on the crystallization of ammonium sulphate
using ultrasound assisted approach confirmed that, the high initial concentration led to
the solution became more supersaturated and reduced the limit of metastable zone. In
addition, by increasing the solution concentration, the induction time or the time required
for precipitation after reaching supersaturation, reduced due to the more supply of
particles in the solution, which enhanced the crystal growth due to the prolonged lifetime
of nuclei (Md Azmi et al., 2015). However, a number of studies show that significant

differences do exist, albeit findings are somewhat contradictory. As example, the research
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by Smith and Wohlgemuth stated that, the correlation between MSZW and
concentrations is insignificant. This might be due to the accuracy of the results (Smith et
al., 2001; Wohlgemuth, 2012). The graphs of MSZW against CBZ concentration for
SAC/CBZ mole ratio of 3.0, 2.5, 2.0 and 1.0 with similar trends can be seen in Appendix
E, where high CBZ concentration enhances nucleation of CBZ-SAC co-crystals for all
SAC/CBZ mole ratios. In Figure 4.5, SAC/CBZ mole ratio 1.0 has very different trend
as compared to the other mole ratio. The CBZ-SAC co-crystal is in solid form as the ratio
of SAC to CBZ is one to one, thus the SAC/CBZ mole ratio 1.0 did not have any excess

of saccharin molecule in the solution.
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Figure 4.4 MSZW vs CBZ concentration for SAC/CBZ mole ratio of 3.5.
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4.2.3 Effect of SAC/CBZ Mole Ratios on MSZW of CBZ-SAC Co-Crystal

In general, CBZ-SAC cocrystals formulated by mixture of API (CBZ) and co-
former (SAC) with a certain mole ratio and concentration. As described in chapter 2,
forming of nucleus occurs after the supersaturation level surpass the solubility limit if
considering no foreign particles exist in the system. In co-crystals, supersaturation is
dependent on the composition of solution. From the equation derived by Jayasankar,
Good and Rodriguez-Hornedo (2007), increase the concentration of individual
component in co-crystal , leads to the high degree of supersaturation and crystallisation

rate.

In this study, APl component(CBZ concentration) was remained constant and
only concentration of SAC was adjusted to suit the ratio of SAC/CBZ to 1.0, 2.0, 2.5, 3.0
and 3.5. As the concentration of SAC or written as molar ratio of (SAC/CBZ) increased,
the initial supersaturation also increased. Thus, the solution became more supersaturated
and produced high degree of nucleation. As a result, the MSZW was narrower. This can
be seen in, Figure 4.6, where for all CBZ concentrations, the MSZW reduced with the
increased of molar ratio of SAC to CBZ. Overall, the trend shows a decreased on MSZW
value with the SAC/CBZ mole ratio, except for the graph of CBZ concentration of 15.83
mg/ml. From the data, MSZW values from SAC/CBZ mole ratio of 2.0 were too low
compared to the values from other SAC/CBZ mole ratios, thus caused the trend of the
graph from CBZ concentration of 15.83 mg/ml to be inconsistent. This finding was in
accordance to the previous research by Li, Sun, Jin and & Li (2015), which studied the
hydrothermal growth of ZnO nanocrystals. In that study, the crystallisation was observed,
by changing the NaOH/ZnAc molar ratio and found that high degree of supersaturation
attained by lowering the molar ratio. Study by Vasenko and Qu (2017) on precipitation
of calcium phosphate has also affirming the result, in which the increase of mole ratio

enhanced the nucleation due to the most of supersaturation consumed in the solution.
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4.2.4 Solubility and Super-Solubility Curves of CBZ-SAC Co-Crystal

Figure 4.7 depicts the variation of solubility and supersolubility curves of CBZ-
SAC co-crystals under different experimental conditions. It can be seen that, the curve
shifted to the right as the mole ratio of SAC to CBZ increased from 1.0 to 2.5. As mention
in section 4.2.3, an increase in SAC/CBZ mole ratio caused an increase in
supersaturation, thus enhanced the nucleation. Furthermore, this means less driving force
for nucleation to occur is required for the higher SAC/CBZ mole ratio. The MSZW,
which can be defined as the region between solubility and super-solubility curve, is found
to be narrow with the increase of mole ratio from 1.0 to 2.5. It is suggested that, by
increasing the amount of saccharin in a co-crystal, allows the earlier forming of the
nucleus, which can be detected faster by turbidity probe. As amount of saccharin
increased, more solute molecules are available for solute/solute interaction, thus

increased the chance of nucleation (Borissova et al., 2009).
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Figure 4.7 Solubility and supersolubility curve for SAC/CBZ mole ratio of 1.0, 2.0
and 2.5
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4.2.5 Nucleation Order and Nucleation Kinetic Constant of CBZ-SAC Co-
Crystal

Main kinetic parameters governing nucleation include nucleation rate, nucleation
order which represents dependence of MSZW on cooling rate and the nucleation rate
constant which gives dependence of nucleation rate on MSZW (Hammond et al., 2016).
Following the equation (log R vs log MSZW), the straight line was constructed, and the
slope of the graph defined as nucleation order, m. The construction of the straight-line
graph for CBZ-SAC co-crystals with SAC/CBZ mole ratio of 1.0 and different CBZ
concentrations can be seen in Figure 4.8. Graphs for (2.0, 2.5, 3.0 and 3.5) SAC/CBZ
mole ratio are presented in Appendix F. The values of nucleation orders for all CBZ

concentrations and SAC/CBZ mole ratios are listed in Table 4.3.
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Figure 4.8 log R versus log MSZW for CBZ-SAC co-crystals with SAC/CBZ mole
ratio of 1.0 and different CBZ concentrations. Slope of the graph is the nucleation order,
m.

68



The values of nucleation order depend on the processes of formation of the nuclei
and how the nuclei that grow into stable nuclei was detected, which means methods of
determining the nucleation process and measurement of metastable zone width is
extremely effecting the value of nucleation order (Sangwal, 2009). The nuclei is stable if
the nuclei reaches the critical size of nucleus, rc as mention in section 2.3.1.1. Wider
MSZW results in high value of MSZW, which means the system is easier to control (Nagy
etal., 2007).

The results from Table 4.3 shows that, the nucleation order has no association
with the changes in CBZ concentration for all SAC/CBZ ratios. This is in consistent with
the finding by Abd Rahim (2012), which studied the effect of concentration on nucleation
order for CBZ-SAC cacrystals in a small scale (Iml). Figure 4.9 shows the graphs of
In(R) vs. In MSZW for CBZ concentration of 19.14 mg/ml and different ratio of
(SAC/CBZ). Values of m are shown in Table 4.3 and the calculated nucleation kinetics
k is given in Table 4.4. The analysis reveals that the nucleation order, m for CBZ-SAC
co-crystals increases with the SAC to CBZ ratio and have the average value of 3.44. This
value is acceptable as reported in the literature that, the values of nucleation order, m are
usually in the range of 1.65-4.9 for organic compounds (Arunmozhi et al., 2004).The low
value of m (3.44) indicated that there is a strong solute-solvent interaction which induced
the formation of stable CBZ-SAC cocrystal (Form ).
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Figure 4.9 In R vs. In MSZW for CBZ concentration of 19.14 mg/ml.

Same goes with the effect of mole ratios to the nucleation order. Table 4.3 shows,
there is no trend of nucleation order can be recognised for all CBZ concentration with the
increase of mole ratio. Howard (2011) suggested that, the nucleation orders varied with
the different set-ups of the systems such as distinct size of reactor and different mixing
conditions. In this case, the size of vessel was fixed at 250ml and the steps of mixing

process for each SAC/CBZ mole ratio and CBZ concentration were similar.
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Table 4.3 Nucleation order, m for all CBZ concentrations and SAC/CBZ mole

ratios.

CBZ concentration

SAC/CBZ mole ratio

(mg/ml) 1.0 2.0 25 3.0 35

15.83 5.46 3.14 458 5.38 3.60
17.01 4.56 3.12 3.97 4.34 4.43
17.96 4.42 4.35 3.35 5.40 4.35
19.14 4.38 3.70 3.94 3.56 3.38

Table 4.4 shows the results of nucleation kinetic constant derived from the

interception of the straight-line graph of In R versus In MSZW. The data shows no trends
effected from different CBZ concentration and SAC/CBZ mole ratios. Only at SAC/CBZ

mole ratio of 1.0, the nucleation kinetic constants seem to be increased with the CBZ

concentration. Nyvlt (1968) derived an equation 2.22 in section 2.5.1 that, the nucleation

rate constant, k increased with an increase in nucleation order, m. Therefore, high value

of k means that, the formation of stable CBZ-SAC co-crystals (Form |) is easier. From

the results in Table 4.4, only SAC/CBZ mole ratio of 1.0 shows an increase in k with

CBZ concentration, which is in accordance with previous finding (Abdul Mudalip, 2016;
Kobari et al., 2011). The k-values from SAC/CBZ mole ratios of 2.0, 2.5, 3.0 and 3.5
show no linear correlation with CBZ concentration. These similar findings were also
reported by Abd Rahim (2012)

Table 4.4 Nucleation kinetic constant, k x 10”7 for all CBZ concentrations and

SAC/CBZ mole ratios.

CBZ concentration

SAC/CBZ mole ratio

(mg/ml) 1.0 2.0 25 3.0 35

15.83 0.14 295.45 6.46 0.66 2.13
17.01 3.59 372.21 37.30 22.82 0.06
17.96 5.84 21.45 235.07 1.40 0.12
19.14 7.31 91.17 47.56 179.25 6.71
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4.3  Fast Cooling Analysis

In fast cooling experiments, induction time, tind, which was time taken to create
first nuclei at a specific temperature (see induction temperature in Table 4.5) in
supersaturation state, was recorded. In this experiment, the suspension with the CBZ
concentration of 19.76 mg/ml and SAC/CBZ mole ratio of 2.0 was chosen due to the
range of Terys and Taiss value (MSZW between 47.55 and 27.84 °C). The isothermal
temperature in this experiment was within the MSZW region or supersaturated solution,
in which the nucleation has a possibility to occur.

The raw data of induction times of CBZ-SAC co-crystal with SAC/CBZ mole
ratio of 2.0 and CBZ concentration of 19.76 mg/ml in ethanol solution for cooling rate of
1.0 °C/min and 1.2 °C/min are shown in Appendix G. An example of result during fast
cooling experiment to find the induction time of CBZ-SAC co-crystal in ethanol is shown
in Figure 4.10.

As can be seen from Figure 4.10, forming of nuclei identified by the sharp
increase of turbidity value from O to 100. Time taken between the fixed desired
temperature and the forming of nucleus known as induction time, 1. The value of
supersaturation is a function of temperature and concentration. Calculated
supersaturation values, induction times for cooling rates of 1.0 and 1.2 °C/min and the
average of induction time were presented in Table 4.5. The correlation between induction

times and supersaturation shown by the graphs plotted in Figure 4.11.
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Table 4.5Induction times of CBZ-SAC co-crystals with SAC/CBZ mole ratio of 2.0 and
CBZ concentration of 19.76 mg/ml for two different cooling rates.

Cooling rate = 1.0 °C/min
Induction temperature (°C)  Supersaturation, S Average induction time (min)

28 1.87 35.54 +2.00
30 1.75 47.33+0.76
32 1.63 87.22+2.78
34 1.53 110.43 +7.81
36 1.43 142.17 +9.00

Cooling rate = 1.2 °C/min
Induction temperature (°C)  Supersaturation, S Average induction time (min)

28 1.87 48.37 £ 6.67
30 1.75 59.79 + 9.42
32 1.63 76.95 +6.74
34 1.53 95.96 + 7.23
36 1.43 171.06 + 5.46

4.3.1 Effect of Supersaturation on Induction Time

Figure 4.11 shows that the induction time decreases with supersaturation. As
expected, longer time was needed to create nuclei if the target (isothermal) temperature
is close to solubility curve, whereas the induction time was shorter as the target
temperature approached the supersolubility curve. In respect with the effect of cooling
rate, cooling rate of 1.2 °C/min shows large error in the results. This may due to the
limited ability of the machine (temperature regulator), which cannot provide the
consistency of the temperate profile during heating and cooling at higher rate. This large
error could be overcame by controlling the parameter and the evaporated solvent could
be condensed by adding a condenser in the system. Since the error was huge, and the
results was inconsistent for fast cooling experiment with cooling rate of 1.2 °C/min, only
result from fast cooling experiment of 1.0 °C/min was further analysed. In general, fast
cooling experiment with faster cooling rate showed higher induction time, which is in
accordance to the literature (Dasgupta et al., 2016; Martini et al., 2001). This finding is
also supported by the study from Martini et al. (2001) on nucleation of sunflower oil,
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where lower degree of cooling rate reduced induction time due to the molecular
organisation already occurred before the formation of nuclei (Herrera et al., 2015; Martini
etal., 2001).
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Figure 4.11  Induction times of CBZ-SAC co-crystals with SAC/CBZ mole ratio of 2.0
and CBZ concentration of 19.76 mg/ml versus supersaturation for two different cooling
rates.
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4.3.2 Determination of Interfacial Energy and the Critical Size Nucleus

Interfacial energy, vy is a significant parameter in initial forming of stable nuclei.
It is a measure of difficulty for formation of nucleation in solution (Ma et al., 2014; Y.
Zhang et al., 2015). Low value of interfacial energy means that the solute can crystallise
easily and high value of interfacial energy indicates that the solute is difficult to
crystallize (Lenka & Sarkar, 2014; Nguyen & Kim, 2008). According to the equation
2.36 in section 2.5.3, graph of In (induction time,ting) against 1/(In (supersaturation, S))?
was plotted over a range of supersaturation at fixed temperature of 28, 30, 32, 34 and 36

°C to estimate the value of interfacial tension,y (Figure 4.12).

From Figure 4.12, it can be seen that the trend of the graph of In ting vs (In S)?
follows the straight line, which is consistent with the literatures (Du et al., 2016; Gherras
& Fevotte, 2012; Kubota et al., 2014). The slope was obtained and substituted in Equation
2.38 to calculate the value of interfacial energy,y. The molecular volume, Vi of CBZ-
SAC co-crystal taken as 957A3 = 9.57 x 102 m® and the Boltzmann constant K as
1.3805*102% J/K (Abd Rahim, 2012). Following the Equation 2.39 and 2.40, the values
of critical size nucleus and the molecular number of critical nucleus were calculated
respectively. The values of all interfacial energy, critical size nucleus and the molecular

number of critical nucleus were presented in Table 4.6
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17.96 mg/ml and SAC/CBZ mole ratio of 2.0.

Table 4.6 Calculated values of interfacial energy (y), critical size nucleus (r*) and
the molecular number of critical nucleus (i*) with fast cooling rate of 1.0 °C/min.

Supersaturation Slope of In ting Vs

ratio S (Ins)~2 y/mm® r/amo i

1.871 1.067 0784 - 211
1748 1.074 0880  2.98
1.634 0.260 1.081 1000 438
1529 1.088 1158 6.79
1.430 1.095 1373 11.32
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It can be seen from Table 4.6 that, the value of interfacial energy decreased with
supersaturation ratio or increased with temperature ranging from 1.067 to 1.095 mJm™.
It shows the interfacial energy is highly dependence on temperature. High degree of
temperature leads mostly to lower supersaturation value, which resulting in lower
interfacial energy. Increased temperature usually increases the solubility of solids in
solution. From Second Law of Thermodynamics, the movement of particles in solution
increased with temperature, thus the system can change the system easily. Temperature
of solutions, degree of supersaturations and interfacial tensions are three factors that
affecting the nucleation rate (Nguyen, 2013). Besides other factors can reduce the
nucleation energy barrier, such as introducing of ultrasound in the system and addition of
substance in the solution (Jiang et al., 2012). Abd Rahim (2012) and Nguyen (2013)
described that, the reducing of supersaturation bring to the reduction in interfacial energy
because of favourable interaction between solid and liquid (solute-solvent interaction).
Few solvent-solute intermolecular interactions reduced the energy for nucleation on
crystal surface. The calculated critical size nucleus was plotted in graph as a function of
supersaturation and temperature (Figure 4.13).

Figure 4.13 shows clearly that the critical size nucleus of CBZ-SAC co-crystals
increased with temperature and gradually decreased with supersaturation ratio. As the
supersaturation ratio decreased from 1.871 to 1.430, the critical size of nucleus increased
from 0.784 to 1.373 nm. According to classical nucleation theory, an increase in
supersaturation ratio leads to a decrease in energy barrier for nucleation, resulted to a
decrease in critical size of nucleus (Du et al., 2016; Jiang et al., 2012). Thus at high
supersaturation ratio, a smaller nucleus were produced (Sun, Wang, & Gong, 2010). This
phenomenon was explained by Du et al. (2016) as theory of Gibbs-Thomson effect. If
nucleus reaches the critical size, the free energy decreases in the system, resulting only
the growth of the crystal, if not, no growth occurs, and crystals dissolves in the solution.
The cluster smaller than critical size tends to re-dissolve due to the high interfacial tension
in the system, in which the energy barrier need to be overcome for the complete formation
of the crystal (Turner, 2015). In addition, high value of critical size of nucleus caused a
slow growth of crystal, which was due to the less solute-solvent interaction in the system
(Abd Rahim, 2012).
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Figure 4.13  Graph of critical size of nucleus as a function of supersaturation and
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4.4 Determination of Nucleation Kinetics Using KBHR Method

Results from slow cooling experiments were further analysed using KBHR
method as described in Chapter 2, Sections 2.5.2. The values of Tcrys, Tdiss;, Te, 47c and Ue
for SAC/CBZ mole ratio of 2.0 at CBZ concentrations of 15.83, 17.01, 17.96 and 19.14
mg/ml were shown in Table 4.7. Flowchart for KBHR method can be seen in Appendix
H . The value of Terys, Tdiss, Te, 47c and uc for others SAC/CBZ mole ratios (1.0, 2.5, 3.0
and 3.5) were presented in Appendix I. Following the method, the graph In R against In
Uc resulted in a straight line as evident in Figure 4.14. The slope of the best fit straight
line for the graphs for all concentrations was presented in Table 4.8.
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Table 4.7 Terys, Tdiss, Te, ATcand uc for SAC/CBZ mole ratio of 2.0.

CBz COOIing Tcrys Tdiss /°C Te /°C ATec /°C Uc /K
concentration rate, R /°C /°C
(mg/ml) mint
15.83 0.20 20.52 43.55 43.43 22.92 0.07
0.40 16.40 44.10 27.04 0.09
0.60 11.37 44.26 32.06 0.10
0.80 9.07 44 .33 34.36 0.11
17.01 0.20 23.98 45.67 45.09 19.45 0.06
0.40 19.10 46.40 24.34 0.08
0.60 17.20 47.05 26.23 0.08
0.80 13.33 4758 30.10 0.09
17.96 0.20 27.43 47.68 47.33 16.00 0.05
0.40 25.19 47.85 18.24 0.06
0.60 22.99 48.39 20.44 0.06
0.80 20.85 48.55 22.58 0.07
19.14 0.20 27.61 48.75 48.34 15.82 0.05
0.40 24.34 49.35 19.09 0.06
0.60 22.59 51.19 20.84 0.06
0.80 19.66 50.17 23.77 0.07
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Figure 4.14 In R vs In uc for all CBZ concentration, pcsz and SAC/CBZ mole ratio of
2.0.

80



Table 4.8 The values of slope (In R vs In uc), ai, a2, In RO and RO.
CBz Te/K  Slope of best-  Nucleation a a=b InRO RO/Ks!

conc. fit straight line  mechanism

(mg/ml) of INnRvs In uc

15.83 316.6 3.287 PN 3 0002 2381 30.978
17.01 318.2 3.266 PN 3 0003 3.087 24123
17.96 320.5 4.009 PN 3 0001 3346 21.098
19.14 3215 3491 PN 3 0002 3593 10.793

All values of slope were greater than 3, which indicated progressive nucleation.
In progressive nucleation, the outcoming crystal were ina various size, due to the forming
of new nuclei alongside with the older one. To proceed further, the inequalities uc < 0.1
and auc < 1 must be met. The value of the dimensionless, molecular latent heat of
crystallisation, a was obtained from equation (2.29), where A = 8.98 x 102° J, and K =
1.38 x 10", Since the inequalities were met, the values of In RO and a, were determined
from equation 2.30 and 2.31 respectively. The least square method yielded the values of
In RO and a2, given a:=3 and kn = 167/3 for spherical nuclei. The values of a» and RO
were listed in Table 4.8. Then, the interfacial energy, verr, was calculated following
equation (2.38) with the molar volume, Vim=9.57 x 1028 nm?®, Lastly, the values of r* and
i* were calculated based on the maximum and the minimum value of relative critical
undercooling, uc, for each concentration. The values of yefr, r* and i* were recorded in
Table 4.9.

From Table 4.9 can be seen that, the critical size nucleus of CBZ-SAC co-crystals
interfacial energy has no correlation with CBZ concentration. The value of interfacial
energy is between 1.95 and 1.46 mJm, which is from CBZ-SAC co-crystals with CBZ

concentration of 17.01 and 17.96 mg/ml respectively.
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Table 4.9 The value of vyerr, r* and i* for low (L) and high (H) critical undercooling.

CBz

concentration, e /mJm r (L) /nm  r*(H) /nm i*(L) i*(H)
(mg/ml)

15.83 1.69 0.4982 0.3323 0.5414 0.1606
17.01 1.95 0.6798 0.4393 1.3749 0.3710
17.96 1.46 0.6250 0.4428 1.0688 0.3800
19.14 1.62 0.7000 0.4658 1.5014 0.4424

45  Comparison of Results from Fast Cooling with KBHR Technique

When comparing the values from KBHR and fast cooling method, the values of
interfacial energy (1.46 — 1.95 mJm2) from KBHR method were similar with a slightly
lower value from the fast cooling method (1.067 — 1.095 mJm™). Critical radius of
nucleus, r* from KBHR method gave value of (0.33 — 0.70 nm) and values fast cooling
method were 2-fold higher (0.78 — 1.37 nm). Furthermore, molecular number of critical
nucleus, i* in KBHR method were (0.16 — 1.50) and (2.11 — 11.32) in the fast cooling
method, which were 2 to 10 times higher, which meant multi-fold numbers of nuclei

created via isothermal method (Qiu, 2015).

4.6 Characterisation of CBZ-SAC Co-Crystal

4.6.1 Introduction

Cocrystal characterisation is an important constituent part within cocrystal
research. The basic physicochemical properties of cocrystal can usually be characterised
by X-ray diffraction (XRD), single crystal X-ray diffraction (SXRD), infrared
spectroscopy (IR), Raman spectroscopy, differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), and terahertz spectroscopy. In this research, CBZ-
SAC co-crystal screening products were characterized by Differential Scanning
Calorimetry (DSC), and X-ray Diffraction (XRD) techniques. CBZ-SAC co-crystals
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were compared with pure compound of CBZ and SAC and the properties were later

confirmed with literature.

4.6.2 Characterisation of CBZ-SAC Co-Crystal by Differential Scanning
Calorimetry (DSC)

Figure 4.15 shows DSC thermograms of CBZ-SAC co-crystals with CBZ/SAC
ratio of 1.0 and CBZ concentration of 17.96 mg/ml compared with pure CBZ, and pure
SAC specimens. The CBZ powder was characterized by a major peak at 191 °C and a
small peak at 170 °C, corresponding to form III (the stable polymorph) and form I,
respectively. SAC was verified by a single peak at 227 oC. The DSC of CBZ-SAC co-
crystals peaks at 177°C correlates with co-crystals form I. This can be seen from Figure
4.15, in which 2 samples of CBZ-SAC co-crystal of Form | and Form Il by Pagire et
al.(2017) were taken as comparison to this results. Analysis by Pagire et al stated that,
CBZ-SAC of Form I and Form Il exhibit a peak of 177 °C and 165 °C respectively (Pagire
et al., 2017). Thus CBZ-SAC co-crystal in this study correlates to co-crystal of form 1.
This is in accordance to the finding of Lee et al. (2015), in which at the end of the CBZ-
SAC antisolvent crystallisation process, one prominent peak was left, which belongs to
co-crystals form-1 (Lee et al., 2015). In addition, studies from previous researches
suggested that CBZ-SAC of form | has a single peak in the range of 176-178°C (Abd
Rahim & Amanina Mohamad Adaris, 2018)
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Figure 415 DSC of pure CBZ, pure SAC, CBZ-SAC co-crystals in this work and
CBZ-SAC form.l and Il by Pagire et al. (2017).

Figure 4.16 showed the results from DSC of CBZ-SAC co-crystals produced by
initial CBZ concentration of 17.96 and 19.14 mg/ml, SAC/CBZ molar ratio of 1.0 and
2.0 at cooling rate of 0.06, 0.08 and 0.1 °C/min. All profiles showed that the CBZ-SAC
co-crystals exibit as a Form 1, since the value of peaks were in between 176.96 and 178.47
°C, which was in the range of Form | CBZ-SAC co-crystals as stated from the literature
(Pagire et al., 2017).

84



For the case of CBZ-SAC co-crystals by CBZ concentration of 17.96 mg/ml and
molar ratio of SAC to CBZ of 1.0, an increased in cooling rate from 00.6 to 0.1 °C/min,
resulted in the shifting of CBZ-SAC peak profile slightly to the right by 0.74 °C. The rest
of the samples showed no correlation in changing of melting point as the cooling rate

changed. As molar ratio of SAC to CBZ increased from 1.0 to 2.0, the melting point
increased by 0.77 °C.
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Figure 4.16 DSC of CBZ-SAC co-crystals from CBZ concentration of 17.96 and 19.14
mg/ml, SAC/CBZ molar ratio of 1.0 and 2.0 at cooling rate of 0.06, 0.08 and 0.1 °C/min.
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4.6.3 Characterisation by X-ray Diffraction Spectra (XRD)

Figure 4.17 shows XRD pattern of CBZ-SAC co-crystals compared with pure
component of CBZ and SAC as stated in the literature. The pattern shows three
characteristic peaks of CBZ- SAC cocrystal Form | at 7°, 14° and 28° The finding is
consistent with findings of recent studies by (Abd Rahim & Amanina Mohamad Adaris,
2018), in which the formation of CNZ-SAC co-crystals of Form 1 and Form Il depending
on method used in co-crystal formation and mol ratio of SAC to CBZ. Rahim et al. (2013)
suggested that, with mole ratio of SAC/CBZ below than 1.5 for solvent of ethyl acetate,
co-crystal of Form Il instead of Form | was formed. In addition, according to Rahim,
Hammond, Sheikh, & Roberts (2013) and Wang et al. (2013), the forming of different
type of polymorphs influenced by different methods, antisolvent flowrate and addition of

polymer additive.
——pure CBZ — pure SAC ——CBZ-SAC Form Il —CBZ-SAC Form | — This work

Intensity

1P, S V. .

4 5] 8 10 12 14 16 18 20 22 24 26 28 30
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Figure 4.17  Comparison of XRD of CBZ-SAC co-crystal with literature.

Data pure CBZ and pure SAC. Source: Lu, Rodriguez-Hornedo, & Suryanarayanan
(2008) and CBZ-SAC Form | and Il. Source: Porter 11, Elie, & Matzger (2008).
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Figure 4.18 XRD of CBZ-SAC co-crystals with molar ratio SAC/CBZ of 2.0, 2.5, 3.0
and 3.5

Figure 4.18 showed the XRD pattern of CBZ-SAC co-crystals with SAC to CBZ
molar ratio of 2.0, 2.5, 3.0, and 3.5. From the graph, the pattern showed that, all ratios of
SAC to CBZ produced the CBZ-SAC of Form I, which can be indicated by three
prevalence peaks at 7°, 14° and 28°. The changes in molar ratio had only affected the
intensity of the profile, which was not an important factor to be discussed. But different
intensity of same materials was due to the different size or height of the sample. The
sample was in powder form, which was compacted on the sample holder, this process
was also give an effect to intensity (Oliveira, 2013) .Most important in XRD analysis was
the peak, which determined the polymorph form of the co-crystals.  From previous
studies, two known polymorphs (Form-I and -11) of the CBZ-SAC cocrystal were formed

by controlling the experimental kinetic parameters (Abd Rahim, 2012; Lee et al., 2015).
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CHAPTER 5

SEEDING PROCESS AND CRYSTAL SIZE DISTRIBUTION

5.1 Introduction

Seeding has been studied over the latest few decades because it can alter the
properties of desired final crystal. In seeding process, the supersaturated solution
was enhanced by addition of crystalline (seed) to allow the growth of the seed crystals
prior to the occurrence of nucleation (Ulrich & Jones, 2012). As co-crystallisation is
concerned, an introduction of seeding are mean to provide a co-crystal phase in
solution during crystal growth and to prevent inconsistent primary nucleation of
another solid phase during crystallisation (Gagniere et al., 2012). By considering the
different parameters in seeding process such as size of seed, amount of seed, seeding
temperature and cooling profile, seeding is therefore believed can expedite the
nucleation process, optimise the crystallisation behaviour and ensure the final

particle size (Aamir et al., 2010).
5.2 Metastable Zone Width for Seeding Process

Experiments in Section 3.2, with an initial suspension of 2.0 SAC/CBZ ratio and
17.96 mg/ml CBZ in 200 ml ethanol resulted in crystallisation temperature of 27.84 °C
and a dissolution temperature of 47.55 °C. MSZW is defined as different between
dissolution and crystallisation temperature. In this experiment, the suspension with the
CBZ concentration, gcez of 19.76 mg /ml and SAC/CBZ mole ratio of 2.0, was chosen
due to the range of Tcrys and Tdiss value, which was near to the room temperature and
therefore relevant for industrial pharmacy. . This result was further used for seeding
experiment, where the point of seeding is based on this MSZW. The calculated seeding
point is presented in Table 5.1. Sample calculation of seeding temperature was shown in

Appendix J.
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Table 5.1 Calculated seeding temperature based on MSZW range of 47.55

to 27.84°C

Seeding temperature (% of MSZW)

Calculated seeding temperature (°C)

95
85
75
65
55

46.56
44.59
42.62
40.65
38.68

5.3  Results of Seeding Experiments

Table 5.2 and Table 5.3 show the results of average crystallisation temperatures

for the different seed mass and different seed size respectively. The raw data for both

experiments can be seen in Appendix K. In general, the crystallisation temperature

increases with seed mass or can be explained as the nucleation occurs earlier as the seed

mass increases, as the surface area for nucleation increases. The detailed explanation

shown in Section 5.4.

Table 5.2 Average temperature of crystallisation for seed size of 200-150 micron
of different seed mass in mg, seed loading (seed wt%) and temperature of seeding, Tseed.

Seed mass (mg)  Seed wt% Tseed (°C) Tseed (%0 Of Average Terys
MSZW) (°C)
95.55 15 46.56 95 43.02
95.55 15 44.59 85 41.78
95.55 15 42.62 75 40.02
95.55 15 40.65 65 39.51
95.55 1B 38.68 55 38.22
63.70 1.0 46.56 95 42.34
63.70 1.0 44.59 85 41.95
63.70 1.0 42.62 75 40.23
63.70 1.0 40.65 65 39.17
63.70 1.0 38.68 55 37.33
31.85 0.5 46.56 95 40.08
31.85 0.5 44.59 85 40.33
31.85 0.5 42.62 75 38.57
31.85 0.5 40.65 65 37.83
31.85 0.5 38.68 55 36.45
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Table 5.3 shows the results of seeding experiment for different seed sizes of (200-
150 pm), (150-125 pm) and (125-100 pm). The experiments were done at different
seeding temperature between of 46.56 and 38.68 °C. For all size of CBZ-SAC seed, the
crystallisation temperature increases with seeding temperature as the presence of seed

particles has significantly narrowed the metastable zone, which will be elaborated in

chapter 5.5.

Table 5.3 Average temperature of crystallisation for seed mass of 31.85g ~ Seed

wt% = 0.5.
CBZ-SAC co-crystals  Tseed (°C) Tseed (% of average Terys
seed size (um) MSZW) (°C)
(200-150) 46.56 95 37.86
(200-150) 44.59 85 37.04
(200-150) 42.62 75 37.10
(200-150) 40.65 65 33.62
(200-150) 38.68 55 31.82
(150-125) 46.56 95 37.67
(150-125) 44.59 85 36.92
(150-125) 42.62 75 36.26
(150-125) 40.65 65 35.47
(150-125) 38.68 55 36.23
(125-100) 46.56 95 40.77
(125-100) 44.59 85 40.57
(125-100) 42.62 75 38.66
(125-100) 40.65 65 38.53
(125-100) 38.68 55 37.95

5.4  Effect of Seed Loading on Crystallisation of CBZ-SAC Co-Crystal

Figure 5.1 demonstrates that, the crystallisation temperature increased with
seed loading. When the seed was added at 55 % of MSZW, which equivalent to 38.68
°C, the crystallisation temperature for 0.5, 1.0 and 1.5 wt% of seed was 36.45, 37.33
and 38.22 °C respectively. The seed provides surface area for nucleation to occur;
therefore higher seed loading resulted in higher surface area (Long et al., 2016;
Mousaw et al., 2008), which expedites the nucleation process. Therefore, the

nucleation occurs faster for seed loading of 1.5 wt %. Similar trends were also can
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be seen for seeding temperature of 40.65, 42.62, 44.59 and 46.56 °C. The present
finding also supported by Lui et al. (2010), which studied the crystallisation of hen-
egg white lysozyme and concluded that a lower seed loading resulted in slow growth
of crystals due to the less particle surface area, therefore resulted in higher

supersaturation (low crystallisation temperature) (Liu et al., 2010).

Crystallisation

temperature,
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Figure 5.1 Effect of seed loading and seeding temperature on nucleation

91



10 - *

<
£
[<B}
E 8-
=
S
g
(&)
> =-4.9x + 11.961

6 - 2=0.9122

y = -3.0083x + 7.611
R2=0.6638

4 -

2 |

0 T T T T 1

0.25 0.5 0.75 1 1.25 15

Seed loading (wt %)

Figure 5.2 Effect of seed loading on nucleation time for different seeding
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5.5  Effect of Seeding Temperature on Crystallisation of CBZ-SAC Co-
Crystal

As indicated in Figure 5.1, the crystallisation temperature increased with the
seeding temperature. The presence of seed particles has significantly narrowed the

metastable zone (Holan et al., 2015; Liu et al., 2010). During seeding experiment,
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the solution temperature was reduced at a constant cooling rate. The earlier
introduction of seed (higher seeding temperature) resulted in earlier forming of
nucleation. Therefore, the seeding temperature of 1.5 wt % of seed at 95 % of MSZW
gave the crystallisation temperature of 43.02 °C, whereas seeding at 55 % of MSZW
gave the crystallisation temperature of 38.22 °C. In kinetics view, seeding closed to
the solubility curve (46.56 °C), which is at low supersaturation level causing a slow
nucleation rate and therefore longer time is required for nucleation to occur (Holan
etal., 2015; O’Sullivan et al., 2012) (see Figure 5.3).

12
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.. i -|—
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R2=0.8735

S
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Seeding temperature, Ts (°C)

Figure 5.3 Effect of seeding temperature on nucleation time
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5.6  Effect of Seed Size on Crystallisation of CBZ-SAC Co-Crystal

Crystallisation kinetics are strongly affected by size and amount of seed added in
the system. With constant seed loading, nucleation times for seed sizes of (200-150),
(150-125) and (125-100) um at seeding temperature of 46.56, 44.59, 42.62, 40.65 and
38.68 °C were recorded. Table 5.4 shows the influence of seed size on the nucleation for
different seeding temperature of CBZ-SAC co-crystals. Data from Table 5.4 were
presented in Figure 5.4 as average seed size for all seeding temperature as a function of
average nucleation time. As can been seen from Figure 5.4, the nucleation time is
increased with the size of seed for all temperature of seeding. Small seed provides a larger
surface area for solute to be deposit, and therefore reduce supersaturation level and
expedited the nucleation (Mitchell et al., 2011). According to crystal nucleation theory,
seed size must be bigger than critical size , or otherwise it will re-dissolved in the solution
(Abbas et al., 2006). Furthermore, small seed crystal tends to dissolve due to Ostwald
ripening effect (Chianese & Kramer, 2012b). In this study, the seed size used was
between 200 and 100 um, and the critical size nucleus as calculated in Section 4.3.2 was
between 0.Sander et al. explained that, the birth and spread mechanism of growth
controlled the nucleation, which is inversely proportional to the crystal size and mass.
Bigger size of seed reduced the growth kinetic parameter, g and resulted to the high
nucleation time (Sander et al., 2009). An assumption for explaining the effect of seed size
to the nucleation is that, the agglomeration, which can lead to the large effectiveness of
the seed size is negligible (Tseng & Ward, 2014). If agglomeration among seed crystals

occur, selection of large seed crystals are preferable (Narducci et al., 2011).
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Table 5.4

Average crystallisation temperature and nucleation time for seed size of
200-150 pm, 150-125 um and 125-100 um at different seeding temperature.

Seeding Seed size (um) Average nucleation  Average nucleation
temperature, temperature, Tnucl time,thuc (Min)
Tseed (°C) (°C)
46.56 200-150 37.86 13.65
150-125 38.52 12.55
125-100 40.77 8.80
44.59 200-150 37.04 11.85
150-125 39.92 7.05
125-100 40.57 5.97
42.62 200-150 37.10 8.59
150-125 38.02 7.05
125-100 38.66 5.98
40.65 200-150 33.62 11.22
150-125 35.47 8.13
125-100 38.53 3.03
38.68 200-150 31.82 11.06
150-125 36.23 3.70
125-100 37.95 0.83
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5.7  Crystal Size Distribution of CBZ-SAC Co-Crystal

5.7.1 Effect of Seeding Temperature on Crystal Size Distribution (CSD) of
CBZ-SAC Co-Crystal

Figure 5.5 exhibits that, more fine particles formed at seeding temperature of
38.68 °C (55 % of MSZW) compared to the seeding temperature of 46.56 °C (95 %
of MSZW). The supersaturation is highest at metastable zone limit (0 % of MSZW).
Therefore, seeding at high supersaturation leads to the fast nucleation rate which later
resulting in more fine particles. On the other hand, slow nucleation occurred when
seeding is close to the solubility curve which is at low supersaturation and therefore
resulted in least number of fine particles formed. The result is in lines with the work
of O’Sullivan et al. (2012) that particle growth is slower if seeding close to the MSZ
limit (38.68 °C), which resulted in the least particle growth. This means, at low
seeding temperature, subsequent growth of the nuclei until equilibrium is attained, is
limited. Meanwhile, seeding close to the solubility curve (46.56 °C) produces the
highest relative growth rate and the greatest number of large particles (O’Sullivan et
al., 2012). Similar finding by Holan et al. (2015), which studied the effect of seeding
temperature on agomelatine—citric acid co-crystal found that, when the system
seeded early (at higher seeding temperature; i.e. 60 °C), resulted in larger crystal size.
This was due to crystal growth dominated over nucleation because of the
concentration was still deep in the MSZ at the time of seeding. Another parameter
that can increase the size of crystal produced are fast cooling rate and high initial

supersaturation (Zhang et al., 2016).
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Figure 5.5 Effect of seeding temperature on CSD of CBZ-SAC co-crystal.

5.7.2 Effect of Seed Loading on CSD of CBZ-SAC Co-Crystal

Figure 5.6 presents particle size distributions at three different values of seeding
load of CBZ-SAC co-crystals at 38.68°C seeding temperature. It appears that, the product
crystal from 0.5 wt% seed experiments are larger in comparison to the 1.0 and 1.5 wt%
seed experiment. This suggests that the amount of seed has an effect on the nucleation
and growth kinetics of the system, where by at lower seed loading the growth of crystals
appears to be favoured (Powell, 2017). The seed mass is proportional to the surface area
of seed crystals-and their size (Chianese & Kramer, 2012a). Seed load or specifically the
seed surface areas critically determines the rate at which supersaturation is consumed by
the growing homogeneous seeds (Hayles-Hahn, 2014). Homogenous seed produced by
nucleation process when molecular solutes were completely dissolved in a liquid in the
absence of any solid interface (LaMer & Dinegar, 1950; Salas et al., 2012; Zadeh, 2014).
Industrial seed loading levels range from as low as 0.5 wt.% to as high as 10 wt.% (Aamir
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etal., 2010). The crystal size distribution is normally unimodal at high seed load , whereas
CSD is widespread a low wt% of seed (Hayles-Hahn, 2014; Narducci, 2012).
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Figure 5.6 Effect of amount of seed on the crystal size distribution of CBZ-SAC co-
crystals. Seeding temperature is 38.68 °C (55% of MSZW range)

5.7.3 Effect of Seed Size on CSD of CBZ-SAC Co-Crystal

A smaller seed size provides a larger specific surface area for the crystal growth
process. If crystal growth is dominant, it resulted to the large size of crystal produced. As
can be seen in Figure 5.7, the distribution was broadening for seed size of (125-100)um
due to-the larger co-crystals produced. This is valid for both seeding temperature of,
42.62 °C and 38.68 °C, as shown in the Figure 5.7. As mentioned in section 5.7.1 above,
the lower seeding temperature reduced the particle growth and resulted in more fine
particles. Therefore, the co-crystal produced from seeding temperature of 38.68 °C
resulted in smaller size as seen in Figure 5.7 compared to co-crystal produced by
temperature of seeding of 42.62 °C.
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In industrial application, it is advisable to use smaller seed for controlling final
crystal size. Smaller seed accelerates crystal growth, thus large and good quality final
crystals can be produced. In contrast, seeds with bigger size can lead to the secondary
nucleation , which is due to the attrition occurred during the nucleation process (Lung-
Somarriba et al., 2004). But the seed should not be too small to avoid difficult preparation
of seed, slow growth and dissolution, and high chance of agglomeration. Ideal seed size
in industry is between 0.1% and 3% of total product mass, as suggested by Chianese &
Kramer (2012), whilst large seed mass can be uneconomical with respect to process yield

and furthermore it can causes an attrition in secondary nucleation.
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Figure 5.7 Effect of seed size on CSD of CBZ-SAC co-crystals with seeding
temperature of 46.56 and 38.68 °C.
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5.8  Summary

The present research was aimed to investigate the effect of seed loading and
temperature of seeding on CBZ-SAC co-crystals. These findings suggest that in general
the seed loading and the temperature of seeding strongly influences the crystallization
kinetics parameters and the produced crystals size distribution. Seed serves as a surface
area for initiating the nucleation. By increasing the amount of seed, more surface area
exists and therefore the nucleation is likely to occur. Nucleation forms faster in high
supersaturated solution. More fine particles can be obtained if seeding in high
supersaturated solution. Seeding close to the solubility curve (at 46.05°C) resulted in larger
crystal size compared to the seed added close to MSZ limit. The results of this study
also indicate that the effect of seeding in co-crystal is similar with that in crystal. Further
studies investigating the morphology of seeded and unseeded CBZ-SAC co-crystals,
effect of cooling rates and the effect of stirring speed, with different SAC to CBZ molar

ratios and various concentration of CBZ, are strongly recommended.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

6.1 Conclusion

Crystallisation is a process to separate and purify solid or mixture in a solution
with an aim to control the properties of desired crystalline products. Co-crystals were
introduced in late 1980’s to alter the physicochemical properties of active pharmaceutical
ingredient (API) through combining API and additional components (i.e. co-formers) in
the same crystal structure thereby altering solid-state properties and solution behaviour
without modifying chemical structure. The present research focused on the kinetic of
carbamazepine (CBZ)-saccharin (SAC) co-crystals, which were to date have been poorly
characterised. Slow cooling experiments with a newly improved method for
determination of dissolution temperature were conducted at different CBZ concentrations
and different SAC to CBZ molar ratios. The crystallisation occurs in a metastable region,
which exists in a supersaturated solution. The conclusion of this study was concluded

based on following objective and chapters:

6.1.1 Slow Cooling Experiments

In slow cooling experiments, metastable zone width (MSZW) was wide as cooling
rate increased from 0.2 to 0.8 °C/min. High degree of cooling ratelead to the delaying
of formation of nuclei, due to the changing of molecular structure was slower than
the change of temperature. Nucleation theory stated that, at high cooling rate, high
relaxation time is required for molecular cluster to reach an equilibrium and form a
stable nucleus. Furthermore, MSZW was narrow as CBZ concentrations increased
from 15.86 to 19.14 mg/ml. From theory of nucleation, an increased in initial
concentration increases the level of supersaturation, thus enhances the nucleation.

The earlier the nucleation takes place, the narrower the MSZW. The last variable
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observed in this study was molar ratios of SAC to CBZ. The effect of molar ratios to
MSZW was similar to the effect of initial CBZ concentration. As molar ratios of
SAC to CBZ increased from 1.0 to 3.5, the MSZW was decreased. In conclusion, the
mol ratio of SAC to CBZ and the concentration of CBZ gave the tremendous effect on
dissolution and crystallization temperature of the CBZ-SAC mixture in ethanol solution.
The calculated nucleation order from SAC/CBZ mole ratio of 1.0 in this study showed
no correlation with the CBZ concentrations and SAC to CBZ molar ratios, which was in
accordance with the previous findings. Nevertheless, the values of nucleation order, m
obtained from all experiments were acceptable as it were in the value range of 1.65 to
4.9, which are the normal nucleation order value of the organic compounds. The low
value of m indicated that there was strong solute-solvent interaction which induced the
formation of stable CBZ-SAC cocrystal (Form I). Furthermore k-value of SAC/CBZ
mole ratio of 1.0 increased from 0.14 x 107" to 7.31 x 107" as CBZ concentration increase
from 15.83 to 19.14 mg/ml. The value of nucleation kinetic constant from SAC/CBZ
mole ratio of 2.0 to 3.5 showed rather no correlation with CBZ concentration.

6.1.2 Fast Cooling Experiments

The fast cooling experiments were conducted by selecting one parameter from
slow cooling (CBZ concentration of 19.76 mg/ml and SAC to CBZ mole ratio of 2.0),
which gave a high MSZW value. The crystallisation and dissolution temperature of
selected parameter were between 47.55 and 27.84 °C, which can be easily controlled. Our
machine in lab was not capable to handle with the cooling rate of higher than 1.0 °C/min,
which can be seen by the inconsistent profiles of targeted and actual temperature, thus
the experiments were later on continued with cooling rate of 1.0 °C/min only.-As targeted
temperature increased from 32 to 44 °C, the supersaturation decreased and lead to a
decrease in interfacial energy. Interfacial energy was higher at lower targeting
temperature indicated that, the solute can be easily crystallised. Interfacial energy, critical
size nucleus and molecular number of critical nucleus were obtained following the
equations in Chapter 2, in which the gradient of plotted graph of In (induction time)
against In (Supersaturation)? played an important role. As a result, by changing the
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isothermal temperature in fast cooling experiment from 32 to 44 °C, the calculated
interfacial energy increased from 1.067 to 1.095 mJm. Furthermore, the critical size of
nucleus increased with the decreased in supersaturation ratio. High supersaturation ratio
led to the lower energy barrier for nucleation and resulted to the formation of small size
of nucleus. Therefore, as the supersaturation ratio increased from 1.430 to 1.871, the

critical size of nucleus decreased from 1.373 to 0.784 nanometre.

6.1.3 KBHR Method

Nucleation Kkinetics of CBZ-SAC co-crystals were further analysed using new
technique by Kashchiev—Borissova-Hammond-Roberts (KBHR) method. The
advantage of this method was that, the experiments can be shorten, as the data from
polythermal experiments were ample to calculate the interfacial energy, critical size
nucleus and molecular number of critical nucleus of the CBZ-SAC co-crystals. In
summary, as the CBZ concentration increased from 15.93 to 19.14 mg/ml, the calculated
interfacial energy, critical size nucleus and molecular number of critical nucleus were
ranging from 1.69 to 1.62 mJ/m?, 0.498 to 0.700 nm and 0.541 to 1.501 respectively. As
the results from KBHR method were compared with fast cooling experiment, the value
of critical size nucleus 2-fold lower and molecular number of critical nucleus 2 to 10

times higher for the fast cooling experiments.

6.1.4 Seeding Experiments

The nucleation process can be expedited by addition of seed, which provide
surface area for nucleation to occur. This research focused on the effect of seed
loading, seeding temperature and seed size on the crystallisation rate and crystal size
distribution (CSD) of the final crystalline products. Likewise, in the fast cooling
experiment, the parameter that resulting in high MSZW (CBZ concentration of 19.76
mg/ml and SAC to CBZ mole ratio of 2.0) was chosen, due to that parameter can be

easily controlled. As seed loading increased from 0.5 to 1.5 wt%, the crystallisation
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rate increased and the crystal size distribution was narrower, which meant that more
fine particles were produced. Amount of seed affected the nucleation and growth
kinetics of the system, where growth of crystals was favourable with lower amount
of seed. Furthermore, when seed was added earlier in the system, 46.56 °C or closed
to the solubility curve, the average nucleation time was higher. This meant that, high
seeding temperature formed the system is in low supersaturation level. With low
degree of supersaturation, longer time needed to form a crystal. As a result, with slow
nucleation rate, crystal growth was dominant and larger final crystalline particle
produced. On other hand, when seed was added later in the system (38.68 °C), the
solution is in high supersaturated, resulted to the faster nucleation rate and more fine
particles produced. Lastly, the nucleation time was increased, as seed size increased
from 125-100 pm to 200-150 um. Small seed provides a larger surface area for solute to
be deposit, and therefore reduce supersaturation level and expedited the nucleation. The
results of this study also indicate that the effect of seeding in co-crystal is similar

with that in crystal.

6.1.5 Characterisation

Finally, from characterisation process, it was proven that, for all CBZ-SAC co-
crystal in ethanol solution with CBZ concentration of 19.14, 17.96, 17.01 and 15.83
mg/ml and SAC/CBZ molar ratio of 1.0, 2.0, 2.5, 3.0 and 3.5, the CBZ-SAC co-crystals
of Form | were formed and no pattern profile from XRD or DSC showed other form

instead.

6.2 Recommendation for Future Work

In this study some aspects should be improved to get better and accurate results.
Recommendations for future work based on the research results presented in this thesis

are mentioned in the following section.
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6.2.1 Prerequisite for the Experiments

Design of experiments (DOE) should be done earlier to get the relationship
between factor affecting the process of producing CBZ-SAC co-crystal and the
output or the properties of co-crystal produced, thus the parameters correctly chosen,

thus experiments could be optimised.

Solubility studies should be done for each CBZ concentration and molar ratios
of SAC to CBZ. The solubility results are not appropriate to be taken just based on
previous research. In any research, there are no exactly same result due to experiment
condition internally such as machine, compounds, solvent or external factors such as

surrounding, temperature and unavoidable human error.
6.2.2 Experimental Setup

Losing of solvent during crystallisation can be avoided by using vacuum
jacketed vessel. Furthermore, the evaporated solvent could be condensed by adding
a condenser in the system. Losing the solvent in the next cycle of crystallisation
experiments gave huge effect on determining the crystallisation and dissolution
temperature of the co-crystals.

pH probe could be added in crystalliser, because pH in solution is one of the
important parameters to be considered in crystallisation process. It has been reported
that the pH and temperature played an important role in deciding the mean crystal
size and shape of crystal produced (Mohod & Gogate, 2018).

6.2.3 Slow Cooling Experiment

Results could be more ‘accurate -if the produced co-crystal after the
crystallisation process was not reheated, rather the new compound of saccharin,
carbamazepine and ethanol should be used for each experiment, but of course this

would be very costly.
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6.2.4 Fast Cooling Experiments

Improve the machine capability for fast cooling experiments, as machine used
in this study can only provide the maximum cooling rate of 1.0 °C/min, which was

closed to the maximum cooling rate in slow cooling experiment, 0.8 °C/min.
6.2.5 Characterisation of the Co-Crystal

Malvern Mastersizer for CSD should be calibrated more often or in this study,
we might need to get the new one. During the experiments, out of 10 tests, 40% gave
an error result, which those results need to be ignored.

Further studies investigating the morphology of seeded and unseeded CBZ-
SAC co-crystals, effect of cooling rates and the effect of stirring speed, with different
SAC to CBZ molar ratios and various concentration of CBZ, are strongly

recommended.

Focused-beam reflectance measurement (FBRM) and particle vision and
measurement (PVM) can be introduced, to see “live” change in co-crystals formation

and size with time
6.2.6 Modelling and Simulations of CBZ-SAC Co-Crystal

Modelling and simulations of the CBZ-SAC co-crystals are recommended to
be done to design and robust control of crystal shape and size. Modelling is an
advanced control strategy, which accurately can predict the behaviour of the
crystallisation process. Thus, appropriate model structure needs to be chosen, basic
experiments need to be performed, data collection and parameter estimation are the

vital step in modelling and simulation process.
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Appendix A: Sample calculation for amount of CBZ and SAC in the experiment

mol mass of CBZ = 236.27 , mol mass of SAC =183.18

Pre-dicided

total amount of solution need = 200ml (g) , due to size of vessel is 250ml
Parameter;

SAC/CBZ ratio : 3.5, 3.0, 2.5, 2.0, 1.5, 1.0 (pre decided based on previous work)
no of mol of CBZ =0.8 (pre decided)

Calculation

no of mol SAC = no of mol CBZ * SAC/CBZ ratio

CBZ concentration = mol mass of CBZ * no of mol CBZ

SAC concentration = mol mass of SAC * no of mol SAC

for 200ml solution, amount of CBZ = CBZ concentration * 0.2
for 200ml solution, amount of SAC = SAC concentration * 0.2

SAC/CBZ MOL MASS no of mol conc weight in 200ml (g)
RATIO CBZz SAC CBz SAC CBz SAC CBz SAC
3.50 236.27 183.18 0.08 0.28 19.14 51.93 3.83 10.39
3.00 236.27 183.18 0.08 0.24 19.14 44,51 3.83 8.90
2.50 236.27 183.18 0.08 0.20 19.14 37.09 3.83 7.42
2.00 236.27 183.18 0.08 0.16 19.14 29.68 3.83 5.94
1.50 236.27 183.18 0.08 0.12 19.14 22.26 3.83 4.45
1.00 236.27 183.18 0.08 0.08 19.14 14.84 3.83 2.97
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Appendix B:  Raw data for slow cooling experiments

CBZ concentration: 19.14 mg/ml

SAC/CBZ | Cooling Rate | Tcrysl Terys2 Terys3 Average Tdissl Tdiss2 Tdiss3 Average
mol ratio (°C/min) (°C) (°C) (°C) Terys (°C) | (°C) (°C) (°C) Tdiss (°C)
35 0.20 33.56 34.06 33.06 33.56 53.09 54.29 51.89 53.09
35 0.40 30.01 31.11 28.90 30.01 53.98 54.99 52.97 53.98
3.5 0.60 29.00 30.00 28.00 29.00 54.09 53.09 55.09 54.09
35 0.80 24.87 23.87 25.87 24.87 54.65 55.70 53.60 54.65
3 0.20 33.24 32.62 32.93 32.93 51.00 53.45 53.45 52.63
3 0.40 30.77 28.52 29.65 29.65 51.47 53.93 53.93 53.11
3 0.60 29.98 28.40 29.19 29.19 51.51 54.49 54.49 53.50
3 0.80 25.54 23.96 24.75 24.75 52.43 54.38 54.38 53.73
2.5 0.20 31.92 30.17 31.05 31.05 51.20 51.3 51.1 51.20
2.5 0.40 27.19 27.28 27.10 27.19 51.74 51.98 51.5 51.74
2.5 0.60 24.75 24.83 24.67 24.75 51.44 51.66 51.22 51.44
25 0.80 23.18 23.36 23.00 23.18 51.85 51.7 52 51.85
2 0.20 25.46 25.03 25.88 25.46 49.01 48 50.02 49.01
2 0.40 22.59 22.80 22.38 22.59 49.35 48.35 50.35 49.35
2 0.60 19.00 19.22 18.78 19.00 50.01 52.02 48 50.01
2 0.80 18.43 19.43 17.43 18.43 49.94 48.98 50.9 49.94
1 0.20 15.11 15.00 15.22 15.11 40.29 42.29 38.29 40.29
1 0.40 10.07 10.00 10.14 10.07 40.17 40.30 40.04 40.17
1 0.60 7.50 7.65 7.35 7.50 40.41 40.31 40.51 40.41
1 0.80 5.94 6.00 5.88 5.94 40.18 40.20 40.16 40.18
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CBZ concentration: 17.96 mg/ml

SAC/CBz | Cooling Rate Tcrys3 Average Tdissl Average
mol ratio | (°C/min) Terysl (°C) | Terys2 (°C) | (°C) Terys (°C) | (°C) Tdiss2 (°C) | Tdiss3 (°C) | Tdiss (°C)
3.5 0.20 32.26 31.22 33.06 32.18 52.70 52.50 52.90 52.70
3.5 0.40 31.22 32.25 30.35 31.27 54.00 52.72 53.00 53.24
3.5 0.60 28.50 27.94 26.42 27.62 54.00 53.25 52.65 53.30
3.5 0.80 26.46 25.84 27.45 26.58 54.55 53.60 53.50 53.88
3 0.20 31.12 33.40 32.26 32.26 51.80 51.70 51.90 51.80
3 0.40 29.63 29.50 29.76 29.63 51.99 51.90 52.08 51.99
3 0.60 28.27 28.13 28.41 28.27 52.28 52.20 52.36 52.28
3 0.80 27.37 27.30 27.44 27.37 52.61 52.50 52.72 52.61
2.5 0.20 30.68 30.80 30.56 30.68 50.65 50.70 50.60 50.65
2.5 0.40 26.63 26.74 26.52 26.63 50.76 50.86 50.66 50.76
2.5 0.60 23.20 23.53 22.87 23.20 51.63 51.76 51.50 51.63
2.5 0.80 22.82 23.20 22.42 22.81 52.30 52.44 52.16 52.30
2 0.20 25.10 25.20 25.00 25.10 47.68 47.88 47.48 47.68
2 0.40 21.64 21.44 21.84 21.64 47.85 47.45 48.25 47.85
2 0.60 19.30 19.35 19.25 19.30 47.95 47.9 48 47.95
2 0.80 16.17 16.00 16.34 16.17 48.11 48 48.22 48.11
1 0.20 10.96 10.06 11.86 10.96 37.00 36.85 37.15 37.00
1 0.40 7.95 7.70 8.10 7.92 38.34 38.42 38.26 38.34
1 0.60 4.26 4.16 4.36 4.26 37.39 37.23 37.55 37.39
1 0.80 2.17 2.10 2.24 2.17 37.93 38.06 37.80 37.93
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CBZ concentration: 17.01 mg/ml

SAC/CBZ | Cooling Rate Tcrys3 Average Average
mol ratio (°C/min) Terysl (°C) | Terys2 (°C) | (°C) Tcrys (°C) | Tdissl (°C) Tdiss2 (°C) | Tdiss3 (°C) | Tdiss (°C)
35 0.20 3111 31.22 31.33 31.22 52.80 51.68 52.40 52.29
3.5 0.40 28.39 29.41 28.36 28.72 53.00 53.15 52.75 52.97
3.5 0.60 25.79 25.52 25.60 25.64 53.50 52.76 52.96 53.07
3.5 0.80 25.46 25.40 25.52 25.46 54.30 53.05 54.05 53.80
3 0.20 27.36 31.58 29.47 29.47 47.75 49.6 48.68 48.68
3 0.40 24.90 28.21 26.56 26.56 47.86 50.24 49.05 49.05
3 0.60 22.77 24.44 24.62 23.94 48.60 50.71 49.66 49.66
3 0.80 23.02 26.16 24.98 24.72 48.60 51.20 49.90 49.90
2.5 0.20 30.48 30.45 20.70 27.21 48.47 48.54 48.4 48.47
2.5 0.40 26.29 26.03 18.46 23.59 48.64 48.72 48.56 48.64
2.5 0.60 25.80 25.12 14.13 21.68 49.09 49.18 49.00 49.09
2.5 0.80 22.50 22.79 12.48 19.26 49.60 49.40 49.80 49.60
2 0.20 21.78 21.90 21.66 21.78 45.31 45 45.62 45.31
2 0.40 17.08 17.00 17.16 17.08 45.7 455 459 45.70
2 0.60 15.98 16.28 15.68 15.98 46.82 46.7 46.94 46.82
2 0.80 12.68 12.66 12.70 12.68 46.96 46.92 47 46.96
1 0.20 9.88 10.00 9.76 9.88 36.87 36.8 36.94 36.87
1 0.40 7.08 6.98 7.18 7.08 37.03 36.83 37.23 37.03
1 0.60 3.32 3.30 3.34 3.32 37.24 37.16 37.32 37.24
1 0.80 1.19 1.15 1.23 1.19 37.34 37.20 37.48 37.34
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CBZ concentration:

15.83 mg/ml

SAC/CBZ | Cooling Rate Terys2 Tcrys3 | Average Tdissl Average
mol ratio (°C/min) Tecrysl (°C) | (°C) (S Tcrys (°C) | (°C) Tdiss2 (°C) | Tdiss3 (°C) | Tdiss (°C)
3.5 0.20 31.11 31.00 31.22 |31.11 52.10 52.00 52.20 52.10
35 0.40 28.39 28.48 28.30 |28.39 52.95 53.00 52.90 52.95
35 0.60 25.80 25.75 25.78 | 25.78 52.86 52.80 52.92 52.86
3.5 0.80 22.50 22.52 2251 |2251 53.55 53.00 54.10 53.55
3 0.20 27.36 31.58 29.47 | 29.47 48.97 49.04 48.90 48.97
3 0.40 24.90 28.21 26.56 | 26.56 49.13 49.00 49.26 49.13
3 0.60 22.77 24.44 24.62 |23.94 49.57 49.47 49.67 49.57
3 0.80 23.02 26.16 2498 |24.72 49.79 49.60 49.98 49.79
2.5 0.20 26.06 23.00 2453 |24.53 47.45 47.60 47.30 47.45
2.5 0.40 22.28 22.39 22.17 |22.28 47.45 47.58 43.33 46.12
2.5 0.60 18.95 21.00 19.98 |19.98 48.33 48.44 48.22 48.33
2.5 0.80 19.07 18.99 19.15 |19.07 48.32 48.20 48.44 48.32
2 0.20 18.21 18.00 1842 |18.21 43.55 43.44 43.66 43.55
2 0.40 15.71 15.61 1581 |[15.71 43.71 44.33 44.25 44.10
2 0.60 8.68 9.68 7.68 8.68 44.26 44.06 44.46 44.26
2 0.80 9.59 7.65 7.43 8.22 44.33 44.38 44.29 44.33
1 0.20 4.38 4.28 4.48 4.38 34.96 34.86 35.06 34.96
1 0.40 0.32 0.20 0.44 0.32 35.26 35.32 35.20 35.26
1 0.60 0.06 0.00 0.12 0.06 35.85 36.00 35.70 35.85
1 0.80 -4.53 -4.73 -4.33 | -453 35.17 36.16 34.18 35.17
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Appendix C:

Temperature (0C)

Temperature (0C)

Graph of crystallisation and dissolution temperature of CBZ-SAC co-crystals for different molar ratio of SAC/CBZ
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Appendix D:MSZW of CBZ-SAC co-crystals at different CBZ concentrations and SAC/CBZ
molar ratio of 2.0, 2.5, 3.0 and 3.5.
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Appendix E:

Graphs MSZW vs CBZ concentration for all molar ratios
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Effect of cooling rate on MSZW for different CBZ Conc and (SAC/CBZ) ratio of 2.5
34
32
30 B = 0.8 Ks
Lo s ¥
28 | eeeteeaesssessssaseseseseiesasesesssRtaRaSaI TRt st s
S Lo 006 K/s
526
------------ a
2 || A A04K]/s
24 ] D SR
A
22 ooooooooo .0.2 K/s
------------------------- .
20 T
ooooooooooooooooooooooooooooo x Saturation
18 oooooooooooooooooooooooooooooo x
01615 5 1160
NS .

: : : 18.0 485 19.0
e .‘onc mg/ml) ) 9 ?

UNIVERSITI MALAYSIA PAHANG
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Appendix F:Graphs LOG (R) vs LOG (MSZW) for all SAC/CBZ mol ratios
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Appendix G:  Raw data for fast cooling experiments
cooling "~ target supercooling Temp (°C)
rate s S——
(°C/min) 28.00 30.00 \ 32.00 34.00 36.00
tind(min)  tind(s) In(t)  tind(min)  tind(s) In(t)  tind(min)  tind(s) In(t)  tind(min) tind(s) In(t)  tind(min)  tind(s)
1.00 4010 24060  7.79 4750  2850.00  7.96 8445 50670 853  110.20 6612.0 8.80 14250 = 8550.0
1.00 3825 | 22950 @ 7.74 4650  2790.00  7.93 90.00 54000 859 = 102.74 6164.4 873  151.00 = 9060.0
1.00 4225 | 25350  7.84 4800  2880.00  7.97 8720 52320 856 11835 7101.0 8.87  133.00 = 7980.0
1 4020 | 2412.00 7.79 4733 284000 7.95 87.22  5233.00 856 11043 662580  8.80 14217  8530.00
(mean)
1 (Std 2.00 1201 0.05 0.76 45.83 0.02 2.78 1665  0.03 7.81 468.5 0.07 9.00 540.3
Dev)
1(std 1.16 69.3 0.03 0.44 26.46 0.01 1.60 96.1 0.02 451 270.5 0.04 5.20 311.9
Err)
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cooling target supercooling Temp (°C)

rate ,
(°C/min) 28 30 B 32 4R 34 36
tind(min) = tind(s) In(t)  tind(min)  tind(s) In(t) @ tind(min)  tind(s) In(t)  tind(min) tind(s) In(t)  tind(min) = tind(s) In(t)
1.2 50.10 3006.0 8.01 70.63 4237.8 8.35 = 8345 . 50070 852 87.67 5260.2 8.57 165.34 9920.4 9.20
1.2 54.00 3240.0 8.08 55.20 3312.0 8.11 77.40 4644.0 8.44 101.00 6060.0 8.71 176.21 | 10572.6  9.27
1.2 41.00 2460.0 7.81 53.54 3212.4 8.07 70.00 4200.0 8.34 99.20 5952.0 8.69 171.63  10297.8  9.24
1.2 48.37 2902.0 7.97 59.79 3587.40 8.18 76.95 4617.0 8.43 95.96 5757.4 8.66 171.06  10263.6  9.24
(mean)
1.2 (Std 6.67 400.3 0.14 9.42 565.46 0.15 6.74 404.2 0.09 7.23 434.0 0.08 5.46 327.4 0.03
Dev)
1.2 (Std 3.85 231.1 0.08 5.44 326.47 0.09 3.89 233.4 0.05 4.18 250.5 0.04 3.15 189.0 0.02
Err)
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Appendix H: Flowchart of KBHR method

Calculate critical undercooling, AT _

calculate relative critical undercooling, u_

=

Plot graph of Inu_ vs In (R)

Y|

Apply (RULE OF THREE)

<3

— — - - -

>3

— |

Progressive Nucleation

===

Follow inequalitiesu < 0.1and au <1

)
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Instantaneous Nucleation

PlotIn Rvs u_ ‘—1 Obtain kinetic parameter

Follow step in
Camacho Corzo et
al. (2014)




Appendix I:Raw data Tecrys, Tdiss, Te, 4Tcand uc for SAC/CBZ mole ratio of 1.0, 2.5, 3.0
and 3.5

Table A6.1 Terys, Taiss, Te, ATcand ue for SAC/CBZ mole ratio of 1.0.

Pz Cooling rate, R°C min?  Teys 'C - Tass 'C - TelPC ATe/’C uc/K
/mgmL-1t

0.2 4.38 34.96 3063 0.099

04 0.32 35.26 3468  0.113

1583 0.6 0.06 a5 % T3res 0113
0.8 453 35.17 3954  0.128

0.2 9.88 36.87 26.84  0.087

ol 0.4 7.08 3708 .. 2964 0.0%
0.6 3.32 37.24 3340  0.108

0.8 1.19 37.34 3553  0.115

0.2 10.96 37.00 2625  0.085

156 04 7.92 834 . 2929 00%
' 06 4.26 37.39 3295  0.106
08 2.17 37.93 3504  0.113

0.2 15.11 40.29 2518  0.080

1014 04 10.07 4017 . 3022 00%
06 7.50 40.41 3279  0.105

038 5.94 40.18 3435  0.110

Table A6.2 Terys, Taiss, Te, ATcand ue for SAC/CBZ mole ratio of 2.5.
Cooling rate, R

pcBz /mgle Terys /°C Taiss °C Te /°C AT:/°C uc /K

/°C min?

0.2 24.53 47.45 21.82 0.068

15.83 0.4 22.28 46.12 46.35 24.07 0.075
0.6 19.98 48.33 26.37 0.083

0.8 19.07 48.32 27.28 0.085

0.2 27.21 48.47 20.78 0.065

17.01 0.4 23.59 48.64 47.99 24.40 0.076
0.6 21.68 49.09 26.31 0.082

0.8 19.26 49.60 28.73 0.089

0.2 30.68 50.65 19.20 0.059

0.4 26.63 50.76 23.25 0.072

g7eq 0.6 23.20 51.63 "y 26.68 0.083
0.8 22.81 52.30 27.07 0.084

0.2 31.05 51.20 20.10 0.062

19.14 0.4 27.19 51.74 5115 23.96 0.074
' 0.6 24.75 51.44 ' 26.40 0.081
0.8 23.18 51.85 27.97 0.086
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Table A63 Tcrys, Tdiss, Te, ATC and UC fOI’ SAC/CBZ m0|e ratIO Of 30

pcez

Cooling rate, R

/mgmL_l °C min_l Tcrys /°C Tiss /°C Te /°C ATc /°C Uc /K
0.2 25.62 48.97 23.02 0.072
04 24.00 49.13 24.64 0.077
1583 0.6 21.09 2057 86 oo 0.086
0.8 20.28 49.79 28.36 0.088
0.2 20.47 48.68 18.78 0.058
0.4 26.56 49.05 21.70 0.068
17.01 0.6 23.94 2066 82 a3 0.076
0.8 24.72 49.90 2353 0.073
0.2 32.26 51.80 19.23 0.059
04 20.63 51.99 21.86 0.067
17.96 0.6 28.27 5208 % T3 0.072
0.8 27.37 52.61 2412 0.074
0.2 32.93 52.23 18.94 0.058
0.4 29,65 52.70 22.23 0.068
19.14 0.6 29.19 5300 %7 o068 0.070
0.8 2475 53.41 2712 0.083
Table A6.4 Terys, Taiss, Te, ATcand ue for SAC/CBZ mole ratio of 3.5.
Cooling rate, R
/m’;ﬁi_l o i Teys’C TasPC TelPC ATPC  uc/K
0.2 3141 52.10 2069 0,064
0.4 28.39 52.95 2341 0072
1583 0.6 7578 5286 180 T 602 0.080
0.8 2251 53.55 2029 0.090
0.2 31.22 52.29 2066 0.064
0.4 28.72 52.97 2316 0.071
17.01 0.6 25.64 5307 Y88 T4 o081
0.8 2546 53.80 2642 0.081
0.2 32.18 52.70 2020 0,062
0.4 31.27 53.24 2111 0,065
17.96 0.6 27.62 5330 ¥ o476 0076
0.8 26.58 53.88 2580 0.079
0.2 33.56 53.00 1920 0059
0.4 30.01 53.98 22.75 | 0.070
2 0.6 29.00 5209 2210 53767 0,073
0.8 24.87 54.65 2789 0.086
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Appendix J:Calculation of seeding temperature

Sample calculation as follows:

MSZW was between 47.55 °C as 100 % MSZW and 27.84 °C as 0% MSZW.

Seed was added within MSZW (47.55 °C to 27.84 °C).

Seeding temperature for 95% of MSZW

= Temperature at 0% MSZW + 95% * (Temperature at 100%MSZW - temperature at
0%MSZW)

=27.84 °C + 95% * (47.55 °C - 27.84 °C)

=46.56 °C

Seeding temperature for 55% of MSZW

= Temperature at 0%MSZW + 55% * (Temperature at 100%MSZW - temperature at
0%MSZW)

= 27.84 °C + 55% * (47.55 °C - 27.84 °C)

=38.68 °C
Seeding temperature (% of MSZW) Calculated seeding temperature (°C)
95 46.56
85 44.59
75 42.62
65 40.65
55 38.68
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Appendix K: Raw data: results from seeding experiments

Crystallisation temperature for seed size of 200-150 micron of different seed mass in mg, seed
loading (seed wt%) and temperature of seeding, Tseed.

Seed mass
(mg)

95.55

95.55
95.55
95.55
95.55
63.70
63.70
63.70
63.70
63.70
31.85
31.85
31.85
31.85
31.85

Seed wt%

15

15
15
15
15
1.0
1.0
1.0
1.0
1.0
0.5
0.5
0.5
0.5
0.5

Tseed (°C)

46.56

44.59
42.62
40.65
38.68
46.56
44.59
42.62
40.65
38.68
46.56
44.59
42.62
40.65
38.68

Tseed (%
of MSZW)

95

85
75
65
55
95
85
75
65
55
95
85
75
65
55

Crystallisation temperature, Tcrys (°C)

testl
43.02

41.78
40.02
39.51
38.22
42.34
41.95
40.23
39.17
37.33
39.55
40.57
38.66
37.83
37.50

test2
43.81

42.61
40.84
40.22
38.84
42.88
42.80
41.06
40.04
38.16
40.61
40.08
38.47
38.76
35.80

test3
42.23

40.95
39.20
38.80
37.60
41.80
41.10
39.40
38.30
36.50
40.08
40.33
38.57
36.90
36.45

average
43.02

41.78
40.02
39.51
38.22
42.34
41.95
40.23
39.17
37.33
40.08
40.33
38.57
37.83
36.45

Nucleation/ crystallisation temperature for seed mass of 31.85g ~ Seed wt% = 0.5.

Seed size
(Hm)

200-150
150-125
125-100
200-150
150-125
125-100
200-150
150-125
125-100
200-150
150-125
125-100
200-150
150-125
125-100

Mean
seed size

(Hm)
175
137.5
112.5
175
137.5
112.5
175
137.5
112.5
175
137.5
112.5
175
137.5
112.5

Seeding
temperature,
Tseed (°C)
46.56
46.56
46.56
44.59
44.59
44.59
42.62
42.62
42.62
40.65
40.65
40.65
38.68
38.68
38.68

Tseed
(%)

95.00
95.00
95.00
85.00
85.00
85.00
75.00
75.00
75.00
65.00
65.00
65.00
55.00
55.00
55.00
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Nucleation temperature,

Tcrys (°C)
37.86  38.77
38.52 38.04
40.77 | 41.73
37.04 | 38.08
39.92  40.83
40.57 | 41.34
36.80 | 37.39
37.34  39.00
38.66  39.42
33.62 34.34
36.28 = 34.66
38.53 | 39.06
31.38 | 32.25
36.23 | 36.56
37.95 | 37.90

36.95
39.00
39.81
36.00
39.01
39.80
37.10
37.72
37.90
32.90
35.47
38.00
31.82
35.90
38.00

Average

nucleation

te

mperature,

Tnucl (°C)

37.86
38.52
40.77
37.04
39.92
40.57
37.10
38.02
38.66
33.62
35.47
38.53
31.82
36.23
37.95



Appendix L: List of Publications

Journals

Mohammad, K. A. A., Rahim, S. A,, Bakar, M. R. A. R. A., & Zainudin, E. N. H.
E. (2017). Effect of Seed Loading and Temperature of Seeding on
Carbamazepine-Saccharin  Co-Crystal. Indian Journal of Science and
Technology, 10(6), 1-5. https://doi.org/10.17485/ijst/2017/v10i6/111137
Mohammad, K. A., Abd Rahim, S., & Abu Bakar, M. R. (2015). Nucleation
Kinetics of Carbamazepine-Saccharin (CBZ-SAC) Co-crystal. In A. M. Hashim
(Ed.), ICGSCE 2014 (pp. 263-270). Singapore: Springer Singapore.
https://doi.org/10.1007/978-981-287-505-1_31

Mohammad, K. A., Abd Rahim, S., & Abu Bakar, M. R. (2017). Kinetics and
nucleation mechanism of carbamazepine—saccharin co-crystals in ethanol
solution. Journal of Thermal Analysis and Calorimetry, 130(3), 1663-1669.
https://doi.org/10.1007/s10973-017-6483-1

Presented Papers at Conferences / Symposiums / Seminars

Khairool Azizul Mohammad, Syarifah Abd Rahim, Mohd Rushdi Abu Bakar
(2014). Nucleation Kinetics of Carbamazepine-Saccharin (CBZ-SAC) Co-
crystal, International Conference on Global Sustainability and Chemical
Engineering ICGSCE 2014, Kuala Lumpur, Malaysia , 20-23 August 2014.
Khairool Azizul Mohammad, Syarifah Abd Rahim, Mohd Rushdi Abu Bakar
(2017). Effect of Seed Loading and Temperature of Seeding on Carbamazepine-
Saccharin Co-Crystal, International Conference on Fluids and Chemical
Engineering FluidsChE 2017, Kota Kinabalu, Sabah, Malaysia, 4-6 April 2017.
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