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General Introduction

During the early 1990s, the switch from a phenotypic to a target-based approach for the
research of new active pharmaceutical ingredients has led to the development of poorly water soluble
and complex organic molecules. To improve bioavailability of such APIs, crystal size distribution, shape
and crystallinity could be modified to enhance the rates of dissolution (e.g. micronization,
amorphization, and polymorphic transformation). However, these modified crystals often exhibit low
flowability properties impacting downstream processes (e.g., filtration, handling, storage, and
tabletization). Therefore, attention has been paid to the control of micromeritic properties (i.e.,
properties resulting from the particle size) of APl powders (e.g., flowability, packability,
compressibility, and dissolution rates). Granulation methods were developed to overcome these
problems. Among these, spherical crystallization (SC) was developed to simultaneously improve
intrinsic and assembled crystals micromeritic properties. SC combines crystallization and
spheronization in one step, where more conventional methods such as wet granulation, require
several steps of drying and mixing before obtaining a powder with the targeted micromeritic
properties, increasing the manufacturing costs. Kawashima applied the SC to organic materials in a
series of publications dedicated to the spherical agglomeration (SA, one method of SC).

The aim of this work is to develop the spherical agglomeration of an API and to isolate the
agglomerates in the targeted crystalline form.

Chapter 1 focuses on the necessary generalities concerning the crystallization, the
heterogeneous equilibria and the spherical agglomeration for the understanding of this work.

Chapter 2 depicts a new case of isomorphous desolvate (anhydrous form which shares a similar
crystal packing that of the solvated form). A new form (Form l1ll) of prednisolone is identified and
characterized as an isomorphous desolvate of prednisolone sesquihydrate. The stability of this new
form is discussed in terms of heterogeneous equilibria.

Chapter 3 focuses on the API to agglomerate: safinamide mesylate. The API being marketed as
an anhydrous (A1), its crystalline landscape is thoroughly described, and the relative stability of the
different solid phases discussed to identify the conditions to obtain pure Al and avoid the formation
of the hemi-hydrate H1.

Chapter 4 is dedicated to the development of the spherical agglomeration process of
safinamide mesylate. After the identification of the main experimental parameters, these last were
investigated and optimized to obtain spherical agglomerates of safinamide with the required
micromeritic properties and crystalline form.

Chapter 5 presents the spherical agglomeration in a Couette Taylor reactor and aims at
demonstrating the possibility to perform the agglomeration process in such a geometry. The
agglomeration in the reactor is first applied to Timapiprant, another API, in a series of batch

experiments. Then, the process is applied to safinamide mesylate, first in a batch mode, and secondly
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as a continuous process to enhance agglomeration productivity. The feasibility of spherical
agglomeration in the Couette Taylor reactor is discussed and perspectives of development are

proposed.
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Generalities

1 GENERALITIES

1.1 THERMODYNAMICS AND HETEROGENEOUS EQUILIBRIA

1.1.1 Thermodynamics

Matter exists in three main states: gas, liquid and solid, differentiated by the different degrees
of atomic or molecular orders. In the gaseous state, entities can move freely without interaction
between each other (ideal case). In the liquid state, entities exhibit a Short-Range Order (SRO). In the
solid state they can exhibit either an SRO, i.e. amorphous state, or a Long-Range Order (LRO), i.e.

crystalline state.

Figure 1-1: Schematic representation of LRO (left) and SRO (right)

Amorphous state can be defined having the structural characteristics of a liquid, but with much
higher viscosity, a kind of “frozen” liquid state.! Amorphous materials present a glass transition
temperature (T ): below this temperature, the material is kinetically frozen into a thermodynamically

out of equilibrium glassy state.?

Differently, the ideal crystalline state exhibits a LRO, consisting in a periodic, three dimensional

and strict arrangement of molecules, ions, or atoms.

1.1.2 Heterogeneous equilibria

1.1.2.1 Notion of system and phase

A system can be defined as a part of the universe delimited by real of fictive boundaries (e.g.:
flame, crystallizer, or calorimeter). In open systems, both matter and energy transfers with the
surroundings take place. In a close system only energy transfers can occur, whereas isolated systems

are characterized by total absence of transfers.
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A phase is a part of the system considered as homogeneous with uniform physical and

chemical properties (e.g.: temperature, composition, pressure).?
Under constant pressure, the Gibbs free energy relationship is defined as:
G=H-TS Equation 1-1
With H the molar enthalpy, T the temperature, and S the entropy of the system
A system is considered in equilibrium when the condition of equation 1-2 applies:
diG) =0 Equation 1-2

The most stable state of a system is reached when the value of G is the lowest possible value

and any other d(G) = 0 equilibrium state will be considered as metastable (Figure 1-2).*°

Unstable

Unstable

Unstable

Unstable

metastable

metastable
state 1

state 2
Stable state

Atomic or molecular arrangement

Figure 1-2 : Energetic landscape for a system exhibiting two metastable equilibria

In order to observe a phase transition between phase 1 and 2, the following condition must

be fulfilled:

AG=G,— G, <0 Equation 1-3

G4 and G, are the Gibb’s free energies of the initial and final states, respectively. This condition

is reached by modifying the temperature, the pressure, or the composition of the system. According
to Oswald rule of stages, the system can undergo several transitions (metastable states) before

reaching the most stable equilibrium state.®’

The equilibria between phases of different nature (solid, liquid, gas) are called heterogeneous
equilibria and can be graphically represented as a function of intensive variable (e.g., pressure and

temperature) in a phase diagram.
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The Gibb’s phase rule®, also known as the variance (v), is the number of degrees of freedom,
i.e., the number of variables which can be changed without modifying the equilibrium of the system.

It is given by:

v=C+N-—¢ Equation 1-4

With C the number if independent component of the system, N the number of intensive

variables, and ¢ the number of phases in equilibrium.

1.1.2.2 Introduction to polymorphism

Polymorphism, from the Greek poly (=many) and morph (=form) is “a solid crystalline phase of a given
compound, resulting from the possibility of at least two different arrangements of the molecules of that
compound in the solid state”.® The polymorphic form of a drug substance or excipient can have a
profound impact on multiple aspects, such as morphological, rheological, and biological properties,
the efficiency of the production and formulation process, right of intellectual property protection. The

interest in the solid-state properties of drugs has grown tremendously in recent decades.’

As seen previously, each phase has its own molar free energy which is temperature and
pressure dependent. It’s also the case for two polymorphic forms. These two solid forms can be related

by either a monotropic or an enantiotropic relationship.!

1.1.2.3 Unary phase diagram

If C (the number of independent components of the system) equals to 1, the system is
constituted of one pure component. A convenient way to represent unary phase diagrams is to use
the pressure and the temperature as the intensive variables (N = 2). The variance becomes

therefore:®

v=3—¢ Equation 1-5

Unary phase diagrams could be represented as it follows (Figure 1-3):
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Pressure

Liquid

Gliquid
Gigas

T, T, Temperature T T, Temperature

Figure 1-3: Unary (P, T) phase diagram (left) and (G, T) diagram at P; (right)

- Atthe point M: stability domain of the solid (¢ = 1) and v = 2. Pressure and temperature can
be modified without alteration of the system.
- At the point N: the solid and liquid coexist on this line, ¢ = 2 and v = 1. If one intensive
variable is changed the other must be adjusted to remain on this equilibrium.
- At the point O: the solid, liquid and vapor coexist, ¢ = 3 and v = 0. There is no degree of
freedom. Temperature and pressure are fixed at this point called the triple point.
- Atthe point c: it corresponds to a merging of both liquid and solid phase into a unique
one called super-critical fluid.
- Gibb’s free energy diagram for a given pressure (P;) shows the evolution of the phases
as the function of the temperature (figure 1-3 (right)). Such diagrams depict the Gibb’s free
energy of each phase (gas, liquid, and solid) The Gibb's free energy of the system corresponds

to the lowest values of the 3 curves.

1.1.2.1 Polymorphism in unary system

Monotropy

Two phases are said monotropically related if one of them is more stable than the other,
whatever P and T. Figure 1-4 depicts a unary phase diagram exhibiting a monotropic behavior. The G
curve of form A is always lower than the G curve of form B until the melting of form A (T2). Then, the
G curve of the system corresponds to the G curve of A which is the most stable and there is no

conversion of form A into form B.
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Pressure

Form B

" Form A “

Temperature

~ Glorms

™ Gporma

Guquid

T, 1, Temperature

Figure 1-4: Unary phase diagram of a compound exhibiting two monotropic polymorphs with associated Gynes at a given
pressure Pq

Enantiotropy

Two solid phases are enantiotropically related when, by changing temperature and- or

pressure, there is a reversibility of the transition between the two phases. In such cases, the unary

phase diagram of the corresponding system exhibits two stability domains corresponding to these two

solids. Figure 1-5 is an example of such behavior. The G curve of the system (yellow curve, Figure 1-5)

first corresponds to the G curve of form B. However, at T, G curve of A become lower than G curve of

B. Therefore, form A become the stable form and G curve of the system fit with G curve of A until the

melting To.

Pressure

" Gorma

" Glorms

Gliquid

T T,

Temperature

T T, Temperature

Figure 1-5: Unary phase diagram of a compound exhibiting two enantiotropic polymorphs with associated Geyryes at P;.
Metastable equilibria are represented is dashed lines.

In order to predict thermodynamic relationship between polymorphs, several rules have been

proposed??. One of the most accepted is the “Heat of fusion rule” by Burger and Ramburger:3

- Theheat of fusion rule states that if the higher melting polymorph has the lower heat of fusion,

then the two polymorphs are enantiotropic, otherwise they exhibit a monotropic behavior.

1.1.2.2 Binary phase diagram

Binary phase diagrams deal with 2 independent components (A and B). A new intensive

variable is then integrated to the variance: the composition in A and B.

10
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ny ng

= XB =
ng+npg ngt+npg

X4 Xp+Xg=1 Equation 1-6

With X the molar fraction of 4 or B, and n the number of moles of A or B.

The graphical representation of such a system is a 3D diagram P, T, and composition (%A or
%B ).** However, these diagrams are commonly represented at a fixed pressure (isobaric

representation).
The variance is expressed as follow (N=1, P is fixed):

v=3—¢ Equation 1-7

In these systems, 3 phases can be simultaneously in equilibrium giving rise to an equilibrium
for which the variance is equal to 0 (= invariant equilibria). The different possible invariant equilibria

that can be encountered in binary system are listed in Table 1-1.1>16

Table 1-1: Type of invariant transformations in a binary equilibrium phase diagram at constant pressure (L and S referred to
as Liquid phase and solid phase, respectively)

Name of the , . . ,
e f Eutectic Peritectic Monotectic Metatectic
equilibrium

equilibrium L o S1+ 82 S1+ L o S2 L1 & 81 + L2 S1 e S2+1L
Name of the Eutectoid Peritectoid Monotectoid Syntectic
equilibrium

equilibrium S1 & S2 + S3 S1 & 52653 Sla & S1b + S2 L1+ 12 oS

Among these invariant equilibria, we will describe those that we have encountered during

this study.

Eutectic invariant:

Lig © <AxB,> +<B >

It corresponds to the crystallization of a liquid phase into two different solid phases. The
reaction takes place at a given temperature (eutectic temperature) and at a composition called

eutectic point (point E, Figure 1-6).

Defined compound:

x<A> 4y <B>=<A.B,>

A defined compound, either stoichiometric or not, is obtained by the crystallization of the
different components in a unique and original crystalline phase. It is represented by a vertical straight

line on a binary phase diagram in the case of stoichiometric compound (Figure 1-6, red line).

11
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Peritectic invariant:

<A> +Lig ©<AyBy, >

In our case, it corresponds to the melting of the defined compound AxBy: upon melting it

decomposes into a liquid and a new solid phase, <A> in our example.

Figure 1-6 is an example of an isobaric representation of binary systems.

Temperature
lig
<A>,; +liq .
Ttmnsitr'on liq
+<B>
<A>r + lig
Tperitectic
<AxBy> + lig
<A>,+ E Teutectic
<AxBy> <AxBy> +<B>
—_—
A AXB}/ B

%B

Figure 1-6: Isobaric binary phase diagram exhibiting: a stoichiometric compound (vertical red line), a eutectic invariant
(horizontal line at Teutectic), @ peritectic transition (horizontal line at Tyeritectic), and a polymorphic transition (horizontal line
at Ttransit'\on)

Lever rule:

The phases in equilibrium and their compositions could be directly determined from the phase
diagram. In order to deduce the proportion of each phases, the lever rule can be used.' This is a
consequence of the matter conservation during transformation of phases and it is a mathematical tool
based on the reading of the tie line (i.e., a line that associates the different phases in equilibrium in
biphasic domain, here the segment [MN] at Ty, Figure 1-7). Hence, at the composition x, the weight

fractions of liquid and solid < A > are:

12



Generalities

Temperature
lig
ffq +<A> ffq + <B>
M N
Tx X
<A>+ <B>
X e —
A %B B

Figure 1-7: Isobaric binary phase diagram with a tie line (orange horizontal dashed line)

1.1.2.3  Polymorphism in binary system

In binary system, when two polymorphs are in an enantiotropic relationship, the binary phase diagram

exhibits an invariant equilibrium at Tiransition:

<A>pow Temperature < <A >High Temperature

Solid/solid transition can also be graphically represented on a binary phase diagram with a

horizontal line at Tiansition (Figure 1-6).

In the case of two polymorphs that are in a monotropic relationship, one polymorph remains
stable whatever the temperature and composition. An example of binary phase diagram of two
monotropic polymorphs is represented in Figure 1-8. Ay is the stable form. Dashed lines correspond

to the equilibrium of the metastable form At with B.

13
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Temperature

AHT
Ty

TALT

Figure 1-8:Schematic representation of a binary system with a polymorphic pure component exhibiting a monotropic
behavior. Metastable equilibria are represented in dashed lines

1.1.3 Salt, solvate and hydrate

1.1.31 Salt

According to Compendium of chemical Terminology provided by the IUPAC, a saltis a “chemical
compound consisting of an assembly of cations and anions”.?® Thus, for a pharmaceutical salt, it
comprises a cationic or anionic active pharmaceutical ingredient (API) and a counter ion that might be
molecular or monatomic (e.g., a halide anion). The requirement for charge balance means that a salt
must have a definite stoichiometry. Salt formation is one of the primary solid-state approaches used
to modify the physical properties of APls. Among these properties, some of them are deciding factors
for the APIs commercialization, such as stability (regarding to heat, pH, stress, etc.), solubility,

dissolution rate and bioavailability.*®

1.1.3.2 Solvate and Hydrate

Haleblian?® defined a solvate as a crystalline molecular compound in which molecules of the
solvent of crystallization are incorporated into the host lattice, consisting of unsolvated molecules. A
hydrate is a special case of the class of solvates when the incorporated solvent is water. The presence
of solvent molecules in the crystal lattice influences the intermolecular interactions and confers unique
physical properties to each solvate. Therefore, a solvate has its own characteristic values of internal
energy, enthalpy, entropy, Gibbs free energy, and thermodynamic activity. Consequently, the solubility
and dissolution rate of a solvate differ from those of the corresponding unsolvated phase and can
result in differences in bioavailability of drugs. Solvation and desolvation phenomena occur in

suspension but also through solid/vapor equilibria (e.g., during storage), as a function of the solvent

14
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partial pressure. In order to characterize such transitions, a thermodynamic approach dedicated to

liquid/solid and gas/solid equilibria could be helpful.?

1.1.3.2.1 Liquid/solid equilibria

In the presence of solvates, the binary phase diagram between a constituent A and a solvent S
exhibits a defined compound at a discrete stoichiometry < A, xS >. A majority of solvates present a

non-congruent melting on heating thanks to a peritectic transition:

AH>0
Theritectic: < A, xH,0 > «—— < A > + saturated solution

Figure 1-9 shows an example of a binary phase diagram A/H,0 with the presence of a

stoichiometric hydrate.

Temperature
lig
<A>+ lig
Tperitectic
<AxH,0> + lig

<A>+ lig + <H,0>

<AxH,0> Teutectic
<A,xH,0> + <H,0>
—

A A,xH,0 %H,0 H,0

Figure 1-9: Schematic representation of a binary system with a stoichiometric hydrate

1.1.3.2.2 Gas/Solid equilibria

When the gas is considered as a perfect gas, the vapor pressure of a solvent at a given

temperature is defined by:

Pgovent = Xsotvent * Ptrotal Equation 1-8

With Xs01pent the molar fraction of solvent and P;,;4; the total pressure of the system

When considering water as the solvent, Relative Humidity (RH) is defined as:

15
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0, — PHZO .
YoRHp_ gt = prat * 100 Equation 1-9
2

With Pf,% the saturation partial vapor pressure of water and Py, ¢ the partial pressure of water at a

given temperature.

The reactivity of a solid with water vapor is described by its hygroscopicity (i.e., the ability of a
material to capture water).?2 When a dried powder is in contact of the atmosphere containing water

vapor, two type of phenomena could occur:
- Adsorption: water molecules are bonded to the surface of the powder.

- Absorption: water molecules are integrated into the crystal lattice of the initial solid, with

generation of a hydrated form.

1.1.3.2.3 Behavior of solids during hydration

When the powder absorbs water molecules above a critical RH until formation of a saturated

solution, the solid is classified as deliquescent.

If a hydrate powder evolves spontaneously (under ambient Py, ¢) into a phase with a lower

degree of hydration, the hydrate is qualified as “efflorescent”.

The incorporation of water in the crystallized solid (hydration), occurs over a minimum value
of RH. A hydrated solid could be classified in two different families: stoichiometric or non-
stoichiometric hydrates. The classification of different hydrates could be understood thanks to a

thermodynamic approach based on solid/gas equilibria.'??3

The equilibrium of hydration in isothermal conditions is given by the reaction:
<A > () + pu,o(w) © <A,pH,0 > (s)

In such cases, the number of independent components is 2 (< A >, water), ¢ the number of

phases and the temperature is fixed. The variance becomes:

v=3—¢ Equation 1-10

For a stoichiometric hydrate, the water content in the solid is well-defined (= defined
compound) and the hydrate and the anhydrous form have a different crystal structure. The variance
of the equilibrium is reduced to v = 0 (¢ = 3: A (anhydrous), water, and A,pH,0 (hydrate))

implying that there is a discrete water partial pressure of hydration, Phyqarat a given temperature.

16
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For non-stoichiometric hydrates, the incorporated water in the solid does not affect the global
crystal structure. By consequence, the structures of the solid phases involved in the equilibrium are
the same. The variance of the system is reduced to v = 1. Only one intensive parameter of the
system, Py, o, can vary without altering the nature of the equilibrium: there is no discrete value for
hydration but a wide range of RH. The consequence is that the quantity of water molecules in the solid

can vary progressively as a function of RH.

The stoichiometric or non-stoichiometric behavior of hydrates can be characterized by
monitoring the evolution of the mass of a solid versus the relative humidity variation at a given
temperature (Gravimetric Vapor Sorption experiments). Such monitoring leads to isotherm sorption

plots represented on Figure 1-10.

imax m, o //
©v ©
7 )
o] [}
g g

/

my

RH of hydration RH . RH o

Relative Humidity Relative Humidity

Figure 1-10: Isotherm of sorption for a stoichiometric hydrate (left) and a non-stoichiometric hydrate (right)

Important information can be deduced from these representations:

- The RH for solid-solid transition (RH of hydration in the case of stoichiometric hydrates)
- The kinetics associated to these transitions
- The maximum mass uptake of the solid during the transition which corresponds to the

stoichiometry of water molecules (p) incorporated in the solid (Eq. 1-11)

% water uptake My .
p= * Equation 1-11
100 My,0

With p the quantity of incorporated water, M, the molar mass of the anhydrous form, and

the My, ¢ of the water.

In the case of non-stoichiometric hydrates, solid phase can adsorb water from RH,,;, to

RH,y, 4, (Figure 1-10).
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1.1.3.3 Ternary phase diagram

Ternary phase diagrams deal with 3 independent components (A, B, C). To represent a ternary
phase diagram a 4D representation is required (T, P, and composition) which is impossible. Usually,

the pressure is considered as fixed and the diagram is 3D represented (Temperature, %A, %B, and %C).

Such diagrams can be described as a combination of three binary phase diagrams, representing
the faces of the ternary phase diagram. In the case of (Figure 1-11), joining three eutectic binary phase

diagrams leads to a ternary eutectic phase diagram.

Temperature

—

%8B

Figure 1-11: Isobaric ternary phase diagram (left) and an isothermal section at T;. Dashed lines represent the tie lines
(right)

For an isobaric representation, the variance is:

vV=4—¢ Equation 1-12

However, surfaces and limits of domain are complex to visualize in a 3D representation. Then,
a 2D representation is preferred: the temperature, as the pressure, is fixed (Figure 1-11). The variance

is then:

v=3—¢ Equation 1-13
Similarly to binary diagrams, the proportion on each phase can be determined thanks to the

lever rule by using the tie lines.

One should note that phase diagrams can also apply for more than 3 independent components.

However, these systems are out of the scope of this study.
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1.2 CRYSTAL STRUCTURE AND CRYSTAL GENESIS:
1.2.1  Crystal Structures

1.2.1.1 Crystal Lattices

Geometrical and analytical properties of crystals were first conceptualized by the work on
group theory. Then, Romé de I'lsle and René Haliy mentioned the periodicity in a crystal through the
macroscopic observation of calcite crystals: the notions of unit cell and Miller indices were
introduced.?*26 However, the major breakthroughs in crystallography have been made possible with
the development of X-ray diffraction. With X-ray diffraction, lattice dimensions and interfacial angles

of crystals were revealed with high precisions.?’

Crystals are defined as three-dimensional, periodic stacking of atoms or molecules giving rise
to the crystal lattice. The smallest entity which contains the complete structural information is called
the primitive unit cell, represented by a parallelepiped form made of three vectors. It is defined by the
lattice parameters a, b, and c (the lengths of the vectors) and a, 8, and y (the angles between the

vectors, Figure 1-12).

z

/
]
LA

Figure 1-12: Schematic representation of a unit cell defined by primitive translation vectors

a
=

1.2.1.2 Symmetry in crystals

Many symmetry operations can be found in crystalline solids, based on three symmetry
elements: symmetry with respect: to a point (center of symmetry), to a line (axial symmetry), and to a

plane (planar symmetry).

By combination of these simple symmetry elements, ten symmetry elements can be

encountered in a crystal:

e The proper rotation around an axis named 1, 2, 3, 4, and 6 (x rotations of 21t /x, x being the

name of the axis)
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e Theimproper rotation X, corresponding to a proper rotation x followed by an inversion j.

With 1 (inversion operation), 2 (mirror operation), 3, 4, and 6.

Point groups are the combination of the different symmetry elements and are used to describe

the morphology and macroscopic properties of the crystals. They are 32-point groups classified in 7

crystal systems: triclinic, monoclinic, orthorhombic, trigonal, hexagonal, and cubic (Table 1-2).

Table 1-2: The seven crystal systems and their associated point group

Crystal System

Dominant Symmetry

Point Group

Cell Parameters

Triclinic

Monoclinic

Orthorhombic

Trigonal

Tetragonal

Hexagonal

Cubic

However, these crystal systems are not sufficient to describe

1 (identity)

2 along b

@
2 along d, b,and ¢

3along ¢

4along ¢

6along ¢

3 along the space diagonal

land1

2, mand2/m

222, mm2 and
2/m2/m2/m

3,3,32,3m,and 3m

4, 4,422, 4mm, 42m, 4/m,

and

4/m2/m2/m

6, 6,622, 6mm, 6m2, 6/m,

and

6/m2/m2/m

23,m3, 432, 43m, and m3m

Therefore, Bravais has introduced 4 lattice modes:%®

e P: primitive mode

e A, B, or C: based centered mode

I: body centered mode

F: face centered mode

all the possible lattices.

The combination of the 7 crystal systems and 4 modes leads to the 14 Bravais lattices.
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1.2.1.3 Space group

Other symmetry operations exist to fully describe a crystal structure. They combine translation

and rotation from a microscopic point of view:

e Screw axis (rotation followed by a translation: 2;, 31, 32, 41,45, 43, 61, 65, 63, 64, and 65)

e Glide plane (reflection followed by a translation: g, b, ¢, and n)

Finally, the combination of point group, lattice mode, and translational symmetry leads to the

230 space groups.?®

1.2.2  Crystal genesis

Crystallization is a first order and an exothermic phase transition which results in the formation
of an ordered crystal phase from a disordered one: liquid, gaseous, amorphous or from supersaturated

solution.

1.2.2.1 Driving force of crystallization from solution: Supersaturation

The solubility (S) is defined as the maximum quantity of compound A dissolved in a solvent at
a given temperature and pressure. Even if saturation corresponds to a thermodynamic equilibrium, it
is possible to overpass this value. The ratio between the concentration C of A in the solvent and the

solubility S is the supersaturation ratio:3°

Equation 1-14

=
I
wla

e If f =1, the solution is saturated
e If f <1, the system is undersaturated and crystallization cannot occur

e If f > 1, the system is supersaturated and is in a favorable condition for crystallization

This supersaturation is the driving force of the crystallization and can be reached via different
ways: evaporation of the solvent, variation of the temperature, antisolvent addition (drowning out),

pH variation (salting out), etc.

Thermodynamically, the condition 8 > 1 is sufficient to induce the crystallization. However,
supersaturation must overcome a limit called Ostwald metastable limit (Figure 1-13) to induce a

spontaneous nucleation of the system.®
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Solubility curve

Under saturated
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Figure 1-13: Solubility curve (orange curve) and Oswalt limit (blue dashed curve) of compound in solution

The width of Ostwald metastable zone relies on kinetic factors: the cooling rate, evaporation

rate, stirring mode and rate, time, impurities.

1.2.2.2 Classical Nucleation Theory

Homogeneous nucleation

The first step toward the formation of crystals after the establishment of a supersaturation is

nucleation.

According to the Classical Nucleation Theory (CNT)3132, the aggregation of molecule of A leads
to the formation of nuclei, which present the same degree of order than the final crystal form (i.e., the
same structure), this phenomenon is considered as a stochastic step and corresponds to the nucleation
process. The energy of nuclei is an equilibrium between cooperative and disruptive interactions

represented by the variation of free enthalpy of nucleation:

AGpycleation = 4Gy, + AGg Equation 1-15

With 4G, the volume contribution to the free energy of nucleation related to solid/solid
interactions (stabilization of the nuclei) and AGs the surface contribution to the free energy of

nucleation related to the surface solid/liquid interactions (destabilization of the nuclei).

If the nucleus is considered as a spherical cluster, 4G,y cieation 1S Written:

4
AGpycieation = — 3 m”gﬁgu + 4'7'"'2)’ Equation 1-16
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Ag, is the free enthalpy variation per unit of volume, r the nucleus radius, and y the surface tension of

the nucleus.®

By expressing nucleus free energy AG, and AG; as a function of the radius of the nucleus, the

AGpucieation 1S Obtained (Figure 1-14).

AGy
>
I
Y
<
'-l.,] .
o Nucleus Size
v AG
[y *
wn
S
Q
X
S
= AGnucteation
AG,

Figure 1-14: Free energy change associated with homogeneous nucleation of a sphere of radius r (yellow curve) as
function a of volume contribution (blue curve) and surface contribution (red curve)

The evolution of 4G,y cieation (Vellow line, Figure 1-14) depicts the fact that the formation of
the nucleus is at first energetically unfavorable since the contribution from the created solid/liquid
surfaces prevails. If the critical radius threshold, r*, is overcome, the growth of the nucleus stabilizes
the system. Any nucleus with a size r < r* should re-dissolve and any nucleus with r > r* should
grow. The nucleation process is governed by kinetics, then the energy barrier can be locally overcome

and can lead to crystallization.

The apparition of a critical radius r*, is concomitant with the apparition of barrier energy, AG*.

By derivation of r* and AG™:

« _ 2y % _ 161ty3
Agy 3(Agv)*

Equation 1-17

Heterogeneous nucleation

Heterogeneous nucleation consists in the aggregation of molecules A on foreign surfaces
(crystallizer wall, stirrer, impurities, ...). Then, the contribution of AGs to the free enthalpy of
crystallization is diminished, due to less unfavorable solid/foreign surface interface. The AG™potero iS
then lower than AGp ., Which results in a better ability to crystallize than from homogeneous

nucleation.

Homogeneous and heterogeneous nucleation are considered as primary nucleation since
nuclei are formed spontaneously. Secondary nucleation occurs after these primary processes, by

seeding of a solution or because of smashed crystals.3*
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1.2.2.3 Crystal Growth

When AG* is overcome and r >r*, the nucleus will grow until the thermodynamic
equilibrium is restored (i.e., attainment of the saturation). There are several mechanisms of growth for
a crystal. Solvated molecules will dock onto crystal surfaces and release energy to the system. The
growth rate is defined by the intermolecular interactions between the surface of the crystal and the
entity to dock at the surface: it will be faster for stronger intermolecular interactions. There are two

major ways to incorporate molecule to the surface of the crystal (Figure 1-15):

e Spiral growth:” crystal growth occurs through a screw dislocation regenerated at each
layer. It mostly occurs at low supersaturation.

e Two-dimensional nucleation:* if the crystal presents no defect at its surface, there is
no preferential adsorption sites. Then, 2D islands nucleate on the flat surface and
spread all over the surface of the crystal. This mechanism occurs for high

supersaturation.

\\/ | o

Figure 1-15: Distinction of the different kinds of crystal faces: flat F, step S, and kink K

1.2.2.4 Growth kinetics

Crystal growth depends on both intrinsic and external parameters. The nature of bonds, crystal
defects, crystalline structure will modify the growth rate as well as external factors, such as the nature
of the solvent (interactions between the growing crystal and the solvent can induce modifications of
the growth rates and of the final morphology), impurities, temperature, or supersaturation. Due to
these parameters, crystal growth rate is anisotropic, i.e., the faces grow at different rates, leading to
different crystal morphology. For a given face of the crystal, the lower the growth rate the more

prominent the face is (Figure 1-16).
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Figure 1-16: Schematic representation of the crystal growth; Blue arrows symbolize high growth rate and orange arrows
low growth rate

1.2.2.5 Ostwald ripening

Ostwald ripening®® corresponds to the dissolution of small crystals in favor of the growth of
the larger ones. The driving force of this phenomenon is the Gibbs-Thomson effect which state that

small particles have a higher dissolution than larger ones due to minimization of the interfacial energy.

1.3 STATE OF THE ART OF SPHERICAL AGGLOMERATION
1.3.1 Spherical crystallization

Spherical crystallization (SC) is an ensemble of techniques allowing the control of the particle
physical properties of a crystallized material. It is applied in various activities such as pharmaceutical
or food industries.3"** Even if the first mention of agglomeration was published by D. I. Stock in 19524
on the aggregation of Barium sulphate, the first use of a SC technique for an organic molecule was

published in 1981 with the spherical agglomeration of lactose.*®

The particle size and distribution will impact both flowability and bioavailability properties.*”
These two properties are particularly critical for the pharmaceutical industry because of their impact
on production. The different spherical crystallization techniques rely on the use of binder, also called

bridging liquid (BL) to agglomerate particles and form spherical agglomerates.

There are three main SC techniques: ammonia diffusion, quasi-emulsion solvent diffusion, and

spherical agglomeration.*9>°

1.3.2 Ammonia diffusion

The ammonia diffusion (AD) method relies on the use of an ammonia aqueous solution that
can dissolve the solid to agglomerate. An anti-solvent, exhibiting a high miscibility in the aqueous

ammonia solution, is also used.*® A last solvent is required which is immiscible with water.>!

The addition of the anti-solvent in ammonia solution leads to the precipitation of the solid by

diffusion of the anti-solvent in ammonia solution droplets. Then by addition of the immiscible solvent,
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ammonia is forced out of the droplets. The immiscible solvent reduces the amount of ammonia around

the crystals impacting the agglomeration process. Indeed, ammonia acts as the BL for this technique.

A schematic representation of the process was proposed by Puechagut et al. in 1997 for the

AD agglomeration of Norflaxacin (Figure 1-17).52

| 1] 1]
\ I Invasion of anti-solvent &
& Y % o A
& Spherical v
' «(?,. ')& I3 agglomerates \ %
/;A Ammonia/water droplet &\W % §
’:\" Back diffusion ISW %’ %
\ of ammonia '
Precipitated crystals

Figure 1-17: Schematic representation of Ammonia Diffusion, reproduced from Puechagut et al.>?> Phase I: diffusion of the
anti-solvent in ammonia/water droplet. Phase II: Back diffusion of ammonia and formation of the agglomerates in
suspension. Phase lll: Isolation of the agglomerates by filtration and drying

During the phase |, invasion of anti-solvent causes the precipitation of crystals in aqueous
ammonia solution. Then, by addition of the immiscible solvent (phase Il), the diffusion of ammonia out
of the droplets is observed. Finally, the spherical agglomerates are obtained and isolated. One can note

that ammonia diffusion is the only technique to agglomerate amphoteric compounds.

1.3.3 Quasi-Emulsion Solvent Diffusion (QESD)

QESD method also requires the dissolution of a compound in a solvent. The solution is then
added to an anti-solvent.>® The critical parameter of this method is the interactions between the
dissolved compound and the dissolution solvent which must be stronger than those of the dissolution
with the anti-solvent. By mixing the solution (solvent + dissolved compound) to the anti-solvent, a
guasi-emulsion is formed (Step |, Figure 1-18). The difficulty to apply this technique relies on the
capability of maintaining the two solvents emulsified despite their miscibility. Over time, the diffusion
of solvent out of the droplet occurs and is replaced by diffusion of the anti-solvent in the droplet. The
solubility modification of the compound in the droplet leads to its precipitation. The solvent will act as
the BL to form the agglomerates (Step Il, Figure 1-18).>4°¢ After filtration and drying, isolated spherical

agglomerates are isolated (Step lll, Figure 1-18).
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Figure 1-18: Schematic representation of Quasi Emulsion Solvent Diffusion, reproduced from Nocent et al.>” Step I:
formation of the quasi emulsion by addition of an anti-solvent in a solvent+dissolved particle solution. Step IlI: Diffusion of
the anti-solvent in the droplets and back diffusion of the solvent. Step IlI: Isolation of the agglomerates.

1.3.4 Spherical agglomeration

Spherical agglomeration was developed by Kawashima et al. during the 1970s.37-3842 First
applied to inorganic compounds (coal, sulfate, carbonate, etc.), the method was extended to organic

compounds (salicylic acid, benzoic acid, etc.).

The method (schematic representation proposed in Figure 1-19) consists of the dissolution of
a compound in a solvent. Then, an anti-solvent is added causing the precipitation of the compound
(12" Particle Size Distribution (PSD)). A last solvent is added, known as the BL. This one must exhibit an
oiling out with the initial solvent/anti-solvent mixture. Moreover, the BL must have a high affinity for
the crystals.>® Due to particle — particle interactions, flocs (i.e. clusters of particles loosely aggregated
together) of crystals are formed. The flocs grow and densify due to floc — floc and/or floc - droplet
interactions. It has been shown by Huang et al. that the strength of the inter-particulate liquid bridges
is proportional to the interfacial tension between the bridging liquid and the medium.>® Indeed, in an
agglomerate, particles are bounded through the formation of liquid bridges due to interfacial tension
and capillary forces between the particles and the BL. (Figure 1-20).%° By mean of the stirring, attrition
and/or breakage of the agglomerates lead to an equilibrium between cohesive and disruptive
mechanisms (3" PSD). The solid is then isolated by filtration and dried to obtain the final agglomerates
(22 PSD). During the drying step, the crystallization of the liquid bridges leads to an increase of the

compressive strength compared to agglomerates in liquid suspension.
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The different steps of the spherical agglomeration mechanism are discussed hereafter.
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Figure 1-19: Schematic representation of the agglomeration process (binding agent is represented in orange)

1.3.4.1 Wetting period
The first step of the agglomerate formation refers to the wetting period.**®? This step

corresponds to the period during which the precipitated crystals interact with the bridging liquid.

Amaro-Gonzalez et al. have presented two possible mechanisms during the wetting period, depending

on the size of the droplets (Dd) and particles (Dp):%

Dd < Dp (Figure 1-21): It refers to a distribution mechanism. The BL will coat the particles

[ ]
resulting in an adhesive surface. Due to coated particle/particle or coated particle/coated

particle interactions, the particles adhere to each other.

Figure 1-20: Schematic representation of two particles bonded with bridling liquid solvent®?
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Figure 1-21: Schematic representation of the distribution mechanism proposed by Amaro-Gonzales

e Dd > Dp (Figure 1-22). It refers to an immersion mechanism. The particles are gathered in and

around the BL droplets.

>
Time

Figure 1-22: Schematic representation of the immersion mechanism proposed by Amaro-Gonzales

The immersion mechanism was studied by Subero-Courayer et al.% An experimental setup was
developed to observe the crystal behavior around a BL droplet (Figure 1-23). The setup consists of a
microscope equipped with a CCD camera. The camera is focused on the tip of a 10 um inner diameter
capillary immersed inside a salicylic acid suspension. Droplets are prepared to be of higher diameter
than the initial crystals. Experiment has shown that initial crystals first enter inside the droplet (pictures
2 to 4, Figure 1-23). After the complete saturation in solid particles of the droplet, the particles remain
stuck to the surface of the droplet until there is no BL available on the surface (pictures 5 to 9,

Figure 1-23). This observation is in accordance with the immersion mechanism.
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Suspension
circulation

Figure 1-23: Sequences of photographs of liquid binder droplet at the extremity of a 10 um internal diameter capillary
tube and its interaction with acid salicylic crystals, reproduced from Subero-Courayer

Madec et al.% also proposed a similar mechanism in the case of the immersion. However, they
suggest that the BL droplet surfaces are firstly coated with particles, preventing the coalescence of the

droplets. Then, due to collisions, the particles enter the droplets, and more particles can adhere to the

surface of the droplets (Figure 1-24).

Figure 1-24: Formation of a protective coating layer of particles at the droplet surface (1) and incorporation of these
particles towards the inner volume of the droplet (11), reproduced from Madec et al.

1.3.4.2 Consolidation and growth period

During the agglomeration process, the agglomerate growth can be separated into two

successive steps:
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(i) Zero growth regime: After the wetting of initial crystals by the BL, a consolidation
period of the flocs, where their diameter decrease, is observed. This compaction is
attributed to the shearing forces which promote the floc-floc and floc-vessel collisions
(Figure 1-25). Due to the compaction, the BL is squeezed out of the formed

agglomerates until it reaches the surface of the agglomerates.

®

® o @
J _ ’ Stirring .
. ° T8

Figure 1-25: Effect of stirring during the zero-growth regime period. dashed orange circles correspond to the equivalent
diameter of the initial flocs and consolidated flocs and show the reduction of the mean diameter due to compaction of
the flocs

(ii) Fast growth regime: After being squeezed out to the surface of the agglomerates, the
BL is available for further adhesion of particles. During this period a fast growth of the

agglomerate is reported.

Two main growth mechanisms can occur during the agglomeration: layering (Figure 1-26) and

coalescence (Figure 1-27).

During layering, crystals adhered to the surface of the consolidate flocs until the complete
coating of the flocs. Then, under further stirring, the BL reaches the surface of the growing agglomerate

and is available to form successive layers of crystals.
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Figure 1-26: agglomerate growth through layering mechanism

In the case of coalescence, the floc-floc collisions lead to the formation of the agglomerates.
This mechanism is often reported in the literature and was experimentally proved: a fast decrease of
the agglomerate number, together with a fast increase of the agglomerate size distribution (ASD) was

measured.
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Figure 1-27: agglomerate growth through coalescence mechanism

One can note that the prevalence of one mechanism over the other depends on the process

parameters.

After the fast growth period, the growth progressively slows down until the agglomerates

reach a mean size plateau.

1.3.4.3 Breakage and attrition

A mechanism of breakage and/or attrition is often proposed in the literature to explain the
agglomerate mean size plateau.%® High stirring rates during the agglomeration in the vessel lead to high

shearing forces which may cause agglomerate-agglomerate and/or agglomerate-vessel collisions. The
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particle coming from attrition will adhere to agglomerate surface through a layering process and
agglomerate fragments from breakage will participate to the coalescent growth. These phenomena
apply for wet granulation (i.e., addition of a BL on a dried powder) but Blandin et al.®’ suggest that,
based on the elasticity of the agglomerate in suspension, the plateau is reached when the adhesion
force between two agglomerates become too weak to maintain the link between the two
agglomerates regarding to the shearing forces. The coalescence is prevented, and the agglomerates

cannot grow anymore.

Table 1-3 summarizes the studies performed for a better understanding of these rate

processes during spherical agglomeration.

Table 1-3: Summary of experimental (E) and modeling (M) studies focused on the mechanisms occurring during spherical
agglomeration, reproduced from Pitt et al.%8

Mechanism Ref
Wetting period  Consolidation Growth Breakage
Coalescence Layering

E E 69

E E 43

E E E 70

E+M E+M 67

E 64

E E E E 71

1.3.4.4 Experimental parameters influencing spherical agglomeration
1.3.4.4.1 Solvent selection
The very first and crucial step to perform a spherical agglomeration is the determination of

different type of solvents: (i) a good solvent to solubilize the solute, (ii) an anti-solvent to precipitate

the crystals and (iii) a BL to agglomerate the crystals together.

Even if the selection of the crystallization solvents (i.e., the good solvent and the anti-solvent)
is a well-known procedure based on the solubility of the material to agglomerate, the choice of the BL

can be more challenging. Different approaches are proposed in the literature:

General guidelines of Chow et al.:5*

After an extensive review of agglomeration conditions for different compounds, Chow et al.
have proposed to classify them in four groups, depending on their solubility (Table 1-4). Then,

agglomeration conditions are proposed as a function of the defined group.
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Table 1-4: Chow's classification for the choice of the bridging liquid

Salt solution of high

Water soluble Water-miscible organic solvent .
concentration
Organic solvent water Organic solvent
Water-miscible organic solvent Saturated aqueous solution Organic solvent mixture
Insoluble in water and organic Water-immiscible organic Salt solution of high
solvent solvent concentration + binding agent
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Ternary phase diagram approach:

The determination of the ternary phase diagram between the solvent, the anti-solvent, and

the BL, can be a useful tool to determine different agglomeration parameters.

First, it gives information on the oiling out occurring between the crystallization solvents and
the BL. As previously mentioned, the BL must be immiscible in the crystallization solvents to form an
emulsion and initiate the wetting period. In Figure 1-28, the oiling out occurs in the shaded area

(biphasic domain where two immiscible liquids coexist).

Solvent

Liq, + Lig,
\
\
/ —
Bridging liquid %A-S Anti-solvent

Figure 1-28: Isobaric and isotherm ternary phase diagram composed of a solvent, anti-solvent and a bridging liquid
exhibiting an oiling out in the shaded biphasic domain (tie-lines)

Moreover, ternary phase diagrams have also been used to identify the best solvent
concentration’s region to perform an agglomeration. As an example, the Figure 1-29 from Cheng et
al.,”? shows a ternary phase diagram combined with a “regime map” for the spherical agglomeration
of Cefotaxime sodium. This “regime map” gives information on the agglomeration efficiency as a

function of the solvent’s composition.
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Figure 1-29: Ternary phase diagram of methanol-water-ethyl acetate at 285.15K; (1) immiscible region; (M) miscible
region; combine with a regime map of agglomeration: (P) pasty zone; (N) non-crystallizing zone; (A) agglomeration zone.
Reproduced from Cheng et al.”?

Calculation based method:

The previously discussed methods are mostly based on trial-and-error approaches. Such a
method is time consuming and requires a non-negligeable quantity of raw powder. Cheng et al.”?
recently proposed a theoretical prediction flowchart to guide the selection of the wetting liquid
(Figure 1-30), based on the Lifshitz-van der Waals acid-base theory, the flowchart uses the adhesion

free energy between particles and wetting agent.”®
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Figure 1-30:Flow chart of the selection of wetting liquid by adhesion free energy, reproduced from Cheng et al.

However, the proposed flowchart required some experiments of validation and optimization.
To date there is no study proposing a fully predictive method to choose the solvent system for spherical

agglomeration.

1.3.4.4.2 Bridging liquid

The bridging liquid is often cited as the most influencing parameter during spherical
agglomeration. Its nature, amount, introduction method, etc., can drastically change the agglomerate

properties (e.g., size distribution, strength, agglomeration time).

Nature of the bridging liquid

In order to determine the BL to use for spherical agglomeration, several methods are possible
such as Chow’s classification®! or a ternary phase diagram approach (as for solvent and anti-solvent,

(cf part 1.4.4.4.1). One additional method is specific to the BL selection: the capillary risen method.
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This one was proposed by Amaro-Gonzales et al.®® and is based on the Washburn’s equation.”

In this method, the wettability of particles in different solvents is determined by the wetting angle. The

Washburn’s equation is given below:

h? RC
2 =rTcos0 Equation 1-18
t 2n

With h the covered distance by the liquid in the powder bed (Figure 1-29), t the time to cover the
distance h, y the interfacial tension, 1 the viscosity, R the particle mean radius of the particle in the
bed powder, C the tortuosity of the bed powder, and 6 the wetting angle between the solid and the

saturated solvent.

Bed powder

Limit of
capillary rise of
the solvent

Figure 1-31: Schematic representation of the experimental setup for Washburn measurements

4 restrictions must be respected to apply the method: (i) steady-state with laminar flow during
the capillary rise, (ii) zero velocity of the liquid at the solid-liquid interface, (iii) no externally applied

pressure, and (iv) negligible gravitational differences.

For a more accurate measurement of the capillary action, the weight variation of the powder

is preferred to the capillary rate. It is expressed with the relation:

m = gpSh Equation 1-19

With m the mass of the powder bed, ¢ the porosity of the packed powder bed, p the density of the
solvent, and S the inner section of the bed. Combined with the Washburn’s equation (equation 1-19),

the wetting angle is measured with the relation:

mZ 2 SE 2 —
- = %% CRcos 0O Equation 1-20

In practice, the ratio between a “perfect” wetting liquid (cos & = 1) and a liquid with unknown

cos 6 is used. Unknown cos 6 is measured with the relation:
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_ ¥1p1® mi, ma_q .
cos 0 = W(T)(T) Equation 1-21

The authors show that the higher the wettability, the greater the agglomerate properties

(density, size, circularity).

Bridging liquid to solid ratio (BSR)

The BSR is probably the most cited parameter in the literature.535667.707L7 |t directly links the

amount of added BL to the amount of solid to be agglomerated. It is given by the relation:

Volume of BL
BSR = f Equation 1-22
Volume of crystals

Depending on the BSR value, the reaction medium during agglomeration will exhibit different
behaviors: a too low BSR leads to a partial agglomeration while a too high BSR leads to the formation
of an unfilterable pasty medium. A critical BSR (or range of BSR, noted BSR..i;: ), where the
agglomeration is considered at its higher yield, was proposed for different material. However, this
critical BSR is highly dependent on the material and solvent composition and requires several
experiments to be obtained. For example, the agglomeration of salicylic acid with chloroform as BL has
been studied’’; the acid was dispersed in a sulfuric acid solution or a water/ethanol mixture. In the
first case, the critical range was observed between 0.35 and 0.50 but when salicylic acid particles are

dispersed in the water/ethanol mixture, the BSR critical value was reconsidered at 0.72.
Figure 1-32 details the effect of BSR on the agglomeration.

BSR

crit

a b e d ! e f

Increasing amount of bridging liquid

Figure 1-32: Schematic representation of the agglomeration process with an increasing amount of bridging liquid

Starting from BSR = 0, only Van der Waals interactions (i.e., electrostatic interactions) are
responsible for the particles binding (Figure 1-32, a). When increasing the value of BSR below BSR i,
agglomerates are observed in suspension, but the agglomeration remains partial, the agglomerates
exhibit weak mechanical properties, and some primary crystals are not agglomerated (Figure 1-32, b).
Within the BSR_,;; range, the crystals are fully agglomerated, agglomerates exhibit high mechanical
properties and are highly spherical (Figure 1-32, c). Increasing the BSR, within the BSR,;;, increases

the agglomeration efficiency and agglomerate size distribution (ASD) (Figure 1-32, d). However, an
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opposite behavior is also reported where the ASD decreases with the BSR increase (within BSR.,i;
range). Above BSR;;, the amount of bridging liquid is too high compared to the amount of crystals
to agglomerate and some BL droplets will remain empty or will not wet crystals (depending on either
immersion or distribution mechanism occurs during the wetting period) (Figure 1-32, e). By further
increasing the BSR, the BL droplets will coalesce and form a unique, pasty medium (Figure 1-32, f).

Agglomerates formed above BSR.,;; exhibit poor mechanical properties and are irregular in shape.

One can note that BSR does not consider the concentration of the solid in the crystallization
solvents. It is worth noting that, for a same volume of solid, a higher suspension concentration will
promote the particle-particle collisions which influence the whole agglomeration process (i.e., wetting

period, growth rate and breakage/attrition mechanisms).

Introduction mode of BL

The BL can be added in two different ways: (i) before the crystallization/precipitation step or

(ii) after the crystallization/precipitation step.

In case (i), the BL is pre-dispersed in the solution containing the dissolved material. The size of
the BL droplets may be controlled through the shearing forces and the process driven to an immersion
or a distribution mechanism. However, up to date, no studies have investigated the size of the droplet
during the agglomeration process because of the technique limitations to observe droplet through a
stirred, opaque suspension. In this case, agglomerates are more compact with a higher sphericity and

exhibit improved flowability properties compared to agglomerates obtained from case (ii).”®”’

In case (ii), the BL addition can be either dropwise at different addition rates or added at once
after the crystallization/precipitation step.®® Increasing the BL feeding rate leads to a decrease of the
ASD. It has been suggested that the decrease is due to an increase of the droplet number, which
increases the number of initial flocs. No information is available in the literature on the addition of BL

in one shot.

1.3.4.4.3 Temperature and initial particle size distribution

As mentioned in part 1.2.2, the control of the temperature is of great importance during a
crystallization process as it directly influences the supersaturation ratio. Increasing the supersaturation
ratio promotes the nucleation and the formation of numerous small crystals, while low supersaturation

|II

promotes the crystal growth. In the case of a “classical” solubility (contrary to a retro-solubility),
decreasing the temperature in a given set of agglomeration conditions decreases the initial crystal size

distribution.
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Moreover, the temperature also affects the solvent inter-solubilities. The solubility of the BL
in the solvent/anti-solvent mixture can significantly increase and reduce the available amount of BL to
perform the agglomeration, thus impacting the BSR. Kawashima et al. have found that increasing the
temperature leads to a decrease of the agglomerate size distribution. With further increases of

temperature, the ASD increases and is broader.®®

Increasing the temperature also reduces the agglomeration yield. Indeed, less particles are
precipitated due to the increase of solubility. The BSR being modified, the density and sphericity of

agglomerates are also decreased.

The influence of the particle concentration (dependent on the temperature of precipitation)
on the agglomeration process has been studied by Blandin et al.”® It is suggested that the higher the
solid concentration, the higher the agglomeration rate and ASD. Above a certain solid concentration,
there is no evolution of the ASD. Moreover, increasing the solid concentration leads to a densification

of the agglomerate correlated to the increased agglomerate collisions.

1.3.4.4.4 Hydrodynamic forces

Hydrodynamic forces in the agglomeration vessel govern the whole agglomeration process:

e The stability of the emulsion
e The particle- BL droplet interactions, i.e., the wetting period
e The particle-particle interactions, i.e., the growth period

e The particle-particle, particle-vessel collisions responsible for the breakage and attrition

It is worth noting that without sufficient shearing forces produced by agitation type and rates,

agglomeration cannot occur.

The agitation rates first influence the dispersion of the BL. Increasing the stirring rate leads to
smaller droplets of BL. It also leads to a better dispersion of the BL and thus, to a higher probability of
particle-BL droplet interactions. Wu et al. shows that increasing the stirring rate leads to the decrease

64,78

of the BSR_,-;; range.

When increasing the agitation rate, the ASD increases due to the increase of floc-floc collisions
which promotes the coalescence mechanism. However, at higher stirring rates the ASD decreases due
to the inhibition of coalescence mechanisms. Moreover, the agglomerate-agglomerate and
agglomerate-vessel collisions increase, promoting breakage mechanisms, the agglomerate

densification, and compressive strength.
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Most of the studies focused on hydrodynamic forces at different agitation rates, without
considering the vessel and stirrer geometries. The hydrodynamic forces between a beaker equipped
with a magnetic stirrer are far lower than a 1 L flat bottom crystallizer equipped with baffles and a

radial turbine.

1.3.4.45 Residence time

The residence time (i.e., duration of the stirring) can also influence the agglomeration process.
By increasing the residence time, the probabilities of agglomerate —agglomerate interactions increase
allowing the growth of the agglomerates. Thus, the agglomerate diameter increases with the residence
time. After a period of time, the agglomerate size reaches a plateau corresponding to the equilibrium
between growth and breakage. Moreover, the residence time also influences the density of the
agglomerates attributed to the increase of agglomerate — agglomerate and agglomerate — vessel
collisions. The compaction of the agglomerates leads to an increase of the mechanical properties such

as compressive strength. 426079

Table 1-5, summarizes the different mentioned parameters and their influence on the

agglomeration process.
Table 1-5: Agglomeration parameters and their influence on the process
Parameter Influence on the agglomeration process

Dissolution solvent and

e . . On the crystallization parameters (solubility of the compound, concentration of solid)
precipitation anti-solvent

BL nature On the solid/BL interactions.
The higher the interactions the higher the ASD

BL amount (BSR) There is a critical range of BSR to perform the agglomeration and obtain the optimal
agglomerate properties (ASD, mechanical properties, ...)

Introduction mode of BL Addition prior to the precipitation: Higher sphericity and compactness
Addition dropwise after the precipitation: the higher the feeding rate the lower the ASD

On the solubility (AP1/solvent/antisolvent/BL)
Temperature Increasing T leads to the decreasing of the ASD.
With further increase of T, ASD increases and is narrower

Stirring rate Increasing the stirring rate decreases the BSR critical range and increases the ASD.
With further increase of the stirring rate, the ASD decreases, and agglomerates are denser

Residence time Increasing the residence time increases the ASD up to a plateau. Agglomerates exhibit
higher compactness and better mechanical properties
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2  HYDRATION — DEHYDRATION BEHAVIOR OF PREDNISOLONE, A

CASE STUDY OF AN ISOMORPHOUS DESOLVATE

2.1  STATE OF THE ART OF PREDNISOLONE CRYSTALLINE LANDSCAPE

2.1.1 Introduction on Prednisolone

Prednisolone (IUPAC: (8S,9S,10R,11S5,13S,14S,17R)-11,17-dihydroxy-17-(2-hydroxyacetyl)-
10,13-dimethyl-7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta[a]phenanthren-3-one, Figure 2-1) is a
worldwide used corticosteroid to treat types of allergies, inflammatory conditions, autoimmune

disorders and cancers. It is chemically derived from cortisone.

OH

Figure 2-1: molecular structure of Prednisolone (Mw = 360.44 g/mol)

As many APIs, prednisolone exhibits solid-state landscape with several crystalline phases; so

far two polymorphs (Form | and Il), and a sesquihydrate (1.5 H,0) have been described.

2.1.2 Prednisolone polymorphic landscape

Prednisolone polymorphic landscape was investigated and debated by several authors,
notably by Kuhnert-Brandstatter,®° and a consensus was finally proposed by Suitchmezian in 2008, It

was stated that prednisolone can crystallize in two polymorphs called Form | and Form II.

Form | crystallizes in the monoclinic P2; space group and exhibits a melting temperature of
239 °C. Form Il crystallizes in the orthorhombic P2,2:2; space group with a melting temperature of

227 °C (crystallographic data available in Table 2-1).
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Table 2-1: Crystallographic data of prednisolone Form | and Form Il from Suitchmezian®!

S rem R

Resolution mode Single crystal Single crystal
Resolution temperature (°C) 103 103
Crystal system Monoclinic Orthorhombic
Space group P2, P212:12;
a(A) 6.3052(5) 5.9774(3)
b(A) 12.9392(7) 11.7916(7)
c(A) 10.9984(9) 25.5228(14)
a(°) 90 90
6(°) 91.167(9) 90
v (°) 90 90
Volume (A3) 897.11(11) 1798.93(17)
Calculated density 1.334 1.331
Z 2 4
R: 0.0337 0.0351
Ref code JIWPELO1 JIWPEL

The two polymorphs are enantiotropically related (confirmed with the melting enthalpies and
the Burger and Ramburger rule'®), Form | is the high temperature form and Form Il the low
temperature form. The authors have estimated the thermodynamic transition temperature between
120 and 130 °C. However, no direct conversion occurs upon heating from Form Il towards Form |

(Figure 2-3).

Corvis® has recently reported the transformation of Form Il to Form | during DSC experiment
at 20 °C/min, transition occurs around 154 °C. However, the conversion was only partial and randomly

observed (Figure 2-2).

A recent article details a part of the condensed phases of unary system between the two

polymorphs.&
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Figure 2-2 : DSC curve of prednisolone Form Il (recrystallized from anhydrous methanol) at 20 °C/min. Reproduced from

Corvis et al.82
In addition to these two anhydrous forms, a sesquihydrate was isolated and characterized.®!

2.1.3 Prednisolone sesquihydrate
Prednisolone sesquihydrate crystalizes in a P212,2; space group (Table 2-2).

Table 2-2: Crystallographic data of prednisolone sesquihydrate from Suitchmezian®!

Resolution mode Single crystal
Resolution temperature (°C) 103
Crystal system Orthorhombic
Space group P21212;
a(A) 6.3945(3)
b (R) 24.5789(10)
c(R) 24.8376(11)
a(®) 90
6(°) 90
v(°) 90
Volume (A3) 3903.7(3)
Calculated density 1.319
z 8
R1 0.0337
Ref code JIWPIP

Thermal behavior of the hydrated phase was also investigated by Suitchmezian et al.®! Starting
from the sesquihydrate, obtained from an acetonitrile/water 90:10 (v/v) mixture, a highly energetic
endotherm assigned to dehydration was revealed at circa 99 °C and then only melting/degradation of

anhydrous Form | T,, = 245 °C was recorded on the thermograms (Figure 2-3). This was confirmed by
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TR-XRD presented in the publication (data not shown), highlighting that the thermal dehydration of

sesquihydrate directly leads to anhydrous Form I.

a b.
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Figure 2-3: a. DSC curves for Forms | and Il and the sesquihydrate (3 °C/min). b. DTA, TG, and DTG curves of prednisolone
sesquihydrate (4 °C/min). Extracted from Suitchmezian et al.

However, during attempts to isolate prednisolone sesquihydrate in order to thoroughly study
its dehydration process, such behavior was never encountered, and the dehydration mechanism

appeared much more complicated than that of the publication of Suitchmezian in 2008.8!

2.2 HYDRATION/DEHYDRATION BEHAVIOR OF PREDNISOLONE SESQUIHYDRATE

2.2.1 Thermal behavior of prednisolone sesquihydrate
2.2.1.1 Obtention of the sesquihydrate

Due to a poor solubility of prednisolone in pure water (223 mg/L at 25 °C), sesquihydrate
crystals were obtained in acetone/water 90:10 (v/v) mixture either by simple stirring of a suspension
during 24h (whatever the starting anhydrous form in suspension), or by total recrystallization followed

by a partial evaporation of a homogeneous liquid.

Figure 2-4 displays the comparison between experimental XRPD patterns of the obtained

prednisolone sesquihydrate and the two anhydrous polymorphic forms.
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Figure 2-4: Comparison between XRPD patterns of prednisolone solid phases

2.2.1.2 TGA-DSC analyses of prednisolone sesquihydrate

Form | and Form Il behave upon heating as depicted by Suitchmezian et al,®! exhibiting only
their respective melting points concomitant to their degradation. However, the behavior of the
sesquihydrate upon heating was significantly different from that previously reported. Figure 2-5

displays the TGA-DSC-MS of prednisolone sesquihydrate.
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Figure 2-5: a. TGA-DSC analysis (5 K/min) of prednisolone sesquihydrate. b. Concomitant MS analysis for m/z 18 (in red)

during TGA (green curve)-DSC (blue curve) analysis of the sesquihydrate.

This analysis reveals an unexpected complex behavior. Indeed, after the dehydration (peak 1,
Figure 2-5,characterized by a large endotherm coupled to a mass loss of circa 5.9%.: attributed to

water loss and confirmed by MS (Figure 2-5b)), successive thermal phenomena occur:

Peak 2, a first weak endotherm at circa 120 °C

Peaks 3 and 4, two successive exothermic peaks (between 130 °C and 150 °C)

Peak 5, an endotherm which could be assigned to the melting point/degradation of Form I.

If the starting situation (sesquihydrate) and the final situation (Form 1) were identified by X-ray
powder diffraction, the pathway in between appeared unclear and thus necessitates further

investigations.
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Other TGA-DSC analyses conducted at different heating rates (1 to 10 K/min, Figure 2-6) helped
to classify the phenomena. In particular, the small endotherm after dehydration which seems to

remain at an invariant temperature (at circa 125 °C).

TG /% DSC /(mW/mg)
T exc

85
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Temperature /°C

TG 1% DSC /(mW/mg)
T exc

50 100 150 200
Temperature /°C

TG /% DSC /(mW/mg)
exc

50 100 150 200
Temperature /°C

Figure 2-6: TGA-DSC analyses of prednisolone sesquihydrate at 1, 3 and 10 K/min from top to bottom, respectively

Moreover, these DSC experiments performed at different heating rates could be exploited in

order to determine the activation energy of dehydration by using a simple mathematical kinetic model.
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The activation energy of a transition can be determined by measuring the conversion rate (eq. 2-1 and

Figure 2-7) under isothermal or non-isothermal conditions.

S
X = ?t Equation 2-1

With x the conversion rate, S the total area of the endothermic peak between tjand t;, and S; the

partial area of the endothermic peak from t;up to t,.

t; time

Heat flow

Figure 2-7: lllustration of the converted fraction x (hatched surface) in isothermal or non-isothermal conditions

Several mathematical functions, based on Avrami equation (eq 2-2), have been proposed to

compute the activation energy of transition.®*
x=1- e(_kt)n Equation 2-2
With k the rate constant, n the Avrami constant and t the time of transformation.
In this study, the transition was studied in non-isothermal conditions by means of calorimetric

measurements with the Kissinger® approach (Eq. 2-3):

E, AR
In (%) =——+1In [— Equation 2-3
T2 RTy Eq

With ¢ the heating rate, T,the peak temperature of transition, E, the activation energy, A a constant

and R the gas constant.

Based on the displacement of the dehydration peak versus heating rate, activation energy
could be estimated from Kissinger Equation.®%® The fitting led to an activation energy of circa

68 kJ/mol (linear regression correlation factor = 0.97).
2.2.1.3 Hot-stage microscopy of prednisolone sesquihydrate

Hot-stage microscopy revealed the nature of the successive phenomena observed with TGA-

DSC analyses (Figure 2-8).
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Figure 2-8: Thermal evolution and hot-stage microscopy photos of the sesquihydrate at 5K/min
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After dehydration (visually occurring at circa 100 °C), the crystals display characteristic cracks
perpendicular to the major growth axis of the crystal but keep their overall shape, edges, and facets
until the melting of this dehydrated solid. On subsequent heating, these macroscopic defects have
been healed, highlighting certainly an extensive structural analogy between the sesquihydrate and the

corresponding dehydrated solid (Figure 2-9).

Figure 2-9: Microscopy pictures of a crystal of dehydrated prednisolone (form Ill) at 110°C exhibiting cracks (left) and the
same crystal at 120 °C exhibing healed cracks (right)

The crystal-to-crystal transformation clearly indicates that the resulting anhydrous form
results from a topotactic dehydration of the sesquihydrate (i.e., loss of water molecules without
irreversible alteration of the crystal packing) and could be characterized as an isomorphous dehydrate
(i.e., an anhydrous form exhibiting a crystal packing similar to the sesquihydrate). This new anhydrous

form will now be labelled prednisolone Form IIl.

Its structural filiation with the sesquihydrate is confirmed by TR-XRD measurements (Figure
2-10 and Figure 2-11). Indeed, the pattern at 100 °C (fully dehydrated*) is highly similar to that of the
sesquihydrate but specific peak shifts or peak merging could be noticed between them (15.5°, 22.6°,

22.9°, 24°, orange boxes in Figure 2-10).

*By contrast to TGA-DSC experiments, TR-XRD is not a
fully dynamic experiment: the heating rate between every step scan
(10°C) was fixed at 1.8 K/min and then the sample remains
6 minutes at every analyzing temperature during XRD scan.
Therefore, the average heating rate of the analysis could be
estimated lower than 1 K/min. At this heating rate, at 100 °C, the

product was confirmed to be fully dehydrated (see Figure 2-6).
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Figure 2-10: Temperature Resolved-XRPD patterns from 20 °C to 130 °C starting from prednisolone sesquihydrate
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Figure 2-11: Overlay between XRPD patterns of the solid at 24 °C (sesquihydrate) and the solid at 100 °C (Form Ill:
isomorphous dehydrate)

Moreover, its reversible rehydration was proven by successive TGA-DSC (first heating ramp up
to 110 °C, storage of the dehydrated sample under air atmosphere and second heating ramp which

confirmed the full rehydration upon storage under room conditions).
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Figure 2-12: TGA-DSC of prednisolone sesquihydrate up to the dehydration (top). The resulting solid was left 48h under
ambient conditions and reanalyzed in TGA-DSC (bottom) at 5 K/min

From Hot-stage microscopy figures, we can assign the small endotherm in DSC at circa 120 °C

as the melting of the form 111, i.e., 100 °C below the two other anhydrous forms (Figure 2-8).

From the viscous melt obtained, recrystallization takes place (1st exothermic peak in DSC, at
circa 130 °C, zone 3 on Figure 2-5). The obtained solid was analyzed with X-ray diffraction and consists
in @ mixture of defective Form | and Il (Figure 2-13). The mixture of crystals then fully converts into
Form | (second small exotherm in DSC at circa 150 °C, zone 4 on Figure 2-5), which will be the final solid

phase of the sample (Figure 2-13).
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Figure 2-13: Comparison between XRPD patterns of the solid isolated after the first exothermic peak in DSC (in blue), the
solid isolated after the second exothermic peak (in green), Form | and Form Il of Prednisolone

Such a behavior, with the existence of an isomorphous dehydrate displaying a melting point
far below (ca. 120 °C) the “usual” anhydrous forms, was already reported for different compounds by
Stephenson®’and presents great similarities with that of Rimonabant, which crystallizes (among several
solvates) as a monohydrate whose “smooth” dehydration under dry atmosphere led to isolate an

isomorphous dehydrate which melts more than 70 °C below the two anhydrous forms.®®
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2.2.2 Hydration/dehydration behavior versus RH of prednisolone

All prednisolone solid phases were submitted to RH variations using DVS analyses at two fixed

temperatures 24.9 and 48.7 °C.

DVS isotherms of form | and Il (Figure 2-14) were obtained at 24.9 °C, following a cycle range

type: 0-90 - 0 (in RH%).
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Figure 2-14: sorption/desorption isotherms of prednisolone at 24.9 °C of Form l.(left) and Form Il (right).

It appears from these experiments that both Form | and Form Il of prednisolone are non-

sensitive to humidity at room temperature and do not tend to uptake water during long exposure to

high RH.

The sesquihydrate was also submitted to RH variations cycles (between 0% and 90% RH) at

24.9 °Cand 48.7 °C (Figure 2-15).
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Figure 2-15: sorption/desorption isotherms of prednisolone sesquihydrate at 24.9 °C (left) and 48.7 °C (right).

First, we can conclude that the hydration-dehydration mechanism is perfectly reversible, in

the 0-2 %RH domain) at 24.9 °C. This revealed the great stability of the sesquihydrate versus relative
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humidity, the latter being able to fully dehydrate only in extremely dry atmospheres. Moreover, the
resulting anhydrous form isolated at 0 %RH is highly sensitive to humidity as it fully rehydrates as soon
as the RH increases. The anhydrous form obtained by soft dehydration at 24.9 °C is very likely to be
different from Form | or Form Il of prednisolone where no hydration was observed whatever the RH
and behaves mostly as an isomorphous dehydrate or channel hydrate,®”# which could be considered
as a new anhydrous polymorphic form. Even with the increase of the temperature to 48.7 °C, the

isomorphous dehydrate rehydrates between 2 and 4 %RH.

One can note that the stoichiometry of the hydrate is varying between 1 and 1.5 equivalent of
water molecules, depending on the RH value. This indicates that a continuum in water molecules
content exists between 1 and 1.5 H,0 depending on the RH surrounding the solid (between 4 and
95 %RH). In dry conditions (0-2 %RH), the equivalent of one water molecule is “extracted” from the
structure without destroying the global organization of the Periodic Bond Chain to get access to
Form Ill. All these experimental facts seem to indicate that the water molecules inside the structure
do not play the same role for the global maintaining of the packing. Nevertheless, molecular modeling

failed to differentiate the binding energy of the three water molecules.

Figure 2-16 shows the crystal packing of prednisolone sesquihydrate.

Figure 2-16: Crystal packing of prednisolone sesquihydrate along c axis (left) and a axis (right)

Cohesion of the crystal packing is ensured by both intermolecular H-bonds between
prednisolone molecules and H-bonds between water and prednisolone molecules giving rise to a

3-dimensional PBC network. Even if crystal structure of form Ill was not resolved, the crystal packing
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of prednisolone sesquihydrate has been considered without the water molecules (deleted from the

crystallographic data of prednisolone sesquihydrate) and presented in Figure 2-17.

Figure 2-17: Crystal packing of prednisolone sesquihydrate (water molecules not shown) along c axis (left) and a axis
(right)

If water molecules are artificially removed from the crystal structure, the cohesion of the
structure can be still ensured by the intermolecular interactions (H-bonds and Van der Waals
interactions) between prednisolone molecules which is in accordance with the existence of an

isomorphic desolvate and a topotactic dehydration.

By comparing the crystallographic structures of each solid forms, and in consistency with
experimental data, it is possible to conclude that there is a destructive/reconstructive process between
the sesquihydrate and Form | (or between sesquihydrate and Form II). Suitchmezian®! has shown that
even if the conformation of prednisolone remains the same in each solid forms, there is no filiation
between the three packing (sesquihydrate and forms | & Il) which is in accordance with the observed

behaviors.

2.3 CLASSIFICATION OF THE SESQUIHYDRATE

Several authors have proposed to classify the different hydrates as a function of different
properties such as activation energy of dehydration or mechanistic classification (i.e. related to the

nature of the product obtained after dehydration).83
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2.3.1 Energetically based classification

Prednisolone sesquihydrate was classified according to the Dehydration-Rehydration
Classification System (DRS) proposed by Takahashi and Uekusa.®® The authors proposed to classify the

hydrates into 3 classes according to their hydration and dehydration activation energies.

- Class 1: readily rehydrate to their hydrate forms when RH increases

- Class 2: crystal structure destroyed in the dehydration process, resulting in an amorphous

phase which does not reverts to the hydrate form when RH increases

- Class 3: crystal structure destroyed in the dehydration process, resulting in an amorphous

phase which recrystallizes to an anhydrous form when RH increases

With an activation energy of circa 68 kJ/mol and a fully reversible hydration-rehydration
mechanism, prednisolone perfectly fits the average value for dehydration of class 1 hydrates (hydrates
displaying full dehydration-rehydration cycles) as ranked by Takahashi and Uekusa (Figure 2-18).>3 Due

to the complexity of measuring rehydration energy no data are provided for the rehydration activation

energy.
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Figure 2-18: Dehydration-Rehydration Classification System (DRS) for the classification of pharmaceutical hydrates.
Diamonds indicate the relation between dehydration Ea, rehydration Ea, and rehydration propensity for each hydrate.
Rehydration “YES” and “NO” indicate the presence or absence of rehydration, respectively. Squares indicate the energetic
areas of Class 1 (blue), Class 2 (green), and Class 3 (red). Extracted from Takahashi et al.®3

2.3.2 Dehydration mechanistic based classification

Rouen-96 is a classification of hydrates based on the dehydration mechanism of molecular

crystals (Figure 2-19).%°
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Figure 2-19: Organization chart for dehydration mechanism of molecular crystals proposed by Petit et al.&?

In the case of prednisolone sesquihydrate, the dehydration being non-destructive the
criterium C1 is fulfilled. C2 depicts the energetic difference between the hydrated and related
anhydrous phase. It was shown for the sesquihydrate that intermolecular interactions between
prednisolone molecules could exist, even after the release of water which is in accordance with a
cooperative release of water molecules. C3 criterium refers to the conservation (or not) of the crystal
structure after the release of water. The healing of dehydrated crystals of prednisolone was observed
(Figure 2-9), meaning that the crystal structure of the mother phase was preserved and corresponds
to the case s > s*. The long-range order seems sufficient to ensure the stability of the anhydrous
dehydrate phase until its melting. Thus, the sesquihydrate falls in the Class Il were a structural filiation
between the mother and daughter phase is observed. However, access to the crystalline structure of
Form lllis required to choose between Class II-C.R. or lI-T hydrate, depending on the possible relaxation
of prednisolone molecules after the release of water. The healing of the crystals and the slight XRPD
differences between sesquihydrate and Form Il could indicate a relaxation in the crystal structure and

a hydrate of Class II-C.R. according to the Rouen-96 model.
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2.4  CONCLUSIONS ON THE PREDNISOLONE ANHYDROUS DESOLVATE

This study proposes a more complete version of the polymorphic landscape of prednisolone.
Indeed, the behavior of the sesquihydrate upon dehydration was elucidated. A new solid form of
prednisolone was isolated (i.e., Form lll) and characterized as a quasi-isomorphous desolvate of the
sesquihydrate. This daughter phase shows a reversible dehydration — rehydration and extensive
structure similarities with the corresponding mother phase due to topotactic desolvation and

resolvation mechanisms.

This study is a new case depicting the possibility to obtain isomorphous desolvates through a
smooth dehydration. It demonstrates also that the exploration of a unary phase diagram can
necessitate excursions in binary systems with solvents in order to discover new polymorphic form

thanks to the management of soft desolvations.
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3 CHARACTERIZATION OF SAFINAMIDE MESYLATE SOLID-STATE
LANDSCAPE

3.1 SAFINAMIDE MESYLATE

Safinamide mesylate, hereafter referred as SAFIM, IUPAC name: (S)-2-((4-((3-
fluorobenzyl)oxy)benzyl) amino)propenamide methanesulfonate (CigH23FN,OsS) (Figure 3-1), is a chiral
commercial drug (brand name Xadago) used as add-on treatment for Parkinson’s disease. SAFIM, is
crystallized from an acetone/water mixture during the industrial manufacturing process, and it exhibits

needle like crystal shape inducing poor flowability properties.
HaC
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Figure 3-1. molecular structure of Safinamide mesylate (Mw = 398.5 g/mol)

To date, three crystalline phases of SAFIM have been reported: two enantiotropically related
polymorphs with a solid-solid transition temperature of 2 °C (A1 and A2 for high and low temperature
forms, respectively) and a hemi-hydrate (H1).>*% As the structural purity is of key importance for
pharmaceutical industry,®® this chapter is dedicated to the study of the different SAFIM crystalline

phases and more thoroughly on their relative stabilities.

3.2 SAFINAMIDE MESYLATE POLYMORPHISM

The different crystalline forms of anhydrous SAFIM were first reported in a patent application

published in 2011 by Schlueter (WO 2011/047767A1).%

Even if Schlueter proposes a single crystal resolution of the anhydrous forms, no single crystal
of sufficient size and quality could be obtained during this study despite the numerous attempts
(different crystallization conditions were tested as cooling crystallization and/or evaporation

crystallization, in different solvents and solvent ratio). However, More recently, Pawlak et al.®®

65



Characterization of Safinamide Mesylate Solid-State landscape

proposed the crystalline structures resolved from powder x-ray diffraction of A1 and A2. These later

were used as reference phases in this study.

3.2.1 Characterization of the Safinamide mesylate high temperature form (A1)

Crystalline structure of SAFIM high temperature (A1) was also resolved by Pawlak®® and
Schlueter® from powder and single crystal X-ray diffraction. Crystallographic parameters are provided

in Table 3-1.

Table 3-1: crystallographic parameters of SAFIM A1 according to Pawlak and Schlueter

Resolution mode Powder Single crystal
Resolution temperature (°C) 25°C 29°C
Crystal system Orthorhombic Orthorhombic
Space group P212:2; P212:12;
a(A) 5.5551(3) 5.5618(7)
b (A) 15.5428(10) 15.568(2)
c(R) 22.7568(3) 22.819(3)
a(°) 90 90
6(°) 90 90
v (°) 90 90
Volume (A3) 1964.86(5) 1975.8(4)
Calculated density 1.2686 1.339
y4 4 4
z 1 1
R1 (%) 6.992 6.83

SAFIM A1 crystallizes in the P2:2:2; chiral space group, in an orthorhombic system. The
asymmetric unit (represented in Figure 3-2) is composed of 1 molecule of SAFI and 1 molecule of

mesylate (Z’=1), which is consistent with the stoichiometry 1:1 of the safinamide mesylate salt.
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Figure 3-2: Asymmetric unit of SAFIM A1. The thermal displacement is isotropic as the data used are from the X-ray
powder resolution

The fluorine atoms is a disordered atom with a statistical occupancy factor (SOF) of
approximately 2/3 in position F1 and 1/3 in position F2. Therefore, the molecule exhibits two possible
conformations, depending on the fluorinated-phenyl orientation. This feature will be discussed in part

2.3.

Molecules of mesylate and safinamide are connected through strong ionic-hydrogen bonds
(Figure 3-3), where every mesylate anion is related to 4 different safinamide molecules along b and a

directions. These interactions generate molecular layers in ab plane.

Figure 3-3: One molecular layer built from the ionic-hydrogen interactions between mesylate and safinamide molecules.
These interactions are displayed in dashed purple line; the distances are given in angstrom. As hydrogen atoms are not
calculated from XRPD resolution, the distances are measured from acceptor and donor of H-bonds.

The layers are stacked along c direction and the cohesion is ensured by van der Walls
interactions (Figure 3-4). The location of the fluorine atom (either on F1 or F2 location) does not affect

the packing as the main interactions are due to ionic-hydrogen bonds.
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A

Figure 3-4: Crystal packing of SAFIM A1. The dashed lines represent the distance between H-bond donors and acceptors.
Top view: projection along a (layers are formed along b axis). Bottom view: stacking of the layers along c axis

Calculated powder x-ray diffraction pattern of SAFIM A1l is given in Figure 3-5 and compared
to SAFIM obtained industrially. The two powder X-ray diffraction patterns are similar indicating a good

structural purity of our product.
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Figure 3-5: Comparison between calculated (blue) and experimental (orange) XRPD pattern of A1

3.2.2 Characterization of Safinamide mesylate low temperature form (A2)

Crystalline structure of SAFIM low temperature (A2) was also resolved by Pawlak®® and
Schlueter® from powder and single crystal X-ray diffraction. Crystallographic parameters are provided

in Table 3-2.

Table 3-2: crystallographic parameters of SAFIM A2 according to Pawlak and Schlueter

Resolution mode Powder Single crystal
Resolution temperature (°C) 5 5
Crystal system Orthorhombic Orthorhombic
Space group P212:12; P212:2;
a(R) 5.5227(3) 5.5427(6)
b(A) 46.569(3) 46.639(8)
c(A) 22.316(2) 22.324(3)
a(°) 90 90
6(°) 90 90
v(°) 90 90
Volume (A3) 5739.46(7) 5771(1)
Calculated density 1.3029 1.376
y4 12 12
z 3 3
R1 (%) 9.886 8.54
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SAFIM A2 crystallizes in the P2;2:2; the same chiral space group as Al. The asymmetric unit
(represented in Figure 3-6) is composed of 3 molecules of SAFI and 3 molecules of mesylate (Z'=3),

which is consistent with the stoichiometry 1:1 of the safinamide mesylate salt.

F83

o’kﬁ

F2

533

F56

Figure 3-6: Asymmetric unit of SAFIM A2. The thermal displacement is isotropic as the data used are from the X-ray
powder resolution

As encountered in Al structure, A2 safinamide molecules exhibit a disorder on the fluorine
atom position. Therefore, there is two possible safinamide conformations for each safinamide
molecule (up to 6 conformations for this structure). However, the repartition of the SOF is different.
For two of the safinamide molecules, the SOF is about 50% (for fluorine atom positions F55, F56, F83
and F84) whereas for the third safinamide molecule the SOF is at circa 93% for the F28, and 7% for the
F27.

Molecules of mesylate and safinamide are connected through strong ionic-hydrogen bonds
(Figure 3-7), where each mesylate is related to 4 different safinamide molecules along b and a
directions. These interactions generate molecular layers in ab plane. The distances between acceptor

and donor of ionic-hydrogen bonds are ranging from 2.2 to 3.2 A.
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Figure 3-7: one molecular layer built from the ionic-hydrogen interactions between mesylate and safinamide molecules.
These interactions are displayed in dashed purple lines. The layers are built in ab plane

The crystal packing of SAFIM A2 is represented in Figure 3-8.

Figure 3-8: Crystal packing of A2. The dashed lines represent the distances between acceptor and donor of ionic-hydrogen
bonds. The molecular layers are stacked along c direction

Layers are stacked along c¢ axis through Van der Walls interactions (Figure 3-8). A distance of
2.2 A for a donor to acceptor bond is too short, showing that the proposed structure presents some
issues concerning the interatomic distances in the crystal packing and can explain the relative high

value of R1 (9.886%, Table 3-2).

Calculated powder X-ray diffraction pattern of SAFIM A2 is given in Figure 3-9 and compared
to experimental XRPD pattern obtained from a suspension of SAFIM in acetone at -20 °C. Even if the
experimental XRPD exhibits a low resolution due to experimental conditions, the two XRPD patterns

exhibit similar reflections.
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Figure 3-9: Comparison between calculated (blue) and experimental (orange) XRPD pattern of A2

Polymorphs having different physicochemical properties (e.g., solubility, melting point,
density...) they exhibit different pharmaco-properties (e.g., dissolution rate, bioavailability, ...).91%

Then, the polymorphic transition of safinamide mesylate was thoroughly studied in the following part.

3.2.3  Structure filiation between Al and A2

Both polymorphs exhibit molecular layers that are built upon the same scheme. The only
crystallographic difference between Al and A2 relies in the b parameter: b (A2) = 3 b (A1), and
therefore, the volume is also tripled. Consistently, the number of independent molecules in the

asymmetric units change from 2’ = 1 for Al to 2’ = 3 for A2.

If the two crystal packing of A1 and A2 are superimposed, it can be noticed that the molecular
arrangements are identical. (Figure 3-10, bottom view). Moreover, one can note that 3 lattices of Al

can fitin 1 lattice of A2 (Figure 3-10, top view), accordingly to the structure parameters.

72



Characterization of Safinamide Mesylate Solid-State landscape

5= = BS
o . o
) ok )
™ ‘ \\\, ~ A = \\, \‘\ = P
2 —~ ~ = g ~
L 3 R - u 8
L W\&)\ \(\( 2 O\
X v - i > . » |
| o ! | - ! | o ! | A
o~ =N S _J =X i a = s
= £ ” Al | S | e
= AL ¥ el o L2 Z L2
—~ —~ e oo
g . AL kA L
\ > / - i -
3 ! Tl <de ™ T g b ™ “H g ™ 7
6 | (R Y o - ey e
18 = RS -
(. Vo - _— L P \ ~
~ e ~C _— — _ —
Ny - Xy
A S \ J
T T ~ N \ ~ b
' | | 4 | i -
" o
re & -
e )}~ B = Y ~
1 ! Y | \
I | < \
2 N A 8 _
\ |
~ by N
4 B B3

IR P P N Y
< / (& / L\(\ 4
U\\Y O\\Q Q\kq\)\Q S
<o = \Q\
T T 1]

Figure 3-10: top view: comparison between three lattices of A1 (orange rectangles) and one lattice of A2 (blue rectangle)
along a axis. Bottom view: Superimposition of A1 crystal packing over A2 crystal packing (displayed slightly blurred to
distinguish the two packing)

Safinamide molecules can adopt two conformations depending on the rotation of the
fluorinated phenyl moiety along C12-C13 bond (Figure 3-2). According to Schlueter et al.%* patent, the
SOF of the fluorine atom is attributed to static disorder. During the growth period of the crystallization,
safinamide molecules can dock to the surface of the crystal either in the conformation a or in
conformation b (Figure 3-11). Then, due to steric hindrance, the rotation along C12-C13 is blocked as

well as the conformation of safinamide.
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In A1 structure (2'=1), the SOF of the fluor is about 2/3:1/3, i.e., in the crystal structure of
SAFIM A1, 2/3 of safinamide molecules are in conformation a. (Figure 3-11), and 1/3 of safinamide

molecules are in conformation b. (Figure 3-11).

2/3 1/3

a. b.
. J

Figure 3-11: Possible configurations of safinamide fluorinated phenyl moiety according to SOF in A1 structure

In the crystal structure of SAFIM A2, one molecule of safinamide exhibits a SOF around 93%,
and around 50% for the two others, i.e., one safinamide molecule is mostly blocked in one
conformation, and the two others adopt equivalently one or other conformation (Figure 3-12).
Nevertheless, the overall SOF of the fluorine atoms in A2 remains equal to the Al fluorine SOF: 1/3

and 2/3.

93 % 7% 50 % 50 %

r\_\

Molecule 1 Molecule 2 & 3

Figure 3-12: Possible configurations of the 3 safinamide fluorinated phenyl moieties according to SOF in A2 structure.
Molecule 1 might correspond to conformation a on Figure 3-11, and the molecules 2 and 3 to one conformation a and
one conformation b.

These differences between Al and A2 were attributed to the formation of a slightly different
conformer of SAFIM due to the slowing down of molecular dynamics (i.e., vibrational movement) on
cooling. In A2 structure, one molecule of SAFIM is “frozen” in a defined conformation on cooling

(represented in green in Figure 3-13).
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Moreover, from Al crystal lattice to A2 crystal lattice, safinamide molecules keep the same
orientation and the conformation is only modified through the vibration of the fluorinated phenyl

moiety (Figure 3-13).

Figure 3-13: Schematic representation of the crystal packing of A1 (left) and A2 (right): safinamide molecules are
displayed in oval and mesylate molecules in orange circles

This kind of transition refers to order/disorder transition through conformational
polymorphism.* Buerger!® defined such a transition as the ability of “molecules that statistically take

several orientations to become ordered in one orientation”.

3.3 STUDY OF THE POLYMORPHIC TRANSITION Al @& A2
3.3.1 Thermal behavior of anhydrous safinamide mesylate

When heating a sample of industrial SAFIM at 2 K/min from room temperature up to 230 °C,
the DSC curve (Figure 3-14) exhibits only a single sharp endothermic event at 217.8 °C (onset).

corresponding to the melting of the form Al of SAFIM.

DSC /(mW/mg)
0 41exo

211

Complex Peak:
Area: -121.2J/g

=24 Peak*: 220.9°C

Onset: 217.8°C

End: 2225°C

Width: 3.1 °C(37.000 %)
Height: 3.564 mW/mg

50 100 150 200
Temperature /°C

Figure 3-14: DSC analysis of SAFIM at 2 K/min
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When the following temperature program is applied to a raw sample of SAFIM:

(i) Cooling from 40 °C to -15 °C at 2 K/min
(ii) Heating from -15 °C to 40 °C at 2 K/min

During cooling, the DSC curve exhibits an exothermic event at 5.0 °C (onset temperature; green
curve, Figure 3-15), corresponding to the transition from the SAFIM high temperature form (A1) to the
low temperature form (A2). During heating from — 15 °C, an endothermic event is observed at 19.7 °C
(onset temperature; blue curve on Figure 3-15). This event corresponds to the polymorphic transition
A2 — A1 associated with an enthalpy of transition of — 2.95 kJ/mol. The transition A1 & A2 is fully

reversible and repeatable which can be attributed to an enantiotropic behavior.

The polymorphic transition is accompanied with a large hysteresis (about 15 °C) typical of first
order transition according to Ehrenfest classification.!®® This large hysteresis explains why SAFIM is

always characterized in Al even at room temperature: on cooling, the polymorphic transition

A1 — A2 occurs below the room temperature.
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Figure 3-15: DSC analysis of SAFIM. Green curve: step (i); blue curve: step (ii).

3.3.1.1 Monitoring of the polymorphic transition with temperature-controlled x-ray diffraction by
using In-situX® measurement
The polymorphic transition of SAFIM was monitored by using temperature-resolved powder
X-ray diffraction. Figure 3-16 shows X-ray diffraction patterns of anhydrous SAFIM A1, starting from
room temperature (ca. 20 °C) down to — 50 °C at 0.1 K/min followed by an isotherm at -50 °C during

120 min (acquisition parameters: 1 sec of acquisition per step of 0.04 ° from 3° to 30°; 13 min between

each pattern).
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Figure 3-16: (a) In-situX Diffractograms of SAFIM by using In-situX diffractometer during the cooling of A1 (A1 reference
in green) and (b) is an enlargement between 19° and 21° (26) showing the shift of diffraction peak corresponding to the
transition of Al to A2

Regarding the X-ray monitoring of the transition (Figure 3-16, a.) there is no major modification
except the small peak displacements from 20.4° to 20.8° at 5 °C (Figure 3-16, b.) at 15.7° and 19.5°.
Moreover, the merge of several peaks at 20.5° and 22.8° is also observed. These subtle variations
recorded on diffraction peaks are consistent with a rearrangement of the crystal lattice related to an

order/disorder transition.

3.3.2 Calculation of the A1 < A2 activation energy of the polymorphic transition

In this study, the transition was studied in non-isothermal conditions by means of calorimetric

|84

measurements, first with the Kissinger®> approach, and then with the Ozawa-Flynn-Wall® approach

(Table 3-3).
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Table 3-3: Different methods used for determination of the activation energy in non-isothermal conditions

issi AT BNy
Kissinger In (sz) = 1, +1In E,
Eq
Ozawa-Flynn-Wall In(p) = —=1.052 -+ cst
p

With ¢ the heating rate, T, the peak temperature, R the molar gas constant, and A a constant.

These two methods rely on the use of different heating rates (¢), and the associated

temperature of transition A2 =» A1 (T} to determine the activation energy of the transition E,.

SAFIM was submitted to different heating rates (¢) in DSC: 1 K/min, 2 K/min, 4 K/min, 8 K/min,
16 K/min, and 32 K/min in the -30 °C to 60 °C range. Thermograms are presented in Figure 3-17 and
the corresponding thermal data are listed in Table 3-4. All thermograms exhibit an endothermic event

which corresponds to the polymorphic transition of A2 into Al.
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Figure 3-17: Thermograms of safinamide mesylate at different heating rates. All endothermic events are attributed to

order-disorder polymorphic transition.

Table 3-4: Thermal data for SAFIM at six different heating rates (average of two set of measurements)

1 19.45 20.8 -2.95
2 19.75 21.6 -2.95
4 20.20 22.4 -2.95
8 21.10 24 -3.07
16 23.00 27.1 -2.43
32 24.40 29.3 -2.79
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The average enthalpy of transformation A2 = Alis 2.86 kJ/mol.

With the Kissinger based method, The plot of In (%) versus 12& at 4, 8,16 and 32 K/min (1
14 14

and 2 K/min are not taken into account because of the non-linearity at low heating rates, Figure 3-18)
gives an activation energy about 203 kJ/mol with a regression coefficient of 0.9847. The activation
energy was also calculated with the Ozawa-Flynn-Wall method (Figure 3-18). The calculated activation
energy with this method is 198 kJ/mol, in agreement with the 203 kJ/mol fund with Kissinger’s method

and with a similar regression coefficient (0.9854).
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Figure 3-18:Left: Kissinger plot of In (;’;2) versus %; Right: Ozawa-Flynn-Wall plot of In(¢) versus g
14 14 1
The activation energy is surprisingly high for an order-disorder supposed mechanism, such
values are usually observed for transitions exhibiting a destruction-reconstruction mechanism, which
require more energy for the new phase to nucleate and grow, as in the case of Phenobarbital:
Form A = Form B, 257 kJ/mol,** Furosemide: Form lll = form IV, 246 kl/mol*® and 3-hydroxybenzoic

acid: monotropic transition, 139 kJ/mol.1% Up to date, no explanation was found for the particular

behavior of our system.

Even if the calculated value of activation energies maybe not in accordance with a non-destructive
process, several parameters are in accordance with the presence of an order/disorder transition

between Al and A2 form:

(i) Regarding the crystal structure of A1 and A2, there is a clear structural filiation between the
two solids.
(ii) The same single crystal was used to resolve the structure of both polymorphic forms, this is

a case of a Single Crystal to single Crystal polymorphic transition. Indeed, in the case of a
destructive/reconstructive transition, crystals must be altered by the transition due to the
nucleation and growth mechanisms. This was confirmed by performing cold-stage
microscopy on crystals of SAFIM where no surface or alteration were observed during

heating or cooling (data not shown).
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3.4 SAFINAMIDE MESYLATE HEMI-HYDRATE

In addition to the two polymorphic forms, safinamide mesylate also exhibits a hydrate which

refers to H1 hereafter. The structure and stability of this one are discussed in the following part.

3.4.1 Characterization of Safinamide mesylate H1

Crystalline structure of SAFIM hydrate (H1) was resolved from single crystal diffraction by
Pawlak et al.®® and from x-ray powder diffraction for Schlueter.®* Crystallographic parameters are

provided in Table 3-5.

Table 3-5: Structure parameters of SAFIM H1 according to Pawlak and Schlueter

Crystal system Monoclinic Monoclinic
Resolution mode Single crystal Powder
Temperature of resolution -173°C NC
Space group P2; P2,
a(A) 5.6001(3) 5.7
b (A) 20.4399(9) 20.9
c(A) 16.7486(9) 17.2
a(°) 90 90
6(°) 95.839(4) 76.9
v (°) 90 90
Volume (A3) 1907.19(17) 1985
Calculated density 1.419 NC
Z 2 4
z 1 1
R1 (%) 7.67 N/C

SAFIM H1 crystallizes in the P2; non-centrosymmetric space group, in a monoclinic system. The
asymmetric unit (represented in Figure 3-19) is composed of 2 molecules of SAFI and 2 molecules of
mesylate (Z'=1), which is consistent with the stoichiometry 1:1 of the safinamide mesylate salt.
Moreover, the asymmetric unit also contains 1 molecule of water, meaning that the stoichiometry of
the hydrated form is 2:1 (2 molecules of SAFIM for 1 molecule of water). The hydrate is then a hemi-

hydrate.
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s

Figure 3-19: Asymmetric unit of SAFIM H1

The crystal packing of SAFIM H1 is represented in Figure 3-20.

Figure 3-20: Crystal packing of SAFIM H1. Top view: representation along a axis. Bottom view: representation along ¢
axis. H-bonds are displayed in blue dashed lines.

The Periodic Bond Chain (PBC) is constructed along a axis due to both ionic and hydrogen

bonds (distances in the range of 1.9 to 2.1 A, Figure 3-20). Water molecules ensure the formation of

81



Characterization of Safinamide Mesylate Solid-State landscape

the PBC along a direction (Figure 3-20, displayed in ball and stick representation) with only one

mesylate.

The second mesylate connects the PBC together and leads to the formation of plan in the ac

direction (Figure 3-21)

L - ‘~\__.7'\
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Figure 3-21: Top view: stacking of three PBC along c, ensured by second mesylate molecule (PBC are alternatively
represented in blue and red). The H-bonds are displayed in dashed purple line). Bottom view: projection of the crystal
packing along a (a PBC is represented in red)

One can note that one of the two molecules of safinamide displays two possible conformations

for the fluorinated phenyl moiety (molecule 2, Figure 3-22).
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Molecule 2

Figure 3-22: Safinamide molecules in H1 form. Molecule 2 displays two possible positions for the fluorine atom (F23B or
F19B)

Pawlak et al.%> have calculated a SOF of 50% for position F19B and F23B. During crystallization,
molecule 2 can dock to the surface of the crystal either in a conformation or in the other with a limited
impact on the total energy of the crystal lattice: the conversion of a crystal of H1 where the fluorine
atoms are in position F23B to a crystal where the fluorine atoms are in position F19B leads to an

increase of 1.12 kJ of the total crystal lattice energy (DFT calculations).®

Moreover, due to steric hindrance, the conformation adopted by molecule 2 during the
crystallization is blocked at the solid state leading to static disorder. They also shown that fluorinated
phenyl moiety of molecule 1 being involved in the PBC construction, only one conformation can be

adopted (molecule 1, Figure 3-22)

3.4.2 Study of the binary system Safinamide mesylate/water
3.4.2.1 Thermodynamic behavior of binary system Safinamide mesylate/water
In order to obtain pure SAFIM H1, SAFIM was recrystallized in a water/acetone mixture

(10/90; vol./vol.) by cooling crystallization (from 60 °C to 20 °C). The obtained suspension was

characterized by mean of powder x-ray diffraction (Figure 3-23) and TGA-DSC (Figure 3-24).
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Figure 3-23: Compared XRPD patterns: SAFIM H1 calculated (blue), SAFIM obtained from slurry in water/acetone mixture
at25°C

Comparison between calculated and experimental XRPD patterns of SAFIM H1 exhibits some
differences:

(i) Additional reflections of low intensity can be observed at 5.3° and 6.8° on the calculated
pattern (preferred orientation effect)

(ii) The peaks of the calculated pattern are shifted to higher angles of diffraction

The shift of the peaks can be explained by the resolution of the structure that was conducted
at 100 K while the experimental XRPD was carried out at room temperature (about 25 °C). Such a
difference in temperature leads to modification of lattice parameters due to contraction/expansion of

the crystal lattice, leading to slight modification of the diffraction angles.

Moreover, despite the peak shifts, the calculated and experimental XRPD patterns exhibit the

same reflections.

According to XRPD, the solid obtained from slurry in acetone/water mixture corresponds to
the hemi-hydrate H1 (this experimental XRPD pattern will be used as reference for the next

comparisons).
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Figure 3-24: TGA-DSC of SAFIM obtained from slurry in a water/acetone mixture. Starting point at 0 °C with a heating
rate of 5K/min (The theoretical mass loss is 2.2 %wt)

On the TGA-DSC curve, the first endothermic event has an onset temperature of 36.3 °C and
an end set of 57.7 °C (blue curve, Figure 3-24), corresponding to the dehydration of the initial solid. It
is associated to a mass loss of 2.06 %w: which is consistent with the stoichiometry of a hemi-hydrate
(theoretical value: 2.2 %ut). No thermal events were observed until the melting of SAFIM form A1 at

217.7 °C. One can note that no degradation occurs until the maximum analysis temperature (230 °C).

3.4.2.2 Safinamide mesylate behavior vs relative humidity

Anhydrous SAFIM (A1) was submitted to DVS analyses at 25.7 °C and 38.5 °C, following a
sorption desorption cycle: 0-90-0-90-0 (in RH%). Figure 3-25 displays the sorption-desorption

isotherms.
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Figure 3-25: Sorption/desorption isotherms of SAFIM at: 25.7 °C (top), 38.5 °C (bottom). The horizontal dashed line
corresponds to the maximum mass uptake

At 25 °C, the hydration of Al occurred between 80 %RH and 90 %RH with a maximum mass
uptake of 2.2% as expected for a hemihydrate stoichiometry. At 38.5 °C, no hydrate was observed from
0 %RH to 90 %RH, which means that above this temperature the formation of the hydrated form via

solid-vapor equilibria is inhibited.

A comparable behavior was obtained when starting the DVS analyses from the hemi-hydrate

(Figure 3-26).
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Figure 3-26: Sorption/desorption isotherms of SAFIM at: 25.7 °C (top), 38.5 °C (bottom). The horizontal dashed line
corresponds to the maximum mass uptake

The dehydration studies (starting from H1) showed that at 25.5 °C, dehydration occurred
between 30 %RH and 20 %RH, while at 38.5 °C, it occurred between 40 %RH and 30 %RH. Both
desorption curves exhibit a mass loss of 2.2 %, consistently with a hemihydrate stoichiometry. At
38.7 °C, the dehydration of H1 under dry atmosphere is irreversible. The large hysteresis between
adsorption and desorption recorded at 25.5 °C is consistent with reversible destructive-reconstructive

(de)hydration mechanisms:®° H1 & A1l + (H,0)..
The A2 + (H20), < H1 transition was investigated with an In-situX monitoring at different

temperature and relative humidity, XRPD patterns are presented in Figure 3-27.

Starting from pure Al (Figure 3-27, grey XRPD pattern), A2 is obtained by cooling down the
powder from 25 °C to -5 °C at 0 %RH (Figure 3-27, yellow XRPD pattern). Then, the powder is heated
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up to 5 °C for a better control of relative humidity (no transition from A2 to Al observed) and the RH
set at 90 %RH. A rapid transition is observed from A2 to H1, until complete hydration of the anhydrous
phase (Figure 3-27, light blue XRPD pattern). After the hydration, the powder is heated to 10 °C and
RH set at 5 %RH, after the equilibration of RH in the crystallizer, the dehydration of H1 to A2 is observed
(Figure 3-27, green XRPD pattern). Last, the powder is heated up to 25 °C at 2 %RH, A2 converts to Al
(Figure 3-27, indigo XRPD pattern).

At low temperature the hydration/dehydration from A2 to H1 is possible by varying RH. This
information is consistent with a destructive/reconstructive mechanism of (de)hydration: at low
temperature, once the hydrated structure is destructed, the nucleation and growth of the most stable

anhydrous form could appear.

w

-

Relative intensity

A2
Al

! /\ [\ Ref H1
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Figure 3-27: Monitoring of SAFIM crystalline form for different temperature and relative humidity by using In-situX
diffractometer. From bottom to top Reference A1 (dark blue); reference H1(orange); At 25 °C and 5 %RH (grey), At -5 °C
and 5 %RH (yellow); At 5 °C and 25 %RH (light blue); At 5 °C and 5 %RH (green); and at 25 °C and 5 %RH (indigo)

3.4.2.3 Effect of storage conditions

The effect of the storage conditions was studied with an industrial batch of SAFIM A1 at 21 °C
and under different RH (regulated by solid P,0s (for 0 %RH) or by saturated salt solutions, 11.3 %RH
(LiCl), 32.8 %RH (MgCl,), 43.2 %RH (KCOs), 75.3 %RH (NaCl), 84.2 %RH (KCl), and 97.3 %RH (K»S04))
during few weeks. The hydration behavior of the batch is monitored by gravimetric measurements

(Figure 3-28).
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Figure 3-28: variation of the A1 mass vs time for different RH AT 21 °C

For all batches, when RH > 75%, the solid transforms into H1 form. One can see that with at
98 %RH, the mass variation exceeds the theoretical value of 2.2 %, up to 3 %w:. This excessive mass
uptake (above hemihydrate stoichiometry) can be attributed to surface adsorption of water on the

crystal surface or on the vessel.

The crystalline phase was analyzed with XRPD after 64 days. Sample over 98 and 84 %RH are
pure H1. Sample at 75 %RH exhibits a mix of two crystalline phase Al and H1. Below 75 %RH, all the
samples remain in Al phase. These results obtained in static conditions are in accordance with dynamic
measurements (DVS) and show that without control of the atmosphere conditions, conversion from

Al into H1 can occur upon storage.

In order to estimate an autocatalytic process of hydration governed by the presence of H1 in
A1l batches, several batches of SAFIM A1, with a varying percentage of H1 (0.5%, 1%, 2%, 5%, and 10%),
were prepared and stored at different RH in between 20 %RH and 70 %RH (32.8 %RH, 43.2 %RH, and
57.6 %RH, Appendix Il). No significant evolution of the masses was observed indicating that seeding

with H1 has no impact on the hydration of Al.

3.5 CONCLUSIONS ON THE SAFINAMIDE CRYSTALLINE LANDSCAPE

The different crystalline phases and their stability domains (vs Temperature or RH variations) of

SAFIM were described in this chapter by using a combination of XRPD, DVS, TGA-DSC, and microscopy:

- The enantiotropic transition A1 & A2 is a first order transition according to Ehrenfest’s
classification!®®. The disorder/order transition might involve the blockage of a safinamide

conformation with an activation energy that is calculated around 203 kJ/mol.
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Concerning the hemi-hydrate, the studies conducted on its stability upon different RH
conditions and temperature, have highlighted the importance of controlling the storage
parameters. The anhydrous phase converts into the hemi-hydrate if RH is superior to 80 %RH
at 25 °C. Once it is formed the hemi-hydrate exhibits a high stability (dehydration if RH < 20%).

The hemihydrate does not form at 38 °C and above.

Figure 3-29 gathered the information obtained in this chapter into a stability chart.

H1
Z'=2
Hemihydrate

Conformational polymorphs

A2 20 °C (Heating)

Al
, — ,
7’=3 7’=1
anhydrous —— anhydrous

5 °C (Cooling )

Figure 3-29.Stability diagram of SAFIM crystalline phases
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Development of the Spherical

Agglomeration Process of Safinamide
Mesylate
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4 DEVELOPMENT OF THE SPHERICAL AGGLOMERATION PROCESS OF
SAFINAMIDE MESYLATE

In the previous chapter, the different crystalline forms of SAFIM were identified and their stability

discussed. This chapter is focused on the development of the spherical agglomeration process of

SAFIM.

4.1 CRYSTALLIZATION OF SAFINAMIDE MESYLATE

4.1.1 Industrial crystallization procedure

Safinamide mesylate (SAFIM) is an APl produced industrially. Its crystallization process, already

used by the manufacturer, is detailed hereafter and summarized in Figure 4-1.

A solution of 1.00 kg of Safinamide in 8.2 L of acetone and 0.6 L of demineralised water is

heated to 45 °C. The solution is clarified and rinsed with 0.4 L of acetone. The solution is heated to

reflux for 30 minutes, then 0.32 kg of methane sulfonic acid (0.99 equiv.) is added over 20 minutes.

The temperature is maintained at 50 °C. 0.12 L of demineralised water is added. The temperature is

adjusted to 20 °C and maintained for 45 minutes or until the fluidization of the suspension. The

suspension is cooled to -7 °C and maintained for 2 hours under stirring filtered and washed with 2.0 L

of acetone at 5 °C. The resulting solid is dried under reduced pressure at 40 °C.

oy

Safinamide in
water/acetone

H:CSO:H

(0.99eq.)

during 20
min

SN

Solution of safinamide
mesylate
50°C

AH<O
0.8 K.min'!

Crystallization

NN

Safinamide mesylate
20°C

AH=<O
0.8 K.min’!

Maintained during 45 min

=N

Safinamide mesylate
-7°C
Maintained during 2h

Figure 4-1: Schematic representation of safinamide mesylate crystallization process

As mentioned in the previous chapter, safinamide mesylate exhibits different crystalline form

as a function of the temperature and of the presence of water. The evolution of safinamide mesylate

during the crystallization process was monitored thanks to In-situX® measurements.
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4.1.2 Monitoring of the crystalline phase during crystallization

The crystallization process was monitored with In-situX® starting from 45 °C (starting point of

the crystallization) until the filtration of the obtained powder. Results are presented in Figure 4-2.
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Figure 4-2. (a) X-ray diffraction patterns of SAFIM during the monitoring of the crystallization process (b) zoom between
7°and 9° (26), (c) zoom between 9° and 12.5° (20) (in blue, H1 reference and in red, A1 form)

The crystallization of SAFIM starts at 45 °C with the crystallization of Al (characteristic peaks
at 7.9°,9.8° and 12.2° (red frames, Figure 4-2). Then, the suspension is cooled from 45 °C to 20 °C with
a cooling rate of 1 K/min. During the isotherm at 20 °C, the partial transition from Al into H1 begins
(appearance of peaks at 8.7°, 10.3° and 10.7°, blue frames). At circa 5 °C, the remaining Al converts

into A2 (shift of the peak at 7.9° to 8.1°, green frames, characteristics of the polymorphic transition).
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During the isotherm at -7 °C, SAFIM fully converts into H1 and remains the stable form until the end of

the process.

Regarding the X-ray monitoring, only H1 can be obtained at the end of the crystallization
process in this solvent system (acetone/water). Thus, the industrial drying conditions of SAFIM lead to

the conversion of H1 into Al.

In order to understand the crystallization pathway of SAFIM, two isothermal sections of the

ternary system SAFIM/water/acetone were studied at 20 °C and 40 °C.

For these temperatures, several mixtures of Al with acetone (80/20 acetone(wt)/SAFIM(wt),
50/50 SAFIM(wt)/acetone(wt), 90/10 SAFIM(wt)/acetone(wt)) were prepared and water was added in
order to describe the isoplethal section represented in Figure 4-3. Each composition was repeated

three times for reproducibility.

Acetone

90/10 » X ~

SAFINY Srrmmrmmmmmmmmmirmr S - Water
Wwater (%wt)

Figure 4-3: Isothermal section of the ternary phase diagram SAFIM/water/acetone where isoplethal sections used are
depicted with dashed red lines

The temperature of the mixtures was adjusted to 20 °C or 40 °C and stirred for 24 hours. Phase
equilibria domains could be proposed thanks to direct visual observations in case of total solubilization
or by checking the solid phase in the suspension by XRPD. Two isothermal sections at 40 °C and 20 °C

could be proposed (Figure 4-4).
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Figure 4-4: Isothermal sections at 40 °C (top) and 20 °C (bottom) of the ternary phase diagram SAFIM/acetone/water.
Green dot depicts the composition of the system during the industrial crystallization process. Solubility curves and
boundaries are drawn to be consistent with experimental observation

The isothermal section at 20 °C depicts the high stability of the hemi-hydrate form H1. Indeed,
the crystallization zone of Al (biphasic domain < A1 > + liq) is close to the SAFIM/acetone side of
the ternary phase diagram. The isothermal section at 40 °C shows that the crystallization domain of Al
is enlarged compared to that at 20°C. It is extended up to an acetone/water ratio close to

90/10 vol/vol.
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These two isothermal sections are in accordance with the crystallization behavior observed
during In-situX experiments. At 40 °C and at the industrial composition, the system crystallizes in the
triphasic domain: A1 and H1 should crystallize at the same time. However, the crystallization of Al
seems kinetically favored and occurs first. When the reaction medium is cooled down, H1 become the
stable form and Al converts progressively into H1. One can note that due to the slow kinetic of
transition A1 = H1 during cooling, the remaining Al could transform into A2 before its irreversible
transformation towards H1. Regarding thermodynamic data and monitoring of the crystalline phase
during crystallization process, it clearly appears that H1 is the most stable phase in presence of water
in the system and the drying step seems to be solely responsible for the dehydration of H1 into Al at

the end of the process.

Under the conditions of the crystallization process SAFIM is isolated as needle-like shape
crystals (average length of 200 um and fragments of needles) and exhibits poor flowability properties.
Therefore, an agglomeration process was developed in order to have access to powder material

exhibiting enhanced flowing behavior.

Conventionally, the spherical agglomeration process involves two steps: crystallization and
agglomeration. These two steps can occur simultaneously by adding the Bridging Liquid (BL) to the
solution prior to the crystallization, or deferred by first crystallizing the material and subsequently
agglomerating upon addition of the bridging liquid to the suspension. In the case of SAFIM there are

two major issues to apply the conventional method:

(i) The actual crystallization system of SAFIM consists of acetone and water. To perform
the spherical agglomeration, the BL must exhibit an oiling out with the crystallization
solvents. However, almost all solvents are miscible with acetone.'% Even with 20% of
water, only few solvents are able to form an oiling out with this mixture of solvents.
Therefore, a special study must be carried out aimed to find out a suitable solvent

system.

(ii) A recent study has shown that the dehydration of agglomerated crystals leads to the
modification of the agglomerate physical properties (e.g., compressive strength,
plasticity).2%” As previously discussed, SAFIM is isolated as H1 under the conditions of
the current crystallization process. Therefore, if the agglomeration is performed under
the same conditions, agglomerates of H1 will be obtained. SAFIM being
commercialized as Al, dehydration of H1 to Al will be achieved upon drying, which

will likely induce the modification of the agglomerate physical properties.
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Thus, it has been decided to focus the study only on the agglomeration step of SAFIM using
the commercial material (i.e., Al crystalline form), agglomeration hence being an additional process
step to be carried out on the crystallized material. The next part of the chapter is then dedicated to

the development of an agglomeration process with the following objectives:

(i) Find a suitable solvent system to induce spherical agglomeration
(ii) Obtain agglomerates with an acceptable average diameter (close to 500 um) and with
a good flowability of the final powder

(iii) Obtain agglomerates directly under the Al form (commercialized solid form)

4.2 SPHERICAL AGGLOMERATION OF SAFINAMIDE MESYLATE
4.2.1 Selection of the agglomeration solvents

4.2.1.1 Determination of the solvent system from the literature

The very first step in the development of a spherical agglomeration process is the selection of

the agglomeration solvents. Two conditions are commonly mentioned in the literature:

(i) The dispersion solvent and the bridging liquid must exhibit an oiling out.

(ii) The solid must have a better affinity with the BL than with the dispersion solvent.

In the case of SAFIM, one condition can be added: the solvents must not change the crystalline
form of SAFIM during the agglomeration process, meaning that water cannot be used as a solvent for

the agglomeration of SAFIM and the presence of residual water in solvents will be discussed latter.

There are numerous examples of solvent systems fulfilling these two first conditions. Hereafter
is a non-exhaustive list of such systems with the material involved on the agglomeration process (Table

4-1).

Table 4-1: non-exhaustive list of agglomerated material with spherical crystallization processes and their associated solvent
system.

Solid Solvent anti-solvent bridging liquid Reference

Acebutolol ) .

i water - isopropyl acetate

hydrochloride

Aceclofenac acetone water dichloromethane 109
T q carbon 24

Acetylsalicylic acid ethanol S I — (QESD method)
Ascorbic acid water - ethyl acetate 56
Atorvastatin calcium ethanol water dichloromethane 7
Barium sulphate benzene - water 38
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Benzoic acid
Benzoic acid
Benzoic acid
Bucillamine
Calcium carbonate
Cefatoxime sodium
Cefatoxime sodium
Celecoxib

Coal

Di-methyl-
quinacridone

Etodolac
Fenbufen
Glass
Graphite
Griseofulvib
Ibuprofen
Lactose
Limestone
Lobenzarit disodium
Norflaxacin
Salbutamol sulfate
Salicylic acid
Salicylic acid
Silica sand
Steroid KSR-592
Theophylline

Tranilast

ethanol

ethanol

ethanol

ethanol/dichloromethan
e

carbon tetrachloride

2-propanol/water

methanol-water

Acetone

water

sulphuric acid

acetone

THF

carbon tetrachloride

water

DMF

aqueous sodium
hydroxide

chloroform

water

water

acetone/dichloromethan
e

water

ethanol

water

carbon tetrachloride

acetone

Ethylene diamine

ethanol/ acetone

water

water

water

Water

water

aqueous solution of
polymer

water

water

aqueous chlorohydric acid

ethyl acetate

water

sulfuric acid

water

aqueous sodium chloride

water

chloroform

n-heptane

toluene

water

aqueous calcium
chloride

chloroform

ethyl acetate

dichloromethane

oil

di-N-butylamine

dichloromethane

isopropyl acetate

aqueous calcium
chloride

kerosene/lubricating oil

dichloromethane

isopropyl acetate

saturated aqueous
lactose solution

kerosene/lubricating oil

n-hexane

ammonia-water

(QESD method)

chloroform

chloroform

aqueous calcium
chloride

ethyl acetate

water

chloroform

76

71

110

69

37

111

72

112

39

65

113

114

37

40

107

115

46

43

63

52

57

42

70

37

116

60

41
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Among these different systems, 100% of the agglomeration processes involve the use of water
either as solvent or anti-solvent or as bridging liquid, none of these systems can be used to perform

the spherical agglomeration of SAFIM.

Moreover, if we look at the guidelines on the selection of the agglomeration solvents proposed

by Chow et al.®! (Table 4-2), an aqueous solvent is involved for each of the four groups.

Table 4-2: Chow's classification for the choice of the bridging liquid.

Solubilization solvent of
Anti-solvent Bridging liquid
the compound

Salt solution of high

Group 1 Water soluble Water-miscible organic solvent
concentration
Group 2 Organic solvent water Organic solvent
Group 3 Water-miscible organic solvent Saturated aqueous solution Organic solvent mixture
Insoluble in water and organic Water-immiscible organic Salt solution of high
Group 4
solvent solvent concentration + binding agent

After an intensive review of the literature on spherical agglomeration, no suitable solvent
systems where an aqueous solution is not involved were identified. Therefore, another approach was

used to find an agglomeration system.

4.2.1.2 Determination of the solvent system based on phase equilibria and European pharmacopoeia

The approach used to determine the agglomeration solvent system of SAFIM is based on the
polarity of the mesylate salt. Such salts exhibit high solubility in water due to the hydrophilic
interactions.'”118 Therefore, an aprotic polar solvent will be used as BL and a non-polar solvent as the
dispersion phase. Moreover, these solvents must fulfill the previously mentioned conditions.
According to the miscibility database,% different solvents can be suitable for the agglomeration (Table

4-3):

Table 4-3: Various polar and non-polar solvent exhibiting an oiling out for the spherical agglomeration of SAFIM.

Polar solvent Non-polar solvent
Acetonitrile n-Hexane
Propionitrile Cyclohexane

n-Heptane

Heptane mix isomers

SAFIM, like all APIs, due to the toxicity of organic solvents, is subjected to strict regulatory

constraints of residual solvent content in the material entering the final drug intended to be taken by
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patients. The European Medicines Agency ICH Q3C guidelines deal with solvents classification and their
recommended maximum residual content in pharmaceutical ingredients and drugs. Solvents are
classified into 3 classes: solvents to be avoided (class 1), solvents to be limited (class 2) and solvents

with low toxic potential (class 3).

According to this classification n-hexane and cyclo-hexane fall in class 2, whereas n-heptane is
a class 3 solvent. Acetonitrile is a class 2 solvent, while propionitrile does not appear in the ICH
classification, though having a lower median lethal dose than acetonitrile (39 mg/kg vs 500 mg/kg
orally tested on mice). Bearing in mind these regulatory aspects, it has been decided to use n-heptane
as the dispersion solvent and acetonitrile as bridging liquid for the development of the spherical

agglomeration process of SAFIM.

The solubility of SAFIM in both solvents was measured at 10 °C, 20 °C, and 30 °C thanks to the
dry residue method. Table 4-4 shows the evolution of the solubility in acetonitrile and n-heptane as a

function of the temperature.

Table 4-4: solubilities of SAFIM A1 in acetonitrile and n-heptane at different temperatures

Temperature (°C) Solubility (%wt) / standard deviation
Acetonitrile n-Heptane
10 0.04/0.01 0.01/0.01
20 0.07 /0.01 0.03/0.01
30 0.10/0.01 0.05/0.01

SAFIM A1 exhibits a very low solubility in both acetonitrile and n-heptane (< 0.1%.:) which
limits the solubilization of SAFIM during the agglomeration process and thus, enhances the

agglomeration yield.

A preliminary agglomeration test was performed in a beaker without any control of the
different agglomeration parameters (e.g., temperature, stirring rate, amount of BL, suspension
concentration). A stirred suspension of SAFIM in n-heptane was prepared and acetonitrile
subsequently added to the suspension. Due to preferential interactions between SAFIM and
acetonitrile, SAFIM particles were only observed in acetonitrile after few seconds of stirring

(Figure 4-5).
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Figure 4-5: Suspension of SAFIM in n-heptane (left) and suspension of SAFIM in n-heptane after the addition of
acetonitrile (BL) (right)

The solvent system being identified for the spherical agglomeration of SAFIM, the next step

was the determination of the agglomeration setup (i.e., the geometry of the reactor and of the stirrer).

4.2.2 Presentation of the agglomeration setup

4.2.2.1 Geometry of the crystallizer

When developing a new crystallization or agglomeration process, the geometry of the reactor
is an important parameter. The hydrodynamics of the fluid phase in a vessel depend on the geometry

of the vessel itself (e.g., cylindrical, conical, flat bottom or rounded bottom).

In the case of SAFIM, the choice of the reactor geometry was made in the perspective of scaling
up the process at industrial scale. Indeed, at the lab scale, the geometry can be easily modified by
changing the vessel or the stirring elements (shaft, blades, baffles), whereas it is much more
complicated to change the geometry of industrial vessels. Therefore, for the experimental activity it
has been chosen to use a laboratory glass vessel which is a scale down replication of an industrial

crystallizer available in Zach System facilities.

The agglomeration process of SAFIM was then developed in a flat bottom HWS 0.5L
crystallizer (Figure 4-6) equipped with mechanical stirrer and temperature regulation (Lauda ECO RE

4155).
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Figure 4-6: Picture of the HWS flat flange crystallizer use to perform spherical agglomeration of SAFIM

Another critical aspect of hydrodynamics is the stirring geometry, including stirrer shape and

size, as well as baffles.

4.2.2.2 Determination of the stirring setup

There is a wide panel of stirrer available for different applications (e.g., dispersion of agasin a
liquid, stirring of suspension, mixing of two liquid)!*°. To perform a spherical agglomeration, the stirrer
must ensure the dispersion of two immiscible solvents (the dispersion solvent and the BL) and the
suspension of SAFIM in these two solvents. Moreover, the flow in the crystallizer is impacted by the

presence of baffles'?,

In order the choose the most suitable stirring setup, a reaction medium which consists of
300 mL of n-heptane and 20 mL of acetonitrile colored with phenolphthalein was stirred in the HWS

crystallizer with different stirring setup (Figure 4-7):

- 3blades TTP propeller (based on a design from Mixel™ and 3D printed, diameter = 6 cm) + disk
turbine with vertical 4 blades (Rushton turbine, diameter = 4 cm).

- 3 blades glass propeller (diameter = 6 cm)

- Dispersion turbine (diameter =5 cm)

- 3 blades TTP propeller (based on a design from Mixel™ and 3D printed, diameter = 6 cm) +

dispersion turbine (diameter = 5 cm) (not shown in Fig. 4-7)
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Moreover, experiments were carried out with and without a 3D-printed 3 blades baffle (blades

width = 1 cm) at different stirring rates. The stirrers were placed at 2 cm of the reactor bottom.

Figure 4-7: Pictures of the different stirrers (from left to right: 3 blades TTP propeller+ Rushton turbine; glass propeller,
dispersion turbine) and the three blades baffle

The quality of the emulsions was visually assessed, and videos are available by scanning the

following QR-code:

T

Figure 4-8: QR-code to flash to visualize the comparison between the different stirrers

According to Roustan,!'® the two propellers exhibit an axial flow whereas the two turbines

exhibit a radial flow (Figure 4-9).
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Figure 4-9: Schematic representation of an axial flow (left) and a radial flow (right)
Regarding the different experiments, the use of baffles is required to ensure the formation of

the emulsion between the two solvents. Moreover, the baffles prevent the formation of vortices at

high stirring rates (Figure 4-10) which limit the dispersion of the biphasic liquid.

Figure 4-10: Formation of a vortex at 300 rpm with the dispersion turbine (left) and the same reaction medium at
300 rpm with baffle (right) where the vortex is not formed

As shown on Figure 4-11, even in the presence of baffles, the flow generated by the glass
propeller with an axial flow was not sufficient to disperse the two immiscible liquids and generate the
emulsion. Without the baffles acetonitrile remains at the bottom of the crystallizer, creating a high
concentration zone. In this zone the ratio dispersion solvent/BL will cause the formation of a pasty
zone during agglomeration. The presence of baffles helps generating the emulsion. However, one can

note the presence of non-agitated acetonitrile at the bottom of the crystallizer.
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Figure 4-11: snapshots of the two immiscible solvents being stirrer at 400 rom with a glass propeller without baffles (left)
and with baffles (right)

Then, the attention was focused on the stirrers exhibiting a radial flow and with baffles.
Usually, stirrers with a radial flow generate a more turbulent flow than axial flow stirrers and favor the
dispersion of the two immiscible liquids.? Table 4-5 compares the three stirrers with a radial flow as

a function of the stirring rate.
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Table 4-5: Comparison of the dispersion states for different stirrers as a function of the stirring rate.

TTP propeller + Rushton Dispersion turbine + TTP
RPM Dispersion turbine
turbine propeller

00¢

00€

oov

00S

In all cases, a suitable emulsion was obtained at high stirring rates (500 rpm), there was no
colored acetonitrile which remained at the bottom of the reactor. When looking at lower stirring rates,
the quality of the emulsion rapidly decreased for the TTP propeller equipped with the Rushton turbine.

The latter was not retained to develop the agglomeration process.

There were no significant differences between the dispersion turbine alone and the dispersion
turbine topped with the TTP propeller, also because the TTP propeller was only partially immersed in
the reaction medium, due to the vessel filling level: the two solvents were homogeneously dispersed
even at 300 rpm. Therefore, in order to simplify the crystallizer setup, the dispersion turbine will be

used alone.

Table 4-6 shows the quality of the emulsion as a function of the stirrer geometry, stirring rate

and the presence of baffles.
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Table 4-6: Evolution of the emulsion of acetonitrile in n-heptane as a function of the stirring setup and stirring rate.

TTP TTP propeller TTP TTP propeller
Glass propeller +  Dispersion + Glass propeller +  Dispersion +
propeller Rushton turbine Dispersion propeller Rushton turbine Dispersion
turbine turbine turbine turbine

The final spherical agglomeration setup consists of a jacketed HWS flat bottom crystallizer
equipped with a dispersion turbine and 3 baffles. The BL will be added dropwise thanks to a syringe
pump (Figure 4-12). This setup will be used during the whole development of the agglomeration

process.
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Mechanic stirrer

Syringe

Syringe pump

HWS flat flange reactor

Dispersion turbine

Baffles

Bottom valve

Figure 4-12: Pictures of the crystallizer setup used to perform the spherical agglomeration of SAFIM

4.2.3 Development of the spherical agglomeration process

4.2.3.1 Evaluation of the most influencing parameters

A spherical agglomeration process is impacted by several factors (e.g., crystallizer geometry,
stirring rate, temperature, nature of the solvents, amount of BL, addition mode of the BL, ...): given
that the crystallizer set up and the solvent system have been defined, the process has been optimized
by investigating the remaining parameters to obtain spherical agglomerates with the desired

micromeritic properties.

4.2.3.1.1 Effect of the amount of bridging liquid on the agglomeration of SAFIM

First, the concentration of the suspension as well as the amount of bridging liquid need to be
determined. Based on a previously developed agglomeration process by Zach System on a different
molecule, the following conditions were used as a first approach to perform the spherical
agglomeration of SAFIM:

- In the HWS 500 mL crystallizer, 30.30 g of SAFIM were added in 300 mL of n-heptane at 3 °C and stirred
at 425 rpom with a dispersion turbine.

- After 1 hour of equilibration, 25 mL of acetonitrile were added dropwise for 1 hour (feeding rate =
25 mL/h) through a PTFE tube of 2 mm inner diameter right above the reaction medium.

- The reaction medium was left under stirring for 6 hours after the beginning of the addition of
acetonitrile.

The evolution of the system during the 6 hours of stirring is presented in Figure 4-13 (one can

note that no baffles were used for this experiment).
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to to+2h

Figure 4-13: Evolution of the reaction medium of SAFIM as a function of time under stirring

Under these conditions, agglomeration of the reaction medium occurred stirring over 2 h.
Then, after 5 h, the reaction medium was partially de-agglomerated and the solid adhered to the
vessel’s wall. At the end of the process, the reaction medium was filtered and the solid (agglomerated
and non-agglomerated SAFIM, Figure 4-14) was dried under reduced pressure at 30 °C. After 24 h of
drying, the solid was analyzed thanks to XRPD measurement (Figure 4-15) and characterized as A1 with

traces of H1.

Figure 4-14: picture of SAFIM after the agglomeration process with the conditions of a previous agglomeration process
developed by Zach System for another molecule
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Figure 4-15: XRPD patterns of SAFIM A1 (blue) and H1 (orange) references and SAFIM after the agglomeration process
with the conditions of a previous agglomeration process developed by Zach System for another molecule (traces of H1
are spotted with vertical orange dashed lines)

The partial agglomeration of the reaction medium as well as the adhesion of particles on the

crystallizer wall can be explained by a too large amount of BL due to the formation of the pasty medium
when the ratio % is too important. Therefore, the amount of bridging liquid was reduced to 20 mL

with a feeding rate of 20 mL/min.

By decreasing the amount of BL to 20 mL, smaller agglomerates (average diameter about
2 mm) were obtained after 6 h of stirring, without observing any de-agglomeration (Figure 4-16: dried
agglomerates). This observation is in accordance with the literature where it is mentioned that
decreasing the bridging liquid amount decreases the probability of cohesion of between particles and

therefore reduces the agglomerate size.®®

Vac-High PC-Std. 15kV x50 ——— 500 pm 017488

Figure 4-16: Optical microscopy picture (left) and SEM picture (right) of spherical agglomerates of SAFIM obtained after
the agglomeration process with 20 mL of BL

This study aimed to produce agglomerates of SAFIM with an average size about 500 um. In

order to further reduce the size of the agglomerate, the BL amount was reduced to 15 mL with the
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previous conditions (feeding rate = 15 mL/h). Under these conditions no agglomerates were obtained
at the end of the process. The range of BL amount for the agglomeration to occur is located between

15 mL and 25 mL of BL (Figure 4-17).

No agglomeration

20 ml 25 ml

15 ml

Amount of bridging liquid

Figure 4-17: Evolution of the agglomeration process of SAFIM as a function of the BL amount

4.2.3.1.2 Effect of the temperature on the agglomeration of SAFIM

Even if the amount of BL is often mentioned as the most influencing parameter of the spherical
agglomeration, the temperature can impact not only the process by modifying the solubility of the API
both in dispersion solvent and BL but also the miscibility of the BL in the dispersion solvent and thus,

reducing the amount of available BL to agglomerate the API.

For SAFIM, it has been shown that reducing the temperature of the crystallization will increase
the stability of the hemi-hydrate (classical crystallization way, see section 1.1). Therefore, an
agglomeration of SAFIM was performed at higher temperature (i.e., 40 °C) with the previous conditions
and 20 mL of bridging liquid. In this case, only partial agglomeration of the reaction medium was

observed and that can be attributed to the increasing solubility of acetonitrile in n-heptane.

4.2.3.1.3 Influence of the initial particle size distribution on the agglomeration of SAFIM

Another parameter which could impact the agglomerate size distribution is the initial particle
size distribution, i.e., the size of the non-agglomerated particles. This parameter is usually controlled
during the crystallization step of the process by modifying, for instance, the supersaturation. However,
in the case of SAFIM, the particles are already crystallized before the agglomeration process. A possible

way to overcome this issue is to implement a homogenization step of the crystal size. An Ultra Turrax
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equipped with a mixing head of 18 mm was used to perform this step. The operation was implemented

after the preparation of the suspension of SAFIM in n-heptane.
The experimental process was as follow:

- Suspension of SAFIM in n-heptane (30 g in 300 mL) prepared in a temperature-controlled crystallizer at
30°C

- Suspension homogenized for 5 min at the lower power of the Ultra Turrax

- After 1 hour of stirring at 400 rom with a dispersion turbine, 25 mL of acetonitrile were added dropwise
for 1 hour

- Reaction medium left under stirring for 12 hours

Table 4-7 exhibits the monitoring of the agglomeration process with optical and scanning
electronic microscopy. After 2 hours of stirring the reaction media was partially agglomerated. To
reduce the agglomerate size, the batch was left under stirring for 12 hours and then filtered and dried

under reduce pressure at 40 °C for 24 hours.
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Table 4-7: Monitoring of the agglomeration with a homogenization step performed with Ultra Turrax.

Optical microscopy Scanning electronic microscopy
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After the drying process

Table 4-8 summarizes the evolution of both initial particles and agglomerates when either the

Ultra Turrax is used or not.

Table 4-8: Size of the initial particles and agglomerates before and after agglomeration process when using Ultra Turrax.

Needle shape with an average length of Fragment of needles with an average

200 um length of 50 um

_ Average diameter above 1 mm Average diameter below 1 mm

Homogenization with Ultra Turrax leads to the decrease of the initial crystal size with an
average length lower than 50 um and consequently to the decrease of the final agglomerate size, even
if agglomerates still exhibit an average particle size close to the millimeter. Upon crystal size
homogenization (with the Ultra Turrax device) coupled with enhanced shearing forces during stirring,

a target size around 500 um looks achievable.

4.2.3.2 Effect of water amount in bridging liquid on the crystalline phase of SAFIM

The final goal of this study is to produce spherical agglomerates of SAFIM isolated in the
anhydrous form Al. During the monitoring of the crystalline phase of the first agglomeration

experiment, traces of H1 (the hemi-hydrate) were observed even after the drying process at 30 °C. The
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first hypothesis for this partial hydration is the presence of residual water in acetonitrile. Therefore,
the evolution of SAFIM crystalline structure during the agglomeration as a function of the amount of
water in acetonitrile was monitored thanks to XRPD.

The agglomeration was performed with the following parameters in a 500 mL temperature-
controlled crystallizer at 30 °C and 425 rpm (dispersion turbine for stirring with baffles):

- Addition of 30 g of SAFIM (raw industrial batch) and 300 mL of n-heptane HPLC grade

- Stirring at 425 rpm for about 1 hour

- Addition of 20 mL of dried acetonitrile +x%w: of water over 1 hour with a syringe pump (x being the
amount of added water = 0; 1; 2; 3; 4 and 10 %w:)

- 6 hours after the end of BL addition the reaction medium was filtered and dried either under reduce
pressure at 30 °C.

A regular sampling of the reaction medium was performed during the whole process. The
amount of water in the dried acetonitrile was estimated to 40 ppm according to coulometric

Karl-Fischer measurements.

Figure 4-18 shows the evolution of the XRPD patterns along the agglomeration process.

After the drying process 6 hours after the addition of acetonitrile

1 hour after the addition of acetonitrile Before the addition of acetonitrile

3500

SAFIM before agglomeration H1 reference

Al reference

2500

Counts
o
2
a

1000

7 8 ] 10 1 12 13 14 15
20()

Figure 4-18: XRPD patterns of the evolution of the crystalline form of SAFIM during the agglomeration process with dried
acetonitrile

The monitoring of the experiment shows that initial SAFIM product exhibits trace of H1. After
1 hour of stirring in n-heptane no evolution of the crystalline form was noted. Then, after the addition
of dry acetonitrile, SAFIM was completely converted into Al. This form remains the stable one even
after the drying step. The use of dried acetonitrile as BL leads to the conversion of partially hydrated

SAFIM into the anhydrous form Al.
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Figure 4-19 shows the XRPD patterns of the different agglomeration batches for different
amount of water in the BL after the drying process and Table 4-9 resumes the form obtained after the
drying process (all the XRPD patterns performed until the addition of 10 %w: of water in the BL. are

available in appendix Ill)

Reference H1 Acetonitrile + 10 % of water Acetonitrile + 4 % of water Acetonitrile + 3 % of water

Acetonitrile + 2% of water Acetonitrile + 1 % of water Dry acetonitrile Reference A1

2500

| )
| |

7 8 E] 10 1 12 13 14 15
20()

Figure 4-19: Evolution of the crystalline form of SAFIM after the drying process for different amount of water added in
acetonitrile

Table 4-9: Evolution of the crystalline form during the agglomeration process of SAFIM for different amount of water in
acetonitrile.

1 hour after the

X%wt water in Initial crystalline addition of . . ,
acetonitrile form acetonitrile + x%wt After filtration After drying
of water
<40 ppm A1l (+trace of H1) Al Al Al
1% A1l (+ trace of H1) Al/H1 Al/H1 Al1/H1
2% Al (+ trace of H1) Al/H1 Al/H1 A1/H1
3% A1l (+ trace of H1) Al/H1 Al/H1 Al1/H1
1% Al (+ trace of H1) Al/H1 N/A Al/H1
10% Al (+trace of H1) Al/H1 N/A H1

By increasing the amount of water in the bridging liquid, the progressive hydration of SAFIM

was observed, up to a complete hydration of the batch with 10 % of water in the bridging liquid.
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Moreover, no dehydration occurs during the drying process, the hemi-hydrate remains stable
under the tested conditions (i.e., 24 hours at 30 °C under reduced pressure). One can envisage to
convert the hydrated solids into anhydrous by an adapted drying step by tuning parameters (time,
temperature, use of dry gas), but the dehydration implies a significant change in term of particles
morphologies leading to embrittlement of the agglomerates. That is why dried acetonitrile will be
preferentially used to perform the spherical agglomeration process of SAFIM in order to obtain pure
A1l at the end of the process. Moreover, to avoid the presence of traces of H1 phase in the final

agglomerates, the drying temperature under reduce pressure will be increased to 50 °C.

4.2.3.3 Optimization of SAFIM spherical agglomeration process

Preliminary parameters were found to perform a spherical agglomeration of SAFIM. Even if
spherical agglomerates were produced, different parameters need to be optimized to obtain the
desired micromeritic properties (average agglomerate size of 500 um diameter with a good
flowability). There are two common approaches to optimize a process: the One Factor At a Time (OFAT)

or the Design of Experiment (DoE).

Recently, the pharmaceutical industry has moved toward the implementation of the Quality
by Design (QbD) approach to the validation of manufacturing process to replace the Quality by Test.
This new approach is based on a thorough knowledge of the manufacturing process and the impact of
the process parameters on the quality of the final product (“knowledge management’’). The DoE is
one of the tools used within this approach, which will be applied to the development of the spherical

agglomeration process of SAFIM.

The first step of a QbD approach is the identification of the target quality profile of the product,
which is defined by a set of critical quality attributes (CQA), as well as the critical process parameters
(CPP) affecting the CQAs. The spherical agglomeration aimed at producing spherical agglomerates with
a desired particle size distribution and enhanced flowability properties starting from a material
exhibiting poor flowability properties. Four CPPs (called factors of the DoE) were identified for the

agglomeration of SAFIM:

(i) The agglomeration temperature (X1)
(ii) The stirring speed (X2)
(iii) The bridging liquid amount (X3)

(iv) The suspension concentration (X4)
The influence of these factors will be measured on four responses:

(i) The average diameter of the agglomerates
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(ii) The span of particle size distribution
(iii) The angle of repose (see Appendix |)

(iv) The compressive strength of an agglomerate when submitted to a normal stress!??

Preliminary remarks:

e No conditions being found to perform laser PSD measurement without altering the
agglomerates, the average diameter and the span of the PSD were measured by using
image analysis.

e The angle of repose was measured thanks to a fixed funnel apparatus (flodex™, see

Appendix I).

The compressive strength of the agglomerates was estimated thanks to the failure point. The
agglomerates were submitted to a normal stress applied with the powder rheometer FT4 from
Freeman technology. The failure point is given by the following relation. Five agglomerates were tested

for each experiment:

normal stress applied to break an agglomerate

surface of the projected area of the agglomerate
4.2.3.3.1 Design of experiment initial matrix

The factors and responses being identified, the next step of the DoE is the determination of
the matrix of experiments, i.e., the selection of the different level of factors and the number of
experiments. For a full characterization of the system a full factorial plan with two levels was

established, utilizing the JIMP® software.

Choice of the factor levels:

From previous experiments, it has been shown that the higher the temperature the higher the
risk of hydration of SAFIM. However, above 40 °C, the agglomeration only partially occurs. Therefore,

the temperature for the DoE was set between 25 °C (-1 level) and 35 °C (1 level).

For the stirring speed, the emulsion between the dispersion solvent and the BL was obtained
between 300 and 500 rpm with the dispersion turbine. This parameter was set at 350 rpm (-1 level)

and 450 rpm (1 level) for the DoE.

The amount of BL for the agglomeration to occur was estimated around 20 mL. However, the
addition of the homogenization step with the Ultra Turrax has increased the surface area of the solid.
Thus, more BL was needed to wet all the particles. The BL amount was studied with 20 mL (-1 level)

and 24 mL (1 level) by using a constant feeding rate of 20 mL/h.
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(i)

(ii)
(iii)

(iv)
(v)

(vi)
(vii)

Lastly, the slurry concentration was studied at 60 g/L (-1 level) and 80 g/L (1 level).

The spherical agglomeration process was performed as follow:

SAFIM was poured in the HWS crystallizer with temperature set at the agglomeration
temperature

30 mL of n-heptane were added and the stirring set at the desired rate

After 15 minutes, the reaction medium was homogenized with the Ultra Turrax at the
lower power level for 5 minutes

The reaction medium was left under stirring for 15 minutes

The addition of the BL is started with a feeding rate of 20 mL/h

The reaction medium is left under stirring until the complete agglomeration

The reaction medium was filtered and agglomerates dried at 50 °C under reduced
pressure for 24 hours

The DoE consists of 16 experiments and a center point (experiment 17). The matrix of

experiment is presented hereafter (Table 4-10).

Table 4-10: first matrix of experiments for the DoE of SAFIM agglomeration process.

Experiment

W 0 N O U1 A W N P

[ S S e O T
N O 1 A W N R O

Agglomeration Suspension
Stirring rate (rpm) BL amount
temperature (°C) concentration
25 350 20 60
35 350 20 60
25 450 20 60
35 450 20 60
25 350 24 60
35 350 24 60
25 450 24 60
35 450 24 60
25 350 20 80
35 350 20 80
25 450 20 80
35 450 20 80
25 350 24 80
35 350 24 80
25 450 24 80
35 450 24 80
30 400 22 70
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Table 4-11 displayed the results obtained for the first matrix of experiments.

Table 4-11: Responses for every experiment of the first matrix of experiment

Slurry Angle of repose
Experiment Temperature Stirring rate  BL amount PSD (D50) (um) PSD (span) Failure point
concentration (°)
1 25 350 20 60 1278.7 646.6 39.54 0.22
2 35 350 20 60 1053.3 641.3 40.3 0.19
3 25 450 20 60 1101.5 408.4 34.41 0.14
4 35 450 20 60 990 528.5 36.91 0.11
5 25 350 24 60 831.4 887.1 N/A 0.11
6 35 350 24 60 1441.5 602.8 38.25 0.21
7 25 450 24 60 1504.4 1293.2 60 0.15
8 35 450 24 60 1617.2 666.4 38.86 0.1
9 25 350 20 80 968.9 674.6 41.32 0.13
10 35 350 20 80 905.3 845.7 44.64 0.12
11 25 450 20 80 1489.6 445.7 34.93 0.49
12 35 450 20 80 852.4 672.2 N/A 0.13
13 25 350 24 80 704.8 636.1 42.92 0.16
14 35 350 24 80 1087.9 694.4 38.85 0.16
15 25 450 24 80 815.6 571 40.14 0.22
16 35 450 24 80 1368.5 421 36.95 0.18
17 30 400 22 70 1159.4 442.2 34.12 0.20
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Surprisingly, the model cannot find any principal effects of the factors in the tested conditions
(i.e., individually, the factors have no effect on the responses) even if there are visual differences
between the experiments. For example, Table 4-12 shows the differences between two experiments

of the DoE.

Table 4-12: Comparison of the agglomerate shape and particle size distribution between two experiments of the first design
of experiment.

Experiment 3

" x SAFI719. DoEl4 after dry ng
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microscopy
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0,50 1,00
00 /‘J\W
0,00 0,00
10 100 1000 10000 1 10 100 1000 10000

Equivalent circular diameter (um) Equivalent circular diameter (um)

There is a significant difference between these two experiments in terms of morphology and
particle size: experiment 3 exhibits spherical agglomerates with a bimodal distribution of the PSD
where experiment 7 exhibits rough agglomerates with a large span of the PSD. However, the model of

the DoE was not able to explain these differences.

This difficulty to model can be explained by a too restraint design space. For example, the
variation of the average agglomerate diameter is not significant enough between 350 and 450 rpm.

Therefore, the design space was extended.

4.2.3.3.2 Design of experiment extended matrix

To extend the design space, additional experiments were added as well as repetition at the

center point. Figure 4-20 gives a schematic representation of the design space extension.
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Figure 4-20: Schematic representation of a design space extension

Table 4-13 displayed the matrix with the additional experiments to perform.

Table 4-13: Extended matric of experiments for the DoE of SAFIM spherical agglomeration.

Experiment Temperature (°C) Stirring rate (rpm) BL amount (mL) Slurry concentration
(/L)
Code Value Code Value Code Value Code Value
18 0 30 0 400 0 22 0 70
19 1.5 35 0 400 0 22 0 70
20 0 30 0 400 0 22 1.5 85
21 0 30 -1.5 325 0 22 0 70
22 0 30 0 400 0 22 0 70
23 0 30 1.5 475 0 22 0 70
24 0 30 0 400 0 22 -1.5 55
25 0 30 0 400 15 25 0 70
26 -1.5 22.5 0 400 0 22 0 70
27 0 30 0 400 0 22 0 70
28 0 30 0 400 -1.5 19 0 70
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The experiments were carried out in the same conditions as before and results are presented
in Table 4-14.

Table 4-14: Responses for every experiment of the extended matrix of experiment.

Stirring BL Slurry PSD PSD Angle of  Failure

Experiment Temperature . .
P P rate amount concentration (D50) (spawn) repose point

18 30 400 22 70 1182.3 320.5 38.24 0,24
19 35 400 22 70 1052.9 504.1 37.58 0,16
20 30 400 22 85 1333.9 373.0 34.34 0,13
21 30 325 22 70 1290.9 774.6 38.74 0,15
22 30 400 22 70 1269.9 443.5 34.30 0,18
23 30 475 22 70 710.5 232.0 34.54 N/A
24 30 400 22 55 1430.4 985.5 41.46 0,14
25 30 400 25 70 1412.9  1089.0 39.43 0,18
26 22.5 400 22 70 1010.2 966.0 = 0,19
27 30 400 22 70 1206.4 455.4 36.53 0,13
28 30 400 19 70 1149.8 506.8 38.13 0,15

Even with the extended matrix no significant effects of the factor were identified by the DoE.
This simple approach seems inappropriate when dealing with agglomeration processes probably

because of cross interferences between parameters.

However, thanks to the DoE, experimental conditions were found with experiment 23 to
produce agglomerates with an average agglomerate diameter around 500 um (710.5 um) and
exhibiting an angle of repose which corresponds to a “good flow”. The enhanced shearing forces due
to the increase of the stirring rate leads to the decreasing of the agglomerate size distribution.

Figure 4-21 shows a microscopy picture and the PSD of the experiment.
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Figure 4-21: (Top) microscopy pictures of the experiment 23 of the DoE of SAFIM spherical agglomeration and (bottom)
PSD of experiment 23

This experiment almost fulfills the PSD target of an average diameter of 500 um. Moreover,

Carr’s index and Hausner’s ratio for this experiment were measured (see Appendix |).

The Hausner’s ratio and Carr’s index were measured at 1.08 and 7% respectively, which
corresponds to a free-flowing powder. The initial SAFIM (i.e., before the agglomeration) exhibits a
Hausner’s ratio and a Carr’s index of 1.70 and 41% respectively, which corresponds to a very cohesive
powder. Therefore, the flowability properties of SAFIM were significantly enhanced by the

agglomeration process.
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Table 4-15 compares the initial SAFIM properties with SAFIM agglomerated in the optimized

conditions.

Table 4-15: Comparison between SAFIM properties before and after spherical agglomeration with the set of optimized
conditions.

needles Spherical agglomerates

200 pm 710.5 um

(average length) (D50)
HR Cl (%) Angle of repose (°) HR Cl (%) Angle of repose (°)
1.70 41 60.8 1.08 7 34.5

4.2.4 Study on the amount of residual solvent after agglomeration procedure

In order to perform the spherical agglomeration of SAFIM two solvents were used: n-heptane
and acetonitrile. According to ICH Q3C (R8),'2 n-heptane is considered as a solvent with a low toxic
potential (class 3) and acetonitrile is a solvent to be limited (class 2). Therefore, their recommended
limits are respectively 5000 ppm and 410 ppm. Residual solvents trapped in agglomerated particles
were measured by means of Head Space Gas Chromatography (HS-GC). A description of the used

method and the sample preparation is provided in Appendix I.

A spherical agglomeration of SAFIM following the optimized conditions was performed. The
isolated agglomerates were dried at 50 °C under reduced pressure (350 mBar) for 1 week and a regular

sampling was performed during this week. Figure shows the drying curve of n-heptane and acetonitrile.
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Figure 4-22: Drying curve obtained from GC-HS of acetonitrile and n-heptane in agglomerated SAFIM and magnification
between O h and 24 h

A rapid decrease of the concentration of both n-heptane and acetonitrile was observed. After
2.5 hours of drying, the concentrations fell below the recommended limit concentrations. Moreover,
after 20 hours of drying acetonitrile was under the limit of detection of the apparatus, the

concentration of n-heptane remained stable even after 1 week of drying.

The applied drying process on spherical agglomerates is then in accordance with the ICH Q3C

standards of the European pharmacopeia.

4.3 CONCLUSIONS AND PERSPECTIVES ON THE SPHERICAL AGGLOMERATION OF SAFIM

The aim of this study was to develop the spherical agglomeration process of an industrially
product API: safinamide mesylate together with the control of the crystalline form of the product.
Figure 4-23 sums up the different steps of the spherical agglomeration process development of

safinamide mesylate.
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Initial
conditions

Preliminary results

Optimization of spherical
agglomeration

Final process

Crystalline form:
Al + traces of H1

Determination of solvents:

Particle size et shape:

Needles of 200 pm length

Flowability:

Very cohesive

Phase diagram and European
Pharmacopeia approach

Dispersion solvent = n-heptane
Bridging liquid =* acetonitrile

BL amount:

Geometry of the reactor and stirring geometry:

Guided by industrial scale up and evaluation of the
non-miscible solvent dispersion

Performed in a HWS flat bottom reactor
Use of a dispersion turbine with baffles

Minimum amount of BL=15mL
Maximum amount of BL =25 mL

Temperature

Low temperature = stabilization of H1
High temperature =2 modification of the
solubilities

Minimum temperature =30 °C
Maximum temperature = 40° C

Initial particle size

Modification of the initial particle size with an
Ultra Turrax device

5 mins of Ultra Turrax before agglomeration
=> reduction of the final agglomerate size

Criteria to fulfill

Experimental parameters

Final crystalline form: Al
Agglomerate size: circa 500 um diameter
Flowability: Angle of repose < 35°

Hausner ratio > 1.18
Carr’s index > 15%

. Initial particle size : pretreatment by Ultra- .
Turrax .
. Amount of water in solvent = dry solvents .

Residual solvent: Lower to the European Pharmacopeia criteria (n-

heptane = 5000 ppm and acetonitrile = 410 ppm)

. Crystallizer (HWS) and stirring geometry :

dispersion turbine + baffles

Bridging liquid introduction time : introduction
over 1 hour

Stirring rate (from 325 to 475 rpm)
Agglomeration temperature (from 25 to 35 °C)

Concentration of SAFIM in n-heptane (from 55
to 85 g/l)
Amount of bridging liquid (from 19 to 25 ml)

Process parameters

Agglomerate characteristics

+ Crystallizer: HWS flat bottom

+ Stirring geometry and rate: dispersion turbine + baffles, 475 rpm

* Pre-treatment of the initial powder : Reduction of the initial particle size with 5 min of Ultra Turrax

+ Agglomeration temperature: 30 °C

* Concentration of the suspension: 70 g/L
» Ratio bridging liquid/dispersion solvent: 0.07

v Crystalline phase: Al

v" Agglomerate average diameter: around 700 pm

v" Flowability: free flowing

¥" Residual solvent: below the concentration limit of

Europ

1 Pharn P ia

Figure 4-23: Conclusion chart of SAFIM agglomeration process
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First, the solvents to perform the spherical agglomeration were identified. Even if no system was
extrapolated from the review of the agglomeration literature because of the presence of water in every
system, the pharmacopeia standards and the study of phase equilibria led to identify n-heptane as the
dispersion medium and acetonitrile as the bridging liquid. Nevertheless, other methods could be used
to determine a best solvent system such as those based on the wettability of SAFIM with different
solvents. During this study, wettability measurements with the Washburn capillary rise method were
performed on SAFIM with n-heptane and acetonitrile. However, inconclusive results were obtained
with this method. One perspective for this point is to measure the wettability angle thanks to a
goniometer. This method gives a direct access to the angle of wettability and can be easily developed
with a suitable equipment. Other parameters were also preliminary studied (i.e., temperature, BL

amount, stirring geometry, and initial particle size (see Figure 4-23)).

In order to reduce the number of parameters during the development of the agglomeration
process, some of them were set at the beginning of the study (e.g., the geometry of the reactor). One
of these parameters is the addition mode of the bridging liquid. The BL was added dropwise through a
capillary of 2 mm inner diameter which generates large droplet of BL. The generated droplets having
an average diameter larger than the initial particle size of SAFIM, an “immersion mechanism” to
produce agglomerates can be envisaged. A study of Orlewski et al.'*® has shown that the higher the
inner diameter of the tube, the higher the PSD of the agglomerates attributed to the formation of
smaller droplets. For a further reduction of agglomerate size, a thinner capillary could be used to
perform the spherical agglomeration of SAFIM and change to a distribution mechanism. Moreover, the
BL was added few centimeters above the reaction medium. Orlewski also shown that by adding the BL

directly and horizontally into the crystal suspension produces smaller agglomerates.

In order to develop an optimized agglomeration process within the quality by design approach,
a DoE was performed. However, it seems that there are too many variations or interference between
the parameters in the responses to obtain acceptable results on the influence of the chosen factors,

even with the extension of the design space.

Even if the simple DoE used could not explain the variations in the agglomeration process,
spherical agglomerates of SAFIM with an average diameter close to the targeted value (500 um) were
obtained with the conditions of experiment 23. These agglomerates exhibit enhanced flowability
properties compared to raw SAFIM with an acceptable amount of residual solvent according to the ICH

Q3C.

Thus, the targeted solid form Al was obtained in the final agglomerates by adopting a phase
diagram approach: (i) by increasing the temperature of the medium in order to decrease the stability
domain of the hydrate and (ii) by limiting the amount of residual water in the solvent system to stay in

the crystallization domain of Al.
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Chapter V

Feasibility of the Spherical

Agglomeration in a Couette Taylor
Reactor
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5 FEASIBILITY OF THE SPHERICAL AGGLOMERATION IN A COUETTE TAYLOR
REACTOR

This chapter provides preliminary experiments on the possibility to perform spherical

agglomeration process in a continuous mode by using a Couette-Taylor Reactor.

5.1 INTRODUCTION TO THE COUETTE TAYLOR TECHNOLOGY
5.1.1 Historical of Couette-Taylor technology

The Couette-Taylor reactor (CTR) is a reactor used to perform different processes such as
chemical reactions, polymer synthesis, crystallization, or aggregation-flocculation. Due to the
possibility of a continuous feed into the reactor, the technology presents a particular interest for

continuous processing.

Mallock!?® has reported the flow behavior occurring between two rotating cylinders in 1888. In 1890,
Maurice Couette has thoroughly described this particular fluid flow between two concentric cylinders
atlow level of turbulence (i.e., at low rotating speed).?*1% |t has been shown through different studies
that different flow regimes can occur in the CTR as a function of the rotation rate of the cylinders (see
appendix 1V). Taylor, in 1923, has investigated the formation of counter-rotating toroidal vortices
generated in the interstitial space between the cylinders at higher turbulence levels. He described

“square” vortices with a size equal to the distance between the two cylinders as shown in Figure 5-1.12¢
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Figure 5-1: Schematic representation of Taylor's vortices occurring between two concentric cylinders (rotation of the
inner cylinder)

Gu et al.*?® and Moore et al.*?” have focused their studies on the design of the first CTR based
on numerical simulation and observation of the vortex formation and axial dispersion. It has been
shown that such reactors exhibit enhanced heat and mass transfers and can be very efficient tools for

crystallization processes.'?®

5.1.2 Presentation of the Couette Taylor crystallizer

Recently, the original Couette-Taylor design has been modified to implement crystallization
procedure, agglomeration, or symmetry breaking methods in the group of Professor Kim (University
of Kyung Hee, South Korea). The modified CTR exhibits temperature-controlled cylinders inlets and
outlets to plug different feeding solutions, PAT (Process Analytical Technologies), etc. It has been
shown that CTR impacts the particle size distribution as well as the crystal morphology and the

polymorphism 130-132

The Taylor Couette reactor used in this study consists in two coaxial cylinders with independent
temperature regulation: the inner cylinder rotates while the outer cylinder remains static. It was

manufactured specifically for the SMS lab by Laminar Co., Ltd (Figure 5-2).
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Figure 5-2: Photos of the Couette Taylor reactor (top) and its 3D representation (bottom)

Inner and outer cylinder radii are 19.5 and 23.4 mm, respectively. The distance d between the
two cylinders is 3.9 mm, the total capacity of the reactor is 93 mL. In addition to the inlet and outlet, 3
secondary inlets are available to inject reactant, for sampling or accommodating probes (temperature,

pH) and PAT (e.g., IR, Raman, granulometry, ...).

5.2 APPLICATION OF SPHERICAL AGGLOMERATION IN COUETTE TAYLOR CRYSTALLIZER
5.2.1 State of the art

Several authors have reported the agglomeration of inorganic entities in a Couette Taylor
reactor such as calcium carbonate or metal hydroxides.'3®23> The reported agglomeration mechanisms
for these compounds relies on the Van der Waals attractive interactions between nanoparticles. Due
to the shearing forces and enhanced mass transfer in CTR, micrometric agglomerates can be obtained

during crystallization procedure in CTR.

To the best of our knowledge, there is no mention in the literature of a spherical agglomeration

process conducted with a Couette Taylor reactor.
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To validate the use of our specific reactor for spherical agglomeration purposes, the process

was first applied to Timapiprant (Figure 5-3), an antagonist to the prostaglandin D2 receptor.13¢

\,/COZH

Figure 5-3: molecular structure of Timapiprant (Mw = 348.37 g/mol)

I”

For this compound, Zach System has developed a “classical” spherical agglomeration

procedure in solution:

i) Timapiprant is added to a solution of potassium hydroxide, purified water, and ethanol to fully
dissolved the solid.

ii) After one hour and the complete dissolution of the reaction medium (RM), it was clarified with
purified water at 60 °C.

ii) Formic acid was added with a controlled flow rate with a syringe pump in order to precipitate the
API.

iv) After 1 hour of stirring, the RM was cooled to 40°C and the bridging liquid (toluene) added.

v) The reaction medium was left under stirring during at 40 °C until complete agglomeration. The RM

was then filtrated and dried 24 hours under reduced pressure at 50 °C.
This spherical agglomeration procedure can lead to highly spherical agglomerates (Figure 5-4).
However, several days of stirring are required to obtain such sphericities and agglomerate size

distribution.

Due to the enhanced shear forces and mass transferin a CTR, a reduction of the agglomeration
time and a higher productivity could be expected. The spherical agglomeration process was then

adapted to the CTR in order to obtain agglomerates in a batch mode.
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Figure 5-4: Spherical agglomerates pictures of Timapiprant obtained in conventional agitated crystallizer. Left: optical
microscopy picture and right: SEM picture

5.2.2  Spherical Agglomeration of Timapiprant with Couette Taylor Reactor

5.2.2.1 Experimental conditions
Different agglomeration parameters were tested with the CTR:

- Rotation rate (Q) of the inner cylinder
- Precipitation of Timapiprant in or out of the CTR

- Addition of the toluene (Bridging Liquid) before or after the precipitation of Timapiprant

Experiments were performed in isothermal mode, i.e., the inner and outer cylinders were set

at the same temperature (30 °C).

Table 5-1 summarizes the different experimental parameters tested in CTR.
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Table 5-1: Different experimental conditions used to perform spherical agglomeration of Timapiprant in CTR.

Concentration Amount of
Q Agglomeration Precipitation of ~ Addition of | BL(ml/ml

‘:{, 1:::1‘:: '7 ! ‘/’:)t the API the BL of
9 suspension)

Exp. (rom)  temperature (°C)

1 500 30 90 0.06
External crystallizer AdditioniofthelBE
Y in the CTR
2 1000 30 90 0.06
3 >0 30 %0 0.06
Addition of the BL
before the CTR (in
In the CTR the solution of
dissolved API)
4 250 30 %0 0.06

For experiments 1 et 2, Timapiprant was precipitated in an external stirred crystallizer. After

the precipitation, the suspension was added in the CTR, and the BL added dropwise.

For experiments 3 and 4, a solution of Timapiprant was prepared in an external crystallizer and

mixed with the BL. Then, the CTR was filled with the biphasic liquid solution and formic acid added

dropwise to precipitate Timapiprant.

5.2.2.2 Results

For the experiment 1 at 500 rpm, agglomerates were observed after 8 hours of rotation. Table

5-3 exhibits optical and electronic microscopy pictures for this experiment.

Table 5-2: Microscopy pictures of agglomerates after 8 hours of stirring from experiment 1 in CTR; agglomeration at 500
rpm with addition of toluene in the CTR.

Optical microscopy
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The batch exhibits irregular shaped agglomerates with different population size.

Granulometric measurements were performed with a Mastersizer 2000 from Malvern.

Granulometric measurements exhibits a bimodal particle size distribution, the first is centered

at circa 80 um and the second one at 1 mm (Figure 5-5 and Table 5-3).

Refractive index = 1.530 Adsorption Index = 0.1
Dispersant: water

Obscuration: 5—10 %

Measurement time: 15 s (2 runs/experiment)

Volume (%)
o

01 1 10 100 1000 10000
diameter (pm)

Figure 5-5: Figure 6: Particle size distribution of agglomerates from experiment 1 (addition of toluene in CTR) at 500 rpm
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Table 5-3: Experimental data from granulometric measurement; agglomeration in CTR (addition of toluene in CTR) at 500
rpm.

Result
Parameter
Run 1 Run 2
D[5,0] (um) 82,97 84,19
D[3,2] (um) 73,2 76,1
Span 1,432 1,171
Residual (%) 0,454 0,466

Then, by increasing the rotation rate to 1000 rpm (experiment 2), Spherical agglomerates were
observed in the CTR after 6 hours of stirring (Figure 5-6). However, after 8 hours of stirring, a partial
leak of the reaction medium was observed through the lip seal. The reaction medium was then filtered

and dried.
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Figure 5-6: Optical microscopy picture of reaction medium samb/ing after 6 hours ofétirring at 1000 rpm (addition of
toluene in CTR)

Increasing the rotation rate of the inner cylinder seems to lead to a decrease of the

agglomeration time due to the enhanced shearing forces in the CTR and more spherical agglomerates.

For experiment 3 (i.e., precipitation of Timapiprant in the CTR), 8 hours after the addition of
the formic acid, spherical agglomerates were observed in the reaction medium. Microscopy pictures

are presented in Table 5-4.
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Table 5-4: Microscopy pictures of agglomerates from agglomeration in CTR; agglomeration at 500 rpm with precipitation of
RM in CTR.

Optical microscopy

SEM

Vac-High PC-Std. 10KV X100  e—mmm200 pm 016278 Vac-High PC-Std. 15KV x 1000
T-C Il aprés séchage

T-C Il aprés séchage
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By precipitating Timapiprant in the CTR, the agglomerates seem more spherical for an equal
residence time in the reactor. Granulometric measurement of the batch is presented in Figure 5-7

and Table 5-5.

Refractive index = 1.530 Adsorption Index = 0.1
Dispersant: water

Obscuration: 5—10 %

7 Measurement time: 15 s (2 runs/experiment)

Volume (%)

IS
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0,1 1 10 100 1000 10000

diameter (pm)

Figure 5-7: Particle size distribution of agglomerates from agglomeration in CTR (precipitation in CTR) at 500 rom

Table 5-5: Experimental data from granulometric measurement; agglomeration in CTR (precipitation in CTR) at 500 rpm.

Parameter Result
Run 1 Run 2
D[5,0] (um) 217,1 235,9
D[3,2] (um) 175,3 212,3
Span 4,176 3,634
Residual (%) 1,099 1,290

Granulometric measurement shows that the agglomerates also exhibit a bimodal particle size
distribution. For the smallest PSD, the agglomerates are bigger than for the first experiment (average
size of 105 um) and the second particle size distribution exhibits smaller agglomerates (average size of
750 um). One can note the presence of small particles for both experiments with an average diameter

of 20 um. and correspond to the population of fine particles (i.e., non-agglomerated particles).

For the last experiment (experiment 4) with the precipitation of Timapiprant in the CTR the
rotation rate of the inner cylinder was decreased down to 250 rpm. The reaction medium was left
under stirring during several hours and no agglomeration occurs. After 7 hours of stirring, the
experiment was aborted due to a leak of the reaction medium out of the CTR. Non-agglomeration can
be attributed to the low rotation rate which was not high enough to ensure sufficient shearing forces

to agglomerate the fine particles.

From these preliminary results, it has been shown that spherical agglomeration can be

performed in a CTR. Even if the process parameters were not optimized, the precipitation of
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Timapiprant directly in the CTR leads to spherical agglomerates at moderate rotation rates (around

500 rpm).

Secondly, the agglomeration process of safinamide developed in the previous chapter was
applied with the CTR. Different conditions were tested to produce spherical agglomerates in a

continuous mode.

5.2.3 Spherical agglomeration of SAFIM

5.2.3.1 Experimental conditions

Regarding the encouraging results obtained for the spherical agglomeration of Timapiprant,
the process was applied to SAFIM. It was first applied as a “batch mode” in CTR and then with a
continuous feeding of a SAFIM suspension in n-heptane and BL (acetonitrile), based on the conditions
found in the previous chapter during the development of the classical spherical agglomeration of

SAFIM.

Table 5-6 sums up the different experimental parameters investigated during this study:

Table 5-6: Different experimental conditions used to perform SAFIM spherical agglomeration in CTR.

w w =N -+
o @® w Cc
o w g b = L =2 .“% a =
a S ® o 2 T o = L w o
8 5 —_ Y 3 3 o =] = c
S B 2 o I a oa o w o
5 0 3 &, c = - O T <
- ] S o = 3 > = =3 () 3
L 2 3 3 =4 5 o 3 3 5 9o
[= o] 2 = —_ - = 1) o (7} x
2 = 3 9 3 a = |3 9 o
s = ] = & S 3
Batch mode
1 550 100 - 5 5 1 No
Yes (5 min
2 950 100 - 6 12 1

lowest power)

Continuous mode

3 1000 100 30 - 2 -
4 1000 100 30 - 4 -
CTR initially
5 1000 100 30 - 4 - Yes filled with n-
heptane
6 1000 65 30 - 4 -
7 1000 100 30 - 4 -
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8 1000 100 20 - 4
CTR initially
9 1000 100 20 - 4
filled with
SAFIM
10 500 100 30 - 2 - )
suspension

To perform spherical agglomeration in batch mode, the following spherical agglomeration
process was used:
i) Suspension of SAFIM in 300 mL of n-heptane HPLC grade prepared in an external temperature-

controlled crystallizer at 30 °C stirred at 200 rom with a 3 blades stirrer with a homogenization step
with an Ultra Turrax for 5 min at the lowest power if required.

i) The CTR (temperature set at 30 °C; AT=0°C) was filled with the required amount of the prepared
suspension.

ii) After 30 min of stirring, acetonitrile HPLC grade (BL) was added with a syringe pump in the CTR with
different feeding rate.

iv) After a defined agglomeration time, the CTR was emptied, and the reaction medium filtered.

The only differences between batch and continuous flow mode are: (i) the addition of the
SAFIM suspension with a peristaltic pump through the main inlet of the CTR and (ii) the BL addition

through the first secondary inlet with different feeding rate.

5.2.3.2 Results
5.2.3.2.1 Agglomeration in batch mode
Figure 5-8 exhibits optical microscopic pictures of SAFIM before the agglomeration process in

CTR. The powder exhibits needle shape particles with a length around 100 um and needle fragments

observed due to the brittleness of the needles.

143



Feasibility of the spherical agglomeration in a Couette Taylor Reactor

200 ym 50
S, 35 —_y

Figure 5-8: Optical Microscopy of SAFIM before agglomeration
In the conditions of experiment 1, no agglomerates were obtained as shown by microscopy of

the final solids in Table 5-7.

Table 5-7: Optical microscopy and scanning electron microscopy pictures of SAFIM after agglomeration in CTR for
experiment 1.

Adoasoniw |eando

IN3S

Vac-High PC-Std. 10 kV x 100 — 200 M Vac-High PC-Std. 10 kV x 500
SAFI719_TC1_25012021 SAFI1719_TC1_25012021

As mentioned in the previous chapter the size of the initial particle (i.e., before the

agglomeration) can impact the process. Then, the homogenization step with the Ultra Turrax was used
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to reduce the size of the initial suspended particles. The amount of BL was also increased to 6 ml and

added twice as fast, at a rate of 12 ml/h. Last, the rotation rate was set at 950 rpm.

For experiment 2, the agglomeration process was stopped 1 hour after the end of the BL
addition, and the reaction medium filtered. Observations during the agglomeration process show that
agglomeration seems to occur. Figure 5-9 shows respectively the optical microscopy and the scanning
electronic microscopy pictures of a sample 30 min after the end of the BL addition which exhibits

agglomerated particles.

500 ym
e — Vac-High PC-Std. 10 kV x 500

SAFI7T19_TC3_25012021

Figure 5-9: Optical microscopy (left) and scanning electronic microscopy (right) pictures of SAFIM 30 min after the end of
BL addition for experiment 2 in CTR

However, after 1 hour of stirring, the reaction medium seems to be partially de-agglomerated

and only few agglomerates were still observable after the filtration.

Shearing forces are sufficient to initiate the agglomeration of SAFIM. However, after 1 hour of
stirring, these shearing forces seem to be responsible of the de-agglomeration. Figure 5-10 shows

optical and scanning electronic pictures of the experiment 2 after the filtration process.
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Figure 5-10: Optical microscopy (left) and scanning electronic microscopy (right) pictures of SAFIM 1 hour after the end
of BL addition for experiment 2 in CTR

Conditions of the experiment 2 shows that the agglomeration of SAFIM can be performed in a

CTR. Nevertheless, parameters such as rotation rate or BL feeding rate need to be optimized.

One can note that the mechanism of formation of the agglomerates for this experiment could
be attributed either to spherical agglomeration or classical agglomeration of fine particles due to

attractive forces (i.e., Van der Waals interactions).

5.2.3.2.2 Continuous agglomeration

The most interesting feature of a CTR is the possibility to implement continuous processes
through the continuous flow of a reaction medium. From experiment 3 to 10 (Table 5-6), different

parameters were tested to perform the continuous spherical agglomeration of SAFIM.

To perform experiment 3 of continuous agglomeration in CTR, parameters from experiment 1

were used. Figure 5-11 shows optical microscopy pictures of the batch after 10 minutes of flow.
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Figure 5-11: Optical microscopy pictures of SAFIM after agglomeration in CTR for experiment 3.

Only few agglomerates with poor mechanical properties (agglomerates broke when handled)

and non-agglomerated particles were observed after the drying of the batch.

Different parameters were then modified to obtain spherical agglomerates (e.g., BL flow rate,
suspension concentration, and suspension flow rate). However, from the experiment 4 to 8 only

clogging of the reactor was observed and no solid was obtained at the reactor outlet.

As mentioned in Table 5-6, from the experiment 3 to 8 the CTR was initially filled only with
n-heptane prior to initializing the suspension and BL flow rates. When looking at the clogging spot in
the CTR, the accumulation of BL seems responsible of the clogging: the reaction medium exhibits a
pasty behavior obtained when the amount of BL is higher than the critical amount to perform the
spherical agglomeration. Then, for the experiments 9 and 10, the suspension flow rate was initiated

before starting the addition of BL.

During experience 9, even if the reactor was clogged after few minutes of experiment,
agglomerates were observed during sampling of the reaction medium. Figure 5-12 exhibits microscopic

pictures of the observed agglomerates.
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Figure 5-12: Optical microscopy pictures of experimeht 9 after spherical agglomeration in CTR.

The sample was mostly composed of non-agglomerated particles. However, some
agglomerates were observed in the reaction medium. These conditions seem more suitable to perform

continuous spherical agglomeration in CTR if the clogging of CTR is prevented.

The clogging of CTR occurs near to the BL inlet, resulting in an accumulation of BL.
Consequently, for the last experiment, in order to limit the accumulation, the BL flow rate was reduced

as well as the stirring rate (experience 10).

As shown on Figure 5-13, the batch exhibits agglomerated and non-agglomerated particles
during 5 minutes of stirring. Agglomerates exhibit a polydisperse PSD up to 500 um. Then, the CTR was

clogged.

Figure 5-13: Optical microscopy pictures of experiment 10 after spherical agglomeration in CTR.

The tested conditions seem closed to the one to obtain spherical agglomerates of SAFIM.
Indeed, spherical agglomerates were obtained during few minutes with an acceptable agglomerate
size. However, in the continuous mode, the clogging of the CTR is the main difficulty encountered

during these first attempts (even if it was delayed for the two last experiments). This behavior is not
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suitable for a continuous process, and a thorough optimization must be conducted in order to obtain

a spherical agglomeration thanks to the CTR process.

5.3 DISCUSSIONS AND PERSPECTIVES

This study aimed to prove the feasibility of the spherical agglomeration with the help of CTR,

for a continuous process.

After these first attempts, one can say that the efficiency of this reactor for spherical
agglomeration depends on the systems itself (API, solvent/Bridging Liquid). Indeed, in the case of
Timapiprant the direct transposition of “classical” spherical agglomeration parameter led to the
success of the use of CTR by adjusting process parameters (e.g., rotation rate of the inner, cylinder,
influence of the introduction mode in the CTR). This opened the way to envisage a spherical

agglomeration process with CTR on SAFIM.

Unfortunately, in SAFIM case, clogging of the device was often observed. For continuous
experiments, this clogging occurred right after the introduction of the BL, whatever the BL feeding rate

or rotation rate of the cylinder explored. Different explanations can be proposed:

(i) The stagnation of the BL at the introduction inlet: due to the oiling out between n-
heptane and acetonitrile, the fluid flow occurring in CTR is not able to produce a stable
emulsion necessary to produce a spherical agglomeration. Acetonitrile being denser
than n-heptane, it will remain at the bottom of the CTR and start to form a clog which
avoid the agglomeration.

(ii) The concentration of the feeding suspension: if the suspension concentration is too
high, the shearing forces will not be sufficient to ensure the stability of the suspension.
Then, the solid will settle in the reactor and provoke the clogging. However, in the case
of SAFIM, before the addition of the BL the suspension was obtained at the outlet of

the CTR as long as the BL introduction does not start.

Moreover, the BL is added dropwise while the SAFIM suspension is continuously fed. It means
that in the suspension, there is a modulation of the BL concentration in the suspension. Concentration
of BL in the suspension having an important impact on the agglomeration, it can be an explanation of
the difficulties encountered to perform the spherical agglomeration. In order to smooth this
phenomenon without increasing the overall concentration of BL, the inner diameter of the BL tubing
can be reduced to produce smaller droplets in larger quantities. The distance between the two

cylinders could also be reduced to increase the shear forces.
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Spherical agglomeration seems feasible in a Couette Taylor reactor if the BL is added in the API
solution and the crystallization step perform in the CTR. With more investigation of the different
parameters, it might be possible to implement continuous spherical agglomeration with higher

productivity than in batch production.
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This work was dedicated to two major issues of the pharmaceutical industry: The crystalline
landscape of the APIs including the relative stabilities between the phases, and the flowability of
powders.

First, the behavior of the API prednisolone sesquihydrate upon dehydration was elucidated. A
new solid form of prednisolone was isolated (i.e., Form lll) and characterized as an isomorphous
desolvate of the sesquihydrate. This daughter phase shows a reversible hydration — dehydration and
extensive structure similarities with the corresponding mother phase due to quasi-topotactic
desolvation and resolvation mechanisms. These similarities were highlighted by the self-healing of the
crystal after dehydration during an annealing above the dehydration temperature. A classification of
the sesquihydrate was proposed according to two different classification models: it was identified as
a class 1 hydrate according to the Dehydration-Rehydration Classification System®® and of Class I1I-C.R.
according to Rouen-96 model.?? This study is a new case depicting the possibility to obtain
isomorphous desolvates through a smooth dehydration. It demonstrates also that the exploration of
a unary phase diagram (polymorphism) can necessitate excursions in binary systems with solvents in

order to discover new polymorphic form thanks to the management of soft desolvations.

Then, the crystalline landscape of another API: safinamide mesylate, was studied. Three
crystalline phases were confirmed: two polymorphs Al and A2 and a hemi-hydrate H1. Their behaviors

and relative stabilities have been discussed:

- The enantiotropic transition A1 < A2 is a first order transition according to Ehrenfest’s
classification'®® and identified as a disorder/order transition. The conversion from Al to A2
involve the blockage of a SAFIM conformation with an activation energy that is calculated
around 203 kJ/mol. The two conformational polymorphs exhibit similar structure parameters

which supports the disorder/order transition.

- The different conditions of formation of the hemi-hydrate have highlighted the importance of
controlling both crystallization and downstream parameters (e.g., solvents, temperature, RH,
...). First, the hemi-hydrate exhibits a high domain of stability during the industrial
crystallization process, the amount of water and final temperature of the crystallization
process unequivocally led to the formation of the hemi-hydrate. Secondly, even if the drying
process of SAFIM leads to the isolation of the commercial form A1, a special attention must be
paid to the storage parameters. Stability experiments at different RH conditions and
temperature, have shown that the anhydrous phase converts into the hemi-hydrate if RH is

higher than 80 %RH at 25 °C. Once it is formed the hemihydrate exhibits a high stability
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(dehydration if RH < 20%). Therefore, experimental conditions are proposed to isolate Al and

to convert Al into H1 if required.

After the characterization of the different crystalline phases, the last part of this study focuses

on improving the flowability of SAFIM powder.

The industrially produced SAFIM powder crystallizes as needles and exhibits poor flowability
properties. Therefore, a spherical agglomeration of SAFIM was developed with two main objectives:
to increase the flowability of SAFIM and to produce agglomerates of the marketed anhydrous form Al

(marketed form by Zambon).

A challenging part of this work is the determination of the solvent system of the spherical
agglomeration. Indeed, in almost all spherical agglomeration cases, an aqueous phase is involved in
the solvent system. However, in the case of SAFIM, the presence of water leads to the formation of
the undesired H1 form. n-Heptane and acetonitrile were identified as the two immiscible solvents
(dispersion solvent and bridging liquid, respectively) able to conduct the spherical agglomeration of
SAFIM. A set of experimental parameters were proposed to successfully implement the spherical
agglomeration. Even if some of the experimental parameters were set at the beginning of the study
(e.g., crystallizer geometry and stirring geometry, introduction setup of the BL), four of them were
identified as key parameters and attempted to be optimized through a design of experiment
(agglomeration temperature, stirring rate, amount of BL and slurry concentration). By this mean, the
influence of every individual parameter was not conclusive, but a set of conditions was found to
produce agglomerates of SAFIM with acceptable properties: an average agglomerate size around
750 um, good flowability properties and the isolation of the targeted anhydrous form with an
acceptable amount of residual solvents (acetonitrile and n-heptane) according to the European

Pharmacopoeia standards.

Finally, the preliminary results of the spherical agglomeration conducted with a Couette Taylor
reactor were presented. Agglomeration tests were carried out on two different API: Timapiprant and
SAFIM. Significant results were obtained for the agglomeration of Timapiprant in batch mode (final
agglomerates with an average diameter of 220 um). However, the continuous spherical agglomeration
of SAFIM in the CTR seems more challenging. Indeed, most of the experiments were aborted after few
minutes due to the clogging of the reactor attributed to an accumulation of BL in the reactor. The

process needs to be further studied in terms of process engineering to solve this problem.

The spherical agglomeration process is often described in the literature by the different
experimental parameters to tune in order to obtain the targeted particle properties (e.g., particle size,

flowability, shape, ...) and to elucidate the formation mechanisms of the agglomerates from the
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process engineering point of view. Therefore, this work brings a new approach of the process thanks
to the phase equilibria. With this approach, we proposed an agglomeration process to obtain the
"classical" target properties (flowability properties in particular) but also to isolate the powder in the
required crystalline form. From a pharmaceutical point of view, the implementation of this double
objective (i.e., mastering of flowability and crystalline phase properties) during a
crystallization/granulation process could be implement to other potential systems. This original
approach could be of importance considering the actual standards and the evolution of the

manufacturing processes (i.e., Quality by Design).
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Appendix |
Experimental part

Differential Scanning Calorimetry

DSC is a comparative method that serves to assess the thermal behavior of a sample with
respect to a reference. DSC analyses were performed on a Netzsch Apparatus DSC 214 polyma with

pierced aluminium pan. The used reference is an empty pierced aluminium pan.

Analyses were performed in a heat flux mode. HF-DSC consists in submitting two different
systems, a reference and the sample to analyse, to a controlled temperature program. During the
analysis, the temperature of the two pans is recorded, which serves to measure a difference of
temperature (AT) between the sample and the reference. Then, the recorded signal is converted to
specific heat flux absorbed by the sample using laws related to heat transfer. Deviations from baseline
occur when the sample undergoes a thermal transformation (melting, glass transition, crystallization,

etc).

By coupling the DSC thermic events with a thermogravimetric analysis (TGA-DSC), it is possible
to assess the loss of mass during a thermic event related to desolvation or decomposition. TG-DSC-MS
measurements were performed on Netzsch Simultaneous Thermal Analysis (STA) 449C under a helium

gas flow in a pierced aluminium pan.
Powder X-ray diffraction

X-ray diffraction techniques are used to provide information about the crystal structure and to
identify a crystalline(s) phase(s) of a material. The technic is based on the diffraction of an incident

X-ray beam. The condition for diffraction is defined by Bragg’s law:
niA = 2dsinf Equation LI

With n an integer, A the characteristic wavelength of the X-ray hitting the sample, d the distance

between reticular plans, and 8 the angle of the X-ray beam

X-Ray diffraction patterns were measured with a D8-Discover diffractometer (Bruker,
Germany) equipped with a 6/6 goniometer and operated at 40 kV. The incident X-ray beam wavelength
is monochromatic (Cu Ko radiation, A=1.5418 A) and samples scanned in the range of 3° to 30° (26) by
steps of 0.04° (0.5 s per step) and 20 rpm of the sample holder at room temperature. Samples were
prepared by gently crushing the agglomerates and spreading them on a glass plate. The Bruker

software EVA was used for data treatment.
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In-situX® is a diffraction technique designed to monitor crystallizations directly inside a reactor
by means of XRPD with an inverted geometry (—8 /—6). The sample is analyzed in-situ in suspension
without any sampling®’. The sample to analyze (e.g., mixture of solid and liquid) is placed in a double-
jacketed reactor. The temperature of the reactor can be accurately controlled in the —80°C/ + 70 °C
temperature range. This set up could be adapted to analyze powder submitted to relative humidity
(R.H.) variations. Inside a jacketed reactor few milligrams are stored, the R.H. can be controlled by
using a humidity generator WETSYS (Setaram, France). In this configuration, the XRPD patterns of
SAFIM powders were recorded in the range of 14 to 19° (26) by steps of 0.04° (0.5 s per step) for
different RH and temperatures.

The presence of the different crystalline phases is given with respect to the limit of detection

of the apparatus.

Optical and scanning electronic microscopy

Microscopic pictures were obtained thanks to different apparatus:

- Optical microscope NIKON Eclipse LV100 equipped with a CCD camera digital sight DS-RS1
- Numerical microscope KH-7700 from Hirox (Japan),

- Numerical microscope VHX-6000 from Keyence Corporation (Japan)

SEM was performed with a Jeol NeoScope JCM-5000. Prior to the analyses and in order to
reduce the charges accumulations during observations, the particles were gold coated for 9 minutes

with a NeoCoater MP-19020NCTR.

Dynamic Vapor Sorption (DVS)

Dynamic Vapor Sorption are used to characterize the interactions between solids and
surrounding vapor under isothermal conditions. Water vapor sorption and desorption were carried
out with a dynamic vapor sorption apparatus (DVS-one, Surface Measurement System, U.K.). Relative
humidity (RH) was controlled through a continuous gas flow of pure nitrogen and a known amount of
water vapor. Temperature and RH were measured with a precision of 0.1 °C and 0.5%, respectively.

Mass variations were continuously recorded with a precision of 0.1 pg.
Karl-Fischer titration

Determination of the water content was performed with both coulometric (899 Coulometer,
Metrohm AG) and volumetric (795 KFT Titrino, Metrohm AG) Karl Fischer titrator equipped with an
oven 860 KF Thermoprep (Metrohm AG). For coulometric measurement, solution was added directly
in the Coulomat E reactant (HYDRANAL). For volumetric measurement, solutions were added directly

in the reactant Composite 5 (HYDRANAL). Powders were heated to 200 °C during 300 s in a sealed vial
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to be dehydrated. Gas water was trained through a 20 ml/min air flow into the reactant Composite 5

(HYDRANAL).

Flowability properties

Flowability was determined with Hausner’s Ratio (HR; (Eq. I.1l)), Carr’s Index (Cl; (Eq. I.IIl)), and

the angle of repose.

__ tapped density

HR Equation LIl

bulk density

Cl (%) = (tapped density—bulk density)
tapped density

Equation L1

Tapped density was obtained by adding a known volume of powder in a graduated cylinder
(4 cm diameter). Then, after using a tapping device, the volume of the powder was measured after

200 taps.

The angle of repose (°) was measured by using a fixed funnel apparatus (Figure I-1) equipped

with a digital gauge. The funnel was fixed at 15 cm from the base (7 cm diameter).

Drop height

Base diameter

Figure I-1: Schematic representation of the fixed funnel apparatus (flowdex™)

Classification of powder flowability based on HR, Cl and angle of repose is given in Table I-I.

Table I-1. Flowability classification according to Hausner ratio, Carr index and angle of repose

Description HR Cl (%) Repose angle (°)

Very free flowing <111 <10 <30
Free flowing 1.12-1.18 10-15 30-38
Fair to passable flow 1.19-1.25 16-20 38-45
Cohesive 1.26-1.34 21-25 45-55

Very Cohesive 1.35-1.45 >26 >55
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Head Space Gas Chromatography

Analyses were performed using a Scion 436 GC system coupled to a quadrupole mass
spectrometer and equipped with a Combipal headspace autosampler. Static headspace equilibrium
was performed at 80 °C for 60 min, while shaking at 250 rpm was applied during sample heating 1000
ul of headspace gas were injected using a heated (90 °C) gastight syringe (2.5 mL) in split mode 1:20
(inlet temperature was 250 °C). Separation was performed on a column HP1 (30 m x 0.32 mm, 5.0 um
thickness). The carrier gas was He at a constant flow rate of 1.5 L/min. The column oven temperature
was initially set at 30 °C for 20 min and then was increased to 250 °C at 10 °C/min and held for 10 min.

The quadrupole, source and transfer line were maintained at 250 °C. Electron ionization mass
spectra in full scan (m/z 33 to 100 range) and SIM (acetonitrile: m/z 39 and 38 between 2.1+1 min; n-
heptane: m/z 57 and 71 between 17.7+1 min) modes were recorded at 70 eV electron energy. 100,
200, 300, 400 and 1000 ppm acetonitrile and n-heptane external standards were used to determine
the amount of residual solvent in the samples.

Calibration curve:

A calibration curve was made with the preparation of standard solution containing 100, 200,
300, 400, 500, 700, and 1000 ppm of acetonitrile and n-heptane with 1 mL of DMSO and 10 mL of

deionized water in 20 mL headspace vials (figure I-11).

Calibration curve of Calibration curve of n-
acetonitrile heptane

500000 2,50E+08

y = 5E+08x - 52956 y =3E+11x - 7E+07
400000 R%=0,9863 o 2,00E+08 R2=0,9934 ¢
300000 0 1,50E+08
200000 o 1,00E+08 o

s °
100000 r 5,00E+07
P o
0o e 0,00E+00
- 0,0005 0,0010 0,0015 - 0,0005 0,0010 0,0015

Figure I-ll: GC-Head Space calibration curves of acetonitrile and n-heptane

HS-GC-MS Sample preparation:

Approximatively 100 mg of agglomerated SAFIM were placed in a 20 mL Headspace vials with
1 mL of DMSO and 10 mL of deionized water.
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Solubility measurement (dry residue method)
Solubilities were determined according to the dry residue method.

Two suspensions of the solid were prepared in a jacketed vessel at a given temperature and
stirred for 24 h. Then, the suspensions were filtered with a 0.45 um PTFE filter and divided in 20 vials.
After complete evaporation of the solvent, the solutes were weighted to determine the solubility of

the solid.
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mass variaiton (%)

mass variation (%)

Appendix I

Storage of Al with a varying amount of H1 versus time for different relative humidities
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Figure Il-I: variation of the mass vs time for different amount of H1 in A1 batch at 32.8 %RH
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Figure ll-1l: variation of the mass vs time for different amount of H1 in A1 batch at 43%RH
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mass variation (%)
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Figure lI-1ll: variation of the mass vs time for different amount of H1 in A1 batch at 57,6%RH
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Appendix Il
Evolution of the crystalline phase for different amount of water in the BL

Addition of 1%.:0f water:
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Figure lll-1: XRPD patterns showing the evolution of the crystalline phase during SAFIM spherical agglomeration with the
addition of 1%wt of water in the BL
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Figure Ill-11: XRPD patterns showing the evolution of the crystalline phase during SAFIM spherical agglomeration with the
addition of 2%wt of water in the BL
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Addition of 3%.u:0f water:
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Figure llI-11l: patterns showing the evolution of the crystalline phase during SAFIM spherical agglomeration with the
addition of 3%wt of water in the BL
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Figure llI-IV: XRPD patterns showing the evolution of the crystalline phase during SAFIM spherical agglomeration with the
addition of 4%wt of water in the BL
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Addition of 10%.:0f water:
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Figure IlI-V: XRPD patterns showing the evolution of the crystalline phase during SAFIM spherical agglomeration with the
addition of 10%wt of water in the BL
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Appendix IV
Flow regimes occurring in the Couette Taylor crystallizer

As previously mentioned, different flow regimes can occur between two rotating cylinders as
a function of the rotation rate, ranging from laminar to turbulent flow regime. The Reynold’s number

(Re) is commonly used to characterize the flow regime in a cylinder:

With V the velocity of the fluid, D the inner diameter of the cylinder and v the kinematic

viscosity of the fluid.
Low value of Re leads to a laminar flow where higher value of Re leads to turbulent flow.

Based on the Reynold’s number, Taylor has proposed the Taylor’'s number (T'a) to characterize the
different flow regimes that occur in the CTR:
O%r a3

Ta =
VZ

With () the rotation speed of the inner cylinder, r the inner cylinder radius, d the distance

between the two concentric cylinders and v the kinematic viscosity.

Taylor’s vortices are obtained above a critical value of Ta called critical Taylor number (Ta.).
. . . . . d; . . .
This mainly depends on the cylinder diameter ratio A = d—‘ and the rotation speed. Different equations

o

for calculation of Ta,have been proposed in the literature (Table IV-I).

Table IV-I: Equations to determine Taylor critical number

Equation Reference
A
Ta, =41.2 ,— 18
Ge )
1 (1 +A)?

Tac — 5 * 139

0.1556 [A=NB+NA)
Ta. = Ta.(Re, = 0) + 26.5Re,” &

In the two first equations, there is no consideration about the presence of an axial flow in the

CTR. Maron et al.* proposed a corrected critical Taylor number as a function of the axial flow (Re,).
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The different flow regimes can be characterized from the ratio TTTaand are given in Table and
(o}

illustrated in Figure IV-I.

Table IV-II: The different flow regimes occurring in the CTR as a function of Ta/Ta. ratio

Ta/Ta, Flow regime
Ta/Ta.<1 Laminar Couette flow
1< Ta,/Tac <9 Laminar periodic Taylor vortex flow
9<Ta/Ta. < 176.89 Singly periodic wavy vortex flow
176.89<Ta/Ta <324 Doubly periodic wavy vortex flow
324<Ta/Ta,. < 1089 Weakly turbulent wavy vortex flow
1089 < Ta/Ta,. < 25600 Turbulent vortex flow
25600< Ta/Ta, Turbulent aperiodic flow
a b ol d

P Ta

Figure IV-I: Transition of the major flow regimes in a CTR as a function of Ta: a. Taylor vortex flow, b. Wavy vortex flow,
¢. modulated wavy vortex flow, and d. turbulent flow from Schrimpf et al. 14
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Control of Powder Flowability of Active Pharmaceutical Ingredients through
Spherical Agglomeration: Case studies of crystal structure retention

Abstract

From an industrial pharmaceutical point of view, the control of crystalline landscape as well as
flowability properties of powders are major issues. After the presentation of a new case of
isomorphous desolvate of an API, this work describes the development of a method designed to
control the crystalline phase and flowability properties of safinamide mesylate. First, with a complete
study of the crystalline landscape, conditions were identified to obtain the targeted form (anhydrous
Al). Then, the development and optimization of the spherical agglomeration are presented. The
spherical agglomeration is a process to obtain spherical agglomerates from fine particles with poor
flowability properties. The obtained agglomerates exhibit enhanced flowability properties. One of the
benefits of this method is to combine both crystallization and granulation steps into a single one
avoiding any industrial production extra cost. In the case of safinamide mesylate, spherical
agglomerates with an average diameter of 750 um were obtained in Al crystalline form. Finally, a last
part is dedicated to the development of the continuous agglomeration process in a Couette-Taylor
Crystallizer. Even if some agglomerates were obtained. The process needs further optimization to solve
all the problems that occurred during the study.

Keywords: polymorphism, crystalline landscape, hydrate, solvate, spherical agglomeration,
Couette-Taylor

Résumé

Parmi les enjeux majeurs de I'état solide dans I'industrie pharmaceutique, la forme cristalline ainsi que
les propriétés d’écoulement des poudres font partis des plus importants. Aprés la présentation d’un
nouveau cas d’isomorphe desolvate d’un ingrédient pharmaceutique, ces travaux décrivent le
développement d’'une méthode permettant de contréler simultanément la forme cristalline du sel de
mesylate de la safinamide ainsi que ses propriétés d’écoulement. Tout d’abord, I'’étude complete de
son paysage cristallin a permis d’identifier les conditions permettant d’obtenir la forme anhydre
désirée (A1). Puis le développement du procédé d’agglomération sphérique de cette molécule est
présenté. L'agglomération sphérique est un procédé d’obtention d’agglomérats sphériques a partir de
particules fines permettant un contréle de la taille des agglomérats finaux et par conséquent des
propriétés d’écoulement du solide ainsi obtenues. Cette méthode présente I'avantage de combiner les
étapes de cristallisation et de granulation évitant ainsi des surcolts de production. Apres le
développement et I'optimisation du procédé, des agglomérats sphériques d’un diamétre moyen de
750 um ont pu étre obtenus sous forme anhydre Al. Enfin, une derniére partie est consacrée a I'étude
de faisabilité du procédé continu d’agglomération dans un réacteur de type Couette Taylor. Bien que
des agglomérats aient pu étre obtenus au cours du procédé, celui-ci nécessite encore d’étre amélioré
pour résoudre les différents problemes rencontrés.

Mots clés : polymorphisme, paysage cristallin, hydrate, solvate, agglomération sphérique,
Couette-Taylor



