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The purpose of this work is to study oiling out phenomenon and to develop a design method
for crystallization process, which can be used to identify oiling out during synthesis. Oiling out
is a phenomenon where a second liquid phase (oil phase) forms during a crystallization. Oiling
out is undesirable during crystallization, because it makes controlling the properties of product
more difficult, it degrades the product quality and oil phase is usually a good solvent for

impurities.

In the literature review, the causes of oiling out and how to utilize it in crystallization processes
are discussed in depth. At the end of the literature review, design method for crystallization
process to obtain crystalline products from systems prone to oiling out is presented. In the
method suitable process is selected based on availability of phase diagram and seed crystals
along with other process requirements. In the experimental part, methods to detect oiling out
during synthesis and to prevent oiling out are tested. In addition, effect of liquid-liquid phase
separation on product properties were investigated. Experiments were done for two

intermediates A and B.

Based on experiments intermediate A didn’t exhibit oiling out behavior during cooling
crystallization. Intermediate B on the other hand showed oiling out behavior during solubility

and cooling crystallization studies in CPME-heptane-ethanol solvent systems. Oiling out was



reduced when heptane or ethanol content was reduced or increased respectively. Phase diagram
was determined experimentally with Crystal16 in two solvent mixtures. Finally, crystallization
from oil phase yielded crystals with lower purity and non-ideal crystal properties compared to
normal cooling crystallization. The proposed design method for crystallization can be partially

be used to obtain crystalline products from systems that have tendency to oil out.
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Diplomityon tavoitteena on tutkia 6ljyyntymistd ja kehittdd kiteytysprosessin suunnittelu —
menetelmd, jolla 6ljyyntyminen voidaan havaita synteesin aikana. Oljyyntyminen viittaa
ilmioon, missa kiteytyksen aikana muodostuu toinen nestefaasi. Oljyyntymisen seurauksena
tuotteen ominaisuuksien hallinta on vaikeampaa, tuotteen laatu kérsii seka oljyfaasi toimii

hyvané liuottimena mahdollisille epédpuhtauksille.

Kirjallisuusosassa kaydaan lapi oljyyntymisen syyt, kuinka sitd voidaan kayttdd hyvaksi
Kiteytysprosesseissa seka kiteytystd emulsioista. Kirjallisuusosan lopussa esitelldan
Kiteytysprosessin suunnittelu —menetelmd, jota voidaan kayttaa Kkiteiden saamiseksi
systeemeistd, jotka ovat alttiita 6ljyyntymiselle. Menetelmdssé sopivin prosessi valitaan
faasidiagrammin ja siemenkiteiden saatavuuden sek& muiden prosessivaatimuksien
perusteella. Soveltavassa osassa tutkittiin menetelmia o6ljyyntymisen estdmiseksi sekéa
havaitsemiseksi synteesin aikana. Lisaksi tutkittiin kuinka 6ljyfaasin muodostuminen vaikuttaa

tuotteen ominaisuuksiin. Kokeet tehtiin kahdella eri intermediaatilla.

Kokeiden perusteella intermediaatti A:lla ei havaittu 6ljyyntymistd ja&hdytyskiteytyksen
aikana. Intermediaatti B 6ljyyntyi liukoisuus- ja kiteytyskokeiden aikana CPME-heptaani-
etanoli liuotinsysteemeissa. Oljyyntyminen viheni alentamalla heptaani pitoisuutta tai

lisdédmalla etanolin pitoisuutta. Faasidiagrammi madritettiin kahdessa eri liuotinsysteemissa

v



Crystal16:ta avulla. Oljyfaasin muodostuminen jaahdytyskiteytyksen aikana alentaa tuotteen
puhtautta ja vaikuttaa negatiivisesti tuotteen ominaisuuksiin. Esitettyd Kiteytysprosessin

suunnittelu —menetelma& voidaan osittain kayttad kiteiden saamiseksi systeemeistd, jotka

oljyyntyvat.
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LITERATURE REVIEW
1 INTRODUCTION

Crystallization is considered as one of the most important purification processes in the chemical
process industry, only distillation being more important. Solution crystallization is the most
common form of industrial crystallization, where supersaturation acts as a driving force to form
a solid crystalline material. Size of these crystals can range from nanometer to several
millimeters, and these crystals can exist as individual particles or organized agglomerates.
Crystallization is utilized both in the fields of bulk and fine chemicals, several products are
listed by Jones: ceramic and polymeric pre-cursors, foodstuffs, salt, pigments, sodium
carbonate, zeolite catalysts and absorbents detergents, fertilizers, and pharmaceuticals. These
can be considered as traditional applications of crystallization, newer applications of
crystallization are in the fields of electronic and healthcare industry and include electronic
devices, healthcare products and special applications. Globally different crystalline products
account about half of the output of chemical process industry. Thus, the socio-economic
benefits and complexity of crystallization processes and crystalline products are increasing in
the global chemical commodity market. However, to produce novel products, scientist and
engineers are required to have greater knowledge, skill and ingenuity to design viable process
engineering schemes. Solution crystallization processes usually require solid-liquid separation
step; hence crystallization is usually only a one of the unit operations required in a bigger

process system.

Liquid-liquid phase separation (LLPS), oiling out and liquid-liquid demixing refers to a
phenomenon where supersaturated solution does not crystallize, instead it forms a second liquid
phase (Derdour, 2010) (Lu, et al., 2012). This phase separation is undesirable because
impurities present in the crystallization medium are usually very soluble to the oil phase, which
degrades product quality if the product crystallizes. Furthermore, scale-up is difficult due to oil
phase sticking to reaction vessel walls and high energy demand for agitation (Derdour, 2010).
Liquid-liquid phase separation during the crystallization process can induce formation of
highly viscous phase i.e. molten phase, which can adhere to walls of the reactor and degrade
product quality due to higher impurity concentration in the oil phase. Moreover, these

impurities can integrate into the crystal structure during nucleation resulting impure products.



However, LLPS can be used as an advantage when separating fatty acids or in crystallization
of spherical particles (Maeda, et al., 1997) (Bonnett, et al., 2003). The development of more
potent and target specific drug candidates has led to an increase in number of studies revolving
around LLPS (Serajudin & Pudipeddi, 2002). These drug candidates have low hydrophilicity
and polarity, which can increase the probability of LLPS. Due to low polarity the molecules
ability to form a crystal embryo is hindered because they lack the necessary anchoring sites.
(Derdour, 2010). Another property of molecules with low polarity is very high induction time
before nucleation occurs. This can lead into a situation where the solution seems to be below
saturation curve thus increase of supersaturation is required. In the end, this induces liquid-

liquid phase separation by bringing the system beyond the LLPS curve.

In the pharmaceutical industry especially with new drug candidates, due to lack of seed crystals
nucleation is induced by high supersaturation. High supersaturation is commonly induced by
selection of suitable crystallization medium, temperature variation, addition of antisolvent, or
combination of these techniques (Derdour, 2010) (Lu, et al., 2012). As mentioned above, due
to lack of solubility and LLPS data trial and error are often used to design crystallization
processes. Thus, phase separation where the solute is evenly distributed between one phase or

multiple phases occurs frequently.

The purpose of this thesis is to develop a crystallization procedure in which crystalline matter
can be obtained from oiled out system. First part consists of a literature review, where
crystallization and oiling out theory is discussed. Topics such as classical nucleation theory,
crystal growth, crystal properties, crystallization techniques, causes of oiling out, two-step
nucleation and crystal growth in oiling out, analytics used in oiling out investigations and
methods to obtain crystal from oiling out system are covered. Second part of the thesis
concentrates on avoiding oiling out during crystallization of an API. Several crystallization
techniques are experimented to obtain crystalline matter, which satisfy certain product
requirements such as purity, yield, crystal shape and polymorphism.



2 CRYSTALLIZATION

2.1 Nucleation

To induce crystallization in a solution, in addition to supersaturation or supercooling, number
of minute crystal nuclei or seeds bodies that can serve as crystallization centers must be present
in the solution. Nucleation can happen spontaneously, or it can be caused artificially. Artificial
methods include mechanical shock, high pressures, friction and agitation in solutions and melts.
Also, cavitation can be used to induce nucleation, where collapse of cavity generates extreme

pressures which in lowers the crystallization temperature. (Mullin, 2001)

Supersaturation levels can affect nucleation rates and critical crystals sizes; high
supersaturation levels create thicker the boundary layer thus increasing the nucleation rate, high
supersaturation decreases critical crystal sizes. Rise in mixing intensity thinners the boundary
layer, thus slowing down nucleation rate, however mixing also increases the number of
collisions thus increasing nucleation rate. Nucleation mechanisms can be divided into classical
and two-step mechanism, in classical theory density and structure fluctuations occurs
simultaneously and in two-step mechanisms density fluctuations occurs first followed by

structure fluctuations. This is represented in Figure 1. (Mullin, 2001)

Nucleation can be divided into two groups; primary nucleation, which consists of homogeneous
and heterogenous nucleation, and secondary nucleation (Mullin, 2001). Primary nucleation
covers all cases where crystalline matter is not present in the begin of the nucleation process.
Secondary nucleation covers cases where nucleation is induced by crystals. Different

nucleation types are shown in Figure 2.

First sign of nucleation usually appears near a cooling surface or at the surface of the liquid,

due to high local supersaturation levels (Mullin, 2001).
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Figure 1 Classical and two-step nucleation mechanisms. (Kemsley, 2015)
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2.1.1 Primary Nucleation
Homogeneous

In the case crystallization from homogeneous fluid, the exact mechanisms behind the formation
of a stable nucleus are unknow. (Mullin, 2001). In addition, mechanisms behind the crystal
nuclei formation are challenging to comprehend. The formation of a crystal nucleus requires
coagulation of molecules, ability to resist dissolving and orient into a fixed lattice (Mersmann,
2001) (Mullin, 2001). The growth or decay of the newly formed nucleus is controlled by its
size. Reduction in nucleus free energy governs which process takes place. Critical size
describes the minimum size of a stable nucleus. In supersaturated conditions the nuclei will
dissolve or evaporate if their size is smaller than the critical size and respectively nuclei will

continue to grow when their size is larger than critical size (Mullin, 2001).

Homogeneous nucleation rate can be obtained from equation 1. (Mersmann, 2001)

2 1

[y 1 16 yer)(_ 1\ 1
Bhom = 1'5DAB(CNA)7/3 %m e[ 3n(kT) (CCNA) (VIIIS)Z] (l)

Where Dag is the diffusion coefficient, C is actual concentration and C” is equilibrium
concentration, Cc is the molar density of the solid and yci is the surface tension, Na is
Avogadro’s number, K is impact coefficient, T is temperature, v is number of ions, S is

supersaturation ratio.

Where surface tension is defined as

Yer _ 2/3 17 CC 2
o = K(CecNa*PIn(z) (2

Where K is experimentally defined constant.

Kinetic approach to calculate homogeneous nucleation rate was proposed by Ruckenstein et al.
(Mersmann, 2001)
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Where B(1) is the rate of single-molecule coagulation, no is nuclei number density per unit
volume, w(g") is function of critical cluster size, a is abandon rate of a cluster, p is rate of

condensation, 7 is dimensionless tensile strength.
Heterogeneous

Impurities in the system can either inhibit or accelerate the rate nucleation in a solution or melt.
Studies have found that heterogenous nucleation is the most common process of a primary
nucleation. For example, processes which seem to be homogeneous nucleation are in fact
heterogeneous due to atmospheric dust which contains active particles. In addition to dust
induced nucleation, reactor walls and stirrer can induce heterogeneous nucleation. (Mullin,
2001)

In the case of heterogeneous nucleation, the nucleation rate can be calculated from following

expression (Mersmann, 2001):

3 1
surf Hegqd? (CNy®
Te (4)
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Where aror is Volumetric surface of foreign particles present in the solution, dm is diameter of
the molecule, Heaq is adsorption constant, f is factor which is a function of the contact angle, 6

is contact angle, Dsurt is surface diffusion coefficient, r¢ is critical nucleus radius.
2.1.2 Secondary Nucleation

When solute crystals are already present, or they are intentionally added, the solution nucleates
at lower supersaturation levels. Secondary nucleation can occur by different nucleation
mechanisms, and Mullin lists the following; initial breeding, needle breeding, polycrystalline
breeding and collision breeding. Secondary nucleation can be divided into contact nucleation,
attrition, shear nucleation and seeding (Mullin, 2001). Shear nucleation refers to an event where
very high shear rates and supersaturation induce secondary nucleation, due to these
characteristics shear nucleation’s overall contribution to secondary nucleation is negligible and

in-depth discussion is unnecessary (Agrawal & Paterson, 2015).



Contact Nucleation

Contact nucleation occurs at moderate supersaturation levels, when crystals collide with other
crystals and reactor parts, which causes secondary nucleation. It was found out that crystal-
crystal contacts created more nuclei than crystal-metal rod contacts. Most common cause for
secondary nucleation in crystallizers is believed to be crystal-agitator contacts. However,
agitator contact can only be made with particles that can penetrate the fluid boundary layer near
the impeller. Agitator speed is directly proportional to the probability of crystal-agitator
contact. Also, relative hardness of the impacting bodies influences nucleation rate, hard

materials lead to higher nucleation rates and vice versa. (Mullin, 2001)
Attrition

Attrition is where crystals are in contact with the impeller and crystal fragments are created
due to mechanical impact. As a result, from high shear rates in industrial crystallizers, attrition
is the primary source of secondary nucleation. However, contact nucleation is dominant
because energy requirements to form secondary nuclei are lower compared to attrition
(Agrawal & Paterson, 2015). Mechanistic model for attrition has been developed by Mersmann
et al. (Mersmann, et al., 1988).

Seeding

Seeding is a technique where crystallization is induced by introducing small particles of the
crystallizable material into supersaturated solution. Industrial crystallization employs seeding
regularly to control product crystal size and size distribution. However, it is not necessary to
use material being crystallized as seed crystals; isomorphous substances have been reported to
be effective way to induce crystallization (Mullin, 2001).

The rate of nucleation on surface of the seed crystals is calculated from equation 5. (Mersmann,
2001)

Dap (-~Cmaxs) (5)

Where AGmax, s Is maximum difference in the free energy.



Beckmann discussed in more detail about goals and strategies of seeding. Seeding is used to
prevent primary nucleation and to promote the nucleation of wanted polymorph. If the seeds
are added after the primary nucleation has taken place, solvent-mediated phase transformation
can be observed (Beckmann, 2000). Purpose of seeding is to achieve pure crystals of desired
polymorph either stable or unstable form (Mullin, 2001). However, seeding a stable form is
easier task than seeding an unstable form. An unstable form is susceptible to solvent-mediated
phase transformation until it has been dried when seeded and grown in the crystallization phase
(Beckmann, 2000).

When seeding drug related crystallization processes, only crystals of the same substance can
be used. However, when dealing with non-pharmaceuticals the seed choice is arbitrary. One
requirement for seed crystals is large surface area, i.e. fine particles are preferred. However,
small particles have tendency to agglomerate which reduces the effective surface area.
Impurities can contaminate the surface of seed crystals, which inhibits crystal growth at low
supersaturations. If this contamination of seed crystals occurs, then according to Beckmann
crystals act as foreign particles and can induce primary nucleation of the wrong polymorph.

One way to counter this is to use freshly crystallized seeds. (Beckmann, 2000)

Seeding window is limited by two curves in the phase diagram; solubility and supersaturation
curve (Beckmann, 2000). However, lower limit is flexible, seed crystals can be introduced into
the solution at low supersaturations. If the seeds are added below the solubility curve, then
seeds will dissolve until solubility curve is crossed. This dissolution is referred as activation of
the seeds by Beckmann. Dissolution of seed crystals before adequate supersaturation is reached
can be prevented by using correct seed loading and size distribution. Supersaturation curve
which marks the end of the metastable zone is to be avoid because uncontrolled spontaneous
nucleation will occur (Beckmann, 2000). In other words, seed addition must be done prior the
metastability of the system is reached. Beckmann suggests that point of seeding should be done
near the solubility line and to a maximum of ¥ to % into the metastability.

In order to succeed in seeding process, the polymorphism of the system should be known and

is the form wanted stable or unstable.



2.2 Effect of Impurities on Nucleation and Crystal Growth

Nucleation rate can be hindered by impurities in the system. For example, gelatin, surface-
active agents and foreign ions such as Cr*® and Fe*® have been reported to inhibit nucleation
(Mullin, 2001). In the case of cations, higher the charge the more inhibiting the effect will be.
However, according to Mullin there have been reports that inhibiting effect may diminish when
certain threshold concentration is reached (Mullin, 2001).

Impurities can also affect crystal growth by inhibiting growth entirely, accelerating growth or
changing crystal habit by adsorbing on specific faces (Mullin, 2001). Effect of concentration
varies depending on impurities at hand, some hinder crystal growth at very low concentrations
and some need to be highly concentrated in order to affect growth. Impurities hinder the crystal
growth by changing the solution properties and equilibrium saturation concentration,
influencing the adsorption layer between surface of the crystal and solution interface and
integration of growth units. If there is some lattice similarity between the impurity and crystal,
they can be attached to crystal face. However, total face coverage of impurities is not needed
to slow crystal growth. According to Mullin, impurities can be selectively absorbed on different
crystal faces, thus slowing down their growth rate. In order to slow down the crystal growth,

total face coverage of impurity is not needed. (Mullin, 2001)

Impurities inside the crystal are referred as inclusions, they cover impurities that are solid,
liquid or gas (Mullin, 2001). Mullin also mentions that occlusion is sometimes used in this
connection but commonly occlusion refers to surface fluid that is trapped between
agglomerated crystals. Inclusion may be divided into two groups, primary and secondary.
Primary inclusions are formed during crystal growth and usually it is mother liquor. Secondary
inclusions are formed after crystal has formed, these inclusions occur primary due to internal

stresses created during crystal growth (Mullin, 2001).
2.3 Ostwald’s Rule of Stages

Ostwald’s rules of stages states that if a compound has different forms that it can crystallize, it
will spontaneously transform into the least stable one, followed by consecutively by forms of
increasing stability (Mullin, 2001) (Threlfall, 2003). Ostwald used classical thermodynamics

to explain the rule. Ostwald rule of stages: “When leaving a given state and in transforming to
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another state, the state which is sought out is not the thermodynamically stable one, but the
state nearest in stability to the original state.” The unstable state refers to a form where Gibbs

free energy is the largest.
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Figure 3 Gas-liquid equilibria represented in pressure and volume. (Threlfall, 2003)

Figure 3 presents Ostwald’s thermodynamic explanation for the rule of stages by utilizing gas-
liquid equilibria. As pressure of the gas is increased, its volume decreases like presented in the
figure, points ab and at point b gas condensates. If the condensation occurs, the systems follows
the line bdf. Line bdf is heterogenous system of gas plus liquid with different compositions.
System is completely liquid at point f and due to liquids low compressibility, slope of line fg
is large. However, if there is no condensation taking effect at point b, curve is followed to the
point where system becomes unstable, ie. point c. Curve fe refers to a situation where liquid
expands before generating vapor. When moving the curve cde decrease in pressure leads to a
decrease in volume, this region is unstable and spontaneous changes can occur. In Ostwald’s
analogy to crystallization, the curve bc is supersaturated or supercooled metastable zone, and
cd is defined as the supersaturated or supercooled labile region (Threlfall, 2003). Ostwald

defines the line fe as the superheated solid.
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Kinetics mainly dominate the formation of crystal structures including a monomorphic
structure. The formation of specific polymorph which may be produced both from a labile or a
metastable system in competition with the stable form. The rate at which specific molecules
can assemble into different polymorphs is Kinetic competition dependent. Stable polymorph at
high temperatures can be cooled below the transition point without transition occurring due to
reduce in mobility affecting kinetics. (Threlfall, 2003)

Ostwald also concluded that the metastable polymorphs metastable zone must always be
located within the metastable zone of stable polymorph. In the diagram this means that the

points b’ and d” must be within the curve bd.

Threlfall offered different thermodynamic explanation using irreversible thermodynamics to
Ostwald’s analysis. In classical thermodynamic approach minimization of Gibbs free energy
leads to stable form while in the irreversible thermodynamics formation of the unstable
polymorph occurs when the accumulation rate of entropy reaches maximum (Threlfall, 2003).
Addition rate of the excess energy to the system governs the polymorphic mixtures equilibrium
composition. Threlfall mentions an example for grinding: impact forces during the grinding
process are the source of excess energy and according to thermodynamics excess energy must
be redistributed efficiently (Threlfall, 2003). According to studies, dissipation of this excess
energy is done by converting it to products free energy ie. forming the least stable polymorph.
Moreover, impact forces have been shown to affect the amount of metastable form, ie. larger
the impact forces, the larger amount of metastable form is produced. This analogy can be
applied to crystallization where the driving force behind the phase transformation is the
requirement to remove heat during crystallization process which occurs at the point of
nucleation (Threlfall, 2003).

In addition to thermodynamic basis, the formation of polymorphs has a structural basis
(Threlfall, 2003). The polymorph which have the preference to crystallize will be the one
easiest to form or the one whose structural organization is derived from the arrangement.
Threlfall suggest that structures whose packing and bonding characteristics are similar would
more easily convert compared to structures which are not closely related. Studies from melt

crystallization show that highest-melting point form have similar spectra as the melt. Threlfall
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reported that the first metastable form which crystallizes has similar structure that of the

solution or melt.

Threlfall mentions that the thermodynamic and structural factors are not independent
phenomenon. The most stable crystal form at absolute zero is the one with highest density
where the van der Waals interactions are maximized. This system will become unstable and
transformation to less dense form occurs when the temperature is increased. Increase in
temperature increases the thermal vibrations which produce lattice expansion and at some
point, thermal vibrations absorption limit is reached (Threlfall, 2003). There is competition
between short range van der Waals forces and long-range hydrogen bond to achieve
minimization of overall energy, van der Waals forces favor dense packing and vice versa in
solids with hydrogen bonds (Threlfall, 2003). According to Threlfall, the increase in
temperature affects most the strongest hydrogen bonds due to being shortest. To conclude, at

higher temperatures the densest forms will become least stable.
2.4 Crystal Growth

When adequate supersaturation or supercooling is achieved, crystal growth will start from the
particles larger than critical size. Several theories about crystal growth have been established,
most notable ones are surface energy theory, adsorption layer theory, kinematic theory,
diffusion-reaction theory, birth and spread model (B+S), polynuclear mechanism (PN) and
screw dislocation model (BCF). Diffusion theory assumes linear crystal growth, and in BCF
B+S and PN crystal growth is exponential (Mersmann, 2001). (Mullin, 2001)

2.4.1 Crystal Growth Models

Diffusion controlled growth rate can be expressed as (Mersmann, 2001)

G=L 2 (6)
3a " pc

Where a is volume shape factor, B is surface shape factor, kq is mass transfer coefficient, Ac is

supersaturation, pc is curvature radius.

Crystal grow in screw dislocation mechanism is defined as (Mersmann, 2001)
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2kTT* Dgyyr s 19V, yc, 1
Vgcrp = ——— (vInS)o tanh 7
BCr 19x5ycL (vin $)o tanh( 2xskT vlnS) )
And at low supersaturations, ¢ < 0.5.
2kTT* Dgyyr s 19V,,y¢, 1
Vgcp = —————vo? tanh(———— 8
BCr 19x5ycL vo® tanh( 2xskT vo ®

Where k is impact rate, I'" is the equilibrium concentration of surface absorbed units at
temperature in question if the bulk supersaturation were unity, Dsuf is surface diffusion
coefficient, xs is the mean displacement of adsorbed units, v is number of ions dissociating

from a molecule, S is supersaturation ratio, o is relative supersaturatio, Vm is volume of unit,

Surface diffusion is assumed as rate determining step in equation 7 and 8. However, if volume
diffusion instead of surface diffusion becomes rate determining step crystal growth is
calculated from (Mersmann, 2001):

kTV,,C*NyDyp
2X0Y

kTaC*NyDyg

2x0YcL

[0 (0, ¥0)]*~ [0 (%0, ¥0)]? 9)

BCF =
Where is Xo is distance between two kinks in a step, yo is distance between two steps on a ledge.

Crystal growth from birth and spread model is calculated from equation 10. (Mersmann, 2001)

2 1 B
Vgis = Ao3(vin S)Ee(_vlns) (10)
With
1 2
16\3 1 5 (B'T*\3
A= (—) angsurf(VmFNA)g <ﬁ > (11)
T Xg

B = %Vma (m)z ~ [Kln (%)] (12)
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Where A is Eq. 11, B is Eq. 12, B’ is correction factor, xs is mean displacement of adsorbed

units, a is radius of molecule, K is factor.

Polynuclear growth mechanism is expressed as

Dyp
Von = ——
PN =34

(

AC
Cc

2

)'e

(n

G

vinS

)

|

c Overall ,’ /
o) growth I //
ol rate | L
9 | i
£ Diffusion //

controlled
5 R B ey
o o ///

// /
% o = //

Supersaturation ¢

Figure 4
(Mersmann, 2001)

(13)

Relationship between supersaturation and dominating crystal growth mechanism.

Different crystal growth mechanisms take place depending on levels of supersaturation in the

solution as seen in Figure 4.

2.4.2 Crystal Size on Crystal Growth, Growth Rate Dispersion

Crystal size has a significant effect on crystal growth rate (Mullin, 2001). Large crystals have

higher growth rate compared to smaller crystals due to higher terminal velocities. However,

Mullin reports different effect on crystals smaller than 10 um, crystals can grow in a stagnant

medium even when the system is agitated sufficiently, because their size is smaller than

turbulent eddies in the system and they have very low terminal velocities. Second factor
effecting the growth rate of small crystals (< 3 um) is the Gibbs-Thomson effect: crystal which

are near their nucleic size grow very low rates because they experience lower supersaturation
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due to their higher solubility (Mullin, 2001). Moreover, if the surface integration kinetics are
size dependent, this can influence growth rate of the crystals. When crystal size increases so
does the number of dislocations such as attachment of impurities into the crystal surface,
mechanical stresses and so on. Moreover, collisions between large crystals are more energetic
compared to small crystals, thus resulting in greater surface damage. Combination of before
mentioned events favor faster kinetics of surface integration, thus enabling higher crystal

growth rate which leads to increase in crystal size.

Crystal size dependent effect treat crystal growth rate only on basis on its size. However,
crystals can grow at different rates in the same medium, this is refed as growth rate dispersion.
Crystal size does not have a theoretical limit. However, in practical applications there is limit,

which is determined by crystallization conditions and crystal growth rates. (Mullin, 2001)
2.5 Crystallization Techniques

Common industrial crystallization techniques are precipitation, solution, melt, and sublimation
crystallization. Other minor crystallization processes are salting out, adductive, extractive,

freeze, emulsion, spray and spherical crystallization.
2.5.1 Melt Crystallization

Melt crystallization refers to a process where crystallization is done at close to liquids freezing
point. It is frequently used as a purification and separation technique to obtain ultra-pure
chemicals and metals. Main advantage of this process is the low energy demand due to latent

heat of fusion being considerably lower than latent heat of vaporization. (Mullin, 2001)
2.5.2 Solution Crystallization

Solution crystallization can be divided into cooling, evaporating and vacuum crystallizers. In
cooling crystallization supersaturation is achieved by decreasing the temperature. Whereas in
evaporative crystallization supersaturation is achieved by evaporating solvent. Vacuum
crystallization itself is not an independent process, but rather a method to enhance
supersaturation in evaporative or cooling crystallization. (Mullin, 2001)
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2.5.3 Precipitation

Precipitation is a fast crystallization process where high supersaturation results in fast
nucleation and formation of small crystals. This is usually achieved by mixing two reacting
solutions together (Mullin, 2001) (Mullin, 2012). Precipitation consist of primary steps similar
to other crystallization processes; supersaturation, nucleation and growth, and secondary steps
which are unique to precipitation; agglomeration and ageing. In addition to temperature
control, supersaturation can be achieved with pH adjustment (Mullin, 2001). Especially salt
and metal ion solubility depend on pH and can increase or decrease depending on compound.
Agglomeration refers to small particle’s tendency to cluster together due to interparticle
collision where van der Waals forces exceed the gravitational forces for small particles. Ageing
is a series of an irreversible changes such as ripening also referred as Ostwald ripening and
phase transformation. Mullin uses term coprecipitation to describe different impurities in
precipitates. Impurities in the mother liquor have different mechanisms to be incorporated in
the precipitate such as: surface adsorption foreign ions and solvent molecules can be entrapped
on lattice, and mother liquor inclusions (Mullin, 2001). Precipitation can further be divided

into reactive precipitation and salting out.
Reaction Precipitation

Reaction precipitation refers to a process where mixing A and B produces precipitate C. The
mixing of two reacting solutions is used to create high supersaturation. one challenge is to keep
uniform reaction conditions in the reactor. Mixing in this kind of process is very important to
keep uniform reaction conditions in the reactor and disallow development of zones of excessive
supersaturation (Mullin, 2012). The order in which the reactants are mixed together can affect
on the precipitate C, i.e. A to B produces different C compared to B to A.

Salting Out

Salting out refers to a method where precipitant, which reduces the solutes solubility in the
solvent is added to solution induce supersaturation with respect to a specific solute. Solid,
liquid or gas can act as precipitant and other terms used are watering out and solventing out.
Watering out refers to a precipitation-crystallization process where controlled addition of water

induces crystallization of organic molecules from water-miscible solvents. On the other hand,
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term solventing out is used when ionic salts are precipitated from aqueous solutions by adding
water-miscible organic solvent. (Mullin, 2012) (Takiyama, et al., 1998) (Oosterhof, et al.,
1999)

2.5.4 Co-Crystallization

For substances that do not form easily salts or salt formation is completely impossible, e.g.
caffeine, formation of cocrystals allows separation. Cocrystallization can be used as a method
to modify crystal structure, physical and pharmaceutical properties. Such properties are
substance stability, solubility, bioavailability and mechanical integrity. Cocrystallization can
affect all of these properties (Sun, 2012). Several reviews have been published regarding
pharmaceutical cocrystals by Almarsson and Zaworotko, Friscic and Jones, Schultheiss and
Newman, and Delori et al. (Almarsson & Zaworotko, 2004) (Friscic & Jones, 2010)
(Schultheiss & Newman, 2009) (Delori, et al., 2012) (Vishweshwar, et al., 2006).

Sun defines cocrystal as multicomponent crystal structures where one or more components are
neutral or ionic substances, usually in stoichiometric ratio (Sun, 2012). These ionic or neutral
components are usually referred as coformers. According to the author, volatile molecules at
room temperature cannot be coformers. While inclusion or not of volatile components does not
have an impact on the nature of cocrystal, they can change some cocrystal properties such as
cocrystal stability at surrounding temperature and weight loss when processing and handling
cocrystals (Sun, 2012). This allows before mentioned to be treated as hydrates and solvates and
enables cocrystals to be hydrated. By using this definition for cocrystals, ionic components can
be embedded in cocrystals and they can’t be confused with salts where crystal lattice does not
have non-volatile components. Definition also allows a rare case of non-stoichiometric
cocrystals, where inside the crystal structure channels are formed by the stoichiometric ratio of

coformers are populated by excess amount of one coformer.
Racemic and Salt-Cocrystals

When two molecules with different enantiomers form racemic compound, they are considered
as cocrystals (Sun, 2012). Commercially available racemic cocrystals are listed by Sun:

atenolol, atropine, ketoprofen, loratadine and zopiclone (Sun, 2012). Racemic cocrystal have



18

been discussed in more detail by several authors such as Caner et al., Smith, and Toda et al.
(Caner, et al., 2004) (Smith, 2009) (Toda, et al., 1997).

Completion of proton transfer separates ionic molecule from neutral molecule. From this
analogy separating salt from cocrystal seems straightforward. Chemical nature i.e. proton
donator acidity and proton acceptor basicity of the compounds in the crystal decide if the proton
transfer takes place or not. The proton can form a covalent bond to the donor molecule or to
the acceptor molecule and temperature have been shown to effect of the position of the proton.
Also, crystal structure of polymorphs and hydrates have been shown to influence proton
transfer. Sun concludes that the salt-cocrystal transition is a smooth process, which makes it
difficult to classify crystal as salt or cocrystal. Moreover, crystal can be formed between a
neutral compound and a salt where the salt is or is not salt of the neutral compound, Sun refers
to this as salt cocrystal. Conjugated acid-base pairs (CAB) and ionic cocrystals are also
included in this definition. Different connections between salt, hydrate and cocrystal is shown
Figure 5. (Sun, 2012)

1. Salt cocrystal
Hydrate of salt

[SS RN S ]

Hydrate of cocrystal
. Hydrate of salt cocrystal

Figure 5 Relationship between hydrate, salt and cocrystal. (Sun, 2012)

Cocrystal Properties

Solubility or dissolution rate of substance can be reduced or enhanced with cocrystallization.
Bioavailability of cocrystal have been shown to be better compared to original API (Sun, 2012).
Cocrystals also improve physical and chemical stabilities of APIs. For example, chemical

stability is improved due to different spatial arrangements of the function groups in cocrystals,
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and physical instabilities such as hydrate formation at high humidity and low melting point can
be avoided with cocrystals (Sun, 2012). Mechanical properties that are improved by formation
of cocrystals are better tabletability and compactibility due to higher bond strength and
plasticity (Sun, 2012).

Cocrystallization methods such as solvent-mediated cocrystallization, solid-state
cocrystallization and high-throughput cocrystal screening are discussed in more detail by Sun
(Sun, 2012).

2.6  Crystalline Structure, Polymorphism, and Size Distribution

Crystals are defined as solids which have three-dimensional periodic arrangement of atoms,
ions or molecules in a spatial lattice. Crystal structure is highly organized due to varying bond
forces. Ideal crystal lattice consists of elementary cells which determines a coordinate system
with X, y, and z axes and a, 3 and y angles. Cells elementary length is expressed with a, b and
¢ (Mersmann, 2001). Different crystal lattices have been grouped into seven systems as shown
in Table I.

Table | Crystal systems. (Mersmann, 2001)
System Length of axes Angle of axis
Triclinic azb#c atB#y
Monoclinic azb#c a=7=90#P
(Ortho)rhombic azb#c a=B=y=90
Tetragonal a=b+#c a=B=y=90
Hexagonal a=b#c a=pB=90;y=120
Trigonal rhombohedral a=b=c a=B=7#90
Cubic a=b=c

Polymorphism refers to a crystalline materials ability to exist in different crystal structures.
Different polymorphs vary in crystal lattice type, thus having different crystalline structure. In
addition, different polymorphs can have differences in melting point, density, hardness,
solubility, reactivity, pharmaceutical activity etc. (Lu, et al., 2012). Polymorphic
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transformation can be either monotropic or enantiotropic, irreversible or reversible

transformation respectively (Mullin, 2001).

Polymorphisms is important issue in the pharmaceutical industry because over half of the drug
substances have more than one crystalline form (Beckmann, 2000). Solubility, dissolution rate,
chemical stability and stability against excipients are few of the properties which can be
affected by crystalline form (Beckmann, 2000) (Mullin, 2001). Impurities in the system can
hinder nucleation and adversely widening the metastable zone (Beckmann, 2000). Also,
thermal history of the solution affects the width of metastable zone, depending on how long
and how high the solution has been heated above saturation temperature (Kadam, et al., 2012)
(Mullin, 2001).

Crystal size distribution (CSD) can refer to the number of crystal, the volume or the mass of
crystals with reference to a specific size range, or the cumulative values of number, volume or
mass of crystals up to a fixed crystal size (Chianese & Kramer, 2012) (Mersmann, 2001).

Former is commonly referred as density distribution and latter as cumulative size distribution.
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3 OILING OUT

3.1 Background

As stated previously, to crystallize a substance a supersaturation is required which is achieved
by using varying methods component solubility in the solvent system affects what method is
used. However, according to Derdour, there are great difficulties in when molecules with low
polarity and low hydrogen bonding capabilities are crystallized. Derdou gave explanations for
low supersaturation and high supersaturation respectively. High thermodynamic barrier
required for crystal formation hinders nucleation at low supersaturations thus the self-assembly
of molecules is difficult (Derdour, 2010). On the other hand, molecules transform into closest
metastable state at high supersaturations, this metastable state can be unstable polymorph or
second liquid phase (Derdour, 2010) (Lu, et al., 2012). Liquid-liquid phase separation

occurring at high supersaturations is explained by kinetics and energetics (Derdour, 2010).

Liquid-liquid phase separation can be avoided, and the normal crystallization should be
possible when the concentration of the solute is kept at metastable zone. Metastable zone for
crystallization in oiling out system is a region between the oiling out curve and solubility curve.
From pharmaceutical industry’s perspective, the early stage drug candidates usually lack the
solubility data and LLPS curves, and construction them is time and labor-intensive task
(Derdour, 2010).

Several authors such as Liu et al., Thomson et al. and, Vivares and Bonnete et al. studied phase
separation during crystallization of polymers and linked formation of LLPS to a large
molecular weight difference between solutes and solvents (Liu, et al., 1996) (Vivares &
Bonnete, 2004) (Thomson, et al., 1987). Lee et al reported a case of oiling out in crystallization
of polymers, where liquid -liquid phase separation occurred in the metastable zone and
suggested that this was due to high activation energy required for crystal formation (Lee, et al.,
1992).

To summarize, low polarity of the drug molecules and the lack of seed crystals, accurate

models, solubility and LLPS data makes crystallization of early drug candidates a difficult task.
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Table 1l Substances showing oiling out behavior.
Substance System Author
Butyl paraben Water-Ethanol (Rasmuson & Yang, 2012)
Compound A Water-Ethanol, 50:50 (Deneau & Steele, 2005)
API-T Acetone-Water, 45-75:55-25 | (Takasuga &  Ooshima,
2014)
Idebenone Hexane-Methylene chlorine, | (Lu, etal., 2012)
7:1-10:1
Vanillin Water (Albugeurque & Mazzotti,
2014)
Bristol-Myers Squibb drug | Ethyl acetate-Cyclohexane, | (Kim, et al., 2003)
1:5/2:1*

Ethanol-Water, 2:1

4.4 Water-Acetone, (Kiesow, et al., 2008)
dihydroxydiphenylsulfone Water-2-propanol

(DHDPS)

Lauric acid Ethanol-Water, 20:80 (Maeda, et al., 2001)
Vanillin Vanillin-Water, (Svard, et al., 2007)
B-Alanine Water-lsopropanol (Sun, et al., 2018)

Pyraclostrobin

Isopropanol-Cyclohexane,
10:90

(Li, etal., 2016)

Erythromycin ethylsuccinate

THF-Water

(Li, etal., 2016)

Antiandrogen

n-heptane
Cyclohexane

(Daver, et al., 2016)

Vanillin

1-propanol-Water, 20:80

(Zhao, et al., 2012)

PEGDME

Diethylketone, Ethyl acetate,
2-propanol

(Kiesow, et al., 2010)

methyl(E)-2-[2-(6-
trifluoromethylpyridine-2-

Water-Methanol

(Bonnett, et al., 2003)

yloxymethyl)  -phenyl]-3-

methoxyacrylate

API Ethanol-Water, 54:46 (Veesler, et al., 2006)
CasH41CI2N302 Ethanol-Water, 60:40 (Lafferrere, et al., 2004)
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3.2 Mechanisms Behind Oiling Out Phenomenon

Two types of oiling out can be found in the literature, LLPS where solute concentration is same

in both oil and liquid phases and LLPS with solute rich oil phase and lean liquid phase.

Liquid-liquid phase separation where liquid and oil phase have equal solute

concentration

Veesler et al. reported that the probability of this kind of phase separation occurring increases
when systems become multicomponent, i.e. mixture of solvents is used. Crystallization can be
inhibited or accelerated when the liquid-liquid phase separation curve lies in the metastable
zone for crystallization. This is due to competition between the crystal formation and phase
separation, and in the change of crystallization medium. When the LLPS curve lies within the
metastable zone, crystallization Kinetics are changed, and crystal growth slowed, i.e. when the
system is seeded with crystals, heterogenous nucleation can occur inside the oil droplets and at
the time crystals in the liquid phase continue to grow There are many studies reporting about
the LLPS affecting nucleation. (Veesler, et al., 2003) (Veesler, et al., 2006)

Lafferrére et al. investigated the driving force behind LLPS phenomenon and associated it to a
large affinity difference between the drug molecule and each solvent. Furthermore, this can be
avoided if the crystallization parameters are carefully selected, especially the temperature
where nucleation occurs. Also, if the seeding is done outside or inside the LLPS region, the

crystallization kinetics and mechanisms are different. (Lafferrere, et al., 2004)

Denau and Steele treated the oiling out phenomenon from a thermodynamic perspective. On
basis of thermodynamics, separation of phases is usually only possible if the Gibbs free energy
of mixing is greater than zero (Deneau & Steele, 2005) (Ayers, 2012). However, in oiling out
systems phase separation occurs when Gibbs free energy is negative with respect to the
unmixed components (Deneau & Steele, 2005). This can be described using binodal and
spinodal points. At binodal points the chemical potential of every component is same in liquid
and oil phase. Between systems binodal points system is metastable, but phase separation may
occur spontaneously, if the system can overcome an energy barrier. However, between the

spinodal points the system will become unstable and spontaneous phase separation without any
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thermodynamic barrier will occur (Deneau & Steele, 2005). This process is also called as

spinodal decomposition and is shown in Figure 6.

Deneau and Steele also reported that while the relative concentrations between oil and liquid
phase were different, from thermodynamic point of view they had equal chemical potential.
Kinetic rate for nucleation governs the probability of crystallization; i.e. crystallization kinetics

are not same in each phase although they are in equilibrium (Deneau & Steele, 2005).
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Figure 6 Spinodal decomposition as function of Gibbs free energy. (Deneau & Steele, 2005)

Veesler et al. (2006), Beckmann (2000), Bonnett et al. (2003), Davey et al. (1995), and Deneau
and Steele (2005) overcame this problem by seeding the system to induce crystallization due

to identifiable metastable zone or crystallizing from emulsion.
Liquid-liquid phase separation occurs where oil phase has high solute concentration

Svérd et al. (2007) reported an LLPS where one phase is heavy oil phase consisting almost all
the solute, and second phase which contains the solvents. According to Svérd et al. (2007) the
liquid-liquid phase separation was stable. When the temperature of the vanillin-water system
was raised above 51 °C, the crystal in solution disappeared and at the same time second liquid
phase appeared. This kind of LLPS can occur at high solute concentrations and moderate

temperatures. One reason could be that the melting point of the compound to be crystallized is
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too close to the crystallization temperature (Svard, et al., 2007). When this is the case,
crystallization without liquid-liquid phase separation should be possible after lowering the
solution concentration (Derdour, 2010). Svard et al. (2007) also mentioned other universal

causes for oiling out, such as impurities and overly rapid cooling.

Lu et al. crystallized clopidogrel hydrogen sulfate (CHS) and it was found out that oiling out
occurred (Lu, et al., 2012). Reaction crystallization was used, and first white labile precipitate
was formed which quickly turned into viscous oil phase which separated from the mother
liquor. However, when CHS was recrystallized oil phase formed first instead of the labile

precipitate. No reasoning to why this phenomenon occurred were not given.

According to Duffy et al. (2012) liquid-liquid phase separation can be either
thermodynamically stable or metastable. When the phase separation is considered to be
metastable, the LLPS curve lies below the system’s solubility curve and inside the metastable
zone associated to crystallization. However, when part of the LLPS curve is above the system
solubility curve the phase separation is considered stable. (Duffy, et al., 2012)

Derdou mentions a case where the LLPS occurs at low temperatures and concentrations, here
it is possible that the substance has a crystalline form, but it will melt at below crystallization
temperatures. Acquiring such a substance by crystallization requires special crystallization
process and storage conditions. According to Derdou if this is the case, potential drug
candidates are usually discarded unless they have unique and valuable pharmaceutical
properties. The probability on the occurrence of liquid-liquid phase separation increases when

the molecular weight difference between solvent and solute is large. (Derdour, 2010)
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Mechanisms of oiling out.
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Solute properties

Solvent properties

System properties

Lack of anchoring sites due
to low polarity to form
crystal lattice.

Affinity difference between
solute and solvents, i.e. if
solute is soluble in one
solvent and not in the other,
it leads to liquid-liquid
phase separation.

Second derivative of the
Gibbs free energy for the
system is < 0.

Solute melting point is near
the crystallization
temperature, which allows
formation of second liquid
phase.

The probability of liquid-
liquid phase separation
increases, when number of
components in the system is
increased due to non-ideal
solution, i.e. mixture of
solvents is used.

Higher supersaturation
increases instability of the
system, which leads to
liquid-liquid phase
separation.

In an unstable system,
solutes least metastable form
is formation of second liquid
phase instead of metastable
polymorph as described by
Ostwald’s rule of stages.

Large molecular weight
difference in relation to
solute, which leads to large
miscibility gap.

3.2.1 Phase Diagrams Encountered in the Literature

As reported by many authors, constructing a phase diagram can be used to prevent oil phase

formation by selecting suitable crystallization process conditions. Phase diagrams vary

depending on the system at hand and main types of diagrams found in the literature are

presented in Figure 7. Derdou concludes that the occurrence of liquid-liquid phase separation

does not follow a universal trend and, prerequisite for LLPS is that critical solution

concentration lies in the metastable region (Derdour, 2010).
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According to Maeda et al., the metastable zone of crystallization is larger compared to the

metastable zone of phase separation (Maeda, et al., 2001). This is due to heat of fusion being

released during crystallization. Also, Maeda established correlation between LLPS metastable

zone width and cooling rate, when cooling rate was increased the metastable zone width

increased.



28

4 NUCLEATION AND CRYSTAL GROWTH IN OILING OUT

4.1 Crystal Growth in Oiling Out System

Bonnett et al. investigated how the LLPS affects nucleation. It was discovered that when the
oiling out curve is below liquidus curve but inside the metastable zone, the probability of phase
separation occurring prior to nucleation increases. Because the liquid and oil phase are at
equilibrium in relation to one another, they also have an equal supersaturation and chemical
potential. According to Bonnett et al. crystallization processes have a metastable zone where
nucleation is unlikely and thus supersaturated solution has significant stability (Bonnett, et al.,
2003).

Crystallization can take place either of the liquid phases because while the other phase is solute
rich and vice versa, they are in equilibrium and the supersaturation level is identical in both
phases. The crystal growth behavior was found to be identical to what has been observed during
emulsion crystallization by Davey et al (Bonnett, et al., 2003).

Davey et al. (1995) described mechanism of crystal formation in an emulsion with two
molecules. Dominant nucleation process in such a crystallization process is that collision
between seed crystals and droplets induce crystallization (Davey, et al., 1995). Use of
surfactant allows these hydrophobic nuclei to be dispersed into the aqueous phase. Crystal will
grow in the liquid phase because while the substance chemical potential will be higher in the
droplet than in crystalline form, the solubility of the substance in water is greater than solubility
of the crystalline form in water (Davey, et al., 1995). Hence, the melt phase and liquid phase
will be in equilibrium and substance will be transported from droplets via the aqueous phase to

the crystal surface. Impurities stay in the droplets and this allows growth on large crystals.

Takasauga and Ooshima investigated the effect of oil drop size relation to nucleation and
crystal growth in oiling out system of API-T (Takasuga & Ooshima, 2014). High speed
agitation was found to suppress primary and secondary nucleation inside the oil droplets.
Crystal growth inside the droplets and other crystals colliding with the droplets causes them to
disappear. Correlation between oil drop size and crystal size was also studied. Large crystals
were found inside the large oil droplets indicating that primary nucleation is more susceptible
to occur inside large droplets due to larger nucleation volume. Also, small crystals were formed

inside the large oil droplets. Takasuga and Ooshima theorized that this is due to secondary
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nucleation within the droplets. Secondary nucleation is induced by inner flow inside the
droplets. Other explanation was that directional diffusion of the API-T molecules induced
secondary nucleation. With small oil drop sizes, small crystals were created by primary
nucleation and transferred to continuous phase without inducing secondary nucleation. Small

crystals continue to grow by absorbing small droplets where nucleation has not occurred.

4.2 Crystal Nucleation in Oiling Out System
4.2.1 Background

Vekilov suggested two-step mechanism for nucleation in systems where second liquid phase
is present. Crystal nuclei forms inside dense liquid droplets after the droplets have been formed.
These cluster are metastable, and their size is several hundred nanometers. Two step nucleation
mechanism was first used to describe nucleation in protein systems, but it has been shown to
apply to other molecules, such as small organic and inorganic, colloid and biomineral crystals
(Vekilov, 2010). Minute changes in concentration and structure are required to induce
nucleation in a gas or dilute solution (Vekilov, 2010). This is in line with an assumption that
when the molecules transform into crystal lattice, they undergo both the density and structural

changes simultaneously.

According to Vekilov, it is thermodynamically more favorable if the fluctuations occur
consecutively rather than simultaneously, i.e. density fluctuation followed by structure
fluctuation. Density fluctuation in this case refers to a formation of dense liquid droplet and
structure fluctuation is an event where crystal nucleus forms inside the droplet (Vekilov, 2010).
Various investigations have found out that these fluctuations can only occur separately at
critical liquid-liquid separation point. However, density and structure fluctuations occur
simultaneously at compositions away from critical point analogous to classical nucleation
theory (Vekilov, 2010).



30

© o

-— )

o0 —— 00
%"

© o
)

@.GII-IIIII-OIGI

-

IJ.III
I
I
I
I
I
i
I
I
I
I
I
I
I

o | O
1L o
O0C,... | ©00 o
\L ...IIIIIIIIIIIII)

Figure 8 Ilustration of two-step nucleation mechanism. (Vekilov, 2010)

In the studies focused on protein lysozyme nucleation, it has been found that the nucleation
follows two-step mechanisms where droplet of dense liquid is formed first and after the
formation of droplet, nucleation of protein lysozyme occurs inside the droplet. Crystal
nucleation can occur inside the droplets when the droplet is stable in relation to the dilute
solution. If the dense droplet is unstable with high free energy respect to dilute phase,
metastable clusters contain dense liquid and the crystallization occurs inside the clusters. This
two-step mechanism has been proved to be applicable from proteins to small molecules.
(Vekilov, 2010)
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Vekilov brings an example of a protein system where nucleation rate was determined. Protein
system has interesting anomalies when rate of homogeneous nucleation is plotted against
supersaturation. (Vekilov, 2010)

)] At high supersaturations with high precipitant concentrations, increase in
supersaturation does not increase nucleation rate as classical theory is predicting.

i) At high supersaturation recorded data points deviate from overall trend.

iii) Nucleation rate in system was found out to be 10 orders of magnitude less than
predicted by the classical nucleation theory.

iv) Nucleation rates dependence on temperature does not follow classical theory,
temperature is lowered, and nucleation rate increases exponentially but reaches a
maximum nucleation rate at some point. When temperature is decreased after the

maximum point, the rate of nucleation also decreases.

Vekilov uses nucleation theorem to explain the breakage of nucleation rate and supersaturation
dependency. From nucleation law a nucleation theorem can be found which states that the
height of the free energy barrier AG™ and thus the nucleation rate is determined by the number
of molecules in the nucleus n”. This equation is used to estimate n* from nucleation rate J.

Where n"-no is the nucleus size. (Vekilov, 2010)

0 ln] (14)

n* —Ng = kBTW'l'al

According to Vekilov, when the J(C) dependence breaks, it is due to nucleus size transition of
five molecules to one. When nucleus size is 1, every molecule in the solution can be crystal
embryo thus growth large clusters occurs with free energy gain. Hence, the thermal energy of
the molecules is higher than the free energy barrier required for crystal phase formation AG™.
Vekilov defines a phase line where the energy barrier of nucleation disappears and where the

crystal growth is only limited by the cluster growth rate kinetics as a spinodal. (Vekilov, 2010)

Regarding solution-solid phase transition, Vekilov offers kinetic explanation because it is
impossible to define spinodal related to solution-crystal interaction from thermodynamic point
of view. The kinetic explanation assumes that nucleus size is one molecule thus thermodynamic

barrier for nucleation are removed (Vekilov, 2010). This explains the first and fourth anomaly,
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the rate of nucleation does not increase when the temperature and concentration are below

spinodal curve even when the temperature or concentration are increased. (Vekilov, 2010).

Data scatter is also explained by transition to spinodal region. When the system is at transition
point between nucleation and spinodal decomposition, nucleation rate achieves maximum
value. If this point is approached from the ascending slope side, the nucleation rate increases
rapidly due to decrease in the size of the nucleus. On the other hand, on the descending slope,
the nucleation rate decreases due to kinetic factors and decrease in temperature. Nucleation rate
is extremely sensitive to changes in experiments conditions such as temperature, concentration
and so on near the maximum nucleation rate. (Vekilov, 2010). This explains the scatter in the

nucleation rate from dominant trend at high supersaturations.

Abnormalities three and four, where system shows rate of nucleation lower predicted by the
classical theory and nonmonotonic temperature dependence. Crystal nucleation occurs inside
dense liquid clusters which are metastable (Vekilov, 2010). Vekilov proves the existence of
the mesoscopic particles and proposes a kinetic law for two-step nucleation process. At
compositions where droplets of dense liquid are unstable, all density changes decay before

molecules can arrange themselves into a suitable crystalline nucleus (Vekilov, 2010).

Formed compact clusters are metastable because their lifetime exceeds the equilibration times
of the solute and free energy barrier separates the clusters of dense droplets from the bulk
solution. According to Vekilov, combination of short attraction forces such as van der Waals,
hydrophobic interactions and Coulombic repulsion between similarly charged species have
been used to describe finite size of the clusters. Small clusters containing about 10 particles
can spontaneously occur, but occurrence of large clusters is only expected with highly charged
particles. High charges are typically found in micrometer size colloidal particles. Lifetime and
diffusivity can eb used to determine the mesoscopic size of these metastable clusters.
Mechanisms suggested for cluster formation are domain swapping, hydration forces, dispersive

interactions, and other, system specific interactions. (Vekilov, 2010)
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4.2.2 Nucleation rate in two-step nucleation

Nucleation theory was constructed by Pan et al. to consider metastable states that are high-
density and intermediate in the formation of nuclei (Pan, et al., 2005). The rate law can be

written as:

(22
k,C,Te" kBT
J= 271 . (15)
AGQ

n(Cy DL+ gre'®r]
0

Where the ko is a constant which scales the nucleation rate inside the crystals, C; is solute
concentration inside the clusters, AG™; is the barrier for nucleation of crystal inside the cluster,
n is the viscosity inside the clusters, U; and Ug are the effective rates of decay and formation
of clusters at temperature T respectively, and AG is the standard free energy of a solute
molecule inside the clusters in excess to that in the solution. From equation 15 can be seen that
the nucleation rate depends on temperature and inversely on viscosity, i.e. nucleation rate

increases as temperature increases and viscosity decreases. (Vekilov, 2010)

The nucleation barrier AG™; in the vicinity of the solution-crystal spinodal can be expressed as

*

(Te - T)Z

AGy(T) =

1— ((Te - T))Zzl (16)
Te - Tsp

Where E” is a parameter, T is the temperature where the solution at studied concentration is at

equilibrium with a crystal, and Tsp is the spinodal temperature. The viscosity inside the dense

clusters can be calculated from Eq. 17. (Vekilov, 2010)

E
0 = no{1 + ] C,elntnle) ) o

Where [n] is the viscosity increment, ki and E;, are constants, all three viscosity parameters are
determined from the know dependencies of viscosity in the studied solution on temperature
and concentration. The equation assumes that the concentration inside the dense liquid clusters

increase as temperature is lowered. (Vekilov, 2010)
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The two-step nucleation mechanism model correlates well with experimental data, which
validates the two-step nucleation mechanism. Compared to classical nucleation theory, two-
step mechanism explains why rate of nucleation is hindered at temperatures below spinodal
temperatures. This is due to dense liquid clusters having smaller volume at lower temperatures
and higher concentration inside the clusters, thus viscosity is higher inside the dense liquid
clusters compared to the dilute phase. Nucleation rate is lowered because metastable clusters

have high viscosity and small volume. (Vekilov, 2010)
4.2.3 Rate Determining Step in the Two-Step Nucleation Mechanism

Crystal nucleation rate is the rate determining step in the two-step nucleation model. These
dense liquid cluster are at equilibrium with the solution due to rapid formation of clusters. Thus,
clusters and solution have equal chemical potential and supersaturation and this can be
expressed as du=solute-Herystal. VWhen the number of clusters is steady, nucleation rate inside the
clusters can be calculated from Eq. 14. Thus, the size determined by the theorem is the
crystalline nuclei inside the clusters. On the other hand, systems transformation into spinodal
region occurs when the crystalline nuclei inside the dense liquid reach the size of one molecule.
(Vekilov, 2010)
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5 ADVANTAGES AND DISADVANTAGES OF OILING OUT

Formation of an oil phase has usually only disadvantages such as low yield and high impurity.
However, oil phase can be used to produce spherical particles, which can reduce the amount of

post-processing steps.
5.1 Advantages

Takasuga et al. investigated effect of solvent composition on crystal aspect ratio and size in
oiling out crystallization of API-T in acetone-water system (Takasuga & Ooshima, 2015).
Oiling out crystallization produced lower aspect ratio crystals with higher yield compared to
single phase crystallization. Crystal aspect ratio from oiling out were higher when the amount
of acetone was increased. On the other hand, the result was reverse in a single-phase
crystallization, aspect ratio decreased with increase in amount of acetone. (Takasuga &
Ooshima, 2014) (Takasuga & Ooshima, 2015)

However, a third reason was found, a certain crystal face was affected by a solvent. It was
found out that the acetone inhibits crystal face growth by forming hydrogen bonds between
API-T molecules hydroxyl group and acetone. These bonds will prevent the API-T forming
bonds with water which are required to form hemihydrate crystals. (Takasuga & Ooshima,
2015)

Veesler et al. and Bonnett et al. used oiling out to produce spherical crystals, which have good
filterability and compressibility (Veesler, et al., 2006) (Bonnett, et al., 2003). Qiling out
crystallization of fatty acids produced more pure crystals with higher yield than liquid-liquid
extraction (Maeda, et al., 1997). In crystallization of lumazine synthase, formation of oil

droplets was a prerequisite for crystal growth (Gliko, et al., 2005).
5.2 Disadvantages

Crystallization in the LLPS region increases the particles tendency to agglomerate, other
downsides are different crystal habit, higher tendency of agglomeration, morphology and
smaller particle size (Li, et al., 2016). Li et al. obtained druzy crystals from crystallization

without oiling out phenomenon (Li, et al., 2016). Druzy agglomeration occurred when
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crystallizing in the LLPS region. In the study, particle size was smaller in the oiling out
crystallization compared to single phase crystallization.

In the crystallization of pyraclostrobin oiling out affected product properties such as low yield,
high degree of agglomeration (Li, et al., 2016). According to Lu et al. formation of high
viscosity oil phase hinders nucleation by slowing down molecular rearrangement (Lu, et al.,
2012). Veesler et al. reported that primary and secondary nucleation was hindered by oiling
out for several hours (Veesler, et al., 2006). Rasmuson et al. found out that the crystallization
involving liquid-liquid phase separation produced smaller crystals and the size distribution was

more spread out (Rasmuson & Yang, 2012).

Ren et al. studied the effect of impurities in oiling out in crystallization of (2R, 4R)-4MPE (4-
methyl-2-piperidine carboxylic ethyl ester) (Ren, et al., 2014). Cis-4AMPE were the undesired
impurities and ratios of 8%, 16% and 24% were used. Oiling out phenomenon was tracked with
ATR-FTIR, FBRM, PVM and optical microscope. Crystallization of pure 4MPE and 4MPE
with 8% impurity crystallized without oiling out and produced needle crystals. However, with
impurity rations 16% and 24% the system oiled out and in order to obtain crystalline material
the temperature lowered to 5-8 °C. Compared to pure crystallization where crystals can be
obtained at 20 °C. Particles recovered from oil phase melted at room temperature and were
small. Ren et al. attributed this to solvent inclusion. Oil phase yielded low purity products and
four enantiomers were found in the crystalline product which refers to poor selectivity and
separation process. Phase diagram of 4AMPE-LTA revealed that the impurities move LLPS
curve closer to the solubility curve and super solubility curve is moved away in relation to

super solubility curve of non-oiling out system.
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6 ANALYTICS RELATED TO OILING OUT

High performance liquid chromatography (HPLC) has been used to determine product purity
and composition of oil and liquid phases. Solid characterization has been done with x-ray
diffraction and product melting points have been determined with differential scanning
calorimetry. Oiling out phenomenon has been investigated by several authors with ATR-FTIR,
FBRM and PVM. It has been observed that the IR curve peak high increased when oiling out
happened, due to redistribution of solute in the oil phase. Also, increase in FBRM counts
indicated oiling out and the decrease in number of counts indicated coalescence of oil droplets.
However, when FBRM curve decreased and IR curve increased, it was due to nucleation and

settlement of oil layer. Table IV presents commonly used analytics in oiling out investigations.

Table IV Analytics used in oiling out studies.

Analysis equipment Measured quantity

ATR-FTIR, ATR-UV/vis, conductometer In-situ concentration measurement

FBRM, turbidity probe Formation of oil droplets

PVM, SEM, video microscope, optical | Observation of crystals and oil droplets

microscope

XRD, PXRD Solid characterization

HPLC Determination of phase composition and
product purity

Differential scanning calorimetry (DSC) Melting point determination
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7 OILING OUT PREVENTION METHODS

Denau and Steele investigated oiling out of compound A in a 50:50 v/v ethanol/water system
(Deneau & Steele, 2005). FBRM, PVM and ATF UV/vis were used to observe oiling out
phenomenon and crystallization. Clear and cloud points were studied at concentrations between
50 mg/mL and 225 mg/mL. Effect of seed loading, seed size and cooling rate were also
determined, seed loading was 1 an 5 % w/w, size 20-45 um and 250-500 pm, cooling rate was
varied between 0.1 °C/min and 0.5 °C/min, and seed crystals were introduced at halfway of the
metastable zone. With seed small seed size and 1% loading, oiling out occurred at all cooling
rates. However, oiling out was prevented at all cooling rates when seed amount was increased
to 5%. Similarly, bigger seeds with 1% loading exhibited oiling out at all cooling rates. On the
other hand, 5% loading suppressed oiling out at fast cooling rates and eliminated it at slow
cooling rate. Yields obtained by seeding were 81.4-93.2%. Denau and Steele made suggestions
on how to improve the control of oiling out. Seeding should be done closer to the solubility
line because addition of seeds reduces the width of the metastable zone and non-linear cooling

ramps could be utilized to keep supersaturation constant.

Lu et al. studied crystallization of idebenone in 7:1 hexane/methylene chloride system (Lu, et
al., 2012). Effect of solvent system, cooling rate, seeding and drowning out on occurrence of
oiling out were investigated. ldebenone is soluble in methylene chloride and when the
volumetric ratio of methylene chlorine was reduced, the yield and purity decrease, and the
probability of oiling out increases. Effect of cooling rates were studied with constant initial
concentration and cooling rates between 0.05 °C/min and 0.5 °C/min. When cooling rate was
varied between 0.05 °C/min and 0.5 °C/min, the slower the cooling rate the less there was
oiling out, slowest cooling rate prevented formation of oil phase. Also, purity and yield
increased when cooling rate was slower, 0.05 °C/min resulted yield of 78% and 0.5 °C/min
57%. Increase in initial concentration resulted in phase separation which inhibited formation
of crystalline material. However, at low to moderate concentrations, purity levels were
constant, and yield increased with increase in initial concentration. Seed loadings of 1 and 3%
w/w were also studied, where both experiments prevented oiling out. Drowning out
experiments were done by addition of hexane into idebenone-methyl chlorine system, oiling

out occurred at high initial concentrations and fast hexane addition rates. At moderate
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concentration and fast addition rate, pure crystals with good yield without oiling out were
obtained.

Vanillin-water system was modelled to avoid oiling out by Albuquerque and Mazzotti
(Albugeurque & Mazzotti, 2014). Two activity coefficient-based models NRTL and
UNIQUAC were used. NRTL model provided better prediction of experimental data with
narrower confidence limits compared to UNIQUAC model. Based on NRTL model, three
experiments were conducted to show that entering regions of metastable or stable LLPS may
lead to oiling out. First experiment was performed at low initial concentration and small
temperature difference to avoid oiling out. Next, the crystallization was done in the region of
metastable LLPS, where oiling out occurred first followed by crystallization. Final experiment
was done to show existence of stable LLPS where crystallization cannot occur. Phase diagram
was used in crystallization process design where the zone between solubility and liquid-liquid
equilibrium (LLE) curve was divided into three regions. Region | operated near the LLE
boundary and in this region process time was minimized, but with low purity and fine particles
due to high supersaturation and nucleation rate. High purity was obtained in the regions Il and

I11, where the only difference between regions is process time and number of fines.

Crystallization process for drug candidate know as compound A was developed by Kim et al
(Kim, et al., 2003). Substance showed oiling out behavior in ethyl acetate-cyclohexane system
at 1:5 volume ratio and when suspension was seeded, resulting crystals were inhomogeneous,
contained hard agglomerates and partially amorphous materials. Kim et al. (2003) related the
oiling out phenomenon to drastic change in system polarity. Slow cooling, seeding and medium
overall polarity (2:1) was used to induce nucleation. When nucleation occurred, the cooling
was stopped, and crystallization progressed at low supersaturation. To increase yield, more
antisolvent was slowly added to the solution, resulting product crystals had plate form with
95% vyield and short process time compared to the oiling out case, 3 h and 20 h respectively.
Slow addition of the antisolvent kept the supersaturation near the solubility curve. In effort to
find greener solvent system, use of ethanol and water were investigated. This experiment was
executed in the same manner as the second experiment, products obtained had similar plate
morphology, process time and yield compared to the crystals obtained from ethyl

acetate/hexane process.
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Crystallization and oiling out behavior of an API was studied by Duffy et al (Duffy, et al.,
2012). Solvent system used was acetone/water at 60:40 volume ratio. Standard cooling
crystallization with seed loading of 5 wt% was used and level of supersaturation was monitored
with IR probe. All experiments were conducted in the metastable zone to avoid oiling out.
Duffy et al. (2012) found out that crystallization at low supersaturation yielded larger crystals
at the cost of process time.

Yang and Rasmuson investigated cooling crystallization without seed addition and oiling out
of butyl paraben (BP) from ethanol/water system with different solvent and solute
concentrations (Rasmuson & Yang, 2012). Effect of oiling out on yield, crystal size distribution
and crystal form in were studied. It was discovered that regardless of BP concentration at
following ethanol concentrations and temperature phase separation did not occur; < 37% at 10
°C, < 25% at 20 °C, < 20% at 30 °C, and < 8% at 40 °C. On the other hand, at 1 °C regardless
of concentration of BP and temperature, phase separation did not occur. First experiment
avoided oiling out and with yield of 30%, gamma shaped CSD and large crystals with little
agglomeration. Experiment 2 showed oiling out behavior due to initial point being close to
LLPS boundary, nucleation took place after the phase separation and crystals were obtained in
a region without LLPS, and they had bimodal size distribution, yield of 45% and small
agglomerated crystals. Experiment 3 showed similar liquid-liquid phase separation as reported
by Svérd et al. (2007), where rich and lean phase of solute formed. Nucleation was hindered
and occurred at 10 °C compared to 18 °C in experiment 2. Small agglomerated crystals with,
irregular size distribution and yield of 10% and form were obtained from two liquid phases.
Experiment 4 was an antisolvent process and had liquid-liquid phase separation followed by
nucleation. Final product crystals were obtained from homogeneous solution with yield of
95%, size distribution similar to experiment 1. Experiment 5 started in the region of liquid-

liquid phase separation and produced bimodal crystal size distribution with yield of 85%.

Crystallization of pyraclostrobin from isopropanol/cyclohexane (10:90 wt %/wt %) mixture
was investigated by Li et al (Li, et al., 2016). Effect of cooling rate, seed loading and size on
occurrence of oiling out were studied. It was found out that cooling rates affected the
occurrence of oiling out at low concentrations, with fast cooling rate (1 K/min), concentration
related to oiling out point decreased compared to slow cooling rate (0.5 K/min), i.e. with faster

cooling rate, oiling out occurred at lower concentrations. Seed loadings of 3-7 wt % and size
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of <97-300 pum were tested. Oiling out was completely avoided with cooling rate of 0.1 K/min,
7 wt % loading and seed size of under 97 um. Smaller loadings, bigger seed sizes and faster
cooling rate showed oiling out behavior. Crystals obtained from oiling out were agglomerated

compared to non-oiling out case where parallelogram shaped crystals were obtained.

Oiling out behavior of vanillin in 1-propanol-water system was investigated by Zhao et al
(Zhao, et al., 2012). When the mass fraction of 1-propanol was changed from 5% to 30%, the
temperature related to steady state critical oiling out point decreased. Zhao et al. defined this
as point where at above certain concentration, heating will result in liquid-liquid phase
separation before the dissolution of particles. At over 30% mass fractions of 1-propanol, the
system did not exhibit oiling out behavior. In addition, effect of starting position in the phase
diagram was studied. With concentrations below the oiling out curve, crystallization occurred
normally with no sign of oil phase. Recovered crystals showed no agglomeration and were
plate shaped. With concentrations which were above the oiling out curve, spontaneous
nucleation occurred at higher temperature and product crystals showed heavy agglomeration
compared to the first experiment. Seeds were introduced into the system at two different points,
before and after the phase separation had occurred. Former produced similar crystals as the

first experiment and latter produced irregular crystals which had tendency to agglomerate.

Derdour proposed different crystallization process to counter oiling out (Derdour, 2010).
Construction of phase diagram was ruled out due to strict time limits encountered in the
pharmaceutical industry. Several methods to obtain crystalline material were experimented.
Tested methods to obtain crystalline material were solvent evaporation, anti-solvent addition,
salting out, solvate/hydrate, and co-crystallization.

Solvent evaporation was tested with solvents ranging from high to low polarity to find which
isolated the drug better. However, every solvent combination produced highly viscous phase
which was difficult to process. Based on this data, an anti-solvent experiment was designed,
which also produced liquid-liquid phase separation. It was found out by microscopic
investigations that the drug was in a molten phase which indicated that the melting point could
be lower than normal. Hence, crystallization of drug at room temperature is impossible and

solvate/hydrate, salting out and co-crystallization were considered next. Due to lack of acidic
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or basic sites in the drug molecule the salting out crystallization was ruled out. The lack of H-
bond donors/acceptors ruled out the use of co-crystallization.

According to Derdour, the drug molecules low tendency to from hydrogen bonds hinders self-
assembly at high temperatures. Which was the reason why it is difficult to obtain crystalline
material at room temperature. Furthermore, the drug molecule had hydrogen bond receptor
embedded deep in the molecular structure which prevented formation of hydrogen bonds with

other drug molecules.

Crystallization method to acquire hydrate form was developed where the drug was first
obtained in amorphous form and then small amount of energy was introduced to induce crystal
transformation (Derdour, 2010). According to Derdour, one of the main driving forces in the
liquid-liquid phase separation is the molecular self-association via hydrophobic interactions
and self-association of solvent molecules via dipoles/hydrogen bonding. By reducing the
molecular mobility, an amorphous material can be transformed into a crystalline structure.
Derdour achieved this by freezing the drug while in amorphous state, thus molecular mobility

and self-association kinetics are decreased.

Table V Methods to prevent oiling out.

Prevention technique Author

Low initial solute concentration

(Albugeurque & Mazzotti, 2014)

Slow cooling rate and seeding

(Rasmuson & Yang, 2012)

Slow cooling rate, seed and antisolvent

(Kim, et al., 2003)

addition

Solvent composition
Hydrate formation
Co-crystallization
Salting-out

(Zhao, et al., 2012)
(Derdour, 2010)
(Derdour, 2010)
(Derdour, 2010)

7.1 Qiling Out Crystallization

Sun et al. studied oiling out and quasi emulsion solvent diffusion (QESD) crystallization of f3-
alanine in isopropanol-water system (Sun, et al., 2018). QESD refers to a process where solute
is dissolved into good solvent and then solution is dispersed into poor solvent, which produces

quasi emulsion droplets. Oiling out crystallization was done at 25 °C by addition of antisolvent,
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isopropanol into the solution. Large octahedron shaped crystals were obtained. Oiling out
crystallization produced large octahedron shaped crystals. QESD was done by adding aqueous
b-alanine solution into crystallizer with isopropanol. B-alanine had stronger interaction with
water than water and isopropanol, so B-alanine was dispersed into the solution as quasi
emulsion droplets. Nucleation was induced by counter diffusion of isopropanol and water, and
b-alanine crystals agglomerated due to residual water acting as bridging liquid. Spherical
crystals were obtained as a product. According to Sun et al. impeller speed, temperature,
solution pH and mass ratio of the solvents influence the spherical crystallization process.
Another QESD experiment was done with higher b-alanine amount. More spherical particles
formed but they broke under the influence of agitation, collision and LLPS. Recovered crystals

did not have uniform crystal shape and size distribution was bimodal.

Veesler et al. proposed new method to produce spherical crystals by taking advantage of oil
droplets (Veesler, et al., 2006). Formation of quasi emulsion was achieved by temperature
variation compared to common case where binary mixture of solvents is used. Temperature
was decreased from 60 °C to 20-5 °C to produced high supersaturation and induce crystal

growth. Quasi spherical particles were obtained with particle size between 400 pum to 500 pum.

Effect of oil droplet size on API-T crystal size was investigated by Takasuga and Ooshima
(Takasuga & Ooshima, 2014). Oiling out crystallization was done at 20 °C and with agitation
speeds of 50-200 rpm. With increase in agitation speed, oil droplet size decreased. Large oil
droplets resulted in smaller crystals and large crystals were obtained with small oil droplets.
This was due to larger nucleation volume in large droplets which induces primary nucleation
more easily compared to small droplets, and secondary nucleation induced by directional
diffusion of solute. It was observed that when a large crystal is in contact with an oil droplet,
solute inside the droplet is consumed by the large crystal. However, oil droplet is also
consumed when crystal growth occurs inside the droplet. On the other hand, crystals generated
by primary nucleation in small oil droplets have insufficient volume to induce secondary
nucleation and can transfer into continuous phase. Furthermore, crystal growth in the liquid

phase occurs by absorbing solute from smaller droplets.



44

8 PROCEDURES TO OBTAIN CRYSTALS FROM OILED OUT SYSTEM

Oiling out can be reduced or avoided completely by methods illustrated in Figure 9. Suitable

method is selected based on process requirements such as project time limit, yield, purity etc.

Oiling out

Is phase diagram
available

|
Seed crystals

Seed crystals

|
| |
- -
. 5. Hydrate
L o Bl formation/salting

e e out/co-crystallization
2. Seeding in MSZ and
staying in MSZ by 6. Crystallization from
temperature and oil phase
concentration control

3. Crystallization in
labile region

1. Seeding in MSZ

7. Quasi emulsion
solvent diffusion

Figure 9 Different crystallization process options to obtain crystalline material from oiled out
system.

1. By introducing seed crystals into metastable region of the solute, depending on the position
of the oiling out and solubility curve, oiling out can be reduced or avoided. Seed crystals
have been shown to prevent formation of second liquid phase even though oiling out curve

is crossed over.
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Oiling out can be prevented by controlling the temperature or antisolvent addition rate or
both when the seed crystals have been introduced into the system. By doing this
crystallization occurs in the metastable region between solubility and oiling out curve.
Addition of an antisolvent is usually used with temperature control to maximize yield.
When seed crystals aren’t available, primary nucleation can be induced without oiling our
occurring by using low solute concentration. With low enough concentration system does
not exhibit oiling out behavior. Also, solvent composition can be changed to a one where
oiling out does not occur to obtain seed crystals.

Crystallization can be induced by adding seeds straight into the emulsion.

Depending on the substance, hydrate, salt and cocrystal formation can be used to avoid
oiling out and to obtain crystalline material. Hydrate formation requires hydrogen bond
acceptors or receptors on the molecule. Salt formation on the other hand requires basic or
acid sites on the molecule. Cocrystals can change the physical, chemical and
pharmaceutical properties of the molecule, so caution is advised in selection of suitable
cocrystal.

Crystals can be obtained from the oil phase if the supersaturation is high enough to induce
primary nucleation. Product crystal size and shape can be affected by varying temperature,
agitation speed and solvent composition.

Quasi emulsion solvent diffusion can be utilized to obtain spherical particles from oil phase,

which have better processability capabilities compared to conventional shapes.
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EXPERIMENTAL PART
9 AIMOF THE WORK

The goal of this work was to study oiling out phenomenon, determine phase diagram and how
oiling out affected crystalline product properties. Oiling out studies were carried out for two
pharmaceutical intermediates A and B at different concentrations, temperatures and solvent
mixtures. Oiling out of intermediate A was studied in mixtures of dimethylformamide (DMF),
2-propanol (IPA), water and in presence of impurities. FBRM probe and optical microscope
were used to investigate oil droplet formation during crystallization of intermediate A. Oiling
out behavior of intermediate B was studied with Crystal16 in mixtures containing n-heptane,
cyclopentyl methyl ether (CPME) and ethanol. Phase diagram was determined for intermediate
B in two different solvent mixtures; 28:65:8 vol% CPME:heptane:ethanol and 50:50 vol%
CPME:heptane. Effect of oiling out on product properties such as crystal size, purity, melting
point, and morphology was investigated in 28:65:8 CPME:heptane:ethanol mixture. Finally,
oil phase and liquid phase composition was determined with nuclear magnetic resonance
(NMR).
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10 MATERIALS AND METHODS

Raw intermediates A and B with purity of 99.5% and 66.7% (HPLC) were supplied by
Fermion. Acetonitrile was supplied by LiChrosolv and was used at analytical-grade purity.
Ammonium acetate and sodium dodecyl sulphate were supplied by Merch and used at
synthetical-grade purity. Cesium carbonate, tris(2-(2-methoxyethoxy) ethyl) amine,
phosphoric acid and cyclopentyl methyl ether (CPME) were supplied by Sigma Aldrich and
used at synthetical-grade purity. N-heptane, ethanol, 2-propanol (IPA) and dimethylformamide
(DMF) were supplied by Fermion and used at synthetical-grade purity. Dimethyl sulfoxide
(DMSO) was supplied by Euristop and used at NMR-grade purity. Starting materials SM1 and
SM2 used in intermediate A synthesis were supplied by Fermion and used with purity of 99%
and 99% (HPLC) respectively.

10.1 Solubility

Solubilities were determined with HPLC method for intermediate A. Intermediate B

solubilities were determined with Crystal16 and by gravimetric method.
10.1.1 Intermediate A

The solubility of intermediate A was determined in dimethylformamide, 2-pronanol and water
mixtures in temperature range of 20-40 °C by HPLC method. The temperature was controlled
by heat plate (Radleys Discovery Technologies). Solutions were prepared in 12 ml test tubes,
where 7 ml of solvent was added, and excess intermediate A was added. Magnetic stirring bars
at 250 rpm were used to guarantee adequate mixing in the test tubes. The solutions were kept
at a pre-determined temperature for one hour to reach solid-liquid equilibrium. Experiments
revealed that sufficient accuracy in equilibrium was reached after one hour. The average
sample concentration at one and two hours were close to another, with error of 5%. After the
equilibrium was reached, solid material was allowed to settle for half an hour. 1 ml of clear
liquid samples were taken by preheated syringe with a needle. Preheated syringe with needle
was used to sample the solution in the tubes. 0.2 um PTFE filter was used to filter the solution
into a small sample vial. 50 pl of filtered liquid was then put into 10 ml volumetric flask and
diluted with water. Sample was then distributed to HPLC vial and analyzed. HPLC operating
conditions were the following: Kinetex C18 column at 30 °C, elution with 0.1% phosphoric

acid-acetonitrile (95:5) and acetonitrile, 1.0 ml/min, 3 pl injection, concentration for sample
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(degassing before injection) 1 mg/ml. The previous described steps where repeated for
temperature 25, 35 and 45 °C three times.

10.1.2 Intermediate B

The intermediate B solubilities were determined with Crytal16 (Mettler-Toledo). Crystal16
vials with volume of 1.5 ml with different amount of intermediate B (10-100 mg) were prepared
in various mixtures of CPME, n-heptane and ethanol. Predetermined amount of intermediate
B between 10 and 100 mg was weighted into vials and 1 mL of solvent mixture was added.
The vials were sealed quickly to prevent any evaporation of solvent. Clear points were
measured by heating samples to 65-75 °C with heating rate of 1 or 0.3 °C/min three times.

Cloud points were measured by cooling the mixtures to 0-25 °C three times with cooling rate

of 0.3 °C/min.
10.2 Oiling out studies
Intermediate A

Intermediate A was synthetized in experiment 3 with starting materials SM1 and SM2, which
were mixed with DMF and cesium carbonate. Mixture was under constant stirring at 250 rpm.
Reactor temperature was controlled by Proline RP 845 refrigerated bath (Lauda). Reaction
mixture was heated to 75 °C and stirrer for 4 hours to complete the reaction. Crystallization
was done by cooling the solution 20 °C with antisolvent addition at 50 °C. Water and 2-
propanol were used as antisolvents. Crystal recovery was done with vacuum filtration and
filtered product was dried in Vacucenter 50 vacuum oven (Salvis Lab) for overnight. Optical
microscope was used to investigate crystal size and shape. In the experiment 4 and 5 synthesis
of intermediate A was done same as in experiment 3. During cooling phase and after antisolvent
addition, seed crystals were introduced into the system. The mixture was filtrated when 20 °C
temperature was reached and dried in vacuum oven overnight. Dissolution of starting materials,
oil droplet formation and crystallization were observed with Lasentec FBRM probe. Optical

microscope was used to observe oil droplet formation and crystal shape.
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Intermediate B

Oiling out experiments were performed in Crystall6, where predetermined amount of
intermediate B was weighted, and 1 mL of solvent mixture were added into Crystal16 vials.
Samples were heated at rate of 1 and 0.3 °C/min to 65-75 °C to dissolve all solids and then
cooled to 15-25 °C at rate of 0.3 °C/min to induce oiling out or crystallization. Samples were
stirred with magnetic stirring bars at 700 rpm. CPME, heptane and ethanol and their mixtures
were used as solvents. At clear point temperatures vials were checked if the change in turbidity
was caused by dissolution of solids or oil phase returning into solution. Similarly, vials at cloud
points were checked to confirm whether the fall in turbidity was caused by crystal or oil phase

formation.
10.3 Determination of phase diagram and crystallization experiments

Phase diagram was determined by preparing Crystal16 vials, where predetermined amount of
intermediate B was weighted, and 1 mL of solvent mixture was added. Samples were heated
while constantly stirred (magnetic stirrer, 700 rpm) at 0.3 °C/min to 65 °C and then cooled to
20 °C at cooling rate of 0.3 °C/min. Crystall6 equipped with turbidity sensor was used to
determine liquid-liquid phase separation curves. Whether the change in turbidity was due to

crystallization or oil phase formation was confirmed by visually checking the vials.

Crystallization experiments were done in 100 mL flask, which was placed in refrigerated bath
where temperature controlled was done by Proline RP845 (Lauda). Intermediate B
concentrations of 60 and 80 g/L were dissolved in solvent mixture of n-heptane, CPME and
ethanol. Mixtures were heated to 65 °C to dissolve all solids and then cooled to 20 °C at cooling
rate of 0.3 °C/min. Crystals were recovered by vacuum filtration and dried overnight in vacuum
oven at 40 °C. Product purity was analyzed with HPLC and the operating conditions were the
following: Symmetry C18 column at 30 °C, elution with 0.05 M ammonium acetate/sodium
dodecyl sulphate in 0.1% acetic acid in water/acetonitrile (48:52) and acetonitrile, 2.0 ml/min,

20 ul injection, concentration for sample (degassing before injection) 5 mg/ml.

To determine liquid and oil phase composition a 30:70 v/iv CPME-heptane mixture with
concentration of 50 g/L was prepared. 100 mL flask was heated to 65 °C to dissolve solids in

water bath controlled by Proline RP845. Mixture was then cooled to 40 °C at cooling rate of 2
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°C/min to induce liquid-liquid phase separation. Mixing was turned off and phases were
allowed to settle. Syringe was used to take NMR samples of both phases, samples were
dissolved in NMR grade DMSO and analyzed.

10.4 Equipment

Waters 2690 HPLC system with Waters 2996 PDA detector was used to determine
concentrations and purity of products. Columns used for intermediate A and B respectively
were Kinetex C18 with dimensions 4.6 x 50 mm with particles size 2.6 pm and Symmetry C18

with dimensions 4.6 x 150 mm with particle size 5 um.

Composition of the oil and liquid phase was analyzed with Bruker Avance 400 Ultra Shield
NMR.

Melting points of the products were determined with differential scanning calorimetry (Mettler-
Toledo DSC 3). Accurately weighted samples between 3-10 mg were placed in high pressure
steel pans and scanned from 25 °C to 250 °C at 5 °C/min under nitrogen purge.

Mettler-Toledo Lasentec FBRM (Model D600L-C22-K) with iC FBRM and Lasentec FBRM
Data Acquisition Control Interface software were used to monitor formation of oil droplets and

crystallization. Measurement duration was set to 30 s.
Crystal and oil droplets were observed with Carl Zeiss Axio Imager M1 optical microscope.

Solubility and oiling out experiments for intermediate B were done with Crystal 16 (Mettler-
Toledo) and data treatment was done with Excel. Crystal16 consist of 16 individual reactor
blocks with temperature control and turbidity sensor. 1.5 ml vials with Teflon stirrers are
inserted in each reactor. The vials are heated and cooled at rate of 1, 0.3, 0.1 or 0.05 °C/min

depending on experiment. Temperature and turbidity measurement duration was set to 30 s.
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11 EXPERIMENTS

Carried out experiments are shown in Table VI. Intermediate A solvent compositions for
solubility measurements were chosen based on data from previous intermediate A experiments
done in Fermion. Objective was to induce oiling out before spontaneous nucleation by
changing solvent composition for pure substance and when impurities are present. FBRM
studies were done to identify oil droplet formation during cooling crystallization. For
intermediate B existing reports indicated that oiling out did not occur in 60:40 (v/v)
CPME:heptane mixture, thus 65 vol% heptane content was chosen to guarantee oil phase
formation. The heptane content was dropped in 5 vol% to 10 vol% intervals to find mixture
where oiling out did not occur during cooling crystallization. Higher concentrations were added
to the experiments because in the actual process, intermediate B concentration is between 60
and 100 g/L depending on process phase. The production process for intermediate B has small
amounts of ethanol from previous process steps which could inhibit oiling out and this was
investigated by adding small amounts of ethanol into mixture. Ethanol content was gradually
increased to find a point where oiling out did not occur. In the literature slow cooling rate has
been reported to prevent oiling out and this was studied with samples which showed oiling out
behavior with small ethanol content and did not oil out with high ethanol content. Phase
diagram solvent compositions were chosen based on oiling out experiments where oil phase
formed during heating and cooling for high concentrations and for low concentrations there

were no oil phase formation.

Table VI Carried out experiments.
Experiment # | Intermediate | System (vol%) Experiment Type
1 A DMF:IPA:H20 Solubility
2.9:1.74:3.2 10, 20, 30, 40 g/L
2 A DMF:H.0O Solubility
10:90 10, 20, 30, 40 g/L
3 A DMF:IPA:H0 Oiling out
2.9:1.74:3.2
4 A DMF:IPA:H.0 Water addition
2.9:1.74:3.2
5 A DMF:IPA:H.0 FBRM studies
2.9:1.74:3.2
6 B CPME:heptane Solubility
35:65 10, 20, 30, 40 g/L
7 B CPME:heptane Solubility




40:60 10, 20, 30, 40 g/L
8 CPME:heptane Solubility

45:55 10, 20, 30, 40 g/L
9 CPME:heptane Solubility

50:50 10, 20, 30, 40 g/L
10 CPME:heptane Solubility

55:45 10, 20, 30, 40 g/L
11 CPME:heptane Solubility

60:40 10, 20, 30, 40 g/L
12 CPME:heptane Solubility/Oiling out

70:30 10, 20, 30, 40, 60, 80,100 g/L
13 CPME:heptane Solubility/Oiling out

60:40 60, 80, 100 g/L
14 CPME:heptane Solubility/Oiling out

80:20 10, 20, 30, 40, 60, 80,100 g/L
15 CPME:heptane Solubility/Oiling out

90:10 10, 20, 30, 40, 60, 80,100 g/L
16 CPME:heptane Solubility/Oiling out

100:0 10, 20, 30, 40, 60, 80,100 g/L
17 CPME:heptane Solubility

80:20 10, 20, 30, 40, 60, 80,100 g/L
18 CPME:heptane:ethanol | Solubility/Oiling out

59:40:1 10, 20, 30, 40, 60, 80,100 g/L
19 CPME:heptane:ethanol | Solubility/Oiling out

59:39:2 10, 20, 30, 40, 60, 80,100 g/L
20 CPME:heptane:ethanol | Solubility/Oiling out

54:36:3 10, 20, 30, 40, 60, 80,100 g/L
21 CPME:heptane Solubility

60:40 10, 20, 30, 40, 60, 80,100 g/L
22 CPME:heptane:ethanol | Solubility/Oiling out

28:65:8 10, 20, 30, 40, 60, 80,100 g/L
23 CPME:heptane:ethanol | Solubility/Oiling out

48:32:20 10, 20, 30, 40, 60, 80,100 g/L
24 CPME:heptane:ethanol | Solubility/Oiling out

42:28:31 10, 20, 30, 40, 60, 80,100 g/L
25 CPME:heptane:ethanol | Solubility/Oiling out

27:63:11 10, 20, 30, 40, 60, 80,100 g/L
26 CPME:heptane:ethanol | Oiling out

29:67:4 60, 80,100 g/L
27 CPME:heptane:ethanol | Oiling out

28:66:6 60, 80,100 g/L
28 CPME:heptane:ethanol | Oiling out

27:65:8 60, 80,100 g/L
29 CPME:heptane:ethanol | Oiling out

27:63:10 60, 80,100 g/L
30 CPME:heptane:ethanol | Cooling rate 0.05 °C/min

29:67:4

60, 80,100 g/L
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31 CPME:heptane:ethanol | Cooling rate 0.05 °C/min
28:66:6 60, 80,100 g/L

32 CPME:heptane:ethanol | Cooling rate 0.05 °C/min
27:65:8 60, 80,100 g/L

33 CPME:heptane:ethanol | Cooling rate 0.05 °C/min
27:63:10 60, 80,100 g/L

34 CPME:heptane:ethanol | Cooling rate 0.1 °C/min
29:67:4 60, 80,100 g/L

35 CPME:heptane:ethanol | Cooling rate 0.1 °C/min
28:66:6 60, 80,100 g/L

36 CPME:heptane:ethanol | Cooling rate 0.1 °C/min
28:65:8 60, 80,100 g/L

37 CPME:heptane:ethanol | Cooling rate 0.1 °C/min
27:63:10 60, 80,100 g/L

38 CPME:heptane:ethanol | Phase diagram
27:65:8 10-140 g/L

39 CPME:heptane:ethanol | Phase diagram
60:40 10-100 g/L

40 CPME:heptane:ethanol | Phase diagram
50:50 10-100 g/L

41 CPME:heptane:ethanol | Effect on product quality
27:65:8

42 CPME:heptane:ethanol | Effect on product quality
27:65:8

43 NMR Oil phase composition
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12 RESULTS AND DISCUSSION
12.1 Intermediate A
12.1.1 Solubility

Solubility of the pure intermediate A in two different mixtures is shown in Figure 10. Solubility
was determined in 37:22:41 (v/viv) DMF-2-propanol-water and 90:10 (v/v) DMF-water
mixtures at temperatures ranging from 25 to 45 °C. Existing standard curve was used to
calculate concentrations from HPLC data. At 37:22:41 DMF-2-propanol-water the
intermediate A solubility is about 25 times higher compared to 10:90 DMF-water mixture.
Based on experimental points, solubility was predicted for temperature ranges 15-55 °C with
van’t Hoff equation. Circles and triangles represent individual experiment points. Black lines
are predicted solubility, which is calculated from van’t Hoff equation. Figure 11 shows
correlations based on van’t Hoff plot. The solubility of intermediate A in all mixtures increases
with increase in temperature. Intermediate A solubility in DMF-2-propanol-water mixture is
considerably higher than in DMF-water mixture. This is due to solute being non-polar
molecule. Solubility decreases when the temperature decreases and water content increases.
Intermediate A didn’t exhibit oiling out behavior during solubility experiments. However, in
presence of impurities it is possible for intermediate A to oil out based on literature sources
such as Svérd et al. (2007) where impurities have caused oiling out.
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Figure 10 Solubility of intermediate A in DMF-2-propanol-water 37:22:41 and 10:90 DMF-water
mixtures. Individual points were obtained from solubility experiments and solid line is expected
solubility line calculated with van’t Hoff equation.
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Figure 11 Correlations based on van’t Hoff’s equation. Blue = DMF-2-propanol-water 37:22:41
and orange = 10:90 DMF-water.

12.1.2 Oiling Out Behavior of Intermediate A

Detailed observations during experiments can be found in Appendix 4. In Figure 12 microscope
images from mother liquor are shown. Oil droplets are present in the mother liquor after
filtration. Oil droplet size ranges from between 30 um to 1 pm. Figure 13 shows reaction
mixture after 2-propanol and water is added to the mixture. After 2-propanol is added to the
mixture, there is no oiling out behavior. However, when water is added as antisolvent, oil
droplets begin to form, but the droplets do not coalesce into a separate phase. Crystals have
clear shape even when crystallized from oil droplets with no agglomeration. Based on literature
sources such as Rasmuson et al. (2012), Sun et al. (2018) and Veesler et al. (2006) where
crystallization from oil phase produces irregularly shaped and agglomerated crystals it can be
said that intermediate A does not oil out or at least oiling out does not behave like mentioned

in the literature.
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Figure 12 Mother liquor (A) and recovered crystals (B) from experiment 3.

Figure 13 Microscope images from experiment 4 reaction mixture after addition of 2-propanol (A)
and water (B).

Figure 14 shows FBRM graph. During the heating up process, the total of count of particles
sharply decrease when temperature is increased. This is due to dissolution of starting materials
(Point A). Rise in particle counts at point B is due to insoluble impurities formed during
synthesis and cesium carbonate. Particles counts drop to O at point C, where 2-propanol and
water are added to the mixture. Cesium carbonate and impurities are highly soluble in water
hence the particle count drops. Small plateau during cooling curve and at the same time sharp
increase in total particles counts indicates that crystallization occurred (point D). According to
Rasmuson et al. (2012) oiling out phenomenon can be separated from crystallization primarily
by that the crystallization is associated with a latent heat of phase transformation which leads
to a small plateau in the temperature vs time profile. Also, the FBRM response to nucleation is
rapid increase in total particle counts and in oiling out total counts have slower increase
compared to nucleation.
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Figure 14 Change of FBRM data with temperature during the synthesis and crystallization of
intermediate A. Initial concentration, 90 g/L

There is a small peak in number of counts when 2-propanol is added to the mixture at 294 min.
When water is added at 304 min, dissolution of cesium carbonate causes counts drop in the
number of counts. Seed crystals are introduced at 319 min and number of counts increase
sharply. From these observations it can be said that the water droplet formation cannot be seen
with FBRM. Possible reasons for this are low resolution of the FBRM probe and high impeller

speed which causes dispersion of water droplets into the solution.

Based on results shown in Figure 13 and Figure 14, it can be concluded that intermediate A
does not from second liquid phase during cooling crystallization. The reaction mixture and
mother liquor have oil like characteristics when visually inspected, but do not separate into an
oil and liquid phase. Also, the oily solution does not hinder nucleation and some water droplets
are present in the mother liquor after the crystallization has occurred. Even though oil phase
usually disappears when crystallization has ended. Based on microscope images in Figure 13,
FBRM data in Figure 14 and observations made during experiments (Appendix 4), the oil like
characteristics of the reaction mixture and mother liquor do not come from intermediate A
material properties. Intermediate A does not oil out, oiling out usually depends on the physical

and chemical characteristics of the solute and oiling out should occur with pure substance and
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impurities only widen the area where oil phase related to liquid-liquid phase separation is
metastable, i.e. spontaneous crystallization cannot occur, but crystallization can be induced by
addition of seed crystals. It can be concluded that the formation of water droplets during cooling

crystallization is caused by miscibility gap between dimethylformamide and water.
12.2 Intermediate B
12.2.1 Solubility

Solubilities of intermediate B in different cyclopentyl methyl ether (CPME) and heptane
mixtures are shown in Figure 15. Solubility measurements were done three times to reduce
measurement error. Intermediate B solubility is highly dependent on temperature and
moderately dependent on increase or decrease in CPME or heptane content. Intermediate B
solubility increases when temperature, CPME increases or heptane content decreases.
Experimentally determined solubilities behave as expected when heptane content is gradually
increased. Figure 16 and Figure 17 show intermediate B solubilities and supersolubilities in
various mixtures of CPME, heptane and ethanol. Supersolubility refers to a region where
spontaneous nucleation will occur. Here again solubility increases when either CPME or
ethanol content is increased. Solubility of intermediate B is affected by multiple factors but
mainly by solvent polarity, hydrogen bonding capability and molecular size. Average
dissolution and crystallization temperatures can be found in Appendix 1.
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to mixture where is 90 vol% CPME and 10 vol% heptane.
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Figure 17 Intermediate B solubilities in CPME-heptane-ethanol mixtures. 54:36:3 refers to mixture
with 54 vol% CPME, 36 vol% heptane and 3 vol% ethanol.

12.2.2 Oiling out behavior of intermediate B

Results from oiling out studies for intermediate B are shown in Table VII. The occurrence of
oil phase is highly dependent on the heptane content. With high heptane content the mixtures
oiled out during heating immediately after dissolution. When the heptane content is lowered
oiling out is prevented both during heating and cooling. Solubility of intermediate B increases
when heptane content is decreased which causes lower theoretical yields. To overcome this
lower end temperatures in cooling crystallization are required. Addition of ethanol increased
solubility of intermediate B which meant lower theoretical yields in the temperature range used
in cooling crystallization experiments. Moreover, based on results shown in Table VII and
observations made during experiments (Appendix 4) ethanol addition reduced and, in some
cases prevented formation of an oil phase during cooling crystallization. However, even though
the addition of ethanol allowed the use of higher heptane concentrations, the theoretical yields

were lower compared to case where no ethanol is added and where oiling out did not occur.

Detailed clear and cloud point and oiling out temperatures can be found in Appendix 1 and 2

and observations made during experiments can be found in Appendix 4.
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Table VII Oiling out behavior of intermediate B in different solvent mixtures.
Mixture Oiling out during heating Oiling out cooling
CPME:heptane Yes Yes
35:65
CPME:heptane Yes Yes
40:60
CPME:heptane Yes Yes
45:55
CPME:heptane No Yes
50:50
CPME:heptane No Yes
55:45
CPME:heptane No Yes
60:40
CPME:heptane No Yes
70:30
CPME:heptane No No
80:20
CPME:heptane No No
90:10
CPME:heptane No No
100:0
CPME:heptane:ethanol No Yes
59:40:1
CPME:heptane:ethanol No Yes
59:39:2
CPME:heptane:ethanol No Yes
54:36:3
CPME:heptane:ethanol Yes (When concentration > | Yes
28:65:8 60 g/L)

CPME:heptane:ethanol No No
48:32:20

CPME:heptane:ethanol No No
42:28:31

CPME:heptane:ethanol No No
27:63:11

CPME:heptane:ethanol Yes Yes
29:67:4

CPME:heptane:ethanol Yes Yes
28:66:6

CPME:heptane:ethanol Yes Yes
27:65:8

CPME:heptane:ethanol No No

27:63:10
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Figure 18 shows different stages of oil phase formation of intermediate B in 70:30 CPME-
heptane mixture. Formation of oil phase occurs in similar manner at all concentrations in
different mixtures of CPME, heptane and ethanol. When approaching the temperature where
liquid-liquid phase separation occurs, small oil droplets which are not detected by the Crystal16
turbidity sensor are formed. These droplets do not coalesce into large droplets or separate
phase. When liquid-liquid phase separation curve is crossed, a murky solution containing oil
droplets form which coalesce into heavy separate phase when the mixing is stopped. Turbidity
sensor in Crystal16 can detect this kind of phase separation. Formation of small droplets did
not affect spontaneous nucleation considerably. However, in the case of large droplets which
gathered into separate phase when mixing was stopped, nucleation was inhibited for several
hours or days depending on solvent system. This kind of oiling out behavior has been reported
by several authors such as Veesler et al. (2006), Lu et al. (2012) and Svérd et al. (2007). In this
case the cause of oiling out was that the system did not have sufficient energy for crystal

formation and closest metastable state was formation of an oil phase.

Figure 18 A = Oil droplets formed during cooling crystallization which are not detected by
Crystal16. The droplets do not coalesce into separate phase. B = Solution gets murky due to formation
of oil droplets. C = Qil droplets coalesce into a large phase when agitation is stopped. Mixtures used
were 70:30 CPME-heptane.

Figure 19 shows vials from experiment 12 where 70:30 v/v CPME-heptane mixture was used,
concentrations from left to right are 60, 80 and 100 g/L. In the first case (A) 60 and 80 g/L
samples had sufficient energy to overcome thermodynamic barrier needed for crystallization
and 100 g/L did not have required energy for crystallization and formation of an oil phase was
most stable form after solid state. This situation is reverse in case B, where 100 g/L had

sufficient energy to form solid phase and samples with concentrations of 60 and 80 g/L formed
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stable oil phase. Another explanation is that the mixing was insufficient in the cases where oil
phase remained stable at room temperature, i.e. dispersion of oil phase into liquid phase was
prevented by highly viscous oil phase. With sufficient mixing crystallization would have
occurred because when the vials with stable oil phase were shaken vigorously crystallization
occurred. This kind of behavior happened in all cases where oiling out occurred during heating
or cooling of the solution.

Figure 19 Oiling out of intermediate B in experiment 12, mixture used was 70:30 CPME-heptane.
A = Concentrations 60 and 80 mg/mL crystallized, 100 mg/mL sample remained as stable oil phase at
20 °C. B = Intermediate B with concentrations of 60 and 80 g/L remained as stable oil phase at 20 °C
and 100 g/L had crystallized.

Based on results presented in Figure 18 and Figure 19 and observations made during
experiments (Appendix 2 and 4) it can be said that the oiling out of intermediate B was caused
by four main reasons; large affinity and molecular weight difference between n-heptane and
intermediate B (~100 g/mol and ~415 g/mol), oil phase can be considered as metastable form
of intermediate B, and insufficient energy to overcome thermodynamic barrier required for

crystallization due to inefficient mixing.
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12.2.3 Detection of Phase Transformations with Crystall16
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Figure 20 Crystal16 turbidity curve from experiment 36. Solvent mixture was 28:65:8 (v/v/v)
CPME-heptane-ethanol.

Figure 20 shows Crystal16 turbidity curve when cooling rate is 0.1 °C/min. For 60 g/L sample
dissolution occurred at 50 °C followed by dissolution of 80 g/L sample. The 100 g/L sample
exhibited oiling out immediately after dissolution. The sharp rise in transmission indicates the
dissolution of intermediate B and then the slow rise is due to formation of second liquid phase.
When the 100 g/L is heated over 57 °C, the transmission rises to 100% which indicated that
the oil phase has returned into the solution. When the cooling is considered, 100 g/L sample
oils out at 57 °C, followed by oiling out of 80 g/L later at 46 °C. Both 80 g/L and 100 g/L
crystallized from the oil phase at 40 °C and 38 °C respectively. Oiling out can be seen by slowly
decreasing transmission curve, crystallization can be seen when the transmission curve falls
rapidly. The 60 g/L samples transmission falls sharply at 36 °C, indicating crystallization
without formation of oil phase. From the results shown in Figure 20, following conclusion can
be made: the different phase transformations related to oiling out (dissolution of solids,
formation and disappearance of oil phase, and crystallization) can be detected with Crystal16.

Thus determination of phase diagrams concerning oiling out can be done with Crystal16.

Temperature, °C
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12.2.4 Determination of Phase Diagram
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Figure 21 Phase diagram for 28:65:8 (v/v/v) CPME-heptane-ethanol mixture.

Region | is an area where crystallization occurs without oiling out. In the 30:70 system this
was with concentrations 60 g/L and below. Region Il is an area where oiling out occurs during
cooling, but where oil phase is not present at beginning of cooling phase. Crystallization occurs
from the oil phase. Region 1l is an area where oil phase is present when cooling is initiated.
Region IV is an area where oil phase emerges during cooling. Region V1 is an area where the

oil phase formed during heating return to liquid.

Phase diagram for system was experimentally determined to study crystallization process
related to intermediate B. Three lines are related to heating up solution of intermediate B;
solubility curve, oiling out curve, and clear point curve. Solubility curve was determined up to
55 °C. Solubility curve is presented in Figure 26 as dark blue line. Light blue line represents
oiling out curve during heating. Green line shows clear points during heating, where the oil
phase returns to solution. When cooling process for intermediate B is considered three more
line correspond to that. Yellow line which overlaps green line presents oiling out points during
cooling with cooling rate 0.3 C/min. Grey and orange lines represent spontaneous nucleation

curves for intermediate B. However, oil phase changes crystallization kinetics so crystallization
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mechanisms are different between grey and orange lines. During the determination of orange
line, no oil phase formation was observed during cooling. Orange line is line where
spontaneous nucleation occurs during cooling crystallization without oiling out. However, in
the case of grey line, nucleation occurred after liquid-liquid phase. Grey line refers to a region
where spontaneous nucleation will occur from the oil phase. Yellow and light blue lines in
Figure 26 cross at 54.5 C, where concentration is 100 g/L. Zhao et al. (2012) calls this point
the steady state critical oiling out point upon heating. At this point with concentrations over
100 g/L liquid-liquid demixing occurs before dissolution of intermediate B when heating. With
concentrations below 100 g/L no liquid-liquid phase separation occurs upon heating. The
intersection of orange, grey and yellow lines at 60 g/L is defined as the metastable state critical
oiling out point by Zhao et al. (2012). Below this point oiling out will not occur before
nucleation during cooling crystallization. On the other hand, above this point oiling out occurs

during cooling and before spontaneous nucleation.

In the Figure 21 phase diagram for 28:65:8 (v/v/v) CPME-heptane-ethanol is shown.
Intermediate B does not form oil phase during heating when concentrations are between 0 and
100 g/L. With concentrations over 100 g/L oiling out occurs during heating and when the
solution is heated more the oil phase returns to solution when concentration is between 100 and
120 g/L. Oil phase remained stable during heating for concentrations over 120 g/L. When
cooling is considered, concentrations below 60 g/L crystallized without formation of an oil
phase. Concentrations between 60 and 100 g/L oiled out during cooling phase before
crystallization. Crystallization can be induced with minimal oiling out or without oiling out at
these concentrations by introducing seed crystals into mixture depending on point of seeding.
Addition of seed crystals decreases the relative supersaturation which prevents system from

crossing the oiling out curve.

In addition, if the oiling out is considered to be a spinodal decomposition, seed crystals lower
the thermodynamic barrier needed for crystallization below the thermodynamic barrier needed
for oil phase formation. Spinodal decomposition was covered briefly in chapter 3.2 and in an
article by Deneau and Steele (2005). In spinodal decomposition, low thermodynamic barrier
enables the formation of two separate phases; solute rich and solute lean because this leads to
a thermodynamic equilibrium (Deneau & Steele, 2005). In the literature, where effect of seed

crystals on oiling out have been studied by multiple authors such as Lu et al. (2012), Kim et al.
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(2003), and Rasmuson et al. (2012), the introduction of seed crystals reduced or prevent oiling
out. From this knowledge following can be said: oiling out occurs because thermodynamic
barrier for phase separation is lower than the thermodynamic barrier required for nucleation
when no seed crystals are present. However, if the addition of seed crystals prevents oiling out,

the thermodynamic barrier for nucleation must be lower than the barrier for oiling out.
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Figure 22 Phase diagram for 50:50 (v/v) CPME-heptane mixture.

In the Figure 22 phase diagram for 50:50 (v/v) CPME-heptane mixture is shown. Intermediate
B does not form oil phase during heating when concentrations are between 0 and 100 g/L. With
concentrations over 100 g/L oiling out occurs during heating and when the solution is heated
more the oil phase returns to solution when concentration is between 100 and 120 g/L. Oil
phase remained stable during heating for concentrations over 120 g/L. When cooling is
considered, concentrations below 60 g/L crystallized without formation of an oil phase.
Concentrations between 60 and 100 g/L oiled out during cooling phase before crystallization.
Crystallization can be induced without oiling out at these concentrations by introducing seed

crystals into mixture.

An attempt to construct a phase diagram for 60:40 (v/v) CPME-heptane system was done, but

no oiling out occurred during heating or cooling with concentration range of 10-100 g/L. From
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this the following can be concluded: occurrence of oiling out is very sensitive to changes in
solvent composition and to number of times system is reheated and recrystallized.

12.2.5 The effect of LLPS on crystallization

The effect of oiling out on products was studied in 28:65:8 (v/v/v) CPME-heptane-ethanol
mixture. Studied concentrations were 60 and 80 g/L, where oiling out occurs in latter during
cooling crystallization. As predicted by phase diagram, the 80 g/L concentration oiled out
during cooling and oil droplets formed separate phase when mixing was stopped.
Crystallization occurred from the oil phase when cooling was continued. 60 g/L crystallized
without oiling out during cooling. As reported by many authors in the literature, the purity of
intermediate B was lowered when crystallization occurred from the oil phase. However, yield

was higher with oiling out crystallization compared to normal cooling crystallization.

Melting point of products was also changed by the oil phase, products recovered from the oil
phase had 0.5 °C lower melting point compared to product recovered from normal cooling
crystallization. Similar differences were reported by Svard et al. (2007) and this is shown in
Figure 23. The change in melting point was caused by more impurities being present in the

crystal structure.
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Figure 23 DSC curves for products recovered with or without oiling out.
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Summary of results is presented in Table VIII. The purity of intermediate B decreased when
the crystallization was done from oil phase. Impurities have usually good solubility in the oil
phase which causes more impurities to be present in the product crystals. This results in lower
overall purity. Seeding could be utilized when the concentration is 80 g/L to inhibit formation
of an oil phase as the introduction of seed would crystals lower the relative supersaturation.
Which in turn prevents the system crossing the oiling out curve. This would result in crystals
with higher purity. In the literature, oiling out has been reported to decrease yield, but in the
case of intermediate B crystallization from oil phase had higher yield. This can be explained
by examining the solubility curve; 80 g/L has higher theoretical yield compared to 60 g/L and
adequate mixing prevented the coalescence of oil droplets which hinders nucleation.

Table VIII  Effect of oiling out on product properties.
Initial CPME- Cooling rate | Purity (%) Yield (%) Oiling out
concentration | heptane- (°C)
(g/L) ethanol
60 28:65:8 0.3 99.38 79 No
80 28:65:8 0.3 99.28 85 Yes

Oil and liquid phase composition were determined in 30:70 CPME-heptane mixture to
investigate the type of liquid-liquid phase separation and results are presented in Table IX. As
the intermediate forms a highly viscous oil phase, sufficient mixing must be ensured to obtain
crystalline products from the oil phase. Insufficient mixing causes formation of a stable oil
phase where nucleation will not occur. HPLC purity analysis results can be found in Appendix
3.

Table IX Composition of oil and liquid phase in 30:70 CPME-heptane mixture.
Intermediate B CPME heptane
Oil phase 30% 45% 24%
Liquid phase 0.2% 58% 42%

Figure 24 shows microscope images from intermediate B crystals recovered with or without
oiling out. Product crystallized from oil phase was more agglomerated with smaller crystal size
and with no clear shape. Crystal obtained from normal crystallization were plate like with no

agglomeration.
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Figure 24 Microscope images from experiment 41 where crystals were recovered without (A) and
with (B) oiling out.

12.2.6 Usability of the crystallization process scheme

The applicability of the crystallization process scheme presented in Figure 9 was tested with
two process options: recovery of crystals by using low solute concentration (number 3) and
crystallization from oil phase (number 6). Both process options yielded crystals, so it can be
concluded that with the help of the process scheme presented in Figure 9 crystals can be
obtained by multiple ways from systems that oil out. Due to difficulties in phase diagram
determination only two process options were tested. Finally core results obtained from oiling

out investigations for intermediates A and B are presented in Table X.

Table X Main results from oiling out experiments of intermediate A and B.

Intermediate A

e Intermediate A did not oil out, formation of water droplets was caused by miscibility gap
between water and DMF.

Intermediate B

With heptane content > 50 vol% oiling out occurred during heating and cooling.

With heptane content between 20 and 50 vol% oiling out occurred only during cooling.
With heptane content < 20 vol% oiling out was prevented.

Addition of ethanol increases intermediate B solubility and reduces oiling out.

Efficient mixing is crucial to disperse viscous oil phase into liquid phase to induce
nucleation.

e Qiling out hindered spontaneous nucleation from several hours to days.
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Causes of oiling out: large difference in molecular weight and affinity between n-heptane
and intermediate B, inefficient mixing, and oil phase is metastable state for intermediate
B as described by Ostwald’s rule of stages.

Phase diagrams can be determined with Crystal16 at low cooling rates.

Oiling out reduced intermediate B purity and changed crystal properties.

Crystallization procedures presented in Figure 9 can be used to obtain crystalline
products in systems that oil out.
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13 CONCLUSIONS

Intermediate A oiling out behavior was studied with pure substance and in the presence of
impurities. Pure intermediate A did not oil out in dimethylformamide-2-propanol-water and
dimethylformamide-water solvent mixtures. When intermediate A was synthetized and
crystallized in presence of impurities, water droplets formed. Synthesis of intermediate A and
crystallization in presence of impurities showed that water addition during cooling
crystallization allowed formation of water droplets. This droplet formation was most likely
cause by miscibility gap between dimethylformamide and water. According to literature
sources impurities have not been reported to cause oiling out, instead they widen the area where
liquid-liquid phase separation can occur. From these results can be concluded that the

intermediate A did not have oiling out behavior.

Oiling out behavior of pure intermediate B was studied in various mixtures of CPME, heptane
and ethanol with different concentrations. Oiling out occurred when the heptane content was
over 20% and formation of highly viscous oil phase prevented and slowed spontaneous
nucleation due to insufficient mixing. With better mixing oil phase could have been dispersed
back into liquid phase and nucleation would not been inhibited for several hours. Addition of
ethanol increased intermediate B solubility, reduced the probability of oiling out and prevented
oiling out at low concentrations. Possible reasons for oiling out were: large affinity and
molecular weight difference between intermediate B and n-heptane, oil phase is one of the
metastable states of intermediate B as described by Ostwald’s rule of stages, and insufficient
energy to overcome thermodynamic barrier required for crystallization due to inefficient
mixing. Phase diagrams and solubility curves were determined with Crystal16 to understand
oiling out behavior of intermediate B in two mixtures. Liquid-liquid phase separation occurred
during heating with high concentrations and was prevented at low concentrations. This was in
line with the data reported in the literature. With the help of the phase diagram, the effect of
liquid-liquid phase separation on product properties was investigated. Moreover, phase
diagram can be used to find optimal crystallization conditions in order to prevent oiling out.
Oiling out effected product crystal size, degree of agglomeration, shape, purity and melting
point. Oiling out decreased all product properties expect yield as predicted by literature sources.
Oiling out can be prevented during cooling crystallization when phase diagram is constructed,

and suitable concentrations and temperatures are chosen as crystallization parameters. Products
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obtained from oil phase have worse properties such as smaller crystal size, irregular shape,
degree of agglomeration and melting point compared to crystals obtained without oiling out
due to oil phase being good solvent for impurities. Furthermore, the crystallization process
procedures presented in chapter 8 can be used to obtain crystals from systems which have

tendency to oil out.

Further research is needed to determine where seeding must be done to prevent oiling out, what
is the maximum heptane content where addition of seed crystals does not inhibit liquid-liquid
phase separation and how impurities change dynamics of oiling out. The knowledge of exact
seeding point and heptane content where oiling out occurs enables the use of higher
concentrations in cooling crystallization, which could improve yields depending on solubility
curves. Crystallization processes concerning pharmaceutical intermediates and end products
have usually high amounts of impurities from synthesis which can affect crystallization
dynamics and in the case of oiling out bring the liquid-liquid phase separation curve closer to
solubility curve thus requiring lower initial concentrations in order to prevent oiling out.
Finally, the other of the process options presented in chapter 8 must be investigated to know

what process produces the most suitable product.
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APPENDIX 1 — TABLES OF CLEAR AND CLOUD POINTS
EXPERIMENTS

1/12

IN DIFFERENT

Table XI Average dissolution and crystallization temperatures for experiment 6 in 35:65 CPME-
heptane mixture.
Concentration, g/L | 10 | 20 ‘ 30 ‘ 40
1. heating and cooling
Avg. Dissolution temperature, °C 62.2| 67.6| 685| 684
Avg. Deviation, °C 0.5 0.8 0.2 0.2
Avg. Crystallization temperature, °C | 45.8| 45.0| 48.3| 47.7
Avg. Deviation, °C 2.4 0.4 0.0 0.5
2. heating and cooling
Avg. Dissolution temperature, °C 60.4| 63.9| 635| 635
Avg. Deviation, °C 0.2 0.5 0.3 0.1
Avg. Crystallization temperature, °C | 37.9| 29.0| 36.3| 37.7
Avg. Deviation, °C 0.6 2.6 1.5 1.0
3. heating and cooling
Avg. Dissolution temperature, °C 58.0| 58.7| 61.1]| 612
Avg. Deviation, °C 0.0 0.0 0.2 0.1
Avg. Crystallization temperature, °C | 29.0| 27.8| 25.9| 25.9
Avg. Deviation, °C 2.5 2.8 0.9 1.2
4. heating and cooling
Avg. Dissolution temperature, °C 55.1| 56.2| 59.4| 59.8
Avg. Deviation, °C 0.1 0.1 0.2 0.1
Avg. Crystallization temperature, °C - - - -
Avg. Deviation, °C - - - -
Table XII Average dissolution and crystallization temperatures for experiment 7 in 40:60 CPME-
heptane mixture.
Concentration, g/L ‘ 10 ‘ 20 ‘ 30 ‘ 40
1. heating and cooling
Avg. Dissolution temperature, °C 62.5| 655| 720| 67.0
Avg. Deviation, °C 0.3 0.2 3.2 0.2
Avgq. Crystallization temperature, °C | 44.7| 45.1| 47.6| 48.0
Avg. Deviation, °C 1.3 1.1 0.2 0.4
2. heating and cooling
Avg. Dissolution temperature, °C 58.6| 60.1] 622 622
Avg. Deviation, °C 0.0 0.1 0.0 0.1
Avg. Crystallization temperature, °C | 38.5| 35.6| 37.9| 37.4
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Avg. Deviation, °C | 11] 12| 06| 10
3. heating and cooling
Avg. Dissolution temperature, °C 56.2| 57.0| 59.3] 59.6

Avg. Deviation, °C 0.3 0.3 0.1 0.3
Avg. Crystallization temperature, °C | 27.7| 25.0] 25.0/ 26.0
Avg. Deviation, °C 1.4 0.0 0.0 1.4

4. heating and cooling
Avg. Dissolution temperature, °C 53.9| 545| 573| 2325

Avg. Deviation, °C 0.5 0.2 0.0] 233.0
Avg. Crystallization temperature, °C - - -|  20.0
Avg. Deviation, °C - - - 0.0
Table X111 Average dissolution and crystallization temperatures for experiment 8 in 45:55 CPME-

heptane mixture.

Concentration, g/L \ 10 \ 20 \ 30 \ 40
1. heating and cooling
Avg. Dissolution temperature, °C 59.7| 63.1]| 65.6| 65.6

Avg. Deviation, °C 0.2 0.2 0.2 0.2
Avg. Crystallization temperature, °C | 41.8| 43.6| 47.2| 545
Avg. Deviation, °C 0.8 0.1 1.1 3.4

2. heating and cooling
Avg. Dissolution temperature, °C 56.1| 58.9| 60.8] 60.7

Avg. Deviation, °C 0.2 0.2 0.2 0.1
Avg. Crystallization temperature, °C | 35.2| 325| 36.8] 37.6
Avg. Deviation, °C 1.3 0.9 0.3 0.7

3. heating and cooling
Avg. Dissolution temperature, °C 53.6| 55.8| 58.4| 585

Avg. Deviation, °C 0.1 0.2 0.1 0.2
Avg. Crystallization temperature, °C| 25.0| 25.0] 25.5| 25.0
Avg. Deviation, °C 0.0 0.0 0.4 0.0

4. heating and cooling
Avg. Dissolution temperature, °C 51.3| 53.7| 56.1| 56.4
Avg. Deviation, °C 0.1 0.1 0.1 0.1
Avg. Crystallization temperature, °C - - - -
Avg. Deviation, °C - - - -
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Table XIV  Average dissolution and crystallization temperatures for experiment 9 in 50:50 CPME-

heptane mixture.

Concentration, g/L ‘ 10 ‘ 20 | 30 | 40
1. heating and cooling
Avg. Dissolution temperature, °C 56.3| 60.6| 638 64.0
Avg. Deviation, °C 0.4 0.2 0.0 0.2
Avg. Crystallization temperature, °C | 35.2| 38.4| 44.8| 46.6
Avg. Deviation, °C 1.5 0.3 3.8 0.2
2. heating and cooling
Avg. Dissolution temperature, °C 525| 56.4| 59.1| 59.7
Avg. Deviation, °C 0.4 0.2 0.3 0.2
Avg. Crystallization temperature, °C | 25.6| 28.6| 32.5| 40.6
Avg. Deviation, °C 0.8 0.5 1.0 6.9
3. heating and cooling
Avg. Dissolution temperature, °C 50.1| 53.9| 56.2| 56.8
Avg. Deviation, °C 0.2 0.3 0.3 0.3
Avg. Crystallization temperature, °C | 25.0f| 25.0/ 25.0/ 25.0
Avg. Deviation, °C 0.0 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C 479| 52.0| 53.9| 55.0
Avg. Deviation, °C 0.0 0.2 0.4 0.3
Avg. Crystallization temperature, °C | 25.0 - - -
Avg. Deviation, °C 0.0 - - -

Table XV Average dissolution and crystallization temperatures for experiment 10 in 55:45 CPME-

heptane mixture.

Concentration, g/L ‘ 10 ‘ 20 ‘ 30 ‘ 40
1. heating and cooling

Avg. Dissolution temperature, °C 53.4| 57.8| 60.9| 615

Avg. Deviation, °C 0.3 0.0 0.2 0.2

Avg. Crystallization temperature, °C | 26.5| 33.4| 36.4| 379

Avg. Deviation, °C 0.6 0.7 0.5 0.9
2. heating and cooling

Avg. Dissolution temperature, °C 48. 7| 53.3| 56.5| 57.2

Avg. Deviation, °C 0.2 0.2 0.2 0.1

Avg. Crystallization temperature, °C | 25.0| 25.8| 28.3] 34.7

Avg. Deviation, °C 0.0 0.6 1.1 1.2
3. heating and cooling

Avg. Dissolution temperature, °C 46.6| 51.1| 544| 547

Avg. Deviation, °C 0.1 0.4 0.2 0.1
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Avg. Crystallization temperature, °C -| 250 250 25.0
Avg. Deviation, °C - 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C -| 526| 525 286
Avg. Deviation, °C - 4.7 0.2 0.0
Avg. Crystallization temperature, °C - - - -
Avg. Deviation, °C - - - -

Table XVI  Average dissolution and crystallization temperatures for experiment 11 in 60:40 CPME-

heptane mixture.

Concentration, g/L ‘ 10 ‘ 20 ‘ 30 ‘ 40
1. heating and cooling
Avg. Dissolution temperature, °C 50.9| 55.3] 588| 595
Avg. Deviation, °C 0.6 0.0 0.0 0.2
Avg. Crystallization temperature, °C | 25.0| 28.7| 140.9| 35.8
Avg. Deviation, °C 0.0 0.2 143.1 1.0
2. heating and cooling
Avg. Dissolution temperature, °C -| 50.7| 542| 552
Avg. Deviation, °C - 0.2 0.1 0.1
Avg. Crystallization temperature, °C -| 250 258| 28.0
Avg. Deviation, °C - 0.0 0.8 0.7
3. heating and cooling
Avg. Dissolution temperature, °C -| 48.7| 521| 53.0
Avg. Deviation, °C - 0.2 0.1 0.1
Avg. Crystallization temperature, °C - -| 25.0] 25.0
Avg. Deviation, °C - - 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C - -] 50.9| 513
Avg. Deviation, °C - - 0.3 0.2
Avg. Crystallization temperature, °C - - - -
Avg. Deviation, °C - - - -

Table XVII  Average dissolution and crystallization temperatures for experiment 13 in 60:40 CPME-

heptane mixture.

Concentration, g/L \ 60 \ 80 ’ 100
1. heating and cooling

Avg. Dissolution temperature, °C 60.7| 61.2| 618

Avg. Deviation, °C 0.0 0.0 0.0




Avg. Crystallization temperature, °C | 40.4| 40.3| 41.8
Avg. Deviation, °C 0.0 0.0 0.0
2. heating and cooling
Avg. Dissolution temperature, °C 57.2| 579 585
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 35.5| 37.6] 39.1
Avg. Deviation, °C 0.0 0.0 0.0
3. heating and cooling
Avg. Dissolution temperature, °C 55.7| 56.6| 575
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 30.5| 344| 37.7
Avg. Deviation, °C 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C 545| 55.7| 56.6
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 24.6| 30.7| 31.4
Avg. Deviation, °C 0.0 0.0 0.0
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Table XVIII  Average dissolution and crystallization temperatures for experiment 12 in 70:30 CPME-

heptane mixture.

Concentration, g/L \ 10 \ 20 \ 30 \ 40
1. heating and cooling

Avg. Dissolution temperature, °C 40.8| 495| 493| 534

Avg. Deviation, °C 2.6 0.5 3.4 1.6

Avg. Crystallization temperature, °C -] 193] 283 29.0

Avg. Deviation, °C - 2.0 1.3 1.1
2. heating and cooling

Avg. Dissolution temperature, °C -| 45.0| 486| 50.3

Avg. Deviation, °C - 0.2 0.8 1.4

Avg. Crystallization temperature, °C -| 16.1| 18.3| 244

Avg. Deviation, °C - 0.4 3.3 0.1
3. heating and cooling

Avg. Dissolution temperature, °C -| 44.0] 48.1| 49.7

Avg. Deviation, °C - 0.4 0.0 0.6

Avg. Crystallization temperature, °C -| 15.0] 15.0] 16.9

Avg. Deviation, °C - 0.0 0.0 1.9
4. heating and cooling

Avg. Dissolution temperature, °C -| 424| 46.6| 484

Avg. Deviation, °C - 0.1 0.0 0.8

Avg. Crystallization temperature, °C -1 20.0f 150 15.0




| Avg

. Deviation, °C \

0.0]

0.0]

0.0]
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Table XIX  Average dissolution and crystallization temperatures for experiment 11 in 70:30 CPME-

heptane mixture.

Concentration, g/L \ 60 \ 80 \ 100
1. heating and cooling
Avg. Dissolution temperature, °C 56.7| 60.8] 60.6
Avg. Deviation, °C 4.5 1.3 1.1
Avg. Crystallization temperature, °C | 38.1| 41.4| 419
Avg. Deviation, °C 6.0 1.9 1.0
2. heating and cooling
Avg. Dissolution temperature, °C 51.4| 57.9| 57.7
Avg. Deviation, °C 7.9 1.5 0.9
Avg. Crystallization temperature, °C | 36.1| 35.0| 35.9
Avg. Deviation, °C 4.2 6.1 4.1
3. heating and cooling
Avg. Dissolution temperature, °C 53.6| 47.6| 49.0
Avg. Deviation, °C 28| 134| 113
Avg. Crystallization temperature, °C | 32.6| 33.6| 33.9
Avg. Deviation, °C 3.0 3.4 1.9
4. heating and cooling
Avg. Dissolution temperature, °C 51.5| 55.5| 49.0
Avg. Deviation, °C 3.6 1.7 9.8
Avg. Crystallization temperature, °C | 33.7| 31.2| 31.9
Avg. Deviation, °C 3.1 0.7 3.1

Table XX Average dissolution and crystallization temperatures for experiment 14 in 80:20 CPME-

heptane mixture.

Concentration, g/L \ 10 \ 20 \ 30 \ 40
1. heating and cooling

Avg. Dissolution temperature, °C 47.3| 36.3| 404| 434

Avg. Deviation, °C 00| 142 122| 1038

Avg. Crystallization temperature, °C -1 15.0] 221| 27.2

Avg. Deviation, °C - 0.0 0.0 0.0
2. heating and cooling

Avg. Dissolution temperature, °C -1 439 473| 499

Avg. Deviation, °C - 0.0 0.0 0.0

Avg. Crystallization temperature, °C -] 15,0 18.1| 236
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Avg. Deviation, °C | -] 00| 00/ 00
3. heating and cooling

Avg. Dissolution temperature, °C -| 435| 46.9| 49.1

Avg. Deviation, °C - 0.0 0.0 0.0

Avg. Crystallization temperature, °C - -| 152 216

Avg. Deviation, °C - - 0.0 0.0
4. heating and cooling

Avg. Dissolution temperature, °C - -| 46.6| 486

Avg. Deviation, °C - - 0.0 0.0

Avg. Crystallization temperature, °C - - -l 194

Avg. Deviation, °C - - - 0.0

Table XXI  Average dissolution and crystallization temperatures for experiment 14 in 80:20 CPME-
heptane mixture.

Concentration, g/L \ 60 \ 80 \ 100
1. heating and cooling
Avg. Dissolution temperature, °C 54.3| 54.8| 55.7

Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 32.3| 33.5| 34.6
Avg. Deviation, °C 0.0 0.0 0.0

2. heating and cooling
Avg. Dissolution temperature, °C 51.6| 53.1| 54.0

Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 28.0| 30.4| 32.7
Avg. Deviation, °C 0.0 0.0 0.0

3. heating and cooling
Avg. Dissolution temperature, °C 51.1| 52.6| 535

Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 28.8| 28.3| 28.6
Avg. Deviation, °C 0.0 0.0 0.0

4. heating and cooling
Avg. Dissolution temperature, °C 50.8| 52.1| 53.6
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 26.1| 28.0| 26.6
Avg. Deviation, °C 0.0 0.0 0.0
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Table XXII  Average dissolution and crystallization temperatures for experiment 18 in 59:40:1
CPME-heptane-ethanol mixture.

Concentration, g/L \ 10 \ 20 \ 30 \ 40
1. heating and cooling
Avg. Dissolution temperature, °C 494 421 45.7| 485
Avg. Deviation, °C 0.0 11.1| 100 9.3
Avg. Crystallization temperature, °C | 16.6| 25.4| 30.8| 34.6
Avg. Deviation, °C 0.0 0.0 0.0 0.0
2. heating and cooling
Avg. Dissolution temperature, °C 41.7| 48.1| 514| 537
Avg. Deviation, °C 0.0 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 15.0] 20.1| 25.7| 30.0
Avg. Deviation, °C 0.0 0.0 0.0 0.0
3. heating and cooling
Avg. Dissolution temperature, °C 40.3| 46.6| 49.3] 519
Avg. Deviation, °C 0.0 0.0 0.0 0.0
Avg. Crystallization temperature, °C -| 156| 18.0| 244
Avg. Deviation, °C - 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C -| 45.0/ 479| 505
Avg. Deviation, °C - 0.0 0.0 0.0
Avg. Crystallization temperature, °C - -| 15.0] 20.9
Avg. Deviation, °C - - 0.0 0.0

Table XXIII  Average dissolution and crystallization temperatures for experiment 18 in 59:40:1
CPME-heptane-ethanol mixture.

Concentration, g/L \ 60 \ 80 \ 100
1. heating and cooling

Avg. Dissolution temperature, °C 58.5| 59.1| 59.7

Avg. Deviation, °C 0.0 0.0 0.0

Avg. Crystallization temperature, °C | 36.9| 40.7| 39.7

Avg. Deviation, °C 0.0 0.0 0.0
2. heating and cooling

Avg. Dissolution temperature, °C 55.1| 56.3| 56.6

Avg. Deviation, °C 0.0 0.0 0.0

Avg. Crystallization temperature, °C | 36.9| 35.4| 324

Avg. Deviation, °C 0.0 0.0 0.0
3. heating and cooling




Avg. Dissolution temperature, °C 53.7| 55.0] 555
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 28.1| 33.6| 36.1
Avg. Deviation, °C 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C 524| 539| 546
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 23.6| 28.8| 32.0
Avg. Deviation, °C 0.0 0.0 0.0
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Table XXIV Average dissolution and crystallization temperatures for experiment 19 in 59:39:2
CPME-heptane-ethanol mixture.

Concentration, g/L \ 10 \ 20 \ 30 \ 40
1. heating and cooling
Avg. Dissolution temperature, °C 434 36.4| 412 438
Avg. Deviation, °C 0.0/ 120| 101 9.6
Avg. Crystallization temperature, °C -| 184 26.0] 294
Avg. Deviation, °C - 0.0 0.0 0.0
2. heating and cooling
Avg. Dissolution temperature, °C -| 432| 471] 493
Avg. Deviation, °C - 0.0 0.0 0.0
Avg. Crystallization temperature, °C -| 150 183| 23.1
Avg. Deviation, °C - 0.0 0.0 0.0
3. heating and cooling
Avg. Dissolution temperature, °C -| 283| 299| 331
Avg. Deviation, °C - 13.3 14.9 14.4
Avg. Crystallization temperature, °C - - - -
Avg. Deviation, °C - - - -
4. heating and cooling
Avg. Dissolution temperature, °C -] 40.1| 431] 458
Avg. Deviation, °C - 0.0 0.0 0.0
Avg. Crystallization temperature, °C - -| 15.0] 15.0
Avg. Deviation, °C - - 0.0 0.0

Table XXV  Average dissolution and crystallization temperatures for experiment 19 in 59:39:2
CPME-heptane-ethanol mixture.

Concentration, g/L

60

80

| 100

1. heating and cooling




Avg. Dissolution temperature, °C 55.7] 56.9| 58.0
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 34.8| 35.2| 38.9
Avg. Deviation, °C 0.0 0.0 0.0
2. heating and cooling
Avg. Dissolution temperature, °C 529| 539 549
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 29.0| 32.6| 34.8
Avg. Deviation, °C 0.0 0.0 0.0
3. heating and cooling
Avg. Dissolution temperature, °C 51.3| 52.7| 589
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 25.1| 29.6| 32.6
Avg. Deviation, °C 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C 50.0/ 51.8] 531
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 20.6| 25.7| 31.0
Avg. Deviation, °C 0.0 0.0 0.0
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Table XXVI Average dissolution and crystallization temperatures for experiment 19 in 58:39:3
CPME-heptane-ethanol mixture.

Concentration, g/L \ 10 \ 20 \ 30 \ 40
1. heating and cooling

Avg. Dissolution temperature, °C 394 334 389| 415

Avg. Deviation, °C 00| 123| 10.8| 10.2

Avg. Crystallization temperature, °C -| 15.0| 226| 26.3

Avg. Deviation, °C - 0.0 0.0 0.0
2. heating and cooling

Avg. Dissolution temperature, °C -| 40.2| 45.0| 417

Avg. Deviation, °C - 0.0 0.0 0.0

Avg. Crystallization temperature, °C - -/ 15.0] 21.3

Avg. Deviation, °C - - 0.0 0.0
3. heating and cooling

Avg. Dissolution temperature, °C - -| 428| 46.0

Avg. Deviation, °C - - 0.0 0.0

Avg. Crystallization temperature, °C - -/ 15.0] 156

Avg. Deviation, °C - - 0.0 0.0
4. heating and cooling

Avg. Dissolution temperature, °C \ \ \ 41.7\ 44.3




Avg. Deviation, °C - - 0.0 0.0
Avg. Crystallization temperature, °C - - -| 15.0
Avg. Deviation, °C - - - 0.0
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Table XXVII Average dissolution and crystallization temperatures for experiment 19 in 58:39:3
CPME-heptane-ethanol mixture.

Concentration, g/L ‘ 60 ‘ 80 | 100
1. heating and cooling
Avg. Dissolution temperature, °C 51.9| 53.0| 54.6
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 29.1| 32.4| 35.5
Avg. Deviation, °C 0.0 0.0 0.0
2. heating and cooling
Avg. Dissolution temperature, °C 49.1| 50.3| 520
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 26.5| 28.6| 315
Avg. Deviation, °C 0.0 0.0 0.0
3. heating and cooling
Avg. Dissolution temperature, °C 477 49.3| 50.8
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 51.3| 26.3| 29.3
Avg. Deviation, °C 0.0 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C 26.7| 48.4| 499
Avg. Deviation, °C 0.0 0.0 0.0
Avg. Crystallization temperature, °C | 15.0| 21.8| 25.6
Avg. Deviation, °C 0.0 0.0 0.0

Table XXVIII Average dissolution and crystallization temperatures for experiment 25 in 27:63:11
CPME-heptane-ethanol mixture.

Concentration, g/L ’ 10 ’ 20 ‘ 30 ‘ 40
1. heating and cooling

Avg. Dissolution temperature, °C 26.3| 32.3| 28.1| 327

Avg. Deviation, °C 0.0 15| 10.9 9.3

Avg. Crystallization temperature, °C - - 6.4 14.2

Avg. Deviation, °C - - 0.0 0.0
2. heating and cooling

Avg. Dissolution temperature, °C - \ 34.7\ 37.9




Avg. Deviation, °C - - 0.0 0.0
Avg. Crystallization temperature, °C - 0.0 00| 154
Avg. Deviation, °C - 0.0 0.0 0.0
3. heating and cooling
Avg. Dissolution temperature, °C -| 29.3| 342 37.7
Avg. Deviation, °C - 0.0 0.0 0.0
Avg. Crystallization temperature, °C - - 46| 10.1
Avg. Deviation, °C - - 0.0 0.0
4. heating and cooling
Avg. Dissolution temperature, °C - -l 341 37.2
Avg. Deviation, °C - - 0.0 0.0
Avg. Crystallization temperature, °C -| 10.0 1.0 8.2
Avg. Deviation, °C - 0.0 0.0 0.0
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Table XXIX Average dissolution and crystallization temperatures for experiment 25 in 27:63:11
CPME-heptane-ethanol mixture.

Concentration, g/L ‘ 60 ‘ 80 ‘ 100
1. heating and cooling
Avg. Dissolution temperature, °C 420 44.0| 458
Avg. Deviation, °C 0.8 0.7 0.5
Avg. Crystallization temperature, °C | 19.1| 24.3| 24.8
Avg. Deviation, °C 2.0 0.4 2.0
2. heating and cooling
Avg. Dissolution temperature, °C 415| 43.6| 453
Avg. Deviation, °C 0.9 0.7 0.8
Avg. Crystallization temperature, °C | 19.8| 25.6| 24.3
Avg. Deviation, °C 1.7 0.3 0.3
3. heating and cooling
Avg. Dissolution temperature, °C 41.4| 43.2| 451
Avg. Deviation, °C 0.6 0.6 0.5
Avg. Crystallization temperature, °C | 18.6| 24.0| 25.1
Avg. Deviation, °C 0.7 1.2 3.0
4. heating and cooling
Avg. Dissolution temperature, °C 41.1| 432 448
Avg. Deviation, °C 0.5 0.4 0.5
Avg. Crystallization temperature, °C | 19.9| 22.7| 234
Avg. Deviation, °C 0.4 2.9 3.1
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Table XXX  Raw data from intermediate B solubility and oiling out studies in 35:65 CPME-heptane
mixture. Three parallel samples for all samples.

end of mixing
cycle

of mixing phase

Concentration, | 10 20 30 40

g/L

1. heating TDy1 =62.8 °C TDy1 =67.2 °C TD,1 =68.8 °C TD,1 =68.7 °C
Tp,=61.5°C Tp,=68.7 °C Tp,=68.3°C Tp,=68.3°C
Tp3=62.3°C Tp3=66.8 °C Tp3=68.3°C Tp3=68.3°C

Oiling out 1st sample does not | 1st sample oiled | Oil phase Oil phase
oil out or drops are | out 72 °C, 2 and | formation formation at 75
at vial walls, 3 samples at begins at 74.6 °C at begin of
samples 2 and 3 0il | 73.8 °C °C during cooling phase
out at 69.7 °C cooling phase
during cooling

Nucleation Tc1=47.6 °C Tc1=45.6 °C Tc1=48.3°C Tc1=47.2°C
Tc,z =47.6 °C TC,Z =445 °C TC,Z =48.3 °C TC,Z =47.5 °C
Tc3=42.3 °C Tc3=44.8°C Tc3=48.3°C Tc3=48.5°C

Mixing at 75 Possibly oil droplet | Oil droplet Oil droplets Oil droplets

°C formation formation at the | form at the end | remain stable at

75 °C

Cooling

Oil droplets form in
vial 2 and 3 at 69,8
°C

Oil droplets
begin to form

Crystallization
occurs from oil
droplets at 48.3
°C

Crystallization
at TC

Mixing at 25
°C

Crystals appear at
Tc

Crystals appear
at Tc

Crystals appear
at Tc

Crystals appear
at Tc

coalesce into large
droplets and stuck
to vial walls, hence
no detected
turbidity

solution or
coalesce into
large droplets
and stuck to vial
walls, hence no

droplets go back
to solution at 74
°C

2. heating Tp1=60.3 °C Tp1=63.5°C Tp1=64°C Tp1=63.7°C
TD,Z =60.3 °C TD,Z =63.5°C TD,Z =63.3°C TD,Z =63.3°C
Tp3=60.7 °C Tp3=64.7 °C Tp3=63.3°C Tp3=63.5"°C
Oiling out Oiling out in all Samples 1 and 2 | Oiling out at 64 | Oiling out
vials at 61.3 °C begin to oil out °C after occurs after
immediately after at 46.7 °C and dissolution and dissolution and
dissolution 41.9 °C oil phase remains stable
respectively, 3" | disappears at 74 | at 75 °C, oil
sample turbidity | °C droplets
changes at 72.3 coalesce into
°C larger
Nucleation Tc1=37.7°C Tc1=25°C Tc1=38.6°C Tc1=38.5°C
Tc2=37.1°C Tc2=30.9 °C Tc2=35.6°C Tc,=38.4°C
Tc3=38.8°C Tc3=31"°C Tc3=34.8°C Tc3=36.3°C
Mixing at 75 Oil droplets dissolve | Oil droplets 2nd and 3rd Oil droplets
°C into solution or dissolve into sample oil dissolve into

solution or
coalesce into
large droplets
and stuck to vial
walls, hence no
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detected
turbidity

detected
turbidity

Cooling

Oil droplets form
during cooling or
more droplets are

Oil droplets
form during
cooling or more

Oil phase begins
to form at 67
°C,60.6 °C and

Oil phase is
present during
cooling and

formed which are droplets are 58.4 °C, and crystallization
detected formed which crystallization occurs from oil
are detected occurs at TC phase

Mixing at 25 Crystallization at T¢ | Crystallization Crystallization Crystallization

°C at Tc at Tc at T¢

3. heating Tp1=58°C Tp1=58.7 °C Tp1=61.3°C Tp1=61.3°C
Tp2=579°C Tp,=58.7°C Tp2=60.9 °C Tp2=61.2"°C
Tp3=58 °C Tp3=58.8 °C Tp3=61°C Tp3=61.1°C

Oiling out Oil phase formation | Oil phase forms | Oil phase forms | Oil phase forms
at 59.1 °C, after after dissolution | after dissolution | after dissolution
dissolution at 58.7 °C at 61 °C at 61 °C

Nucleation Tc1=26.5°C Tei=-°C Tc1=26.7°C Tc1=27.8°C
Tc2=314"°C Tc2=25°C Tc2=25°C Tc2=25°C
Tesz=-"C Tc3=30.5°C Tea=-°C Tc3=25°C

Mixing at 75 Oil droplets gather | Oil droplets Oil droplets Oil phase

°C to walls of vial or coalesce or go coalesce into remains stable
return to solution back to solution | large droplets at75°C

around wall or

go back to
solution
Cooling More oil droplets 3rd sample Oil phase forms | Coalesce of oil
are formed, or crystallizes at during cooling droplets
droplets come out 30.5°C at 61 °C and followed by
of solution crystallization crystallization
occurs for
samples 1 and 2
at Tcq and Tc,
respectively
Mixing at 25 Crystallization at T¢ | 2" sample 2" sample Samples 2 and 3
°C for samples 1 and 2 | crystallizes at crystallizes crystallize
end of mixing during mixing during mixing
phase phase phase
4. heating Tp1=55.1°C Tp1=-°C Tp1=59.6 °C Tp1=60°C
Tp2=55"°C Tp2=56.3°C Tp2=59.2 °C Tp,=59.7 °C
Tp3=-"C Tp3=56.1°C Tp3=-"C Tp3=59.7 °C
Oiling out 1 and 2 oiled out Oiling out Oiling out Formation of oil
after dissolution, occurs after occurs after phase occurs
3rd sample had dissolution, 1 dissolution, 3rd | after dissolution
stable oil phase sample remains | sample oils out
during heating and as stable oil more
cooling phase
Nucleation Te1=-°C Te1=-°C Te1=-°C Te1=-°C
Tcao=-°C Tca=-°C Tca=-°C Tca=-"°C
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Tc,3=' OC Tc,3=' OC Tc,3=' °C Tc,3=' OC
Mixing at 75 Oil phase returns to | Oil phase Oil droplets Oil phase
°C solution or returns to return to remains stable
coalescent into solution or solution at 71 at75 °C
large droplets at coalescent into | °C when heating
bottom of the vial large droplets at | or go bottom
bottom of the part of the vial
vial
Cooling Oil phase prevents Oil phase Oil phase Oil phase
crystallization from | prevents prevents prevents
occurring crystallization crystallization crystallization
from occurring from occurring from occurring
Mixing at 25 No crystals present | No crystals No crystals No crystals
°C present present present

Table XXXI Raw data from intermediate B solubility and oiling out studies in 40:60 CPME-heptane
mixture. Three parallel samples for all samples.

Concentration, | 10 20 30 40

g/L

1. heating Tp1=62.3°C Tp1=65.8 °C Tp1=67.2°C Tp1=67.3°C
Tp,=62.3°C Tp,=65.3°C Tp,=75°C Tp,=66.8 °C
Tp3=62.9 °C Tp3=65.3°C Tp3=73.8°C Tp3=66.8 °C

Oiling out Oiling out during Oiled out after | Oiling out after | Oiling out after
cooling phase at 68, | dissolution dissolution, oil dissolution, oil
67.5 and 66.2 °C phase remains phase remains
for samples 1, 2 stable during stable during
and 3 respectively heating and heating and

mixing mixing

Nucleation Tc1=42.7 °C Tc1=46.7 °C Tc1=47.7 °C Tc1=47.7 °C
Tc2=455"°C Tc,=44.2°C Tc,=47.8"°C Tc,=48.6 °C
Tc3=45.9 °C Tc3=44.4°C Tc3=47.4 °C Tc3=47.7 °C

Mixing at 75 No oiling out during | Oil phase Oil phase Oil phase

°C mixing remains stable remains stable remains stable

at 75 °C

Cooling Oiling out occurs Crystallization Crystallization Crystallization
during cooling from oil phase occurs from oil occurs from oil
followed by occurs at TC phase at TC phase at TC

crystallization later

Mixing at 25

All samples

All samples

All samples

All samples

immediately after

occurs during

dissolution, oil

C crystallized crystallized crystallized crystallized
2. heating Tp,1=58.6 °C Tp1=60.2 °C Tp1=62.2°C Tp1=62.4°C
Tp,=58.6 °C Tp2=60°C Tp2=62.2°C Tp2=62.2 °C
Tp3=58.5°C Tp3=60°C Tp3=62.2°C Tp3=62.1°C
Oiling out Oil phase formed Oiling out Oiling out after | Oiling out after

dissolution, oil
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dissolution at 58.6
°C

cooling phase,
due to oil stuck
on wall possibly

phase remains
stable during
heating and

phase remains
stable during
heating and

no oiling out mixing mixing
during heating
Nucleation Tc1=36.9 °C Tc1=37.5°C Tc1=38.9°C Tc1=36.9 °C
Tc,z = 396 OC Tc’z = 347 °C Tc'z = 378 DC Tc'z = 389 °C
Tc3=39 °C Tc3=34.7°C Tc3=37.1°C Tc3=36.5°C
At 61 °C oil phase Possibly oil Oil phase Oil phase

Mixing at 75
°C

returns to solution
or gathers around

phase stuck on
walls which

remains stable

remains stable

vial walls inhibits
additional
formation of oil
Cooling Crystallization More oil forms Crystallization Crystallization
occurs at TC, during cooling in | occurs from oil occurs from oil
possibly without addition to phase at TC phase at TC

oiling out reactor walls,
crystallization
occurs from oil
phase at TC
Mixing at 25 All samples All samples All samples All samples
°C crystallized crystallized crystallized crystallized
3. heating Tp,1=56.6 °C Tp1=57.4°C Tp1=59.4°C Tp,1=60°C
Tp2=56.2 °C Tp,=56.8°C Tp2=59.2 °C Tp,=59.7 °C
Tp3=55.8°C Tp3=56.7 °C Tp3=59.2°C Tp3=59.2°C
Oiling out Oiling out occurred | Oiling out Oiling out after | Oiling out after
in samples 2 and 3 during heating dissolution, oil dissolution, oil
at 57 °C after for 1st sample, phase remains phase remains
dissolution, possibly | possibly oil stable during stable during
no oiling out during | stuck on the heating and heating and
cooling wall on samples | mixing mixing
2 and 3, which
inhibits oil
phase formation
during heating
Nucleation Tc1=29.4°C Tc1=25°C Te1=-°C Tc1=25°C
Tc,=28.1°C Tc2=25°C Tc,=25°C Tc2=25°C
Tc3=25.7°C Tez=-°C Tez=-°C Tc3=28.1°C
Mixing at 75 Oil phase returns to | Oil phase Oil phase stuck | Oil phase
°C solution or gathers returns to on walls hence remains stable

around wall

solution or get
stuck on vial
walls

100%
transmission or
oil returns to
solution

Cooling

37 sample oiled out
during cooling at
38.5°C,1and 2

Oiling out
during cooling
at 69.5, 53.3
and 43.2, and

Oil phase grows
during cooling
phase

Crystallization
occurs from oil
phase at TC
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crystallized without | crystallization
oiling out at TC
Mixing at 25 All samples 37 sample did 2" sample All samples
°C crystallized not crystallize crystallized at crystallized
due to low TC, 1 and 3
supersaturation, | remained as oil
i.e. oil phase and liquid phase
stuck on walls
lowered
concentration in
liquid
4. heating Tp1=54.6 °C Tp1=54.7 °C Tp1=-°C Tp1=58.2°C
Tp2=53.5°C Tp,=54.3°C Tp,=57.3°C Tp2=57.9 °C
Tp3=53.5°C Tp3=-"C Tp3=-"C Tp3=57.5"°C
Oiling out Samples 2 and 3 Oiling out 15t and 2" Oiling out after
oiled out during during heating sample oiling dissolution, oil
heating at 54.8 and | and oil phase out reduced phase remains
55.3 °C returns into during heating, stable during
solution or get difference in heating and
stuck on walls transmission mixing
due to oil stuck
on different
locations on vial
walls (some on
detector some
not)
Nucleation Te1=-°C Te1=-°C Te1=-°C Te1=20°C
Tca=-°C Tc,=-°C Tc,=-°C Tc2=20°C
Tez=-°C Tez=-°C Tez=-°C Tc3=20"°C
Oil phase in Oil droplets Oil droplets Oil phase

Mixing at 75
°C

samples 2 and 3
returned into

returned into
solution during

returned into
solution during

remains stable

solution or gathered | heating or heating or
around wall at 71.1 | gathered around | gathered around
and 64.4 °C vial walls vial walls
Cooling 3rd sample oiled Oil droplets are | Transmission Crystallization
out 56.1 °C, other formed during decreases due after
samples did not cooling and they | to oil phase considerable

show oiling out
behavior

inhibit
crystallization

growing and
increases when
oil phase
coalesce into
bottom part of
the vial

mixing at 20 °C

Mixing at 25
°C

No crystals

No crystals

No crystals

Crystallization
occurs after
long mixing time
at 20 °C




Table XXXII Raw data from intermediate B solubility and oiling out studies in 45:55 CPME-heptane

mixture. Three parallel samples for all samples.
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Concentration, | 10 20 30 40

mg/mL

1. heating TDy1 =59.8 °C TDy1 =63.2 °C TD,1 =65.8 °C TD,1 =65.8 °C
Tp2=59.4°C Tp,=63.2°C Tp2=65.3°C Tp,=65.8°C
Tp3=59.8 °C Tp3=62.8°C Tp3=65.8°C Tp3=65.3°C

Oiling out Oiling out occurs Oiling out Oiling out Oiling out
during cooling at 52 | occurs during occurs during occurs during
°C cooling at 68 °C | cooling at 69 °C | cooling at 70 °C

Nucleation Tc1=41.6 °C Tc1=43.8°C Tc1=48.3°C Tc1=58.8"°C
Tc,=42.9 °C Tc,=43.5°C Tc,=46.1°C Tc,=55.3°C
Tc’3 =41.1°C Tc,3 =43.6 °C Tc'3 =46.3 °C Tc'3 =49.5 °C

Mixing at 75
°C

Solutions remain
clear without oil

Solutions remain
clear without oil

Solutions remain
clear without oil

Solutions remain
clear without oil

phase phase phase phase

Cooling Crystallization Crystallization Crystallization Crystallization
occurs from oil occurs from oil occurs from oil occurs from oil
phase at T¢ phase at T¢ phase at T¢ phase at T¢

Mixing at 25
°C

Crystal present in
all samples

Crystal present
in all samples

Crystal present
in all samples

Crystal present
in all samples

Mixing at 75
°C

into solution or
gather around vial
walls

remains stable
during mixing

remains stable
during mixing

2. heating Tp1=55.8"°C Tp1=58.8°C Tp,1=61°C Tp,1=60.9 °C
TD,Z =56.2 °C TD,Z =58.7 °C TD,Z =60.6 °C TD,Z =60.6 °C
Tp3=56.2 °C Tp3=59.3°C Tp3=60.7 °C Tp3=60.6 °C
Oiling out Oiling out occurs Oiling out Oiling out Oiling out
immediately after occurs occurs occurs
dissolution at 56 °C | immediately immediately immediately
after dissolution | after dissolution | after dissolution
at 59 °C at 60 °C at 61 °C
Nucleation Tc1=36 °C Tc1=32.8°C Tc1=36.3°C Tcq1=38.5°C
Tc,z =33.3°C Tc,z =31.1°C Tc,z =36.8 °C Tc,z =36.5°C
Tc3=36.3°C Tc3=33.5°C Tc3=37.2°C Tc3=37.7°C
Oil droplets return Oil phase Oil phase Oil phase

remains stable
during mixing

Cooling Crystallization Crystallization Crystallization Crystallization
occurs from oil occurs from oil occurs from oil occurs from oil
phase at T¢ phase at T¢ phase at T¢ phase at T¢

Mixing at 25

Crystal present in

Crystal present

Crystal present

Crystal present

°C all samples in all samples in all samples in all samples
3. heating Tp1=53.7°C Tp1=56.1°C Tp1=58.4°C Tp1=58.8°C
Tp,=53.4°C Tp,=555"°C Tp,=58.2°C Tp,=58.2 °C
Tp3=53.7°C Tp3=55.8°C Tp3=58.5°C Tp3=58.5°C
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Mixing at 75
°C

stable during

remains stable

remains stable

Oiling out Oiling out occurs Oiling out Oiling out Oiling out
immediately after occurs occurs occurs
dissolution at 54 °C | immediately immediately immediately

after dissolution | after dissolution | after dissolution
at 56 °C at 58 °C at 59 °C

Nucleation Tc1=25°C Tc1=25°C Tc1=25.9 °C Tc1=25°C
Tc,z = 249 OC Tc’z =- OC Tc'z = 25 °C Tc'z = 25 °C
Tc'3=25 OC Tc‘3=25 oC Tc'3=' oC Tc'3=25 oC
Oil phase remains Oil phase Oil phase Oil phase

remains stable

samples 1 and
3, sample 2
didn’t
crystallize

samples 1 and
2, 39 sample
didn’t
crystallize

mixing during mixing during mixing during mixing
Cooling Crystallization Crystallization Crystallization Crystallization

occurs from oil occurs from oil | occurs from oil | occurs from oil

phase at T¢ phase at T¢ in phase at T¢ in phase at T¢

Mixing at 25
°C

Crystal present in
all samples

Crystal present
in 15t and 3™

Crystal present
in 15t and 2"

Crystal present
in all samples

samples samples
4., heating TDy1 =51.4°C TD,1 =53.8 °C TD,1 =56.1 °C TD,1 =-°C
TD,Z =51.3°C TD,Z =-°C TD,Z =56 °C TD,Z =56.2 °C
Tp3=51.1°C Tp3=53.6 °C Tp3=-"°C Tp3=56.5"°C
Oiling out Oiling out occurs Oiling out Oiling out Oiling out
immediately after occurs occurs occurs
dissolution at 52 °C | immediately immediately immediately
after dissolution | after dissolution | after dissolution
at 55 °C at 57 °C at 58 °C
Nucleation TC,1 =-°C Tc,1 =-°C Tc,1 =-°C Tc,1 =-°C
Tc,2=' °C TC,2=' °C TC,2=' oC TC,2=' oC
TC’3='°C Tc,3=-°C Tc'3=-°C Tc3=-°C

Mixing at 75
°C

Oil phase is present
during mixing

Oil phase is
present during
mixing

Oil phase is
present during
mixing

oil phase is
present during
mixing

Cooling

Formation of oil
phase prevents
crystallization from
occurring

Formation of oil
phase prevents
crystallization
from occurring

Formation of oil
phase prevents
crystallization
from occurring

Formation of oil
phase prevents
crystallization
from occurring

Mixing at 25
°C

No crystals present
at 25 °C

No crystals
present at 25 °C

No crystals
present at 25 °C

No crystals
present at 25 °C

Table XXXIII Raw data from intermediate B solubility and oiling out studies in 50:50 CPME-heptane
mixture. Three parallel samples for all samples.

Concentration, | 10 20 30 40

mg/mL

1. heating Tp1=56.9 °C Tp,1=60.8 °C Tp1=63.8°C Tp1=64.3°C
Tp,=55.8 °C Tp,=60.3 °C Tp,=63.8 °C Tp,=63.8 °C
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Tp3=56.3 °C Tp3=60.8 °C Tp3=63.8°C Tp3=63.8°C
Oiling out Oiling out occurs Oiling out Oiling out Oiling out
during cooling at 66 | occurs during occurs during occurs during
°C cooling at 72 °C | cooling at 60 °C | cooling at 62 °C
Nucleation Te1=37.3°C Tcq1=38.4°C Teq1=42.2°C Tc1=46.7 °C
Tc,z = 353 OC Tc’z = 389 °C Tc'z =41.6 DC Tc'z =46.7 °C
Tc,3 = 329 OC Tc,3 = 384 °C Tc,3 = 405 DC Tc,3 = 463 °C

Mixing at 75
°C

No oil phase
present during
mixing

No oil phase
present during
mixing

No oil phase
present during
mixing

No oil phase
present during
mixing

Cooling

Oil phase forms
during cooling and
crystallization at T¢

Oil phase forms
during cooling
and
crystallization
at T¢

Oil phase forms
during cooling
and
crystallization
at T¢

Oil phase forms
during cooling
and
crystallization
at T¢

Mixing at 25
°C

Crystals present

Crystals present

Crystals present

Crystals present

2. heating TDy1 =52.9 °C TD,1 =56.1 °C TD,1 =58.8 °C TD,1 =59.7 °C
Tp,=52.7 °C Tp,=56.4°C Tp,=59 °C Tp,=60°C
TD,3 = 52 DC TD,3 =56.6 cC TD,3 = 596 0C TD,3 = 594 c’C
Oiling out Oiling out occurs Oiling out Oiling out Oiling out
immediately after occurs occurs occurs
dissolution at 54 °C | immediately immediately immediately
after dissolution | after dissolution | after dissolution
at 57 °C at 60 °C at 61 °C
Nucleation Tc1=25°C Tc1=28°C Tc1=33.2°C Tc1=51"°C
Tc2=25°C Tc,=28.4°C Tc2=31°C Tc,=34.6 °C
Tc3=26.8"°C Tc3=29.4°C Tc3=33.3°C Tc3=36.3°C
Oil phase remains | Oil phase Oil phase Oil phase

Mixing at 75
°C

stable during

remains stable
during mixing

remains stable
during mixing

returns into

mixing solution or
gathers around
vial walls
Cooling Crystallization Crystallizatioq Crystallizatioq Crystallizatioq
occurs from oil occurs from oil occurs from oil occurs from oil
phase at T¢ phase at T¢ phase at T¢
phase at T¢

Mixing at 25
°C

Crystals present
during mixing

Crystals present
during mixing

Crystals present
during mixing

Crystals present
during mixing

3. heating Tp1=50.1°C Tp1=53.6 °C Tp1=56.2 °C Tp1=57.3°C
TD,Z = 503 OC TD,Z = 538 cC TD,Z = 558 OC TD,Z = 563 oC
TD,3 = 498 OC TD,3 = 543 cC TD,3 = 566 OC TD,3 = 568 oC
Oiling out Oiling out occurs Oiling out Oiling out Oiling out
immediately after occurs occurs occurs
dissolution at 52 °C | immediately immediately immediately
after dissolution | after dissolution | after dissolution
at 55 °C at 57 °C at 58 °C
Nucleation TC,1 =25°C TC,1 =-°C TC,1 =25°C TC,1 =25°C
Tc,2=- oC Tc,2=25 DC Tc,2=25 DC Tc,2=25 OC
Tc,3=25 DC Tc,3=' oC Tc,3=25 DC Tc,3=' DC
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Mixing at 75
°C

Oil phase remains
stable during
mixing

Oil phase
remains stable
during mixing

Oil phase
remains stable
during mixing

Oil phase
remains stable
during mixing

Cooling

Oil phase remains
stable during
cooling thus

Oil phase

remains stable
during cooling
thus inhibiting

Oil phase

remains stable
during cooling
thus inhibiting

Oil phase

remains stable
during cooling
thus inhibiting

Mixing at 25
°C

inhibiting crystallization crystallization crystallization
crystallization
Crystallization Crystallization Crystallization Crystallization

occurs from oil
phase at begin of
mixing

occurs from oil
phase at during
mixing

occurs from oil
phase at during
mixing

occurs from oil
phase at during
mixing

4. heating To1=47.9 °C Tp1=-°C Tp1=54"°C Tp1=55.3°C
Tp,=-°C Tp,=51.8°C Tp,=53.3°C Tp,=54.6 °C
TD,3 = 479 DC TD,3 = 521 cC TD,3 = 543 0C TD,3 = - DC
Oiling out Oiling out occurs Oiling out Oiling out Oiling out
immediately after occurs occurs occurs
dissolution at 49 °C | immediately immediately immediately
after dissolution | after dissolution | after dissolution
at 52 °C at 53 °C at 56 °C
Nucleation T(_,1 =-°C Tc,1 =-°C Tc,1 =-°C TC,1 =-°C
Tc2=25 C TC,2='°C Tc,2=-°C Tc,2=-°C
Tc3=25 C Tc,3='°C Tc,3=-°C Tc,3=-°C
Mixing at 75 Oil phase remains | Oil phase o Oil phase " Oil phase "
°C table at 75 °C and | f€emains stable remains stable remains stable
s aound e | 3t75°Cand  |at75°Cand | at75°Cand
gathers around vial | gathers around | gathers around | gathers around
walls vial walls vial walls vial walls
Cooling Oil phase prevents | Oil phase Oil phase Oil phase
spontaneous prevents prevents prevents
leation duri spontaneous spontaneous spontaneous
nucteation during nucleation nucleation nucleation
cooling during cooling during cooling during cooling
crystallization crystallization crystallization crystallization
Mixing at 25 No crystals due to No crystals due | No crystals due | No crystals due
°C oiling out to oiling out to oiling out to oiling out

Table XXXIV Raw data from intermediate B solubility and oiling out studies in 55:45 CPME-heptane
mixture. Three parallel samples for all samples.

Concentration, | 10 20 30 40

mg/mL

1. heating Tp1=53.8°C Tp1=57.8°C Tp1=60.8 °C Tp1=61.8°C
TD,Z = 532 OC TD,Z = 578 cC TD,Z = 608 OC TD,Z = 613 oC
Tp3=53.2°C Tp3=57.8°C Tp3=61.2°C Tp3=61.3°C

Oiling out Oiling out occurs No oiling out No oiling out No oiling out
during cooling at 68 | during heating during heating during heating
°C or cooling or cooling or cooling

Nucleation Tc1=27.4°C Tc1=32.6 °C Tc1=36"°C Tc1=37.2"°C
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Tc,z = 257 OC
Tc,3 = 265 OC

Tc’z =34.4°C
Tc,3 = 332 °C

Tc'z = 361 DC
Tc,3 = 372 DC

Tc'z = 393 °C
Tc,3 = 373 °C

Mixing at 75
°C

No oil phase
present during

No oil phase
present during

No oil phase
present during

No oil phase
present during

mixing mixing mixing mixing
Cooling Crystallization from | Crystallization | Crystallization | Crystallization
oil phase during without without without

cooling at T¢

formation of an
oil phase at T¢

formation of an
oil phase at T¢

formation of an
oil phase at T¢

Mixing at 25
°C

Crystals present
during mixing

Crystals present
during mixing

Crystals present
during mixing

Crystals present
during mixing

2. heating TDy1 =49 °C TDy1 =53.5°C TD,1 =56.3 °C TD,1 =57.2 °C
TD,Z = 484 DC TD,Z = 529 cC TD,Z =56.4 0C TD,Z = 573 c’C
Tp3=48.6 °C Tp3=53.4°C Tp3=56.8 °C Tp3=57"°C

Oiling out Oiling out occurs Oiling out Oiling out Oiling out
after dissolution at | occurs after occurs during occurs during
49 °C dissolution at 61 | cooling at 56 °C | cooling at 52 °C

°C

Nucleation Tc1=25°C Tc1=26.6°C Tc1=29.3°C Te1=36.5°C
Tc,z =25°C TC,Z =25°C TC,Z =29 °C TC,Z =34.3°C
Tc3=25°C Tc3=25.7°C Tc3=26.6 °C Tc3=33.4°C
Oil phase remains Oil phase No oil phase No oil phase

Mixing at 75
°C

stable during
mixing

remains stable
during mixing

during mixing

during mixing

Cooling

Crystallization from
oil phase at T¢

Crystallization
from oil phase
at T¢

Oil phase forms
during cooling
and

Oil phase forms
during cooling
and

crystallization crystallization
occurs from oil occurs from oil
phase at T¢ phase at T¢

Mixing at 25
°C

Crystals present
during mixing

Crystals present
during mixing

Crystals present
during mixing

Crystals present
during mixing

3. heating To1=46.7 °C Tp1=51.5°C Tp1=54.1°C Tp1=54.9 °C
To,=46.7 °C Tp2=50.5°C Tp,=54.4°C Tp,=54.7 °C
TD’3 =46.5 °C TD’3 =51.3°C TD,3 =54.6 °C TD,3 =54.6 °C

Oiling out Oiling out occurs Oiling out Oiling out Oiling out
after dissolution at | occurs after occurs after occurs during
48 °C dissolution at 52 | dissolution at 55 | mixing at 75 °C

°C °C

Nucleation Te1=-°C Tc1=25°C Tc1=25°C Te1=-°C
Tca=-"°C Tc2=25°C Tc2=25°C Tc2=25°C
TC,3=' cC TC.3=25 OC TC,3=25 OC TC,3=25 0C

Mixing at 75 Oil phase remains Oil phase Oil phase Formation of an

°C stable during remains stable remains stable oil phase
mixing during mixing during mixing

Cooling Oil phase remains Crystallization Crystallization Crystallization

stable during
mixing

from oil phase
at T¢

from oil phase
at Tc

from oil phase
at T¢
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Mixing at 25
°C

No crystal present
due to oiling out

Crystals present

Crystals present

Crystals present

Mixing at 75
°C

stable during
mixing

remains stable
during mixing

remains stable
during mixing

4. heating Tp1=-°C Tp1=49.6 °C Tp1=52.2°C Tp1=-"°C
Tp2=-°C Tp,=48.6 °C Tp2=52.5°C Tp2=-°C
Tp3=-"C Tp3=49.5°C Tp3=52.7 °C Tp3=28.6 °C
Oiling out Oil phase present Oiling out Oiling out Oiling out
occurs after occurs after occurs after
dissolution at 50 | dissolution at 53 | dissolution at 28
°C °C °C
Nucleation Tc,1 =-°C Tc,1 =-°C Tc,1 =-°C TC,1 =-°C
Tc,2=' QC Tc,2=' QC Tc,2=' oC Tc,2=' GC
Tc,3=' OC Tc,3=' OC Tc,3=' °C Tc,3=' OC
Oil phase remains Oil phase Oil phase Oil phase

remains stable
during mixing

Cooling

Oil phase remains
stable during

Oil phase
remains stable

Oil phase
remains stable

Oil phase
remains stable

cooling and during cooling during cooling during cooling
prevents nucleation | and prevents and prevents and prevents
nucleation nucleation nucleation
Mixing at 25 No crystal present No crystal No crystal No crystal
°C due to oiling out present due to present due to present due to
oiling out oiling out oiling out

Table XXXV Raw data from intermediate B solubility and oiling out studies in 60:40 CPME-heptane

mixture. Three parallel samples for all samples.

Concentration, | 10 20 30 40

mg/mL

1. heating Tp1=51.8"°C Tp1=55.3°C Tp1=58.8°C Tp,1=59.8 °C
Tp2=50.2 °C Tp2=55.3°C Tp,=58.8 °C Tp2=59.3°C
Tp3=50.8 °C Tp3=55.3°C Tp3=58.8 °C Tp3=59.3°C

Oiling out Oiling out during No oiling out No oiling out No oiling out
cooling

Nucleation Tc1=25°C Tc1=29 °C Tc1=35.5°C Tc1=35.4°C
Tc2=25°C Tc,=28.4°C Tc2=33°C Tc,=37.2°C
Tc3=25°C Tc3=28.8"°C Tc3=34.2°C Tc3=34.7°C

Mixing at 75
°C

Clear solution, no
oil droplets

Clear solution,
no oil droplets

Clear solution,
no oil droplets

Clear solution,
no oil droplets

Cooling

Oil droplets begin
to form at 65 °C

Crystallization
at T¢

Crystallization
at T¢

Crystallization
at T¢

Mixing at 25
°C

Crystal present

Crystal present

Crystal present

Crystal present

2. heating

TDy1 =- OC
TDy2=' OC
TD,3=' oC

To.1 = 50.9 °C
T2 = 50.5 °C
TD,3 = 508 oC

To.1 = 54.3 °C
Too = 54.1 °C
TD,3 = 541 OC

To.1 = 55.4 °C
T2 = 55.2 °C
TD,3 = 551 oC
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Oiling out Oiling out occurs Oiling out No oiling out No oiling out
after dissolution at | occurs after
51 °C dissolution at 56
°C
Nucleation Tci=-°C Tc1=25°C Tc1=25°C Tc1=29 °C
Tc,z =-°C Tc’z =25°C TC,Z =27 °C TC,Z =27.8°C
Tc,3 =-°C Tc,3 =25°C Tc,3 =25.5°C Tc,3 =27.1"°C

Mixing at 75
°C

Oil droplets gather
around vial walls

Oil droplets
gather around

Clear solutions
during mixing

Clear solutions
during mixing

vial walls
Cooling Oil phase remains Crystallization Crystallization Crystallization
stable during from oil phase at T¢ at T¢

cooling and
prevents nucleation

at Tc

Mixing at 25

No crystals due to

Crystal present

Crystal present

Crystal present

°C oiling out

3. heating TDy1 =-°C TD,1 =48.8 °C TD,1 =52.2 °C TD,1 =53.1°C
TD,Z =- DC TD,Z = 484 cC TD,Z = 522 0C TD,Z = 529 c’C
Tp3=-"C Tp3=48.8 °C Tp3=52°C Tp3=52.9 °C

Oiling out Oil droplets remain | Oiling out Oiling out No oiling out
at vial walls and in occurs after occurs after
solution dissolution at 56 | dissolution

°C

Nucleation T(_,1 =-°C Tc,1 =-°C Tc,1 =25°C TC,1 =25°C
Teo=-°C Te,=-°C Tc,=25°C Tc2=25°C
Tc’3=' c’C Tc’3=' c’C Tc'3=25 OC Tc'3=25 DC

Mixing at 75
°C

Oil droplets remain
at vial walls and in
solution

Oil droplets
remain at vial
walls and in
solution

Oil phase is
stable 75 °C

Solutions are
clear

Cooling

Oil phase remains
stable during
cooling and
prevents nucleation

Oil droplets
remain at vial
walls and in
solution

Crystallization
occurs from oil
phase at T¢

Crystallization
without oiling
out at 25 °C

Mixing at 25

No crystals due to

No crystals due

Crystals present

Crystals present

C oiling out to oiling out
4. heating TDy1 =-°C TD,1 =-°C TD,1 =50.8 °C TD,1 =51.6 °C
TD,2=' °C TD’2=' °C TD,Z=50-5 °C TD,Z=51-1 °C
TD,3=' °C TD,3=' °C TD,3=51.3 °C TD,3=51.3 °C
Oiling out Oil droplets remain | Oil droplets Dissolution of Oiling out
at vial walls and in | remain at vial solids and oiling | occurs during
solution walls and in out at Tp cooling and
solution inhibits
nucleation
Nucleation Te1=-°C Te1=-°C Te1=-°C Te1=-°C
Tc,2=- oC Tc,2=' oC Tc,2=' oC Tc,2=' DC
TC,3=' cC TC.3=' cC TC.3=' GC TC.3=' OC
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Mixing at 75
°C

Oil droplets remain
at vial walls and in
solution

Oil droplets
remain at vial
walls and in
solution

Oil phase is
stable at 75 °C

All solutions
clear, no oil
phase

Cooling

Oil phase remains
stable during
cooling and
prevents nucleation

Oil droplets
remain at vial
walls and in
solution

Oil phase
remains stable
during cooling
and prevents
nucleation

Oil phase
remains stable
during cooling
and prevents
nucleation

Mixing at 25
°C

No crystals due to
oiling out

No crystals due
to oiling out

No crystals due
to oiling out

No crystals due
to oiling out

Table XXXV Raw data from intermediate B solubility and oiling out studies in 60:40 CPME-heptane
mixture. Three parallel samples for all samples.

Concentration, | 60 80 100
mg/mL
1. heating TD,1 =60.7 °C TD,1 =61.2 °C TD,1 =61.8 °C
Oiling out No oiling out during | No oiling out No oiling out
heating or cooling during heating during heating
or cooling or cooling
Nucleation Tc1=40.4°C Tc1=40.3°C Tc1=41.8°C
Mixing at 75 Dissolution of solids | Dissolution of Dissolution of
°C without oil phase sqlids without sqlids without
. ) oil phase oil phase
ormation formation formation
Cooling Crystallization at T¢ | Crystallization Crystallization
at Tc at Tc

Mixing at 25
°C

Crystals present

Crystals present

Crystals present

2. heating Tp1=57.2"°C Tp1=57.9°C Tp.1=58.5°C

Oiling out Oiling out occurs Oiling out Oiling out
during cooling occurs during occurs during
immediately cooling cooling
followed by immediately immediately
crystallization followed by followed by

crystallization crystallization
Nucleation Tc1=35.5°C Tc1=37.6°C Tc1=39.1°C

Mixing at 75
°C

No oil phase

No oil phase

No oil phase

Cooling

Oil phase formation
and crystallization
at Tc

Oil phase
formation and
crystallization
at T¢

Oil phase
formation and
crystallization
at Tc

Mixing at 25
°C

Crystals present
with sticky oil
phase on vial walls

Crystals present
with sticky oil
phase on vial
walls

Crystals present
with sticky oil
phase on vial
walls




3. heating TD,1 =55.7 °C TD,1 =56.6 °C TD,1 =57.5°C

Oiling out Oiling out occurs Oiling out Oiling out
during cooling occurs during occurs during
immediately cooling cooling
followed by immediately immediately
crystallization followed by followed by

crystallization crystallization
Nucleation Tc1=30.5°C Tc1=34.4"°C Tc1=37.7"°C

Mixing at 75
°C

No oil phase

No oil phase

No oil phase

Cooling

Oil phase formation
and crystallization
at TC

Oil phase
formation and
crystallization
at Tc

Oil phase
formation and
crystallization
at Tc

Mixing at 25
°C

Crystals present
with sticky oil
phase on vial walls

Crystals present
with sticky oil
phase on vial
walls

Crystals present
with sticky oil
phase on vial
walls

4., heating TD,1 =545 °C TD,1 =55.7 °C TD,1 =56.6 °C
Oiling out Oiling out occurs Oiling out Oiling out
during cooling occurs during occurs during
immediately cooling cooling
followed by immediately immediately
crystallization followed by followed by
crystallization crystallization
Nucleation Tc’1 =24.6 °C Tc’1 =30.7 °C Tc'1 =31.4"°C
Mixing at 75 No oil phase No oil phase No oil phase
°C
Cooling Oil phase formation | Oil phase Oil phase
and crystallization formation and formation and
at T¢ crystallization crystallization
at Tc at Tc

Mixing at 25
°C

Crystals present
with sticky oil
phase on vial walls

Crystals present
with sticky oil
phase on vial
walls

Crystals present
with sticky oil
phase on vial
walls
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Table XXXVII Raw data from intermediate B solubility and oiling out studies in 70:30
CPME-heptane mixture. Three parallel samples for all samples.
Concentration, | 10 20 30 40
mg/mL
1. heating Tp=40,4°C Tp1=49.5°C Tp1=50.3°C Tp,1 =509 °C
Tp,=44.8 °C Tp,=50.3°C Tp,=44.2 °C Tp2=54.4°C
TD,3 = 373 OC TD,3 = 488 cC TD,3 = 533 OC TD,3 = 548 oC
Oiling out Oil phase forms Oil phase forms | Oil phase forms | Oil phase forms

during mixing at 75
°C

during mixing at
75 °C

during mixing at
75 °C

during mixing at
75 °C
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Nucleation Tea=-°C Te1=21.3°C Tc1=29.5°C Tc1=28°C
Tc,z =- OC Tc’z = 163 °C Tc'z =- °C Tc'z = 284 °C
Tcs=-°C Tc3=20.3°C Tc3=27 °C Tcs=30.6 °C
Mixing at 75 Formation of an oil | Formation of an | Formation of an | Formation of an
°C phase oil phase oil phase oil phase
Cooling Oil phase prevents | Crystallization Crystallization Crystallization
crystallization from oil phase from oil phase from oil phase

at Tc

at TC

at TC

Mixing at 25

No crystal due to

Crystals present

Crystals present
with sticky oil

Crystals present
with sticky oil

C oiling out with sticky oil . .
. phase on vial phase on vial
phase on vial walls walls
walls
2. heating TDy1 =-°C TD,1 =45.1°C TD,1 = 47,7 °C TD,1 =48.3 °C
TD,2=' oC TD,2=' oC TD,2=' oC TD,2=50.6 QC
TD,3 = - DC TD,3 = 448 cC TD,3 = 494 0C TD,3 = 521 c’C
Oiling out Sticky oil phase Dissolution of Dissolution of Dissolution of
remains stable solids and solids and solids and
during heating formation of an | formation of an | formation of an
oil phase at Tp oil phase at Tp oil phase at Tp
Nucleation Tc,1 =-°C TC,1 =16.5 °C Tc’1 =-°C Tc’1 =-°C
Tc,2=' QC TC,2=' QC TC,2=15 oC TC,2=24.5 oC
Tc‘3=' °C TC.3=15-7 °C TC.3=21-5 °C TC‘3=24.3 °C

Mixing at 75
°C

Stable oil phase
during mixing

Stable oil phase
during mixing

Stable oil phase
during mixing

Stable oil phase
during mixing

Cooling

No crystallization
due to oiling out

Crystallization
from oil phase
at T¢

Crystallization
from oil phase
at T¢

Crystallization
from oil phase
at T¢

Mixing at 25 No crystals Crystals present | Crystals present | Crystals present

°C

3. heating Tp1=-°C Tp1=43.8 °C Tp1=-°C Tp1=-"°C
TDy2=' °C TD,2=44.6 °C TD,2=' °C TD,2=49.1 °C
TD’3 =-°C TD’3 =43.6 °C TD,3 =48.1 °C TD,3 =50.3 °C

Oiling out Sticky oil phase Dissolution of Dissolution of Dissolution of
remains stable solids and solids and solids and
during heating formation of an | formation of an | formation of an

oil phase at Tp oil phase at Tp oil phase at Tp

Nucleation Tc,1 =-°C Tc,1 =15°C Tc,1 =-°C Tc,1 =-°C
Tc,2=' 0(.-, TC,2=' 0(.-, TC,2=' oC TC,2=18.7 OC
Tc,3=-°C TC.3=15 OC TC'3=150C TC'3=150C

Mixing at 75
°C

Stable oil phase
during mixing

Stable oil phase
during mixing

Stable oil phase
during mixing

Stable oil phase
during mixing

Cooling

No crystallization
due to oiling out

Crystallization
from oil phase
at Tc

Crystallization
from oil phase
at TC

Crystallization
from oil phase
at Tc

Mixing at 25 No crystals Crystals present | Crystals present | Crystals present

°C

4, heating Tpr1=-°C Tp1=42.3°C Tpr1=-°C Tpr1=-°C
Tpo=-°C Tpo=-"°C Tpa=-"°C Tpr=47.6 °C
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Tp3=-°C Tp3=42.4°C Tp3=46.6 °C Tp3=49.1°C
Oiling out Sticky oil phase Dissolution of Dissolution of Dissolution of
remains stable solids and solids and solids and
during heating formation of an | formation of an | formation of an
oil phase at Tp oil phase at Tp oil phase at Tp
Nucleation Tei=-°C Tc1=20°C Te1=-°C Te1=-°C
Tc,2=' QC Tc,2=20 oC Tc,2=' oC Tc,2=15°c
TC,3=' QC TC.3=' QC TC'3=150C Tc'3=150C

Mixing at 75
°C

Stable oil phase
during mixing

Stable oil phase
during mixing

Stable oil phase
during mixing

Stable oil phase
during mixing

Cooling

No crystallization
due to oiling out

Crystallization
from oil phase
at Tc

Crystallization
from oil phase
at TC

Crystallization
from oil phase
at TC

Mixing at 25
°C

No crystals

Crystals present

Crystals present

Crystals present

Table XXXVIII Raw data from intermediate B solubility and oiling out studies in 70:30
CPME-heptane mixture. Three parallel samples for all samples.
Concentration, | 60 80 100
mg/mL
1. heating Tp1=61.3°C Tp1=61.3°C Tp1=59.3°C
TD,Z = 499 DC TD,Z = 588 cC TD,Z = 603 0C
TD’3 =58.8 °C TD’3 =62.3 °C TD,3 =62.3°C
Oiling out No oiling out No oiling out No oiling out
behavior during behavior during | behavior during
heating and cooling | heating and heating and
cooling cooling
Nucleation Tc1=44.3 °C Tc1=41.8°C Tc1=40.4°C
Tc2=29.1°C Tc2=38.5°C Tc,=43°C
Tc3=40.9 °C Tc3=43.9 °C Tc3=42.4°C

Mixing at 75
°C

Clear solution

Clear solution

Clear solution

Cooling

Crystallization at T¢

Crystallization
at T¢

Crystallization
at T¢

Mixing at 25
°C

Crystals present

Crystals present

Crystals present

2. heating Tp1=58.4°C Tp1=58.7 °C Tp1=56.4°C
To2=39.6 °C Tp2=55.6 °C Tp2=57.6 °C
TD,3 = 563 OC TD,3 = 593 cC TD,3 = 591 OC
Oiling out Oiling out during Oiling out Oiling out
cooling followed during cooling during cooling
immediately by followed followed
crystallization at T¢ | immediately by | immediately by
crystallization crystallization
at Tc at TC
Nucleation Tc1=37.6 °C Tc1=39.5°C Tc1=29.7 °C




Mixing at 75
°C

Tc,z =41 °C Tc’z =25.8°C Tc'z =37.3°C
Tc,3 = 298 OC Tc,3 = 397 °C Tc,3 = 407 DC
Small oil Small oil

Small oil droplets
present during
mixing which are
not detected by
Crystal16

droplets present
during mixing
which are not
detected by
Crystal16

droplets present
during mixing
which are not
detected by
Crystal16

Cooling

Crystallization from
oil phase

Crystallization
from oil phase

Crystallization
from oil phase

Mixing at 25
°C

Crystals and oil
phase present

Crystals and oil
phase present

Crystals and oil
phase present

3. heating TDy1 =56.7 °C TDy1 =57.5°C TD,1 =32°C
TD,Z = 494 DC TD,Z = 275 cC TD,Z = 568 0C
Tp3=54.6 °C Tp3=57.9°C Tp3=58.1°C
Oiling out Oiling out during Oiling out Oiling out
cooling followed during cooling during cooling
immediately by followed followed
crystallization at T¢ | immediately by | immediately by
crystallization crystallization
at Tc at Tc
Nucleation Tc1=33.4°C Tc1=36.1°C Tc1=32.4°C
Tc2=36.3°C Tc,=28.5°C Tc,=32.6°C
Tc’3 =28.1°C Tc,3 =36.2 °C Tc'3 =36.7 °C
Small oil droplets Small oil Small oil

Mixing at 75
°C

present during
mixing which are
not detected by

droplets present
during mixing
which are not

droplets present
during mixing
which are not

Crystal16 detected by detected by
Crystal16 Crystal16
Cooling Crystallization from | Crystallization Crystallization

oil phase

from oil phase

from oil phase

Mixing at 25
°C

Crystals and oil
phase present

Crystals and oil
phase present

Crystals and oil
phase present

4. heating Tp1=55.7°C Tp1=56.6 °C Tp1=34.5°C
TD,Z =46.1 °C TD,Z =52.9 °C TD,Z =55.5°C
Tp3=52.7°C Tp3=56.9 °C Tp3=57.2"°C
Oiling out Oiling out during Oiling out Oiling out
cooling followed during cooling during cooling
immediately by followed followed
crystallization at T¢ | immediately by | immediately by
crystallization crystallization
at T¢ at Tc
Nucleation Tc1=31.4°C Tc1=30.8°C Tc1=34.7°C
Tc,=38.3°C Tc,=30.5°C Tc,=27.3°C
Tc,3 = 314 oC Tc,3 = 323 r)C Tc,3 = 337 DC
Small oil droplets Small oil Small oil

Mixing at 75
°C

present during
mixing which are
not detected by
Crystal16

droplets present
during mixing
which are not
detected by
Crystal16

droplets present
during mixing
which are not
detected by
Crystal16
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Cooling Crystallization from | Crystallization Crystallization
oil phase from oil phase from oil phase

Mixing at 25 Crystals and oil Crystals and oil | Crystals and oil

°C phase present phase present phase present
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APPENDIX 3 - HPLC GRAPHS

030 QL Peak Results
7 & Name | RT |%Area| Area Height
R z 1 15.030 0.02 3009 160
0.25-] - 2 15760 | 024 | 29359 | 1148
] I 3 18446 | 99.38 | 12204571 | 304644
] ‘ 4 2127 003 3603| 23
020+ ‘ 5 28372 0M4 4841 | 474
] | 6 29830 | 004 4303 | 518
4 |
2 015 | ‘ 7 36684 | 003 59| 72
] . 8 38206 003 4263| 218
] ‘ 9 41080| 019| 23267| 665
0.10+ ‘ |
4 |
1 i
] w n o
005 & 0N NS 38 2
] o= © 0 ©AN O
] wo | ™ 0 M © ®
] — | ™ N A M ™ <
0007~ ] iﬁt’f’fﬂ-. A + /'ff o % ’i" AAN -
[ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [ ‘ [ [ 1 [
0.00 5.00 10.00 15.00 2000 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Minutes

Figure 25 HPLC graph from intermediate B purity analysis in experiment 41. Concentration 60
g/L.
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Figure 26 HPLC graph from intermediate B purity analysis in experiment 41. Concentration 80
g/L.
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4 CL Peak Results
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Figure 27 HPLC graph from intermediate B purity analysis in experiment 42. Concentration 60
g/L.
] l Peak Results
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Figure 28 HPLC graph from intermediate B purity analysis in experiment 42. Concentration 80

g/L.
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APPENDIX 4 - OBSERVATIONS FROM EXPERIMENTS DONE DURING WORK

Intermediate A

In the experiment 3 synthesis of starting materials SM1 and SM2 produced a dark process
mixture, which made it difficult to see liquid-liquid phase separation visually. No seed crystals
were introduced to the mixture during cooling crystallization to promote liquid-liquid
separation. There was no phase separation into liquid and oil phase, but microscope images
from mother liquor showed droplets in the solution. These droplets were found to be water

droplets in experiment 4, where microscope images before and after water addition were taken.
Intermediate B
Experiments in mixtures of CPME and heptane

In the experiments 6-8, where heptane content was 65-45 vol% oil phase formed during heating
of the solution. The formed oil phase remained stable at 75 °C and slowed rate of nucleation.
When the same samples were reheated and -cooled multiple times, there was no change in the
behavior of the oil phase; stable oil phase formed during heating and crystallization occurred
with concentrations of 30 and 40 g/L. Small concentrations (10 and 20 g/L) did not crystallize
due to oil phase sticking into vial walls and remaining there. This lowered the supersaturation
in the solution enough to inhibit spontaneous nucleation. With more efficient mixing sticky oil
phase could be dispersed back into solution and crystallization could be induced even with low
concentrations. Nucleation and dissolution occurred between 50-62 °C and 20-30 °C
respectively. The heptane content was lowered in experiments 9-13 to 50-30 vol%. This
changed oil phase behavior, oil phase did not form during the first heating cycle, it appeared
during cooling phase. Sticky oil phase formed during cooling remained stable at the vial walls
when crystallization occurred. This oil phase remained stable at 25 °C. Nucleation and
dissolution occurred between 50-60 °C and 20-45 °C respectively. When the heptane content
was lowered to 20 vol% (experiment 14) oiling out did not occur during heating and cooling
phases. Reheating and cooling did not have any effect on the occurrence of oil phase.
Nucleation occurred at 35 °C and dissolution at 55. When heptane content was lowered below
20 vol% oiling out didn’t occur during heating or cooling. Due to good solubility of

intermediate B in CPME, crystallization did not occur with low concentrations even when the
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temperature was lowered to 5 °C. List of clear and cloud points for all experiments can be found

in Appendix 1 and 2.

Turbidity curve for mixture of 35:65 CPME:heptane is presented in Figure 29. Sample
concentrations were 10 mg/mL. In the first heating cycle no oiling out occurred in any of the
samples. Second and third sample oiled out during cooling at 69.7 °C, first sample did not
exhibit oiling out behavior or the oil phase gathered around bottom part of the vial which may
inhibit turbidity detection. Crystallization occurs from all samples during cooling phase. All
samples oil out during second heating phase immediately after dissolution at 61.3 °C. When
heating is continued, oil droplets return into solution or coalesce into large droplets and gather
around vial walls hence no detected turbidity. More oil droplets begin to form at begin of the
second cooling phase followed by crystallization later at 38 °C. Dissolution during third heating
phase occurs at 58 °C and is followed by formation of oil phase. When heating is continued to
75 °C, oil droplets return to solution or gather around the vial walls. Second sample crystallizes
at 31.4 °C and first at the begin of fourth heating cycle at 26.5 °C, third sample does not
crystallize due to oil phase stuck on walls which reduces the solution concentration and inhibits
nucleation. The oil phase also affects the crystallization of first sample, solution has low super
saturation due to oil phase which slows crystallization rate. Dissolution occurs at 55 °C for
samples 1 and 2, sample 3 remains as oiled out during heating. The change in crystallization
temperatures is due to oil phase affecting solution concentration and inefficient mixing. With
more efficient mixing, highly viscous oil phase could be dispersed back to liquid phase.

Moreover, formation and presence of oil phase affects dissolution of intermediate B.
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Figure 29  Crystall6 turbidity graph for 35:65 CPME-heptane system.

In the Figure 30 vials from experiment 11 in 60:40 CPME-heptane mixture with concentration
range of 10-40 g/L are shown. In this case the crystallization occurred from oil phase and
remaining highly viscous oil phase did not crystallize, because the level of supersaturation in

the solution was too low to induce spontaneous nucleation.

Figure 30 CPME:heptane 60:40, concentrations 10, 20, 30 and 40 g/L oiled out during cooling
crystallization.

Crystal16 turbidity graphs for experiment 12 is shown in Figure 31 and Figure 32. Solvent was
system studied was 70:30 (v/v) CPME-heptane with concentrations of 10, 20, 30, 40, 60, 80
and 100 g/L. At point 1 and with 10 g/L intermediate B concentration the oil phase was formed
around the vial walls, 10 g/l sample was as oil at the vial walls, 20 g/L solution was in small

oil droplets which are not detected by the Crystal16. Both the 30 and 40 g/L solutions were

Temperature, °C
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clear with no sign of oil droplets. When solution is cooled down in point 2 the 10 g/L was as
oil phase at the vial walls, with no crystals present. 20 g/L crystallized from the oil phase,
concentrations of 30 and 40 g/L were as clear solutions with no oil phase or crystals. At point
3 following are observed: 10 g/L sample has a stable oil phase at 65 °C, sample concentrations
between 20 and 40 g/L were clear with no sign of oiling out. Point 4: 10, 20 and 30 g/L samples
do not crystallize and remain as oil droplets which coalesce into separate phase when mixing
is stopped. Crystallization of 40 g/L sample was inhibited by formation of an oil phase, but
crystallization occurs after long period of time. Point 5: Oil droplets begin to form in samples
with concentrations of 20 and 30 g/L. These oil droplets return to solution during cooling when
temperature decreases below 59 °C. Point 6 is reached when the solution was cooled down to
20 °C and at this temperature sample with 10 g/L intermediate B concentration did not
crystallize and oil phase remained stable on the vial walls at 20 °C. However, 20 g/L sample
crystallized at the end of cooling phase due to oil phase inhibiting spontaneous nucleation. 30
g/L did not crystallize, and 40 g/L crystallized from oil phase.

At point 1 all solids have dissolved without formation of oil phase during heating. 60 and 80
g/L samples oil out during cooling at point 2, hence the decrease in transmittance compared to
100 g/L sample which should crystallize before the samples with lower concentrations. 100
g/L crystallized without oiling out at point 3. Oil phase in the 60 and 80 g/L samples return
into solution when solution was reheated and intermediate B dissolves in sample with
concentration of 100 g/L (point 4). During cooling (point 5) oil droplets begin to form at all
concentrations (60, 80 and 100 g/L) and when the cooling was continued these droplets
coalesce into separate heavy oil phase. At points 6 and 7 oil phase returns into solution when

samples were reheated and during cooling oiling out occurs without crystallization.
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Figure 31 Crystal16 turbidity curves from experiment 12 for intermediate B concentrations of 10,
20, 30 and 40 g/L.
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Figure 32 Crystal16 turbidity curves from experiment 12 for intermediate B concentrations of 60,
80 and 100 g/L.

Experiments in mixtures of CPME, heptane and ethanol

The effect of addition of ethanol was studied in experiments 18-29, excluding experiment 21.
Intermediate B is very soluble in ethanol, so it may prevent formation of oil phase. 1-3 vol%
of ethanol was added into mixture. This did not affect to the occurrence of oil phase, but
solubility of intermediate B increased. In experiments 23-25, where the effect of large ethanol
addition was studied results were following: when the ethanol content was over 10 vol% oiling
out was prevented at all concentrations from 10-100 g/L. With large ethanol concentrations 20
vol% and over, spontaneous nucleation did not occur due to increased solubility. With ethanol

contents below 8 vol% in experiments 26-28, oiling out occurred during cooling and for high

Temperature, °C

Temperature, °C
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concentrations during heating. 8 vol% ethanol concentration was mixture where at low
concentrations (< 60 g/L) nucleation occurred spontaneously without oiling out. With higher
concentrations (> 60 g/L) oiling out occurred during cooling crystallization. Moreover, at
concentrations over 100 g/L oil phase formed during heating and returned into solution when
heating was continued followed by oil phase formation during cooling. The effect of cooling
rate was studied in experiments 30-37, and it did not have any effect on the occurrence of oil

phase.



