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1. Introduction:

Polymorphism denotes a substance ability to form different crystalline structures (polymorphs)
characterized by different unit cells '. Polymorphs have the same chemical composition but
different physical properties (solubility, density, crystal habit, hardness, optical properties,
melting point etc.) 2 and are then considered as different materials !. At a given temperature and
pressure, for monotropic systems, only one polymorph is thermodynamically stable, however a
less stable polymorph, i.e. a metastable form, may crystallize preferentially 3. Hence, the ability
to characterize all the polymorphs, and discover the stable phase, in particular, is of crucial
importance, especially with pharmaceuticals *. Producing a metastable phase of an active
ingredient can lead to huge financial losses: the emergence of a more stable polymorph may
inhibit the formation of the less stable one which was initially manufactured °>. However, why
does the metastable form crystallize first?

To explain the preferential (sometimes exclusive) crystallization of the metastable form, two
reasons may be retained: first of all, the inhibition of the stable phase formation due to the
solvent nature or the presence of foreign particles, acting as template ®; secondly, the kinetic
advantage of the metastable form which is expressed through the Ostwald rule of stages’.
According to this rule, the metastable phase appears first, then undergoes a polymorphic
transition toward the stable phase once this latter nucleates. Modeling the spontaneous nucleation
of the metastable polymorph followed by the spontaneous nucleation of the stable polymorph
using a population balance equation (PBE) is rather difficult. PBE models usually take into

8,9

account nucleation, growth, agglomeration and breakage °°. Such models will show the

nucleation of both phases (stable and metastable) from the beginning, not only the metastable



phase. To overcome this problem, we suggest to take into account another phenomenon: the
Ostwald ripening.

The Ostwald ripening is a process of particle coarsening that occurs due to the solubility
difference between small and large particles: in a solution that contains particles of the same
phase and of different sizes, the larger particles tend to grow at the expense of the smaller ones!’.
Ostwald ripening influences the number of remaining nuclei, since it affects particles of size
lower than 1um!!. Vetter et al.!> have suggested two models that took into account the Ostwald
ripening in crystallization processes. The first model was based on PBE, the second one used the
kinetic equations '*"'> (KE). They mentioned that PBE model is not suitable for describing
nucleation and Ostwald Ripening simultaneously. On the contrary, the KE model is able to
describe simultaneously nucleation, growth and Ostwald ripening '>!'*. Rempel et al. '° used the
discrete kinetic equation to describe the combined nucleation and growth of semiconductor
nanocrystals. Madras et al. 7 modeled the crystallization of polymorphs by taking into account
Ostwald ripening by means of “the governing population dynamics equations”. The authors
showed that, due to Ostwald ripening, the most stable form grew at the expense of the metastable

one. Ozkan et al. '8

also considered the Ostwald ripening in Lifshitz—Slyozov, Wagner (LSW)
equation in order to model the evolution of silica polymorphs through years.

Thus, until now, the effect of Ostwald ripening on the first steps of polymorph crystallization
was never considered to explain the Ostwald rule of stages. At the beginning of the
crystallization process, several polymorphic phases are likely to nucleate, including the stable
form. However, depending on the respective growth rates of each phase, the nuclei of the

polymorph of higher growth rate will then grow faster than the others and will consume the

supersaturation. In the same time, the nuclei of the slow growing phases will find themselves



under the critical size and will be doomed to dissolve. Consequently, the ripening mechanism
could drive the dissolution of the stable phase clusters in favor of the metastable phase, leading
to the absence of stable phase crystals, in agreement with the Ostwald rule of stages. Let us note
that, since this ripening mechanism does not only occur between particles of the same phase, it
does not rigorously correspond to the so-called Ostwald ripening mechanism, which, in
principle, concerns only crystals of one single phase. But, it is very similar to Ostwald ripening
and can be assimilated to it, since it is also the consequence of the Gibbs-Thomson effect. Thus,
for the sake of simplicity, we have chosen to designate this ripening mechanism by the term
“Ostwald ripening” in this study although it also affects polymorphs. This work is focused on the
modelling of the first steps of polymorph crystallization. For the first time, the discrete KE are
used to model nucleation, growth and Ostwald ripening for a dimorphic system with taking into
account supersaturation decrease '°. The polymorphic system chosen was L-Glutamic acid
(LGlu).

The cooling crystallization of LGlu polymorphs in water were already investigated 2°. This
amino acid has two well-known polymorphs: a stable form B shaped as needles 2! or as lozenge
slabs 2° (newly reported) and a metastable form o shaped as prisms. At the metastable zone limit,
the B form was found to nucleate predominantly at 40°C, the o form nucleates predominantly at
5°C, while both polymorphic forms were observed almost evenly at 20°C 2°. The results of the
KE model were compared qualitatively to these experimental data. By taking into account the
Ostwald ripening, this study aimed at checking whether the KE model can reflect the

competition between polymorphic phases.



2. Model

2.1. Kinetic equations:

The kinetic equations take into account nucleation, growth and Ostwald ripening '*.In the case

of a polymorphic system, the kinetic equations can be expressed by '’ :

dF{‘(t)
dt

= A «FC — (AT + D) « Ff + D5y » Fiyy = Jis —Jf fori>1 (1)
Where:
Ji' = AfF = Diyq Fisy (2)
While k=a for the polymorph a and k=P for the polymorph B, i is the cluster size (i.e. the
number of monomers forming the cluster), i goes from 2 + to M with M the maximum cluster
size, F{(t) is the number density of the clusters of size i, i.e. the number of nuclei formed by i
monomers in unit mass at time t (kg!), A¥ and DI are respectively the attachment and the
detachment frequencies of monomers for a cluster of size i (s). ] corresponds to the rate of
formation of an i-sized cluster, i.e. the number of i-sized nuclei formed per unit mass and per
second (kg s). In standard nucleation theory, J¥ is named nucleation rate only for critical size

(i = i¥). For the sake of simplicity, the term “nucleation rate” will be abusively used to denote J;°,

whatever the size i.

2.2. Attachment and detachment frequencies:

The attachment frequency, in the case of homogeneous nucleation from solution, can be

expressed as follows 3152223
K _ vk Nk (kBT _E_K _qK(W}(H—W}{)
A = Xa Ns ( h )exp( kBT) exp( KkgT ) 3)
Where 2:
gc=1 for i<if 4)



g¢«=0 for 1i=>if
XX is the molar fraction of LGlu in solution (-), N¥ is the number of nucleation sites on the
cluster surface (-), kg is the Boltzmann constant (J K'!), T is the crystallization temperature (K),
h is the Planck constant (J s), E* is the kinetic barrier of nucleation (J), and W/ is the work of
formation of an i-sized cluster (J), i¥ is the critical size. Within the capillarity approximation 4,

in the case of homogeneous nucleation, the work of formation can be expressed by:
W = —ix Ap* + y“ig o (5)
Where Ap¥ is the difference in chemical potential (J). For ideal solution, or real solution with
reasonable supersaturation Ap* = kgTIn(S*) where S is the supersaturation ratio (-). y* is the

surface shape factor (m?) and o* is the interfacial energy (J m?). The critical size i¥ can be

deduced from equation (5) and is given by the following equation:
i = (B’ ©)
3 ApK
The detachment frequency is usually determined from the principle of local thermodynamic
equilibrium '°. This method is one of the indirect methods that determines detachment frequency
using attachment frequency (see section 10.2 in reference ') and was originally introduced by
Zeldovich *. The idea behind is that when the system is in thermodynamic equilibrium, the
equilibrium is maintained by the detailed balance (i.e. the balance holding at any cluster size 1)
between the number of attachments to all i-sized clusters in the system and the number of
detachments from all (i+1)-sized clusters in it. The cluster population, which is needed
kinetically to ensure this microscopic reversibility or detailed balance, is represented by the
14,15,24.

equilibrium cluster size distribution. Thus, the condition for this reversibility is given by

AFFF = DX, FiSS (7)



Where FiK'O is the equilibrium number density of clusters of size i, within context of self-

consistent model, F{° can be written 23 as:

K
1

Fi*° = N; exp (IYZ—T) exp (— l‘(’;—};) (8)

Where N is the initial number of monomers within the liquid phase (kg') and does not depend
on the polymorphic phases.
It is worth noting that the exact formula for the stationary nucleation rate (at constant

temperature and supersaturation) is ':
yM 1\
S ( i=1 A:( F}C»O ( )

The stationary nucleation rate is an upper limit for the nucleation rate for any cluster size i,
because it corresponds to the rate of cluster formation in the case of constant supersaturation and

temperature (open system). This rate is introduced just for comparison.

2.3. Boundary conditions:

The standard model of nucleation does not take into account the supersaturation decrease, i.e
the number of monomers within the system does not change. However, in closed system, the
number of monomers in the liquid phase decreases and the assumption of a constant
supersaturation is no longer valid. In this latter case, and for the polymorphic system studied, the

following initial and boundary conditions were used:

Fr(t=0) = F°, fori < i, (10)
Ff(t=0) =0, fori> i, (11)

FE(E) = Nf = (S0 IFFO + Sia IFF0), vt (12)
Fy() =0, vt (13)



At the initial time, the size distribution was taken equal to the equilibrium distribution up to the
cluster size i, = 10. This assumption takes into account the preexistence, in the suspension, of
subcritical cluster formed of two monomers up to ten monomers. The equilibrium size
distribution for small cluster sizes is a good approximation of the number of subcritical clusters
formed due to fluctuation within system. In classical nucleation theory ip=1 and decrease of

monomers is not taken into account. Kozisek and Demo 2°

showed that the assumption i,=1
(only monomers are present within solution) leads in closed systems to fast decrease in
supersaturation, which does not fit with experimental data. With increasing value of i,, this
effect decreased. It was recommended to take 5 < iy < i./2. Accordingly, i0o was taken equal to
ten in this study because this value obeys to these conditions within the range of temperature and

supersaturation considered. Ny is the total number of LGlu monomers in the system (even those

forming the crystals) :
NE =Ny + (B2, Ot = 0) + X2, i FF°(t = 0)) (14)
N does not vary with time.

2.4. Main differences between a and § LGlu:

2.4.1. Shape:

Both o LGlu and B LGlu have the same orthorhombic space group P212:21 but the cell
constants are different 27 (see Table 1).

Table 1 : Unit cell constants for a and f LGlu

a form p form
a9 (A) 7.068 5.519
bo (A) 10.277 17.30
co (A) 8.755 6.948




It was assumed that the crystals of both polymorphs will keep the same shape as their unit cell

(see Figure.1) according to the following equation:

a_b>b_ ¢ (15)

Where a,b,c are the crystal dimensions (see Figure 1).
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Figure 1 : Crystal dimensions vs unit cell dimension for both LGlu polymorphs

The characteristic size r of o and P crystals was taken equal to the larger length b. According to

this assumption, r can be related to the number of monomers forming the clusters as follows:

1

r = ( M1 )Eb{,‘ i1/3 — (pK i1/3 (16)

K ok
Vo P

The surface shape factor introduced earlier in the equation (5) can be deduced:

1 2

=2t (G ) @

Where v¥ is the unit cell volume (m?), m, is the monomer mass (kg) and p*is the crystal

density (kg m™).

10



It is to note that, from shape assumption, it is possible to define the number of nucleation sites

on the cluster surface (see equation (3)) as:

5:6*(ﬂ)2+2 (18)

by
The equation (18) derivation is explained in the Appendix A in the supporting information.

2.4.2. Solubility:

Solubility data of both polymorphs have been determined previously °. The dependence of the

equilibrium molar fraction on the temperature is given by:

3485.7

n(x$) = -2 4510 (19)
m(xF) = -2+ 485 (20)

2.4.3. Interfacial energy:

The interfacial energy is a very important parameter in our computations and the values that
can be deduced from literature can be very different from one reference to the other (see section
below). As a first step, we thus tried to estimate an upper limit for the interfacial energy of both
polymorphs.

Evaluating the maximum interfacial energy:

The maximum threshold of the interfacial energy of each polymorph is the value that allows
simulating the nucleation of at least one nucleus per cm?® of solvent (i.e. 1000 nuclei per kg of
solvent). One nucleus per cubic centimeter corresponds to the nucleation detection limit
according to the work of Boistelle and Astier !'. Below this limit, nucleation can be considered
negligible. Thus, the stationary number density of nuclei (the stationary number density is an

upper limit for the number density) should be:

11



F* =1000 (kg™1)
This stationary number density can be approximated (see equation 13.23 in reference '#) by:

Fi = 1 pro (21)

2 L
Where Fi'z'o is the equilibrium number density at the critical size ic (kg!'). Thus, the maximum
value of interfacial energy can be deduced from the following equation:

~F/° = 1000 (22)

That leads to (for more details, see Appendix B in the supporting information):

Y¥0hax (24 V Oma)® 1 2000 \ _
kgT ( 7 (kBT)z In2 Sk 1) + ln (Nacéc(’[')) - 0 (23)

Where C¥(T) denotes the solubility of the polymorph k (mol kg™! of solvent).

Thereby, the maximum value of the interfacial energy, at the temperature T and the
supersaturation S, can be deduced by solving equation (23).

At the temperatures T=5, 20 and 40°C , the maximum supersaturation ratios that can be
reached are respectively 4.22, 3.18 and 2.05, according to the a solubility and 5.59, 4.21 and 2.71
according to the B solubility (these supersaturations correspond to the metastable zone limit in
the case of cooling crystallization with a quick cooling rate 2°).

In order to avoid a very high nucleation barrier, the maximum values of interfacial energy for o
and B, at T=5, 20 and 40°C and at the corresponding maximum supersaturations, are shown in

Table 2.

12



Table 2: Maximum values of interfacial energy at different temperatures and supersaturations

Supersaturation . maximum value maximum value
. . Supersaturation . . . .
Temperature | ratio according . . of interfacial of interfacial
o o ratio according
(°O) to a solubility (- to B solubility (-) energy for a energy for p
) y J/m?) J/m?)
5 4.22 5.59 0.0194 0.0205
20 3.18 4.21 0.0176 0.0191
40 2.05 2.71 0.0136 0.0159

Comparing the interfacial energies of o and [ deduced from litterature and selecting the

values for the computations:

According to the work of Deij et al. 2%, at 20°C and for the crystal shape used in this study, the
interfacial energies for a and P are respectively 0.023 and 0.020 (J m?)
The interfacial energy can also be deduced from the nucleation data 2°. The homogeneous

nucleation rate can be expressed as:

B om
With:
Bpom = — * (ﬂ)3 25
hom — 27 kpT ( )

Lindenberg et al. ** determined nucleation kinetics of a LGlu at different temperatures using
the induction time method. Then, it is possible to deduce the interfacial energy from the kinetic
law they established with their experimental data. It is worth noting that we used the data at the
high supersaturation regime *°, because they are more likely to correspond to homogeneous
nucleation. It is also important to note that Lindeberg et al. made the assumption of spherical

crystals.
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Another way to determine the interfacial energy is to use the solubility data. Mersmann 3!

proposed the following equation, relating the interfacial energy to the solubility:

2

0=0414%k, T (’I’V’;)5 «In (Mn*’c’e (T)) (26)

Where N, is Avogadro number (mol™'), M,, is the molar mass and C,(T) is the solubility at the
temperature T.

Bennema et al. 32 also related the interfacial energy to the solubility as follows:

2

o=k,T <V,,?) % 0.25 * (0.7 — In(X,)) (27)

Where V,,is the molecular volume (m?) and X, is the solubility expressed in molar fraction (-).
By choosing suitable standard states at the solubility equilibrium, Christoffersen et al.

suggested the following expression for the interfacial energy:

=k T (L
0=ran (Ce(T)) (28)

with C, = Mi and d is the molecular diameter.
n

The values of interfacial energy calculated from the above equations for each LGlu polymorph
along with the maximum value taken from table 2 are shown in Figure 2-a and Figure 2-b. From
these results, it can be deduced that the interfacial energy of a is lower than that of . This is
linked to their solubility values. Also, it seems reasonable to take the following interfacial
energies all over the studied temperature range (see Figure 2-a and 2-b):

d% =0.013 (Jm™2)

of =0.014 U m?)

14
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(b) B phase. ® Mersmann !, + Bennema et al. 2, m Christoffersen ** x Lindenberg et al. *.

Dashed line shows the maximum interfacial energy (see Table 2). Solid line corresponds to the

interfacial energy in this work.

2.4.4. The kinetic barrier of nucleation

In the case study, since the growth rate of LGlu polymorphs is known to be controlled by

surface integration ¥, the kinetic barrier of nucleation E mentioned in equation (3) is the

15



K
activation energy for interface transfer '4. The term exp (— :—T) can be deduced from the growth
B

rate.

The growth rate 9% of a nucleus * is given by:
9@ =S =242 (29)

di  dt

di o .
Where d—; can be determined in terms of attachment and detachment frequencies:

di FiK,O
= = A¥ — DE, = A [1 — F_,c,o] (30)

dt i+1

The growth rate at the limit i — oo can be written as:

K

9%(i > ) = G* = Z*Xﬁ*(;;_zi)*(h%)exp (_I%T)*(sz;l) 1)

The activation energy can be deduced from the growth rate since all the parameters in equation

(28) are known. The growth rates of o and P correspond to birth and spread mechanisms ** and
were taken from Schéll et al *¢ and Ochsenbein et al. 7 works, respectively:
- 3.72x10% 2 1 5.42 x10%
G(T,S) =350+ 1074 T exp (—2225) (5% — 1) (InS%s exp (- 5—2)  (32)

2 1
G(T,S) = 423 x 107 exp (= 2220 (58 — 1) (InSP)e exp (- 2a)  (33)

It is worth noting that the growth rate of a LGlu was multiplied by a corrective factor (see
equation (27) in Schéll et al. article ¢ ) to satisfy the shape assumption done in this work. Also,
the B growth rate parameters were tuned to approach (for a supersaturation ratio S=2) the data
given by Cornel et al. *® at 45°C and to correspond to the data given by Kitamura et al. > at
25°C. It is also to note that the growth rate of a is several times higher than that of B at all

temperatures.

16



3. Results and discussion:

Crystallization of both polymorphs of L-Glutamic acid at constant temperature was considered.
For the sake of simplicity, only homogeneous nucleation was taken into account. The model
parameters were fixed as follows: crystal density of a p® = 1533 kg m™3, crystal density of
B pP = 1590 kg m~3. The kinetic equations were solved up to the size of 300 000 monomers
for the a form (equivalent to a characteristic size of 43.4 nm) and up to 20 000 monomers for the
B form (equivalent to a characteristic size of 28.8 nm) (M* = 300 000 ; M# = 20 000). It is to
note that the difference between the maximum sizes of a and B are due to the shape assumptions
made in section 2.4.1. The initial conditions are summarized in Table 3.

Table.3: Initial conditions of the model

initial
Temperature concentration Supersaturation | Supersaturation
?) ) ratio according | ratio according
(mol/kg of to a solubility (-) | to B solubility (-)
solvent)

5 0.139 4.22 5.59

20 0.199 3.18 4.21

40 0.274 2.05 2.71

Supersaturation [[3 phase]

0 0.04 0.08 0.12 0.16
Time (s)

17



Figure 3: Evolutions of the supersaturation (according to the B solubility) with time at 5, 20 and

40°C

The evolution of the supersaturation ratio (according to B solubility) with time at different
temperatures is depicted in Figure 3. It is worth noting that the supersaturation ratio is only
related to the number of monomers within the solution (S=Fi/Ne with Ne the number of
monomers at the equilibrium concentration). At 40°C, the supersaturation decrease is negligible

because the initial energy barrier of nucleation for both phases is high (W% /(K T) = 44.5 and

W{j /(Kg T) = 35.65). This is due to the low initial supersaturation chosen. At 20°C and 5°C,
since the initial supersaturations were high (see Table 3), the initial energy barrier of nucleation

was found to be low for both phases (at 20°C: W;%/(Kp T) = 20.88, W}f/(KB T) = 20.90 and

at 5°C: Wif/(KB T) =15.78 and Wif/(KB T) = 17.07 ) and the monomers within the solution

started quickly to be consumed by the crystallization process. The energy barrier of nucleation is
influenced by two parameters: supersaturation and interfacial energy. At 40°C the difference in
solubility between a and B is significant and gives the advantage to the  phase, so  nucleation
has a lower energy barrier at this temperature. Conversely, at 5°C the solubility of a and f are
very close, inducing very close supersaturations. The difference in energy barrier calculation
comes then from the interfacial energies. In that case, o nucleation has the lowest energy barrier
(see Tahri et al. article 2° for a and P solubility curves).

The supersaturation depletion at 20°C caused an increase with time in the energy barrier of
nucleation of a and  as shown in Figure 4. For the sake of simplicity, the results at 5°C and

40°C were not added: at 5°C, similar behavior as that obtained at 20°C is observed, while at

18



40°C the initial work of formation of both phases remained constant with time due to constant

supersaturation

W/(kgT)

Figure 4: Dimensionless work of formation of a and B clusters as a function of size at various

times and at 20°C

At 5°C, the supersaturation decrease was very important. As a consequence the critical size of
both a and P nuclei increased significantly with time: ic evolved from 22 monomers (equivalent
to 1.8 nm) for a and 20 (equivalent to 2.9 nm) for  to more than 5000 for a (equivalent to 11.1
nm) and more than 700 for B (equivalent to 9.4 nm) (see Figure 5). At 20°C, the critical size of
both polymorphs slightly increased. Obviously, it remained constant with time at 40°C (see

Figure 5).
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Figure 5: The critical size ic of a and B phases as a function of time at 5, 20 and 40°C: (a) a

phase (b) B phase

The cluster size distribution at different times at 5°C are shown in Figure 6. The first thing to
notice in this figure is the vanishing of the B nuclei with time: at 0.05s the number of
supercritical clusters is more than 10'° per unit mass of suspension (critical size is about 2.9 nm
at that time), while the number of supercritical clusters is zero at 0.95s (critical size is higher
than 9.4nm at that time) (Figure 6-b). Even, the a phase nuclei slightly dissolve (Figure 6-a). The
important dissolution of the  nuclei at 5°C is caused by “Ostwald ripening”, i.e. Gibbs-Thomson
effect. At the beginning, when the supersaturation of both phases was high, a and B nucleated
significantly. However, since the o phase nuclei grew several times faster than the  phase and

consumed the supersaturation, the  nuclei became quickly smaller than the critical size and
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dissolved. In addition to that, dissolution also affected some of o nuclei: when the
supersaturation dropped, the a crystals that had nucleated earlier were large enough and kept on
growing and consuming supersaturation, while the youngest a crystals became smaller than the
critical size and dissolved. That latter case corresponds rigorously to the so called Ostwald

ripening.
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Figure 6: The cluster size distribution of o and 3 at 5°C at various times: (a) o phase (b) B phase

In Figure 7, the nucleation rate J of each polymorph is scaled by the initial value of the
stationary nucleation rate, J¥(t = 0), computed from equation (3). At 5°C, the nucleation rate of
both phases for a size i=200 (supercritical at initial time) reached a maximum value then became

negative. This result, that can seems rather surprising, is due to the supersaturation decrease and
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the rise of the critical size; at t=0.08s, the 200-sized clusters became subcritical, so their
attachment frequency fell below their detachment frequency and thus, the nucleation rate became
negative. These results confirmed our previous observations about clusters dissolution at 5°C. At
20°C, the nucleation rate of a and P reached a maximum value then decreased due to
supersaturation depletion. At 40°C, since the supersaturation remained constant, the system
behave as an open system that follows the standard model of nucleation '°. It is worth noting that
the dimensionless nucleation rate was depicted for i=200 just as an example, because this size is
a supercritical size at all the initial conditions and it clearly allows showing the trends at all the

studied temperatures.
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Figure 7: Dimensionless nucleation rate as a function of time at 5, 20 and 40°C for a size i=200:

(a) a phase (b) p phase
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To compare qualitatively our numerical results to experimental data, the following

crystallization fractions of a and B forms were introduced:
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Figure 8: The crystallization fraction of a and § phases as a function of time at different

temperatures: (a) 5°C, (b) 20 °C ,(C)40°C

The evolution of the crystallization of both forms at 5, 20 and 40°C is shown in Figure 8. At
5°C, the crystallization fraction of B fell down near zero because of the competition between the
two polymorphs and the Gibbs-Thomson effect. It is to note that this fraction is not null because
it takes into account subcritical clusters. At 20°C, the “Ostwald ripening” also affected the
crystallization fraction of B but did not cause the total dissolution of this phase. At 40°C, the
crystallization fractions of both polymorphs are constant with a slight advantage of o phase.

These results are compared to experimental observations in Table 4. This table shows that the
numerical results show trends that are rather in good agreement with the experimental data.

Table.4: Experimental and numerical observations at various supersaturations and temperatures

Temperature Su.persaturz.ltlon polymorphl.c phase polymorphic .
©C) ratio according to observed in the phase observed in
B solubility (-) experiments 2 the simulations
5 5.59 mostly a only a
20 4.21 o and B o and
40 2.71 mostly B with o o and 3
Conclusion:

The influence of the Ostwald ripening on the crystallization of L-Glutamic acid polymorphs
was considered using the kinetic equation (KE) model. In order to reflect experimental data, the
parameters of KE model were adjusted to take into account the main differences between a LGlu
and B LGlu: shape, solubility, interfacial energy and growth rate. The simulations were done at 5,

20 and 40°C. At the first moments of the crystallization process, the numerical results showed
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that the o and P clusters smaller than 40nm were affected by ripening at 5°C. The ripening had a
strong effect on the B phase nuclei and caused their total dissolution at 5°C. This result is in
conformity with the Ostwald rule of stages. It was also found that, the competition between a
and P phases was more affected by ripening mechanism at 5°C compared to 20 and 40°C. The
simulations results at 5, 20 and 40°C and experimental observations were then compared
qualitatively and were found to be in a good agreement. Accordingly, this work showed that the
kinetic equations could be a very convenient way to model the competition between polymorphic
phases and suggested that the Ostwald rule of stages could be explained by the Ostwald ripening

mechanism.
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Symbols:

A;: Attachment frequency of monomers for a cluster of size i (s™)).

Apom: Pre-exponential factor in the general expression of homogeneous nucleation rate (kg s™).
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a,b,c: Crystal dimensions (m™)

ag, by, ¢o: Unit cell constants (A)

Bhom: Exponential factor in the general expression of homogeneous nucleation rate (-)

Ce: Equilibrium concentration (mol kg™! of solvent).

D;: Detachment frequency of monomers for a cluster of size i (s™)

d: Molecular diameter (m™)

E: Kinetic barrier of nucleation (J)

F; : Number density of the clusters of size i, i.e. Number of nuclei formed by i monomers (kg™').
F?: Equilibrium number density of clusters of size i (kg™).

G: Size independent growth rate (m s™)

h: Planck constant (J s).

i: Cluster size, i.e. number of monomers forming the cluster (-)

ic: Critical size (-)

ip: determines initial size distribution of clusters (-)

J;: Nucleation rate, i.e. the number of i-sized nuclei formed in unit mass per second (kg's™!)
Js: Stationary nucleation rate (kg''s™)

kg: Boltzmann constant (J K1)

26



M: Maximum cluster size (-)

M, : Molar mass (kg mol™)

m;: Monomer mass (kg)

N,: Avogadro number (mol ')

N¢: Number of monomers at the equilibrium concentration (-)
N,: Number of nucleation sites on the cluster surface (-)

Nt: Total number of LGlu monomers in the system (kg™!)

N; : Initial number of monomers within the liquid is phase (kg™)
r: Characteristic size of the clusters (m)

S: Supersaturation ratio (-)

T: Temperature (K)

Vin: Molecular volume (m?)

Vo: Volume of the unit cell (m?)

W;: Work of formation of an i-sized cluster (J)

Xe: Equilibrium molar fraction (-).

X, Molar fraction of LGlu in solution (-)

y: Surface shape factor (m?)
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Ap: The difference in chemical potential (J)

9: Size dependent growth rate (m s™)

k: Index that refers to a of f polymorph. k=a for the polymorph o and k= for the polymorph f

o: Interfacial energy (J m?).

p: Crystal density (kg m™).
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Table of Contents Graphic and Synopsis:

This paper investigates the effect of the Ostwald Ripening on the competition between

polymorphic phases using a kinetic model. Numerical results and experimental data, at various

temperatures, were compared qualitatively and were found to be in good agreement. The results

emphasized the importance of considering the ripening mechanism when modelling polymorph

crystallization.
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