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Abstract

The crystallization process of a drug exhibitingresal polymorphic forms is
investigated. The study focuses on one referenaenteutical crude product. The
objective of the work presented in this paper is,tloe one hand, to identify the
mechanism of the polymorphic transition — from timstable morph 1l to the stable
morph | — , and, on the other hand, to investighte influence of the mixing
operating condition®n the kinetics of this transition. The study shavat the
polymorphic transition follows a mechanism of dission (of the morph 1) —
recrystallization (nucleation and growth of the ptord) mediated by the solvent.
Moreover, experimental studies show that the stayrolling the beginning of the
polymorphic transition is the nucleation of thebétamorph I. The mixing plays an
important role in this kinetics as the mixing ogera conditionsinfluence the
metastable zone width.
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1. Introduction

Crystallization by cooling followed by separatioftbe crystals from the resulting
suspension is the most frequent method to achiegereéquired purity of active
pharmaceutical ingredients (Mersmann A., 1995). e&lmv, this method may
generate several types of polymorphs (Veesler Salet2003). Hereafter, the
crystallization behaviour of a drug exhibiting seale polymorphic forms is
investigated.

The chosen industrial process consists on the polymic crystallization of one
reference pharmaceutical crude product. For theqser of this study, the industrial
installation has been reproduced in the lab, onegperimental small-scale pilot
installation Figure 3.
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As in the industrial process studied, the refergplcarmaceutical crude product is
initially dissolved in an alcohol at high temperatand stirred in a tank.

Figure 1 (left)presents the typical time evolution of the tempembf the solution
during the polymorphic crystallization process Ine texperimental small-scale pilot
installation[Figure 3. Figure 1 (right)presents the solubility (¢ and metastability
(C°) curves of the two morphs (enantiotropy polyptoc system), as well as the time
evolution of the concentration in the solution dgrihe crystallization process in the
experimental small-scale pilot installatigRigure 2. All these curves have been
experimentally obtained, but they are schematicaligsented for confidentiality
purpose.

“Point X” corresponds to the initial state of theseem before cooling. The cooling of
the solution induces the crystallization of the {umsired crystallographic form
(morph 1) (“point A”) of the drug. This induces aexothermicpeak on the

temperature curve, iRigure 1 (left).

In order to obtain the desired crystallographicnfofmorph 1), the temperature is
further lowered under 0°C (“point B”) and the systas kept at this constant
maturation temperature. The concentration in thieitism is then equal to the
saturation concentration relative to the morptCll;, at the maturation temperature,
as it can be seen kigure 1 (right)

A few hours later, after a so called latency tiriie concentration of the solution is
still equal to the solubility of the morph Il atetlmaturation temperature (“point C”).
Then, at “point C”, the transition from the morghtd the morph | is initiated. This
can be observed iRigure 1 (left)by an exothermic peak, and,kigure 1 (right),by
the shift, at the maturation temperature, fromghtiration concentration relative to
the morph Il (“point C”) to the solubility of theamph I, C, (“point D).
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Figure 1: (left) temperature profile during theyrabrphic crystallization process as a functionhaf time - (right)
metastability & solubility curves of the two morplad time evolution of the concentration in thiison during
the polymorphic crystallization process (experina¢éngésults on the small-scale pilot installation)
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The objective of this work is, on the one hand,jdentify the mechanism of the
polymorphic transition at the maturation temperat{ghift from the “point C” to the
“point D”), and, on the other hand, to investigdke influence of the mixing
operating conditionsen the latency time.

2. Methodsand Materials

Batch crystallization experiments are carried aw double — jacketed glass tank of 1
[, as it can be seen ikigure 2 (left) The initial concentration in the solution
containing the reference pharmaceutical crude @toi$u0,6 @roduc{Jsolution » and the
initial temperature is 60 °C.

A mixture (ethanol and water) is thermostated byharmoelectric Huber PID
controller and circulated through the middle jactetcontrol the speed of cooling,
fixed at 15,5 °C / h, and the maturation tempemtset to - 2 °C.

The mixing of the solution is ensured by a stirrguipped with various impellers
types (propeller, Rushton turbine and ancheglre 2 (right)) rotating at different
speeds, ranging from 100 rpm to 550 rpm.

ammeter

FBRM probe

thermocouples

Huber PID

Figure 2: (left) experimental small-scale pilottadkation - (right) impellers [left: propeller - whille: Rushton
turbine - right: anchor]

Different measurements equipments are usegufe 2(left)):

- In — situ Lasentec Focused Beam Reflectance Megsolee: this probe
placed within the solution filling the tank is cooged of a laser rotating at
a fixed speed. The time during which the laserasta crystal determines
a size of chord. The probe continuously measure€hard Length
Distribution, which can be converted into a CrySale Distribution by a
statistical treatment.
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- In — situ type T thermocouples: these thermal psadye placed in various
positions within the experimental installation {lme solution in the tank
and in the mixture in the middle jacket) to rectrd time evolution of the
temperature during the crystallization process.

- On - line APPA 350 ammeter: this apparatus is usetheasure the
tension (in Volt) and the current (in A) neededtistain the rotation of the
stirrer at the fixed stirring rate. This can givéormation about the time
evolution of the power dissipated in the suspenbild in the tank during
the crystallization experiments.

3. Resultsand Analysis

3.1.Mechanism of the polymorphic transition

The mechanism of the polymorphic transition caermftie described as a mechanism
of « dissolution — recrystallization » mediatedtbg solvent. (Garcia E. et al., 1999 &
2002 — Veesler. S et al., 2003) As presented inriee following sub-sections, it can
be concluded from different experimental resultat tthe polymorphic transition
studied in this paper follows such a kind of medsian

3.1.1.Optical microscopy

As it can be seen iRigure 3 the experimental characterisation of the two rherpy
optical microscopy shows that the crystal sizehaf hon-desired morph Il is larger
than the crystal size of the desired morph |. Ttiservation leads of course to think
that the polymorphic transition follows a mechanisindissolution (morph 1) —
recrystallization (morph I).
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Figure 3: (left) morph | by optical microscopy —i@dle) Crystal Size Distribution for the morphs daih— (right)
morph Il by optical microscopy
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3.1.2.In — situ Focused Beam Reflectance Measure probe

A second way to investigate the mechanism of thignparphic transition is the
analysis of the FBRM probe signal — time evolutodrthe Chord Length Distribution
of the crystals during the crystallization procesas the morphology and the crystal
size distribution of the two morphs are quite déf® [Figure 3. In Figure 4 the
different curves correspond to the time evolutiérine number of crystals within a
size range.

. . A
polymorphic transition

(shift from “point C” to “point DN

Crystal Size Color
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[36 — 117]
[109 — 288]
[269 — 500]

crystallization of the morph Il
(“point A”)

time

Figure 4: FBRM probe signal during the crystalliaatprocess (the different curves correspond to the
time evolution of the number of crystals withinizesrange)

The polymorphic transition takes place in the I#oee. Firstly, the suddancrease
of the curves characterising the number of smg#tais (purple and red) is observed.
It seems to correspond to the nucleation of thepmadrcrystals. Therefore, it looks
like this phenomenon is the step which controls likginningof the polymorphic
transition, and induces large latency times.

Secondly, the suddestecrease of the curves characterising the numb#reolarger
crystals (blue, orange and white) is observecdedtss to result from the dissolution of
the morph Il crystals. Simultaneously, the growthhe crystals of morph | starts and
is carried on.

We can conclude from these experimental results ttihe polymorphic transition
follows a mechanism of dissolution — recrystalli@atmediated by the solvent.
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3.1.3.0n - line ammeter

A third way to investigate the mechanism of theypwrphic transition is the analysis
of the on — line APPA 350 ammeter signal, giving fower needed to sustain the
flow in the tank.

An analogy can be done between the power dissipatide: suspension (solution and
crystals) and its viscosity.

The time evolution of the temperature and of thevgrodissipated in the suspension
during the polymorphic crystallization processile experimental small-scale pilot
installation, is shown ifrigure 5 (left) while the time evolution of the concentration
in the solution during the polymorphic transitioh the maturation temperature is
schematically representedkingure 5 (right)
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Figure 5: (left) time evolution of the temperat({f¢ and of the power dissipated in the suspens®rd(ring the
polymorphic crystallization process - (right) timeolution of the concentration in the solution dgrthe
polymorphic transition at the maturation tempemtur

During cooling, the power dissipated in the susmenicreases continuously but
slowly, due to the increase of the viscosity resglfrom the lower temperature as
well as from the higher crystal fractioRi§ure 5 (left).

A decrease of the power dissipated in the suspemsithen observed (phase a). It can
be attributed to a lower concentration in the solutdue to the simultaneous
phenomena of morph Il dissolution and morph | naibbe or growth [Figure §.

The next increase of the power dissipated in tlspesusion results from the growth of
morph | which induces an increase of the solidtatgdraction (phase b).

It is interesting to note that the apparent viggosi the suspension of morph I
crystals is lower than the one containing morphystals Figure 5 (left]. This might
be linked to the fact that the morph | crystals amech smaller (and hence much
abundant) than morph Il crystaBigure 3.
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3.2.Influence of the mixing operating conditions on thatency time
Figure 6 presents experimental results of latency times iobta by varying the

mixing operating conditions: the impeller type (peder, Rushton turbine and anchor
[Figure 5 (right]) and the stirring rate (from 100 rpm to 550 rpm).
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Figure 6: experimental profile of the latency tinassa function of the mixing operating conditions

It is quite interesting to note that an analogy bandone between the experimental
profile of the latency times as a function of therieg rate, and, the theoretical
profile of the metastable zone width as a funcbbmhe stirring rate (Mullin, 2001),
as it can be seen kFigure 7.
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Figure 7: theoretical profile of the metastablee@ridth as a function of the mixing operating cdiodis (Mullin,
2001)
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Three phases can be observed on this last prdideunderstand the interpretation
presented below, it is firstly important to remitidht the increase of the stirring rate

leads to an increase of the velocity gradientsifi¢rdnt scales in the fluid, and,
therefore to an increase of the turbulent kinatiergy dissipation rate[eq. (1)]:

coufou ou )
2\ ox,  0x, 1)

Phase 1: decrease of the metastable zone width wmitheasing rotation speed.

The turbulent kinetic energy of the flow is dissgzathrough heat in the Kolmogorov
micro — swirl (smallest vortices of the turbulents) the viscosity. The increase of
the local temperature of the solution allows thessmg of molecular diffusion energy
barrier, Ep Therefore, it leads to an increase of the saliffasion coefficient, D [eq.

(2)].
D= Da exp{— Eab) (2)
o RT

Moreover the increase of the mixing leads to theretese of the diffusion boundary
layer,d, and then to the increase of D [eq. (2)].

Those two phenomena account for the noticed dezrgfathe metastable zone width
with increasing rotation speeds. Indeed, an iner@dghe diffusion kinetics D leads
to an increase of the nucleation rate B [eq. (B)JuUence on the nucleation rate pre
exponential coefficient K).

Phase 2: increase of the metastable zone width wittreasing rotation speed.

The increase of the turbulent kinetic energy dessgm rate also leads to the increase
of the turbulent shear stresses|f the crystal size is smaller than the Kolmogoro
micro - swirl size, the turbulent shear stressesapressed as in eq. (3).

r = plue) 3)

These shear stresses remain negligible in phasd bdzome significant when the
stirring rate increases, thus accounting for thicad increase of the metastable zone
width (Sherwood & Ristic, 2001).

Phase 3: decrease of the metastable zone width wmitheasing rotation speed.

While previous effects are still present in phasew® additional phenomena become
significant. Indeed, the effect of the increasemhgerature, due to the increased
turbulent kinetic energy dissipation rate, hasgmificant influence on two kinetics

[eq. (4) & (5)]:

- the kinetics of incorporation of molecules inucleus :  k_ ex;{_ij 4)
RT

L " . AG, (5)
- the kinetics of critical nucleus formation: exp - KT
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All these phenomena are in competition and leaithéoform of the curve presenting
the evolution of the metastable zone width as atfan of the stirring rateHigure 7.
(Mullin, 2001)

These qualitative concepts used to interpret tleerttical profile of the metastable
zone width as a function of the stirring rate allexplaining the experimental profiles
and the relative positions of the three curveBigure 6

For this purpose, some additional theoretical aersitions must be taken into
account regarding the nucleation rate.

It can be experimentally shown that the metastatslirve for the morph | lies above
the solubility and metastability curves of the nmoip at any stirring rate, during the
crystallization process. Then, as it can be sedrigare 1 (right) at the saturation
concentration for the morph Il at the maturatiomperature (“point B” or “point C”),
the system is characterized by a point locatedhénnbetastable zone of the morph 1.
In this zone, the nucleation rate, B(S(t)) [eq],(6&f the morph | is not spontaneous
and is therefore quite slow.

_ _E _lémr y’m2 5
B(S(t)) Kex;{ RT)GX{ 3 k(ps)2R2T3In2(S(t))] (6)

In Figure 8, the rate of nucleation is schematically presergsda function of the
relative sursaturation S, defined as the ratio betwthe concentration in the solution
and the solubility at the same temperature (S € ¢ The two curves correspond to
two different stirring rates.
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Figure 8: nucleation rate (B) as a function of ilative sursaturation (S) at two different stigirates

Below the relative sursaturation characterisingrtfeastability curve, &= C°/ C,,
the rate of nucleation is quite small.
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Remembering that the nucleation of the morph Ihie step which controls the
beginning of the polymorphic transition, the latgicne depends on the time needed
to induce the nucleation.

As it can be seen iRigure 8 as the relative sursaturation characterizingstystem
before the polymorphic transition’(S C / C) is fixed, the smaller the metastable
zone width, the larger the nucleation rate, andstheller the latency time.

Coming back to the experimental results of thenkeyetimes as a function of the

stirring rate presented figure 6 a qualitative interpretation of the relative pigis

of the three curves can now be done. The curvéivelto the anchor corresponds to
the phase 1: the turbulent shear stresses aremqumirtant enough to allow the

beginning of the phase 2. The curves which cornedpio the propeller and the

Rushton turbine are similar. Their relative positican be explained by the larger
turbulent shear stresses in the fluid when the ®uasturbine is used. This leads to an
earlier and more important increase for the cunesgnting the latency times relative
to the Rushton turbine than for the curve relatoréhe propeller.

4. Discussion and Conclusions

The analysis of the results obtained by the optmc&iroscopy, the in — situ FBRM

probe and the on — line ammeter allow to affir@t tthe mechanism of polymorphic
transition involves the nucleation of the morphhk dissolution of the morph Il and
the growth of the morph I. The step which limite theginning of the polymorphic

transition is the morph | nucleation. This can ab&oconcluded by the comparison
between the experimental profiles of the latenayes as a function of the stirring
rate, and, the theoretical profile of the metastatitne width as a function of the
stirring rate.

Up to now, the experimental results demonstrate|tasould be expected, the
importance of the mixing operating conditions om tholymorphic crystallization
process. We intend to investigate hydrodynamicllpaeameters of the fluid (Escudié
R. et al., 2004), for various impellers types atidisg rates. These local parameters
— turbulent kinetic energy dissipation rate, tudnilshear stresses at the Kolmogorov
scale, ... — will be obtained by Computational Flignamics (Gambit & Fluent).
The purpose of those future investigations is tibdbai universal correlation between
experimental latency times and some hydrodynanaial [parameters of the fluid.

Nomenclature

|
B nucleation rate Cwa )
S

solunon

K
C concentration{M)

gsolution
C°n concentration of the metastability curve relatwehe morph I,l1I @)
gsolutlon
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* . . g k roduc
Cn saturation concentration (of the solubility cureéthe morph 1,11 &)
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solute diffusion coeﬁicient«rp)
S

2
molecular diffusion coefficientT—)

S
diffusion boundary layerrf)

2

I o m

turbulent kinetic energy dissipation rate-{ )
S

activation energy of nucleation—‘z—l)
mo

activation energy relative to the molecular diftfllls(i')
mo

activation energy relative to the incorporatiomudlecules in a nucleus

(—1)

mol
activation energy relative to the formation ofrdical size nucleusJ)

surface tension—lg)
m
Boltzmann constan%)

kinetic coefficient of incorporation of moleculgsa nucleus {)
Q

i : .k
nucleation rate pre exponential coefﬂmem-gzi3 cystal

solution*

molar mass(k—g)
mol

2

. . . . ..m
cinematic viscosity coefficient{—)

S

power dissipated in the solutioW

perfect gas constan{—‘]%)
mol.K

fluid density (<9 )
m

solid density @)
m
relative sursaturation: C / @)

relative sursaturation at the system initial skaore transition: G / C, (/)
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Smwet  relative sursaturation at the metastability pa@ft/ C (/)
t time (s)

T temperatureC/K)

u velocity (?)
X spatial co — ordinaten()
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