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Abstract: which have possible consequences on the processing, the
In this contribution we present two cases of phase transitions, ~ physicochemical stability of the active substance alone and
in which the ability to control the reproducible formation of in its formulations, and on the bioavailability of the

the desired physical form requires a control of crystallization considered pharmaceutical compound. An example, in 1998,
parameters and a deep understanding of the phase diagram.  was Abbott's ritonavir, marketed for AIDS treatment as
Norvir, which developed problems with appearance of the
The different stages of the solution-mediated phase new less soluble, stable form which had different physico-
transition, i.e., dissolution of the metastable phase andchemical properties with respect to the form registered with
nucleation and growth of the stable phase, were studied forthe U.S.Food and Drug Administratién.
irbesartan, a pharmaceutical compound. The influence of The complexity of the molecules to be crystallized and
crystal ;izes and habits and of additive on the kinetics of ¢ necessity of good productivity often lead to the use of a
dissolution and growth has been shown. _ ~_ solvent mixture in the crystallization process, which causes
~ The second case of phase transition describes a fiquid  raiher complicated crystallization medium, at least a ternary
liquid phase_ separaﬂon which is metastable with respect tosystem, mixture of two solvents and a solute. A better
the crystalhzapon of the two polymorphs. nd k of . understanding of the crystallization process is essential to
CoeHaiCI N3Oz in an ethanoliwater mixture. Thermodynamic o' cleation and growth, and thus the phase, quality
stability of the phases toward each other with temperature and size of crystals. With that :31im, it becomes clear' that thé

and the impact of the liquidliquid phase separation on . cant st i< the determinati f the oh di
crystallization have been investigated. Our results show that!MpPorant stage Is the determination ot the phase diagram.

a deep control of the crystallization parameters and the N the phase diagram there is a region where two coexisting
understanding of the phase diagram lead to the achievementiduids can be observed, which corresponds to a miscibility
of the desired polymorph, in a reproducible manner. More- 92p in the phase diagram. This liqeibiguid phase separation
over, the dilute solution studied was shown to be nonideal (LLPS), or demixing, may have an impact on the crystal-
since it was correlated with the existence of the metastablelization process. If the LLPS appears in the metastable zone
liquid—liquid demixing which was observed and character- for crystallization, a competition between the LLPS and the
ized. In our experiments the liquidiquid phase transition  crystal formation might occur, crystallization might thus be
prevented the drug from crystallizing, while it changed the hindered or accelerated. Recent wérRssuggest that a
medium and the conditions of crystallization, which conse- metastable LLPS can affect nucleation. Nucleation was thus

quently affected the process. expected to be different above and below the coexistence or
binodal curve. Experimental results and simulation calcula-
1. Introduction tions seem to indicate that nucleation is enhanced in the

Many industries, such as food, agrochemicals, and vicinity of this curve’1%12LLPS is known in colloid physics
pharmaceuticals, are frequently confronted with the presence
of multiple crystal polymorph&:# Indeed, polymorphism (5) Bauer, J.; Spanton, S.; Henry, R.; Quick, J.; Dziki, W.; Porter, W.; Morris

; ; i ; i J. RITONAVIR: An Extraordinary Example of Conformational Polymor-
means different physicochemical properties of the solid, Dhism. Pharm, Res2001 18, 850,866,

(6) Muschol, M.; Rosenberger, F. Liquid-liquid phase separation in supersatu-
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and in the protein area as a gdhid*3'*and a fluid-fluid a "
transition&5-17 respectively.

In this contribution we present two cases of phase
transitions, in which the ability to control the reproducible
formation of the desired physical form requires a control of
crystallization parameters and a deep understanding of the
phase diagram. "

The first case is the study of dissolution and pseudopoly- ¢
morphic transition of irbesartan, where the effects of crystal
sizes and habits and of additive are discussed. The seconc
case describes a LLPS which is metastable with respect to
the crystallization of the two polymorphs of a drug.

2. Materials and Methods
2.1. Materials. The pharmaceutical compounds studied

are organic molecules with the following basic formula:
CosH28N6O (irbesartan) and £gH41CI.N3O,. The first com-

pound is used in the treatment of hypertension and presents )—

a solution-mediated phase transition (SMPT) of phase A into °

phase B in water. Phase A is trigon&3),'8 whereas B is

triclinic (P1),1° this compound is an organic molecule with \ / &

an unsaturated N cycle and the transformation of A into B
is a tautomeric transformation in liquid state isolated in solid Figure 1. (a) Tautomeric transformation of irbesartan form
state, called a desmotropy (Figure 1). The second compound? into form B from crystallographic data. (b) Structure of
crystallizes two polymorphs, Bnd F, but the transformation CasHaCloN3O.
of Fy into Ry had not been observed thus farissmonoclinic, prevent the solution from rotating in the crystallizer. Solution
whereas [r is orthorhombic. The crystallization process stirring is ensured by a stainless steel stirrer equipped with
imposes the solvent: an ethanol/water mixture (54.2/45.8% a mixel TT propeller type at a stirring rate of 300 rpm. Both
weight). Note that solubility of the polymorphs is high in  are covered with halar(ECTFE) coating to avoid chemical
ethanol but very low in water. interactions with the stirrer. At the beginning of the dissolu-
2.2. Solid Characterization.The crystals were observed tjgn experiment, crystal seeds of irbesatan form A were
under a scanning electron microscope (SEM) JEOL 6320F. hoyred into the crystallizer previously filled with pure water.
The SEM photographs clearly show differences in the crystal 1o determine the concentration as a function of time we
habits of irbesartan form A and B, Figure 2, a and b, measured the conductivity variation of the solution. Metrohm
respectively. Figure 2c shows platelet crystals, and Figure g0 conductimeter (Metrohm Herisau, Switzerland) with an
2d shows needle habits of polymorphsahd b, respec-  gpen geometry measurement cell (constant cell of 0.52cm
tively, of CgsHaiCl2N3O,. In this study all the solid phases  \yas used. If not specified in the text, the dissolution

were characterized by X-ray diffraction INEL CPS 120.  gyneriments were carried out with the crystal seeds presented
2.3. Phase Diagram and TransformationDissolution in Figure 2a.

and water-mediated desmotropy of irbesartan were performed 14 technique used to determine the solubility of the stable
in a batch crystallizer of 0.8 L at constant temperature widely 4¢ \vell as the metastable polymorphs aftG1Cl.N:O; ver-
Qescrlbed in a previous Woﬂi.Thls cr'ystalllzer isadouble- ¢ o temperature was the bracketing technig@e This
jacketed glass vessel equipped with three wall baffles 10 to.nnigue consists of observing the growth or the dissolution
of small single crystals seeded in solutions at known concen-

(13) Noro, M. G.; Kern, N.; Frenkel, D. The role of long-range forces in the

phase behavior of colloids and proteif@irophys. Lett1999,48, 332— trations, under Opt}cal m|croscope (Nikon, D|aph0t)v. at given
338. temperatures. Using the experimental setup previously de-
(14) Cahn, J. W.; Hilliard, J. E. Free energy of a nonuniform system. IIl. : 3/ : : : i
Nucleation in a two-component incompressible fluldPhys. Chem. Phys. scribed (Flg_ure 3)’ the temperature in the solution is moni
1959,31, 688—699. tored by Peltier effect£0.1°C), and the crystal temperature

(15) Ishimoto, C.; Tanaka, T. Critical behavior of a binary mixture of protein ilikri i ili
and salt waterPhys, Bes, Let1077 30, 474477, equilibrium is measured. When we measure the solubility of

(16) Thomson, J. A.; Schurtenberger, P.; Thurston, G. M.; Benedek, G. B. Binary the metastable polymorph, the stable form does not sponta-
liquid phase separation, critical phenomena in a protein/water solBtioo. neously nucleate; thus, the concentration within the solution
Natl. Acad. Sci. U.S.AL987,84, 7079—7083.

(17) Grouazel, S.; Perez, J.; Astier, J.-P. Bonneté F.; Veesler, S. BPTI liquid—
liquid phase separation monitored by light and small-angle X-ray scattering. (21) Beckmann, W. Seeding the desired polymorph: background, possibilities,

Acta Crystallogr.2002,D58, 1560—1563. limitations, and case studie®rg. Process Res. De2000,4, 372—383.
(18) Garcia, E. 148 (Aix-Marseille Ill, Marseille, 2000). (22) Beckmann, W.; Boistelle, R.; Sato, K. Solubility of the A, B and C
(19) Bocskei, Z.; Simon, K.; Rao, R.; Caron, A.; Rodger, C. A.; Bauer, M. polymorphs of stearic acid in decane, methanol, butandn€hem. Eng.

Irbesartan Crystal Form BActa Crystallogr., Sect. @998,54, 808—810. Data 1984,29, 211—214.

(20) Garcia, E.; Veesler, S.; Boistelle, R.; Hoff, C. Crystallization and dissolution (23) Boistelle, R.; Astier, J. P.; Marchis-Mouren, G.; Desseaux, V.; Haser, R.
of pharmaceutical compounds an experimental apprahdbryst. Growth Solubility, phase transition, kinetic ripening and growth rates of porcine

1999,198/199, 1360—1364. pancreatiax-amylase isoenzymed. Cryst. Growth1992,123, 109—120.
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Figure 2. SEM photographs of irbesartan form A (a) and form B (b), and polymorphs of GsH41CIoN3O,, Fy platelet (c) and F,
needle (d) habits.
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Figure 4. Variation of concentration versus time due to the
solution-mediated phase transition of form A into form B for a
mass concentration of 50 mg. ! at 40 °C in pure water.

scattered at 90to the temperature for which™! reaches
zero?® In this work we present the isoplethe section of the
ternary phase diagram.

J ik ‘ 3. Results and Discussion
Figure 3. Quiescent thermostated cell by Peltier effect placed 3.1. Dissolution and Desmotropic Transition of Irbe-
under a microscope equipped with a camera. sartan. Here is presented a laboratory study of the SMPT

of irbesartan. Mechanisms and effects of some crystallization
remains constant throughout the experiment. The temperaturgparameters are discussed.
range for the solubility measurements was 10-°67 3.1.1. Dissolution and Desmotropic Transition of Irbe-

This setup was also used to observe and to characterizesartan in Pure Water. Figure 4 shows the variation of

the liquid—liquid demixing. The coexistence curve for the concentration versus time due to the SMPT of form A into
liquid phases, also called th& - boundary (=L for form B, for an initial solid concentration of 50 mg-L at
liquid—liquid), was determined through light-scattering 40 °C in pure water. As shown in a previous repate
intensity measurements. To determine the spinodal temper-different stages observed in Figure 4 correspond to the
ature of each solution used, we extrapolated the temperaturedissolution of form A (increase in the concentration). When
dependence of the reciprocal intensity?, of the light the apparent solubility of the metastable form A is reached,
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Figure 5. Variation of concentration versus time for acicular
and tabular crystal habit of irbesartan form A for a mass
concentration of 100 mgL ~* at 40 °C in pure water.
the dissolution of form A strictly compensates form B
nucleation and growth (presence of a plateau at 13Lmig
corresponding to the apparent solubility of form A at°4l).
Then dissolution of form A cannot compensate anymore for
the growth of form B, the concentration decreases until it
reaches form B solubility (5 mg~! at 40 °C). It is
noteworthy that this behaviour is characteristic of SMPT,
for instance the setting of plaster, gypsum or Ca&28,0,
which is obtained by a SMPT of Ca%0.5H,0, presents
the same transformation cur¥e2®

When mass concentration of form A increases from 50
to 100 mg-L%, the length of the plateau increases, and the
total time of the transformation increases from 280 to 405

(h)

(110)

0 oxygen
. carbon
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Figure 6. (a) Experimental morphology obtained for crystals
of irbesartan form A grown in water, (b) scheme of the
experimental morphology, and (c) packing arrangement of
irbesartan molecules viewed along the-axis.

min (Figures 4 and 5). These results correspond to the factgecqyse of this lower dissolution rate, the plateau has a lower

that when mass concentration of form A increases, the

amount of form A available to compensate the diminution
of the concentration in solution due to the growth of form B
is greater; therefore, the plateau is much longer.

Another interesting point is that the overall kinetics of
the SMPT is controlled either by the dissolution kinetics of
the metastable form or by the growth kinetics of the stable
form or by both. The process which kinetically controls the
SMPT can be determinétfrom the shape of the transfor-
mation curve, Figure 4 in our example. The SMPT of form
A into form B is controlled by the growth of the form B at
40 °C in water (Figure 4).

3.1.2. Influence of the Crystal Habits and of Additive
on the Dissolution and Desmotropic Transition of Irbe-
sartan. As the SMPT uses the concept of dissolution,
nucleation, and growth, all the factors usually met in
crystallization from solution play a role: solvent, tempera-

value. In that case, the diminution of both dissolution rate
and plateau concentration values reveals a dissolution-
controlled proces¥®

The use of additives to control SMPT is very promising,
and many reports deal with such an appro#ckBy using
the concept of “tailor-made” additives, molecules can be
selected from examination of crystal structure and indexation
of the experimental morphology of irbesartan form A (Figure
6).2 Two forms have to be considered, §10G lateral faces
and the{111} terminal faces of the needle. The weak
solubility of crystals of irbesartan form A in water (about
11 mg-L* at 40°C) and their aggregation in water are due
to the hydrophobic nature of t{00} form. These results,
together with a previous wotkin which we evidenced that
the first step in the dissolution process of irbesartan form A
is disaggregation of the powder lead us to use a surfactant,
50 ppm of dodecylamine chloride (DAC), to accelerate the

ture, hydrodynamics, crystal sizes and habits, additives, etc.gisqo|ution (Figure 7). The dissolution of form A is acceler-

Here we show the influence of crystal sizes and habits
and of additive on the SMPT of irbesartan. Figure 5 shows
the differences in the overall kinetics of the SMPT of form
A into form B, when larger tabular crystals are used instead
of smaller acicular crystals (Figure 2a). The transition lasts
700 min instead of 400 min. This is due to a dissolution
rate of tabular crystals lower than that of acicular crystals.

(24) Amathieu, L.; Boistelle, R. Crystallization kinetics of gypsum from dense
suspension of hemihydrate in watdr.Cryst. Growth1988,88, 183—192.

(25) Badens, E.; Veesler, S.; Boistelle, R. Crystallization of gypsum from
hemihydrate in the presence of additivésCryst. Growth1999 196, 704~
709.

(26) Cardew, P. T.; Davey, R. J. The kinetics of solvent-mediated phase
transformationProc. R. Soc. London A985,398, 415—428.
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ated, and the apparent solubility of form A is increased about

(27) Staab, E.; Addadi, L.; Leiserowitz, L.; Lahav, M. Control of polymorphism
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2, 40-43.
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Cryst. Growth2002,235, 471—481.
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the SMPT of form A into form B for a mass concentration of b5 1
50 mg-L~* at 40 °C in pure water and in the presence of 50 =
ppm of DAC, (a) the whole process and (b) the first stage. 154 | .
10%. It is also interesting to note that the growth rate of -~
form B is slowed, and the whole process lasts 1300 min in { i ;
the presence of DAC instead of 300 min in pure water. The 059 \ai't Hoft
surfactant has a double effect; it accelerates the dissolution 0.0 76260 Graphic Determination
of form A and hinders the growth of form B. . / / (T = 52.5°C)
3.2. Polymorphism and Liquid—Liquid Phase Separa- o S soeeEs Poac T o STRNET,
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

tion of C3sH41Cl2N3O,. The second case studied concerns a
boen identiied. The use of & sovent mture J at i oigin 19ure 9. Solublies f polymorphs Fy and Fy in mixure
e ) e ethanol/water(54.2/45.8% weight) versus the inverse of the
of LLPS or demixing which affects the crystallization apsolute temperature. The solid lines are empirical fits to the
process, with sometimes a poor nucleation ability which may data.
be avoided by seedirfd.Thus, in this part we will describe
polymorph selection and influence of LLPS on seeding.
3.2.1. Isoplethe Section of the Phase Diagram of

1/Temperature (K"

be 52.5+ 1 °C by graphic determination, this is the reason
the transformation of Finto K, had never been observed

CasH41CIN:0,. Figure 8 shows th@ . boundary, spinodal previously, since all prior studies were conducted well below

= . Tp.
curve, and solubility of polymorphs, fand k in ethanol/ P . L .
water mixture (54.2/45.8% weight). The temperature range . The solubﬂﬂ_y variation with temperature of any s,olute
corresponds to that used in the industrial crystallization ml asr;y E_olvent9|s cl:ommonlydrepr(ra]senteq b|_>|/ :c?ef van't Hoff
process. This diagram exhibits four regions: one homoge- plot ( igure 9). In ourfs‘tsg%/:, tTE vaqt (Oj.ﬁ It gave ?
neous region (region I: one liquid) and three two-phase transition toempe.rature oros.Q. There Is a ditierence o
regions (region Il: one liquidt- one solid FI; region IlI: about 10°C (F_|gure 9) with respect t.o the.tra.msmon
one liquid+ one solid FII: region IV: two liquids), the two temperature estimated by graphic determination; this showed

solid phases correspond to the two polymorphs Fl and FII. that the van't Hoff plot was clearly inappropriate here.

) 3 ; . .
The region IV is divided into two sub-regions by the spinodal ﬁcifor?'?g to C;_ranlt elt aP.l, thlstrlon(;meanty é)f :Ee vhar:jt

curve in which the mechanisms to set off demixing are r? bpo |sbptar icufarly re etvan 3 _rugihan olfer y _rot- d
different (IV(a) and V(b)) phobic substances in water and in other self-associate

The graph shows that the polymorphsaRid F, make an solvents over the temperature range of approximately®
enantiOtrOpiC system with a crossover temperature of tranSi'(SZ) Van't Hoff, J. H. L’équilibre chimique dans les systéemes gazeux ou dissous

tion notedT,. Under this temperature the polymorphi& a l'état dilue Nature 1886,20, 239—302. _
thermodynamically stable. but aboV@ the form F becomes (33) Grant, D. J. W.; Mehdizadeh, M.; Chow, A. H.-L.; Fairbrother, J. E. Non-

. ) linear van't Hoff solubility-temperature plots and their pharmaceutical
metastable with respect to the form.H, was estimated to interpretationInt. J. Pharm.1984,18, 25-38.
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; i A
Figure 10. In situ observations under optical microscopy, of
polymorphs F, and F; in different phase diagram areas. (a) I
and F; in solution at point A in Figure 8, and (b) F crystals
have completely dissolved and Fhas grown at point B in Figure
8.

°C. That is why these authors suggested that it was preferable
and normally adequate to assume that the apparent partia
molar enthalpy of solution, which is independent of tem-
perature only for ideal solutions, is a linear function of
temperature. With this assumption, the solution has to be
considered as nonideal.

Consequently, this result reminds pharmaceutical scientists
of the danger to erroneously attribute the nonlinear solubility
behaviour as a phase change in the solid state, such a
polymorphism or solvate formation. The slope discontinuity

IS nqt necessarily due to the eX|stence“0f anew polymorph, Figure 11. Photographs of drug solution concentrated to 14.6
but it may also be the result of the “nonideality” of the o in mixture ethanoliwater (54.2/45.8 wt %), point D in
solution. Figure 8. (a) In situ observations under optical microscopy, of
3.2.2. Polymorph SelectionThe understanding of the appearance of droplets in the drug solution at 35°C and (b)
phase diagram and the experimental setup, quiescent therPhotograph of drug solution at 35°C after 15 min. (The arrow
mostated cell by Peltier effect placed under a microscope ndicates the limit between the two phases.)
(Figure 3), lead to the achievement of the desired polymorph, presented in another report in preparati¥frip a quiescent
in a reproducible manner. Our study was aimed at obtaining solution, we observed the decantation of the droplets (Figure
only one polymorph, for instance,fn solution. Thus, when  11Db), whereas in a stirred medium we observed an emulsion.
the solution of this drug molecule was concentrated up to As shown in Figure 8 (point D), this phase separation
4% weight at 20C, (point A in Figure 8), both polymorphs  occurred in the supersaturated area of the phase diagram with
were in suspension (Figure 10a). When the solution was respect to the two solid phasesand F, and at 35°C R is
heated to 35°C (point B in Figure 8) form F dissolved the stable form and,Fs the metastable form. This metastable
while R remained stable as shown in Figure 10b. As the LLPS can significantly affect the crystallization by changing
solubility curves of Fand F cross at 52.8C, it is easy to its kinetics. For instance, in a case of seeding with crystals
select either polymorph by slightly changing the temperature. of F at point D (Figure 8), crystals which are the stable phase
3.2.3. Liquid—Liquid Phase Separation and Crystal- can coexist with the metastable phase, i.e., the droplets
lization. A solution of this pharmaceutical compound at a (Figure 12a). In Figure 12b, after 12 h, droplets have
concentration of 14.6% weight at 6C (point C in Figure increased their size by both growth and coalescence. The
8) was cooled to 35C (point D in Figure 8). A cloud  coalescence of droplets was confirmed by their decreasing
appeared in the solution, despite a supersaturated solutionnumber (Figure 12b). Crystals were still growing, and we
this cloud was not due to an amorphous precipitation, observed a nucleation of droplets by an heterogeneous
gelation, or crystallization of one polymorph but to the mechanism (Figure 12, b and c). At the end of the
appearance of droplets in solution (Figure 11a). The solution crystallization process, in the isothermal experiment, the
separated into two coexisting liquid phases of different solute concentration reached the solubility pbl crossing
compositions, with different densities; one of the phases will
be solute- and ethanol rich, and the other will be water rich (34) Lafferrére, L.; Hoff, C.; Veesler, S. Liquid-liquid demixing from drug

. . . . solution. Study on temperature dependence using static light scattering and
(the complete characterization of the phase diagram will be titration. Manuscript in preparation.
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terization of the system. In the scale-up procedure the most
widely used criterion for crystallization process is based on
constant power input per unit volunie.In the case of
emulsion3® scale-up at constant power per unit volume
produces smaller drops.

We thus conclude that the existence of a LLPS is
correlated with the “nonideality” of the solution. The
relevance of this LLPS for crystallization is evident because
of the composition changes in both liquid phases. That
means, at least, that supersaturation and viscosity are affected
during the process. The probability of forming a miscibility
gap or liquid—liquid demixing increases with the number
of components in the systetThus, the use of a solvent
mixture for the sake of the process could lead to a liguid
liquid demixing, and crystallization might thus be hindered.

4. Conclusions

The different stages of the solution-mediated phase
transition, i.e., dissolution of the metastable phase and
nucleation and growth of the stable phase, were studied for
irbesartan, a pharmaceutical compound. The influence of
crystal sizes and habits and of additive on the kinetics of
dissolution and growth has been shown.

For a system having a liquitdliquid phase separation
which is metastable with respect to the crystallization of the
two polymorphs, Fand k of CgsHs1CIoN3O; in an ethanol/
water mixture, thermodynamic stability of the forms with
each other with temperature was investigated. Thermody-
namic stability of the phases towards each other with
temperature and the impact of the liguiiquid phase
separation on crystallization have been investigated. Our
results show that a deep control of the crystallization
parameters (temperature, supersaturation, solution composi-
tion, etc.) and the understanding of the phase diagram lead
to the achievement of the desired polymorph, in a reproduc-
ible manner. Moreover, the dilute solution studied was shown
™ Wit ; '56',,';; to be nonideal since it was correlated with the existence of

3 the metastable liquid—liquid demixing which was observed
and characterized. In our experiments the ligtliquid phase

Figure 12. In situ observations under optical microscopy of
seeding with polymorph F of drug solution concentrated to 14.6

Wt % in mixture ethanol/water (54.2/45.8 wt %) at 35 °C; (a) transition prevented the drug from crystallizing, while it
t=0, (b)t =12 h and (c)t = 22 h. (The arrow indicates the changed the medium and the conditions of crystallization,
heterogeneous nucleation of droplets onto crystal surface). which consequently affected the process.
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