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bstract

It is generally accepted, that crystalline solids representing a low energy polymorph should be selected for development of oral dosage forms. As a
onsequence, efficient and robust procedures are needed at an early stage during drug discovery to prepare crystals from drug-like organic molecules.
n contrast to the use of supersaturated solutions, we present a potentiometric crystallization procedure where saturated solutions are prepared
n a controlled manner by pH-titration. Crystallization is carried out under defined conditions using the sample concentration and experimental

Ka values as input parameters. Crystals of high quality were obtained for 11 drugs selected to demonstrate the efficiency and applicability of the
ew method. Technical improvements are suggested to overcome practical limitations and to enhance the possibility of obtaining crystals from
olecules in their uncharged form.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Crystallization is an important purification and separation
echnique in a variety of commercial processes, as for exam-
le biotechnology, mineral processing, waste treatment, energy
torage, production of new materials and electronic chemicals
Garside and Tavare, 1986). In the pharmaceutical industry, crys-
als from potential drug candidates are used as a starting point for
he development of oral dosage forms and their characterization
ith respect to polymorph formation, thermodynamic solubil-

ty and dissolution rate in different buffer systems (Singhal and
uratolo, 2004).

Crystallization can occur in solution, from vapor or from
elt. Most processes in the chemical industries use crystalliza-
ion from solution. The starting point for crystallization is the
reation of a saturated solution. However, formation of a sat-
rated solution is a time-consuming process since it may take
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everal days until the equilibrium between the compound’s sol-
ble and insoluble forms has been reached. As a consequence,
upersaturated and not saturated solutions are used frequently as
he starting point for crystallization. If not well controlled, how-
ver, crystallization from supersaturated solutions may fail and
ead to the formation of amorphous material or crystal defects
Shekunov and York, 2000). In general, with decreasing level
f supersaturation, the crystal growth becomes slower and the
rystal quality improves (Smakula, 1962). In view of these limi-
ations, a protocol was designed which allows for the controlled
reparation of saturated solutions by potentiometric titration.
uch crystallization procedures using pH variation are often
sed for the crystallization of proteins (McPherson, 1985; Baird,
999; Berisio et al., 1999; Stewart and Baldock, 1999; Wiencek,
999; Gray et al., 2001), but rarely for drug molecules (Wang
nd Berglund, 2000).

The present crystallization method enables the efficient

eneration of saturated solutions using pH-titration. Fine pH
ariations are applied based on experimental pKa values to obtain
he saturated solution. The crystallization process can thus be
moothly initialized and controlled, a key prerequisite for fur-

mailto:manfred.kansy@roche.com
dx.doi.org/10.1016/j.ijpharm.2007.05.030
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her optimization and application in a commercial environment.
he advantages of the new method are, first, avoidance of buffer
ystems in the crystallization of compounds, second, improved
ontrol of crystal growth due to the use of the saturated solu-
ion and, third, reduction of the risk to obtain non-crystalline
amorphous) materials.

. Materials and methods

.1. Materials

Diclofenac, famotidine, flurbiprofen, furosemide, hydro-
hlorothiazide, ketoprofen, propranolol and quinine were com-
ercial compounds used for crystallization.
Cyclopenthiazide and codeine are compounds with known

olymorphic forms. Additionally, an internal compound with
nown polymorphs was included in the study. Their solubili-
ies were determined via a potentiometric method. Crystalline

aterials of all compounds were successfully obtained using the
nvented new crystallization method.
The pSol instrument (pION INC., Woburn, USA), usually
oreseen for potentiometric solubility measurements, was used
ere to study the crystallization processes and to obtain an addi-
ional pH-solubility profile.

a
p
c
i

Fig. 1. Four step construction of the Bjerrum difference plot for a molecule with t
Pharmaceutics 342 (2007) 161–167

.2. Methods

.2.1. Potentiometric pKa assay
A potentiometric titration method was used for the pKa

etermination via the GlpKa equipment (Sirius Analytical
nstruments Ltd., East Sussex, UK) (Avdeef and Comer, 1993).
sually, a blank titration is performed at the beginning of the
easurement to calibrate the electrode. Afterwards, precisely

nown volumes of a standardized strong acid or base are added to
vigorously-stirred solution of a protogenic substance, while the
H is continuously measured with a pH-electrode. The results of
n experiment deliver two potentiometric titration curves, one
ith and one without sample as shown in Fig. 1a.
The potentiometric titration curve depicts the measured pH

gainst titrant volume added. The shape can give information on
he amount of substance present and its characteristic acid–base
onization properties. To reveal overlapping pKas, it is neces-
ary to transform the titration curves into Bjerrum plots. Such
plot can be obtained by subtracting a titration curve contain-

ng no sample, “blank” titration, (left curve in Fig. 1a), from

titration curve with sample, (right curve in Fig. 1a), at fixed

H-values. The difference between the total and the free con-
entrations is equal to the concentration of the bound hydrogen
ons. The latter concentration divided by that of the sample gives

hree pKa values, whose constants are observed in the simple titration curve.
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Fig. 2. Solubility-pH profile of a weak base. B is the soluble form of the weak
base. B is the solid form of the weak base. BH+ is the charged form of the
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he average number of bound hydrogen atoms per molecule
f substances, n̄H. The Bjerrum curve is a plot of n̄H ver-
us pcH. It reveals all the pKas as pcH values at half-integral

¯ H.

.2.2. Potentiometric solubility assay
The potentiometric solubility assay requires an ionizable

ompound as reactant and a strong acid or a strong base as titrant.
blank titration is performed at the beginning of the measure-
ent, similar to the procedure described for the determination

f ionization constants. Afterwards, a certain amount of com-
ound is placed in a reaction beaker and dissolved in a given
olume of solvent. A titration is then performed in the direction
f complete dissolution. During the measurement, the pH-value
s continually determined via a pH-electrode. Similar to the
otentiometric pKa assay, two potentiometric titration curves
re obtained, and the corresponding Bjerrum plot is derived.
hus, the value of apparent pKa, (pK

App
a ), can be determined

t the half-integral n̄H positions of Bjerrum plot. In case of
eak acid, the apparent ionization constant, K

App
a , is defined as

q. (1).

APP
a = [A−][H+]

([HA] + [HA]s)
= Ka

[HA]

([HA] + [HA]s)
(1)

HA] is the concentration of the molecule HA in the solution.
HA](s) is the moles of the molecule HA, which precipitated per
iter of aqueous solution.

At the half-integral n̄H positions of Bjerrum plot, half of the
otal amount of the substance is protonated, thus, the concentra-
ion of the free acid, HA, equals that of the conjugate base, A−
Eq. (2)).

HA] + [HA]s = [A−] = C

2
(2)

A−] is the concentration of the conjugate base, A− in the solu-
ion. C is the total amount of substance in the solution and solid
hase.

Combining Eqs. (1) and (2) together, the value of intrinsic
olubility can then be deduced from the Eq. (3) using the exper-
mentally determined pKa value and the sample concentration,
, as input parameters.

ogS0 = log[HA] = log
C

2
− pKApp

a + pKa (3)

.2.3. Description of the crystallization assay
Crystallization is considered as a kinetic process and illus-

rated with the help of the pH-solubility profile using a weak
ase as an example (Fig. 2).

In region A, the compound is in equilibrium and solubility
tays constant. Eq. (4) describes the equilibrium in region A.

H+ � B � B(s) (4)
n region B, solubility rises with the increasing amount of BH+,
hen pH changes from high to low. This means, when a basic

ompound is titrated from its insoluble to its soluble form, an
ncreasing amount of uncharged precipitate B(s) will go into

s
t

e

(s)

eak base. Reduction in concentration of a compound leads to lower tendency
f forming salts.

olution with increasing hydrogen concentration [H+]. This will
ontinue, until point 2 is reached. At point 2, a “perfect” buffer
ystem (Avdeef, 2001) exists. The simultaneous presence of
olid free base and its solid conjugate acid force the pH and
olubility to be constant, as long as the two interconverting
olids are present. This special pH point has been designated
s the Gibbs’ pKa (pKGIBBS

A ) (Avdeef, 2001). The equilibrium
quation associated with this phenomenon is Eq. (5).

H+
(s) � B(s) + H+ (5)

GIBBS
a = {H+}{B(s)}

{BH+
(s)}

(6)

he solubility at point 2 is S = S0 + Si. The constants S0 and Si
re intrinsic and salt solubility (Avdeef, 2001).

From point 2 on, (in region C), BH+
(s) will be only won in

redit of B in the solution and solubility decreases with B +
+ → BH+

(s), until region D is reached. In region D, no more B

ill be changed into BH+
(s) and the minimum of [B] is achieved.

he equilibrium existing there is described by Eq. (7):

H+
(s) � BH+ � B + H+ (7)

owever, during the potentiometric titration, one is not very fre-
uently able to observe the phenomenon of the “perfect” buffer
ystem, because in order to get a good titration, it is always rec-
mmended to use a small amount of compound. And this leads
o the situation, that the whole amount of compound is dissolved
efore the maximal concentration of salt in solution ([BH+]max
t point 2) is reached. The point where the whole amount of
ompound dissolved in the solution is signified as 2′ in Fig. 2;
t this point, the compound reaches its total solubility. The total

olubility does not change with pH and is signified in Fig. 2 by
he blue dashed line.

According to the new crystallization method, crystals can be
asily obtained, when the direction of titration described above is
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Table 1
Ionization constants and intrinsic solubility of famotidine, diclofenac, flurbipro-
fen, furosemide, hydrochlorothiazide, ketoprofen, propranolol and quinine

Compounds ApKa BpKa S0 (�g/mL)

Famotidine 6.74 11.19 1100
Diclofenac 3.99 0.98
Flurbiprofen 4.03 14.7
Furosemide 3.52 6.9
Hydrochlorothiazide 8.87 979.1
Ketoprofen 3.98 118
Propranolol 9.53 51.6
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eversed. In the case of a weakly basic compound B, one starts
ith an unsaturated solution of the compound at a low initial
H-value as illustrated in Fig. 2 by means of point 3′, which can
e varied by the amount of the compound used. Subsequently,
he pH-value is gradually increased by adding a strong basic
itrant to the solution. This leads to an increasing deprotona-
ion of BH+ to B, but initially, there is no precipitation of solid
hase. By reaching point 2′, the titration is stopped. At this target
oint 2′, the concentration of the uncharged form has reached its
aximal value [B]max, which is equal to the intrinsic solubility

0. Therefore, a saturated solution of the compound of interest
as been reached that may serve to carry out a crystallization
nder substantially saturated conditions. Hence, at the point 2′,
he probability for the formation of the neutral form is at its

aximum.
The point of saturation can be precisely identified via the

H-solubility profile and can be easily reached using pH-
itration. Therefore, generation of saturated solution is no more

time-consuming process since the advent of the invented
ew crystallization method. Furthermore, the newly developed
ethod uses saturated solution instead of highly supersaturated

olution as the starting point for the crystallization. Hence, the
hortcoming of the currently known method can be avoided. The
ontrol of the crystal growth can be improved and the possibil-
ty to obtain non-crystalline form can be reduced using the new
rystallization method. However, due to practical limitations, it
ay be difficult to reach the target point 2′ very precisely. If

oo much base is added, the pH-value goes beyond the targeted
H-value corresponding to point 2′ and a supersaturated solu-
ion is formed. Therefore, the titration is usually stopped at a
oint very close to the solubility-pH profile that corresponds
o a slightly unsaturated solution. By keeping the solution at
efined conditions allowing controlled slow solvent evapora-
ion, the concentration of the solution will slowly increase so
hat the saturated state is reached. In order to obtain good crys-
allization results and reduce the risk of forming amorphous
olid materials, an improved system might be of advantage for
onitoring the concentration of the uncharged form and regu-

ating the pH-value so that the concentration of the uncharged
orm is kept within a predefined tolerance range above the
ntrinsic solubility. Alternatively, the improved system may

onitor the total concentration of the compound and regulate
he pH-value so that the total concentration is kept within a pre-
efined tolerance range above the predetermined total solubility
rofile.

. Results and discussion

.1. Crystallization of known drugs

In drug development and in particular for the design of appro-
riate formulation strategies, test compounds of high chemical
urity and defined crystalline state are needed. Crystals of

rganic molecules are thereby often obtained using saturated
r supersaturated solutions. The actual degree of saturation
eeded to promote slow crystal growth leading to crystals of high
urity and quality varies from compound to compound and is

l
p
c
i

uinine 8.53 427.4

pKa is the acidic pKa, BpKa is the basic pKa. S0 is the intrinsic solubility.

ften determined empirically in time-consuming series of exper-
ments. Sub-optimal levels of saturation lead thereby either to a
ery slow rate of crystallization or to an accelerated crystalliza-
ion process resulting in the formation of amorphous material or
rystals of poor quality due to crystal defects. It was therefore
he aim of the present work to overcome these limitations and
isadvantages of currently known methods for crystallization
f weakly acidic and/or weakly basic compounds. Test com-
ounds are thereby dissolved in water at an initial pH chosen
uch that the compound is present predominantly in its charged
orm. Gradual titration of the pH-value in a direction that leads
o a decrease of the number of ionized functional groups, and
hus to an increase in neutral forms, results in a substantially sat-
rated solution, which is maintained in this state while allowing
or the formation of crystals. The present gradual pH-titration
ethod can be automatized, reduces the time needed to identify

ptimal conditions for crystallization and reduces the amount of
est compound since no serial dilutions of stock solutions have
o be prepared.

The known drugs famotidine, diclofenac, flurbiprofen,
urosemide, hydrochlorothiazide, ketoprofen, propranolol and
uinine were used to verify the readiness and applicability of the
ew crystallization method. The total amount of test compound
eeded for each experiment was in the range of 0.5–2 mg. The
ncubation volume (initial conditions) was 1.8 mL. Ionization
onstants and intrinsic solubility data were available and were
equired for the identification of the initial point of the crystal-
ization (Table 1). Crystals with high quality were obtained for
ll these eight ionizable compounds. The microscopic pictures
f ketoprofen, quinine and famotidine are taken here as examples
o demonstrate that the new crystallization method cannot only
e applied for acidic, basic, but also for ampholytic compounds.
Fig. 3)

.2. Crystallization of internal development compound

In order to validate the newly developed crystallization
ethod under conditions as typically encountered in the pharma-

eutical industry, a proprietary development compound was ana-

yzed. Compound 1 is a compound which readily adopts amor-
hous as well as several polymorphic crystal forms. The well
haracterized polymorphic forms include modification A (which
s known to be the most stable form obtained via transition
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Fig. 3. Crystals of ketoprofen, quinine, famotidine and cy

rom modification B), modification B (an anhydrate) and mod-

fication C (a hydrate).

The crystals obtained via the potentiometric crystallization
ethod in aqueous solution had the form of yellow needles. No

ormation of amorphous material was observed. Through the

c
T
w
b

ig. 4. Powder diffraction diagram of crystal forms (upper and middle curve) of com
ame diffraction pattern as crystals in modification C (lower curve) in reference diagr
nthiazide obtained using the new crystallization method.

omparison with the reference data, the obtained crystals were

haracterized by powder diffraction as modification C (Fig. 4).
he formation of the hydrate modification C is in full agreement
ith our expectations and corresponds to a crystal form obtained
y crystallization in an aqueous solvent.

pound 1 obtained via crystallization method. The obtained crystals show the
am.
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Table 2
Physicochemical properties of diverse cyclopenthiazide polymorphic forms

Polymorph Melting point (◦C) Solubility in water (�g/mL)

I 239.33 34.7
I
I
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I 223.03 61.8
II 187.87 and 233.48 17.15

.3. Crystallization of external polymorphs

In another set of experiments, the new crystallization method
as applied to reference compounds, which are characterized
y big differences in aqueous solubility of their polymorphic
orms. Pudipeddi and Serajuddin (2005) has shown that in a
ata set of 72 compounds with different polymorphic forms,
sually small differences in their solubilities were determined.
he described differences in the solubilities were often in the

ange of the experimental error of the high-throughput solubil-
ty measurements in the early drug discovery phase. However,
iterature searches allowed us to identify compounds showing
arge differences in the measured solubilities of their polymor-
hic subtypes. Thus, several interesting drugs could be found
ith large solubility differences and were subsequently used to

hallenge and further validate the new crystallization method.
ne of those examples is premafloxacin (Schinzer et al., 1997).
here is a 30-fold solubility difference described between poly-
orphic form I and III of premafloxacin. The other examples

re codeine (El-Gindy and Ebian, 1978) and cyclopenthiazide
Gerber et al., 1991) with a 13-fold difference for codeine
etween hydrate and other crystal forms. A four-fold differ-
nce was described between the polymorphic form II and III
f cyclopenthiazide. Both cyclopenthiazide and codeine were
vailable for further characterization and application of the new
rystallization method.

The physicochemical properties of the three cyclopenthi-
zide polymorphic forms, according to Gerber et al. (1991), are
ummarized in Table 2. After the crystallization, white needles
ere obtained (Fig. 2) with a melting point of 233 ◦C. No pow-
er diffraction diagram was described for cyclopenthiazide by
erber et al. (1991). Therefore, a direct comparison between
btained crystals and those described in the literature was not
ossible. However, based on the agreement in melting points
nd crystal morphologies, it can be assumed that the obtained
rystals belonged to the polymorphic form III. This result is in
greement with our expectations since polymorphic form III is
haracterized by the lowest solubility.
The solubility of three polymorphic forms of codeine was
escribed previously (Ebian and El-Gindy, 1978; El-Gindy and
bian, 1978) and is summarized in Table 3. We obtained white

able 3
olubility of diverse polymorphic forms of codeine

olymorph Solubility in water (g/mL)

8.103
I 11.123
II 80.431

s
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c

ig. 5. Structure identification by single crystal X-ray analysis of codeine using
rystals obtained by the new method: 2D chemical structure of codeine (upper
anel) and 3D structure of codeine hydrochloride dihydrate (lower panel).

eedles of codeine by applying the new crystallization method.
he 3D structure of crystalline codeine was solved by single
rystal X-ray analysis (Fig. 5b). Fig. 5 shows, that instead of
ne of the expected crystal forms of the free base, a chloride salt
orm of codeine with two water molecules in the crystal packing
as obtained. This unexpected result demonstrates the practi-

al limitations of the newly developed crystallization method.
ccording to the description of the new method, the titration

s stopped at a point of the pH-solubility profile, which corre-
ponds to a slightly unsaturated solution (point 2′ in region B of
ig. 2). This point 2′ is considered to be the starting point for

he crystallization. The pH-value at which point 2′ is reached
epends thereby on the concentration of the compound in solu-
ion. At high concentrations, point 2′ is reached at a pH where
he relative amount of ionized compound is still high. At low
oncentrations, point 2′ is reached at a pH where the relative
mount of uncharged form of the test compound is higher. As

consequence, the likelihood of interactions between test com-
ound and counter ions (such as chloride ions present in the
ncubation) changes and thus influences the crystallization pro-
ess and the obtained crystal form. At high concentrations, the
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rystallization process favors crystallization of the charged salt
orm since this ionized species has generally a stronger crys-
al lattice than the uncharged solid form. This can be explained
y strong ionic interactions between cations and anions and the
esulting stabilizing effect on the crystal lattice. At low con-
entrations, the uncharged species starts to compete with the
alt form and eventually dominates the crystallization process.
he conclusions from these experiments with codeine are two-

old. First, the used concentration of test compound may have
n influence on salt formation. Second, in order to enhance the
ossibility of obtaining crystals of the free base, a reduced con-
entration of the test compound is recommended to be utilized
or the crystallization.

In conclusion, a new crystallization method has been devel-
ped for weak acidic and basic compounds. According to this
ethod, one can rapidly proceed to a situation in which the solu-

ion is in a substantially saturated state, by gradually changing
he pH-value of the solution in a direction that leads to a decrease
f said compound’s solubility. In particular, one can avoid the
rawbacks associated with crystallization from a supersaturated
tate, because crystallization is then carried out under the most
esirable conditions, by maintaining the solution in a substan-
ially saturated state. In all the 11 analyzed cases, crystals could
e obtained easily in solution by pH-titration using the sam-
le concentration and experimental pKa as input parameters. In
ombination with fully automated assay systems, the presented
ethod offers the possibility to prepare efficiently crystals from

rug-like organic molecules and therefore facilitates the devel-
pment of oral dosage forms in drug discovery and development.
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