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Met hod for crystallization of a weakly acidic and/or
weakl y basi c conpound Technical Field of the

I nvention The present invention relates to a nethod
for crystallization of- a weakly acidic 5 and/or
weakl y basi c conpound. Background of the Invention
Crystallization is an inportant purification and
separation technique in a variety 10 of commercia
processes, as for exanple biotechnol ogy, mnera

pé!ogesgd ng! ﬂ@st!.e tr;eate U o cBRELAN, w S&8%ompound
can occur in solution, fromvapor or fromnelt. Most

processes in the chem cal industries use S
reoRNIgal I-jesd ObIner MBNWOEN ut i on, and the starting point

oo Al AL LAY Gty s

TaREIB werkip basicoeimpoundd sol ution is often a
ti me-consum ng process. Usually, it takes days until

the equilibrium between the conpound' s sol ubl e and
i nsoluble forns has been reached. Hence, instead of a
saturated solution, a supersatu- rated solution is

Baekyround@f the veations as the starting point for the
Crielzaiion ls atibwartaat putiation i apeaypa tpoiayg in a variety
3 Gl o B8 4. S8 o BRI Rolc, mineral pocessing
waste nfbatment,en toragh snevomaterialsand elgstranic chemieals. Crys-
In general, with decreasing |evel_of SUR:&F& uratiogsinthe
tallization ean ocgubinselution, fom Yapoker fiom me &’F@quﬁess

SR e R g, g s o
the retioncf & saturatetl Sotutiopd Howevier owith the camently known methods

sol ution (Wang, F and Ber- glund, KA. Mnitorin H Usuall
thavformatiopsfa saturated solistion is @ften; & timerePnsyniRg lﬂ?&’%ﬁ sually,

b SR L. Ao T pbats 5ol and nsoluio

forhRRad boeieeadied) HENCR) instédtof a saturatdgolution, ?ﬁUpelsatu-
as e

of highest su 30 persaturation was then use talli
rated.solutigndsiusedrinimastdnstagers as the statting peind for the crystalliza-

tion. However, in such cases it is important to know the level of supefsaturation,
since the supersaturation appropriate for crystallization varies from compound to
compound and depends on the compound's ability for crystallization. In general,
with decreasing level of supersaturation the crystal growth becomes slower and

the crystal quality improves.

Wang has tried to obtain a very high supersaturafion of nicotinic acid by adding
hydrochloric acid to a sodium nicotinate aqueous solution (Wang, F and Ber-
glund, KA. Moniton‘hg pH swing crystallization of nicotinic acid by the use of at-

fonuated total reflection Fourier transform infrared spgctmmet:y. Industrial & En-
.- gineering. Chemistry Research 39(6), 2000, 2101-2104). The point of highest su-
persamréﬁon'was then used as the starting poinﬁ for the nicotinic acid crystalliza-

tion.
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tion. -2- Another exanple is controlled batch

. crystallization by pH variation, devel oped by Zhu

(Zhu, J and Garside, J. Controlled batch
crystallization by pH variation. Jubi- |ee Research
Event, a Two-Day Synposium Nottingham UK, Apr. 8-9,
1997, 1, 449-452). According %o Zhu, a short. pulse
of supersaturation initialized crystalli 5 nation, and
during the whol e crystallization process, pH change

was used in or- der to maintain a constant |eye| of b
sApetheaexampledis controtied batshesrystallizationsby pbt vanation, dgyeloped by

NG ki o AR R 2t Rt SRR By oA véABtion. Jubi-
B REBEHIREVSNT, B T DRy BymposigmpNottingtam,f OK, Ape 8-9, 1997, 1,

formati on of anor-_phous material and foré@rﬁst “'ed talli-
(% 452)oAcvording e Zhe shat pulsict pupasahraliehinjalized crysta

knawn e or S Wz ak:d [ ed in or-
SAUR A i GO A BB¥ 0 g v ueed nor
YBP AP RIirthin 4 eyitanf levelist supersattifationi Furthetmores Zhu tried to
caive {3 levekef pemAIUTAHONCA DTS ROSSHYS 40,0 EIdT P Rgrten opera-
I .
é‘?"ﬁ ry of the Invention It is the principal object
‘present invention to overcone the limtations

and di sadvantages of currently known net hods for

Fipwsuerpuparsaby iR s eaRIdeTaH (o1 4 sk A ha TRUBAISS AT amor

A Hatfial nd A5 F7BEF et oprumdB Th@Refore i U presanty
kowii methodisTor vaakallization relyingron supersatimated spludions, one has to

havi n 25 an uncharged form and at .| easf one c¢har
establ«sﬁm appropriate levelnf siipegsatytiond @ﬁg‘u(ﬂaseafrymggl%qind a

RePraiehdtyinihb bt GsEIEATER A the quahy) srérystals formed.

Summary of the Invention
It is the principal object of the present invention to overcome the limitations and

disadvantages of currently known methods for crystallization.

The foregoing and further objects are achieved by the method of the present

~ invention.

" According to one aspect of the invention, there is provided a method for crystalli-

~ zation of a weakly acidic and/or weakly basic compound, said oompound having

25

an uncharged form and at least one charged form, said method comprising the

steps of: |

“a) providing a solution of said compound in a solvent having an initial pH-

, value and an initial total concentration of said compound, said initial pH-
‘ _jvalué being chosen such that the compound is present in said solution pre-



value and an initial total concentration of said

conpound, said Initial pH 30 val ue bei ng chosen such

that the conpound is present in said solution pre -3-

dom nantly in said charged forn1 said initial total
concentration being cho- sen Iarger than the intrinsic

sol ubility of said uncharged form b) gradually

changi ng the pHvalue of said solution in a direction

t hat | deminantly ib saidicbargeddonn, said mmairtptah edneentration being cho-

o val S8 o inag €8 03I o Al TacnaBldfom

saturated state and the concentration of sal d
uncharged formis substantially equal to said

i nb)i ngraduadly ébanging thagttualuef @a!dosqwtmwha girartien that leads to

5311 ow RECTERED BT EPERPbNT el Yl Ripchi § pietBrmined

thi s ptapgetpHaalnat whightsaid sblutibh s in aeﬂmanﬁalweéaturated state
concentrat ed, but not satu- rated solution of th

conpouA@d $he cepeanteation; of said\ungharged fogm @&mmﬁ"wﬁqual to said
that i tnr’lls?céé@ ﬁx{%z?goﬁ gﬁdl ntrinsic solubility of

t he unc arge ual ly changi ng the pH val ue
of the solution in a dlrectlon that leads to a

decrease, of said com pound s sol I|t ,_one can .., .
10 a8l Watn toinusaid SHuOR A SHOSLANUANY SRtuREC SRl While aliowing

Bﬁfo?eg) )6f§gfdrg(ﬁt,§6{"§} ate. By maintai ning

the so utron in st ant saturated state,
crystallization is then carried out under the nost

7B R nBeeRure, cbe stateut i Betarusalefaly PBrSAaRH bit not satu-
a“fféli‘dl,‘&é g%&ihéﬁ At %ﬁgoﬁﬁ& ofredt, Gle. Withsa td!dl%dc%ﬁtfaﬁon that is

e to a vari nts In partlcu ar,

15 t Hargmlthmmthemtnmmc salublhty)of tinevmohargmck&mrs cngmdually changing
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u pr jte for, the i, cabj
¢ e Hifiasfr3hR dolion & digctBe1AsLBBHR 1S & ettt fif said com-
a 1§ e soluti
CpAPSoBEIY, SE gi mpify PFe0® ShIRGRMiOR o soltin s
C amrbstamtlailyasqmam statexfBymaintaininghthessolutiomired substantially
be}ssé?ursa?eaé lsta?g, crystallization is then carried out under the most desirable condi-
tions. In particular, one can avoid the drawbacks associated with crystallization

from a supersaturated state.

The method of this invention is applicable to a variety of solvents; in particular,
the solvent may be water or a water based solvent mixture. A prerequisite for the
applicability is that the compound of interest behaves in said solvent as a weak
acid and/or as a weak base. In the present context, a weak acid shall be under-
stood as a compound with a pK-value of 2 to 7, whereas a weak base shall be
understood as a compound with a pK-value of 7 to 12. The method is also appli-
cable to compounds with more than one pK-value.



understood as a conpound with a pK-value of 7 to 12.

The nmethod is also appli- cable to conpounds with nore

t han one pK-value. 30 -4- The total concentration of a
conmpound havi ng nore than one fo oy m is defined as the

sum of the concentrations of all”the conmpound' s fornmns

present in solution. At equilibrium this total
concentration is equal to the effective solubility of

t hFhedaotal poncehtraliohtsf d composnd havihg oretthanfone form is defined as
compound in a given solven [

systemis ned as t
mmwm&imﬁpn%ﬁntmoaﬁ qf@!!ttymﬁmpgyagﬁ PHNS M?S%'Qﬁ" solution. At
d [ R So -
or 2L i Efbenirabi 4 Buduial e el oty ofthe com
t hpoumd.r i nsi c solubility of a weak acid and/or base is
equal to the equilibriumtotal 10 concentration of

Sthat conpound under conditions where essentially all
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of TL\Q %tnﬁ&ﬁ%ﬁm r%%f Br&?ﬁ@uddﬁg é gavéﬁ Govee §y§t%§/rms defined as the

Such condi ti ons be achi eve many weak
acmaxununcdamcehtratmn obtheoumcharged fqgypy that can de achieved in an equi-

aods_f d
© PO Bftiafen WBBrR e Bipoliatarbin nrhBrasidi bas? Accordingly
e the ifHRRS solﬁblh%f'ﬁi‘%bﬁ atRl afd/bl biise i el tithe & uiﬂbhum total

profiles fromBjémum 15 plots. G bbs buffer and{J
t heonasintration of thatrempaund underreaditiens whpre essentially ail'of the

o Y D o s

depany Wéakly:é@diéﬁancﬂ@r bébl@ eenpolnds lhiyrdpprbmtemﬂﬂstment of the

mentioned step b) further conprises raisin

Caphbalies Mathods fordetorniming e, nkinsis salgelnL knayt M the art
L JsBE M6 Avtict. Ao ol ubilty: 1 -SORBNIR)- bR b B6sHom Bjerrum

plots. Glbbs buffer and pKA in the solid state. Pharmacy and Pharmacology
Communications 4(3), 1998, 165-178).

Advantageous embodiments of the invention are defined in the dependent

claims.

In one embodiment, the above mentioned step b) further comprises raising the
total concentration of said compound. Advantageously, this is achieved by induc-
ing a slow evaporation of said solvent, in particular after having adjusted the pH-

value to said target pH-value.

In a further embodiment, the step of maintaining said solution in a substantially
saturated state comprises keeping the pH-value substantially constant while in-

ducing a slow evaporation of said solvent.

In another embodiment, the step of maintaining said solution in a substantially
saturated state comprises monitoring the concentration of said uncharged form



value to said target pHvalue. 25 In a further

enbodi nent, the step of maintaining said solution in a
substantially saturated state conprises keeping the
pH val ue substantially constant while in- ducing a

sl ow evaporation of said solvent. 30 In another

enbodi nent, the step of maintaining said solution in a
substantially saturated state conprises nonitoring
the concentration of said uncharged form-5- and

regul ating the pH'value so that the concentration of
said uncharged formis kept w tlhi.n a predefined

tol erance range above said intrinsic solubility
thereof. In practice, this will require nDnitorlng

or  Ara reauIang thetnvalue s el SRR o seld Hided form is
val keptSptliin dprsabfhet RIGHRLS Rifhe Mbdverduid intAnaR: sdubiity thereof. In

ong acl strong base,
hyd raretite)this weilt lrekqwre uniterng thewwnamtr@gpn of the uncharged form con-

: eﬁfﬁ@(ﬁu'sve' errbfm?%goeﬂwteﬁ i3kt Ssenlrption {Bacnied fVlug qutside said
g0 gﬁ%a | d fofkfa It8nce gﬁh%(r?ta Smal BriountbP4 istFon adld)erstrepg base, e.g.

of marn utron 1n a substan 10 tial % .
sathydedctdoric atid orpotassies hydmmd;e.u negpectively, is,added to the solution
concentration of said_.com and. r

S i s sarmeniration of 4 UnsHEtapd KL B HityAdnk iGiefifce range.
pound is kept within a predefined tol erance range

above a predeterm ned total. solubility profile. Ln

pr 4 yetanothbi embodiment; tie stepwfiraintaining seid selyfion in a substan-

10 K/gﬂg&g@t@% \ﬁtgtgnéogﬁéjﬁéjeg %go{tqr&{gg@gég@ c&;ﬁgélig‘a:‘tion of said com-

p rgﬁﬁlgpﬁg 58! pP-@41lb So2hat the toell ebncentration of said com-

al d conmpound as a function of
|O Hpmhdx is kept withis & predefinegtolerange range abeve & predetermined total

f t
5&148 Orilrcpgle(a %E’gnt]ggen ﬂus wﬂtg@%ﬁbﬁwcoc Jé%so(@b@ntr?tlon
fHdth eTR: éduireg havingtaeress to a
gﬁé@n gpics nﬁlogé(dlt%ﬁﬁ'; Cﬁgﬁrg%t%mrHl I '\./aérgg g
o ff ,Qgg}po}und asa

15 1(previotslyldeterminggliprofile of the totahponeantea
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function of pH-value, at least in the pH-range of interest. Methods forifietennmmg
such solubility profiles are known in the art (see e.g. Avdeef, A. Physicochemical
profiling (solubility, permeability and charge state). Current Topics in Medicinal
Chemistry (Hilversum, NL) 1(4), 2001, 277-351). If the compound's total concen-
tration at an instant pH-value differs from said total solubility profile by more than
said predefined tolerance range, a small amount of a strong acid or strong base,
e.g. hydrochloric acid or potassium hydroxide, respectively, is added to the solu-
tion until the total concentration at the resulting pH-value is back within the toler-

ance range.
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20 tration at an instant pHvalue differs fromsaid
total solubility profile by nore than said predefined
tol erance range, a small anobunt of a strong acid or
strong base, e.g. hydrochloric acid or potassium
hydr oxi de, respectively, is add&r to the solu- tion
until the total concentration at the resulting

pH val ue.is back within the toler- ance range. 25 -6-
Brief description of the drawi ngs The above nenti oned
and other features and objects of this invention and
nigf deseription of the.dawWindsy t hem wi | | become nore
apparent and this invention itself will be better
under stood by reference to the follow ng description
of various enbodinments pf this invention taken in

B above ithabinkl ancCofisE RISy AR ChBM s o and the
e agihing TR YL BoRahHobts ¥pBateht Shifis fyéhtion tsef wil be

" GHERISOOA By TRRIRARE e foliGwinky BeSctition ofVarks embodiments
P Vet takeh BEoSILAEAG Wi the aBpPipaNFing RIS, wherein

solutions of (a) ketoprofen (acid); (b) propanol ol
(base); and (c) enalapril (anmpholyte); -7- Fig. 5

hows the sol ubiljLy- rofile of weak_ base
é\'gcgfdi RYOWS azﬁﬁlubﬂ'&KBH'&Pﬁ@ ‘Béﬁw a$etbit ration from
low to high pHvalues with an unsaturated solution; 5

s o e Bl b A D,

wi t hout precipitate and the circles show ng data

Fig.3  shows the solubility-pH profile of a weak base according to Fig. 1 with
the path for a titration from high to low pH-values starting with a satu-

rated solution and a moderate amount of solid;

Fig.4  shows Bjerrum plots of saturated solutions of: (a) ketoprofen (acid);

(b) propanolol (base); and (c) enalapril (ampholyte);



taken by titration fromlow to high pH, Fig. 7 shows

for a weak acid (A) and a weak base (B) a series of

Bjerrum 10 plots at different substance

concentrations (a): 0.02 ng/m, ;b 0.1 mg/m, (c):

1.0 g/, (d): 10 ng/mM and (e) 100 my/M; Fig. 8

shows sol ubility-pH profiles of codeine vvlth di fferent
starting concen- trations. 15 Detail ed description of

t h&ig.r&vent 'sbows e splubilityopHl mbﬁlea:f a Wweabkbaseé maecording to Fig. 1 with
flurblprof roseni d d or.ot hiazide, .

ket opr of en! E@“ﬂ%ﬁ?ﬁ@?gﬂ? #qwh'ﬂ ng E‘§§éﬂtr5§n unsaturated
exanpl es. éralﬁﬁs corrpounds are comer- cially

avai |l abl e. of t hese conpounds are a weak acid or

base or an anphol yte wi t h pK-val ues which generally

s b B K55 i SRl g Ffesentn e

profile of referiiah é&ﬁéﬁoﬁvﬂtﬁoh?ﬁr@%mﬁaté BRd thd ertlbY Showing data
solu- bility S as a function of pHvalue. The

ef fective takenthy titration framdepide high pile com pound' s
total concentration at equilibrium Such profl les will
al so be addressed as "solubility-pH profiles". For

t hpigl 7me  bstdvds forla wehk abRl (A smaEsiweaRbaseqBy al series of Bjerrum
equilibriumsituation with a solution of base B and a

10 subst ant i aplotmaldiffetent substance concentrations (@ tQ102 mag/ml, (b): 0.1

solu Lo Sy Y ORghth i RO 100 my

unchar ged base formB, also called the free -8- base

form At very |ow pH val ues (Re ion d)
al rige$ theshRWﬁJ%Qng'"Wsp Hprafiles o agd?lﬁe %ﬁbé%&?@oﬁ%mwmen-
BHt. At injafJRdi ate pHvalues, the uncharged form
and the pro onafed formcoexist in a ratio that
16 depends on the pHvalue. The effective solubility S

s e to the sum of, the, concentrations of B and BH+
Det%"ied descri t?on of the invention

Examples
Diclofenac, famotidine, flurbiprofen, furosemide, hydrochlorothiazide, ketoprofen,

20 propanolol and quinine were used as examples. These compounds are commer-
cially available. All of these compounds are a weak acid or base or an ampholyte
with pK-values which generally lie within the range from 2 to 10.

Solubility of weak bases and/or acids

25  Fig. 1 shows the solubility profile of a weak base B in terms of the effective solu-
bility S as a function of pH-value. The effective solubility S is equal to the com-
pound's total concentration at equilibrium. Such profiles will also be addressed
as "solubility-pH profiles". For the time being, it will be assumed that there is an
equilibrium situation with a solution of base B and a substantial amount of solid

30 in contact with the solution. At very high pH-values (Region a), essentially all of
the compound is present as the uncharged base form B, also called the free




5 at equilibrium As seen fromFig. 1, the solubility

of the uncharged form also called the intrinsic

solubility So, is smaller than the solubility S+ of

the protonated form also called the salt solubility.
Considering again Region a, it 1S found that the

effective solubility Sis essentially 10 independent

of pH This is because at very high pHvalues a slight
chbage form. At verplave phiavalues (Regibp d)oessentiatly alt of thee compound is
rati o between uncharged form and protopate f

) I orm
whPEgsent @s dhe protepgtedfoge BHG Afidlergegiate pEi-walugs, thedincharged

oAt pbi theploiq Rl TokTptef et |

{%Jothét?ﬁbé“dé Gﬁpfe pH-value.
e sifuation o
s oTfhetuifectiveveoiupiiity 8is eguabtecthsunvof thei concentratidns of B and BH*

sone of the conmpound will be in its _profonated for
5 pHat eqyjlibrdymeAsseen feamm fig. 1. the sowgw%ee €i %gamﬁﬂr}om also
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t eEdfed el 'ﬁ@ﬁ%‘%ﬁﬁ@l’@ﬁ lid QHfai||8Pﬁ\aﬂftp§'§%}|/mft¥ @%%ﬂﬁé protonated

formand t orm respect egi on

b, fdrAivelsyealldethe Rt GIUtityS associ ated with an
increase in effective solubility. The underlying 20

equilibria may be described as: BHB ,~--~ B(S) In

LB ek PERABERE, 0 TR 1o BELNPROLIYS s sssendally
s dindependérmtcbf PH: Thié isbddaviserst verg RighssHi-veldesr arsigfrt)change in pH-
25 I n Region | owering the pH induces protongtl on

b f
B Yalughas vigially nareffest,on the ratie betweer uncharged derm andprotonated
B i . t. g i " . —eps - .
2 A el YO EPRRSE ALBrARE NSRS S ssontaly

s cequad! te the imtririsie 0lublility 8p. system i s reached 5 (see
e.g. Avdeef, A, 2001, loc. cit.). At that point,

designated as point 2 in Fig. 1, the solid free base

tB fé%%ﬁggnﬁé ﬁo@%lé(éitﬁgﬁéﬁj 8?£8m@wh%t W&%H-@Qﬁfgss(tseé rI’%gion bin
Fig. 1), some of the compound will be in its protonated form BH*. The effective
solubility S now comprises two terms reflecting the contributions of the un-
charged form and the protonated form, respectively. In Region b, lowering the
pH-value is associated with an increase in effective solubility. The underlying

equilibria may be described as:

BH*<= > Ba——= B,

In other words, the uncharged form B in solution is in equilibrium with its charged

counterpart BH* in solution and also with the uncharged solid form By).

In Region b, lowering the pH induces protonation of B to BH*, which in turn in-
duces dissolution of solid B(s) in order to replace the "missing” B.

Bs) - B



force the pH and the effective solubility to be
constant as long as the two inter- converting solids
are present. This special pH point has been desi gnhated
as the G bbs' pKa (pKaG BBS). The equilibrium
equation associated with this phehonenon 10 is BH+(S)
.~ B(8) + H+ w th associated equilibrium constant
given by K GBBS 1H+) (B(,)) Q = BH(s) 15 The
effective solubility at the point 2 is given by the
sum of the intrinsic sol ubl|lﬂ\é_‘ and the salt
solubility: S=So + Si. vr-ﬂ H+romp0|nt 2to
still lower pHvalues (i.e. into Region c) where the
solid phase consists of the protonated form BH+($)

oniThis proeesoMIEBritiAUEUNtIPE sBkballed “perfast! buffeasybteqwslreached
to the salt sol ubi llt‘ﬁl/ Protonation of B to BH+ | ea

5t o5 98- Avdesy, 4, 2004 i cfirofbinat se'rsoqlﬁ%%g%t&dt@ %pth in Fig. 1,

b fe SicGTER RASE By and Rcsdii dyydee B RAFEY godtist and thereby

defgred #RspHHrd thB%ffe%ﬂvé’ sbRIbIIRR3'8E cohstaheds %hg ds the two inter-

th erelsﬁo nor e can be transformed into S)
anconvesting solids anegpreqent Thig spadialpH poinbhaa been; dﬁﬁgnated as the

coﬁﬂ’?}fh &Mﬁfﬁst a%g‘gn ggtggt@m V‘?%%mgteac\k% this phenomenon
is

10

BH+(s) -_— B(s) + H*
with associated equilibrium constant given by

K G[BBS {H i }{B(S) }

{BH © }

15
The effective solubility at the point 2 is given by the sum of the intrinsic solubility
and the salt solubility:

S=8p+S..

20 _
Moving from point 2 to still lower pH-values (i.e. into Region c) where the solid
phase consists of the protonated form BH+(s) only, the concentration of BH'is
constant and equal to the salt solubility. Protonation of B to BH" leads to forma-
tion of further protonated solid and to a loss of component B in solution.

25

B+H —BH'



pertinent solubility profile has the general
appearance shown in Fig. 2. Here the 10 uncharged
formHA, also called the free acid form predom nates
at | ow pH val ues, whereas at higher pHvalues there is
an increasing deprotonation to's eld the negatively
charged formA-. Wen dealing wiwth a conpound with
nore than one pK-value, the solubility profile will
have the appearance of a cogM™maiB )of the profiles
shown in Figs. 1 and 2, with the subStance being
positlvely charged 15 under acidic conditions and

b 1 S A S A n o
negkthBas B fo MABB1tHHR chR bedtrariSformidd/to BH /and tﬁe)prevalllng equi-

potentionetric determ nation of sol ublllty profil

5 acliforiumn igynow deseribed by0 cal | ed "pSol net hod" (see e g.

10

15

20

25

Avdeef, A., 1998, Ioc. cit.). However, in pSol titra
tions the phenonenon of a "perfect” buffer systemis
not encountered frequentgpy+ Leeatmegim order to obtain
good titration results it % “advisable to use only
smal | anobunts of the conpound under investigation.
This leads to a situation where the whol e anmount

of
t W/heordealing with aiveaakly acidisatasmpounskHAdRstead ofis weak base B, the

rzggﬁlﬁgér?tnstéﬁ@ ityprofile g @‘F r%ﬁéloﬁb%a?én%&\gh $h Flg. 25 Here the

r aghtHarged fSmi HA, Bldo/édiled thedée &didfermi, hﬂ’ed@:h'mkatés &y low pH-

profile until reaching the point dengted as 2'
Fivglues, whereas at pigher pHhealuesgrrads radnereasing| @m@naﬂon to yield

" uBR Agtival RS ot A T0beh ARG B RPRORF htHore than

hgriezprivaluelane %Sldﬂllg? pi‘df IEWill have tHecaspedrancé ba combination of

total concentration he conpound remai ns const ant

atthe prefilee siown nmrbm 2swith tke substance being,pesitiyely charged

m\}{iﬁigf Sci ic cgﬁ@&oﬁg gﬁd wl?%ﬁ%@é&‘@rﬁ’eﬁfﬁ? Sofiditions.

sol ubi | i t y neasurenment wth the pSol apparatus takes

as i nput paraneters the weighted anount of the said

c@ﬂﬁﬂﬂgﬁﬁmﬂﬂﬁe of the solution, the neasured pKa

apﬁl\et %od@e&‘%gr%%d titration e.g. of a weak base B from high to low pH-values
is used for potentiometric determination of solubility profiles according to the so-
called "pSol method" (see e.g. Avdeef, A., 1998, loc. cit.). However, in pSol titra-
tions the phenomenon of a “perfect” buffer system is not encountered frequently
because in order to obtain good titration results it is advisable to use only small
amounts of the compound under investigation. This leads to a situation where
the whole amount of the compound is dissolved before the maximal effective
concentration corresponding to point 2 in Fig. 1 is reached. This is illustrated in
Fig. 3, where reduction of the pH-value leads along the solubility profile until
reaching the point denoted as 2" in Fig. 3. At this point the compound has com-
pletely dissolved; the amount in solution does not change when reducing the pH-



(or calcul ated) octanol/water partition coefficient,

| ogP. The latter paraneter is used to estimate the
intrinsic solubility, So, using the Hansch-type

expression 10 logSo = 1.17 -1.38*1 ogP or an inproved
version for ionizable nol ecul es '8f noderat e

l'ipophilicity, logSo = -2.17 - 0.0082 IogP - 0.134

(logP)2 15 Using the wei ghted anount of the said
conpluenfirtheheas/showrebpthe herizoritalt dashedtiime infig. 3uitherefore, the

estimted So, a nunerical procedure simnmulates the
entotakcqnagniation of the 9@“9@86‘? éemﬁﬁ‘sé%oégta.rﬂ?i@ vaque Cr.
simul ated curve serves as a tenplate for the instru-
ment to collect individual pH nmeasurenments in the
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addi tional solid substantially jncr e Only after
the precipitate conpl et E?%s%d’l" ﬁsﬁqﬂe‘ig‘i@% t he

i nstrunent collect the remainder of the data rapidly.
Typically, 3 to 10 hours are required for the entire
eqor an mpravedselrsion ffor ipnizable moldéasdes o motaratedipephilicity,
i nsol ubl e the conpound is anticipated to be 30 (based
on the tenplate), the |onger the assay tine. -12-

Bi errum pl ots Ag?ggaegﬁ|ﬂ¥omogp 2034 (I6gP)?

chem stry, a Bjefrumplot is a plot of nH against pH,
wherein nH is the average nunber of bound hydrogens in

a Slll"IS %H(la sve?éhtteg amount of the said compound, the volume of the solution, the
pKa and the estimated Sy, a numerical procedure simulates the entire titration
curve before the assay. The simulated curve serves as a template for the instru-
ment to collect individual pH measurements in the course of the titration. The pH
domain containing precipitation is apparent from the simulation. Titration of thc_a
sample suspension is done in the direction of dissolution, eventually well past the
point of complete dissolution. The rate of dissolution of the solid, described by
the classical Noyes-Whitney expression, depends on a number of factors which
the instrument takes into account. For example, the instrument slows down the
rate of pH data taking as the point of complete dissolution approaches; where
the time needed to dissolve additional solid substantially increases. Only after
the precipitate completely dissolves does the instrument collect the remainder of
the data rapidly. Typically, 3 to 10 hours are required for the entire equilibrium
solubility data collection. The more insoluble the compound is anticipated to be
(based on the template), the longer the assay time.



substance. The Bjerrum plot reveals any pKa-val ues in
ternms of the pHvalues at 5 half-integral positions of
nH. As will be appreciated fromthe above description
of the various equilibria involyed, the presence of
preci pitate causes leads to a sHPft  of the Bj errum
plot resulting in an apparent pKa-val ue, henceforth
denoted as pK AP, which is shifted to higher val ues

f oBjsyeimpioRed to | ower values for bases. This is

shovvnlni: . 4 for saturated sol utions of @;g t of ¢
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t he curves,
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Bj errumplo another type ©o es obt ai ned
f r ofithiehBjeprBoh plot résulting in am apﬁammt pKewvaluerhentefesth denoted as
Aydeef

e o 15 I e or s
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function o stallization nmethod 25 In order to

10 obaanarwealyecnd[) «b) prm)amoicddwhwh hahaves asta weakdase): kﬁ!tﬂi (c) enala-
above in .r tion t s reversed. In the case
of '3'%‘&% 59@%‘53 a%gﬂﬂ&ﬁ}ﬂ}?'ée ‘'one starts with an
unsaturated sol ution of the conpound at alowinitial
pH-value as illustrated in 5 by means of point .
4 The infrinsic splirtbiity Soieani be deélllch-bw Hispectiony 0? the curves, applying

{ ah; ?}ﬁi concentration CT are chosen such that

th CIERRIREP: s present in solution pre 30 dom nantly

45 Or even entirely in its charged formBH+. As seen from

Fig. 5 the ini -13- tial taotal gongentratioon CT is
| arger than the |nl09|$¢srd095(9/%)mr e Pgalt he

unchar ged

wherein C is the sample concentration.

Beside solubility-pH profiles and Bjerrum plots, another type of profiles obtained
20 from the pSol-method are the Flux Factor Profiles (see e.g. Avdeef, A., 1998, loc.
cit.). A Flux Factor Profile is a diagram showing the concentration fractions of all

the species of a compound as a function of pH.

Crystallization method
25  In order to obtain crystals, the direction of titration described above in relation to

Fig. 3 is reversed. In the case of a weakly basic compound B, one starts with an
unsaturated solution of the compound at a low initial pH-value as illustrated in
Fig. 5 by means of point 4. In other words, the initial pH-value and the initial total
concentration Ct are chosen such that the compound is present in solution pre-

30 dominantly or even entirely in its charged form BH"*. As seen from Fig. 5, the ini-



form B. Subsequently, the pH value is gradually

increased. This leads to an increasing 5 deprotonation

of BH+ to B, but initially there is no precipitation

of solid phase. On reaching point 2', the titration

is stopped. At this target poih932' the concentration

of the uncharged form has reached its maxi mal val ue

[Blmax which is equal to the intrinsic solubility So.
Thgalab®i eonderftidtiohaC£ & lafderitham ted intrresic solubilityl Sgiof the uncharged
interest has been reached that may serve to carry out :
a forgsBal | i zati on under substantially 10 saturated
conditions. It should be noted that the target point

2' may be chosen anywhere on the solu- bility-pH

Pr Siibs&quently! %H&aﬂéﬁs?ﬁééﬂnal Acreakedl This leadeto an increasing
2' |1 es between So and c, + S+ as shown in Fig.

. 5.
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adgiadratéd eoRditivAs.ue goes beyond the tar- get pHval ue
corresponding to point 2' and a supersaturated

solution can form Therefore, the titration is

<o Bl B 1Bty eBtgeh O Yl Eod i anywhors on the solu-
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keep the solution system al ways as close as possible
to the solubility-pH profile. 30

However, due to practical limitations, it may be difficult to reach the target point
2' very precisely. If too much base is added, the pH-value goes beyond the tar-
get pH-value corresponding to point 2' and a supersaturated solution can form.
Therefore, the titration is usually stopped at a point very close to the solubility-pH
profile that corresponds to a slightly unsaturated solution. By keeping the solu-
tion in an uncovered bottle and allowing slow solvent evaporation, the concentra-
tion of the solution will slowly increas so that eventually a saturated state is
reached. This is the starting point for crystallization. As will be discussed below
in more detail, crystallization under substantially saturated conditions requires
taking appropriate rheasures to keep the solution system always as close as
possible to the solubility-pH profile.




-14- \When dealing with a weakly acidic conpound HA

i nstead of a weak base, the pertinent solubility
profile has the general appearance shown in Fig. 2.
There- fore, when adapting the above descri bed
crystallization procedure to avak acid, it will
generally be necessary to start with an unsaturated
solution at high 5 pHvalues and to gradually reduce
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20 ;Théoﬁublllty profile. It indicates reaching of the maximum concentration of the un-

25

.30

charged form in solution. At this point, the concentration of the charged form is
still high, but the uncharged form has already reached its maximum concentra-
tion. Continuing the titration to change the pH value in the direction of getting
more insoluble form, the concentration of the ionic form is observed to sink. More
and more BH* is transformed into the precipitate, B(s), with loss of H* while the
concentration of the uncharged form stays constant. This will continue until
reaching the other intersection of the experimental and reference curves. This
intersection point is the same as point 1 in the solubility profile. At this point, the
precipitation is completed and the ionic form has reached its concentration mini-
mum and nearly only uncharged form is present in the solution. Between points
2" and 1 the compound shows an apparent pK.-value (i.e. pK."*F) as because of
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I ntersection point is the sane as point | in the

solubility profile. At this point, the precipitation

is conpleted and the ionic formhas reached its
concentration mni .30 num and_qggrl y only unchar ged

formis present in the solution.”Between points 2

and | the conpound shows an apparent pKa-value (i.e.

pKaAPP) as because of -15- the presence of o ] )
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t hsreeipitate. Byntiteation filemchighercto I8ver pH2aluesy theresis na supersatura-
generally show a devi ation fromthe experinental

Bjt@ﬂ-um curve obtained in the other direction.

Specifically, supersaturation wll cause precipita-

tion not to begin at the target point 2', but rather

atlf thepdiretiod'ofitrationdsresversed Hieg liffamatiding isditrated fione its soluble

P nsolubis R By inGraaaing the pHi-value thé ekpérimaRtily U8termined Bjer-
rum curve will generally show a deviation from the experimental Bjerrum curve
obtained in the other direction. Specifically, supersaturation will cause precipita-
tion not to begin at the target point 2', but rather at a point 2" at a somewhat
higher pH-value. In other words, the experimental data for the titration from low
to high pH-value will follow the reference curve until reaching point 2" Further-
more, at point 2", where precipitation starts, the crystallization rate will be so
large that there is a substantial likelihood of forming amorphous solid.

Accordingly, in order to obtain good crystallization results, the concentration of
uncharged compound in solution should be kept equal to its intrinsic solubility

value.



to high pHvalue will follow the reference curve until

reachi ng point 2". Further 25 nore, at point 2", where
precipitation starts, the crystallization rate will be

so large that there is a substgntial |ikelihood of

form ng anorphous solid. Accordringly, in order to

obtain good crystallization results, the concentration

of uncharged conpound in solution should be kept

equrthe simplestiapproach, dt is suffiziérit ty appfdachl the targeé point 2' and then

iﬂéwéés“‘é'@%%besp A5 subbdstah: opstssals FRERIRS Bayeevepora
S Ulsh g)? %S s %élvérﬁ”?ﬁi%%l]lw&k i tf‘? %LE‘H of dfés%We@lV&ﬁﬁﬁé\md is sub-

tion vent hi's w t he anmount
di stanitialiyllargepthandhe sainsaunt of satid thalt ||§/cd>ll£cge;d irt foam ctfmsystals In

5 | 1 OHESFRIES 800319 e Samparaivehylafdi AtBlpd o sdlian and col-
AR comiplarsiel éﬁlﬁll ANSoLS of tREtals. QBﬂ?@faﬂiZaY@thﬁ ¥%er be carried

anounts of crystals. Crystallization will then be
caput essentiatly at thentiargetipointi2' only. t ar get p0| nt 2' only.
In nost situations, however, it will be desirable to
col l ect as nuch crystalllne 10 solid as possible.
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system will evol veaon%gﬁ:he solubility profile

as
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and regulating the pHvalue so that the concentration

of the un- charged formis kept vvlthln a predefined
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L Ao, b i FoioP B 6 BREaatgPere difpound an
regulate the pH-value so that the total concentration is kept within a predefined
tolerance range above the predetermined total solubility profile.
20
This may be done by appropriate adaptation of an apparatus such as those used
for potentiometric solubility measurements. In addition to a container for the solu-
tion and a suitable probe for measuring the pH-value of said solution, the appa-
ratus comprises dosing means for adding controlled amounts of acid and base to
25 said solution. Moreover, the apparatus comprises a sensor device for measuring
the concentration of at least one compound form present in solution and a con-
trol unit that acts on the dosing means in response of signals received from the
pH-probe and from the sensor means. The dosing means are programmed to
regulate the pH-value so as to match a predefined profile.

30
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When allowing evaporation during crystallization, the resulting change of concen-
tration will cause a shift of apparent pKa value according to the following equa-
tion:
20
c PP
log$, = log-z-— pK." -PK,

A 10-fold change in concentration leads to an apparent shift of pKa value by
about 1 log unit. This is illustrated in Fig. 7, which shows a series of Bjerrum
plots with different amounts of sample added, for a weak acid (A) and a weak

25 base (B), both with a molecular weight of 300 and intrinsic solubilities of 5 ug/mL
(pSo = 4.8) and salt solubilities 75 mg/mL (pSa, pSex = 0.6). The sample concen-
trations were (a): 0.02 mg/ml, (b): 0.1 mg/ml, (c): 1.0 mg/ml, (d): 10 mg/ml and
(e): 100 mg/ml. As seen in Fig. 5, with increasing sample concentration the
curves are shifted upwards from the pK, for the weak acid and they are shifted

30 downwards from the pK, for the weak base.
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downwards from the pKa flongFFeloﬂiakPKase'.‘PKJaS- In

ot her words, the solubility-pH profil e depends on the
apBHF'ent pKa val ue, resp. the total concentration of

t he conpound. Therefore, the so UbH{L] -pH profile
shoul d be continuously uRgat-LrgPy: idgsp,t he

pH-val ue, the total concentra- tioK“8t)the compound
and appl yi ng appropriate corrections, which in the

case of 5 a weak base are given by log So =log C 2 +
pKHawewver, Fitka7 shows thatsurider Tertainrconditicds thecinfiienessef apparent
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CORESETiFtbbOh Blactibs, tha'BRAHEE o? thd Béncetittition! shbuRb@'ISss than 5
fold. As shown in Fig. 8, when using codeine with a total concentration about 58
mg/mL for the titration, the precipitation begins at a pH of about 7. When using
codeine with a total concentration of about 13 mg/mL for the titration, the precipi-
tation begins at pH about 8. Nevertheless, the two solubility-pH profiles are seen
to overlap at high pH-values. Because in the crystallization procedure described
further above the pH-titration stops at a point very closed to the target point 2’ on
the solubility-pH profile, the total concentration of the solution usually does not
change by more than 5 fold from the beginning until crystallization occurs. Under
these circumstances, the solubility-pH profile can be considered as almost inde-

pendent of the concentration of the solution.
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10 file is limted. In practice, the change of the
concentration should be less than 5 fold. As shown in
Fig. 8, when using codeine with a total concentration
about 58 ng/nL for the titratiqgg, the precipitation
begins at a pH of about 7. \Wen using codeine with. a
total concentration of about 13 ng/nL for the
titration, the precipi- tation begins at pH about 8.
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c) maintaining said solution in a substantially saturated state while allow-
ing formation of crystals of said compound.

2. The method of claim 1, wherein said step b) further comprises raising the

total concentration of said compound.

3. The method of claim 1, wherein said step ¢c) comprises keeping the pH-
value substantially constant while inducing a slow evaporation of said sol-

vent.

4. The method of claim 1, wherein said step c) comprises monitoring the con-
centration of said uncharged form and regulating the pH-value so that the
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c) maintaining said solution in a substantially
saturated state while allow 20 ing formation of
crystals of said conpound. 2. The nethod of claim1,
wherein said step b) further conprises raising the
total concentration of saidggonmpound. 25 3. The nethod
of claim1, wherein said step c) conprises keeping the
pH val ue substantially constant while inducing a slow
evaporation of said sol- vent. 4. The nethod 0f c
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