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Effect of mobile phase composition, pH and buffer type on the retention
of ionizable compounds in reversed-phase liquid chromatography:

application to method development
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Abstract

Optimizing separation of ionizable compounds in order to find robust conditions has become an important part of method development in
liquid chromatography. This work is an attempt to explain the observed variations of retention of acid and basic compounds with the organic
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odifier content in the mobile phase, according to various factors: the type of modifier, the type of buffer, the temperature and of
ype of solute. This is done by considering the variation of the so-called chromatographic pKa which refers to the pH measured in the aque
edium and is determined from retention data. A procedure is described that accurately relates, from nine experiments, retentio

omposition and pH. The limits of such a procedure are evaluated and two examples of optimized separations of basic compound
2004 Elsevier B.V. All rights reserved.
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. Introduction

Most pharmaceutical and biological compounds contain
onizable functions such as carboxylic or amino groups. Until
ow, in most instances, the separation of such compounds is
erformed either by enhancing ionization with eluents con-

aining anionic or cationic surfactants in hydro organic sol-
ent mixture (ion-pair chromatography) or by suppressing
onization when it is possible according to both solute pKa
nd pH range allowed by chromatographic stationary phase.
owadays, column manufacturers provide silica-based pack-

ngs [1–4] which resist to high pH. Hence modern bonded
ilica-based columns can be suitable throughout a 1–10 pH
ange with carefully chosen non-aggressive buffers. More-
ver, the silanol activity has been significantly reduced with
he preparation of high purity silica. Other available packings
uch as polymer-based material or porous graphitic carbon

∗ Corresponding author. Tel.: +33 4 72448217; fax: +33 4 72431078.
E-mail address:heinisch@univ-lyon1.fr (S. Heinisch).

offer these two advantages as well. Then, it has becom
teresting to investigate chromatographic conditions, wit
addition of triethylamine or any blocking agents in the mo
phase, in which the solutes are partially ionized. Such
ditions are interesting because first they do not require
ionic surfactant and secondly the variation in the degre
ionization of the solute can lead to extreme change in s
tivity. In return, however, they are known to be less rob
Then, optimizing separation in order to find robust co
tions becomes an important part of method developme
ionizable compounds chromatography. pH and mobile p
composition are the two relevant optimization parame
pH to vary the dissociation rate and mobile phase com
sition to compensate for the diminution of retention w
the solute ionization increases. In fact, the influence of t
two parameters to the retention process is somewhat
complex since the variation of the mobile phase compos
(type of organic modifier, organic modifier content, type
buffer, ionic strength) induces a variation of the degre
ionization as well. Therefore, this paper examines the
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.07.022
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of these different parameters, including the type of station-
ary phase and the temperature, in the variation of the solute
dissociation to have a better understanding of the retention
process and suggests a general procedure to optimize pH and
mobile phase composition.

2. Theoretical section

2.1. pH scales in hydro-organic mixtures used as mobile
phases

The pH should be ideally measured in the mixed aqueous
organic solution with the pH meter calibrated with two stan-
dard buffer solutions of known pH in the identical solvent
composition. Provided that the glass electrode responds ide-
ally to hydrogen ion activity,aH, then it is the sole measure
leading to the following relationship[5]:

pH = −logaH (1)

Different nomenclatures for this measure of pH are found
in the literature: pH∗ (x) [5], pH∗

x [6] or s
spH [7], this form

being recommended by the IUPAC[8].
Because the calibration of a pH-meter with standard of

knowns
spH values[9] is not easy, some authors make use of
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fit the retention of ionizable compounds tos
wpH because its

value change during the elution of the solutes[12].
The most practical way consists certainly in measuring pH

into the buffered aqueous medium before mixing it with the
organic solvent. Of course, in this case, the electrode is cal-
ibrated with aqueous buffers. Then, the obtained measured
value,wwpH, is related to the activity of hydrogen ions in the
buffered aqueous medium according toEq. (1). It is probably
the most practical way to prepare mobile phases. However,
the activity of the hydrogen ions changes after dilution of the
aqueous buffer with the organic modifier, due to a change in
the buffer pKa. For a buffer prepared in the aqueous medium
from a weak acid at concentrationca and its weak conju-
gated base at concentrationcb, the following relationships
give the buffer pKa in the aqueous medium, pKa,w,buffer and
in the hydro-organic medium obtained after mixing the aque-
ous solution with the organic solvent, pKa,s,buffer:

pKa,w,buffer = w
wpH − log

(
γb,w × cb

γa,w × ca

)
(4)

pKa,s,buffer = s
spH − log

(
γb,s × cb

γa,s × ca

)
(5)

whereγb,w andγa,w are the activity coefficients in the aque-
ous medium of a and b, respectively andγb,s andγa,s the
corresponding activities in the hydro organic medium. The
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pH [6,10] which represents the pH measured in the m
queous organic solution using aqueous standards inst
ixed aqueous organic standards in the same solvent
osition. In this case,sspH is related toswpH by:

pH = s
wpH − δ (2)

hereδ represents the shift in the pH scale, namely the
erence in standard electrode potential in pH units betw
he two measures. It is given by[5,10]:

= −log(mγ) (3)

heremγ is called the primary medium effect.δ values were
etermined for various mixed aqueous organic solvent

hen correlated to the composition of methanol in aqu
ethanol mixtures[10] and to the composition of acetonitr

n aqueous acetonitrile mixtures[11].
The measure ofswpH for a chromatographic purpo

resents in our sense four shortcomings. First,Eq. (3)is true
nly when the residual liquid junction potential (differen

n liquid junction potential arising at the junction betwe
he sample solution and the salt bridge) is negligible.
ndly, the primary medium effect is somewhat depende

he ionic strength which usually decreases when the a
us buffer is mixed with the organic solvent. Thirdly, the
ary medium effect is also dependent on the temperatur

ts values are usually found at ambient temperature (2◦C)
hile nowadays, fast chromatographic separations at ele

emperatures (40◦C to 80◦C) are more and more applied
harmaceutical products. And last, in gradient elution w

s widely used in liquid chromatography, it is not possibl
f
ilution is not taken into account inEq. (5)since it affects
othca andcb in the same way. By assuming that the ra
b,w/γa,w andγb,s/γa,s are quite identical and usingEqs. (4)
nd (5), s

spH can be related towwpH by:

pH = w
wpH + (pKa,s − pKa,w)buffer = w

wpH + ∆pKa,buffer

(6)

.2. Dependence of the retention on the dissociation ra

Theoretical models describing a sigmoidal depend
f the retention factork on the pH of the mobile phase f
onoacidic or monobasic compounds on reversed phas
ents have been extensively studied[6,7,13–17]. The reten

ion factor of any ionizable solute as a function of mo
hase pH can be expressed by considering thatk is a weighted
verage of the retention factor of the basic form,kb and the
cidic form,ka assuming that the distribution of the sol
etween mobile and stationary phases is just governe
ydrophobic interactions, that is no ionic or hydrogen bo

ng interactions occurs between the solute and the stati
hase[18]. Then for a solute with a dissociation const
a,solutek is given by:

= kb10pH−pKa,solute + ka

1 + 10pH−pKa,solute
(7)

H and pKa,soluterefer of course to both given mobile pha
nd given stationary phases at the operational temper
his equation is valid provided that the activity coefficie
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of both acidic and basic forms can be neglected. In fact, this
is possible in liquid chromatography since the molar concen-
trations are usually very low.

When the pH is measured in the aqueous medium at am-
bient temperature, replacingEq. (6)in Eq. (7), k leads to:

k = kb10
w
wpH−(pKa,s,solute−∆pKa,buffer) + ka

1 + 10
w
wpH−(pKa,s,solute−∆pKa,buffer)

(8a)

or

k = kb10
w
wpH−pKa,chrom + ka

1 + 10
w
wpH−pKa,chrom

(8b)

where pKa,chrom = (pKa,s,solute− ∆pKa,buffer) may be called
the chromatographic pKa. The dissociation rate,α, in the
aqueous organic mobile phase is related tow

wpH − pKa,chrom
by:

α = 10
w
wpH−pKa,chrom

1 + 10
w
wpH−pKa,chrom

(9)

Hence, the variation ofα is directly dependent on the vari-
ation ofw

wpH − pKa,chrom. Whenw
wpH is equal to pKa,chrom,

the concentrations of both neutral and ionized forms are iden-
tical during the chromatographic process, namely the solute
is half dissociated (α = 0.5) in the mixed mobile phase at the
given temperature with both appropriate buffer and stationary
p
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(Interchim, France), Capcell-Pak-C18 150 mm× 4.6 mm i.d.
(Interchim, France); RP-Xterra-C18 150 mm× 4.6 mm i.d.
(Waters, USA), Nucleodur-C18 70 mm× 4.6 mm (Macherey
Nagel, France), PLRP-S 150 mm× 4.6 mm i.d. (Polymer
Laboratories, France), Hypercarb 100 mm× 4.6 mm i.d.
(Thermo Separations, France). The particle diameters were
5�m except for the Nucleodur, 3�m. The dead volumes were
estimated by assuming a column porosity of 0.7. The col-
umn temperature was controlled at 30◦C by a water bath.
Experiments at higher temperatures were performed using a
temperature controller system (Varian, France). pH measure-
ments were performed with a glass electrode XG200, a red
rod reference electrode (Ag/AgCl) REF201 with a saturated
KCl solution in water as salt bridge and a temperature sen-
sor T201 in a pHM210 standard pHmeter with a precision
of ±0.02 pH units (all from Radiometer Analytical, France).
The electrode was calibrated with pH 4.0, 7.0 and 10.0 stan-
dard solutions from IUPAC. The injected volume was 10�L.

3.2. Chemicals

Dipotassium hydrogenphosphate trihydrate, potassium
dihydrogenphophate, Tris(hydroxymethyl)aminomethane
(TRIS), 1,3-bis[tris(hydroxymethyl)methylamino]propane
(BisTrisPropane), pyrrolidium, trisodium citrate, citric
a ous
m ane
fi ere
p ri-
a ,
T sted
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f ed:
N
(
=
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c
9
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ns
r tory
a 0 of
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ts.
hase. The difference for a given solute between pKa,w,solute
sually given in the literature at ambient temperature,
Ka,chrom, is given by:

Ka,w,solute− pKa,chrom = ∆pKa,buffer − ∆pKa,solute (10)

nd then depends on the influence of several paramete
he dissociation of both buffer and solute. These param
nclude the type of organic modifier, the composition of

obile phase, the type of buffer, the column temperature
ven the nature of the stationary phase. In a previous
16], it was shown that the three coefficients ofEq. (8b)can be
alculated with a very good reliability from three retent
ata collected within a limited pH range (2 or even 3
nits) provided that the test method proposed by the auth
uccessful. This test consists in making sure that theKa,chrom
alue is positive even when the retention data are altere
± 5% error. Otherwise, a quadratic model is preferre
q. (8b)to fit the retention data.

. Experimental

.1. Apparatus

The chromatographic system used was a model
iance from Waters (Waters, Paris) with 0.8 mL dwell v
me, a model 996 photodiode array detector (Waters, P
quipped with an 8�L cell. The chromatograms were p
essed using Waters millennium software. The diffe
olumns used were Zorbax SDB-C18150 mm× 4.6 mm i.d
cid were obtained from Sigma (France). All aque
obile phases were filtered with Nylon 65 membr

lter. Phosphate, citrate and Tris buffers 30 mM w
repared in 500 mL solution by weighting approp
te KH2PO4/K2HPO4, trisodium citrate/citric acid
RIS–acid/TRIS–basic, respectively. The pH was adju
y adding adequate amount of 6 M sodium hydroxide
easured before the addition of organic modifier.

ollowing compounds, all from Sigma (France) were us
,N-dimethylaniline (pKa = 5.15); benzene,m-toluidine

pKa = 4.73); p-toluidine (pKa = 5.08); o-toluidine (pKa
4.44); benzoic acid (pKa = 4.2); p-N-benzoic acid

pKa = 3.4); salycilic acid (pKa = 2.97); N-clozapine
lozapine; diphenydramine (pKa = 9), imipramine (pKa =
.5), amitriptylline (pKa = 9.4), amoxapine (pKa = 9.5),
rotriptylline (pKa = 10), doxepine and phenol. pKa values
re given by ref.[19].

.3. Software

The algorithms required for the different optimizatio
eported in this work were first developed in our labora
nd incorporated then into the commercial version 4.
SIRIS (Datalys, Grenoble, France).

. Results and discussion

.1. Practical use of thewwpH scale

In our sense,Eq. (6)leads to three important commen



186 S. Heinisch, J.L. Rocca / J. Chromatogr. A 1048 (2004) 183–193

Fig. 1. pKa variation (∆pKa,buffer = s
spH − w

wpH) for different buffers in
methanol–water (a) and acetonitrile–water (b) mixtures with solvent com-
position: pyrrolidium (+); TRIS (×); BisTrisPropane ( ); borate (�); phos-
phate (wwpH 6; w

wpH 7 andw
wpH 8) (�); citrate (�).

For method development in chromatography,Eq. (6)
clearly indicates that it would not be correct to optimizew

wpH
in place ofsspH when different types of buffers are used to vary
pH [20] unless these buffers provide the same∆pKa,buffer.
Fig. 1shows∆pKa,buffer variations versus the volumic frac-
tion of organic modifier at 25◦C for several usual buffers that
encompasses the whole range of pH from 2 to 12. The devia-
tion values have been determined by measuring bothw

wpH and
s
wpH and by calculatingsspH according toEq. (2)with δ values
given by references[10,11]. As shown byFig. 1, ∆pKa,buffer
is strongly dependent both on the buffer and on the type of
organic modifier. The higher the organic content of the mo-
bile phase, the more significant the disparities in∆pKa,buffer
between the studied buffers. These disparities are particularly
significant between acid buffers such as phosphoric or citric
acids and basic buffers such as pyrrolidium, BisTrisPropane
or TRIS. As a result, optimization ofw

wpH must be performed
with the same buffer to vary pH and then the investigatedw

wpH
range is undoubtedly limited to two or three units in order to
keep an adequate buffer capacity.

If w
wpH is adjusted to the pKa,w,buffer of the chosen buffer,

the aqueous solution is then buffered with a buffering capacity

directly proportional to the buffer concentration[5]. Then,
any mixtures of this aqueous solution with an organic solvent
will also be buffered but at a pH equal to pKa,s,buffer and
with a buffering capacity divided by the resulting dilution
factor.

Most columns are silica based and so unstable outside
the pH range 2 to pHmaxi, where pHmaxi is the maximum
authorized pH value, fixed at 8 for classical columns. How-
ever, this pH range is given for aqueous mobile phases and
consequently pHmaxi refers to aqueous medium. In case of
aqueous–organic mobile phases and according toEq. (6), the
authorized pH range will depend on (pKa,s − pKa,w)buffer.
Furthermore,sspH maximum depends on the autoprotolysis
constant,Kap,s which varies with the mobile phase composi-
tion (14 for water at 25◦C). pKap,svalues were given by Roses
and coll for different methanol–water, acetontrile–water and
tetrahydrofuran–water mixtures[20,21]. pHmaxi is related to
pKap,s and pHmaxi by:

s
spHmaxi = pKap,s− (14− pHmaxi) (11)

The difference between the maximum value for pH and
pHmaxi is then given by

w
wpHmaxi − pHmaxi = (pKap,s− 14)− (pKa,s− pKa,w)buffer

(12)
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Two studies have been published about the ex
ion of the pH range for chromatographic colum
rom water to methanol–water[22] and from water to
etrahydrofuran–water[23] for different buffers.Fig. 2gives
he variation of (wwpHmaxi − pHmaxi) as a function of the vo
umic fraction of organic modifier for the same buffers a
ig. 1.Fig. 2clearly explains why phosphoric acid buffer m
e dangerous for the columns in methanol-aqueous me

f the maximumw
wpH value is exclusively referred to pHmaxi

alue[24]. Citric acid is not as much a problem as its aq
us buffering range is two to six and for most silica-ba
olumns pHmaxi value is at least equal to 8. All other stud
uffers can be adjusted in the aqueous medium at or ov
Hmaxi value.

.2. Determination of pKa,chrom

As explained into the theoretical section, it is poss
o determine pKa,chrom from three retention data obtained
hree differentwwpH within a pH range of 2 units provide
hat the required test described in reference[16] is success
ul. The experimental variation of retention as a functio
pH is given inFig. 3 for three basic compounds. Differe
et of three of these retention data have been used to
ine the pKa,chrom according toEq. (8b). The results liste

n Table 1for different pH ranges show the very good s
larity between the obtained pKa,chrom values. It means th
he selection of the pH range for the pKa,chromdetermination
s not very critical. It has just to include or at least to be v
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Fig. 2. Comparison of the variation of (w
wpHmaxi − pHmaxi) in

methanol–water (a) and acetonitrile–water (b) mixtures with sol-
vent composition for different buffers: pyrrolidium (+); TRIS (×);
BisTrisPropane ( ); borate (�); phosphate (�); citrate (�).

close to the pKa,chrom; actually, in one case only, it has not
been possible to determine pKa,chrom. In all other cases the
pKa,chrom values are estimated with a very good reliability
(±0.2 pH unit) as shown by the standard deviation.

Fig. 3. Variation of the experimental retention factor vs.w
wpH for N,N-

dimethylaniline in 40% of acetonitrile (�); m-toluidine in 40% of acetonitrile
(�); m-toluidine in 20% of acetonitrile (�). Stationary phase: PLRP-S; mo-
bile phase: acetonitrile-sodium citrate buffer 30 mM.

Table 1
Comparison of the different pKa,chrom values calculated withEq. (8b)from
three experimental retention data corresponding to different sets of three
w
wpH (seeFig. 3for details)

w
wpH sets N,N-dimethylaniline

(40% ACN)
m-Toluidine
(40% ACN)

m-Toluidine
(20% ACN)

2.25; 3.25; 4.25 3.74 3.52 4.06
2.5; 3.5; 4.5 3.69 3.42 4.44
2.75; 3.75; 4.75 3.71 3.47 4.23
3; 4; 5 3.63 3.22 4.31
3.25; 4.25; 5.25 3.72 3.51 4.28
3.5; 4.5; 5.5 3.80 – 4.23

Average value 3.71 3.42 4.25
Standard deviation 0.06 0.12 0.12

En-dash (–) denotes failure of the method test.

4.3. Variation of solute pKa,chrom with the mobile phase
composition according to various parameters

Using the above method, we have studied the influence of
various parameters on the evolution of pKa,chromfor different
ionizable solutes (acid and basic) with the organic content of
the mobile phase. These parameters include the type of or-
ganic modifier, the type of buffer and the temperature. The
results are given inFigs. 4–6. These figures show the variation
of pKa,w,solute− pKa,chromas a function of the organic mod-
ifier content, pKa,w,solute representing the solute pKa value
found in the literature[19] for solutes in aqueous medium
at 25◦C. The values are well fitted using a quadratic model.
These results give rise to some relevant comments concerning
the observed shifts in pKa.

First, the extrapolations of the different curves at 0% of
organic content, except of course those corresponding to high
temperature (Fig. 6), are close to zero and confirms the good
reliability of this method in finding, for ionizable compounds,
not only pKa,chrom values but if necessary pKa,w,solutevalues
when these are not available in the literature. While these
shifts are not really important for acidic compounds such

F
−
a
d te
b

ig. 4. Effect of the type organic modifier on the variation of pKa,w,solute

pKa,chrom with the percentage of methanol forN,N-dimethylaniline (�)
nd benzoic acid (�) and with the percentage of acetonitrile forN,N-
imethylaniline (�) and benzoic acid (♦). Other conditions: sodium citra
uffer 30 mM; 30◦C; Zorbax SDB C8 column.
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Fig. 5. Effect of the type of buffer on the variation of pKa,w,solute− pKa,chrom

with the percentage of acetonitrile for amitryptilline: TRIS buffer 30 mM
(�); BisTrisPropane buffer 30 mM (�); phosphate buffer 30 mM (�). Other
conditions: 30◦C; RP-Xterra-C18 column. Comparison with the pKa,w,solute

− pKa,chrom values calculated from nine experiments (see text for explana-
tions) with TRIS buffer 30 mM (�); BisTrisPropane buffer 30 mM (�);
phosphate buffer 30 mM (♦).

as benzoic acid (Fig. 4), they are significant for basic com-
pounds, particularly when acetonitrile is used as organic mod-
ifier. The shift can reach up to three unit of pH in case of
N,N-dimethylaniline with citric acid as buffer and 60% of
acetonitrile. Such a shift means that with an aqueous buffer
adjusted atwwpH = pKa,w,solute this basic compound is com-
pletely neutral in 60% of acetonitrile.

Fig. 5shows that the shifts are very dependent on the type
of buffer and as a result that pKa,chrom depends not only of
the measured compounds but also of the particular buffer
employed. As expected, the shifts are significant for acidic
buffers such as phosphoric acid. On the other hand, it is no-
table that these shifts are also large and quite different for
basic buffers depending on the type of basic buffers (TRIS
and BisTrisPropane in this example). It confirms that any op-
timization ofw

wpH has be to be realized with the same buffer

F
w uffer
3
b
6

to explore the pH range, and moreover that the optimumw
wpH

must be related to a unique buffer in the description of the
chromatographic method. In addition, the distance between
two curves ofFig. 5, for a given percentage of acetonitrile,
corresponds to the difference in pKa,chrom, namely the differ-
ence in pKa,buffer. These distances are quite similar to those
shown onFig. 2b which actually represents the differences
in pKa,s,buffer.

Last, it appears that the shifts increase significantly for ba-
sic compounds when the temperature increases (Fig. 6) that
is not the case for acidic compounds. This increase is directly
related to a decrease in pKa,s,buffer with temperature. The re-
sulting variation of the solute dissociation with the tempera-
ture is very attractive as it offers an additional parameter to
vary the selectivity of ionizable compounds. Effect of tem-
perature on the ionization of solutes will be more extensively
discussed in a future work.

4.4. Variation of solute retention with mobile phase
composition

It is well known that the dependence of log(k) on the per-
centage of organic modifier in reversed liquid chromatogra-
phy is well described either by a linear model[25] within a
s
w , the
p the
m irst,
t ions
w rate
v sults
h
p iven
t aria-
t
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t sult,
f ith
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u g(
f often
a sible
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ig. 6. Effect of the temperature on the variation of pKa,w,solute− pKa,chrom

ith the percentage of acetonitrile for amitryptilline with phosphate b
0 mM and RP-Xterra-C18 column: 30◦C (�); 60◦C (�); 90◦C (�). For
enzoic acid with citrate buffer 30 mM and Nucleodur column: 30◦C (�);
0◦C (�).
mall range ofk values (1–15) or by a quadratic model[26]
ithin a wider range (0.5–30). For ionizable compounds
roblem is more complex since the solute is present in
obile phase under the two neutral and ionized forms. F

he ionized form may lead to non-hydrophobic interact
ith the stationary phase and secondly, the dissociation
aries with the mobile phase composition. The above re
ave shown that the determination of pKa,chrom for a given
ercentage of organic modifier, a given buffer and a g

emperature is easy and is very useful to predict the v
ion of the dissociation rate withwwpH. The pKa,s of an acidic
ompound increases with the organic modifier content
he pKa,s of a basic one somewhat decreases. As a re
or acidic solutes, the pKa,chrom increases or decreases w
he organic modifier content depending on the pKa variation
f the buffer but most times, for basic solutes the pKa,chrom
ecreases. In case of basic solutes, the dissociation ra

hen decrease when the content of organic solvent incre
his phenomenon will induce a competition between on
ne hand, a diminution of retention due to lower hydroph

nteractions and, on the other hand an increase in rete
ue to a decrease of the dissociation rate and as a re
urvature of plots of log(k) versus the percentage of orga
odifier. This is illustrated by the curves ofFigs. 7–9where

mportant deviations to linearity are observed even fork val-
es ranging from 1 to 10. In the past, curvatures of lok)

or basic compounds have already been noted and were
ttributed to interactions of the basic solute with acces
ilanols of the stationary phase via a normal-phase pr
27]. In the present work, the studied silica-based statio
hase (MS-Xterra-C18, Capcell-C18 or Zorbax SDB-C
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Fig. 7. Variation of the experimental log(k) with the percentage of acetonitrile forN,N-dimethylaniline (pKa,w = 5.15) (a, b and c) andm-toluidine (pKa,w =
4.7) (d, e and f) with different stationary phases: Zorbax SDB-C18 (a); Capcell-C18 (d); Hypercarb (b, e) and PLRP-S (c, f) and different values ofw

wpH: w
wpH

2.2 (+);w
wpH3 (�); w

wpH 4 (�) andw
wpH 5 (�). Other conditions: 30◦C; citrate buffer 30 mM.

Fig. 8. Variation of the experimental log(k) with the percentage of ace-
tonitrile for amitriptylline (pKa,w = 9.4) with BisTrisPropane 30 mM buffer
(a) and phosphate buffer 30 mM (b) and for clozapine (pKa,w = 7.5) with
BisTrisPropane 30 mM buffer (c) and phosphate buffer 30 mM (d) and dif-
ferent values ofwwpH: w

wpH 6 (�); w
wpH 7 (�); w

wpH 8 (�); w
wpH 9 ( ) and

w
wpH 10 (+). Other conditions: 30◦C; MS-Xterra stationary phase.

are poor in accessible silanols and obviously the other studied
stationary phases (Hypercarb and PLRP-S) have no silanol
groups at all. Whatever the stationary phase, the same form
of curve is observed for a given solute at a givenw

wpH. These

results show that these important deviations to linearity are
not due to some secondary interactions but fully explained
by the existence of the competition described above.

In fact, for a basic solute ifwwpHis one to two units lower
than pKa,w,solute, the variation of log(k) versus the organic
modifier content is neither linear nor quadratic but sigmoidal
with an inflection point corresponding to a composition for
which pKa,chrom = w

wpH. ForN,N-dimethylaniline (pKa,w =
5.15), the inflection point is indeed for nearly 50% of acetoni-
trile atwwpH = 3, and nearly 60% of acetonitrile atw

wpH = 2.2
(Fig. 7a–c). These values are in good accordance with the
results ofFig. 4 showing that the difference pKa,w,solute −
pKa,chromis nearly equal to 2 at 50% and to 3 at 70%. The sig-
moidal form of the plots log(k) versus percentage of organic
modifier is all the more obvious as the deviation pKa,w,solute
− pKa,chrom is important. This gives the reason why this
sigmoidal form is less evident in case of amitriptylline or
clozapine (Fig. 8) than in case ofN,N-dimethylaniline orm-
toluidine (Fig. 7). Hence, it appears from the comparison of
Figs. 4 and 5that the increase in pKa,w,solute − pKa,chrom
with the percentage of acetonitrile is particularly significant
for N,N-dimethylaniline. According toEq. (10) and since
the variation of∆pKa,buffer is nearly the same for phosphate
and citrate buffers (Fig. 1), this difference in behaviour for
these basic solutes is then essentially due to the solutes them-
s r
N r
c e de-
c e-
t ition
o As a
elves, namely∆pKa,solute is probably more important fo
,N-dimethylaniline orm-toluidine than for amitriptylline o
lozapine. For acidic solutes such as benzoic acid, th
rease in pKa,w,solute − pKa,chrom with percentage of ac
onitrile is less significant and consequently the compet
f both phenomenon evocated above is less important.



190 S. Heinisch, J.L. Rocca / J. Chromatogr. A 1048 (2004) 183–193

Fig. 9. Variation of the experimental log(k) with the percentage of acetonitrile for benzoic acid (pKa,w = 4.2) with different stationary phases: Zorbax SDB-C18
(a); hypercarb (b) and PLRP-S (c) and different values ofw

wpH: w
wpH 2.2 (+);wwpH 3 (�); w

wpH4 (�) andw
wpH5 (�). Other conditions: 30◦C; citrate buffer 30 mM.

conclusion of this study, it appears clearly that a linear model
must never be used for ionizable compounds (as usually done
for neutral solutes), to fit the experimental log(k) versus the
percentage of organic modifier. In most cases, a quadratic
model provides a good fitting of the experimental data but
for some basic solutes whenw

wpH is lower than pKa,w,solute, a
quadratic model is not valid within the whole range of com-
positions but only within a small range depending on the
curvature. Fortunately, in most cases (i.e.Figs. 7–9except
Fig. 7b and c) a sigmoidal model is only essential for large
range of compositions including those leading to very low
k values and then incompatible with good chromatographic
conditions. Then in most cases, the solute retention is well
approximated by the following quadratic model:

logk = aϕ2 + bϕ + c (13)

Here,ϕ is the percentage of organic solvent;a, bandcare
constants for a given solute, a givenw

wpH and a given reversed
phase system (buffer, stationary phase, temperature).

4.5. Simultaneous optimization ofw
wpH and mobile

phase composition

It has been shown by many authors[28–30] that prelim-
inary gradient elution experiments are far more appropriate
t han
i dge
a fur-
t f the
s osi-
t ition
r
T nts to
c e ex-
p and
o
w
w o
s gra-
d l and
t g to

k values higher than 0.2 and lower than 30 for all solutes. If
such a composition exists, it is selected for the third experi-
ment; if this should not be the case, it means that the elution
mode cannot be isocratic and then a third experiment under
gradient elution with a higher slope is performed. The second
step consists in calculating the three coefficient ofEq. (13)
from three retention data. The first one is provided by the
isocratic run; the two others are calculated from the linear
model and correspond, for each gradient run, to thek value
and the composition just as the solute has travelled all over
half column length[31]. Once the three coefficients at the
threew

wpH have been calculated, the published method[16]
for modelling retention as a function of pH is applied to each
possible composition (i.e. leading to acceptablek values). In
order to prove its validity, we have applied this procedure to a
mixture of six solutes, three basic compounds (p-toluidine,m-
toluidine ando-toluidine) and three acidic compounds (ben-
zoic acid, salycilic acid andp-nitrobenzoic acid) at threewwpH
(3, 4 and 5) close to their pKa,w values. Calculated retention
times have been calculated from nine experiments, namely
two gradient runs (5% to 50% of acetonitrile in 45 min and
15 min, respectively) and one 30% acetonitrile isocratic run,
these three experiments being performed at eachw

wpH, Ex-
perimental retention times atw

wpH ranging from three to five
by step of 0.5 unit and with acetonitrile compositions rang-
i and
c rence
b
i uite
s was
i

ro-
m e aim
o ized
s suit-
a of
t ribed
e by
m ction:
t tness
o mobile phase optimization in liquid chromatography t
socratic ones. This is due to the a priori lack of knowle
bout the range of compositions to be investigated and

hermore about the elution mode to be used. In case o
imultaneous optimization of pH and mobile phase comp
ion, this is more crucial because the interesting compos
ange is a priori unknown and moreover dependent onw

wpH.
he proposed procedure makes use of nine experime
alculate the retention models of ionizable solutes: thre
eriments (two gradients runs with two different slopes
ne isocratic run) performed at three differentw

wpH. For each
pH, the three coefficients ofEq. (13)are calculated by tw
teps. The first step consists in calculating from the two
ient retention data the two coefficients of a linear mode

hen to evaluate the higher possible composition leadin
ng from 5% to 35% by step of 5% have been collected
ompared to the calculated values. The average diffe
etween calculated and experimental values listed inTable 2

s 0.2% with a standard deviation equal to 3.3% that is q
ufficient for an optimization purpose. This procedure
mplemented into Osiris software.

Modelling the solute behaviour allows calculation of ch
atograms for any values of the parameter space. Th
f optimizing is evaluation and comparison of computer
imulated chromatograms. This is performed by using a
ble response function in order to fulfil the objectives

he chromatographer. This optimization procedure, desc
lsewhere[16] takes into account three relevant criteria
eans of a response function based on a desirability fun

he quality of separation, the analysis time and the robus
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Table 2
Experimental and calculated retention times (min) for six ionizable solutes (see text for explanations)

pH 3.0 3.5 4.0 4.5 5.0

Percentage ACN Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated

p-Toluidine 5 5.99 6.12 7.31 6.87 9.61 9.08 14.58 14.64 24.22 24.64
10 3.70 3.65 4.41 4.35 6.20 6.27 9.94 10.51 16.22 16.50
15 2.75 2.67 3.40 3.25 4.77 4.79 7.69 7.88 11.70 11.64
20 2.30 2.24 2.84 2.74 4.10 3.99 6.34 6.26 8.95 8.65
25 2.10 2.05 2.61 2.50 3.60 3.57 5.22 5.26 6.84 6.76
30 1.97 1.97 2.51 2.43 3.39 3.39 4.60 4.64 5.54 5.54

o-Toluidine 5 6.19 6.51 9.40 8.99 15.59 15.04 24.77 25.25 33.10 35.05
10 4.19 3.96 6.44 6.13 10.85 10.78 16.49 17.05 20.93 21.75
15 3.34 3.13 5.29 5.00 8.41 8.43 11.99 12.09 14.25 14.33
20 2.95 2.81 4.54 4.41 7.00 6.87 9.19 8.98 10.40 10.07
25 2.79 2.68 4.16 4.04 5.75 5.78 6.99 7.02 7.71 7.58
30 2.65 2.63 3.87 3.80 5.04 5.04 5.80 5.79 6.09 6.11

m-Toluidine 5 6.89 7.08 8.93 8.40 13.41 12.15 21.23 21.00 31.90 35.05
10 4.19 3.97 5.54 5.40 8.78 8.97 14.34 15.27 20.93 21.66
15 3.09 2.85 4.34 4.13 6.85 7.00 10.70 11.07 14.25 14.31
20 2.60 2.40 3.64 3.53 5.74 5.74 8.44 8.36 10.40 10.10
25 2.40 2.25 3.34 3.23 4.82 4.93 6.55 6.63 7.71 7.61
30 2.27 2.28 3.14 3.11 4.41 4.41 5.54 5.52 6.09 6.09

Salicylic acid 5 – 45.08 22.06 23.01 13.19 13.44 9.69 10.04 8.74 8.92
10 21.74 22.84 11.74 11.94 7.28 7.22 5.52 5.54 5.02 5.00
15 12.50 12.71 7.20 6.97 4.51 4.49 3.62 3.61 3.32 3.32
20 7.54 7.81 4.67 4.60 3.24 3.20 2.69 2.71 2.54 2.55
25 5.35 5.31 3.56 3.40 2.52 2.56 2.17 2.27 2.11 2.17
30 3.97 3.97 2.94 2.76 2.22 2.22 2.00 2.03 1.97 1.97

Benzoic acid 5 – 59.70 22.21 10.27 10.21
10 26.85 28.82
15 15.00 15.36
20 8.77 9.10
25 6.04 6.01
30 4.39 4.39

p-Nitrobenzoic acid 5 – 70.34
10 32.22 34.70
15 18.10 18.61
20 10.40 10.92
25 7.00 7.02
30 4.92 4.91

Mean error (%) 0.2
Standard deviation (%) 3.3

Capcell-pak column (dead volume = 1.5 mL); citrate buffer 30 mM; 1 mL−
– 53.03 39.36 20.42
1
8
3
–
1
9
3

191

23.49 25.67 18.67 19.28 11.05 11.38 5.94 5.93
13.69 13.85 10.69 10.73 6.87 6.76 3.99 3.96
8.19 8.37 7.00 6.79 4.82 4.64 3.07 2.99
5.76 5.66 4.82 4.86 3.55 3.60 2.52 2.49
4.39 4.24 3.86 3.86 3.02 3.10 2.22 2.22

– 44.02 22.01 23.04 12.55 12.79 9.02 8.97
20.26 21.69 11.72 11.76 7.05 7.06 5.39 5.33
11.99 11.94 6.94 6.87 4.54 4.47 3.62 3.58
7.29 7.38 4.72 4.57 3.27 3.21 2.75 2.70
5.19 5.09 3.39 3.42 2.52 2.56 2.26 2.23
3.97 3.85 2.81 2.80 2.22 2.21 1.97 1.97

min1.
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Table 3
Experimental conditions for the examples of optimization given inFigs. 10 and 11

First example (Figs. 10 and 11) Second example (Figs. 12 and 13)
Solutes (1) Phenol; (2) protriptylline; (3) amoxapine; (4)

diphenydramine; (5) clozapine; (6) doxepine; (7)
imipramine; (8) amitriptylline

(1) Phenol; (2)N-clozapine; (3) benzene; (4)
amoxapine; (5) clozapine; (6) imipramine; (7)
amitriptylline

Experimental conditions Column: RP-Xterra C18100 mm× 4.6 mm (dead volume = 1.5 mL)
BisTrisPropane buffer; 30◦C; 1 mL min−1 Phosphate buffer; 70◦C; 3 mL min−1

Experimental design w
wpH 8 w

wpH 9 w
wpH 10 w

wpH 6 w
wpH 7 w

wpH 8
Gradient runs 30% to 70% in 40 min 10% to 52% in 14 min
Isocratic run 30% to 70% in 13 min 10% to 61% in 5 min

60% 65% 70% 50% 60% 70%
Optimum conditions w

wpH 8.7 and 50% acetonitrile (Fig. 11) w
wpH 6.9 and 45% acetonitrile (Fig. 13)

Fig. 10. Response surface vs.w
wpH and percentage of acetonitrile for the first

example of optimization. Conditions are given inTable 3.

of the method. The response function varies from zero to one
with a zero value when one at least of the three criteria has
not reached the threshold value fixed by the chromatogra-
pher. Two examples of robust analysis conditions research
are discussed below. Both deal with the simultaneous opti-
mization ofwwpH and acetonitrile composition for a mixture
of basic and neutral compounds. The first example concerns
the separation of eight solutes at 30◦C with BisTrisPropane
as buffer and the second example, the separation of seven so
lutes at 70◦C with phosphate as buffer. As discussed above,
it is interesting to separate compounds at elevated tempera-
tures since it allows faster separations without loss of effi-
ciency (here the flow-rate is three times higher at 70◦C than
at 30◦C). The conditions of the preliminary experiments are
listed inTable 3. Both response surfaces computed by Osiris
software are given inFigs. 10 and 12, respectively. They are
determined from the following threshold values: resolution
higher than 1.5 for the less separated pair of peaks (Rsmin),
retention factors within 0.5 and 15; 0.1 unit of pH and 1% of
acetonitrile for the dimensions of the robustness window. As
shown by the chromatograms ofFigs. 11 and 13, experimen-

tal results are in very good agreement with calculated ones
and that confirms the reliability of the proposed procedure in
optimizing bothw

wpH and mobile phase composition. In addi-
tion, this procedure which requires nine experiments only can
provide more rapidly the pKa,chrom of all the solutes over a
wide range of organic modifier composition as it can be seen
onFig. 5where the empty characters represent the pKa,chrom
calculated from the set of nine experiments which can be
successfully compared to those calculated at each acetoni-
trile composition from a set of three retention data obtained
at three differentwwpH.

Fig. 11. Experimental and calculated separations for the optimum conditions
of Fig. 10. Conditions and solutes are given inTable 3.
-
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Fig. 12. Response surface vs.w
wpH and percentage of acetonitrile for the

second example of optimization. Conditions are given inTable 3.

Fig. 13. Experimental and calculated separations for the optimum conditions
of Fig. 12. Conditions and solutes are given inTable 3.

5. Conclusion

The determination of the solute pKa from retention data
related to the pH measured in aqueous medium provides a
quantity that we have called chromatographic pKa:pKa,chrom.
The study of the variation of pKa,chromwith the solvent com-
position has highlighted the effect of various factors on the
ionization of acid and basic compounds. These factors in-
clude the type of organic modifier, the type of buffer and the
column temperature. It has been shown that for a given com-
pound, pKa,chrom is highly dependent of the particular buffer
employed. It has been shown for basic solutes that log(k) ver-
sus the solvent composition are neither linear nor quadratic as

it is for neutral ones but sigmoidal once the pH of the aqueous
medium is lower than the solute pKa. However, in most cases,
the retention data are well fitted with a quadratic model. The
retention modeling system consists in describingk first as a
function of solvent composition and then as a function of the
pH measured in the aqueous medium. This procedure has two
main advantages: it allows first to make use of gradient data
that are much more appropriate for modelingk as a function
of solvent composition and secondly to have the possibility
of choosing between two models the more suitable for de-
scribingk as a function of pH. It has been shown that the
predicted retention times, using this procedure are very close
to the experimental ones. We have incorporated this effective
procedure into an optimization software and it has proved to
provide reliable results for ionizable compounds.
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