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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
modifier content in the mobile phase, according to various factors: the type of modifier, the type of buffer, the temperature and of course the
type of solute. This is done by considering the variation of the so-called chromatogr&phitizh refers to the pH measured in the aqueous
medium and is determined from retention data. A procedure is described that accurately relates, from nine experiments, retention to solvent
composition and pH. The limits of such a procedure are evaluated and two examples of optimized separations of basic compounds are given.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction offer these two advantages as well. Then, it has become in-
teresting to investigate chromatographic conditions, without
Most pharmaceutical and biological compounds contain addition of triethylamine or any blocking agents in the mobile
ionizable functions such as carboxylic or amino groups. Until phase, in which the solutes are partially ionized. Such con-
now, in most instances, the separation of such compounds iditions are interesting because first they do not require any
performed either by enhancing ionization with eluents con- ionic surfactant and secondly the variation in the degree of
taining anionic or cationic surfactants in hydro organic sol- ionization of the solute can lead to extreme change in selec-
vent mixture (ion-pair chromatography) or by suppressing tivity. In return, however, they are known to be less robust.
ionization when it is possible according to both solukyp  Then, optimizing separation in order to find robust condi-
and pH range allowed by chromatographic stationary phase.tions becomes an important part of method development in
Nowadays, column manufacturers provide silica-based pack-ionizable compounds chromatography. pH and mobile phase
ings [1-4] which resist to high pH. Hence modern bonded composition are the two relevant optimization parameters:
silica-based columns can be suitable throughout a 1-10 pHpH to vary the dissociation rate and mobile phase compo-
range with carefully chosen non-aggressive buffers. More- sition to compensate for the diminution of retention when
over, the silanol activity has been significantly reduced with the solute ionization increases. In fact, the influence of these
the preparation of high purity silica. Other available packings two parameters to the retention process is somewhat more
such as polymer-based material or porous graphitic carboncomplex since the variation of the mobile phase composition
(type of organic modifier, organic modifier content, type of
« Corresponding author. Tel.: +33 4 72448217; fax: +33 4 72431078, PUffer, ionic strength) induces a variation of the degree of
E-mail addressheinisch@univ-lyon.fr (S. Heinisch). ionization as well. Therefore, this paper examines the role
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of these different parameters, including the type of station- fit the retention of ionizable compoundspH because its
ary phase and the temperature, in the variation of the solutevalue change during the elution of the solutE2).
dissociation to have a better understanding of the retention The most practical way consists certainly in measuring pH
process and suggests a general procedure to optimize pH anihto the buffered aqueous medium before mixing it with the
mobile phase composition. organic solvent. Of course, in this case, the electrode is cal-
ibrated with aqueous buffers. Then, the obtained measured
value,wpH, is related to the activity of hydrogen ions in the
2. Theoretical section buffered aqueous medium accordinddm. (1) It is probably
the most practical way to prepare mobile phases. However,
2.1. pH scales in hydro-organic mixtures used as mobile  the activity of the hydrogen ions changes after dilution of the
phases aqueous buffer with the organic modifier, due to a change in
the buffer K5. For a buffer prepared in the aqueous medium
The pH should be ideally measured in the mixed aqueousfrom a weak acid at concentratiay and its weak conju-
organic solution with the pH meter calibrated with two stan- gated base at concentratiog, the following relationships
dard buffer solutions of known pH in the identical solvent give the buffer 5 in the aqueous mediumKg,w bufier and
composition. Provided that the glass electrode responds ide4n the hydro-organic medium obtained after mixing the aque-
ally to hydrogen ion activityay, then it is the sole measure ous solution with the organic solventgs puffer:
leading to the following relationshiip]:

K — WpH —lo <—Vb’wxcb> 4

pH = —logas 1) PXaw,buffer = wP g Yaw X Ca (4)
Different nomenclatures for this measure of pH are found s Yb,s X Cp

in the literature: pH (x) [5], pH* [6] or SpH [7], this form PKasbufler = spH —log (yas x ca> ®)

being recommended by the IUPAS].

Because the calibration of a pH-meter with standard of
knowngpH valueq9] is not easy, some authors make use of
A . : )
wPH [6,10] Whlc.h reprej\sents_the pH measured in th_e mixed qilution is not taken into account iBg. (5)since it affects
agueous organic solution using aqueous standards instead ql

k . . othcy andcy, in the same way. By assuming that the ratios
mixed aqueous organic standards in the same solvent com- / andyp /a < are quite identical and usirigs. (4)
position. In this cas€pH is related tg,pH by: Yow/Yaw 8N0yb.s/vas are g '

and (5) $pH can be related tfjpH by:

whereyp w andya, w are the activity coefficients in the aque-
ous medium of a and b, respectively apgls and y, s the
corresponding activities in the hydro organic medium. The

SoH = SpH — 2
sP wPH =9 2) sPH = WpH + (PKas — PKaw)putter = wPH + APKa buffer

wheres represents the shift in the pH scale, namely the dif- (6)
ference in standard electrode potential in pH units between
the two measures. It is given 1y, 10]:

8 = —log(my) (3)

Wheremy is called the primary medium effeétvalues were Theoretical models describing a Singida' dependence

determined for various mixed aqueous organic solvent and©f the retention factok on the pH of the mobile phase for

then correlated to the composition of methanol in aqueous monoacidic or monobasic compounds on reversed phase sor-

methanol mixturefl0] and to the composition of acetonitrile ~ bents have been extensively studjég’,13-17] The reten-

in aqueous acetonitrile mixturg®l]. tion factor of any ionizable solute as a function of mobile
The measure of,pH for a chromatographic purpose Phase pH can be expressed by consideringdise weighted

presents in our sense four shortcomings. FiEgt,(3)istrue  average of the retention factor of the basic fokmand the

only when the residual liquid junction potential (difference acidic form,ka assuming that the distribution of the solute

in liquid junction potential arising at the junction between between mobile and stationary phases is just governed by

the sample solution and the salt bridge) is negligible. Sec- hydrophobic interactions, that is no ionic or hydrogen bond-

ondly, the primary medium effect is somewhat dependent on ing interactions occurs between the solute and the stationary

the ionic strength which usually decreases when the aque-Phase[18]. Then for a solute with a dissociation constant

ous buffer is mixed with the organic solvent. Thirdly, the pri- KasoluteK is given by:

mary medium effect is also dependent on the temperature and ko 1 OPH—PKasolute . k.,

its values are usually found at ambient temperature @5  k = APk @)

while nowadays, fast chromatographic separations at elevated 14 10P7PRasolue

temperatures (40C to 80°C) are more and more applied to  pH and Ka solute refer of course to both given mobile phase

pharmaceutical products. And last, in gradient elution which and given stationary phases at the operational temperature.

is widely used in liquid chromatography, it is not possible to This equation is valid provided that the activity coefficients

2.2. Dependence of the retention on the dissociation rate
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of both acidic and basic forms can be neglected. In fact, this (Interchim, France), Capcell-Pak-C18 150 na.6 mm i.d.
is possible in liquid chromatography since the molar concen- (Interchim, France); RP-Xterra-C18 150 n#n4.6 mm i.d.

trations are usually very low. (Waters, USA), Nucleodur-C18 70 mm4.6 mm (Macherey
When the pH is measured in the aqueous medium at am-Nagel, France), PLRP-S 150 mm 4.6 mm i.d. (Polymer
bient temperature, replacitiy. (6)in Eq. (7) k leads to: Laboratories, France), Hypercarb 100 mm4.6 mm i.d.
i L OPH— (P assole- APKa bt (Thermo Separations, France). The particle diameters were
k= b ’ ' + ka (8a) 5 um except for the Nucleodur,8n. The dead volumes were
1 + 10%PH—(PKas solute~ APKa buifer) estimated by assuming a column porosity of 0.7. The col-
or umn temperature was controlled at D by a water bath.
ke 10wPH—PKa chrom Experiments at higher temperatures were performed using a
k= b + ka (8b) temperature controller system (Varian, France). pH measure-
1 + 10¥%PH-PKachom ments were performed with a glass electrode XG200, a red

rod reference electrode (Ag/AgCl) REF201 with a saturated
KCI 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-
10%PH-PKachrom dard solutions from IUPAC. The injected volume wag10

9)

where [Ka chrom = (PKa s solute — APKa buffer) May be called
the chromatographicKy. The dissociation ratey, in the
aqueous organic mobile phase is relate{ffil — pKa chrom
by:

o =
1+ lO%pH*pKa.chrom

. . ~ 3.2. Chemicals
Hence, the variation af is directly dependent on the vari-
ation ofy;pH — pKa chom WhenypH is equal {0 Kachrom. Dipotassium hydrogenphosphate trihydrate, potassium
the concentrations of both neutral and ionized forms are 'de”‘dihydrogenphophate Tris(hydroxymethyl)aminomethane
Fical durling tr_le chromatographic process, qamely the solute(TRls), 1,3-bis[tris(hydroxymethyl)methylamino]propane
is half dissociateds(= 0.5) in the mixed mobile phase atthe  (isTrispropane), pyrrolidium, trisodium citrate, ~citric
given temperature with both appropriate buffer and stationary 5¢iq were obtained from Sigma (France). All aqueous

phase. The difference for a given solute betweléapsolute mobile phases were filtered with Nylon 65 membrane
usually given in the literature at ambient temperature, and fjjer. Phosphate, citrate and Tris buffers 30mM were
PKa.chrom, is given by: prepared in 500mL solution by weighting appropri-

ate KHPOJ/KoHPOy, trisodium  citrate/citric  acid,
TRIS—-acid/TRIS—basic, respectively. The pH was adjusted
and then depends on the influence of several parameters oty adding adequate amount of 6 M sodium hydroxide and
the dissociation of both buffer and solute. These parametersmeasured before the addition of organic modifier. The
include the type of organic modifier, the composition of the following compounds, all from Sigma (France) were used:
mobile phase, the type of buffer, the column temperature andN,N-dimethylaniline (Kz = 5.15); benzenem-toluidine
even the nature of the stationary phase. In a previous work(pKy = 4.73); p-toluidine (K = 5.08); o-toluidine (Kja
[16], itwas shown that the three coefficientsmf. (8b)can be = 4.44); benzoic acid (0. = 4.2); p-N-benzoic acid
calculated with a very good reliability from three retention (pKy = 3.4); salycilic acid (Ka = 2.97); N-clozapine;
data collected within a limited pH range (2 or even 3 pH clozapine; diphenydramine Kg = 9), imipramine (g =
units) provided that the test method proposed by the authorsis9.5), amitriptylline (K5 = 9.4), amoxapine (€, = 9.5),
successful. This test consists in making sure thalKih@rom protriptylline (pKa = 10), doxepine and phenolKp values
value is positive even when the retention data are altered byare given by ref[19].

a + 5% error. Otherwise, a quadratic model is preferred to

PKaw,solute— PKachrom = APKapufier — APKasolute (10)

Eq. (8b)to fit the retention data. 3.3. Software
The algorithms required for the different optimizations
3. Experimental reported in this work were first developed in our laboratory
and incorporated then into the commercial version 4.0 of
3.1. Apparatus OSIRIS (Datalys, Grenoble, France).

The chromatographic system used was a model Al-
liance from Waters (Waters, Paris) with 0.8 mL dwell vol- 4. Results and discussion
ume, a model 996 photodiode array detector (Waters, Paris)
equipped with an 8L cell. The chromatograms were pro- 4.1. Practical use of th¥pH scale
cessed using Waters millennium software. The different
columns used were Zorbax SDB-C18150 nmyd.6 mm i.d. In our sensek=q. (6)leads to three important comments.
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Fig. 1. Ky variation (ApKapufter = spH — wpH) for different buffers in
methanol-water (a) and acetonitrile—-water (b) mixtures with solvent com-
position: pyrrolidium (+); TRIS k); BisTrisPropaneX); borate @); phos-
phate {{/pH 6;\wpH 7 andjpH 8) (a); citrate @).

For method development in chromatograplig. (6)
clearly indicates that it would not be correct to optimjgeH
in place ofpH when different types of buffers are used to vary
pH [20] unless these buffers provide the sampK, puffer-
Fig. 1showsApKga putfer Variations versus the volumic frac-
tion of organic modifier at 25C for several usual buffers that
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directly proportional to the buffer concentratif®]. Then,
any mixtures of this aqueous solution with an organic solvent
will also be buffered but at a pH equal t&Kps puffer 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 pHaxi, Where phhaxi 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 pKaxi refers to aqueous medium. In case of
agueous—organic mobile phases and accordiig|t¢6) the
authorized pH range will depend onKgs — pKaw)buffer-
FurthermoregpH maximum depends on the autoprotolysis
constantKaps which varies with the mobile phase composi-
tion (14 for water at 25C). pKap s values were given by Roses
and coll for different methanol-water, acetontrile—water and
tetrahydrofuran—water mixtur¢20,21] pHnaxi is related to

PKaps and phhnaxi by:

ngmaxi = PKap,s— (14 — pHmaxi) (11)

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

prmaxi — PHmaxi = (pKap,s— 14) — (pPKas— pKa,w)buffer
(12)

Two studies have been published about the exten-
sion of the pH range for chromatographic columns
from water to methanol-watej22] and from water to
tetrahydrofuran—watdR3] for different buffersFig. 2 gives
the variation of {'pHmaxi — PHmaxi) @s a function of the vo-
lumic fraction of organic modifier for the same buffers as in
Fig. L Fig. 2clearly explains why phosphoric acid buffer may
be dangerous for the columns in methanol-aqueous medium
if the maximum}ypH value is exclusively referred to pkdxi
value[24]. Citric acid is not as much a problem as its aque-
ous buffering range is two to six and for most silica-based
columns phhayi value is at least equal to 8. All other studied
buffers can be adjusted in the agueous medium at or over the

encompasses the whole range of pH from 2 to 12. The devia-PHmaxi value.

tion values have been determined by measuringfjothand
wPH and by calculatin§pH according tdq. (2)with § values
given by referencefd 0,11] As shown byFig. 1, ApKa pufer

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 disparitieg\ppKa puffer

4.2. Determination of pXchrom

As explained into the theoretical section, it is possible
to determine B chrom from three retention data obtained at
three differentypH within a pH range of 2 units provided

between the studied buffers. These disparities are particularlythat the required test described in referefidd is success-
significant between acid buffers such as phosphoric or citric ful. The experimental variation of retention as a function of
acids and basic buffers such as pyrrolidium, BisTrisPropane\vpH is given inFig. 3for three basic compounds. Different

or TRIS. As aresult, optimization ¢fpH must be performed
with the same buffer to vary pH and then the investig#feid
range is undoubtedly limited to two or three units in order to
keep an adequate buffer capacity.

If WwpH is adjusted to thely, w butfer Of the chosen bulffer,

set of three of these retention data have been used to deter-
mine the 4 chrom according toEq. (8b) The results listed

in Table 1for different pH ranges show the very good sim-
ilarity between the obtained<{a chrom Values. It means that

the selection of the pH range for thEpchrom determination

the aqueous solution is then buffered with a buffering capacity is not very critical. It has just to include or at least to be very
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Fig. 2. Comparison of the variation of \y§Hmaxi — PHmaxi) in
methanol-water (a) and acetonitrile—-water (b) mixtures with sol-
vent composition for different buffers: pyrrolidium (+); TRISx);
BisTrisPropaneX ); borate @); phosphateX); citrate @).

close to the Ka chrom; actually, in one case only, it has not
been possible to determin&gchrom. 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.
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Fig. 3. Variation of the experimental retention factor {@H for N,N-
dimethylaniline in 40% of acetonitrilé)); m-toluidine in 40% of acetonitrile
(H); mtoluidine in 20% of acetonitrile{)). Stationary phase: PLRP-S; mo-
bile phase: acetonitrile-sodium citrate buffer 30 mM.
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Table 1

Comparison of the differenty chrom Values calculated witkq. (8b)from

three experimental retention data corresponding to different sets of three
wpH (seeFig. 3for details)

wpH sets N,N-dimethylaniline m-Toluidine  m-Toluidine
(40% ACN) (40% ACN)  (20% ACN)
2.25;3.25;4.25 3.74 3.52 4.06
25;35;45 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;45;55 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 plchrom With the mobile phase
composition according to various parameters

Using the above method, we have studied the influence of
various parameters on the evolution & nromfor 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 ikigs. 4—-6 These figures show the variation
of pKaw,solute— PKa chromas a function of the organic mod-
ifier content, &Kaw,solute representing the solutekg value
found in the literaturg19] 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 ink,.

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

3
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Fig. 4. Effect of the type organic modifier on the variation &%y solute
— pKachrom With the percentage of methanol fifN-dimethylaniline &)
and benzoic acid4) and with the percentage of acetonitrile fifN-
dimethylaniline A) and benzoic acicY). Other conditions: sodium citrate
buffer 30 mM; 30°C; Zorbax SDB C8 column.
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3 to explore the pH range, and moreover that the optirfjpir
must be related to a unique buffer in the description of the
chromatographic method. In addition, the distance between
two curves offFig. 5, for a given percentage of acetonitrile,
corresponds to the difference iKgchrom Namely the differ-
ence in fXa putfer- These distances are quite similar to those
shown onFig. 2b which actually represents the differences
in pKas buffer-

Last, itappears that the shifts increase significantly for ba-
sic compounds when the temperature increaBis ) that

pKa,w = pKa,chmm

o
|

-1 l = l is not the case for acidic compounds. This increase is directly
0 20 40 60 80 related to a decrease iKps puffer With temperature. The re-
Acetonitrile (%) sulting variation of the solute dissociation with the tempera-
ture is very attractive as it offers an additional parameter to
Fig. 5. Effect of the type of buffer on the variation dgw.solute— PKa,chrom vary the selectivity of ionizable compounds. Effect of tem-

with the percentage of acetonitrile for amitryptilline: TRIS buffer 30 mM perature on the ionization of solutes will be more extensively
(A); BisTrisPropane buffer 30 mMI); phosphate buffer 30 mM¥). Other discussed in a future work.

conditions: 30 C; RP-Xterra-C18 column. Comparison with th€ay. solute

— pKa,chrom Values calculated from nine experiments (see text for explana-

tions) with TRIS buffer 30 mM 4); BisTrisPropane buffer 30 mMY);

phosphate buffer 30 mMY). 4.4. Variation of solute retention with mobile phase

composition

as benzoic acidHig. 4), they are significant for basic com-
pounds, particularly when acetonitrile is used as organicmod-  Itis well known that the dependence of l&On the per-
ifier. The shift can reach up to three unit of pH in case of centage of organic modifier in reversed liquid chromatogra-
N,N-dimethylaniline with citric acid as buffer and 60% of phy is well described either by a linear mod2b] within a
acetonitrile. Such a shift means that with an aqueous buffer small range ok values (1-15) or by a quadratic mod26]
adjusted a}'pH = pKaw.solute this basic compound is com- within a wider range (0.5—-30). For ionizable compounds, the
pletely neutral in 60% of acetonitrile. problem is more complex since the solute is present in the

Fig. 5shows that the shifts are very dependent on the type mobile phase under the two neutral and ionized forms. First,
of buffer and as a result thakg chrom depends not only of the ionized form may lead to non-hydrophobic interactions
the measured compounds but also of the particular buffer with the stationary phase and secondly, the dissociation rate
employed. As expected, the shifts are significant for acidic varies with the mobile phase composition. The above results
buffers such as phosphoric acid. On the other hand, it is no-have shown that the determination d€4xnrom for a given
table that these shifts are also large and quite different for percentage of organic modifier, a given buffer and a given
basic buffers depending on the type of basic buffers (TRIS temperature is easy and is very useful to predict the varia-
and BisTrisPropane in this example). It confirms that any op- tion of the dissociation rate witfjpH. The K, s of an acidic

timization ofpH has be to be realized with the same buffer compound increases with the organic modifier content and
the Ky s of a basic one somewhat decreases. As a result,

for acidic solutes, theky chrom increases or decreases with

4 the organic modifier content depending on tikg pariation
.l of the buffer but most times, for basic solutes th& pnrom
£ decreases. In case of basic solutes, the dissociation rate will
;:- ol then decrease when the content of organic solvent increases.
o This phenomenon will induce a competition between on the
2L one hand, a diminution of retention due to lower hydrophobic
x interactions and, on the other hand an increase in retention
0F due to a decrease of the dissociation rate and as a result a
curvature of plots of lod() versus the percentage of organic
-1 ; f f modifier. This is illustrated by the curvesBigs. 7-9where
0 20 40 60 80 important deviations to linearity are observed everkfoal-
Acetonitrile (%) ues ranging from 1 to 10. In the past, curvatures of kpg(
for basic compounds have already been noted and were often
Fig. 6. Effect of the temperature on the variation B solute — PKa.chrom attributed to interactions of the basic solute with accessible
with the percentage of acetonitrile for amitryptilline with phosphate buffer . . .
30mM and RP-Xterra-C18 column: 3G (W): 60°C (&): 90°C (#). For silanols of the stationary phase via a n_ormal-phase process
benzoic acid with citrate buffer 30 mM and Nucleodur column®@qQ); [27]. In the present work, the studied silica-based stationary

60°C (A). phase (MS-Xterra-C18, Capcell-C18 or Zorbax SDB-C18)
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Fig. 8. Variation of the experimental Idg(with the percentage of ace-
tonitrile for amitriptylline (Kaw = 9.4) with BisTrisPropane 30 mM buffer
(a) and phosphate buffer 30 mM (b) and for clozapin€a(p = 7.5) with
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ferent values ofypH: \WpH 6 @); WpH 7 (a); wpH 8 (#); WpH 9 (X ) and

50
Acetonitrile (%)

wpH 10 (+). Other conditions: 3TC; MS-Xterra stationary phase.

100

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 {fpHis one to two units lower
than Kaw solute the variation of logf) versus the organic
modifier content is neither linear nor quadratic but sigmoidal
with an inflection point corresponding to a composition for
which pKa chrom = wpPH. ForN,N-dimethylaniline (Kaw =
5.15), the inflection pointis indeed for nearly 50% of acetoni-
trile atiypH = 3, and nearly 60% of acetonitrile}fpH = 2.2
(Fig. 7a—c). These values are in good accordance with the
results ofFig. 4 showing that the differencel@ w,solute —
PKa.chromiS Nearly equal to 2 at 50% and to 3 at 70%. The sig-
moidal form of the plots lod() versus percentage of organic
modifier is all the more obvious as the deviatidfufy solute
— PpKachrom iS important. This gives the reason why this
sigmoidal form is less evident in case of amitriptylline or
clozapine Fig. 8) than in case oN,N-dimethylaniline om+
toluidine (Fig. 7). Hence, it appears from the comparison of

Figs. 4 and 5Shat the increase inKyw.solute — PKa,chrom
with the percentage of acetonitrile is particularly significant
for N,N-dimethylaniline. According tdeq. (10)and since
the variation ofApKga putter IS Nearly the same for phosphate
and citrate buffersKig. 1), this difference in behaviour for

these basic solutes is then essentially due to the solutes them-

selves, namelyApKa solute iS probably more important for
N,N-dimethylaniline om-toluidine than for amitriptylline or

are poor in accessible silanols and obviously the other studiedclozapine. For acidic solutes such as benzoic acid, the de-
stationary phases (Hypercarb and PLRP-S) have no silanolcrease in [z w solute — PKa chrom With percentage of ace-
groups at all. Whatever the stationary phase, the same formtonitrile is less significant and consequently the competition

of curve is observed for a given solute at a giffgrH. These

of both phenomenon evocated above is less important. As a
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Fig. 9. Variation of the experimental ldg(with the percentage of acetonitrile for benzoic acid{p = 4.2) with different stationary phases: Zorbax SDB-C18
(a); hypercarb (b) and PLRP-S (c) and different value¥mt: \pH 2.2 (+);wpH 3 (@); \wpH4 () andypH5 (¢). Other conditions: 30C; citrate buffer 30 mM.

conclusion of this study, it appears clearly that a linear model k values higher than 0.2 and lower than 30 for all solutes. If
must never be used for ionizable compounds (as usually donesuch a composition exists, it is selected for the third experi-
for neutral solutes), to fit the experimental lkgyersus the ment; if this should not be the case, it means that the elution
percentage of organic modifier. In most cases, a quadraticmode cannot be isocratic and then a third experiment under
model provides a good fitting of the experimental data but gradient elution with a higher slope is performed. The second
for some basic solutes wh@pH is lower than Kz w.solute @ step consists in calculating the three coefficienEgf (13)
gquadratic model is not valid within the whole range of com- from three retention data. The first one is provided by the
positions but only within a small range depending on the isocratic run; the two others are calculated from the linear
curvature. Fortunately, in most cases (F&gs. 7-9except model and correspond, for each gradient run, toktkalue

Fig. 7o and c) a sigmoidal model is only essential for large and the composition just as the solute has travelled all over
range of compositions including those leading to very low half column length{31]. Once the three coefficients at the

k values and then incompatible with good chromatographic threelpH have been calculated, the published metfi&]
conditions. Then in most cases, the solute retention is well for modelling retention as a function of pH is applied to each
approximated by the following quadratic model: possible composition (i.e. leading to acceptdblalues). In
order to prove its validity, we have applied this procedure to a
logk = ag® + by + ¢ (13) mixture of six solutes, three basic compoungdiuidine,m-

Here,p is the percentage of organic solveatb andc are toluidine and)-toluidine) and three acidic Compounds (ben-
constants for a given solute, a giy4pH and a given reversed ~ Zoic acid, salycilic acid anpknitrobenzoic acid) at threfpH

phase system (buffer, Stationary phase, temperature)_ (3, 4 and 5) close to theimw values. Calculated retention
times have been calculated from nine experiments, namely
4.5. Simultaneous Optimizatioan and mobile two gradient runs (5% to 50% of acetonitrile in 45min and
phase composition 15 min, respectively) and one 30% acetonitrile isocratic run,
these three experiments being performed at ¢qoth, Ex-
It has been shown by many auth¢28—30]that prelim- perimental retention times #pH ranging from three to five

inary gradient elution experiments are far more appropriate Py step of 0.5 unit and with acetonitrile compositions rang-
to mobile phase optimization in liquid chromatography than ing from 5% to 35% by step of 5% have been collected and
isocratic ones. This is due to the a priori lack of knowledge compared to the calculated values. The average difference
about the range of compositions to be investigated and fur- Petween calculated and experimental values listéigbie 2
thermore about the elution mode to be used. In case of thels 0.2% with a standard deviation equal to 3.3% that is quite
simultaneous optimization of pH and mobile phase composi- sufficient for an optimization purpose. This procedure was
tion, this is more crucial because the interesting composition implemented into Osiris software.

range isa priori unknown and moreover dependerurnjﬁ_ Modelling the solute behaviour allows calculation of chro-
The proposed procedure makes use of nine experiments tgnatograms for any values of the parameter space. The aim
calculate the retention models of ionizable solutes: three ex-O0f optimizing is evaluation and comparison of computerized
periments (two gradients runs with two different slopes and Simulated chromatograms. This is performed by using a suit-
one isocratic run) performed atthree d|ﬁer%m-| For each able response function in order to fulfil the objectives of
WoH, the three coefficients &q. (13)are calculated by two the chromatographer. This optimization procedure, described
steps. The first step consists in calculating from the two gra- €lsewherg16] takes into account three relevant criteria by
dient retention data the two coefficients of a linear model and means of aresponse function based on a desirability function:
then to evaluate the higher possible composition leading to the quality of separation, the analysis time and the robustness



Table 2
Experimental and calculated retention times (min) for six ionizable solutes (see text for explanations)

Experimental

pH 3.0 35 4.0 45 5.0
Percentage ACN  Experimental  Calculated  Experimental  Calculated  Experimental  Calculated  Experimental  Calculated
p-Toluidine 5 599 612 731 6.87 961 908 1458 1464 2422
10 370 365 441 435 6.20 627 994 1051 1622
15 275 267 340 325 477 479 7.69 7.88 1170
20 230 224 284 274 410 399 634 626 895
25 210 205 261 250 360 357 522 526 684
30 197 197 251 243 339 339 460 464 554
o-Toluidine 5 619 651 940 899 1559 1504 2477 2525 3310
10 419 396 6.44 613 1085 1078 1649 1705 2093
15 334 313 529 500 841 843 1199 1209 1425
20 295 281 454 441 7.00 687 919 898 1040
25 279 268 416 404 575 578 6.99 7.02 771
30 265 263 387 380 504 504 580 579 6.09
m-Toluidine 5 689 7.08 893 840 1341 1215 2123 2100 3190
10 419 397 554 540 878 897 1434 1527 2093
15 309 285 434 413 6.85 7.00 1070 1107 1425
20 260 240 364 353 574 574 844 836 1040
25 240 225 334 323 482 493 655 663 771
30 227 228 314 311 441 441 554 552 6.09
Salicylic acid 5 - 4598 2206 2301 1319 1344 969 1004 874
10 2174 2284 1174 1194 728 722 552 554 502
15 1250 1271 7.20 697 451 449 362 361 332
20 754 781 467 460 324 320 269 271 254
25 535 531 356 340 252 256 217 227 211
30 397 397 294 276 222 222 200 203 197
Benzoic acid 5 - 590 - 5303 3936 2042 2221 1027
10 2685 2882 2349 2567 1867 1928 1105 1138 594
15 1500 1536 1369 1385 1069 1073 6.87 676 399
20 877 910 819 837 7.00 679 482 464 307
25 604 601 576 566 482 486 355 360 252
30 439 439 439 424 386 386 302 310 222
p-Nitrobenzoic acid 5 - 764 - 4402 2201 2304 1255 1279 902
10 3222 3470 2026 2169 1172 1176 7.05 7.06 539
15 1810 1861 1199 1194 694 687 454 447 362
20 1040 1092 729 7.38 472 457 327 321 275
25 7.00 7.02 519 509 339 342 252 256 226
30 492 491 397 385 281 280 222 221 197
Mean error (%) (0%
Standard deviation (%) 3

2464
1650
1164
865
676
554

3505
2175
1433
1007
7.58
611

3505
2166
1431
1010
761
609

892
500
332
255
217
197

1021
593
396
299
249
222

897
533
358
270
223
197

Capcell-pak column (dead volume = 1.5 mL); citrate buffer 30 mM; 1 mLhin

Calculated
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Experimental conditions for the examples of optimization giveRigs. 10 and 11

First exampleigs. 10 and 1)L
(1) Phenol; (2) protriptylline; (3) amoxapine; (4)
diphenydramine; (5) clozapine; (6) doxepine; (7)
imipramine; (8) amitriptylline

Solutes

Experimental conditions
BisTrisPropane buffer; 30C; 1 mL min1
wpH8  WpH9  WpH 10

30% to 70% in 40 min

30% to 70% in 13 min
60% 65% 70%
wpPH 8.7 and 50% acetonitrilé={g. 11)

Experimental design
Gradient runs
Isocratic run

Optimum conditions

Second exampleH{gs. 12 and 18

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

Column: RP-Xterra C18100 mmM.6 mm (dead volume = 1.5mL)

Phosphate buffer; 70C; 3 mL mint
wpH6  UpH7  TpH8
10% to 52% in 14 min
10% to 61% in 5min
50% 60% 70%
wpH 6.9 and 45% acetonitrilé={g. 13

0.50
+1.00
10.95
10.90
i0.85
10.80
(075
t0.70
1065
10.60
:0.55
20.50
045
10.40
1035
$0.30
025
020
(015
t0.10
10.05
0.00

pH

43 54 60

Acétonitrile (%)

42

36

|4

How o

4

Fig. 10. Response surface {}pH and percentage of acetonitrile for the first
example of optimization. Conditions are giveriliable 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 ofjypH and acetonitrile composition for a mixture
of basic and neutral compounds. The first example concerns
the separation of eight solutes at“@with BisTrisPropane

as buffer and the second example, the separation of seven sc
lutes at 70C 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@@han

at 30°C). The conditions of the preliminary experiments are
listed inTable 3 Both response surfaces computed by Osiris
software are given ifrigs. 10 and 12respectively. They are
determined from the following threshold values: resolution
higher than 1.5 for the less separated pair of pe&ks, ).
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 chromatogramsleifys. 11 and 13experimen-

tal results are in very good agreement with calculated ones
and that confirms the reliability of the proposed procedure in
optimizing bothypH and mobile phase composition. In addi-
tion, this procedure which requires nine experiments only can
provide more rapidly the i, chrom Of all the solutes over a
wide range of organic modifier composition as it can be seen
onFig. 5where the empty characters represent tgdarom
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 differenfjpH.

Experimental

o
~
@

4.255

4
3 : Calculated
| 7
2 | 5 8
6
T T T T
0 5 10 15
Minutes (min)

Fig. 11. Experimental and calculated separations for the optimum conditions
of Fig. 10 Conditions and solutes are givenTiable 3
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g T it is for neutral ones but sigmoidal once the pH of the aqueous
: medium is lower than the solut&g. However, in most cases,

109 the retention data are well fitted with a quadratic model. The
Z08 retention modeling system consists in describirfgst as a

50_7 ’ function of solvent composition and then as a function of the
5 pH measured in the aqueous medium. This procedure has two
08 o N main advantages: it allows first to make use of gradient data
l05 that are much more appropriate for modelings a function

504 of solvent composition and secondly to have the possibility
o : of choosing between two models the more suitable for de-
593 scribingk as a function of pH. It has been shown that the
l02 predicted retention times, using this procedure are very close
oy e s pr = tothe experimental ones. We have incorporat.ed this effective
s ACN (%) = procedure into an optimization software and it has proved to
00« il i3 provide reliable results for ionizable compounds.
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