Articles publicats






ARTICLE 1

Retention of ionisable compounds on high-
performance liquid  chromatography  XV.
Estimation of the pH variation of aqueous buffers
with the change of the acetonitrile fraction of the

mobile phase

X. Subirats, E. Bosch and M. Rosés
J. Chromatogr. A 1059 (2004) 33






Available online at www.sciencedirect.com

S(HENCE@DIRECT‘ JOURNALOF
CHROMATOGRAPHY A

g A

el
ELSEVIE Journal of Chromatography A, 1059 (2004) 33-42

www.elsevier.com/locate/chroma

Retention of ionisable compounds on high-performance
liquid chromatography

XV. Estimation of the pH variation of aqueous buffers with

the change of the acetonitrile fraction of the mobile phase

Xavier Subirats, Elisabeth Bosch, MaRoss

Departament de Quiica Analtica, Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain

Received 20 April 2004; received in revised form 17 September 2004; accepted 22 September 2004

Abstract

The most commonly used mobile phases in reversed-phase high-performance liquid chromatography (RP-HPLC) are hydro-organic
mixtures of an aqueous buffer and an organic modifier. The addition of this organic solvent to buffered aqueous solutions involves a
variation of the buffer properties (pH and buffer capacity). In this paper, the pH variation is studied for acetic acid—acetate, phospho-
ric acid—dihydrogenphosphate—hydrogenphosphate, citric acid—dihydrogencitrate—citrate, and ammonium—ammonia buffers. The proposed
equations allow pH estimation of acetonitrile—water buffered mobile phases up to 60% (v/v) of organic modifier and initial aqueous buffer
concentrations between 0.001 and 0.1 mdi,Lfrom the initial aqueous pH. The estimated pH variation of the mobile phase an&he p
variation of the analytes allow us to predict the degree of ionisation of the analytes and from this and analyte hydrophobicities, to interpret
the relative retention and separation of analyte mixtures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in the mobile phase solvent (s) relative to water (w) as stan-
dard state solveri]. Alternatively, the pH electrode system
Careful pH control and measurement of the mobile can be calibrated with buffers prepared in the water organic
phase is essential for a reproducible and successful chro-solvent mixture used as mobile phase, and the pH readings
matographic analysis of ionisable analytes. There are threeprovide pH values, i.e. the pH value in the mobile phase
different pH scales commonly used in pH measurement solvent (s) relative to the same solvent (s) as standard state
of reversed-phase high-performance liquid chromatographysolvent[1]. The two IUPAC pH scales can be easily related
(RP-HPLC) mobile phases. The IUPAC recommends to mea- by means of thé parametef2—4]:
sure pH in the mobile phase, after mixing aqueous buffer and
organic modifier. The pH electrode system can be calibrated pH = $pH + § Q)
with aqueous buffers and thus the pH readings provide di-
rectly the$,pH values of the mobile phase, i.e. the pH value Thes parameter includes the primary medium effect and the
difference between the liquid-junction potentials of the elec-
trode system in the mobile phase and water. The primary
* Corresponding author. Tel.: +34 93 402 17 96; fax: +34 93 402 12 33, Medium effect depends only on the solvent at which pH is
E-mail addressmarti@apolo.qui.ub.es (M. Rés). measured (mobile phase solvent composition), but the liquid-
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Table 1 2. Experimental
Properties of relevant interest for pH measurements in acetonitrile—water
mixtures at 25C [4]

2.1. Apparatus

MeCN (%, V/V) XMeCN A 2B ngap )

0 0.000 0.528 152 14.00 .@ Potentiometric measurements were taken with a Ross
;8 8-8‘718 g-ggi 122 ij-i‘; —g-gé combination electrode Orion 8102 (glass electrode and a
20 0.130 0.655 163 1474 —0.04 reference ele_ctrod_e with a 3.0 mGTL KCI solution in wa-

40 0.186 0.712 1.68 15.08 —0.14 ter as salt bridge) in a Crison MicropH 2002 potentiometer
50 0.260 0.791 1.74 15.48 —0.22 with a precision of£0.1 mV. All the solutions were ther-

60 0.339 0.877 1.80 15.90 -0.46 mostated externally at 2560.1°C. The retention data were
XmecN:. Molar fraction of acetonitrile in the mixtureA and agB: measured on a 15cm4.6 mm i.d. XTerra MS g 5-pum

Debye—HJ'ckel eql_Jation parametergpl(ap: autoprotolysis constant of the (Waters) column with a flow rate of 1 mL miA in isochratic
solvent mixture§: interconversion parameter betweipi and, pH scales. mode. A Shimadzu (Kyoto, Japan) HPLC system consisting
of two LC-10ADvp dual reciprocating plunger solvent deliv-
ery modules, a SIL-10ADvp autoinjector fixed to (10, a
junction potential depends also on the particular electrode SPD-10AVvp ultra-violet visible spectrophotometric detec-
system, pH standards, and sample used. Therefore, generabr set at 254 nm, a CTO-10ASvp column oven at25,1°C

interlaboratory conversion between both pH scales is only and a SCL-10Avp system controller was employed.
possible if the different electrode systems are designed to

have a negligible residual liquid-junction potential, i.e. ifthe 2 2 Chemicals
junction potential of the electrode system in the measured

mobile phase is close to the junction potential in the calibra-  Acetonitrile was RP-HPLC gradient grade from Merck
tion solution in wate{4]. and water purified by the Milli-Q plus system from Milli-
The 3,pH scale is specially suitable for its simplicity of pore. The studied buffers were prepared from acetic acid
measurement, because it does not require pH standards fogmerck, glacial, for analysis), sodium acetate (Carlo Erba,
each hydro-organic compositioflable 1reportsé values 99%), phosphoric acid (Merck, 85%, for analysis), potas-
obtained in this lab for the electrode system described in sjum dihydrogenphosphate (Merck, for analysis), sodium hy-
the experimental part and for some acetonitrile-water mix- drogenphosphate (Merck, for analysis), citric acid (Fluka,
tures, as well as other parameters of interest for pH estima-for analysis), potassium dihydrogencitrate (Fluka, >99%),
tion in these mobile phases. Nevertheless, the most commornsodium citrate (Merck, for analysis), ammonia (Merck, 25%,
pH scale used in chromatography is the aqueous pH scalefor analysis) and ammonium chloride (Merck, for analy-
(whH) [1], which is obtained when the electrode system is sjs), using hydrochloric acid (Merck, 25%, for analysis)
calibrated with aqueous buffers and the pH measured in theand potassium hydroxide (Panreac, for analysis) to adjust
RP-HPLC aqueous buffer before mixing it with the organic the pH to the wanted value. The chromatographied com-
modifier. The relationship betwegfpH value andypH or  pounds were 2-nitrophenol (Fluka, >99%), 3-bromophenol
spH is buffer depender{b—7] and it has been pointed out  (Schuchardt, 90%), 2,4,6-trimethylpyridine (Merck, 96%)

that adjusting the pH in the aqueous buffer may lead to sig- andN,N-dimethylbenzylamine (Merck—Schuchardt, for syn-
nificant differences in RP-HPLC retention when the same thesis).

organic modifier is added to aqueous buffers of the same
pH value, but prepared from different buffer components 2 3. Procedure
[5]. For instance, buffered solutions prepared from anionic

and neutral acids increase their pH value when acetonitrile The required agueous acid and base concentrations for
is added, whereas cationic acids show the reverse ffdnd  the selected pH is calculated before the preparation of the
The K, variation of analytes follows a similar tendency: the puffer, considering total buffer aqueous concentrations of
same analyte in two aqueous buffers of the same pH, butg.001, 0.01 and 0.1 molt!. The pH is finally slightly ad-
prepared from different acids and bases, may show a differ-justed by addition of small amounts of concentrated so-
ent degree of ionisation, and thus different chromatographic |utions of potassium hydroxide. Acetonitrile—water buffers
retention, when acetonitrile is added to prepare the mobile were prepared by addition of acetonitrile to the agueous
phase5]. buffers. In all instances, the electrode system was cali-
In this paper, the variation of the aqueous pH of common prated using the usual aqueous standard reference buffers
chromatographic buffers upon addition of acetonitrile is stud- of potassium hydrogenphthalatipH 4.01 at 25C) and
ied for different initial buffer concentration and pH. Several potassium dihydrogenphosphate_disodium hydrogenphos_
chromatographic examples, in both isochratic and gradientphate {'pH 7.00 at 25C). All pH readings were done in the
elution, are presented to illustrate how the variation of buffer S pH scale, i.e. after mixing aqueous buffer with acetonitrile.
pH changes ionisation of acid-base analytes and thus chro- Chromatographic data were obtained isochratically and in
matographic retention. a fast gradient mode (0.08 2.50 min: 10> 100% MeCN:



2.50— 3.00min: 100%; 3.00> 3.20min:

3.20— 4.00 min: 10%).

3. Results and discussion

3.1. Model development

100— 10%;

Previous work[5] shows that},pH variation of buffers

at the initial aqueou¥pH with the addition of acetonitrile
(emecn ON volume fraction of acetonitrile in the mixture)

can be approximately fitted to a linear equation:

wPH — WpH = mpHomecn

)
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Table 2
SPKa values of the acids studied as buffer components in acetonitrile-water
mixtures[5]

Buffer SPKa (%, VvIv) of acetonitrile

0 10 20 30 40 50 60

Acetic acid 474 494 517 544 576 6.15 6.62
Phosphoric acid 221 239 262 280 311 342 375
Dihydrogenphosphate 7.23 7.40 7.60 7.82 8.08 838 8.73
Citric acid 316 331 349 368 390 4.16 445
Dihydrogencitrate 479 495 514 535 560 591 6.28
Hydrogencitrate 6.42 6.62 6.85 7.11 7.40 7.74 8.13
Ammonium 9.29 9.27 921 917 919 921 934

Espinosa et a[5] proposed the following equation to de-
scribe the variation of the slopengn) of Eq. (1) with the

with a myy value that depends on the particular buffer used initial aqueougypH of the buffer:

and initialypH of the buffermyy is the proportionality co-
efficient between pH and mobile phase solvent composition
changes. The pH variation is caused by the variation of the mpH =
pKa values of buffer components when the solvent composi-
tion changes. The variation of th&pvalues of the studied
acids (buffer components) is presentedable 2 and some

do+ 3 arl0PH-b) g 10U+ pH-b,a]
i=1

1+ i 108@PH=bi) | 1 psl(n+1)pH=by11]
i=1
Theag term in the numerator and the 1 value in the denomina-

®3)

examples of pH variation with the volume fraction of acetoni- tor predominate over the other terms at low pH values, when

trile added depending on the initipH values are presented

in Fig. L
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the solution is buffered by strong acids. Then, for strong acids,
ap parameter is taken equal to zero. Thel term predom-
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Fig. 1. Variation of the pH value§,pH — \ypH) of several studied solutions depending on the acetonitrile fraction added to aqueous buffer 0.01 M and initial

aqueougypH.
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inates at very basic pH values (buffers with strong bases),
andan+1 of strong bases has an estimated value of {581
The intermediate terms prevail in the pH zones close to the
acid—base conjugate equilibria of the buffered system, rep-
resented by thein pK, values. The meaning of these terms
will be discussed later.

The studied range of acetonitrile—water mixtures goes up
to 60% (v/v) of organic maodifier. In this high water content
medium homoconjugation and ionic pair formation can be
neglected, and the involved acid—base equilibria are quite
similar to the ones in aqueous solutions.

The $pH values of several series of buffers were calcu-
lated at 0, 10, 20, 30, 40, 50 and 60% (v/v) of acetonitrile
taking into account the dilution coefficient, the molar activ-
ity coefficient (by means of the Debyediekel equation),
and thelpK 5 of each buffer component at the corresponding
hydro-organic compositioriT@bles 1 and 2 The dielectric
constants of the studied solvent mixtures are higher than 40
[4] and, thus, ion pairing should be insignificant in thgh
and was not considered in pH calculation. The autoprotol-
ysis constant of each solvent composition was also consid-
ered in the calculationgTable ). This calculation has been
carried out for thirteen different aqueous buffer concentra-
tions: 0.001, 0.003, 0.005, 0.007,0.01, 0.02, 0.03, 0.04, 0.05,
0.0625, 0.075, 0.0875 and 0.1 motk Then, theipH calcu-
lated values were converted to fhieH scale by means of the
8 values TTable 1and Eq.(1)). For each initial aqueoU$pH
and the subsequent acetonitrile additions nthg value was
calculated.

The mpy values for the studied buffers and concentra-
tions were plotted against their corresponding initial aque-
ousyypH value, and fitted to E¢3). Fig. 2shows three of the
most representative studied concentrations (0.001, 0.01 and
0.1 mol L) for several buffered systems.

Table 3shows the fitted, a; andb; parameters correspond-
ing to the studied buffered systems (acetic acid—acetate, ci-
tric acid—dihydrogencitrate—hydrogencitrate—citrate, phos-
phoric—dihydrogenphosphate—hydrogenphosphate, ammo-
nium—ammonia) at three different representative concentra-
tions.

In the acetic acid system, tlag parameter corresponds to
the estimated value of a strong aca & 0), a; is referred
to thempy maximum value of acetic acid/acetate solutions,
ay is the supposed value for a strong baag~f 1.81), by
corresponds to th¢/pH value of the inflection point of
the upward curve (only acetic acid solutions) amd- by
corresponds to th¢ypH value of the inflection point of
the downward curve (only acetate solutions)s a fitting
parameter related to the sharpness of the transitions between
the differenta; values Table 4.

Due to the high number of polynomial variablesds, a,
as, b1, by, bz andby; ag ~ 0.00 andy ~ 1.81) inthe citric acid
buffered systemb, has been fixed before the iteration pro-

cesstoreach a better adjustment. This parameter can be easily

known becausks — bz agree with th& pH value correspond-
ing to solutions with only citrate. When hydrogencitrate is the

Table 3

Parameters of Eq2) for the variation of th€ pH values of the buffers with the addition of acetonitrile, at three representative initial aqueous buffer concentration

Citric acid Phosphoric acid Ammonia

Acetic acid

Parameter

0.1mol L1
360
000
—0.59

0.001mol =1 0.01mol L1

0.1mol L™t

0.01mol L1
180
000
144
176
181

0.001mol -1
260
000
064
177
181

0.1mol L1

0.001mol =1 0.01mol L1

0.1mol L1
348
000
227
181

0.01mol L1

0.001mol -1

322
000
—0.60

319
000
—0.58

226
000
177

240
000
145
161

194
000
142
170

187
000
109
171

307
000
229
181

3.06
0.00
2.27
181

a

181

181

181

167
181

az

531
1647

573
1638

623
1635

165
1598

227
7.04
1651

307
820
1726

180
181
206
574
1061
1996

202
181
261
654
1183
2078

209

181

336 285 323
1159 33

1283

2144

1168

3.89
1173

1116

1065

1012

453
980

477
947

513
906

368

487

935
122

393

529

895
118

410
550
861

874
112

832

7.84

60 81 45 45 45
Q018

Q014

54

45

45

45

Q020

Q025

0021

Q008
1000

Q014 Q003 Q004 Q004
1000 1000

Q017

0021

S.D.

Q998

Q998

Q998

Q995

Q997

1000

0998 Q998

0.998
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Fig. 2. Variation of the slopenfpr) of Eq. (1) vs. volume fraction of acetonitrile with the initial aqueous pH of the buffgrH). Dashed lines represent buffer
aqueous concentrations at 0.001 mol|grey continuous lines 0.01 mott and black continuous lines 0.1 motL.

only species present in the buffered system,fhel value
corresponds tbs — by. Analogouslyb, — by corresponds to
dihydrogencitrate an#; to citric acid. On the other hand,
a refers tompy slope of citric acid—dihydrogencitrate so-
lutions, ap to dihydrogencitrate—hydrogencitrate aaglto
hydrogencitrate—citratéféble 5.

Inthe calculation of the pH involved in the phosphoric acid
buffer system, we have only been able to consider the contri-

To get a better polynomial fit in the iteration process, as
we considered before for the citric acid system, parambgers
andby were fixed. We are able to calculate these parameters
considering thalbz — by corresponds to thigpH value when
the only species of the buffer system is the dihydrogenphos-
phatep, — by to the hydrogenphosphate amdo phosphoric
acid.Table 6andFig. 2show that for aqueous concentrations
of the buffer above 0.05 molt?!, thea; value is higher than

bution of the phosphoric acid, dihydrogenphosphate and hy-

drogenphosphate because of the absence of litergikig
values in acetonitrile—water mixtures, and phosphate insolu-
bility when the fraction of organic modifier is high.

Table 4
Linear variation of thes, & andb; parameters for the acetic acid—acetate
buffer system depending on the aqueous buffer concentratijn (

Parameter Acetic acid—acetate
Equation N S.D.

5 0.20logcr +3.56 13 0.085
a 0.00 - -

a1 2.28 13 0.007
a 181 - -

by —0.52logct +2.33 13 0.005
by — by 0.45logcr +9.20 13 0.012

Table 5

Linear variation of thes, & and by parameters for the citric
acid—dihydrogencitrate—hydrogencitrate—citrate buffer system depending on
the aqueous buffer concentratian

Parameter Citric acid—dihydrogencitrate—hydrogencitrate—citrate
Equation N S.D.

S 0.29logcr +2.59 13 0.067
ap 0.00 - -

a1 0.14logcr +1.63 13 0.057
a —0.06logcr +1.56 13 0.015
az —0.16logct +1.67 13 0.027
ay 181 — —

by —0.58logct +1.47 13 0.015
by — by —0.21logcr +3.47 13 0.014
bs — by —0.34logct +4.58 13 0.054
by —bg 0.38logcr +9.72 13 0.030




38 X. Subirats et al. / J. Chromatogr. A 1059 (2004) 33-42

Table 6 i.e. in rough terms, the strong base amount (expressed in
Linear variation of thes, @ and b, parameters for the phosphoric equivalents) required to produce aone pH unit change inthe
acid—dihydrogenphosphate—hydrogenphosphate buffer system dependingbu]cfer solution. Buffer capacity can be calculated by means
on the aqueous buffer concentrati@n)( o . .

of the algorithms used to determine the pH of the solution,

Parameter Phosphoric .
acid—dihydrogenphosphate—hydrogenphosphate calculating the pH change produced by a small chgnge of
Equation N Sb the base concentration (e.g. 0.1%). For a weak acid/weak
a — base, maximum buffer capacity of a protolyte occurs when
Zo _8'83'09"“1'99 13 0243 the acid species concentration is equal to the concentration
a 0.53logcr +2.40 13 ooss  Of conjugate base.
ay —0.06 loger +1.63 13 0.015
ag 181 - - 3.2. Experimental evaluation of the model
by —0.69loger +0.93 13 0.036
by — by —0.29 loger +4.22 13 0.022 ; }
6o — by 0.3 loger +10.18 13 0.014 In order to calculate the accuracy of the model in the es

timation of the pH variation of buffer with the variation of
the mobile phase composition, several buffers at different
ap. This fact could be attributed to the impossibility of consid-  composition, concentration and initial aqueous pH have been
ering the contribution of the phosphate species to the buffer prepared and their pH values measured. To calculate the pH
system. variation, we determine first the parametessa( andb;) as

Analogous considerations of the acetic acid system can bea function of the aqueous buffer concentratial{les 4-7.
made forammonia System' exceptforthe nega[WevahJes Then, when these values are fixed, lﬂﬂ{ value can be es-
corresponding to ammonium—ammonia soluticfab(e 7. timated through E¢(2) for eachijpH value. Finally, through

A linear tendency is observed in the graphical representa- the estimated value ofpn, we can estimate thpH value
tion of the parameters a andb; value against the logarithm ~ corresponding to any acetonitrile—water mixture up to 60%
of the aqueous concentration of the buffer @y For each  (v/V) (Eg.(1)), and compare it with the experimental value.
buffer system, the results of the linear regression are shown Fig. 3 represents graphically the estimafpoH values
in Tables 4—7We have chosen the logarithmic linear regres- against the experimentgbH values for all studied buffers.
sion because the solution pH is normally directly related to the There is a good agreement between these measured pH val-
present species concentration logarithm. Furthermore, it hasues and the expected straight line of unitary slope and null
been confirmed that this kind of approximation is better than origin ordinate. This figure also shows the variation of the
the direct fitting to the concentration values. Although for all buffer capacity as a function gfpH values for different
buffers the worse linear relationship corresponds to the poly- acetonitrile—water compositions.
nomial adjustment parameter s, the fitting of all equationsis  In the acetic acid-acetate buffer, the highest dispersion
quite good. A second degree equation has been considered tés observed for basigpH (>7.5), perhaps because of its low
fit the s parameters as a function of concentration logarithm, buffer capacity in this pH range. As pointed earlier, maximum
but the results obtained in pH estimation are not significantly buffer capacity (also shown in the plot for 0.01 mol L)
different from the ones estimated by means of the linear re- occurs when pH value equals thiégvalue, and thg/pK, of

gression. this buffer equals to 4.74.

Quantitative measurement of buffer ability to keeppHcan  The correspondence between estimated and measured
be expressed in terms of buffer capacisy ¢f buffered so-  wPH values in the citric acid buffer system is really good
lutions, which can be calculated by means of the following for all series ofjpH up to 8. Above this pH value, when the
differential equatior2,3]: buffer capacity of this system decreases, the potentiometric

measured values become slightly lower than the estimated
B = dep (4) ones. This tendency becomes more marked with the increase
d(pH) of the acetonitrile fraction in the hydro-organic buffer mix-
ture.
Table 7 In the phosphoric acid buffer system, the estima}pt
Linear variation of thes, a andb; parameters for the ammonium-ammonia  values are consistent with the experimental ones in most
buffer system depending on the aqueous buffer concentratign ( cases, only observing a certain variatiorﬁ,all—| above 9,
Parameter Ammonium—ammonia since we are not able to take into account the contribution of
Equation N S.D. the phosphate species.
s 0.20loger +3.71 13 0.086 In any case,_posmve deviations ob:?‘erved at basic _pH val-
a 0.00 _ _ ues can be attributed to the @@bsorption by the solution.
a —0.60 13 0.007 There is a satisfactory correspondence between estimated
a 181 - - and measurefjpH values in the ammonium—-ammonia buffer
by —045loger +4.84 13 0014 except for a little deviation on high organic fraction mixture,
by — by 0.52 loger +11.67 13 0.005

possibly due to the volatility of the ammonia. Moreover, we
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Fig. 3. Estimated pH values vs. experimentgpH values plot. Straight line of unitary slope and null origin ordinate is also given. Buffer capacity variation
is also shown for 0, 10, 20, 30, 40, 50 and 60% (v/v) acetonitrile—water compositions and an initial buffer concentration of 0:818ywhbols for initial
aqueous buffer concentration: (*) 0.001 mofy, (x) 0.01mol L=* and (+) 0.1 mol L.

must take into account thi}pK ; and, pH variation with ace-
tonitrile fraction in BH'—BH buffers is less close to linearity
than HA-A", HA=—A2~, HA?~-A3" buffers.

hydrophobicity and ionisation degrg¢®,7,9-17] Whereas
the hydrophobicity of a substance is a hon-modifiable prop-
erty inherent to the own nature of the analyte, the degree of

Regarding buffer capacity, a decrease is observed whenionisation depends on both analyte dissociation constant and

the acetonitrile fraction in the hydro-organic mixture in-

mobile phase pH. For a particular analyte, it can be tuned by

creases, due to the decrease of the buffer concentration oran appropriate election of the buffer. As a general rule and
increasing the volume of the solution. The addition of ace- for analytes of similar hydrophobicity, and since the neutral

tonitrile produces a shift of the maximum of buffer ca-
pacity towards higheg,pH values for neutral or anionic
acid buffers (HAc—Ac, HzCit—H,Cit~, H,Cit"—HCit%",
HCit2~—Cit®~, H3PO4—H,POs~, HoPO; —HPQy2™), but
towards lower3,pH value for the cationic acid buffer
(NH4*—=NHj3). It is noteworthy the broad low buffered zone
between the first and the seconidgpof the phosphoric sys-
tem, aroundpH 5, and the wide range of good buffer capac-
ity of the citric acid system up tfjpH 7.

3.3. Estimation of the degree of ionisation and
chromatographic retention

form is the most retained by the stationary phase, the higher
the degree of ionisation, the lower the retention.

The ionisation degree (or association degree1«) of
an ionisable analyte (HAA#~1) depends on its dissociation
constantKz) and mobile phase pH through the E¢s). and
(6) [5]:

S it N— ©)
AT IHAT AT T 14 10K PH
AT 1
AT AT T AT T 14 10°FPKa ©

whereap is the ionisation degree of a neutral acié-Q) and

The retention of acid—base analytes in reversed-phasexpya corresponds to the ionisation degree of a neutral base
high-performance liquid chromatography depends on their (z=1). Strictly, pH and £, are referred t§pH andipK,, but
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we can use here the correspondjmiH anc, pK 5, because of ~ Table 8
P ters f diction of the sl fthe li lations betw

GPH — SpH = 4pKa — 3pKa = dandipH — pKa = GpH — e and ek valuos i pure water
S pK 5. Variation of mobile phase composition changes ana- sPa Pra P
wPKa.
lyte dissociation constarig) and mobile phase pH, and thus @1 82 33 a4  SD. F
ionisation degree. Aliphatic carboxylic acids ~ 97 —859 883 -872 001 5464

If the altogether pH variation of the hydro-organic mobile AL"maI“C carboxylic acids 5£4 —1833 4933 —3§-g9 gg; 1222
phase and the analyt&pchange follow linear models such Zm?:gss _é 72 __10‘2‘71 _58; :0‘1; 000 3476
as those proposed in E(fL), the difference between these pyjigines _167 Q67 —166 067 003 38
two values can be expressed in term$spf

whH — &pKa = wpH — WpKa + (mpH — mpk,)omecn  (7) one is a bicycled aromatic acid, whereas the rest are mono-

This equation, together with Eq) and (6) shows that in cyclic aromatic acids, and the_: second_one is th_e_ most c'_;lC|_d|c
compound of the set, presenting an evident positive deviation

n nitrile—water mobile ph he variation of an analyte. . L i
a gce_to trile ate. ob €p asethe a'ato otana a.ytem the linearity in relation to the other$ables 8 and $um-
ionisation degree on increasing the organic modifier fraction

depends on the difference between the corresporn marize allag andbg parameters for prediction of the slope
values of the buffer anhy of the analyte. lmyy :%HK,Q (as) and the intercepto) of the linear correlation between

s s : o
then there is no variation of the degree of ionisation with sPKa (and,pK) values in acetonitrile—water and tijek,

. - L in pure water.
he chan f the mobile ph mposition. But this is n . L .
the change of the mobile phase compositio ut this Is not Using the pH and g5 estimation equations, the ionisation
usually the case.

On one hand, theyy value can be estimated for all of the () or association (+ «) degrees of different substances

studied buffers in this paper in aqueous concentrations com-'Cnalg?lgtea:jcefnrg”l;;‘gﬁ:g;\/?%i';q pllgaisSeSShgsvr;Fibe f asily
prised between 0.001 and 0.1 moliLby means of Eq(3) ’ P P 9- %

and the parameters detailedlables 4—70n the other hand where the association degree (directly related to retention
pK, variations follow a linear relation with the acetonitrile through hydrophob|C|ty) of Se"efa' substance_s are plotted
fraction, analogous to EqR): as a function of the volume fraction of acetonitrile for two

different buffered mobile phasesipH = 8. Also, thepK a
wPKa — wpKa = mpxomecn (8) of all these analytes, namely 2-nitrophenol, 3-bromophenol,
) ) ] . 2,4,6-trimetilpyridine and N,N-dimethylbenzylamine, is
Literature [18] provides equations to estimate the rojatively close to 8 (7.24, 8.87, 7.49 and 8.91, respectively).
acetonitrile—water K, values of several substances Eq. (9) allows the computation dipKa values of analytes
corresponding to one of these large families: pyridines, 54 from them. values of given in Table 1 and Egs.

amines, carboxylic aromatic acids, carboxylic aliphatic (1) and (8) my values are computed (2.46, 3.042.25
acids and phenols. For each compound fan’snly and solventyng 1 48, respectively). The buffered solutions consisted
composition, linear relations betwegpk ; andy, pKa, were of dihydrogenphosphate-hydrogenphosphate 0.01 mbl L
established: and ammonium-ammonia 0.01 mot, and their estimated
PKa = aswpKa+ bs (9) MpH _valu?N (equations frontTables 4—7and Eq.. (2)) in

_ _ relation tojypH = 8 were 1.76 and-0.60, respectively.
The as andbs sets of values obtained for each family were  Fig. 4 shows that an increase of the acetonitrile fraction

related to solvent composition through polynomials: in the hydro-organic mobile phase increases the association
1+ asipmecn + asxp? degree of analytes, although in a different degree that
as = MecH (10) depends on the nature of the buffer used. In the case of
14 asapmecN + asapiyecn dihydrogenphosphate—hydrogenphosphate (anionic acid),
2 the association degrees of the phenols (neutral acids) slightly
bs = L+ bstgmecn + bszbiecn (11) increase because of the higher variation of analyg ip
1+ bsapmecN + bsadiecn relation to buffer pH ik > Mg >0). On the other hand, in

where as1, asp, as3, asa bsi, bsa, bss and bss were fitting  the case of amines and pyridines (neutral bases) the variation

parameters constant for all acids of the same family at anyin the association degree is larger, due to the reversed

acetonitrile—water composition up to 60% (v/v) of acetoni- Taple 9

trile (100% for pyridines). Parameters for prediction of the slofbg ) of the linear correlations between
After checking the correspondence for several compounds:pKa values in acetonitrile-water and thipK, values in pure water

between the experimentakg values and the estimated ones bsi bsy bss  bes SD. F

by means of these proposed equations, we observed a slighfjishatic carboxylic acids —0.68 994 845 —859 008 5152

deviation in the case of carboxylic aromatic acids. Then, we Aromatic carboxylic acids—5.32 899 2256 —2321 005 14456

repeated the calculations for this family of compounds, tak- Phenols —533 995 019 -070 011 2406

ing into account all the carboxylic aromatic acids considered Amines —-182 225 -175 090 005 1559

before, except 1-naphtoic and 2-nitrobenzoic acid. The first PYdines —178 189 —058 -040 010 1293
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NH,"/NH,

H,PO,/HPO,*

0 0,1 0,2 0,3 04 0,5 0,6 0 0,1 02 0,3 04 0,5 06
oMeCN oMeCN

Fig. 4. Variation of the association degree of acid/base compounds with the addition of acetonitrilg"teNWg and PO, ~—HPQy2~ aqueous buffers of
wpH 8. Compounds:(0)) 3-bromophenol;[{) 2,4,6-trimethylpyridine; £) 2-nitrophenol; () N,N-dimethylbenzylamine.

trend of analyte K5 variation in relation to buffer pH  the same time. At 20%, we can relate the retention times
(mpk <0 <mpp). The opposite phenomenon is observed in of the analytes with similar hydrophobicity (I8 is
ammonium—ammonia (cationic acid) buffer, simggy <O0. 1.79, 1.88, 1.98 for 2-nitrophenol, 2,4,6-trimethylpyridine
The chromatographic retention of an analyte strongly de- and N,N-dimethylbenzylamine, respectively) to their ion-
pends on its ionisation (or association) degree, in addition isation degree: the higher the compound ionisation, the
to its hydrophobicity. The higher the hydrophobicity and lower the retention time. The retention of 2-nitrophenol
association degree, the higher the retention time. The pro-in the dihydrogenphosphate—hydrogenphosphate buffer is
posed method enables the association degree of a substandewer than that ofN,N-dimethylbenzylamine, whereas in
to be calculated in each studied aqueous buffer and ace-the case of the ammonium—ammonia buffer the reversed be-
tonitrile content. In relation to the hydrophobicity of com- haviour is observed. This behaviour is explained because of
pound, it can be expressed by several parameters, althouglthe different ionisation trends of these compounds with the
the octanol-water partition coefficient (I8g,y) is the most addition of acetonitrile to both aqueous buffers. On the other
widely used. hand, although 3-bromophenol and 2,4,6-trimethylpyridine
As an example, the measured chromatographic retentionhave similar ionisation degrees in both buffers, the phenol
times of several compounds with two different pH buffers has a much higher retention times than the pyridine, because
at 20, 30, 40, 50 and 60% (v/v) of acetonitrile are plotted of its higher hydrophobicity (o0&, =2.63). These consid-
in Fig. 5. Significant differences in retention times are ob- erations can be extended to gradient elution, since when a
served for acetonitrile fractions lower than 40%, since in gradient is applied the separation depends mainly on the dif-
higher fractions all compounds elute very fast, almost at ferent retention of analytes at the lowest fractions of organic

45.00 40.00
NH,*/NH, H,PO,/HPO,>
40.00¢ 35.00
35.001 30,00
30.00 2500
= 25.00 g
%: % 20.00
+~ 20.00 =
15.007
15.00
10.00 10.00

5007

—X3

0.00+ T T T T T T T 1 0_00: : : : T T r T |
20% 25% 30% 35% 40% 45% 50% 55% 60% 20% 25% 30% 35% 40% 45% 50% 55% 60%
% MeCN % MeCN

Fig. 5. Retention times of individual ionisable compounds at 20, 30, 40, 50 and 60% (v/v) of acetonitrile prepared®@m-HHPQ;2~ and NH,*—NH;z
aqueous buffers ¢fpH 8. Symbols as ifFig. 4.
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2 NH,*/NH, H,PO,HPO,> 2

1 1

A\

4.500 5.000 5.500 6.000 6.500 7.000 7.500 4.500 5.000 5.500 6.000 6.500 7.000 7.500
tx/min ty/min

Fig. 6. Chromatograms for individual ionisable compounds, corresponding to the elution of their mixture, in a fast gradient preparg@omHPQ,%~
and NH*—NH; aqueous buffers ¢fpH 8. Compounds: (1),N-dimethylbenzylamine; (2) 2-nitrophenol; (3) 2,4,6-trimethylpyridine; (4) 3-bromophenol.

modifier, when differences on analytes partition between the tion degree, of analyte retention behaviour with the change
hydrophobic stationary phase and the hydro-organic mobile of acetonitrile percentage in the mobile phase.
phase are more pronounced.

Fig. 6 shows the retention times of the four com-
pounds mentioned above obtained in a fast gradient modeAcknowledgements
in WpH = 8 dihydrogenphosphate—hydrogenphosphate and
ammonium—ammonia buffered mobile phases. The elution - )
order of the analytes corresponds to the expected one con>SPanish Governmentand FEDER of EU (projects CTQ2004-
sidering the compounds hydrophobicity and their ionisation 90633/BQU and CTQ2004-00965/BQU), and from the Cata-

degrees in each acetonitrile—water buffered system. Thus, 212 Government (Grant 2001SGR00055).
nitrophenol is the first eluted analyte in the anionic phos-
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most hydrophobic compound. Wiley, New York, 1964. o _ _
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We thank for financial support from the MCYT of the

References

4. Conclusions [5] S. Espinosa, E. Bosch, M. Res, Anal. Chem. 74 (2002) 3809.
[6] I. Canals, J.A. Portal, E. Bosch, M. Ress Anal. Chem. 72 (2000)
The pH variation of commonly used aqueous buffers in - ﬁsgjﬁal f7 Oumada. M. Res. E. Bosch. J. Chromator. A 911
. .. i . s, F.Z. Ou , M. , E. sch, J. .
RP-HPLC with addition of acetonitrile depends on the par- (2001) 191 g

ticular buffer and the hydro-organic composition. A model [g] 0. Budevsky, Foundations of Chemical Analysis, Ellis Horwood,
has been proposed to allow an accurate prediction of this  Chichester, 1979.

pH change for several buffers (acetic, citric and phosphoric [9] R.M. Lopes Marques, P. Schoenmakers, J. Chromatogr. 592 (1992)
acid and ammonium systems) up to 60% of acetonitrile, and 157

. . . [10] P.J. Schoenmakers, R. Tijssen, J. Chromatogr. A 656 (1993) 577.
from initial aqueous buffer concentrations included between [11] J.A. Lewis, D.C. Lommen, W.D. Raddatz, J.W. Dolan, L.R. Snyder,

0.001 and 0.1 molt!. The buffer capacity decreases when I. Molnar, J. Chromatogr. 592 (1992) 183.
acetonitrile is added, due to the dilution effect of the mix- [12] J.A. Lewis, J.W. Dolan, L.R. Snyder, I. Mdn, J. Chromatogr. 592
ture, and their maximum values shift jointly with th&p (1992) 197.

variation of the buffer species. The pH of the mobile phase [13] C. Honath, W. Melander, I. Molar, Anal. Chem. 49 (1977) 142.
&14] E. Bosch, P. Bou, H. Allemann, M. Res, Anal. Chem. 68 (1996)

determines the dissociation degree of ionisable analytes, an 3651

this, tQQether with hydrophobicity, determines the anal_yte_s [15] M. Rosts, I. Canals, H. Allemann, K. Siigur, E. Bosch, Anal. Chem.
retention times. The model can be used to choose which is 68 (1996) 4094.

the most appropriate buffer to reach the best pH value in a[16] M. Ross, D. Bolliet, C.F. Poole, J. Chromatogr. A 829 (1998) 29.
particular acetonitrile—water mobile phase composition, and [17] D- Sykora, E. Tesaga; M. Popl, J. Chromatogr. A 758 (1997) 37.
. . . . - [18] S. Espinosa, E. Bosch, M. Ress J. Chromatogr. A 964 (2002) 55.
it allows explanation, in terms of hydrophobicity and ionisa-



Available online at www.sciencedirect.com

SCIENCE@DIRECT° IOURNALOF
CHROMATOGRAPHY A

M ¥ G
ELSEVIER Journal of Chromatography A, 1090 (2005) 201

www.elsevier.com/locate/chroma

Erratum

Erratum to: “Retention of ionisable compounds on high-performance
liquid chromatography XV. Estimation of the pH variation of
aqueous buffers with the change of the acetonitrile fraction
of the mobile phase”
[J. Chromatogr. A 1059 (2004) 33]

Xavier Subirats, Elisabeth Bosch, MaRoss*

Departament de Quiica Analtica, Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain

Received 20 June 2005; accepted 30 June 2005
Available online 1 August 2005

Eq. (1) should replace Eg. (11) (page 40) in the article.

be — bsiomecN + bSWI%/IeCN
s

= > 1)
1+ bsapMeCN + bsapiecn

DOl of original article:10.1016/j.chroma.2004.09.085.
* Corresponding author. Tel.: +34 93 402 17 96; fax: +34 93 402 12 33.
E-mail addressmarti@apolo.qui.ub.es (M. Rés).

0021-9673/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.06.095






ARTICLE 11

Retention of ionisable compounds on high-
performance liquid chromatography XVI.
Estimation of retention with acetonitrile/water

mobile phases from aqueous buffer pH and
analyte pK,

X. Subirats, E. Bosch and M. Rosés
J. Chromatogr. A 1121 (2006) 170






Available online at www.sciencedirect.com

scIENcE@DmEcTe

JOURNAL OF
CHROMATOGRAPHY A

&

ELSEVI

-
ER Journal of Chromatography A, 1121 (2006) 170-177

www.elsevier.com/locate/chroma

Retention of ionisable compounds on high-performance
liquid chromatography
XVI. Estimation of retention with acetonitrile/water mobile
phases from aqueous buffer pH and analyte pK,

Xavier Subirats, Elisabeth Bosch, Marti Rosés *

Department of Analytical Chemistry, University of Barcelona, Marti i Franques 1-11, E-08028 Barcelona, Spain

Received 25 December 2005; received in revised form 30 March 2006; accepted 31 March 2006
Auvailable online 6 June 2006

Abstract

In agreement with our previous studies and those of other authors, it is shown that much better fits of retention time as a function of pH are
obtained for acid-base analytes when pH is measured in the mobile phase, than when pH is measured in the aqueous buffer when buffers of
different nature are used. However, in some instances it may be more practical to measure the pH in the aqueous buffer before addition of the
organic modifier. Thus, an open methodology is presented that allows prediction of chromatographic retention of acid—base analytes from the pH
measured in the aqueous buffer. The model presented estimates the pH of the buffer and the pK, of the analyte in a particular acetonitrile/water
mobile phase from the pH and pK, values in water. The retention of the analyte can be easily estimated, at a buffer pH close to the solute pK,, from
these values and from the retentions of the pure acidic and basic forms of the analyte. Since in many instances, the analyte pK, values in water are
not known, the methodology has been also tested by using Internet software, at reach of many chemists, which calculates analyte pK, values from

chemical structure. The approach is successfully tested for some pharmaceutical drugs.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Mobile phase composition; Acetonitrile/water mixtures; pH; Buffers; Chromatographic retention

1. Introduction

Reproducible and successful chromatographic studies of
ionisable compounds require a proper pH measurement. As
we have extensively discussed in previous works [1-8], there
are three ways of measuring the pH for a chromatographic
system. Commonly [9], the pH is measured in the aqueous
buffer before mixing it with the organic modifier (,pH scale
[10]). However, we recommend measuring the pH in the mobile
phase after mixing aqueous buffer and organic modifier. The
electrode system can be calibrated with buffers of known pH in
the same organic-water mixture used as mobile phase [11], SpH
scale [10], or with commercial aqueous pH standards in water
[12], and thus the pH readings directly provide the {,pH values
[10] of the mobile phase (i.e. the pH value in the hydroorganic

* Corresponding author. Tel. +34 93 403 92 75; fax +34 93 402 12 33.
E-mail address: marti@apolo.qui.ub.es (M. Rosés).

0021-9673/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2006.03.126

solvent (s) relative to water (w) as standard state solvent
[10D).

The shortcomings of measuring the pH variation in the
aqueous buffer are clear: the pH variation when adding
methanol or acetonitrile to the aqueous buffer depends on the
particular buffered system, on its concentration, and on the
fraction of organic solvent in the mixture [11-13]. Buffered
solutions prepared from anionic and neutral (uncharged) acids
(e.g. HAc/Ac™, H,PO,~/HPO42~ buffers) increase their pH
value when acetonitrile or methanol is added, whereas buffers
from cationic acids (e.g. NH4*/NHj3 buffers) show the reverse
trend. The pK, variation of analytes follows similar tendencies.
Thus, fits of retention to aqueous pH may show a big disparity
when buffers of different nature are used, and the pH of the
inflection point does not agree with the pK, of the analyte
[9]. In this paper we demonstrate this effect and evaluate its
importance for some common buffers (acetic, phosphoric,
citric and ammonium buffers) in acetonitrile/water mobile
phases.


mailto:marti@apolo.qui.ub.es
dx.doi.org/10.1016/j.chroma.2006.03.126

X. Subirats et al. / J. Chromatogr. A 1121 (2006) 170-177 171

The proper pH measurement is crucial to model chro-
matographic retention as a function of pH and to get reliable
predictions. Different authors have realized that better models
are obtained when the pH in the mobile phase is considered
[1,3,4,8,14-17] instead of the aqueous pH of the buffer.
In a recent work Tornblom et al. [17] has concluded that
improvements in prediction of retention times of phenols
in acetonitrile/phosphate buffering system are obtained if an
estimation of the mobile phase pH is used instead of the aqueous
pH of the buffer. In that work, retention times are predicted
using the commercial LC simulator from Advanced Chemistry
Development [18], which requires input of experimental reten-
tion of full acidic and basic forms of the analyte, pH, nature
and fraction of the organic modifier, and molecular structure of
the analyte. The structure allows the estimation of the aqueous
pK, of the analyte in case there is no experimental value in the
ACD pKj, library. However, in some instances the predictions of
retention are not very accurate because the variation of the pKj,
of the analyte with the addition of acetonitrile is not considered.
The aim of our present work is to present an open methodology
(that does not require commercial software) within reach of all
researchers to predict the retention times of simple and complex
molecules (e.g. commercial drugs) belonging to the most
common families of compounds (phenols, amines, pyridines,
carboxylic aromatic and aliphatic acids) in several aceto-
nitrile/water buffering systems (phosphate, citrate, acetate and
ammonia). In this paper we present a model based on equations
that estimate the 3, pH of any acetonitrile/aqueous buffer mobile
phase up to 60% in volume for the most common HPLC buffers,
and on equations that estimate the {,pK, of ionisable analytes
with common acid-base functional groups in the same mobile
phases. This model is tested with complex ionisable molecules
(pharmaceutical drugs) using two different buffering systems to
cover the pH range of interest. To overcome the frequent lack
of WpK, literature values for drugs needed to estimate the §,pK,
of the analyte in the mobile phase, two different computational
programs are used, and results obtained from \\pK, values are
compared. These programs are the commercial ACD/Labs,
embedded in the SciFinder Scholar 2006, and SPARC, from
the University of Georgia, which is freely accessed through
Internet.

2. Experimental
2.1. Apparatus

Potentiometric measurements were taken with a Ross com-
bination electrode Orion 8102 (glass electrode and a ref-
erence electrode with a 3.0mol/L KCI solution in water
as salt bridge) in a Crison MicropH 2002 potentiometer
with a precision of £0.1mV. All the solutions were ther-
mostated externally at 254 0.1 °C. The retention data were
measured on a 15cm x 4.6 mm i.d. XTerra MS C18 5-pm
from Waters (Milford, MA, USA) column with a flow rate
of 1 mL/min in isochratic mode. A Shimadzu (Kyoto, Japan)
HPLC system consisting of two LC-10ADvp dual reciprocating
plunger solvent delivery modules, a SIL-10ADvp auto injec-

tor fixed to 10 nL, a SPD-10AVvp ultra-violet visible spec-
trophotometric detector set at 254 nm, a CTO-10ASvp column
oven at 25+0.1°C and a SCL-10Avp system controller was
employed.

2.2. Chemicals

Acetonitrile was RP HPLC gradient grade from Merck
(Darmstadt, Germany) and water purified by the Milli-Q plus
(to 18 ML) system from Millipore (Bedford, MA, USA). The
studied buffers were prepared from acetic acid, sodium acetate,
sodium hydrogenphosphate, citric acid, potassium dihydro-
gencitrate and sodium citrate, using hydrochloric acid and
potassium hydroxide to adjust the pH to the wanted value, when
it was necessary. The chromatographed compounds were 4-
tert-butylpyridine (99%) and 4-tert-butylbenzoic acid (99 + %),
papaverine hydrochloride (>98%), 4-tert-butylaniline (>99%)
from Sigma-Aldrich (Steinheim, Germany), aniline (p.a.) from
Merck (Darmstadt, Germany), and benzoic acid (p.a.) from
Scharlau (Barcelona, Spain). Codeine, trazodone hydrochloride,
imipramine hydrochloride, nortriptyline hydrochloride and
maprotiline hydrochloride were purchased from Sigma—Aldrich
(Steinheim, Germany). Diclofenac, naproxen and ibuprofen
were supplied by the firms Prodesfarma (Barcelona, Spain),
Sintex (Barcelona, Spain) and Dr. Esteve (Barcelona, Spain),
respectively. All these drugs were used without further
purification.

2.3. Procedure

The required aqueous acid and base concentrations for the
selected pH were calculated before the preparation of the buffer,
to give a total buffer aqueous concentrations of 0.01 mol L™,
The pH was finally adjusted to the desired value by addition of
small amounts of concentrated solutions of potassium hydrox-
ide or hydrochloric acid. The pH meter was calibrated with the
usual aqueous standard reference buffers ({,pH 4.01 and 7.00
at 25 °C), while the {,pH was measured after mixing with the
desired volume of MeCN. Chromatographic data were obtained
isocratically at 40 and 60% of MeCN (v/v).

3. Theory
3.1. Chromatographic retention of acid—base compounds

In case of a weak monoprotic acid—base compound, two dif-
ferent species are retained, the acid (HA) and the conjugate base
(A). The chromatographic retention of this compound is an aver-
age of the retention of those species. The retention factor is given
by:

k= ka + kpa10PKa—PH
~ 14 10pKa—pH

ey

where HA is the protonated acid form (uncharged or
cationic) and A is the deprotonated basic form (anionic or
uncharged).
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Applying the classical approach that both species have the
same hold-up time, Eq. (1) becomes:

_ IrR(A) + tRlopK“ipH

1 + 10pKa—pH

(@)

From Egs. (1) and (2) it can be seen that the retention of a
weak acid depends on three constant parameters: the dissocia-
tion constant of the acid, the retention time of the acid and the
retention time of the conjugate base. The only variable is the pH
of the mobile phase. This mobile phase pH can be measured in
different ways as pointed out in the introduction: in the aqueous
buffer before adding the organic modifier (j,pH) or directly in
the mobile phase with water or mobile phase calibration (§,pH
or {pH, respectively). There are different relationships between
this three pH scales and the results obtained in the fits of Eqs.
(1) and (2) to the pH are also different [4,5,19].

3.2. pH and pK, variation with mobile phase composition

In a previous work [13] a model was developed for com-
mon buffers used in HPLC to estimate the pH variation in
acetonitrile/water mixtures containing up to 60% of organic
modifier from the pH of the aqueous buffer (i.e. the difference
between the VpH and the § pH scales). This pH variation can
be approximately fitted to a linear equation:

wPH — UpH = mynomecn (3)

where @pMecN is the volume fraction of acetonitrile in the mix-
ture, mpy depends on the particular buffer used and on the initial
wPH of this buffer. The variation of mpy in acetonitrile/water
mixtures with initial {,pH is described by the following model:

ao + Z?=1ailos(ipH_bi) + ap gy ST DPH=bn 1)

MOl = T S 10 PEP0 4 {05 DPE D) @

where n is the number of acid/base equilibria, ag=0 and
an+1 = 1.81. These a; and b; parameters depend on the buffer
used and on the initial aqueous concentration of the buffer,
before adding the acetonitrile, as shown in Table 1.

Finally, and in relation to pH scales, conversion between 3, pH
and },pH values can be easily through the following equation:

wPH — {pH = § 6))

Table 1

where § is a constant parameter for each acetonitrile/water com-
position, that can be calculated by means of: [4]

8 = (—3.81 £0.15)x3.cn (6)

where xpecn 1S the mole fraction of acetonitrile in the mixture.
We must take into account that the general conversion between
the pH scales mentioned above is only possible if the electrode
system is designed to have a negligible residual liquid-junction
potential.

Inrelation to pKj, variation, Espinosa and co-workers [13,20]
developed equations to estimate the acetonitrile/water pK, val-
ues of pyridines, amines, carboxylic aromatic acids, carboxylic
aliphatic acids and phenols:

:pKa = asnga + by (7

where {pK, is the dissociation constant of the compound in the
hydroorganic solvent referred to the own solvent, ;' pK, the dis-
sociation constant in water, and as and b are sets of values
obtained for each family of compounds related to solvent com-
position through polynomials:

2
4 — 1 + as1¢MeCN + ds2@yecn (8)

2
1 4+ as3pMeCN + AsaPyrecn

_ bsipmecn + b2} eeN
1 + bs3omecN + bs4(p]%/IeCN

C))

where @pecN 1s the volume fraction of MeCN in the hydro-
organic mobile phase, and a1, ag, as3, asa, bsi, b2, bg3
and by are fitting constants for all acids of the same family
at any acetonitrile/water composition up to 60% (v/v) of
acetonitrile (100% for pyridines). These values are shown in
Table 2.

Then from \|pK,and Eq. (7) we can easily estimate the {pK,
and, through Eq. (10) and the already known § parameter, the
S pKa [4,21,22]:

whKa — pK, =6 (10)

Linear variation of the s, a; and b; parameters for the acetic acid/acetate, ammonium/ammonia, phosphoric acid/dihydrogenphosphate/hydrogenphosphate and citric
acid/dihydrogencitrate/hydrogencitrate/citrate buffer system depending on the aqueous buffer concentration (ct).

Acetic acid Ammonium Phosphoric acid Citric acid

s 0.20 log ct +3.56 0.20loger +3.71 —0.04 logcer +1.99 0.29 log et +2.59
ap 0.00 0.00 0.00 0.00

ap 2.28 —0.60 0.53 log et +2.40 0.14 log et + 1.63
a 1.81 1.81 —0.06 logcr +1.63 —0.06 logcr + 1.56
as - - 1.81 —0.16 logcT +1.67
ag - - - 1.81

by —0.52 loger+2.33 —0.45logcr +4.84 —0.69 logcT +0.93 —0.58 logcr +1.47
by — by 0.45log et +9.20 0.52loger+11.67 —0.29 logcr +4.22 —0.21 loger +3.47
bz — by - - 0.36 log ct + 10.18 —0.34 logcT +4.58
by —b3 - - - 0.38 logecr +9.72
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Table 2
Parameters for prediction of the slope (ay; and byg;) of the linear correlations
between {pK, values in acetonitrile—water and the \\pK, values in pure water
[13,20]

as] as2 as3 As4 SD F
Aliphatic carboxylic 997 =859 883 —872 0.01 5464
acids
Aromatic carboxylic  52.04 —10.93 4933 -32.69 0.02 1695
acids
Phenols 10.05 —10.04 797 —-837 0.02 386
Amines -0.73 -027 -0.87 —0.12 0.00 3476
Pyridines —1.67 0.67 —1.66 0.67 0.03 38
bsl sz bs3 bs4 SD F
Aliphatic carboxylic —0.68  9.94 8.45 —8.59  0.08 5152
acids
Aromatic carboxylic —5.32 899 2256 —-2321 0.05 14456
acids
Phenols —533  9.95 0.19 —-0.70  0.11 2406
Amines —-1.82 225 -1.75 0.90 0.05 1559
Pyridines —-1.78 1.89 —-0.58 —-0.40 0.10 1293

4. Results and discussion
4.1. Effect of the pH scale on retention fits

As described and modelled in previous papers [12,13], buffer
solutions of the same /pH prepared from different components
lead to different values of §,pH after the addition of acetonitrile
as organic modifier. These pH changes can be very important in
case of weak acid solutes since they cause a change in their ion-
isation degree and therefore in their chromatographic retention.
To optimize successfully the experimental conditions for chro-
matographic analysis of ionisable analytes, these pH variations
should not be underestimated.

For example, Fig. 1 shows the measured chromatographic
retention times for several uncharged acids with conju-
gate anionic bases (benzoic and 4-tert-butylbenzoic acid)
and cationic acids with conjugate uncharged bases (4-tert-
butylaniline, papaverine, 4-fert-butylpyridine and aniline) in
different acetonitrile/aqueous buffer systems (acetic acid/acetate
and citric acid/dihydrogencitrate/hydrogencitrate/citrate) as a
function of the aqueous pH of the mobile phase. We can clearly
notice that starting from the same aqueous pH there are differ-
ent chromatographic retention times for the same analyte at the
same fraction of organic modifier depending on the nature of the
buffering system. It can be also seen that this retention differ-
ences are higher as the MeCN fraction increases. For example, a
mobile phase of \,pH = 3.00 and 60% of MeCN leads to signifi-
cantly different retention times for 4-fert-butylaniline depending
on the buffer used. If a citric acid buffer is used, the correspond-
ing retention time is 2.69 min, whereas in the acetic acid buffer
is only 1.89 min. This is a significant difference, specially taking
into account that the retention time of the neutral species at 60%
of MeCN is about 4.5 min.

However, if we plot these chromatographic retention values
as a function of the measured §,pH in the acetonitrile/water
mobile phase (Fig. 2), there is a good agreement with the
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Fig. 1. Measured retention plots for some weak neutral and cationic acids
in H3Cit/H,Cit /HCit>~/Cit>~ 0.01 M buffer (empty symbols) and HAc/Ac™
0.01 mol L~! buffer (filled symbols) at 40% (A) and 60% (B) of MeCN (v/v)
as a function of the initial aqueous ypH, measured in the mobile phase before
adding the organic modifier. Legend: (® , "} ) 4-tert-butylaniline, (¥, V) 4-tert-
butylpyridine, (& , /% ) papaverine, («, <) aniline, ((, () 4-tert-butylbenzoic
acid and (l, () benzoic acid. Lines: fittings to Eq. (2).

retention points obtained with both buffers, the acetic and the
citric, because of the different behaviour of these buffered
systems when adding MeCN. With the purpose of comparing
the fittings related to the hydroorganic and the aqueous pH
values, these retention times were fitted all together to Eq. (2)
against the \, pH values of citric and acetic acid buffers employed
(Table 3), and again to the corresponding §,pH values of both
buffers at 40 and 60% of MeCN (Table 4). It is noteworthy
that better fittings are obtained when using the hydroorganic
pH values, the ones measured directly in the acetonitrile/water
mobile phase. The mean relative error of all retention points in
relation to the values obtained from the fittings are 2.3 and 3.7%
relative to J,pH and }ypH, respectively, being the error at 40%
of MeCN (3.2 and 4.2%, in relation to 3,pH and }'pH) higher
than at 60% (3.2 and 1.3%). This is not surprising, because
mobile phases with a high fraction of organic modifier and
high eluotropic strength present less pronounced differences
on analytes partition between the hydrophobic stationary phase
and the hydroorganic mobile phase in relation to mobile phases
with a low fraction of acetonitrile. For that reason, differences
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Table 3
Statistical and fitted }pK, parameters for Eq. 2 at 40 and 60% of MeCN, considering the measured }, pH values in the mobile phase before adding the organic modifier
Compound 40% MeCN

IR(A) IR(HA) pr;tO% 72 SD F
Benzoic acid 1.58 £ 0.05 3.42 £ 0.05 4.51 £ 0.06 0.989 0.08 512
4-tert-Butylbenzoic acid 2.13 £ 0.33 14.06 £ 0.27 4.66 £ 0.06 0.990 0.49 541
4-tert-Butylaniline 13.21 £0.18 0.07 £0.72 3.55 £ 0.07 0.989 0.43 502
Papaverine 5.90 £ 0.16 1.96 £ 0.11 4.82 + 0.08 0.982 0.21 303
4-tert-Butylpyridine 8.06 + 0.15 1.54 £0.19 4.29 £ 0.06 0.990 0.27 531
Aniline 3.44 + 0.03 0.55 £ 0.54 3.01 £0.15 0.977 0.09 238

60% MeCN

IR(A) IR(HA) wngO% 2 SD F
Benzoic acid 1.60 £ 0.03 2.31 £0.03 4.62 £ 0.10 0.973 0.05 197
4-tert-Butylbenzoic acid 1.76 £+ 0.09 4.03 £ 0.06 4.88 £ 0.08 0.984 0.11 342
4-tert-Butylaniline 4.38 £ 0.070 —285 + 13377 0.86 £+ 20 0.945 0.19 94
Papaverine 2.68 + 0.04 1.46 = 0.08 398 £ 0.11 0.966 0.09 158
4-tert-Butylpyridine 3.60 £ 0.08 1.51 £0.10 3.66 £ 0.07 0.940 0.18 189
Aniline 2.47 £ 0.04 —202 + 48692 0.45 £ 104 0.807 0.11 23
(N=14).

in retention times between citrate and acetate buffer are lower
at 60% of MeCN than at 40%, although variations at 60% in
pH of the mobile phase and pK, of the analytes in relation
to the aqueous values are more marked than at 40%. On the
other hand, fitting parameters for both mobile phases to },pH
for aniline and 4-fert-butylaniline are meaningless, since the
retention times of the fully ionised species in 40% MeCN
are lower than the retention time of the KBr (~1.5 min) used
as hold-up marker, or even negative in 60% MeCN. These
meaningless fittings are due to the different retention times
obtained for these substances for the diverse buffers at {ypH 3.
More interesting is the discussion about the physical mean-
ing of the fitted pK, values. In fact, the pK, values obtained
when considering \\pH (Table 3) do not agree with the aque-

ous pK, values found in the literature nor with the },pK, in the
mobile phase (Table 5). This lack of concurrence is more signif-
icant as the acetonitrile fraction increases in the mobile phase.
As expected [2,4,6,7,12,13,20,23], these deviations from litera-
ture aqueous pKj, are positive for uncharged acids and negative
for cationic acids. The conclusion is that using the aqueous pH
values leads us to a fitting pK, value that has no physical inter-
pretation.

However, if we fit retention to pH in the mobile phase
(,pH) and we use Eqgs. (7)—(10) to estimate the pK, variation
in acetonitrile/water mixtures when increasing the fraction of
organic modifier [13,20], very good matching pK, values are
obtained. In fact, there are only slight deviations comparing the
estimated pK, values shown in Table 5 with the fitted ones in

Table 4
Statistical and fitting parameter for Eq. (2) at 40 and 60% of MeCN, considering the measured §,pH values in the mobile phase
Compound 40% MeCN

IR(A) IR(HA) ;pKiO% 72 SD F
Benzoic acid 1.60 £ 0.03 3.37 £ 0.03 5.31 + 0.04 0.996 0.05 1375
4-tert-Butylbenzoic acid 222 £0.20 13.77 £ 0.16 5.47 £ 0.04 0.996 0.31 1361
4-tert-Butylaniline 13.12 +£ 0.15 2.13 +£0.33 4.33 £ 0.05 0.993 0.36 731
Papaverine 5.84 +£0.17 2.03 £ 0.11 5.62 £+ 0.09 0.980 0.22 269
4-tert-Butylpyridine 8.00 &+ 0.11 1.82 +0.12 5.07 £ 0.05 0.994 0.21 901
Aniline 3.42 £ 0.02 1.61 £ 0.09 3.88 £+ 0.07 0.987 0.06 431

60% MeCN

IR(A) IR(HA) WPK* r SD F
Benzoic acid 1.60 & 0.01 2.29 £+ 0.01 5.86 + 0.04 0.994 0.02 982
4-tert-Butylbenzoic acid 1.77 £ 0.02 4.00 £ 0.01 6.11 £ 0.02 0.999 0.03 5596
4-tert-Butylaniline 4.36 + 0.02 1.59 + 0.10 3.86 & 0.05 0.993 0.07 792
Papaverine 2.68 £ 0.03 1.58 £ 0.04 5.21 £0.08 0.981 0.06 286
4-tert-Butylpyridine 3.59 £+ 0.04 1.51 +0.10 4.47 + 0.08 0.979 0.11 261
Aniline 2.45 £+ 0.00 1.27 £ 0.05 3.30 £ 0.05 0.997 0.01 1672

(N=14).
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Fig. 2. Measured retention plots for some weak neutral and cationic acids
in H3Cit/H,Cit~/HCit2~/Cit*~ 0.01M buffer (empty symbols) and HAc/Ac™
0.01M buffer (filled symbols) at 40% (A) and 60% (B) of MeCN (v/v) as a
function of the measured §,pH of the hydroorganic mobile phase. Legend: (# ,
) 4-tert-butylaniline, (¥, V) 4-tert-butylpyridine, (A , /\ ) papaverine, (<, <1)
aniline, (O, Q) 4-tert-butylbenzoic acid, (l, OJ) benzoic acid.

Table 4: the average of the scattering, in absolute values, is less
than 0.1 pK, units for both percentages of MeCN. The fitted
pK, values then have a truly useful physical meaning.

These examples show that it is convenient to measure the pH
in the mobile phase, rather than in the aqueous buffer. However,
pH measurement of the mobile phase may not be convenient, e.g.
in the case of an HPLC experiment where independent reservoirs
of buffer and organic solvent are pumped into and mixed within

Table 5
Literature and estimated },pK, values at 40 and 60% of MeCN (v/v) of the
chromatographed compounds by means of Egs. (7)—(10)

Compound wpKa? s pK 0% s pkS0%
Benzoic acid 4.20 5.19 5.86
4-tert-Butylbenzoic acid 4.38 5.42 6.13
4-tert-Butylaniline 4.95 423 3.80
Papaverine 6.40 5.62 5.02
4-tert-Butylpyridine 5.99 5.21 4.62
Aniline 4.61 3.87 3.44

@ From references [24], [30] and [31].

Table 6
Aqueous ypH values of the buffered systems used, estimated and measured },pH
values at 60% MeCN in volume

Buffer wpH S, PH S pH™ AS,pH
H3PO, 2.33 2.74 275 —0.01
H,Cit~/HCit*~ 4.04 4.98 4.98 0.00
H,Cit~/HCit?~ 492 5.98 5.96 0.02
HCit?~/Cit>~ 5.93 7.03 7.12 —0.09
H,PO,; /HPO,%~ 6.96 7.97 8.01 —0.04
H,PO4~/HPO4*~ 7.93 8.91 8.98 —0.07

The aqueous buffer concentration is, in all cases, 0.01 mol L™ A,pH =3, pH —
s est
wPH®.

the apparatus. In these instances the equations presented in the
theory section can be used to estimate the pH in the mobile phase
from the aqueous pH in the buffer.

4.2. Retention times estimation

From the equations presented in Section 3, we are able to
estimate the §,pH in acetonitrile/water mobile phases at any
fraction of organic modifier up to 60% in volume from the
aqueous ypH for the most commonly used buffers in HPLC,
and the $,pK, values for a wide set of compounds. Then using
Eq. (2), we can estimate the analyte retention times as a func-
tion of the pH in the hydroorganic mobile phases. We only need
to measure the \ypH of the buffered system and {,pK, of the
analyte, and also the retention times of the fully ionised and
the neutral forms. These retention times can be measured by
injecting the compounds using buffered mobile phases with
pH two or three units higher and lower than the pK, of the
analyte.

Several acidic and basic drugs with known aqueous pK, were
studied to test this retention time estimation model: diclofenac,
ibuprofen and naproxen (nonsteroidal anti-inflammatory drugs),
codeine (narcotic analgesic), trazodone, imipramine, nor-
triptyline and maprotiline (antidepressants). To cover the
pH range of interest different buffered systems at 60%
MeCN (v/v) were used: H3PO4/H2PO4_/HPO42_/PO43_ and
H3Cit/H2Cit_/HCit2_/Cit3_. In all cases, the concentration of
the aqueous buffer was 0.01 mol L—!. As shown in Table 6, there
is a good agreement between the measured pH in the mobile
phase and their corresponding pH values estimated by Eq. (3).
We must take into account that over j,pH 8 the predicted },pH
values in the phosphoric acid buffer system is not as accurate as
at lower pH because of the solubility of the PO43~ species in
mixtures with a high content of organic modifier.

Retention was estimated by means of Eq. (2) taking as
fR@HA) and fr(a) the retention times measured at low and
high pH, corresponding to the neutral and fully ionised
species. Therefore, friHa) and fr(a) for diclofenac, ibuprofen,
naproxen and trazodone were measured at ypH 2.33 (H3PO4
buffer) and 8.82 (H,PO,~/HPO42~ buffer), respectively. For
codeine, imipramine, nortriptyline and maprotiline, ypH 4.04
(H,Cit~/HCit?~) and 10.48 (HPO4>~/PO4>~) were used. $,pK,
were estimated from the literature \,pK, [24-28] (Table 7).
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Table 7
Literature and estimated aqueous {,pK, values for the studied drugs
Compound Literature {,pK,* SPARC YpK," ACD/Labs }pK,©
Diclofenac 4.23 4.09 4.18 £ 0.20
Ibuprofen 4.40 4.52 441 £ 0.20
Naproxen 4.72 4.46 4.40 £0.20
Trazodone 6.93 5.99 6.59 £ 0.50
Codeine 8.21 9.18 8.92 + 0.20
Imipramine 9.30 9.43 9.49 + 0.20
Nortriptyline 10.14 10.33 10.08 £ 0.20
Maprotiline 10.45 10.33 10.63 £ 0.20

2 From references [24], [25] and [26].

® From [27].

¢ From [28].

Fig. 3 shows the differences between the experimental and
the estimated retention times at several measured aqueous pH.
Generally, there is very good agreement between the estimated
and experimental retention times. Except for ibuprofen at ,pH
4.92 (Atg = —0.55min) and 5.93 (—0.50 min) and imipramine
at 6.96 (+0.73 min) and 7.93 (+1.30 min), the largest deviations
are +0.33 min and —0.10 min, and the average of the absolute
error for all the analytes and studied pH values is less than 5%.
The differences in retention times for imipramine and ibuprofen
can be attributed to a mismatch between the chromatographi-
cally obtained },pK, and the estimated ones by means of Egs.
(7) and (10). Presumably, when the difference in retention times
of the neutral and fully ionised species are large, this pK, mis-
match has a significant effect on retention estimation. We must
take into account that these drugs have a more complex structure
than the substances used to set up the pK, estimation model, and
therefore it is possible that they could experience a certain bias in
relation to the predicted pK,. Moreover, they are sparely soluble
in water, and their \y pK, determinations were performed through
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Fig. 3. Differences between the experimental and the estimated retention times
(in minutes) at several measured \ypH (AR = tﬁ“ — tr). Estimated retention
times were calculated through Eq. (2), where §, pK, were estimated from the liter-
ature \y pK, values, and }, pH were estimated from measured aqueous y, pH. Buffer
aqueous concentration was, in all cases, 0.01 mol L Legend: (V) trazodone,
(W) diclofenac, (* ) codeine, (4 ) naproxen, (@) ibuprofen, (4 ) imipramine,
(% ) maprotiline, (* ) nortriptyline.

potentiometric measurements in methanol-water mixtures and
subsequent extrapolation to water. Therefore, for a particular
drug a certain variation of {,pK, values can be found in the lit-
erature (e.g. imipramine: 9.19-9.66 [26]; ibuprofen: 4.40-4.76
[25]).

When no experimental aqueous pK, data is available in the
literature, one can resort to computational programs, e.g. SPARC
[27] and ACD/Labs [28,29], that allow calculation of pK, val-
ues. ACD/Labs is used by many pharmaceutical companies to
calculate not only acid—base ionisation constants, but also sev-
eral physicochemical properties of a wide range of organic
compounds. It follows a structure-fragment approach, based
on an internal database of structures and related pK, values.
The ACD/Labs version used in the present work is embed-
ded in the SciFinder Scholar 2006 data base research tool
produced by the Chemical Abstracts Service of the American
Chemical Society [28]. The SPARC program uses algorithms
based on fundamental chemical structure theory to calculate
pK, values of organic compounds, taking into account each
essential functional unit with intrinsic properties that com-
poses the whole molecule. It is freely accessed through Internet
[27].

Both programs were used to calculate the ypK, values
of the studied drugs, and the results are shown in Table 7.
From these calculated aqueous acid-base constants, the {pH
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Fig. 4. Differences between the experimental and the estimated retention times
(in minutes) at several measured \'pH (AR = tf{‘ — 1r). Estimated retention
times were calculated through Eq. (2), where }, pK, were estimated from the cal-
culated ,pK, values through computational programs SPARC and ACD/Labs,
and §,pH were estimated from measured aqueous }ypH. Buffer aqueous concen-
tration was, in all cases, 0.01 mol L~!. Legend: (V) trazodone, (M) diclofenac,
(#) codeine, (4 ) naproxen, (@) ibuprofen, () imipramine, (4 ) maprotiline,
() nortriptyline.
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of the mobile phase and the measured frya) and fr(a), reten-
tion times at several pH values were estimated and related to
their corresponding chromatographic values. Results are shown
in Fig. 4. In general, good correspondences are obtained for
both programs, with the fits for ACD/Labs being slightly better
than for SPARC. In fact, the average absolute error in reten-
tion times for all analytes over all pH ranges studied is less
than 7% for SPARC and 5% for ACD/Labs. We find again,
as expected, a negative mismatch for a couple of retention
points for ibuprofen, because of its similar calculated and deter-
mined \,pK, values. Conversely, aqueous calculated pK, values
for trazodone are significantly lower than that found in lit-
erature, as shown in Table 7, and the correspondence using
these calculated },pK,values is worse than the obtained when
using the literature pK, value. Better estimations were obtained
for imipramine, because both calculated acid—base constants
were rather similar, and slightly higher than the experimental
one.

5. Conclusions

Our findings indicate that measurement of the pH of the
hydroorganic mobile phase is preferable to measuring the pH of
the buffer alone, because different buffers with the same aque-
ous pH can lead to significant differences in pH readings when
adding an organic solvent. Moreover, better retention versus pH
fittings are obtained this way, and through them it is possible to
determine thermodynamic dissociation constants of weak acids
or bases. Additionally, we can easily relate this ,pK, (hydro-
gen ion in water at infinite dilution as standard state) with the
spK, (hydroorganic mixture as standard state) through a known
4 parameter.

However, in some instances it may be more practical to mea-
sure the pH in the aqueous buffer before addition of the organic
modifier. A methodology has been proposed to estimate both
the hydroorganic pH values in usual MeCN/aqueous buffered
systems mobile phases up to 60% of organic modifier, and the
hydroorganic acidity constants of acid—base analytes, starting
from the aqueous pH and concentration of the buffer and the
aqueous acid—base constant of the compound. With the mea-
sured retention times of the neutral and fully ionised species,
and both calculated pK, and pH, the method is able to estimate
the retention times of weak acids and bases at any hydroorganic
pH. This methodology has been successfully tested for several
acidic and basic analgesic, antidepressant and anti-inflammatory
drugs with known aqueous pKj,. Alternatively, rather good reten-
tion estimations were achieved using calculated aqueous pK,
values by means of computational programs like ACD/Labs or
SPARC.
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Abstract

The use of methanol-aqueous buffer mobile phases in HPLC is a common election when performing chromatographic separations of ionisable
analytes. The addition of methanol to the aqueous buffer to prepare such a mobile phase changes the buffer capacity and the pH of the solution. In the
present work, the variation of these buffer properties is studied for acetic acid—acetate, phosphoric acid—dihydrogenphosphate—hydrogenphosphate,
citric acid—dihydrogencitrate—hydrogencitrate—citrate, and ammonium—ammonia buffers. It is well established that the pH change of the buffers
depends on the initial concentration and aqueous pH of the buffer, on the percentage of methanol added, and on the particular buffer used. The
proposed equations allow the pH estimation of methanol-water buffered mobile phases up to 80% in volume of organic modifier from initial
aqueous buffer pH and buffer concentration (before adding methanol) between 0.001 and 0.01 mol L™'. From both the estimated pH values of the
mobile phase and the estimated pK, of the ionisable analytes, it is possible to predict the degree of ionisation of the analytes and therefore, the

interpretation of acid—base analytes behaviour in a particular methanol-water buffered mobile phase.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Mobile phase composition; Methanol-water mixtures; pH; Buffers; Chromatographic retention; Ionisation degree

1. Introduction

Chromatographic retention of acid—base analytes in reversed
phase high performance liquid chromatography (RP-HPLC)
depends on the hydrophobicity of the analytes and on their ion-
isation degree, which in turn depends on the pH and analyte
acid-base constant (pK,) in the particular mobile phase used.
The effect of both the pH and the pK; on ionisation degree
and therefore, on retention times in HPLC has been already
extensively reported [1-22]. To achieve reproducible and suc-
cessful chromatographic analysis, a careful control and accurate
measurement of pH is essential. We recommend the measure-
ment of pH in the hydroorganic mobile phase, rather than in
the aqueous buffer, because the pH variation when adding an
organic modifier depends on the particular buffering system,

* Corresponding author. Tel.: +34 93 403 92 75; fax: +34 93 402 12 33.
E-mail address: marti.roses @ub.edu (M. Rosés).

0021-9673/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2006.10.087

on its concentration and on the fraction of organic solvent in the
mixture [2,3,7,8,10,12—14]. When the measurement of pH in the
mobile phase is not easy, e.g. in the case of highly automated
HPLC experiments where independent reservoirs of buffer and
organic solvent are pumped into and mixed within the appa-
ratus, it may be very useful to estimate the pH variation for a
particular buffer when the organic modifier is added. This pH
modelling may also be useful to provide the chromatographers
with a buffered mobile phase adequate to solve a particular sep-
aration problem. This is useful in case of mixtures of analytes
with similar acid—base properties, because without performing
any measurement it is possible to predict the particular compo-
sition of the mobile phase in which the differences on ionisation
degree between the analytes are significant enough. This a priori
optimization could avoid fruitless time and reagent consuming
experiments. On the basis of previous works, on pH estimation
in acetonitrile—aqueous buffer mobile phases [11,18], we present
in this paper a model developed for the pH variation of the most
commonly used buffers in methanol-water mobile phases. From
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the aqueous buffer pH and the aqueous pK, of the analyte, we
are able to predict the analyte ionisation degree in a particular
hydroorganic mobile phase up to 80% (v/v) of methanol.

2. pH scales

As we have extensively discussed in previous works
[2,3,7,8,10,12—14], three different procedures are used to mea-
sure the pH of hydroorganic mobile phases in HPLC. A typical
one consists on calibrating the electrode systems with commer-
cial aqueous standard buffers, and then measuring the pH of the
aqueous buffer before mixing it with the organic modifier. This
way the pH value is obtained in the {y pH scale [15]. In our opinion
this is not the best option because the pH of the solution changes
after dilution of the aqueous buffer with the organic modifier,
according to the nature of the buffer used. If the electrode system
is calibrated with standard buffers prepared in the same solvent
composition used as mobile phase, and the pH is measured in this
particular mobile phase composition, the {pH value is obtained.
Working in the {pH scale requires a careful preparation and
maintenance of the standard buffers and electrodes, and often
these standards are not commercially available. Finally, when
pH is measured in the hydroorganic mixture, although the elec-
trode system is calibrated with aqueous buffers, the 3, pH values
are obtained. Notice that here the [IUPAC nomenclature [5] has
been used: the left hand superscript indicates the medium where
the quantity is measured (w for water and s for hydroorganic
mixture), and the subscript indicates the standard state medium
(i.e., the solvent where activity coefficients are taken as equal to
unity at infinite dilution), which means in practice, the solvent
(w or s) in which electrode systems are calibrated. It has been
widely reported that better models are obtained when the pH
in the mobile phase is considered instead of the aqueous pH of
the buffer [1,2,4,7-9,14,19-22]. $pH can be easily converted to
v,PH by means of § parameter [10,23,24]:

wbH = SpH + 8 )

The § term is a constant value for each mobile phase compo-
sition. It includes the primary medium effect and the difference
between the liquid junction potentials of the electrode system
in the hydroorganic mobile phase and in water. The primary
medium effect depends only on the mobile phase solvent com-
position, but the liquid junction potential depends also on the
particular electrode system, pH standards, and sample compo-
sition. Therefore, general interlaboratory conversion between
both pH scales is only possible if the different electrode sys-
tems are designed to have a negligible residual liquid junction
potential. In practice, this requirement is fulfilled using a com-
bination electrode containing a reference electrode with a con-
centrated KCl solution in water as a salt bridge. These § values
for methanol-water mixtures were studied by various authors
[7,10,25,26] and they can be estimated from the solvent compo-
sition through the empirical equation [10]:

5 0.09¢meon — 0.11¢%.01
1 — 3.15¢meon + 351001 — 1-3503c0n

@)

Table 1

Macroscopic properties of methanol-water mixtures at 25 °C [2,10]

¢MeoH (V/V)  XMeOH p(gmL™h) A apB Ky 6

0.0 0.000 0.9948 0.53 1.50 14.00 0.00
0.1 0.047 0.9826 0.56 1.53 14.08 0.01
0.2 0.100 0.9693 0.60 1.57 14.08 0.02
0.3 0.160 0.9548 0.64 1.62 14.07 0.04
0.4 0.229 0.9388 0.70 1.67 14.09 0.08
0.5 0.308 0.9209 0.78 1.73 14.14 0.13
0.6 0.400 0.9008 0.88 1.80 14.23 0.19
0.7 0.509 0.8780 1.02 1.88 14.39 0.22
0.8 0.640 0.8518 1.21 1.99 14.63 0.10
0.9 0.800 0.8216 1.48 2.13 15.04 —-0.28
1.0 1.000 0.7870 1.87 2.31 16.77 —2.24

XMeOH, molar fraction of methanol in the mixture; A and agB, Debye—Hiickel
equation parameters; ;pKap, autoprotolysis constant of the solvent mixture; p,
solvent density.

where ¢meon is the volume fraction of methanol in the hydroor-
ganic mixture. The relationship between {pH and {,pH mainly
depends on the methanol fraction in the mixture, whereas
the difference between \\pH and {pH (or j,pH) depends not
only on the mobile phase composition but also on the par-
ticular buffering solution employed. Table 1 reports § values
for some methanol-water mixtures, together with other macro-
scopic properties of interest for pH estimation. These § values are
also useful to convert 3, pK, values to {pK,, and 3, pKp to spKp,
where pK, refers to the analyte acid-base constant and pKap
to the autoprotolysis constant of the solvent (methanol-water
mixture). 3, pK and {pK indicate the negative logarithm of the
constant (pK;, or pKyp) when the pH is measured in {,pH or ;pH
scale, respectively.

3. Experimental
3.1. Apparatus

Potentiometric measurements were taken with a Crison 5014
combination electrode (glass electrode and a reference elec-
trode with a 3.0mol L~! KCl solution in water as salt bridge)
in a Crison GLP22 pH meter with a precision of +0.1 mV
(£0.002 pH unit). All the solutions were thermostated exter-
nally at 25+ 0.1°C. The retention data were measured on a
15cm x 4.6 mm i.d. XTerra MS C18 5 pm column from Waters
(Milford, MA, USA), externally thermostated with a water
jacket at 25 £ 0.1 °C, with a flow rate of 1 mL min~! in isocratic
mode in an ISCO model 2350 dual-pump system (Lincoln, NE,
USA) with a 10 wL injection loop. An ISCO V* ultra-violet vis-
ible spectrophotometric detector set at 254 nm was employed,
and data were collected through ISCO ChemResearch data man-
agement program.

3.2. Chemicals

Methanol was RP-HPLC gradient grade from Merck and
water purified by the Milli-Q plus system (to 18 M2) from
Millipore (Bedford, MA, USA). The studied buffers were pre-
pared from acetic acid (Merck, glacial, for analysis), sodium
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Fig. 1. Buffer capacity variation of the studied systems for 0, 20, 40, 60 and 80% (v/v) methanol-water compositions and an initial aqueous buffer concentration of

0.1molL~!.

acetate (Carlo Erba, 99%), phosphoric acid (Merck, 85%, for
analysis), potassium dihydrogenphosphate (Merck, for anal-
ysis), sodium hydrogenphosphate (Merck, for analysis), cit-
ric acid (Fluka, for analysis), potassium dihydrogencitrate
(Fluka, >99%), sodium citrate (Merck, for analysis), ammonia
(Merck, 25%, for analysis) and ammonium chloride (Merck,
for analysis), using hydrochloric acid (Merck, 25%, for anal-
ysis) and potassium hydroxide (Panreac, for analysis) to
adjust the pH to the wanted value when it was necessary.
The chromatographied compounds were 2-nitrophenol (Fluka,
>99%), 3-nitrophenol (Aldrich, 99%), 4-nitrophenol (Fluka,
for analysis), 2-chlorophenol (Aldrich, 99+%), 3-bromophenol
(Aldrich, 98%), 2,4,6-trimethylpyridine (Merck, for analysis),
N,N-dimethylbenzylamine (Merck—Schuchardt, for synthesis).

3.3. Procedure

The required aqueous acid and base concentrations for the
selected pH was calculated to provide a total buffer aqueous
concentrations of 0.001, 0.01 and 0.1 mol L1, If necessary, the
pH was finally adjusted by addition of small amounts of con-
centrated solutions of potassium hydroxide or hydrochloric acid.
Methanol-water buffers were prepared by addition of methanol
to the aqueous buffers. In all instances, the electrode system was
calibrated using the usual aqueous standard reference buffers of
potassium hydrogenphthalate (ypH 4.01 at 25 °C) and potassium
dihydrogenphosphate—disodium hydrogenphosphate (ypH 7.00
at 25 °C). All pH readings were done in the {,pH scale, i.e. after

mixing aqueous buffer with methanol. Chromatographic data
were obtained isocratically in a mobile phase with a 60% of
methanol in volume.

4. Results and discussion
4.1. Variation of buffer capacity with solvent composition

How much ability the buffer has to keep pH in front of the
addition of acids or bases (buffer capacity) when it is mixed
with methanol is a crucial consideration in the preparation of an
HPLC buffer. Quantitative measurement of buffer ability to keep
pH can be expressed in terms of buffer capacity (8), which can
be calculated by means of the following differential equation
[23,24]:

dcy dc,

P=Gom = " dpm

(©))

where ¢, and ¢, are the concentrations of the buffering base
and acid, respectively. Buffer capacity is, in rough terms, the
strong base or strong acid amount (expressed in equivalents)
required to produce one pH unit change in the buffer solution.
For a weak acid—weak base buffer, maximum buffer capacity of
a protolyte occurs when the acid species concentration is equal
to the concentration of conjugate base.

Fig. 1 shows the calculated buffer capacity variation of the
studied systems for 0, 20, 40, 60 and 80% (v/v) methanol-
water compositions and an initial buffer concentration of
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0.1molL~!. It has been calculated by means of the algo-
rithms used to determine the pH of the hydroorganic solu-
tions, calculating the pH change produced by a 0.1% vari-
ation of the base or the acid concentration. According to
Eq. (3) the ratio between this small change of concentra-
tion and the resulting variation produced in pH is assumed
to be the buffer capacity. A decrease on buffer capacity is
observed when the methanol fraction in the hydroorganic mix-
ture increases, due to the dilution effect. Moreover, the addition
of methanol produces a shift of the maximum of buffer capacity
towards higher 3, pH values for neutral or anionic acid buffers
(HAc-Ac~, H3Cit-H,Cit~, H,Cit"—HCit*~, HCit>* -Cit>~,
H3;PO4-H,PO4~, H2PO4_—HPO42_), but towards lower §,pH
values for the cationic acid buffer (NH4T-NH3). The broad
poorly buffered zone between the first and the second pKj, of the
phosphoric acid system, around \,pH 4.5, and the wide range of
excellent buffer capacity of citric acid system up to \,pH 6.5.

4.2. Variation of pK, and pH of buffers with solvent
composition

In previous studies [27,28], linear relationships between pK,
values in acetonitrile-water mixtures (§,pK,) and solvent com-
position were established:

“

where ¢pecn is the volume fraction of acetonitrile in the mixture
and myp the proportionality coefficient between pK, change and
mobile phase composition. Eq. (4) led us to linear relationships
for the pH variation of HPLC acetonitrile—aqueous buffers with
the volume fraction of the organic modifier:

whPKa — wpKy = mpgdmecN

&)

where myy is the proportionality coefficient for the pH change.
The same type of relationships has been tested here for
methanol-aqueous buffer mobile phases. The pK, variation of
some neutral, anionic and cationic acids commonly used to pre-
pare HPLC buffers (acetic, phosphoric — first and second pK,
— and citric acids and ammonium) has been studied with the
addition of methanol. The variation of the third pK, value of
phosphoric acid has not been studied because it is not available
in the literature. It seems to be two reasons for this lack of data:
one is the poor stability of traditional silica phases at high pH val-
ues, and the other is the well known insolubility of phosphate

wPH — WpH = mynémecN
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Fig. 2. Variation of the pK, values (§,pK, — WpKa) of the studied buffers
with the addition of methanol: (M) phosphoric acid—dihydrogenphosphate, (@)
dihydrogenphosphate—hydrogenphosphate, (A) citric acid—dihydrogencitrate,
(V) dihydrogencitrate-hydrogencitrate, (¢) hydrogencitrate—citrate, (<) acetic
acid-acetate, and (») ammonium-ammonia.

in methanol-water mixtures at high percentages of methanol
and high pH [2,10,29-31]. } pK, values were taken from liter-
ature [10], and their variation (§,pK, — ypKa,) with the volume
fraction of methanol is presented in Fig. 2. The fittings of these
values to a linear equation analogous to Eq. (4) are not as good as
expected in relation to the ones obtained for acetonitrile-water
mixtures. Therefore, a new curvilinear equation was assayed to
describe the §,pK, variation for the studied buffers:

(6)

wPKa — ypKa = mPK¢1[\l}feKOH

where ¢meon is the volume fraction of methanol in the mixture
and mpk and dpg are empirical fitting parameters. mpk val-
ues must be positive for neutral (acetic, phosphoric, citric) and
anionic (dihydrogenphosphate, dihydrogencitrate, hydrogenci-
trate) acids and negative for cationic acids (ammonium), since
the pK, of neutral and anionic acids increases when the methanol
content in the mobile phase increases and cationic acids show the
reversed behaviour. These trends have been already explained
in terms of electrostatic interactions that contribute to the pK,
value [32,33]. The },pK, values of the studied acids are shown
in Table 2 together with the best fits for both mpk and d,k
parameters from Eq. (6). The {,pK, values used in the fittings
of Eq. (6) have been calculated from their corresponding litera-
ture {pK, values [10] using the & parameter for each particular

Table 2

wPKa values of the studied buffers in methanol-water mixtures [10] and mk and dyk parameters of Eq. (6)

Acid-base pair +PKa in % of methanol by volume mpK dpx

0 20 40 50 60 80

H3PO4-H2PO4~ 2.11 2.63 3.09 3.35 3.68 4.30 2.78 1.12
H2PO4~-HPO42~ 7.20 7.55 8.04 8.36 8.75 9.58 3.29 1.48
H3Cit-H2Cit™ 3.13 344 3.84 4.07 4.30 4.77 2.14 1.20
H2Cit~—HCit>~ 4.76 5.12 5.53 5.80 6.10 6.64 2.48 1.24
HCit>~—Cit3~ 6.40 6.83 7.39 7.66 7.96 8.60 2.85 1.17
HAc-Ac™ 4.76 5.05 543 5.66 5.92 6.46 2.27 1.33
NH4*-NH3 9.24 9.11 8.97 8.89 8.82 8.63 —-0.79 1.15
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Table 3

Calculated dpy parameter values of Eq. (7), including standard deviation

mmol L™! Acetic N Phosphoric Citric N Ammonium N

1 1.29 £+ 0.05 45 1.40 £ 0.05 88 1.25 £ 0.07 132 0.99 £ 0.04 40
3 1.29 £ 0.04 45 1.36 £ 0.04 88 1.24 £ 0.07 132 1.03 £ 0.02 40
5 1.29 £ 0.04 45 1.33 £ 0.05 88 1.24 £ 0.06 132 0.99 £ 0.02 40
7 1.29 £ 0.04 45 1.32 £ 0.06 88 1.24 £ 0.06 132 0.99 £ 0.02 40
10 1.33 £ 0.03 45 1.30 £ 0.07 88 1.23 £ 0.06 132 0.99 £ 0.02 40
20 1.33 £ 0.03 45 1.28 £ 0.09 88 1.23 £ 0.05 132 0.99 £ 0.02 40
30 1.33 £ 0.02 45 1.27 £ 0.09 88 1.23 £ 0.05 132 0.99 £ 0.02 40
40 1.33 £ 0.02 45 1.27 £ 0.10 88 1.23 £ 0.05 132 0.99 £ 0.02 40
50 1.33 £ 0.02 45 1.26 £ 0.10 88 1.23 £ 0.05 132 0.99 £ 0.02 40
60 1.33 £ 0.02 45 1.26 £ 0.10 88 1.23 + 0.05 132 0.99 £ 0.02 40
70 1.33 £ 0.02 45 1.26 £+ 0.11 88 1.23 £ 0.05 132 0.99 £ 0.02 40
80 1.33 £ 0.02 45 1.26 £ 0.11 88 1.23 + 0.05 132 0.99 £ 0.02 40
90 1.33 £ 0.02 45 1.26 £+ 0.11 88 1.23 £ 0.05 132 1.03 £+ 0.02 40
100 1.33 £ 0.02 45 1.25 £ 0.11 88 1.23 + 0.05 132 0.99 £ 0.02 40
All 1.32 £ 0.03 630 1.29 £ 0.10 1232 1.23 £+ 0.05 1848 0.99 £ 0.02 560

methanol-water composition. The dpk values shown in Table 2
for the studied buffers are different from the unity value we
had in the acetonitrile-water model Eq. (5), and their values are
between 1.1 and 1.5. The lowest dpk values were found for phos-
phoric acid — first pK, —, ammonium and hydrogencitrate, and
the highest one for dihydrogenphosphate. Intermediate dp,x val-
ues were calculated for citric acid — first pK,— dihydrogencitrate
and acetic acid.

In previous works [11,18], we proposed equations account-
ing for a linear variation of the pH in the hydroorganic mixture
when adding acetonitrile to an aqueous buffer Eq. (5). The same
procedure [11,18] was tested for methanol-water mixtures up
to 80% in volume of organic modifier. From the {,pH and aque-
ous concentration of the buffer, pH values at 0, 20, 40, 50,
60 and 80% (v/v) of methanol were calculated through a sim-
ilar procedure to that described by De Levie [34] for titrations
of acid-base mixtures. All calculations were performed tak-
ing into account the corresponding dilution coefficient when
increasing the methanol fraction, the molar activity coefficient
(by means of Debye—Hiickel equation), and the ;pK, values of
each buffer component at the corresponding hydroorganic com-
position [11,18]. The autoprotolysis constants of each solvent
composition (;pK ) were also considered. pH calculations were
carried out for fourteen different initial aqueous buffer concen-
trations: 0.001, 0.003, 0.005, 0.007, 0.01, 0.02, 0.03, 0.04, 0.05,
0.06, 0.07, 0.08, 0.09 and 0.1 mol L™!. Finally, calculated spH
values were converted to the §, pH scale by means of § values Eq.
(2). The dielectric constants of the studied solvent mixtures are
higher than 40 [35] and thus, ion pairing should be insignificant
in them [36] and was not considered in pH calculation. After
all, a quite similar relation to that for pK, variation was found
for pH variation in methanol-water mixtures, expressed through
the equation:

wPH — ypH = mpH¢§X?0H (7

where §,pH is the pH of the hydroorganic mobile phase, \,pH
is the pH of the aqueous buffer before adding the methanol,

mpH is a proportionality coefficient, and d,y is an empiri-
cal parameter to optimize the fit of the data. The dpy values
have been determined from the calculated pH variations in
Eq. (7) for all the studied buffers and concentrations between
0.001 and 0.1 molL™! in a wide range of initial wpH values,
and the averaged values for each concentration are shown in
Table 3. The dpy values are quite similar within a buffer, nearly
independent of the concentration of the buffer and the initial
aqueous pH. Table 3 shows also the average of the dpy val-
ues resulting on considering all calculated particular dpy val-
ues, which as expected are very similar to the dpk values of
Table 2 for each particular buffer component. It is notewor-
thy that we can clearly differentiate the dpg values of neu-
tral and anionic acids (HAc—Ac—, H3PO4 ~—H, PO, ~-HPO,42~,
H;Cit-H,Cit——HCit>~-Cit>~) and the cationic ammonium
(NH4*-NH3). From all the particular dpy values of neutral
and anionic acids, independently of the buffer (N=3710), the
average is 1.27 £0.08 (=5/4). The corresponding average for
ammonium is 0.99 & 0.02 (&1). Then, for the sake of simplicity
we assume that dpy is equal to 1 for cationic acids, and 5/4 for
neutral and anionic acids.

The variation of the slope (mpn) of Eq. (7) with the initial
aqueous y,pH of the buffer is described by means of an equation
very similar to the one proposed in a previous work [11] to esti-
mate the pH variation in acetonitrile—aqueous buffer mixtures,
except for the variation of the s; parameters (constant s; values
were taken in the previous work, i.e. s =s2=s3=...=85,):

I ao + Z?zlailosi(ipo—bi) + dpg1 105+ DypH—bn 1 1)
pH = 1+ Z?:l 108 GwpH=b)) 1 si((n+DypH—=bn+1)

®)

where the ag term in the numerator and the 1 value in the denom-
inator predominate over the other terms at low pH values, when
the solution is buffered by strong acids. The n + 1 term predom-
inates at very basic pH values (buffers with strong bases). The
intermediate terms prevail in the pH zones close to the acid-base
conjugate equilibria of the buffered system, represented by their
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n pK, values. The g; values should be close to the mpk values
Eq. (6) of buffering species reported in Table 2, and b; values
should be a combination of the aqueous pKj, values of the corre-
sponding acid—base pairs of the system. s; are fitting parameters
that account for the sharpness of the transition between the dif-
ferent pH zones buffered by the different acid—conjugate base
pairs of the system. Eq. (8) is also analogous to the equation
used to fit retention time and chromatographic hydrophobicity
index (CHI) to aqueous pH during gradient elution [37,38]. A
similar equation with two terms and s = 1 was used to fit the §, pH
change of ammonium acetate buffers in methanol-water mobile
phases [37].

ap value can be calculated through the pH variation of a solu-
tion prepared from a strong monoprotic acid. Neglecting the
volume contraction when adding methanol to water and the dif-
ferences between the activity coefficients in the mixture and in
water (<0.02 pH units at 80% (v/v) of methanol), the pH vari-
ation of a strong acid in the §,pH scale can be calculated [11]
from:

<PH — {pH = —log én,0 )
and Eq. (1):
wpH — {pH = 8 —log én,0 (10)
1.0
0.5
5
£ 004
054
1 HY/NH,INH JOH
2 4 & 8 10 12 1
wpH
354
3.04
254
204
EIQ 151

1.0
054

+ - 2- -
004 H/HPO,/H PO, /HPO,JOH

=1

T T T T T T T T T
0 2 4 6 8 10 12

wPH

where ¢y, 0 is the volume fraction of water in the mixture. Up
to 80% in volume of methanol, there is a good linear correla-
tion between this § — log ¢y,0 term and the volume fraction of
methanol, ¢neon, in the solvent mixture, which leads to:

f’,va — wpH = (0.91 £ 0.05) ¢meon
(r =0.995; SD = 0.05; F =1773) (11)

Better fitting is obtained considering this pH variation against
the volume fraction of methanol at 5/4 exponent, ¢15\/{30H'

S pH — YpH = (103 % 0.02) 631

(r =0.999; SD = 0.02; F = 2895) (12)

Therefore, depending on the exponent of the methanol vol-
ume fraction term, the g slope for a strong acid is 0.91 or 1.03
in relation to ¢meon OF qﬁi,{jOH, respectively. The former value is
used for the cationic ammonium buffering system, and the latter
one for buffers prepared from neutral and anionic acids.

In the same manner, a4 is derived from the pH variation for
a strong base, which should be [11]:

fva - ng = (f;vPKap - ngap) + log ¢un,0
= ApKap + log ¢n,0 (13)

25+

mp H

1 H/HAc/ACTOH"

0.0+ H'/H Cit/H Cit/HCit" ICit"/OH’

; T L T ' T J T s T T T
0 2 4 6 8 10 12

o

Fig. 3. Variation of the mpy slope of Egs. (6) and (7) with the initial aqueous pH of the buffer before adding the organic modifier (}ypH). Buffer aqueous concentrations
at 0.001 mol L™ (inner line), 0.01 mol L~! (center line) and 0.1 mol L™! (outer line).
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The average of this pH variation up to 80% of methanol is
0.00 £ 0.03 units, because when adding methanol to water the
increasing in ApK,, term is balanced by the log ¢y,o term.
Therefore, the mpy slope for a strong base is considered to be
0.00.

The mpy calculated values for the studied buffers and
concentrations, together with the calculated ap and ap41
parameters, were plotted against their corresponding ini-
tial aqueous \pH value, and fitted to Eq. (8). Fig. 3
shows three of the most representative studied concentra-
tions (0.001, 0.01 and 0.1 molL~!) for the studied systems.
Table 4 shows the fitted s;, a; and b; parameters corre-
sponding to the studied buffered systems (acetic acid—acetate,
citric acid-dihydrogencitrate—hydrogencitrate—citrate, phos-
phoric acid—dihydrogenphosphate-hydrogenphosphate, and
ammonium—ammonia) at three different representative concen-
trations.

In the acetic acid system, the ap parameter corresponds to
the estimated value of a strong acid (ag ~ 1.03 Eq. (11)), a; is
referred to the mpp maximum value of acetic acid-acetate solu-
tions, a, is the supposed value for a strong base (az ~0.00),
by corresponds to the §ypH value of the inflection point of the
upward curve (an acetic acid solution alone) and b, — by corre-
sponds to the {ypH value of the inflection point of the downward
curve (an acetate solution alone) in Fig. 3, H*/HAc/Ac~/OH™
system. s; are the fitting parameters related to the sharpness of
the transitions between the different a; values.

In the citric acid system, due to the high number of poly-
nomial variables (s1, s2, $3, 54, a1, az, as, a4, by, by, b3, by,
ap ~ 1.03 and a4 =~ 0.00) and with the aim to avoid overparame-
terization, an averaged s value was taken for all the s; ones, and
b; parameters were fixed before the iteration process to reach
a better fitting. b4 can be easily known because by — b3 agrees
with the {\pH value corresponding to solutions of pure citrate.
When hydrogencitrate is the only species present in the buffered
system, the 'pH value corresponds to b3 — by. Analogously,
by — by corresponds to dihydrogencitrate, and b; to the citric
acid. a refers to the mpy value of citric acid—dihydrogencitrate
solutions, ap to dihydrogencitrate—hydrogencitrate and a3 to
hydrogencitrate—citrate (Table 4).

In the calculation of the pH involved in the phosphoric acid
buffer system, we have only considered the contribution of
the phosphoric acid, dihydrogenphosphate and hydrogenphos-
phate. Similarly to the citric acid system, b3 — by corresponds
to the y\pH value when the only species of the buffer system
is the dihydrogenphosphate, b, — b1 to the hydrogenphosphate
and by to phosphoric acid. On the other hand, a; refers to
mpu of phosphoric acid—dihydrogenphosphate solutions and
ap to dihydrogenphosphate—hydrogenphosphate. For aqueous
concentrations of the buffer above 0.08 mol L™!, the system is
clearly overparameterizated, and the results obtained in the poly-
nomial fit are meaningless.

Analogous considerations to those for the acetic acid system
can be made for ammonia system, except for the negative mpy
values corresponding to ammonium—ammonia solutions.

A linear tendency is observed in the graphical representations
of the parameters s;, a; and b; value against the logarithm of the

Table 4

* pH variation with the addition of methanol, at three representative initial aqueous buffer concentrations

s
w

Parameters of Eq. (8) for the calculation of the slope (m,H, Eq. (7)) of the

Ammonium

Phosphoric acid

Citric acid

Acetic acid

Parameter

10 mM 50 mM 1 mM 10mM 50 mM 1 mM 10mM 50 mM 1 mM 10 mM 50 mM

mM

=N
@
—

1.34
1.85

1.32
1.70

2.40
2.11

1.91
2.03
1.67

1.18
2.12
1.72

0.99
0.99
0.99
0.99
1.03
2.29
243
2.78
0.00
2.24
6.00
11.06

20.13
132

0.96
0.96
0.96
0.96
1.03
2.21
2.51
2.92
0.00
2.62
6.49
11.78

20.70
132

1.04
1.04
1.04
1.04
1.03
1.87
2.59
2.93
0.00
3.24
7.31
12.79
21.38

132

2.75
2.00

2.59

1.89

243
1.80

S1

1.96

52
53

1.72

54
ap

0.91
—0.68

091
—0.69
0.00

0.91
—0.69

1.03
2.

1.03
2.50
3.01
0.00

1.03
1.70
3.00
0.00

1.03
2.23
0.00

1.03
2.24
0.00

1.03
2.27
0.00

80

aj

0.00

0.00

2.96
0.00

a

5.37
17.98

5.68
17.65

6.16
17.12

1.80
5.

2.25
7.09
13.98

2.90
8.99
15.88

3.02
9.55

3.38

9.89

3.90
10.37

85

12.45

45

45

45

45

45

45

0.002

0.005

0.007

0.014

0.011

0.011

0.033

0.029

0.031

0.006

0.011

0.014

1.000

61704

0.999

13036

0.998
6494

0.999
9944

0.999

21743

1.000

35735

0.990

4166

0.994

7707

0.996

10218

0.999

18518

0.998

6623

0.998
4192
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Table 5

Linear variation of the s;, a; and b; parameters for the acetic acid—
acetate buffer system depending on the aqueous buffer concentration, cr
(0.001 <cr <0.1mol L)

Table 8

Linear variation of the s;, a; and b; parameters for the ammonium—ammonia
buffer system depending on the aqueous buffer concentration, ct
(0.001 <cp<0.1mol L™1)

Parameter Acetic acid—acetate Parameter Ammonium—-ammonia

Equation N SD Equation N SD
S1 0.22 log et +3.07 14 0.055 S1 0.05 loger +1.45 14 0.034
K 0.13 logcr +2.19 14 0.029 $2 0.16 loger +2.18 14 0.019
ap 1.03 - - ap 091 - -
ap —0.03 loger +2.18 14 0.010 ap 0.01 log ct — 0.67 14 0.003
a 0.00 - - a 0.00 - -
by —0.51 loger +2.35 14 0.004 by —0.45logcr +4.79 14 0.012
by —0.50 log et +8.86 14 0.051 by 0.53 log et + 18.68 14 0.126
Table 6 4.3. Experimental evaluation of the model

Linear variation of the s;, a@; and b; parameters for the citric acid—dihydro-
gencitrate—hydrogencitrate—citrate buffer system depending on the aqueous
buffer concentration, ¢t (0.001 <cr <0.1 mol L)

Parameter Citric acid—dihydrogencitrate—hydrogencitrate—citrate
Equation N SD

s 0.03 log et + 1.05 14 0.047
ap 1.03 - -

aj 0.18 log et +2.52 14 0.047
as —0.10 log et +2.30 14 0.006
a3 —0.15 log e +2.57 14 0.048
as 0.00 - -

by —0.57 loger +1.51 14 0.015
by —0.73 logcT +5.05 14 0.024
b3 —1.02logcr +9.73 14 0.012
by —0.76 logcr +19.13 14 0.029

S| =8§2=53=854=5.

aqueous concentration of the buffer (log ct), before adding the
organic modifier. For each buffer system, the results of the linear
regression are shown in Tables 5-8. This logarithmic approxima-
tion is more reasonable than the direct fitting to the concentration
values, because it is well known that the solution pH is directly
related to the logarithm of the concentration of the acid—base
species present in the medium.

Table 7

Linear variation of the s;, a; and b; parameters for the phosphoric acid—
dihydrogenphosphate-hydrogenphosphate buffer system depending on the
aqueous buffer concentration, ¢t (0.001 <ct <0.1 mol L“)

Parameter  Phosphoric acid—dihydrogenphosphate—hydrogenphosphate
Equation N SD

K3t 0.73 logcT +3.38 12 0.027

52 0.02 loger +2.11 12 0.041

53 0.02 loger+1.73 12 0.025

ap 1.03 -

ay 0.57 log et +3.55 12 0.076

ap —0.00 log et +2.91 12 0.014

a3 0.00 - -

by —0.64 log et +0.97 12 0.005

by —1.89 loger +3.32 12 0.063

b3 —2.12 logcr +9.64 12 0.110

In order to evaluate the accuracy of the model in the esti-
mation of the pH variation of buffers with the mobile phase
composition, several buffers at different composition, concen-
tration and initial aqueous pH have been prepared and their {,pH
values measured. To calculate the pH variation, we first deter-
mine the parameters s;, a; and b; as a function of the aqueous
buffer concentration (Tables 5-8). This model is suitable for
aqueous buffer concentrations (i.e., before adding the organic
modifier) between 0.001 and 0.1 molL~!. Then, when these
parameters are fixed, the m,g value can be estimated through
Eq. (8) for each initial {, pH value. Finally, through the estimated
value of m,y, we can estimate the ,pH value corresponding to
any methanol-aqueous buffer mobile phase up to 80% (v/v) Eq.
(7), and compare it with the experimental value.

Fig. 4 represents the estimated 3}, pH values against the experi-
mental {,pH values for all studied buffers at three different initial
aqueous concentrations: 0.001, 0.01 and 0.01 mol L1, There is
a good agreement between these pH values and the expected
straight line of unitary slope and null intercept, especially for
the two higher concentrations. Table 9 shows the statistics of
the linear regressions (considering null intercept) for the three
representative concentrations depicted in Fig. 4 for the studied
buffers. Except for the lowest concentration in case of ammo-
nium and phosphoric acid systems, the standard deviation of the
linear fittings is lower than 0.1, and the standard deviation for
the slope of these fittings is not higher than 0.002. In all cases,
the slope of the linear regressions is very close to the theoretical
value of 1, which means a very good correspondence between
the estimated and the measured pH values.

In the ammonium—ammonia buffer, especially at low con-
centration, the correspondence between both pH values are not
as good as expected. In fact, the measured slope (mpn) of the
series is lower than the corresponding estimated one. It means
that the measured solution is more acidic than expected, possi-
bly due to the low concentration of the buffer and the volatility
of ammonia.

In the phosphoric acid buffer system, a slight dispersion
in high methanol mixtures and at low buffer concentration is
observed, especially between },pH 6 and 8. We attribute this dis-
persion to the poor buffer capacity at high methanol contents,
which as shown in Fig. 1 is really very low.
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Fig. 4. Estimated §,pH values vs. experimental §, pH values plot. Straight line of unitary slope and null intercept is also give. Symbols for initial aqueous concentration:

(+) 0.001 mol L™, (x) 0.01 molL~! and (*) 0.1 mol L~!.

4.4. Estimation of the degree of ionisation and variation on
chromatographic retention of solutes

Hydrophobicity and ionisation degree are the main parame-
ters responsible for retention of acid—base analytes in RP-HPLC
[2-4,7,10,39-44]. Whereas the hydrophobicity of a substance
is a property inherent to the own nature of the analyte, the

degree of ionisation depends on both analyte dissociation con-
stant and mobile phase pH. As a general rule for analytes of
similar hydrophobicity, the higher the degree of ionisation, the
lower the retention.

For a compound that has a unique acid-base equilibrium
(HA? — A1), ruled by an acidity constant (Kj,), its ionisation
degree («), i.e. the mole fraction of the ionised species, can be

Table 9
Slope and statistics of the linear regressions (considering null origin ordinate) that analyze the correspondence between the estimated and the experimental §,pH
values
Buffering system r SD Slope F N
HAc-Ac™
0.001 mol L1 1.0000 0.053 1.0145 £ 0.0016 398836 36
0.01 mol L~! 1.0000 0.048 1.0086 £ 0.0012 748213 54
0.1 mol L™! 0.9999 0.058 1.0043 £ 0.0012 689879 72
H3Cit-H, Cit~-HCit>~-Cit*~
0.001 mol L1 0.9999 0.096 1.0081 £ 0.0016 373759 81
0.01 mol L~! 0.9999 0.072 1.0017 £ 0.0013 595163 81
0.1 mol L~! 1.0000 0.062 1.0114 £ 0.0010 1042602 99
H3PO4~H,PO4~-HPO42~
0.001 mol L1 0.9996 0.192 1.0248 £ 0.0027 147407 124
0.01mol L~! 1.0000 0.069 1.0039 £ 0.0009 1359558 126
0.1 mol L™! 0.9999 0.075 1.0093 £ 0.0010 1117547 128
NH4*-NH3
0.001 mol L™! 0.9994 0.334 1.0339 £ 0.0056 34032 45
0.01 mol L~! 1.0000 0.089 1.0113 £ 0.0012 747880 71
0.1 mol L~! 1.0000 0.027 1.0027 £ 0.0003 8596425 81
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calculated by:
(AT 1
AT HAT AT T+ 10KR (1
or
[HA?] 1
QHA (15)

T [HAT 4+ [A1] 1+ 10PHPKs

where «p is the ionisation degree of a neutral acid (z=0) and
aya corresponds to the ionisation degree of a neutral base (z=1).
Strictly, pH and pK, should be {pH and {pK,. However, we can
use 3, pH and },pK, values because {pH — {pK, = §,pH — §,pKa
since §,pH — {pH = §,pK, — pKa = 6.

With the addition of methanol, both pH of the hydroorganic
mobile phase and pK, of the analyte will change, and also the
ionisation degree of the analyte. According to Eqgs. (6) and (7),
the difference between the pH and pK, values that determines
the degree of ionisation (Egs. (14) and (15)) can be calculated
by means of:

wPH — 5,pKa = (WpH — WpKa) + (mpndiiton — mpk, iion)
(16)

Eq. (8) and the calculated parameters from Tables 5—8 allow
the estimation of the mpy values of the buffers studied in the
present work. As discussed before, dpy is taken equal to 5/4
for neutral and anionic buffering acids, and to 1 for cationic
acids. For the purpose of a qualitative discussion, dpk values
of neutral and cationic analytes can be considered close to
the dpy values corresponding to neutral and cationic buffering
acids. Therefore, in the case of a neutral analyte in a neutral
or anionic buffer, the second term in Eq. (16) can be rewritten
as (mpy — mpK)¢>15v{:OH. Both mpy and mpk are positive in this
kind of system, but depending on the value of these slopes the
ionisation degree of the analyte (wa, Eq. (14)) will increase if
mpH >mpk or decrease if mpg <mpx when the methanol con-
tents in the mobile phase increases. The same consideration
is useful in the case of a cationic analyte (neutral base) in a
cationic buffering system (e.g., NH4*—NH3), when both slopes
are negative, and the last term in Eq. (16) can be expressed as
(mpH — mpk)PMeoH. Now the ionisation degree (aya, Eq. (15))
will decrease if mpp >mpk or will increase if mpy <mpk with
the addition of methanol to prepare the mobile phase. In the rest
of cases the simplification of Eq. (16) is not straightforward but
qualitatively it is clear that a cationic analyte of pK, close to
the pH of the buffer will show a large decrease in its ionisation
degree (aga) when methanol is added to an aqueous neutral or
anionic buffer because mpy >0>mpk. Likewise, a neutral ana-
lyte will also decrease its ionisation in a cationic mobile phase
because mpy <0 <mypk.

In relation to these discussions, a representative exam-
ple of the variation of ionisation degree of the analyte
with the methanol fraction for different buffers is discussed
here. We consider two different buffering systems of {ypH
8 and initial aqueous concentration of 0.01 molL~! pre-
pared from a dihydrogenphosphate/hydrogenphosphate buffer
and an ammonium/ammonia one. The mpy values of these

two buffers are 2.85 and —0.69, respectively. We also con-
sider the ionisation of the following compounds of pK, rel-
atively close to 8 (with their corresponding \\pK, values in
brackets): 4-nitrophenol (7.15), 2-nitrophenol (7.23), 2.4,6-
trimethylpyridine (7.43), 3-nitrophenol (8.36), 2-chlorophenol
(8.56), N,N-dimethylbenzylamine (8.91), and 3-bromophenol
(9.03). All pK, values were taken from ref. [45], except the
one corresponding to the N,N-dimethylbenzylamine [13]. The
calculated [33] mpk values are 1.74, 1.75, —1.88, 1.90, 1.93,
—1.03, and 1.99, respectively. When increasing the methanol
fraction all phenols are more ionized in the phosphate buffer than
in the ammonia one. Clearly, the pK, of phenols (neutral acids)
increases with the addition of the organic modifier (mpk > 0), and
so does the pH of the phosphate buffer (mpy > 0), whereas the pH
of the ammonia buffer decreases (mpn <0). Therefore, phenols
in ammonia buffer will decrease their ionisation degree because
their pK, values increases whereas the pH decreases when
adding methanol. However, in phosphate buffer the ionisation
increases because the pH of the buffer increases to a larger degree
than the pK, of the phenols (m,1 > mk >0). The opposite effect
can be seen in case of N,N-dimethylbenzylamine (neutral base).
In the phosphate buffer the ionisation degree is reduced when
adding methanol because the pH increases (mpy >0) whereas
the pK, decreases (mpk <0), and in the ammonia buffer there
is only a small change in ionisation because both the pH and
pK, decrease in a similar way. Only the 2,4,6-trimethylpyridine
(neutral base) has a similar ionisation profile in both buffering
systems, because in the phosphate buffer mpx <0 <mpy and in
the ammonia buffer mpg <mpy <0.

If we want to calculate accurately the ionisation degree of
the analyte in a buffered mobile phase composition, we must
take into account the pKj, variation of the analyte as a function
of the mobile phase composition. Literature [33,46] proposes
equations that allow accurate calculation of the {pK, values of
any member of the most common families of compounds (phe-
nols, carboxylic acids, amines and pyridine derivatives) at any
methanol-water mixture from the pK, value of the compound in
water (JpKa). The {pK, of an analyte can be linearly related to
their corresponding aqueous value (ypK,) through the equation:

spKa = asypKa + bs a7
with
1 + as1¢MeoH + a2 e0n
as = 5 (18)
1 + as3MeOH + ds4Pyreon
pe — _ DsiPmeon + bo2dreon (19)
S

1+ badmeon + bsadieon

where ag1, ag, as3, asa, bs1, by, by and by are fitting
parameters constant for all acids of the same family at all
methanol-water compositions. These parameters are reported
on Tables 10 and 11. These equations and Eq. (2) have been
used to estimate the ,pK, values of the analytes of the previ-
ous example for all the studied methanol-water compositions.
These {,pK, values, together with the corresponding estimated
s pH values of the buffering system, are used in Eqgs. (14) and
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Table 10
Parameters for the prediction of the slope Eq. (18) of the linear correlation
between {pK, values in methanol-water and \\pK, in water Eq. (17) [33]

Family of compounds dg] as ag3 asq
Phenols —0.656 —0.030 —0.844 0.133
Aliphatic carboxylic acids —1.406 0.680 —1.551 0.827
Aromatic carboxylic acids

With orto-substituents —1.189 0.190 —1.424 0.425

Without orto-substituents —1.101 0.103 —1.516 0.518
Amines —0.476 0.209 —0.400 0.158
Pyridines 2.617 0.000 2.809 0.000
Table 11

Parameters for the prediction of the intercept Eq. (19) of the linear correlation
between {pK, values in methanol-water and \\pK, in water Eq. (17) [33]

Family of compounds bsi bsy bg3 bsa
Phenols —0.454 0.866 —0.017 —0.865
Aliphatic carboxylic acids 1.034 —0.898 —1.250 0.277
Aromatic carboxylic acids

With orto-substituents 0.449 —0.429 —1.674 0.677

Without orto-substituents —0.178 0.187 —1.699 0.702
Amines —0.458 0.477 —1.674 0.690
Pyridines —1.733 1.763 —1.214 0.272

(15) to accurately calculate the ionisation degrees of the former
example at several methanol-water mixtures. Fig. 5 shows the
variation of the ionisation of these analytes as a function of the
organic fraction. The results obtained fully agree with the above
qualitative discussion.

This different behaviour of ionisable analytes when adding
methanol to aqueous buffers of the same pH but prepared
from different buffer components, may well produce rele-
vant changes in the selectivity of RP-HPLC analysis. This
phenomenon is clearly shown in Fig. 6. The same ionis-
able analytes studied before, namely N,N-dimethylbenzylamine,
4-nitrophenol, 3-nitrophenol, 2-chlorophenol, 2-nitrophenol,
2,4,6-trimethylpyridine, and 3-bromophenol, were eluted in a
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mobile phase with 60% of methanol (v/v) prepared from aque-
ous H,PO4~—HPO4%~ or NH4"-NH3 buffers of concentra-
tion 0.01 molL~! and wpH = 8.00. Just by looking the chro-
matograms, it is clear that better separations are achieved using
the phosphate mobile phase. Although both mobile phases have
the same content of methanol, aqueous pH and buffer con-
centration, the retention times of the analytes are dramatically
different. These retention differences of the studied analytes in
both buffers are consistent with their ionisation degrees, shown
in Fig. 5, and with their hydrophobicity. As a well known general
rule in reversed phase HPLC, we can consider that the higher the
compound ionisation and the lower hydrophobicity, the lower
the retention time. Taken into account the above considerations
and by inspection of Fig. 5, we are able to interpret the chro-
matograms of Fig. 6 as follows.

The phenols increase their ionisation, and thus decrease reten-
tion, when methanol is added to the phosphate buffer because the
pH of the buffer increases more than the pKj, of the phenols, but
ionisation decreases and therefore, retention increases with the
ammonia buffer because the pH of the cationic buffer decreases.
The latter effect is more noticeable for 4- and 2-nitrophenol
because they have an aqueous pK, value (7.15 and 7.23, respec-
tively) close to but lower than the aqueous pH of the ammonia
buffer (8.00). Thus, the combined effect of increasing analyte
pK, and decreasing buffer pH reverses the pK,—pH order. In 60%
methanol and ammonia buffer, the pK, of 4- and 2- nitrophenol
is higher than the pH of the buffer and thus, ionisation is low
and retention high.

N,N-dimethylbenzylamine shows the reversed trend than 2-
and 4-nitrophenol. It has an aqueous pK, of 8.91, higher than
the aqueous pH of the buffers (8.00). When methanol up to 60%
is added to the phosphate buffer its pH increases, whereas the
pK, of the N,N-dimethylbenzylamine (cationic acid) decreases
and becomes much lower than the pH of the buffer. Ionisa-
tion decreases to almost 0 and chromatographic retention is
high. The decrease of pH of the ammonia buffer (cationic
buffer) is similar to the decrease of pK, of the amine when
methanol is added, and thus ionisation keeps high and retention
low.
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Fig. 5. Variation of the ionisation degree of acid—base compounds with the addition of methanol to H,PO,~~HPO4>~ and NH,;*-NH; aqueous buffers of wpH 8
and concentration 0.01 mol L~!. Legend: (B, ) 2,4,6-trimethylpyridine, (®,0)) N,N-dimethylbenzylamine, (A, A) 3-bromophenol, (¥, V) 2-chlorophenol, (-, <1)

2-nitrophenol, (¢, ¢) 3-nitrophenol, and (», >) 4-nitrophenol.
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Fig. 6. Chromatograms of individual ionisable compounds and their corresponding eluted mixture in a 60% (v/v) methanol mobile phase prepared from
H,PO4~-HPO42~ and NH4*-NHj3- aqueous buffers of concentration 0.01 mol L !and wpH = 8.00. Compounds: (1) N,N-dimethylbenzylamine; (2) 4-nitrophenol;
(3) 3-nitrophenol; (4) 2-chlorophenol; (5) 2-nitrophenol; (6) 2,4,6-trimethylpyridine; (7) 3-bromophenol.

2,4,6-trimethylpyridine (neutral base and cationic acid) has
an aqueous pKj, (7.43) lower than the pH of the buffers (8.00).
ITonisation in water is low (about 20%). The addition of methanol
decreases its pK, more than the pH of the ammonia buffer, and
thus ionisation at 60% of methanol is even lower (about 5%). The
pH of the phosphate buffer increases when methanol is added
to this buffer and since pK, of the pyridine decreases, ionisation
at 60% of methanol is very low (less than 1%). Therefore, the
compound is very poorly ionised in both buffers, and its retention
is quite similar and high.

5. Conclusions

Selectivity in reversed phase high performance liquid chro-
matography (RP-HPLC) separations of ionisable analytes
depends on their hydrophobicity and on their ionisation degree
in the particular mobile phase used. Hydrophobicity is inherent
to the analyte nature, and therefore, it cannot be modified by
the chromatographer. But the analyte ionisation degree clearly
depends on the pK, of the compound and on the pH of the
mobile phase, the latter can be properly tuned to the desired
value with an appropriate buffer composition. However, the

variation of the analyte pK, and buffer pH upon addition of
the organic modifier the aqueous buffer must be taken into
account to obtain reliable predictions. In the present work, a
method for the accurate pH estimation in methanol-aqueous
buffer mobile phases has been successfully developed. For
the studied buffers, this method allows us to calculate the pH
in any methanol-aqueous buffer mobile phase up to 80% in
volume of organic modifier, and considering an initial aque-
ous concentration (before adding the methanol) between 0.001
and 0.1molL~!. The selected buffers are the most com-
monly used in RP-HPLC, and the ones which cover a large
range of useful pH values: acetic acid—acetate, phosphoric
acid—dihydrogenphosphate—hydrogenphosphate, citric acid—di-
hydrogencitrate—hydrogencitrate—citrate and ammonium—am-
monia. In addition, a previous model that allows the estima-
tion of pK, values of analytes belonging to the most common
families of compounds (phenols, carboxylic acids, amines and
pyridine derivatives) was adapted in terms of the present work.
Then, with the estimation of both the pKj, of the analyte and the
pH of the particular mobile phase, can be easily calculated the
analyte ionisation degree, which plays an important role in the
chromatographic retention of acid—base compounds.
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1. INTRODUCTION

The use of buffered mobile phases in liquid chromatography is very common for
separation of analytes with acid-base properties. For monoprotic acids there is a well known
relationship between the retention factor (k), the pK, of the analyte at the working ionic

strength and the pH of the mobile phase (1):

Fepgn + Ky 10P P
1+10°7P %

k= [1]

where kuya and ka are the retention factors obtained when the analyte is completely in its
acidic or basic form, respectively. Eq. 1 defines a sigmoidal plot for the retention as a function
of the pH of the mobile phase, with a pronounced jump around the analyte pK,. Therefore,
slight variations in the pH of the mobile phase at pH near the analyte pK, result in significant
changes in retention and, thus, two similar analytes with small differences in their pK, values
can be successfully separated by a proper control of mobile phase pH. Expressions equivalent

to Eq. 1 can be obtained if retention is measured in retention time (zg) or adjusted retention
time (t}'{ =tg —ty ) 1f the holdup time (#v) is independent of the buffer (2-4). If the analyte has

more than one acid-base equilibria more complex expressions should be considered (1, 4, 5).
When an organic modifier is added to an aqueous buffer to prepare the mobile phase
there is a change in the pK, of the buffering acid and in the autoprotolysis constant of the
solvent, which is responsible of the pH range of the pH scale. Consequently there is a
variation in the pH of the hydroorganic mixture in relation to the aqueous pH of the buffer.
Moreover, the pK, of the analyte also changes. These variations affect the ionisation degree of
acid-base analytes and, therefore, they may produce important changes in chromatographic
retention and selectivity. The sign and extent of the pH variation when adding an organic
solvent to an aqueous buffer depend not only on the organic fraction of the mixture, the
aqueous pH and buffer concentration, but also on the nature of the buffering system (3, 6-12).
The example given in Fig. 1 illustrates these statements. The order of elution of the ionisable
analytes is clearly different, even though in both cases we have mobile phases containing a
60% of methanol (v/v) prepared from aqueous buffers of the same pH (8.00) and
concentration (0.01 mol-L™). In this instance, the difference lies in the nature of the buffer: in

one case it is ammonium/ammonia and in the other it is dihydrogenphosphate
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/hydrogenphosphate. Obviously the acid-base constant of the analytes in the particular mobile
phase plays an important role, but in contrast to the mobile phase pH, it only depends on the
organic solvent fraction in the mobile phase. The effect of both the pH and the pK, on
ionisation degree and therefore on retention times in HPLC has been already extensively
reported (3, 6-26). In this review we present the models developed in our research group to
estimate the pH values of the most commonly used buffering systems in RP-HPLC at any
fraction of organic solvent in a particular acetonitrile- and methanol-water medium up to 60%
and 80% (v/v), respectively. The model we proposed to estimate the pK, of a compound in a
particular methanol-water or acetonitrile-water from its corresponding aqueous pK, is also

presented.

_ . 2 e - 2-
_ H,PO,/HPO, ] 2 , H,PO,/HPO,
1 4
4 5
| 6
i 3 1
0 2 s 6 8 0 2 4 6 8
tR/min tR/min
s NH4 /NH3 ] \ NH4 /NH3
] 6+7 ) 3 5
123 . 1, 67
E AN
0 2 4 6 8 0 2 4 6 8
t/min t/min

Figure 1. Chromatograms of individual acid-base compounds and their corresponding eluted mixture
in a 60% (v/v) methanol mobile phase prepared from H,PO4-HPO,* and NH, -NH; aqueous buffers
of concentration 0.01 mol-L" and pH=8.00. Compounds: (1) N,N-dimethylbenzylamine; (2) 4-
nitrophenol; (3) 3-nitrophenol; (4) 2-chlorophenol; (5) 2-nitrophenol; (6) 2,4,6-trimethylpyridine; (7)
3-bromophenol. From ref. (44), with permission, © 2007 Elsevier.
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2. pH DEFINITION IN ORGANIC SOLVENT-WATER MIXTURES

Looking for a friendly way to write small hydrogen ion concentrations, the pH
definition was first introduced by Serensen (27) in 1909 in terms of the negative decimal
logarithm of the hydrogen ion concentration. Some years later Serensen found that the
electrodes used to measure the pH responded to hydrogen ion activity (ay) instead of

concentration, so pH was redefined as (28):

pH =—logay [2]

Although activity and pH are dimensionless quantities, activity must be referred to a
particular concentration scale. In fact, activity can be related to concentration through an

activity coefficient (). This means that the same solution may have different pH values

depending on the scale in which hydrogen ion concentration is measured. In analytical
chemistry practice, including chromatography, the pH definition in the molarity scale (moles
of hydrogen ion per litre of solvent, mol'L™") (29, 30) is commonly used because of its
simplicity for preparation of solutions. The pH definition of Eq. 2 is only notional because it
involves single ion activity, which is immeasurable (29-35). Therefore an operational
definition of pH was established. The pH of a solution is obtained by comparison of the
electromotive force of a sample solution in an appropriate potentiometric cell in relation to the
electromotive force of standard reference solutions of known pH in the same cell (29-41). In
analytical practice pH is commonly measured using a glass electrode combined with a
reference electrode (very often silver-silver chloride). Usually the reference electrode contains
a highly concentrated KCl solution. In this solution the cation and the anion are
equitransferent (i.e. they diffuse at nearly the same rate), and thus the liquid junction potential
(i.e. a potential difference formed at the boundary between two different compositions)
between the reference electrode and the sample or standard calibration solutions is minimized.
The temperature of calibration standards and sample solutions should be at least roughly
controlled, because of the dependence of the glass electrode potential with the temperature.
Three different procedures are used to measure the pH of hydroorganic mobile phases in
HPLC (3, 6-12). A typical one consists on calibrating the electrode systems with commercial

aqueous standard buffers, and then measuring the pH of the aqueous buffer before mixing it

with the organic modifier. This way the pH value is obtained in the |, pH scale (19). In our
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opinion this is not the best option because the pH of the solution changes after dilution of the
aqueous buffer with the organic modifier. If the electrode system is calibrated with standard

buffers prepared in the same solvent composition used as mobile phase and the pH is

measured in this particular mobile phase composition, the pH value is obtained. Working in
the pH scale requires a careful preparation and maintenance of the standard buffers and

electrodes, and often these standards are not commercially available. Finally, when pH is

measured in the hydroorganic mixture, but the electrode system is calibrated with aqueous

buffers, the ' pH values are obtained. Notice that here the IUPAC nomenclature (15) has

been used: the left hand superscript indicates the medium where the quantity is measured (w
for water and s for hydroorganic mixture), and the subscript indicates the standard state
medium (i.e. the solvent where activity coefficients are taken as equal to unity at infinite
dilution), which means in practice, the solvent (w or s) in which electrode systems are
calibrated. It has been widely reported that better results are obtained when the pH in the
mobile phase is considered instead of the aqueous pH of the buffer (6-8, 12-14, 17, 23-26).

.pH can be easily converted to ;| pH by means of 6 parameter (9, 36, 37):

wPH=pH+6 [3]

The 6 term is a constant value for each mobile phase composition. It includes the primary
medium effect and the difference between the liquid junction potential of the electrode system
in the hydroorganic mobile phase and in water. The primary medium effect (related to the
standard Gibbs energy change for the transfer of the H' ion from water to the non-aqueous or
hydroorganic solvent at infinite dilution) depends only on the mobile phase solvent
composition, but the liquid junction potential depends also on the particular electrode system,
pH standards, and sample composition. Therefore, general interlaboratory conversion between
both pH scales is only possible if the different electrode systems are designed to have a
negligible residual liquid junction potential. In practice, this requirement is fulfilled using a
combination electrode containing a reference electrode with a concentrated KCI solution in
water as a salt bridge. These ¢ values for methanol-water mixtures were studied by various
authors (7, 9, 42, 43) and they can be estimated from the solvent composition through the

empirical equation (9):
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— 0-09¢MeOH —0.1 1¢1\2/IeOH
1-3.15¢, o +3-5182 o —1.3562 o

[4]

where @0y 1S the volume fraction of methanol in the hydroorganic mixture. 6 values for

acetonitrile-water mixtures up to 60% (v/v) of organic modifier can be also estimated from

the solvent composition through the equation (4, 8):

_ ~0.4464;
1-1.3164, . +0.43300 . cn

[5]

The relationship between pH and pH depends on the organic solvent fraction in the

mixture, whereas the difference between | pH and pH (or 'pH) depends not only on the
mobile phase composition but also on the particular buffering solution employed. & values

are also useful to convert pK, values to ;pK, ,and ;pK  to pK, ,

where pK, refers to
the analyte acid-base constant and pKj, to the autoprotolysis constant of the solvent (organic
solvent-water mixture).

Then to obtain precise information about the pH of a particular mobile phase it is
convenient to measure pH directly in the hydroorganic mixture, rather than in the aqueous
buffer. When the measurement of pH in the mobile phase is not easy, e.g. in the case of highly
automated HPLC experiments where independent reservoirs of buffer and organic solvent are

pumped into and mixed within the apparatus, it may be very useful to estimate the pH

variation for a particular buffer when the organic modifier is added.

3. pH VARIATION OF THE BUFFER WITH THE ADDITION OF ACETONITRILE
OR METHANOL

It has been shown that when acetonitrile is added to an aqueous buffer, the pH variation

can be considered linearly related to the volume fraction of the organic modifier ( @y ) (18):

~PH-pH= My Prteen [6]
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where mpy 1s the proportionality coefficient for the pH change. A similar equation has been

proposed to relate the pH variation with the volume fraction of methanol ( @y, ) (44):

s w d,
WpH _pr = mpH ¢MeHOH [7]

The difference between Eqs. 6 and 7 is the d,uy parameter. This empirical parameter is
assumed to be equal to 1 for cationic buffering acids (BH" &2 B+H"), and 5/4 for neutral
(HAZ22H"+A") and anionic buffering acids (HA”2H"+A™""). my is a
proportionality coefficient which depends on the particular buffering system used, and on the
aqueous pH value and concentration of the buffer before adding the organic modifier. The
variation of mpy with the initial aqueous | pH of the buffer for acetonitrile and methanol-
water mixtures can be described by means of Eq. 8 (18, 44):

(1% pH-5) si((m41) 3 pH=b,.)

a0+;ailosi 410
Mgy =——" ~ . [8]
pH . i . OSi(l ¥ pH-b) N losi((nu) VPH=b,.)

i=l1

where the ¢ term in the numerator and the 1 value in the denominator predominate over the
other terms at low pH values, when the solution is buffered by strong acids. The (n+1) term
predominates at very basic pH values (buffers with strong bases). The intermediate terms
prevail in the pH zones close to the acid-base conjugate equilibria of the buffered system,
represented by their n pK, values. a; values are associated to the pK, variation of the buffer
when adding the organic modifier and b; values are related to the pK, values of the
corresponding acid-base pairs of the system. s; are fitting parameters that account for the
sharpness of the transitions (22) between the different pH zones buffered by the different
acid-conjugate base pairs of the system. A linear tendency is observed in the graphical
representations of the parameters s;, a; and b; value against the logarithm of the aqueous
concentration of the buffer (log cr), before adding the organic modifier. These linear
equations for ammonium and acetic, citric and phosphoric acid systems in acetonitrile and

methanol-water mixtures are shown in Tables 1 and 2.
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Tables 3 and 4 show calculated pH values in acetonitrile and methanol-aqueous

buffer mixtures for the most commonly used buffering systems in RP-HPLC, in the pH range

of good buffer capacity. The myy values have been calculated by means of Eq. 8, and the

«+PH values through Egs. 6 and 7 for acetonitrile and methanol, respectively.

Table 1. Linear variation of the si, a; and b; parameters in acetonitrile-water mixtures for some
buffering systems depending on the aqueous buffer concentration, ¢t (0.001 < 1< 0.1 mol-L"
1

)

Parameter Acetic acid system Ammonia system
Si 0.20 log cr + 3.56 0.20 log cr + 3.71
ao 0.00 0.00

a 2.28 -0.60

a 1.81 1.81

b -0.52 log c1+2.33 -0.45 log c1 +4.84
by -0.07 log e+ 11.53 0.06 log ct + 16.52
Parameter Phosphoric acid system Citric acid system
Si -0.04 log cT + 1.99 0.29 log cr + 2.59
ao 0.00 0.00

a 0.53 log cr +2.40 0.14 log ct + 1.63
a -0.06 log c1 + 1.63 -0.06 log ct + 1.56
as 1.81 -0.16 log ¢t + 1.67
as - 1.81

by -0.69 log c1 + 0.93 -0.58 log cr + 1.47
by -0.97 log ¢t + 5.16 -0.79 log cr + 4.94
bs -0.61 log cr + 15.34 -1.12 log ¢t +9.53
b4 - -0.75 10g cr+ 19.25

4. BUFFER CAPACITY

Buffer capacity (f) is a quantitative measurement of the buffer ability to keep pH

constant. It can be calculated by means of the differential equation (36, 37):

de, de
- —__ G 9
= a0~ (o) ol

where ¢, and ¢, are the concentrations of the buffering base and acid, respectively. Buffer
capacity is, in rough terms, the strong base or strong acid amount (expressed in equivalents)

required to produce one pH unit change in the buffer solution. For a weak acid-weak base
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buffer, maximum buffer capacity of a protolyte occurs when the acid species concentration is

equal to the concentration of its conjugate base. It means that the apex of buffer capacity is
achieved when the pH of the solution is equal to the pK;i (the pK, value at the working ionic
strength) of the buffering species. The addition of the organic solvent produces a shift of the

maximum of buffer capacity towards higher [pH values for neutral or anionic acid buffers

(acetic, citric and phosphoric buffering systems), but towards lower ,pH values for the

cationic acid buffer (ammonia system). These trends have been already explained in terms of
electrostatic interactions that contribute to the pK, values of the buffering species (45, 46).
The acid-base constants reported in the literature are normally thermodynamic pK, values,
which are given for zero ionic strength. Table 5 shows calculated aqueous pH values of
equimolar mixtures of acid/conjugate base for several buffers at different concentrations and,
consequently, ionic strength. Each pH value is related to the maximum buffer capacity
achievable in aqueous solutions. It is especially significant the pH variation in case of
dihydrogenphosphate/hydrogenphosphate and hydrogencitrate/citrate due to the increase of
the ionic strength with the concentration because of the high charge of the buffering species.
For the rest of the buffers, no dramatical changes are observed. Fig. 2 shows the buffer
capacity of commonly used buffering systems at several methanol-water compositions, and
Fig. 3 reproduces the buffer capacity variation for acetonitrile as organic modifier. In both
types of mixtures, the buffer capacity presents a similar profile. The buffer capacity decreases
when the organic solvent is added to the aqueous buffer, due to the decrease of the buffer

concentration on increasing the volume of the solution. The addition of the organic solvent
produces a shift of the maximum of buffer capacity towards higher ;pH values for neutral or
anionic acid buffers (HAc/Ac, H;Cit/H,Cit-, H,Cit/HCit”, HCit*/Cit"”, H;PO4H,POy,
H2PO4'/HPO42'...), and towards lower ,pH values for cationic acid buffers (NH4+/NH3...).

Quantitative values of £ are different in both figures, because of the different initial aqueous
concentration of the buffers. As a well known rule, the higher the concentration of the buffer,
the higher the buffer capacity. It is noteworthy a broad poorly buffered zone between the first
and the second pK, of the phosphoric system, around pH 5. It is also remarkable a wide range
of excellent buffer capacity of the citric acid system from pH 3 to pH 7 (18, 22, 44). In this
buffering system, the different extent in the variation of the three pK, values when increasing

the organic solvent fraction in the mixture is remarkable too. For example, in pure water the
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difference between the first and the third pK, value is about 3.3 units, whereas for methanol

and acetonitrile at 60% this difference increases up to 3.7 pKj, units.

Table 2. Linear variation of the s, a; and b; parameters in methanol-water mixtures for some
buffering systems depending on the aqueous buffer concentration, cr (0.001 < c1< 0.1 mol-L"

H

Parameter Acetic acid system Ammonia system
S 0.22 log cr + 3.07 0.05 log cr + 1.45
52 0.13 log cr +2.19 0.16 log cr +2.18
ao 1.03 0.91

a -0.03 log c1 +2.18 0.01 log cr - 0.67
a 0.00 0.00

b -0.51 log ¢t + 2.35 -0.45 log cr +4.79
by -0.50 log ¢t + 8.86 0.53 log cr + 18.68
Parameter Phosphoric acid system Citric acid system
S 0.73 log cr +3.38 0.03 log cr + 1.05
52 0.02 log cr +2.11 0.03 log cr + 1.05
53 0.02 log cr +1.73 0.03 log cr + 1.05
S4 - 0.03 IOg cr+ 1.05
ap 1.03 1.03

ai 0.57 log cr + 3.55 0.18 log c1 +2.52
a -0.00 log c1 +2.91 -0.10 log ¢t +2.30
as 0.00 -0.15 log c1 +2.57
as - 0.00

b -0.64 log ¢+ 0.97 -0.57 log c7 + 1.51
by -1.89 log c1 +3.32 -0.73 log c¢r + 5.05
bs -2.12 log c1 + 9.64 -1.02 log ¢ +9.73
by - -0.76 log ¢t + 19.13
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Figure 2. Buffer capacity variation of the ammonia, acetic acid, phosphoric acid and citric acid
systems for 0, 20, 40, 60 and 80% (v/v) methanol-water compositions and an initial aqueous buffer

concentration of 0.1 mol-L™". From ref. (44), with permission, © 2007 Elsevier.
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Figure 3. Buffer capacity variation of the ammonia, acetic acid, phosphoric acid and citric acid
systems for 0, 20, 40 and 60% (v/v) acetonitrile-water compositions and an initial aqueous buffer

concentration of 0.01 mol-L™". From ref. (22), with permission, © 2004 Elsevier.
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Table 3. pH variation of acetonitrile-aqueous buffer mixtures.

V‘pr = \‘ZPH + mpH ¢MeCN
~pH at MeCN volume fraction of

Buffering Aqueous
System Concentration ng mpH O 1 02 03 04 05 06
Acetic acid 0.01 mol-L™ 350 1.64 3.66 3.83 399 416 432 4.48

4.00 226 423 445 468 490 5.13 5.36
450 228 473 496 5.18 541 5.64 5.87
5.00 228 523 546 5.68 591 6.14 637
550 228 573 596 6.18 641 6.64 6.87
6.00 228 6.23 646 6.68 691 7.14 7.37
0.05 mol-L™ 3.50 223 372 395 417 439 462 4.84
4.00 228 423 446 4.68 491 5.14 537
450 228 473 496 5.18 541 5.64 5.87
5,00 228 523 546 568 591 6.14 637
550 228 573 596 6.18 641 6.64 6.87
6.00 228 6.23 646 6.68 691 7.14 737
Citric acid 0.01 mol-L™ 250 048 255 260 264 269 274 2.9
3.00 1.15 3.12 3.23 335 346 3.58 3.69
350 138 3.64 3.78 391 4.05 4.19 433
4.00 1.56 4.16 431 447 462 478 4.94
450 1.67 4.67 483 500 5.17 534 5.50
5,00 1.75 5.18 535 553 570 5.88 6.05
550 191 5.69 588 6.07 626 646 6.65
6.00 198 620 640 6.59 6.79 699 7.19
6.50 199 6.70 690 7.10 730 7.50 7.69
7.00 199 720 740 7.60 7.80 8.00 &.19
7.50 199 7.70 7.90 8.10 830 850 8.69
0.05 mol-L™! 250 1.16 262 273 285 296 3.08 3.20
3.00 1.43 3.14 329 343 357 372 3.86
350 1.49 3.65 3.80 395 410 425 439
4.00 1.60 4.16 432 448 464 480 4.96
450 1.65 4.67 483 500 5.16 533 5.49
5,00 1.75 5.18 535 553 570 5.88 6.05
550 1.86 5.69 587 6.06 624 643 6.62
6.00 1.88 6.19 638 656 675 694 7.13
6.50 1.88 6.69 688 7.06 7.25 744 7.63
7.00 188 7.19 738 7.56 7775 794 8.13
7.50 1.88 7.69 7.88 8.06 825 844 8.63
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Table 3 (continued)

Buffering
system

Aqueous
concentration

wPH

~PH at MeCN volume fraction of

0.1

0.2

0.3

0.4

0.5

0.6

Phosphoric acid

0.01 mol-L"!

2.21
3.00
3.50
6.50
7.00
7.50
8.00
8.50

0.51
1.29
1.34
1.75
1.75
1.75
1.75
1.75

2.26
3.13
3.63
6.68
7.18
7.68
8.18
8.68

231
3.26
3.77
6.85
7.35
7.85
8.35
8.85

2.36
3.39
3.90
7.03
7.53
8.03
8.53
9.03

241
3.52
4.04
7.20
7.70
8.20
8.70
9.20

2.47
3.65
4.17
7.38
7.88
8.38
8.88
9.38

2.52
3.77
4.30
7.55
8.05
8.55
9.05
9.55

0.05 mol-L"!

2.21
3.00
3.50
6.50
7.00
7.50
8.00
8.50

1.47
1.70
1.71
1.71
1.71
1.71
1.71
1.71

2.36
3.17
3.67
6.67
7.17
7.67
8.17
8.67

2.50
3.34
3.84
6.84
7.34
7.84
8.34
8.84

2.65
3.51
4.01
7.01
7.51
8.01
8.51
9.01

2.80
3.68
4.18
7.18
7.68
8.18
8.68
9.18

2.95
3.85
4.36
7.36
7.86
8.36
8.86
9.36

3.09
4.02
4.53
7.53
8.03
8.53
9.03
9.53

Ammonia

0.01 mol-L"!

8.00
8.50
9.00
9.50
10.00

-0.60
-0.60
-0.60
-0.60
-0.60

7.94
8.44
8.94
9.44
9.94

7.88
8.38
8.88
9.38
9.88

7.82
8.32
8.82
9.32
9.82

7.76
8.26
8.76
9.26
9.76

7.70
8.20
8.70
9.20
9.70

7.64
8.14
8.64
9.14
9.64

0.05 mol-L"!

8.00
8.50
9.00
9.50
10.00

-0.60
-0.60
-0.60
-0.60
-0.60

7.94
8.44
8.94
9.44
9.94

7.88
8.38
8.88
9.38
9.88

7.82
8.32
8.82
9.32
9.82

7.76
8.26
8.76
9.26
9.76

7.70
8.20
8.70
9.20
9.70

7.64
8.14
8.64
9.14
9.64
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Table 4. pH variation of methanol-aqueous buffer mixtures.

W d
\;pH: pr+mpH

pH
eOH

Buffering ~ Aqueous
system concentration

wpH

mpH

+PH at MeOH volume fraction of

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Acetic acid  0.01 mol-L™"

3.50
4.00
4.50
5.00
5.50
6.00

1.85
2.22
2.25
2.25
2.25
2.25

3.60
4.12
4.63
5.13
5.63
6.13

3.75
4.30
4.80
5.30
5.80
6.30

3.91
4.49
5.00
5.50
6.00
6.50

4.09
4.71
5.22
5.72
6.22
6.71

4.28
4.93
5.45
5.95
6.45
6.94

4.48
5.17
5.69
6.19
6.69
7.19

4.69
5.42
5.94
6.44
6.94
7.44

4.90
5.68
6.20
6.70
7.20
7.70

0.05 mol-L™!

3.50
4.00
4.50
5.00
5.50
6.00

2.17
2.22
2.23
2.23
2.23
2.23

3.62
4.13
4.63
5.13
5.63
6.13

3.79
4.30
4.80
5.30
5.80
6.30

3.98
4.49
4.99
5.49
5.99
6.49

4.19
4.71
5.21
5.71
6.21
6.71

4.41
4.94
5.44
5.94
6.44
6.94

4.65
5.17
5.68
6.18
6.68
7.18

4.89
542
5.93
6.43
6.93
7.42

5.14
5.68
6.18
6.68
7.18
7.68

Citric acid ~ 0.01 mol-L™!

2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50

1.52
1.88
2.16
2.35
2.49
2.61
2.73
2.81
2.84
2.83
2.76

2.59
3.11
3.62
4.13
4.64
5.15
5.65
6.16
6.66
7.16
7.66

2.70
3.25
3.79
431
4.83
5.35
5.87
6.38
6.88
7.38
7.87

2.84
342
3.98
4.52
5.05
5.58
6.11
6.62
7.13
7.63
8.11

2.98
3.60
4.19
4.75
5.29
5.83
6.37
6.89
7.40
7.90
8.38

3.14
3.79
4.41
4.99
5.55
6.10
6.65
7.18
7.70
8.19
8.66

3.30
3.99
4.64
5.24
5.81
6.38
6.94
7.49
8.00
8.50
8.96

3.48
4.20
4.88
5.50
6.09
6.67
7.25
7.80
8.32
8.81
9.27

3.65
4.42
5.13
5.78
6.38
6.98
7.57
8.13
8.65
9.14
9.59

0.05 mol-L™!

2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50

1.86
2.15
2.30
2.39
2.48
2.58
2.68
2.73
2.75
2.74
2.70

2.60
3.12
3.63
4.13
4.64
5.15
5.65
6.15
6.65
7.15
7.65

2.75
3.29
3.81
4.32
4.83
5.35
5.86
6.37
6.87
7.37
7.86

291
3.48
4.01
4.53
5.05
5.57
6.09
6.61
7.11
7.61
8.10

3.09
3.68
4.23
4.76
5.29
5.82
6.35
6.87
7.37
7.87
8.36

3.28
3.90
4.47
5.01
5.54
6.08
6.63
7.15
7.66
8.15
8.63

3.48
4.13
4.71
5.26
5.81
6.36
6.91
7.44
7.95
8.45
8.92

3.69
4.37
4.97
5.53
6.09
6.65
7.21
7.75
8.26
8.76
9.23

3.91
4.62
5.24
5.81
6.37
6.95
7.53
8.07
8.58
9.07
9.54

dyu= 5/4 for acetic, citric and phosphoric acid systems.

dyn =1 for ammonia system.
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Table 4 (continued)

Buffering Aqueous
system concentration

wPH

+PH at MeOH volume fraction of

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Phosphoric  0.01 mol'L"
acid

2.11
3.00
3.50
6.50
7.00
7.50
8.00
8.50

1.51
2.36
2.40
2.99
2.98
2.94
2.85
2.62

2.19
3.13
3.64
6.67
7.17
7.67
8.16
8.65

2.31
3.32
3.82
6.90
7.40
7.89
8.38
8.85

2.44
3.52
4.03
7.16
7.66
8.15
8.63
9.08

2.59
3.75
4.27
7.45
7.95
8.44
8.91
9.33

2.74
3.99
4.51
7.76
8.25
8.74
9.20
9.60

291
4.25
4.77
8.08
8.57
9.05
9.51

3.08
4.51
5.04
8.41
8.90
9.38
9.83

3.25
4.79
5.32
8.76
9.25
9.73
10.16

9.88 10.18 10.48

0.05 mol-L™

2.21
3.00
3.50
6.50
7.00
7.50
8.00
8.50

2.54
2.81
2.81
2.96
2.95
2.94
2.88
2.73

2.25
3.16
3.66
6.67
7.17
7.67
8.16
8.65

2.45
3.38
3.88
6.90
7.40
7.89
8.39
8.87

2.67
3.62
4.12
7.16
7.66
8.15
8.64
9.11

292
3.89
4.39
7.44
7.94
8.43
8.92
9.37

3.18
4.18
4.68
7.74
8.24
8.73
9.21
9.65

3.45
4.48
4.99
8.06
8.56
9.05
9.52

3.73
4.80
5.30
8.40
8.89
9.38
9.84

4.03
5.12
5.63
8.74
9.24
9.72
10.18

9.94 10.25 10.57

Ammonia 0.01 mol-L™

8.00
8.50
9.00
9.50
10.00

-0.69
-0.69
-0.69
-0.69
-0.66

7.93
8.43
8.93
9.43
9.93

7.86
8.36
8.86
9.36
9.87

7.79
8.29
8.79
9.29
9.80

7.73
8.22
8.72
9.23
9.73

7.66
8.16
8.66
9.16
9.67

7.59
8.09
8.59
9.09
9.60

7.52
8.02
8.52
9.02
9.53

7.45
7.95
8.45
8.95
9.47

0.05 mol-L™

8.00
8.50
9.00
9.50
10.00

-0.68
-0.68
-0.68
-0.68
-0.68

7.93
8.43
8.93
9.43
9.93

7.86
8.36
8.86
9.36
9.86

7.80
8.30
8.80
9.30
9.80

7.73
8.23
8.73
9.23
9.73

7.66
8.16
8.66
9.16
9.66

7.59
8.09
8.59
9.09
9.59

7.52
8.02
8.52
9.02
9.52

7.45
7.95
8.45
8.95
9.46

dyou = 5/4 for acetic, citric and phosphoric acid systems.

dyn =1 for ammonia system.

Table 5. pH values at different buffer concentrations corresponding to maximum buffer

capacity in aqueous solutions, calculated from de |, p K, (54) of the buffering species.

Equimolar concentration (mol-L™")

Buffer “PK, 0.001 0.01 0.05 0.1
Acetic acid/acetate 4.76 4.74 4.72 4.69 4.67
Ammonium/ammonia 9.25 9.26 9.28 9.32 9.34
Phosphoric acid/dihydrogenphosphate 2.16 2.15 2.13 2.09 2.07
Dihydrogenphosphate/hydrogenphosphate 7.21 7.14 7.01 6.85 6.76
Citric acid/dihydrogencitrate 3.13 3.12 3.10 3.06 3.04
Dihydrogencitrate/hydrogencitrate 4.76 4.69 4.56 4.40 431
Hydrogencitrate/citrate 6.40 6.21 5.91 5.59 5.44
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5. pKi VARIATION OF THE ANALYTES WITH THE ADDITION OF
ACETONITRILE OR METHANOL

For the most common families of analytes, linear relations have been established for

pK, values in the hydroorganic mobile phases in relation to their aqueous pK,. Rived et al.
(46-48) and Espinosa et al. (22, 49) developed equations to estimate ;pK, from |pK,

values of pyridines, amines, carboxylic aromatic acids, carboxylic aliphatic acids and phenols

in methanol-water and acetonitrile-water, respectively. They proposed the same general

equations:
PK, =a, ypK, +b [10]
with

2
_ 1+ as) ¢Org + aso ¢Org

s 2
1+ Ag3 ¢Org + Ay ¢Org

2
b sl ¢Org + bs2 ¢Org

1+ bs3 ¢Org + bs4 ¢érg

[11]

[12]

N

where ¢, is the volume fraction of organic solvent (acetonitrile or methanol) in the

hydroorganic mixture, and as, as, as3, asa, bs1, bsp, bsz and by are fitting constants for all acids
of the same family at any organic solvent-water composition. These a and b values are

shown for methanol in Table 6 and for acetonitrile in Table 7. The analyte pK, in the

hydroorganic mobile phase can be expressed in the ,p K, scale, instead of the p K, , through

the already known o parameter (Egs. 4 or 5). Therefore Eq. 10 is converted to the following

expression:

opK, =a, wpK, +b+05 [13]

Tables 8 and 9 show several examples of calculated [ p K, values for families of compounds

when increasing the acetonitrile or the methanol fraction in the hydroorganic mixture. ,pK,
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of neutral acids or anionic acids (aliphatic and aromatic carboxylic acids and phenols)
increase when acetonitrile or methanol is added, whereas the 'p K, of cationic acids (amines

and pyridines) decreases, mainly due to electrostatic interactions that contribute to the pK,

value (36, 45).

Table 6. Parameters for the prediction of the slope a5 (Eq. 11) and the intercept bs (Eq. 12) of
the linear correlation between ;p K, values in methanol-water and | p K, in water (Eq. 10)
(46)

Family of compounds as) as as dsa
Phenols -0.656 -0.030 -0.844 0.133
Aliphatic carboxylic acids -1.406 0.680 -1.551 0.827
Aromatic carboxylic acids

with ortho-substituents -1.189 0.190 -1.424 0.425

without ortho-substituents -1.101 0.103 -1.516 0.518
Amines -0.476 0.209 -0.400 0.158
Pyridines 2.617 0.000 2.809 0.000
Family of compounds bq1 by by bsa
Phenols -0.454 0.866 -0.017 -0.865
Aliphatic carboxylic acids 1.034 -0.898 -1.250 0.277
Aromatic carboxylic acids

with ortho-substituents 0.449 -0.429 -1.674 0.677

without ortho-substituents -0.178 0.187 -1.699 0.702
Amines -0.458 0.477 -1.674 0.690
Pyridines -1.733 1.763 -1.214 0.272

Valid equations up to 100% (v/v) of methanol.

Table 7. Parameters for the prediction of the slope as (Eq. 11) and the intercept bs (Eq. 12) of
the linear correlation between ;p K, values in acetonitrile-water and }, p K, in water (Eq. 10)
(22, 49)

Family of compounds ds as ag A4

Aliphatic carboxylic acids 9.97 -8.59 8.83 -8.72
Aromatic carboxylic acids 52.04 -10.93 49.33 -32.69
Phenols 10.05 -10.04 7.97 -8.37
Amines -0.73 -0.27 -0.87 -0.12
Pyridines -1.67 0.67 -1.66 0.67
Family of compounds bq by bs b4

Aliphatic carboxylic acids -0.68 9.94 8.45 -8.59
Aromatic carboxylic acids -5.32 8.99 22.56 -23.21
Phenols -5.33 9.95 0.19 -0.70
Amines -1.82 2.25 -1.75 0.90
Pyridines -1.78 1.89 -0.58 -0.40

Valid equations up to 60% (v/v) of acetonitrile (100% for pyridines).
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Table 8. pK, variation of analytes in acetonitrile-water mixtures.

+pK, at MeCN volume fraction of

Family of analytes wbhK, 0.1 0.2 0.3 0.4 0.5 0.6

Aliphatic carboxylic acids 200 214 228 243 261 282 3.09
250 267 283 3.00 319 341 3.70

300 321 338 356 376 401 432

350 3.74 393 412 434 460 494

400 427 447 468 492 519 555

450 480 502 524 549 579 6.17

500 533 557 581 6.07 638 6.78

Aromatic carboxvlic acids 200 202 212 223 235 247 2.57
250 257 269 284 300 3.16 332

300 3.11 327 345 364 385 4.08

350 3.65 384 405 429 455 4.83

400 420 441 466 494 524 558

450 474 499 527 558 594 6.33

500 528 556 588 623 663 7.08

Phenols 700 735 740 749 7770 8.07 8.64
750 790 797 808 830 867 9.26

800 846 855 867 88 928 9.88

850 902 9.13 926 949 989 1049

9.00 9,57 971 985 10.09 1050 11.11

9.50 10.13 10.28 1044 10.69 11.10 11.73

10.00 10.68 10.86 11.03 11.29 11.71 12.34

1050 1124 1144 11.62 11.89 1232 12.96

11.00 11.79 12.02 1221 1249 1293 13.58

Amines 700 690 6.76 659 639 6.18 6.02
750 741 728 7.11 692 6.72 6.55

800 791 779 763 744 725 7.08

850 842 830 815 797 7178 7.62

9.00 893 882 867 849 831 8.15

950 943 933 9.19 9.02 884 8.69

10,00 994 984 971 955 937 9.22

10.50 1045 10.36 1023 10.07 990 9.76

11.00 10.95 10.87 10.75 10.60 10.43 10.29

Pyridines 400 382 364 346 325 301 270
450 432 414 395 375 350 3.19

500 482 464 445 424 399 3.68

550 532 514 495 474 449 4.16

6.00 582 564 545 523 498 4.65

650 632 6.13 594 573 547 5.14

700 682 663 644 622 596 5.63

750 732 713 694 6.72 646 6.12

800 782 763 743 721 695 6.60
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Table 9. pK, variation of analytes in methanol-water mixtures.

Family of analytes

+pK, at MeOH volume fraction of

WP K,

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Aliphatic carboxvlic acids

2.00
2.50
3.00
3.50
4.00
4.50
5.00

2.15
2.66
3.16
3.67
4.18
4.69
5.19

2.32
2.83
3.35
3.86
4.38
4.90
541

2.50
3.03
3.55
4.08
4.60
5.13
5.65

2.72
3.25
3.78
4.32
4.85
5.38
5.92

2.96
3.50
4.04
4.58
5.12
5.66
6.20

3.21
3.76
4.30
4.85
5.40
5.94
6.49

3.45
3.99
4.54
5.09
5.63
6.18
6.73

3.62
4.16
4.70
5.24
5.77
6.31
6.85

Aromatic carboxvlic acids
with ortho-substituents

without ortho-substituents

2.00
2.50
3.00
3.50
4.00
4.50
5.00

2.11
2.62
3.13
3.65
4.16
4.67
5.18

2.23
2.76
3.29
3.81
4.34
4.86
5.39

2.38
2.93
3.47
4.01
4.55
5.09
5.63

2.56
3.12
3.68
4.23
4.79
5.35
5.90

2.78
3.36
3.93
4.51
5.08
5.65
6.23

3.03
3.63
4.22
4.82
541
6.01
6.60

3.29
3.91
4.53
5.14
5.76
6.38
6.99

3.51
4.15
4.79
5.44
6.08
6.72
7.36

2.00
2.50
3.00
3.50
4.00
4.50
5.00

2.08
2.60
3.12
3.65
4.17
4.69
5.21

2.17
2.72
3.26
3.81
4.36
4.90
5.45

2.28
2.85
3.43
4.00
4.57
5.15
5.72
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3.01
3.62
4.22
4.83
5.43
6.04

2.56
3.20
3.84
4.48
5.12
5.76
6.40

2.73
3.41
4.09
4.77
5.45
6.13
6.81

2.87
3.59
4.32
5.05
5.77
6.50
7.22

291
3.69
4.47
5.25
6.03
6.81
7.59

Phenols

7.00
7.50
8.00
8.50
9.00
9.50
10.00
10.50
11.00

7.10
7.61
8.12
8.63
9.14
9.65
10.16
10.67
11.18

7.23
7.75
8.27
8.78
9.30
9.82
10.34
10.86
11.38

7.37
7.90
8.43
8.96
9.48
10.01
10.54
11.07
11.59

7.54
8.07
8.61
9.15
9.68
10.22
10.75
11.29
11.83

7.73
8.27
8.81
9.36
9.90
10.44
10.99
11.53
12.08

7.93
8.48
9.03
9.58
10.13
10.68
11.23
11.78
12.33

8.13
8.68
9.24
9.79
10.35
10.90
11.45
12.01
12.56

8.27
8.83
9.39
9.94
10.50
11.05
11.61
12.17
12.72

Amines

7.00
7.50
8.00
8.50
9.00
9.50
10.00
10.50
11.00

6.91
7.41
7.90
8.40
8.90
9.39
9.89
10.38
10.88

6.82
7.32
7.81
8.30
8.79
9.29
9.78
10.27
10.77

6.74
7.23
7.72
8.21
8.70
9.19
9.68
10.17
10.66

6.66
7.15
7.64
8.12
8.61
9.10
9.59
10.07
10.56

6.59
7.08
7.56
8.05
8.53
9.02
9.50
9.99
10.47

6.52
7.00
7.49
7.97
8.45
8.94
9.42
9.90
10.39

6.41
6.89
7.37
7.85
8.33
8.82
9.30
9.78
10.26

6.20
6.68
7.16
7.64
8.12
8.61
9.09
9.57
10.05
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Table 9 (continued)

Family of analytes pK

w

+pK, at MeOH volume fraction of

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Pyridines 4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00

3.77
4.27
4.76
5.25
5.74
6.24
6.73
7.22
7.71

3.57
4.06
4.54
5.03
5.52
6.01
6.50
6.98
7.47

3.38
3.86
4.35
4.83
5.32
5.80
6.29
6.77
7.25

3.20
3.69
4.17
4.65
5.13
5.61
6.10
6.58
7.06

3.05
3.53
4.01
4.49
4.97
5.45
5.93
6.41
6.89

291
3.39
3.86
4.34
4.82
5.30
5.78
6.26
6.74

2.76
3.24
3.72
4.19
4.67
5.15
5.63
6.10
6.58

2.58
3.06
3.54
4.01
4.49
4.97
5.44
5.92
6.39

6. ESTIMATION OF THE DEGREE OF IONISATION AND VARIATION ON
CHROMATOGRAPHIC RETENTION OF ANALYTES

The retention of acid-base analytes

in RP-HPLC mainly depends on their

hydrophobicity and ionisation degree (1-3, 6, 7, 9, 14, 50-53). Whereas the hydrophobicity of

a substance is a property inherent to the own nature of the analyte, the degree of ionisation

depends on both, analyte dissociation constant and mobile phase pH. As a general rule for

analytes of similar hydrophobicity, the higher the degree of ionisation, the lower the retention.

For a compound that has a unique acid-base equilibrium (HA*-A""), ruled by an acidity

constant (K,), its ionisation degree (a ), i.e. the mole fraction of the ionised species, can be

calculated by:

B [AZ*I] B 1
[HA?]+[A""'] 1+10°%™H

A

or

“ - [HA®] 1
A THATTH[ATT'] 1+10MHPK
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where o, is the ionisation degree of a neutral acid (z = 0) and a,, corresponds to the
ionisation degree of a neutral base (z = 1). Strictly, pH and pK, should be pH and pK,.
However, we can use 'pH and 'pK, values because pH-pK, = 'pH—- 'pK, since
wPH—pH=pK, —pK, =6.

Inserting the estimated values of both the analyte pK, and the mobile phase pH in Eq. 14
or 15 we are able to predict the ionisation degree of an analyte in a particular mobile phase.

Now we are capable of explaining the retention changes observed in the chromatograms of

Fig. 1, in which two different buffering systems of initial aqueous concentration of 0.01
mol-L" and “pH 8.00 prepared from dihydrogenphosphate/ /hydrogenphosphate and
ammonium/ammonia were considered. The pK, values of the chromatographied acid-base
analytes were relatively close to 8 (with their corresponding | p K, values in brackets (11,
54)): 4-nitrophenol (7.15), 2-nitrophenol (7.23), 2,4,6-trimethylpyridine (7.43), 3-nitrophenol
(8.36), 2-chlorophenol (8.56), N,N-dimethylbenzylamine (8.91), and 3-bromophenol (9.03).
The hydrophobicities of these compounds were quite similar. Figure 4 shows the calculated

ionisation degrees (Egs. 14 or 15) for the analytes from their estimated pK, (Eq. 13) and
mobile phase pH (Eq. 6 or 7) at several fractions of methanol. At 60% (v/v) of methanol the

+PH of the dhydrogenphosphate/hydrogenphosphate and ammonium/ammonia mobile

phases were 9.51 and 7.59, respectively, and the [p K, of the analytes in both mobile phases

were, 8.10, 8.19, 6.19, 9.43, 9.65, 8.37, and 10.17, respectively. In case of pyridines and

amines the ionisation degree is high when the pH of the mobile phase is lower than the
analyte pK, (BH" & B+H"), and in the rest of the cases (aromatic and aliphatic carboxylic
acids and phenols) the ionisation is high when the pH is higher than the pK,
(HA2H" +A").
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Figure 4. Variation of the ionisation degree of acid-base compounds with the addition of methanol to
H,PO,-HPO,” and NH, -NH; aqueous buffers of XpH 8.00 and concentration 0.01 mol-L™". Legend:
(M.0) 2,4,6-trimethylpyridine, (®,0) N,N-dimethylbenzylamine, (A,/\) 3-bromophenol, (¥,V) 2-
chlorophenol, (4,<]) 2-nitrophenol, (¢,<>) 3-nitrophenol, and (»,>) 4-nitrophenol. From ref. (44),

with permission, © 2007 Elsevier.

7. ESTIMATION OF CHROMATOGRAPHIC RETENTION OF IONISABLE
ANALYTES

The pH and pK, models exposed above can be used to achieve quantitative
information about the retention of weak acid-base analytes (Eq. 1). It is possible to predict the
retention from both, the estimated buffer pH and solute pK,, and from the retentions of the
pure acidic and basic forms of the analyte. These retention times can be measured in mobile
phases with a pH at least two or three units lower and higher than the pK, of the analyte. In a
recent paper (26), several drugs with known aqueous pK, were studied to test this retention
time estimation model in acetonitrile-aqueous buffer mobile phases: diclofenac, ibuprofen and
naproxen (nonsteroidal anti-inflammatory drugs), codeine (narcotic analgesic), trazodone,
imipramine, nortriptyline and maprotiline (antidepressants). Fig. 5 shows the differences
between the experimental and the estimated retention times at several measured aqueous pH.
Generally, there is a very good correspondence between the estimated and the experimental
retention times. Except for ibuprofen and imipramine, the average of the absolute error for all
the analytes and studied pH values is less than 5%. These differences in retention times for

imipramine and ibuprofen can be attributed to a mismatch between the chromatographically
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obtained pK, values and the estimated ones. We must take into account that when the

difference in retention times of the neutral and fully ionised species is large, this pK,
mismatch has a significant effect on retention estimation. When no experimental aqueous pK,
value is available in the literature for a particular analyte, it is possible to resort to
computational programs, e.g. SPARC (55) and ACD/Labs (56). The former is freely accessed
through Internet, and the latter is embedded in the SciFinder Scholar™ 2006 data base

research tool.

1.5+
] <
1.0
1 <
0.5+
| A 4 ¢
(4] vy -~
At, 004§ 4 s o B
-0.54 ° [ }
-1.0 1
-1.5 T T T T T T T T T
4 5 6 7 8

pH in the aqueous buffer

Figure 5. Differences between the experimental and the estimated retention times at several measured

+“pH (Atg=tx""-tz). Estimated retention times were calculated through Eq. 1, where ~pK, were

estimated from the literature |, p K, values, and | pH were estimated from measured aqueous |, pH.
Buffer aqueous concentration was, in all cases, 0.01 mol-L™". Legend: (V) trazodone, (M) diclofenac,
(¥) codeine, (A) naproxen, (@) ibuprofen, () imipramine, (%) maprotiline, (») nortriptyline. From
ref. (26), with permission, © 2006 Elsevier.

Sometimes it is not possible to measure both of the pure acidic and basic forms of the
analyte, either because the required pH value is not recommended for the column (e.g. high
pH values in silica based columns) or because the & value is too high and the solute can not be
detected in a reasonable analysis time. In these cases it is recommended to resort to models
able to infer the chromatographic behaviour of the analytes upon changes in the experimental
factors. Once the models are built with data obtained from sets of experiments, molecular
modelling or other approaches, they can be applied to predict the performance of new

conditions (57).
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8. CONCLUSIONS

When adding acetonitrile or methanol to an aqueous buffer to prepare a mobile phase,
the pH of the hydroorganic mixture depends on the nature of the buffering species, the
organic solvent content, and the aqueous pH and concentration of the buffer. Models have
been developed to allow and accurate prediction of this pH change for several commonly used
buffers in RP-HPLC (acetic, citric and phosphoric acid and ammonia systems) in acetonitrile-
water and methanol-water mobile phases. Both models cover initial aqueous concentrations
between 0.001 and 0.1 mol-L”, and organic solvent contents up to 60% in volume for
acetonitrile and 80% for methanol.

The buffer capacity decreases when the organic solvent is added, due to the dilution
effect of the mixture, and their maximum values shift together with the pK, variation of the
buffer species.

Linear relationships have been also modelled between the pK, values of acid-base
analytes in methanol-water and acetonitrile-water and their corresponding pK, values in
water. The pK, variation depends on the nature of family of compounds, the aqueous pK, and
the organic solvent content in the mixture. These linear relations have been established for the
most common families of acid-base analytes: aromatic and aliphatic carboxylic acids,
phenols, amines and pyridines. In acetonitrile-water these relations are applicable up to 60%
in volume of organic modifier (100% for pyridines).

From both the analyte pK, and the mobile phase pH, the analyte ionisation degree, which
plays an important role in the chromatographic retention of acid-base compounds, can be
easily calculated. Moreover, with the measured retention times of neutral and fully ionised
species this approach is able to estimate the retention times of weak acids and bases at any

hydroorganic pH.
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Abstract

Nitromethane has several properties that make it an interesting solvent for capillary electrophoresis especially for lipophilic analytes that
are not sufficiently soluble in water: freezing and boiling points are suitable for laboratory conditions, low viscosity leads to favourable
electrophoretic mobilities, or an intermediate dielectric constant enables dissolution of electrolytes. In the present work we investigate the
change of electrophoretically relevant analyte properties — mobilities lpdabues — in nitromethane in dependence on the most important
experimental conditions determined by the background electrolyte: the ionic streragtt,the pH. It was found that the mobility decreases
with increasing ionic strength (by, e.g. up to 30% frbm0 to 50 mmol/L) according to theory. An appropriate pH scale is established by the
aid of applying different concentration ratios of a buffer acid with knokgrand its conjugate base. The mobility of the anionic analytes (from
weak neutral acids) depends on the pH with the typical sigmoidal curve in accordance with theoily, ©hequtral acids derived from these
curves is shifted by as much as 1K pnits in nitromethane compared to water. Both findings confirm the agreement of the electrophoretic
behaviour of the analytes with theories of electrolyte solutions. Separation of several neutral analytes was demonstrated upon formation c
charged complexes due to heteroconjugation with chloride as ionic constituent of the background electrolyte.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Capillary electrophoresis; Nitromethane; Organic solvent; Contactless conductivity detection; Non-aqueous; UV detection; Heterogqi§ygation
shift; Mobility

1. Introduction the class of organic solvents for solutions of analytes and of
the constituents of the background electrolyte (BGE). How-
Although water is by far the most common solvent in ever, not only are these two solvents used in CE, but also a
capillary electrophoresis (CE), it has the disadvantage thatnumber of other protic or dipolar aprotic solvents (see, e.g.
lipophilic compounds may exhibit a low solubility in it, and  ref.[2]).
the amount of analytes dissolved often does not reach the Nitromethane (NM) has not been applied as solventto CE
limit of detection. In such cases it is favourable to substitute so far; only one recent application dealt with the separation
water by agueous—organic mixtures or organic solvents. It of chlorophenols in binary mixtures of water with N}a].
is obvious that in some cases these solvent systems mighHowever, NM is widely used, e.g. as extraction solvent or as
also improve the separation selectivity (though the case canareaction medium. It has a broad application range in organic
be vice versa as well). Most probably the effect of organic synthesis (e.g. pharmaceuticals, pesticides, fibres, etc.) and
solvents on separation efficiency is overestimated, as hasas stabilisation agent, e.g. for halogenated hydrocarbons. It
been discussed in detail in a previous pafdér Methanol is also used as a fuel for high performance engines (e.g. in
and acetonitrile are certainly the most common members of drag racing) because of the low amount of air it needs to
burn. In addition, NM is also used for cleaning electronic
mponding authors. Tel.: +43 1 4277 52305; fax: +43 1 4277 9523 circuit boards and_in ex_plosive indg_stry. It should be_ noted,
(E. Kenndler)/+358 9 19150 253 (S.P. Porras). ’ however, t_hat_NM itself is not ClaSS.IfIfi'd asan explosive, put
E-mail addressesporras@cc.helsinki.fi (S.P. Porras), an explosive is formed only when it is mixed together with
ernst.kenndler@univie.ac.at (E. Kenndler). inorganic nitrite[4].

0021-9673/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.02.072
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For potential use in CE it has a number of interesting prop- 2.2. Reagents

erties, e.g. its freezing«(28.6°C [5]) and boiling (101.2C
[5]) points, its moderate relative permittivity (36.3 atZ5
[5]), low dynamic viscosity (0.614 cP at 26 [5]), and wide

Nitromethane (HPLC grade 96+%; the purity of the
lots used was 99.43%) was from Aldrich (Steinheim, Ger-

pH range of at least 24 pH units (autoprotolysis constant, many). Analytes injected wegnitrophenol (98%), pyrene

pKauto> 24[6]). It should also be noted that NM is a solvent
where hetero- and homoconjugati@-9] as well as ion pair
formation[10,11] might be present.

It is therefore the goal of the present work to investi-
gate the suitability of NM for CE. This investigation will
not be directed to a special application, from which of-

(99%, both Aldrich),p-toluic acid (4-methylbenzoic acid,
98%), p-chlorobenzoic acid (both EGA-Chemie, Stein-
heim, Germany), phenylacetic acid (99%, Fluka, Steinheim,
Germany), tetramethylammonium (TMA) chloride (97%,
Aldrich), tetraethylammonium (TEA) chloride (98%, Sigma,
Steinheim, Germany) and tetrabutylammonium (TBA) chlo-

ten no general conclusions can be drawn. This work ratherride (>97%, Fluka). BGEs were prepared with benzoic
deals with fundamental physicochemical parameters, which acid (>99%, Fluka), tetramethylammonium benzoate (>98%,
describe the main electrolyte properties CE is based on.Fluka) and tetrapropylammonium (TPA) perchlorate (>98%,
Therefore, we consider the influence of the solvent on Fluka). Hydranal-Coulomat AD Karl Fischer reagent from

the electrophoretic mobility and the acid—base properties Riedel-de Han (Seelze, Germany) was used for coulometric
of electrolytes, being either analytes or constituents of the titrations of the water content. All chemicals were used as
BGE. We treat the influence of the solvent on the mo- received. Water was double distilled from a quartz apparatus.

bility as function of the ionic strength by the extended
Debye—Hickel-Onsager (DHO) conductivity theory. We fur-

ther prove the applicability of the Henderson—-Hasselbalch
relation to nitromethane as solvent, describing the depen-

dence of the effective mobility on the pH and thzpvia

2.3. Procedures

Water uptake experiments were performed in two open
vessels containing 20 mL of pure nitromethane each, both

the degree of dissociation. Such dependence could give theexposed to atmospheric moisture. One of these vessels was
tool to establish a pH scale in nitromethane without the subjected to gentle stirring with a magnetic bar. Relative hu-
use of an electrode for the pH measurement, avoiding in midity during the measurements was#42%, temperature

this way the experimental bias introduced by liquid junction was 21.74-0.3°C. These parameters were measured with a

potentials.

2. Experimental
2.1. Instrumentation

Capillary electrophoresis was carried out with a2 E

instrument (Hewlett-Packard, Waldbronn, Germany) using
photometric diode-array detection (DAD) and a dual cell con-

Rotronic Hygroskop DV-2 meter (Bassersdorf, Switzerland).
The BGEs used to measure the mobilities of several an-
alytes at different pH were prepared by mixing the required
amount of benzoic acid K of 19.5 at 25.6: 0.3°C [6])
with tetramethylammonium benzoate in NM. The BGEs used
to determine the mobility of the analytes at varying ionic
strength were prepared from tetrapropylammonium perchlo-
rate. All BGEs were degassed after preparation in an ultra-
sonic bath.
Several neutral solutes were tested as electroosmotic flow
markers (pyrene, phenanthrene, naphthalene, benzene, ani-

tactless conductivity detector (CCD) mounted in the capil- line and pyridine) and they all exhibited the same behaviour.

lary cassette as described elsewh&g}. DAD signals were
recorded at 240, 254 and 340 nm.

Pyrene was finally selected due to its high molar extinction
coefficient in a range of wavelengths used for UV detection

CCD signals were processed by a Hewlett-Packard of the analytes.

35900E dual channel A/D converter. Data collection from
detectors was performed with ChemStation software. Un-

coated fused-silica capillaries (Composite Metal Services, 3. Results and discussion

likley, UK) of 25 pm I.D. x 375um O.D. were used. Total

capillary length was 58.5 cm, and effective capillary lengths

for normal/short end-injection were 50.0/8.5cm (DAD),
43.4/15.1cm (CCD, cell 1) and 44.9/13.6cm (CCD, cell
2). The capillary cassette was thermostatted &tCQWith

Despite nearly not used so far, NM can be considered as
a suitable solvent for CE due to its favourable thermal prop-
erties (its melting and boiling point allow its use under lab-
oratory conditions), its relative permittivity (which is high

forced air-cooling. Samples were hydrodynamically injected enough to dissociate electrolytes in solutions), and its low
at50 mbar for 4 s. The applied positive voltage was 29,880 kV viscosity favourable for fast analysis and comfortable manip-
(set at 30kV), as averaged from the recorded voltage signal.ulation of the solutions. One possibly restrictive aspect that

The water content of pure nitromethane and BGEs was has to be considered as well is related to its optical properties,

measured with a coulometric Karl Fischer titrator (756 KF
Coulometer, Metrohm, Herisau, Switzerland).

because it absorbs light in the UV range. According to the lit-
erature the UV cut-off is 380 niip] (the cut-off is defined as



248 X. Subirats et al. / J. Chromatogr. A 1079 (2005) 246-253

144
TMA
230.8
TEA 124 3
4
104 2
230.6 .
g =)
= =
E ] E &
I o
5
‘& 23044 2 &
0 S
Q 17} 11
O ®
4
230.2 |
2\
TBA 1 \r
2004r—-—---- o771+
20 25 3.0 35 2 4 6 8 10 12 14
(A) Time (min) (B) Time (min)

Fig. 1. Electropherogram of (A) tetraalkylammonium cations: TMA, TEA and TBA obtained with contactless conductivity detector (CCD). BGE:aghbuffer

30 mmol/L tetrapropylammonium perchlorate. (B) Neutral analytesp{difrophenol; (2)p-chlorobenzoic acid; (3)-toluic acid; (4) pyrene; obtained with

UV absorbance detection at 240 nm. BGE: unbuffered, 20 mmol/L TMA chloride. Sample components 1, 2 and 3 are injected from the short end, sample 4
from the normal end of the capillary. Experimental conditions: uncoated fused silica capillary, 1.D./O.D. g&i3#8al length 58.5 cm, effective lengths for
normal/short-end injection 50.0/8.5 cm (DAD), 43.4/15.1 cm (CCD). Temperatut€ 2@ltage +30kV.

the point where the absorbance in a 1.0 cm light-path-length indicate that complex formation with the chloride ion of the
cell against dry air is 1.0). However, this absorptivity does BGE due to heteroconjugation is the cause for their charge
not exclude its use as solvent in CE (as will be shown below) (for detailed discussion, see R¢13]). This phenomenon
and because conductivity detection is not interfered by the will be discussed below in more detail.

optical behaviour of the solvent. Note that the use of the con-

ductivity detector extends not only the applicability range of 3.1. Mobility,
the solvents, but also that of the potential components for the

background electrolyte: UV absorbing BGE components can The actual mobility of the ions (i.e. the mobility of the

b_e_ applied without any restriction. Note aIS(_) that the conduc- fully charged ion at a certain ionic strength) depends on the
tivity detector has a further advantage being able to detect; .- strength. According to the extended DHO theory this

non-UV absorbing analytes. Its disadvantage in many casesjanendence is formulated for a monovalent 1:1 electrolyte
is related to the tendency for triangulating peaks, which has

the cause in the relatively high analyte concentrations often

ionic strength, viscosity

needed for detection (the same holds, by the way, for indirect 8.204 x 10° 4.275
UV detection). Hacti = MO,i — Wuo,i + W
An example for an electropherogram obtained in NM with
such separands is givenhig. 1A. It shows the separation of VI )
e . X o «
tetraalkyammonium ions in a non-buffered BGE consisting 1+ 5029(eT) Y241

of tetrapropylammonium (TPA) perchlorate. Tetramethyl-

ammonium (TMA) and tetraethylammonium (TEA), both wherepuacj is the actual mobilityuo; the absolute mobility
exhibiting a higher mobility than TPA, give positive peaks, (i.e. the mobility of fully charged ion at zero ionic strength),
whereas tetrabutylammonium (TBA) gives a negative one due ¢ the relative permittivity,T the absolute temperaturgthe

to its lower mobility. A second exampld=ig. 1B) demon- dynamic viscosity (in Pas or cP) aads the ion size param-
strates the possibility of UV detection at 240 nm even with eter or distance of closest approach/"(\mAII mobilities are
this light-absorbing solvent. Separation was carried out in ain 107 9m?2Vv-1s1,

non-buffered salt solution (20 mmol/L TMZCI™), in which Itcan be seen from E(l) that the decisive solvent-related
the analytes should not be ionised by protolysis (the analytesphysical properties are the relative permittivity and dynamic
are very weak acids). However, although being not dissoci- viscosity. In order to obtain an insight into the extent of the in-
ated, they are migrating as anions (note that the sample is in-fluence of the ionic strength on the mobility in nitromethane,
jected from the short end of the capillary). Their anionic form and to compare it with other solvents, we have calculated
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Fig. 2. Theoretical reduction of the mobility;, as a function of ionic
strength, I, in several solvents according to the extended DHO the-
ory (Eqg. (1)). For all solvents a hypothetical absolute ion mobility of
40x 10-9m? vV—1s-1 and a distance of closest approach éfas taken.
Temperature 25C. Abbreviations: ACN, acetonitrile; MeOH, methanol,
NM; nitromethane, DMF;N,N-dimethylformamide; W, water; DMSO,
dimethylsulfoxide; PC, propylene carbonate; FA, formamide.

the decrease in mobility according to H4) with solvent
data taken from ref[5]. For simplicity the calculation was
carried out for hypothetical ions with an absolute mobility
of 40x 109m?V 151 and 5A as distance of closest ap-
proach (we neglect at this stage that a particular ion will ex-
hibit different absolute mobilities in the different solvents).
The relative reduction of the absolute mobility increases
with ionic strength Fig. 2) as predictable by Eq(1).
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Fig. 3. Experimental actual mobilitiegsactj, of tetramethylammonium
(TMA), tetraethylammonium (TEA) and tetrabutylammonium (TBA) as a
function of ionic strength. Temperature 25. Relative standard deviation
for the measurement of the mobilities< 3) was typically 0.4%. Solid lines
are fitted curves according to Ed.).

as seen from the fitted curves in the figure. We can therefore
conclude that the mobility dependence dollows quite well
the extended DHO theory.

Extrapolation of the curves ti=0 leads to the absolute
mobilities, which are given iffable 1 They range between
37.2 and 51.% 102m2Vv~1s1, Although the indetermi-
nate error for measurement of the mobility is only in the range
of about 1%, the absolute mobility is possibly more biased
due to the asymptotic nature of the extrapolation to zero
Parameten, the distance of closest approach, can also be
derived from the curve fitting. The resulted values are be-
tween 4 and A in the case of the selected analytes, which
are realistic concerning the sizes of the ions.

Moreover, the obtained absolute mobilities match well to
the ones expected from Walden's ruleable 2. This rule
states that the product of dynamic viscosity and absolute mo-
bility is constant fuo; = const) at a certain temperature, in-

Only considering monocharged 1:1 electrolytes (for higher dependent of the solvent. Although not well obeyed by the

charged ions Eq1) has to be extended; moreover, the effect smallestion (TMA), the rule is followed very well especially

is much larger) the following conclusions can be drawn from by the largest ion (with the lowest charge density): for TBA

the plots. The decrease in water is not very pronounced asWalden'’s products agree in such different solvents as NM,

it reaches, e.g. dt=50mmol/L, not more than 15% com- ACN, MeOH and FA within 5% relative, despite the viscosi-

pared to infinite dilution. This is in fair agreement with prac- ties vary nearly by a factor of 10.

tical daily experience. The influence is less than for water  In the measurement of the mobilities, the capillary cas-

in case of formamide (FA), dimethyl sulfoxide (DMSQO) and sette was thermostatted at Z5. Temperature increase due

propylene carbonate (PC), but a much higher effect is pre-to Joule heating does not play a role under the working con-

dicted for acetonitrile (ACN), methanol (MeOH) amN- ditions (at 30kV, the typical current for 10 mmol/L TMA

dimethylformamide (DMF). NM behaves rather similar to

MeOH, and thus the reduction of the mobility with ionic 161

strength is much more pronounced here than in water. Absolute mobilitiesjoj, of tetraalkylammonium ions obtained by extrapo-
The theoretical dependencewobnl was examined exper-  lation of the fitted curve according to E.) to zero ionic strength

imentally for three permanent monovalent ions, TMA, TEA solute 1o (1079 m2V-1s71)

and TBA. TPA could not be used as analyte because it WaS e tramethylammonium (TMA)

5140.4
a constituent of the BGE (TPA perchlorate). The resulting Tetraethylammonium (TEA) 46405
mobilities decrease nonlinearly for ionic strength between Tetrabutylammonium (TBA) 37203

2.5 and 75 mmol/L (seBig. 3). The data match to Eql), T=25°C.
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Table 2
Product of absolute ionic mobilityo;, and dynamic viscosity;, of the solvent (Walden product) of the tetraalkylammonium ions in different solvents

Solute poin (10712NV-h

NMm2 NMmP ACNP MeOHP FAP WateP
Tetramethylammonium 314 34.69 33.44 39.31 43.94 40.94
Tetraethylammonium 28.3 30.32 30.14 34.56 35.73 29.66
Tetrabutylammonium 22.8 21.67 21.81 22.28 22.38 17.84

T=25°C. For error sedable 1
@ This work; viscosity 0.614 c5].
b Calculated from conductivities taken frait9] and viscosities fronf5]. Viscosities: NM, 0.614; ACN, 0.341; MeOH, 0.551; FA, 3.302; water, 0.8903 cP.

benzoate BGE was 2iBA; for 75 mmol/L TPACIQ, it was ions have different mobilities a charge separation is produced
17.5pA), because no significant changes of the mobilities and a liquid junction potential is generated. This potential is
were observed when repeating the measurements with lowerstrongly affected by the nature of the solvent at both sides of
applied voltages (20 and 10 kV). the membrane. If the solvent is the same in the filling refer-
It should be mentioned that a strong functional effedt of ence solution and in the external solution this contribution is
on u has the consequence that the separation efficiency, exideally cancelled, because then it has the same magnitude in
pressed by the ultimate plate numbist!, is also strongly calibration and in pH measurement. Consequently, the same
affected by the ionic strength, and is always decreas#H. solvent as in the sample should be used in the reference so-
considers the limiting case that only longitudinal diffusion Ilution and in the calibration solutions in order to minimize
is the source of peak broadening. It depends on the ratiothe liquid junction potential effect. This means that, in the
of mobility and diffusion coefficient of the analyte. Both pa- present case, the glass electrode had to be adapted with a re-
rameters are correlated at zero ionic strength according to thdiable NM reference filling solution, and the preparation of
Nernst—Einstein relation, resulting in the well-known equa- trustworthy pH standard solutions with an accurately known
tion Nt = 19.4&U, wherez is the charge number of the ion, and stable pH. However, such special glass electrodes are
and U is the voltage. Note that at infinite dilution all sol- hard to maintain, and the solutions might not be stable under
vents should have the same ultimate plate number (for a giventhe habitual working conditions in a chemistry laboratory,
voltage). However, the ionic strength dependence of the dif- especially under atmospheric moisture.
fusion coefficient and mobility is not the same. As at finite An alternative for the problematic use and maintenance
electrolyte concentrations the mobility is decreased by both, of the glass electrode is the application of a buffer com-
the relaxation effect and the electrophoretic effect, but the posed from an acid with knownKg in the given sol-
diffusion coefficient only by the relaxation effect, the former vent, and its conjugated base, mixed at defined ratios. The
parameter is more reduced with increasing ionic strength thanHenderson—Hasselbalch equation (with activity correction)
the latter. As a consequence plate number is always lost atallows then calculating the pH of a solution from the compo-
finite ionic strength compared to the case WwithD, and it can sition of the buffer according to
be predicted that the reduction will be as more pronounced
as stronger a functional dependencewain | is. This aspect pH = pKa — log <aﬁ) 2)
is discussed in detail for various solvents in previous papers an

[1,2,14] In practice (at ionic strengths of several tenths of \yhere pH is the pH value in the organic solvent scalé, p
mmol/L) NM should be a less favourable solvent than water the dissociation constant of the buffering acid—base pair,

when the separation efficiency is considered. the activity of the acid and, is the activity of the conjugate
base of the acid. Strictly speaking, Eg) considers only the
3.2. pH scale and effective mobilities acid—base equilibria, not parallel or side equilibria like ion

pairing or homo- and heteroconjugation. It is obvious that

By the aid of the commonly used glass electrode the pH is the requirement for applying a pH scale with this concept is
derived from the difference in the electrochemical response of the knowledge of the accurat&p of the acid in the given
pH-sensible electrodes, e.g. according topkHs; + (E — solvent.
Es) F/RT In 10, whereE is the cell potential of the sample Using this concept, we established a pH scale with benzoic
of a certain pHE;s; the standard cell potential of a buffer of acid (with the known [ of 19.5[6]) and its tetramethyl-
known pH;, F the Faraday constant aRds the gas constant. ammonium salt in different proportions. Keeping constant

In a normal glass electrode, the electric contact betweenthe salt concentration at 10 mmol/L led to the same constant
the glass sensitive membrane electrode and the referencéonic strength in all electrolytes. The activity of the anion,
electrode is produced through the external solution by meansaa, was calculated from the product of the anion concentra-
of a porous material, normally a frit. A low current is es- tion, ca, and the activity coefficienf;. The latter was calcu-
tablished when the ions of the internal reference filling solu- lated from—log f; = (Az21%2)/(1+ aBI%?) according to
tion and the external solution migrate across the frit. If these the extended theory of Debye andi¢kel, taking the mean
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a given initial concentration ratio of HA and”Ahomocon-
jugation would change the pH. Consequently, the mobilities
determined in a buffer with given initialya/ca should not
match to Eq(3). Itis seenirFig. 4that in fact they do, which
leads us to conclude that for the BGE under discussion ho-
moconjugation does not play the role it should according to
literature data.

Heteroconjugation data are not available from the litera-
ture for the analytes and buffer constituents depicted in the

p-Toluic acid
Phenylacetic acid
p-Chlorobenzoic acid

H, (10°mV's™)

-304

qopo

35 p-Nitrophenol plots inFig. 4. We think that we can exclude heteroconjuga-
40 . . . . tion between these specific analytes and benzoate, because
17 18 19 20 21 the mobilities match very well to the curves when values of

pH in nitromethane zero are taken fop at low pH. If heteroconjugation would

) ) ", play a role, finite (negative) values for the mobilities at low
Fig. 4. Measured effective mobilitieg,esr,i, vs. the pH of the BGE. The

BGE consisted of tetramethylammonium benzoate (10 mmol/L) and ben- pH WOUId OtherWISe_Iead toa better match. .
zoic acid at different proportions. The pH was calculated by means of the It is, however, evident that in our 5y5tem_ heteroconjuga-
Henderson-Hasselbalch equation (B)), corrected for the activity of the  tion takes place under other conditions, which follows from

buffer anion. Relative standard deviation for the measurement of the mobili- the electropherogram shownkhig. 1B. In this case, chloride
ties > 3) was typically 0.7%. Temperature 26. Solid lines are the fitted as constituent of the BGE forms anionic heteroconjugation
curves according to E¢). complexes with the neutral analytes, which are thus elec-
. trophoretically separated.
distance of closest approach a&.5A andB are the appropri- Note that neither homo- nor heteroconjugation influences
ate parameters for NM. The activity coefficient for the ionic  the ionic strength of the BGE.
strength of 0.010 mol/L was then 0.737. The activity of the
molecular acid, HA, was taken equal to its concentration.
Considering this activity correction, the pH scale was
shifted by—0.13 units compared to the concentration-based
scale. Agreement with the Henderson—Hasselbalch condi-
tions in this solvent system was proved for four different
compounds, for which the effective mobilities were deter-
mined as a function of the pH.
These effective mobilitiegsesti, are depicted ifrig. 4. In
the same figure the curves are obtained by fitting the data to

3.3. pkyvalues

Although the analyte mobilities are well following the fit-
ted curves [ig. 4), only for p-chlorobenzoic acid theky
derived from curve fitting is identical with the literature data
(Table 3. For the other analytes the deviation between our
values and those given in the literature (determined by poten-
tiometric method using a glass electrd@g) is between 0.8
and 1.3 units. Thisis noticeable because the literatigeal-

o Macti 3) ues for both, the reference acid and the analytes, are reported
Heffi =9 1 0PKa—PH by the same authors (see citations given in[@&f., and it is
. : . . . assumed that the data is measured under identical experimen-
which gives the effective mobility asa fun_ct_lon of thiéof ., tal conditions. An explanation for the<g difference might
the anglyte and the pH of the solution. F|tt|n_g_s were carried be the occurrence of secondary equilibrium, which shifts the
outtaking a\_/alu_e of zero for the analyte mob|llty at pH lower measured mobilities of some analytes and thus theval-
than 14 (which is more than three pH units smaller than the ues. Again, this is hard to confirm due to lack of the literature

thafpf tge sr;pljples, see b:low). It can ”b;a ”CO”CL;J%ed hthat data for such equilibria. However, the difference between our
the fitte dnzjo tl ity \_/etrs]tcjs p” curlve Is well followed by the pKa values and published data is even much smaller than the
measured data points for all analytes. pK3 discrepancy found in some cases for an individual acid

This agreement is rather surprising when .taklng into reported in the literature (see the compilation of I1zy&j).
account that strong homoconjugation occurs in NM (see

Ref. [6]; for a detailed discussion, see e[§5]). In fact,

a rather high homoconjugation constait, of 5620 L/mol ~ Table 3 o _

(lo kKf=3 75)[6] has been reported for the present reference pKa values of neutral acids in NM derived from the measured mobilities as
9 L . . P P function of the pH

buffer acid, benzoic acid (water content of NM 5 mmol/L).

It is known that an increase in water content decreases ho->°U*® Ka Literature - pKa in water
moconjugation due the competition between the water and— PKa [6] [20]
the acid molecules in hydrogen bonding. We can thus expect?\rophenol 18.74:003 201 714
- . . Phenylacetic acid 19.040.03 20.1 4.31
that under the present conditions with a water content being p-Toluic acid 19145 0.02 19.95 437

higher than 5 mmol/L the effect of homoconjugation is most p-chiorobenzoic acid 18.810.01 18.8 4.00

probably |e_35 pronourjced, Wh?reas we cannot quantify it due(jterature values for NM and water are given for comparison25°C.
to the lack in supporting data in the literature. Anyway, for 2 Water content 5mmol/L.
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The difference in K, values, ApKAM-W = pgiM _ ]
pK Y, of the carboxylic acids ifable 3between NM and wa- 251
teris 14 units (for phenol, itis 11.6 units only). This total shift
is much larger than for methanol, and slightly smaller than
for acetonitrile. ApKNM~W is connected to the stabilisation
of the acid—base equilibrium, in particular to the stabilisation
of the individual particles involved in the equilibrium in the
two solvents (we have discussed about these concepts in a
number of previous works (see, €[g8,16,17) and readers
are referred to these papers and to the literature cited therein). 0s] 0P
For the present analytes and buffer acid, which are of type ]
HA, the particles are the proton, the anion and the molecular oofﬁ%
acid. The standard free energy of transieG?, is related o 5 10 {5 Tag o5
to ApkYM—W by basic thermodynamica G? for the pro- Time (h)
ton is 95kJ mot! from water to NM[18]. Positive value
means that NM is less basic than water (it is even less basicFig. 5. Water content of pure nitromethane exposed to atmospheric moisture
than ACN, which has &AG? for the proton of 46.4 kJ m0|1 as a function of the time of exposure. Relative humidityt42%, tempera-
[18]). The contribution of the proton destabilization in NM ture 21.70.3°C.
to the K5 shift is accordingly 4.0 5 units. Unfortunately,
data forA G of molecular acids is scant; only for acetic acid less than 2%, and after 24 h the curves flattened at contents
data could be found, not for the analytes. However, for acetic lower than 3%. _ o
acid the K shift is similar (from 4.76 in water to 20.5 in NM It is clear that the content itself does mean anything if
[6]). For acetateA GO is positive (56 kJ mot? [18]), which not related to the possible extent of phanges in the properties
allows the conclusion that anionic carboxylates are desta-Of the analytes and the BGE constituents. One of the most
bilised in NM. The contribution of acetate on thipshift ~ important influences is on thekp values. The prediction
is accordingly 3.2 K units. Both effects contribute to the ~©Of the detailed [, shift with water content is not easy to
reduction of the acidity in NM compared to water, but they Make because thekg values do not linearly depend on the
cannot fully explain the total shift. The remaining contribu- COmMposition of the mixed aqueous—organic media. However,
tion must come from the better stabilisation of the molec- itcanbe assumed thatthe influence of small amounts of water
ular acid in NM compared to water. It is expressed by the Will be smaller whem\pk M~ is small. For the carboxylic

higher solubility of the relatively lipophilic organic acids in  acids inTable 3 Apkg™~ is about 14 units. Under the
NM. (unrealistic) assumption that th&pshift is a linear function

of the water content, the decrease of tl& palues in NM
would be about 0.14K, units per % water. It is expected that
3.4. Water uptake in reality the decrease is much more pronounced at the side of
low water concentrations, because there the slope ofkhe p
Organic solvents have an intrinsic trend to be hygro- versus % water curve is normally steeper. However, when the
scopic. This has to be taken into account because underanalytes and the reference acid taken for the adjustment of
normal analytical laboratory conditions there is no protec- the pH are both neutral acids (of type HA), their behaviour
tive anhydrous atmosphere to prevent from the uptake of is similar. This means that the change will result in an only
water. As the water content can change the properties ofparallel shift of the data. For accuracy reasons the change
organic solvents, it is important to control at least roughly of the K, values should be taken into account even for an
how much water the solvent takes up from the laboratory at- uptake of say few tenth % water in NM, which might not be
mosphere. For this purpose the water concentration of NM exceeded when some care is taken on the protection of the
stored in an open vessel was measured as a function ofsolvent. Although in this case the shift of few tent&inits
time of exposure under conditions of a typical laboratory is perhaps lower than the difference ikgdata taken from
environment. different sources (see, e [§]), its fluctuation with varying
It was found that the water content of freshly opened NM water concentrations can lead to a low reproducibility of the
was lower than 0.03%, in agreement with the specifications electrophoretic behaviour.
of the manufacturer. As seen kig. 5, the water content
increases when the solvent is exposed to laboratory air; it is
clear that the increase is stronger in the stirred than in the4. Conclusions
non-stirred vessel. However, the content was less than 0.5%
(all water concentrations are given in % w/w) within about Nitromethane as solvent in capillary electrophoresis has
2.5h, independently whether the solvent was stirred or not. certainly the advantage over water that it dissolves lipophilic
After 5 h of exposure the contentreached 1%, after 10 h it was compounds much better. The behaviour of electrolytes in this

] stirred O
204

] O /D/

] / DO

R ele) '
o g  non-stirred

water content (% w/w)
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Comparison of methanol and acetonitrile as
solvents for the separation of sertindole and its
major metabolites by capillary zone electrophoresis

Sertindole  (1-[2-[4-[5-chloro-1-(4-fluorophenyl)-1H-indol-3-yl]-1-piperidinyl]ethyl]-2-
imidazolidinone), an atypical antipsychotic drug, was separated by capillary electro-
phoresis from its two main metabolites norsertindole and dehydrosertindole. The low
solubility of the analytes in water (octanol-water partition coefficient is about 10 is
overcome by the use of methanol (MeOH) and acetonitrile (ACN) as solvents for the
background electrolyte (BGE). Mobilities were measured in BGEs with defined pH in a
broad range. It was found that in MeOH the mobility of the analytes is mainly governed
by acid-base equilibria, whereas in ACN other reactions like ion pairing and homo-
conjugation play a pronounced role and lead to a complex pattern of the mobility as
function of the pH. However, separation can be obtained in less than 10 min in both
solvent systems.

Keywords: Capillary zone electrophoresis / Homoconjugation / Metabolites / Mobility / Non-
agueous solvents / Sertindole DOI 10.1002/elps.200500056

University of Helsinki,
Helsinki, Finland

1 Introduction

Sertindole (Serlect®, 1-[2-[4-[5-chloro-1-(4-fluorophenyl)-
1H-indol-3-yl]-1-piperidinyllethyl]-2-imidazolidinone, SRT)
is a new nonsedating atypical antipsychotic drug with
high selectivity for dopaminergic neurons in the meso-
limbic system [1], which has shown efficacy against both
positive and negative symptoms of schizophrenia [2].
Sertindole also has affinity for adrenergic [3] and ser-
otonergic receptors [4]; in particular, it is a serotonin
5-HT,; receptor inverse agonist [5] like clozapine (the
parent drug of the atypical antipsychotic class), and this
can contribute to therapeutic and side effects [6].

Sertindole was withdrawn from the market during 1999
because of QT interval prolongation observed in some
patients [7]. Subsequently, however, no association with
an excess of cardiac or all-cause mortality [8] was found
during sertindole treatment. Thus, the European Agency
for the Evaluation of Medicinal Products (EMEA) has re-
evaluated the drug in September 2002 and concluded
that it could be re-introduced, provided that the maximum

Correspondence: Prof. Ernst Kenndler, Institute for Analytical
Chemistry, University of Vienna, Wahringerstr. 38, A-1090 Vienna,
Austria

E-mail: ernst.kenndler@univie.ac.at

Fax: +43-1-4277-9523

Abbreviations: MeOH, methanol; ®,P", tetraphenylphospho-
nium
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dose is reduced to 20 mg/day, extensive ECG monitoring
is carried out before and during treatment, and extensive
contraindications and warnings for patients at risk of car-
diac dysrhythmias are added to the patient information
sheets.

Apart from cardiac side effects, sertindole appears to be
well tolerated and to be associated with a very low inci-
dence of extrapyramidal side effects [9], which are the
most worrisome side effects of classical antipsychotics
(such as chlorpromazine and butyrophenones). Other
side effects of sertindole include weight gain, rhinitis and
possibly male sexual dysfunction [2].

Sertindole is metabolized by hepatic cytochrome P450
(CYP) enzymes, namely by CYP2D6 and CYP3A4 iso-
forms [10], resulting in the formation of dehydrosertindole
and norsertindole [11], which are the main plasma metab-
olites. The structures of the compounds are shown in
Fig. 1.

Only a few analytical methods have been reported for the
determination of sertindole and metabolites in plasma or
serum, based on HPLC in combination with spectro-
photometric detection [12, 13] or with different mass
spectrometric techniques [13-15] mainly for screening
purposes [16-18].

From Fig. 1 it can be seen that the analytes comprise
several nitrogen atoms in their molecules, one of
them, that in the piperidine ring, forming a secondary

CE and CEC
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Figure 1. Structures of sertindole, dehydrosertindole and
norsertindole.

(norsertindole) or a tertiary amino group (sertindole and
dehydrosertindole). These groups are moderately basic,
and can thus be protonated at not too high pH. This
property makes the analytes accessible to electrophoret-
ic separation. However, the compounds possess low
aqueous solubility due to their high lipophilicity — sertin-
dole has a log P in the range of 5 [19] — and thus the
detection limit by UV absorbance detection is hardly
reached. This restriction can be overcome by applying
organic liquids as solvents for the background electrolyte
(BGE). From the several candidate solvents, methanol
(MeOH) and acetonitrile (ACN) have, besides other
advantages, the advantage of being not UV-absorbing in
the wavelength range of interest; both have a UV cutoff at
about 200nm. They were therefore used in the present
work. Although these solvents have a similar dielectric
constant (MeOH 32.66, ACN 35.94) [20], they behave very

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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differently concerning their solvation properties. MeOH is
a protic solvent with pronounced hydrogen bonding abil-
ity, whereas ACN is a dipolar, aprotic solvent. MeOH is
able to solvate both cations and anions (although less
than water) and ACN has a very poor solvation ability for
both types of ions (especially for anions). MeOH is slightly
less basic than water, ACN is many orders of magnitude
less basic (see, e.g. [21]). Their autoprotolysis constants
are 16.91 (MeOH) and 32.2 (ACN) [20]. It is the goal of the
present work to investigate the electrophoretic behavior
of the analytes in these two different solvents. The paper
does not deal with the applicability of the results to the
bioanalysis of the compounds in body fluids; this will be
the topic of future work.

2 Materials and methods

2.1 Chemicals

MeOH was from Fisher Scientific (Springfield, NJ, USA)
and ACN from J.T. Baker (both HPLC grade; Phillips-
burg, NJ, USA). BGEs were prepared from tri-
chloroacetic acid (TCA, puriss. p.a., Riedel-de Haén,
Seelze, Germany), TCA sodium salt (97%, Aldrich, Mil-
waukee, WI, USA), dichloroacetic acid (>99%, Riedel-
de Haén), potassium dichloroacetate (98%, Aldrich),
chloroacetic acid (>99%, Fluka, Buchs, Switzerland),
sodium dichloroacetate (98%, Aldrich), glacial acetic
acid (p.a., Merck), sodium acetate (>99%), anhydrous,
Fluka), perchloric acid (70%, aqueous solution, Fluka),
salicylic acid (99.7%, Sigma, St. Louis, MO, USA), sal-
icylic acid sodium salt (>99.5%, Sigma), phthalic acid
(puriss. p.a., Fluka) and oxalic acid (p.a., Merck,
Darmstadt, Germany). Tetramethylammonium chloride
(>98%, Fluka) was used to adjust the ionic strength.
Tetraphenylphosphonium tetraphenylborate (Selecto-
phore®, Fluka) was used as internal standard for the
determination of the electrophoretic mobility, and
dimethyl sulfoxide (DMSO, >99%, Aldrich) as neutral
marker. Tetraethylammonium hydroxide (40%) was from
Fluka. The analytes used were sertindole (Lu 23-174),
norsertindole fumarate (Lu 25-073-F) and dehy-
drosertindole (Lu 28-092) in 1000 ppm methanolic stock
solutions; they were stored in the freezer. All were pro-
vided by H. Lundbeck A/S (Copenhagen, Denmark).

2.2 Apparatus

Capillary zone electrophoresis (CZE) was carried out in an
HP 3DCE instrument (Hewlett-Packard, Waldbronn, Ger-
many) using a photometric diode-array detector (DAD).
Uncoated fused-silica capillaries (Composite Metal Ser-
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vices, llkley, UK) of ID/OD 50/375 um were used, with a
total length of 58.5cm and effective length of 50.0cm.
The capillary cassette was thermostated at 25°C with
forced air-cooling. Samples were hydrodynamically
injected at 50 mbar for 1.5s. The applied positive voltage
was 19930V, which was the average of the recorded
voltage signal when set at 20kV. The typical currents in
the methanolic BGEs with 10 mm ionic strength were
about 5 pA, and in the ACN solutions with 5mm ionic
strength they were between 2 and 5 ©A depending on the
nature of the buffer.

2.3 Procedures

BGEs were prepared by mixing the required amount of
acid and conjugate base (the salt). When using MeOH as
a solvent for the BGE, the salt concentration of the buffer
was always 10mwm, keeping the ionic strength constant.
Due to the low solubility of salts in ACN their concentra-
tions had to be selected lower, namely at 5 mm. When it
was not possible to dissolve this amount of base (e.g., in
the oxalic acid buffer system), tetramethylammonium
chloride was added to the BGE to adjust the ionic
strength to 5mm. To obtain a soluble conjugate base of
phthalic acid, tetraethylammonium hydrogenphthalate
was prepared by direct titration of a methanolic solution
of phthalic acid to the equivalent point with tetra-
ethylammonium hydroxide in water, followed by the
evaporation of the solvent in a rotary evaporator. All BGEs
were degassed after preparation in an ultrasonic bath,
and the running buffers were changed before each run.
Mobilities were measured at least in triplicate. To over-
come the problem of measuring a very small electro-
osmotic mobility at low pH for the determination of the
effective mobility of the analytes, tetraphenylphos-
phonium (®,P*) was injected as an internal standard to-
gether with the drugs. ®,P* has a permanent positive
charge, and its mobility is independent of pH at a certain
ionic strength. DMSO (0.05% v/v) was used as neutral
marker to determine the electroosmotic flow (EOF) in the
methanolic BGEs. Analytes were dissolved in methanolic
solutions, and prior to injection the samples were diluted
to the desired concentration with the corresponding BGE.

3 Results and discussion

The electrophoretic mobility is the primary analytical fea-
ture that determines separation selectivity and thus reso-
lution in CZE. Accordingly, independent of the solvent
used, the first parameter to be selected in CZE of weak
acids or bases is the pH of the BGE. In organic solvents,
however, this is a less trivial task than in water because of

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the problem in defining an appropriate pH scale. In the
present work we have used an approach, which was
successfully applied in previous works, namely using
BGEs consisting of buffer acids with known pK, values in
the particular solvent (see [21] and the literature cited
therein). Buffer solutions are composed from different
ratios of the acid and its conjugated base (its salt), and the
pH is given according to the well-known Henderson—
Hasselbalch buffer equation

PH = pK, — log(ana/aa) (1)

where pH and pKj refer to their values in the aqueous or the
organic solvent scale, and ay, and a, are the activities of the
acid and the conjugate base, respectively. As usual, the
activity is defined as the product of the concentration of the
acid (cya) or the conjugate base (c,), and its activity coeffi-
cient (yya Or v4). The activity coefficient of the neutral spe-
cies of the buffer system was considered equal to unity
(yua = 1). Those of the ionic substances were calculated
from the extended Debye-Hickel theory as
—log ya = (AZ2V1)/(1 +aBVI1), where A and B are the
Debye-Huckel constantsintherespective solvents andz;is
the valency of the ion; for the ion size parameter a, the value
of 5 A was taken. When the activity correction is taken into
account, the whole pH scale is shifted to slightly more
acidic values for the present type of buffers. It should be
noted that even under these well-defined conditions the
proper adjustment of the pH is hampered in solvents with
low or moderate relative permittivity, and/or in solvents
where the solvent molecule has low ability for hydrogen
bonding. The former solvent leads to an increased ten-
dency for ion pair formation, and the latter one is prone to
interactions called homoconjugation and heteroconjuga-
tion. lon pair formation has been reported to take place in
both ACN and MeOH, but conjugation effects are much
more likely in ACN than in MeOH (see, e.g. [21]).

It is reasonable to cover an as wide as possible pH range
in the given solvent especially when absolute or actual
mobilities and the ionisation behavior of the analytes of
interest are not known. Even when pKj values of the ana-
lytes are known (or can be approximated), the pH range
investigated should preferably cover also the pH values
where the analyte ions are fully dissociated or protonated,
i.e., where the actual mobility is reached. However, often
the limiting factor for the selected pH range in organic
solvents is the availability of suitable buffer chemicals.
Unfortunately no data were found about the dissociation
constants of the present analytes, even in water. All ana-
lytes (Fig. 1) contain an aliphatic nitrogen in the piperidine
ring (the other nitrogens are less basic). Thus, we esti-
mated their pK, with regards to this group in aqueous
solution by means of the SPARC On-Line Calculator [22,



3318 X. Subirats et al.

23]: the calculated pKj, values are 7.96 for sertindole, 7.87
for dehydrosertindole and 10.39 for norsertindole. The
pK, values in MeOH and ACN were then estimated from
solvation parameters (see below).

Before going into a detailed discussion about the mobility
versus pH behavior in MeOH and ACN, problems asso-
ciated with the measurement of the EOF mobility should
be mentioned. It is clear that for the determination of the
electrophoretic mobility of the analyte the EOF mobility
has to be subtracted from the total mobility. It is relatively
easy to measure a large EOF mobility (at high pH), be-
cause then a neutral EOF marker can be detected within
an acceptably short time. However, at low pH where the
capillary surface has only low charge, the time required to
detect the EOF marker might be unacceptably long. This
can especially be a problem in organic solvents in which
the dissociation behaviour of the silanols of the capillary
wall is affected. In both MeOH and ACN, the pKj of silanol
— it is a weak acid - is shifted to higher values, which
means that a higher pH is needed for the ionization of the
capillary wall. Accordingly, at low or moderate pH the EOF
mobility might be rather low in these solvents; at very low
pH it can even be reversed (see, e.g. [24]). In such cases
alternative methods to measure the EOF mobility can be
applied, e.g., pressure-induced mobilisation as intro-
duced elsewhere [25, 26]. We have taken an internal

Table 1. pKj, values of the analytes
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standard with known mobility at given ionic strength in the
particular solvent, namely ®,P*. We have controlled the
literature values in MeOH by determining the actual mo-
bilities of ®,P* at high pH, where the EOF mobility was
measurable. In the methanolic system at ionic strength of
0.010m, an average of the measured actual mobilities of
®,P" at pH values of 7.6, 8.6, 9.5 and 10.5 was
(31.8 = 0.2)10"° m?/V x s, which is relatively close to the
literature value of 32.8 x 107° m?/V x s [27]. In the case of
ACN, the literature value of 47.78 x 10~° m?/V x s for ®,P*
[27] was taken to determine the mobility of the analytes.

3.1 MeOH as solvent

Assuming constant solvation parameters, the pK, values
of the analytes in pure MeOH are estimated to be be-
tween 8.7 and 11.2 (see Table 1). This estimation is based
on the equation $pK, = 0.968\\pK, + 1.171 published in
[28]. SpKa and |,pK, are the acid dissociation constants of
the analyte in solvent S and water W. The used metha-
nolic BGEs with the final (activity corrected) pH values,
which should cover the pK, range of the analytes, are
listed in Table 2, together with the pKj, values of the buffer
acids. The activity coefficient at 10 mm ionic strength in
MeOH is 0.706, which shifts the pH scale by ~0.2 units to
more acidic values.

Analyte PK,
Water MeOH MeOH from ACN ACN from
calculated calculated mobility calculated mobility
Sertindole 7.96 8.9 9.4 14.6 15.7
Dehydrosertindole 7.87 8.7 8.9 14.5 16.5
Norsertindole 10.39 11.2 11.2 18.2 13.5

Data in water were calculated by computer software, in MeOH and ACN they were
calculated from solvation parameters with the data in water as basis. pK, values in
MeOH and ACN were alternatively determined from the effective mobilities by CE. For
details, see text.

Table 2. Composition and pH of the buffers used in methanolic solutions

pH Acid pK,[33] Base
4.7 10mm TCA 4.9 10 mm sodium trichloroacetate
6.1 10 mm dichloroacetic acid 6.3 10 mm potassium dichloroacetate
7.6 10 mm chloroacetic acid 7.8 10 mm sodium chloroacetate
8.6 1 mm chloroacetic acid 10 mm sodium chloroacetate
9.5 10 mm acetic acid 9.7 10 mm sodium acetate

10.5 1 mm acetic acid 10 mm sodium acetate

pK, values are for the buffer acids in MeOH. pH values are corrected by means of the
activity coefficient.
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Figure 2. pH dependence of mobility in MeOH for ser-
tindole (S), dehydrosertindole (DHS) and norsertindole
(NS). BGEs: see Table 2. Temperature, 25°C.
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Figure 3. Electropherograms of sertindole (S), dehy-
drosertindole (DHS) and norsertindole (NS) in methanolic
BGEs with 10 mm dichloroacetic acid/10 mm potassium
dichloroacetate, pH 6.1 (A) and with 10 mm acetic acid/
10mm sodium acetate, pH 9.5 (B). Tetramethylphos-
phonium (®,P*) was used as internal standard to deter-
mine the effective mobilities of the analytes. Experimental
conditions: +20kV, 50/375 um ID/OD uncoated fused-
silica capillary, 50.0 cm effective length and 58.5 cm total
length, 25°C, wavelength of 224nm and injection of
analytes (0.20 pg/g) at 50 mbar for 1.5s.
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In Fig. 2, the effective mobilities, i, of the three analytes
are depicted, measured at different pH of the BGEs. They
are fitted as function of the pH to the equation

Hact,i
Mefti = 17 q0pH Pk @

where 1. is the mobility of a weak cationic acid at a cer-
tain ionic strength corrected by its ionization degree, and
Hact iS the actual mobility, i.e. mobility of the fully charged
analyte at working ionic strength. The pH is referred to the
BGE in the methanolic scale and the pKj is the acid dis-
sociation constant of the analyte in MeOH. In the
denominator of Eqg. (2) the exponent is (pH - pK,), be-
cause the drugs are considered as cation acids
(BH* =B + H) under the present conditions.

It can be seen that the data match rather well to the fitted
curves, which means that mainly acid-base equilibria
determine the mobility. Some small deviations are, how-
ever, visible and this will be discussed later in this section.
The result of the fitting to Eq. (2) leads to two parameters,
the actual mobilities and the pK, values. The actual mo-
bilities obtained for dehydrosertindole, sertindole and
norsertindole were 19.9 (+0.4), 19.6 (+0.2) and 22.3
(0.4), all in 107° m?/V x s, respectively. The pK, values
were 8.88 (*0.05), 9.41 (*0.04) and 11.2 (*0.2).
Obviously, the confidence for the pK, value of norsertin-
dole is not as high as for the other two analytes because
of the lack of experimental points at pH higher than 11.
However, the aim of the present work is not the determi-
nation of the accurate pKj,. In such a case it would be
preferable to have more data points in the range where
the degree of dissociation varies. In case of norsertindole,
this could be done, e.g., by using some diprotic car-
boxylic acid as buffering component (see [29]). Despite
this restriction, the agreement between the pK, values
calculated from solvation parameters and those derived
by CZE is remarkable; note that the computer calcula-
tions of the pK, values in the organic solvents are even
based on their approximation in water. For sertindole the
deviation is 0.5 units, for dehydrosertindole it is only 0.2
pKj, units; for norsertindole the values are even identical.

It was found that at all applied pH values the analytes
were resolvable; their mobilities were different enough,
even at low pH. At pH®6.1 separation takes place
according to the actual mobilities, and dehydrosertindole
migrates close to sertindole (Fig. 3A), which is not sur-
prising due to the almost same size and the very similar
structure: the two compounds differ only by one double
bond in the five-ring (see Fig. 1). It is even more surprising
that this small difference leads to a different actual mo-
bility. At pH 9.5 separation is much better (Fig. 3B) as here



3320 X. Subirats et al.

the analytes are separated according to their effective
mobilities. Under all conditions analysis times were larger
than 10 min.

It is mentioned above that some small deviations of the
mobilities of the analytes from the theoretical pH curves
are seen (Fig. 2). This is especially visible for norsertin-
dole, which is, according to these data, the weakest cati-
on acid (the strongest base) of the analytes. Norsertindole
is protonated over a wider pH range than the other two
analytes, i.e. most of the measured mobilities are actual
mobilities; only at highest pH (>8.7) it seems to be par-
tially uncharged. A closer look on the data at lower pH
shows that the mobility values are not constant but are
actually slightly scattering. However, the scatter is larger
than the experimental error (the relative standard devia-
tions in all buffers in MeOH were typically less than 1%).
This might be due to equilibria other than protolysis of the
analyte, e.g., due to ion pairing between the analyte cati-
on and the BGE counterions. Obviously, when different
counterions are applied in the different buffers (like in the
present work), the degree of ion pairing at each pH might
be different. Unfortunately, there are no supporting data
available in the literature for ion association of the present
analytes and the BGE anions. However, the change in
mobility in Fig. 2 seems to be caused by ion pairing even
though the ionic strength of the BGE is the same at every
pH. This assumption is supported by the finding that, e.g.,
the actual mobilities of norsertindole are almost the same
at pH values 7.6 and 8.6 whereby in both cases the BGE
counterion is the same (chloroacetate). At the two lowest
pH values, with dichloroacetate (pH 6.1) and tri-
chloroacetate (pH 4.7) as counterions, the actual mobili-
ties of norsertindole are clearly different from those with
chloroacetate as BGE anion. lon pair formation between
the analyte cations and the acetate ion might influence
the mobilities at the two highest pH as well.

lon pair formation gives an explanation for the mobility
deviations in MeOH. This assumption is supported by
data published in previous works. There the BGE coun-
terions were acetate and perchlorate [30]. In that investi-
gation the cationic analytes were different. In more recent
work the effect of different counterions on the actual mo-
bilities of anionic analytes in MeOH was demonstrated
[31]. It was further observed that better agreement of the
measured mobilities and the theoretical mobility behav-
iour in MeOH is found when the BGE counterion is the
same at each pH value of the BGE [32]. However, with the
present experimental set-up this was not possible, but it
was already pointed out that the primary aim of the pres-
ent work is to find suitable separation conditions for the
analytes. For such purpose the data shown in Fig. 2 suf-
fice by far.
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3.2 ACN as solvent

Although ACN is also a suitable solvent in CE, e.g., due to
its compatibility with the UV absorbance detector, it is
rather rarely used as pure liquid for the BGE. It is often
applied as a mixture with other solvents, e.g., with water,
MeOH, ethanol, propanol, acetic acid. One of the reasons
for this is that many potential BGE components are not
well soluble in ACN. This problem is especially pro-
nounced due to the fact that ACN poorly stabilizes
anions, in contrast to water, where all ions are stabilized
by hydrogen bonding. ACN molecules, however, are very
poor hydrogen bond donors [33]. The anion stability may
be enhanced by an additive capable of hydrogen bond
donation. A typical example of such a “solubilization
agent” is acetic acid, which is used occasionally at con-
centration as high as 1 mol/L (~6%) in CE. Note that such
a high concentration means that the solvent system has
to be considered as a binary system (ACN-acetic acid)
rather than a single solvent.

One problem upon application of ACN might lie in the wide
pH scale in this solvent, which covers more than 30 pH
units compared to about 14 U in water. Due to the low
number of potential buffer acids with known pKj values in
ACN, itis very difficult to cover the entire pH range here. Itis
therefore helpful to get at least an idea about the magni-
tude of the pK, values of the analytes of interest. This was
done using the equation {pKa = 1.479))pK, + 2.842 for
the pKj, estimation in ACN found in the literature [28]. The
resulting acid dissociation constants are 14.6, 14.5 and
18.2 for sertindole, dehydrosertindole and norsertindole,
respectively. For this estimation procedure it was sup-
posed that all amines (primary, secondary and tertiary)
have more or less the same pK, shift in relation to water.
This is a pragmatic approximation (not based, e.g., on
QSAR).

The suitable BGEs, which cover the pH range where the
dissociation degree of the analytes varies, are given in
Table 3, together with the pKj, values of the buffer acids;
note that perchloric acid is considered to be a strong
acid in ACN [34]. The pH of the BGEs was calculated by
the aid of the Henderson-Hasselbalch equation. Solubil-
ity problems were indeed observed for a number of
compounds, and for this reason we had to use ionic
strengths of as low as 5mwm. In case of oxalate even this
concentration was too high for complete dissolution, and
hydrogenoxalate at a concentration of 0.5mm had to be
applied. For this BGE the ionic concentration was
adjusted to 5 mm with tetramethylammonium chloride. It
is clear that the rather low acid concentration limits the
buffer capacity. It can also result in peak triangulation by
electromigration dispersion, because this concentration
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Table 3. Composition and pH of the buffers used in solutions of ACN

pH Acid pK,[38,39] Base
2.4  5mm perchloric acid 3 -

13.4  5mm oxalic acid 14.5 0.5 mm hydrogenoxalate®

14.2  5mm phthalic acid 14.3 5 mwm tetraethylammonium
hydrogenphthalate

14.7 50 mm dichloroacetic acid 15.8 5 mm potassium dichloroacetate

15.2  0.5mm phthalic acid 14.3 5 mm tetraethylammonium
hydrogenphthalate

15.7  5mmdichloroacetic acid 15.8 5 mm potassium dichloroacetate

15.7 50 mwm salicylic acid 16.8 5mm salicylate

16.7  5mwm salicylic acid 5mwm salicylate

17.6 0.6 mm salicylic acid 5mw salicylate

a) Assumed to be a strong acid

b) Contains 4.5 mmol/L tetramethylammonium chloride

pK, values are for the buffer acids in this solvent. pH values are corrected by means of
the activity coefficient.

Table 4. Actual mobilities and their products with dynamic viscosity of the solvent, for sertindole, dehydrosertindole and
norsertindole, and the internal standard in MeOH and ACN

MeOH ACN
1 (107°m2/V xs) wxn (107"2N/N) (1079 m2/V x s) wxn (107 12N/NV)
Dehydrosertindole 19.9 11.0 32.7 11.2
Sertindole 19.6 10.8 33.5 11.4
Norsertindole 22.3 12.3 40.9 13.9
Tetraphenylphosphonium 31.8 17.5 47.8 16.3
Dynamic viscosity (cp or mPa x s): MeOH 0.551, ACN 0.341 [20]
is sometimes only about 50 times higher than that of the P’ - v
analytes. The latter could not be reduced further due to 507 Y YWRF
th detectability.
e necessary detectability. w0l =

= JAY R
The analyte mobilities measured with the BGEs given in —;’ O
Table 3 are shown in Fig. 4. A totally different picture is ‘e 307
obtained compared to the MeOH systems (Fig. 2): the o 2 .\ZE
mobilities fluctuate strongly. Severe deviations from the \':é | &A\O
expected sigmoid curve are found. Several explanations = 10 A
for the deviations can be suggested, most of them being .
related to hydrogen bonding interactions (homoconjuga- 0. 0 .\. KDB
tion or heteroconjugation) and to ion pair formation reac- T T z z PSR P
tions in which either buffer components or analytes (or 4 ) 4

pH in MeCN

both) are involved [35, 36].

Figure 4. pH dependence of mobility in ACN for sertin-
dole (A, A), dehydrosertindole (® O) and norsertindole
(m, (), and tetraphenylphosphonium (®,P*) as internal
standard. BGEs consisting of either equimolar (full sym-

Problems of the deviation of the pH from that derived by
the Henderson-Hasselbalch equation can be related to
effects connected to the poor ability of ACN to stabilise

anions. As the present analytes are cations, anion stabili-
sation plays a role only for the buffer components. When
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bols) or nonequimolar (open symbols) concentrations of
acid and salt (see Table 3). Temperature, 25°C.
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the buffer anion (A7) is poorly stabilized by solvent mole-
cules, it tends to pair with other hydrogen bond donors in
the solution. In the present case A~ could interact by
hydrogen bonding with the neutral form of the acid (HA)
giving the product HA,™ (this reaction is called homo-
conjugation). As a consequence, the concentrations of
both A~ and HA are decreased by the same amount. This
reduction of the initial concentrations may lead to a shift in
pH due to the fact that the ratio HA/A™ in Eq. 1 is affected.
Three cases can be differentiated:

() The initial concentrations of A~ and HA are identical.
Theoretically the pH is then not affected, even when
homoconjugation is present. However, buffer capacity of
the BGE is decreased.

(i) The initial concentration of A~ is smaller than that of
HA. When A~ complexes with HA via hydrogen bond,
both concentrations are reduced, but the ratio HA/A™
increases and thus the pH of the solution is decreased.

(i) The initial concentration of A~ is higher than that of HA.
Upon complexation of A~ with HA the ratio HA/A™
decreases and thus the pH of the solution is increased.

In cases (i) and (iii) the pH of the BGE cannot be correctly
calculated from the Henderson-Hasselbalch equation
unless a correction for the degree of homoconjugation is
undertaken. As only very few homoconjugation constants
are available in the literature (see, e.g., [37]), we do not
take this complicated matter into consideration here (for
further discussion, see [35]), but we exclude those BGEs
which do not consist of equimolar concentrations of the
acid and the anion. When the mobilities are plotted versus
pH considering only these BGEs - indicated by the full
symbols in Fig. 4 — p versus pH approaches the sigmoid
shape better, especially at higher pH values. However, the
mobilities determined at low pH with perchloric acid as
BGE component seem to be too high when compared to
the other mobilities. One cause for this deviation could be
the second amino group of the analyte molecule, which is
partially protonated at low pH as well. This is plausible
due to the larger pK, shifts in ACN when compared to
solvents like MeOH. Therefore, a cation acid with very low
pKj (close to 0) in MeOH can be partially protonated at pH
around 2-3 in ACN.

Other reasons for the mobility deviations in Fig. 4 than
homoconjugation of the buffer acid are difficult to confirm
without supporting data. Thus, we make an only rough
approximation of the pK, values and the actual mobilities
of the analytes from the curves fitted to the full symbols in
Fig. 4. The resulting pK, values for dehydrosertindole,
sertindole and norsertindole are 16.5 (=0.7), 15.7 (=0.8)
and 13.5 (+0.2), respectively; the actual mobilities are
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32.7 (=8.7), 33.5 (+10.5) and 40.9 (*=2.9), respectively. It
is obvious that the reliability of these data is much lower
than that in MeOH.

We can see from Table 1 that the pK, values measured by
CZE deviate considerably from those estimated from lit-
erature [28], the latter being based on the approximation
of the aqueous pK, values obtained by the computer
software, followed by an estimation from solvation pa-
rameters. In the case of sertindole and dehydrosertindole
the pK, values are 1.1 and 2 units higher, and for norser-
tindole as much as 4.7 units lower than the calculated
ones. Taking into account the very approximate kind of
the measured pK, values, it is likely from the plots shown
in Fig. 4 that the present CE data give at least the correct
sequence of the pKj, values.

It should be pointed out that the BGEs, which are seemingly
less feasible for an appropriate mobility versus pH deter-
mination, are nevertheless well suited for the separation of
the analytes. Indeed successful separations were achieved
in perchloric acid solution, in 10mm dichloroacetic acid/
dichloroacetate, in 5.5mm oxalic acid/hydrogenoxalate
(with 4.5mm tetramethylammonium chloride), in 5.5 and
10mm phthalic acid/hydrogenphthalate and finally in 10
and 55mwm salicylic acid/hydrogensalicylate. In 55 mwm
dichloroacetic acid/dichloroacetate and 5.6 mm salicylic
acid/salicylate, separations were not obtained; this was a
BGE in which the mobilities seem to follow reasonably well
the Henderson-Hasselbalch relation.

Two examples for the electropherograms of the analytes
in the ACN systems are given in Fig. 5, the one showing
separation according to the actual mobilities at low pH
and the other at high pH (in the range of their pKj, values).
In the latter case a BGE (salicylic acid/salicylate) was
used, which is itself UV-absorbing. It can be seen that
analysis could be carried out in less than 6 min.

3.3 Comparison of the mobilities in the two
solvents

The simplest approach to compare the mobilities of a
certain ion in different solvents is based on Stokes law
and takes the difference in the frictional resistance into
consideration, which acts on an ion during electropho-
retic motion. It considers the ions as spherical particles
moving in a continuum and leads to the following relation
known as Walden'’s rule

Ho’in = const. (3)

where |1y, is the mobility of the fully charged ion at infinite
dilution (i.e. null ionic strength) and n is the dynamic vis-
cosity of the pure solvent.
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Figure 5. Electropherograms of sertindole (S), dehy-
drosertindole (DHS) and norsertindole (NS) in BGEs with
ACN as solvent with 5 mm perchloric acid, pH 2.4 (A) and
with 5mm salicylic acid/5mm potassium salicylate,
pH 16.7 (B). Tetramethylphosphonium (®,P*) was used
as internal standard to determine the effective mobilities
of the analytes. Experimental conditions as in Fig. 3.
Wavelength for detection: 200 nm (A); 224 nm (B).
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Although this rule is formulated for limiting conditions,
namely for zero ionic strength, we apply it in the present
case to the actual mobility resulting from the fitting of
Eq. (2). This is done because the reduction of mobility in
an MeOH solution of 10mwm ionic strength and in a 5mm
ACN solution in relation to the absolute mobility is about
the same. In both solvents the actual mobilities are ca.
22% lower than the absolute ones. This follows from the
extended Debye—-Huckel-Onsager relation between mo-
bility and ionic strength (see, e.g., [36)). It can be seen
from Tab. 4 that the actual mobilities differ in the two sol-
vents by up to 90%, but the Walden products (Eqg. 3), in
contrary, change by not more than 2-11%. This is a
strong indication that the movement is at least in main
parts governed by the frictional resistance of the solvent.
This result is not unexpected for the present large organic
ions with their low charge density.

4 Concluding remarks

It was demonstrated that MeOH or ACN are favorable
solvents for the analysis of lipophilic compounds that are
only very sparingly soluble in water. In the present case,
the limit of detection (at three times the standard deviation
of the baseline noise) of the analytes was about 0.3 pug/
mL, a concentration that is below the solubility in water.
Due to the low optical cut-off of the two organic solvents,
UV detection can be applied without problem.

It was tried to use BGEs with well-defined pH values by
applying buffers composed from an acid with known pKj,
in the organic solvent and its salt at certain concentration
ratios. The pH of the electrolyte solution can then be cal-
culated according to the Henderson-Hasselbalch equa-
tion. The effective mobility of the analyte should follow the
pH of the BGE by the typical sigmoid function. In fact we
have found two extreme results.

In MeOH the mobility fitted very well to the theoretical
curve, indicating that the pH scale was established in an
appropriate way, and that the effective mobility is indeed
governed mainly by the acid-base equilibrium. In
remarkable contrast was the behaviour in ACN as solvent,
where a zigzag curve was obtained for the effective mo-
bility versus the pH. The situation is complicated here by
several potential sources of the deviations: (i) the low sol-
ubility of some buffer constituents, leading to a low ionic
strength and a low buffer capacity of the BGE; (ii) the more
pronounced homoconjugation tendency of the buffer
constituents and the analytes; (i) perhaps a lower relia-
bility of the pKj, values; (iv) the buffer acids, which had to
be taken due to the limited number of buffer candidates in
ACN, are probably less suited due to structural reasons.
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When the data of the questionable BGEs in ACN were
deleted, the interpretation of mobility versus pH became
more straightforward.

The mobility versus pH curves enabled the derivation of
the pK, values (from the inflection points) and the actual
mobilities (at low pH) of the analytes. Agreement of the
pK, values with those calculated by computer programs
was good for MeOH, although the calculation by compu-
ter software was based on the pKj, in water derived from
structural features, followed by solvation parameters in
the organic solvents. In ACN the agreement between cal-
culated pK, values and those derived by CE was worse,
but we assume that the latter CE data are more reliable.

The sequence of the mobilities of the analytes, and
therefore the separation selectivity is different in MeOH
and ACN. In MeOH norsertindole is the analyte with the
highest mobility in all systems, which is expected due to
its smallest size and largest pK, value among all analytes.
In ACN, on the other hand, norsertindole exhibits lower
mobility than sertindole and dehydrosertindole at all
applied pH values. It has, by the way, also the smallest
pK, in ACN. However, a straightforward interpretation of
this finding will not be carried out due to the complex
structures of the analytes.

Separation of the analytes was obtained even in the pH
range where they exhibit their actual mobilities, although
the structural difference between sertindole and dehy-
drosertindole is marginal. At pH values in the range of the
pK, values of the analytes, separation is increased, and a
huge resolution in MeOH is possible within 10 min and in
ACN within 4 min.
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