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of ionisable compounds in extended pH-range columns
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Abstract

The problems associated to the modelling and optimisation of the chromatographic resolution of mixtures involving ionisable solutes at
varying pH and acetonitrile content are discussed. Several retention models that separate the contributions of solute, column and stationary
phase, were used. The retention was predicted with low errors in large pH domains (2–12), which was an essential requirement to face the
optimisation of resolution. The selected mixture was particularly problematic under the viewpoint of resolution, owing to the excessively
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iverse acid–base behaviour of solutes. This variety led to sudden drops in retention at different pH for each solute, yielding num
rossing, which made finding shared regions of high resolution especially difficult. Conventional resolution diagrams for these situ
carcely informative, since both the overall and the worst elementary resolutions drop to zero if at least two compounds remain overl
hen all the others are baseline resolved. A new chromatographic objective function is proposed to address this drawback. This fun

limiting peak count”, is based on the limiting peak purity concept, and measures the success in the resolution focusing on the resol
n contrast to conventional resolution assessments that attend mainly to the least resolved solutes. Limiting peak count yields the
s conventional assessments when full resolution is possible, but it is also able to discriminate the maximal resolving power in low
ituations. It offers a different perspective to that given by the complementary mobile phases approach, and the computation is fa
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. Introduction

Tuning of selectivity is a major topic in chromatogra-
hy. Not surprisingly, numerous reports have been published
n methodologies to optimise the separation of mixtures,
ainly for non-ionisable compounds[1–3]. Generally, these
pproaches take advantage of the effects on retention and
electivity of changes in the amount of organic modifier in
he mobile phase, since this continuous factor is the most
onvenient affecting any kind of solute. Although sequen-
ial trial-and-error methodologies are still frequent, other
pproaches based on a previous description of solute reten-

ion behaviour have proved to be advantageous in terms of
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comprehensive scanning of the system separation cap
ties, possibility of reaching the true optimal conditions,
economy.

The simplest approach to predict the retention is an e
nential decay relating the retention factor (k) to the volumetric
fraction of organic modifier (ϕ):

logk = c0 + c1ϕ (1)

this model is, however, only valid for moderate solvent c
position ranges. The inclusion of a quadratic term is usu
necessary to achieve more accurate descriptions in wide
vent ranges or for particular modifiers, such as acetonit

logk = c0 + c1ϕ + c2ϕ
2 (2)

some other alternative models have been proposed
instance, the following one describes linearly the retentio
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solutes as a function of parameters depending on the polar-
ity of solute (p), mobile phase (PN

m ), and stationary phase
((logk)0 andPN

s ) [4,5]:

logk = (logk)0 + p(PN
m − PN

s ) (3)

which can be rewritten as:

logk = [(log k)0 − p PN
s ] + p PN

m = q + p PN
m (4)

PN
m is established as a function of mobile phase composition.

When the organic modifier is acetonitrile, it is given by:

PN
m = 1 − 2.13ϕ

1 + 1.42ϕ
(5)

In previous work, Eq.(4)was found to yield better predictions
of retention than Eq.(1), with an overall performance similar
to that of the quadratic model (Eq.(2)) [5].

For ionisable compounds, since changes in solvent
concentration affect the protonation constant and warp the
retention surfaces, the interaction with pH demands more
complex models. Also, any deviation of the target pH in
the mobile phase will affect strongly the retention if mobile
phase mispreparation concerns a pH region where the
acid–base equilibrium is changing significantly. Therefore,
mixtures containing ionisable compounds require careful
buffering to guarantee reproducibility among injections.

mi-
s out
a plied
i r, an
o age
o nse-
q d.

anic
m able
c sed
o t
c with
t
b below
[ f the
a ange
w

oper
m s the
u (
w obile
p where
t most
e eous
m sing
r
m mod-
i , the
o ents,
s ses

prepared with the same buffered solution, independently of
the amount of organic modifier. Recently, aqueous buffers
have demonstrated to be useful in the calibration step, when
pH is measured in aqueous–organic solutions (s

wpH) [11].
This work discusses the problems associated to the scan-

ning of wide pH regions in the modelling and optimisation
of the selectivity of mixtures involving ionisable solutes of
widely different nature. The resolution capability of the chro-
matographic system is established by applying the concept of
limiting peak purity. A new chromatographic objective func-
tion (COF), the limiting peak count, is proposed to tackle sit-
uations of low resolution where conventional measurements
fail. This function is focused on the resolved compounds and
not on the unresolved ones as conventional COFs do. It is
able to discriminate the resolving power of the chromato-
graphic conditions in the presence of coeluting compounds,
where conventional COFs are dominated by the unresolved
compounds.

2. Theory

2.1. Retention modelling

Ionisable compounds can be classified in three categories;
acidic, basic and amphoteric:
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Trying to minimise the impact of these problems, opti
ation of the separation of such mixtures is often carried
t fixed pH. This makes the process similar to others ap

n the separation of non-ionisable compounds. Howeve
ptimisation developed at fixed pH will not take advant
f the benefits of this worthy experimental factor, and co
uently, the chances to separate the mixture are reduce

Several retention models depending on the org
odifier content and pH have been proposed for ionis

ompounds[6–8]. The mechanistic models are mainly ba
n the combination of Eqs.(1) or (2) with an equation tha
onsiders the displacement of protonation equilibria
he modifier content. The polarity equation (Eq.(3)) has
een also extended to ionisable solutes, as described

9,10]. In these equations, the conditional character o
cid–base constants cannot be neglected, since the ch
ith the modifier content affect the observed pH.
On the other hand, it seems logical to think that the pr

easurement of pH in aqueous–organic mixtures require
se of reference buffers prepared in the same mediums

spH,
here the superscript indicates the solvent where the m
hase pH was measured, and the subscript, the solvent

he reference buffers were prepared). Surprisingly, the
xtended practice consists of measuring the pH in aqu
edium before the addition of the organic solvent, u

eference buffers prepared in aqueous medium (w
wpH). This

eans that the above-mentioned effects of the organic
fier on the pH are ignored. The strategy has, however
bvious advantage of reducing the number of measurem
ince the pH value will be the same for all mobile pha
s

− + H+ � AH (6)

+ H+ � HB+ (7)

− + H+ � HA + H+ � H2A+ (8)

or a solute with a unique acid–base equilibrium, the re
ion factor at a given pH can be described as a weighted
f the retention factors of the two acid–base species (
ow on, we will callkA andkHA to the retention factors o

he basic and acidic species, respectively):

= kA + kHAK h

1 + K h
(9)

hereK is the protonation constant, andh, the concentratio
f hydrogen ion. By dividing all terms in Eq.(9) by kHA,
aking fA/HA =kA/kHA, and expressing the relationship

ogarithmic form, the following results:

ogk = logkHA + log

(
fA/HA + K h

1 + K h
(1 − fA/HA)

)
(10)

f a linear relationship between logK andϕ is assumed, th
ombination of Eqs.(4) and (10), yields:

ogk = q + p PN
m

+log

(
fA/HA + 10logK0+mϕh

1 + 10logK0+mϕh
(1 − fA/HA)

)
(11)
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K0 being the protonation constant in water. Similarly, divid-
ing bykA and makingfHA/A =kHA/kA:

logk = logkA + log

(
1 + K h

1 + K h
(fHA/A − 1)

)
(12)

logk = q + p PN
m

+log

(
1 + 10logK0+mϕh

1 + 10logK0+mϕh
(fHA/A − 1)

)
(13)

for an amphoteric solute, the retention factor is given by:

k = kA + kHAβ1h + kH2Aβ2h
2

1 + β1h + β2h2 (14)

whereβ1 andβ2 are the cumulative protonation constants. By
dividing all terms in Eq.(14)by kHA, and expressing logkHA
as a function of the polarity parameters:

logk = q + p PN
m + log

(
fA/HA + 10logβ1,0+m1ϕh(1 − fA/HA) + 10logβ2,0+m2ϕh2(fH2A/HA − fA/HA)

1 + 10logβ1,0+m1ϕh + 10logβ2,0+m2ϕh2

)
(15)

β1,0 andβ2,0 being the cumulative constants in water.
Since the intrinsic retentions of the acidic and basic species

are different, a sudden change in solute retention happen at
pH values close to the logarithm of the conditional acid–base
constants. For this reason, the correspondingk versus pH
c cidic
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Amphoteric compounds exhibit a particular behaviour, show-
ing small retention at low pH, where the cationic species
dominates. At intermediate pH values, the neutral species
becomes the most abundant, which increases the overall
retention with pH, up to reach a maximum that coincides
with the maximal abundance of this species. Beyond that
point, the retention decreases again when the equilibrium is
displaced towards the formation of the anionic species. Since
kH2A andkA are appreciably smaller thankHA:

logk = logkHA + log

(
β1h

1 + β1h + β1h2

)
(20)

logk = q + pHA PN
m

+log

(
10logβ1,0+m1ϕh

1 + 10logβ1,0+m1ϕh + 10logβ2,0+m2ϕh2

)
(21)

The coefficients of all these models can be obtained by non-
linear regression.

2.2. Resolution measurement
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urves are similar to those observed in titrations. For a
olutes (Eq.(6)), a decreased retention is observed with
hich is explained attending to the charge of both speci

he acid–base pair. Acidic solutes are neutral at low pH
ecome negatively charged upon dissociation. The ne
pecies establishes hydrophobic interactions with the sta
ry phase, being retained according to its polarity. Whe
egative species dominates, the affinity towards the sta
ry phase is reduced, which makes the retention to dec
ith pH. The retention of the ionic species is smaller t

he neutral one, which allows simplifying Eq.(10), assuming
hatfA/HA ≈ 0:

ogk = logkHA + log

(
K h

1 + K h

)
(16)

herefore:

ogk = q + pHA PN
m + log

(
10logK0+mϕh

1 + 10logK0+mϕh

)
(17)

or basic compounds (Eq.(7)), the acidic species is positive
harged and the basic species, neutral. The stronger in
ion of the latter makes retention to increase with pH. S
HA is appreciably smaller thankA, it can be assumed th
HA/A ≈ 0, giving rise to the following simplified equation

ogk = logkA + log

(
1

1 + K h

)
(18)

ogk = q + pA PN
m + log

(
1

1 + 10logK0+mϕh

)
(19)
-

Peak purity can be defined as the area fraction
eak which is not interfered by the chromatogram of
ccompanying solutes. This assessment was selec
ppraise the separation quality of a given peak in
redicted chromatogram. The optimisation process is b
n the simulation of chromatograms within a predefi
et of experimental conditions (pH and solvent conte
ithin each of these chromatograms, the global peak p

r global absence of interference, measured as:

=
n∏

i=1

pi =
n∏

i=1

(
1 − oi

o′
i

)
(22)

s monitored to seek which of the scanned condit
ields the best global resolution. In the equation,pi is the
lementary peak purity of solutei, o′

i the total area under th
eak of that solute, andoi the area of that peak overlapped
hypothetical chromatogram constituted by the rema

eaks, which are taken as interferents of the considered
12]. Peak profiles were simulated considering variation
fficiency and peak tailing with mobile phase composit
ince changes in the ionic nature of solutes give rise to d
lterations in their adsorption/desorption processes.
alised areas were used throughout this work. Other d
bout the optimisation procedure are described elsew

12,13].
Several advantages are associated to the use of

urity as resolution assessment: it measures the sepa
uality of each peak (and not each peak pair), its m

ng is straightforward, it is quantitation-oriented, and fina
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it allows special optimisation strategies, including simul-
taneously more than two mobile phases, several kinds of
eluents and/or columns, or even separation techniques (com-
plementary optimisations)[12,14]. In this work, we exploit
another feature: the possibility of anticipating the maxi-
mal resolution capability of the separation system, which
allows the development of special resolution assessments
for low-resolution situations, where conventional criteria
fail.

3. Experimental

The mobile phases were prepared by mixing several aque-
ous buffer solutions with acetonitrile (HPLC grade, Merck,
Darmstadt, Germany) up to get concentrations of 20, 40 and
60% (v/v) of the organic solvent. The buffer components were
selected according to the desired pH value, from the follow-
ing acid–base systems (reagents used to prepare the buffers
are given between parenthesis): phosphoric (phosphoric acid,
potassium dihydrogenphosphate, disodium hydrogenphos-
phate and sodium phosphate), citric (citric acid, potassium
dihydrogencitrate, potassium sodium hydrogencitrate and
sodium citrate), boric (boric acid and sodium borate), and
butylammonium (butylamine and hydrochloric acid). The
concentration of the buffer systems was in all cases 0.01 M
(

The probe compounds (15 acidic and 8 basic) are detailed
in Table 1. An amphiprotic compound (3-aminophenol) was
also considered to study its particular retention behaviour.
All reagents and probe compounds were at least reagent
grade, obtained from Fluka (Buchs, Switzerland), Aldrich
(Milwaukee, WI), Merck (Darmstadt, Germany), or Carlo
Erba (Milan, Italy). Water was purified using the Milli-Q
plus system from Millipore (Billerica, MA).

Measurement of pH was carried out with a potentiometer
(Crison Model MicropH 2002, Barcelona, Spain) with
a precision of±0.002 pH units, using a Ross electrode
(Orion Model 8102, a combination of a glass electrode
and a reference electrode with 3.0 M KCl aqueous solution
as salt bridge). A chromatograph equipped with a dual-
pump system (Isco Model 2350, Lincoln, NE), a 20�l
injection loop and an UV–vis detector (Shimadzu Model
SPD-10Avp, Kyoto, Japan), set at 254 nm for the acids and
bases, and 282 nm for the phenols, was used. Potassium
bromide (0.01%) was chosen as hold-up time marker, being
detected at 200 nm. The flow-rate was 1 ml min−1 for the
40 and 60% acetonitrile mobile phases, and 3 ml min−1

for 20% acetonitrile. The retention data were measured in
a 15 cm× 4.6 mm i.d. column (15–20�m, Polymer Labs.
Model PLRP-S 100̊A). The potentiometric cell and the
column were thermostated at 25◦C using water jackets.
All measurements were triplicated and the mean values
p

T
P theH sca

xtrapo

2.26 6
3.34 0
3.20 2
3.71 0
3.65 9
4.22 7
6.64 4
7.36 9
8.13 3

1 9.08 79
1 9.55 20
1 9.66 1
1 10.17 .26
1 10.50 20
1 10.24 98

1 3.98 8
1 3.82 2
1 4.75 6
1 5.25 7
2 5.54 7
2 5.40 4
2 7.50 0
2 8.93 8
concentration after mixing the organic solvent).

able 1
rotonation constants in water and acetonitrile–water mixtures, usingswp

Compound Water

Literaturea E

1 2-Nitrobenzoic acid 2.19
2 3-Nitrobenzoic acid 3.47
3 4-Nitrobenzoic acid 3.43
4 Naphthoic acid 3.69
5 2,4-Dinitrophenol 4.10
6 Benzoic acid 4.19
7 2-Nitrophenol 7.23
8 2,4-Dichlorophenol 7.85
9 3,5-Dichlorophenol 8.18
0 3-Bromophenol 9.01
1 4-Chlorophenol 9.38
2 2-Naphthol 9.52
3 1,3-Dihydroxybenzene 9.81
4 3-Methylphenol 10.01
5 Phenol 10.09

6 2,6-Dimethylaniline 3.89
7 4-Chloroaniline 3.98
8 Aniline 4.60
9 4-Methylaniline 5.08
0 N-Ethylaniline 5.12
1 Pyridine 5.22
2 2,4,6-Trimethylpyridine 7.43
3 N,N-Dimethylbenzylamine 8.91

a From Refs.[16,18,19].
b Extrapolated from the values obtained in acetonitrile–water.
c Calculated with Eqs.(17) and (19).
d Calculated with Eq.(9).
rocessed.

le

Acetonitrile–water

latedb Globalc 20%d 40%d 60%d

2.21 2.93 3.59 4.2
3.35 3.91 4.38 5.0
3.21 3.79 4.29 4.9
3.69 4.41 5.09 5.8
3.66 4.04 4.36 4.7
4.11 4.73 5.28 5.7
6.77 7.37 7.91 8.7
7.33 8.15 8.86 9.6
7.98 8.68 9.34 9.8
8.77 9.60 10.43 10.
9.31 10.05 10.85 11.
9.32 10.24 11.23 11.6
9.77 10.48 11.11 11

10.36 11.03 11.78 12.
10.01 10.77 11.61 11.

3.94 3.57 3.22 2.7
4.03 3.55 3.11 2.9

4.80 4.35 3.97 3.5
5.18 4.83 4.58 4.0
5.36 4.95 4.57 3.8
5.45 4.92 4.60 4.0
7.58 7.03 6.59 6.1
8.98 8.51 8.11 7.6
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4. Results and discussion

4.1. Measurement of pH and retention

The mobile-phase pH was determined by calibrating the
electrode system with the usual aqueous reference buffers of
potassium hydrogenphthalate (w

wpH = 4.00) and potassium
dihydrogenphosphate/disodium hydrogenphosphate (w

wpH =
7.02). The pH was measured before and after mixing the
aqueous buffer with the organic modifier, which gavew

wpH
ands

wpHvalues, respectively. Values ofs
spH were calculated

from s
wpH, instead of calibrating the system with buffers pre-

pared in the same mobile phase. The reason is that both pH
scales (sspH ands

wpH) differ in aδ term, which includes the
primary medium effect for hydrogen ion, directly related to
the Gibbs energy of transference of hydrogen ion from water
to the acetonitrile–water mixture[15]. If the electrode sys-
tem is designed in such a way that the difference between the
liquid-junction potentials (̄Ej ) of the two solvents (water and
the acetonitrile–water mixture) is negligible, theδ term will
only depend on the solvent composition, and one pH scale
will be easily obtained from the other. For acetonitrile–water
mixtures,swpH− s

spH =−0.03,−0.14, and−0.46 for 20, 40
and 60% acetonitrile, respectively[15].

Several compounds showing acid–base properties were
eluted in a polymeric column, according to an experimental
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columns or solvents[5]. The exploitation of this capabil-
ity implies setting unique column polarity parameters for all
solutes (in the polymeric column used in this work they were
estimated to bePN

s =−0.02, and (logk)0 =−1.22[16]). Forc-
ing common contributions have the interesting advantage of
leading to a greater level of generalisation of the retention
behaviour. Also, the number of parameters in the models is
decreased. However, this strategy diminishes the adaptabil-
ity, which is detrimental for prediction purposes. The fittings
are reasonably, but not maximally accurate.

Alternatively, Eqs.(11), (13) and (15)can be fitted solute-
by-solute. This treatment yields individual estimations of the
column polarity (gathered in thePN

s and (logk)0 terms) not
collecting exclusively column contributions, but also those
coming from the solute nature. This feature is undesirable
for system characterisation purposes, but makes equations
more adaptable. Moreover, the solute-particularised mod-
els present the additional advantage of being better fitting-
behaved, as will be further discussed.

In previous work[10], a model similar to Eq.(11), but
using the column polarity parameters instead, was applied to
the separation of a group of diuretics. The prediction errors
were somewhat larger than those obtained with an equation
derived from the combination of Eqs.(2) and (9). Eq. (11)
had, however, the advantage of including a smaller number
of parameters. This would allow, in theory, the use of simpler
e aller
e

4
c

how-
i :
1 sic
( (3-
a
E
a ree
c 0%
a f
t g all
a the
s
a .
F hree
a mely
l 4,
k ile,
r

onic
s cases
r nce,
c -
d -
s was
esign consisting of three acetonitrile concentration le
20, 40 and 60%), each of them sampled at 10 pH va
separated about one pH unit). The studied pH ranges fo
hree scales were (acetonitrile percentage is given in p
hesis):w

wpH = 2.00–12.04 (0%);swpH = 2.07–12.38 (20%
.20–12.41 (40%) and 2.24–13.19 (60%);s

spH = 2.10–12.4
20%), 2.34–12.84 (40%) and 2.70–13.65 (60%).

.2. Modelling of retention

In previous work, the retention of non-ionisable solu
as successfully related to mobile phase (PN

m ) and solute
p) polarity parameters through Eqs.(3) and (4) [4,5]. These
odels are also able to describe variations in retentio

onisable solutes at fixed pH, when the organic modifier
entration is changed. We examine now the performan
lobal models considering simultaneously changes in so
omposition and pH. Extension of Eq.(4) to ionisable solute

eads to Eqs.(11), (13) and (15), and the respective simplifie
odels (Eqs.(17), (19) and (21)).
This work was focused to the search of optimal experim

al conditions (solvent composition and pH) in the chrom
raphic separation of ionisable compounds, trying to
dvantage of the expanded pH range provided by polym
olumns. Such an optimisation requires the description o
etention behaviour with the highest possible accuracy l
he accomplishment of this aim implies enhancing the fit
ehaviour, which means sacrificing some of the feature

he polarity models (Eq.(3) and related). One of the featu
o be sacrificed is the transference of retention data bet
xperimental designs, and consequently, requiring sm
xperimental effort.

.3. Calculation of solute polarities and protonation
onstants

For the current study, several probe compounds s
ng a wide acidity behaviour (Table 1) were selected
5 acidic (with logK0 in the range 2.2–10.1), 8 ba
logK0 = 3.9−8.9), and an amphiprotic compound
minophenol, with logK0,1= 9.9 and logK0,2= 4.3).
stimations of the retention factors for the acidic (kHA)
nd basic (kA) species of the probe compounds, at th
oncentration levels of organic modifier (20, 40 and 6
cetonitrile), are given inTable 2. The retention factors o

he neutral and ionic species were calculated by fittin
vailable retention factors in mobile phases containing
ame amount of organic modifier, using Eq.(9) for the acidic
nd basic compounds, and Eq.(14) for the amphiprotic one
or the latter compound, the retention factors of the t
cid–base species (not included in the table) were extre

ow: kH2A = 0.26, 0.11 and−0.00,kHA = 1.07, 0.47 and 0.2
A = 0.06, 0.09 and−0.02, at 20, 40 and 60% acetonitr
espectively.

The difference in retention between the neutral and i
pecies for some acidic compounds was in some
ather large, especially at 20% acetonitrile (for insta
ompare inTable 2, kHA and kA for naphthoic acid, 2,4
ichlorophenol, 2-naphthol andN-ethylaniline). For this rea
on, at this acetonitrile concentration, the flow-rate
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Table 2
Retention factors for the acidic and basic species at several acetonitrile concentrationsa

Compound kHA kA

20% 40% 60% 20% 40% 60%

2-Nitrobenzoic acid 7.12 1.21 0.43 0.24 0.13 0
3-Nitrobenzoic acid 11.2 1.50 0.51 0.42 0.16 0.01
4-Nitrobenzoic acid 13.3 1.61 0.53 0.46 0.17 0.01
Naphthoic acid 65.0 4.26 1.14 0.34 0.16 0.01
2,4-Dinitrophenol 44.6 4.57 1.24 1.35 0.29 0.06
Benzoic acid 7.20 1.20 0.51 0.21 0.13 0
2-Nitrophenol 50.1 6.50 1.97 1.16 0.28 0.05
2,4-Dichlorophenol 87.3 6.66 1.67 2.24 0.54 0.01
3,5-Dichlorophenol 131 8.35 1.94 2.60 0.45 0.02
3-Bromophenol 43.2 4.51 1.29 0.98 0.21 0.03
4-Chlorophenol 26.8 3.32 1.02 0.79 0.17 0.02
2-Naphthol 73.6 5.91 1.55 3.37 0.10 0.02
1,3-Dihydroxybenzene 1.18 0.47 0.22 0.03 0.07 0
3-Methylphenol 13.4 2.34 0.82 0.05 0.01 0
Phenol 6.08 1.52 0.62 0.20 0.08 0

2,6-Dimethylaniline 0.91 0.21 0.08 38.4 6.05 2.01
4-Chloroaniline 0.45 0.18 0.46 35.3 5.01 1.65
Aniline 0.31 0.17 0.11 7.11 2.01 0.95
4-Methylaniline 0.40 0.23 0.11 14.9 2.99 1.21
N-Ethylaniline 1.72 0.30 0.06 87.7 12.0 3.32
Pyridine 0.19 0.15 0.10 1.51 0.65 0.45
2,4,6-Trimethylpyridine 0.31 0.18 0.13 10.3 1.74 0.82
N,N-Dimethylbenzylamine 0.51 0.27 0.12 16.2 3.87 1.52

a Acetonitrile content in volumetric fraction percentage.

increased to 3 ml min−1, avoiding thus excessive retention
for the most hydrophobic solutes. The retention factors for
most ionic species were belowk= 0.5, being as reduced as
0.01 for some compounds at 60% acetonitrile.

Solute polarity values for the acidic (pHA) and basic (pA)
species are given inTable 3. These values were estimated
according to two approaches. The first approach consisted
of fitting the retention factors of the acidic (kHA) and basic

Table 3
Polarity parameters for the acidic and basic species

Compound pHA pA

Eq.(4) Eq.(17) Eq.(4) Eq.(19)

2-Nitrobenzoic acid 3.58 3.55 2.03 –
3-Nitrobenzoic acid 4.03 4.04 2.52 –
4-Nitrobenzoic acid 4.25 4.25 2.58 –
Naphthoic acid 5.52 5.54 2.16 –
Benzoic acid 3.56 3.58 1.92 –
1,3-Dihydroxybenzene 1.95 1.96 0.45 –
2,4-Dichlorophenol 5.22 5.24 3.25 –
2,4-Dinitrophenol 4.62 4.63 3.23 –
2-Naphthol 5.11 5.12 – –
2-Nitrophenol 4.13 4.02 3.07 –
3,5-Dichlorophenol 5.59 5.61 3.81 –
3-Bromophenol 4.57 4.58 3.03 –
4-Chlorophenol 4.21 4.23 3.38 –
3-Methylphenol 3.52 3.35 2.98 –
Phenol 2.80 2.81 2.57 –

2,6-Dimethylaniline 2.96 – 3.73 3.75
4-Chloroaniline 0.09 – 3.93 3.95
Aniline 1.22 – 2.52 2.53
4-Methylaniline 1.38 – 3.22 3.23
N
P
2
N

-Ethylaniline 3.67
yridine 0.64
,4,6-Trimethylpyridine 1.04
,N-Dimethylbenzylamine 1.48
– 4.05 4.06
– 1.58 1.59
– 3.48 3.48
– 2.90 3.64
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(kA) species to Eq.(4), at the three solvent modifier levels
(Table 2). In the second one, the retention factors, obtained
at all mobile phase compositions and pH values, were simul-
taneously fitted for each acidic and basic compounds to Eqs.
(17) and (19), respectively. It should be noted thatp-values
obtained with the global equations (Eqs.(17) and (19)) cor-
respond to the retained neutral species of the acid–base pair.
Thus, for instance, Eq.(17) does not allow the calculation
of p-values for the anionic species of the acidic compounds,
since its contribution to retention is negligible. Similarly, Eq.
(19) cannot providep-values for the cationic species of the
basic compounds. Taking into account this limitation, it can
be checked that both approaches give rise to virtually identi-
calp-values (Table 3). The range ofp-values for the retained
species is 1.96–5.54 for the acidic compounds, and 1.59–4.06
for the basic ones.

It should be mentioned thatp can be considered as a
conditional parameter that depends on pH. However, the
calculation ofp is highly inaccurate when it is obtained
at pH values where the unretained species dominates,
using retention data measured in mobile phases containing
different amounts of organic modifier. Finally, it should
be reminded that thep-values listed inTable 3 were not
calculated considering unique column polarity parameters.
They, consequently, gather partially the contribution of the
column.

itrile
c tion

data to Eq.(9) in mobile phases with the same modifier
content at several pH values. The values listed inTable 1
were calculated using theswpH scale. Protonation constants
increase and decrease with the modifier concentration for
acidic and basic compounds, respectively. Linear relation-
ships of logK with the modifier content have been reported
in the 20–80% acetonitrile concentration range[17]. Similar
– although poorer – relationships have been obtained with
PN

m (mobile phase polarity)[16]. Based on this observation,
we calculated the protonation constants in water by linear
extrapolation withϕ. Eqs.(11), (13), (17) and (19)contain a
term showing this linear relationship. Therefore, these equa-
tions allowed another estimation of the protonation constants
in water (K0), which is also given inTable 1. As observed,
the water-extrapolated logK values and those obtained from
the global fittings (Eqs.(17) and (19)) agree satisfactorily
with the literature values. This similarity is even closer when
the latter values are compared with those obtained through
the global fitting. This observation, together with the similar-
ity of p-values obtained from the partial and global fittings,
demonstrate the coherence of the proposed models, and con-
stitute an indication of the reliability of both the results and
the models.

4.4. Experimental designs and quality of predictions

ion
o

T
P gns, us

C

1

j R

2 0.9426 0.9823
3 0.9940 0.9987
4 0.9820 0.9989
N 0.9946 0.9984
2 0.9931 0.9986
B 0.9982 0.9986
2 0.9293 0.9840
2 0.9991 0.9990
3 0.9996 0.9998
3 0.9996 0.9997
4 0.9271 0.9994
2 0.9477 0.9975
1 0.971 0.9972
3 0.9876 0.9991
P 0.9700 0.9990

2 0.9991 0.9989
4 0.9992 0.9996
A .9985 .9996
4 0.9994 0.9995
N 0.9989 0.9989
P .9929 0.9938
2
N
3

Solute protonation constants for the assayed aceton
oncentration levels can be obtained by fitting the reten

able 4
rediction errors for different retention models and experimental desi

ompound Experimental design

30 4× 3

RE REmax Radj RE REmax Rad

-Nitrobenzoic acid 0.97 3.1 0.9975 2.4 29
-Nitrobenzoic acid 0.64 2.4 0.9993 1.12 9.0
-Nitrobenzoic acid 0.54 2.2 0.9994 1.7 17
aphthoic acid 0.54 3.8 0.9990 0.80 10
,4-Dinitrophenol 0.54 3.3 0.9992 0.97 11
enzoic acid 0.92 2.9 0.9988 0.93 6.1
-Nitrophenol 1.5 16 0.9924 4.4 37
,4-Dichlorophenol 0.90 4.0 0.9992 0.90 3.4
,5-Dichlorophenol 0.45 1.6 0.9998 0.60 3.1
-Bromophenol 0.59 2.8 0.9997 0.72 3.0
-Chlorophenol 0.75 3.5 0.9996 3.9 66
-Naphthol 1.1 5.2 0.9987 3.5 55
,3-Dihydroxybenzene 1.4 4.7 0.9981 3.2 33
-Methylphenol 0.90 6.5 0.9992 1.8 31
henol 0.72 5.3 0.9994 2.4 42

,6-Dimethylaniline 0.85 5.1 0.9993 0.91 5.8
-Chloroaniline 0.70 3.0 0.9997 0.97 5.0
niline 0.84 1.8 0.9996 1.1 7.7 0
-Methylaniline 0.90 1.4 0.9996 0.99 2.5
-Ethylaniline 0.77 3.4 0.9994 0.77 6.7
yridine 2.3 4.1 0.9958 2.6 11 0

,4,6-Trimethylpyridine 1.2 2.4 0.9989 1.8 9.6 0.9961
,N-Dimethylbenzylamine 0.74 2.1 0.9994 0.77 3.0 0.999
-Aminophenol 2.2 6.3 0.9939 4.8 48 0.911
Table 4shows the errors in the prediction of retent
btained with Eqs.(11), (13) and (15), and Table 5, the

ing Eqs.(11) (acidic compounds),(13) (basic) and(15) (amphiprotic)

0 + 2 6 + 6 6 + 4 + 2

E REmax Radj RE REmax Radj RE REmax Radj

1.0 3.3 0.9971 1.4 17 0.9814 1.4 17
0.73 2.8 0.9988 0.66 2.8 0.9988 0.74 2.9
0.65 2.9 0.9989 0.59 2.9 0.9999 0.64 3.0
0.68 3.8 0.9986 0.62 6.5 0.9980 0.49 6.5
0.61 3.3 0.9990 0.54 5.6 0.9986 0.57 5.6
1.2 4.7 0.9975 1.0 4.6 0.9975 0.89 4.4

1.6 16 0.9922 2.2 21 0.9835 2.6 20
1.2 4.0 0.9988 1.1 4.5 0.9988 0.87 5.1
0.72 2.5 0.9995 0.71 2.2 0.9996 0.47 2.0
0.87 2.8 0.9994 0.91 3.1 0.9994 0.62 3.1
1.06 3.4 0.9992 1.03 4.6 0.9991 0.79 4.7
1.5 5.2 0.9982 1.6 12 0.9969 1.2 12

9 4.8 27 0.9650 1.7 8.0 0.9965 1.6 7.0
1.1 6.4 0.9989 1.01 7.0 0.9989 0.83 7.1
0.91 5.3 0.9991 0.81 7.1 0.9990 0.78 7.1

1.0 5.0 0.9990 1.1 6.0 0.9987 0.89 6.0
1.0 3.0 0.9992 0.99 3.6 0.9992 0.69 3.6

1.1 4.0 0.9989 1.0 3.8 0.9991 0.81 2.0 0
1.3 6.1 0.9984 1.1 2.9 0.9990 0.85 2.8
0.85 3.4 0.9993 0.87 7.1 0.9989 0.79 7.1
3.1 13 0.9864 2.7 13 0.9893 2.5 9.6

2.7 14 0.9893 1.6 5.8 0.9963 1.3 2.4 0.9988

3 1.1 4.9 0.9979 0.93 4.9 0.9984 1.6 8.1 0.9957
– – – 2.8 9.4 0.9884 2.6 10 0.9902
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Table 5
Prediction errors for different retention models and experimental designs, using Eqs.(17) (acidic compounds),(19) (basic) and(21) (amphiprotic)

Compound Experimental design

30 4× 3 12 + 2 6 + 6 6 + 4 + 2

RE REmax Radj RE REmax Radj RE REmax Radj RE REmax Radj RE REmax Radj

2-Nitrobenzoic acid 1.7 6.9 0.9907 3.7 42 0.8764 2.1 6.9 0.9882 2.3 23 0.9636 2.3 23 0.9640
3-Nitrobenzoic acid 1.4 6.4 0.9955 1.9 11 0.9908 1.6 6.4 0.9948 1.5 6.4 0.9951 1.6 6.4 0.9950
4-Nitrobenzoic acid 1.3 5.9 0.9960 1.9 10 0.9902 1.5 5.9 0.9950 1.4 5.9 0.9955 1.4 5.9 0.9955
Naphthoic acid 0.64 3.8 0.9990 0.87 8.3 0.9962 0.79 3.7 0.9985 0.77 6.5 0.9981 0.63 6.5 0.9985
2,4-Dinitrophenol 1.2 4.6 0.9970 1.3 6.4 0.9958 1.4 4.6 0.9966 1.2 4.9 0.9965 1.3 4.9 0.9965
Benzoic acid 1.4 6.1 0.9972 1.5 6.1 0.9970 1.6 6.1 0.9962 1.6 6.1 0.9960 1.4 6.1 0.9971
2-Nitrophenol 1.61 16 0.9924 4.5 37 0.9329 1.8 16 0.9922 2.4 22 0.9835 2.7 21 0.9830
2,4-Dichlorophenol 1.05 3.9 0.9990 1.1 3.8 0.9989 1.3 3.9 0.9986 1.3 4.5 0.9986 1.0 5.1 0.9988
3,5-Dichlorophenol 0.62 2.1 0.9997 0.75 3.1 0.9995 1.1 3.6 0.9992 0.86 2.3 0.9995 0.63 2.4 0.9997
3-Bromophenol 0.71 2.8 0.9996 0.83 2.9 0.9995 1.1 2.8 0.9992 1.2 7.0 0.9988 0.90 6.8 0.9991
4-Chlorophenol 0.86 3.6 0.9995 2.4 28 0.9828 1.2 3.5 0.9991 1.1 6.1 0.9989 0.90 6.1 0.9992
2-Naphthol 1.1 6.2 0.9985 2.0 21 0.9902 1.5 6.2 0.9981 1.6 13 0.9969 1.2 12 0.9975
1,3-Dihydroxybenzene 1.5 5.7 0.9980 2.9 37 0.9751 5.3 28 0.9596 1.8 7.8 0.9966 1.6 6.8 0.9972
3-Methylphenol 0.92 6.4 0.9992 1.0 5.6 0.9990 1.1 6.4 0.9990 1.0 6.9 0.9990 0.85 7.1 0.9992
Phenol 0.79 5.7 0.9993 1.3 15 0.9948 0.89 5.7 0.9992 0.88 7.3 0.9989 0.84 7.3 0.9990

2,6-Dimethylaniline 0.89 5.1 0.9992 1.1 6.0 0.9984 1.1 5.1 0.9990 1.2 6.1 0.9987 0.98 6.2 0.9990
4-Chloroaniline 0.73 3.0 0.9997 1.0 6.6 0.9990 1.0 3.0 0.9992 1.0 3.6 0.9992 0.72 3.6 0.9997
Aniline 1.1 4.1 0.9991 1.6 15 0.9953 1.4 4.4 0.9984 1.3 4.6 0.9986 1.1 4.5 0.9991
4-Methylaniline 1.0 3.1 0.9994 1.2 5.2 0.9990 1.5 6.6 0.9981 1.4 6.1 0.9984 1.0 3.3 0.9993
N-Ethylaniline 0.81 3.9 0.9993 0.82 7.0 0.9988 0.94 3.9 0.9992 0.91 7.4 0.9988 0.82 7.4 0.9989
Pyridine 3.4 13 0.9872 3.6 13 0.9847 4.2 16 0.9775 3.8 15 0.9806 3.5 13 0.9859
2,4,6-Trimethylpyridine 1.6 3.6 0.9982 2.6 19 0.98990 3.2 14 0.9886 2.0 6.1 0.9957 1.6 3.6 0.9982
N,N-Dimethylbenzylamine 1.1 3.2 0.9988 1.1 3.2 0.9987 1.3 4.7 0.9980 1.3 5.0 0.9978 1.9 8.3 0.9951
3-Aminophenol 3.8 19 0.9780 5.6 44 0.911 5.0 22 0.9596 4.0 21 0.9705 4.2 21 0.9722

errors with Eqs.(17), (19) and (21), always using theswpH
scale. The models were fitted with all available experimen-
tal data (10 pH levels, each one sampled at three acetonitrile
concentrations), but also with simpler experimental designs.
Errors in the prediction of retention factors were quanti-
fied as the mean (Eq.(23)) and maximal (Eq.(24)) relative
deviations:

RE =
∑ |k̂i − ki|

n ki,max
(23)

REmax = |k̂i − ki|max

ki,max
(24)

where k̂i and are the predicted and experimental retention
factors, andki,max the maximal experimental value for each
solute. These error definitions were selected because the
conventional RE is too design-dependent (i.e. given two com-
pounds with protonation curves exhibiting similar scattering
around the fitted equation, that one having more experimental
points in the pH region where the unretained species domi-
nates will yield oversized RE values). Since the magnitude
of the error in Eqs.(23) and (24)is referred to the retained
species, the proposed definitions will not be affected by this
problem, avoiding thus the influence of the experimental
design, and shape of the drop in thek versus pH curve, in
t

dels
i and

simplified models) are compared, errors are also given in
Table 4as adjusted correlation coefficients:

Radj =
√

1 − (1 − R2)(n − 1)

n − m
(25)

whereR2 is the conventional squared correlation coefficient,
n the number of experiments, andm the number of model
parameters.

As commented above, Eqs.(17), (19) and (21)were
obtained from Eqs.(11), (13) and (15), respectively, by
neglecting the contribution of the ionic species to retention.
Since the number of parameters is smaller in the former equa-
tions, the treatment is simpler, giving rise nevertheless to
satisfactory predictions. With regard to other reported equa-
tions used to describe the retention as a function of pH and
mobile phase composition[8], Eqs.(11), (13), (17)and(19)
include a significantly smaller number of parameters.

The drastic reduction in the number of parameters in
the retention models suggests that minimal experimental
designs can be appropriate. However, it must be considered
that the design should provide adequate information to infer
properly the retention behaviour for each solute of concern.
Note that our purpose was the separation of a mixture. Thus,
a common design should be applied, providing information
o nce,
m ugh
a odel
he interpretation of the results.
Also, in order to avoid biased interpretations when mo

ncluding a different number of parameters (i.e. the full
f quality for all solutes simultaneously. As a conseque
inimal designs including five or six experiments, altho
pparently adequate considering the number of m
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parameters, will not be sufficient if the purpose is developing
an optimisation. Only when the involved solutes share
similar protonation constants, minimal designs will be
valid to infer properly the retention behaviour of each
solute. Otherwise, designs apparently adequate attending
to the quality of the fitting in the training set will lead to
incorrect predictions for external experiments. To sum up,
the inclusion of points sampling for each compound the
transition between acidic and basic species at varying pH
is mandatory. This implies strong limitations in terms of
feasibility of minimising the experimental work, when the
involved compounds exhibit extremely variable acid–base
behaviour and a wide pH domain is covered, as is our case.

Tables 4 and 5list the prediction errors for some of the
simplified designs assayed in this work. The three columns
labelled “30” correspond to the fitting of the whole set of
available data (30 experiments), whereas the other columns
show the results obtained with some simplified 12 point
designs, selected according to geometrical and chemical con-
siderations. Designs 4× 3 and 6 + 4 + 2include points at the
three assayed levels of organic modifier, whereas designs
10 + 2 and 6 + 6 only comprise experiments at the two extreme
levels of organic modifier. ThewwpH values were approxi-
mately 2, 5, 8 and 12 for four pH levels and 2, 4, 6, 8, 10
and 12 for six pH levels. According to the fitting quality esti-
mators, the most satisfactory design was 10 + 2, which with
r com-
p (i.e.
t am-
p this
d e of
t nds.
H nol
u dic-
t rium
r el, in
o od-
i

isky
f me
s sign
s pre-
d The
o 10
p did
n pH
i edict
a the
p oped
i allo-
c other
a

very
p d
a om-
p ion is

not so common in practice. Chromatographers often dispose
literature values of logK that help to bracket the meaningful
pH domain (logK values in an aqueous–organic solvent can
be estimated from logK= logK0 +mϕ, adoptingm= 0.03 for
acidic andm=−0.02 for basic solutes, ifϕ is given as volume
percentage). The pH domain to be scanned can be set extend-
ing ca. one pH unit the maximal and minimal logK values
obtained considering the minimal and maximal concentration
of organic solvent in the experimental design.

When the pH is measured in the mobile phase after mix-
ing the aqueous buffer with acetonitrile, independently on
the way the pH-meter was calibrated (with aqueous buffers,
s
wpH scale, or with buffers prepared in the same medium as
the mobile phase,sspH scale), good fittings were obtained
for all compounds. With the common procedure of measur-
ing the pH in the aqueous buffer solution, before adding the
organic solvent to the mobile phase (w

wpH), the errors were
somewhat larger, although not substantially (Table 6). Fig. 1
plots the predicted retention factors versus the experimen-
tal ones for the acidic and basic compounds and the whole
set of experimental mobile phases. The results were consid-
ered satisfactory enough to be able to face the optimisation
of selectivity with guarantee.

4.5. Predictions forcing common polarity parameters
f

o
e g
a to
p rity
t rity
b e and

F
a for the
t obile
p

egard to the others, has the feature of sampling more
rehensively the pH at the lowest organic modifier level

hat level giving rise to the highest retention), apparently s
ling poorly the remaining factor space. In spite of this,
esign was sufficient to establish properly the influenc

he modifier on retention for the acidic and basic compou
owever, the model fitted for the amphiprotic 3-aminophe
sing the 10 + 2 design lead to poor results in the pre

ion of external data, since the double acid–base equilib
equired sampling more comprehensively the upper lev
rder to establish properly the influence of the organic m

fier.
Designs with less than 12 experiments were found r

or scanning the full domain of the polymeric column (so
olutes were poorly described). Simplifications of this de
ampling less comprehensively the lowest pH level led to
ictions good for some solutes, but deficient for others.
ther two possible 10 + 2 designs built by sampling the
H levels at 40 or 60% acetonitrile (results not shown)
ot perform as well as the outlined design. In addition,

ncrements of ca. one unit were found necessary to pr
ppropriately external data owing to the variability of
rotonation constants. Finally, 12-points designs devel

n such a way that the experiments in the training set are
ated within the experimental domain as distant each
s possible, yielded also poorer results.

It should be considered that the studied mixture is a
articular case, where logK values (seeTable 1) are sprea
long the entire pH domain, which obliges to sample c
rehensively pH values in the range 2–13. Such a situat
or all solutes

As commented, Eqs.(11), (13) and (15)can be als
xpressed in terms of column polarity parameters (i.e. (lok)0
ndPN

s ), instead ofq. In practice, both approaches lead
redictions of similar quality, but the use of column pola

erms presents some fitting problems owing to collinea
etween parameters, which slows down the convergenc

ig. 1. Prediction of retention according to Eqs.(11) and (13)for the 23
cidic and basic compounds. A 10 + 2 experimental design was used

raining set, but predictions were carried out for the 30 available m
hases (n= 690,r = 0.9992,F= 426000).
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Table 6
Prediction errors for Eqs.(11)and(15)and the three pH scales

Compound pH scale

s
spH s

wpH w
wpH

RE REmax Radj RE REmax Radj RE REmax Radj

2-Nitrobenzoic acid 1.0 3.1 0.9975 0.97 3.1 0.9975 0.94 2.9 0.9977
3-Nitrobenzoic acid 0.66 2.4 0.9992 0.64 2.4 0.9993 0.72 2.6 0.9990
4-Nitrobenzoic acid 0.56 2.2 0.9994 0.54 2.2 0.9994 0.63 2.4 0.9992
Naphthoic acid 0.55 3.8 0.9990 0.54 3.8 0.9990 0.64 4.3 0.9986
2,4-Dinitrophenol 0.55 3.3 0.9992 0.54 3.3 0.9992 0.59 3.8 0.9989
Benzoic acid 0.92 2.9 0.9988 0.92 2.9 0.9988 1.0 3.8 0.9985
2-Nitrophenol 1.5 16 0.9924 1.5 16 0.9924 1.6 16 0.9924
2,4-Dichlorophenol 0.90 4.0 0.9992 0.90 4.0 0.9992 1.1 3.9 0.9990
3,5-Dichlorophenol 0.45 1.6 0.9998 0.45 1.6 0.9998 0.76 4.3 0.9995
3-Bromophenol 0.59 2.8 0.9997 0.59 2.8 0.9997 0.74 3.8 0.9995
4-Chlorophenol 0.75 3.5 0.9996 0.75 3.5 0.9996 0.71 3.7 0.9996
2-Naphthol 1.1 5.2 0.9987 1.1 5.2 0.9987 1.2 6.1 0.9985
1,3-Dihydroxybenzene 1.4 4.6 0.9982 1.4 4.8 0.9981 1.8 9.1 0.9963
3-Methylphenol 0.90 6.5 0.9992 0.90 6.5 0.9992 1.1 7.0 0.9989
Phenol 0.70 5.3 0.9994 0.72 5.3 0.9994 1.0 6.3 0.9988

2,6-Dimethylaniline 0.83 5.1 0.9993 0.85 5.1 0.9993 0.77 4.8 0.9994
4-Chloroaniline 0.68 3.0 0.9997 0.69 3.0 0.9997 0.72 3.2 0.9997
Aniline 0.83 1.7 0.9996 0.84 1.8 0.9996 0.81 2.5 0.9996
4-Methylaniline 0.86 1.4 0.9996 0.90 1.4 0.9996 0.92 1.9 0.9995
N-Ethylaniline 0.75 3.4 0.9994 0.77 3.4 0.9994 0.69 3.3 0.9995
Pyridine 2.2 4.2 0.9961 2.3 4.1 0.9958 2.2 4.2 0.9961
2,4,6-Trimethylpyridine 1.2 2.4 0.9989 1.2 2.4 0.9989 1.2 2.4 0.9989
N,N-Dimethylbenzylamine 0.70 2.1 0.9995 0.74 2.1 0.9994 0.92 3.7 0.9990
3-Aminophenol 2.2 6.3 0.9938 2.2 6.3 0.9939 2.5 8.9 0.9903

introduces instabilities. As a consequence, after convergence,
the parameters may present larger uncertainties, although the
quality of predictions is equally excellent.

A plot of q versusp obtained from Eqs.(11) (retained
acidic species) and(13) (retained basic species) is shown in
Fig. 2(3-aminophenol was not included since it was the only

F
s
d

available amphiprotic solute). Attending to the acid–base
nature of the compounds, two distinct trends, converging
at low p-values, are evidenced. Also, within the acidic cat-
egory, at least two parallel trends can be detected, corre-
sponding to carboxylic acids and most phenolic compounds
(1,3-dihydroxybenzene and 2-nitrophenol deviate from this
behaviour). These results indicate that a rigorous treatment
using equations including a unique column parameter set –
(logk)0 andPN

s – will require a previous classification of the
compounds according to their acidity.

Based on these observations, an iterative regression with
the aim of fitting common (logk)0 and PN

s values for the
compounds of a given category was applied. The procedure
consists of two steps that were alternated. In the first one,
individual regressions of Eq.(11) for acidic (or Eq.(13) for
basic) solutes were fitted. The second step consisted of fit-
tingq versusp values obtained in the previous step, this time
including simultaneously all acidic (or basic) solutes. The
purpose was to determine the column parameters for that kind
of solute. As a result, new individualq-values were obtained
asq= (logk)0 −pPN

s . The first step was then repeated using
thep-values from the individual regressions and the new cal-
culatedq-values as regression seeds, iterating this process
up to convergence. This procedure is an extension of the
approach previously developed for non-ionisable compounds
[5].

s of
r hose
ig. 2. Correlation ofq vs. p, obtained from Eqs.(11) and (13), for
everal basic compounds (�), carboxylic acids (�), phenols (©), 1,3-
ihydroxybenzene (♦) and 2-nitrophenol (�).
As expected, once got convergence, prediction
etention factors were found somewhat poorer than t
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obtained with the individual models for each solute, with
typicalRadj = 0.995. According to these results, we decided
to use exclusively individual fittings for next studies, since
our objective was finding optimal separation conditions,
and this requires the highest possible accuracy level in
predictions.

4.6. Examination of the system resolving capability

We considered next a hypothetical mixture including the
23 acidic and basic compounds, for which the transition
in retention happens at different pH values for each com-
pound. The probe mixture was selected to get a representa-
tive set in terms of variability in acid–base properties. As
a consequence, achievement of optimal separation condi-
tions was particularly difficult. In this case, trial-and-error
approaches were completely inadequate, and even interpre-
tive approaches presented serious limitations.

The pH is indeed a worthy factor in the government
of selectivity for weakly acidic or basic solutes, but if
the involved mixture is too complex, the purity surfaces
become considerably unrugged, which makes the practical
application of this factor rather problematic. For all these
reasons, the use of pH requires highly accurate predictions
of retention, and the pH should be often corrected in the
translation of optimal predicted conditions to the chromato-
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that chromatographic system. In this example, all limiting
purities reachpL = 1.000, which seems very promising. The
chosen threshold percentage of elementary peak purity was
therefore 0.9 for all solutes (i.e. 90% of the peak area is free
of interference for each of them).

One of the most evident conclusions to be extracted from
Fig. 3is that, in spite of the high maximal elementary values,
the resolution requirements for different solutes are incom-
patible. For instance, for the most acidic solutes (2-, 3- and 4-
nitrobenzoic, naphthoic and benzoic acids), the capability of
the chromatographic system can be only adequately exploited
at very low pH. Meanwhile, the regions of good resolution for
the most basic compounds (N,N-dimethylbenzylamine and
2,4,6-trimethylpyridine) are located mainly at pH > 7. These
different requirements are translated in the practical impos-
sibility of finding a single eluent able to separate mixtures
containing extreme solutes in terms of acid–base behaviour:
a hypothetical mixture including the 23 ionisable compounds
cannot be resolved with a unique mobile phase, at least with
the studied column and scanned experimental conditions.
The plots also have the intrinsic ability of revealing the
most problematic solutes, which in this case are the men-
tioned five acidic solutes, especially 3- and 4-nitrobenzoic
acids.

4.7. A chromatographic objective function oriented to
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ifferent solutes demand different pH regions for resolu
hich makes finding shared regions of high resolu

ncreasingly difficult with the number of components in
ixture.
The concept of peak purity gives rise to interesting t

o prospect the separation difficulties of any mixture. On
hese tools are individual diagrams of purity for each so
i.e. in the case of concern, purity surfaces as a fun
f organic modifier concentration and pH), whose max
alue is the so-called “limiting purity” of the consider
olute. Therefore, the limiting purity is the highest pu
alue that a given solute can reach when the other ac
anying solutes are considered interferents. When a m
hase leads to a purity value equal to the limiting one
apability of the chromatographic system to resolve that
icular solute will have been fully exhausted (i.e. no fur
mprovement will be obtained at any other experimental
ition). On the contrary, if the limiting value is small,
obile phase will allow the separation of that solute. T
lementary and limiting purities constitute worthy meas
ents for establishing the maximal separation capabili
chromatographic system.
Fig. 3 shows contour maps for each of the 23 exam

ompounds (15 acidic and 8 basic), where the shad
egions depict mobile phases exploiting 90% or mor
he resolving capability of the chromatographic system
solating the considered compound. Even if a solute c
ot be fully resolved under any condition, the limit
lot will denote the best possible separation condition
ow-resolution situations

Unfortunately, in situations involving incompatib
olutes, conventional resolution diagrams are scarcely i
ative, since both overall and worst elementary resolu
ill drop to zero if at least one compound is overlapp
ven when all the others were baseline resolved. Thes
rams will not rank adequately the true separation po
f the different chromatographic conditions. However, c
on sense tells us that even conditions not being ab

esolve all compounds can show evident differences in t
f resolving power. These situations can be still worthy

he chromatographer. Think, for instance, in a chromatog
here all compounds except two are baseline resolved.
entional resolution criteria in such a case are blind, and
ualify the system as completely useless, independen

he number of resolved compounds. Hence, the develop
f a specific resolution assessment for low-resolution s
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We propose the use of alternative plots, where the c
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lobal purity or resolution value. A solute will be cons
red here as “well resolved” when the elementary puri
lose enough to the limiting one, so that the system capa
or resolving that compound has been almost fully explo
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rocedure extended to the whole factor domain can be r
ented as a contour map. The threshold of “proper resolu
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Fig. 3. Contour maps of elementary peak purities, considering a mixture involving the 23 probe compounds (15 acidic and 8 basic). The shadowed regions
for each solute bracket the acetonitrile–water mixtures yielding 90% or more of the respective limiting resolution value. The numbers indicate the identity of
compounds given inTable 1.
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for each compound can be established by attending either to
a predefined absolute value of purity (e.g. 0.9), or to a frac-
tion of its maximal elementary purity, which was the adopted
approach. The interest of this diagram is to find out the regions
that allow the separation of a maximal number of solutes, in
the presence of incompatible solutes.

Note that the “limiting purity-assisted peak count” crite-
rion (which will be abbreviated from this point on as “limiting
peak count”) is focused on the successfully resolved com-
pounds, in contrast to conventional resolution diagrams, that
attend only to the unresolved or least resolved solutes (the
resolved solutes do not affect these measurements). Conse-
quently, classical assessments are largely influenced by the
least resolved solutes (the worse the separation, the larger
their influence), whereas in limiting peak count the influence
is the opposite (the worse the resolution, the smaller their
influence).

Fig. 4 shows the limiting peak count diagram for the
mixture of 23 ionisable compounds, which was drawn by
checking, for a given compound and mobile phase, if its purity
exceeded a threshold that was arbitrarily set as 90% of the
maximal purity. In this case, the compound was considered as
“well resolved” and counted. In the diagram, a certain num-
ber of neighbouring phases with the same limiting peak count
appear. Within the established regions, secondary criteria can
be applied, such as the absolute values of purity and/or the
a erion
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solutes will be resolved within this system. In contrast, the
classical assessments only indicated that the mixture of 23
compounds cannot be resolved under any condition.

Two significant regions can be observed inFig. 4 (one
at low pH and the other, a smaller one, at basic pH),
where 18 solutes can be satisfactorily resolved. All mobile
phases within the former region resolve the same 17 com-
pounds (14 acidic, and the 3 basicN-ethylaniline, 2,6-
dimethylaniline and 4-chloroaniline). The identity of the
18th resolved compound depended on the selected mobile
phase: 1,3-dihydroxybenzene (compound 13) andN,N-
dimethylbenzylamine (compound 23).Fig. 5a and b show
chromatograms within the low pH region (20.0% acetoni-
trile at pH 3.0, and 21.5% acetonitrile at pH 3.5, respectively),

Fig. 5. Chromatograms simulated at a flow-rate of 1 ml min−1 for a mixture
of the 23 acidic and basic compounds. In each case, 18 compounds were
resolved according to the limiting peak count criterion: (a) 20.0% acetoni-
trile/pH 3.0; (b) 21.5% acetonitrile/pH 3.5; and (c) 23.5% acetonitrile/pH
10.75. Only the resolved compounds are labelled (seeTable 1for peak iden-
tities). Underlined numbers correspond to the basic compounds.
nalysis time. The latter was the selected secondary crit
n this work.

As mentioned, in our example, the limiting values
ll solutes were the highest possible (p= 1.000), therefore

he drawn function gave straightforwardly the numbe
esolved peaks, with less than 10% of interference.
imiting peak count map indicates that only 18 out of the

ig. 4. Contour map of limiting peak count for the mixture of 23 pr
ompounds. The intensity of the shadowed regions is proportional
umber of resolved compounds. The best resolving mobile phases se
8 compounds.
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illustrating the change of identity of the 18th resolved com-
pound.

On the other hand, in the basic region, 10 of the 15 acidic
compounds (the 9 weakest and 2,4-dichlorophenol), plus the
8 basic, are resolved.Fig. 5c shows a chromatogram for
23.5% acetonitrile at pH 10.75, corresponding to this situ-
ation. As observed, the analysis times at 1 ml min−1 are too
large. All these results indicate that, although the system is
able to isolate each compound from all the others (see also
Fig. 3), this requires particular conditions. Finding a shared
condition for all compounds is largely unpractical.

4.8. Improvement of resolution considering more than
one mobile phase

Situations like this (low resolution and/or long analysis
time) can be tackled by searching two or more complemen-
tary chromatographic mobile phases (CMPs). This strategy
selects two or more eluents (or, in general, chromatographic
conditions), in such a way that each of them is devoted to get
optimal separation of a given subset of compounds. The selec-
tion of CMPs is done in such a way that, when the results of
all conditions are considered globally, all compounds should
be maximally resolved, tending to the corresponding limit-
ing purities. Details on the calculation of CMPs are given
elsewhere[12]. Often, two CMPs are sufficient to get large
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Fig. 6. Optimal chromatograms obtained according to the complementary
mobile phase approach for a mixture of the 23 acidic and basic compounds:
(a) 33.0% acetonitrile/pH 3.0; (b) 39.0% acetonitrile/pH 5.0; and (c) 49.0%
acetonitrile/pH 13.0. SeeFig. 5for other details.

basic compounds were below ca. 8.5. At pH > 9.5, the peaks
are unaffected by pH, so the resolution remains unchanged,
which means that an experimental design focused on these
compounds should only sample the pH region between
2 and 9.5. The lower pH region is, nevertheless, of low
interest for resolution. To sum up, acidic compounds cannot
be baseline resolved with a single mobile phase under
any isocratic condition, whereas basic compounds present
no problem.

The limiting peak count criterion offers a different picture
of the separation of acidic compounds (Fig. 7a), pointing
out a wide region where only 3- and 4-nitrobenzoic acids
remain overlapped. Therefore, although conventional reso-
lution assessments indicate that a mobile phase containing
33.5% acetonitrile at pH 4.25 is useless, indeed, 13 of the
mprovements in resolution, depending on the variation
electivity that is possible to generate within the chrom
raphic system.

In this example, the existence of two acid–base categ
utually exclusive in nature seems to lead us to conclude

he CMP approach is the ideal solution to this sort of p
em. We found, however, that two CMPs were insufficien
each good resolution, owing to the excessive incompat
ies amidst compounds, and a third CMP was required.
hree optimal CMPs (seeFig. 6) were 33.0% acetonitrile
H 3.0, 39.0% acetonitrile at pH 5.0 and 49.0% aceton
t pH 13.0. Note that the third CMP (Fig. 6c) is devoted to
esolve basic compounds. The other two CMPs (Fig. 6a and
) resolve all the acidic compounds the best.

The incompatible behaviour of the compounds in
tudied mixture can be further evidenced by examining
eparation of simpler mixtures.Fig. 7shows a double conto
ap overlaying the conventional overall purity and the m
al analysis time, in the case of separating mixtures inclu
ither the acidic (Fig. 7a) or the basic (Fig. 7b) compounds
he maximal limiting peak count isoline is also overlaid

he former compounds, as a shadowed region. In this
he only possible region of acceptable resolution was loc
t pH ca. 3.5, which implies, however, unpractical ana

imes. In contrast, basic compounds can be baseline res
ithin 25 min at pH 6.75 (Figs. 7b and 8c). In addition, for
asic compounds, the resolution surface is rather robust
ptimal conditions. Note also that above pH 10, the con

ines inFig. 7b are remarkably parallel to the pH axis. T
s a consequence of the logK values, that for the consider
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Fig. 7. Contour maps of overall peak purity (solid lines) and maximal anal-
ysis time in min (dotted lines) for a mixture involving: (a) the 15 acidic and
(b) 8 basic compounds. Regions where 13 or more compounds are resolved
at 90% free of interference are shadowed in (a).

15 acidic compounds can be well resolved (Fig. 8a): only
the above mentioned solutes (numbered as 2 and 3) remain
overlapped. Such a result demonstrates again the incapabil-
ity of conventional assessments for situations where a few
compounds are always overlapped.

These results suggest the convenience of checking
whether a secondary phase could be successful in resolv-
ing the two problematic acidic solutes in the presence of
the other 13. We found that a limiting peak count diagram
similar to that shown inFig. 4, but considering only 3- and
4-nitrobenzoic acids, showed a narrow plateau where both
peaks are well resolved, whose faster analysis time is found
at 32.0% acetonitrile and pH 2.0 (Fig. 8b).

As mentioned above, the CMP study concluded that the
demands for resolution for acidic and basic compounds
are incompatible: the resolution conditions for each solute
category produce peak merging in the other (Fig. 6). This
incompatibility suggests the need for resolving separately
each category, in mixtures including the 23 compounds.
In this study, the limiting peak count criterion was again
selected, owing to the expected low resolution. It should be
reminded that this problem is particularly difficult in terms

Fig. 8. Optimal chromatograms for: (a) a mixture involving the 15 acidic
compounds (33.5% acetonitrile/pH 4.25); (b) 3- and 4-nitrobenzoic acids
(compounds 2 and 3) interfered by the other 13 acidic compounds (32.0%
acetonitrile/pH 2.0); and (c) the 8 basic compounds (40.0% acetonitrile/pH
6.75). The limiting peak count and minimal analysis time criteria were used
in the optimisation. SeeFig. 5for other details.

of cluttering and peak crossing, which make the examination
of the actual resolving power of the tested mobile phases
hard.

Fig. 9a and b show the chromatograms in the optimal con-
ditions recommended by the limiting peak count criterion,
when the separation of the acidic compounds is optimised
in the presence of the basic ones. The first chromatogram
shows the optimal separation for the 15 acidic compounds,
whereas the second one reduces the analysis times at
expenses of decreasing the number of resolved compounds
to 14.Fig. 9c is the optimal chromatogram for resolving the
8 basic compounds in the presence of the acidic ones. For
this particular problem, thus, the CMP approach presents
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Fig. 9. Chromatograms for a mixture of the 23 acidic and basic compounds.
Mobile phase compositions: (a) 20.2% acetonitrile/pH 3.0; (b) 23.5% ace-
tonitrile/pH 3.25; and (c) 28.9% acetonitrile/pH 9.7. The optimisation was
performed focused on the acidic compounds (a and b) and basic compounds
(c). The unresolved acidic compound (overlapped with 4-chloroaniline and
2,6-dimethylaniline) is marked with an arrow in (b). SeeFig. 5 for other
details.

the advantage of yielding more practical analysis times
(Fig. 6).

5. Conclusions

The benefits of pH should not be ignored when the
separation of mixtures containing ionisable compounds
is optimised. In spite of the difficulties associated to the
modelling of retention in wide pH regions (i.e. 2 < pH < 13),
and the sudden drops of retention close to the logarithm
of protonation constants in diverse pH regions, retention
factors can be predicted with low errors. The mobile phase

pH should be preferably measured after mixing the aqueous
buffer and organic modifier (s

wpH), instead of measuring
only the pH of the aqueous buffer (w

wpH). Because of the
simplicity and higher accuracy of the derived predictions
of retention, calibration with common aqueous buffers is
recommended.

For acidic compounds, adequate retention (and hence res-
olution) requires acidic pH. This is incompatible with the
requirements for basic compounds, for which neutral or basic
pH is needed. The best separation conditions for most mix-
tures containing acidic compounds or relatively weak basic
compounds can be achieved with conventional columns,
working in a reduced pH range of 3–7. However, highly acidic
compounds and most basic compounds require the extended
pH ranges provided by special columns, which nowadays are
being increasingly marketed.

The main problem associated to the use of pH in these
separations is the difficulty in finding a common experi-
mental design able to satisfy the requirements of different
solutes, for achieving good predictions. The design should
concentrate most of the effort in sampling the logarithmic
variation of retention with pH, which requires measurements
at pH intervals of ca. one unit. Designs covering narrow pH
ranges can, however, be appropriate for simple mixtures. A
2× 3 (modifier concentration× pH) design was, thus, found
suitable in a reduced 0.5–1.0 pH range for resolving a com-
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ion, most of the separating power of the column will rem
nexplored. However, the examination of the full pH dom
resents some new challenging inconveniences: more
lex retention models are needed, and the number of de
f freedom in the experimental designs should be incre
onsiderably, so that each solute is well described.

A resolution measurement, the “limiting purity-assis
eak count” or just “limiting peak count”, is here propo

o compensate the insufficiency of conventional assessm
f being oriented to qualify positively only those situatio
here all compounds in the analyzed mixture are sati

orily resolved. When at least one peak pair is overlap
he conventional assessments neglect the acceptable r
ion of the remaining compounds. In other words, when
esolution cannot be obtained under any chromatogra
ondition, differences in resolving power remain hidde
an be said that these assessments are “negatively orie
he orientation of limiting peak count is the opposite: i
positively oriented”. It accounts what works in the co
idered chromatogram, and not what fails (i.e. it wei
ositively the level of success in the resolution of peaks in
hromatogram). Therefore, it allows the exploitation of
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capability of the system in difficult situations. Note that when
full resolution is possible, limiting peak count addresses the
chromatographer to the same mobile phases as conventional
assessments.

The limiting peak count concept is supported by the mea-
surement of peak purity and complements the vision offered
by limiting purities. The latter led to the development of
the concept of complementary separations[14], and to the
establishment of the maximal possible purity offered by the
system, which is also of interest to set the maximal number
of nodes in a gradient optimisation[21], as well as the max-
imal useful number of CMPs[14]. Finally, there are many
situations where full resolution is needed for only some com-
pounds, although the interference of the remaining should be
taken into account. For these cases, both the peak purity and
limiting peak count are useful as objective functions.

This work is based on isocratic elution, and consequently,
long analysis times are obtained at elution conditions where
the neutral species dominate. Analysis time can be shortened
by applying a pH gradient that will sweep off the column
the retained species[22,23]. The models and optimisation
strategy described in this work can be easily extended to pH
gradients.

Acknowledgements

04-
0 du-
c litat
d nya).
J r a
R

References

[1] S. Goga-Remont, S. Heinisch, E. Lesellier, J.L. Rocca, A. Tchapla,
Chromatographia 51 (2000) 536.
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