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a  b  s  t  r  a  c  t

Situations  of  minimal  resolution  are  often  found  in  liquid  chromatography,  when  samples  that  con-
tain  a large  number  of  compounds,  or highly  similar  in terms  of  structure  and/or  polarity,  are  analysed.
This makes  full  resolution  with  a single  separation  condition  (e.g.,  mobile  phase,  gradient  or  column)
unfeasible.  In  this  work,  the  optimisation  of  the  resolution  of  such  samples  in reversed-phase  liquid
chromatography  is  approached  using  two  or  more  isocratic  mobile  phases  with  a complementary  reso-
lution behaviour  (complementary  mobile  phases,  CMPs).  Each  mobile  phase  is dedicated  to  the  separation
of a group  of  compounds.  The  CMPs  are  selected  in  such  a  way  that, when  the separation  is considered
globally,  all the compounds  in  the sample  are  satisfactorily  resolved.  The  search  of  optimal  CMPs  can
be  carried  out through  a  comprehensive  examination  of  the mobile  phases  in  a selected  domain.  The
computation  time  of  this  search  has  been  reported  to be  substantially  reduced  by  application  of  a  genetic
eak count algorithm  with  local  search  (LOGA).  A much  simpler  approach  is here  described,  which  is  accessible  to
non-experts  in  programming,  and  offers  solutions  of  the  same  quality  as  LOGA,  with  a similar  computa-
tion  time.  The  approach  makes  a sequential  search  of  CMPs  based  on  the  peak  count  concept,  which  is
the number  of  peaks  exceeding  a pre-established  resolution  threshold.  The  new  approach  is  described
using  as  test  sample  a  mixture  of  30 probe  compounds,  23  of them  with  an ionisable  character,  and  the
pH and  organic  solvent  contents  as  experimental  factors.
. Introduction

As the complexity of a sample increases, a single separation con-
ition (e.g., isocratic mobile phase or gradient with one or several
odifiers with one or several modifiers) becomes less suitable to

rovide an acceptable separation for all compounds in the sample.
he challenge of resolving a complex mixture has led to the idea
f using complementary situations, namely two (or more) differ-
nt separation conditions to get full resolution. One of them allows
he resolution of some compounds in the sample, while the other
ompounds are resolved using a second (or subsequent) separation
ondition(s) [1–9]. The optimisation is carried out in such a way that
ll compounds get satisfactorily resolved in one or another condi-
ion, which are devoted to resolve only some compounds, while
he other compounds in the sample can remain overlapped. This
trategy increases the separation space, being very useful to face

ituations of extremely low resolution.

Most published work on complementary situations deals with
iscrete experimental factors (i.e., column type or length, pack-

∗ Corresponding author. Tel.: +34 963543003; fax: +34 963544436.
E-mail address: jrtorres@uv.es (J.R. Torres-Lapasió).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

ing type or size, modifier nature, or HPLC mode), and frequently
implies drastic changes in the separation system [1–4,7].  In this
case, strictly, there is no optimisation but a selection of two  rather
different conditions. Situations of complementary resolution can be
obtained in a simpler way, using the same column and specific sets
of levels of experimental factors that can be varied continuously
(e.g., organic modifier contents, ionic strength, or pH)  [5,6,8].  This
is attractive under both operative and economical points of view.
In this case, a systematic selection of the experimental conditions
is possible.

Complementary situations can be generated by running inde-
pendent experiments under isocratic or gradient elution [5,6]. In
this work, we will discuss the simplest case: isocratic separations,
where the independent experiments imply mobile phases, which
have been called “complementary mobile phases” (CMPs) [6].

In most cases, the direct search of optimal CMPs (i.e., set of
mobile phases that maximises the separation of a given mixture),
in a more or less random way (i.e., by trial and error assays), is too
laborious and with few possibilities of success. This is especially

true when the sample is complex. Computer assisted optimisation
is the rational way  to search systematically the best experimen-
tal conditions. In the literature, a huge effort has been made in the
development of interpretive methodologies (i.e., based on models

dx.doi.org/10.1016/j.chroma.2011.06.087
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:jrtorres@uv.es
dx.doi.org/10.1016/j.chroma.2011.06.087
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uilt from experimental designs) to optimise single mobile phases
nd gradients for the analysis of samples of different complexity.
he topic has been reviewed by several authors [10–14].  Some work
as also been reported for the interpretive optimisation of CMPs
6,8], or complementary gradients [5].

We  developed an approach to search CMPs based on the exam-
nation of the resolution of chromatograms simulated for a grid
f hypothetical experimental conditions (e.g., mobile phases in a
iven range of acetonitrile contents, such as 20–60% in steps of
.1%) [6].  The information (retention data and peak parameters)
or simulating these chromatograms is provided by a few experi-

ental runs in an experimental design. Performing the systematic
xamination of all possible combinations of complementary condi-
ions can be a large effort. Thus, in a further work, we  developed a
ybrid genetic algorithm with local search (LOGA), which restricts
he search space and expedites substantially the computation [8].
owever, this approach cannot be implemented by non-experts in
rogramming.

We describe here an alternative approach to search CMPs, which
s far simpler and reduces the computing effort with respect to the
pproaches previously reported. The new approach is based on the
peak count” concept, which is the number of peaks exceeding a
re-established resolution threshold, as measurement of the suc-
ess in the separation [15]. Therefore, the peak count is focused
n the resolved compounds, in contrast to conventional resolu-
ion assessments that attend mainly to the separation of the least
esolved compounds. The peak count resolution criterion yields the
ame results as conventional assessments when full resolution is
ossible, but it is also able to discriminate the maximal resolving
ower in low resolution situations.

The advantages and limitations of the new approach to search
ptimal CMPs are here compared with LOGA. As a test sample,

 mixture of 30 probe compounds, 23 of them with an ionisable
haracter (acidic, basic or amphoteric), was used. Two  factors were
onsidered: the pH of the mobile phase (covering a wide range,
etween 2 and 13), and the organic solvent contents (acetonitrile

n the range 20–60% (v/v)). In previous work [15], we  showed that
his sample cannot be fully resolved using a single mobile phase.

The use of CMPs constitutes an alternative to apply when a single
eparation condition is demonstrated unable to get full resolution.
he same information used to carry out the failed conventional
ptimisation, can be used in the search of optimal CMPs without
dditional experimental work. Often, two or three CMPs are enough
o get a significant improvement in the resolution, regarding that
ound with a single mobile phase.

. Theory

For the search of CMPs, a measurement that quantifies correctly
he resolution level for each compound in the sample, for any com-
ination of CMPs, is needed. An algorithm able to find in an efficient
ay the combination of mobile phases yielding the maximal reso-

ution is also required. The first problem was solved satisfactorily
n previous work, using the peak purity as resolution measure-

ent [6,8,9].  However, the algorithm used to find the optimal CMPs
as too complex. A simpler alternative with a similar performance

hould still be found to make the CMP  strategy more accessible. We
ive below some information about the tools used in this work.

Before continuing, we would like to emphasize that the con-
ept of complementary separation conditions can involve isocratic
r gradient elution. It goes, therefore, beyond the elution mode.

he chromatograms can be obtained using isocratic, gradient, or
ven mixtures of isocratic and gradient conditions. Furthermore,
he conditions may  involve different modifiers, different columns,
eparation modes or techniques. The only important requirement is
 1218 (2011) 5829– 5836

having a set of chromatograms taken in different conditions, with
differences in selectivity from which selecting the optimal com-
plementary conditions. We  will consider here the optimisation of
isocratic mobile phases, involving two factors: acetonitrile content
and pH.

2.1. Search of complementary mobile phases

The optimisation of CMPs can be considered as an intermedi-
ate level between a classical optimisation of the resolution of the
whole mixture (where a single mobile phase is searched to resolve
maximally all compounds), and the optimisation of individual com-
pounds (the search of the best mobile phase for separating each
compound from the others). The CMPs strategy will be closer to
one or another, depending on the number of selected CMPs [13].
The CMPs strategy makes the resolution of more compounds pos-
sible, using fewer optimal mobile phases than the optimisation of
individual compounds. It offers a reasonable compromise between
the resolution capability of the system (which is not fully exploited,
but up to a reasonable level), and the experimental effort (which
in spite of not being as economical as in the case of using a single
mobile phase, it can be still acceptable).

The search of optimal CMPs can be tackled with different algo-
rithms. In any case, the calculation is obviously more complex with
regard to the optimisation of a single mobile phase. The simplest
way of implementing the search of optimal CMPs is through a sys-
tematic examination of all possible combinations of n (e.g., n = 2 or
3) mobile phases within a grid of hypothetical experimental condi-
tions, to find out the combination yielding the maximal resolution
[6].  This selection can be easily carried out by building, for each
combination of mobile phases, a matrix with n resolution vectors
(one vector by mobile phase) containing the elementary resolu-
tion of each compound in the analysed mixture. From the matrix, a
new vector is built with the maximal resolution obtained for each
compound (which may  belong to any of the n mobile phases). The
product of the elements in the combined vector will be the global
resolution for that combination. The optimal combination (i.e., opti-
mal  CMPs) is that one yielding the highest global resolution.

For sufficiently simple problems, a comprehensive examination
of all possible combinations of mobile phases that can be built
within the grid of hypothetical experimental conditions is feasi-
ble. However, very often, the number of combinations is so large
that the optimisation should be carried out by applying numer-
ical procedures based on random searches, such as evolutionary
algorithms [8]. In Section 4.2, we describe another perspective that
allows a far simpler computation.

2.2. Peak purity and limiting peak purity

The peak purity (or free peak area fraction, a measurement of
peak resolution) is the ideal measurement to quantify the interfer-
ence level for a given peak in a chromatogram [14]:

ps = 1 − a′
s

as
(1)

a′
s being the area under the peak overlapped by the chro-

matogram that would be obtained for the possible interferents, and
as, the total area of the peak of interest. Peak purities are not acces-
sible experimentally. They should be computed from simulations
and require the prediction of the peak location and profile.

The most important parameter derived from the peak purity
concept is the limiting elementary peak purity [13], which is the

maximal peak purity that a compound can reach in the presence
of the other compounds in the sample, in a certain experimental
domain (e.g., range of pH values and levels of organic solvent con-
tents in the mobile phase). The limiting elementary peak purity is
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Table 1
Probe compounds.

Code Compound Code Compound

1a Naphthoic acid 16a m-Cresol
2a 2-Nitrobenzoic acid 17c N-Ethylaniline
3a 3-Nitrobenzoic acid 18c N,N-Dimethylbenzylamine
4a 4-Nitrobenzoic acid 19c 2,6-Dimethylaniline
5a Benzoic acid 20d Benzene
6a Resorcinol 21d Acetophenone
7a Phenol 22d Benzaldehyde
8a 2,4-Dichlorophenol 23d Nitrobenzene
9a 2,4-Dinitrophenol 24d Methylphenylether

10a ˇ-Naphthol 25d Benzonitrile
11a 2-Nitrophenol 26c 2,4,6-Trimethylpyridine
12a 3,5-Dichlorophenol 27c 4-Chloroaniline
13b 3-Aminophenol 28c Aniline
14a 3-Bromophenol 29c p-Toluidine
15a p-Chlorophenol 30c Pyridine

a Acidic.

F
a

A. Ortín et al. / J. Chroma

f high interest to determine the operative limits of the chromato-
raphic system. When the peak purity for the optimal mobile phase
omposition coincides with the limiting purity, the separation sys-
em is exploited almost fully for that compound. The combination
f the limiting purities for several compounds to obtain a global
easurement (usually a product) indicates the maximal global res-

lution that can be achieved with the separation system.

.3. Peak count

As commented, low (or extremely low) resolution is frequent
ith complex samples eluted with a single mobile phase: likely two

r more compounds will show null or a rather small resolution. In
hese cases, the conventional global resolution measurements (as
he resolution of the critical peak or peak pair, or the product of
he elementary resolutions of all the compounds in the sample) are
oorly informative, since they tend to be dominated by the low peak
urities of the overlapped peaks [15]. A function oriented to the suc-
ess, based on the compounds that have reached a sufficiently high
esolution, is much more informative. Such is the case of the num-
er of peaks that exceed an acceptable resolution threshold [15].

The threshold can be an absolute value (e.g., a minimal peak
urity beyond which the peak is considered “well resolved”), or

 relative value (the fraction or percentage of peak purity with
egard to the limiting value for each compound). We  have called
eak count (PC) and limiting peak count (LPC) the number of peaks
hose elementary peak purity exceeds the absolute or relative

hreshold, respectively. Both PC and LPC only consider the com-
ounds that are resolved. They are not affected by the separation
uality of the non-resolved compounds, in contrast to other con-
entional objective functions. In cases of low resolution and with
omplex samples, PC or LPC will likely not reach the number of total
ompounds in a sample, but they will be very useful to rank the sep-
ration performance of the different conditions in an optimisation
omain.

When the limiting elementary peak purities for all compounds
n a mixture is p ≈ 1 (which means that all compounds can be fully
esolved), PC = LPC. However, when some compounds cannot be
esolved under any condition in the experimental domain, PC and
PC will differ, and LPC can be more informative about the exploita-

ion level of the system separation capability.

There will likely be many conditions that will offer the same
umber of resolved peaks (i.e., PC and LPC values). In order to dis-
riminate the performance of these experimental conditions, the
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ig. 1. Simulated chromatogram corresponding to the optimal single mobile phase. The co
re  given in Table 1.
b Amphoteric.
c Basic.
d Neutral.

addition of a fractional term (f) will indicate the global resolution
of the set of peaks that exceed the threshold [15]. For example:

fLPC = LPC + f (2)

In this work, we  have used the product of elementary purities
of the resolved peaks as fractional term added to the LPC values.
We have called this function limiting peak count with fractional
term (fLPC). The integer part indicates the number of compounds
that exceed the threshold, and the fractional part qualifies the peak
resolution. The elementary purities were normalised inside a range
limited by the established threshold (which is the minimal value),
and the limiting elementary peak purity (the maximal value), to
make the fractional term values for different resolution thresholds
comparable. The product of the normalised peak purities yields
more uniform results, independently of the established thresh-
old. Without normalisation, the fractional term would be biased
towards small values for low thresholds.

3. Experimental
The probe compounds were 15 acids, 8 bases, 6 neutral com-
pounds and one amphoteric compound (Table 1). The experimental
design consisted of 36 mobile phases: three levels of organic mod-
ifier contents (20%, 40% and 60% acetonitrile (v/v)) and eleven pH

120 140 160 180 200

10 15 20

1220
248

0

4357

e, min

mposition of the mobile phase was: 21.4% acetonitrile/pH 3.4. Compound identities



5832 A. Ortín et al. / J. Chromatogr. A 1218 (2011) 5829– 5836

0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

Peak purity threshold

N
um

be
r o

f C
M

Ps

F
f

l
r
i
o
o

s
±
b
K
w
w
3
a
c
w

i
d

4

o
w
d
t
o
o
t
a
a
i
t
d

4

b
t
n

0 20 40 60 80 100 120 140 160

2 4 6 8 10 12 14

5

6
17 1927

72

1

3
4

8
11

12

16

20
21

24
25

a

0 20 40 60 80 100 120 140

2 4 6 8 10 12 14

13

30
9

14 15 28

b

10
23

26

29

0 20 40 60 80 100 120 140 160 180

2 4 6 8 10 12 14

Retention time, min

c

18 22

Fig. 3. Simulated chromatograms corresponding to the best combination of three
CMPs for a 97% threshold, found in the sequential search inside the full domain. The
ig. 2. Number of required CMPs according to the sequential search based on the
LPC function, against the resolution threshold, considering the full domain.

evels, covering the 2–13 range. This experimental design was car-
ied out in a previous work to develop and test retention models for
onisable compounds [16]. Owing to its high complexity, this case
f study was found particularly suitable to check the performance
f the CMPs approaches.

Measurement of pH was carried out with a potentiometer Cri-
on (Model MicropH 2002, Barcelona, Spain) with a precision of
0.002 pH units, using a Ross electrode (Orion Model 8102, a com-
ination of a glass electrode and a reference electrode with 3.0 M
Cl aqueous solution as salt bridge). A chromatograph equipped
ith a dual pump and a UV–visible detector was used. The flow-rate
as 1 ml  min−1 for the 40% and 60% acetonitrile mobile phases, and

 ml  min−1 for 20% acetonitrile. The separation was carried out with
 15 cm × 4.6 mm  i.d. polymeric C18 column with 15–20 �m parti-
le size from Polymer Labs (Model PLRP-S 100 Å). All measurements
ere performed at 25 ◦C.

The routines to compute the CPMs approaches were developed
n MATLAB 2010b (The MathWorks Inc., Natick, MA,  USA). Other
etails are given in Ref. [16].

. Results and discussion

The first part of the study shown in this work was carried
ut considering only the resolution performance. The objective
as obtaining the best separation inside a pre-fixed experimental
omain. However, the analysis time has an unquestionable impor-
ance in the viability of an analytical chromatographic method. As
ther secondary factors, the analysis time can be considered in an
ptimisation process, in combination with the resolution in a mul-
icriteria decision-making function. Another possibility is to make

 pre-selection of mobile phases that will provide sufficiently short
nalysis times. This option is perhaps preferable to the inclusion
n the fLPC function (Eq. (2))  of a term that restricts the analysis
ime, since this would make the interpretation of the results more
ifficult.

.1. Resolution of the sample with a single mobile phase
As indicated, we had a detailed description of the retention
ehaviour for each compound in the studied sample. The reten-
ion models developed in a previous work attended to the chemical
ature of each compound, and were checked to yield accurate
composition of the CMPs was: (a) 22.6% acetonitrile/pH 2.5, (b) 21.2% acetonitrile/pH
10.7, and (c) 20% acetonitrile/pH 9.7. The compounds assigned to each CMP  are
indicated (see the identities in Table 1).

predictions of the retention behaviour for the probe compounds,
satisfactory for optimisation purposes [16]. These models were
used to predict the retention for each compound, scanning a
domain constituted by a regular grid of 101 × 111 = 11,211 hypo-
thetical conditions (solvent content × pH, with a grid step of 0.1
units for the pH and 0.2 units for the solvent content, expressed as
v/v percentage).

The resolution contour maps drawn for the individual com-

pounds, based on the simulation of chromatograms at varying
pH and acetonitrile contents, revealed that the compounds did
not share regions of common resolution [15]. The acidic com-
pounds were more retained with an acidic mobile phase, while
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Table  2
Required CMPs and number of compounds assigned to each CMP, according to the sequential method, considering the full experimental domain.

Thresholda Number of CMPs Number of compounds resolved by each CMP

CMP  1 CMP 2 CMP  3 CMP  4 CMP  5 CMPs 6 to 11

0.34 1 30
0.50 2 29 1
0.76  2 24 6
0.80  3 23 6 1
0.85 3 22 6 2
0.90  3 20 9 1
0.91  3 20 9 1
0.92  3 19 10 1
0.93  3 19 9 2
0.94  3 19 9 2
0.95 3 18 10 2
0.96  3 18 10 2
0.97  3 18 10 2
0.98  4 17 10 2 1
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0.99  4 15 10 

1.00  11 9 7 

a Fraction of peak purity with regard to the limiting value for each compound. Fo

hose of basic character showed longer retention times with a
asic mobile phase. Thus, in terms of separation space, an acidic
obile phase was predictable to be more appropriate to resolve

he acidic compounds, while a basic mobile phase would sepa-
ate the basic compounds. Therefore, both groups of compounds
howed a complementary behaviour. The studied mixture also con-
ained some neutral compounds, whose retention was  not affected
y the pH. As a consequence, multiple peak crossings with the ion-

sable solutes should happen at varying pH in the mobile phase.
 complete separation of the mixture of these compounds using a
ingle mobile phase was, thus, unfeasible (Fig. 1). The use of gra-
ient elution would reduce the analysis times, but the compounds
ould remain unresolved if the scanned solvent and pH ranges are

he same as those used to optimise the isocratic elution. This is an
xample among many others, of what may  happen when complex
amples are chromatographed. Another optimisation strategy was,
herefore, needed to face the extremely low resolution.

.2. Unsupervised sequential search of CMPs based on the peak
ount concept

The approach developed in this work to search CMPs needs
he establishment of an arbitrary resolution threshold, which rep-
esents the resolution target to be reached for each compound
Section 2.3). The mobile phases that separate groups of com-
ounds, with a resolution exceeding (or matching) the established
hreshold, are searched sequentially inside a selected experimen-
al domain. Each mobile phase is focused to the resolution of the
ompounds not resolved by mobile phases previously selected.
ccording to the resolution demands, the number of CMPs can be
igher or smaller.

The first selected mobile phase will be that one that resolves the
aximal number of compounds in the experimental domain. The

rocess goes on by restricting the search to the compounds that
ere not resolved by the first CMP, to find a second CMP. This will

e that one providing again the maximal number of resolved com-
ounds among those unresolved by the first CMP. Note that some
ompounds resolved with the first CMP  can also exceed the thresh-
ld with the second one (i.e., a compound already separated in a
reviously selected CMP  can appear resolved in another, even with
etter resolution). The process is repeated with the remaining com-
ounds to find a third CMP, and follows until all compounds have

een resolved with additional CMPs. All compounds in the mixture
ill, eventually, be resolved above the pre-established threshold,
hen all CMPs are considered altogether. Subsequent CMPs will
ave associated a decreasing number of compounds, since the pro-
3 2
3 3 2 1

ull domain, the limiting peak purities of all compounds were p = 1.00.

cess leaves out those ones formerly selected. Therefore, there will
be fewer unresolved compounds for the subsequent CMPs.

The proposed method is unsupervised, since it works without
the need of any user input (i.e., decision along the process). Note
that the number of CMPs needed to resolve the mixture is not estab-
lished in advance, and can grow as the threshold value becomes
more demanding. If the resolution demand is high, and some com-
pounds require specific mobile phases to be resolved, the number
of CMPs can become unpractical.

4.2.1. Search in the full domain
All compounds should reach its limiting elementary peak purity

under a certain condition. Consequently, the approach will neces-
sarily find a solution. However, the number of required CMPs is
not directly controlled by the user, but depends on the threshold:
the larger the threshold, the larger the number of CMPs. This lim-
itation is easily overcome by performing a scan of thresholds: the
best solution will be that one yielding the highest threshold with
still a reasonable number of CMPs (e.g., 2 or 3).

Fig. 2 shows the results found in the scan of resolution thresh-
olds for the mixture of 30 compounds, considering the full domain
of experimental conditions in both factors (pH and organic mod-
ifier). In the figure, the number of CMPs required to separate the
30 compounds is plotted as a function of the resolution thresh-
old. There is no practical interest in working with thresholds below
certain values, but the examination of the whole variation range
helps to understand the approach behaviour, and allows evaluat-
ing the complexity of the sample. It can be seen that thresholds
of up to 0.34 for all compounds are fulfilled using a single mobile
phase. With two CMPs, elementary resolutions of at least 76% of the
separation capability of the system (i.e., a threshold of 0.76) can be
reached. Considering the work and consumption of additional time
and reagents for each additional CMP, it is advisable to evaluate if
these conditions are good enough for the purpose of the analysis,
since in practice, many compounds in the mixture will be resolved
far above the minimal threshold.

As observed in Fig. 2, a good compromise between the sepa-
ration quality and the experimental effort is achieved using three
CMPs, for which at least 97% of the separation capability of the
system is reached for all compounds. An additional mobile phase
is required (a fourth CMP) to increase the resolution up to 99%,
which is not practical. In order to fully exploit the separation per-

formance of the chromatographic system (virtually up to 100%)
11 CMPs would be required, six of them devoted specifically to
separate only one compound each, as can be seen in Table 2. In this
table, the required number of CMPs and the number of resolved
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Table 3
Elementary peak purities for the best combination of three CMPs found by the
sequential method taking a 97% threshold, considering the full experimental
domain.a

Codeb CMP  1 CMP  2 CMP  3
22.6% acetonitrile 21.2% acetonitrile 20% acetonitrile
pH 2.5 pH 10.7 pH 9.7

1 1.000 0.579 0.771
2  1.000 0.126 0.310
3  1.000 0.333 0.435
4 0.996 0.082 0.542
5 0.997 0.350 0.399
6 1.000 0.552 0.153
7  0.997 0.235 1.000
8  0.977 1.000 1.000
9  0.130 0.998 0.777
10 0.064 0.981 1.000
11  1.000 0.998 0.877
12 1.000 0.233 0.963
13  0.000 0.992 0.168
14 0.130 0.998 0.617
15  0.177 1.000 0.616
16 0.996 0.996 0.968
17  1.000 0.602 0.589
18  0.119 0.876 0.998
19  0.980 0.998 0.997
20  0.988 0.980 0.929
21 0.984 0.993 0.997
22  0.188 0.888 0.996
23 0.067 0.980 0.930
24  0.985 0.602 0.589
25  1.000 0.216 0.392
26 0.077 0.996 1.000
27  0.980 0.215 0.389
28 0.229 1.000 1.000
29  0.000 1.000 0.995
30 0.494 0.998 0.883
PCMP

c 0.886 0.943 0.994
Pc 0.831

a The elementary peak purities for the compounds assigned to each CMP  are
marked in bold.

b Compound identities are given in Table 1.
c
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T
R

The partial purities for each CMP  (PCMP) were obtained as the product of the
lementary peak purities for the compounds assigned to that CMP, and the global
urity (P) as the product of the best elementary purities for the 30 compounds.
ompounds are indicated, as a function of the threshold value with
egard to the limiting purity of each compound. Thus, for instance,
ll compounds will be resolved with four CMPs for a threshold of
9% (the number of compounds resolved by each CMP  is 15, 10,

able 4
equired CMPs and number of compounds assigned to each CMP, according to the seque

Thresholdb Number of CMPs Number of compounds resolved by e

CMP  1 CMP  2 CM

0.21 1 30 

0.22  2 28 2 

0.75  3 22 4 2 

0.76  4 22 4 1 

0.77  4 22 4 1 

0.90  5 18 4 4 

0.91  6 18 4 3 

0.92  6 17 5 3 

0.93  5 16 5 3 

0.94  5 16 5 2 

0.95  5 14 5 4 

0.96  5 14 5 4 

0.97  5 14 5 4 

0.98  8 13 4 3 

0.99  7 11 4 2 

1.00  9 7 3 2 

a The limiting elementary peak purities were calculated within the restricted domain.
b Fraction of peak purity with regard to the limiting value for each compound.
c Compounds not reaching the threshold under any condition.
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3 and 2). For thresholds between 80% and 97%, three CMPs are
required. As commented, a good compromise can be a threshold
of resolution of 97%, for which the separation capability of the sys-
tem is almost completely exploited using three CMPs. The number
of compounds resolved by each CMP  was  18, 10 and 2. The reduc-
tion in the number of CMPs down to two leads to an unacceptable
resolution, since the threshold needs to be set only at 76% of the
limiting elementary peak purities.

A peak purity threshold of p = 0.8 can be enough for certain pur-
poses (e.g., screening), since it will show clear valleys between
peaks. However, the acceptance of such a threshold depends on
the analyst demands or experience, and the type of problem. If
the selected threshold is not considered finally appropriate, an
enhancement will be achieved by introducing an additional CMP.
The chromatographer should decide whether this change is practi-
cal or not.

The elementary peak purities for the optimal combination of
three CMPs with a threshold of 97% are given in Table 3. The
mobile phase compositions (one CMP  was acidic and two basic),
and the partial and global resolutions are indicated, as well as the
compounds assigned to each CMP  marked in bold (note that the ele-
mentary peak purities for the selected compounds are well above
p = 0.97). Fig. 3 depicts the corresponding chromatograms. It should
be observed that for the second and subsequent CMPs, although
a CMP  is assigned by the algorithm to a certain group of com-
pounds, this does not mean that other compounds are necessarily
overlapped.

4.2.2. Search in a restricted analysis time domain
A drawback of the search of CMPs described above is that it can

lead to mobile phases yielding an excessively long analysis time,
when this is not considered along the optimisation. The concentra-
tion of acetonitrile in the selected CMPs for the test sample was  low.
This increased the retention, obviously enhancing the separations,
but with an adverse effect on the analysis time.

Next, we decided to restrict the analysis time to a maximal value
of 45 min. As observed in the contour map  in Fig. 4, this time restric-
tion implied that the organic solvent fraction should be above ∼32%,
while the full pH domain continued being available to carry out the

optimisation. Therefore, the factor that affected the analysis time
was the organic solvent contents.

We carried out the sequential search of CMPs in the new
restricted domain. This means that the possibilities of finding

ntial method considering the restricted domain (analysis times below 45 min).a

ach CMP Unresolvedc

P  3 CMP 4 CMP  5 CMP  > 6

–
–
2

1 2
1 2
1 1 2
1 1 1 2
1 1 1 2
2 1 3
2 2 3
2 2 3
2 2 3
2 2 3
2 2 1 3
2 1 1 8
2 1 1 11
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Fig. 5. Simulated chromatograms corresponding to the best combination of three
CMPs, found by LOGA. The composition of the CMPs was: (a) 20.0% acetonitrile/pH
ig. 4. Contour map  depicting the analysis time (min) for the mixture of 30 com-
ounds.

eparation conditions were decreased (substantially for some com-
ounds). Thus, the pair acetophenone–benzaldehyde showed a
aximal resolution slightly below 0.7, and in a lesser extent,

he possibilities of resolution for the amphoteric compound
3-aminophenol) were decreased.

Table 4 shows the results obtained from the scanning of res-
lution thresholds in the restricted domain, where the maximal
hresholds for each number of CMPs are included, together with
ther representative cases. The number of compounds that did not
each the threshold is also indicated. The optimal combination of
hree CMPs with a threshold of 75% was (% acetonitrile/pH) 32.0/3.2,
6.2/6.8, and 31.8/3.9. The partial resolutions were PCMP = 0.125,
.469 and 0.923, respectively, and the global resolution P = 0.054.
he number of resolved compounds was 22, 4 and 2, respectively,
nd two compounds remained unresolved. Even with five CMPs
he resolution remained low. If maximal resolution was  demanded,
xing the threshold at 1.0, only 19 from the 30 compounds could
each the threshold using 9 CMPs. Note that the peak capacity in
he restricted domain was reduced from 70 to 48.

.3. Systematic search of optimal CMPs and genetic algorithm
ith local optimisation (LOGA)

The CMPs search described in Section 4.2 is a sequential
pproach that attends to the maximal number of resolved com-
ounds, where the CMPs are established independently, one by
ne. In previous work, we developed a systematic approach to
nd the optimal combination of CMPs. This approach carries out

 comprehensive inspection of the global resolution of all possi-

le combinations of mobile phases in a selected domain, in order
o find the best [6].  There are significant differences between both
pproaches. The sequential search is based on the measurement of

able 5
umber of combinations to be examined in the systematic search of optimal CMPs
ithin the full domain, and computation times.a

Number of CMPs Combinations Time

2 5.37 × 108 14.6 days
3  3.43 × 1013 2.56 × 103 years
4  4.80 × 1016 3.58 × 106 years
5  7.71 × 108 5.75 × 108 years
6 2.99 × 1020 2.23 × 1010 years

a The computation times are extrapolations from reduced assays in a personal
omputer equipped with an Intel CoreDuo 2.53 GHz and 4 GB RAM.
2.9, (b) 23.2% acetonitrile/pH 4.3, and (c) 28.8% acetonitrile/pH 9.8. The compounds
assigned to each CMP  are indicated (see the identities in Table 1).

elementary peak purities. In contrast, the systematic search is gov-
erned by the global resolution of the whole mixture, measured as
the product of elementary peak purities. Also, whereas the chro-
matographer does not have a direct control of the number of CMPs
in the sequential search, the establishment of the number of mobile
phases before starting the process is needed in the systematic
search.

The optimisation strategy through a comprehensive search
assures that the best combination will be found, but it involves
a massive computation volume that grows exponentially until

becoming impractical when the number of analysed compounds
and/or mobile phases is large (it would take days to years of com-
putation). The number of possible combinations of mobile phases
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o examine, and the estimated computation time for sets of two  to
ix CMPs in the analysis of the mixture of 30 compounds, consid-
ring a space with 11,211 mobile phases (the same studied for the
equential method in the full domain) are given in Table 5.

A solution to the problem of the excessive computation time
or the comprehensive search is the use of genetic algorithms
GAs), which reduce the number of combinations to be examined.
As, however, can present convergence problems, or fail in the
earch of the global optimum. To overcome this limitation, we
eveloped a modified GA with internal local search (LOGA) [8],
hich yields excellent results and reduces the computation time

o the order of a few seconds (in cases that required hundreds
r thousands of millions of years with the comprehensive exam-
nation). The compositions of the optimal CMPs found by LOGA
onsidering the full domain were (% acetonitrile/pH): 20.0/2.9,
3.2/4.3, and 28.8/9.8, with partial resolutions PCMP = 0.952, 0.958
nd 0.974, respectively (Fig. 5). The global resolution was P = 0.889.
he number of compounds resolved by each CMP  was 9, 9 and
2, respectively. These figures should be compared with those
btained by the sequential search, which found a different com-
ination of optimal CMPs (% acetonitrile/pH): 22.6/2.5, 21.2/10.7,
nd 20.0/9.7 with PCMP = 0.886, 0.943 and 0.994, respectively, and a
lobal resolution of P = 0.831. The global resolution for the sequen-
ial search was somewhat smaller. However, it can be observed that
his approach was able to find two CMPs that resolved most com-
ounds in the sample (18 + 8 = 26), whereas the solution found by
OGA only could resolve a maximal number of 21 compounds with
wo CMPs. With a single mobile phase, only 17 compounds could
e resolved (Fig. 1).

. Conclusions

One of the problems to be solved in the development of a liquid
hromatographic method is the search of the optimal conditions in
ases of minimal resolution. A possible solution is to increase the
electivity by implementing complementary experimental condi-
ions. The easiest way to afford this is the analysis of the sample
sing two or more mobile phases (CMPs), each of them focused to
esolve only some compounds in a mixture.

We have introduced three approaches to obtain optimal CMPs:

(i) the comprehensive examination of all possible combinations
of mobile phases (or compounds),

(ii) the systematic search of optimal CMPs assisted by a genetic
algorithm with local search (LOGA), and

iii) the sequential search, based on the peak count concept.

In the two former approaches, the number of CMPs should be
xed a priori. In the latter approach, a resolution threshold is fixed
nd the CMPs needed to reach it are found. The sequential approach
resents the advantage of a short computation time and simplicity:

t only requires the examination of the data matrix and the scanning
f thresholds. The approach based on LOGA also requires a short
omputation time, but the algorithm is considerably more complex
nd cannot be easily implemented [8].

We  have demonstrated to which extent the sequential approach
s viable to find suitable CMPs. It should be noted, however, that the
MPs found by this approach will probably not coincide, neither
he number, nor the distribution of compounds resolved by the
MPs, with the result found by LOGA (or the comprehensive search
pproach). Therefore, the solution with the sequential approach

s not necessarily the optimal one. Other combinations with the
ame number of CMPs may  exist showing better global resolution.
eanwhile, in the search based on LOGA, the elementary resolution

f each compound is not considered, but the global one. It is then

[

[
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possible that the elementary resolution for some compounds be
below that obtained with the combination chosen by the sequential
approach.

The global peak purities can be directly compared in both cases.
In contrast, the partial peak purities for each CMP  cannot be com-
pared, since the number of resolved compounds is different. This
number is more uniform with LOGA than with the sequential
search, due to the nature of the latter approach, which tends to
concentrate more compounds in the first CMPs.

Due to its simplicity and the structure of the algorithm, the
sequential method is more “governable” via threshold tuning. Also,
the selection of one or more compounds to be included in the
first CMP  is feasible, either based on their analytical interest (in
our example, all phenols could be forced to be resolved with the
same CMP), or on the separation complexity (as was the case of
3-aminophenol, acetophenone and benzaldehyde).

The CMPs approach requires two  or more runs (in one or more
chromatographs) by sample. Once a conventional optimisation has
been checked to fail, the same experimental information (i.e., reten-
tion and peak shape data) can be used to compute in a few minutes
the complementary conditions. The chromatographer can appraise
if the solution found is practical enough, against the extra work
of performing a fully new optimisation. Sometimes, this could be
preferable to develop a full modelling and optimisation for another
system (column, modifier(s), pH, buffer nature, etc.), which inci-
dentally may  fail.

The practical difficulty in a CMP  approach can arise when the
required number of mobile phases needed to exploit the whole
resolution capability of the system is too high. In that case, some
separation potential can be sacrificed, finding a reasonably number
of CMPs (two or three), and reducing the resolution expectations.
Also, the analysis time can be expedited optimising complementary
gradients, which will be the subject of future work.
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