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Abstract

The aim of this work was to develop a model that accurately describes retention in liquid chromatography (LC) as a
function of pH and solvent composition throughout a large parameter space. The variation of retention as a function of the
solvent composition, keeping other factors constants, has been extensively studied. The linear relationship established
between retention factors of solutes and the polarity parameter of the mobile phase, EY, has proved to predict accurately
retention in LC as a function of the organic solvent content. Moreover, correlation between retention and the mobile phase
pH, measured in the hydroorganic mixture, can be established allowing prediction of the chromatographic behavior as a
function of the eluent pH. The combination of these relationships could be useful for modelling retention in LC as a function
of solvent composition and pH. For that purpose, the retention behavior on an octadecyl silica column of a group of diuretic
compounds covering a wide range of physico-chemical properties were studied using acetonitrile as organic modifier. The
suggested model accurately describes retention of ionizable solutes as concomitant effects of variables included and is
applicable to al solutes studied. We also aimed to establish an experimental design that allows to reproduce to a good
approximation the rea retention surface from a limited number of experiments, that is from a limited number of
chromatograms. Ultimately, our intention is to use the model and experimental design for the simultaneous interpretive
optimization of pH and proportion of organic solvent of the mobile phase to be used in the proposed separation. O 2000
Elsevier Science BV. All rights reserved.
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1. Introduction

Liquid chromatography (LC) is a routine method
for solving many practical analytical problems. In
addition to the broadening of its applications, ad-
vances have been made in our fundamental under-
standing of the separation mechanisms in LC. How-
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ever, separations are still being developed in a non-
systematic manner, often by trial-and-error, which
involves several disadvantages. The most evident
disadvantage is the long development time that is
required to select experimental conditions that are
not necessarily the optimum ones, and often are not
as good as might be expected from this powerful
technique.

The most important aspect of method development
in LC is the achievement of sufficient selectivity
(relative retention). Usually, the methods are focus-
sed on optimizing the concentration of organic
solvent in the mobile phase. However, the pH of the
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mobile phase is aso a powerful parameter for
optimizing selectivity when separating ionizable
compounds. Variations in the mobile phase pH may
easily lead to important variations in selectivity
because the degree of ionization of solute, stationary
phases and mobile phase additives (e.g., ion-pairing
reagents) may be affected by the pH [1]. Therefore,
the most useful way to maintain a reasonable k'’
range and to achieve a good selectivity for the
resulting separation is to vary simultaneously the pH
and the solvent strength of the mobile phase.

If selectivity optimization procedures are to be
developed, a model to describe the chromatographic
retention in LC (represented by the retention factor,
k") as a function of the parameters to be optimized,
pH and proportion of organic solvent is needed:

K'=F@.+¢) 1)

where a,+ is the hydrogen ion activity (a,+=
10~"") and ¢ the fraction of organic modifier in the
mobile phase. Lopes-Marques and Schoenmakers [2]
derived and evaluated several mathematical models,
which combined effects of pH and percentage of
organic solvent, using different equations for each of
the single parameters to be optimized. They obtained
the best results by assuming retention factors to vary
quadratically with ¢, and the equation derived con-
tains nine coefficients and two variables. However,
too many coefficients are undesirable because many
chromatograms are required to their initia estima
tion. Moreover, the modelling function derived was
proved to be remarkably insensitive to changes in the
values of some of the nine coefficients, suggesting
that they have no physical meaning. Models derived
by first describing the retention factor as a function
of pH and then assuming the coefficients in that
equation to be a function of organic solvent propor-
tion are preferred over models derived the other way
around [2].

The theory for studying the pH dependence of
chromatographic retention for ionizable solutes in
liquid chromatography were proposed by Horvéath et
a. [3] and verified by different authors for different
type of compounds [1,4-9]. The expression:

K = m )

represents the variation of the retention factor for a
weak monoprotic acid, HA, with the hydrogen ion
activity in the mobile phase, a,,-. The dissociation
constant in the acetonitrile—water mixture used as
mobile phase is represented by K; Yas is the activity
coefficient of the dissociated acid in the mobile
phase that can be calculated by the classica Debye—
Hiickel equation; and k;,, and k,- are the two
limiting retention factors of the undissociated and
fully dissociated acid, respectively. For a weak
monoprotic base, BH", a similar equation can be
written:

k'= - ©)
1+

where K, is defined as the dissociation constant of
the protonated base (BH") in the hydroorganic
mixture used as mobile phase, and kg, and k; are
the limiting retention factors of the protonated
compound and the undissociated base, respectively.
Egs. (2) and (3) include the pH vaues in the
hydroorganic mixture used as mobile phase instead
of the traditionally values in water, and take into
account the effect of activity coefficients [7].

Establishing the variation of the coefficients k;, ,,
Kp-, Kgy+, kg and K, in Egs. (2) and (3) with the
proportion of organic modifier, one can obtain a
equation that express the retention factor for acidic
and basic solutes as a function of both pH and
concentration of organic solvent in the mobile phase.
The dissociation constant, K, cannot be assumed to
be independent of ¢. The relationships between K,
for different type of compounds and the proportion
of organic solvent have been extensively studied and
are well known [10,11]. The variation of retention as
a function of the solvent composition (keeping other
relevant factors constant) has been extensively
studied. The linear solvation energy relationship
(LSER) formalism [12—14] have been widely used to
predict retention in liquid chromatography. When a
system with a fixed pair of solute and stationary
phase is considered [15]:

logk’ =(logk'), + s* + a8, + ba, (4)

The independent term and the coefficients in Eq. (4)
depend on solute and stationary phase parameters;
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the solvatochromic 7 parameter evaluates solvent
dipolarity/polarizability [16]; and the solvatochromic
parameters «,, and B, evauate solvent hydrogen
bond acidity [17] and solvent hydrogen bond basicity
[18] of the mobile phase, respectively. Taking into
account that B, values for acetonitrile—water mix-
tures, used here as mobile phases, are nearly constant
[19,20] and the observed correlation between the
normalized Dimroth and Reichardt polarity parame-
ter, EY, [21] and 7* and o parameters, E} =0.009+
0.4157* +0.465 « [22], Eq. (4) can be reduced to
the single solvent parameter-dependent expression:

logk’ = C + eEY (5)

The linear correlation between the chromatographic
retention, represented by the logarithm of the re-
tention factor, and the EY polarity parameter have
been used to predict the chromatographic behavior of
different types of compounds as a function of the
proportion of organic modifier in the eluent [15,23—
26]. In acetonitrile—water mixtures rich in water this
exists as a structural region without disruptions on
the structure of water molecules. At percentages of
acetonitrile—water of approximately 20% the struc-
ture of the mixtures changes and presents micro-
heterogeneity. Eq. (5) fits data very well within each
one of these structural regions, for most solutes over
wide ranges of acetonitrile composition in the mobile
phase [15] and provides a useful tool for predicting
retention due to the good linearity obtained and
because a suitable prediction of retention for a
specific solute in a fixed stationary phase can be
achieved from only two experimental measurements
of k' a two different mobile phase composition
within one of the structural regions of the acetoni-
trile—water mixtures [20,27]. Because of its accuracy
and simplicity, we judged it to be the best available
as descriptor of retention as a function of percentage
of organic solvent in the mobile phase.

In this work, an experimental study was made in
order to establish the effects of concomitant varia-
tions of pH and acetonitrile in the mobile phase on
retention of a series of diuretic compounds covering
a wide range of acid—base properties. These type of
substances are widely used therapeutically in the
treatment of congestive heart failure and hyperten-
sion [28], and are included in the list of compounds
banned in sport by the Medical Commission of the

International Olympic Committee [29]. We aso
aimed to establish an experimental design that allows
reproducing to a good approximation the real re-
tention surface from limited number of experiments,
that is alimited number of chromatograms. Ultimate-
ly, our intention is to use the model and experimental
design for the simultaneous interpretive optimization
of pH and proportion of organic solvent of the
mobile phase to be used in the proposed separation.

2. Experimental
2.1. Chemicals and reagents

Acetonitrile for chromatography (Merck, Darm-
stadt, Germany) and water obtained by a Milli-Q
purification system (Millipore Ibérica, Barcelona)
were used. Ammonium acetate, concentrated phos-
phoric acid, potassium bromide and potassium hy-
drogenphthalate (dried at 110°C before use) were all
from Merck and analytical-reagent grade.

Acetazolamide, amiloride (hydrochloride), ben-
droflumethiazide, benzthiazide, bumetanide, can-
renone (potassium salt), chlorothiazide, chlor-
thalidone,  diclorfenamide,  ethacrynic  acid,
furosemide, hydrochlorothiazide, spironolactone, tri-
amterene and trichlormethiazide were purchased
from Sigma Quimica (Alcobendas, Madrid, Spain).
Molecular structures of these diuretics are shown in
Fig. 1. Stock standard solutions of 1 mg/ml were
prepared by dissolving the compound in a 50:50
(v/v) acetonitrile—water mixture except for triam-
terene and diclorfenamide, which were dissolved in
mobile phase. All these solutions were stored in the
dark at 4°C. Working solutions were daily prepared
by 10-fold dilution of the stock standard solutions in
mobile phase; stock solution of diclorfenamide was
used without dilution.

2.2. Apparatus

The chromatographic equipment consisted of an
ISCO (Lincoln, NE, USA) Model 2350 pump, an
injector valve with a 10-pl sample loop and a
variable-wavelength absorbance detector (V*, 1ISCO)
operating a 275 nm. The chromatographic system
was controlled by ChemResearch™ Chromatographic
Data Management Controller software (version 2.4)



30 R. Bergés et al. / J. Chromatogr. A 869 (2000) 27-39

H H
cl :@Nﬁ cl NW cl N\(CHCIZ
NH NH I: I NH
HNO_S s~ HNO,S s~ HNO,S s~

O, 0, 0,

Chlorothiazide Hydrochlorothiazide Trichlormethiazide
cl N CH;S-CH,-CH 4

ﬁ/ 2 2 Vds CF, ]QiN\rCH;CGH5

NH
HzNO 28 s~ HNO S S/NH
O2 2 2 0
2
Benzthiazide Bendroflumethiazide

al SO,NH,
‘ OH CH-CO-NH_~°\_SO,NH,
HZNOZS \ / o SONIL,
I.IN _— 2
0 N—N a1
Chlorthalidone Acetazolamide Diclorfenamide
a a COOH
O
HC-C-CO 0-CH,-COO0!
]@ . ' B CHJ-(CH2)3—NH SO,-NH
H,NO,S COOH CH e h

: 0-C/H,

Furosemide Ethacrynic acid Bumetanide
NH, H,N N\ NH,
N
Jl\ A CI” SN CO-NH-G-NH,* HCI
H,N N N NH, NH
Triamterene Amiloride (hydrochloride)
o
O/S OH  COOK
- ~
c ™ 8-CO-CH, o
Spironolactone Canrenone (potassium salt)

Fig. 1. Molecular structures for the diuretic compounds studied.
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provided by ISCO. A 5-um LiChrosphere 100 RP-18
(Merck) column (250X 4 mm |.D.) was used at room
temperature.

The em.f. measurements used to evaluate the pH
of the mobile phase were done with a Model 2002
potentiometer (£0.1 mV) (Crison Instruments, Bar-
celona, Spain) using an Orion 8102 ROSS combina
tion pH electrode (Orion Research, Boston, MA,
USA). All solutions were thermostated externally at
25+0.1°C. The electrodes were stabilized in the
appropriate acetonitrile—water mixtures prior to the
e.m.f. measurements, which were performed in trip-
licate to ensure potentiometric system stability.

2.3. Chromatographic procedure

The concomitant effects of acetonitrile concen-
tration and pH were studied for all solutes on the
LiChrosphere column. Mobile phases used were
mixtures of acetonitrile and a 0.1 mol/l ammonium
acetate at different proportions of organic solvent,
ranged from 10 to 60% (v/v). At each composition,
different pH values were studied, spread over the pH
range from 3 to 7, by adding concentrated phosphor-
ic acid to the hydroorganic mobile phase. The
aqueous component of the eluent was filtered
through a 0.45-pm filter (MSl, Reactivos Scharlau,
Barcelona, Spain) before use. Mobile phases were
filtered through a 0.22-pm filter (MSI, Reactivos
Scharlau), degassed under a stream of helium and the
flow-rate was maintained at 1 ml/min.

The pH of the mixed mobile phases were mea-
sured using a 0.05-mol/kg potassium hydro-
genphthalate solution as primary standard buffer
reference, dissolved in the appropriate acetonitrile—
water medium, and a combination pH electrode as
described in previous works [15,30].

The hold-up time, t,, was established for every
mobile phase tested by injection of a 0.01% potas-
sium bromide solution in water and monitoring the
eluate at 200 nm [31]. The retention factors (k') for
al the diuretic compounds at each mobile phase
assayed were determined from four different in-
jections of the diuretic compounds working solutions
using the expression: k' = (t; —t,)/t,, where t, is
the hold-up time and t is the retention time of each
compound obtained from the peak maximum. Sol-

utes were injected individually to avoid mutual
interferences.

Retention behavior for a group of compounds
including acidic (furosemide, bumetanide, ethacrynic
acid and canrenoic acid), weakly acidic (chloro-
thiazide and trichlormethiazide) and basic solutes
(amiloride and triamterene) were used to assess the
validity of the proposed model for substances with
different acid—base properties.

All model-fitting calculations were performed with
the SigmaPlot for Windows (version 4.00) curve
fitter. This program uses the Marquardt—L evenberg
algorithm to find the coefficients of the independent
variable(s) that give the best fit between a given
function and experimental data. The iterative algo-
rithm seeks the values of the parameters that mini-
mize the sum of the squared differences between the
values of the observed and predicted values for the
data until the convergence is achieved, that is
differences between the residual sum of sguares no
longer decreases significantly.

3. Results and discussion

Acetonitrile—water mixtures are suitable for chro-
matography of neutral and weak acid diuretics [32],
but for chromatography of basic and more acidic
compounds control of the pH of the eluent by adding
a phosphate buffer [32—34] is needed. Moreover,
good peak symmetry of the basic diuretics is only
obtained if an organic competing base [32,35,36] or
an ammonium salt [37] is added to the acidic eluent.
For these reasons we chose in our study a C,g
stationary phase and a mobile phase consisting of
acetonitrile and a 0.1 mol/l ammonium acetate
solution, while the pH of the hydroorganic eluent
was adjusted with concentrated phosphoric acid.

Retention factors (k') for the diuretic compounds
were obtained at different percentages of acetonitrile
in the mobile phase and at different pH, ranged from
10 to 60% (v/v) and from 3 to 7, respectively.
Owing to the large retention times for spironolactone
in mobile phases with percentages of acetonitrile
below 35% (v/v), its retention factors have not been
determined in the whole range studied.

The pH were measured in the hydroorganic mix-
tures using a 0.05 mol /kg potassium hydrogenphtha-
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late solution as primary standard reference, dissolved
in the appropriate acetonitrile—water medium and a
combination electrode. These measurements can be
performed as easily as in water as described in
previous work [15,30] by the use of the operational
definition of pH:

PHy = pHps + %
where pH g and E. are pH and electromotive force
(emf.) of the primary standard reference solution,
pH, and E, are pH and em.f. of the mobile phase,
and g=0.059 V at 25°C. Rapid stabilization and
good accuracy, precision and reproducibility for pH
measurements up to 7 in acetonitrile—water systems
are obtained [15]. pH measurements in mixed mobile
phase permit the interpretation of chromatographic
results without extrapolation of pH values from
agueous solutions.

According to Eg. (5), logarithms of the retention
factors of the diuretic compounds studied correlate
linearly with the polarity parameter of mobile phases
containing 25-50% (v/v) acetonitrile with correla
tion coefficients higher than 0.99. On the other hand,
the series of diuretics considered includes com-
pounds with large differences in molecular structures
(Fig. 1) and their chromatographic behavior as a
function of the mobile phase pH depends on their
acid—base properties. Depending on their acid—base
behavior, diuretics can be classified into four groups
[38]: basic (potassium-sparing diuretics, such as
amiloride and triamterene), neutral (aldosterone an-
tagonists, such as spironolactone), weakly acidic
(carbonic anhydrase inhibitors, such as acetazola-
mide and diclorfenamide; thiazides and related com-
pounds, such as chlorthalidone) and acidic com-
pounds (canrenoic acid and loop diuretics, such as
furosemide, bumetanide and ethacrynic acid). Neu-
tral compounds are neither basic nor acidic and their
retention is independent of pH. Weakly acidic com-
pounds have sulphonamide groups with pK, values
higher than 7 [9,39,40] and al are uncharged in the
pH range investigated and no significant effect of pH
on retention factors are observed. According to their
pK, values [9,39,40] basic compounds present posi-
tively charged amine groups over the pH range
studied and their chromatographic retention is low
and also constant. The more acidic diuretic com-

(6)

pounds have carboxylic acid groups with pK, values
between 3 and 6 depending on the compound [9,40],
and plots of k' versus the pH showed the expected
sigmoidal behavior [3]. Therefore, Egs. (2) and (3)
can be used to describe the retention behavior as a
function of pH for al solutes considered. From the
practical point of view, there is not a great influence
of the activity coefficient values and these two
equations can be simplified if activities are consid-
ered equal to concentrations.

Considering Egs. (2) and (3), at each organic
solvent concentration these equations describe a
sigmoidal function. The curves are different for
different organic solvent concentrations in mobile
phase, because k;,,, K-, Kgy,+, kg and K, vary with
the percentage of acetonitrile in the maobile phase,
but the general form of the equation is maintained.
Establishing functions for the variations of the
limiting retention factors and K, with the proportion
of organic modifier and substituting them into Eq.
(2) (acidic compounds) or into Eg. (3) (basic solutes)
we obtain a modelling function for k' as a function
of both pH and concentration or organic solvent.
Dissociation constants for some of the diuretic
compounds studied have been potentiometrically
determined in acetonitrile—water mixtures with con-
centrations of organic solvent up to 70% (w/w) [9].
Here we are assuming that K, for solutes in the
hydroorganic mixture constituting the mobile phase
are known or that they can be estimated or extrapo-
lated from the values in aqueous medium and the
variation of K, values of these type of substances in
acetonitrile—water mixtures [42,43]. Otherwise, the
number of coefficients to be adjusted in the general
model derived should be increased.

ki, represents the retention factor of the proton-
ated form of an acid, HA. Its variation with per-
centage of acetonitrile in the mobile phase, repre-
sented by the normalized Dimroth and Reichardt
polarity parameter, should logically follow Eqg. (5):

log ki = Cpa + eHAE"I\'I (7)
and analogoudly for kj-:
logk,- =C,- +e, EY (8)

Substituting Egs. (7) and (8) into Eq. (2) we obtain
an expression that describes the variation of the



R. Bergés et al. / J. Chromatogr. A 869 (2000) 27-39 33

retention factors for acidic solutes as a combined
function of pH and concentration of organic modifier
in the mobile phase:

N —4e. EN
10CHATeHAET) 4 10(Ca-Fea-BT) . Ka/aH;; Ya..

k'= 1+K,/ay: Ya-

9

For a weak monoprotic base, BH", a similar equa-
tion can be obtained by substituting the expressions
for variation of kj,,. and k; with EJ (analogous to
Egs. (7) and (8)) in Eq. (3):

N N
10(CBH++eBH+ET) + 1O(CB+eBET) . Ka yBH';/aH;;

K= 1+ K, Yen:/ay:

(10)

where K, is defined as the dissociation constant of
the protonated base, and BH™ and B represent the
protonated compound and the undissociated base,
respectively.

3.1. Retention modelling

Retention behavior for a group of compounds
including acidic (furosemide, bumetanide, ethacrynic
acid and canrenoic acid), weakly acidic (chloro-
thiazide and trichlormethiazide) and basic solutes
(amiloride and triamterene) were used to assess the
validity of the proposed model for substances with
different acid-base properties.

Table 1

The initial parameters values used by the curve
fitter to find the equation model should be as close as
possible to the real values because a good initial
estimate guarantee better and faster results. The
strategy to select the initial values for C,,, €44, Ca-
and e, in Eq. (9) is based on the fact that k;,, and
k.- are the retention factors for the undissociated
and fully dissociated acid. These parameters can be
estimated from the experimental retention data corre-
sponding to the highest and lowest pH values at
every concentration of acetonitrile in the mobile
phase for analytes with approximately pK, values
within 4 and 6, which constitute an estimation of k;,,
and k, - values, and applying Egs. (7) and (8). The
same can be said for the estimation of initial values
for basic compounds, Cg,,+, €5+, Cg and eg.

The coefficients found to describe the retention
behavior of these solutes using Egs. (9) or (10) are
listed in Table 1, together with the sums of squares
of the residuals (SSQ) and the relative root mean
squared differences (RRMSD), to indicate the qual-
ity of the description of retention data. The SSQ is
calculated from the differences between the observed
retention factors and those calculated from Egs. (9)
(acid solutes) or (10) (basic compounds). In general,
the small the SSQ the higher the fitness. By the
nature of this definition solutes that show large
retention factors, and thus large absolute deviations,
tend to show the largest sums of sgquares. This is the
reason why solutes such as ethacrynic acid and
bumetanide show large values of the SSQ listed in
Table 1. The RRMSD, obtained by calculating the

Results of the application of the retention model proposed to all the experimental retention data available (N >40) for each solute considered
(coefficients describe chromatographic retention in terms of Eq. (9) for acids, and in terms of Eq. (10) for basic compounds)

Substance Cin €ia C,- e SsQ* RRMSD" (%) N

Furosemide —9.05 11.44 —10.06 11.57 2.24 10.1 45
Ethacrynic acid -11.13 14.72 —14.40 17.23 65.73 139 46
Bumetanide —13.08 16.90 —12.87 15.13 58.34 119 46
Canrenoic acid —12.09 15.22 —12.18 14.20 4.12 7.3 49
Trichlormethiazide —7.07 8.90 -6.29 5.91 1.38 7.4 45
Chlorothiazide -3.93 4.39 —2.02 1.18 0.05 6.2 45
Substance Cop+ (=3 Cs e SSQ RRMSD N

Amiloride -354 3.37 3.09 -221 0.06 15.9 45
Triamterene —6.11 6.87 —5.91 711 0.12 11.0 25

*SSQ, sum of squares of the residuals=3(Kpys — Kpreq )
® RRMSD, relative root mean squared differences= 1000\/E(k’

obs.

- k;’ared.)zlz(kébs.)z
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squared root of the SSQ divided by the sum of
squares of the observed retention factors, provides
the relative deviation (%) in the range studied and
alows the comparison between different solutes
presenting great differences in retention times. For
most of the solutes the relative deviations were
within a 6-14% margin. The only exceptions were
the solutes with very small observed retention fac-
tors, such as amiloride, for which large contribution
of retention factors around zero is observed.

The results shown in Table 1 demonstrate the
good performance of the procedure. The iteration
processes have a high convergence speed and are
very robust because virtually the same final results
are obtained from different guess initial values.
Results were obtained using a relatively strict con-
vergence criterion, the model was considered to have
convergence if and only if the absolute value of the
differences between the values of the residuals in
consecutive iterations was less than 10 %,

The retention of thiazide compounds, chloro-
thiazide and trichlormethiazide, as a function of pH
remains almost constant as they are very weak acid,
while the largest variations in retention are observed
for more acidic compounds. Solutes with predomi-
nantly neutral behavior in the pH zone of interest
were included in the fitting calculations for acidic
compounds. There were two reasons to do so: first,
to assess the behavior of the model for these
compounds; second, if the models fit data for neutral
solutes without problems, it will not be necessary to
establish a rigorous threshold to distinguish between
neutral, weak acidic and more acidic solutes.

The retention factor for the group of solutes
studied presenting wide differences in their acid—
base properties can be effectiveness described as a
function of pH and acetonitrile content in the mobile
phase with the equations proposed. However, as the
retention factors of weakly acidic solutes are almost
constant in the interval studied and their variations
are mainly due to experimental error, some of the
calculated parameters have no physical meaning and
are just circumstantial. In these instances, k;,, and
k.- have the same values, so that retention will be
essentially independent of the value assigned to K,.

Once the validity of the proposed model has been
proved for solutes with great differences in physico-
chemical properties and in acid—base behaviors, it

can be extended to the rest of diuretic compounds
considered in this study. The model proposed can be
used for the optimization of the mobile phase
composition, acetonitrile content and pH, to be used
for the chromatographic separation of these solutes
in LC.

3.2 Experimental design

On determining a model to fit experimental data
with the final objective of using it in a systematic
method-development procedure, it is important to
consider the number of experimental data points
(chromatograms) required in order to reproduce to a
good approximation the real retention surface. To
assess the behavior of the model proposed when
limited sets of data are available, we selected a
prospective experimental design with four points
(2X2) which corresponds to the highest and lowest
pH values at every concentration of organic modifier.
These points are: (pH, C) ((3, 30%), (3, 50%) (7,
30%) (7, 50%)). Next, we refitted the model for the
15 diuretic compounds considered using only the set
of points defined by the experimental design. From
the calculated coefficients, we evaluated the differ-
ences between the observed and the predicted re-

Table 2

Results obtained by fitting the model proposed, Eq. (9) for acidic
and neutral compounds and Eq. (10) for basic solutes, to limited
fraction of the data set (2X2 experimental design)

Substance SSQ RRMSD N
(%)

Furosemide 3.39 125 45
Ethacrynic acid 82.33 15.6 46
Bumetanide 82.11 14.2 46
Canrenoic acid 5.79 8.7 49
Amiloride 0.12 22.7 45
Triamterene 0.15 12.3 25
Chlorothiazide 0.11 9.7 45
Trichlormethiazide 2.06 9.0 45
Bendroflumethiazide 18.30 8.7 25
Hydrochlorothiazide 0.04 6.1 25
Benzthiazide 8.76 10.7 25
Chlorthalidone 0.08 5.6 25
Acetazolamide 9.1x107° 49 25
Diclorfenamide 0.31 7.7 25
Spironolactone® 108.07 15.6 20

*Data between E} values from 0.84 to 0.80 (35-50%, v/v,
acetonitrile).
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tention values for al the data set. The results are
given in Table 2 and they enabled us to obtain a
rough idea of the degree of approximation for
predictions made.

The initial values for the parameters C,,, €,a,
C,- and e,- (acidic and neutral solutes) or Cg,+,
€+, Cz and e; (basic solutes) can be estimated
from the points of the experimental design, and
applying Egs. (7) and (8) or the equivalent equations
for bases. The additional model fittings required for
the initial-guess procedure do not cause a significant
increase in the time required for the whole process
because for the linear relationships described by Egs.

@

©

(7) and (8), a conventional linear regression method
gives the result in a minimal amount of time. This
small overhead in computation time is more than
compensated by the increasing ease with which the
whole process can be conducted. Dissociation con-
stants for some of the diuretic compounds studied
have been potentiometrically determined in acetoni-
trile—water mixtures with concentrations of organic
solvent up to 70% (w/w) [9]. For the rest of solutes
an estimation of the K, in the acetonitrile—water
mixtures congtituting the mobile phase have been
performed from values described in aqueous medium
[39-41] and taking into account variations of this

(b)

Fig. 2. Retention surfaces as a function of pH and the EJ polarity parameter of the mobile phase obtained by fitting the four data selected in
the experimental design to Eqg. (9). Solutes (acidic diuretics): (@) furosemide, (b) ethacrynic acid, (c) bumetanide and (d) canrenoic acid.
Symbol: (@) experimental retention data over the whole parameter space.
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dissociation constants when increasing acetonitrile
concentration for similar compounds [9,42,43].
Figs. 2 and 3 show the retention surfaces for some
of solutes studied, obtained by fitting four initial
experimental data, as a function of pH and EY
polarity parameter of the mobile phase. Experimental
retention data over the whole parameter space are
also plotted together with the predicted surfaces to
demonstrate the accuracy of the predictions done.
The relative deviations at certain combination of pH

and organic modifier concentration, where the re-
tention factors are small, can be high. But, in
general, the model gives very good results with
relative deviations between experimental and pre-
dicted data from 5 to 15% for most of the solutes
over the whole parameter space considered. The only
exceptions are basic compounds such as amiloride
and triamterene that not fit well to the general model
of variation of k' values with pH (Eq. (3)) as it was
found in a previous work [7]. Judging from the

(b)

Fig. 3. Retention surfaces as a function of pH and the E polarity parameter of the mobile phase obtained: (1) by fitting the four data
selected in the experimental design to Eq. (10): (a) amiloride, (b) triamterene (basic diuretics); (2) by fitting the four data selected in the
experimental design to Eq. (9): (¢) trichlormethiazide (weakly acid diuretic), (d) spironolactone (neutral diuretic). Symbol: (@) experimental

retention data over the whole parameter space.
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results using an experimental design of four points it
is possible to predict retention factors for compounds
with different acid—base properties accurately.

Our ultimate aim is not to describe retention, but
to optimize separations. The model described by Egs.
(9) and (10) can be used to predict retention of
diuretic compounds as a function of the acetonitrile
composition and the pH of the mobile phase ranged
from 30 to 50% (v/v) and from 3 to 7, respectively.
From only four experimental data for each com-
pound retention factors can be calculated over the
whole parameters space studied and selectivity (o =
k,/k;) between adjacent solutes can be obtained.
Three-dimensional graphs of the minimum selectivi-
ty («,,,) as a function of pH and concentration of
acetonitrile are represented in Fig. 4. The highest
minimum relative retention indicates the experimen-
tal conditions in which the optimum separation is
obtained. The highest «,,,, value of 1.17 is predicted
between triamterene and acetazolamide around 40%
(v/v) acetonitrile (E}=0.82) in the mobile phase
and at a pH between 3 and 3.5.

The chromatographic separation for the 15 com-
pounds considered in a mobile phase containing 40%
(v/v) acetonitrile and 60% (v/v) 0.1 mol/l am-
monium acetate solution, to which concentrated
phosphoric acid has been added to adjust the hydro-

1.15_/

Fig. 4. Three-dimensional graph of minimum selectivity («
diuretic compounds studied.

min

organic mobile phase pH to 3.5 is shown in Fig. 5.
All solutes are well separated in an analysis time of
28 min with the exception of triamterene and aceta-
zolamide for which an experimental selectivity of
1.10 is obtained. This little deviations from the
predicted behavior can be due to the inaccuracies in
the models for the basic diuretics [7]. Thus, the
predicted composition of the mobile phase gives us a
very good approximation to the experimental con-
ditions to be used.

4. Conclusions

Chromatographic retention in LC can be described
mathematically as a function of pH and solvent
composition of the mobile phase. The retention
factors modelling system developed by first describ-
ing the k' as a function of pH and then assuming the
coefficients of this equation to be a function of
composition proved to be very effective for com-
pounds covering a wide range of acid—base prop-
erties. Moreover, the model proposed can be used for
the optimization of the mobile phase composition
because using a experimental design of four ex-
perimental data it is possible to predict retention
factors accurately over the whole parameter space

) as a function of pH and the E} polarity parameter for the mixture of the 15
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Fig. 5. Chromatogram obtained with the optimum mobile phase predicted. Peaks: (1) amiloride, (2) triamterene, (3) acetazolamide, (4)
chlorothiazide, (5) hydrochlorothiazide, (6) chlorthalidone, (7) diclorfenamide, (8) trichlormethiazide, (9) furosemide, (10) canrenone, (11)
benzthiazide, (12) bendroflumethiazide, (13) bumetanide, (14) ethacrynic acid and (15) spironolactone. See text for experimental conditions.

considered. We have incorporated the model derived
into selectivity optimization procedures and it has
proved to be effective and accurate.
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