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ABSTRACT

The retention of 22 monoprotic acid-base solutes in 12 buffers (pH from 2 to 12) at 3 temperatures
(25, 40 and 55°C) and in 3 mobile phase compositions (20, 40 and 60% acetonitrile) was measured.
The retention data for each solute, temperature and mobile phase compositions was fitted to pH by
means of the common sigmoidal equation and the retention and acid-base parameters were obtained
(log kya, log ka and pK, ). The dependence of these parameters on temperature (van’'t Hoff plots), mobile
phase composition (¢, volume fraction of acetonitrile) and mobile phase polarity (P) parameter) was
investigated. Linear plots of the parameter values against the reverse of the absolute temperature, on
one hand, and ¢ or PY, in the other hand, were generally obtained. From this analysis we propose 6-
parameter equations to relate retention to pH and T at constant mobile phase composition, and to pH and
¢ or PN at constant temperature. A general 12 parameter equation is also proposed to relate retention
simultaneously to pH, T and ¢ or PY. The general constancy of some terms of the equations allow to
simplify the 12 parameter equation to a 8 parameter equation able to predict retention of the studied
solutes. The accuracy of the proposed method provided excellent results with the advantage of modeling
the effects of various optimization variables (modifier concentration, mobile phase pH and temperature)

using a single equation, based on only eight fitting parameters.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Reversed-phase high performance liquid chromatography (RP-
HPLC) is the most widely used separation technique in analytical
chemistry. Despite of the wide range of applications, the sepa-
rations are frequently developed by trial and error. The method
development strategies for optimizing resolution consist in han-
dling as many significant variables as possible. In many instances,
the analytes include ionizable compounds, and mobile phase pH
is a relevant variable. Thus, once the column characteristics have
been chosen, the mobile phase pH, the modifier type and its con-
centration are then tested. Usually, the first preferred variable is the
organic solvent concentration due to its large influence on reten-
tion for all type of solutes. However for weak protolytes, the choice
of the mobile phase pH is critical due to its significant influence
not only on retention factors but also on selectivity and sometimes
on peak shapes [1]. Less frequent has been the use of temperatures
higher than ambient for separation of low molecular weight solutes
under typical RP-HPLC separations [2-13]. It is well known that an
increase in temperature leads to an increase in solute diffusion coef-
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ficient and an increase in the transfer kinetics, which decrease the
mass transfer resistance at the common linear velocities, enhanc-
ing the peak width. Simultaneously, the reduced viscosity at higher
temperatures allows to increase the flow-rates to speed-up the
analysis [14,15]. Although the sequential trial and error approach
is spread among chromatographers, it is a time consuming proce-
dure and very often leads to resolution of the relevant peaks under
non-optimum conditions.

Another way of facing the chromatographic behavior of com-
pounds is based on predictions originated on theoretical models.
Many efforts have been made in order to propose accurate and
simple equations to describe the retention factor of solutes as
function of the most important variables governing the separa-
tions. However, most of these equations describe the retention
as a function of a single experimental variable or by considering
simultaneously two factors, [16]. The concurrent influence of pH
and solvent composition on retention of ionizable solutes have
been largely studied [17-20]. Similarly, the changes in retention
as a consequence of changes in solvent composition and tem-
perature have been described [21-25] and, lately, the concurrent
effect of pH and temperature on retention was theoretically stud-
ied [12,16,26,27]. Finally, Pous-Torres et al. [28] proposed a single
equation to describe retention of eleven drugs as a function of the
three variables.
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The aim of this study is to set up models to predict the retention
data of ionizable compounds taking into account all the impor-
tant chromatographic variables. Thus, a numerous group of acids
and bases have been chromatographically studied. These weak pro-
tolytes have a wide range of pK; and their retention factors have
been experimentally measured in a typical octadecylsilica column.
Different mobile phases buffered at twelve different pH, at three
different acetonitrile/water compositions have been tested and
each mobile phase condition was repeated at three temperatures
within the range of 25-55°C. Simple theoretical equations based
on the sigmoidal dependence of retention with mobile phase pH,
on the van’'t Hoff dependence of retention with the reciprocal of
temperature and on the dependence of retention with either the
solvent polarity or solvent composition are proposed. The models
produced reasonably accurate predictions. Using such models, we
are able to predict the retention data of these analytes under in the
studied column, pH, temperature and mobile phase ranges, thus
providing the best conditions for optimizing a given separation and,
finally, saving time and costs.

2. Experimental
2.1. Instruments

Chromatographic measurements were conducted with a Shi-
madzu LC-10A instrument, equipped with LC10AD pump and
Sil-10A autoinjector. A Shimadzu (Kyoto, Japan) Model SPD-10Avp
UV-vis detector was used, set at 254nm for the acids and the
bases and 282 nm for the phenols. A 150 mm x 4.6 mm i.d. octade-
cylsilica X-Terra™ MS-C18 analytical column provided by Waters
was used for all the determinations. It has been demonstrated that
this material is stable within the pH range 2-12 [29,30]. Both, the
column and the mobile phase were immersed into a temperature-
controlled thermostatic bath. Temperature was measured by using
a thermometer calibrated at 0.1 °C.

pH measurements of mobile phase were done with a Schott
Blueline combined glass electrode, connected to a 702 SM Titrino
pH-meter (Metrohm) with a precision of +£0.01 pH units.

2.2. Chemicals

All chemicals used here were of reagent grade or bet-
ter. Acetonitrile (MeCN) HPLC-grade 99.9% was purchased from
Mallinckrodt (Paris, KY). HPLC water was purified by a Milli-Q®
deionizing system (Simplicity 185, Millipore). All other chem-
icals used to prepare the buffer solution were obtained form
Fluka, Merck and Baker. Analytes were purchased from Fluka
and Sigma-Aldrich. We used the following 22 analytes: napthoic
acid, 2-nitrobenzoic acid, 3-nitrobenzoic acid, 4-nitrobenzoic
acid, benzoic acid, phenol, 2,4-dichlorophenol, 2,4-dinitrophenol,
[3-napthol, 2-nitrophenol, 3,5-dichlorophenol, 3-bromophenol, 4-
chlorophenol, m-cresol, 2,4,6-trimethylpyridine, 4-chloroaniline,
aniline, N-ethylaniline, N,N-dimethylbenzylamine, p-toluidine,
pyridine, and 2,6-dimethylpyridine.

2.3. Procedure

All the chromatographic experiments were done at three tem-
peratures: 25, 40, 55 °C. The mobile phases were prepared at 25°C
by mixing the aqueous buffers described in Table 1 with ace-
tonitrile, at 20%, 40% and 60% of organic solvent by volume. In
order to measure the mobile phase pH, the electrode system was
calibrated using the usual aqueous standard reference buffers of
potassium hydrogenphthalate (}ypH = 4.00 at 25 °C) and potassium
dihydrogenphosphate-disodium hydrogen phosphate (}ypH = 7.02
at 25°C). Then, the pH of the aqueous HPLC buffer was measured

before and after mixing it with the organic modifier, obtaining the
wpPH and the §,pH values, respectively. pH can be calculated sub-
tracting the § value from the $,pH value [18,31]. Both $,pH and
$pH scales have been recommended by the IUPAC [32]. The mobile
phase$,pH values at the three MeCN concentrations and at the three
temperatures are presented in Table 1.

The solutes were dissolved in MeOH at a concentration of about
50 ppm. The chromatographic measurements were conducted after
keeping the column and the mobile phase at the corresponding
temperature for at least 1h before injection. The eluent flow rate
was 1mL/min and the injection volume was 5 L. The hold-up
time was measured by injections of water and it was found to
be t,=0.934min. All results are the average of triplicate injec-
tions.

2.4. Data treatment

The multiparametric non linear regressions of experimental
retention factors with pH, T and solvent composition were per-
formed using available commercial software (SigmaPlot v4.1) that
applies Marquardt algorithm [33].

3. Theoretical part
3.1. Influence of pH

The theoretical sigmoidal function describing the retention fac-
tor, k, of ionizable compounds with pH in a typical RPLC column
was first deduced by Horvath et al. [34] from the basic chromato-
graphic equations. This sigmoidal dependence was lately verified
experimentally by several authors [18,35-37]. Some of us have
extensively reviewed retention models based in this relationship
[19,20,38]. Thus, the retention factor of a monoprotic solute, HA,
with an acid-base equilibrium ruled by an acidity constant, K,
depends on the mobile phase pH according to Eq. (1).

(pPH-pKa)
k— ](HA-i-kAlO_ (1)
1+ 10(PH-PKa)

where kya and kp represent the retention factors of the protonated
and the dissociated forms of the solute at a given solvent concen-
tration and temperature, respectively, and pK; is the acid-base pKj,
of the solute at the mobile phase composition and temperature at
which the retention has been measured and in the same scale used
to measure mobile phase pH.

This expression for retention, which has a strong dependence of
pH in the region close to the solute pKj,, has been experimentally
tested with several acidic and basic solutes. It has been extensively
probed that the fitting capability of this equation is guaranteed
only when pH and pK; correspond to the true pH and pK; values
[17-20,36-38,46], i.e., the values measured in the solvent mixture
regardless of the chosen standard state solvent for hydrogen ion (or
solvent used for pH calibration: water (3, pH scale) or the same HPLC
mobile phase ($pH scale)), whereas the fitting becomes completely
inappropriate when the pK, and pH in pure water (pK, and W¥pH)
are used due to the different dependence with solvent composi-
tion for different ionizable compounds. For sake of simplicity, in
this work the §,pK, and j,pH values are used, i.e. pH was measured
in the HPLC mobile phase with calibration with the usual aqueous
pH standards, but at the working temperature.

3.2. Influence of temperature

The influence of temperature on retention within a narrow tem-
perature range is usually well described by the van’t Hoff equation,
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Table 1
s, PH values of the studied buffers measured at different temperatures and different modifier (MeCN) concentrations.
Aqueous buffer 25°C 40°C 55°C
MeCN (%,v/v) MeCN (%,v/v) MeCN (%,v/v)
20 40 60 20 40 60 20 40 60
Al 0.01 M HCl 1.96 1.96 1.84 1.98 1.95 1.82 2.00 1.94 1.81
A 0.01 M H3PO4 2.28 2.55 2.54 2.26 2.47 2.55 2.32 2.42 2.58
B 6.40 x 1073 M H3Cit+3.60 x 10~3 M KH,Cit 3.15 343 3.64 3.16 3.38 3.60 3.15 3.38 3.61
C 9.35 x 1073 M KH,Cit +6.52 x 10~ M KNaHCit 4.32 4.65 5.01 4.29 4.63 5.04 433 4.63 5.04
D 3.46 x 1073 M HAc+6.54 x 10~ M NaAc 5.39 5.80 6.47 5.41 5.80 6.45 5.46 5.86 6.47
E 5.81 x 1073 M KNaHCit+4.19 x 10~3 M Na;Cit 6.55 6.84 7.28 6.64 6.86 7.50 6.67 6.94 7.65
F 5.22 x 1073 M KH,PO4 +4.78 x 103 M NayHPO, 7.48 7.66 8.01 7.48 7.66 7.88 7.43 7.67 7.90
G 9.44 x 103 M KH,PO4 +9.06 x 103 M NayHPO4 8.34 8.66 8.69 8.30 8.61 8.82 8.24 8.56 8.78
H 5.95 x 1073 M H3BO3 +4.05 x 10~3 M NaH,BOs 9.01 10.11 10.28 8.78 9.69 10.09 8.67 9.55 9.93
1 7.84 x 1073 M BuNH3* +2.16 x 103 M BuNH, 9.79 9.39 9.25 9.31 8.94 8.76 8.91 8.65 8.37
] 1.64 x 10-3 M BuNH3* +8.36 x 103> M BuNH, 10.78 10.63 10.26 10.30 10.13 9.80 9.99 9.72 9.41
K 0.01 M Na3PO4 11.68 11.99 12.02 11.30 11.55 11.75 11.02 11.25 11.50
Cit=citrate; Ac=acetate; Bu=butyl.
18 0.2
Acids
16 | 01
0
14 A :
-0.1 “\k\
1.2 1
g i -0.2
e | / ? /
= -0.3 A
o B - .
0.8 o4l
0.6 / os | °
0.4 gﬁr_;‘ 06
0.2 i . . 0.7 ‘ . .
0.003 0.0031 0.0032 0.0033 0.0034 0.003 0.0031 0.0032 0.0033 0.0034
UT UT
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Fig. 2. van't Hoff plots. Graphs of log ka of acids and bases at 40% (v/v) ACN as a function of the reciprocal of temperature. Symbols as in Fig. 1.



Table 2

Solute retention parameters and estimated $, pK, obtained from fitting experimental retention factors to the mobile phase §, pH values. Eluent composition: 20% v/v MeCN. Column temperatures: 25, 40 and 55°C.

Solute Temperature (°C)
25 40 55
Kua ka $,pK, r2 Kua ka Pk, r2 Kua ka s, pKa r2

1. Napthoic acid 414 £ 0.6 1.6 +£ 0.3 4.38 + 0.05 0.997 271+ 04 1.2 +0.2 4.39 + 0.05 0.9976 174 £ 0.2 1.1 +£0.1 445 + 0.04 0.9979
2. 2-Nitrobenzoic acid 6.2 +04 0.68 + 0.08 28 £0.1 0.984 45+ 0.2 0.62 + 0.07 3 +0.10 0.9777 35+0.2 0.77 £ 0.07 32+02 0.9613
3. 3-Nitrobenzoic acid 104 £ 03 1.1 +£0.1 3.85 + 0.09 0.992 7.2 +0.2 1.0 +£0.1 4.0+ 0.1 0.9861 52 +0.2 0.9 £+ 0.1 4.0+ 0.1 0.9783
4. 4-Nitrobenzoic acid 11.7 £ 04 1.3+02 3.7 +£0.1 0.986 7.8 +£0.2 1.0 £ 0.1 39+0.1 0.9878 5.6 + 0.2 1.0 £ 0.1 39+0.1 0.9806
5. Benzoic acid 7.6 £0.2 0.9 £ 0.1 4.8 + 0.1 0.988 58 + 0.1 0.74 + 0.09 4.8 + 0.1 0.9912 44 + 0.1 0.76 + 0.08 49 £+ 0.1 0.9861
6. Phenol 5.65 + 0.05 09 +0.2 10.48 £ 0.07 0.992 4.42 + 0.06 09+02 10.3 £ 0.1 0.9760 3.46 + 0.02 1.1+£0.1 10.18 £ 0.07 0.9907
7. 2,4-Dichlorophenol 56.7 +£ 0.9 1.2+13 8.35 + 0.07 0.994 38.1+1.0 09+15 8.2 +0.1 0.9820 238 £ 0.5 09 +0.8 8.10 + 0.08 0.9888
8. 2,4-Dinitrophenol 16.8 £ 0.5 23+03 4.1 +0.1 0.990 109 £ 04 1.7 £ 0.2 42 + 0.1 0.9781 7.6 +£0.3 14+ 1.1 4.2 £ 0.1 0.9786
9. 3-Napthol 37.0+£ 0.5 16 £15 9.93 + 0.09 0.988 241+ 04 27 +1.2 9.8 +£0.1 0.9795 152 £ 0.2 21 +0.7 9.87 + 0.09 0.9846
10. 2-Nitrophenol 16.2 £ 0.1 0.8 £0.1 7.66 + 0.03 0.999 121 £ 0.2 0.6 £0.3 7.56 + 0.07 0.9933 8.64 + 0.09 0.7 £ 0.1 7.40 + 0.04 0.9973
11. 3,5-Dichlorophenol 922 + 1.6 31+24 8.51 + 0.08 0.992 594 + 2.0 19+24 83 +£0.1 0.9820 353 +0.7 1.8+1.2 8.21 + 0.08 0.9869
12. 3-Bromophenol 275+ 04 1.7+ 0.9 9.41 + 0.08 0.990 18.8 £ 0.3 1.3 +£ 0.6 9.11 + 0.07 0.9895 122 £0.2 1.8+ 04 8.99 + 0.07 0.9853
13. 4-Chlorophenol 20.1 £ 03 1.1 £ 0.6 9.92 + 0.07 0.991 142 £ 03 20+0.6 9.92 + 0.07 0.9782 9.7 £ 0.1 26+03 9.5 +0.1 0.9846
14. m-Cresol 113 £ 0.1 0.8 £0.5 10.71 £ 0.07 0.992 85+0.2 09 +0.38 10.5 £ 0.2 0.9580 6.27 + 0.06 1.6 +03 103 £ 0.1 0.9809
15. 2,4,6-Trimethylpyridine 1.0 £ 04 17.0 £ 0.4 6.90 + 0.09 0.990 1.1+ 04 139+ 03 6.7 £ 0.1 0.9870 1.1+03 11.2 £03 6.4 + 0.1 0.9877
16. 4-Chloroaniline 1.6 £ 0.5 15.8 £ 0.2 3.6 +0.1 0.990 14 +£0.3 11.6 £ 0.1 3.31 +£ 0.07 0.9933 1.2 +£0.6 8.0 £0.2 31+02 0.9650
17. Aniline 0.98 + 0.08 4.63 + 0.05 438 + 0.07 0.994 0.9 £ 0.1 3.85 + 0.06 41+0.1 0.9849 0.9 £ 0.1 3.16 + 0.05 3.8 +0.1 0.9825
18. N-Ethylaniline 2.0+0.7 28.0 + 0.6 54 +0.1 0.990 1.0+ 0.5 219 +£ 03 4.67 £ 0.07 0.9948 1.0 £ 0.6 16.1 £ 0.4 4.5 £+ 0.1 0.9836
19. N,N-Dimethylbenzylamine 1.5+02 104 + 0.2 7.63 + 0.09 0.990 1.31 £ 0.09 49 £ 0.1 7.0 £ 0.1 0.9881 1.23 £ 0.02 2.33 +£ 0.02 5.73 £ 0.09 0.9931
20. Toluidine 1.5+0.2 9.0 £0.1 5.1+0.1 0.991 1.2+0.2 7.2 +0.1 45+ 0.1 0.9885 1.2+02 5.6 + 0.1 43 £ 0.1 0.9802
21. Pyridine 0.9 £ 0.1 29 +0.1 59+0.2 0.949 0.78 + 0.05 2.54 + 0.03 4.6 + 0.1 0.9900 0.80 + 0.04 2.34 + 0.02 4.49 + 0.08 0.9932
22.2,6-Dimethylpyridine 1.6 £ 0.5 16.9 £ 0.2 3.60 + 0.09 0.993 1.3 +£ 0.6 13.2 £0.2 33 +£0.1 0.9804 1.3 +£ 0.6 99 +0.2 3.1+£02 0.9710
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Fig. 3. Dependence of pK, of acids and bases against the reciprocal of temperature. Symbols as in Fig. 1.
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Table 3

Solute retention parameters and estimated §,pK, obtained from fitting experimental retention factors to the mobile phase $, pH values. Eluent composition: 40% (v/v) MeCN.

Column temperatures: 25, 40 and 55°C.

Solute Temperature (°C)

25 40 55
Kk ka s, K, r? Kia ka $,pK, r? K ka s, pK, 2
1 5.5+ 0.2 0.7 +0.1 52+01 0988 45+01 061 +0.07 51+01 0990 40+01 062+007 54+01 0990
2 25+01  0.62+0.07 37+02 0934 20+01 055005 38+02 0950 20+01 062+007 45+03 0915
3 29+02  0.68+0.09 46+02 0951 25+01 061007 45+02 0950 24+01 064+007 49+02 0947
4 31+£01  0.69 + 0.09 45+02 0958 26+01 062+008 44+02 0953 25+01 063+007 48+02 0951
5 247 £0.08 0.55 + 0.06 55+02 0978 2194007 0.2+ 0.05 55+01 0976 227+008 056+006 57+02 0969
6 2,60+ 001 0.55+005 11.03+0.04 0997 226+002 057+008 107+01 0987 221+006 1.1+02 96+03 0816
7 837 +005 0.57+0.08 883+003 0998 681+008 04+0.1 8.65+005 0995 58+0.1 07+02 836+009 0984
8 48 +0.2 0.9 +0.1 45+02 0962 38+02 0.8 +0.1 44+02 0962 33+02 0.7 + 0.1 47 £02 0949
9 6.05+0.02 0.77 +£0.07 1048 +0.02 0997 4.89+005 08+02 10.12+0.08 0995 4.2+0.1 1.4 +03 95+02 0903
10 533+005 048+006 806+005 0998 443+006 05+008 7.86+007 0995 4.08+009 06 +0.1 76 +0.1 0988
11 1147 £0.07 09 +0.1 896 +0.03 0999 9.0 +0.1 0.6 +0.2 880+ 005 0995 7.3+0.2 0.8+03 85+0.1 0981
12 570 +0.03 0.63 +0.07 9.96+0.03 0999 4.67+0.06 0.8 +0.2 9.55+0.07 0990 4.06+0.09 1.0+0.2 91+01 0964
13 473+002 063+006 1037+003 0998 3.92+005 08=+0.1 9.97 £ 007 0985 348+0.09 12+03 94+02 0922
14 3.64+003 05+02 113+£01 0986 3.11+002 07 +02 108+0.1 0988 2.88+008 1.6+02 97+03 0799
15 0.71 £ 0.06 4.01 +0.05 642 +0.07 0995 088+003 373+003 6.10+004 0998 1.13+0.09 3.56+006 57+01 0984
16 08+01 466+003 3.11+005 099 08+01 386+003 274+007 0994 02+15 332+009 22+05 0857
17 0.65+0.04 2.52+002 392+007 0996 078+004 2224001 358+006 0996 09+02 210+£006 3.1+04 0859
18 0.86 +0.08 8.34+0.05 448+003 0998 09+01 7.05+006 425+006 099 1.1 +03 5.8 +0.1 38+02 0973
19 1.1+04 7.0 + 0.4 74+02 0931 1.1+0.1 6.4+ 0.1 7794008 0992 13+01 576+01 7.48+0.09 0989
20 074 +0.05 3.41+003 442+006 0996 093+005 3.00+003 417+008 0995 11+02 272+007 36+03 0930
21 059+ 003 1.65+0.02 442+009 0991 0.73+003 157 +0.01 42+01 098 09+01 164+005 34+04 0813
22 08+01 525+003 320+005 0997 08+01 457+003 287+006 0995 03=1.1 40+ 0.1 23+03 0903
which can be written as: In the same way, a van't Hoff equation usually describes the
dependence of the dissociation equilibrium constant K; with tem-
AH° AS°® perature:
log k = 33RT + 23R +log @ (2)

where AH° and AS° represent the changes in enthalpy and entropy
due to the transfer of solute from the mobile to the stationary phase,
R is the gas constant and @ represent the phase ratio. In the situa-
tion in which the temperature range is narrow, a plot of logk as a
function of 1/T usually shows a linear behavior, which means that
all the parameters (AH®°, AS° and @) are independent of tempera-
ture within that range. Thus, analogous expressions can be written
for each form of a monoprotic substance, HA and A.

Table 4

AH:  AS;

PKa= 53Rt ~ 23R

(3)

where AH, ° and AS, ° are the changes of enthalpy and of entropy
due to solute dissociation.

Solute retention parameters and estimated §,pK, obtained from fitting experimental retention factors to the mobile phase $, pH values. Eluent composition: 60% (v/v) MeCN.

Column temperatures: 25, 40 and 55°C.

Solute Temperature (°C)

25 40 55
Kkia ka s, pK, r? kia ka $,pK, r? Kiia ka s, pK, 2
1 1.76 £ 0.09 0.53 + 0.06 6.1 £ 0.3 0.938 1.55+0.08 0.54 + 0.06 63 +03 0921 143 +0.08 0.55+ 0.06 6.2+ 04 0.894
2 13+ 0.1 0.55 + 0.06 5.0 + 04 0.833 1.16 £ 0.08 0.53 + 0.06 6.3 +0.05 0.810 1.2+ 0.1 0.57 + 0.06 52 +05 0.767
3 13 +£0.1 0.55 + 0.06 5.0+ 04 0.833 1.16 £0.08 0.53 + 0.06 6.3 +0.05 0.810 1.2 +£0.1 0.57 + 0.06 52 +05 0.767
4 141 £ 0.08 0.52 + 0.06 6.1+ 04 0.901 1.26 +0.08 0.54 + 0.06 6.1+ 04 0.853 1.2 +£0.09 0.56 +0.06 6.0 + 0.6 0.806
5 1.39 £ 0.08 0.52 + 0.06 63 +03 0.896 1.23 +0.07 0.50 + 0.07 72+ 04 0.864 1.22+0.09 0.56 + 0.07 6.4 + 0.5 0.808
6 141 £001 0.80+0.01 11.12+£0.05 0998 132+0.01 0.86+0.01 10.76+0.04 0998 1.25+0.01 0.92+0.01 1038 +0.05 0.996
7 2.05 4+ 0.05 047 4+ 0.09 9.2 +0.1 0.969 1.87+0.04 0.67 +0.08 9.0+ 0.1 0.960 1.70 + 0.08 0.7 +£ 0.1 9.0+03 0.829
8 1.7 £ 01 0.56 + 0.07 58+ 04 0.913 1.5+ 0.1 0.60 + 0.07 55+ 0.5 0.847 14 + 0.1 0.60 + 0.07 53 +0.5 0.816
9 1.79 £0.01 0.77 £0.01 10.71 £0.02 0968 1.63+0.01 0.85+0.02 1034+0.05 0.888 1.49+0.01 0.90+0.01 10.00+0.03 0.952
10 1.87 £ 0.06 0.43 +0.08 8.6 +0.1 0.966 1.71 £0.06 0.46 + 0.08 84 +0.2 0.951 1.57 £0.05 0.50 + 0.07 83 +£0.1 0.958
11 2324+ 0.05 0.49 + 0.09 9.4 + 0.1 0.978 2.08 +0.05 0.56 + 0.09 9.1 +0.1 0.967 1.84+0.05 0.60 + 0.09 89+ 0.2 0.955
12 1.79 £001 0.70+0.03 10.13+£0.04 0995 1.65+0.02 0.76 + 0.06 9.8 + 0.1 0969 150+ 0.01 0.79 + 0.04 9.62 + 0.09 0.978
13 1.67 £0.01 0.76 £0.01 10.56 £0.02 0.999 1.54+0.01 0.81+0.02 1025+0.05 0992 142 +0.01 0.84+0.02 9.93 + 0.05 0.994
14 1.67 £0.01 0.76 £0.01 10.56 +0.02 0.999 154+0.01 0.81+0.02 10254+0.05 0992 142+ 0.01 0.84 +0.02 9.93 + 0.05 0.994
15 1.09 £ 0.08 2.11 £+ 0.05 55+03 0.939 1.02+0.06 192 + 0.04 55+03 0956 1.07+0.04 1.76 +0.03 55+03 0.959
16 09 + 0.1 1.73 £ 0.01 22 +02 0.952 0.8 +£0.23 1.59 +0.01 21+03 0.940 04+1.2 1.47 + 0.01 1.5+038 0.910
17 1.02 £ 0.04 145+ 0.01 32+02 0.954 091 +0.04 1.36+0.01 29+0.2 0965 094+ 0.04 1.29+0.01 2.7+02 0.944
18 1.06 £ 0.05 2.31 + 0.02 3.7 +£0.1 0986 1.48 +0.05 2.11 +0.02 39+0.2 0941 1.01 +£0.06 1.91 +0.02 33 +0.1 0.972
19 1.8 +0.2 33 +0.1 6.8 + 04 0.864 1.59 +0.07 297 +0.07 7.1 +02 0.956 1.1 +£0.1 2.37 +£ 0.07 49 +03 0.917
20 1.08 £ 0.04 1.61 +£0.02 39+0.2 0.964 0.71 £0.09 1.49 + 0.02 28 +£0.2 0.948 1.03+0.03 1.41 +0.01 3.5+0.2 0.944
21 1.02 £ 0.03 1.41 +0.01 39+0.2 0.946 094 +0.03 1.34+0.01 3.4 +0.2 0958 099 +0.03 1.29 + 0.01 3.7+03 0.927
22 09 + 0.1 1.90 + 0.02 24 +0.2 0.968 09 + 0.1 1.77 £ 0.04 31+03 0.888 0.8 +0.2 1.64 + 0.01 20+03 0.952
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Fig. 5. Plots of logarithm of retention factors of protonated (kus) and deprotonated (ka) species of neutral acids and bases as a function of P). Symbols as in Fig. 1.

3.3. Simultaneous influence of pH and temperature

By introducing Eqs. (2) and (3) into (1), the following expression
can be written:

; ]0a+b/T + ]0C+d/T10(pH7€7f/T)
k =

1 4 10PH-€=f/T)

where the fitting parameters contain the thermodynamic quanti-
ties associated to the dissociation and to the transfer of both forms
of the analyte between phases, being these quantities functions
of composition, i.e., a=(ASya°/2.3R+log®), b=— AHyp °/2.3R,
c=(ASp°/2.3R+1log®), and d=— AHa°/2.3R, e=AS;°/2.3R and
f=—AH,°[2.3R, where again the subscripts HA and A indicate the
protonated and the deprotonated forms of the acid-base solute,
respectively. The validity of Eq. (4) has also been experimentally
tested with several acid-base systems [3,26,27,39,40].

3.4. Influence of solvent composition

Since the composition of the mobile phase has been the main
variable used to optimize retention and selectivity in RPLC, several
models describing the dependence of retention factors with solvent
concentration have been proposed in the literature. Recently, a very
interesting review of these models, in which the authors explained
the fundamentals behind the differences between them, has been
published [16].

The simpler equation suggested to describe this behavior corre-
spond to the linear solvent strength model:
log k = log kyw — S¢ (5)
where ky and S, the intercept and the slope of the equation, respec-
tively, represent the solute retention factor in pure water and the
sensitivity of the solute molecule to the solvent strength [41]. ¢ is
the volume fraction of organic modifier in the mobile phase.

Another approach to accurately describe the retention factor
through a linear model that considers the polarity contributions
of the solute, the stationary phase and the mobile phase has also
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Fig. 6. Dependence between pK, and solvent composition. Plots of pK, of a group of representative several protogenic solutes against ¢ and against PY. Symbols as in Fig. 1.

been proposed [38,42-46]:
log k = (log k)o — (P, — PY) (6)

where p represents a descriptor for the solute polarity, P and P¥
are normalized polarity parameters for the mobile and the sta-
tionary phases, respectively, whereas the term (logk)o represents
the retention factor in a hypothetical mobile phase with the same
polarity as the stationary phase. For acetonitrile-water mixtures,
the dependence between PY and ¢ is as follows:

2.068¢

N _1.00— P
Pm =1.00 - 753474

(7)

Eq. (6) yields a linear relationship between retention and the
polarity of the eluent.

Avariation of Eq. (6) has been proposed removing the restriction
that all logk vs. P} lines must cross at the same point [38,43,45]. In
this model, the solute is characterized by two descriptors (q and p)
according to the following equation:

log k = q + pP}, (8)

Since the number of solute fitting parameters is twice, the qual-
ity of the predictions with this model improved and the linearity
range extended in reference to Eq. (6).

The change in the mobile phase composition affects not only to
retention, but also to ionization of the acid-base solute. The addi-
tion of an organic solvent to a solution of an ionogenic compound in
water changes its aqueous pKj, value. The variation of pK,; depends
on different factors, such as the intrinsic acidities of the solute and
solvents, solute size and charge, dielectric constant of the solvent
and specific solute-solvent interactions [18]. For a particular solute,
the solute parameters are constant and pK, depends only on solvent
properties (and temperature). When working in solvent mixtures,
such as HPLC mobile phases, the solvent properties and thus pKj,
change monotonously with the solvent composition. Thus, several
equations have been proposed to relate pK; values to solvent com-
position expressed in solvent volume and also weight fraction. For
acetonitrile-water mixtures at least up to 60% of acetonitrile this
dependence can be described by a straight line between pK, and
the solvent volume fraction [40]:

pKs =E +F¢ 9)

Similarly, we can test a linear relationship of the same type
between pK; and the mobile phase polarity parameter:

pKa = E + FPY (10)
3.5. Combined effect of pH and solvent composition

There are several models relating retention to simultaneous
variation of pH and mobile phase composition, which can be
obtained by combination of the pH and the different solvent
composition models. Some of these models have been recently
reviewed [38]. For simplicity and since we have data at only three
mobile phase composition, we shall consider here only the models
obtained by combination of the pH model (Eq. (1)) and the two-
parameter solvent composition models (or linear models defined
by Egs. (5) or (8) for log k and (9) or (10) for pK;).

With these premises the general equation obtained is

1 0A+BX + 1 0C+DX 1 0(prEfFX)

k T 10 (11)
where

log kyp = A+ Bx (12)
log ka = C + Dx (13)
pKa =E + Fx (14)

and x is the appropriate variable used to describe mobile phase
variation, i.e. it can be ¢ or P} depending on the solvent model
chosen.

The A, B, C, D, E, and F parameters of this model have an easy
chemical interpretation. If x is the volume fraction of organic mod-
ifier in the mobile phase, A, C, and E are the extrapolations of the
logarithms of retention factor of the acidic and basic forms and pK,
of the compound to pure water, respectively, and B, D and F the vari-
ation of these parameters from pure water to pure organic modifier.
In the same way, if the fits are done with the polarity parameter as
x variable, A, C, and E would be the retentions (in logarithmic scale)
and pKj; in an hypothetical medium of zero polarity, and B, D, and F
the variation from this medium to pure water (which by definition
has PN =1).
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3.6. Combined effect of pH, mobile phase composition and
temperature

Egs.(4)and (11) can be combined taking into account the simul-
taneous influence of variations in pH, mobile phase composition
and temperature, to get the following single expression:

10Wo+(A1/T)+Box+B1(x/T)) 4 1 (Co+(C1/T)+Dox+D1(x/T)) 1 o(PH—Eg —(Eq /T)=Fox—Fy (%/T))

k= (15)

1 4 10(PH~Eo~(E1/T)-Fox—F1(x/T))

This expression is obtained from Eq. (11) considering that the
fitting parameters A, B, C, D, E, and F (which in fact are logk or
pK,; parameters) follow van't Hoff linear plots (Egs. (2) and (3)).
Again, the fits can be done at the different pH and temperatures in
reference to mobile phase composition (¢) or polarity (P}).

4. Results and discussion

The results of retention factors of twenty-two ionizable com-
pounds measured at twelve mobile phase pH, three acetonitrile
compositions and three column temperatures (108 data points per
solute) have been adjusted to Eq. (1). The solutes include sev-
eral carboxylic acids, phenols and basic amines, with pK, values
between 4 and 11, appropriate for the wide mobile phase pH range
studied (from 2 to 12 approximately, see Table 1). Tables 2-4 gather
the parameters kya, ka and pK, obtained from the fitting along with
their standard deviations at the three temperatures and at 20, 40
and 60% (v/v) acetonitrile, respectively. The Tables show excellent
fittings obtained for most of the experimental data, the only excep-
tions are those solutes poorly retained, i.e., the fitting of retention
factors at the higher acetonitrile content and at 55°C for a few
poorly hydrophobic solutes.

The behavior exhibited by these parameters have been stud-
ied as follows. On one hand, the influence of temperature on these
three parameters was studied. Figs. 1-3 show, as an example, the
representation of log kya, log ka, and pKj,, respectively, at 40% (v/v)
MeCN as a function of 1/T for the studied compounds. Clearly, good
linear trends can be observed in Figs. 1 and 2 (as it is expected from
Eq.(2) when AH®°, AS° and log ¢ are temperature independent) for
the logk vs. 1/T plots of the neutral species of the studied com-
pounds, i.e. log kya for neutral acids (Fig. 1) and log ks for neutral
bases (Fig. 2). Apparently, the linearity is not so good for the reten-
tion of the ionic species: log k for neutral acids, which corresponds
toretention of the anionic form (Fig. 2) and log kya for neutral bases,
which corresponds to retention of the cationic form (Fig. 1). How-
ever, it must be taken into account that the retention parameters
of the ionic species are smaller that those of the neutral species
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Fig. 7. Relationship between mobile phase polarity parameter P} and volume frac-
tion of acetonitrile (¢).

(see Tables 2-4) and thus the relative errors in these parameters
are larger. Also, linear plots with very good correlation coefficients
were exhibited by the representation of the pK, vs. 1/T(Fig. 3). From
these results, we can conclude that the linear model can be ade-
quate for the variation of retention of acid-base compounds with
1/T. Even if the variation of the retention of ionic species may be
not completely linear, these species are poorly retained and thus,
the contribution of the error, in assuming linearity, to the overall
retention of a partially ionized acid-base compounds is small.

On the other hand, the influence of solvent composition on
the kya, ka and pK, values (by keeping constant the tempera-
ture) was then evaluated. In Fig. 4, the retention of the acidic and
basic solutes (logkya and logka) as a function of mobile phase
composition at a fixed temperature (40°C) is depicted. In Fig. 5,
the same retention parameters are presented but as a function
of the polarity parameter PY. In both figures, the points can be
well represented by a straight line, as suggested by Egs. (5) and
(8), respectively. Again, the plots seem to be more linear for the
log k values of the neutral forms of the solute (log kya for neutral
acids and log ka for neutral bases) than for the ionic forms (log ka
for neutral acids and log kya for neutral bases), although the error
introduced assuming linearity is small because of the low k values
of these species.

The regression results indicate that, as a rule, slightly better fit-
tings are obtained with the polarity parameter, PY (Fig. 5), than
with the solvent volume fraction as independent variable (Fig. 4).
These observations are also extensive to the data obtained at the
other two temperatures.

Fig. 6 shows the dependence of the pK; of three carboxylic acids,
three phenols and three amines at 40 °C with the eluent composi-
tion and properties. On the x-axis we included ¢ and P. It is clear
that the fitting quality depends on the solute. In some cases regres-
sion against P yields the best results, in other cases the regression
against ¢ yield the best ones. Similar results are obtained for 25°C
and 55°C.

From this study we can conclude that there is a quite good linear
dependence of log ki, log ks, and pK; of the mobile phase composi-
tion or properties expressed in volume fraction of organic modifier
(¢) or polarity parameter (PY), respectively. The linear dependence
is slightly better for PN than for ¢. However, there is not much
difference in using any of these two parameters. This fact can be
explained from the particular dependence of P} on ¢ at the three
studied compositions, depicted in Fig. 7. Although, according to Eq.
(7), the dependence is hyperbolic in the whole composition range
(from 0 to 100% acetonitrile), a quite good straight line can be traced
for the points of the three studied compositions (20,40 and 60% ace-
tonitrile) which lay in the middle part of the plot where curvature
is small.

4.1. Modeling k as a function of pH, temperature and solvent
composition

After verifying the good linear behavior between the fitting
parameters of Eq. (1) with both 1/T and also solvent composition,
we could combine two of these variables in a single equation, that
is, by fitting k-values either to Eq. (4) or to Eq. (11).

On one hand, experimental k-values were fitted according to
Eq. (4). The fitting parameters qa, b, ... and f for all the solutes
at the three compositions were obtained and their dependence
of eluent composition and properties was studied. Though clear
trends of each parameter with solvent composition could be
observed, the standard deviations associated to these fitting param-
eters were large, which prevented to get clear conclusions about
linearity.

On the other hand, the fitting of the k-experimental data with pH
and composition according to Eq. (11) yielded more clear results.



Table 5

Results from the fitting of retention factors at different §, pH, three temperatures and three mobile phase compositions (¢) to Eq. (15).

Solute  Fitting parameters
Ao Ay x1073 Bo By x 1073 Go C; x 1072 Do Dy x 1073 Eo E; x 1073 Fo F1 x1073 SE R?

1 -41+04 1.9 +0.1 85+1.7 -3.8+05 -23+18 84 +56 445 -1.6 + 1.7 28 +38 2411 10 £ 18 -22+56 048 0.997
2 -33+06 1.34+0.2 55+ 1.7 -22405 -03+1 03+3 -0.07 £ 2 -0.02 + 0.8 08 +4.3 04+13 28 + 16 -73+5.0 0.19 0.961
3 -3.7+04 1.6 £ 0.1 7.5+ 1.6 -3.0+05 -0.8 + 1.1 3.1+£33 1.0 £ 3.0 -0.5+09 35+40 -04+13 10 £ 17 -24+53 026 0.984
4 —-4.1+0.5 1.6 £ 0.1 7.8 £ 1.8 -3.1+06 -1.9+12 6.6 +3.8 3.1+34 -1.2+1.1 49+45 -05+14 64 +£19 -0.99 £ 5.9 031 0.991
5 -28+04 1.2 £ 0.1 59+13 -24+04 -1.1+12 33+3.8 1.7 £ 32 -0.7+1.0 32+41 03+1.2 12 + 16 -2.6 +£5.1 0.23  0.982
6 -2340.1 1.01 £ 0.04 4.0+ 04 -1.6 £ 0.1 25+ 1.6 -8.04+5.2 -21+38 0.6 £ 1.1 11.8+28 -05+09 -29+ 10 92 £33 0.12 0.993
7 -35+04 1.8 £ 0.1 6.9 £ 2.0 -33+06 -4.0 £ 8.5 1.3 +26 10 £ 21 -34+6.7 7.1 £43 02+13 -8 +£21 3+6 120 0.995
8 -39+04 1.7 £ 0.1 6.6 + 1.7 -2.7+£05 -34+1.1 1.2+03 58 +£3.7 -22+12 48+39 -03+1.2 1+16 02+5 040 0.986
9 -414+03 1.94 + 0.09 80+15 -35+04 37+44 -10+ 14 -3 +13 08 +4 11.0+48 -04+14 -32 422 10.2 + 6.8 0.73  0.996
10 -254+0.2 1.27 £ 0.05 44+ 0.6 -2.0+0.2 -1.2+19 36 +£6.2 35+£52 -1.2+16 58+ 1.6 042 +049 -4.9 £+ 6.7 2.1 +£21 024 0.997
11 -3.7+05 1.96 + 0.17 6.6 £2.6 -33+038 -4.8 +£9.0 1.7 +£28 11 £33 -4 +10 57 +5.5 0.7 +£1.7 -4.2 + 26 1.9+82 1.95 0.995
12 -3.6+03 1.72 £ 0.08 6.8 +1.2 -3.0+03 -0.15 + 3.2 1.5+ 10 3.0+95 -1.2+3.0 78 +34 03 +1.0 -17.8 £ 16 597 £4.03 054 0.996
13 -344+03 1.58 + 0.09 63 +£1.2 -2.8+04 7.8 £3.2 -234+1.0 -13.8 £ 9.6 4.1 +£3.0 0+4 28 +13 -1.7+19 1.1+ 6.0 050 0.993
14 —-2.7+0.2 1.25 £ 0.05 4.8 +£0.7 —-2.12+0.2 59+35 -1.8 £ 1.1 —-7.1 £ 82 212+ 26 12.8 £3.7 -0.7 £ 1.1 -35+15 11.1 £ 49 0.26 0.994
15 47 £7.9 -16+24 —346 + 469 11.7 £ 145 -8.76 £ 3.17 421 + 0.99 575 + 226 —260 + 71 111 £ 34 —34. + 11 —7960 + 2492 -796 +249 0.70 0.979
16 —0.08 + 3.2 0.08 +£ 0.9 -29+10 0.8 +£3.1 -2.87 £ 0.19 13.7 £ 0.6 466 £ 0.77 -2.16 +£0.2 3.0+39 02+1.2 -23+17 6.5+ 5.4 034 0.997
17 055+097 -019+030 -1.7+27 0.5+0.8 -1.54 £ 0.13 7.33 £ 042 221+043 -1.04+£0.13 4.0 £33 0.1 +£1.0 -27.7 £13 791 £4.02 012 0.989
18 -32+3.8 1.1+1.2 39+ 114 -13+34 -1.25 + 0.24 9.62 + 0.74 1.0+ 1.0 -1.1+03 0+4 1.7 +1.2 —0.02 + 0.02 52+53 0.70  0.993
19 1.1+28 -03+09 -3.1+64 1.0 £ 2.0 —6.70 + 0.84 23.6 £ 26 115 £ 2.1 -3.76 £ 0.7 0+9 23+£29 158 £243 -489+75 0.88 0.870
20 -09+1.2 0.33 £ 040 20 +£35 -0.7 £ 1.1 -1.89 £ 0.19 9.68 £+ 0.57 3.05+ 069 -1.51+0.21 0.08 £ 4 1.5+ 1.2 -14 £ 16 3.6 £5.1 023  0.991
21 03+13 -0.1+04 -1.7 £ 36 0.6+ 1.1 -0.53 £ 0.27 3.38 £0.85 0.77 £0.75 -047 £0.23 0+6 1.8+19 -36.0 + 24 100 + 7.4 0.16 0.935
22 1.3+ 4.1 -03+1.2 -9.9 £+ 15.7 28 +47 -1.84 £ 0.18 10.62 + 0.6 295+074 -1.62+0.23 35+34 009+1.0 -252 + 14 721 +£447 037 0.995
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Table 6

Results from the fitting of retention factors at different §, pH, three temperatures and three mobile phase polarities (P}) to Eq. (15).

Solute  Fitting parameters
Ao A; x 1073 Bo By x 1073 Co C; x 1072 Do Dy x 1073 Eo x 102 E; x 1073 Fo Fi x1073 SE R?

1 25409 -11+03 -73+14 34+04 1.2 +£3.1 -5.7+96 -4.1+5.1 1.7+ 1.6 0.13+0.10 -1.84+3.1 -11+15 24 +4.7 043  0.997
2 1.7+ 09 -0.65+0.30 -58+1.6 23+05 -01+1 -05+4 -02+3 0.1+0.8 0.2 +£0.1 —-44+3.1 -21+15 5.0+ 4.9 0.18  0.963
3 23+£09 -091+0.29 -6.8+ 1.5 28 +04 02 +1.7 -21+53 -1.2+29 0.6+ 0.9 11.7 £ 100 -1.7 £3.1 -92+15 1.8+ 4.7 024 0.986
4 24+1.0 -092 +£032 -72+16 29+ 0.5 09+19 —4.5 4+ 6.12 -34+34 1.31 £ 1.05 89+108 -0.8+33 -39+ 16 -0.09 £ 5 0.28 0.984
5 21+07 -080+0.23 —-55+1.2 23+04 0.7 +£1.7 -38+54 -22+30 0.85 + 0.96 115 £ 8.9 -13+27 -87+13 1.52 £ 43 0.20 0.986
6 1.24+03 -045+0.084 -40+04 1.7 £ 0.1 1.9+26 -6.6 + 8.4 0.1 +48 0.06 £ 1.5 -0.14 + 0.07 8.04+24 31+12 -99+3.7 0.12  0.993
7 1.8+13 -0.80 +0.39 -59+19 29+ 0.6 54 + 14 -1.8 +£ 4.6 -10 £ 25 36+£79 0.007 + 0.1 2.7 £4.0 7.0 £ 19 -2.7+£59 1.16  0.995
8 14+£10 -0.59+033 -6.0 + 1.6 2.6 £ 0.5 1.6 £23 -72+73 -5.7+£38 22+1.2 0.05 £+ 0.10 0.04 +£3.2 -0.7 £ 15 -0.47 + 4.8 0.39 0.986
9 1.9+ 08 -0.85+025 -66+12 -3.08+04 -23+10 53+ 32 8.1+ 164 -21+52 0+ 14 3.5+43 6.5 + 21 —-2.7+£ 6.5 0.65 0.997
10 1.14+£05 -044 +£0.15 -4.1+0.7 1.9+0.2 2.1 +£39 -8+12 -41+7.1 14422 0+52 22+16 49 + 8.0 -214+25 0.30 0.996
11 14+16 —-0.71 + 0.50 -57+24 29+0.7 3.7+24 -14+75 -9.2 + 37 34+ 11 29+ 16 2.1 +5.1 28 +24 -15+76 1.93 0.995
12 1.6 £+0.7 -0.69 +0.21 -57+1.0 2.7+03 1.3+72 -0.6 +£2.2 -13 +£11 0.7 +£ 3.6 0+9 33429 6.1 +14 —24+44 0.50 0.996
13 1.54+£0.7 -0.66 +0.22 -544+1.1 25+ 0.3 -3.8+6.8 1.0+22 13+ 11 -374+35 0+ 11 24 +34 -54+17 09 +5.1 046  0.994
14 1.0+ 04 -0.46 + 0.11 -4.0 £ 0.6 1.89 £ 0.18 -14+48 03+ 1.5 8.5+ 8.6 -25427 0+11 35+35 82 +17 -294+53 022 0.996
15 04 +28 -0.1 £ 0.8 05+55 -018+1.7 1.1+08 -52+24 -27+12 1.65 + 0.37 0+13 1.6 +£ 3.9 21+19 0.008 + 5 046  0.991
16 44 +6.1 -14+19 -7.94+99 2.6 +3.1 1.0+ 05 -444+15 -4.2 4+ 0.7 2.0+ 0.2 0+12 05+ 3.8 -3 +18 1.6 £ 5.7 033  0.995
17 1.7 £ 1.6 -0.5+ 05 -25+£29 0.8 £ 0.9 0.49 £ 0.31 -2.24+0.95 -24+05 1.11 £ 0.15 0+9 0.7 £29 -35+15 1.8 £ 4.5 0.14  0.986
18 51+7.1 1.1+£12 3+11 -13+£34 -1.25 £ 0.24 9.62 + 0.74 1.0+ 1.0 -11+03 0+4 1.7+£12 —-0.02 + 0.02 52+53 0.70  0.993
19 04+36 -004+1.1 -0.7+£7.5 0.1+2 547 + 1.32 -15+04 -15+2 495+ 0.7 0.4+ 0.1 -1.1+43 —77 £27 233 + 8.1 091 0.862
20 27+20 -0.88 +0.64 -5.0 £ 3.6 1.7 £ 1.1 0.7 £04 -33+12 -29+06 1.49 + 0.20 0+10 08 £3.2 -5+16 24 +49 022 0.992
21 1.5+13 -04 +£04 -28+25 0.8 £ 0.8 042 + 037 -1.7+1.1 -1.28 + 0.66 0.66 + 0.21 0+12 22 +05 -19.2 £ 3.1 73 +£09 0.14 0.953
22 5.5+ 5.5 -18+1.7 -9.6 £ 9.5 3.24+3.0 0.62 £ 0.50 -3.17 £ 1.55 -2.7 £ 0.8 1.56 + 0.24 0+11 1.92 + 0.45 -57+19 245 +£0.55 041 0.99%4

6005-S66% (1102) 811 V “18ompwo.y) [/ v 32 nojoypisy ‘d

S00S
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Fig. 8. Plots of the fitting parameters A, B, C, D, E and F of Eq. (11) against 1/T. Symbols as in Fig. 1.

Results from the fitting of retention factors at twelve §, pH, three temperatures and three mobile phase compositions (¢) to Egs. (16) and (17) for acids and bases, respectively.

Solute Fitting parameters
Ao Ay x1073 Bo By x 1073 Co Eo Fo Fi x 1073 SE R?
1 —-4.14 £ 0.39 1.97 £ 0.14 86+ 18 -3.8+05 —0.07 + 0.03 3.83 £ 0.15 54 +3.0 -0.78 £ 0.9 0.55 0.996
2 —3.39 £ 0.46 134 £ 0.14 56 +£1.3 -2.22 £ 042 -0.22 £ 0.01 2.16 £+ 0.15 228 £59 -5.7+18 0.19 0.960
3 -3.75 £ 043 1.58 £ 0.13 73 +£1.7 -2.96 + 0.53 —0.133 £ 0.02 3.53 £ 0.17 106 £ 5.6 -26+18 0.29 0.978
4 —3.95 + 048 1.65 + 0.15 76 +19 —3.04 + 0.59 -0.113 £ 0.023 3.46 + 0.20 11.7 £ 64 -29+20 0.35 0.974
5 -2.85 +0.35 1.24 + 0.11 6.0+ 1.3 -2.44 + 041 —0.20 + 0.02 431+ 0.17 7.0+ 5.8 -1.31+ 1.8 0.24 0.979
6 -2.30 £ 0.12 1.00 + 0.04 391+ 04 -1.64 £ 0.13 —-0.06 + 0.03 10.23 £ 0.09 -152 £33 49 £ 1.0 0.12 0.993
7 -3.62 £ 041 1.84 £ 0.13 71+£19 -3.33 £ 0.59 -0.10 £ 0.13 7.89 £ 0.15 -12.6 £33 44 +£1.0 1.18 0.995
8 —3.87 £ 0.60 1.67 £ 0.18 64+24 —2.68 £ 0.76 0.03 + 0.03 4.10 +£ 0.23 25+75 -05=+22 0.60 0.967
9 —-4.13 £ 0.29 1.93 + 0.09 78 +14 —3.47 £ 042 0.13 £ 0.08 9.85 + 0.16 -193 £ 4.0 63 +1.2 0.73 0.996
10 -2.62 £0.15 1.29 + 045 4.65 + 0.59 -2.11 +£0.18 —0.24 £ 0.03 7.25 £ 0.05 -100+ 1.9 3.61 £+ 0.61 0.24 0.997
11 -3.79 £ 0.51 1.98 + 0.16 69 +25 -3.41 +£0.76 0.11 £0.13 8.09 + 0.20 -163 £ 3.6 55+ 1.1 1.95 0.995
12 -3.71 £ 0.25 1.73 £ 0.07 6.99 £+ 1.13 -3.08 £ 0.35 0.06 £+ 0.05 9.04 £+ 0.12 -222 +£31 721 £0.94 0.54 0.995
13 —3.55 £ 0.29 1.63 + 0.09 68 £1.3 -2.96 + 0.39 0.12 £ 0.05 9.41 £ 0.15 -34.0+ 44 108 £ 1.3 0.53 0.992
14 -2.62 £0.17 1.23 + 0.05 4.53 + 0.67 -2.04 £ 0.21 —0.04 + 0.06 10.49 £+ 0.13 -15.0 £ 4.0 48 £1.2 0.26 0.994
Solute Fitting parameters
Ao Co C; x 1072 Do D; x 1073 Eo Fo F; x 1073 SE R?

15 0.02 + 0.04 -1.36 £ 0.34 9.39 + 1.06 30+14 -1.74 £ 045 6.99 £+ 0.19 -274 +£5.1 81+1.6 0.56 0.986
16 0.08 + 0.04 -2.84 +£0.18 1.36 + 0.06 454 + 0.74 -2.12+0.23 3.66 + 0.12 -236+3.6 6.8 + 1.1 0.34 0.995
17 —0.04 + 0.02 -1.52 £ 0.13 7.28 £ 0.40 2.16 £ 041 -1.03 £ 0.13 4.58 + 0.10 -29.1 £3.7 83+ 1.1 0.11 0.990
18 0.07 £+ 0.06 -1.13 £ 0.24 9.27 £ 0.74 06+ 1.0 -0.97 £ 0.31 5.50 £ 0.15 -384 + 46 109 + 14 0.72 0.993
19 0.14 + 0.04 -6.38 £ 0.75 227 £023 10.6 + 1.9 —3.51 £0.58 7.77 £ 0.27 -34+10.5 0.7 +£3.2 0.87 0.868
20 0.03 £+ 0.02 -1.83 £ 0.18 9.49 £ 0.56 2.87 £ 0.68 —1.45 £ 0.21 494 4+ 0.14 -304 + 4.7 89+14 0.24 0.991
21 —0.07 + 0.02 -0.41 + 0.26 3.02 +0.83 0.48 + 0.74 -0.39 £ 0.23 5.95 +0.23 -50.7 + 7.8 144 £ 24 0.16 0.930
22 0.06 + 0.05 -1.80 £ 0.17 1.05 + 0.05 2.82 +£0.72 -1.58 £ 0.22 3.64 £0.11 -229+34 6.6 + 1.0 0.37 0.994
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Results from the fitting of retention factors at several §,pH, three temperatures and three mobile phase polarities (P} ) to Egs. (16) and (17) for acids and bases, respectively.

Solute Fitting parameters
Ao A] x 1073 Bg By x 103 C[) Eo Fo Fy x 102 SE R?

1 27410 -1.1+03 —-74+15 34405 —0.07 + 0.03 6.55 + 0.45 —24+10 -23+25 050 0997

2 23408 -0.82 + 0.26 -67+15 26405 -0.22 + 0.02 6.4+ 04 0.7 +26 -18+7 019 0961

3 25+ 1.0 -09+0.3 -70+ 1.6 28405 —0.14 + 0.02 5.7 + 0.5 0.1+2 -83+59 028 0980

4 23+ 1.1 -0.92 + 0.35 -71+1.7 292 +055 012+ 0.02 58 + 0.5 03+23 -96+66 033 0977

5 21407 -0.82 + 023 —56+12 234+036 020+ 0.02 69+ 04 —21+21 -32+62 022 0983

6 0.90 £ 026  —0.37 + 0.08 —-36+04 156+ 0.13  —0.09 + 0.03 115+ 03 —57+14 13+4 013 0.992

7 15+ 1.1 -0.71 + 0.36 —55+ 1.7 28405 —0.14 + 0.14 9.45 + 0.47 —62+12 1443 115  0.995

8 13+15 —0.56 + 0.47 —58+24 25407 0.03 + 0.03 49+ 0.7 -04 +27 —2+7 0.60  0.967

9 1.67 + 0.77 —-0.7 £ 0.24 -63+12 3.0+ 04 0.09 + 0.09 114+ 05 -78+13 17+ 3 0.67  0.996

10 0.82+046  —0.36+0.14 -37+0.7 1.8 +02 —0.25 + 0.04 8.65 + 0.20 —-58+0.9 1343 031 0995

1 11+15 —0.61 + 0.47 —52+23 28 + 0.7 0.08 + 0.14 95+ 06 -70+14 17 +3 1.94 0995

12 128 +067  —0.60 + 0.21 -53+1.0 25403 0.03 + 0.06 10.22 + 0.37 -88 + 1.1 23+3 052  0.996

13 1314072  —0.60 + 022 —51+1.1 —24+03 0.08 + 0.05 1067 £045  -13.0+15 35+ 4 050  0.993

14 0.94 + 0.36 —04 +0.1 -394+055 -187+017  —0.09 + 0.07 8.86 + 0.85 72 + 88 614+ 167 023  0.995

Solute Fitting parameters

Ag CO Cl x 1072 Do Dy x 103 Eo Fo Fy x 103 SE R?

15 0.01 + 0.03 12407 —55+23 —29+ 1.1 1.70 + 0.35 5.22 + 0.49 -59+ 1.6 253+042 045 0991

16 0.06 + 0.05 1.0+ 05 —45+14 436+ 144 207 £ 022 2.15 + 0.39 —56+1.3 229+038 033 0995

17 —0.04 + 0.02 0.55 + 0.29 —24+09 —2.47 + 050 1.14 + 0.16 2.51 + 0.31 ~79+ 1.9 32406 0.14 0986

18 0.07 + 0.07 -02+0.7 -03+2 ~12+ 1.1 1.16 + 0.34 273+048 -112+18  446+054 082 0991

19 0.14 + 0.04 38+ 1.1 -1.06 + 0.34 —12+2 4.08 + 0.65 7.37 + 0.53 -79+7.7 25423 091  0.858

20 0.03 + 0.02 0.7 + 0.4 34413 —2.99 + 0.65 1.50 £ 020 335+ 041 —87+1.7 33405 023  0.991

21 —0.078 + 0.016 04403 -18+ 1.1 -13+0.6 6.7 +2.0 1.9 + 04 -19+3 723+086 014 0952

22 0.05 + 0.05 0.6+ 05 -33+16 -2.82 +0.77 1.58 + 0.23 2.31+0.39 -58+1.3 230+040 041 0993

The fitting parameters A, B, .. ., F along with their standard devia- (iv) the plots of parameter F (related to pK, variation with mobile
tions were estimated; their values were then plotted against 1/T. phase composition) with 1/T did not show a defined linear
The results for some solutes are depicted in Fig. 8. The main con- trend for most solutes.

clusions that could be made from these plots are as follows:

(i) Parameters A and B (related to log kya ) as a function of 1/T are Analogous conclusions could be obtained when the k-data were
linear for neutral acids. Large relative standard deviations for fitted to Eq. (11) but by using the polarity parameter PY instead
neutral bases, however, prevented of observing any clear trend of acetonitrile volume fraction and, then, the corresponding fitting
for these parameters and solutes. This was expected since these parameters are plotted against the reciprocal of temperature.
two parameters reflect retentive properties of the protonated Two practical decisions can be obtained from these last results.
forms of the neutral bases, which are poorly retained. First, they indicate that the retention of the ionized species studied

(ii) Parameters Cand D (related to log ka ) corresponding to neutral in this work, i.e. A~ for acids and HA* for bases, is almost insensitive
bases plotted against 1/T were linear. Similarly, the C and D to solvent strength or temperature. From a practical point of view,
values for neutral acids have associated large relative errors this means that we can consider their retention factors as constant
due to they represent the retentive features of ionized species at all the temperatures and mobile phase compositions studied.
(anionic carboxylates and phenolates) poorly retained. Second, since the E values are almost not dependent on T, we can

(iii) Parameter E (related to pK,) is slightly dependent on T for all consider they are constant and the same E fitting parameter value
the solutes and holds for all studied temperatures.
A 100 B 100
o]
= 80 g 804
T 3
> x
% 60 2 60
= 3
-y oo =
g =
A3 40 Ll 40 1
* 2 x‘% 20
R?=0.9947 2
se.=0626 Se =062
0 0 S : : . :
20 40 60 80 100 0 20 40 60 80 100
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Fig. 9. Predicted k-values for 2376 data points corresponding to the 22 solutes run in 12 buffers at three temperatures and at three solvent compositions as a function of the
corresponding experimental data. Plot A: predictions by using x=¢; plot B: predictions with x = P} (see the text).
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In order to test the validity of the general model, the whole set
of experimental data were fitted simultaneously to the three rele-
vant parameters: pH, temperature and composition, expressed as
volume fraction and also by its polarity (Eq. (15)). According to this
equation, twelve fitting parameters would be necessary to describe
retention. The results obtained are presented in Table 5 (for ¢») and
Table 6 (for PY).

The parameters of Table 5 confirm the main conclusions
obtained above, i.e., that for the solutes included in this study, some
of these parameters are statistically equal to zero, and only eight
fitting parameters are strictly necessary to describe the variation
of retention with pH, temperature and mobile phase composition.
Neutral acids can be fitted to a modified Eq. (15) which do not
include Cq, Dg, D1 and also E; parameters:

10WAo+(A1/T)+Box+B1(x/T)) | 1Co1(PH-Eo—Fox—F1(x/T))

k= 1+ 10PH EoFox F(/T) (16)

where x may be either the volume fraction (¢) or the mobile phase
polarity parameter (PY). On the other hand, neutral bases can be
well fitted to a similar equation without Ay, By, B; and E; parame-
ters, instead of Cq, Dg, D1 and E; parameters:

10%0  10(Co+(C1/T)+Dox+D1(x/T)) o(PH-Eo—Fox—F1 (x/T))

k= (17)

1+ 10(PH—Eo—Fox—F1(x/T))

Two new fittings were performed for each solute, corresponding
to Egs. (16) and (17) in which the volume fraction (¢) or polarity
parameter (PY) are the input x-values. The results of these calcu-
lations are presented in Table 7 (¢) and Table 8 (PY). The results
of both Tables are quite similar en terms of precision, although the
statistics are slightly better using PY as the independent input for
modeling the dependence of retention factor with mobile phase
variation. As it can be noted, the fittings of k-data with eight param-
eters were quite good, similar to those of the general model with
the 12 parameter equations.

Fig. 9 shows a representation of the correlations for 2396 k-data
points corresponding to the 22 solutes run in 12 buffers at three
temperatures and at three solvent compositions. Plot A corresponds
to predictions obtained by using ¢ as mobile phase composition
variable, and plot B correspond to values predicted by using P}.
The correlation coefficients and residual errors in each case are also
indicated in the plots.

5. Conclusions

In this study, we focused in the development of simple models
to predict RPLC retention factors of ionizable solutes over the chro-
matographic useful pH range (between pH 2 and 12) within a wide
range of acetonitrile composition (20-60%) and in the range of tem-
peratures between 25 and 55 °C. To achieve the aims, we explore
different equations. First, the dependence of retention with the
mobile phase pH was studied according to the common sigmoidal
model, and three fitting parameters, kya, ka and the inflection point
of the sigmoidal curve, which should be coincident with the pKj,
were obtained for all the solutes.

On one hand, the dependence of the three fitting parameters in
logarithmic form, i.e. log kya, log ks, and pKj,, on temperature was
studied according to van't Hoff model, concluding that van’t Hoff
plots close to linearity hold in most instances. Thus, a linear model
can be employed to describe the variation of retention parameter
and pK, with the reverse of the absolute temperature. This model
can be combined with the pH model to get a 6 parameter model
describing variation of retention with simultaneous variation of pH
and temperature in a fixed mobile phase composition.

On the other hand, good linear relationships of log kya, log ka
and pK, with mobile phase composition (volume fraction of ace-

tonitrile) and mobile phase polarity (PY) were also observed,
allowing proposal of linear models for the variation of these param-
eters with eluent composition. Combination of these models with
the pH model leads to simple 6 parameter models that relates reten-
tion to pH and mobile phase composition or polarity at constant
temperature.

We also derived two general 12 parameter equations to relate
retention of acid-base compounds to mobile phase pH, tempera-
ture and composition or polarity. The hardly retained ionic forms of
the solutes included in this study showed that their retention fac-
tors were almost independent of temperature and also of solvent
composition. pK, variation with temperature is also negligible for
most compounds. Thus, the 12 parameter equations can be simpli-
fied to 8 parameters equations able to predict retention at given
pH, T and mobile phase composition between the studied ranges.

List of symbols

a intercept for the linear variation of log kya with 1/T

A intercept for the linear variation of log ky with ¢ or PN
Ag intercept for the linear variation of A with 1/T

Aq slope for the linear variation of A with 1/T

b slope for the linear variation of log kya with 1/T

B slope for the linear variation of log kya with ¢ or PY
Bo intercept for the linear variation of B with 1/T

B slope for the linear variation of B with 1/T

c intercept for the linear variation of log ks with 1/T

C intercept for the linear variation of log ka with ¢ or P§
) intercept for the linear variation of C with 1/T

G slope for the linear variation of C with 1/T

d slope for the linear variation of log ky with 1/T

D slope for the linear variation of log k4 with ¢ or P

Dy intercept for the linear variation of D with 1/T

D1 slope for the linear variation of D with 1/T

e intercept for the linear variation of pK, with 1/T

E intercept for the linear variation of pK, with ¢ or PY
Eg intercept for the linear variation of E with 1/T

Eq slope for the linear variation of E with 1/T

f slope for the linear variation of pK, with 1/T

F slope for the linear variation of pK, with ¢ or P}

Fo intercept for the linear variation of F with 1/T

Fq slope for the linear variation of F with 1/T

1) volume fraction of organic modifier

o) volumetric phase ratio

AH° change in enthalpy for the transfer of one molecule of

solute between the mobile and stationary phases

AH,° change in enthalpy due to solute dissociation

k retention factor

ka retention factor of the basic form of an ionizable com-
pound

kua retention factor of the acid form of an ionizable compound

(logk)y intercept of the correlation in the polarity parameter
model

logk,  retention of the compound extrapolated to pure water

PN polarity parameter of the mobile phase in the polarity
parameter model

PN polarity parameter of the stationary phase in the polarity
parameter model

p solute polarity parameter in the polarity parameter model

wpH pH value in water

S,pH pH value in solvent s in reference to water (w) as stan-

dard state solvent In practice, pH measured in a mobile
phase with an electrode system calibrated with aqueous
standards
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SpH pH value in solvent s in reference to the same solvent
as standard state solvent In practice, pH measured in a
mobile phase with an electrode system calibrated with
standards prepared in the same mobile phase

wpKa aqueous pKj; value

sPKa pKa value in solvent s in the §,pH scale

q solute descriptor in the polarity parameter model

R gas constant

S sensitivity of the solute retention to the solvent strength

AS° change in entropy for the transfer of one molecule of
solute between mobile and stationary phases

AS;° change of entropy due to solute dissociation

T absolute temperature

Acknowledgements

We thank the Ministerio de Educacién y Ciencia of the Span-
ish Government and the Fondo Europeo de Desarrollo Regional of
the European Union (projects CTQ2007-61608/BQU and CTQ2010-
19217/BQU) for financial support. C. B. Castells also acknowledges
to ANPCyT (PICT2007-00316) and CONICET (PIP 11220090100777).

References

[1] P.J. Schoenmakers, Optimization of Chromatographic Selectivity; A Guide to
Method Development, Elsevier, Amsterdam, 1986.
[2] H. Colin, J.C. Diez-Masa, G. Guichon, T. Czajkowska, I. Miedziak, ]. Chromatogr.
167 (1978) 41.
[3] W.R. Melander, J. Stoveken, C. Horvath, ]. Chromatogr. 185 (1979) 111.
[4] P.L. Zhu, J.W. Dolan, L.R. Snyder, J. Chromatogr. A 756 (1996) 41.
[5] P.L.Zhu, J.W. Dolan, L.R. Snyder, N.M. Djordjevic, D.W. Hill, ].-T. Lin, L.C. Sander,
L.V. Heukelem, ]. Chromatogr. A 756 (1996) 63.
[6] P.L.Zhu, J.W. Dolan, L.R. Snyder, D.W. Hill, L.V. Heukelem, T.J. Waeghe, ]. Chro-
matogr. A 756 (1996) 51.
[7] P.L. Zhu, L.R. Snyder, J.W. Dolan, N.M. Djordjevic, D.W. Hill, L.C. Sander, T.J.
Waeghe, J. Chromatogr. A 756 (1996) 21.
[8] B.Yan,]. Zhao, J.S. Brown, ]. Blackwell, P.W. Carr, Anal. Chem. 72 (2000) 1253.
[9] J.V. Tran, P. Molander, T. Greibrokk, E. Lundanes, ]. Sep. Sci. 24 (2001)
930.
[10] T. Greibrokk, T. Andersen, ]J. Chromatogr. A 1000 (2003) 743.
[11] D. Guillarme, S. Heinisch, J.L. Rocca, J. Chromatogr. A 1052 (2004) 39.
[12] S. Heinisch, G. Puy, M.P. Barrioulet, J.-L. Rocca, J. Chromatogr. A 1118 (2006)
234.

[13] T. Teutenberg, High-temperature Liquid Chromatography. A User’s Guide for
Method Development, The Royal Society of Chemistry, Cambridge, 2010.

[14] J. Li, P.W. Carr, Anal. Chem. 69 (1997) 837.

[15] J. Gotta, ]. Osorio Grisales, M.R. Reta, C.B. Castells, ]. Sep. Sci. 33 (2010) 2645.

[16] P. Nikitas, A. Pappa-Louisi, J. Chromatogr. A 1216 (2009) 1737.

[17] I Canals, J.A. Portal, E. Bosch, M. Rosés, Anal. Chem. 72 (2000) 1802.

[18] S. Espinosa, E. Bosch, M. Rosés, Anal. Chem. 72 (2000) 5193.

[19] M. Rosés, E. Bosch, J. Chromatogr. A 982 (2002) 1.

[20] M. Rosés, J. Chromatogr. A 1037 (2004) 283.

[21] L.A. Cole, ].G. Dorsey, Anal. Chem. 64 (1992) 1324.

[22] L.A. Cole, J.G. Dorsey, Anal. Chem. 64 (1992) 1317.

[23] A. Alvarez-Zepeda, b.N. Barman, D.E. Martire, Anal. Chem. 64 (1992) 1978.

[24] R.P.J. Ranatunga, P.W. Carr, Anal. Chem. 72 (2000) 5679.

[25] P. Nikitas, A. Pappa-Louisi, K. Papachristos, C. Zisi, Anal. Chem. 80 (2008) 5508.

[26] C.B. Castells, L.G. Gagliardi, C. Rafols, M. Rosés, E. Bosch, J. Chromatogr. A 1042
(2004) 33.

[27] L.G. Gagliardi, C.B. Castells, C. Rafols, M. Rosés, E. Bosch, J. Chromatogr. A 1077
(2005) 159.

[28] S.Pous-Torres, ].R. Torres-Lapasid, ].J. Baeza-Baeza, M.C. Garcia-Alvarez-Coque,
J. Chromatogr. A 1163 (2007) 49.

[29] A. Méndez, E. Bosch, M. Rosés, U.D. Neue, J. Chromatogr. A 986 (2003) 33.

[30] J.M. Herrero-Martinez, A. Méndez, E. Bosch, M. Rosés, ]J. Chromatogr. A 1060
(2004) 135.

[31] L.G. Gagliardi, C.B. Castells, C. Rafols, M. Rosés, E. Bosch, Anal. Chem. 79 (2007)
3180.

[32] J. Inczedy, T. Lengyel, A.M. Ure, IUPAC. Compendium on Analytical Nomencla-
ture. Definitive Rules 1997, Blackwell Science, Oxford, 1998.

[33] N. Draper, H. Smith, Applied Regression Analysis, Wiley, New York, 1966.

[34] C.Horvath, W. Melander, I. Molnar, Anal. Chem. 49 (1977) 142.

[35] P.J. Schoenmakers, S. van Molle, C.M.G. Hayes, L.G.M. Uunk, Anal. Chim. Acta
250(1991) 1.

[36] D. Sykora, E. Tesarova, M. Popl, ]. Chromatogr. A 758 (1997) 37.

[37] R. Bergés, V. Sanz-Nebot, ]. Barbosa, J. Chromatogr. A 869 (2000) 27.

[38] M. Rosés, X. Subirats, E. Bosch, J. Chromatogr. A 1216 (2009) 1756.

[39] L.G. Gagliardi, C.B. Castells, C. Rafols, M. Rosés, E. Bosch, Anal. Chem. 78 (2006)
5858.

[40] L.G. Gagliardi, C.B. Castells, C. Rafols, M. Rosés, E. Bosch, J. Sep. Sci. 31 (2008)
969.

[41] LR. Snyder, ]J. Kirkland, J.L. Glajch, Practical HPLC Method Development, John
Wiley & Sons, New York, 1997.

[42] E.Bosch, P. Bou, M. Rosés, Anal. Chim. Acta 299 (1994) 219.

[43] ]J.R. Torres-Lapasi6, M.J. Ruiz-Angel, M.C. Garcia Alvarez Coque, J. Chromatogr.
A 1166 (2007) 85.

[44] A.Téllez, M. Rosés, E. Bosch, Anal. Chem. 81 (2009) 9135.

[45] ].R.Torres-Lapasi6, M.C. Garcia Alvarez Coque, M. Rosés, E. Bosch, J. Chromatogr.
A 955 (2002) 19.

[46] S. Espinosa, E. Bosch, M. Rosés, Anal. Chem. 74 (2002) 3809.



	Simultaneous effect of pH, temperature and mobile phase composition in the chromatographic retention of ionizable compounds
	1 Introduction
	2 Experimental
	2.1 Instruments
	2.2 Chemicals
	2.3 Procedure
	2.4 Data treatment

	3 Theoretical part
	3.1 Influence of pH
	3.2 Influence of temperature
	3.3 Simultaneous influence of pH and temperature
	3.4 Influence of solvent composition
	3.5 Combined effect of pH and solvent composition
	3.6 Combined effect of pH, mobile phase composition and temperature

	4 Results and discussion
	4.1 Modeling k as a function of pH, temperature and solvent composition

	5 Conclusions
	List of symbols
	Acknowledgements
	References


