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On the Effect of Organic Solvent
Composition on the pH of Buffered HPLC
Mobile Phases and the pK, of
Analytes—A Review

Xavier Subirats, Marti Rosés, and Elisabeth Bosch

Departament de Quimica Analitica, Universitat de
Barcelona, Barcelona, Spain

Abstract: A review about the analyte pK, and buffer pH variations in RP-HPLC
mobile phases with the changes in the organic modifier content (acetonitrile or
methanol) is presented. A model to accurately predict the pH of particular mobile
phases for several commonly used buffers (acetic, citric and phosphoric acid and
ammonia systems) in acetonitrile-water and methanol-water mixtures is described.
Linear relationships are also presented for several families of acid-base compounds
(aromatic and aliphatic carboxylic acids, phenols, amines and pyridines) to estimate
pK, values of analytes in methanol-water and acetonitrile-water from their correspond-
ing aqueous pK,. From both, the estimated pH of the mobile phase and the estimated
pK, of acid-base analytes, it is possible to predict their degree of ionization and,
therefore, the analyte chromatographic retention.

Keywords: Mobile phase composition, methanol—water mixtures, acetonitrile—water
mixtures, pH, pK,, buffers, chromatographic retention, ionization degree

INTRODUCTION

The use of buffered mobile phases in liquid chromatography is very common
for separation of analytes with acid-base properties. For monoprotic acids
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there is a well known relationship between the retention factor (k), the pK, of
the analyte at the working ionic strength and the pH of the mobile phase (1):

‘— kua + ka 10PH-PK:
" 14 10pH-PK:

(1

where kya and k, are the retention factors obtained when the analyte is com-
pletely in its acidic or basic form, respectively. Eq. (1) defines a sigmoidal plot
for the retention as a function of the pH of the mobile phase, with a pro-
nounced jump around the analyte pK,. Therefore, slight variations in the pH
of the mobile phase at pH near the analyte pK, result in significant changes
in retention and, thus, two similar analytes with small differences in their
pK, values can be successfully separated by a proper control of mobile
phase pH. Expressions equivalent to Eq. (1) can be obtained if retention is
measured in retention time (fg) or adjusted retention time (g = tg — ) if
the holdup time (#;) is independent of the buffer (2—4). If the analyte has
more than one acid-base equilibria more complex expressions should be
considered (1, 4, 5).

When an organic modifier is added to an aqueous buffer to prepare the
mobile phase there is a change in the pK, of the buffering acid and in the
autoprotolysis constant of the solvent, which is responsible of the pH range
of the pH scale. Consequently there is a variation in the pH of the hydroor-
ganic mixture in relation to the aqueous pH of the buffer. Moreover, the
pK, of the analyte also changes. These variations affect the ionization
degree of acid-base analytes and, therefore, they may produce important
changes in chromatographic retention and selectivity. The sign and extent
of the pH variation when adding an organic solvent to an aqueous buffer
depend not only on the organic fraction of the mixture, the aqueous pH
and buffer concentration, but also on the nature of the buffering system
(3, 6-12). The example given in Figure 1 illustrates these statements.

The order of elution of the ionizable analytes is clearly different, even
though in both cases we have mobile phases containing a 60% of methanol
(v/v) prepared from aqueous buffers of the same pH (8.00) and concentration
(0.01 mol - L™"). In this instance, the difference lies in the nature of the buffer:
in one case it is ammonium/ammonia and in the other it is dihydrogen-
phosphate/hydrogenphosphate. Obviously the acid-base constant of the
analytes in the particular mobile phase plays an important role, but in
contrast to the mobile phase pH, it only depends on the organic solvent
fraction in the mobile phase. The effect of both the pH and the pK, on ioniz-
ation degree and therefore on retention times in HPLC has been already exten-
sively reported (3, 6—26). In this review we present the models developed in
our research group to estimate the pH values of the most commonly used
buffering systems in RP-HPLC at any fraction of organic solvent in a particu-
lar acetonitrile- and methanol-water medium up to 60% and 80% (v/v),
respectively. The model we proposed to estimate the pK, of a compound in
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Figure 1. Chromatograms of individual acid-base compounds and their correspond-
ing eluted mixture in a 60% (v/v) methanol mobile phase prepared from H,POy -
HPO3~ and NHJ{-NH, aqueous buffers of concentration 0.01 mol - L~ ! and
pH = 8.00. Compounds: (1) N,N-dimethylbenzylamine; (2, 4)-nitrophenol; (3) 3-nitro-
phenol; (4) 2-chlorophenol; (5) 2-nitrophenol; (6) 2.4.,6-trimethylpyridine; (7)
3-bromophenol. From ref. (44), with permission, © 2007 Elsevier.

a particular methanol-water or acetonitrile-water from its corresponding
aqueous pK, is also presented.

pH DEFINITION IN ORGANIC SOLVENT-WATER MIXTURES

Looking for a friendly way to write small hydrogen ion concentrations, the pH
definition was first introduced by Sgrensen (27) in 1909 in terms of the
negative decimal logarithm of the hydrogen ion concentration. Some years
later Sgrensen found that the electrodes used to measure the pH responded
to hydrogen ion activity (ay) instead of concentration, so pH was redefined
as (28):

pH = —logay (2)
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Although activity and pH are dimensionless quantities, activity must be
referred to a particular concentration scale. In fact, activity can be related to
concentration through an activity coefficient (7). This means that the same
solution may have different pH values depending on the scale in which
hydrogen ion concentration is measured. In analytical chemistry practice,
including chromatography, the pH definition in the molarity scale (moles of
hydrogen ion per liter of solvent, mol - L_l) (29, 30) is commonly used
because of its simplicity for preparation of solutions. The pH definition of
Eq. (2) is only notional because it involves single ion activity, which is immea-
surable (29-35). Therefore an operational definition of pH was established.
The pH of a solution is obtained by comparison of the electromotive force
of a sample solution in an appropriate potentiometric cell in relation to the
electromotive force of standard reference solutions of known pH in the
same cell (29-41).

In analytical practice pH is commonly measured using a glass electrode
combined with a reference electrode (very often silver-silver chloride).
Usually the reference electrode contains a highly concentrated KCl solution.
In this solution the cation and the anion are equitransferent (i.e., they
diffuse at nearly the same rate), and thus the liquid junction potential (i.e., a
potential difference formed at the boundary between two different compo-
sitions) between the reference electrode and the sample or standard calibration
solutions is minimized. The temperature of calibration standards and sample
solutions should be at least roughly controlled, because of the dependence
of the glass electrode potential with the temperature.

Three different procedures are used to measure the pH of hydroorganic
mobile phases in HPLC (3, 6-12). A typical one consists on calibrating the
electrode systems with commercial aqueous standard buffers, and then
measuring the pH of the aqueous buffer before mixing it with the organic
modifier. This way the pH value is obtained in the y\pH scale (19). In our
opinion this is not the best option because the pH of the solution changes
after dilution of the aqueous buffer with the organic modifier. If the
electrode system is calibrated with standard buffers prepared in the same
solvent composition used as mobile phase and the pH is measured in this par-
ticular mobile phase composition, the {pH value is obtained. Working in the
spH scale requires a careful preparation and maintenance of the standard
buffers and electrodes, and often these standards are not commercially
available. Finally, when pH is measured in the hydroorganic mixture, but the
electrode system is calibrated with aqueous buffers, the j,pH values are
obtained.

Notice that here the [UPAC nomenclature (15) has been used: the left hand
superscript indicates the medium where the quantity is measured (w for water
and s for hydroorganic mixture), and the subscript indicates the standard state
medium (i.e., the solvent where activity coefficients are taken as equal to unity
at infinite dilution), which means in practice, the solvent (w or s) in which
electrode systems are calibrated. It has been widely reported that better
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results are obtained when the pH in the mobile phase is considered instead of
the aqueous pH of the buffer (6-8, 12—14, 17, 23—-26). ;pH can be easily
converted to 3,pH by means of & parameter (9, 36, 37):

wpPH =({pH+ 6 ()

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

_ 0.09¢yeon — 0-11direon
1 — 3.15¢yeon + 3-51d4eon — 1-35bon

where ¢yeon is the volume fraction of methanol in the hydroorganic mixture.
& values for acetonitrile-water mixtures up to 60% (v/v) of organic modifier
can be also estimated from the solvent composition through the Equation (4, 8):

5 —0.446 dy1eon
T 1= 1.316¢yuen + 0.433dcn

The relationship between ;pH and {'pH depends on the organic solvent fraction
in the mixture, whereas the difference between wpH and ¢pH (or 3,pH) depends
not only on the mobile phase composition but also on the particular buffering
solution employed. 6 values are also useful to convert §,pK,values to {pK,, and
wPKap to spK,,, where pK, refers to the analyte acid-base constant and pK,, to
the autoprotolysis constant of the solvent (organic solvent-water mixture).

Then to obtain precise information about the pH of a particular mobile
phase it is convenient to measure pH directly in the hydroorganic mixture,
rather than in the aqueous buffer. When the measurement of pH in the
mobile phase is not easy, e.g. in the case of highly automated HPLC exper-
iments where independent reservoirs of buffer and organic solvent are
pumped into and mixed within the apparatus, it may be very useful to
estimate the pH variation for a particular buffer when the organic modifier
is added.

4)

®)
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pH VARIATION OF THE BUFFER WITH THE ADDITION OF
ACETONITRILE OR METHANOL

It has been shown that when acetonitrile is added to an aqueous buffer, the pH
variation can be considered linearly related to the volume fraction of the
organic modifier (¢pyecn) (18):

wPH =3 pH = myndyreen (6)

where mpy is the proportionality coefficient for the pH change. A similar
equation has been proposed to relate the pH variation with the volume
fraction of methanol (pyeon) (44):

wPH —pH = mpHd’f/‘iZOH (7)

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

o+ 3 @ 105RPH-B) 4 g 10O DpH=b )
i=1

MpH = — n (8)
1+ 108 @ pH=bi) 4 1Qsi((r+DgpH—=by11)

i=1

where the ag term in the numerator and the 1 value in the denominator predo-
minate over the other terms at low pH values, when the solution is buffered by
strong acids.

The (n+ 1) term predominates at very basic pH values (buffers with
strong bases). The intermediate terms prevail in the pH zones close to the
acid-base conjugate equilibria of the buffered system, represented by their n
pK, values. g; values are associated to the pK, variation of the buffer when
adding the organic modifier and b; values are related to the pK, values of
the corresponding acid-base pairs of the system. s; are fitting parameters
that account for the sharpness of the transitions (22) between the different
pH zones buffered by the different acid-conjugate base pairs of the system.
A linear tendency is observed in the graphical representations of the par-
ameters s;, ¢; and b; value against the logarithm of the aqueous concentration
of the buffer (log ct), before adding the organic modifier. These linear
equations for ammonium and acetic, citric and phosphoric acid systems in
acetonitrile and methanol-water mixtures are shown in Tables 1 and 2.

Tables 3 and 4 show calculated y pH values in acetonitrile and methanol-
aqueous buffer mixtures for the most commonly used buffering systems in
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Table 1. Linear variation of the s;, a; and b; parameters in aceto-
nitrile-water mixtures for some buffering systems depending on the
aqueous buffer concentration, ¢t (0.001 < ¢ < 0.1 mol - Lfl)

Parameter Acetic acid system Ammonia system

Si 0.20 log ¢t +3.56 0.20 log cr +3.71

ap 0.00 0.00

a 2.28 —0.60

ap 1.81 1.81

b, —0.52 log cr +2.33 —0.45 log ct +4.84

by —0.07 log cr 4+ 11.53 0.06 log ¢t + 16.52
Phosphoric acid system Citric acid system

5 —0.04 log ct 4+ 1.99 0.29 log c1 +2.59

ap 0.00 0.00

a, 0.53 log c1 +2.40 0.14 log ¢t + 1.63

a, —0.06 log ¢t + 1.63 —0.06 log ct 4 1.56

as 1.81 —0.16 log ¢t + 1.67

ay — 1.81

b, —0.69 log cr 4 0.93 —0.58 log et 4 1.47

b, —0.97 log ¢t +5.16 —0.79 log cr +4.94

b3 —0.61 log cr + 15.34 —1.12 log ¢t +9.53

by — —0.75 log ct 4+ 19.25

RP-HPLC, in the pH range of good buffer capacity. The mpy values have been
calculated by means of Eq. (8), and the § pH values through Egs. (6) and (7) for
acetonitrile and methanol, respectively.

BUFFER CAPACITY

Buffer capacity (B) is a quantitative measurement of the buffer ability to keep
pH constant. It can be calculated by means of the differential Equation (36, 37):

dcy, dc,

P=d6m = " dpH)

)

where ¢}, and ¢, are the concentrations of the buffering base and acid, respect-
ively. Buffer capacity is, in rough terms, the strong base or strong acid amount
(expressed in equivalents) required to produce one pH unit change in the buffer
solution. For a weak acid-weak base buffer, maximum buffer capacity of a
protolyte occurs when the acid species concentration is equal to the concen-
tration of its conjugate base. It means that the apex of buffer capacity is
achieved when the pH of the solution is equal to the pK} (the pK, value
at the working ionic strength) of the buffering species.
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Table 2. Linear variation of the s;, ¢; and b; parameters in methanol-
water mixtures for some buffering systems depending on the aqueous
buffer concentration, ¢t (0.001 < ¢t < 0.1 mol - Lfl)

Parameter Acetic acid system Ammonia system
S 0.22 log ¢t + 3.07 0.05 log e+ 1.45
52 0.13 log e +2.19 0.16 log e+ 2.18
ag 1.03 0.91
a, —0.03 log ¢t + 2.18 0.01 log ¢t — 0.67
ar 0.00 0.00
by —0.51 log et 4 2.35 —0.45 log cr +4.79
b, —0.50 log ¢t + 8.86 0.53 log ¢t + 18.68
Phosphoric acid system Citric acid system
51 0.73 log ¢t +3.38 0.03 log ¢t + 1.05
52 0.02 log e+ 2.11 0.03 log e + 1.05
53 0.02 log v+ 1.73 0.03 log e+ 1.05
S4 — 0.03 log ¢t + 1.05
ao 1.03 1.03
a, 0.57 log et 4 3.55 0.18 log et +2.52
as —0.00 log ¢t +2.91 —0.10 log ¢t +2.30
as 0.00 —0.15 log ¢t + 2.57
ay — 0.00
b —0.64 log ¢t + 0.97 —0.57 log cr + 1.51
b, —1.89 log ¢t +3.32 —0.73 log ¢t + 5.05
b3 —2.12 log ct 4 9.64 —1.02 log c7 +9.73
by — —0.76 log ¢t + 19.13

The addition of the organic solvent produces a shift of the maximum of
buffer capacity towards higher {,pH values for neutral or anionic acid
buffers (acetic, citric and phosphoric buffering systems), but towards lower
+pH values for the cationic acid buffer (ammonia system). These trends
have been already explained in terms of electrostatic interactions that contrib-
ute to the pK, values of the buffering species (45, 46). The acid-base constants
reported in the literature are normally thermodynamic pK, values, which are
given for zero ionic strength. Table 5 shows calculated aqueous pH values
of equimolar mixtures of acid/conjugate base for several buffers at different
concentrations and, consequently, ionic strength. Each pH value is related
to the maximum buffer capacity achievable in aqueous solutions. It is
especially significant the pH variation in case of dihydrogenphosphate /hydro-
genphosphate and hydrogencitrate/citrate due to the increase of the ionic
strength with the concentration because of the high charge of the buffering
species. For the rest of the buffers, no dramatical changes are observed.
Figure 2 shows the buffer capacity of commonly used buffering systems at
several methanol-water compositions, and Figure 3 reproduces the buffer
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wPH at MeCN volume fraction of

Buffering Aqueous
system concentration wpH mpy 0.1 02 03 04 05 0.6
wPH = UpH + myp veen
Acetic acid 0.0l mol-L™" 350 1.64 3.66 3.83 399 4.16 432 4.48
4.00 226 423 445 4.68 490 5.13 536
450 228 473 496 5.18 541 5.64 5.87
500 228 523 546 5.68 591 6.14 6.37
550 228 5.73 596 6.18 641 6.64 6.87
6.00 228 6.23 646 6.68 691 7.14 7.37
0.05mol-L™" 350 223 372 3.95 4.17 439 4.62 4.84
4.00 228 423 446 4.68 491 5.14 537
450 228 473 496 5.18 541 5.64 5.87
500 228 523 546 5.68 591 6.14 6.37
550 228 573 596 6.18 641 6.64 6.87
6.00 228 623 646 6.68 691 7.14 7.37
Citric acid 0.0l mol-L™" 250 048 2.55 2.60 2.64 2.69 2.74 2.79
3.00 1.15 3.12 323 335 346 3.58 3.69
350  1.38 3.64 3.78 391 4.05 4.19 433
400 1.56 4.16 431 447 4.62 478 494
450 1.67 4.67 4.83 500 5.17 534 550
500 1.75 5.18 535 553 570 5.88 6.05
550 191 5.69 588 6.07 626 6.46 6.65
6.00 198 6.20 640 6.59 6.79 6.99 7.19
6.50 199 6.70 6.90 7.10 7.30 7.50 7.69
7.00 199 720 7.40 7.60 7.80 8.00 8.19
7.50 199 7.70 7.90 8.10 8.30 8.50 8.69
0.05mol-L™" 250 1.16 2.62 273 285 296 3.08 3.20
3.00 143 3.14 329 343 3.57 3.72 3.86
350 149 3.65 3.80 3.95 4.10 4.25 4.39
400 1.60 4.16 432 448 4.64 480 4.96
450 1.65 4.67 483 500 5.16 533 5.49
500 1.75 5.18 535 553 570 5.88 6.05
550 1.86 5.69 5.87 6.06 624 643 6.62
6.00 1.88 6.19 6.38 6.56 6.75 694 7.13
6.50 1.88 6.69 6.88 7.06 7.25 7.44 7.63
7.00 1.88 7.19 7.38 7.56 7.75 7.94 8.13
750 1.88 7.69 7.88 8.06 825 8.44 8.63
Phosphoric  0.01mol -L™' 221 051 226 231 236 241 247 2.52
acid
3.00 1.29 3.13 3.26 3.39 3.52 3.65 3.77
350  1.34 3.63 3.77 390 4.04 4.17 4.30
6.50 1.75 6.68 6.85 7.03 7.20 7.38 7.55

(continued)
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Table 3. Continued

wPH at MeCN volume fraction of

Buffering Aqueous
system concentration ypH mpy 0.1 02 03 04 05 06

7.00 1.75 7.8 7.35 7.53 7.70 7.88 8.05
750 1.75 7.68 7.85 8.03 8.20 8.38 8.55
800 1.75 8.18 8.35 8.53 8.70 8.88 9.05
850 1.75 8.68 8.85 9.03 9.20 9.38 9.55
0.05mol-L™" 221 147 236 250 2.65 2.80 295 3.09
3.00 1.70 3.17 3.34 3.51 3.68 3.85 4.02
350  1.71 3.67 3.84 4.01 4.18 436 4.53
650 1.71 6.67 6.84 7.01 7.18 7.36 7.53
7.00 1.71 7.7 734 7.51 7.68 7.86 8.03
750 171 7.67 7.84 8.01 8.18 8.36 8.53
8.00 1.71 8.17 834 851 8.68 8.86 9.03
850 1.71 8.67 8.84 9.01 9.18 9.36 9.53

Ammonia 0.0l mol-L~" 800 —0.60 7.94 7.88 7.82 7.76 7.70 7.64
850 —0.60 844 838 832 826 820 8.14

9.00 —0.60 8.94 8.88 8.82 8.76 8.70 8.64

9.50 —0.60 9.44 938 9.32 926 9.20 9.14

10.00 —0.60 994 988 9.82 9.76 9.70 9.64

0.05mol-L™" 800 —0.60 7.94 7.88 7.82 7.76 7.70 7.64

850 —0.60 844 838 832 826 820 8.14

9.00 —0.60 8.94 8.88 8.82 8.76 8.70 8.64

9.50 —0.60 944 938 932 926 920 9.14

10.00 —0.60 9.94 9.88 9.82 9.76 9.70 9.64

capacity variation for acetonitrile as organic modifier. In both types of
mixtures, the buffer capacity presents a similar profile. The buffer capacity
decreases when the organic solvent is added to the aqueous buffer, due to
the decrease of the buffer concentration on increasing the volume of the
solution. The addition of the organic solvent produces a shift of the
maximum of buffer capacity towards higher {pH values for neutral or
anionic acid buffers (HAc/Ac, H;Cit/H,Cit-, H,Cit~ /HCit*, HCit* /Cit™,
H;PO,/H,PO;, H,PO,/ HPOZ...), and towards lower +pH values for
cationic acid buffers (NH /NHj. . .).

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



16: 04 30 January 2011

Downl oaded At:

Organic Solvent Effects on HPLC Mobile Phases 241

Table 4. pH variation of methanol-aqueous buffer mixtures

wPH at MeOH volume fraction of
Buffering Aqueous

system concentration wpH mpy 0.1 02 03 04 05 06 0.7 038

wPH = WpH + myi ¢ Miton

Acetic acid 0.01 mol - L™ 3.50  1.85 3.60 3.75 3.91 4.09 4.28 4.48 4.69 4.90
4.00 222412 4304.494.714.935.17 542 5.68

450 2.254.63 4.805.005.22 5.455.69 594 6.20

5.00 2.255.13 5.305.505.72 595 6.19 6.44 6.70

550 2.255.63 5.80 6.00 6.22 6.45 6.69 6.94 7.20

6.00 2.256.13 6.30 6.50 6.71 6.947.19 7.44 7.70

0.05mol - L™ 350 2.17 3.62 3.79 3.98 4.19 4.41 4.65 4.89 5.14

4.00 2224.13 4304.494.714.945.17 542 5.68

450 223 4.63 4.804.995.21 544 5.68 593 6.18

5.00 2.235.135305.495.715946.18 6.43 6.68

550 2.235.63 5.805.99 6.21 6.44 6.68 6.93 7.18

6.00 2.236.13 6.306.49 6.71 6.947.18 7.42 7.68

Citric acid 0.01 mol - L™" 250  1.52 2.59 2.70 2.84 2.98 3.14 3.30 3.48 3.65
3.00 1.883.11 3.253.423.60 3.79 3.99 4.20 4.42
350 2.163.62 3.79 3.98 4.19 4.41 4.64 4.88 5.13
4.00 2.354.13 4314.524.754.995.24 550 5.78
4.50 2.49 4.64 4.83 5.055.29 5.555.81 6.09 6.38
5.00 2.615.15 5.355.585.836.106.38 6.67 6.98
550 2.73 5.65 5.87 6.11 6.37 6.65 6.94 7.25 7.57
6.00 2.81 6.16 6.38 6.62 6.89 7.18 7.49 7.80 8.13
6.50 2.84 6.66 6.88 7.13 7.40 7.70 8.00 8.32 8.65
7.00 2.83 7.16 7.38 7.63 7.90 8.19 8.50 8.81 9.14
7.50  2.76 7.66 7.87 8.11 8.38 8.66 8.96 9.27 9.59

0.05mol -L™" 250  1.86 2.60 2.752.91 3.09 3.28 3.48 3.69 3.91
3.00 2.153.12 3.29 3.48 3.68 3.90 4.13 4.37 4.62
350 230 3.63 3.814.01 423447471 497 524
4.00 2.394.13 4324.534.76 5.01 5.26 5.53 5.81
4.50 2.48 4.64 4.83 5.055.29 5.54 5.81 6.09 6.37
5.00 2.58 5.15 5.355.575.826.08 6.36 6.65 6.95
550 2.68 5.65 5.86 6.09 6.35 6.63 691 7.21 7.53
6.00 2.73 6.15 6.37 6.61 6.87 7.15 7.44 7.75 8.07
6.50 2.75 6.65 6.87 7.11 7.37 7.66 7.95 8.26 8.58
7.00 2.747.15 7.377.61 7.87 8.15 8.45 8.76 9.07
7.50  2.70 7.65 7.86 8.10 8.36 8.63 8.92 9.23 9.54

Phosphoric 0.01 mol - L~" 211 151219 2.312.442.592.74291 3.08 3.25
acid

3.00 2.36 3.13 3.323.523.753.994.25 4.51 4.79

3,50 240 3.64 3.824.034.27 4.514.77 5.04 532

6.50 2.99 6.67 6.907.16 7.457.76 8.08 8.41 8.76

7.00 298 7.17 7.40 7.66 7.95 8.25 8.57 8.90 9.25

(continued)
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wPH at MeOH volume fraction of

Buffering Aqueous
system concentration wpH my,y 0.1 02 03 04 05 0.6 07 08

7.50 294 7.67 7.89 8.15 8.44 8.74 9.05 9.38 9.73

8.00 2.858.16 8.38 8.63 8.91 9.20 9.51 9.8310.16

8.50  2.62 8.65 8.859.08 9.33 9.60 9.8810.1810.48

0.05mol -L™" 221 254225 2.452.672.923.183.45 3.73 4.03

3.00 2.813.16 3.383.623.894.18 4.48 4.80 5.12

350  2.81 3.66 3.884.124.39 4.68 499 5.30 5.63

6.50 2.96 6.67 6.90 7.16 7.44 7.74 8.06 8.40 8.74

7.00 295 7.17 7.40 7.66 7.94 8.24 8.56 8.89 9.24

7.50 294 7.67 7.89 8.158.43 8.739.05 9.38 9.72

8.00 2.88 8.16 8.39 8.64 8.92 9.21 9.52 9.8410.18

8.50  2.73 8.65 8.87 9.11 9.37 9.65 9.9410.2510.57

Ammonia 0.0l mol -L™" 8.00 —0.69 7.93 7.86 7.79 7.73 7.66 7.59 7.52 7.45
8.50 —0.69 8.43 8.36 8.29 8.22 8.16 8.09 8.02 7.95

9.00 —0.69 8.93 8.86 8.79 8.72 8.66 8.59 8.52 8.45

9.50 —0.69 9.43 9.36 9.299.23 9.16 9.09 9.02 8.95

10.00 —0.66 9.93 9.87 9.80 9.73 9.67 9.60 9.53 9.47

0.05mol -L~" 8.00 —0.68 7.93 7.86 7.80 7.73 7.66 7.59 7.52 7.45

8.50 —0.68 8.43 8.36 8.30 8.23 8.16 8.09 8.02 7.95

9.00 —0.68 8.93 8.86 8.80 8.73 8.66 8.59 8.52 8.45

9.50 —0.68 9.43 9.36 9.309.23 9.16 9.09 9.02 8.95

10.00 —0.68 9.93 9.86 9.80 9.73 9.66 9.59 9.52 9.46

dpy = 5/4 for acetic, citric and phosphoric acid systems.
dpyy = 1 for ammonia system.

Table 5. pH values at different buffer concentrations corresponding to maximum buffer
capacity in aqueous solutions, calculated from de wpK, (54) of the buffering species

Equimolar concentration

(mol - L™1)
Buffer wpK, 0.001 0.01 0.05 0.1
Acetic acid/acetate 4.76 474 472 469 4.67
Ammonium/ammonia 9.25 926 928 932 9.34
Phosphoric acid/dihydrogenphosphate 2.16 215 213 209 207
Dihydrogenphosphate /hydrogenphosphate 7.21 7.14 7.01 6.85 6.76
Citric acid/dihydrogencitrate 3.13 312 310 3.06 3.04
Dihydrogencitrate /hydrogencitrate 4.76 4.69 456 440 431
Hydrogencitrate /citrate 6.40 621 591 559 544
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Figure 2. Buffer capacity variation of the ammonia, acetic acid, phosphoric acid and
citric acid systems for 0, 20, 40, 60 and 80% (v/v) methanol-water compositions and an
initial aqueous buffer concentration of 0.1 mol - L™, From ref. (44), with permission,
© 2007 Elsevier.
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Figure 3. Buffer capacity variation of the ammonia, acetic acid, phosphoric acid and
citric acid systems for 0, 20, 40 and 60% (v/v) acetonitrile-water compositions and an
initial aqueous buffer concentration of 0.01 mol - L™ ! From ref. (22), with permission,
© 2004 Elsevier.
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For example, in pure water the difference between the first and the third pK,
value is about 3.3 units, whereas for methanol and acetonitrile at 60% this differ-
ence increases up to 3.7 pK, units.

pK, VARIATION OF THE ANALYTES WITH THE ADDITION
OF ACETONITRILE OR METHANOL

For the most common families of analytes, linear relations have been estab-
lished for pK, values in the hydroorganic mobile phases in relation to their
aqueous pK,. Rived et al. (46—48) and Espinosa et al. (22, 49) developed
equations to estimate ;pK, from ypK,values of pyridines, amines, carboxylic
aromatic acids, carboxylic aliphatic acids and phenols in methanol-water and
acetonitrile-water, respectively. They proposed the same general equations:

:pKa = aspra + by (10)
with

. 1 +ag d)org +as d)%)rg
I +ag d)org + aw ¢érg
_ bsl d)Org + bSZ ¢2Org
1 + b ¢Org + by ¢érg

(11)

as

(12)

S

where ¢y, is the volume fraction of organic solvent (acetonitrile or methanol)
in the hydroorganic mixture, and ag, as, dg3, dga, bs1, b2, bsz and by, are fitting
constants for all acids of the same family at any organic solvent-water compo-
sition. These ag and bg; values are shown for methanol in Table 6 and for
acetonitrile in Table 7. The analyte pK, in the hydroorganic mobile phase
can be expressed in the §,pK, scale, instead of the {pK,, through the already
known 6 parameter (Egs. (4) or (5)). Therefore Eq. (10) is converted to the
following expression:

wPKa = agypK, + by + 8 (13)

Tables 8 and 9 show several examples of calculated ,pK, values for
families of compounds when increasing the acetonitrile or the methanol
fraction in the hydroorganic mixture. ,pK, of neutral acids or anionic acids
(aliphatic and aromatic carboxylic acids and phenols) increase when aceto-
nitrile or methanol is added, whereas the §,pK, of cationic acids (amines
and pyridines) decreases, mainly due to electrostatic interactions that contri-
bute to the pK, value (36, 45).
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Table 6. Parameters for the prediction of the slope as Eq. (11) and the intercept by
Eq. (12) of the linear correlation between ;pK, values in methanol-water and ypK,
in water Eq. (10) (46)

Family of

compounds asy as as3 as3 by by, by by
Phenols —0.656 —0.030 —0.844 0.133 —0454 0.866 —0.017 —0.865
Aliphatic car- —1.406 0.680 —1.551 0.827 1.034 —0.898 —1.250 0.277

boxylic acids
Aromatic car-
boxylic acids
With ortho- —1.189  0.190 —1.424 0.425 0449 —-0429 —1.674 0.677
substituents
Without ortho- —1.101 0.103 —1.516 0.518 —0.178 0.187 —1.699  0.702
substituents
Amines —-0.476 0209 —0.400 0.158 —0.458 0477 —1.674  0.690
Pyridines 2.617 0.000 2.809 0.000 —1.733 1.763 —1.214  0.272

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

ESTIMATION OF THE DEGREE OF IONIZATION AND
VARIATION ON CHROMATOGRAPHIC RETENTION
OF ANALYTES

The retention of acid-base analytes in RP-HPLC mainly depends on their
hydrophobicity and ionization degree (1-3, 67, 9, 14, 50—-53). Whereas
the hydrophobicity of a substance is a property inherent to the own nature
of the analyte, the degree of ionization depends on both, analyte dissociation

Table 7. Parameters for the prediction of the slope a; Eq. (11) and the intercept by
Eq. (12) of the linear correlation between ¢pK, values in acetonitrile-water and WpK,
in water Eq. (10) (22, 49)

Family of
compounds (28 [£S)) as3 (9] by, by bgs by
Aliphatic car- 997 —859 883 —872 —0.68 994 845 —8.59

boxylic acids
Aromatic car- 52.04 —10.93 4933 —32.69 —5.32 899 2256 —23.21
boxylic acids

Phenols 10.05 —10.04 797 —837 —533 995 0.19 —0.70
Amines -0.73 —-0.27 -0.87 —-0.12 —1.82 225 -—1.75 0.90
Pyridines —1.67 0.67 —1.66 067 —1.78 1.89 —-0.58 —0.40

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

wPK, at MeCN volume fraction of

Family of analytes wpKa 0.1 0.2 0.3 0.4 0.5 0.6
Aliphatic carboxylic acids 2.00 2.14 228 243 261 282 3.09
250 267 283 300 319 341 3.70
300 321 338 356 376 4.01 432
350 374 393 412 434 460 494
400 427 447 468 492 519 555
450 480 502 524 549 579 6.17
500 533 557 581 607 638 6.78
Aromatic carboxylic acids 2.00 202 212 223 235 247 257
250 257 269 284 300 316 3.32
3.00 311 327 345 3.64 385 4.08
350 365 384 405 429 455 483
400 420 441 466 494 524 558
450 474 499 527 558 594 6.33
500 528 556 588 623 6.63 7.08
Phenols 700 735 740 749 7770 8.07 8.64
750 790 797 808 830 867 9.26
8.00 846 855 867 889 928 9.88
850 9.02 913 926 949 9.89 1049
9.00 957 971 9.85 10.09 1050 11.11
9.50 10.13 1028 1044 10.69 11.10 11.73
10.00 10.68 10.86 11.03 11.29 11.71 12.34
10.50  11.24 1144 11.62 11.89 1232 1296
11.00  11.79 12.02 1221 1249 1293 13.58
Amines 700 690 676 659 639 6.18 6.02
750 741 728 7.1 692 672 6.55
800 791 779 7.63 744 725 7.08
8.50 842 830 815 797 778 7.62
9.00 893 882 867 849 831 815
950 943 933 9.19 9.02 884 8.69
1000 994 984 971 955 937 922
10.50 1045 1036 10.23 10.07 990 9.76
11.00 1095 10.87 10.75 10.60 10.43 10.29
Pyridines 400 382 364 346 325 301 270
450 432 414 395 375 350 3.19
500 482 464 445 424 399 3.68
550 532 514 495 474 449 416
6.00 582 564 545 523 498 4.65
650 632 613 594 573 547 5.4
7.00 682 663 644 622 596 5.63
750 732 713 694 672 646 6.12
800 782 763 743 721 695 6.60
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Family of analytes

wPKa

wPK, at MeOH volume fraction of

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Aliphatic carboxylic acids

Aromatic carboxylic acids
With ortho-substituents

Without ortho-
substituents

Phenols

Amines

Pyridines

2.00
2.50
3.00
3.50
4.00
4.50
5.00

2.00
2.50
3.00
3.50
4.00
4.50
5.00

2.00
2.50
3.00
3.50
4.00
4.50
5.00
7.00
7.50
8.00
8.50
9.00
9.50
10.00
10.50
11.00
7.00
7.50
8.00
8.50
9.00
9.50
10.00
10.50
11.00

4.00

2.15
2.66
3.16
3.67
4.18
4.69
5.19

2.11
2.62
3.13
3.65
4.16
4.67
5.18

2.08
2.60
3.12
3.65
4.17
4.69
5.21
7.10
7.61
8.12
8.63
9.14
9.65
10.16
10.67
11.18
6.91
7.41
7.90
8.40
8.90
9.39
9.89
10.38
10.88

2.32
2.83
335
3.86
4.38
4.90
5.41

223
2.76
3.29
3.81
4.34
4.86
5.39

2.17
2.72
3.26
3.81
4.36
4.90
5.45
7.23
7.75
8.27
8.78
9.30
9.82
10.34
10.86
11.38
6.82
7.32
7.81
8.30
8.79
9.29
9.78
10.27
10.77

2.50
3.03
3.55
4.08
4.60
5.13
5.65

2.38
2.93
3.47
4.01
4.55
5.09
5.63

2.28
2.85
343
4.00
4.57
5.15
5.72
7.37
7.90
8.43
8.96
9.48
10.01
10.54
11.07
11.59
6.74
7.23
7.72
8.21
8.70
9.19
9.68
10.17
10.66

2.72
3.25
3.78
4.32
4.85
5.38
5.92

2.56
3.12
3.68
4.23
4.79
5.35
5.90

241
3.01
3.62
4.22
4.83
543
6.04
7.54
8.07
8.61
9.15
9.68
10.22
10.75
11.29
11.83
6.66
7.15
7.64
8.12
8.61
9.10
9.59
10.07

2.96
3.50
4.04
4.58
5.12
5.66
6.20

2.78
3.36
393
4.51
5.08
5.65
6.23

2.56
3.20
3.84
4.48
5.12
5.76
6.40
7.73
8.27
8.81
9.36
9.90
10.44
10.99
11.53
12.08
6.59
7.08
7.56
8.05
8.53
9.02
9.50
9.99

3.21
3.76
4.30
4.85
5.40
5.94
6.49

3.03
3.63
4.22
4.82
5.41
6.01
6.60

2.73
3.41
4.09
4.77
5.45
6.13
6.81
7.93
8.48
9.03
9.58
10.13
10.68
11.23
11.78
12.33
6.52
7.00
7.49
7.97
8.45
8.94
9.42
9.90

3.45
3.99
4.54
5.09
5.63
6.18
6.73

3.29
3.91
4.53
5.14
5.76
6.38
6.99

2.87
3.59
432
5.05
5.77
6.50
7.22
8.13
8.68
9.24
9.79
10.35
10.90
11.45
12.01
12.56
6.41
6.89
7.37
7.85
8.33
8.82
9.30
9.78

3.62
4.16
4.70
5.24
5.77
6.31
6.85

3.51
4.15
4.79
5.44
6.08
6.72
7.36

291
3.69
4.47
5.25
6.03
6.81
7.59
8.27
8.83
9.39
9.94
10.50
11.05
11.61
12.17
12.72
6.20
6.68
7.16
7.64
8.12
8.61
9.09
9.57

10.56 10.47 10.39 10.26 10.05
377 3.57 338 320 3.05 291 2.76 2.58

(continued)
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Table 9. Continued

wPK. at MeOH volume fraction of

Family of analytes wpk., 0.1 02 03 04 05 06 07 038

4.50 427 4.06 3.86 3.69 3.53 3.39 3.24 3.06
5.00 476 454 435 4.17 4.01 386 3.72 3.54
550 525 5.03 483 4.65 449 434 419 4.01
6.00 574 552 532 5.13 497 482 4.67 449
6.50 6.24 6.01 580 561 545 530 5.15 497
7.00 6.73 6.50 629 6.10 593 578 5.63 5.44
750 722 698 6.77 6.58 641 626 6.10 5.92
8.00 7.71 7.47 725 7.06 6.89 6.74 658 6.39

constant and mobile phase pH. As a general rule for analytes of similar hydro-
phobicity, the higher the degree of ionization, the lower the retention.

For a compound that has a unique acid-base equilibrium (HA® — A*™ "),
ruled by an acidity constant (K,), its ionization degree (), i.e., the mole
fraction of the ionized species, can be calculated by:

[A] 1
= = 14
@A [HAZ] + [Az—l] 1 + 10rKa—pH ( )

or

_ [HAY 1
C[HAT+[AT!] 1+ 100H-PK:

QHA (15)
where «, is the ionization degree of a neutral acid (z = 0) and ayyacorresponds
to the ionization degree of a neutral base (z = 1). Strictly, pH and pK, should be
.pH and $pK,. However, we can use ypH and },pK, values because ;pH —
<PK, = {pH — 3,pK, since {'pH — {pH = {pK, — {pK, = &.

Inserting the estimated values of both the analyte pK, and the mobile
phase pH in Egs. (14) or (15) we are able to predict the ionization degree of
an analyte in a particular mobile phase. Now we are capable of explaining
the retention changes observed in the chromatograms of Figure 1, in which
two different buffering systems of initial aqueous concentration of
0.01 mol - L™ " and {pH 8.00 prepared from dihydrogenphosphate /hydrogen-
phosphate and ammonium/ammonia were considered. The pK, values of the
chromatographied acid-base analytes were relatively close to 8 (with their cor-
responding wpK,values in brackets (11, 54)): 4-nitrophenol (7.15), 2-nitro-
phenol (7.23), 2,4,6-trimethylpyridine (7.43), 3-nitrophenol (8.36),
2-chlorophenol (8.56), N,N-dimethylbenzylamine (8.91), and 3-bromophenol
(9.03). The hydrophobicities of these compounds were quite similar. Figure 4
shows the calculated ionization degrees Eqs. (14) or (15) for the analytes from
their estimated pK, Eq. (13) and mobile phase pH Eqgs. (6) or (7) at several
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Figure 4. Variation of the ionization degree of acid-base compounds with the
addition of methanol to H,PO; -HPO3 ™~ and NH{-NH; aqueous buffers of wpH 8.00
and concentration 0.01 mol - L™ . Legend: (M, [J) 2.,4,6-trimethylpyridine, (®, O)
N,N-dimethylbenzylamine, (A, A) 3-bromophenol, (V, v7) 2-chlorophenol, (<€, <)
2-nitrophenol, (®, <) 3-nitrophenol, and (», >) 4-nitrophenol. From ref. (44), with
permission, © 2007 Elsevier.

fractions of methanol. At 60% (v/v) of methanol the {'pH of the dhydrogen-
phosphate /hydrogenphosphate and ammonium/ammonia mobile phases were
9.51 and 7.59, respectively, and the },pK,, of the analytes in both mobile phases
were, 8.10, 8.19, 6.19, 9.43, 9.65, 8.37, and 10.17, respectively. In case of
pyridines and amines the ionization degree is high when the pH of the
mobile phase is lower than the analyte pK, (BH" = B 4+ H™), and in the
rest of the cases (aromatic and aliphatic carboxylic acids and phenols) the ion-
ization is high when the pH is higher than the pK, (HA = H" + A").

ESTIMATION OF CHROMATOGRAPHIC RETENTION
OF IONIZABLE ANALYTES

The pH and pK, models exposed above can be used to achieve quantitative
information about the retention of weak acid-base analytes Eq. (1). It is
possible to predict the retention from both, the estimated buffer pH and
solute pK,, and from the retentions of the pure acidic and basic forms of the
analyte. These retention times can be measured in mobile phases with a pH
at least two or three units lower and higher than the pK, of the analyte. In a
recent paper (26), several drugs with known aqueous pK, were studied to
test this retention time estimation model in acetonitrile-aqueous buffer
mobile phases: diclofenac, ibuprofen and naproxen (nonsteroidal anti-inflam-
matory drugs), codeine (narcotic analgesic), trazodone, imipramine, nortripty-
line and maprotiline (antidepressants). Figure 5 shows the differences between
the experimental and the estimated retention times at several measured
aqueous pH. Generally, there is a very good correspondence between the
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Figure 5. Differences between the experimental and the estimated retention times at
several measured wpH (Afr = fg' — tg). Estimated retention times were calculated
through Eq. 1, where 3,pK, were estimated from the literature ypK, values, and {,pH
were estimated from measured aqueous wpH. Buffer aqueous concentration was, in
all cases, 0.01 mol - L™, Legend: (V) trazodone, (M) diclofenac, (®) codeine, (A)
naproxen, ( @) ibuprofen, (<€) imipramine, (%) maprotiline, (®) nortriptyline. From
ref. (26), with permission, © 2006 Elsevier.

estimated and the experimental retention times. Except for ibuprofen and imi-
pramine, the average of the absolute error for all the analytes and studied pH
values is less than 5%.

These differences in retention times for imipramine and ibuprofen can be
attributed to a mismatch between the chromatographically obtained §,pK,
values and the estimated ones. We must take into account that when the
difference in retention times of the neutral and fully ionized species is
large, this pK, mismatch has a significant effect on retention estimation.
When no experimental aqueous pK, value is available in the literature for
a particular analyte, it is possible to resort to computational programs, e.g.,
SPARC (55) and ACD/Labs (56). The former is freely accessed through
Internet, and the latter is embedded in the SciFinder Scholar 2006 data
base research tool.

Sometimes it is not possible to measure both of the pure acidic and
basic forms of the analyte, either because the required pH value is not rec-
ommended for the column (e.g., high pH values in silica based columns) or
because the k value is too high and the solute can not be detected in a
reasonable analysis time. In these cases it is recommended to resort to
models able to infer the chromatographic behaviour of the analytes upon
changes in the experimental factors. Once the models are built with data
obtained from sets of experiments, molecular modelling or other
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approaches, they can be applied to predict the performance of new con-
ditions (57).

CONCLUSIONS

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

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

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

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