
Journal of Chromatography A, 1059 (2004) 33–42

Retention of ionisable compounds on high-performance
liquid chromatography
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The most commonly used mobile phases in reversed-phase high-performance liquid chromatography (RP-HPLC) are hyd
ixtures of an aqueous buffer and an organic modifier. The addition of this organic solvent to buffered aqueous solutions

ariation of the buffer properties (pH and buffer capacity). In this paper, the pH variation is studied for acetic acid–acetate,
ic acid–dihydrogenphosphate–hydrogenphosphate, citric acid–dihydrogencitrate–citrate, and ammonium–ammonia buffers. Th
quations allow pH estimation of acetonitrile–water buffered mobile phases up to 60% (v/v) of organic modifier and initial aqueo
oncentrations between 0.001 and 0.1 mol L−1, from the initial aqueous pH. The estimated pH variation of the mobile phase and thKa

ariation of the analytes allow us to predict the degree of ionisation of the analytes and from this and analyte hydrophobicities, t
he relative retention and separation of analyte mixtures.
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. Introduction

Careful pH control and measurement of the mobile
hase is essential for a reproducible and successful chro-
atographic analysis of ionisable analytes. There are three
ifferent pH scales commonly used in pH measurement
f reversed-phase high-performance liquid chromatography
RP-HPLC) mobile phases. The IUPAC recommends to mea-
ure pH in the mobile phase, after mixing aqueous buffer and
rganic modifier. The pH electrode system can be calibrated
ith aqueous buffers and thus the pH readings provide di-

ectly thes
wpH values of the mobile phase, i.e. the pH value
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in the mobile phase solvent (s) relative to water (w) as s
dard state solvent[1]. Alternatively, the pH electrode syste
can be calibrated with buffers prepared in the water org
solvent mixture used as mobile phase, and the pH rea
provide s

spH values, i.e. the pH value in the mobile ph
solvent (s) relative to the same solvent (s) as standard
solvent[1]. The two IUPAC pH scales can be easily rela
by means of theδ parameter[2–4]:

s
wpH = s

spH + δ (1)

Theδ parameter includes the primary medium effect and
difference between the liquid-junction potentials of the e
trode system in the mobile phase and water. The prim
medium effect depends only on the solvent at which p
measured (mobile phase solvent composition), but the liq
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Table 1
Properties of relevant interest for pH measurements in acetonitrile–water
mixtures at 25◦C [4]

MeCN (%, v/v) xMeCN A a0B s
spKap δ

0 0.000 0.528 1.52 14.00 0.00
10 0.040 0.566 1.55 14.24 −0.01
20 0.079 0.604 1.59 14.47 −0.03
30 0.130 0.655 1.63 14.74 −0.04
40 0.186 0.712 1.68 15.08 −0.14
50 0.260 0.791 1.74 15.48 −0.22
60 0.339 0.877 1.80 15.90 −0.46

xMeCN: molar fraction of acetonitrile in the mixture;A and a0B:
Debye–Ḧuckel equation parameters;s

spKap: autoprotolysis constant of the
solvent mixture;δ: interconversion parameter betweens

spH ands
wpH scales.

junction potential depends also on the particular electrode
system, pH standards, and sample used. 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, i.e. if the
junction potential of the electrode system in the measured
mobile phase is close to the junction potential in the calibra-
tion solution in water[4].

The s
wpH scale is specially suitable for its simplicity of

measurement, because it does not require pH standards for
each hydro-organic composition.Table 1 reportsδ values
obtained in this lab for the electrode system described in
the experimental part and for some acetonitrile–water mix-
tures, as well as other parameters of interest for pH estima-
tion in these mobile phases. Nevertheless, the most common
pH scale used in chromatography is the aqueous pH scale
(wwpH) [1], which is obtained when the electrode system is
calibrated with aqueous buffers and the pH measured in the
RP-HPLC aqueous buffer before mixing it with the organic
modifier. The relationship betweenwwpH value ands

wpH or
s
spH is buffer dependent[5–7] and it has been pointed out
that adjusting the pH in the aqueous buffer may lead to sig-
nificant differences in RP-HPLC retention when the same
organic modifier is added to aqueous buffers of the same
pH value, but prepared from different buffer components
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a itrile
i d
T the
s , but
p iffer-
e phic
r obile
p

mon
c tud-
i ral
c dient
e ffer
p chro-
m

2. Experimental

2.1. Apparatus

Potentiometric measurements were taken with a Ross
combination electrode Orion 8102 (glass electrode and a
reference electrode with a 3.0 mol L−1 KCl solution in wa-
ter as salt bridge) in a Crison MicropH 2002 potentiometer
with a precision of±0.1 mV. All the solutions were ther-
mostated externally at 25± 0.1◦C. The retention data were
measured on a 15 cm× 4.6 mm i.d. XTerra MS C18 5-�m
(Waters) column with a flow rate of 1 mL min−1 in isochratic
mode. A Shimadzu (Kyoto, Japan) HPLC system consisting
of two LC-10ADvp dual reciprocating plunger solvent deliv-
ery modules, a SIL-10ADvp autoinjector fixed to 10�L, a
SPD-10AVvp ultra-violet visible spectrophotometric detec-
tor set at 254 nm, a CTO-10ASvp column oven at 25± 0.1◦C
and a SCL-10Avp system controller was employed.

2.2. Chemicals

Acetonitrile was RP-HPLC gradient grade from Merck
and water purified by the Milli-Q plus system from Milli-
pore. The studied buffers were prepared from acetic acid
(Merck, glacial, for analysis), sodium acetate (Carlo Erba,
9 tas-
s hy-
d ka,
f %),
s 5%,
f ly-
s sis)
a djust
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5]. For instance, buffered solutions prepared from ani
nd neutral acids increase their pH value when aceton

s added, whereas cationic acids show the reverse tren[5].
he pKa variation of analytes follows a similar tendency:
ame analyte in two aqueous buffers of the same pH
repared from different acids and bases, may show a d
nt degree of ionisation, and thus different chromatogra
etention, when acetonitrile is added to prepare the m
hase[5].

In this paper, the variation of the aqueous pH of com
hromatographic buffers upon addition of acetonitrile is s
ed for different initial buffer concentration and pH. Seve
hromatographic examples, in both isochratic and gra
lution, are presented to illustrate how the variation of bu
H changes ionisation of acid–base analytes and thus
atographic retention.
9%), phosphoric acid (Merck, 85%, for analysis), po
ium dihydrogenphosphate (Merck, for analysis), sodium
rogenphosphate (Merck, for analysis), citric acid (Flu

or analysis), potassium dihydrogencitrate (Fluka, >99
odium citrate (Merck, for analysis), ammonia (Merck, 2
or analysis) and ammonium chloride (Merck, for ana
is), using hydrochloric acid (Merck, 25%, for analy
nd potassium hydroxide (Panreac, for analysis) to a

he pH to the wanted value. The chromatographied c
ounds were 2-nitrophenol (Fluka, >99%), 3-bromoph
Schuchardt, 90%), 2,4,6-trimethylpyridine (Merck, 96
ndN,N-dimethylbenzylamine (Merck–Schuchardt, for s

hesis).

.3. Procedure

The required aqueous acid and base concentration
he selected pH is calculated before the preparation o
uffer, considering total buffer aqueous concentration
.001, 0.01 and 0.1 mol L−1. The pH is finally slightly ad

usted by addition of small amounts of concentrated
utions of potassium hydroxide. Acetonitrile–water buff
ere prepared by addition of acetonitrile to the aque
uffers. In all instances, the electrode system was
rated using the usual aqueous standard reference b
f potassium hydrogenphthalate (w

wpH 4.01 at 25◦C) and
otassium dihydrogenphosphate–disodium hydrogen
hate (wwpH 7.00 at 25◦C). All pH readings were done in th
pH scale, i.e. after mixing aqueous buffer with acetonit

Chromatographic data were obtained isochratically a
fast gradient mode (0.00→ 2.50 min: 10→ 100% MeCN
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2.50→ 3.00 min: 100%; 3.00→ 3.20 min: 100→ 10%;
3.20→ 4.00 min: 10%).

3. Results and discussion

3.1. Model development

Previous work[5] shows thatswpH variation of buffers
at the initial aqueouswwpH with the addition of acetonitrile
(ϕMeCN on volume fraction of acetonitrile in the mixture)
can be approximately fitted to a linear equation:

s
wpH − w

wpH = mpHϕMeCN (2)

with ampH value that depends on the particular buffer used
and initialw

wpH of the buffer.mpH is the proportionality co-
efficient between pH and mobile phase solvent composition
changes. The pH variation is caused by the variation of the
pKa values of buffer components when the solvent composi-
tion changes. The variation of the pKa values of the studied
acids (buffer components) is presented inTable 2, and some
examples of pH variation with the volume fraction of acetoni-
trile added depending on the initialw

wpH values are presented
in Fig. 1.

F
a

Table 2
s
spKa values of the acids studied as buffer components in acetonitrile–water
mixtures[5]

Buffer s
spKa (%, v/v) of acetonitrile

0 10 20 30 40 50 60

Acetic acid 4.74 4.94 5.17 5.44 5.76 6.15 6.62
Phosphoric acid 2.21 2.39 2.62 2.80 3.11 3.42 3.75
Dihydrogenphosphate 7.23 7.40 7.60 7.82 8.08 8.38 8.73
Citric acid 3.16 3.31 3.49 3.68 3.90 4.16 4.45
Dihydrogencitrate 4.79 4.95 5.14 5.35 5.60 5.91 6.28
Hydrogencitrate 6.42 6.62 6.85 7.11 7.40 7.74 8.13
Ammonium 9.29 9.27 9.21 9.17 9.19 9.21 9.34

Espinosa et al.[5] proposed the following equation to de-
scribe the variation of the slope (mpH) of Eq. (1) with the
initial aqueouswwpH of the buffer:

mpH =
a0 +

n∑

i=1
ai10s(ipH−bi) + an+110s[(n+1)pH−bn+1]

1 +
n∑

i=1
10s(ipH−bi) + 10s[(n+1)pH−bn+1]

(3)

Thea0 term in the numerator and the 1 value in the denomina-
tor predominate over the other terms at low pH values, when
the solution is buffered by strong acids. Then, for strong acids,
a0 parameter is taken equal to zero. Then+ 1 term predom-
ig. 1. Variation of the pH values (s
wpH − w

wpH) of several studied solutions dep
queouswwpH.
ending on the acetonitrile fraction added to aqueous buffer 0.01 M and initial
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inates at very basic pH values (buffers with strong bases),
andan+1 of strong bases has an estimated value of 1.81[5].
The intermediate terms prevail in the pH zones close to the
acid–base conjugate equilibria of the buffered system, rep-
resented by theirn pKa values. The meaning of these terms
will be discussed later.

The studied range of acetonitrile–water mixtures goes up
to 60% (v/v) of organic modifier. In this high water content
medium homoconjugation and ionic pair formation can be
neglected, and the involved acid–base equilibria are quite
similar to the ones in aqueous solutions.

The s
spH values of several series of buffers were calcu-

lated at 0, 10, 20, 30, 40, 50 and 60% (v/v) of acetonitrile
taking into account the dilution coefficient, the molar activ-
ity coefficient (by means of the Debye–Hückel equation),
and thes

spKa of each buffer component at the corresponding
hydro-organic composition (Tables 1 and 2). The dielectric
constants of the studied solvent mixtures are higher than 40
[4] and, thus, ion pairing should be insignificant in them[8]
and was not considered in pH calculation. The autoprotol-
ysis constant of each solvent composition was also consid-
ered in the calculations (Table 1). This calculation has been
carried out for thirteen different aqueous buffer concentra-
tions: 0.001, 0.003, 0.005, 0.007, 0.01, 0.02, 0.03, 0.04, 0.05,
0.0625, 0.075, 0.0875 and 0.1 mol L−1. Then, thesspH calcu-
l s e
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ated values were converted to thewpH scale by means of th
values (Table 1and Eq.(1)). For each initial aqueouswwpH
nd the subsequent acetonitrile additions, thempH value was
alculated.

The mpH values for the studied buffers and concen
ions were plotted against their corresponding initial a
usw

wpH value, and fitted to Eq.(3). Fig. 2shows three of th
ost representative studied concentrations (0.001, 0.0
.1 mol L−1) for several buffered systems.

Table 3shows the fitteds,ai andbi parameters correspon
ng to the studied buffered systems (acetic acid–acetat
ric acid–dihydrogencitrate–hydrogencitrate–citrate, p
horic–dihydrogenphosphate–hydrogenphosphate, a
ium–ammonia) at three different representative conce

ions.
In the acetic acid system, thea0 parameter corresponds

he estimated value of a strong acid (a0 ≈ 0), a1 is referred
o thempH maximum value of acetic acid/acetate solutio
2 is the supposed value for a strong base (a2 ≈ 1.81),b1
orresponds to thewwpH value of the inflection point o
he upward curve (only acetic acid solutions) andb2 − b1
orresponds to thewwpH value of the inflection point o
he downward curve (only acetate solutions).s is a fitting
arameter related to the sharpness of the transitions be

he differentai values (Table 4).
Due to the high number of polynomial variables (s, a1, a2,

3,b1,b2,b3 andb4;a0 ≈ 0.00 anda4 ≈ 1.81) in the citric acid
uffered system,b4 has been fixed before the iteration p
ess to reach a better adjustment. This parameter can be
nown becauseb4 −b3 agree with thewwpH value correspond

ng to solutions with only citrate. When hydrogencitrate is
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Fig. 2. Variation of the slope (mpH) of Eq.(1) vs. volume fraction of acetonitrile with the initial aqueous pH of the buffer (w
wpH). Dashed lines represent buffer

aqueous concentrations at 0.001 mol L−1, grey continuous lines 0.01 mol L−1 and black continuous lines 0.1 mol L−1.

only species present in the buffered system, thew
wpH value

corresponds tob3 −b2. Analogously,b2 −b1 corresponds to
dihydrogencitrate andb1 to citric acid. On the other hand,
a1 refers tompH slope of citric acid–dihydrogencitrate so-
lutions, a2 to dihydrogencitrate–hydrogencitrate anda3 to
hydrogencitrate–citrate (Table 5).

In the calculation of the pH involved in the phosphoric acid
buffer system, we have only been able to consider the contri-
bution of the phosphoric acid, dihydrogenphosphate and hy-
drogenphosphate because of the absence of literatures

spKa3

values in acetonitrile–water mixtures, and phosphate insolu-
bility when the fraction of organic modifier is high.

Table 4
Linear variation of thes, ai andbi parameters for the acetic acid–acetate
buffer system depending on the aqueous buffer concentration (cT)

Parameter Acetic acid–acetate

Equation N S.D.

s 0.20 logcT + 3.56 13 0.085
a0 0.00 – –
a1 2.28 13 0.007
a2 1.81 – –
b1 −0.52 logcT + 2.33 13 0.005
b2 −b1 0.45 logcT + 9.20 13 0.012

To get a better polynomial fit in the iteration process, as
we considered before for the citric acid system, parametersb3
andb2 were fixed. We are able to calculate these parameters
considering thatb3 − b2 corresponds to thewwpH value when
the only species of the buffer system is the dihydrogenphos-
phate,b2 −b1 to the hydrogenphosphate andb1 to phosphoric
acid.Table 6andFig. 2show that for aqueous concentrations
of the buffer above 0.05 mol L−1, thea1 value is higher than

Table 5
Linear variation of the s, ai and bi parameters for the citric
acid–dihydrogencitrate–hydrogencitrate–citrate buffer system depending on
the aqueous buffer concentration (cT)

Parameter Citric acid–dihydrogencitrate–hydrogencitrate–citrate

Equation N S.D.

s 0.29 logcT + 2.59 13 0.067
a0 0.00 – –
a1 0.14 logcT + 1.63 13 0.057
a2 −0.06 logcT + 1.56 13 0.015
a3 −0.16 logcT + 1.67 13 0.027
a4 1.81 – –
b1 −0.58 logcT + 1.47 13 0.015
b2 −b1 −0.21 logcT + 3.47 13 0.014
b3 −b2 −0.34 logcT + 4.58 13 0.054
b4 −b3 0.38 logcT + 9.72 13 0.030
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Table 6
Linear variation of thes, ai and bi parameters for the phosphoric
acid–dihydrogenphosphate–hydrogenphosphate buffer system depending
on the aqueous buffer concentration (cT)

Parameter Phosphoric
acid–dihydrogenphosphate–hydrogenphosphate

Equation N S.D.

s −0.04 logcT + 1.99 13 0.243
a0 0.00 – –
a1 0.53 logcT + 2.40 13 0.086
a2 −0.06 logcT + 1.63 13 0.015
a3 1.81 – –
b1 −0.69 logcT + 0.93 13 0.036
b2 −b1 −0.29 logcT + 4.22 13 0.022
b3 −b2 0.36 logcT + 10.18 13 0.014

a2. This fact could be attributed to the impossibility of consid-
ering the contribution of the phosphate species to the buffer
system.

Analogous considerations of the acetic acid system can be
made for ammonia system, except for the negativempH values
corresponding to ammonium–ammonia solutions (Table 7).

A linear tendency is observed in the graphical representa-
tion of the parameterss, ai andbi value against the logarithm
of the aqueous concentration of the buffer (logcT). For each
buffer system, the results of the linear regression are shown
in Tables 4–7. We have chosen the logarithmic linear regres-
sion because the solution pH is normally directly related to the
present species concentration logarithm. Furthermore, it has
been confirmed that this kind of approximation is better than
the direct fitting to the concentration values. Although for all
buffers the worse linear relationship corresponds to the poly-
nomial adjustment parameter s, the fitting of all equations is
quite good. A second degree equation has been considered to
fit thesparameters as a function of concentration logarithm,
but the results obtained in pH estimation are not significantly
different from the ones estimated by means of the linear re-
gression.

Quantitative measurement of buffer ability to keep pH can
be expressed in terms of buffer capacity (β) of buffered so-
lutions, which can be calculated by means of the following
d

β

T
L nia
b

P

s 6
a
a
a
b 4
b 5

i.e. in rough terms, the strong base amount (expressed in
equivalents) required to produce a one pH unit change in the
buffer solution. Buffer capacity can be calculated by means
of the algorithms used to determine the pH of the solution,
calculating the pH change produced by a small change of
the base concentration (e.g. 0.1%). For a weak acid/weak
base, maximum buffer capacity of a protolyte occurs when
the acid species concentration is equal to the concentration
of conjugate base.

3.2. Experimental evaluation of the model

In order to calculate the accuracy of the model in the es-
timation of the pH variation of buffer with the variation of
the mobile phase composition, several buffers at different
composition, concentration and initial aqueous pH have been
prepared and their pH values measured. To calculate the pH
variation, we determine first the parameters (s, ai andbi) as
a function of the aqueous buffer concentration (Tables 4–7).
Then, when these values are fixed, thempH value can be es-
timated through Eq.(2) for eachw

wpH value. Finally, through
the estimated value ofmpH, we can estimate theswpH value
corresponding to any acetonitrile–water mixture up to 60%
(v/v) (Eq.(1)), and compare it with the experimental value.

Fig. 3 represents graphically the estimateds
wpH values

a s s.
T H val-
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rsion
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s
w od
f he
b etric
m ated
o rease
o ix-
t

v most
c ,
s n of
t
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u .

ated
a ffer
e re,
p we
ifferential equation[2,3]:

= dcb

d(pH)
(4)

able 7
inear variation of thes, ai andbi parameters for the ammonium–ammo
uffer system depending on the aqueous buffer concentration (cT)

arameter Ammonium–ammonia

Equation N S.D.

0.20 logcT + 3.71 13 0.08

0 0.00 – –

1 −0.60 13 0.007

2 1.81 – –

1 −0.45 logcT + 4.84 13 0.01

2 −b1 0.52 logcT + 11.67 13 0.00
gainst the experimentalwpH values for all studied buffer
here is a good agreement between these measured p
es and the expected straight line of unitary slope and
rigin ordinate. This figure also shows the variation of
uffer capacity as a function ofswpH values for differen
cetonitrile–water compositions.

In the acetic acid–acetate buffer, the highest dispe
s observed for basicswpH (>7.5), perhaps because of its l
uffer capacity in this pH range. As pointed earlier, maxim
uffer capacity (also shown in the plot forc= 0.01 mol L−1)
ccurs when pH value equals the pKa value, and thewwpKa of

his buffer equals to 4.74.
The correspondence between estimated and mea

pH values in the citric acid buffer system is really go
or all series ofwwpH up to 8. Above this pH value, when t
uffer capacity of this system decreases, the potentiom
easured values become slightly lower than the estim
nes. This tendency becomes more marked with the inc
f the acetonitrile fraction in the hydro-organic buffer m

ure.
In the phosphoric acid buffer system, the estimateds

wpH
alues are consistent with the experimental ones in
ases, only observing a certain variation ats

wpH above 9
ince we are not able to take into account the contributio
he phosphate species.

In any case, positive deviations observed at basic pH
es can be attributed to the CO2 absorption by the solution

There is a satisfactory correspondence between estim
nd measuredswpH values in the ammonium–ammonia bu
xcept for a little deviation on high organic fraction mixtu
ossibly due to the volatility of the ammonia. Moreover,
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Fig. 3. EstimatedswpH values vs. experimentals
wpH values plot. Straight line of unitary slope and null origin ordinate is also given. Buffer capacity variation

is also shown for 0, 10, 20, 30, 40, 50 and 60% (v/v) acetonitrile–water compositions and an initial buffer concentration of 0.01 mol L−1. Symbols for initial
aqueous buffer concentration: (*) 0.001 mol L−1, (×) 0.01 mol L−1 and (+) 0.1 mol L−1.

must take into account thats
wpKa ands

wpH variation with ace-
tonitrile fraction in BH+–BH buffers is less close to linearity
than HA–A−, HA−–A2−, HA2−–A3− buffers.

Regarding buffer capacity, a decrease is observed when
the acetonitrile fraction in the hydro-organic mixture in-
creases, due to the decrease of the buffer concentration on
increasing the volume of the solution. The addition of ace-
tonitrile produces a shift of the maximum of buffer ca-
pacity towards higherswpH values for neutral or anionic
acid buffers (HAc–Ac−, H3Cit–H2Cit−, H2Cit−–HCit2−,
HCit2−–Cit3−, H3PO4–H2PO4

−, H2PO4
−–HPO4

2−), but
towards lower s

wpH value for the cationic acid buffer
(NH4

+–NH3). It is noteworthy the broad low buffered zone
between the first and the second pKa of the phosphoric sys-
tem, aroundwwpH 5, and the wide range of good buffer capac-
ity of the citric acid system up towwpH 7.

3.3. Estimation of the degree of ionisation and
chromatographic retention

The retention of acid–base analytes in reversed-phase
high-performance liquid chromatography depends on their

hydrophobicity and ionisation degree[6,7,9–17]. Whereas
the hydrophobicity of a substance is a non-modifiable prop-
erty inherent to the own nature of the analyte, the degree of
ionisation depends on both analyte dissociation constant and
mobile phase pH. For a particular analyte, it can be tuned by
an appropriate election of the buffer. As a general rule and
for analytes of similar hydrophobicity, and since the neutral
form is the most retained by the stationary phase, the higher
the degree of ionisation, the lower the retention.

The ionisation degree (α) (or association degree, 1− α) of
an ionisable analyte (HAz /Az−1) depends on its dissociation
constant (Ka) and mobile phase pH through the Eqs.(5) and
(6) [5]:

αA = [A z−1]

[HA z] + [A z−1]
= 1

1 + 10pKa−pH (5)

αHA = [HA z]

[HA z] + [A z−1]
= 1

1 + 10pH−pKa
(6)

whereαA is the ionisation degree of a neutral acid (z= 0) and
αHA corresponds to the ionisation degree of a neutral base
(z= 1). Strictly, pH and pKa are referred tosspH ands

spKa, but
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we can use here the correspondings
wpH ands

wpKa, because of
s
wpH − s

spH = s
wpKa − s

spKa = δ ands
spH − s

spKa = s
wpH −

s
wpKa. Variation of mobile phase composition changes ana-
lyte dissociation constant (Ka) and mobile phase pH, and thus
ionisation degree.

If the altogether pH variation of the hydro-organic mobile
phase and the analyte pKa change follow linear models such
as those proposed in Eq.(1), the difference between these
two values can be expressed in terms of[5]:

s
wpH − s

wpKa = w
wpH − w

wpKa + (mpH − mpKa)ϕMeCN (7)

This equation, together with Eqs.(5) and (6), shows that in
an acetonitrile–water mobile phase the variation of an analyte
ionisation degree on increasing the organic modifier fraction
depends on the difference between the correspondingmpH
values of the buffer andmpK of the analyte. IfmpH =mpK,
then there is no variation of the degree of ionisation with
the change of the mobile phase composition. But this is not
usually the case.

On one hand, thempH value can be estimated for all of the
studied buffers in this paper in aqueous concentrations com-
prised between 0.001 and 0.1 mol L−1 by means of Eq.(3)
and the parameters detailed inTables 4–7. On the other hand,
pKa variations follow a linear relation with the acetonitrile
fraction, analogous to Eq.(2):

s
w

L the
a es
c nes,
a atic
a lvent
c
e

s
s

T ere
r

a

b

w
p t any
a oni-
t

unds
b es
b sligh
d , we
r tak-
i ered
b first

Table 8
Parameters for prediction of the slope (asi ) of the linear correlations between
s
spKa values in acetonitrile–water and thew

wpKa values in pure water

as1 as2 as3 as4 S.D. F

Aliphatic carboxylic acids 9.97 −8.59 8.83 −8.72 0.01 5464
Aromatic carboxylic acids 52.04 −10.93 49.33 −32.69 0.02 1695
Phenols 10.05 −10.04 7.97 −8.37 0.02 386
Amines −0.73 −0.27 −0.87 −0.12 0.00 3476
Pyridines −1.67 0.67 −1.66 0.67 0.03 38

one is a bicycled aromatic acid, whereas the rest are mono-
cyclic aromatic acids, and the second one is the most acidic
compound of the set, presenting an evident positive deviation
in the linearity in relation to the others.Tables 8 and 9sum-
marize allasi andbsi parameters for prediction of the slope
(as) and the intercept (bs) of the linear correlation between
s
spKa (ands

wpKa) values in acetonitrile–water and thew
wpKa

in pure water.
Using the pH and pKa estimation equations, the ionisation

(α) or association (1− α) degrees of different substances
in any acetonitrile–water mobile phases can be easily
calculated. A representative example is shown inFig. 4,
where the association degree (directly related to retention
through hydrophobicity) of several substances are plotted
as a function of the volume fraction of acetonitrile for two
different buffered mobile phases ofw

wpH = 8. Also, thew
wpKa

of all these analytes, namely 2-nitrophenol, 3-bromophenol,
2,4,6-trimetilpyridine andN,N-dimethylbenzylamine, is
relatively close to 8 (7.24, 8.87, 7.49 and 8.91, respectively).
Eq. (9) allows the computation ofsspKa values of analytes
and from them, values ofδ given in Table 1, and Eqs.
(1) and (8), mpK values are computed (2.46, 3.01,−2.25
and 1.48, respectively). The buffered solutions consisted
of dihydrogenphosphate–hydrogenphosphate 0.01 mol L−1

and ammonium–ammonia 0.01 mol L−1, and their estimated
m
r

tion
i iation
d that
d se of
d acid),
t ightly
i
r in
t iation
i rsed

T
P en
s
s

A
A
P
A
P

pKa − w
wpKa = mpKϕMeCN (8)

iterature [18] provides equations to estimate
cetonitrile–water pKa values of several substanc
orresponding to one of these large families: pyridi
mines, carboxylic aromatic acids, carboxylic aliph
cids and phenols. For each compound family and so
omposition, linear relations betweens

spKa ands
wpKa were

stablished:

pKa = as
w
wpKa + bs (9)

heas andbs sets of values obtained for each family w
elated to solvent composition through polynomials:

s = 1 + as1ϕMeCN + as2ϕ
2
MeCN

1 + as3ϕMeCN + as4ϕ
2
MeCN

(10)

s = 1 + bs1ϕMeCN + bs2ϕ
2
MeCN

1 + bs3ϕMeCN + bs4ϕ
2
MeCN

(11)

hereas1, as2, as3, as4, bs1, bs2, bs3 and bs4 were fitting
arameters constant for all acids of the same family a
cetonitrile–water composition up to 60% (v/v) of acet

rile (100% for pyridines).
After checking the correspondence for several compo

etween the experimental pKa values and the estimated on
y means of these proposed equations, we observed a
eviation in the case of carboxylic aromatic acids. Then
epeated the calculations for this family of compounds,
ng into account all the carboxylic aromatic acids consid
efore, except 1-naphtoic and 2-nitrobenzoic acid. The
t

pH value (equations fromTables 4–7and Eq. (2)) in
elation tow

wpH = 8 were 1.76 and−0.60, respectively.
Fig. 4 shows that an increase of the acetonitrile frac

n the hydro-organic mobile phase increases the assoc
egree of analytes, although in a different degree
epends on the nature of the buffer used. In the ca
ihydrogenphosphate–hydrogenphosphate (anionic

he association degrees of the phenols (neutral acids) sl
ncrease because of the higher variation of analyte pKa in
elation to buffer pH (mpK >mpH > 0). On the other hand,
he case of amines and pyridines (neutral bases) the var
n the association degree is larger, due to the reve

able 9
arameters for prediction of the slope (bsi ) of the linear correlations betwe

pKa values in acetonitrile–water and thew
wpKa values in pure water

bs1 bs2 bs3 bs4 S.D. F

liphatic carboxylic acids −0.68 9.94 8.45 −8.59 0.08 5152
romatic carboxylic acids−5.32 8.99 22.56 −23.21 0.05 14456
henols −5.33 9.95 0.19 −0.70 0.11 2406
mines −1.82 2.25 −1.75 0.90 0.05 1559
yridines −1.78 1.89 −0.58 −0.40 0.10 1293
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Fig. 4. Variation of the association degree of acid/base compounds with the addition of acetonitrile to NH4
+–NH3 and H2PO4

−–HPO4
2− aqueous buffers of

w
wpH 8. Compounds: (©) 3-bromophenol; (�) 2,4,6-trimethylpyridine; (�) 2-nitrophenol; (♦) N,N-dimethylbenzylamine.

trend of analyte pKa variation in relation to buffer pH
(mpK < 0 <mpH). The opposite phenomenon is observed in
ammonium–ammonia (cationic acid) buffer, sincempH < 0.

The chromatographic retention of an analyte strongly de-
pends on its ionisation (or association) degree, in addition
to its hydrophobicity. The higher the hydrophobicity and
association degree, the higher the retention time. The pro-
posed method enables the association degree of a substance
to be calculated in each studied aqueous buffer and ace-
tonitrile content. In relation to the hydrophobicity of com-
pound, it can be expressed by several parameters, although
the octanol–water partition coefficient (logPo/w) is the most
widely used.

As an example, the measured chromatographic retention
times of several compounds with two different pH buffers
at 20, 30, 40, 50 and 60% (v/v) of acetonitrile are plotted
in Fig. 5. Significant differences in retention times are ob-
served for acetonitrile fractions lower than 40%, since in
higher fractions all compounds elute very fast, almost at

F 40, 50
a

the same time. At 20%, we can relate the retention times
of the analytes with similar hydrophobicity (logPo/w is
1.79, 1.88, 1.98 for 2-nitrophenol, 2,4,6-trimethylpyridine
and N,N-dimethylbenzylamine, respectively) to their ion-
isation degree: the higher the compound ionisation, the
lower the retention time. The retention of 2-nitrophenol
in the dihydrogenphosphate–hydrogenphosphate buffer is
lower than that ofN,N-dimethylbenzylamine, whereas in
the case of the ammonium–ammonia buffer the reversed be-
haviour is observed. This behaviour is explained because of
the different ionisation trends of these compounds with the
addition of acetonitrile to both aqueous buffers. On the other
hand, although 3-bromophenol and 2,4,6-trimethylpyridine
have similar ionisation degrees in both buffers, the phenol
has a much higher retention times than the pyridine, because
of its higher hydrophobicity (logPo/w = 2.63). These consid-
erations can be extended to gradient elution, since when a
gradient is applied the separation depends mainly on the dif-
ferent retention of analytes at the lowest fractions of organic
ig. 5. Retention times of individual ionisable compounds at 20, 30,
queous buffers ofwwpH 8. Symbols as inFig. 4.
and 60% (v/v) of acetonitrile prepared from H2PO4
−–HPO4

2− and NH4
+–NH3
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Fig. 6. Chromatograms for individual ionisable compounds, corresponding to the elution of their mixture, in a fast gradient prepared from H2PO4
−–HPO4

2−
and NH4

+–NH3 aqueous buffers ofwwpH 8. Compounds: (1)N,N-dimethylbenzylamine; (2) 2-nitrophenol; (3) 2,4,6-trimethylpyridine; (4) 3-bromophenol.

modifier, when differences on analytes partition between the
hydrophobic stationary phase and the hydro-organic mobile
phase are more pronounced.

Fig. 6 shows the retention times of the four com-
pounds mentioned above obtained in a fast gradient mode
in w

wpH = 8 dihydrogenphosphate–hydrogenphosphate and
ammonium–ammonia buffered mobile phases. The elution
order of the analytes corresponds to the expected one con-
sidering the compounds hydrophobicity and their ionisation
degrees in each acetonitrile–water buffered system. Thus, 2-
nitrophenol is the first eluted analyte in the anionic phos-
phate buffer, whereas in the cationic ammonia buffer the
first one isN,N-dimethylbenzylamine. It is, in each case, the
most ionised analyte from among the ones that have simi-
lar hydrophobicity. In both cases, the last eluted analyte is
3-bromophenol, since it is only slightly dissociated and the
most hydrophobic compound.

4. Conclusions

The pH variation of commonly used aqueous buffers in
RP-HPLC with addition of acetonitrile depends on the par-
ticular buffer and the hydro-organic composition. A model
has been proposed to allow an accurate prediction of this
p oric
a , and
f een
0 en
a ix-
t
v ase
d , and
t lytes
r ich is
t in a
p and
i isa-

tion degree, of analyte retention behaviour with the change
of acetonitrile percentage in the mobile phase.
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