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I nfluence of mobile phase acid–base equilibria on the
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Abstract

A review about the influence of mobile phase acid–base equilibria on the liquid chromatography retention of protolytic
analytes with acid–base properties is presented. The general equations that relate retention to mobile phase pH are derived
and the different procedures to measure the pH of the mobile phase are explained. These procedures lead to different pH
scales and the relationships between these scales are presented. IUPAC rules for nomenclature of the different pH are also
presented. Proposed literature buffers for pH standardization in chromatographic mobile phases are reviewed too. Since
relationships between analyte retention and mobile phase pH depends also on the pK value of the analyte, the solute pKa a

data in water–organic solvent mixtures more commonly used as chromatographic mobile phase are also reviewed. The
solvent properties that produce variation of the pK values with solvent composition are discussed. Chromatographica

examples of the results obtained with the different procedures for pH measurement are presented too. Application to the
determination of aqueous pK values from chromatographic retention data is also critically discussed.a
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1 . Introduction distribution of a component between the mobile and
stationary phases, is the distribution constant that

Development and optimization of analytical sepa- relates the activities of this component in these two
ration methods by liquid chromatography require the phases. Since it would be extremely difficult to
manipulation of retention and selectivity through estimate the activity of ionic species in the stationary
variation of suitable parameters. In liquid chromatog- phase, IUPAC rules for chromatography define the
raphy, manipulation is usually performed through distribution constant in terms of the analytical con-
modification of the composition of the mobile phase. centration of the component in the stationary (c )S

This can be achieved by change of the type and and mobile (c ) phases. Because the component mayM

percentage of the organic modifier, and for solutes be present in more than one form (e.g. associated and
with acid–base properties, by variation of the pH of dissociated forms), the analytical concentration refers
the mobile phase. to the total amount present without regard to the

In order to develop reliable optimization strategies existence of various forms [1,2]. This definition is
for separation of acid–base compounds, the theoret- equivalent to the definition of the distribution coeffi-
ical relationships between analyte retention and cient, or more correctly named distribution ratio, for
mobile phase pH needs to be well known. The liquid–liquid distribution, but not to the definition of
correct design of experimental procedures for the distribution constant or partition ratio for liquid–
establishment of these optimization strategies re- liquid distribution [1].
quires the knowledge of the meaning of pH quan- In liquid–liquid chromatography, the concentra-
tities and the proper measurement of these quantities tions are expressed per unit volume of the phase, and
in the mobile phase. Although the IUPAC has the distribution constant,K is defined by the follow-c

endorsed rules and procedures for the measurement ing expression:
of pH in aqueous organic solvent mixtures, the lack

W /Vc i(S) SSof appropriate reference pH data in some mixed ] ]]]K 5 5 (1)c c W /VM i(M) Msolvents used as liquid chromatography mobile
phases and some common misunderstandings on pHwhereW andW are the amounts of componenti(S) i(M)definition have limited the application of these i in the stationary and mobile phases, whileV andSprocedures in practical liquid chromatography. V are the volumes of the stationary and mobileMThis review addresses these subjects and somephases, respectively. For an analyte with an acid–
others related with the analyte acid–base properties base equilibrium in the mobile phase solvent (S) of
that affect chromatographic retention. It also shows the type:
the theoretical and practical differences between the

z z21HA 1S⇔HS1A Scheme 1different procedures used to measure the pH of the
mobile phase and how the method of pH measure- the thermodynamic acidity constantK relates thea
ment influences the interpretation of the results activities and concentrations of the different species
obtained. Determination of aqueous pK values froma in the mobile phase according to:
the observed retention data and the measured mobile

a a a A gf gphase pH is also critically discussed. H A H A
]] ]]]K 5 5 (2)a a HA gf gHA HA

wherea indicates the activity andg the mean ionic
2 . Chromatographic retention as a function of activity coefficient of the subscript species, and [HA]
mobile phase pH and solute pK and [A] the concentrations of the acidic and basica

forms of the component in the mobile phase. Ion
The rigorous thermodynamic constant that rules charges and the subscript M for the mobile phase are
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omitted for simplicity. anions, whereas ion-exchange increases retention of
In this instance, the distribution constant can be cations. Ion-exchange is also affected by the con-

expressed as: centration of the cations of the buffer. These effects
are comparable to a variation of the distributions

HA 1 Af g f g constants of the analyte individual ionic speciesS S
]]]]K 5 (3)c (K or K ) with the mobile phase conditions, inHA 1 Af g f g c(HA) c(A)

particular pH. In general, variation of the contribu-
From Eq. (2): tion to retention of size exclusion and ion-exchange

with mobile phase pH is small as compared with
K g gAf g a HA HA pH2pK variation of partition and averaged individual dis-a]] ]] ]5 5 10 (4)HA a g gf g H A A tribution constants for the different analyte ions can

be taken.
Defining two individual distribution constants, one If there are n consecutive acid–base equilibria
for each compound form: defined byn acidity constantsK , K , . . . ,K , thea1 a2 an

following general expressions equivalent to those
HAf gS given by Hardcastle and Jano [3] can be as well]]K 5 (5)c(HA) HAf g derived:

n rAf gS 21 2r]]K 5 (6) O K g P K aS Dc(A) c(H A) H A ai Hn2r n2rAf g i50r50
]]]]]]]]]]K 5 (9)n rc

21 2rand replacing Eqs. (4)–(6) in Eq. (3), the following O g P K aS DH A ai Hn2r i50r50expressions that relate the distribution constant with
rnthe acidity of the mobile phase are obtained:

21 rpH2O pKaiO K g 10 i50c(H A) H An2r n2r
r5021 21 21
]]]]]]]]]K g 1K g K a K 5 (10)rnc(HA) HA c(A) A a H c

]]]]]]]]K 5 (7) 21 rpH2O pKaic 21 21 21 O g 10 i50g 1g K a H An2rHA A a H r50

r21 21 pH2pKaK g 1K g 10c(HA) HA c(A) A where P K 5K 3K 3 ? ? ? 3K andai a0 a1 ar]]]]]]]]]K 5 (8)c 21 21 pH2pK i50rag 1g 10 o pK 5pK 1pK 1 ? ? ? 1 pK . In these ex-HA A i50 ai a0 a1 ar

pressions it must be taken into account thatK 5 1a0
In the derivation of Eqs. (7) and (8) it has been and therefore pK 50.a0
assumed that the unique equilibria present in the In fact, Eqs. (9) and (10) can be written in more
medium that affect retention are the analyte acid– elegant and simple forms if overall protonation
base equilibrium in the mobile phase (K ) and the constants (b ), similar to those used in complexa

partition equilibria of the two acid–base species formation equilibria, are used instead of acid–base
between mobile and stationary phase (K and dissociation constants (K ). The derivation of thesec(HA) a
K ). If there are other side equilibria, they may equations is given in the appendix. However, thesec(A)

also contribute to the final expression. In particular kind of equations and constants are not common in
many silica based columns have residual silanols in liquid chromatography studies.
the surface that ionize at basic pH values. The Eqs. (7)–(10) are the general expressions that
ionization of silanols leads to size exclusion effects should be used to relate retention of an acid–base
for anions and ion-exchange processes between thecompound with the pH of the mobile phase. How-
analyte cations and the other cations of the mobile ever, they are usually simplified by neglecting the
phase (e.g. buffer components) retained by electro- contribution of the activity coefficients. This is
static interactions with the ionized silanols. Since equivalent to use a concentration acidity constant,
silanol ionization increases with the increase of the 9K , instead of the thermodynamic acidity constanta
mobile phase pH, size exclusion and ion-exchange K , in the derivation of Eqs. (7)–(10). Both con-a
increase too. Size exclusion decreases retention ofstants are related through the activity coefficients
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according to: has been widely used to relate retention of acid–base
solutes with the pH of the mobile phase using

a A gf gH HA equations similar to Eq. (16). Systematization of pH]] ]9K 5 5K (11)a aHA gf g A effects on retention through equations of the same
type was more recently studied by Schoenmakerswhich leads to the common general expressions:
and co-workers [7–9] and Lewis et al. [10]. Some

n r
recent reviews about retention and separation of2r9O K P K aS Dc(H A) ai Hn2r acids [11,12], and determination of dissociationi50r50

]]]]]]]]K 5 (12)n rc constants [13] or hydrophobicity of acidic xeno-
2r9O P K aS D biotics [14] by reversed-phase liquid chromatographyai H

i50r50
present equations like (16) as the most used in

rn retention–pH relationships.rpH2O pK 9aiO K 10 i50c(H A)n2r However, it must be remarked that rigorous rela-r50
]]]]]]]]K 5 (13)rnc tionships between retention and mobile phase pH are

rpH2O pK 9aiO 10 established for the distribution constant, and they cani50
r50 be extended to the retention factor through Eq. (14)

Determination of HPLC distribution constants re- only if the phase ratioV /V remains constant in allM S

quires measurement of the mobile and stationary measurements. This is especially troublesome be-
phase volumes, which is not so simple. Therefore, causeV is estimated through the hold-up timetM M

retention parameters, such as retention factor (k), and there are several methods to do so that lead to
9adjusted retention time (t ), and retention time (t ) different values [15–20].R R

are used in practice. These retention parameters can One of the most simple and widely used methods
be related to distribution constant through the to estimate hold-up time is to measure the elution
stationary (V ) and mobile (V ) phase volumes, the time of inorganic salts. It has been argued that theS M

mobile phase flow (F ) and the column hold-up time behaviour of the ions produced by an unretained saltC

(t ): would match the interactions of the ionic forms ofM

the acid–base compound with the column much
9kV kF t t F t 2 t Fs dM C M R C R M C better than the behaviour of a neutral hold-up time]] ]] ]] ]]]]K 5 5 5 5 (14)c V V V VS S S S marker, which often gives elution time larger than

the retention time of the ionized form of the acid–If V , F and t remain constant, expressionsS C M
base compound [21]. However, in silica basedanalogous to (7)–(10) and (12)–(13) can be derived
columns thet value measured by an inorganic saltMfor the different retention parameters. Among these,
often varies with the pH and composition of thethe most used is the dimensionless retention factor,
buffered mobile phase [21], because of the differentwhich requires measurement of the retention time of
exclusion and ionic exchange effects with the ionizedthe component and hold-up time of the column:
silica and buffer ions retained [22]. Use of different

t 2 tR M measuredt values to calculatek at each mobileM]]k 5 (15)t phase pH through Eq. (15) implies the assumptionM

that the phase ratio changes with pH and bufferThe general expression that relates retention to
composition. In this instance, there is not a pro-mobile phase pH in terms of this parameter is:
portionality betweenK andk, and therefore Eq. (16)c

rn is only approximate.rpH2O pK 9aiO k 10 i50H A A modification of Eq. (8) for the retention of an2r
r50
]]]]]]]k 5 (16)rn neutral acid HA that uses two different hold-up times

rpH2O pK 9aiO 10 for each pH buffer has been proposed [21]. For thei50
2r50 ionized form of the acid (A ) the hold-up time

´ (t ) measured in the particular buffer with KBrFrom the pioneering works of Horvath and Melander M(A2)
2is used, because the behaviour of Br would match[4,5] and Van de Venne et al. [6], the retention factor
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2the interactions of A with the stationary phase ionic strength). The effect of the variation of the
(mostly size exclusion effects). But, for the neutral activity coefficients is very small and likely close to
form of the acid (HA), the hold-up time of KBr or lower than the experimental error in retention
measured in an unbuffered mobile phase should be measurements. Therefore, the simplification of neg-
used, since for this form ion-exchange and size lecting its variation and using the concentration

9exclusion effects do not apply. The equation was constantsK , such as in Eqs. (12), (13) and (16),a

developed in terms of adjusted retention time, rather seems usually justified.
than retention factor, because the relationship be- Eq. (17) was developed for the retention of neutral

9tween K and t does not imply the mobile phase acids in silica based columns and extension to othersc R

volume (Eq. (14)), and it can be written as: columns and compounds, such as neutral bases, has
not been done. In particular, it has not yet been

21 (pH2pK )a9 9t 1 t 1 t 1 t g 10s d s dR(HA) M(HA) R(A) M(A) A proposed an appropriate hold-up time marker for the
]]]]]]]]]]]]]t 5 1R 21 (pH2pK )a acidic forms (BH ) of the neutral bases because they11g 10A

interact strongly with the ionized silanols of silica
(17)

based columns and in most instances are retained by
ion-exchange. An excellent review of these interac-where the fitting parameters are the adjusted re-
tions has been already published [23]. Given thetention times of the neutral and anionic forms of the

9 9 difficulties in extension of Eq. (17) to other systemscompound (t andt ) and the pK value of theR(HA) R(A) a

and the small effect of activity coefficient variation,neutral acid. The ionic activity coefficient of the
the most appropriate general equations to relateuncharged form of the compound (g ) was taken asHA

retention with mobile phase pH are likely Eqs. (12)the unity.
and (13). The retention parameter used can beFig. 1 gives an example of the quality of the curve
retention time, adjusted retention time or retentionfit obtained with this approach. The two fitting lines
factor (Eq. (16) in this instance). Excellent resultsshown for each acid correspond to the maximum
have been obtained by direct use of retention timeeffect for the activity coefficientsg (i.e. the fittingA

since for this parameter estimation of the columnlines obtained with the buffers of largest and lowest
hold-up time is not required [24–26].

The main factor that influence the reliability of
equations that relate retention to mobile phase pH, is
the measurement of this pH. There are several ways
to measure the pH of water–organic solvent mix-
tures, such as chromatographic mobile phases, that
lead to different pH scales. The most used procedure
in reversed-phase liquid chromatography consists of
measuring the pH of the aqueous buffer before
mixing it with the organic modifier. However, when
this organic modifier is added, the pH changes, and

9so does the pK value of the chromatographeda

9compound. If the pK of the compound and the pHa

of all buffers involved change in same the value, the
r 9term rpH2o pK of Eq. (13) remains constanti50 ai

for each buffer and Eq. (12) and (13) hold in this
Fig. 1. Adjusted retention times of benzoic acids in 60% of instance. However, this is not usually the case, and
methanol: (�) benzoic acid, (s) 2-nitrobenzoic acid, (n) 3- especially the constant variation is not fulfilled for
nitrobenzoic acid, and (h) 4-nitrobenzoic acid. Lines are com- 9basic compounds, whose pK value decreases withaputed by means of Eq. (17). Only the two limiting lines are

9the addition of organic modifier, whereas the pK apresented for each acid. The lines of the other buffers lay between
values of neutral acids (from which the mobile phasethese two. Reprinted with permission from Analytical Chemistry

[21]. Copyright 1996 American Chemical Society. buffers are mainly prepared in the pH range 2–7)
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0increase [24–27]. To clarify this point, it seems pH5 2 log m g /m ) (21)sm H m,H

convenient to revise the IUPAC pH definition and the
0 0wherec andm are arbitrary constants, representingrelationships between the different pH scales.

the standard state condition, numerically equivalent
23 21to either 1 mol dm or 1 mol kg , respectively,

and g and g are the single-ion activity co-c,H m,H3 . pH scales in water–organic solvent mixtures efficients of the hydrogen ion in the two scales,
used as mobile phases respectively [1]. For dilute solutions, molarity and

molality are directly related through the density (r)
3 .1. Notional definition of pH, notation and of the solution, and therefore pH in one scale can be
terminology easily converted to pH in the other scale through:

0pH 5 pH 1 log r /r (22)c mThe concept of pH was first introduced as:
0 23with r 51 kg dm .pH5 2 log c (18)H 23The density of water is close to 1 kg dm , and

where c is the hydrogen ion concentration (in therefore pH and pH are practically identical (theH c m
23molarity, mol dm ), but it was later modified to: pH difference is about 0.001 at 298.15 K rising to

0.02 at 398.15 K). However, the density of some
pH5 2 log a (19)H aqueous organic solvent mixtures can be quite

23different from 1 kg dm , and the transfer term logrwherea is the hydrogen ion activity [1].H can achieve several tenths of pH units. Tables 1–3Activity and pH are dimensionless quantities, but
report the value of the logr term for severalactivity must be referred to a concentration scale and
compositions of the most used HPLC mobile phases,so is pH. The most used concentration scales,
as well as some other relevant macroscopic prop-accepted by the IUPAC for pH definition, are molari-

23 21 erties [24–40]. Equations to estimate these propertiesty (c, in mol dm ) and molality (m, in mol kg ).
from the solvent composition are also given in theThis leads to two definitions of pH, either in the
references. Different models have been proposed tomolarity scale (pH ) or in the molality scale (pH ).c m relate macroscopic properties to solvent compositionSince it is not correct to write, in isolation, the
[27–29], although for practical purposes fits tologarithm of a quantity other than a dimensionless
polynomial equations provide excellent results. Thenumber, the full forms of the equations for pH
solvent composition of binary solvent mixtures maydefinition are:
be given in mole (x), weight (w) or volume (f)

0 fraction. All these quantities can be easily interre-pH 5 2 log c g /c (20)s dc H c,H

Table 1
Macroscopic properties of relevant interest for pH measurement in methanol–water mixtures at 258C [24,26–34]

0 s 0% MeOH x r log r /r A a B d¯2log( g ) pKMeOH o w H ap
23(v /v) (kg dm )

0 0.000 0.995 20.002 0.53 1.50 0.00 14.00
10 0.047 0.983 20.008 0.56 1.53 0.01 14.08
20 0.100 0.969 20.014 0.59 1.57 0.03 14.08
30 0.160 0.955 20.020 0.64 1.61 0.05 14.07
40 0.229 0.939 20.027 0.70 1.66 0.09 14.09
50 0.308 0.921 20.036 0.77 1.72 0.13 14.14
60 0.400 0.901 20.045 0.87 1.79 0.18 14.23
70 0.509 0.878 20.057 1.01 1.88 0.18 14.39
80 0.640 0.852 20.070 1.20 1.99 0.05 14.63
90 0.800 0.822 20.085 1.48 2.13 20.34 15.04

100 1.000 0.787 20.104 1.87 2.31 22.00 16.77



´M. Roses, E. Bosch / J. Chromatogr. A 982 (2002) 1–30 7

Table 2
Macroscopic properties of relevant interest for pH measurement in acetonitrile–water mixtures at 258C [25,32,35]

0 s 0 s% MeCN x r log r /r e A a B d ¯ 2 log( g ) pKMeCN o w H s ap
23(v /v) (kg dm )

0 0.000 0.995 20.001 76.6 0.528 1.52 0.00 14.00
10 0.040 0.983 20.007 73.2 0.566 1.55 20.01 14.24
20 0.079 0.968 20.014 70.1 0.604 1.59 20.02 14.47
30 0.130 0.950 20.022 66.4 0.655 1.63 20.06 14.74
40 0.186 0.931 20.031 62.8 0.712 1.68 20.13 15.08
50 0.260 0.908 20.042 58.6 0.791 1.74 20.26 15.48
60 0.339 0.885 20.053 54.7 0.877 1.80 20.44 15.90
70 0.440 0.859 20.066 50.4 0.992 1.87 – 16.42
80 0.578 0.829 20.081 45.5 1.156 1.97 – 17.14
90 0.755 0.802 20.096 40.4 1.378 2.09 – 17.13

100 1.000 0.782 20.107 35.1 1.707 2.24 – 34.40

lated by means of the following equations where the The concentration scale used in the particular pH
subscripts 1 and 2 indicate each one of the two definition must be carefully stated and controlled,
components of the mixture: even for the pH buffers used in the electrode system

calibration. The IUPAC prefers molality scale be-
w /Mi i cause molality does not change with the temperature]]]]]x 5 (23)i w /M 1w /M1 1 2 2 of the solution. However, in HPLC practice molarity

is almost always used because of its simplicity for
preparation of solutions. Unless otherwise stated, pH

f /n measured in the molarity scale will be assumed here.i M i
]]]]]x 5 (24)i In this instance, the subscript c will be omitted forf /n 1f /n1 M 2 M1 2

simplicity.
M andn are the molecular mass and molar volume, The IUPAC remarks that the above definitions ofM

respectively, of the pure components of the mixture, pH are only notional because they involve a single
with n 5M /r. For water, methanol, acetonitrile and ion activity (a ) which is immeasurable [1]. In orderM H

tetrahydrofuran M values are 18.02, 32.04, 41.05, to obtain the pH value an extrathermodynamic
21and 72.11 g mol , respectively, andn is 18.1, assumption is necessary [41,42]. This is usually theM

3 21 ¨40.7, 52.9, and 81.6 cm mol at 258C, respective- Debye–Huckel equation, which allows estimation of
ly. the activity coefficient of the hydrogen ion:

Table 3
Macroscopic properties of relevant interest for pH measurement in tetrahydrofuran–water mixtures at 258C [36–40]

0 s% THF x r log r /r e A a B pKTHF o s ap
23(v /v) (kg dm )

0 0.000 0.991 20.004 78.5 0.51 1.50 14.00
10 0.024 0.993 20.003 72.4 0.58 1.56 14.12
20 0.053 0.989 20.005 65.9 0.66 1.64 14.31
30 0.087 0.983 20.007 58.6 0.79 1.74 14.52
40 0.129 0.974 20.011 50.5 0.99 1.87 14.79
50 0.182 0.964 20.016 42.3 1.29 2.04 15.13
60 0.250 0.950 20.022 34.2 1.77 2.27 15.56
70 0.342 0.937 20.028 26.4 2.61 2.59 16.14
80 0.471 0.921 20.036 19.4 4.14 3.01 –
90 0.667 0.903 20.045 13.2 7.41 3.66 –

100 1.000 0.882 20.055 7.4 17.64 4.89 34.7
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1 / 2 1 / 2 slogg 5 2 AI / 11 a BI (25) reference to the pH, since the two pH scales ares dH 0 s

related by means of the following equation:
In Eq. (25) I is the ionic strength of the solution,A

s s s 0pH5 pH2 log g (27)s dandB are solvent and temperature dependent param-w s w H

eters anda is the ion size parameter of the solvated0 s 0where g →1 as s→w.w Hion, which is assigned a value fixed by the Bates– sThus, the pH value measured in solvent s relatingsGuggenheim convention extended to the general
to the pH scale specific to the solvent might besolvent s [41–43]: sexpressed as pH on an ‘‘intersolvental’’ or ‘‘abso-w

s s w s s w 1 / 2 lute’’ scale with ultimate reference to the solventa B 5 1.5 e r /( e r) (26)f gs d0

water [1].
s s¨where B is the classical Debye–Huckel constant of The relative pH scale has been traditionallysw sEq. (25) for the solvent s (e.g. mobile phase),e and *indicated by pH , whereas the absolute pH scalews appe are the relative permittivities of pure water has been sometimes indicated by pA or pH

w s(superscript ) and of the solvent s (superscript ), [31,33,34,45–47]. However, the new notation
w sand r and r are the corresponding densities. If s is adopted by the IUPAC is much clearer and it is

water itself, Eq. (26) reduces toa B51.5, which is0 recommended for any pH measurement involving
the form of the Bates–Guggenheim convention non-aqueous or mixed solvents, such as those used in
introduced originally for pH standardization in pure liquid chromatography. The same notation used for
water [43]. Tables 1–3 report values ofA and a B0 pH definition should be applied to any related
terms for several methanol–water, acetonitrile–water quantity, such as acid–base constants (pK ). Fora
and tetrahydrofuran–water compositions.Since pH is example, the acid–base constant of Eq. (2) in a

sdefined in terms of activity, it does not only depends solvent s may be given as pK if the hydrogens a
s son the concentration scale chosen, but also on theactivity is measured in the pH scale or as pK if its w a

sstandard state of activity. In water, the standard state is measured in the pH scale. It turns out that bothw
for a is infinite dilution of hydrogen ion in waterH constants are related by an equation similar to Eq.
(i.e. pure water), for whichg → 1. In the solvent sH (27):
(e.g. an HPLC mobile phase), two different standard

s s s 0pK 5 pK 2 log( g ) (28)states can be chosen. One is infinite dilution of the w a s a w H

ion in the same solvent s, and the other is infinite sNotice that in the definition of pK the standardw adilution of the ion in water. This leads to two
state for hydrogen ion is infinite dilution in waterdifferent pH scales, one relative to each particular
(w), but the standard state for the other speciessolvent, and the other relative to water, which is also
implied in the equilibrium (HA and A) is infinitecalled ‘‘absolute pH scale’’.
dilution in the non-aqueous or mixed solvent s.In order to distinguish between the two pH scales,

the IUPAC recommends the notation used by Robin-
3 .2. Operational definition of pHson and Stokes [1,44] for their discussion of the

effect of the medium on transferring a binary elec-
It is universally agreed that the definition of a pHtrolyte from water (w) to a nonaqueous or mixed

difference is an operational one [1]. The pH of a testsolvent (s). Thus, lower-case left-hand superscripts
solution (pH ) is determined by comparison of theXindicate the solvent (w or s) in which measurements
electromotive forcesE and E of two appropriateX Sare being made; lower-case left-hand subscripts
potentiometric cells. The two cells must be equalindicate the solvent in which the ionic activity
except for that one contains the test solution X andcoefficientg is referred to unity at infinite dilution

s 0 the other a standard reference solution S of known(w or s) [1]. Also, the notation g is recommendedw H
pH (pH ). The pH is determined from:S Xfor the primary medium effect (related to the stan-

1dard Gibbs energy change) for the transfer of the H pH 5pH 2 (E 2E ) /g (29)X S X Sion from water (w) to the solvent s. The value of this
s whereg 5 (RT /F ) ln 10 andR is the gas constant,Tparameter determines the shift of the pH scale inw
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the thermodynamic temperature, andF the Faraday This procedure requires the assignment of reference
sconstant, ignoring a termDE 5E 2E , which is pH values to standard solutions prepared in aJ JX JS s

called the residual liquid junction potential [1]. The solvent of exactly the same composition as the
recommended symbol for the term (RT /F ) ln 10 is k, solvent where the pH will be measured. There are

sbut we shall useg to avoid any confusion with only a few reference pH values reported for aque-s

retention factors. The standard chosen should have a ous–organic solvent mixtures. Regarding HPLC
pH value as close as possible to the pH value of mobile phases, the IUPAC [1,42,48] reports onlyS X

the sample in order to minimize the residual junction data of 0.05M potassium hydrogen phthalate buffer
potential. In practice, very often the pH is measured for some methanol–water and acetonitrile–water at
by calibration of the electrode with two standards various compositions, a few other buffers in 50%
that also contribute to minimize the error of the w/w methanol, and oxalate and succinate buffers for
residual junction potential [1]. several compositions of methanol–water mixtures.

Formerly, the IUPAC recommended the poten- Notice, that all these data are given in the molality
tiometric cells to be composed of a hydrogen and a pH scale, and thus a correction according to Eq. (22)
reference electrodes, together with a bridge solution is needed if they are used as standards to measure the

21of concentrated potassium chloride (c$3.5 mol kg pH in the molarity scale, which is the most usual
for aqueous solutions). The most recent edition of the concentration scale in HPLC studies.

s‘‘Compendium of Analytical Nomenclature’’ [1], Some more pH reference data in the molaritys

however, allows the hydrogen electrode to be re- scale have been determined by Barbosa and co-
placed by another hydrogen-ion-responsive elec- workers [49–52] for acetonitrile–water and tetrahy-
trode, such as a glass electrode, which is more drofuran–water [37] which can be directly used for

s spractical. pH standardization in these mobile phases. The pHs s

The operational pH definition for aqueous solu- reference values for the buffers were fitted to solvent
tions can be extended to any other solvent s by use composition in weight, volume and mole fraction
of the appropriate pH scale. The procedure implies through a polynomial equation. The fits obtained for

sthe measurement of the electromotive forces (E volume fraction (v) are given in Tables 4 and 5 andX
s sand E ) of two potentiometric cells, one containing they can be directly used to calculate the pH valueS s

the test solution X in solvent s and the other a of the buffer at any acetonitrile or tetrahydrofuran
standard reference solution S prepared in the same percentage between the range studied.

s s s ssolvent s and of known pH ( pH ). The pH is The pH scale may also be used for pH measure-s s S s X w

determined from: ment in non-aqueous or mixed solvents. In this
s s

s s s s instance, the pH of the test sample ( pH ) isw w XpH 5 pH 2 E 2 E /g (30)s ds X s S X S determined by measuring the electromotive forces of
signoring, again, the residual liquid junction potential: the test sample in the solvent s (E ) and theX
wstandard reference solution in water (E ) of knows s SDE 5 E 2 E (31)J JX JS

Table 4
sRelationships between pH values of reference buffers in acetonitrile–water mixtures and the volume percentage of acetonitrile (f) in thes

solvent mixture up to 70% of acetonitrile in weight (f50.75) [49,52] (Correlation coefficient (R) is also given)

Buffer Relationship R
s 22 24 2 26 3Saturated potassium hydrogen tartrate (258C) pH53.54612.49310 f22.60310 f 14.01310 f 0.999s

21 s 22 27 2 26 30.05 mol kg potassium dihydrogen citrate pH53.77511.74310 f22.72310 f 11.15310 f 0.999s
21 s 22 25 2 26 30.05 mol kg potassium hydrogen phthalate pH53.99812.75310 f25.02310 f 11.38310 f 0.999s

21 21 s 22 24 2 27 30.1 mol l acetic acid10.1 mol l sodium acetate pH54.64311.88310 f11.26310 f 27.23310 f 0.999s
21 21 s 22 24 2 26 30.025 mol kg Na HPO10.025 mol kg KH PO pH56.88513.16310 f25.84310 f 16.55310 f 0.9952 4 2 4 s

21 21 s 22 25 2 26 30.03043 mol kg Na HPO10.008695 mol kg KH PO pH57.41712.23310 f28.29310 f 11.23310 f 0.9992 4 2 4 s
21 s 22 25 2 27 30.01 mol kg Na B O?10H O pH59.17813.35310 f21.51310 f 12.59310 f 0.9992 4 7 2 s
21 21 s 23 2 25 30.025 mol kg NaHCO10.025 mol kg Na CO pH510.01410.145f24.43310 f 14.44310 f 0.9993 2 3 s
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Table 5
sRelationships between pH values of reference buffers in tetrahydrofuran–water mixtures and the volume percentage of tetrahydrofuran (f)s

in the solvent mixture up to 70% of tetrahydrofuran in weight (f50.72) [37] (Correlation coefficient (R) is also given)

Buffer Relationship R
s 23 24 2Saturated potassium hydrogen tartrate (258C) pH53.57519.99310 f12.12310 f 0.999s

21 s 22 24 20.05 mol kg potassium dihydrogen citrate pH53.77211.26310 f11.09310 f 0.999s
21 s 22 25 20.05 mol kg potassium hydrogen phthalate pH53.98312.83310 f11.55310 f 0.999s

21 21 s 22 24 20.1 mol l acetic acid10.1 mol l sodium acetate pH54.65511.18310 f12.10310 f 0.998s
21 21 s 22 25 20.025 mol kg Na HPO10.025 mol kg KH PO pH56.85811.70310 f28.15310 f 0.9952 4 2 4 s

21 21 s 22 25 20.03043 mol kg Na HPO10.008695 mol kg KH PO pH57.41211.19310 f12.29310 f 0.9992 4 2 4 s
21 s 22 25 20.01 mol kg Na B O?10H O pH59.18812.46310 f18.76310 f 0.9992 4 7 2 s
21 21 s 22 24 20.025 mol kg NaHCO10.025 mol kg Na CO pH59.98216.77310 f25.47310 f 0.9903 2 3 s

wpH ( pH ), i.e. an aqueous buffer. The pH will be Thed values have been determined for methanol–w S

water [26,31,33,34] in the whole range of solventgiven by:
composition and for acetonitrile–water mixtures up

s w s wpH 5 pH 2 ( E 2 E ) /g (32)w X w S X S to 60% of acetonitrile in volume [25] and they are
presented in Tables 1 and 2 for some mixtures. Theignoring, the residual liquid junction potential:
agreement between the differentd values for metha-

s w nol–water obtained by different authors with differ-DE 5 E 2 E (33)J JX JS
ent electrode systems suggests that the residual liquid

s ]This procedure is still simpler than that for the pH junction potential termE is meaningless as com-s j
s 0scale, since it does not require preparation of a pH pared with the medium effect andd 5 2 log( g ).w H

reference buffer at each working solvent composi- In this instance Eq. (34) is equivalent to (27) and the
tion. The same buffers used for pH standardization in notional and operational pH scales agree. However, a

wwater ( pH) can be used [1,53]. Notice that to avoid well designed salt bridge containing a solution of anw

any confusion and in consonance with the IUPAC equitransferent binary salt at much higher concen-
tration than the sample and standard solutions mustnotation, the pH scale in water should be written as

w be used to assure the residual liquid junction po-pH. This is not usually required when working onlyw

tential is insignificant [1]. For example, a 3M KClin water, where it is allowed and even advisable to
salt bridge in water can experience junction po-use simply pH.
tentials on the order of 1 mV (about 0.02 pH units),
which would be usually partially balanced by a3 .3. Relationships between the different pH scales
similar junction potential in the pH measurement inand the normal range of pH
the mobile phase. Therefore, the error introduced by

s the residual liquid–junction potentials can be esti-pH values measured in the pH scale can bew
s mated to be about 0.01 pH units or less, which isconverted to the pH scale through the value of thes

s 0 indeed a low error for practical liquid chromatog-primary medium effect (2log( g )) by means ofw H raphy measurements [25]. Thus, conversion betweenEq. (27). In fact, the difference between the two s spH and pH values can be easily done with theds s w soperational pH and pH scales includes also thew s values of Tables 1 and 2, which should be valid for
differences between the residual liquid junction

any well designed electrode system. For methanol–
potentials. The difference has been calledd term

water and acetonitrile–water mobile phases,d values
[1,31], which is defined as: can be estimated through the equations [24,25]:

] s 0 s s
2d 5E 2 log( g )5 pH2 pH (34)j w H w s d 5 0.09f 2 0.11f / 12 3.15fs d sMeOH MeOH MeOH

2 3with 1 3.51f 21.35f (36)dMeOH MeOH

] s w for methanol–water, and:E 5 ( E 2 E ) /g (35)j JX JS
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2
d 5 2 3.81x (37) mines the ‘‘normal range of pH’’ in each solvent andMeCN

it is needed to achieve complete and effective pH
for acetonitrile–water up to 60% of acetonitrile in standardization in non-aqueous and mixed solvents
volume. By replacing Eq. (24) into Eq. (37), Eq. [31,41,42]. It is well known that in water the normal
(38) is obtained that gives thed value for any range of pH goes from 0 to 14, which is the pK ofapacetonitrile–water mixture directly from the volume water. In a water–organic solvent mixture used as
fraction of acetonitrile in the mixture: mobile phase, the normal range of pH can be

s s s2 2 measured in the pH or pH scales. In the pH scale,d 5 2 0.11f / 12 1.316f 10.433fs d s w sMeCN MeCN MeCN sit ranges from 0 to the pK value of the solvents ap(38) smixture. Since the pH scale is shifted thed valuew
sfrom the pH scale, the normal range of pH goesIn these equationsx and f have the meanings of s

s sfrom d to pK , which is equivalent to pK 1dmole and volume fraction, respectively, of the w ap s ap

[25].subscript species (MeOH for methanol and MeCN
sTables 1–3 report the pK values of methanol–for acetonitrile). Unfortunately,d values for tetrahy- s ap

water, acetonitrile–water and tetrahydrofuran–waterdrofuran–water mixtures have not yet been deter-
mobile phases. Literature reports equations to calcu-mined.

ss s late the pK values for other compositions notThe difference between pH and pH is a constant s apw s

given in the tables [32,54,55]. These equations arevalue for each mobile phase composition. However,
w s s based on the thermodynamics of the chemical auto-the difference between pH and pH (or pH)w s w

protolysis equilibria present in a binary aqueousdepends not only of the mobile phase composition,
solvent. In a mixture of water with an organicbut also of the particular buffering solution measured
solvent up to four proton transfer equilibria can[24]. One example will illustrate this problem. A
contribute to autoprotolysis: autoionization of water,0.010 M solution of HCl in water has an ionic
proton transfer from water to the organic solvent,activity coefficient (calculated from Eq. (25) and the
proton transfer from the organic solvent to water andvalues of Table 2) ofg 50.900. By using Eq. (20)H

w w autoionization of the organic solvent. Only three ofthe pH of this solution is calculated to be pH52w w

these equilibria are independent and their combina-log(0.01030.900)52.046. If a solution of the same
tion gives the autoprotolysis constant of the solventconcentration of HCl is prepared in 50% acetonitrile,

s mixture [32].the activity coefficient is 0.856 and the pH value iss

The limits of the normal pH range are only2.068. The pH variation is 0.022, due only to the
indicative of the common pH values achieved forvariation of the activity coefficient. However, if the
most analytical applications. A pH value of 0 insolution is 0.010M in KOH, the pH value depends
water would correspond to a strong acidic solutionalso on the autoprotolysis constant (K ) of theap

2 with a hydrogen ion activity of unity, whereas a pHmedium, sincea 5K /a . The lyate (OH ) activi-H ap S

of 14 would correspond to a strong basic solutionty of the aqueous solution isa 50.01030.9005S
214.00 212 with a hydroxide ion activity of unity. Liquid0.00900, a 510 /0.00951.11310 andH

w chromatography columns do not usually allow work-pH511.954. In 50% acetonitrile,a 50.0103w S
215.48 ing at these extreme pH values. Thus, the useful pH0.85650.00856, a 510 /0.0085653.873H

214 s ranges in liquid chromatography are smaller. Two10 , and pH513.412. For this basic solution thes

studies have been published about the extension ofpH variation is 1.458, quite more considerable than
the useful pH ranges for chromatography columns infor the solution of HCl.
water to methanol–water [27] and tetrahydrofuran–The example above shows that general conversion
water [37]. Figs. 2 and 3 include the variation ofbetween pH scales in different solvents (e.g. water

sthese pH limits measured in the pH scale inand one water /organic solvent mobile phase) is not s

methanol–water and tetrahydrofuran–water mobilepossible, but it also shows the importance of the
phases for a common silica based column which canautoprotolysis constant of the solvent in pH de-

wbe used in the pH range between 1 and 8. Althoughtermination. w

not published, it is evident that for acetonitrile–waterThe value of the autoprotolysis constant deter-
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4 . Solute pK values in water and in water–a

organic solvent mobile phases

4 .1. Solute pK values in watera

Part 2 of this review has shown that chromato-
graphic retention of acid–base compounds depends
on both the pH of the mobile phase and the pKa

value of the solute. Although the rigorous application
of Eqs. (13), (16) or (17) requires pH and pKa

svalues in the particular mobile phase used ( pH ors
s pH scales), the knowledge of the pK value of thew a

analyte in water may give valuable information about
the behaviour of the analyte. If the analyte pK valueaFig. 2. Variation of pK values of acids with the methanol–watera is much higher or lower than the pH of the mobilecomposition: (s) trichloroacetic acid, (n) formic acid, (�)
phase, a small change in the pH of this mobile phasebenzoic acid, (h) acetic acid, (j) anilinium, and (d) ammonium.

Reprinted with permission from Analytical Chemistry [27]. should not affect retention. However, if the pK isa
Copyright 1996 American Chemical Society. close to the pH, a small change in the pH may

produce large changes in retention. In fact, many
mobile phase the useful pH limits can be estimated workers measure the pH of the aqueous buffer before

win the same way. Thus, for 50% acetonitrile, the mixing it with the organic modifier ( pH scale) andw

useful pH range for the same silica based column use the aqueous pK values to calculate ionization ofa
swould range from 1 to 9.5 because the pK value the analyte in this buffer, and from this to get as ap

for 50% acetonitrile increases about 1.5 pH units in broad estimation of analyte retention.
sreference to the pK value of pure water. In the pH Acid–base constants in water have been deter-ap w

scale, the useful pH range should be corrected by the mined for thousands of compounds and there are
d value and for the same column in 50% acetonitrile, many compilations of pK values. One of the mosta

the range would go from 0.7 to 9.2 becaused¯ known, is the series of books published by the
20.3. IUPAC in the 1960s to report aqueous literature pKa

values of organic acids [56], inorganic acids and
bases [57], and organic bases [58]. A supplement for
the organic bases was also published in 1972 [59].
Another important compilation was done in Tartu
University (Estonia) in the 1970s directed by Palm.
The compilation tried to include all published pKa

data not only in water but also in other solvents and
solvent mixtures, as well as many other equilibrium
and kinetic data. Two initial volumes were published
with pK data of acids [60] and bases [61], that werea

later extended with two supplements [62,63].
When the pK value is not directly available, it cana

be often estimated from the chemical structure of the
compound. Nowadays, there are different available

Fig. 3. Variation of pK values of acid components of standard computer programs with graphical interfaces to drawa

buffer solutions with tetrahydrofuran–water composition. Sym- the structure and algorithms to calculate the pKa
bols: (j) pK tartaric acid; (h) pK tartaric acid; (*) pK citric1 2 1 value from it. Many of them incorporate also a more
acid; (j) pK citric acid; (3) pK citric acid; (♦ ) pK phosphoric2 3 2 or less extended literature pK database.aacid; (1) pK boric acid; (m) pK phthalic acid; (n) pK phthalica 1 2

Most algorithms are based on the Hammett–Taftacid; (,) pK acetic acid. Reprinted from Analytica Chimica Actaa

[37]. Copyright 1999, with permission from Elsevier Science. equations:
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0pK 5pK 2r O s (39) A different approach has been followed by thea a

SPARC (Sparc Performs Automatic Reasoning in
where pK refers to the acidity constant of an organic Chemistry) program, developed by collaboration ofa

0compounds, pK is the pK of the unsubstituted the University of Athens (Georgia) and the En-a a

parent compound,r is the reaction constant for a vironmental Protection Agency of the United States
particular acid–base center ands is a constant [70]. SPARC uses algorithms based on fundamental
assigned to a specific substitutent. The pK is chemical structure theory that combines principles ofa

obtained by addition (o) of the constants of all Quantitative Structure Activity Relationships
substituents in the molecule. The Hammett and Taft (QSAR), Linear Free-Energy Relationships (LFER)

0parameters (pK , r, ands) have been compiled for and perturbation theory from quantum chemistrya

many parent compounds and substituents [64–66]. [71]. A free internet site is available [72] that allows
Pallas system from Compudrug [67] is a commer- estimation of the pK value and many other parame-a

cial classical computer package that uses the Ham- ters of environmental interest of any drawn structure
mett–Taft equations. For a given structure, it esti- at any temperature.
mates not only pK values, but also other physico-a

chemical and biological parameters such as octanol– 4 .2. Variation of solute pK values with the mobilea

water partition coefficients or toxicities. ACD labs phase composition
[68] has also developed commercial computer pack-
ages to calculate pK and many other parameters. The addition of an organic solvent to a solution ofa

Internet versions are also available that provide an an acid–base compound in water changes the acidity
immediate pK estimation after submission of the pK value of the compound. Figs. 2–4 show plots ofa a

sstructure. Payment is per structure o for a period of the pK variation of some representative acids ands a

time. The popular Scifinder literature searcher pro- bases with the composition of chromatographic
gram from Chemical Abstracts Service includes also mobile phases [25,27,73]. The variation of pKa

and Internet connection to ACD labs for estimation values is in principle different for each compound. In
of aqueous pK and other properties of some drug- mixed solvents, preferential solvation of the com-a

like substances [69]. pound by the components of the solvent mixture
affects the pK variation. Several rather complexa

equations have been proposed to account for the
preferential solvation in binary solvent mixtures and

sto relate the pK values to solvent composition,s a

usually in mole fraction of one of the components
[27,74–76]. For practical purposes the variation of
pK values can be fitted to solvent composition ina

mole, volume or weight fraction by polynomial
equations [49,77]. For a limited range of methanol–
water and acetonitrile–water compositions the vari-
ation of pK values with volume fraction of organica

modifier may fit well even a straight line, although
s sthe fits for pK seem slightly better than for pKw a s a

[78–81].
Although the variation of pK values with solventa

composition of mobile phases is different for each
s wFig. 4. Variation of the pK of acids (DpK 5 pK 2 pK ) ina a s a w a compound, there are common trends that can be

sacetonitrile–water mixtures with solvent composition: (s) pK ofa1 observed in Figs. 2–4. The pK values of neutrals acitric acid, (d) pK of citric acid, (3) pK of citric acid, (n)a2 a3 (e.g. acetic acid) and anionic acids (e.g. dihydrogenacetic acid, (h) benzoic acid, (j) pyridinium. Reprinted with
citrate) always increase with the increase in thepermission from Analytical Chemistry [25]. Copyright 2000

American Chemical Society. percentage of organic solvent in the mixture. For
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spolyprotic acids, the variation of the pK values A neutral acid hasz50 and therefore the electro-s a 2e (z 21)increase when the negative charge of the acid
]]]]static term 2 is positive and contri-sincreases, i.e. in Fig. 4, the variation of the pK of 2.303r( e) kTa3

sbutes to increase the pK value when the dielectriccitric acid is larger than that of the pK , and the s aa2
svariation of pK larger than that of pK . The pK constant of the medium decreases by addition of ana2 a1 s a

values of cationic acids (protonated neutral bases organic solvent of dielectric constant lower than that
such as ammonia or pyridine) decrease with the of water, such as methanol, acetonitrile or tetrahy-
addition of organic solvent and then they increase up drofuran. If the acid is anionicz,0 and the electro-

sto a pK value for the pure organic solvent higher static term is larger. However, the conjugated acid ofs a
sthan for water. The minimum of pK is reached for a neutral base has z5 1 and the electrostatic terms a

sabout a 90% of methanol or a 60% of acetonitrile in has no contribution to the acidity pK value of thiss a
volume. The pK values for cationic acids in tetrahy- acid. Only the variation of the basicity of the solventa

vacdrofuran–water mixtures decrease with the addition ( pK ) and of the specific solvation effects1vac HS
s 0of tetrahydrofuran in the range of solvent com- o Gs SOLV sS D]]] determine the variation of the pKpositions studied (0–50% of tetrahydrofuran in s a2.303RT

volume) [36,82,83]. They are expected to increase in value of the base when the solvent composition is
spure tetrahydrofuran since the pK values of neutral changed. In methanol–water, acetonitrile–water ands a

acids are much higher in tetrahydrofuran than in in other aqueous–organic solvent mixtures these
swater [84–86]. effects decrease the pK values of bases.s a

These trends can be explained on the basis of the It is interesting to apply Eq. (40) to the variation
stheory established by Izmailov [46,74,75,87,88]. The of the pK value of an acid between water (w) and as a

theory is based on the estimation of the medium particular solvent or mobile phase composition (s)
effects for the different species that participate in the [75]. The equation obtained is:
acid–base equilibria of an acid of chargez in a

z s w vac vacsolvent s (Scheme 1): the acid form (HA ), the basic pK 2 pK 5 pK 2 pK1 1s HA w HA vac H O vac HSz21 1 3form (A ) and the solvated hydrogen ion (HS ).
s 0 w 02The full equation is too complex to be useful, but O G 2O Gs de (z21) 1 1 s SOLV w SOLV

]]] ] ] ]]]]]]]2 2 2S Ds wsome simplifications can be usually taken that are 2.303rkT 2.303RTe e
described in detail elsewhere [46,75]. The vacuum,

(41)where there is no specific solvation effects, is taken
as reference medium. The equation obtained relates sThis equation shows that the pK variation dependss athe acidity constant of the acid (pK ) in the solventHA on some solvent properties (acidities of the proton-to the acidity constant of the acid in the vacuum

ated water and solvent and dielectric constants of(pK ), the acidity constant of the protonated sol-HA
water and solvent s) and on some solute propertiesvent in the vacuum (pK ), the dielectric constant1HS

s (charge and radius of the acid and specific solvationof the solvent (e), and the specific energies of
effects). If the differences in the specific solvationsolvation of the different species that participate in

s 0 effects between water and solvent s could be neg-the equilibria (o G ). The equation can bes SOLV
lected, acids of the same charge and size would havewritten as follows: sthe same variation of pK when transferred froms a2e (z 2 1) water to a particular mobile phase composition.s vac vac ]]]]pK 5 pK 2 pK 2 ss a vac HA vac HS1 2.303r( e) kT Anyway, for acids belonging to the same family,
the differences in the specific solvation effects ins 0O Gs SOLV solvent s and in water can be linearly related to the]]]2 (40)2.303RT acidity of the acid measured by the pK value. InHA

where e, k, R, and T have the usual meanings of this instance, it has been demonstrated that Eq. (41)
electron charge, Boltzmann and gas constants, andpredicts linear relationships between the pK values
absolute temperature.r is the average radius of all of the acids of the same family in a particular mobile
ionic species involved in the equilibrium. phase and in water [74]:



´
M

.
R

oses,
E

.
B

osch
/

J.
C

hrom
atogr.

A
982 (2002) 1–30

15

Table 6
Parameters for prediction of the slopes and intercepts of the linear correlations between the pK values in methanol–water and the pK values in pure water (Eqs. (43) andHA HA

(44)) [75]

a a a a SD F b b b b SD F1 2 3 4 1 2 3 4

Aliphatic carboxylic acids 21.406 0.680 21.551 0.827 0.005 190 1.034 20.898 21.250 0.277 0.003 9.3E105
Aromatic carboxylic acids:

with ortho substituents 21.189 0.190 21.424 0.425 0.031 80 0.449 20.429 21.674 0.677 0.020 2.8E104
without ortho substituents 21.101 0.103 21.516 0.518 0.009 4600 20.178 0.187 21.699 0.702 0.029 4.7E103

Phenols 20.656 20.030 20.844 0.133 0.001 4100 20.454 0.866 20.017 20.865 0.003 5.9E105
Amines 20.476 0.209 20.400 0.158 0.0002 8500 20.458 0.477 21.674 0.690 0.002 1.5E105
Pyridines 2.617 0.000 2.809 0.000 0.002 920 21.733 1.763 21.214 0.272 0.001 7.4E105
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s wpK 5 a pK 1 b (42) Therefore, the pK value of any member of theses HA s w HA s HA

families, including compounds not studied in the
The intercept of the correlation (b ) is related to thes original set, can be estimated at any methanol–water
differences between solvent s and water of the three composition with a reasonable accuracy simply
terms of Eq. (41): differences in the acidities in the knowing the pK value of the compound in water.HA
vacuum of protonated solvent and water, differences Conversely, the pK value of the compound inHA
in the dielectric constants of solvent s and water, and water can be calculated from the pK value of theHA
differences in the specific solvation in solvent s and compound at any methanol–water composition. The
water. The first two differences depend only on the prediction of pK values in methanol–water fromHA
solvents considered, but the specific solvation differ- pK in water was successfully tested from the dataHA
ences depend also on the compound (or family of of compounds not included in the original sets

scompounds) studied. The slope of the correlation (a )s studied because of their small number of pK datas a
depends only on the specific solvation term, which [75]. It was also tested by comparison of the

sdepends on the solvent and family of compounds predicted pK values in 50% methanol for a seriess a
studied. The larger the specific solvation of the of phenols [74] with those obtained from the chro-
compound in solvent s, in reference to water, the matographic retention of the phenols in a polymeric
larger the slope value. column with the same mobile phase composition at

sAccording to Chantooni and Kolthoff [89], the several pH values [98]. The plot obtained is given ins
slope value (a ) measures the ‘‘resolution of acids Fig. 5. The agreement between calculated and chro-
strength’’ of the family of compounds in the solvent matographically measured pK values was betweena
in reference to water. The approach has been well 0.4 pK units, except for two outlayers with doubtful
established for the pK values of families of com-a pK values.a
pounds in different solvents in reference to the pKa The recent compilation of almost all published pKa
values in water [74,75,85,86,89–97] and it was data in methanol–water mixtures [74,75] can be very

sapplied to all available pK data in methanol–waters a useful for chromatographic optimization. The degree
smobile phases [74,75]. The pK values of 121 acid–s a

base compounds belonging to six different chemical
families in several methanol–water compositions
were fitted to Eq. (42) and thea andb parameterss s

of the equation were obtained for each compound
family and solvent composition. Thea and b setss s

of values obtained for each family were related to
solvent composition through polynomials. For mo-
bile phase compositions measured in volume fraction
of methanol (f ), the equations take the forms:MeOH

211 a f 1 a f1 MeOH 2 MeOH
]]]]]]]a 5 (43)s 211 a f 1 a f3 MeOH 4 MeOH

2b f 1 b f1 MeOH 2 MeOH
]]]]]]]b 5 (44)s 211 b f 1 b f3 MeOH 4 MeOH

Fig. 5. Plot of pK calculated from Eqs. (42)–(44) and the pKa awhere a , a , a , a , b , b b , and b are fitting1 2 3 4 1 2, 3 4 value in water versus pK determined from HPLC retention ofaparameters constant for all acids of the same family phenols in a polymeric column with 50% methanol as mobile
at all methanol–water mixtures. Their values are phase. Reprinted from Journal of Chromatography A [74].
given in Table 6 for the different families studied. Copyright 2000, with permission from Elsevier Science.



´M. Roses, E. Bosch / J. Chromatogr. A 982 (2002) 1–30 17

Table 7
Parameters for prediction of the slopes and intercepts of the linear correlations between the pK values in acetonitrile–water and the pKHA HA

values in pure water (Eqs. (43) and (44)) [102]

a a a a SD F b b b b SD F1 2 3 4 1 2 3 4

Aliphatic carboxylic acids 9.97 28.59 8.83 28.72 0.01 5464 20.68 9.94 8.45 28.59 0.08 5152
Aromatic carboxylic acids 22.42 3.14 21.98 2.12 0.02 362 9.97 29.12 5.96 26.90 0.14 2607
Phenols 10.05 210.04 7.97 28.37 0.02 386 25.33 9.95 0.19 20.70 0.11 2406
Amines 20.73 20.27 20.87 20.12 0.00 3476 21.82 2.25 21.75 0.90 0.05 1559
Pyridines 21.67 0.67 21.66 0.67 0.03 38 21.78 1.89 20.58 20.40 0.10 1293

of ionization of the acid–base compound in a of ionizable compounds. They derived equations
particular methanol–water mobile phase can be equivalent to (16) for different types of solutes

seasily calculated from the known pK value and the (monoprotic acids and bases and diprotic acids ands a
smeasured pH value of the mobile phase and this zwitterions [4]). They clearly indicated that both thes

would be very helpful for the estimation of the acidity constant and the hydrogen ion concentration
retention of the compound. The establishment of must be measured in the mobile phase used [5],

sequations to calculate pK values in methanol–water although they only studied aqueous mobile phasess a

from known or estimated aqueous pK (Eqs. (43) without organic modifiers for which pH measure-a

and (44) and Table 6) would be also very useful for ment was not a problem [4].
a general prediction of retention. These equations Van de Venne et al. [6] extended the retention–pH
could be easily implemented in optimization pro- studies to methanol–water mobile phases. They
grams such as DryLab or ChromSword [10,99,100]. recommended the measurement of pH in the mobile

sThe number of pK data in acetonitrile–water is phase after calibration with standard buffer solutionss a

much smaller than that in methanol–water [76– of the same solvent composition as the mobile phase
s s79,81,101], but it has been enough to establish pK if they were available ( pH scale). However, as thes a s

estimation equations for some families of compounds preparation of standard buffer solutions for different
in a recent work [102]. The parameters of Eqs. (43) aqueous–organic mixtures is time consuming, they
and (44) for acetonitrile–water mixtures are given in suggested to calibrate the electrode system with the

sTable 7. aqueous standard buffer solutions ( pH scale) andw
s appThe published pK data in tetrahydrofuran–water convert the pH values (named pH in the study)a w

s *is even scarcer than in acetonitrile–water. Only the to pH (named pH ) by means of thed values (Eq.s
s spK values of a few neutral and anionic acids (34)). The pH of the standard buffer solutions andds a s

[36,37,73,103] and of a group of substituted values determined by de Ligny et al. for methanol–
pyridines [82,83] are available for a range of solvent water solutions were used in the Van Venne et al.
compositions up to 50–80% of tetrahydrofuran in study [104–107].

svolume. There are also some pK data for neutral The lack of pH values of standard buffer solutionss a

acids in pure tetrahydrofuran [84–86], which do not andd values for mobile phases other than methanol–
s sseem to be of chromatographic interest. water hindered the practical use of the pH and pHs w

scales. Thus, the common practice of measuring the
pH of the mobile phase in the aqueous buffer before

5 . Chromatographic applications mixing it with the organic modifier was extended
among many workers. Some misunderstandings

5 .1. Practical measurement of pH in liquid about pH scales and pH measurement in non-aque-
chromatography mobile phases ous and mixed solvents contributed to the extension

of this practice [108]. It was also argued that the
´It is commonly accepted that Horvath and Melan- glass electrode could be damaged or give poor

der [4,5] did the first systematic studies about the reproducibility when used in aqueous–organic mo-
effect of the pH of the mobile phase on the retention bile phases. In fact, it is well known that the water
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content of the glass membrane has a marked effect
on the pH function of the electrode [31] and thus it is
not recommended to use the glass electrode in
dehydrating organic solvents. However, chromato-
graphic mobile phases have usually high water
contents and the glass electrode has been successful-
ly used in them, even in pure methanol [31].

Nowadays, there is still no general consensus on
how to measure and report the pH value of the
mobile phase. The pH is most often measured before

wmixing the buffer with the organic modifier ( pHw

scale), sometimes after mixing buffer and organic
modifier as an operational pH with electrodes cali-

sbrated in water ( pH scale) or as a ‘‘true’’ orw

thermodynamic pH with electrodes calibrated in the
ssame mobile phase solvent ( pH scale) [8,47]. We Fig. 6. Influence of methanol on the shift of normalized retentions

(r) versus pH dependence. Stationary phase: HEMA-BIO 1000shall review both the advantages and shortcomings
C . Mobile phase: methanol–25 mM sodium phosphate buffer18of these three procedures.
(20:80, v /v). Analyte: (b) 2,4,6-collidine. Curve 1: Fitted to the

Measurement of the pH in the aqueous buffer experimental data. Curve 2: Theoretical dependence according to
w wbefore mixing it with the organic modifier is the the pH value of the aqueous buffer and the aqueous pK valuew w a

most extended practice. It has the advantage that of the analyte.DpK change in the pK value of the phosphatea(A) a
s wbuffer ( pK 2 pK ); 2DpK change in the pK value ofreduces the number of pH measurements, because s a(A) w a(A) a(B) a

s wthe basic analyte ( pK 2 pK ); DpK overall apparent pKs a(B) w a(B) a(AB)pH only has to be measured once for each different s w*change (2pH shift); pK ; pK ; pK ; pK . Reprinteda(B) s a(B) a(B) w a(B)buffer [8]. The pH is always the same for all mobile from Journal of Chromatography A [47]. Copyright 1997, with
phases prepared from the same aqueous buffer,permission from Elsevier Science.
regardless of the amount and type of organic modi-
fier added. This is a practical advantage, especially
for automated systems where it is technically dif-
ficult to measure the pH of the eluent after mixing.

The major shortcomings are that the pK valuesa

obtained in the fits of retention to pH through
equations of the type of Eq. (16) do not have a
physical meaning [8,9] and very bad fits may be
obtained when mobile phase buffers of different type
are used [24–26,79]. These two shortcomings come
out from the different variation of the pH values of
the buffers and the pK value of the analyte witha

addition of the organic modifier.
´Sykora et al. [47] studied the effect of mobile

wphase pH measured in the aqueous buffer ( pH) inw

the retention of neutral bases. They observed appar-
ent shifts of the retention vs. pH plots toward pH

wvalues more acidic than the pK value of the base.w a
Fig. 7. Influence of methanol on the shift of normalized retentionThey demonstrated that the shifts were a combina-
(r) versus pH dependence. Stationary phase: Symmetry C .18tion of the two individual shifts caused by the change
Mobile phase: methanol–25 mM sodium phosphate buffer (60:40,

in the dissociation of the buffer (which produces a v/v). Analyte: (d) 2,4,6-collidine. Curves 1 and 2 and other
mobile phase pH change) and by the change in the symbols as in Fig. 6. Reprinted from Journal of Chromatography
pK of the basic analyte. These shifts for normalized A [47]. Copyright 1997, with permission from Elsevier Science.a
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retention (r) are depicted in Figs. 6 and 7 for two
different mobile phase compositions. It can be
observed that the shift increases with the percentage
of organic modifier because of the increase of both
individual shifts. These individual shifts are different
for each analyte and buffer.

Fig. 8 shows the effect of the addition of methanol
son the differences between the pK values ofw a

sdifferent analytes and the pH value of a bufferw
w wprepared in water at a pH value equal to the pKw w a

value of the analyte. The buffer was prepared from
ammonium acetate. The effect of the variation of the
differences for four representative solutes in the

w
s normalized retention vs. aqueous buffer pH plotswFig. 8. Differences between the variation of the pK value of thew a

s for several mobile phase composition is presented incompounds and the pH value of a buffer with the same pH inw

pure water than the aqueous pK of the compound. Test com- Fig. 9.a

pounds: (A) benzoic acid, (B)tert.-butylbenzoic acid, (C) aniline, Benzoic acid has a pK value close to that ofa
(D) 4-tert.-butylaniline, (E) 4-tert.-butylpyridine, (F) papaverine, acetic acid, but its pK variation with the addition ofa(G) lidocaine, (H) ephedrine, (I) 4-tert.-butylbenzylamine, (J)

methanol is slightly larger than the variation of the4-tert.-butylbenzethylamine and (K) phentermine. Reprinted with
spK of acetic acid (see Fig. 2 too). Thus, the pHpermission from Analytical Chemistry [109]. Copyright 2001 a w

American Chemical Society.v ;f . value of the acetic–acetate buffer increases slightlyMeOH MeOH

Fig. 9. Calculated retention plots for selected compounds in several isocratic methanol–water mobile phases. Methanol concentrations: (n)
20%, (�) 40%, (h) 60%, and (s) 80%. Reprinted with permission from Analytical Chemistry [109]. Copyright 2001 American Chemical
Society.
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sless than the pK value of benzoic acid and the accepted thermodynamic values, but the agreementw a
s spK 2 pH term increases slightly with the addition worsen for bases [10,99].w a w

of methanol (Fig. 8). This produces a slight shift of McCalley [111–113] has studied the protonation
wthe retention vs. pH plot towards higher pH values of bases in methanol–water, acetonitrile–water andw

when methanol percentage in the mobile phase tetrahydrofuran–water with phosphate buffers and
increases. 4-tert.-Butylpyridine has also a pK value concluded that half-protonation is produced at aque-a

s wclose to that of acetic acid, but whereas the pK ous pH much lower than the aqueous pK value ofs a w a
svalue of acetic acid and the pH values of its buffers the base. Fig. 10 presents plots of absorbance ats

sincrease with the addition of methanol, the pK selected wavelength vs. pH of the buffer (methanol–s a

values of neutral bases, such as 4-tert.-butylpyridine, phosphate buffer 55:45, v /v) for pyridine and 2,4-
s s wdecrease. Thus, a large decrease of the pK 2 pH dimethylpyridine. The pK values of these twow a w w a

difference with addition of methanol is observed in bases are 5.17 and 6.74, respectively. However, it
Fig. 8, which is reflected as a large shift towards can be seen that even 2,4-dimethylpyridine appears

wlower pH values in the retention vs. pH plots. The to be unprotonated in methanol–phosphate buffer ofw
s wpK value of ephedrine (neutral base) decreases with pH 7, measured before mixing (plots a and c).s a w

the addition of methanol too, but this compound has When the pH is measured after mixing phosphate
s *a pK value close to that of ammonia and therefore buffer and methanol and converted to pH (pH ina s

the solution is buffered by ammonium/ammonia. the plots) by means of the correspondingd value
s w sSince the pK of ammonia decreases with addition (plots b and d), the buffer of pH 7 becomes pHs a w s

sof methanol in a similar way than that of ephedrine, 8.25. At this pH value, the figure shows that boths
s salmost no variation of the pK 2 pH difference in bases are fully unprotonated as expected from theirw a w

wFig. 6 and almost no shift of the plot in Fig. 9 are pK value. Moreover, the plots show that the pKw a a
sobserved with the increase of methanol percentage in values of the bases decrease to pK values of 4.3s a

the mobile phase. The behaviour of lidocaine (neutral and 5.8 for pyridine and 2,4-dimethylpyridine, re-
base) is more complex. Its pK value is between that spectively, in methanol–phosphate (55:45, v /v) mo-a

of acetic and ammonium acids and it may be bile phase [112]. Since protonation of the base
buffered by one or other pair. For small additions of causes tailing and peak asymmetry in many C18

methanol, it is buffered by ammonium/ammonia and columns because of the interactions with the ionized
s ssmall variations of the pK 2 pH differences and surface silanols, it is possible to obtain good efficien-w a w

wshifts of the plot are observed (such as ephedrine). cies for bases at mobile phase pH values muchw
wFor larger additions of methanol, the decrease of the lower than expected from the aqueous pK valuesw a

spK value of lidocaine and the increase of the pH of of the bases.s a

acetic–acetate buffers determines that this acid–base Kele and Guiochon [114] reported good batch-to-
pair buffers lidocaine solutions. Then, a larger batch reproducibilities for the basic compounds

s sdecrease of the pK 2 pH difference and a larger amitriptyline and propanolol on a C column and aw a w 18

shift toward lower pH values are observed (such as methanol–water (65:35, v /v) mobile phase with a
4-tert.-butylamine). A more detailed explanation is phosphate buffer of pH 7 measured before addition
given in the original publication [109]. of methanol. At this pH value the silanol groups of

Since most chromatographic buffers are prepared the column are dissociated, whereas the aqueous
wfrom neutral or anionic acids (e.g. acetic, citric or pK values of the amines (9.4 and 9.5) suggest thatw a

phosphoric acids), the pK variation of these acids they should be still completely protonated. Thus,a

and the pH variation of the buffers prepared from strong ionic interactions are expected between the
them may match approximately the pK variation of silica surface of the column and the amines, thata

acid analytes with addition of organic modifier, but should produce pronounced differences between the
not the one of bases. Literature reports good agree- column batches. However, the differences observed
ments between the aqueous pK values of acids were not as strong as expected. This was attributeda

[10,99,110] estimated by HPLC by measurement of to both the increase of the aqueous pH of the buffer
pH before addition of organic modifier and the and the decrease of the pK value of the amines,a
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Fig. 10. Plot of UV absorbance against pH. (a) Pyridine in methanol–phosphate buffer (55:45, v /v); pH measuredbefore organic solvent
w *addition ( pH). (b) Pyridine (same concentration) in methanol–phosphate buffer (55:45, v /v); pH measuredafter organic solvent additionw

s w( pH). (c) 2,4-Dimethylpyridine in methanol–phosphate buffer (55:45, v /v); pH measuredbefore organic solvent addition ( pH). (d)s w
s*2,4-Dimethylpyridine (same concentration) in methanol–phosphate buffer (55:45, v /v); pH measuredafter organic solvent addition ( pH).s

Reprinted from Journal of Chromatography A [112], Copyright 1994, with permission from Elsevier Science.

caused by the addition of the organic modifier, that around 6.5–7, i.e. around the aqueous pH value of
combine to get only half-protonation of the amines, the buffer. Therefore, in fact the bases were more or
and therefore a decrease on the amine–silica interac- less half-protonated and small variations of the
tions. conditions cause appreciable variation of ionization

The same argument was used by Neue et al. [115] and retention.
for the same amines and mobile phase on a C The variation of the pH value of the buffer is8

column to explain the large shifts obtained (relative different for each type of buffer. As explained above,
to acenaphthene) for small variations on the mobile the pH values of buffers prepared from acetic acid,
phase conditions (buffer concentration, pH, methanol and in general from neutral or anionic acids (phos-
percentage, and temperature). At aqueous mobile phoric, citric, etc.) increase with the addition of
phase pH of 7.0 and for aqueous pK values of the methanol, whereas the pH values of buffers prepareda

bases close to 9, the bases should be completely from neutral bases (e.g. ammonia) decrease. This is
protonated. In this instance, a small variation on the reflected in the fitting pK value obtained for thea

mobile phase conditions should not influence ioniza- retention vs. aqueous pH plots, which corresponds to
tion of the bases and therefore the relative retention the pH of the inflection point of the plot. However, if
should not change. However, the ‘‘apparent’’ pK buffers of different type are used in the range ofa

values of the bases (caused by combination of the variation of retention with pH, the different pH
buffer pH and base pK variations) were found to be variation of buffers when organic modifier is addeda
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may result in bad fits to Eq. (13). This can be
observed by comparison of Figs. 11 and 12 for
3-nitrophenol and triethylamine. Three different buf-

1 2 22fers (from NH /NH , H PO /HPO , and H BO /4 3 2 4 4 3 3
2 wH BO ) were prepared at the same aqueous pH2 3 w

value of 9.00. However, the retention of 3-nitro-
phenol in these three buffers was very different:tR

1was 5.08 min with NH /NH , 3.74 min with4 3
2 22H PO /HPO , and 2.38 min with H BO /2 4 4 3 3
2H BO . It is impossible that the line fitted through2 3

Eq. (13) in terms of retention time for the aqueous
wpH (measured before mixing) crosses these threew

s 1points (Fig. 11). However, the pH values of NH /s 4
2 22 2NH , H PO /HPO , and H BO /H BO buffers3 2 4 4 3 3 2 3

measured after mixing were 8.86, 9.60, and 10.39,
Fig. 11. Variation of the retention time of 3-nitrophenol and respectively, and the fitting line crosses very nicely
triethylamine in the polymeric column with the 40% acetonitrile

these three points (Fig. 12). The same effect wasmobile phase pH measured before mixing the aqueous buffer with
w observed for triethylamine which was more retainedthe organic modifier ( pH scale): (s) 3-nitrophenol in neutral andw

w sanionic acid buffers, (d) 3-nitrophenol in ammonia and with a borate buffer of pH 9.00 (but pH 10.30)w s
w sbutylamine buffers, (h) triethylamine in neutral and anionic acid than with a butylamine buffer of pH 10.00 (but pHw s

buffers, (j) triethylamine in butylamine buffers. Neutral acid 9.60).
buffers: phosphoric acid, citric acid1dihydrogen citrate, acetic

Figs. 11 and 12 show that the fits of retention toacid1acetate, and boric acid1borate. Anionic acid buffers:
pH through equations of the type of (13) or (16) candihydrogen citrate1hydrogen citrate, hydrogen citrate1citrate,

dihydrogen phosphate1hydrogen phosphate, hydrogen be much better when the pH is measured after
phosphate1phosphate, and phosphate. Reprinted with permission mixing aqueous buffer and organic modifier in the

s sfrom Analytical Chemistry [25]. Copyright 2000 American pH or pH scales. In addition, the fitting pK valuess w aChemical Society.
have a physical meaning, since they agree with the
thermodynamic pK values of the analytes in thea

mobile phase solvent [21,24–26,98]. The main short-
scoming of direct measurement of the pH value ofs

the mobile phase is that it requires calibration of the
pH electrode system with standard buffers prepared
in exactly the same solvent composition that the

smobile phase has and with a reference pH values

known for this solvent composition. This handicap
limits the practical applicability of this procedure.
Even so, several authors have used it to develop
HPLC analytical methods for determination of
pyrazolidines of pharmaceutical interest [116], pre-
diction of the retention of quinolones and peptides
[117–120], or modelling of the retention of diuretics
[121]. The pH electrode system was calibrated by the
standards studied by De Ligny et al. [33] and

Fig. 12. Variation of the retention time of 3-nitrophenol and Mussini and co-workers [42,122] for methanol–
triethylamine in the polymeric column with the 40% acetonitrile water or Barbosa and co-workers [50–52] for ace-
mobile phase pH measured after mixing the aqueous buffer with

s tonitrile–water.the organic modifier ( pH scale). Symbols as in Fig. 11. Reprinteds
In our opinion, the procedure of measuring the pHwith permission from Analytical Chemistry [25]. Copyright 2000

American Chemical Society. of the mobile phase after mixing the aqueous buffer
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wwith the organic modifier with electrodes calibrated drugs ( pK ,8) will be in neutral form in mobilew a

with the usual aqueous standards, which leads to the phases prepared from the aqueous buffer of pH 10.5.
s pH scale, is the most adequate. It does not require The aqueous 7.4 pH buffer will provide the neutralw

wdifferent pH standards and calibration for each form of many drugs with both weak acidity ( pK .w a
wmobile phase and gives the same good fits [24–26]. 10) and weak basicity ( pK ,5). It is obvious thatw a

sThe measured pH values obtained are in the pH in this case an accurate measurement of the pH ofw

scale and the fitting pK values have physical the mobile phase after mixing is not needed. Thea
s smeaning ( pK parameter). The pK values ob- most important factor would be the preparation of anw a w a

stained in the fits can be converted to pK values by aqueous buffer that keep an appropriate buffers a
s 0the d term (equivalent to2log( g )) if this is capacity after dilution with the organic modifier.w H

known (Eq. (28) and compared to the literature pK However, if the chromatographer needs to mea-a
svalues, which are usually reported in the pH scale sure the retention with 50% methanol of the zwit-s

s



´24 M. Roses, E. Bosch / J. Chromatogr. A 982 (2002) 1–30

of (16). In many circumstances the knowledge of the especially for bases [10,99]. We have already com-
approximate aqueous pH of the buffer will suffice. In mented that these deviations originate in the different
some others, such as interlaboratory testing of pro- variation of the pH of the buffer and the pK of thea

cedures, the buffer pH should be accurately mea- analyte with the addition of organic modifier. Only if
sured. This can be done in the aqueous phase before the same type of buffer were used for all pH points
mixing, provided that all laboratories use the same and the variation of the pH of this buffer would
buffer and mobile phase. exactly match the pK variation of the analyte, ana

accurate aqueous pK value would be obtained [25].a

5 .2. Determination of solute pK values by liquid The larger the difference between pK and pHa a

chromatography variation, the larger the difference between the fitting
pK and the true aqueous pK . Since the differencea a

The determination of solute pK values by liquid between pK and pH increases with the percentage ofa a

chromatography has been discussed in the review of organic modifier in the mobile phase (see Fig. 8), the
Hardcastle and Jano [13]. They presented the theo- bias of the fitting pK value in reference to the truea

retical basis and experimental methodologies needed pK value increases too [25,26]. Sometimes empiri-a

to determine the pK values of compounds of cal corrections, some of them dependent on thea

pharmaceutical and biological interest. They re- percentage of organic modifier, are applied to obtain
marked that liquid chromatography is more useful the aqueous pK value [12,126]. We must emphasizea

than potentiometry or spectrophotometry when only that these corrections will depend on both the analyte
small amounts of the analyte are available. We would and the buffer used if the pH is measured before
add that as separation technique, it might also be mixing aqueous buffer and organic modifier.
very useful for mixtures of analytes that would give Measurement of the pH after mixing aqueous
overlapping spectra or titration curves [124]. buffer and organic modifier, either with aqueous

sThe theoretical basis of the determination of pK calibration ( pH) or with calibration with standardsa w
svalues is Eq. (13), usually in terms of retention in the same mobile phase composition ( pH) pro-s

factor (Eq. (16)) or retention time. The procedure vides pK values independent of the buffer used.a

consists in measuring the retention time or retention However, the values change with the composition of
factor of the analyte in an appropriate column and the mobile phase [21,24–26,79–81,120]. In fact, the
mobile phases for several pH values of this mobile fitting pK values obtained are the true thermo-a

phase. The pK value or values of the analyte, as dynamic pK values of the analyte in the solventa a

well as the retention times or factors of the different composition used as mobile phase. The disadvantage
acid–base species, are obtained by fitting the re- is the method does not provide the aqueous pKa

tention–pH data to Eq. (16), usually by non-linear value of the analyte. To obtain the aqueous pKa
s sregression. Nowadays, there are many commercial value extrapolation from the pK or pK valuesw a s a

computer programs to perform these fits, including obtained at several mobile phase compositions or
the Solver add-ins in Microsoft Excel worksheets. semiempirical corrections are required [125,126].
The accuracy and precision of the pK values Estimation of aqueous pK values of water insolu-a a

obtained depend evidently on the reliability of the ble drugs from pK values in mixed organic solventsa

mobile phase pH measurement, and some concerns is a common practice in pharmaceutical applications,
regarding this measurement and the results obtained because the aqueous pK value of a pharmaceuticala

will be discussed in this review. drug is a relevant parameter that determines its
The most common procedure consists on measur- bioavailability. Aqueous pK values are commonlya

ing the pH of the aqueous buffer before mixing it obtained from potentiometric titrations in water–
with the organic modifier. It was thought in principle organic solvent mixtures. Traditionally, methanol–
that this procedure would provide the aqueous pK water mixtures are used [127–130], although recent-a

value of the analyte. However, it was soon evident ly other mixed solvents (including acetonitrile–water
that important deviations between the fitting pK and tetrahydrofuran–water) have been successfullya

parameter and the aqueous pK values were obtained, tested [130]. The same extrapolation proceduresa
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commonly used for the potentiometric pK values tion. Independently of the concentration scale used,a

can be applied to the chromatographic pK values to the activity of the solvents must be always given ina

obtain the aqueous pK value. This procedure has the molar fraction scale, and in this scale the sum ofa

been used for evaluation of the pK values of all solvent activities is always 1. However, just 1a

different drugs in acetonitrile–water mixtures by month after publication of Yasuda’s paper, Shed-
liquid chromatography and comparison between lovsky presented a more rigorous theoretical deriva-
them and the pK data obtained from potentiometry, tion of Eq. (46) [133]. The approach is commonlya

spectrophotometry and capillary electrophoresis known as Yasuda–Shedlovsky plots and it has been
[119,131]. used to obtain accurate estimations of the aqueous

w wSometimes, the aqueous pK value ( pK ) is pK values of water insoluble drugs [127–130]. Thea w a w a
s wobtained by extrapolation of the plot of pK values pK value is obtained by extrapolation of the plot tos a w a

in various organic–solvent mixtures vs. the weight the inverse of 78.3 (the dielectric constant of water)
percent of organic solvent. However, these plots taking into account that for this point log[H O]52

often show hockey stick or bow shaped curves [129]. log 55.5 (the molar concentration of pure water)
More commonly Yasuda–Shedlovsky plots are used [129]. A validation study for 25 compounds in
because they give linear relationships that lead to methanol–water mixtures in the interval 15–65 wt%

waccurate pK values. The Yasuda–Shedlovsky rela- of methanol demonstrated that the pK data extrapo-w a a

tionship can be easily derived from Eq. (40) assum- lated to zero methanol content from the total interval
0ing that the specific energy of solvation (o G ) examined or from the water-rich region agree withSOLV

remains constant for all solvent mixtures. With this the measured aqueous pK value in 0.05–0.07 pKa

assumption Eq. (40) becomes: units. The extrapolation from methanol-rich regions
gave errors in aqueous pK not larger than60.2 foraas ]pK 5 1 b (45) weak acids and60.1 for weak bases [129].ss a e wAnother possibility to estimate the pK value of aw a

s sThe plot of pK vs. the inverse of the dielectric compound consists of measuring the pK value ofs a s a

constant of the solvent should give a straight line. the compound and of a series of related compounds
sYasuda reasoned that the usual definition of pK in in a unique chromatographic mobile phase and uses a

w sthe molarity concentration scale according to Eq. (2) Eq. (42) to calculate the pK value from the pKw a s a
wdoes not include the activity of water as solvent value. The pK values of the related compoundsw a

[132], which is constant in pure water, but changes must be known or measured to calculate thea ands

with solvent composition in water–organic solvent b values of the correlation. If these parameters ares

mixtures. Inclusion of water activity in the molarity already known, calibration with the related com-
scale in Eq. (45) gives: pounds is not needed. One recent publication uses

the parameters of Table 6 and Eqs. (42)–(44) toas ]pK 1 log H O 5 1 b (46) estimate the aqueous pK values of water insolublef g ss a 2 ae
arylpropionic acids with antiinflammatory properties

s sPlots of this corrected pK value against the inverse from the chromatographic pK values in methanol–s a w a

of the dielectric constant of the solvent gave very water mobile phases [134].
good straight lines for methanol–water and dioxane–

swater mixtures for values of 1/e lower than 0.02
(water rich portions of the mixtures with dielectric 6 . Conclusions
constants larger than 50). Yasuda justified ignoring
the activity of methanol or dioxane because water is The pH of the mobile phase has a strong influence
a much better hydrogen acceptor than methanol or in the chromatographic retention of compounds with
dioxane [130,132]. acid–base properties. The relationship between ana-

The arguments of Yasuda were wrong, because the lyte retention and mobile phase pH is described by a
activities of the two solvents (water and organic sigmoidal function of the pK value of the analytea

ssolvent) are implicitly included in the pK defini- and the limiting retentions of the different acid–bases a
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forms of the analyte, i.e. by Eq. (10). The general methanol–water, acetonitrile–water (up to 75% of
relationship has to be derived in terms of a dis- acetonitrile) and tetrahydrofuran–water (up to 72%
tribution constant to measure retention and must take of tetrahydrofuran) mobile phases. It is also equally
into account the activity coefficients of the different rigorous and more easy to calibrate the pH electrode
analyte species in the different pH buffers. If all pH system with the common aqueous reference stan-
buffers have similar ionic strengths, the effect of the dards and measure the pH after mixing the aqueous

s sionic activity coefficients can be included in the pK buffer and organic modifier ( pH scale). pH anda w w
s9parameters (pK ) and a more practical equation pH scales are related through thed term, which is aa s

without activity coefficients can be used, i.e. Eq. constant for each mobile phase composition, and
(13). For practical purposes it is convenient to thus the two pH scales can be easily interconverted.

s s wreplace the distribution constant by the retention Relationships between pH or pH and pH arew s w

factor or retention time, provided that the same buffer dependent and thus, it is not possible to create
proportional or linear relationship between these a general interconversion between pH values mea-
parameters is applied to all data points. sured before mixing aqueous buffer and organic

The proper measurement of mobile phase pH is a modifier and pH value measured after mixing. If the
crucial point to get good fits of the data to the model pH must be measured before mixing, such as in

9and fitting pK or pK parameters with a physical gradient elution, the results obtained in different runsa a

meaning. Three different procedures, which lead to will be comparable only if the same type of buffer
three different pH scales, are used in liquid chroma- has been used in all measurements.
tography to measure the pH of the mobile phase.
Measurement of pH in the aqueous buffer before

wmixing it with the organic modifier ( pH scale) does 7 . Nomenclaturew

not give good retention–pH relationships unless all
pH buffers are prepared from the same acid–base K Distribution constantc

pair or with different acid–base pairs that show a a Activity of the subscripted species (i)i

similar variation of pH with the addition of organic g Activity coefficient of the subscriptedi

modifier. Even in this instance, the fitting pK species (i)a

parameter will not agree with the true aqueous pK K Thermodynamic acidity constanta a

9value of the analyte unless the pK variation of the K Concentration acidity constanta a

analyte with addition of organic modifier matches r Density
that of the buffers. pH pH in molarity scalec

Measurement of the pH after mixing aqueous pH pH in molality scalem

buffer and organic modifier should provide good fits x Mole fraction
of retention to pH and meaningful fitting pK values w Weight fractiona

regardless of the pH buffers used. This procedure f Volume fraction
should provide a better interpretation of the results M Molecular weight
obtained and even quantitative predictions of re- n Molar volumeM

¨tention from known pK data. A First parameter of Debye–Huckela

Therefore it is recommended, in agreement with equation for ionic activity coefficients
¨IUPAC rules and suggestions for pH measurement in B Second parameter of Debye–Huckel

non-aqueous and mixed solvents, to measure the pH equation for ionic activity coefficients
¨of the mobile phase after mixing the aqueous buffer a Ion size parameter for Debye–Huckel0

and the organic modifier when the chromatographic equation
retention of ionizable compounds needs to be rigor- I Ionic strength of the solution
ously related to the pH of the mobile phase. The e Relative permittivity

s 0electrode system used can be calibrated with refer- 2log( g ) Primary medium effect for the transferw H
1ence standards prepared in the same solvent mixture of the H ion from water (w) to the

sused as mobile phase ( pH scale). Reference stan- solvent ss
s wdards for the pH scale have been proposed for pH pH value in waters w
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s pH pH value in solvent s in reference to (b ) instead of consecutive acid–base dissociationw i

water (w) as standard state solvent. In constants (K ). The b constants correspond to theai i

practice, pH measured in a mobile different protonation equilibria of the most basic
2zphase with an electrode system cali- form of the analyte (A ) to give the different acid
2z1nbrated with aqueous standards base species (up to H A ):n

spH pH value in solvent s in reference tos 2z 1 2z1iA 1 iH ⇔H Aithe same solvent as standard state
i isolvent. In practice, pH measured in a a a H A g aH A H f gi i i Hmobile phase with an electrode system ]] ]]]]b 5 5i a A gf gA 0calibrated with standards prepared in

the same mobile phase where the subscripti indicates the number of acidic
wpK Aqueous pK valuew hydrogen ions of the species.2 z is the charge of the
s spK pK value in solvent s in the pH scalew w most basic species (negative or zero). The overall
s spK pK value in solvent s in the pH scales s protonation constants (b ) are related to the consecu-i
E Electromotive force of a potentiomet- tive acid–base dissociation constants (K ) accordingai

ric cell to the following equations fori.0:
DE Residual liquid junction potentialJ

i21s
d Term for interconversion between pH 21s b 5P Ks i an2rand pH scales r50w]
E Residual liquid junction potential inj i21

pH units in pH measurement in a log b 5O pKi an2rmobile phase with electrode calibra- r50

tion in water
The overall retention factor (k) can be written as:K Autoprotolysis constant of a solventap

s na Slope of the correlation of the pKs s a O H A Vf gvalues of a family of compounds in a i S S
i50w ]]]]k 5given mobile phase with the pK nw a

values of the compounds in water O H A Vf gi Ms i50b Intercept of the correlation of the pKs s a

values of a family of compounds in a and considering the individual retention factors ofwgiven mobile phase with the pKw a the different species:
values of the compounds in water

b Overall protonation constant H A Vf gi S S
]]]k 5ib9 Concentration overall protonation con- H A Vf gi M

stant
the following equations are derived:

n
21 iIn general, a left hand superscript in a symbol O k bg ai i i H

i50refers to the solvent where the property is measured ]]]]k 5 nand a left hand subscript to the solvent taken as 21 iO b g ai i Hstandard state for the ionic activity coefficients at i50

infinite dilution.
n

21 log b 2ipHiO k g 10i i
i50
]]]]]]k 5 n

21 log b 2ipHiO g 10A  ppendix i
i50

Simpler forms of Eqs. (9), (10), (12), (13) or (16) If the ionic strength of the buffers remains more or
can be derived by using overall protonation constants less constant, the activity coefficient termsg can bei
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