Available online at www.sciencedirect.com

sclENcE@DIHEcT' JOURNAL OF
CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 982 (2002) 1-30

www.elsevier.com/locate/chroma

Review

Influence of mobile phase acid—base equilibria on the
chromatographic behaviour of protolytic compounds

Marti Rose$ , Elisabeth Bosch

Departament de Guimica Analiticiniversitat de BarcelonaDiagonal 647, E-08028Barcelona Spain

Received 4 June 2002; received in revised form 12 September 2002; accepted 12 September 2002

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 derivec
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 alsc
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 &) tredue of the analyte, the solutkp
data in water—organic solvent mixtures more commonly used as chromatographic mobile phase are also reviewed. The
solvent properties that produce variation of thi€, pvalues with solvent composition are discussed. Chromatographic
examples of the results obtained with the different procedures for pH measurement are presented too. Application to the
determination of aqueousKp values from chromatographic retention data is also critically discussed.
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1. Introduction

Development and optimization of analytical sepa-
ration methods by liquid chromatography require the
manipulation of retention and selectivity through
variation of suitable parameters. In liquid chromatog-
raphy, manipulation is usually performed through
modification of the composition of the mobile phase.
This can be achieved by change of the type and
percentage of the organic modifier, and for solutes
with acid—base properties, by variation of the pH of
the mobile phase.
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distribution of a component between the mobile and
stationary phases, is the distribution constant that

relates the activities of this component in these two
phases. Since it would be extremely difficult to
estimate the activity of ionic species in the stationary
phase, IUPAC rules for chromatography define the
distribution constant in terms of the analytical con-
centration of the component in the statiogary (
and makjlephases. Because the component may
be present in more than one form (e.g. associated and
dissociated forms), the analytical concentration refers
to the total amount present without regard to the

In order to develop reliable optimization strategies
for separation of acid—base compounds, the theoret-
ical relationships between analyte retention and
mobile phase pH needs to be well known. The
correct design of experimental procedures for the
establishment of these optimization strategies re-
quires the knowledge of the meaning of pH quan-
tities and the proper measurement of these quantities
in the mobile phase. Although the IUPAC has the distribution conskanis defined by the follow-
endorsed rules and procedures for the measurement ing expression:
of pH in aqueous organic solvent mixtures, the lack

b : . c W, /V.
of appropriate reference pH data in some mixed  — s _ 57 °S 1)
solvents used as liquid chromatography mobile Cvu Wimy/Mu
phases and some common misunderstandings on pvahereW

definiti h imited th licati £ th lis)y andW, ,, are the amounts of component
efinition have fimited the -appiication o €S€ i in the stationary and mobile phases, whiteand
procedures in practical liquid chromatography.

V|, are the volumes of the stationary and mobile

tr;r his rei\v;e\:jv a.?ﬁ rtehsses tlhfse S.gbfds and S(t)_mephases, respectively. For an analyte with an acid—
others related wi € analyte acid—base Properties,,qq equilibrium in the mobile phase solvent (S) of
that affect chromatographic retention. It also shows the type:

the theoretical and practical differences between the
different procedures used to measure the pH of the HA” + S HS+ A" * Scheme 1

mobile phase and how the method of pH measure- the thermodynamic acidity constait, relates the

ment influences the interpretation of the results civities and concentrations of the different species
obtained. Determination of aqueouk pvalues from in the mobile phase according to:

the observed retention data and the measured mobile
phase pH is also critically discussed. K = Bn8a _ B [Aln
a Aya [HAT] %ia

wherea indicates the activity ang the mean ionic

activity coefficient of the subscript species, and [HA]

and [A] the concentrations of the acidic and basic

forms of the component in the mobile phase. lon
charges and the subscript M for the mobile phase are

existence of various forms [1,2]. This definition is
equivalent to the definition of the distribution coeffi-
cient, or more correctly named distribution ratio, for
liquid—liquid distribution, but not to the definition of
distribution constant or partition ratio for liquid—
liquid distribution [1].
In liquid—liquid chromatography, the concentra-
tions are expressed per unit volume of the phase, anc

(2)

2. Chromatographic retention as a function of
mobile phase pH and solute pK,

The rigorous thermodynamic constant that rules
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omitted for simplicity.
In this instance, the distribution constant can be
expressed as:

anions, whereas ion-exchange increases retention of

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

_ [HA]s+[A]s constants of the analyte individual ionic species
Ke= [HA]+[A] ®) (Kegnay OF Ko (a)) With the mobile phase conditions, in
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

ﬂ:%_ﬂmw—wa (4) variation of partition and averaged individual dis-

[HA] aym N tribution constants for the different analyte ions can

be taken.

If there aren consecutive acid—base equilibria
defined byn acidity constantX,,, K, ... K, the
following general expressions equivalent to those

Defining two individual distribution constants, one
for each compound form:

Kegriay = U:I':]S (5) given by Hardcastle and Jano [3] can be as well
[HA] derived:
[Als - d i
Kew = [A] (6) 20 Kc(Hn,,A)VHnl,rA 11 Kai ) @y
r= 1=
K= n ; 9
and replacing Egs. (4)—(6) in Eg. (3), the following > yit A<]_[ Kai> a,’
expressions that relate the distribution constant with r=0 "7 \i=0
the acidity of the mobile phase are obtained: n N oS o
1 1 1 20 KC(anrA)’yanrAlo =
_ _ _ -
K Kc(HA)?’HA + Kc(A)?’A Kaay @) K. = n Er‘, (10)
= -1 H— K i
T vmtra ke 2 Yy 21005
-1 —14 APH-PK, r
K = KC(HA)')’HA + KC(A)'}’A 10 ®) where H Ky, =KoX K X - XK, and
¢ Yia T ya 107 S PK, = PK o+ PK + - - - +pK ,, In these ex-

pressions it must be taken into account thgf =1

cations. lon-exchange is also affected by the con-

In the derivation of Eqgs. (7) and (8) it has been
assumed that the unique equilibria present in the
medium that affect retention are the analyte acid—

and therefore I§,,=0.
In fact, Egs. (9) and (10) can be written in more
elegant and simple forms if overall protonation

base equilibrium in the mobile phask,j and the  constants g), similar to those used in complex
partition equilibria of the two acid-base species formation equilibria, are used instead of acid—base
between mobile and stationary phas€,(, and dissociation constants(). The derivation of these
Keay)- If there are other side equilibria, they may equations is given in the appendix. However, these
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 |iquid chromatography studies.

the surface that ionize at basic pH values. The Egs. (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 K/, instead of the thermodynamic acidity constant
mobile phase pH, size exclusion and ion-exchange K, in the derivation of Egs. (7)—(10). Both con-
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
A solutes with the pH of the mobile phase using
K/ = M =K A (11) equations similar to Eq. (16). Systematization of pH

* [HA] " effects on retention through equations of the same
which leads to the common general expressions: ~ YPe was more recently studied by Schoenmakers
and co-workers [7-9] and Lewis et al. [10]. Some
i K <1L[ K’.> o re<_:ent reviews about reten_tion_ and separati_oq of
clHn—rA\; aij H acids [11,12], and determination of dissociation
n r ~ (12) constants [13] or hydrophobicity of acidic xeno-
E <H K;) a,' biotics [14] by reversed-phase liquid chromatography
' present equations like (16) as the most used in
i K 10”’“’? oK retention—pH relationships. _
o eHnA) i=o However, it must be remarked that rigorous rela-
K. = n G (13) tionships between retention and mobile phase pH are
2 10”"*_2O PKai established for the distribution constant, and they can
be extended to the retention factor through Eq. (14)
Determination of HPLC distribution constants re- only if the phase rati®,, /Vs remains constant in all
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 tinig
retention parameters, such as retention factgr ( and there are several methods to do so that lead to
adjusted retention timet(), and retention timetg) different values [15-20].
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 V5) and mobile V,,) phase volumes, the time of inorganic salts. It has been argued that the
mobile phase flowK.) and the column hold-up time  behaviour of the ions produced by an unretained salt

(ty): would match the interactions of the ionic forms of
, _ the acid—base compound with the column much
K :% = KFcty = twFe = (te — tw Fe (14) better than the behaviour of a neutral hold-up time

© Vs Vs Vs Vs marker, which often gives elution time larger than
If V., Fc and t,, remain constant, expressions the retention time of the ionized for_m 01_‘ _the acid—
analogous to (7)—(10) and (12)—(13) can be derived base compound [21]. However, in silica based
for the different retention parameters. Among these, columns thet, value measured by an inorganic salt
the most used is the dimensionless retention factor, Often varies with the pH and composition of the
which requires measurement of the retention time of buffered mobile phase [21], because of the different

the component and hold-up time of the column: e_x_clusion and ion_ic exchange effects with the_ionized
silica and buffer ions retained [22]. Use of different

K = tr — ty (15) measuredt,, values to calculatk at each mobile
ty phase pH through Eq. (15) implies the assumption

that the phase ratio changes with pH and buffer
composition. In this instance, there is not a pro-
portionality betweerK_ andk, and therefore Eg. (16)

The general expression that relates retention to
mobile phase pH in terms of this parameter is:

n

S 10,pr$ oK’ is only approximate.
o A i=0 A modification of Eqg. (8) for the retention of a
k= n ; (16) neutral acid HA that uses two different hold-up times
> 1071 2 P for each pH buffer has been proposed [21]. For the
r=0

ionized form of the acid (A ) the hold-up time
From the pioneering works of Horvath and Melander (t,,_,) measured in the particular buffer with KBr
[4,5] and Van de Venne et al. [6], the retention factor is used, because the behaviour of Br would match
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the interactions of A with the stationary phase
(mostly size exclusion effects). But, for the neutral
form of the acid (HA), the hold-up time of KBr
measured in an unbuffered mobile phase should be
used, since for this form ion-exchange and size
exclusion effects do not apply. The equation was
developed in terms of adjusted retention time, rather
than retention factor, because the relationship be-
tweenK_ and t; does not imply the mobile phase
volume (Eqg. (14)), and it can be written as:

(tream + tugin) F(trey T tugy) 7a 2077
1+ y,r10PH P

tg =

(17)

where the fitting parameters are the adjusted re-
tention times of the neutral and anionic forms of the
compound 1,5, andtg ) and the K, value of the
neutral acid. The ionic activity coefficient of the
uncharged form of the compoungk(,) was taken as
the unity.

Fig. 1 gives an example of the quality of the curve
fit obtained with this approach. The two fitting lines
shown for each acid correspond to the maximum
effect for the activity coefficienty, (i.e. the fitting
lines obtained with the buffers of largest and lowest
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Fig. 1. Adjusted retention times of benzoic acids in 60% of
methanol: &) benzoic acid, ©) 2-nitrobenzoic acid, 4) 3-
nitrobenzoic acid, and{) 4-nitrobenzoic acid. Lines are com-
puted by means of Eqg. (17). Only the two limiting lines are
presented for each acid. The lines of the other buffers lay between
these two. Reprinted with permission from Analytical Chemistry
[21]. Copyright 1996 American Chemical Society.

ionic strength). The effect of the variation of the
activity coefficients is very small and likely close to

or lower than the experimental error in retention

measurements. Therefore, the simplification of neg-
lecting its variation and using the concentration
constirtssuch as in Egs. (12), (13) and (16),
seems usually justified.

Eq. (17) was developed for the retention of neutral
acids in silica based columns and extension to others
columns and compounds, such as neutral bases, has

not been done. In particular, it has not yet been
proposed an appropriate hold-up time marker for the
acidic forms (BH ) of the neutral bases because they
interact strongly with the ionized silanols of silica
based columns and in most instances are retained by
ion-exchange. An excellent review of these interac-
tions has been already published [23]. Given the
difficulties in extension of Eq. (17) to other systems
and the small effect of activity coefficient variation,
the most appropriate general equations to relate
retention with mobile phase pH are likely Egs. (12)
and (13). The retention parameter used can be
retention time, adjusted retention time or retention
factor (Eg. (16) in this instance). Excellent results
have been obtained by direct use of retention time
since for this parameter estimation of the column
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
so does the K. value of the chromatographed
compound. If the K, of the compound and the pH
of all buffers involved change in same the value, the
termrpH — = _, pK, of Eg. (13) remains constant
for each buffer and Eq. (12) and (13) hold in this
instance. However, this is not usually the case, and
especially the constant variation is not fulfilled for
basic compounds, whoseK) value decreases with
the addition of organic modifier, whereas th&p
values of neutral acids (from which the mobile phase
buffers are mainly prepared in the pH range 2-7)



increase [24-27]. To clarify this point, it seems
convenient to revise the IUPAC pH definition and the
relationships between the different pH scales.

3. pH scales in water—organic solvent mixtures
used as mobile phases

3.1. Notional definition of pH, notation and
terminology

The concept of pH was first introduced as:

pH= —logc, (18)

where ¢, is the hydrogen ion concentration (in
molarity, mol dm ®), but it was later modified to:

pH= —loga, (19)

wherea,, is the hydrogen ion activity [1].

Activity and pH are dimensionless quantities, but
activity must be referred to a concentration scale and
so is pH. The most used concentration scales,
accepted by the IUPAC for pH definition, are molari-
ty (c, in mol dm*) and molality (m, in mol kg* ).
This leads to two definitions of pH, either in the
molarity scale (pH ) or in the molality scale (pH ).
Since it is not correct to write, in isolation, the
logarithm of a quantity other than a dimensionless
number, the full forms of the equations for pH
definition are:
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PH — Iog(mH'}’m,H/mo) (21)

wherec® andm?® are arbitrary constants, representing
the standard state condition, numerically equivalent
to either 1 mol dm® or 1 mol kg' , respectively,
and vy, and vy, , are the single-ion activity co-
efficients of the hydrogen ion in the two scales,
respectively [1]. For dilute solutions, molarity and
molality are directly related through the density) (

of the solution, and therefore pH in one scale can be
easily converted to pH in the other scale through:

pH, = pH,, + log p/p° (22)

with p°=1 kg dm °.

The density of water is close to 1 kg dfh , and
therefore pH and pH are practically identical (the
pH difference is about 0.001 at 298.15 K rising to
0.02 at 398.15 K). However, the density of some
agueous organic solvent mixtures can be quite
different from 1 kg dm® , and the transfer term Ipg
can achieve several tenths of pH units. Tables 1-3
report the value of the log term for several
compositions of the most used HPLC mobile phases,
as well as some other relevant macroscopic prop-
erties [24—40]. Equations to estimate these properties
from the solvent composition are also given in the
references. Different models have been proposed to
relate macroscopic properties to solvent composition
[27-29], although for practical purposes fits to
polynomial equations provide excellent results. The
solvent composition of binary solvent mixtures may
be given in mole X), weight ) or volume ¢)

pH, = —log(c,,y, ,,/c) (20) fraction. All these quantities can be easily interre-
Table 1

Macroscopic properties of relevant interest for pH measurement in methanol-water mixture¥Ca?2a36—34]

% MeOH Xeon p log p/p° A a,B 8=~—log(y.) PK,,

(v/v) (kg dm™?)

0 0.000 0.995 —0.002 0.53 1.50 0.00 14.00
10 0.047 0.983 —0.008 0.56 1.53 0.01 14.08
20 0.100 0.969 -0.014 0.59 157 0.03 14.08
30 0.160 0.955 —0.020 0.64 161 0.05 14.07
40 0.229 0.939 —0.027 0.70 1.66 0.09 14.09
50 0.308 0.921 —0.036 0.77 1.72 0.13 14.14
60 0.400 0.901 —0.045 0.87 1.79 0.18 14.23
70 0.509 0.878 —0.057 1.01 1.88 0.18 14.39
80 0.640 0.852 —-0.070 1.20 1.99 0.05 14.63
90 0.800 0.822 —0.085 1.48 2.13 -0.34 15.04

100 1.000 0.787 —0.104 1.87 231 —2.00 16.77
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Table 2
Macroscopic properties of relevant interest for pH measurement in acetonitrile—water mixture¥Caf28532,35]
% MeCN Xyecn p log plp° € A a,B 8~ —log(,ry) K,
(v/v) (kg dm™®)
0 0.000 0.995 —0.001 76.6 0.528 1.52 0.00 14.00
10 0.040 0.983 —0.007 73.2 0.566 155  —0.01 14.24
20 0.079 0.968 -0.014 70.1 0.604 159  —0.02 14.47
30 0.130 0.950 -0.022 66.4 0.655 163  —0.06 14.74
40 0.186 0.931 -0.031 62.8 0.712 168  —0.13 15.08
50 0.260 0.908 -0.042 58.6 0.791 174  —0.26 15.48
60 0.339 0.885 -0.053 54.7 0.877 1.80  —0.44 15.90
70 0.440 0.859 —0.066 50.4 0.992 1.87 - 16.42
80 0.578 0.829 —0.081 455 1.156 1.97 - 17.14
90 0.755 0.802 —0.096 40.4 1.378 2.09 - 17.13
100 1.000 0.782 -0.107 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
WM. calibration. The IUPAC prefers molality scale be-
X = m (23) cause molgllty does not C_hange with the_ tempera_ture
17 2t of the solution. However, in HPLC practice molarity
is almost always used because of its simplicity for
preparation of solutions. Unless otherwise stated, pH
& vy, measured in the molarity scale will be assumed here.
X :m (24) In this instance, the subscript ¢ will be omitted for
simplicity.
M and y, are the molecular mass and molar volume, The IUPAC remarks that the above definitions of
respectively, of the pure components of the mixture, pH are only notional because they involve a single
with », = M/p. For water, methanol, acetonitrile and ion actividy, which is immeasurable [1]. In order
tetrahydrofuran M values are 18.02, 32.04, 41.05, to obtain the pH value an extrathermodynamic
and 72.11 g mol' , respectively, ang, is 18.1, assumption is necessary [41,42]. This is usually the
40.7, 52.9, and 81.6 cln moal  at 26, 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 mixturé€ §8&@540]
% THF Xene p log p/p° € A a,B K,
(v/v) (kg dm®)
0 0.000 0.991 —0.004 78.5 0.51 1.50 14.00
10 0.024 0.993 -0.003 72.4 0.58 1.56 14.12
20 0.053 0.989 —0.005 65.9 0.66 1.64 14.31
30 0.087 0.983 -0.007 58.6 0.79 1.74 14.52
40 0.129 0.974 -0.011 50.5 0.99 1.87 14.79
50 0.182 0.964 -0.016 42.3 1.29 2.04 15.13
60 0.250 0.950 -0.022 34.2 1.77 2.27 15.56
70 0.342 0.937 -0.028 26.4 2.61 2.59 16.14
80 0.471 0.921 -0.036 19.4 4.14 3.01 -
90 0.667 0.903 -0.045 13.2 7.41 3.66 -

100 1.000 0.882 —0.055 7.4 17.64 4.89 34.7
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logy, = — AI'?/(1 + a,BI*"? (25)

In Eq. (25) | is the ionic strength of the solutioA,

andB are solvent and temperature dependent param-;,pH = JpH — Iog(vsvy ,3

eters andy, is the ion size parameter of the solvated

ion, which is assigned a value fixed by the Bates—
Guggenheim convention extended to the general

solvent s [41-43]:

(°a, B) = 1.5 "e p/(e p)]*'? (26)
where °B is the classical Debye—Huckel constant of
Eqg. (25) for the solvent s (e.g. mobile phase)and
¢ are the relative permittivities of pure water
(superscript” ) and of the solvent s (superscfipt ),
and"p and®p are the corresponding densities. If s is
water itself, Eq. (26) reduces @&,B=1.5, which is
the form of the Bates—Guggenheim convention
introduced originally for pH standardization in pure
water [43]. Tables 1-3 report values #fand a,B

reference to the’ pH, since the two pH scales are
related by means of the following equation:

(27)

where®yS -1 as s-w.

Thus, the? pH value measured in solvent s relating
to the pH scale specific to the solvent might be
expressed a§ pH on an “intersolvental” or “abso-
lute” scale with ultimate reference to the solvent
water [1].

The relative : pH scale has been traditionally
indicated by pH , whereas the absolgyte pH scale
has been sometimes indicated by pA or *PpH
[31,33,34,45-47]. However, the new notation
adopted by the IUPAC is much clearer and it is
recommended for any pH measurement involving
non-agqueous or mixed solvents, such as those used in
liquid chromatography. The same notation used for
pH definition should be applied to any related

terms for several methanol-water, g_cetonit_rile—watgr quantity, such as acid—base constant&_jp For
and tetrahydrofuran—water compositions.Since pH is example, the acid—base constant of Eq. (2) in a

defined in terms of activity, it does not only depends

solvent s may be given a3 Kp if the hydrogen

on the concentratioq _scale chosen, but also on theactivity is measured in the pH scale or 3K gif it
standard state of activity. In water, the standard state js measured in thé pH scale. It turns out that both

for a, is infinite dilution of hydrogen ion in water
(i.e. pure water), for whichy, - 1. In the solvent s

(e.g. an HPLC mobile phase), two different standard
states can be chosen. One is infinite dilution of the

ion in the same solvent s, and the other is infinite
dilution of the ion in water. This leads to two

different pH scales, one relative to each particular
solvent, and the other relative to water, which is also

called “absolute pH scale”.
In order to distinguish between the two pH scales,

the IUPAC recommends the notation used by Robin-

son and Stokes [1,44] for their discussion of the
effect of the medium on transferring a binary elec-
trolyte from water (w) to a nonaqueous or mixed

solvent (s). Thus, lower-case left-hand superscripts
indicate the solvent (w or s) in which measurements
are being made; lower-case left-hand subscripts

indicate the solvent in which the ionic activity
coefficienty is referred to unity at infinite dilution
(w or s) [1]. Also, the notatior],y, is recommended
for the primary medium effect (related to the stan-
dard Gibbs energy change) for the transfer of the H
ion from water (w) to the solvent s. The value of this

parameter determines the shift of tfle pH scale in

constants are related by an equation similar to Eq.
(27):

wPK, = PK ,—log(5y D) (28)

Notice that in the definition of, I, the standard
state for hydrogen ion is infinite dilution in water
(w), but the standard state for the other species
implied in the equilibrium (HA and A) is infinite
dilution in the non-aqueous or mixed solvent s.

3.2. Operational definition of pH

It is universally agreed that the definition of a pH
difference is an operational one [1]. The pH of a test
solution (pH, ) is determined by comparison of the
electromotive force€, and Eg of two appropriate
potentiometric cells. The two cells must be equal
except for that one contains the test solution X and
the other a standard reference solution S of known
pH (pHs). The pH, is determined from:

pHy = pHs — (Ex — E5)/g
whereg = (RT/F) In 10 andR is the gas constanT,

(29)
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the thermodynamic temperature, aRdthe Faraday
constant, ignoring a termEg; = E,, — E,g which is
called the residual liquid junction potential [1]. The
recommended symbol for the terRT/F) In 10 isk,
but we shall useg to avoid any confusion with

retention factors. The standard chosen should have a

pHs value as close as possible to the pH value of
the sample in order to minimize the residual junction
potential. In practice, very often the pH is measured
by calibration of the electrode with two standards
that also contribute to minimize the error of the
residual junction potential [1].

Formerly, the IUPAC recommended the poten-
tiometric cells to be composed of a hydrogen and a
reference electrodes, together with a bridge solution
of concentrated potassium chloridex8.5 mol kg *
for aqueous solutions). The most recent edition of the
“Compendium of Analytical Nomenclature” [1],
however, allows the hydrogen electrode to be re-
placed by another hydrogen-ion-responsive elec-
trode, such as a glass electrode, which is more
practical.

The operational pH definition for agueous solu-
tions can be extended to any other solvent s by use
of the appropriate pH scale. The procedure implies
the measurement of the electromotive forcég, (
and °E;) of two potentiometric cells, one containing
the test solution X in solvent s and the other a

standard reference solution S prepared in the same

solvent s and of knowi pHZ( pEl ). Th& pH is
determined from:
PHyx = PH—(Ex— EJ/g (30)

ignoring, again, the residual liquid junction potential:

AE,; = SEJX - SEJS (31)

Table 4

This procedure requires the assignment of reference
*pH values to standard solutions prepared in a
solvent of exactly the same composition as the
solvent where the pH will be measured. There are
only a few referenfe pH values reported for aque-
ous—organic solvent mixtures. Regarding HPLC
mobile phases, the IUPAC [1,42,48] reports only
data of MMOpotassium hydrogen phthalate buffer
for some methanol-water and acetonitrile—water at
various compositions, a few other buffers in 50%
w/w methanol, and oxalate and succinate buffers for
several compositions of methanol-water mixtures.
Notice, that all these data are given in the molality
pH scale, and thus a correction according to Eq. (22)
is needed if they are used as standards to measure the
pH in the molarity scale, which is the most usual
concentration scale in HPLC studies.
Some morg pH reference data in the molarity
scale have been determined by Barbosa and co-
workers [49-52] for acetonitrile—water and tetrahy-
drofuran—water [37] which can be directly used for
T pH standardization in these mobile phases. The pH
reference values for the buffers were fitted to solvent
composition in weight, volume and mole fraction
through a polynomial equation. The fits obtained for
volume fraction ¢) are given in Tables 4 and 5 and
they can be directly used to calculafe the pH value
of the buffer at any acetonitrile or tetrahydrofuran
percentage between the range studied.
THe pH scale may also be used for pH measure-
ment in non-aqueous or mixed solvents. In this
instance, the; pH of the test samplé ( pH ) is
determined by measuring the electromotive forces of
the test sample in the solvent SE() and the
standard reference solution in watéfs() of know

Relationships betweeh pH values of reference buffers in acetonitrile—water mixtures and the volume percentage of acéjanittile (

solvent mixture up to 70% of acetonitrile in weight €0.75) [49,52]

(Correlation coefficienR] is also given)

Buffer Relationship R

Saturated potassium hydrogen tartrate @5 *pH=3.546+2.49x 10 *¢—2.60X 10 *¢>+4.01x 10 °¢° 0.999
0.05 mol kg * potassium dihydrogen citrate S pR.775+1.74X10 *¢p—2.72X10 "¢*+1.15x10 °¢°> 0.999
0.05 mol kg* potassium hydrogen phthalate > pBl998+2.75X 10 *¢p—5.02X10 *¢°+1.38x 10 °¢° 0.999
0.1 mol I'* acetic acig-0.1 mol I"* sodium acetate S pH4.643+1.88X10 °¢p+1.26X10 *$>—7.23x10 " ¢° 0.999
0.025 mol kg* Na HPQ+0.025 mol kg* KH,PQ ° pH=6.885+3.16X 10 °¢p—5.84X 10 “¢p*+6.55x 10 °¢p°> 0.995
0.03043 mol kg* Na HPQ+0.008695 mol kg* KH PQ S pH7.417+2.23X10 ?¢p—8.29x 10 °¢*+1.23x10 °¢° 0.999
0.01 mol kg* Ng B Q-10H,0 °pH=9.178+3.35X 10 ¢ —1.51X 10 °$>+2.59x 10" ¢° 0.999
0.025 mol kg* NaHCQ+0.025 mol kg* Nag CQ S pH10.014+0.145) —4.43x 10 >¢p°+4.44x 10 °¢° 0.999
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Table 5

Relationships betweeh pH values of reference buffers in tetrahydrofuran—water mixtures and the volume percentage of tetrahgiirofuran (
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in the solvent mixture up to 70% of tetrahydrofuran in weight<0.72) [37] (Correlation coefficientR) is also given)

Buffer

Saturated potassium hydrogen tartrate @p

0.05 mol kg* potassium dihydrogen citrate

0.05 mol kg ' potassium hydrogen phthalate

0.1 mol I'* acetic acig-0.1 mol I'* sodium acetate
0.025 mol kg* Na HPQ+0.025 mol kg* KH, PQ
0.03043 mol kg* Na HPQ+0.008695 mol kg* KH PQ
0.01 mol kg* Ng B Q-10H,0

0.025 mol kg* NaHCQ+0.025 mol kg* Nag CQ

Relationship R

SpH=3.575+9.99x10 *¢+2.12X10 *¢* 0.999
S pR.772+1.26X10 % +1.09x 10 *¢? 0.999
> =pBl983+2.83X10 *¢p+1.55x10 °¢° 0.999
> pH4.655+1.18X10 *¢+2.10X10 “¢° 0.998
° pH=6.858+1.70X 10 ?¢p—8.15x 10 °¢? 0.995
S pH7.412+1.19X10 %¢p+2.29x10 °¢° 0.999
°pH=9.188+2.46X10 °¢+8.76xX10 °¢* 0.999
° pHE9.982+6.77X10 2 —5.47x 10 *¢? 0.990

pH (,pPHs), i.e. an aqueous buffer. The pH will be
given by:

wPHx = WpHs — (Ex — "Eq)/g (32)
ignoring, the residual liquid junction potential:

AE, = SEJX - WEJS (33)

Thevalues have been determined for methanol—
water [26,31,33,34] in the whole range of solvent
composition and for acetonitrile—water mixtures up
to 60% of acetonitrile in volume [25] and they are
presented in Tables 1 and 2 for some mixtures. The
agreement between the differehtvalues for metha-
nol-water obtained by different authors with differ-
ent electrode systems suggests that the residual liquid

This procedure is still simpler than that for tie pH junction potential termE; is meaningless as com-

scale, since it does not require preparation of a pH
reference buffer at each working solvent composi-
tion. The same buffers used for pH standardization in
water () pH) can be used [1,53]. Notice that to avoid
any confusion and in consonance with the IUPAC
notation, the pH scale in water should be written as
wPH. This is not usually required when working only

in water, where it is allowed and even advisable to
use simply pH.

3.3. Relationships between the different pH scales
and the normal range of pH

pH values measured in thg pH scale can be
converted to thé pH scale through the value of the
primary medium effectflog(jvyﬂ)) by means of
Eq. (27). In fact, the difference between the two
operational?, pH and pH scales includes also the
differences between the residual liquid junction
potentials. The difference has been calleédterm
[1,31], which is defined as:

5 =E ~log(4y ) = pH — PH (34)
with
E = (Exx— "E;9/0 (35)

pared with the medium effect anti= — Iog(jvy,ﬂ).

In this instance Eq. (34) is equivalent to (27) and the
notional and operational pH scales agree. However, a
well designed salt bridge containing a solution of an
equitransferent binary salt at much higher concen-
tration than the sample and standard solutions must
be used to assure the residual liquid junction po-
tential is insignificant [1]. For example, ald KCI

salt bridge in water can experience junction po-
tentials on the order of 1 mV (about 0.02 pH units),
which would be usually partially balanced by a
similar junction potential in the pH measurement in
the mobile phase. Therefore, the error introduced by
the residual liquid—junction potentials can be esti-
mated to be about 0.01 pH units or less, which is
indeed a low error for practical liquid chromatog-
raphy measurements [25]. Thus, conversion between
»PH and :pH values can be easily done with the
values of Tables 1 and 2, which should be valid for
any well designed electrode system. For methanol—
water and acetonitrile—water mobile phasg¢salues
can be estimated through the equations [24,25]:

0 :(O'O%MeOH - 0.11¢i,|eo,_)/(1 = 3.15} ye0n
+ 3'51¢§/IEOH - 1-35¢§/|eok)

for methanol—-water, and:

(36)
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8= —3.81¢.cn (37)

for acetonitrile—water up to 60% of acetonitrile in
volume. By replacing Eq. (24) into Eq. (37), Eq.
(38) is obtained that gives thé value for any
acetonitrile—water mixture directly from the volume
fraction of acetonitrile in the mixture:

8= = 0.11¢%, /(1 — 1.316by0cy + 043320
(38)

In these equationg and ¢ have the meanings of
mole and volume fraction, respectively, of the
subscript species (MeOH for methanol and MeCN
for acetonitrile). Unfortunately$ values for tetrahy-
drofuran—water mixtures have not yet been deter-
mined.

The difference betwee)) pH arjd pH is a constant
value for each mobile phase composition. However,
the difference betweerf, pH and pH (g pH)
depends not only of the mobile phase composition,
but also of the particular buffering solution measured
[24]. One example will illustrate this problem. A
0.010 M solution of HCI in water has an ionic
activity coefficient (calculated from Eq. (25) and the
values of Table 2) ofy, =0.900. By using Eq. (20)
the ;, pH of this solution is calculated to e pH-
10g(0.010x0.900)=2.046. If a solution of the same
concentration of HCI is prepared in 50% acetonitrile,
the activity coefficient is 0.856 and tHe pH value is
2.068. The pH variation is 0.022, due only to the
variation of the activity coefficient. However, if the
solution is 0.010M in KOH, the pH value depends
also on the autoprotolysis constari,() of the
medium, since, = K,,/as The lyate (OH ) activi-
ty of the aqueous solution isag=0.010x0.900=
0.00900, a,=10 **°°/0.009=-1.11x10"** and
wpbH=11.954. In 50% acetonitrile,ag=0.010x
0.856=0.00856, a,=10 *>*°/0.00856-3.87x
10™**, and? pH=13.412. For this basic solution the
pH variation is 1.458, quite more considerable than
for the solution of HCI.
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mines the “normal range of pH” in each solvent and
it is needed to achieve complete and effective pH
standardization in non-aqueous and mixed solvents
[31,41,42]. It is well known that in water the normal
range of pH goes from O to 14, which is th&p of
water. In a water—organic solvent mixture used as
mobile phase, the normal range of pH can be
measured in thé pH o} pH scales. In the pH scale,
it ranges from 0 to the 0., value of the solvent
mixture. Since the, pH scale is shifted thevalue
from the ;pH scale, the normal range of pH goes
from & to ;,pK,,, which is equivalent to} I§+6
[25].

Tables 1-3 report thé K, values of methanol-
water, acetonitrile—water and tetrahydrofuran—water
mobile phases. Literature reports equations to calcu-
late the { i, values for other compositions not
given in the tables [32,54,55]. These equations are
based on the thermodynamics of the chemical auto-
protolysis equilibria present in a binary aqueous
solvent. In a mixture of water with an organic
solvent up to four proton transfer equilibria can
contribute to autoprotolysis: autoionization of water,
proton transfer from water to the organic solvent,
proton transfer from the organic solvent to water and
autoionization of the organic solvent. Only three of
these equilibria are independent and their combina-
tion gives the autoprotolysis constant of the solvent
mixture [32].

The limits of the normal pH range are only
indicative of the common pH values achieved for
most analytical applications. A pH value of 0O in
water would correspond to a strong acidic solution
with a hydrogen ion activity of unity, whereas a pH
of 14 would correspond to a strong basic solution
with a hydroxide ion activity of unity. Liquid
chromatography columns do not usually allow work-
ing at these extreme pH values. Thus, the useful pH
ranges in liquid chromatography are smaller. Two
studies have been published about the extension of
the useful pH ranges for chromatography columns in

ap’

The example above shows that general conversion water to methanol-water [27] and tetrahydrofuran—
between pH scales in different solvents (e.g. water water [37]. Figs. 2 and 3 include the variation of
and one water/organic solvent mobile phase) is not these pH limits measured in thé pH scale in

possible, but it also shows the importance of the
autoprotolysis constant of the solvent in pH de-
termination.

The value of the autoprotolysis constant deter-

methanol-water and tetrahydrofuran—water mobile
phases for a common silica based column which can
be used in th¢, pH range between 1 and 8. Although
not published, it is evident that for acetonitrile—water
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silica-based columns pH limit
0 T T T T T 1

0 20 40 60 80 100
% MeOH

Fig. 2. Variation of K, values of acids with the methanol-water
composition: Q) trichloroacetic acid, £) formic acid, )
benzoic acid, [J) acetic acid, @) anilinium, and @) ammonium.
Reprinted with permission from Analytical Chemistry [27].
Copyright 1996 American Chemical Society.

mobile phase the useful pH limits can be estimated
in the same way. Thus, for 50% acetonitrile, the
useful pH range for the same silica based column

would range from 1 to 9.5 because thek pvalue

for 50% acetonitrile increases about 1.5 pH units in

reference to thelg,, value of pure water. In the, pH

scale, the useful pH range should be corrected by the
6 value and for the same column in 50% acetonitrile,

the range would go from 0.7 to 9.2 becauSe
-0.3.

0 10 20 30 40 50 60 70 80
% (w/w) THF

Fig. 3. Variation of g, values of acid components of standard
buffer solutions with tetrahydrofuran—water composition. Sym-
bols: (@) pK, tartaric acid; [J) pK, tartaric acid; (*) K, citric
acid; (W) pK, citric acid; (X) pK, citric acid; (¢) pK, phosphoric
acid; (+) pK, boric acid; (&) pK, phthalic acid; {\) pK, phthalic
acid; (V) pK, acetic acid. Reprinted from Analytica Chimica Acta
[37]. Copyright 1999, with permission from Elsevier Science.

4. Solute pK, values in water and in water—
organic solvent mobile phases

4.1. Solute pK, values in water

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 thi€,p
value of the solute. Although the rigorous application
of Egs. (13), (16) or (17) requires pH anKp
values in the particular mobile phase uséd ( pH or
>PH scales), the knowledge of th&pvalue of the
analyte in water may give valuable information about
the behaviour of the analyte. If the analyt€_ psalue
is much higher or lower than the pH of the mobile
phase, a small change in the pH of this mobile phase
should not affect retention. However, if th&pis
close to the pH, a small change in the pH may
produce large changes in retention. In fact, many

workers measure the pH of the aqueous buffer before

mixing it with the organic modifjer ( pH scale) and

use the aquBQusines to calculate ionization of
the analyte in this buffer, and from this to get a

broad estimation of analyte retention.

Acid—base constants in water have been deter-

mined for thousands of compounds and there are

many compilationKgfvplues. One of the most
known, is the series of books published by the
IUPAC in the 1960s to report aqueous literatuig, p
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 publisheKp
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 were
later extended with two supplements [62,63].

When the K, value is not directly available, it can
be often estimated from the chemical structure of the
compound. Nowadays, there are different available
computer programs with graphical interfaces to draw
the structure and algorithms to calculate th,p
value from it. Many of them incorporate also a more
or less extended literatureKp database.

Most algorithms are based on the Hammett—Taft
equations:
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PK.=pKS—p 2 o (39)
where K, refers to the acidity constant of an organic
compounds, &g is the K, of the unsubstituted
parent compoundp is the reaction constant for a
particular acid—base center angl is a constant
assigned to a specific substitutent. Thé&, pis
obtained by addition ¥) of the constants of all
substituents in the molecule. The Hammett and Taft
parameters (ng, p, and o) have been compiled for
many parent compounds and substituents [64—66].
Pallas system from Compudrug [67] is a commer-

cial classical computer package that uses the Ham-

mett—Taft equations. For a given structure, it esti-
mates not only i, values, but also other physico-
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A different approach has been followed by the
SPARC (Sparc Performs Automatic Reasoning in
Chemistry) program, developed by collaboration of
the University of Athens (Georgia) and the En-
vironmental Protection Agency of the United States
[70]. SPARC uses algorithms based on fundamental
chemical structure theory that combines principles of
Quantitative ~ Structure  Activity  Relationships
(QSAR), Linear Free-Energy Relationships (LFER)
and perturbation theory from quantum chemistry
[71]. A free internet site is available [72] that allows
estimation of Kjevalue and many other parame-
ters of environmental interest of any drawn structure
at any temperature.

chemical and biological parameters such as octanol—4.2. Variation of solute pK, values with the mobile

water partition coefficients or toxicities. ACD labs
[68] has also developed commercial computer pack-
ages to calculate o, and many other parameters.
Internet versions are also available that provide an
immediate &, estimation after submission of the
structure. Payment is per structure o for a period of
time. The popular Scifinder literature searcher pro-
gram from Chemical Abstracts Service includes also
and Internet connection to ACD labs for estimation
of aqueous K, and other properties of some drug-
like substances [69].

ApK, 1 -

-1 T T T T T —

0O 10 20 30 40 50 60 70 80 90 100
% ACETONITRILE (V/V)

Fig. 4. Variation of the |, of acids QpK,=°pK —"pK) in
acetonitrile—water mixtures with solvent compositio®)(pK,, of
citric acid, (@) pK,, of citric acid, (X) pK, of citric acid, (A)
acetic acid, [J) benzoic acid, @) pyridinium. Reprinted with
permission from Analytical Chemistry [25]. Copyright 2000
American Chemical Society.

phase composition

The addition of an organic solvent to a solution of
an acid—base compound in water changes the acidity

Kpvalue of the compound. Figs. 2—4 show plots of

IHe, yariation of some representative acids and
bases with the composition of chromatographic
mobile phases [25,27,73]. The variatioK, of p
values is in principle different for each compound. In
mixed solvents, preferential solvation of the com-
pound by the components of the solvent mixture
affects the [, variation. Several rather complex
equations have been proposed to account for the
preferential solvation in binary solvent mixtures and
to relate the; K, values to solvent composition,
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 in
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 K, values with volume fraction of organic
modifier may fit well even a straight line, although
the fits for ;, i<, seem slightly better than fo} Kp,
[78-81].

Although the variation of K, values with solvent
composition of mobile phases is different for each
compound, there are common trends that can be
observed in Figs. 2-4. Thg K values of neutral
(e.g. acetic acid) and anionic acids (e.g. dihydrogen
citrate) always increase with the increase in the
percentage of organic solvent in the mixture. For
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polyprotic acids, the variation of thé Kp values
increase when the negative charge of the acid
increases, i.e. in Fig. 4, the variation of thk_p of
citric acid is larger than that of theKp,, and the
variation of K, larger than that of i, The 3K ,
values of cationic acids (protonated neutral bases
such as ammonia or pyridine) decrease with the
addition of organic solvent and then they increase up
to a ;K value for the pure organic solvent higher
than for water. The minimum of K, is reached for
about a 90% of methanol or a 60% of acetonitrile in
volume. The K, values for cationic acids in tetrahy-
drofuran—water mixtures decrease with the addition
of tetrahydrofuran in the range of solvent com-
positions studied (0-50% of tetrahydrofuran in
volume) [36,82,83]. They are expected to increase in
pure tetrahydrofuran since tiieKpvalues of neutral
acids are much higher in tetrahydrofuran than in
water [84—86].

These trends can be explained on the basis of the
theory established by Izmailov [46,74,75,87,88]. The
theory is based on the estimation of the medium
effects for the different species that participate in the
acid—base equilibria of an acid of chargein a
solvent s (Scheme 1): the acid form (HA), the basic
form (A”"') and the solvated hydrogen ion (HS ).
The full equation is too complex to be useful, but
some simplifications can be usually taken that are
described in detail elsewhere [46,75]. The vacuum,
where there is no specific solvation effects, is taken
as reference medium. The equation obtained relates
the acidity constant of the acidKp,) in the solvent
to the acidity constant of the acid in the vacuum
(pK,A), the acidity constant of the protonated sol-
vent in the vacuum (i,s+), the dielectric constant
of the solvent {e), and the specific energies of
solvation of the different species that participate in
the equilibria E£3G2.,,). The equation can be
written as follows:

2
s __va va € (Z — 1)
spKa_ va(?pK HA vabK HS 2303’(56) kT
_ 2 G gow (40)
2.30RT

wheree, k, R, and T have the usual meanings of
electron charge, Boltzmann and gas constants, and
absolute temperature. is the average radius of all
ionic species involved in the equilibrium.
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A neutral acid_has=0 and therefore the electro-
e’z—1)
2.303(%¢) KT
butes to increase thg Kp value when the dielectric
constant of the medium decreases by addition of an
organic solvent of dielectric constant lower than that
of water, such as methanol, acetonitrile or tetrahy-
drofuran. If the acid is anioniz<<O and the electro-
static term is larger. However, the conjugated acid of
a neutral base has z 1 and the electrostatic term
has no contribution to the acidify Ky value of this
acid. Only the variation of the basicity of the solvent

vac,

(vadPKys+) and of the specific solvation effects
s~ 0

% determine the variation of thé Kp
value of the base when the solvent composition is
changed. In methanol-water, acetonitrile—water and
in other aqueous-organic solvent mixtures these
effects decrease the Kp values of bases.

It is interesting to apply Eq. (40) to the variation
of the { K, value of an acid between water (w) and a
particular solvent or mobile phase compaosition (s)

[75]. The equation obtained is:

static term — is positive and contri-

PKa = wPKia = vadPK H Ot vaPK hs
_ e’(z-1) (i__]-) _ (2 G CS)OLV_Z Me; gow)
2.303kT\ % “e 2.30RT

(41)

This equation shows that tHeKp variation depends
on some solvent properties (acidities of the proton-
ated water and solvent and dielectric constants of
water and solvent s) and on some solute properties
(charge and radius of the acid and specific solvation
effects). If the differences in the specific solvation
effects between water and solvent s could be neg-
lected, acids of the same charge and size would have
the same variation of K, when transferred from
water to a particular mobile phase composition.
Anyway, for acids belonging to the same family,
the differences in the specific solvation effects in
solvent s and in water can be linearly related to the
acidity of the acid measured by th&p, value. In
this instance, it has been demonstrated that Eq. (41)
predicts linear relationships between th€ palues
of the acids of the same family in a particular mobile
phase and in water [74]:



Table 6
Parameters for prediction of the slopes and intercepts of the linear correlations betwe& thealpes in methanol-water and th&,p values in pure water (Egs. (43) an
(44)) [79]

a, a a 3 SD F b, b, b, b, SD F

Aliphatic carboxylic acids —1.406 0.680 —1.551 0.827 0.005 190 1.034 —-0.898 —1.250 0.277 0.003 9.3E05
Aromatic carboxylic acids:

with ortho substituents —1.189 0.190 —1.424 0.425 0.031 80 0.449 —0.429 -1.674 0.677 0.020 2.8E04

without ortho substituents  —1.101 0.103 —1.516 0.518 0.009 4600 —0.178 0.187 —1.699 0.702 0.029 4.7E03
Phenols —0.656 —0.030 —0.844 0.133 0.001 4100 —0.454 0.866 —0.017 —0.865 0.003 5.9E05
Amines —0.476 0.209 —0.400 0.158 0.0002 8500 —0.458 0.477 —1.674 0.690 0.002 1.5E05
Pyridines 2.617 0.000 2.809 0.000 0.002 920 -1.733 1.763 —1.214 0.272 0.001 7.4E05

0e-T (2002) 286 v “JBorewolyD T / yostg '3 ‘sss0d ‘W
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The intercept of the correlatiory) is related to the
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Therefore, the I, value of any member of these
families, including compounds not studied in the
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
vacuum of protonated solvent and water, differences
in the dielectric constants of solvent s and water, and
differences in the specific solvation in solvent s and
water. The first two differences depend only on the
solvents considered, but the specific solvation differ-
ences depend also on the compound (or family of
compounds) studied. The slope of the correlati) (
depends only on the specific solvation term, which
depends on the solvent and family of compounds
studied. The larger the specific solvation of the
compound in solvent s, in reference to water, the
larger the slope value.

According to Chantooni and Kolthoff [89], the
slope value &) measures the “resolution of acid
strength” of the family of compounds in the solvent
in reference to water. The approach has been well
established for the o, values of families of com-
pounds in different solvents in reference to th€,p
values in water [74,75,85,86,89-97] and it was
applied to all availabl€ Ig, data in methanol-water
mobile phases [74,75]. THe Kp values of 121 acid—
base compounds belonging to six different chemical
families in several methanol-water compositions
were fitted to Eq. (42) and the, andb  parameters
of the equation were obtained for each compound
family and solvent composition. The, and b, sets
of values obtained for each family were related to
solvent composition through polynomials. For mo-
bile phase compositions measured in volume fraction
of methanol §,,.o,), the equations take the forms:

2
_ 1 + ald)MeOH + a2¢ MeOH
- 2
1+ a3¢MeOH + a4¢) MeOH

(43)

S

— bld)MeOH + b2¢)ZMeOH
° 1+ b3¢MeOH+ b4¢ ?\/IeOH

wherea,, a,, a; a, b, b, b, andb ,are fitting
parameters constant for all acids of the same family
at all methanol-water mixtures. Their values are
given in Table 6 for the different families studied.

(44)

knowing the K., value of the compound in water.
Conversely, the I§,, value of the compound in
water can be calculated from th&p, value of the
compound at any methanol-water composition. The
prediction of K, values in methanol-water from
pK, . in water was successfully tested from the data
of compounds not included in the original sets
studied because of their small number oK pdata
[75]. It was also tested by comparison of the
predicted; §, values in 50% methanol for a series
of phenols [74] with those obtained from the chro-
matographic retention of the phenols in a polymeric
column with the same mobile phase composition at
several} pH values [98]. The plot obtained is given in
Fig. 5. The agreement between calculated and chro-
matographically measuredKp values was between
0.4 K units, except for two outlayers with doubtful
pK, values.

The recent compilation of almost all publisheld_p
data in methanol—-water mixtures [74,75] can be very
useful for chromatographic optimization. The degree
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6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0

PKenrom in 50% MeOH

Fig. 5. Plot of K, calculated from Egs. (42)—(44) and th& p
value in water versus iy, determined from HPLC retention of
phenols in a polymeric column with 50% methanol as mobile
phase. Reprinted from Journal of Chromatography A [74].
Copyright 2000, with permission from Elsevier Science.
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Table 7

17

Parameters for prediction of the slopes and intercepts of the linear correlations betwekp thalpes in acetonitrile—water and th&p,

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

a, a a 3 SD F b, b, b, b, SD F
Aliphatic carboxylic acids 9.97 -—-8.59 883 —8.72 0.01 5464 -—0.68 9.94 8.45 —8.59 0.08 5152
Aromatic carboxylic acids —2.42 3.14 -1.98 212 0.02 362 9.97 —9.12 596 —-6.90 0.14 2607
Phenols 10.05 —10.04 797 -837 002 38 —5.33 9.95 0.19 —-0.70 0.11 2406
Amines —0.73 —-0.27 -0.87 -0.12 0.00 3476 —1.82 225 —-1.75 0.90 0.05 1559
Pyridines -1.67 0.67 —1.66 0.67 0.03 38 -1.78 189 -058 -0.40 0.10 1293

of ionization of the acid—base compound in a

particular methanol-water mobile phase can be

easily calculated from the knowh Kp value and the

measured; pH value of the mobile phase and this

would be very helpful for the estimation of the
retention of the compound. The establishment of
equations to calculatg Ky values in methanol-water
from known or estimated aqueoup (Eqgs. (43)
and (44) and Table 6) would be also very useful for

a general prediction of retention. These equations

could be easily implemented in optimization pro-
grams such as DryLab or ChromSword [10,99,100].
The number of] K, data in acetonitrile—water is
much smaller than that in methanol-water [76—
79,81,101], but it has been enough to establigk, p

estimation equations for some families of compounds

in a recent work [102]. The parameters of Egs. (43)
and (44) for acetonitrile—water mixtures are given in
Table 7.

The published K, data in tetrahydrofuran—water
is even scarcer than in acetonitrile—water. Only the
pK, values of a few neutral and anionic acids
[36,37,73,103] and of a group of substituted
pyridines [82,83] are available for a range of solvent
compositions up to 50-80% of tetrahydrofuran in
volume. There are also sonieKpdata for neutral
acids in pure tetrahydrofuran [84—86], which do not
seem to be of chromatographic interest.

5. Chromatographic applications

5.1. Practical measurement of pH in liquid
chromatography mobile phases

It is commonly accepted that Horvath and Melan-
der [4,5] did the first systematic studies about the
effect of the pH of the mobile phase on the retention

of ionizable compounds. They derived equations
equivalent to (16) for different types of solutes
(monoprotic acids and bases and diprotic acids and
zwitterions [4]). They clearly indicated that both the
acidity constant and the hydrogen ion concentration
must be measured in the mobile phase used [5],
although they only studied agueous mobile phases
without organic modifiers for which pH measure-
ment was not a problem [4].
Van de Venne et al. [6] extended the retention—pH
studies to methanol-water mobile phases. They
recommended the measurement of pH in the mobile
phase after calibration with standard buffer solutions
of the same solvent composition as the mobile phase
if they were available { pH scale). However, as the
preparation of standard buffer solutions for different
agueous—organic mixtures is time consuming, they
suggested to calibrate the electrode system with the
aqueous standard buffer solutiofys ( pH scale) and
convert the pH values (nameWpH in the study)
sto pH (named pH ) by means ®fviidaes (Eq.
(34)). The pH of the standard buffer solutioss and
values determined by de Ligny et al. for methanol—
water solutions were used in the Van Venne et al.
study [104-107].
The lack of pH values of standard buffer solutions
andhlues for mobile phases other than methanol—
water hindered the practical use of the gH and pH
scales. Thus, the common practice of measuring the
pH of the mobile phase in the aqueous buffer before
mixing it with the organic modifier was extended
among many workers. Some misunderstandings
about pH scales and pH measurement in non-aque-
ous and mixed solvents contributed to the extension
of this practice [108]. It was also argued that the
glass electrode could be damaged or give poor
reproducibility when used in aqueous—organic mo-
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 101

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

ApKys,) e -ApKy)

0.5 1

mixing the buffer with the organic modifier,,( pH ApKaam

scale), sometimes after mixing buffer and organic 0.0 1 v

modifier as an operational pH with electrodes cali- T T T

brated in water ] pH scale) or as a “true” or 2 PKip © DKy © }1{0
E—

thermodynamic pH with electrodes calibrated in the
same mobile phase solven} ( pH scale) [8,47]. We Fig. 6. Influence of methanol on the shift of normalized retention

shall review both the advantages and shortcomings (r) versus pH dependence. Stationary phase: HEMA-BIO 1000
of these three procedures. C,s- Mobile phase: methanol-25Nh sodium phosphate buffer

. (20:80, v/v). Analyte: g) 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

before mixing it with the organic modifier is the e " pH value of the aqueous buffer and the aquebus, value
most extended practice. It has the advantage thatof the analyte ApK,,, change in the i, value of the phosphate
reduces the number of pH measurements, becausebuffer CpK, = upK.w)i —APK g, change in the K, value of
pH only has to be measured once for each different Enga:'za”Hag’;?%fﬁaff K a}((rs))? .Apiams)_ov‘v’eéa” apg:ffirr‘]tte'pd
buffer [8]. The pH is always the same for all mobile from g.]our[r)lal of Chroé(giogi\pﬁ;?)Ap [437(;) Cvc'?py?i(SLt 1897, with
phases prepared from the same aqueous buffer, emission 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 th& pvalues
obtained in the fits of retention to pH through
equations of the type of Eqg. (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 |5 |
out from the different variation of the pH values of
the buffers and the iy, value of the analyte with
addition of the organic modifier.

1.0 4

r
T ApKyy
|

0
0
.
.
.

Sykora et al. [47] studied the effect of mobile Rt
phase pH measured in the aqueous buffer ( pH) in 091 . ;
the retention of neutral bases. They observed appar- ) . /' — é 1‘0
ent shifts of the retention vs. pH plots toward pH PK.w  pK,p

values more acidic than thg¢ Kp value of the base.
They demonstrated that the shifts were a combina- Fig. 7. Influence of methanol on the shift of normalized retention
tion of the two individual shifts caused by the change () Versus pH dependence. Stationary phase: Symmety C .

. . .. . Mobile phase: methanol-25Nsodium phosphate buffer (60:40,
in the dissociation of the buffer (which produces a v/v). Analyte: @) 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.



M. Rosés, E. Bosch / J. Chromatogr. A 982 (2002) 1-30

» @

H 1, J,K

pK- %pH

s
w

VMeOH

Fig. 8. Differences between the variation of theK, walue of the
compounds and thg pH value of a buffer with the same pH in
pure water than the aqueou&X pof the compound. Test com-
pounds: (A) benzoic acid, (Brt.-butylbenzoic acid, (C) aniline,
(D) 4-tert.-butylaniline, (E) 4tert.-butylpyridine, (F) papaverine,
(G) lidocaine, (H) ephedrine, () trt.-butylbenzylamine, (J)
4-tert.-butylbenzethylamine and (K) phentermine. Reprinted with
permission from Analytical Chemistry [109]. Copyright 2001
American Chemical Society,,,o,= Pueon
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Fig. 9. Calculated retention plots for selected compounds in several isocratic methanol-water mobile phases. Methanol concénfrations: (
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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
on the differences between thg Kp values of
different analytes and thé pH value of a buffer
prepared in water at § pH value equal to thek, p
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
normalized retention vs. aqueous buffer pH plots
for several mobile phase composition is presented in
Fig. 9.

Benzoic acid has alf, value close to that of
acetic acid, but its I§, variation with the addition of
methanol is slightly larger than the variation of the
pK, of acetic acid (see Fig. 2 too). Thus, the pH
value of the acetic—acetate buffer increases slightly
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20%, ) 40%, (1) 60%, and ©) 80%. Reprinted with permission from Analytical Chemistry [109]. Copyright 2001 American Chemical

Society.
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less than the), I, value of benzoic acid and the accepted thermodynamic values, but the agreement
oPK,— o pH term increases slightly with the addition worsen for bases [10,99].
of methanol (Fig. 8). This produces a slight shift of McCalley [111-113] has studied the protonation
the retention vs. pH plot towards high§r pH values of bases in methanol-water, acetonitrile—water and
when methanol percentage in the mobile phase tetrahydrofuran—water with phosphate buffers and
increases. 4ert.-Butylpyridine has also alf, value concluded that half-protonation is produced at aque-
close to that of acetic acid, but whereas th&,p  ous pH much lower than the aqueoljsK jvalue of
value of acetic acid and the pH values of its buffers the base. Fig. 10 presents plots of absorbance at
increase with the addition of methanol, tHeK p selected wavelength vs. pH of the buffer (methanol—
values of neutral bases, such as#--butylpyridine, phosphate buffer 55:45, v/v) for pyridine and 2,4-
decrease. Thus, a large decrease of ;thi, - pH dimethylpyridine. The K, values of these two
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
lower | pH values in the retention vs. pH plots. The to be unprotonated in methanol—phosphate buffer of
K, value of ephedrine (neutral base) decreases with |, pH 7, measured before mixing (plots a and c).
the addition of methanol too, but this compound has When the pH is measured after mixing phosphate
a pK, value close to that of ammonia and therefore buffer and methanol and convered to $H (pH in
the solution is buffered by ammonium/ammonia. the plots) by means of the correspahdiatye
Since the] K, of ammonia decreases with addition (plots b and d), the buffe}l of pH 7 becdmes pH
of methanol in a similar way than that of ephedrine, 8.25. At this pH value, the figure shows that both
almost no variation of thé K, — >pH difference in bases are fully unprotonated as expected from their
Fig. 6 and almost no shift of the plot in Fig. 9 are |, Kpvalue. Moreover, the plots show that th& p
observed with the increase of methanol percentage in values of the bases decrgdée valugs of 4.3
the mobile phase. The behaviour of lidocaine (neutral and 5.8 for pyridine and 2,4-dimethylpyridine, re-
base) is more complex. ItKp value is between that spectively, in methanol-phosphate (55:45, v/v) mo-
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 C
methanol, it is buffered by ammonium/ammonia and columns because of the interactions with the ionized
small variations of the, I, —>pH differences and surface silanols, it is possible to obtain good efficien-
shifts of the plot are observed (such as ephedrine). cies for bases at mobile Jphase pH values much
For larger additions of methanol, the decrease of the lower than expected from the afjukgualups
K, value of lidocaine and the increase of the pH of of the bases.
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
decrease of thé Ky — >pH difference and a larger amitriptyline and propanolol on,g C column and a
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
from neutral or anionic acids (e.g. acetic, citric or |, K_palues of the amines (9.4 and 9.5) suggest that
phosphoric acids), theKy variation of these acids they should be still completely protonated. Thus,
and the pH variation of the buffers prepared from strong ionic interactions are expected between the
them may match approximately th& pvariation of silica surface of the column and the amines, that
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 aqueouX pvalues of acids were not as strong as expected. This was attributed

[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 Khevalue of the amines,
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Fig. 10. Plot of UV absorbance against pH. (a) Pyridine in methanol—-phosphate buffer (55:45, v/v); pH meafuneedrganic solvent
addition ( pH). (b) Pyridine (same concentration) in methanol-phosphate buffer (55:45, vfv); pH mesirecganic solvent addition
(ZpH). (c) 2,4-Dimethylpyridine in methanol-phosphate buffer (55:45, v/v); pH meashefede organic solvent addition)( pH). (d)
2,4-Dimethylpyridine (same concentration) in methanol—phosphate buffer (55:45, v/4); pH meafteredganic solvent additions( pH).
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 is
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 aqueouk pvalues of the methanol, whereas the pH values of buffers prepared
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 fittiygvalue obtained for the
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 “apparentKp buffers of different type are used in the range of
values of the bases (caused by combination of the variation of retention with pH, the different pH

buffer pH and baself, variations) were found to be variation of buffers when organic modifier is added
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Fig. 11. Variation of the retention time of 3-nitrophenol and
triethylamine in the polymeric column with the 40% acetonitrile
mobile phase pH measured before mixing the aqueous buffer with
the organic modifier{ pH scale)X) 3-nitrophenol in neutral and
anionic acid buffers, @) 3-nitrophenol in ammonia and
butylamine buffers, [(J) triethylamine in neutral and anionic acid
buffers, @) triethylamine in butylamine buffers. Neutral acid
buffers: phosphoric acid, citric aciddihydrogen citrate, acetic
acid+acetate, and boric acidborate. Anionic acid buffers:
dihydrogen citrate-hydrogen citrate, hydrogen citrateitrate,
dihydrogen phosphatehydrogen phosphate, hydrogen
phosphate-phosphate, and phosphate. Reprinted with permission
from Analytical Chemistry [25]. Copyright 2000 American
Chemical Society.
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sPH
Fig. 12. Variation of the retention time of 3-nitrophenol and
triethylamine in the polymeric column with the 40% acetonitrile
mobile phase pH measured after mixing the aqueous buffer with
the organic modifier{ pH scale). Symbols as in Fig. 11. Reprinted

with permission from Analytical Chemistry [25]. Copyright 2000
American Chemical Society.
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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-
fers (from NH; /NH,, H,PQ, /HP§ ,and K BQ /
H,BO;,) were prepared at the same aquedus pH
value of 9.00. However, the retention of 3-nitro-
phenol in these three buffers was very differet:
was 5.08 min with NH /NH, 3.74 min with
H,PO, /HPG , and 2.38 min with K BQ /
H,BO, . It is impossible that the line fitted through
Eqg. (13) in terms of retention time for the aqueous
wpH (measured before mixing) crosses these three
points (Fig. 11). However, thg pH values of NH /
NH,, H,PO, /HPG, , and H BQ /H BQ buffers
measured after mixing were 8.86, 9.60, and 10.39,
respectively, and the fitting line crosses very nicely
these three points (Fig. 12). The same effect was
observed for triethylamine which was more retained
with a borate buffer of, pH 9.00 (bu} pH 10.30)
than with a butylamine buffer gf pH 10.00 (but pH
9.60).

Figs. 11 and 12 show that the fits of retention to
pH through equations of the type of (13) or (16) can
be much better when the pH is measured after
mixing aqueous buffer and organic modifier in the
spH or ;,pH scales. In addition, the fitting<p values
have a physical meaning, since they agree with the
thermodynamic K, values of the analytes in the
mobile phase solvent [21,24-26,98]. The main short-
coming of direct measurement of tje pH value of
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
mobile phase has and with a referente pH value
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
Mussini and co-workers [42,122] for methanol—
water or Barbosa and co-workers [50-52] for ace-
tonitrile—water.

In our opinion, the procedure of measuring the pH
of the mobile phase after mixing the aqueous buffer
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with the organic modifier with electrodes calibrated drugjsK_98) will be in neutral form in mobile

with the usual aqueous standards, which leads to the phases prepared from the aqueous buffer of pH 10.5.
> pH scale, is the most adequate. It does not require The aqueous 7.4 pH buffer will provide the neutral
different pH standards and calibration for each form of many drugs with both weak adJdity % p

mobile phase and gives the same good fits [24—26]. 10) and weak bagjcKy<5). It is obvious that

The measured pH values obtained are in he pH in this case an accurate measurement of the pH of
scale and the fitting Ko, values have physical the mobile phase after mixing is not needed. The
meaning { &, parameter). The], K, values ob- most important factor would be the preparation of an
tained in the fits can be converted 3K pvalues by aqueous buffer that keep an appropriate buffer

the & term (equivalent to—log(y.)) if this is capacity after dilution with the organic modifier.

known (Eq. (28) and compared to the literatui€, p However, if the chromatographer needs to mea-

values, which are usually reported in the pH scale sure the retention with 50% methanol of the zwit-
S



24 M. Rosés, 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 anH jlué {ne
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 thi€, prariation of the analyte, an
accurate aqueousKp value would be obtained [25].
5.2. Determination of solute pK, values by liquid The larger the difference betweerKp and pH
chromatography variation, the larger the difference between the fitting
pK, and the true aqueouskp Since the difference

The determination of solutekp values by liquid betweenkp, and pH increases with the percentage of
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 fitlipyglue in reference to the true
retical basis and experimental methodologies needed K, vplue increases too [25,26]. Sometimes empiri-
to determine the I9, values of compounds of cal corrections, some of them dependent on the
pharmaceutical and biological interest. They re- percentage of organic modifier, are applied to obtain
marked that liquid chromatography is more useful the aquesysvplue [12,126]. We must emphasize
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

The theoretical basis of the determination ¢f,p  calibration §, pH) or with calibration with standards
values is Eq. (13), usually in terms of retention in the same mobile phase composition ( pH) pro-
factor (Eq. (16)) or retention time. The procedure vidds, values independent of the buffer used.
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, pvalues obtained are the true thermo-
phase. The I§, value or values of the analyte, as dynamik, pvalues of the analyte in the solvent
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 adgeous p
tention—pH data to Eq. (16), usually by non-linear value of the analyte. To obtain the aqukgus p
regression. Nowadays, there are many commercial value extrapolation fro) KyeorppK , values
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 theKp values Estimation of aqueou&pvalues of water insolu-
obtained depend evidently on the reliability of the ble drugs frdfg yalues in mixed organic solvents
mobile phase pH measurement, and some concerns is a common practice in pharmaceutical applications,
regarding this measurement and the results obtained because the agemadup of a pharmaceutical
will be discussed in this review. drug is a relevant parameter that determines its

The most common procedure consists on measur- bioavailability. Aquddysglues are commonly
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 aqueol§, p  water mixtures are used [127-130], although recent-
value of the analyte. However, it was soon evident ly other mixed solvents (including acetonitrile—water

that important deviations between the fittind<p and tetrahydrofuran—water) have been successfully
parameter and the aqueous,pralues were obtained, tested [130]. The same extrapolation procedures



M. Rosés, E. Bosch / J. Chromatogr. A 982 (2002) 1-30

commonly used for the potentiometricKp values
can be applied to the chromatographl€,palues to
obtain the aqueouskp value. This procedure has
been used for evaluation of theKp values of
different drugs in acetonitrile—water mixtures by
liquid chromatography and comparison between
them and the i§, data obtained from potentiometry,
spectrophotometry and capillary electrophoresis
[119,131].

Sometimes, the aqueousKp value (,K,) is
obtained by extrapolation of the plot §fKp values
in various organic—solvent mixtures vs. the weight
percent of organic solvent. However, these plots
often show hockey stick or bow shaped curves [129].
More commonly Yasuda—Shedlovsky plots are used
because they give linear relationships that lead to
accurate), |, values. The Yasuda—Shedlovsky rela-
tionship can be easily derived from Eq. (40) assum-
ing that the specific energy of solvatiok Ggow)
remains constant for all solvent mixtures. With this
assumption Eq. (40) becomes:
R a
PK,= B +b (45)
The plot of J[K, vs. the inverse of the dielectric
constant of the solvent should give a straight line.
Yasuda reasoned that the usual definitior{ df_ jn
the molarity concentration scale according to Eq. (2)
does not include the activity of water as solvent
[132], which is constant in pure water, but changes
with solvent composition in water—organic solvent
mixtures. Inclusion of water activity in the molarity
scale in Eq. (45) gives:
K, + log[H,0] =% +b (46)
Plots of this corrected K, value against the inverse
of the dielectric constant of the solvent gave very
good straight lines for methanol-water and dioxane—
water mixtures for values of f¢ lower than 0.02
(water rich portions of the mixtures with dielectric
constants larger than 50). Yasuda justified ignoring
the activity of methanol or dioxane because water is
a much better hydrogen acceptor than methanol or
dioxane [130,132].

The arguments of Yasuda were wrong, because the
activities of the two solvents (water and organic
solvent) are implicitly included in thé Ko, defini-
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tion. Independently of the concentration scale used,
the activity of the solvents must be always given in
the molar fraction scale, and in this scale the sum of
all solvent activities is always 1. However, just 1
month after publication of Yasuda's paper, Shed-
lovsky presented a more rigorous theoretical deriva-
tion of Eq. (46) [133]. The approach is commonly
known as Yasuda—Shedlovsky plots and it has been
used to obtain accurate estimations of the aqueous
WK ,values of water insoluble drugs [127-130]. The
W IK ,value is obtained by extrapolation of the plot to
the inverse of 78.3 (the dielectric constant of water)
taking into account that for this point,logfH O]
log 55.5 (the molar concentration of pure water)
[129]. A validation study for 25 compounds in
methanol-water mixtures in the interval 15-65 wt%
of methanol demonstrated tha jluagm extrapo-
lated to zero methanol content from the total interval
examined or from the water-rich region agree with
the measured aquadusgbue in 0.05-0.07 Ig
units. The extrapolation from methanol-rich regions
gave errors in aqueousp not larger thant0.2 for
weak acids andt0.1 for weak bases [129].
Another possibility to estimate tH¢ Kg value of a
compound consists of measuring #g value of
the compound and of a series of related compounds
in a unique chromatographic mobile phase and use
Eqg. (42) to calculaté e value from the: K,
value. Th&, palues of the related compounds
must be known or measured to calcukateatite
b, values of the correlation. If these parameters are
already known, calibration with the related com-
pounds is not needed. One recent publication uses
the parameters of Table 6 and Eqgs. (42)—(44) to
estimate the aqueousp values of water insoluble
arylpropionic acids with antiinflammatory properties
from the chromatograghik, yalues in methanol-
water mobile phases [134].

6. Conclusions

The pH of the mobile phase has a strong influence
in the chromatographic retention of compounds with
acid—base properties. The relationship between ana-
lyte retention and mobile phase pH is described by a
sigmoidal function of kg ymlue of the analyte
and the limiting retentions of the different acid—base
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forms of the analyte, i.e. by Eq. (10). The general
relationship has to be derived in terms of a dis-
tribution constant to measure retention and must take
into account the activity coefficients of the different
analyte species in the different pH buffers. If all pH
buffers have similar ionic strengths, the effect of the
ionic activity coefficients can be included in th&p
parameters (f.) and a more practical equation
without activity coefficients can be used, i.e. Eq.
(13). For practical purposes it is convenient to
replace the distribution constant by the retention
factor or retention time, provided that the same
proportional or linear relationship between these
parameters is applied to all data points.

The proper measurement of mobile phase pH is a
crucial point to get good fits of the data to the model
and fitting K, or pK, parameters with a physical
meaning. Three different procedures, which lead to
three different pH scales, are used in liquid chroma-
tography to measure the pH of the mobile phase.
Measurement of pH in the aqueous buffer before

S

mixing it with the organic modifier] pH scale) does 7.

not give good retention—pH relationships unless all

methanol-water, acetonitrile—water (up to 75% of
acetonitrile) and tetrahydrofuran—water (up to 72%
of tetrahydrofuran) mobile phases. It is also equally
rigorous and more easy to calibrate the pH electrode
system with the common aqueous reference stan-
dards and measure the pH after mixing the aqueous

buffer and organic modifierj( pH scalej, pH and

pH scales are related through tiem, which is a
constant for each mobile phase composition, and
thus the two pH scales can be easily interconverted.
Relationships bet§ieen pH or pH;and pH are
buffer dependent and thus, it is not possible to create
a general interconversion between pH values mea-
sured before mixing aqueous buffer and organic
modifier and pH value measured after mixing. If the
pH must be measured before mixing, such as in

gradient elution, the results obtained in different runs
will be comparable only if the same type of buffer
has been used in all measurements.

Nomenclature

pH buffers are prepared from the same acid—baseK;
pair or with different acid—base pairs that show a a
similar variation of pH with the addition of organic v,
modifier. Even in this instance, the fittingKp
parameter will not agree with the true aqueol§, p K,
value of the analyte unless th& pvariation of the K.
analyte with addition of organic modifier matches p
that of the buffers. pH
Measurement of the pH after mixing aqueous HH
buffer and organic modifier should provide good fits x
of retention to pH and meaningful fitting<p values w
regardless of the pH buffers used. This procedure ¢
should provide a better interpretation of the results M
obtained and even quantitative predictions of re- ,
tention from known K, data. A
Therefore it is recommended, in agreement with
IUPAC rules and suggestions for pH measurement in B
non-aqueous and mixed solvents, to measure the pH
of the mobile phase after mixing the aqueous buffer a,
and the organic modifier when the chromatographic
retention of ionizable compounds needs to be rigor- |
ously related to the pH of the mobile phase. The e

electrode system used can be calibrated with refer- —log(Cy )

ence standards prepared in the same solvent mixture
used as mobile phas€ ( pH scale). Reference stan-
dards for the: pH scale have been proposed for |, pH

Distribution constant
Activity of the subscripted species) (
Activity coefficient of the subscripted
species ()
Thermodynamic acidity constant
Concentration acidity constant
Density
pH in molarity scale
pH in molality scale
Mole fraction
Weight fraction
Volume fraction
Molecular weight
Molar volume
First parameter of Debye—Huckel
equation for ionic activity coefficients
Second parameter of Debye=Huckel
equation for ionic activity coefficients
lon size parameter for Debye—Huckel
equation
lonic strength of the solution
Relative permittivity
Primary medium effect for the transfer
of the H ion from water (w) to the
solvent s
pH value in water
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S

~PH pH value in solvent s in reference to

water (w) as standard state solvent. In

practice, pH measured in a mobile

phase with an electrode system cali-

brated with aqueous standards

pH value in solvent s in reference to

the same solvent as standard state

solvent. In practice, pH measured in a

mobile phase with an electrode system

calibrated with standards prepared in

the same mobile phase

Aqueous K value

pK value in solvent s in th§ pH scale

pK value in solvent s in thé pH scale

Electromotive force of a potentiomet-

ric cell

Residual liquid junction potential

0 Term for interconversion betwe€n pH

and pH scales

Residual liquid junction potential in

pH units in pH measurement in a

mobile phase with electrode calibra-

tion in water

Autoprotolysis constant of a solvent

a, Slope of the correlation of thé Kp,
values of a family of compounds in a
given mobile phase with the, Ky
values of the compounds in water

b Intercept of the correlation of thg Kp,

values of a family of compounds in a

given mobile phase with the, Ky

values of the compounds in water

Overall protonation constant

Concentration overall protonation con-

stant

S

sPH

In general, a left hand superscript in a symbol

refers to the solvent where the property is measured K=
and a left hand subscript to the solvent taken as

standard state for the ionic activity coefficients at
infinite dilution.

Appendix

Simpler forms of Egs. (9), (10), (12), (13) or (16)
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B instead of consecutive acid—base dissociation
constalts).(The B, constants correspond to the
different protonation equilibria of the most basic
form of the analyte” (A ) to give the different acid
base species (up, to H'A ):

A7 +iH o HA

_Bnads [HA]ya,
a [Al%

where the subscrigt indicates the number of acidic
hydrogen ions of the species: z is the charge of the
most basic species (negative or zero). The overall
protonation constants3() are related to the consecu-
tive acid—base dissociation constari{s;] according

to the following equations for>0:

B

i—1
-1

IBi :H Ka

r=0 n—r

i—1
log B =2 pK,
r=0

The overall retention factok)] can be written as:

>

[HiATs Vs

i=0

[HiA TV

i=0

k=

=}

and considering the individual retention factors of
the different species:

[HiA]SVS
T HATV,

the following equations are derived:

M=

k; Bi’}/iilaiH

—1_i

Bvi ay

M=l

0

kiyrllolog Bi—ipH

,yifllolog B—ipH

[ ZEENE

I
o

If the ionic strength of the buffers remains more or

can be derived by using overall protonation constants less constant, the activity coefficient termscan be
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included in the conditional protonation constants
(B/), and the equations can be written as follows:

M=

kB! &y,

I
o

k="

2 Blay

i k-lolog Bi'—ipH
k: i=0 I

E 1olog B’ —ipH

0

Notice that the equations include A, constant
(or B;) to account for the A" species, i.e.
B, =a,a)la, =1.

Provided thaw,, remains constant, the same type
of equations are obtained for distribution constant,
retention time or adjusted retention time simply
replacingk by K, tg, or tg, respectively.
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