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The variation in mobile phase pH and ionizable solute dissociation constant (pKa) with the change of

organic modifier fraction in hydroorganic mobile phase has seemingly been a troublesome problem in

studies and applications of reversed phase high performance liquid chromatography (RP-HPLC). Most of

the early studies regarding the RP-HPLC of acid–base compounds have to measure the actual pH of the

mixed mobile phase rigorously, sometimes bringing difficulties in the practices of liquid chromato-

graphic separation. In this paper, the effect of this variation on the apparent n-octanol/water partition

coefficient (Kow
00) and the related quantitative structure–retention relationship (QSRR) of log Kow

00 vs.

log kw, the logarithm of retention factor of analytes in neat aqueous mobile phases, was investigated for

weakly acidic compounds. This QSRR is commonly used as a classical method for Kow measurement by

RP-HPLC. The theoretical and experimental derivation revealed that the variation in mobile phase pH

and solute pKa will not affect the QSRRs of acidic compounds. This conclusion is proved to be suitable

for various types of ion-suppressors, i.e., strong acid (perchloric acid), weak acid (acetic acid) and buffer

salt (potassium dihydrogen phosphate/phosphoric acid, PBS). The QSRRs of log Kow
00 vs. log kw were

modeled by 11 substituted benzoic acids using different types of ion-suppressors in a binary methanol-

water mobile phase to confirm our deduction. Although different types of ion-suppressor all can be

used as mobile phase pH modifiers, the QSRR model obtained by using perchloric acid as the ion-

suppressor was found to have the best result, and the slightly inferior QSRRs were obtained by using

acetic acid or PBS as the ion-suppressor.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Hydrophobicity, generally expressed by n-octanol/water partition
coefficient (Kow), constitutes an important physicochemical para-
meter conventionally used in quantitative structure–retention rela-
tionship (QSRR) studies for various bioactive compounds including
pharmaceuticals and natural products [1–5]. The relationship
between log Kow and log kw, the logarithm of retention factor (k)
of analyte obtained by extrapolating to neat aqueous mobile phase in
reversed-phase high performance liquid chromatography (RP-HPLC),
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efficient; QSRR, Quantitative

RP-HPLC, Reversed-phase

iation constant; Kow
00 , Appar-

-flask method; SSM, Slow-

int retention time correction

x: þ86 25 83325180.

ax: þ86 25 83592723.

gexin@nju.edu.cn (X. Ge).
is usually adopted for Kow determination, which is also known as
Collander equation [6–9]. In general, Collander equation is limited to
neutral solutes. In fact, most biomedical molecules are more or less
dissociated, therefore, buffers including acids and bases are added
into the mobile phase to suppress the dissociation of compounds
with acid–base properties, which results in improved chromato-
graphic retention and peak shape in RP-HPLC [10–12]. However, the
dissociation is completely suppressed only when the pH of mobile
phase was adjusted to at least 2 pH units lower than dissociation
constant (pKa) of the solute, which means that very strong acidity of
mobile phase is necessary for those compounds with small pKa value
(e.g., pKar4), decreasing the life of chromatographic columns as
well as apparatus. The apparent n-octanol/water partition coefficient
(Kow

00) has been proposed to correct Kow so as to describe the
hydrophobicity of ionizable solutes more precisely. Moreover, we
have reported the RP-HPLC retention behavior of carboxylic acids
and phenols by using acetic or perchloric acid as the ion-suppressor
in binary hydroorganic mobile phase, as well as the QSRRs of
hydrophobicity and retention for these weak acids. A better linear
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relationship relating log Kow
00 with log kw than that relating log Kow

with log kw has been established and applied successfully to Kow

measurement and retention prediction of weakly acidic compounds
in our previous studies [13–16].

In RP-HPLC procedure, the retention of an ionizable compound
depends on its hydrophobicity and ionization degree, which in
turn depends on mobile phase pH and analyte pKa. It is generally
acknowledged that both mobile phase pH and solute pKa vary
with the change of organic modifier fraction in the mobile phase
[17]. Therefore, precise measurement and control of pH and pKa

are essential to correct analysis results. The IUPAC has endorsed
rules and procedures for pH standardization of electrode systems
in water and in binary aqueous-organic solvent mixtures com-
monly used as mobile phases in RP-HPLC [18–20]. On the basis of
IUPAC recommendations, three different pH scales are usually
employed in pH measurement of mobile phase in RP-HPLC. The
most common is the aqueous pH scale (w

wpH), which is obtained by
calibrating the electrode system with aqueous buffers (w), and
mobile phase pH is measured in aqueous fraction (w) before
mixing it with the organic modifier [21]. If the electrode system
is calibrated with aqueous buffers, but mobile phase pH is
measured after mixing the aqueous fraction with the organic
modifier, the pH scale in the mobile phase solvent (s) relative to
water (w) as standard-state solvent is obtained as s

wpH. If the
electrode system is calibrated with buffers prepared by mobile
phase solvent (s), and pH is measured in the same mobile phase
solvent (s), the pH scale is obtained as s

spH. s
wpH or s

spH scale is
recommended to express true mobile phase acidity, because they
clearly represent variation of the mobile phase pH with the change
of the organic modifier content. However, working in the s

spH scale
requires preparation and maintenance of the standard mixed
solvents, most of which are not commercially available, thus
s
wpH is usually chosen to describe mobile phase pH in practice.
Similarly, the symbols s and w used for pH scales can also be
extended to solutes pKa scales, and accordingly there are three
different pKa scales, i.e., w

wpKa, s
wpKa or s

spKa, in dissociation
characterization of analytes in RP-HPLC mobile phase [22].

Subirats et al. [17] pointed out that the variation of mobile
phase pH and solute pKa resulting from the change of organic
modifier fraction in the mobile phase affect the retention of
acid–base compounds on RP-HPLC. They established the precise
relationships between true mobile phase pH and organic modifier
fraction, which are very useful to estimate the actual pH varia-
tion of mobile phase with the change of the organic modifier
content when the measurement of mobile phase pH is not easy to
operate, i.e., in the case of highly automated liquid chromato-
graphic experiments where different mobile phase components
from independent reservoirs are pumped into and mixed within
the apparatus. They also derived a number of models that relate
the retention of an acid–base compound with its pKa and the
organic modifier fraction in the mobile phase. These models
are greatly helpful in predicting the proper mobile phase compo-
sition in which the differences on ionization degree between
analytes with similar aqueous pKa values are significant, there-
upon improving the selectivity of RP-HPLC for acid–base
compounds and explaining the relative separation mechanism,
as well as avoiding fruitless experimental time and reagent
consuming.

Since the retention times of acid–base compounds are affected
by mobile phase pH and solute pKa, the influence of the variation
in pH and pKa seems involuntarily necessary to be considered
when studying the QSRRs of log Kow

00 vs. log kw for weakly
ionizable compounds. However, in our previous studies on the
QSRRs of log Kow

00 vs. log kw for acidic compounds, direct adoption
of w

wpH and w
wpKa always gave satisfactory results. This phenom-

enon has attracted our attention on the reason behind.
In definition, the kw value of a weak acid at a certain mobile
phase pH is the weighted average of retention factors of all the
neutral and ionic species formed in the neat aqueous fraction of
mobile phase [23]. Accurate pH value of the neat aqueous fraction
of mobile phase refers to w

wpH. At a specific w
wpH, the ratios of all

the neutral and ionic species of the weak acid and their contribu-
tions to kw are invariable. Therefore, kw value is definitely
independent of the organic modifier fraction in the mobile
phase. The main purpose of this paper is to find out whether
Kow

00, as well as the related QSRRs of log Kow
00 vs. log kw for

weakly acidic compounds are influenced by the variation in w
wpH

or s
spH of mobile phase and s

wpKa or s
spKa of acidic solute arising

from the change of organic modifier fraction. In addition, the
QSRRs of log Kow

00 vs. log kw modeling by 11 substituted benzoic
acids were compared by using three types of ion-suppressors, i.e.,
strong acid, weak acid and buffer salt, and the role of different ion-
suppressors on the retention mechanism was preliminarily
investigated.
2. Theoretical basis

An acid–base equilibrium for a monoprotic weak acid in its
diluted aqueous solution ruled by w

wpKa is described as

HA¼Hþ þA� ð1Þ

with w
wKa ¼ aðH þ Þ � aðA-

Þ=aðHAÞ. Due to the diluted solution of the
studied system, the activities of species can be replaced by
concentrations

w
wKa ¼

cðHþ Þ � cðA�Þ

cðHAÞ
ð2Þ

When the aqueous solution is diluted with an organic modifier,
the concentrations of species existing in the solution are changed.
Given the addition of the organic modifier affects all the species to
the same degree [24], the concentrations of species change from
cðHþ Þ, cðA�Þ and c(HA) to cðHþ ÞjH2O, cðA�ÞjH2O and cðHAÞjH2O, respec-
tively, where jH2O is the volume fraction of water in the mobile
phase, thereby s

spKa is represented as

s
sKa ¼

cðH þ Þ �jH2O � cðA�Þ �jH2O

cðHAÞ �jH2O

¼
cðHþ Þ � cðA�Þ �jH2O

cðHAÞ

¼
w
wKa �jH2O ð3Þ

The difference between s
spKa and w

wpKa, DpKa, is obtained

DpKa ¼
s
spKa�

w
wpKa ¼�logjH2O ð4Þ

In general, buffers used as ion-suppressors may be strong or
weak acids or bases. If an aqueous buffering solution is prepared
from a strong monoprotic acid, e.g., perchloric acid, as Espinosa
et al. discussed [25], the difference between s

spH and w
wpH of the

solution, i.e., DpH is

DpH¼ s
spH�w

wpH¼�logjH2O ð5Þ

The equalities DpH¼ s
spH�w

wpH¼ s
spKa�

w
wpKa ¼DpKa are

obtained by comparing Eq. (4) with Eq. (5), which can be
alternated to

s
spH�s

spKa ¼
w
wpH�w

wpKa ð6Þ

As Subirats et al. proposed [17], s
wpH�s

spH¼ s
wpKa�

s
spKa ¼ d,

where d is a constant that depends only on the organic modifier
used. These equalities can be transformed to

s
spH�s

spKa ¼
s
wpH�s

wpKa ð7Þ

By comparing Eq. (6) with Eq. (7), the following equalities are
obtained

s
spH�s

spKa ¼
s
wpH�s

wpKa ¼
w
wpH�w

wpKa ð8Þ
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w
wpH and w

wpKa are acidity of the neat aqueous fraction of mobile
phase modified by a strong acid and dissociation constant of a
monoprotic acid in the aqueous solution, respectively. They are
both independent of the fraction of organic modifier in the mobile
phase. Therefore, for a given w

wpH, the value of Eq. (8) is a constant,
indicating that although the true pH value (s

spH or s
wpH) of the

mobile phase and the true pKa (s
spKa or s

wpKa) of the eluted acidic
solute continuously vary as the content of organic modifier in the
mobile phase changes, the difference between them is a constant.

Another common case in RP-HPLC is the use of a weak acid,
e.g., acetic acid as the ion-suppressor in mobile phase. Espinosa
et al. [25] also gave DpH between different mobile phase pH scales
(the symbols of DpH and DpKa are the same as above)

DpH¼
DpKa�logjH2O

2
ð9Þ

Eq. (9) can be transformed into

ð10Þ

By substituting Eq. (9) into the polynomial in the above frame
on the right side of Eq. (10), the following expression can be
obtained

ðwwpH�s
spHÞ�logjH2O ¼

1

2
log

s
spKa

w
wpKa �jH2O

ð11Þ

w
wpKa and s

spKa can be individually expressed by Eqs. (2) and
(3), therefore, Eq. (11) is described as

ðwwpH�s
spHÞ�logjH2O ¼

log1

2
¼ 0 ð12Þ

Hence, Eq. (10) is simplified to Eq. (6).
Equalities s

wpH�s
spH¼ s

wpKa�
s
spKa ¼ d have been previously

established when a weak acid was used as the ion-suppressor [17],
thus Eq. (8) can also be available. In this case, w

wpH represents the
acidity of neat aqueous fraction of mobile phase, and w

wpKa represents
the dissociation constant of the eluted monoprotic acid in the aqueous
solution. Therefore, (s

spH�s
spKa) in RP-HPLC using a weak acid as the

ion-suppressor is also independent of organic modifier fraction in the
mobile phase, and s

spH�s
spKa ¼

s
wpH�s

wpKa ¼
w
wpH�w

wpKa is a con-
stant at a fixed w

wpH for a monoprotic acid.
The pKa values corresponding to the dissociation of high levels

of polyprotic weak acids are several orders of magnitude larger
than pH values of mobile phase, thus these pKa values can be
neglected in practice. Consequently, the value of Eq. (8) approx-
imating to a constant at fixed w

wpH is reasonable for a polyprotic
weak acid.

In early studies about retention behaviors of weak acids, the
most common RP-HPLC buffers are prepared from an acid at
concentration ca and its conjugated base at concentration cb,
e.g., acetic acid/acetate. Espinosa et al. [25] has already demon-
strated that s

spH�w
wpH¼ s

spKa�
w
wpKa in RP-HPLC mobile phase

using acid/base buffer salts as ion-suppressors. Therefore, the
value of Eq. (8) for a given w

wpH is also a constant for buffer salts.
The above discussions indicate that the difference between

true pH of the mobile phase and true pKa of the eluted acidic
solute in the mobile phase equals to the difference between w

wpH
of neat aqueous fraction of the mobile phase and w

wpKa of the
solute in the aqueous fraction. Moreover, at a fixed mobile phase
w
wpH, this difference keeps invariable, regardless of the change of
organic modifier content in the mobile phase during RP-HPLC
procedure

s
spH�s

spKa ¼
s
wpH�s

wpKa ¼
w
wpH�w

wpKa ¼ constant ð13Þ
Therefore, it is reasonable to calculate Kow
00 by using w

wpH and
w
wpKa through Eq. (14) in our previous works [14–16]

Kow
00
¼

Kow

1þðwwKa1=½H
þ
�wÞþð

w
wKa1

w
wKa2=½H

þ
�2wÞþ � � � þð

w
wKa1

w
wKa2 � � �

w
wKan=½H

þ
�nwÞ

ð14Þ

As logw
wKa1=½H

þ
�w ¼ ð

w
wpH�w

wpKa1Þ, logw
wpKa1

w
wKa2=½H

þ
�2w ¼

2w
wpH� ðwwpKa1þ

w
wpKa2Þ ¼ ð

w
wpH�w

wpKa1Þþð
w
wpH�w

wpKa2Þ, and log
w
wKa1

w
wKa2 � � �

w
wKan=½H

þ
�nw ¼ ns

spH�ðsspKa1 þ
s
spKa2 þ � � � þ

s
spKanÞ ¼

ðsspH�s
spKa1Þ þð

s
spH�s

spKa2Þþ :::þð
s
spH�s

spKanÞ, the required data in

Eq. (15) is only the difference value between pH of the mobile phase
and pKa of the acidic solute, but not the individual value of them in
calculating procedure for Kow

00. That is, the calculation of Kow
00 is

independent of the organic modifier content in the mobile phase.

Kow
00
¼

Kow

1þ10ð
w
wpH�w

wpKa1Þ þ10ð
w
wpH�w

wpKa1Þþ ð
w
wpH�w

wpKa2Þ þ � � � þ10ð
s
spH�s

spKa1Þþ ð
s
spH�s

spKa2Þþ ���þ ð
s
spH�s

spKanÞ

ð15Þ

This deduction result is of very significant importance for
studying the QSRRs of hydrophobicity and retention behavior of
ionizable compounds by RP-HPLC, because it directs us to avoid
the rigorously defined pH and pKa measurements.
3. Experimental section

3.1. Chemicals

Water for mobile phase was Wahaha purified water (Wahaha
Group, Hangzhou, China). The mobile phases were prepared from
methanol (HPLC grade, Merck, Darmstadt, Germany) and aqueous
acidic solution. The employed ion-suppressors are acetic acid
(analytical-reagent grade, Sinopharm Group Chemical Reagent,
Shanghai, China), perchloric acid (70–72%, analytical-reagent
grade, Nanjing Chemical Reagent, Nanjing, China), phosphoric acid
(Z85%, guaranteed-reagent grade, Sinopharm Group Chemical
Reagent), and potassium dihydrogen phosphate (Z99.5%,
analytical-reagent grade, Nanjing Chemical Reagent). Table 1 lists
all substances investigated in this experiment with their reliable
literature log Kow and pKa data. They were all with the purity of
98% or higher checked by RP-HPLC, and then used without further
purification. Stock solutions of these compounds were respec-
tively prepared in methanol (about 1.0 mg mL�1) and stored in
refrigerator before use.

3.2. Apparatus

A Waters 2695 Alliance separation module (Milford, MA, USA)
was employed consisting of a vacuum degasser, a quaternary
pump and an auto-sampler, and a Waters 996 photodiode-array
(PDA) detector set at the respective optimum absorption wave-
length for each eluted compound. The chromatographic column
used was an Agela Venusil XBP C18, 5 mm, 150 mm�2.1 mm i.d.
(Bonna-Agela Technologies, Tianjin, China) maintained at 30 1C.
Data acquisition and processing were performed on a Waters
Empower chromatography manager system. All experimental
retention times (tR) were obtained by averaging the results of at
least three independent injections at 0.2 mL min�1 mobile phase
flow rate.

The pH values of mobile phase were measured with a Seven-
Multi electrochemical analytical meter (Metter-Toledo, Schwer-
zenbach, Switzerland). The electrode system was standardized
with ordinary aqueous buffers of pH 2.00 and 4.01 at 25 1C
(Mettler-Toledo). All pH readings were carried out in w

wpH scale,



Table 1
Substituted benzoic acids studied.

Compounds Log Kow
a pKa

b Log Kow
00

Mobile phase w
wpH

2.80 3.20 3.60

Benzoic acid 1.87a1 4.20 1.85 1.83 1.77

2-Methylbenzoic acid 2.18a2 3.90 2.15 2.10 2.00

3-Methylbenzoic acid 2.37a3 4.27 2.36 2.33 2.28

4-Methylbenzoic acid 2.27a4 4.36 2.26 2.24 2.20

4-Ethylbenzoic acid 2.89a5 4.35 2.88 2.86 2.82

4-(1-Methylethyl)benzoic acid 3.40a6 4.35 3.27 3.25 3.21

2-Chlorobenzoic acid 2.05a7 2.88 1.79 1.56 1.25

3-Chlorobenzoic acid 2.68a8 3.83 2.64 2.59 2.48

4-Chlorobenzoic acid 2.65a9 3.99 2.62 2.58 2.50

2-Bromobenzoic acid 2.20a10 2.85 1.92 1.69 1.38

3-Bromobenzoic acid 2.87a11 3.81 2.83 2.77 2.66

a Only reliable Shake-flask method/Slow-stirring method (SFM/SSM) data

(presented in BioByte Star List) were adopted: a1,a3,a4,a8,a9,a11 from [26]; a2,a7,a10

from [27]; a5,a6 from [28].
b From [29].
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i.e., the pH of aqueous fraction before mixing it with organic
modifiers.
3.3. Procedure

All compounds studied were eluted isocratically by the mobile
phase consisting of methanol and water at pH 2.80, 3.20 and 3.60.
Each mobile phase pH was adjusted by acetic acid, perchloric
acids, and 20 mM potassium dihydrogen phosphate/phosphoric
acid (PBS), respectively. At each pH adjusted by every ion-
suppressor, at least four different methanol contents were
required to elute each solute according to its lipophilicity. The tR

value was recorded at each methanol-aqueous solution ratio, then
corrected by dual-point retention time correction (DP-RTC) using
2-chlorobenzoic acid and 3-bromobenzoic acid as ‘‘anchor com-
pounds’’. The k value was calculated according to the equation
k¼(tR�t0)/t0, where t0 was determined by using sodium nitrate
eluted on the ‘‘standard column’’. The detailed process of DP-RTC
refers to our previous work [30]. For each solute, the logarithm of
k was plotted against the volume fraction of methanol (jCH3OH),
w
wpH

s w
pK

a

7
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11
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13
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and log kw of the solute was subsequently obtained by extrapola-
tion of retention factor to neat aqueous mobile phase via Snyder–
Soczewinski equation [8]. The literature Kow value of each com-
pound was calibrated to the corresponding Kow

00 through Eq. (14).
Then the correlations relating log Kow

00 and log kw of acidic com-
pounds at various elution conditions were derived with different
ion-suppressors at different mobile phase pH.

The statistical analysis for regression model was accomplished
by SPSS V16.0.0 (SPSS, Chicago, Illinois, USA) and MATLAB Soft-
ware V7.10.0 (R2010.a) (The MathWorks, Natick, MA, USA).
4. Results and discussion

4.1. Influence of organic modifier fraction on Kow’’ of acidic

compounds

Subirats et al. [17] revealed the change of mobile phase pH, as
well as that of pKa for different families of compounds identified by
acidic functional groups, with the addition of methanol into neat
aqueous mobile phase. These data were further analyzed in this
present paper. It can be seen from Table S-1 (see Supporting
Information) that the change values of pKa with the addition of
methanol are different for various families, but are constant for the
compounds in the same family. At a specific w

wpH, although the true
pH value (s

spH or s
wpH) of mobile phase and the true pKa (s

spKa or
s
wpKa) of every eluted acidic solute continuously varied as methanol
content changed in the mobile phase, the difference value between
pH and the corresponding pKa was a constant. Moreover, this
difference value is numerically equal to that between w

wpH of
the mobile phase and w

wpKa of the solute. Table S-1 also lists the
precision of the difference between w

wpH and s
wpH at various

organic modifier fractions by using acetic or phosphoric acid as
the ion-suppressor. The standard deviations (SDs) were 0.25–0.30
for acetic acid and 0.20–0.40 for phosphoric acid, indicating
the significant deviation of (w

wpH� s
wpH) at different methanol

contents for both ion-suppressors. Analogously, the deviations of
(w

wpKa�
s
wpKa) were also large for all the compound families.

However, the SDs of (s
wpH� s

wpKa) for each compound family with
different acidity were very small. As collected in Table S-1, these
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SDs presented the values lower than or close to 0.10 with the high
proportion of 73.9%. In contrast, only 3.8% of the SDs was larger
than 0.20. Fig. 1 illustrates deviations between w

wpH and s
wpH, w

wpKa

and s
wpKa, as well as (w

wpH�w
wpKa) and (s

wpH� s
wpKa) for three

different compound families in different methanol contents at w
wpH

3.20. It can be observed that for each compound family, plots of
(s

wpH� s
wpKa) and corresponding (w

wpH�w
wpKa) nearly overlapped

at different methanol contents, indicating that the value of
(s

wpH� s
wpKa) equals to that of (w

wpH�w
wpKa). Moreover, all the

zero-crossing linear fittings had slopes approximating to 1.0,
although plots of w

wpH vs. s
wpH and w

wpKa vs. s
wpKa had distinct

difference at each methanol fraction.
The results of data analysis verified the conclusion derived in

‘‘Theoretical basis’’ section, that is, the direct use of w
wpH and w

wpKa

has no influence on the accuracy of Kow
00 calculation, as well as the

QSRRs of log Kow
00 vs. log kw for weakly acidic compounds. There-

fore, it is not necessary to use the complex pH (s
spH or s

wpH) and
pKa (s

spKa or s
wpKa) scales in similar works, which means that the

experimental procedure can be greatly simplified, and further-
more, that the choice of organic modifier content in mobile phase
only depends on solute hydrophobicity, but not the corresponding
variation of mobile phase pH and solute pKa.
4.2. QSRRs of log Kow
00 (log Kow) vs. log kw at different elution

conditions

Table 2 lists relationships between log Kow
00 (log Kow) and log kw

for 11 substituted benzoic acids eluted by methanol-aqueous
solutions at different w

wpH. The better linearity between log Kow
00

and log kw was obtained than that between log Kow and log kw at
all the mobile phase pH. Moreover, the high consistency of
log Kow

00—log kw linear fittings was observed at different w
wpH

adjusted by the same ion-suppressor in most cases. On the
contrary, the corresponding log Kow—log kw fitting equations var-
ied at different mobile phase pH. When perchloric acid was used
as the ion-suppressor, slopes of log Kow

00—log kw linear relation-
ships were all very close to one, implying that the apparent
n-octanol/water partitioning and chromatographic retention were
homo-energetic processes [31–33], and that log kw can simulate
log Kow

00 well. Furthermore, the intercepts of log Kow
00—log kw

equations established at different w
wpH were almost the same.

The possible reason for the prominent homo-energetic processes
is explained as below: perchloric acid can also be considered as an
ion-pair agent, prevailing over the ionized acidic solutes in
combining with the residual silanols on reversed-phase C18
stationary phase, thereby the secondary interaction is eliminated
within the mobile phase pH range investigated. When acetic acid
was used as the ion-suppressor, slopes of log Kow

00—log kw linear
relationships were approximate to one, but the slope values
Table 2
The relationships between log Kow

00 (log Kow) and log kw for 11 substituted benzoic a

confidence limits are in parentheses, R2 the squared correlation coefficient, R2
cv the cros

value).

Ion-suppressor w
wpH Log Kow� log kw

Slope Intercept R2 Rcv
2 SD

Perchloric acid 2.80 0.88 (0.07) 0.54 (0.15) 0.946 0.931 0.10

3.20 0.77 (0.08) 0.83 (0.18) 0.897 0.855 0.14

3.60 0.68 (0.10) 1.10 (0.21) 0.820 0.736 0.19
Acetic acid 2.80 0.84 (0.07) 0.73 (0.15) 0.937 0.918 0.11

3.20 0.79 (0.08) 0.87 (0.17) 0.905 0.860 0.14

3.60 0.70 (0.10) 1.06 (0.22) 0.822 0.739 0.19
PBS 2.80 0.80 (0.07) 0.80 (0.16) 0.921 0.890 0.13

3.20 0.74 (0.09) 0.92 (0.21) 0.857 0.792 0.17

3.60 0.65 (0.10) 1.16 (0.22) 0.791 0.690 0.21
slightly increased as mobile phase pH increased. A little deviation
of the slope from 1.0 at w

wpH 2.80 (0.96) was due to the role of
organic modifier played by acetic acid especially at low mobile
phase pH [15,16,34]. The change in ‘‘total’’ organic modifier
content (higher than original methanol content arising from the
additional contribution of acetic acid) had an impact on the
acquirement of accurate log kw by extrapolation, which resulted
in a little influence on the simulation accuracy of the chromato-
graphic procedure for n-octanol/water partitioning. The departure
of the slope from 1.0 at w

wpH 3.60 (1.04) was probably caused by
the interaction between ionized solutes and the residual silanols
on C18 stationary phase. The proportion of dissociated acidic
solutes increases with mobile phase pH increase, thus the attrac-
tion of silanols to anions cannot be neglected at high w

wpH. This
interaction inevitably exerts an influence on the retention
mechanism. The continuous decrease of the intercepts as mobile
phase pH increases could also be attributed to this interaction. As
the adsorption strengthened the retention of acidic solutes on
reversed-phase C18 stationary phase, especially for more hydro-
philic ones (log kwo2.0), the trend of retention decrease of these
solutes became weaker at higher w

wpH. In consequence, the
intercepts of log Kow

00—log kw linear relationships decreased. The
same phenomenon was observed by using PBS as the ion-
suppressor. The slopes of QSRRs of log Kow

00 vs. log kw also
increased with the increase of mobile phase pH, however, the
closest value to one was obtained at w

wpH 3.60. This is probably
because in comparison to the ionized acidic solute, potassium
dihydrogen phosphate was competitive in interacting with the
residual silanols on C18 stationary phase. The content of potas-
sium dihydrogen phosphate increased as w

wpH increased, which
reduced the interaction between ionized acidic solutes and the
residual silanols. Therefore, the slopes of the QSRRs more and
more approached to one with w

wpH increase. The statistical results
summarized in Table 2 indicated that it is most suitable by using
strong acid as the ion-suppressor for modeling the QSRRs of
log Kow

00 vs. log kw for weakly acidic compounds. Whereas, the
linearity of log Kow

00—log kw correlations is inevitably affected by
the secondary interaction between acidic solutes and residual
silanols by using weak acid or buffer salt as the ion-suppressor.
5. Conclusions

In general, true pH of mobile phase and true pKa of acidic solute
vary with the change of organic modifier content in RP-HPLC,
which has been demonstrated in many works. It seems that these
variations of pH and pKa inevitably have effect on the QSRRs of
hydrophobicity and retention of acidic compounds. Thus, most of
the early studies on these QSRRs insistently tried to fix mobile
cids eluted by various methanol-aqueous buffer solutions at different w
wpH (95%

s-validated correlation coefficient, SD the standard deviation, and F the Fisher’s test

Log Kow
00 � log kw

F Slope Intercept R2 Rcv
2 SD F

176.75 0.99 (0.04) 0.22 (0.09) 0.985 0.982 0.06 676.32

87.81 0.99 (0.04) 0.21 (0.09) 0.984 0.978 0.07 609.09

46.68 1.02 (0.04) 0.14 (0.08) 0.984 0.978 0.08 622.64

150.95 0.96 (0.04) 0.42 (0.08) 0.986 0.983 0.06 681.27

95.76 1.01 (0.04) 0.29 (0.08) 0.985 0.979 0.07 655.43

47.10 1.04 (0.04) 0.10 (0.09) 0.985 0.977 0.08 664.29

118.05 0.91 (0.04) 0.48 (0.08) 0.985 0.983 0.06 672.76

60.77 0.97 (0.04) 0.29 (0.08) 0.986 0.983 0.07 705.83

38.84 0.99 (0.04) 0.21 (0.08) 0.985 0.981 0.08 668.15
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phase pH using acid–base buffer solutions, as well as to keep
acidic solutes in the neutral form. In this work, it is manifested
that although s

wpH or s
spH of the mobile phase and s

wpKa or s
spKa of

the acidic solute continuously change at various organic modifier
fraction, the difference between them, i.e., (s

wpH� s
wpKa) and

(s
spH� s

spKa) are a constant. This result reinforced that the calcula-
tion of log Kow

00 from log Kow and pKa of solute, and pH of mobile
phase is independent of the organic modifier content in hydro-
organic mobile phase, as only the different between pH and pKa is
required in the calculation procedure. In addition, the type of
available ion-suppressors is significantly expanded, as the mobile
phase pH is not necessary keep invariable, i.e., strong and weak
acids, and buffer salts all can be employed as the ion-suppressors.
The QSRRs of log Kow

00 vs. log kw obtained by using different types
of ion-suppressors were also compared in this work. It is sug-
gested that for studying the QSRRs between the hydrophobicity
and retention of acidic compounds in RP-HPLC, the use of strong
acids, e.g., perchloric acid as the ion-suppressor is recommended
with priority.
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