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The utilization of neutral compounds as model compounds is put forward for determination of the n-

octanol/water partition coefficient (Kow) of highly hydrophobic, weak acidic compounds by reversed-

phase high performance liquid chromatography (RP-HPLC). It is based on a linear relationship between

the logarithm of apparent n-octanol/water partition coefficient (log Kow
00 ), expressing hydrophobicity of

acidic solutes more accurately, and the logarithm of RP-HPLC retention factor of the solutes

corresponding to the neat aqueous fraction of mobile phase (log kw). The availability of neutral model

compounds was theoretically tested for this novel protocol. Moreover, a high consistency of linear

log Kow
00 –log kw correlations was demonstrated between a mixed training set of neutral and acidic

model compounds, and a training set of neutral model compounds. It is proved in theory that for a

certain set of compounds investigated, all derived linear relationships between log Kow
00 and log kw have

a unit slope and the same intercept, regardless of mobile phase pH. This model was applied to measure

log Kow of lipophilic aristolochic acid I (AA I) and aristolochic acid II (AA II). Log Kow values for AA I and

AA II are 4.4570.07 and 3.9970.06, respectively. To the best of our knowledge, this is the first report

on experimental log Kow data for AAs. The proposed strategy solves the problem of lacking suitable

acidic model compounds with reliable experimental Kow in determining Kow of lipophilic acidic solutes

by RP-HPLC.

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

Lipophilicity, generally expressed by logarithm of n-octanol/
water partition coefficient, log Kow, constitutes a physicochemical
property of paramount importance in medicinal chemistry. It
plays an essential role in absorption, distribution, metabolism and
excretion (ADME) characteristics of drugs while also affecting
their pharmacodynamic and toxicological profiles, such as extent
of plasma protein binding, accumulation in tissues and unpre-
dictable poisonous mechanism [1,2].

Many experimental methods have been developed for Kow

determination, among which reversed-phase high performance
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liquid chromatography (RP-HPLC) is most frequently adopted and
has been recommended by Organisation for Economic Co-opera-
tion and Development (OECD) [3]. It profits from the linear
Collander equation between log Kow and log kw, the logarithm of
retention factor (k) of analytes obtained by extrapolating to neat
aqueous fraction of the mobile phase [4]. Compared to traditional
experimental methods, e.g., the shake-flask method (SFM) [5] and
slow-stirring method (SSM) [6], RP-HPLC is faster and less
expensive because it does not require any quantification of
concentration, and only retention time (tR) needs to be measured.
Also, it is more accurate, especially for highly hydrophobic
compounds. In addition, it has been proved that RP-HPLC shows
much higher reliability in determining Kow for most chemicals
with complex structures in comparison to theoretical calculations
based on a fragmental constant or atomic contribution
approach [7]. However, the RP-HPLC method is highly dependent
on accurate measurement of tR. Silica-based stationary phase
collapses unavoidably by continual flushing of aqueous mobile
phase during the course of usage, causing a shift of tR for an
analyte under the same chromatographic condition in different
measuring periods. Therefore, tR should be rectified to eliminate
this deviation, especially in the study of retention behavior.
Several rectification protocols have been proposed to standardize
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Fig. 1. Structures of aristolochic acids I and II.

Shu-ying Han et al. / Talanta 97 (2012) 355–361356
tR, such as single- (SP-), dual- (DP-) and multi-point (MP-)
retention time correction (RTC) methods [8–10], making the
evaluation of Kow more reliable.

In general, employing the Collander equation for Kow determina-
tion by RP-HPLC is limited to neutral solutes. For weak ionizable
acidic compounds, the apparent n-octanol/water partition coefficient,
Kow
00 , was proposed to correct Kow in order to describe the

hydrophobicity of these acidic solutes more precisely. The
improved linear relationship relating log Kow

00 with log kw com-
pared to log Kow has been established and successfully applied to
Kow measurement for weak acidic compounds [11–13]. The Kow

00

range of model compounds is commonly considered to cover all
compounds in question. However, for acidic solutes with high
hydrophobicity, there is a shortage of suitable lipophilic weak
acids with reliable experimental Kow values as model compounds.
Aristolochic acids (AAs) represent a mixture of structure-related
nitrophenanthrene carboxylic acid derivatives [14], with 6-nitro-
phenanthro-[3,4-d]-1,3-dioxole-5-carboxylic acid (AA II) and
8-methoxy-6-nitrophenanthro-[3,4-d]-1,3-dioxole-5-carboxylic
acid (AA I) as the major components (Fig. 1). The pKa-values for
AA I and AA II are 3.370.1 and 3.270.1, respectively, indicating
relatively high acidity [15]. AA-containing herbs have many
pharmacological properties, and are commonly used as tradi-
tional Chinese medicines [16]. However, in recent years many
studies have indicated that AAs are responsible for aristolochic
acid nephropathy, as well as Balkan endemic nephropathy and its
associated urothelial cancer [17]. Currently, there are no experi-
mental Kow data for AAs available. The calculated log Kow values of
AA I (3.4171.46) and AA II (3.5071.04) indicate that AA II should
be slightly more lipophilic than AA I, contrary to the fact that AA I
contains an additional hydrophobic methoxy moiety compared
to AA II.

This present work is aimed at exploring the possibility of
modeling the log Kow

00 � log kw relationship by a neutral training
set, thereby solving the problem of shortage in suitable acidic
model compounds for determining Kow of highly hydrophobic
acidic solutes. For this purpose, a theoretical derivation was
performed to test the feasibility of a neutral training set for the
log Kow

00 � log kw model. Furthermore, the log Kow
00 � log kw rela-

tionships obtained by a mixed training set of neutral and weak
acidic compounds with reliable experimental Kow values, and by a
training set only containing the neutral compounds were estab-
lished. Subsequently, the obtained relationships were compared
to confirm the feasibility of a neutral instead of a mixed training
set. To assess the potential of the model, it was validated by
verification compounds and used to determine the Kow-values
of AAs.
2. Theoretical basis

The hydrophobicity of a weak acidic compound can be
expressed by calibrating Kow to Kow

00 , with log Kow
00 having a better
linear correlation with log kw than log Kow for weak acidic
compounds (m and n represent fitting parameters) [11–13,18]:

K 00ow ¼
Kow

1þðKa1=½H
þ
�ÞþðKa1Ka2=½H

þ
�2Þþ . . .þðKa1Ka2. . .Kan=½H

þ
�nÞ

ð1Þ

Log K 00ow ¼m log kwþn ð2Þ

The kw-value of a weak acidic solute at a certain mobile phase pH
is the weighted average of retention factors of all neutral and ionic
species formed in the neat aqueous fraction of mobile phase [19]:

kw ¼ ðk0Þwx0þðk1Þwx1þðk2Þwx2þ . . .þðknÞwxn ð3Þ

In Eq. (3), (k0)w is the retention factor of the non-dissociated
form of the acidic solute in neat aqueous phase, and log(k0)w has
good linear correlation with the corresponding log Kow according
to Collander equation (log Kow¼a log kwþb, where kw refers to
the retention factor of neutral solute in 100% water, and a and b

are constants). The (k1)w, (k2)w y and (kn)w values are the
retention factors of the ionic forms of the acidic solute, and x0,
x1, x2 y and xn are mole fractions of the corresponding species.
Eq. (3) can be transformed into Eq. (4) based on the dissociation
equilibrium of weak acidic solute:

kw ¼ ðk0Þw
1
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½Hþ �n

� � ð4Þ

For most of weak acidic compounds investigated, their Ka

values of all levels are 1–2 orders of magnitude lower than [Hþ]
of mobile phase, while (k1)w, (k2)w, y and (kn)w are small in
comparison with (k0)w. Therefore, just like Eq. (1), the approx-
imation of kw can be expressed as follows:

kw ¼
ðk0Þw

1þ Ka1

½Hþ �
þ

Ka1Ka2

½Hþ �2
þ . . .þ Ka1Ka2 ...Kan

½Hþ �n

ð5Þ

By substitution of Eq. (1) and (5) in Eq. (2), the following
equation was obtained:

Log Kow�m logðk0Þw�n¼ ð1�mÞlogð1þ
Ka1

½Hþ �
þ

Ka1Ka2

½Hþ �2

þ . . .þ
Ka1Ka2. . .Kan

½Hþ �n
Þ ð6Þ

For non-dissociated solutes, 1þ(Ka1/[Hþ])þ(Ka1Ka2/[Hþ]2)
þyþ(Ka1Ka2yKan/[Hþ]n)¼1, thus, Eq. (6) was transferred to
log Kow¼a log kwþb (for neutral compounds, (k0)w¼kw, m¼a,
n¼b), indicating that neutral compounds can be recognized as a
special state of the corresponding non-dissociated acidic compounds
([Hþ]bKa). Neutral and acidic compounds can therefore be consid-
ered as a mixed training set for the log Kow

00 –log kw regression. For
acidic solutes, the good linear relationship between log Kow and
log(k0)w for the non-dissociated form of weak acidic solutes evinced
that the polynomial on the left-hand side of Eq. (6) equaled zero at
any mobile phase pH. The dissociation of weak acidic solutes
cannot be ignored at the chosen pH in this study, therefore
1þ(Ka1/[Hþ])þ(Ka1Ka2/[Hþ]2)þyþ(Ka1Ka2yKan/[Hþ]n)a1. In this
instance, m¼1 is derived. Thus, Eq. (2) can be simplified to

Log K 00ow ¼ log kwþn ð7Þ

In addition, by substitution of Eq. (1) and (5) in Eq. (7) at two
arbitrary different pH values (e.g., [Hþ]a and [Hþ]b), the following
expressions were obtained:

Log
Kow
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þ
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 !
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Eqs. (8) and (9) can be transformed into

Log Kow�log 1þ
Ka1

½Hþ �a
þ

Ka1
Ka2

½Hþ �2a
þ . . .þ

Ka1
Ka2

. . .Kan

½Hþ �na

 !

¼ log k0�log 1þ
Ka1

½Hþ �a
þ

Ka1
Ka2

½Hþ �2a
þ . . .þ

Ka1
Ka2

. . .Kan

½Hþ �na

 !
þna

ð10Þ

Log Kow�log 1þ
Ka1

½Hþ �b
þ

Ka1
Ka2

½Hþ �2b
þ . . .þ

Ka1
Ka2

. . .Kan

½Hþ �nb

 !

¼ log k0�log 1þ
Ka1

½Hþ �b
þ

Ka1
Ka2

½Hþ �2b
þ . . .þ

Ka1
Ka2

. . .Kan

½Hþ �nb

 !
þnb

ð11Þ

The same items on both sides of Eqs. (10) and (11) can be
expunged:

Log Kow ¼ log k0þna ð12Þ

Log Kow ¼ log k0þnb ð13Þ

Thus, na¼nb was deduced by comparing Eq. (12) with Eq. (13),
proving that the intercept n in Eq. (7) was constant for a certain
training set.

The above theoretical derivation indicated that as long as
linearity of the log Kow

00–log kw correlation is established, the slope
of this linearity always equals to one. As claimed by Minick et al.
[20], and Giaginis et al. [21], for neutral compounds, the slope of an
equation relating n-octanol/water partitioning (log Kow) with chro-
matographic retention (log kw) is an estimate of how closely the
free energies of the processes compare, and a unit slope in such a
plot implies that these two processes are homo-energetic, i.e., the
free energy changes are identical. Analogously, a unit slope for the
log Kow

00 –log kw correlation suggested that for a mixed set contain-
ing both neutral and acidic solutes, the apparent n-octanol/water
partitioning and chromatographic retention are also homo-ener-
getic processes, implying that log kw can accurately simulate
log Kow

00 . Moreover, the constant intercept n indicates that this
relationship is independent of mobile phase pH used.

Since neutral compounds can be considered as the correspond-
ing non-dissociated compounds, with its Kow

00 equals to Kow at
arbitrary pH, it is reasonable to presume that the log Kow

00 –log kw

relationship can be obtained by a training set containing only
neutral compounds. This can be applied to determine log Kow

00

values of weak acidic solutes, and Kow can then be obtained
through Eq. (1). In this way, the difficulty in searching for suitable
high hydrophobic acidic model compounds can be overcome.
3. Materials and methods

3.1. Materials

Water for mobile phase was Wahaha purified water (Wahaha
Group, Hangzhou, China). The mobile phases were prepared from
methanol (HPLC grade, Merck, Darmstadt, Germany), acetic acid
(analytical-reagent grade, Sinopharm Group Chemical Reagent,
Shanghai, China) and water. Reference substances of AA I and AA I/
AA II mixture (with purity of 96%) were purchased from Sigma
(Sigma-Aldrich, St. Louis, USA) and Acros (Acros Organics, New Jersey,
USA), respectively. Table 1 lists all substances investigated in this
experiment, all with the purities of 96% or higher. Purities were
confirmed by RP-HPLC and all compounds were used without further
purification. Stock solutions of the compounds were prepared in
methanol (ca. 0.5 mg mL�1) and stored in refrigerator before use.

3.2. Apparatus

A LabTech 600 LC (Lab-Tech Instru., Beijing, China) was
employed consisting of a Rheodyne 7725i injector valve equipped
with a 10-mL loop (Cotati, CA, USA), a HB-230A incubator (Hanbon
Sci. & Tech., Huai’an, China) and a UV–vis 600 Detector (Lab-Tech)
set at the respective optimum absorption wavelength for each
eluted compound. The chromatographic column used was a
Kromasil C18, 5 mm, 150 mm�4.6 mm i.d. (Hanbon) maintained
at 30 oC. Data acquisition and processing were performed on a LC
workstation 2006 (Lab-Tech). All experimental retention times
were obtained by averaging the results of at least two indepen-
dent injections at 1.0 mL min�1 mobile phase flow rate.

The pH values of mobile phases were measured with a SevenMulti
electrochemical analytical meter (Metter-Toledo Instru., Schwerzen-
bach, Switzerland). The electrode system was calibrated using
aqueous standard reference buffers of pH 2.00 and 4.01 at 25 1C
(Mettler-Toledo). All pH readings were done in w

wpH scale, i.e., the pH
of aqueous fraction before mixing it with organic modifiers [11].

3.3. Procedure

All compounds studied were eluted by the mobile phase
consisting of methanol and water at different pH adjusted by
acetic acid (pH 3.20, 4.00 and 4.80). At each pH, a minimum of
four isocratic methanol–water ratios were operated according to
lipophilicity of the analyte. The tR-value was recorded at each
methanol–water ratio, and corrected by DP-RTC using anisole and
hexamethylbenzene as ‘‘anchor compounds’’. 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’’ [10]. For each solute, the logarithm of k was plotted
against the volume fraction of methanol (j), and log kw of the
solute was subsequently obtained by extrapolation of retention
factor to neat aqueous mobile phase via the Snyder–Soczewinski
equation [4]. The Kow

00 value of each weak acidic solute was
calibrated by Eq. (1) (See Table 2). For neutral compounds, the
symbol Kow

00 was also used in order to keep uniformity with acidic
ones, although it equals to Kow at arbitrary pH. Fitting equations
relating log Kow

00 with log kw derived from a mixed training set
comprising 11 neutral and 10 acidic solutes, and from a neutral
training set containing 11 neutral solutes, were built at different
pH. The experimental procedure was performed in triplicate.

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. Internal validation of log Kow
00 � log kw relationship derived from

a neutral training set

A mixed training set of 11 neutral and 10 weak acidic
compounds, and a neutral set containing 11 neutral ones, were
studied for the log Kow

00 � log kw relationship. Table 2 lists log Kow
00



Table 2
Comparison of log Kow

00 values calculated through Eq. (1) at different pH and

literature log Kow of weak acidic compounds.

Compound Log Kow Log Kow
00

pH

3.20

pH

4.00

pH

4.80

Model compounds

2-Chlorobenzoic acid 2.05 1.57 0.92 0.14

4-Chlorobenzoic acid 2.66 2.59 2.35 1.79

1-Naphthalenecarboxylic acid 2.78 2.98 2.62 1.96

2-Naphthalenecarboxylic acid 3.10 2.73 2.55 2.05

(þ)-2-(Methoxy-2-naphthyl)-propionic

acid
3.18 3.13 2.95 2.44

4-(1-Methylethyl)benzoic acid 3.28 3.25 3.12 2.70

2,4,6-Trichlorophenol 3.62 3.62 3.61 3.58

2,4,6-Tribromophenol 3.96 3.96 3.96 3.93

3,5-Diiodo-2-hydroxybenzoic acid 4.20 3.25 2.49 1.70

Pentachlorophenol 5.00 4.99 4.92 –

Verification compounds

2-Methylbenzoic acid 2.18 2.11 1.87 1.30

2,3,4,6-Tetrachlorophenol 4.10 4.10 4.07 3.96

Sample compounds

AA I a 4.4570.07 4.24 3.70 2.85

AA II a 3.9970.06 3.73 3.15 2.32

a Log Kow was the average value determined by Kow
00 through Eq. (1), while

log Kow
00 was the average value estimated by log Kow

00 � log kw regressions modeled

by the neutral training set at different mobile phase pH listed in Table 3.

Table 1
Log Kow and pKa of investigated compounds.

Compound Log Kow
a Compound Log Kow

a pKa

Anisole 2.04 [22] 2-Chlorobenzoic acid 2.05 [32] 2.90 [39]

Benzyl chloride 2.30 [23] 4-Chlorobenzoic acid 2.66 [33] 3.99 [40]

Ethylbenzene 3.15 [24] 1-Naphthalenecarboxylic acid 3.10 [34] 3.69 [41]

2-Methylnaphthalene 4.00 [25] 2-Naphthalenecarboxylic acid 2.78 [31] 4.16 [41]

1,2,4-Trichlorobenzene 4.02 [26] (þ)-2-(Methoxy-2-naphthyl)propionic acid 3.18 [35] 4.15 [42]

1,2,3-Trichlorobenzene 4.05 [26] 4-(1-Methylethyl)benzoic acid 3.28 [31] 4.35 [43]

1,3,5-Trichlorobenzene 4.19 [27] 2,4,6-Trichlorophenol 3.62 [36] 5.84 [44]

Hexamethylbenzene 4.75 [25] 2,4,6-Tribromophenol 3.96 [36] 5.95 [44]

Pentachlorobenzene 5.17 [25] 3,5-Diiodo-2-hydroxybenzoic acid 4.20 [37] 2.30 [45]

Hexachlorobenzene (HCB) 5.73 [28] Pentachlorophenol 5.00 [38] 4.69 [46]

p,p0–DDT 6.36 [29] 2-Methylbenzoic acid 2.18 [29] 3.98 [38]

Toluene 2.61 [30] 2,3,4,6-Tetrachlorophenol 4.10 [35] 5.22 [47]

p,p0–DDD 5.69 [31] AA I 3.4171.46 3.370.1 [15]

AA II 3.5071.04 3.270.1 [15]

a Only reliable SFM/SSM data were adopted (excluding AA I and AA II), whose log Kow values were calculated using Advanced Chemistry Development (ACD/Labs)

Software V8.14 for Solaris (1994–2007 ACD/Labs).
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values of 10 weak acidic solutes at different pH values, as well as
their literature log Kow values for the non-dissociated form. This
result indicated that the dissociation of weak acidic compounds
could not be neglected at experimental pH, thus the Collander
equation established for neutral compounds was not suitable in
this work. Instead, Kow was substituted by Kow

00 for these 10 weak
acidic model compounds, resulting in an improved linear correla-
tion relating log Kow

00 with log kw. The 11 neutral model com-
pounds were combined with these acidic compounds, forming a
mixed training set. The internal validation results are listed in
Table 3. The high statistical significance of the log Kow

00 � log kw

fittings at various pH indicated that neutral and weak acidic
substances could be considered as a mixed training set. Fig. 2
illustrates log Kow

00 � log kw and log Kow� log kw fitting lines for the
mixed training set at pH 3.20. The outlier in Fig. 2b from line track
of log Kow� log kw corresponds to 3,5-diiodo-2-hydroxybenzoic
acid possessing a smaller pKa value, i.e., stronger dissociation
ability. This point falls within the 95% confident intervals for
log Kow

00 � log kw (Fig. 2a), indicating that Kow
00 is more suitable

than Kow to describe the linear correlation between lipophilicity
and RP-HPLC retention of ionizable acidic compounds. Further-
more, Table 3 lists the log Kow

00 � log kw regressions obtained by
the neutral training set obtained at different pH values. The high
consistency between regressions obtained by the two training
sets at each pH confirmed our hypothesis, i.e., a neutral training
set can be successfully applied to log Kow

00 determination of weak
acidic solutes, implying that acidic model compounds can be
omitted in the log Kow

00 � log kw fittings. It also should be noticed
in Table 3 that although an increase of pH from 3.20 to 4.80
continuously weakened linearity of both log Kow

00 � log kw and
log Kow� log kw of the mixed training set, log Kow

00 � log kw corre-
lations at different pH still showed much better linearity, and
furthermore, much higher consistency of fitting parameters
including both slope and intercept than log Kow� log kw regres-
sions did. The slightly weaker linearity of log Kow

00 � log kw at high
pH (4.80) may be attributed to the questionable plots of acidic
solutes having small pKa (2 log units lower than pH, i.e.,
pKao2.8). However, this problem could be avoided by using a
neutral training set to model the log Kow

00 � log kw relationship,
since neutral compounds are non-dissociated at arbitrary pH. It
can be seen from Table 3 that the log Kow

00 � log kw regressions
obtained by neutral training set at different pH are almost
identical.

As summarized in Table 3, m and n of log Kow
00 � log kw

regressions obtained both by mixed and neutral training sets at
different pH are all approximately one (�1.10) and about 0.50,
respectively. Although the presented experimental results veri-
fied the theoretical derivation decided in the Theoretical Basis
section, there was still a slight deviation of slope from one, which
may be attributed to other secondary interactions between
solutes and stationary phase/eluent besides hydrogen-bonding,
such as the stereo-chemical structure of the solutes [48]. How-
ever, for the investigated compounds, the good linearity of the
regressions indicated these interactions were systemic, having no
influence on the accuracy of the model in lipophilicity measure-
ment. In addition, an invariable negative intercept of log -
Kow
00 � log kw relationships obtained in this work reflected a

systematic stronger affinity of the solutes to ODS stationary phase
than to bulk octanol. Inversely, the large deviation from unit for
the slopes, as well as the changing intercepts of log Kow� log kw

correlations obtained by the mixed training set at different pH are
also listed in Table 3, implying that the free energy changes
between n-octanol/water partitioning and RP-HPLC retention are
different, and this discrepancy becomes more distinct with pH
increase. The reason for the lower quality of log Kow� log kw

regressions is probably due to the lower hydrophobic interaction
of ionized specie(s) on ODS stationary phase, as well as their



Table 3
Relationships of log Kow

00 (log Kow)� log kw derived from a mixed and a neutral training set, respectively, at various mobile phase pH.

pH Mixed training set Neutral training set

Log Kow
00 (y)� log kw (x) Log Kow

00 (y)� log kw (x) Log Kow
00 (log Kow) (y)� log kw(x)

3.20
y¼(1.0970.03) x�(0.4570.14) n¼21, R2

¼0.982,

R2
cv¼0.978, S.D.¼0.17, F¼1010.89

y¼(1.0270.06) x�(0.1070.25) n¼21, R2
¼0.930,

R2
cv¼0.918, S.D.¼0.32, F¼253.98

y¼(1.0970.04) x�(0.4670.19) n¼21, R2
¼0.986,

R2
cv¼0.979, S.D.¼0.17, F¼628.05

4.00
y¼(1.1170.05) x�(0.5070.20) n¼21, R2

¼0.961,

R2
cv¼0.956, S.D.¼0.27, F¼472.25

y¼(0.9470.07) xþ(0.3270.27) n¼21, R2
¼0.906,

R2
cv¼0.884, S.D.¼0.37, F¼183.57

y¼(1.1070.04) x�(0.5170.16) n¼21, R2
¼0.990,

R2
cv¼0.982, S.D.¼0.14, F¼874.11

4.80
y¼(1.0570.06) x�(0.2770.21) n¼20, R2

¼0.949,

R2
cv¼0.941, S.D.¼0.36, F¼333.92

y¼(0.7570.08) xþ(1.2070.28) n¼20, R2
¼0.843,

R2
cv¼0.794, S.D.¼0.47, F¼96.44

y¼(1.1170.04) x�(0.5370.17) n¼20, R2
¼0.989,

R2
cv¼0.981, S.D.¼0.15, F¼833.79
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Fig. 2. Correlation of log Kow
00 � log kw (a) and logKow� log kw (b) of the mixed training set at mobile phase pH 3.20. Regression equations are listed in Table 3.

Table 4
Validation for log Kow

00 � log kw regressions respectively obtained by the mixed and neutral training sets.

Compounds pKa Training set Log Kow
a

SFM/SSM RP-HPLC ACD/Lab Error

Mobile phase pH

3.20 4.00 4.80 Average Error

Toluene – Mixed 2.73 2.71 2.72 2.75 2.73 0.00 2.6870.17 �0.05

Neutral 2.70 2.69 2.64 2.68 �0.05

p,p0–DDD – Mixed 5.69 5.68 5.64 5.61 5.64 �0.05 5.3970.36 �0.30

Neutral 5.66 5.59 5.64 5.63 �0.06

2-Methylbenzoic acid 3.91 Mixed 2.46 2.40 (2.32) 2.29 (1.95) 2.40 (1.46) 2.36 �0.10 2.3570.21 �0.11

Neutral 2.39 (2.31) 2.27 (1.92) 2.23 (1.28) 2.30 �0.16

2,3,4,6-Tetrachlorophenol 5.22 Mixed 4.10 3.92 (3.91) 3.91 (3.88) 3.99 (3.85) 3.94 �0.16 4.1770.35 0.07

Neutral 3.90 (3.90) 3.87 (3.84) 3.94 (3.80) 3.90 �0.20

a Log Kow
00 values obtained by log Kow

00 � log kw regressions at different mobile phase pH for weak acidic compounds are listed in parentheses.
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silanophilic interaction in chromatographic retention process.
With increasing pH, more anions arising from the corresponding
acidic solutes are prone to interact with free residual silanol sites
on the stationary phase through hydrogen-bonding interaction.
The n-octanol/water partitioning of the non-dissociated form of
the solute does not undergo these secondary interactions, thus
these two processes are not homo-energetic, leading to inferior
statistics for the correlation.

4.2. External validation

The reliability of the model was further inspected by an
external validation. Toluene, p,p0-DDD, 2-methylbenzoic acid
and 2,3,4,6-tetrachlorophenol with reliable SFM/SSM Kow values
(log Kow ranged from 2 to 6) were employed as verification
compounds for log Kow

00 –log kw fittings obtained by mixed and
neutral training sets, respectively, at various mobile phase pH. As
shown in Table 4, for both models, the determined log Kow

00 of two
acidic verification compounds, 2-methylbenzoic acid and 2,3,4,6-
tetrachlorophenol, gradually decrease as pH increases, and this
variation of log Kow

00 becomes even larger when the analyte has
stronger acidity. However, mobile phase acidity nearly has no
effect on log Kow

00 values of neutral verification compounds,
toluene and p,p0-DDD. The reason for this phenomenon could be
interpreted as follows: Kow

00 is proposed as a weighted average of
the hydrophobicity of all neutral and ionic species of the solute,
and the suppression of dissociation for acidic analyte becomes
weaker as pH increases, especially for a fairly strong acid, which
consequently increases the proportion of ionic specie(s), thus
weakening the hydrophobicity of the solute, and decreasing the
Kow
00 value. Whereas, log Kow values listed in Table 4, obtained

from corresponding log Kow
00 by Eq. (1) are almost invariant for
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each compound at different pH. Moreover, these log Kow data
obtained by utilizing two sets of model compounds are also
nearly identical, indicating that there is no discrepancy between
the two sets in determining Kow values for both neutral and acidic
solutes. In addition, the results presented in Table 4 shows good
agreement between simulated log Kow and SFM/SSM values for all
four verification compounds (absolute errorr0.19 log unit),
revealing a high accuracy of proposed log Kow

00 � log kw model.
The log Kow values calculated by ACD/Lab software are also listed
in Table 4. It can be observed that the software-computed Kow

values have acceptable deviation for neutral and acidic com-
pounds having simple structures. However, this calculation tends
to be inaccurate for compounds showing several functional
groups with interactions, e.g., p,p0-DDD. For relatively complex
molecules with large or unusual fragments for which theoretical
values are not available in the list provided by the method or in
the software library, as well as the complex interactions among
acidic solutes, organic solvents and ion-suppressors are the
possible error resources for software calculation.

4.3. Determination of log Kow for AAs

Since the linearity of log Kow
00 and log kw obtained by a neutral

training set has been confirmed both theoretically and experi-
mentally, and the log Kow

00 � log kw relationship of 11 neutral
model compounds has been validated to be reliable and accurate
for determining Kow of structurally-related acidic compounds,
using this model log Kow values of AAs were determined
(Table 2) and compared with C log P values (Table 1). The results
suggested that ACD/Lab software, which is thought to be the most
accurate theoretical calculation for acidic compounds [6], pro-
duced log Kow values for AA I and AA II which had large deviations
when compared to the values obtained using the models derived
herein. This indicates that the theoretical calculations still have
large defect in prediction of log Kow for relatively complex acidic
molecules due to the lack of fragmental values and inaccuracy of
descriptors profiling interactions among acidic solutes, organic
solvents such as n-octanol and water in the database. In addition,
the questionable calculated log Kow values order of AA I and AA II
was reversed by the proposed RP-HPLC method, and the recom-
mended log Kow for AA I and AA II are 4.4570.07 and 3.9970.06,
respectively.
5. Conclusions

In this paper, the feasibility of using neutral model compounds
to model the relationship between the apparent n-octanol/water
partition coefficient (log Kow

00 ) and the extrapolated RP-HPLC
retention factor (log kw) for Kow measurement of weak acidic
compounds was described and confirmed by experiment. It also
proved in theory that for a training set, if the dissociation of acidic
solute was only considered, the slope and intercept of the
log Kow

00 � log kw relationship are equal to one and a constant,
respectively, regardless of mobile phase pH. The unit slope
indicates the apparent n-octanol/water partitioning and chroma-
tographic retention are homo-energetic processes. Although in
practice the regression possessed a slope slightly deviating
from one, good linearity of the log Kow

00 � log kw model, as well
as satisfactory external validation results indicated that other
secondary interactions were systemic, having no influence on
determination accuracy of the model for both neutral and acidic
solutes. The Kow values of AAs were determined by the derived
log Kow

00 � log kw correlation of a neutral training set. As far as we
know, these experimental Kow data of AA I and AA II are reported
for the first time. The proposed novel and convenient protocol by
relating chromatographic retention with apparent n-octanol/
water partitioning based on a neutral training set solved the
problem of lacking suitable acidic model compounds for Kow

determination of weak acidic solutes with high hydrophobicity.
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Acad. Sci. USA 104 (2007) 12129–12134.

[18] A. Berthod, Anal. Chem. 71 (1999) 879–888.
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