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a  b  s  t r  a  c  t

Reversed-phase  liquid  chromatography  (RPLC)  based  octanol-water  partition  coefficient  (logP)  or  distri-
bution coefficient  (logD)  determination  methods  were  revisited  and  assessed  comprehensively.  Classic
isocratic  and  some  gradient  RPLC  methods  were  conducted  and  evaluated  for  neutral,  weak  acid  and
basic compounds.  Different  lipophilicity  indexes  in  logP  or logD  determination  were  discussed  in  detail,
including  the  retention  factor  logkw corresponding  to  neat  water  as mobile  phase  extrapolated  via  linear
solvent  strength  (LSS)  model  from  isocratic  runs  and calculated  with  software  from  gradient  runs,  the
chromatographic  hydrophobicity  index  (CHI),  apparent  gradient  capacity  factor  (kg’)  and  gradient  reten-
tion time  (tg). Among  the  lipophilicity  indexes  discussed,  logkw from  whether  isocratic  or  gradient  elution
methods  best  correlated  with  logP  or logD. Therefore  logkw is  recommended  as the  preferred  lipophilic-
ity  index  for logP  or logD  determination.  logkw easily  calculated  from  methanol  gradient  runs  might  be
the  main  candidate  to replace  logkw calculated  from  classic  isocratic  run  as the  ideal  lipophilicity  index.
socratic elution
radient elution

These  revisited  RPLC  methods  were  not  applicable  for strongly  ionized  compounds  that  are  hardly  ion-
suppressed.  A previously  reported  imperfect  ion-pair  RPLC  method  was  attempted  and  further  explored
for studying  distribution  coefficients  (logD)  of  sulfonic  acids  that  totally  ionized  in the  mobile  phase.
Notably,  experimental  logD  values  of  sulfonic  acids  were  given  for the  first  time.  The IP-RPLC  method
provided  a distinct  way  to  explore  logD  values  of  ionized  compounds.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The logarithm of the octanol-water partition coefficient (logP)
s a parameter of great importance in pharmaceutical industry and
s accepted as one of the most relevant lipophilicity descriptors
o be applied in absorption, distribution, metabolism, excretion
nd toxicity (ADMET) studies [1–3]. Although logP can be calcu-
ated via computer calculation methods, these calculation methods
ommonly exhibit rather large calculation errors and the accuracy
s influenced by the models used [4–6]. As a classic logP pre-
iction method recommended by the Organization for Economic
o-operation and Development (OECD), the reversed-phase liq-

id chromatography (RPLC) method [7] offers several practical
dvantages over the traditional shake-flask method (SFM) [8,9]
nd slow-stir method (SSM) [10], including speed, reproducibil-

∗ Corresponding author.
E-mail address: hzlian@nju.edu.cn (H.-z. Lian).

ttps://doi.org/10.1016/j.chroma.2017.10.064
021-9673/© 2017 Elsevier B.V. All rights reserved.
ity, insensitivity to impurities and degradation products, broader
dynamic range, on-line detection, and reduced sample handling
and sample sizes.

Researchers have done a large number of theoretical and prac-
tical explorations aiming at the RPLC-based logP determination
method [11–15]. Organic modifiers (methanol and acetonitrile),
mobile phase additives (ion-suppressors to keep ionizable solutes
in their neutral form and masking agents to eliminate silanophilic
interactions) and stationary phases (silica- or polymer-based with
different bonded phases) have been studied in detail by differ-
ent research groups focusing on the classic isocratic RPLC method.
For less time-consuming and higher throughput, some gradient
RPLC methods were proposed showing satisfactory performance
in determination of logP [16–22], which has become a very impor-
tant research direction for logP measurement. Varied lipophilicity
indexes were used to generate logP or distribution coefficient

(logD) in isocratic and gradient methods. The retention factor logkw

parameter corresponding to neat water as mobile phase is consid-
ered a more reliable lipophilicity index than any arbitrarily selected

https://doi.org/10.1016/j.chroma.2017.10.064
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2017.10.064&domain=pdf
mailto:hzlian@nju.edu.cn
https://doi.org/10.1016/j.chroma.2017.10.064
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socratic logk in the classic isocratic method for logP measurement
11]. logkw is often extrapolated via linear solvent strength (LSS)

odel with at least four isocratic logk values at different concen-
ration of organic modifier (�) [23]. In some gradient methods,
ogkw values were calculated from gradient retention data via gra-
ient retention equations [16–19,24]. In other gradient methods,
he chromatographic hydrophobicity index (CHI) [20], apparent
apacity factor (kg’) [21] and gradient retention time (tg) [22] were
mployed as lipophilicity indexes. Details about the isocratic and
radient methods [11] are summarized in Supplementary material
1.

However, there might exist two problems which are worth dis-
ussing along with the developing of new RPLC methods. Firstly,
lthough reviewed by many researchers including our group,
hese previously developed isocratic or gradient methods by dif-
erent researchers were almost independent of each other. The
xperiments were conducted under different chromatographic
onditions (chromatographic columns, mobile phases) with differ-
nt model compounds. There were no cross comparisons of these
socratic and gradient methods under same chromatographic con-
itions with same model compounds. Users could not evaluate
hese newly reported methods objectively, which limits the appli-
ation of these methods in real experiments for logP determination.
econdly, the applicable logP range was barely expanded with these
merging high-throughput RPLC methods. Although RPLC methods
re able to predict logP values of highly hydrophobic compounds
logP > 4) which are difficult to be measured by SFM (logP from −2
o 4) [8], few existing experimental methods could be utilized to

easure logP values of highly hydrophilic solutes (such as strongly
onizable ones that could not be suppressed by ion-suppressors).

hen a solute is dissociated in mobile phase, logD involving the
ontribution of all ionic species to the total hydrophobicity of the
nalyte is often used instead of logP. Early, Zou et al. [25] proposed
hat the ion-pair reversed-phase liquid chromatography (IP-RPLC)

ethod could be used for measuring logD values of ionic com-
ounds. They established a relationship between calculated logD
alue, retention factor (k) and solute charge for model sulphonic
cids. However, in their work, experimental logD values were not
sed and no actual logD values of sulphonic acids were deter-
ined. Besides, those compounds with same net charge (ne) but

ifferent ionizable groups (such as carboxyl and sulfonic groups)
ave not been investigated together. It is a pity that there were
o follow-up studies and this method was paid little attention to
y other researchers later on. As a possible method for expanding

ogD determination range, does the RP-IPLC method really deserve
urther studying?

Curiosity for answers to these two problems inspired us to
evisit these logP determination methods. In this present work, an
socratic and some gradient RPLC methods with methanol or ace-
onitrile as organic modifier were firstly compared and discussed
or determining logP or logD values of neutral, weak acid and basic
ompounds. Moreover, an IP-RPLC method was tested and further
xplored for studying logD values of strong acids which totally
onized in the mobile phase.

The contribution from silanol groups would influence logP
etermination of ionized compounds especially basic compounds.

n most references, when determining logP or logD of basic com-
ounds, mobile phase pH was often over 7.0, so polymer-based
olumns or end-capped silica-based columns were often used [11].
esides, masking agents were often added in the mobile phase
ven end-capped silica-based columns were used because many
f their solvent accessible silanol groups were still unprotected

26]. In various gradient methods for logP determination, silica-
ased columns [16,20,21] and polymer-based columns [22] were
sed. To avoid complicated retention behavior caused by mobile
hase additives especially some silanol masking agents, we used Ta
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n octadecyl-poly(vinyl alcohol) (ODP) column. The ODP column
as no silanol groups and possesses stability to acid and strongly
asic conditions (recommended pH 2–13). Besides, it does not have
pecific interactions such as polystyrene-divinylbenzene (PS-DVB)
olumns with rich � orbitals. Vallat et al. have shown that the logkw

alues of compounds obtained on the ODP column correlated very
ell with their logP values (R2 = 0.965), even for strong hydrogen

onding compounds [27]. The promising characteristics of ODP col-
mn caused our attention and all the experiments were performed
n an ODP column.

. Experimental

.1. Materials

Methanol and acetonitrile (HPLC grade) used as the organic
odifier were purchased from Honeywell Burdick & Jackson

Muskegon, MI,  USA). Water used throughout was Wahaha purified
ater (Wahaha Group, Hangzhou, China). Ammonium dihydro-

en phosphate (analytical-reagent grade), ammonia (25–28%,
nalytical-reagent grade) and phosphoric acid (85%, analytical-
eagent grade) were purchased from Nanjing Chemical Reagent
Nanjing, China). Tetrabutylammonium bromide (TBAB, 99%) was
urchased from J&K Scientific (Beijing, China).

Compounds investigated in this experiment (including 24 neu-
ral compounds No. 1-24, 20 weak acid compounds No. 25-44, 14
trong acid compounds No. 45-58, and 14 basic compounds No. 59-
2) are listed in Table 1. Literature experimental (from SFM, SSM,
r HPLC) logP and pKa data of these compounds adopted from the
atabase of ACD/Labs are also listed in Table 1. These compounds
ere obtained from commercial sources (Sinopharm Chemical
eagent, Shanghai, China; J&K Scientific, Beijing, China; Sigma-
ldrich, St. Louis, USA) and all of them had a purity of 98% or higher
hecked by RPLC. Stock solutions containing about 1.0 mg/mL  of
olutes were prepared in methanol and stored in refrigerator (4 ◦C)
efore use. The injection concentration was 50 �g/mL and the injec-
ion volume was 5 �L.

.2. Apparatus
A Waters 2695 Alliance separation module (Milford, MA,  USA)
as employed consisting of a vacuum degasser, a quaternary pump

nd an auto-sampler, and a Waters 996 photodiode-array (PDA)

able 2
etails of isocratic and gradient elution procedure in RPLC and IP-RPLC.

RPLC Isocratic elution Samples 

Methanol-water Neutral co
Methanol–20 mM NH4H2PO4, pH 2.0 Neutral an
Methanol–20 mM NH4H2PO4, pH 10.0 Neutral an
Acetonitrile-water Neutral co
Acetonitrile–20 mM NH4H2PO4, pH 2.0 Neutral an
Acetonitrile–20 mM NH4H2PO4, pH 10.0 Neutral an

RPLC  Gradient elution Samples 

Methanol-water Neutral co
Methanol–20 mM NH4H2PO4, pH 2.0 Neutral an
Methanol–20 mM NH4H2PO4, pH 10.0 Neutral an

Acetonitrile-water Neutral co
Acetonitrile–20 mM NH4H2PO4, pH 2.0 Neutral an
Acetonitrile–20 mM NH4H2PO4, pH 10.0 Neutral an

IP-RPLC  Isocratic elution Samples 

Methanol–20 mM NH4H2PO4, pH 7.0 Neutral an
Methanol–20 mM NH4H2PO4, pH 7.0 + 10 mM TBAB Neutral an
. A 1528 (2017) 25–34 27

detector set at the respective optimum absorption wavelength for
each compound. The chromatographic column used was  Asahipak
ODP 50-4D (150 mm × 4.6 mm  i.d., 5 �m,  Shodex Group, Showa
Denko K.K, Japan). The column temperature was maintained at
30 ◦C. Data acquisition and processing were performed on a Waters
Empower chromatography manager system. All experimental iso-
cratic retention times (tR) and gradient retention times (tg) were
obtained by averaging the results of at least three independent
injections at 1.0 mL/min mobile phase flow rate.

The pH values of mobile phase were measured with a
SevenMulti electrochemical analytical meter (Metter-Toledo,
Schwerzenbach, Switzerland). The electrode system was standard-
ized with ordinary aqueous buffers of pH 2.00, 4.00, 7.02, 9.26, and
11.00 at 25 ◦C (Mettler-Toledo). All pH readings were carried out
in w

wpH scale, i.e. the pH of aqueous fraction before mixing it with
organic modifier methanol or acetonitrile.

2.3. Procedure

For a better understanding of the ODP column, we  first mea-
sured isocratic tR of benzyl alcohol (logP = 1.10) and naphthalene
(logP = 3.30) in methanol-water or acetonitrile-water at different
�. Average tR of naphthalene from 3 independent injections was
21.009 min when �=70% (methanol) and 27.869 min  when �=40%
(acetonitrile). The ODP column showed high lipophilicity, so in
followed experiments, methanol or acetonitrile concentration in
mobile phase were controlled to avoid a too long tR. Relationships
of logk-� for benzyl alcohol with methanol-water or acetonitrile-
water (� ranged from 20% to 90%) were presented in Fig. S1. The
LSS model is more linear over a wide range of � (from 20% to 90%)
with methanol than with acetonitrile on the ODP column. Extrapo-
lated logkw values from LSS model in methanol conditions might be
closer to the real experimental logkw values than that in acetonitrile
conditions.

To compare isocratic and gradient logP determination meth-
ods, neutral compounds, weak acid and basic compounds were
eluted isocratically and gradiently with the mobile phase consist-
ing of methanol or acetonitrile as organic modifier and water or
buffer. Buffers used were prepared by adjusting the pH of a 20 mM

ammonium dihydrogen phosphate solution with phosphoric acid
or ammonia. For each compound, at least four different isocratic
tR values and three different linear gradient (� = �0 + bt) tg values
were employed. To explore the IP-RPLC method, all neutral com-

� range

mpounds 95%–50%, in constant steps of 5%
d weak acidic compounds 90%–40%, in constant steps of 5%
d weak basic compounds 90%–40%, in constant steps of 5%
mpounds 90%–30%, in constant steps of 5%
d weak acidic compounds 80%–20%, in constant steps of 5%
d weak basic compounds 80%–20%, in constant steps of 5%

Linear gradient (�=�0 + bt)

mpounds 1. �0 = 40% Methanol, b = 4.0%/min;
d weak acidic compounds 2. �0 = 40% Methanol, b = 3.0%/min;
d weak basic compounds 3. �0 = 60% Methanol, b = 2.6%/min;

Equilibration time between runs was 7 min.
mpounds 4. �0 = 20% Acetonitrile, b = 3.2%/min;
d weak acidic compounds 5. �0 = 20% Acetonitrile, b = 2.5%/min;
d weak basic compounds 6. �0 = 40% Acetonitrile, b = 2.0%/min;

Equilibration time between runs was 10 min.

� range

d acidic compounds 80%–10%, in constant steps of 10%
d acidic compounds 80%–10%, in constant steps of 10%
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ig. 1. LSS model fitted for some neutral compounds (a. methanol-water, b. a
cetonitrile–20 mM NH4H2PO4, pH 2.0) and weak basic compounds (e. methanol–2

ounds and acid compounds were eluted isocratically by the mobile
hase consisting of methanol and buffer (20 mM ammonium dihy-
rogen phosphate, pH 7.0) with and without 10 mM  TBAB added

n both methanol and buffer. At least four methanol-buffer ratios
ere operated for each compound. Details of isocratic and gradient

lution procedures in RPLC and IP-RPLC are summarized in Table 2.
All the tR and tg values recorded were corrected by dual-point

etention time correction (DP-RTC). The procedure of DP-RTC refers
o our previous work [28]. The isocratic retention factor k was cal-
ulated via a more precise formula which corrects the extra-column
olume: k = (tR-Ve/F)/(t0-Ve/F)-1. Ve, the extra-column volume,
as determined by uracil under isocratic elution of 80% methanol

nd 20% water with a two-way valve instead of the column at a
ow rate (F) of 1 mL/min. Ve was 0.18 mL  averaged by three deter-
inations. In RPLC method, NaNO3 was often used as unretained
arker to determine the dead time (t0). In IP-RPLC, NaNO3 showed

etention with TBAB added in the mobile phase. We  compared the
etention times of NaNO3 and uracil, and finally uracil was used to
etermine t0. Detailed discussion was presented in Supplementary
aterial S2.
The system dwell time or the gradient delay time (tD) between

ump system and the top of the column, was determined by gradi-

nt elution of water (A) and 0.1% acetone aqueous solution (B) with

 two-way valve instead of the column. The gradient procedure:
–100% B in 20 min, then 100% B maintained 10 min, 2 mL/min,
65 nm [29]. The system dwell volume was 1.46 mL.
trile-water), weak acid compounds (c. methanol–20 mM NH4H2PO4, pH 2.0, d.
 NH4H2PO4, pH 10.0, f. acetonitrile–20 mM NH4H2PO4, pH 10.0).

Lipophilicity indexes logkw, CHI, and kg’ were calculated accord-
ing to different methods described in the Supplementary material
S1. The statistical analysis for regression model was  accomplished
by Origin 9.0 (Origin Lab Corporation, Northampton, MA,  USA).
Gradient elution related data were processed with DryLab 2000
Plus (Rheodyne LLC, Rohnert Park, CA, USA) and MATLAB Software
V7.10.0 (The MathWorks, Natick, MA,  USA).

3. Results and discussion

3.1. Calculation of lipophilicity indexes from isocratic and
gradient methods

In isocratic method, the lipophilicity index was the extrapolated
logkw from LSS model. Fig. 1 illustrates LSS model fitted for some
investigated neutral, weak acid and basic compounds at various
mobile phase pH in isocratic experiments with methanol or ace-
tonitrile as the organic modifier. Good linear correlations (R2 higher
than 0.99) between logk and � were found with methanol in the
mobile phases (� from 40% to 90%, Fig. 1-a, c, e). When acetoni-
trile was used, logk-� of compounds did not seem to satisfy the
LSS model (R2 ranged from 0.94 to 0.98) over a wider � range (�

from 20% to 90%, Fig. 1-b, d, f). Extrapolated logkw values of investi-
gated neutral, weak acid and basic compounds at different mobile
phase pH are summarized in Table S2 (methanol) and Table S3
(acetonitrile). Retention times and the extrapolated logkw values
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f the neutral compounds are little affected by mobile phase pH
Fig. S2), thus only logkw values obtained in methanol-water and
cetonitrile-water are presented.

In gradient methods, logkw, CHI, kg’ and tg have been used as
ipophilicity indexes. Due to the high lipophilicity of ODP column, 5
ompounds with high lipophilicity (logP > 4.5, No. 19, 20, 21, 24 and
9) were not eluted during 3 methanol gradient runs employed in
his work. Corresponding acetonitrile gradient data of them were
ot include in following discussion. logkw1 was  calculated using
ryLab software with retention data from gradients 1 and 2 based
n equations derived by Snyder et al. (Eq. S8 and Eq. S9). logkw2
as calculated using MATLAB software with retention data from

radients 1, 2 and 3 based on equations derived by Shoenmak-
rs et al. (Eq. S11 and Eq. S12). In these two calculation methods,
ogk-� of solutes should fit the LSS model within the � range in gra-
ient elution. Since inferior correlations of LSS model were found
ith acetonitrile, only logkw1 and logkw2 in methanol gradient runs
ere calculated (presented in Table S2). logkw1 and logkw2 (gra-
ient) were compared with logkw (isocratic) and corresponding
elationships were established:

logkw = (1.12 ± 0.02)logkw1 − (0.71 ± 0.06)(N = 52,  R2

= 0.988, SD = 0.10, F = 4075);

logkw = (0.98 ± 0.02)logkw2 − (0.09 ± 0.06)(N = 52,  R2

= 0.983, SD = 0.12, F = 2912).

Compared to logkw1 calculated from 2 gradient runs with only
ifferent gradient steepness, logkw2 calculated from 3 gradient runs
ith both different starting organic modifier concentrations and

radient steepness was closer to logkw value extrapolated from iso-
ratic runs (The slope of the logkw vs. logkw2 correlation close to 1
nd the intercept close to 0). Another lipophilicity index CHI was
alculated from isocratic experiments and listed in Table S4. We  can
nd that CHI values of the compounds not eluted in methanol gradi-
nt runs were larger than 100. According to the physical meaning of
HI, the percentage of organic modifier required to achieve an equal
istribution of the analyte between the mobile and the stationary
hases (k = 1, logk = 0), over 100% methanol would be needed to
chieve logk = 0 for these compounds, which was  impossible in real
xperiment. CHIACN obtained with acetonitrile were smaller than
HIMeOH obtained with methanol. That both CHIACN and CHIMeOH of
ost compounds were over 60 confirmed the high lipophilicity of

he ODP column. The last two lipophilicity indexes kg’ and tg were
resented in Table S5 (methanol) and Table S6 (acetonitrile).

.2. Comparison of correlations between logD and different
ipophilicity parameters

Correlations between logD (equals to logP for neutral com-
ounds) and lipophilicity indexes (logkw, logkw1, logkw2, CHI,
g’, and tg) for mixed training set of neutral compounds, weak
cid compounds (pH 2.0) and weak basic compounds (pH 10.0)
ith methanol or acetonitrile as organic modifier were estab-

ished (shown in Table 3). It should be noticed that only literature
eported experimental logP and pKa data were used to calculated
ogD. Actually, in some references [30–32], software calculated
ogP or logD values were used in method evaluation and discus-

ion, which might impair the reliability of determined logP. Of
he two lipophilicity indexes obtained from isocratic retention
ata, logkw showed better correlation with logD than CHI in both
ethanol and acetonitrile conditions for all 49 model compounds Ta
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ig. 2. Linear correlations between logD and different lipophilicity indexes for mix
pH  10.0) with methanol or acetonitrile as organic modifier: a. logkw (methanol); 

acetonitrile); g. tR1 (methanol); h. tR4 (acetonitrile).

ith a wide logP ranged from 0.56 (2-amino-4-methylpyridine)
o 6.80 (hexabromobenzene). Good correlation (R2 = 0.983) was
bserved between logD and logkw with methanol. When acetoni-
rile was used, this correlation became worse (R2 = 0.926). While
or CHI, CHIACN obtained with acetonitrile showed better correla-
ion with logD (R2 = 0.868) than CHIMeOH obtained with methanol
R2 = 0.809). Comparing correlations between logD and different
ipophilicity indexes for 44 model compounds without 5 highly
ydrophobic ones which had no gradient retention data, we could
asily conclude that logkw was always the optimal lipophilicity
ndex with either methanol or acetonitrile as organic modifier. Fig. 2
resents some plots of above linear relationships (without 5 highly
ydrophobic compounds). logkw1 and logkw2 obtained from gradi-
nt methods showed equivalent correlation with logD compared
o logkw obtained from isocratic method in methanol condition.

ollow-up research on CHI by Valko et al. [33,34] and discussion
n kg’ by Krass et al. [21] indicated that inclusion of a hydrogen-
ond acidity descriptor of solutes would improve the correlation
oefficients for the relationships of logP vs. CHI or kg’. Recently,
aining sets of neutral compounds, acid compounds (pH 2.0) and basic compounds
w (acetonitrile); c. CHI (methanol); d. CHI (acetonitrile); e. kg’1 (methanol); f. kg’4

Subirats et al. revisited the CHI method with UHPLC. They also
acquired a simple correlation between logP and CHI with poor lin-
earity (R2 = 0.863). When adding various Abraham’s or CODESSA
descriptors, the correlation was improved [35]. Abraham solvation
parameter A calculated by ACD/Labs corresponding to H-bonding
acidity (listed in Table S7) were then included in relationships
of logD vs. all lipophilicity indexes, respectively. Most correlation
coefficients of these relationships increased by 0.01–0.09 when A
was included, especially with acetonitrile as the organic modifier.
However, including hydrogen-bond acidity descriptor could not
change the fact that logkw was  still the best lipophilicity index to
correlate with logD (Table 3).

3.3. Comparison of logP or logD determined by different methods
As mentioned above, the highly lipophilic sample compound
pentabromotoluene (No. 24) could not be eluted during 3 methanol
gradient runs performed in this work. Thus, we  used isocratic
obtained logkw (methanol, listed in Table S2) to determine its logD
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logD = 5.96). For other sample compounds, logD values were deter-
ined via the correlations between logD and different lipophilicity

ndexes involving hydrogen-bond acidity descriptor established
ith 44 model compounds in Table 3. Thus, acquired logD values of

hese sample compounds are shown in Table 4. In OECD guideline,
socratic elution with methanol as organic modifier was  recom-

ended, so we chose logD determined with logkw from methanol
socratic experiment as the standard. Table 4 shows that logkw1 and
ogkw2 from methanol gradients generated more equivalent logD
alues than CHI, kg’ or tg from either methanol or acetonitrile gra-
ients. The details of the gradient elution procedure would affect
he accuracy of logD determination with CHI, kg’ or tR. CHI, kg’ or
g from gradients 3 and 6 with higher starting �0 and gentle slope

 caused worse performance in logD determination. In CHI based
radient method, CHI values of sample compounds were calculated
rom gradient retention time with the calibration equations estab-
ished by model compounds. Correlations between CHI and tg of
4 model compounds were established for different gradient runs
ith methanol or acetonitrile.

For 3 methanol gradients:

. CHI = 3.76(±0.13) tg1 + 39.5(±1.7) (N = 44, R2 = 0.948, SD = 2.78,
F = 778);

. CHI = 2.85(±0.11) tg2 + 44.5(±1.6) (N = 44, R2 = 0.938, SD = 3.03,
F = 651);

. CHI = 3.45(±0.19) tg3 + 54.0(±1.9) (N = 44, R2 = 0.879, SD = 4.22,
F = 314).

For 3 acetonitrile gradients:
. CHI = 3.13(±0.11) tg4 + 32.4(±1.4) (N = 44, R2 = 0.949, SD = 3.13,

F = 809);
. CHI = 2.58(±0.09) tg5 + 34.8(±1.3) (N = 44, R2 = 0.954, SD = 2.97,

F = 903);
. CHI = 3.13(±0.18) tg6 + 44.7(±1.7) (N = 44, R2 = 0.879, SD = 4.84,

F = 314).

Results indicated that tg from gradients 1, 2, 4, 5 with lower
tarting �0 and steeper slope b correlated better with CHI than tg

rom gradients 3 and 6. Fast full-range gradients were necessary
hen using CHI, kg’ or tg to predict logP or logD.

.4. Comments and suggestions about lipophilicity indexes used
n isocratic and gradient methods

Among all the lipophilicity indexes discussed, logkw from either
socratic or methanol gradient elution methods was better than
HI, kg’ or tg to correlate with logP or logD. Therefore logkw is
ecommended as preferred lipophilicity index for logP or logD
etermination. With chromatographic software like DryLab, logkw

ould be easily obtained via 2 methanol gradient runs. This pro-
edure is fairly easy to master and is time-saving compared to
socratic methods. And it is worth to be closely followed and devel-
ped into a standard method. Directly using gradient time tg to
enerate logP or logD was the most convenient solution. To cal-
ulate kg’ or logkw, we need to measure column dead time t0 and
well time tD that might introduce additional experimental errors.
easuring logP or logD with CHI is the most complicated. CHI val-

es of model compounds are often obtained via several isocratic
ogk values, which implied that the CHI method is not a strictly
radient method. As shown above, correlation between CHI and tg

s strongly associated with the gradient run used. Besides, Abra-
am’s or CODESSA descriptors are often necessary to improve the

ogP vs. CHI correlation. So, to predict logP or logD well with CHI

equires a deep understanding of this method. Another thing should
e noted is that, as many works pointed out [36,37], the mobile
hase pH and solute pKa vary with the change of organic modi-
er fraction during gradient runs, which will affect the retention of Ta
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Table 5
Literature and calculated logP, pKa, ne, logkw-RP, logkw-IP of investigated acidic compounds and experimental predicted logD7.0 for weak and strong acids.

No. Lit. logP  Lit. pKa ACD/logP ACD/pKa ACD/logD7.0 PrologP pKalc PrologD7.0 Ave. ClogD7.0 ne A B logkw-RP logkw-IP Exp. logD7.0

25 1.41 4.31 1.50 4.3 −1.21 1.28 4.27 −1.45 −1.33 −1.00 0.57 0.45 −0.04 1.23
26  1.87 4.20 1.89 4.1 −1.12 1.44 4.20 −1.35 −1.24 −1.00 0.57 0.44 −0.31 1.15
27  2.05 2.94 2.04 2.9 −1.92 1.70 3.69 −1.58 −1.75 −1.00 0.57 0.44 −0.69 0.97
28  2.15 8.35 2.04 8.6 2.27 1.97 10.00 1.97 2.12 −0.04 0.33 0.30 2.53 2.55
29  2.20 2.85 2.15 2.9 −1.51 1.95 2.85 −2.07 −1.79 −1.00 0.57 0.44 −0.42 1.10
30  2.31 4.19 2.28 4.2 −0.47 2.35 4.16 −0.49 −0.48 −1.00 0.57 0.44 1.09 2.26
31  2.37 4.27 2.35 4.1 −0.57 1.87 4.26 −0.86 −0.72 −1.00 0.57 0.44 0.47 1.59
32  2.59 9.31 2.49 9.6 2.55 2.69 9.27 2.69 2.62 0.00 0.67 0.38 2.92 2.96
33  2.65 3.98 2.65 3.9 −0.75 2.28 3.96 −0.74 −0.75 −1.00 0.66 0.44 1.05 2.08
34  2.87 3.81 2.71 3.6 −0.76 2.37 3.81 −0.80 −0.78 −1.00 0.64 0.44 1.12 2.22
35  3.06 7.85 3.43 7.8 3.30 3.51 7.82 3.44 3.37 −0.12 0.50 0.23 3.24 3.26
36  3.28 4.16 3.13 4.4 0.36 2.41 4.20 −0.38 −0.01 −1.00 0.57 0.50 1.61 2.50
37  3.36 6.80 3.41 6.9 2.87 3.27 6.82 2.87 2.87 −0.61 0.25 0.19 2.71 2.80
38  3.69 6.21 3.58 6.2 2.93 3.84 6.40 3.15 3.04 −0.86 0.42 0.15 2.85 3.29
39  4.69 5.12 4.78 4.5 2.70 5.01 4.86 2.87 2.79 −0.99 0.70 0.00 3.76 4.36
40  NA 4.35 1.96 4.3 −0.88 1.68 4.34 −0.97 −0.93 −1.00 0.57 0.45 0.46 1.63
41  NA 4.07 2.10 4.1 −0.72 1.99 4.15 −0.86 −0.79 −1.00 0.57 0.44 0.51 1.59
42  NA 4.24 2.74 4.3 0.06 2.35 4.27 −0.37 −0.16 −1.00 0.57 0.50 1.45 2.35
43  NA 4.30 2.81 4.1 −0.09 2.42 4.32 −0.26 −0.18 −1.00 0.57 0.44 1.05 2.09
44  NA 5.95 4.33 6.2 3.20 4.05 6.36 3.33 3.27 −0.92 0.42 0.15 3.15 3.53
45  NA NA 0.42 3.9, 0.3 −4.61 −0.45 4.06, −3.42 −4.32 −4.47 −1.00 0.54 1.26 0.45 1.91 −0.72
46  NA NA 0.93 0.7 −4.28 0.29 −2.58 −4.29 −4.29 −1.00 0.31 0.88 0.12 1.63 −0.94
47  NA NA 1.33 0.5 −4.24 0.62 −3.18 −3.96 −4.10 −1.00 0.31 0.87 0.54 2.08 −0.45
48  NA NA 1.39 0.7 −3.98 0.50 −2.35 −4.08 −4.03 −1.00 0.31 0.89 0.65 2.04 −0.32
49  NA NA 1.50 0.2 −4.34 −0.18 −3.82 −4.76 −4.55 −1.00 0.31 1.55 1.30 2.61 0.44
50  NA NA 1.70 0.7 −3.76 0.78 −2.80 −3.80 −3.78 −1.00 0.31 0.94 1.01 2.50 0.10
51  NA NA 1.70 0.7 −3.76 0.78 −2.80 −3.80 −3.78 −1.00 0.31 0.94 1.23 2.60 0.36
52  NA NA 2.88 7.8, −0.7 −3.61 0.42 7.38, −3.38 −4.31 −3.96 −1.14 0.81 0.90 2.06 3.37 0.95
53  NA NA −1.67 9.0, 1.0 −4.91 −0.72 8.92, −2.19 −5.31 −5.11 −1.01 0.81 1.15 NA 0.81 −1.98
54  NA NA −1.03 2.0, −0.1, −1.9 −7.88 −1.63 1.53, −3.57, −3.76 −10.79 −9.34 −2.00 0.85 1.89 NA 1.28 −3.32
55  NA NA −0.05 1.1, −0.3 −6.38 −1.05 −2.64, −3.37 −10.21 −8.30 −2.00 0.63 1.71 NA 1.88 −2.54
56  NA NA 0.47 0.7 −4.41 −0.10 −2.80 −4.68 −4.55 −1.00 0.31 0.88 NA 1.11 −1.50
57  NA NA 0.55 4.1, 0.4 −5.32 −0.98 3.89, −3.36 −8.65 −6.99 −2.00 0.88 1.21 NA 1.11 −3.23
58  NA NA 0.60 4.2, 0.4 −5.31 −0.79 4.25, −3.5 −8.12 −6.72 −2.00 0.88 1.21 NA 0.94 −3.43

NA: not available. ACD/logP, ACD/pKa, ACD/logD, A and B values were calculated by ACD/Labs I-Lab 2.0 (ilab.acdlabs.com); PrologP, pKalc and PrologD  values were calculated by Pallas 3.5 (CompuDrug Chemistry Ltd., CA, USA);
Ave.  ClogD7.0 was the average value of ACD/logD7.0 and PrologD7.0; ne was  calculated with pH and pKa for No. 25–44, ACD/pKa for No. 45–58 based on dissociation equilibrium. Exp. logD7.0 of No. 45–52 were from RPLC method
and  Exp. logD7.0 of No. 53–58 were from IP-RPLC method.
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ig. 3. Plot of logkw-IP from IP-RPLC and logkw-RP from RPLC of different kinds of acid
ompounds.

onizable compounds on RPLC. Fortunately, results in this present
ork suggested that the relationships between logD and differ-

nt lipophilicity indexes were adequate for lipophilicity prediction
ith buffers as ion-suppressors, similar as references [16–22].

redictably, when the actual pH variation of mobile phase was
onsidered, these gradient methods would be more-refined, which
hould be the developing direction of emerging methods.

.5. Evaluation of the IP-RPLC method for logD determination of
onic compounds

Isocratic retention times of neutral (No. 1–22), weak acid (No.
5–44) and strong acid compounds (No. 45–58) under RPLC and
P-RPLC modes at pH 7.0 with methanol as organic modifier were
ollected. LSS models for each compound were established and
ogkw values of them were extrapolated. Retention times of neutral
ompounds were little affected by addition of 10 mM TBAB ion-pair
eagent (Fig. S2). Thus, logkw values of neutral compounds in Table
2 were used in subsequent discussion. Table 5 lists the logkw-RP
nd logkw-IP values of acid compounds obtained from RPLC and
P-IPLC, respectively. Without ion-pair reagent added, retention of
hese ionized acid compounds (aryl carboxylic acids and sulfonic
cids) was very weak. Some of them (No. 53–58) were eluted before

 min  even at a very low concentration of methanol (� = 10%), so
here were no reliable logkw-RP values of them obtained. Once TBAB
as added in the mobile phase, retention of the acid compounds

ncreased. Fig. 3 presents the plot of logkw-IP and logkw-RP for dif-
erent kinds of acid compounds. Different correlations between
ogkw-IP and logkw-RP were found for aryl carboxylic acids, sulfonic
cids and phenols. Difference of dissociation groups and net charge
f these ionized compounds might explain this phenomenon.

We tried to bring ne and Abraham solvation parameters A and
 corresponding to H-bonding acidity and basicity into the correla-
ion of logkw-IP and logkw-RP. It was found that introducing ne and
braham solvation parameter B was simple and effective to deal
ith different polar groups and a good correlation (R2 = 0.972) was

btained.

logkw-IP = 0.46(±0.12) + 0.78(±0.03)logkw-RP

− 0.71(±0.10)ne + 0.39(±0.08)B
N = 28,  R2 = 0.972, SD = 0.14, F = 313)

Since there were no literature experimental logP or logD or pKa

alues available for strong acid compounds tested in this work,
. A 1528 (2017) 25–34 33

we calculated these data with ACD/Labs and Pallas (Table 5). For
weak acid compounds (No. 25–44), calculated logP and pKa were
very close to corresponding literature values. However, for strong
acid compounds (No. 45–58), calculated values by the two software
were quite different and could not be considered reliable. Consid-
ering that logkw-RP of some strong acid compounds (No. 45–52)
were obtained in RPLC mode (possibly due to the high lipophilic-
ity of ODP column), their logD7.0 were predicted from correlation
of ave. ClogD7.0 (average values of ACD/logD7.0 and PrologD7.0) vs.
logkw-RP including Abraham solvation parameter A as correction
term established with neutral and weak acid compounds.

logD7.0 = −0.85(±0.22) + 1.16(±0.05)logkw-RP

− 0.75(±0.32)A(N = 42,  R2 = 0.968, SD = 0.39, F = 630).

In IP-RPLC, a correlation of logD7.0 vs. logkw-IP and ne according
to Zou et al. [25] was firstly established for weak acid compounds
(No. 25–44) and some strong acid compounds (No. 45–52).

logD7.0 = −1.39(±0.50) + 1.53(±0.13)logkw-IP

+ 2.06(±0.37)ne(N = 28,  R2 = 0.897, SD = 0.52, F = 118).

When Abraham solvation parameters A and B were introduced,
a better correlation was  obtained as expected:

logD7.0 = −0.16(±0.49) + 1.50(±0.10)logkw-IP

+ 1.59(±0.29)ne − 2.15(±0.58)A − 0.90(±0.26)B

(N = 28,  R2 = 0.938, SD = 0.40, F = 103).

If neutral compounds (ne = 0) were involved as model com-
pounds, the correlation coefficient would be further improved:

logD7.0 = −0.82(±0.31) + 1.18(±0.07)logkw-IP

+ 1.55(±0.26)ne − 0.09(±0.44)A − 0.44(±0.26)B

(N = 50,  R2 = 0.954, SD = 0.46, F = 254).

The large relative error on A suggested that it does not con-
tribute meaningfully to this correlation. A was taken out and the
final correlation was as follow:

logD7.0 = −0.84(±0.29) + 1.18(±0.07)logkw-IP

+ 1.59(±0.18)ne − 0.43(±0.25)B

(N = 50,  R2 = 0.955, SD = 0.46, F = 345).

This result indicated that including neutral compounds and
introducing structure-related descriptors like A and B into corre-
lations, the range of model compounds for the IP-RPLC based logD
determination method could be greatly expanded. The final corre-
lation was used to predict logD7.0 values of those strong ionized

acids (No. 53–58) only retained in IP-RPLC (Table 5). These exper-
imental logD7.0 data for strong ionized compounds are the first
reported ones as far as we  know although large differences were
found between the experimental and software calculated logD7.0.



3 atogr

4

o
c
t
f
s
m
c
i
R
fl
v
g
n

A

t
F

A

i
0

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

as mobile phase and its effect on the chromatographic hydrophobicity index
determination, J. Chromatogr. A 954 (2002) 77–87.

[37] X. Subirats, M.  Rosés, E. Bosch, On the effect of organic solvent composition on
the  pH of buffered HPLC mobile phase and the pKa of analytes − a review, Sep.
Purif. Rev. 36 (2007) 231–255.
4 C. Liang et al. / J. Chrom

. Conclusion

In this work, important RPLC and IP-RPLC methods for logP
r logD determination were carefully revisited, assessed and dis-
ussed. In RPLC methods, logkw is the better lipophilicity index
han CHI, kg’, or tg to correlate with logP or logD. Obtaining logkw

rom several gradient runs instead of classic isocratic runs is time-
aving and deserves to be taken into substantive account. In IP-RPLC
ethod, furthermore, descriptors were indispensable to improve

orrelation between logD, logkw-IP and ne of structure-diverse
onizable compounds. Consequently, development of RPLC and IP-
PLC based logP or logD determination methods provides more
exible and reliable options in logP and logD determination for
arious more complex compounds. Hopefully, with further investi-
ation of the experimental details, the standard procedures of these
ewly developed RPLC-based methods could be setup.
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