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ABSTRACT

Reversed-phase chromatographic retention data are currently playing a significant role in the determination of one of the most

important physical properties of compounds, the oil-water partition coefficient. The potential uses of partition coefficients cover
many areas of chemistry and biology, and have been particularly important in the area of biomembrane transport. This review
will address the theoretical foundation of the chromatographic method for the estimation of partition coefficients, with an
emphasis on the origins of anomalous retention behavior. Deviations of chromatographically determined partition coefficients
from true values may provide insight into reversed-phase retention mechanisms.
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1. INTRODUCTION

Owing to the cardinal role of hydrophobic
interactions in life processes, there is a need for a
physical-chemical method to quantitatively mea-
sure the hydrophobicity of biologically active
substances. _

In one sentence, the above quote captures the
essence of the present review. Surprisingly, the
quote comes not from a biology or pharmaceuti-
cal journal, but instead from this journal in 1976.
Horvéath er al. [1] were discussing their sol-
vophobic theory of reversed-phase chromatog-
raphy, and showed great insight into the po-
tential application to biological systems. Appar-
ently their thoughts were not lost. A recent
search of the Pomona College partition coeffi-
cient database reveals that there are 116 refer-
ences containing the determination of partition
coefficients by high-performance liquid chroma-
tography (HPLC) methods for over 1600 com-
pounds. This figure represents almost 5% of the
total entries for the database. While this data-
base is certainly the most extensive of all parti-
tion coefficient databases, it is by no means all
inclusive due to the fact that partition coeffi-
cients are often obtained for a particular pur-
pose. Often the fact that partition coefficients
have been determined as a part of the study may
not be evident in the title, keywords, or abstract
of the manuscript.

HPLC capacity factors are commonly used to
estimate partition coefficients, and have there-
fore been the subject of many reviews [2-6]. The
reason for the popularity of the HPL.C method is
that it is a very simple and efficient method
relative to traditional “‘shake-flask” methods.
The greatest shortcoming of the HPLC method
is that outliers are often noted. These outliers
may be due to the difference in the hydrogen
bonding capability of the stationary phase rela-
tive to the bulk oil of interest, or they may be
due to more specific interactions between the
solute and the stationary phase (such as amines
and free silanol groups on silica-based columns).
Regardless of the cause, the existence of outliers
reduces the predictability of the method, and
casts doubt on the results. It is easy to under-
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stand then, how much of the literature on this
subject has dealt with the alleviation or quantita-
tion of anomalous retention behavior.

The present review will focus on the following
questions: (1) How can partition coefficients be
utilized by investigators, with particular attention
to the pharmaceutical sciences? (2) What is the
theoretical foundation of the chromatographic
method? (3) What choices must be made and
what pitfalls must be avoided by the investigator
using this method? (4) Finally, in light of the
theme for this issue, can information on reversed-
phase retention mechanisms be gleaned from this
approach?

2. SIGNIFICANCE OF OIL-WATER PARTITION
COEFFICIENTS

Oil-water partition coefficients (P) are one of
the most commonly reported physical properties
of drugs, pesticides, and other chemicals. The
literature base on partition coefficients crosses
many disciplines ranging from synthetic to en-
vironmental chemistry. In the 1960s, Fujita et al.
[7] introduced the = substituent constant, which
describes the difference in log P between a
substituted and an unsubstituted compound.
While this approach could be applied to virtually
any partitioning system, Hansch and co-workers
concentrated on the now popular n-octanol-
water system [8,9]. Other a priori methods of
calculating partition coefficients have been de-
veloped based on either empirical fragment
constants [10], or on molecular properties which
can be calculated using quantum chemical calcu-
lations [11,12]. While these approaches have
been quite useful, it is often difficult to account
for various intramolecular interactions such as
hydrophobic bonding which may alter the parti-
tion coefficient [13]. Thus, the experimental
determination of log P by either the traditional
“shake-flask”” method or by the HPLC method
should be utilized on at least some representative
members of a class of compounds.

Why are partition coefficients so important?
The partition coefficient is defined as the ratio of
the concentrations of a solute equilibrated be-
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tween two immiscible phases, typically an oil and
an aqueous phase. Thus, from a qualitative
standpoint, the partition coefficient is a measure
of the solutes preference for the oil phase over
water (often referred to as the lipophilicity or
hydrophobicity). Due to the ubiquitous nature of
lipids and water in biological systems, it is not
surprising that oil-water partition coefficients
are of practical interest (see below). From a
more fundamental standpoint, the partition co-
efficient may be described in terms of the cohe-
sive and adhesive interactions of the solute and
the respective solvents [14]. Thus, from a
thermodynamic standpoint, partition coefficients
provide information on the intermolecular forces
of the solute in solution.

2.1. Solubility estimation

Data on the interactive forces of various
solutes have a number of potential applications,
and most notably, the estimation of aqueous
solubility [15-19]. In fact, a number of authors
have utilized HPLC capacity factors to estimate
aqueous solubility directly [20-22]. However,
there are three caveats for these approaches.
First, the activity coefficient for the solute in the
oil phase is often set to unity by assuming that
the solute behaves much like the oil. This cer-
tainly limits the range of solutes which may be
tested by a particular approach. For example,
octanol is often used for pharmaceuticals since
most drugs have a similar solubility parameter to
octanol [16]. Secondly, the approach is only
applicable to non-electrolytes. The ionization of
weak electrolytes must be accounted for separ-
ately. Finally, it should be noted that crystalline
solids have an additional solute—solute interac-
tion which is not applicable to liquids. A number
of approximations may be applied in order to
estimate the aqueous solubility of crystalline
compounds [16,23,24]. Nonetheless, some
knowledge of the crystal lattice energy is needed,
and this can not possibly be accomplished by a
solution state property such as partitioning.
Thus, the crystal lattice energy must be indepen-
dently measured or estimated if the solubility of
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a crystalline solid is to be correlated with the
partition coefficient.

2.2. Pharmacological activity

The use of quantitative structure—activity rela-
tionships (QSARs) are now well ingrained in the
pharmaceutical sciences. The demonstration of
the importance of partition coefficients in
QSARs has been particularly significant, and has
been exhaustively reviewed [25-28]. The concept
of utilizing chromatographic studies to correlate
directly with bioactivity (sometimes referred to
as quantitative retention—activity relationships)
has been promoted by several authors [29-33].

Much of the partition coefficient effect in
bioactivity studies is due to transport through
biomembranes to the active site, which will be
discussed further below. However, # values have
been utilized directly in assessing bioactivity
using linear free energy relationships describing
the hydrophobic interaction of drug substituents
with active sites and enzymes [25,34], in analogy
to Hammett o and Taft E, constants describing
electronic and steric effects. Thus, the bioactivity
(B) of a substituted compound may be described
as

log B =km + k'c + K'E, + k" (1)

The active site may be an enzyme, in which case
the above equation could be applied to enzyme
inhibition or even the metabolism of the drug
[35,36].

In addition to intrinsic bioactivity, several
other pharmaceutical uses of partition coeffi-
cients have been made. The central nervous
system toxicity of more lipophilic drugs has been
explained based on the ability of these com-
pounds to more readily cross the blood—brain
barrier [37], which is made up of relatively pore-
free capillaries. These authors suggest that drugs
should be designed so as to minimize their
lipophilicity, and thus, minimize central nervous
system side effects. The hydrolysis of red blood
cells represents a toleration problem for some
injectable drugs, and has been shown to be
predicted based on oil-water partition coeffi-
cients [38]. The biodistribution, protein binding,
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and metabolism of drugs may also be altered by
their lipophilicity [18,39].

2.3. Biomembrane permeability

Biological membranes are thin layers of lipid
and protein that compartmentalize the living
organism and permit selective passage of metab-
olites and nutrients [40]. For the present discus-
sion, the term membrane will be used loosely.
The permeation of solutes will be considered not
only for individual cells, but also for barriers
such as the nasal mucosa, the cornea of the eye,
the vaginal mucosa, the rectal mucosa, the
blood-brain barrier, the stratum corneum (the
outer layer of the skin), and enterocytes of the
intestine. These complex and heterogeneous
barriers are nonetheless often modelled using
partition coefficients, including those obtained
chromatographically [41-56].

Most biomembranes consist of phospholipids
arranged in bilayers [57]. The permeation of
solutes in membranes has been considered at
length by Diamond and Katz [58], who stress the
anisotropic nature of the bilayer. They suggest
that the head-group region of bilayers may
present the most resistance to the permeation of
lipophilic solutes, while the alkane-like interior
of the bilayer may limit the permeation of polar
solutes (see Fig. 1). Most compounds of phar-
maceutical interest contain at least one polar
functionality. This has led some investigators to
suggest that alkanes may be more relevant to
biomembrane transport than octanol since most
drugs contain multiple polar functionalities
[59,60]. An alternate approach would be to
avoid the use of bulk solvents altogether, and
instead use structured lipids such as liposomes.
Partitioning into liposomes may correlate better
with biological activity and membrane transport
since surface group interactions and bilayer or-
ganization effects are not present in bulk solu-
tions [61,62]. One could even suggest that re-
versed-phase HPLC capacity factor may be pre-
ferred over bulk oil-water partition coefficients,
since the alkyl chains of the column are struc-
tured and the insertion of solutes into these
chains would include an entropic cost not associ-
ated with transfer into a bulk oil [63]. However,
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Fig. 1. Dependence of solute partition coefficient (K;) on
position within a lipid bilayer. From Diamond and Katz [58].

the density of alkyl chains in most common
monomeric RP-HPLC columns generally do not
approach that of phospholipid bilayers, which
typically have densities of 5 wmol/m? [63,64].

To simplify the discussion of diffusion of
solutes through membranes, physical chemists
often treat the membrane of interest as a simple
homogeneous membrane (see Fig. 2). The flux
(J) of material through the membrane will be
driven by the concentration gradient (— dC/dx)
according to Fick’s law

dcC
1= -0 () @
where D is the diffusion coefficient. At steady
Cd’
Cd
Cr’
Cr
h

Fig. 2. Schematic of solute concentration (C) in a homoge-
neous membrane of thickness . at steady state. The
subscripts d and r refer to the donor and réceiver sides of the
membrane, respectively.
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state, the flux through a membrane of thickness
h can be described by

J= meD(id _ Cr) (3)

where P_, is the membrane—water partition
coefficient and C, and C, represent the permeant
concentrations on the donor and receiver sides,
respectively. The quantity P, D/h is often re-
ferred to as k;, the permeability coefficient. It is
clear from the above equation that partitioning is
essential to membrane permeation. Hansch and
Fujita [65] have explained the general ap-
plicability of relating log P to biological activity
in terms of the necessity of a compound to travel
from some extracellular phase to some site of
action in the cellular phase. They realized that
the nature of most membranes are “more or less
organic phases”, and that the key process is
partitioning.

The importance of partitioning is probably
best demonstrated by homologous series of com-
pounds with varying alkyl chain length (n). The
increase in log k, due to the methylene group,
Tcu,> assuming no change in D through the
series is

kP,n = kp,o 10™ 4)

where k;, is the permeability coefficient of the
hypothetical reference congener [66]. The
methylene group contribution to HPLC reten-
tion (7, ) is discussed in detail elsewhere in this
volume [67]. 7 and 7, like k' and P, are directly
related to each other. For mouse stratum cor-
neum, values of 0.263 and 0.220 have been
reported for =y for alkanol and hydro-
cortisone-21-ester permeabilities, respectively
[68,69]. This good agreement between two
dramatically different series of compounds sup-
ports the concept that both are permeating
through a lipophilic barrier. Under the same
conditions, however, 5'-esters of the nucleotide
antagonist, vidarabine, have a =g, value of
0.0893 [70]. This suggests that vidarabine is
permeating through a non-lipophilic pathway,
which would be consistent with temperature
effects on permeability for these classes of com-
pounds [71]. It is not clear if the pathway taken
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by vidarabine is various appendages in the skin
(e.g., sweat glands, hair follicles) or molecular
level channels in the stratum corneum lipid
barrier. However, this example demonstrates the
challenge of treating a complex membrane as a
homogeneous lipid.

2.4. Other uses

Partition coefficients have been used with
much success in environmental chemistry.
Bioconcentration potential, the ability of a
chemical to accumulate in an animal (particularly
fish) from its environment, is critical not only for
the animal, but also other members of the food
chain. The bioconcentration of compounds from
water to fish has been shown to correlate with
octanol-water partition coefficients [72,73]. The
adsorption of chemicals from ground water to
soil has also been correlated with partition co-
efficients [74]. Typically the adsorption coeffi-
cient is corrected for the percent of organic
matter before the correlation is attempted [75].
While this reduces the variation observed be-
tween different type of soils, the method still has
a fair degree of variability.

The sorption of solutes to various polymers
has been modeled using partition coefficients.
Jenke [76] observed an excellent correlation
between octanol-water partition coefficients and
the adsorption of various solutes to polyolefin
intravenous administration bags from aqueous
solutions. RP-HPLC capacity factors have also
been used directly for this purpose [77].

2.5. Choice of the reference solvent

The above examples demonstrate that parti-
tion coefficients have played an important role in
many areas of chemistry and biology for many
decades. Octanol has by far become the most
commonly used oil for oil-water partition coeffi-
cient determinations, in large part due to the
extensive literature base developed by Hansch
and his co-workers. While octanol-water parti-
tion coefficients have been shown to correlate
with many properties, the choice of octanol is in
some respects unfortunate. The mutual solu-
bilities of octanol and water are high relative to
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alkanes, and the hydrogen-bonding capability of
octanol causes deviation when comparing linear
free energy relationships between different sol-
vent systems [9]. It is also not clear that octanol
has the appropriate characteristics to correlate
with all membranes and physicochemical prop-
erties. It is likely that these arguments will
persist, leaving the investigator to make the
appropriate choice of the reference solvent for
his or her application.

3. THE RP-HPLC METHOD
3.1. Basis of the method

If one assumes that retention in RP-HPLC is
due to partitioning between the mobile and
stationary phases, it should be possible to find a
correlation between bulk-phase partitioning and
HPLC capacity factor (k'). The capacity factor is
related to the stationary phase—mobile phase
partition coefficient (Pg,,) through the volumes
(V') of the respective phases [78]

V.
k'=Poy 77 5

T (5)
The correlation of partition coefficients between
various partitioning systems has long been sug-
gested by Collander [79], who showed that P for
one solvent system could be related to another P
as

logP,=alogP,+b (6)

where a and b are constants. While the above
equation has been applied extensively over the
last forty years, the premise is too simplistic. The
solvents included in Collander’s study were all
alcohols. In attempting to extend the relation-
ship to more non-polar systems such as alkanes,
it is necessary to account for compounds with
hydrogen bonding capability [34]. By assigning a
substituent constant ({};) to account for the effect
of hydrogen bonding, Seiler [80] found that
Collander’s relationship between alkane and
octanol partition coefficients was improved when
the sum of all I were added. The challenge to
investigators attempting to correlate HPLC
capacity factor with a specific partition coeffi-
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cient is to determine if the Collander equation
holds, and if not, can a correction factor such as
Seiler’s be applied. Much of the literature on this
subject has dealt with the alleviation or quantita-
tion of anomalous retention behavior.

3.2. Advantages over the traditional ‘“‘shake-
flask” method

Since anomalous retention behavior has the
possibility of leading to erroneous determina-
tions of partition coefficients, why not simply use
the traditional “shake-flask” method to deter-
mine the partition coefficient? The major advan-
tage to the HPLC method is speed. It is possible
to test a whole series of compounds overnight
with very little preparation time. On the other
hand, the “shake-flask” method can be fairly
tedious and time consuming. Prior to the start of
the experiment, the two phases must be mutually
saturated, which can take several days to accom-
plish [81]. The concentration of solute should be
measured after equilibrium is achieved (pre-
ferably in both phases). This requires the exist-
ence of an analytical method, which if not
available, must be developed, and possibly some
trial and error in order to determine the optimal
phase volume ratio. It is thus clear to see why
the HPLC method has gained such popularity.

There are a number of other advantages of the
HPLC method. First, only a small amount of
compound is needed for the measurement, typi-
cally on the order of 1 mg. Second, the method
is generally insensitive to impurities or degra-
dation products which might either affect bulk
partitioning or analysis. However, a word of
caution is appropriate. If an impurity with a high
molar absorptivity is present, its peak may be
mistaken for the true peak. This situation would
argue for the use of a more specific means of
detection (mass spectrometry or photodiode
array). Third, it is reasonable to utilize the
HPLC method over a broader range of lipo-
philicities than is practically possible with the
shake-flask method. Finally, solutes which are
surface active often form emulsions on shaking,
necessitating the use of centrifugation, which is
avoided by the HPLC method. The major dis-
advantage to the HPL.C method is that some sort
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of calibration with compounds of known parti-

tion coefficient is necessary. If these standards

h
behave differently on the column from the solute

of interest, then an erroneous prediction of the
partition coefficient is expected.

3.3. Choice of

One of the most difficult decisions that the
investigator must make when beginning to utilize
HPLC for the determination of partition co-
efficients is which mobiie phase is appropriate.
These choices include (1) which organic modifier

to uca (2 tha lavel ar ranae of modifier to nuege
L0 use, (<) tae ievel or range o modiier (o use,

(3) whether to extrapolate capacity factor to 0%
organic (often referred to as kj or k) or to
choose a particular percent organic, (4) should a
pH buffer or buffers be employed and (5) should
stationary phase modifiers be included. Many of
these choices will depend on the particular
situation and intended use of the partition coeffi-

cient. This review will attempt to glean some
insight on these decisions from the literature.

3.3.1. Oroanic modifier

ede i Sieiaal Gty

Methanol is by far the most commonly used
organic modifier in the determination of parti-
tion coefficients [3,4,6]. There are two likely
reasons for this. First, methanol is the most
water-like of all commonly used RP-HPLC sol-
vents. It is capable of hydrogen bond acceptance

and donation. Methanol has a solubility parame-

ter of 14.5 (cal/cm*)'’?, while water has a value
of 23.4 (cal/cm®)' [82] (1 cal=4.14 J). In
comparison, acetonitrile and tetrahydrofuran
have solubility parameters of 11.9 and 9.1 (cal/
em*)"2, respectively. Not only the mobile phase,
but also the stationary phase will be affected
less with methanol. McCormick and Karger {83]
have shown that the adsorption of acetonitrile
and tetrahydrofuran to alkyl-bonded silica occurs
to a greater degree than with methanol. An
interesting comparison of acetonitrile and metha-
nol was made by Sanchez-Moyano et al. [54] who
compared kg using a C,g; column for both sol-
vents to ueptaﬁe—'w‘awf part tition coefficients for
a homologous series of solutes with varying chain
length. A plot of log P (or log kj) versus n
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demonstrates that the heptane partition coeffi-
cient has very similar slope to kg for methanol,

but not for acetonitrile, In analogy to egn. 4, the

eqn. 4, the
slopes of these plots are equal to Ten,- Thus, the
sensitivity of the partitioning to the methylene
group is similar for bulk heptane—water parti-
tioning when methanol is used as the modifier,
but not when acetonitrile is used. Other inves-
tigators have also found a superior octanol-
water lug P correlation umué methanol rather
than acetonitrile or tetrahydrofuran as the modi-
fier [84,85].

The second reason for the use of methanol
relates to the quadratic nature of the relationship
between capacity factor and the volume ratio (¢)
of mobile phase (see below). Schoenmakers et al.
[86] have shown that for plots of log k' versus ¢,
methanol generally has significantly less curva-
ture than either tetrahydrofuran or acetonitrile,
which is consistent wrth the solubility parameters
for these solvents. Thus, the use of methanol
minimizes errors in extrapolation to 0% organic.

The use of any organic solvent at high concen-
trations in the mobiie phase may raise questions
of whether the mobile phase resembles pure
water at all Leo [87] suooests that at hish

Yvalwi Gr Al 1O/ ] Sugpgwows wadal GV dligal

methanol concentrations (>50%), the HPLC
method is fairly insensitive to hydrophobicity. As
an example, Leo cites the work of Spencer et al.
[88] who found a poor correlation between
partition coefficients (determined by HPLC using
70 or 90% methanol) and elastase inhibition by

A hvderavy D nuranag Ry raanaluzing the data
-f-lly ul UAy -L-Pyl WVLIVD. U] l\/allm] ‘allls wiv uala

using calculated partition coefficients, a positive
correlation was found. Thus, investigators using
the HPLC method may wish to minimize the
percentage of organic solvent, possibly by adjust-
ing column length [3,6,89].

3.3.2. To extrapolate or not to extrapolate

Plots of log k' versus the percent of organic
are generally linear over a fairly broad range,
particularly for methanol [90]. This linearity is
often used to justify the practice of extrapolating
to 0% organic when correlating k' to partition
coefficients. \,oncepmauy, this appi‘OaCu would
minimize the effect of the solvent on the nature

of the aqueous phase. However, the relationship
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between capacity factor and the volume ratio (¢)
of mobile phase is quadratic in nature, and may
be expressed as

logk' = Ap>+ B + C (7

This relationship, which is observed experimen-
tally, has been predicted theoretically based on
statistical mechanical [64] or thermodynamic
arguments [91,92]. The quadratic relationship
between log k' versus ¢ causes severe problems
for the extrapolation method. First, as noted
above, organic modifiers such as acetonitrile
have significant curvature even at moderate
percentages [86]. Second, for methanol, curva-
ture is typically observed at volume fractions
below 30% and above 70% [90]. Thus, extrapo-
lated k' values determined at moderate volume
fractions would deviate from the true k| value.
This would also be true for investigators using
the same range of organic solvent with different
solvents [64,86,92], which is intuitively troubling.
Third, deviations of classes of compounds are
observed even when extrapolation is performed
by one set of investigators. This is exemplified by
the work of Hammers et al. [93] who compared
log P estimates using extrapolated log k, values
versus log k' values at 50% methanol. While the
extrapolated values yielded a slightly improved
correlation for many compound classes, certain
classes (particularly polar compounds) appeared
to have anomalous behavior. Finally, extrapola-
tion requires significantly more experimental
study and data analysis. This additional amount
of work begins to reduce one of the main
advantages of the HPLC method over the
‘“shake-flask” method; namely, time. Thus,
many investigators utilize the k' value at only
one mobile phase condition [2,3,6,94,95].

Some authors have criticized the use of a
single mobile phase condition, suggesting that a
different rank ordering of log P values may be
obtained as a function of the percent organic
[4,96]. Stated in another way, plots of log k'
versus volume fraction of the organic modifier
for two solutes would have an intersection some-
where between 0 and 100% organic. The paper
by Geng et al. [90] in this volume provides
significant insight into this matter. Plots of log k'

W.J. Lambert | J. Chromatogr. A 656 (1993) 469—484

versus volume fraction typically converge near a
volume fraction of 1. If convergence generally
occurs only at very high percentages of metha-
nol, a change in rank order would not be
anticipated. The convergence can be quantitated
by noting that the slope (— S) of such plots for
related series of compounds can be related to k.,
by the relationship

S=p+qlogk, (8)

where p and g are constants for a given set of
conditions [90]. Assuming that these plots are
linear over the entire range of volume of frac-
tion, the lines for the various compounds will
intersect at the point where log k' equals —p/q.
The values for p and g for a wide variety of
compounds with methanol as the organic modi-
fier are provided by Geng et al. Analysis of this
data suggests that the intersection occurs at
130% methanol in 10 of the 14 data sets (with a
95% confidence interval for the mean of 7%).
The remaining 4 sets of data had values of 67%
or greater. These data would appear to suggest
that in general, one would not expect a change in
the rank ordering of partition coefficients based
on capacity factors determined at a specific
percent organic. (This statement assumes that
the alteration of the percentage of organic is not
affecting secondary equilibria on the column.)
Geng et al. also argue that since to a first
approximation log k' varies linearly with percent
organic, the choice of percent organic to utilize
in partition coefficient determinations can be
somewhat arbitrary. An attempt should be made
to utilize as low a methanol concentrations as is
reasonable in order to maximize selectivity (the
log k' values converge at a high percentage of
organic). However, the methanol concentration
used should be above 25-30% so as to remain in
the linear portion of log k' versus volume frac-
tion plots. The experimental observation that the
dependence of the calculated log P does not
appear to vary dramatically with the percent
organic for most substances, particularly if a
mobile phase of at least 25% water is utilized
[3,97], would appear to support the above con-
clusions.

An interesting insight into extrapolation can
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be gleaned from the approach taken by
Yamagami and Takao [95], who investigated
actual log k; values (no extrapolation). They
found an extremely poor correlation with log P,
whereas a much better correlation was found
using log k., with methanol (Fig. 3). This would
suggest that silica-based reversed-phase columns
predict octanol-water partition coefficients bet-
ter under conditions where adsorbed methanol
modifies the stationary phase. Thus, even though
a quadratic extrapolation (see eqn. 7) may yield
an improved estimate of log k,, such an extrapo-
lation should not be used for estimating log P.
Furthermore, Geng et al. [90] suggest that while
interpolation using eqn. 7 is more accurate than

20
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Fig. 3. (A) Plot of actual log k,, versus log P showing the
poor correlation in the absence of methanol. (B) Plot of the
same relationship as in A, except that the capacity factor was
determined at 50% methanol. A = amphiprotics; @ = non-
hydrogen bonders and H-acceptors; the open symbols repre-
sent amides and esters. From Yamagami and Takao [95].
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linear interpolation, quadratic extrapolation
often leads to significant errors.

3.3.3. Buffers and other additives

For weak electrolytes, a decision must be
made with respect to the pH of the mobile
phase. It is often tempting to buffer the mobile
phase at the pH of interest. For example, pH 7.4
is often used for pharmaceutical applications
since this is the physiologic pH [98]. There are
a number of problems with this approach.
First, the pH is only an apparent pH since the
mobile phase is not entirely made of water.
Secondly, the altered dielectric constant of
the mobile phase will affect the acid dissocia-
tion constants (K,) of the solutes of interest.
The K, values of various functionalities may
be affected to varying degrees, and possibly
opposite directions of change. Thus, it may be
more sound to buffer the mobile phase so as to
ensure that the compound is in its neutral
state (if possible), yielding the intrinsic parti-
tion coefficient [3,6]. The apparent partition
coefficient can then be calculated at the appro-
priate pH based on knowledge of the acid dis-
sociation constants, which can be determined
experimentally or estimated based on substituent
constants [99].

Other mobile phase additives have also been
proposed, such as lipids, ion-pairing agents
[4,100], and silanol masking agents [2,96]. The
first topic is discussed below under the section on
stationary phases. Retention mechanisms in ion-
pairing chromatography are quite complex since
they involve numerous factors such as ionic and
hydrophobic interactions between the solutes
and the ion-pairing agent [101]. A good correla-
tion between log P and log k' has been observed
for a series of amines using dodecyl-sulphate as
an ion-pairing agent on a phenylsilica column
[100]. However, it should be noted that the
amines were all structurally related, and had
nearly identical pK, values and steric factors.
Since a single ion-pairing agent will interact to
varying degrees with structurally unrelated
amines due to steric and other factors, it is
difficult to imagine that these complex interac-
tions can model partition coefficients for a wide
variety solutes. Furthermore, these interactions
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will vary dramatically as organic modifier per-
centage is varied. Thus, caution must be used in
applying ion-pairing agents for partition coeffi-
cient determination.

Since free silanols in silica-based reversed-
phase columns are able to specifically interact
with various functionalities, it seems obvious that
any method which could mask their effect would
be advantageous. Many early papers on partition
coefficient correlations concentrated on methods
of covalently blocking these groups (e.g., silyla-
tion with hexamethyldisilazane or trimethylsilyl
chloride [33]). As alkyl binding chemistry im-
proved, such efforts were no longer productive.
However, unreacted silanol groups are still pres-
ent in modern day columns, as evidenced by
anomalous peak broadening of amine containing
compounds. While the addition of agents such as
triethylamine and n-decylamine can lessen peak
broadening for analytical HPLC procedures,
they should be used with caution for partition
coefficient correlations since they may act as
ion-pairing agents with acidic solutes. Un-
fortunately, compounds of interest often con-
tain various acidic and basic functionalities.
In such cases, silanol masking agents should not
be used.

3.4. Solute concentration and association

The amount of compound injected on the
column should be considered from several points
of view. Obviously, the concentration should be
adequate to allow quantitation without overload-
ing the column. The European Chemical Indus-
try Ecology and Technology Centre [6] has
recommended the use of 1 mg/ml solutions,
which should be sufficient to allow detection of
most solutes. Unfortunately this paper does not
recommend an injection volume, and column
overload is typically caused by the mass of solute
injected. An injection volume of approximately
20 ul is generally acceptable at this concen-
tration. One should also consider the possibility
of solute association, which may vary as a
function of solute concentration. For example,
the dimerization of carboxylic acids in organic
phases is well known, necessitating the study of
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partitioning as a function of solute concentration
[102].

3.5. Void marker

Some thought must be given to the choice of
the void marker so that the capacity factor may
be calculated. This is particularly important if
some solutes of interest have retention volumes
approaching that of the void volume. A number
of solutes have been utilized including thiourea,
formamide, sodium nitrate, sodium iodide, and
methanol [3]. It is also possible to utilize a
homologous series in order to determine the void
retention time [3,103).

4. STATIONARY PHASES USED IN PARTITION
COEFFICIENT CORRELATIONS

4.1. Silica-based columns

Octadecyl silica (ODS) columns are used in
the vast majority of log P correlations [2—4,6],
although a similar if not better correlation has
been observed with C,; columns [96]. When used
with methanol-water mobile phases, capacity
factors on these columns generally correlate well
with literature octanol-water partition coeffi-
cients. A poor correlation is typically found for
alkane-water partition coefficients [104], unless
substituents are limited to non-polar function-
alities [93].

Despite attempts to decrease the effects of
free silanol groups through chemical modifica-
tion [33], the addition of a lipophilic amine to
the mobile phase [96,104], or saturation of the
stationary phase with octanol (see below), out-
liers due to specific interactions between the free
silanol groups and various functionalities are
commonly observed [3,6,31,104-106]. Amines
which are not sterically hindered are particularly
problematic as outliers [98,107].

Hydrogen bond donors, acceptors, and non-
hydrogen bonders have been differentiated into
classes on ODS systems with methanol as the
organic modifier [2,97,106], however, this is not
always the case [3]. An example of differentia-
tion by solute class is shown in Fig. 4. If the
series of compounds being investigated contains
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Fig. 4. Example of differentiation of solute class using a
silica-based reversed-phase column. O = Hydrogen bonders;
B = non-hydrogen bonders; A = amphiprotics. From Miyake
et al. [106].

similar functionalities, this effect may not be of
concern as long as the standards utilized are
similar in nature. However, if the series contains
multiple classes of compounds (e.g., bases, hy-
drogen bonders, non-hydrogen bonders), one
should carefully select the column and condi-
tions. Columns with fewer free silanols are
known to produce plots of log k' versus volume
fraction that are less curved [90]. It is also
reasonable to expect improved log P correlation
with less differentiation by solute class with
better columns.

Attempts have been made to account for
hydrogen bonding differences between com-
pounds, making the technique more applicable
to broad classes of compounds. Miyake et al.
[106] found that for ODS columns with metha-
nol-water mobile phases, hydrogen bonding
differences between octanol-water partition co-
efficients and retention could be accounted for
by the following equation

log P,,=a+blogk' +cA+dD )

479

where a, b, ¢ and d are constants, A is an
indicator variable which equals 1 for compounds
which are hydrogen bonding acceptors (0 if not),
and D is an indicator variable for hydrogen
bonding donors. This approach led to a greatly
improved correlation, particularly at moderate
percentages of methanol (50-70%). However,
when used with k., this approach only caused a
slight improvement, suggesting that hydrogen
bonding differences between the stationary
phase and octanol are minimal at low methanol
percentages.

4.2. Polymeric columns

A number of authors have proposed utilizing
polymeric reversed-phase columns in place of
ODS columns [94,107-109]. The use of poly-
meric columns offers several potential advan-
tages. First, these columns avoid silanol group
interactions with solutes, probably the most
common cause of outliers. In addition, they do
not contain the trace metals which are associated
with silica and are known to cause anomalous
retention behavior [110]. Finally, these columns
are typically stable over a wide range of pH.
Thus, they can be used to measure the intrinsic
partition coefficients of acids and bases at ex-
treme pHs which might not be possible with a
less stable bonding chemistry.

Polystyrene—divinylbenzene (PS-DVB)-based
columns have been studied extensively. While an
improvement in octanol-water partition coeffi-
cient prediction has been reported with PS-DVB
columns over ODS columns [107], other inves-
tigators have reported significant deviations of
classes of compounds (e.g., acids from bases)
[108,109]. It is likely that the specific interactions
between solutes and the PS-DVB stationary
phase are due to the electron-rich 7r-orbitals
present in the column [111-114}.

Benson and Woo [111] have suggested that C,;
derivatization of the PS-DVB columns eliminate
ar-orbital interactions of the polymer with solutes
through steric hindrance. If these #r-orbital inter-
actions are significant, dipole (solute)—dipole
(column), dipole (column)-induced dipole (sol-
ute), and hydrogen bonding retention interac-
tions would be occurring which would not occur
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in bulk alkane. To test this hypothesis, Lambert
et al. [89] analyzed the deviations of HPLC
partition coefficient values using the Act-I col-
umn from literature alkane—water partition co-
efficient values as a function of the compound’s
(or substituent’s) molar refractivity (related to
polarizability), dipole moment, the Hammett
substituent constant (o), or the hydrogen bond-
ing acceptance (pKy). A significant correlation
of the deviations was not observed for any
parameter, suggesting that no specific interac-
tions were occurring with the stationary phase.
Thus, it appears that the C,,-derivatized PS-
DVB column could be used for alkane—water
partition coefficient determinations for com-
pounds containing dramatically varying function-
alities.

Octadecylpolyvinyl (ODPV) columns provide
an alternative method to avoiding -orbital
interactions associated with PS-DVB columns.
Capacity factors using an ODPV column have
been shown to have a good correlation with
octanol-water partition coefficients for a broad
range of compounds [109]. This column was
found to provide a correlation which is superior
to PS-DVB columns, and similar to that pro-
vided by ODS columns.

4.3. Oil-loaded phases

An interesting approach to predict oil-water
partition coefficients by HPLC is to load the
stationary phase with the oil of interest, and
determine the capacity factor with an oil-satu-
rated mobile phase [2,98,105,115]. This ap-
proach generally yields a value for a in eqn. 6 of
approximately 1, suggesting that the stationary
phase is indeed much like the oil [2}. Two
disadvantages of this approach are that retention
times become prohibitively long for very lipo-
philic compounds [2] and that it is often difficult
to maintain the stationary phase precisely at the
saturation level [98].

Terada and co-workers [106,116] have pro-
posed using glycerol-coated controlled pore glass
as a stationary phase for the determination of log
P (octanol-water). However, the correlation
appears to be dependent on whether the com-
pound has hydrogen bonding substituents or not,
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suggesting that the system is different from bulk
octanol.

4.4. Phospholipid-modified supports

Pidgeon and Venkataram [117] are studying
di-C, ,-lecithin covalently bound to Nucleosil-300
by the terminal carboxy group on the C-2 chain
as a method of modeling biomembranes. This
approach suffers from the fact that the structures
are less fluid at the tail than at the headgroups,
which is the opposite of natural bilayers [58].
Nonetheless, this novel approach may provide
new insights into the molecular processes occur-
ring in natural membranes.

4.5. Related approaches

A number of related chromatographic ap-
proaches have been used to determine oil-water
partition coefficients. Since these techniques are
only peripherally related to reversed-phase re-
tention, they will only be briefly touched upon in
the present review.

Thin layer chromatography represents one of
the earlier uses of chromatography to measure
lipophilicity, and has been extensively reviewed
[25,32,118-120]. For partition chromatography,
log P for the system is related to R,, [118], which
like log k', has a linear relationship with the
chain length of homologous series [121] and
shows a reasonable correlation for partition
coefficients for reversed-phase systems {122,123].
Typically RP-TLC plates and methanol-water as
the mobile phase are utilized, in an analogous
manner to the HPLC method. Like log &', there
is controversy over whether one should extrapo-
late to 0% organic when reporting R,, values
[124].

Gago et al. [125] have proposed that micellar
chromatography derived log capacity factors may
be correlated with log P. These authors also
suggest this method may have an advantage in
that the use of different surfactants would vary
partitioning involving the micelles, but would not
affect partitioning between the stationary phase
and bulk water. However, this would seem to
assume that the surfactants will not adsorb to the
stationary phase. It should also be noted that
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plots of log k' (from micellar chromatography)
versus chain length (n) for homologous series are
not linear. This non-linearity may be due to
variation in methylene selectivity as a function of
micelle depth [126] and to the fact that one
partitioning system is in motion [127]. Since log
P is generally linear with n (see eqn. 4), a linear
correlation of log k' and log P is not expected.
Nonetheless, a good correlation of the inhibition
of bacterial growth by phenols and micellar
capacity factor has been obtained [128].

Counter-current chromatography (CCC) and
centrifugal partition chromatography (CPC)
allow the direct determination of partition co-
efficients between two immiscible phases. Tech-
nical advances in equipment over the last decade
are bringing these techniques to much broader
use. Interested readers are referred to papers by
El Tayar et al. [129], Berthod and Armstrong
[130], and Terada et al. [131].

5. INSIGHTS INTO RP-HPLC RETENTION
MECHANISMS

Much of the content of this volume of the
Journal of Chromatography deals with the mech-
anisms of retention on a molecular level. While
partitioning plays an important role in the
process of retention, it is clear that specific
interactions may influence retention, particularly
with silica-based stationary phases. The struc-
tured nature of the alkyl chains in chromato-
graphic phases also provides an entropic differ-
ence from partitioning in bulk liquids.

An interesting question to this reviewer relates
to the fact that log &' on ODS columns with
methanol-water mobile phases generally has an
excellent correlation with octanol-water parti-
tion coefficients, but a poor correlation with
alkane-water partition coefficients. If the re-
tention mechanism is due to adsorption/parti-
tioning to the C,; chains, why is this so? The
better correlation with octanol-water rather than
with alkane—water partition coefficients would
suggest that polar solutes are able to specifically
interact with some polar component of the
stationary phase. It is not clear if the hydrogen-
bonding nature of ODS stationary phases is
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simply due to unreacted silanol groups, or ad-
sorbed methanol imparting a polar nature to the
stationary phase. Since polymer-based reversed-
phase columns lack free silanol groups, some
insight may be gleaned from C,; derivatized
polymer columns. A C,; derivatized PS-DVB
(Act-I) column has been shown to correlate well
with alkane—water partition coefficients, and not
octanol-water partition coefficients [89]. When
the octanol data was analyzed for only the non-H
bonders, an excellent correlation was obtained,
indicating that polar compounds have positive
deviations which are most likely due to solute
hydrogen bonding in the octanol phase. The
Act-1 data would appear to imply that free
silanols are responsible for the good octanol-
water partition coefficient correlation with ODS
columns. However, a good correlation with
octanol-water partition coefficients has been
obtained with capacity factors using an ODPV
column (no attempt was made to correlate log k’
with log P for alkane-water partition coeffi-
cients) [109]. These data, would seem to suggest
that adsorbed methanol imparts an octanol-like
quality to the ODS and ODPYV stationary phases.
However, it is possible that the polar nature of
the ODPV column is due to unreacted hydroxyl
groups of the polyvinyl alcohol, or an effect of
the ester functionalities. The use of alternate
polymers may allow these mechanisms to be
investigated. It is likely that additional studies
like the above, coupled with quantitative struc-
ture—retention relationships and temperature
dependence studies, should provide additional
insight into retention mechanisms in reversed-
phase chromatography.
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