Proc. IndianAcad. 5ci. (Chem.Sci.), Vol. 94, No. 1, March 1985,pp. 121-138.
9 Printedin India.

Affinities of organic compounds for solvent water; hydrophilic and
hydrophobic character
R WOLFENDEN
Department of Biochemistry,Universityof North Carolina,Chapel Hill, NC 27514, tJSA

1.

Introduction

Interactions between solutes in dilute aqueous solution generally require the stripping
away of solvent water, at least in part, from the interacting groups. In addition to
specific forces of attraction or repulsion that may be at work, apparent affinities
between these groups can thus be considered to reflect the cost of removing each of
them, at least in part, from solvent water. The potential magnitude of solvation effects
on chemical reactions has become apparent with the development of new methods for
determining rates and equilibria in the vapour phase. The presence of solvent water is
found, for example, to alter the relative basicity of substituted amines by a factor of 1012
(Arnett et al 1972), and rates of attack by anions on alkyl halides are retarded in water
by factors as large as 10~8 (Olmstead and Brauman 1977). These reactions, involving
changes in the localization of electrostatic charges, may exceed those that are likely to
be encountered in reactions involving simple neutral molecules. Nevertheless it seems
clear that, regardless of their nature, the affinity of organic compounds for solvent
water exerts an important influence on their reactivity. Solvation effects also determine,
at least in part, the strength and specificity of most biochemical "recognition" processes
such as the binding of small molecules by enzymes, and the adoption of stable 3dimensional structures by proteins and nucleic acids in water.
Because of remaining uncertainties about the structure of water, alone and in the
neighbourhood of solutes, it is easier to appreciate the importance of solvation effects
than to be sure of their physical origins. The empirical affinity of organic compounds
and functional groups for watery surroundings has been a matter of continuing
concern to experimentalists, who find it useful to refer to certain groups as being
relatively hydrophilic or hydrophobic. It has been demonstrated that an attractive force
exists, for example, at the interface between such dissimilar substances as liquid octane
and liquid water (Harkins and Cheng 192 I), and isolated methane and water molecules
exhibit a modest affinity for each other in the vapour phase (Ungemach and Schaefer
1974). In this restricted sense, virtually all molecules are presumably attracted by water.
Not all molecules, however, are attracted strongly enough to overcome the self-cohesive
properties of water, as is necessary if they are to enter solution instead of merely
adhering to the surface.
An experimental index of the affinity of a compound for solvent water (that is, for
aqueous surroundings) is provided by its equilibrium constant for transfer from the
dilute vapour phase (in which intermolecular interactions are negligible, and the solute
exists in splendid isolation) to an aqueous solution so dilute that solute-solute
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interactions can be neglected. Most chemically reactive substances exhibit a favourable
equilibrium constant for transfer from vapour to water, attaining values as large as 10a
for simple uncharged compounds bearing a single functional group (Wolfenden et al
1981). Larger values are observed if several groups are present, and even the least
strongly hydrated ions exhibit free energies of solvation of - 30 kcal/mole or more.
Hydrocarbons, on the other hand, show little affinity for watery surroundings.
Acetylene, for example, exhibits an equilibrium constant of approximateiy unity for
transfer from vapour to water, while paraffins actually favour the vapour phase
(McAuliffe 1966).
Of interest to many biologists is the equilibrium constant for transfer of a solute
from dilute aqueous solution to dilute solution in an organic solvent. Such partition
coefficients depend on the nature of the organic solvent that is used as a reference.
Because biochemists are often concerned with permeability, or with the traffic of
substances between water and biological membranes, the organic solvent is often
chosen on the basis of its likely resemblance to the lipid interiors of membranes.
Partition coefficients have proven to be extremely useful in correlating the chemical and
biological behaviour of compounds in many systems (Hansch and Leo 1979).
Vapour-to-water equilibrium constants and water-to-solvent partition coefficients
are related by the equilibrium constant for transfer of the solute from the vapour phase
to dilute solution in the nonpolar solvent (figure 1). A natural expression of each of
these distribution coefficients is in terms of the concentrations (mol/l) of solute in each
phase, the distribution coefficient itself being dimensionless. For clarity, we will refer
below to each of these equilibria simply by designating the phases between which
transfer occurs. In the older literature, the equilibrium constant for transfer of a solute
from water to vapour is defined as the "Ostwald coefficient". More recently,
equilibrium constants for transfer from vapour to water have been taken as a measure
of "intrinsic hydrophilic character" (Hine and Mookerjee 1975). Distribution coefficients describing the transfer of solutes from water to a nonpolar solvent have
sometimes been regarded as an index of"hydrophobicity" (Nozaki and Tanford 1971)
or "hydrophobic character" (Hansch and Leo 1979).

2. Water-to-vapour equilibria
2.1

Experimental determination

The intrinsic hydrophilic character of a molecule can be determined by evaluating the
dimensionless equilibrium constant for its transfer from the dilute vapour phase to
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dilute aqueous solution. This can be measured by determining the solubility of a gas
under known pressure, by determining the concentration of solute in the gas space over
a solution of known concentration, or by combining the vapour pressure with the
solubility of the pure compound. Following the pioneering efforts of Butler (1937) and
his associates, several hundreds of organic compounds have been examined in this way.
Because it is difficult to analyze solutes at very low concentrations in the vapour
phase, early measurements were confined to fairly volatile solutes that exhibit
substantial vapour pressures over water. In order to extend these measurements tO
include polar molecules bearing functional groups of biological interest such as the
peptide bond, it has proven necessary to resort to dynamic techniques similar to those
first developed by Shaw and Butler (1930), and to use radioactivity as a means of
detecting the solute in the vapour phase (Wolfenden 1976).
One kind of apparatus that can be used for such determinations is shown in figure 2.
Each of the first three wash bottles contains radioactive solute at a known
concentration in water, and is maintained at constant temperature. Water-pumped
nitrogen is passed through these pots at a moderate rate (100 ml/min or less, for wash
bottles of 150 ml capacity each), then through an empty wash bottle that serves as a
spray trap, then through three wash bottles containing water alone, and finally through
a wet-test flowmeter at equilibrium with the atmosphere. With such an arrangement,
the pressure drop between the beginning and the end of the train is typically in the
neighbourhood of 0.15 atmospheres. The concentration of radioactive material in the
water traps is determined at intervals, and its chemical identity is established by
radioautography of thin layer chromatograms or comparison of solvent-solvent
distribution coefficients with those of authentic standards. Control experiments are
used to test for effectiveness of the spray trap (radioactive acetate in alkaline solution is
convenient for the purpose) and for efficient equilibration of carrier gas with solutions
in the pots and traps. In a typical experiment involving radioactive acetamide, in which
the number of pots and traps was varied, it was found that equilibration of the carrier
gas with dissolved acetamide was over 90 ~o complete using a single pot; and that of the
radioactivity transferred to the traps, over 90 ~o appeared in the first trap. It was
demonstrated that appearance of radioactivity in the traps increased linearly with time,
at a rate proportional to the rate of gas flow. To test for possible self-association of the
solute in water, the rate of transfer was examined in, and shown to be unaffected by, the
presence of nonradioactive solute at varying concentration in the pots (Wolfenden
1978).
In practical terms, this apparatus is useful for determining water-to-vapour
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distribution coefficients falling in the range between roughly 10-5 and 10-lo. Above
this limit, compounds are not trapped efficiently in the collecting vessels, and below this
range radioactivity becomes impractical as a means of detection, even using isotopes of
short half-life such as 32p.
For chromophoric substances, static measurements of distribution are conveniently
performed using a spectrophotometric cuvette of 10 or 100 cm light path, masked in
such a way that the beam of the detecting instrument passes only through the vapour
over a solution. The cuvette must be equipped with a thermostatting jacket, and
atmospheric condensation at the end-windows prevented by maintaining an appropriate temperature differential. Spectrophotometric measurements can be extended to low
concentrations in the vapour phase (or to compounds with weak extinctions) by using
multiple reflection cells that employ the ingenious "folded" design of White (1942).
Such cells have been designed with light paths as long as 3 kin. A practical advantage of
spectrophotometric techniques in these studies is that, by detailed comparison of solute
spectra with spectra of the authentic pure material, it is sometimes possible to
determine whether the solute in the vapour phase is associated with water molecules. A
disadvantage is that it may be difficult to obtain an accurate extinction coefficient for
the gaseous solute. If the solute's absorption spectrum in the vapour phase closely
resembles the spectrum of the solute in a nonpolar solvent such as hexane, gross errors
are unlikely to result from assuming that extinction coefficients are also similar.
When using these procedures, it is important to be sure that self-association of the
solute does not occur in either of the phases that are being examined. Acetic acid, for
example, exhibits a modest tendency to form dimers in the vapour phase, so that it is
necessary to make a small correction in the observed vapour pressure in order to obtain
the true vapour-to-water distribution coefficient of the monomer (Fredenhagen and
Liebster 1932). Seldom encountered in experiments at reasonably high dilution, selfassociation is normally detectable by a departure of the solute's vapour pressure from
proportionality to its concentration in aqueous solution. Unrecognized self-association
may lead to serious error if one attempts to estimate the distribution coefficient by
simply combining the vapour pressure of the pure solute (in mol/l) by its solubility in
water. In this way, results are obtained at only one concentration, corresponding to
saturation, where self-association is most likely to occur.
2.2 Structural effects: monosubstituted hydrocarbons
Water-to-vapour distribution coefficients for some simple organic molecules of various
chain lengths are displayed in figure 3. As noted in the early work of Butler and his
colleagues (Butler 1937), the effect of increasing chain length is about the same for
several homologous series, corresponding to an increment of about 26 ~ for each
methylene increment in the series of n-alkanes. In the six series for which five or more
homologous compounds have been examined, the mean increment in distribution
coefficient is 28-9 _+ 1"0 ~ (Wolfenden and Lewis 1976). There are no indications, either
in these values or in distribution measurements involving the transfer of fatty acids
from water to heptane up to a chain length of 22 (Smith and Tanford 1973), tha~ this
trend does not continue indefinitely with increasing chain length in normal aliphatic
compounds.
In contrast to the small effect of increasing chain length on water-to-vapour
distribution, polar functional groups strongly enhance the affinities of organic
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Fig=re 3. Water-to-vapour equilibria of normal aliphatic compounds, as a function of
increasing chain length.

compounds for solvent water. Figure 4 shows some simple monosubstituted aliphatic
compounds, arranged on a scale that spans 10 orders of magnitude.
In a general way, the hydrophilic character of these molecules appears to reflect the
relative numbers of hydrogen bonds that they can form with solvent water.
Methylguanidine, acetamide, acetic acid and ethyl acetate lie in the order expected on
this basis. Not surprisingly, almost identical values are observed for acetaldehyde and
acetone, but the lesser hydrophilic character of methyl acetate is somewhat unexpected.
In considering the hydrophilic character of N-methylacetamide, it is of interest to
examine the effects of N-methylation, which might be expected to reduce the number of
hydrogen bonds that this compound can form with solvent water. Instead, the
hydrophilic character of N-methylacetamide slightly exceeds that of acetarnide itself. A
reduction in hydrophilic character occurs upon introduction of a second methyl group,
in N,N-dimethylacetamide. It is surprising to note, however, that even N,Ndimethylacetamide is substantially more hydrophilic than acetamide itself. The
strength of solvation of amides thus seems to be associated primarily with the carbonyl
group, or with the dipolar character of the amide group taken as a whole. Amines
exhibit somewhat similar behaviour. Methylamine and dimethylamine are similar to
ammonia itself in hydrophilic character, while trimethylamine is somewhat less
hydrophilic (table 1).
In both cases noted above, maximal hydrophilic character is observed in molecules
that can form two kinds of hydrogen bonds with water, one as a hydrogen donor and
one as a hydrogen acceptor (acetamide and N-methylacetamide in the amide series;
ammonia, methylamine and dimethylamine in the amine series). Provided this
requirement is satisfied, variations in methylation exert little effect on hydrophilic
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Table 1. V a p o u r / w a t e r d i s t r i b u t i o n coefficients o f a m i d e s a n d amines, 25 ~ (Wolfenden 1978)

X
CH3CONH 2
CH3CONHCH3
CH3CON(CH3)2
NH 3
CHaNH2
(CH3)2NH
(CH3)aN

(X)vapour/(X)water
7'6 x
4"1 x
5"4 x
7"7 x
2"9 •
7"2 x
4"0 x

10 - a
10 -8
10- ~
10 - 4
10 - 4
10 -4
10 -2

character, presumably because the additional hydrogen bonds that might have been
influenced by these substitutions are in fact weak.
2.3 Interactions between polar groups
When two or more polar groups are present within the same molecule, their influence
on its transfer from water to vapour is often found to be approximately additive, when
expressed in terms of free energy or some other thermodynamic parameter. This
relationship, first noticed by Butler and his associates (Butler 1937), has been amply
confirmed by the results of later investigations. Additivity schemes, permitting rough
prediction of thermodynamic parameters for transfer of multifunctional compounds,
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have been developed by Hine and Mookerjee (1975) and Cabani and Gianni (1979), and
for partial molar heat capacities by Guthrie (1977). Departures from expectations based
on additivity are of interest insofar as they may indicate the presence of special
interactions between different parts of the solute molecule, or between regions of the
solvent that surround different parts of the solute.
The more common kind of deviation is of a kind in which the affinity of a compound
for watery surroundings is less than would have been expected from the sum of the
effects of its substituents, as observed in monofunctional compounds. Glycerol and
ethylene glycol exhibit equilibrium constants for transfer to the vapour phase that are,
respectively, 7 and 3 orders of magnitude more favourable than had been expected from
the behaviour of monohydric alcohols (Butler and Ramchandani 1935; Hine and
Mookerjee 1975). Infrared spectra suggest that ethylene glycol is intramolecularly
hydrogen bonded in the vapour phase, even at elevated temperatures (Buckley and
Giguere 1967). Because of the apparent strength of this hydrogen bond, the affinity of
this compound for watery surroundings is presumably less than it would otherwise
have been.
It is difficult to be sure whether the strength of the intramolecular hydrogen bond,
that appears to be formed by ethylene glycol in the vapour phase, is sufficient to account
for its deviant behaviour. The length and nonlinearity of this hydrogen bond are
remarkable, and it may be of interest to inquire whether methylene glycol, even more
extreme in these respects, exhibits comparable behaviour. The water-to-vapour
distribution coefficient of this covalent hydrate of formaldehyde can be estimated by
combining the water-to-vapour distribution coefficients of anhydrous formaldehyde
(obtained by extrapolation from a series of normal aliphatic aldehydes, Hine and
Mookerjee 1975) and water, with the equilibrium constants for covalent hydration of
formaldehyde in dilute aqueous solution (Lewis and Wolfenden 1973) and in the wet
vapour phase (Hall and Piret 1949). The resulting estimated distribution coefficient for
water-to-vapour transfer, 5-5 • 10-6 (shown on the scale of figure 4), is approximately
3.5 orders of magnitude larger than might have been expected from group contributions according to Hine and Mookerjee (1975), suggesting that similar factors may
be at work in determining the unusual water-leaving tendencies of both ethylene glycol
and methylene glycol. Either an intramolecular hydrogen bond can be formed in both
cases in the vapour phase, or solvation of these molecules is ineffective for some other
reason. These departures from expected behaviour are especially interesting in view of
the resemblance of these diols to "tetrahedral" intermediates of the kind that are
believed to be formed in displacement reactions of carboxylic acid derivatives in
aqueous solution. If the strength of solvation of such intermediates is also less than that
of starting materials, then such reactions may be retarded in water relative to the rates at
which they would occur in the absence of water.
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Numerous other bifunctional compounds exhibit strong interactions that appear to
reduce their affinities for dilute aqueous solution. Pyrazine, for example, is more than
two orders of magnitude less hydrophilic than expected, presumably because hydrogen
bonding of one nitrogen to water tends, by withdrawing electrons from the aromatic
ring, to render the other nitrogen less basic than normal. In other compounds, distant
polar interactions appear to result in a reinforcement of hydrophilic character.
Imidazoles, for example, are extremely hydrophilic, whereas pyrroles and cyclopentadiene have low boiling points and limited solubility in water (Wolfenden
et a11981). The - N H - group of imidazole presumably interacts with water by acting as
an acid in hydrogen bonding, the ----N-atom acting as a base in hydrogen bonding.
These effects are expected to reinforce each other inductively, resulting in the
interactions that are observed. Similarly the nitro and hydroxyl groups of pnitrophenol appear to interact more strongly with water than do the nitro and hydroxyl
groups ofnitrobenzene and phenol, respectively: this appears readily understandable in
terms of expected shifts of electron distribution through the ring (Hine and Mookerjee
1975).
Conflicting requirements of two hydrogen bonding substituents
H

/
H

pyrazine

Reinforcement of hydrogen bonding tendencies of two substituents

--L___./
imidazolr
9

H
p-nitrophenol
~

b

In general, when one hydrogen bond is formed, the resulting displacements of
electron clouds and nuclei presumably tend to reduce the reactivities of neighbouring
sites at which hydrogen bonds of the same kind might be formed, but to increase the
reactivity of neighbouring sites where hydrogen bonds of the opposite kind might be
formed. Comparing observations with ligands that are neutral or ionic, Huyskens
(1977) has concluded that such interactions t.end to arise from changes in hybridization
and internuclear distances, rather than from electrostatic effects.
2.4 Cyclic and heterocyclic compounds: Influences of solvent water on tautomerism
The water-to-vapour distribution coefficient of n-hexane is about 6-fold more
favourable than that ofcyclohexane (McAuliffe 1966), and cycloalkanes in general are
more hydrophilic than their acyclic counterparts. Cyclic hydrocarbons have less
entropy of rotation to lose than noncyclic hydrocarbons, when they are introduced
from the vapour phase into water or some other condensed state (Osinga 1979).
Aromatic compounds are somewhat more hydrophilic than saturated ring systems,
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Figure

perhaps because of their greater polarizability and the accessibility of their electron
clouds to interactions with solvent water (figure 5).
The introduction of amino and hydroxyl substituents increases the hydrophilic
character of benzene, although the effects are less striking than in aliphatic compounds
(compare figures 4 and 5). Much larger increases are associated with the introduction of
imino or keto substituents, as indicated by comparison of the hydrophilic character of
various benzene and pyridine derivatives (Beak and Fry 1973; Cullis and Wolfenden
1981). As a result, heterocyclic bases undergo substantial changes in the positions of
their amino-imino and keto-enol tautomeric equilibria when they are removed from
water to a medium of low dielectric constant.
2.5 Directional character of solvation by water
Solvent shifts in the carbonyl stretching frequency of carboxylic acid derivatives, that
occur upon transfer from the vapour phase to deuterium oxide, are roughly related to
their relative hydrophilic character; in addition, the effects of methyl substitution on
water-to-vapour transfer of amides suggest that hydrogen bonds involving the
carbonyl oxygen are of substantially greater importance than those involving the N - H
group (Wolfenden 1978). If this were a general rule, one would predict that in proteins,
solvent water would tend to be found associated with the carbonyl oxygen atoms of
peptide bonds, considerably more frequently than with the N - H groups of peptide
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bonds. Recent x-ray diffraction studies on the protein rubredoxin seem to bear out this
prediction, as reflected by the positions of water oxygen atoms that are sufficiently
immobile to appear in the electron density map of the 51 water molecules located within
hydrogen bonding distance of peptide bonds in this protein containing 53 amino acids,
38 are associated with carbonyl oxygen and 13 are associated with peptide N-H groups
(Watenpaugh et al 1978). Trypsin (Bode and Schwager 1975) and actinidin (Baker 1980)
exhibit a similar bias in favour of carbonyl hydration.
Other evidence suggests that regions of solvent water, surrounding different parts of
some solutes, interact in a way that departs from expectations based on simple
additivity relationships. In a series of normal carboxylic acids, decreases in volume that
accompany ionization at atmospheric pressure show a surprisingly large range of values
that would be difficult to explain without supposing that hydrocarbon substituents
influence the structure of water in the vicinity of the ionizing groups (Kauzmann et al
1962). In a series of aliphatic aldehydes, decreases in molar volume that accompany
covalent hydration range from - 4 ml for formaldehyde to a limiting value of about
- 13 ml for isobutyraldehyde. Effects of substituents on volume of hydration are
comparable with those observed for the volume of ionization ofcarboxylic acids. These
substituents are not expected to influence reaction volumes markedly through direct
steric or inductive effects, so that their influence is probably exerted through the solvent
(Lewis and Wolfenden 1973).
Efforts to calculate the relative affinities of water for different sites on solutes, using
molecular orbital methods, are currently widespread (for a review, see Pullman and
Pullman 1975). In one recent study, probability densities have been generated for
solvent water molecules in immediate contact with various regions of trans-glyoxal. As
expected, specific solvation sites tend to be found in regions toward which the lone pairs
of electrons of the solute oxygen atoms are directed (Mehrotra et al 1981). When these
theoretical approaches become sufficiently refined to allow predictions that can be
verified experimentally, major advances in our understanding of the details of solvation
may become possible.

3.

Water-to-solvent partition coefficients

Partition coefficients between water and a second solvent can be considered to resemble
water-to-vapour equilibria, if the vapour phase is regarded as a 'second solvent' that
neither attracts nor repels solutes. Depending on the nature of the solute and the second
solvent, varying degrees of attraction may be encountered, so that solute-solvent pair
presents a complex problem in structural analysis. Despite this complexity, water-tosolvent partition coefficients are of considerable interest and practical importance in
chemistry and biology.
3.1

Experimental determination

The literature concerning water-to-solvent distribution coefficients is very extensive.
However not all the observed results were obtained at sufficient dilution to ensure that
self-association of solute did not occur. There is also the often-unrecognized possibility,
sometimes encountered in water-to-vapour distributions, that water may have entered
the organic phase in association with the solute. This can usually be ruled out in cases
where there are many fewer molecules of water than of solute in the organic phase, and
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the problem can be avoided entirely by measuring the solubility of the solute in each of
the pure solvents, and calculating a distribution coefficient from the ratio of solubilities.
This latter procedure also allows the determination of imaginary partition coefficients
that could never be measured in practice, involving distributions between solvents that
are miscible. Its disadvantage is that it does not permit variation of the concentration of
solute in each phase under otherwise constant conditions, so that it is difficult or
impossible to determine whether self-association has occurred.
A practical problem that is sometimes encountered in determining distribution
coefficients, by shaking together two immiscible solvents, is the formation of emulsions
that may or may not be visible. The use of centrifuge of fairly large capacity solves this
problem. When a distribution is extremely one-sided, it is sometimes necessary to
determine the concentration in the dilute phase by using a very large volume of it, and
then back-extracting with a small volume of the favoured solvent. The distribution
coefficient can then be calculated by difference. To avoid errors due to absorption on
glass surfaces, it is preferable that both phases be analyzed directly, and this is usually
possible if radioactive solutes are employed.
Leo et al (1971) have discussed these potential difficulties in detail, and have
recommended that the term 'partition coefficient' be used only to describe data that
have been corrected for dimerization, ionization, etc., and refer to the distribution of a
single species between two phases.
3.2 Structural effects
Partition coefficients between water and a second solvent can be considered to resemble
water-to-vapour equilibria, if the vapour phase is regarded as an ideal 'second solvent'
that neither attracts nor repels solutes. No real second solvent approaches this ideal.
Condensed phases are not only self-associated but also attract solutes by weak forces
with a greater or lesser degree of specificity. Fluorocarbons approach the ideal of
noninteracting solvents much more closely than do hydrocarbons (Reed 1964; Hamza
et al 1981), but for reasons of cost and practical applicability, the great majority of
water-to-solvent equilibria have been measured with liquid hydrocarbons serving as
the second phase. Each solute-solvent pair thus represents a unique problem in
structural analysis, more complex than the analysis of equilibria between water and the
vapour phase. In practice, the nonaqueous solvent (hexane, for example) is sometimes
chosen for its nonpolarity, and partition coefficients are then expected to reflect
hydrogen-bonded interactions with water in the same sense as do water-to-vapour
distribution coefficients. Alternatively, the nonaqueous solvent (1-n-octanol, for
example) is sometimes chosen for a mixed set of properties, being capable of hydrogenbonding interactions with the solute yet retaining considerable nonpolar character.
A number of common nonaqueous solvents have been arranged by Leo according to their 'lipophilicity', that is their water content at saturation. This scale can
be used to correlate the thousands of distribution coefficients that have accumulated in
the literature, involving more than 20 different solvent systems. Progress in refining
these correlations has been reviewed recently (Recker 1977; Hansch and Leo 1979). The
partition coefficient is assumed to receive contributions that are additive in terms of free
energy, from the various groups of which the molecule is composed. It is of interest to
compare the resulting fragment constants for various organic groups, expressing their
tendencies to be transferred from water to organic solvents, with substituent constants
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derived from water-to-vapour equilibria of organic solutes (figure 6). Considering that
the data bases are different, the correspondence between the two sets of constants is not
bad. The slope of the line that would relate the entries in figure 6 is somewhat greater
than unity, consistent with the possibility that increasing polarity tends to draw
substituents from the vapour phase into organic solvents (as might be expected due to
the operation of dipole-induced dipole interactions).

4. Transfer of hydrocarbons from water to nonpolar solvents: Sources of 'apolar
bonding' or the 'hydrophobic effect'
Saturated hydrocarbons tend to leave water and enter other solvents. One can ask
whether solute molecules tend to leave water and enter less polar solvents mainly
'because they are repelled by water'; or whether they do so 'because they are attracted to
the less polar solvent'. This question may be analyzed, if one chooses, by referring to
some absolute standard of reference such as the vapour phase, that neither attracts nor
repels solutes. Framing the question in these terms, it is found that methane exhibits an
appreciable water-leaving tendency, with an equilibrium distribution between water
and the vapour phase of 27 in favour of the vapour phase. This tendency increases in the
normal alkanes as follows: methane 27, ethane 20, propane 29, butane 38, pentane 51,
hexane 74, heptane 83. For each methylene increment (-CH2-, that is), transfer to the
vapour phase is enhanced by an average factor of 1.26, equivalent to 0.136 kcal in free
energy. This increment is about the same in the normal series of hydrocarbons, acetic
acid alkyl esters, primary amines and primary alcohols (figure 1). For transfer from
water to a nonpolar solvent, in contrast, each methylene increment increases the
distribution coefficient by a factor of 5.0, equivalent to 0.956 kcal in free energy.
Therefore each methylene increment enhances the equilibrium of transfer from the
vapour phase to the organic solvent by a factor of 4.0, equivalent to 0.819 kcal in free
energy (Jencks 1969; Wolfenden and Lewis 1976; Cramer 1977).
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In summary:
(i) saturated hydrocarbon molecules have an appreciable tendency to leave water, and
are thus 'hydrophobic' in any sense of the word.
(ii) this tendency is only slightly enhanced by the increasing size of the hydrocarbon
solute.
(iii) increasing size of the hydrocarbon (addition of a 'methylene increment') strongly
enhances the tendency to leave water and enter a nonpolar solvent such.as a
hydrocarbon.
(iv) most of the effect described in (iii) is matched by an increasing tendency to leave the
vapour phase and enter a hydrocarbon solvent (figure 7).
The effect of a methylene increment, on the free energy associated with simple
removal of a solute from water, is small at room temperature, but there are substantial
changes in other thermodynamic parameters. Removal of nonpolar molecules or
groups from water is accompanied by increases in entropy (and volume) and by a
compensating uptake of heat from the surroundings. Thus 'apolar' or 'hydrophobic'
bonds (i.e. the biologically important association of nonpolar groups in aqueous
surroundings) are distinguished by a tendency to become stronger with increasing
temperature (Kauzmann 1959; N~methy and Scheraga 1962). Because the properties of
liquid water, and of water of solvation in particular, are still dimly understood, there
has been continuing discussion of the likely origins of the entropy increases that
accompany the formation of hydrophobic bonds, on the removal of hydrocarbons
from water to the vapour phase.
The self-cohesive properties of water, although not unique (Evans et al 1981), are
unusual (Edsall and Wyman 1958). It seems reasonable to suppose that changes in the
properties of water in the immediate neighbourhood of the solute could account for the
loss of entropy that accompanied introduction of a nonpolar molecule or methylene
increment into water from the vapour phase or from a nonpolar solvent. Frank and
Evans (1945) suggested that this might imply the formation around solutes of a kind of
clathrate or iceberg structure, in which water molecules were more ordered than in the
bulk solute, but did not resemble Ice I in any literal sense. Recent evidence suggests that
entropic effects associated with introducing nonpolar solutes into water may arise, not
so much from restrictions on the mobility of water molecules, as from restrictions on
the mobility of solutes when they are introduced into the aqueous environment
(Aronow and Witten 1960). Solutes experience a 3- to 5-fold enhancement in 13C spinlattice relaxation times when they are transferred to water from nonhydroxylic solvents
of similar viscosity, so that water appears to be unusual in the restrictions that it
imposes on the motion of dissolved solutes (Howarth 1975). In normal aliphatic
compounds of increasing size, solubility might (according to this view) be reduced by

(-CH2-)GAs
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Figure 7. Equilibrium constants and entropies
associated with transfer of methylene increments
between water, nonpolar solvents and the vapour
phase.
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progressive restrictions on internal rotation. Compounds with internal rotations
already restricted would not be affected to the same extent. It is therefore of interest that
steroids and cycloalkanes display considerably lower activity coefficients in water than
nonrigid compounds, with reference both to nonpolar solvents and the vapour phase
(Osinga 1979). Such disparate solutes as methane, ammonia and water, show almost the
same entropy of solution, despite very great differences in their affinities for solvent
water and the restrictions that polar interactions might have been expected to impose
on the solvent. For a large group of rare gases, alcohols, amines, and aromatic
hydrocarbons, entropies of solution can be predicted with remarkable accuracy by
assuming that the gaseous compound loses.a constant fraction (46 %) of its entropy
when it is brought into dilute solution in water (Wertz 1980). These findings suggest
that bringing a molecule from the vapour, phase into aqueous solution is something like
confining it in a box, with the walls of which its entropy gives no evidence of specific
interaction. Instead, specific polar interactions are evidently manifested almost entirely
in the enthalpy term.
5.

Water affinities and biochemistry

Most metabolic transformations in biochemistry occur in a watery environment, their
overall free energies determined in part by the relative free energies of solvation of
reactants and products. Solvation effects are believed to make very important
contributions to the free energies of hydrolysis of anhydrides of phosphoric acid, such
as ^TP (George et al 1970; Hayes et al 1975). It has been shown that the large negative
free energy of aminolysis of esters, a critical step in protein biosynthesis, is more than
completely matched by the stronger hydration of products than reactants, being
endergonic in the vapour phase (Wolfenden 1976). Similar considerations apply to the
hydrolytic deamination of adenosine (CuUis and Wolfenden 1981).
Catalysis by enzymes, on the other hand, involves partial reactions that occur in the
relatively waterless environment of the active site. In order that catalytic rate
enhancement be observed, the theory ofabsolute reaction rates suggests that the altered
substrate must be bound more tightly in the transition state than in the ground state
(Pauling 1946; Jencks 1966; Wolfenden 1969). It appears inevitable that binding must
involve the stripping away, at least in part, of solvent water from the species that is
bound, and that differences between binding affinities of the altered substrate in the
ground state and in the transition state (or stable analogs of these species) may reflect
differences between their free energies of solvation (Wolfenden 1972). A probable case
in point has been uncovered by the work of Lienhard and his associates (Crosby and
Lienhard 1970; Gutowski and Lienhard 1976) on pyruvate dehydrogenase; the
catalyzed reaction probably proceeds through intermediates that are very much less
polar than the reactants, and is strongly inhibited by analogs of comparable structure.
There are also several cases of the opposite kind, in which transition state analogs are
bound in their most fully ionized forms, suggesting the intervention of highly charged
intermediates which are held by the active site of the enzyme just as a metal ion is held
by an ionophore or chelating agent (Wolfenden 1980).
The polar character of amino acids serves as a critical determinant of their tendencies
to be found at the surface of globular proteins (Kauzmann 1959; Perutz 1965), and
these tendencies prove to be closely correlated with the absolute affinities of amino acid
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side-chains for solvent water. Equilibrium constants for transfer of the common amino
acid side-chains from water to the vapour phase are displayed in figure 8, and figure 9
shows the relationship between these values and the tendencies of the corresponding
amino acids to be found at the surface of globular proteins, in contact with the solvent
(Wolfenden et al 1981).
The extreme position in these relationships of arginine, the 'Pluto' of amino acids, is
of special interest. Comparisons of the physical properties of several proteins has
shown that quanidination of primary amino groups results in increased stability to
thermal denaturation (Tuengler and Pfleiderer 1977) and tritium exchange (Cupo et al
1980), and the arginine/lysinr ratio seems to be positively correlated with thermal
stability in rodox proteins from svveral organisms (Argos et al 1979). These findings
seem understandable in terms of the marked reluctance of argininr residues to be
withdrawn from water, as might be necessary during the course of protein
denaturation.
In nucleic acids, base pairing and stacking interactions occur in competition with
solvent interactions of the participating groups (Ts'o 1979). Keto-enol and aminoRi
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Figure 8. Equilibrium constants for transfer of side-chain of the common amino acids from
water at pH 7, to the vapour phase (Wolfenden et a11981; reprinted with permission from the
American Chemical Society).
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imino tautomeric equilibria are dependent on the relative hydration of the tautomers,
which might be expected to differ considerably from each other; as shown in figure 5,
for example, 2-pyridone is some 4 orders of magnitude more strongly hydrated than its
tautomer, 2-hydroxypyridine (Beak and Fry 1973; Cullis and Wolfenden 1981). In
neutral aqueous solution, equilibria of nucleic acid bases have been found to favour
keto over enol tautomers, and amino over imino tautomers, by factors in the
neighbourhood of 104-105. During biosynthesis of nucleic acids and proteins, errors in
base pairing due to the occurrence of rare tautomers may lead to mutational events
(Watson and Crick 1953; Topal and Fresco 1976). Errors that would depend on the
occurrence of rare enol tautomers thus appear more likely to occur in nonpolar
environments (such as the active sites of certain enzyme.s) than in water itself.
'Apolar' or 'hydrophobic' bonding has aroused considerable interest because of its
relationship to protein folding and the properties of biological membranes. The
extensive literature concerning these phenomena, and their interpretation at the
molecular level, is beyond the scope of the present article. The interested reader is
referred to an excellent discussion by Klapper (1973), placing apolar bonding in the
context of the scaled particle theory of Pierotti; and to recent reviews by Richards
(1977) and by N6methy et al (1981) in which the problem of protein folding is
considered in detail.
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