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ABSTRACT Two currently used methods of calculating the
area of contact between a solute molecule and the solvent are
examined and some important differences are pointed out. Some
pitfalls and uncertainties in the application of the concept of
molecular surface area to the quantitative estimation of unitary
free energies of solution are discussed.

Hydrocarbon solubility in water, a subject that is impor'ant for
hydrophobic interactions, can be empirically correlated with
the degree of contact between the solute molecule and the
solvent. This quantity can be represented as a cavity area and,
as such, has been related empirically to the logarithm of the
solubility (1) and to hydrophobic interaction energies (2-10).
Another quantity, the number of solvent molecules that can be
packed about the solute molecule, has been related to solubility
by Nemethy and Scheraga (11), Harris et al. (12),* and Reyn-
olds et al. (13).

In analyzing the two approaches, Reynolds et al. (13) made
the erroneous assumption that the cavity surface area as de-
finedt in ref. 1 is strictly proportional to AG' the unitary free
energy of solution, rather than simply linearly related, and as
a result arrived incorrectly at a proportionality constant of
20-25 cal mol-' A-2.

Reynolds et al. (13) made relative area measurements by
manually packing spheres around molecular models and pro-
posed to convert from number of packed spheres to absolute
cavity area by devising a proportionality constant based on the
evaluated area for methane (1). However, the conversion cannot
be based on such a single area calculation because a free en-
ergy-versus-area plot does not go through the origin as they
assumed. In order to convert, one must calibrate by using in-
cremental areas along the line and not by using a single total
area as they did. For an incremental area, the contribution to
the unitary free energy is 33 cal molh' A-2 (of cavity area) for
the alkanes at 298 K, as given in ref. 1.

In regard to the assumption by Reynolds et al. (13) that an
extrapolated line through the cavity area data of ref. 1, when
plotted against unitary free energy of solution, should pass
through the origin, it should be noted that (i) there is as yet no
theoretical justification for assuming that either linear plot when
extrapolated passes through the origin and (ii) it is erroneous
to ignore the geometrical distinction between the two methods
of measuring cavities and assume that both extrapolated lines
can have the origin in common. It is obvious that both methods
cannot be strictly proportional to the free energy of solution
because the packing of spheres itself is not strictly proportional
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to area: a sphere covers a different amount of area on a cavity
surface, depending on the curvature of the surface. A solvent
sphere covers or is associated with a larger portion of the cavity
surface in the case of smaller, more highly curved molecules
so that the relationship would vary in going from smaller to
larger systems. In addition, the intercept in the case of calcu-
lated cavity area varies depending on the nature of the mo-
lecular model. Reynolds et al. (13) used CPK models whereas
Bondi radii (14) were used in ref. 1. In particular, RCPK (carbon)
= 1.25 A while RBondi (carbon) = 1.7 A.
Without further considerations of the interaction energy

between solute and solvent, cavity size-versus-solubility cor-
relations are limited to series of compounds containing similar
functional groups. The cavity area can be correlated with the
cavity formation energy, but the interaction energy between
the solute and solvent depends on other quantities that cannot
easily be related to molecular area, such as the polarizability
of the solute (2). For example, the aromatic systems of ref. 1 do
not fit on the same line as the saturated hydrocarbons, because
systems containing the benzene nucleus are more soluble than
are aliphatic systems of equal area, presumably due to a higher
solute-solvent interaction energy of the benzene nucleus.
Reynolds et al. (13) neglected a similar consideration and as-
sumed that He and Ne should fall on the same line as the al-
kanes.

Finally, it is the canonical average of the surface area or
average number of packed spheres taken over the distribution
of available conformations that is related to solubility and not
just a consideration of one conformation, when several are
present in solution. The n-alkanes illustrate this point. If 0.8 kcal
is used for a gauche interaction (15), calculations indicate that
the extended conformations of the n-alkanes, which were the
only ones considered by Reynolds et al. (13), are present to an
extent of at most only 32%, 22%, and 15% for hexane, heptane,
and octane, respectively, and thus are not representative.t

For n-hexane, n-heptane, and n-octane, there are 27, 81, and
243 mathematically possible fully staggered conformations,
respectively, but only 17, 41, and 99 are sterically allowable,
respectively, ranging in energy from 0 for the extended con-

* In order to measure the degree of contact between the aqueous sol-
vent and the solute, Harris et al. (12) packed spheres representing
the hydrogen atoms of the solvent water molecules rather than
spheres representing the water molecules themselves.

t The cavity surface as defined in ref. 1 is the surface traced out by the
center of a spherical solvent molecule that is sliding over a solute
molecule composed of spherical atoms.

lIt is assumed here that the degree of association between hydrocarbon
molecules in water is small and does not significantly affect the
conformation distribution.
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Table 1. Cavity areas anddiribution of conformations for n-heptane at 298 K

Conformational
Conformationa degeneracyb, n Areac n-eE/REd n-e-(E-E,)1R7e

1 Extended 1 350.6 1.00 1.00
2 (5,6R) 4 344.2 1.04 1.48
3 (4,5R) 4 344.4 1.04 1.47
4 (4,5R)(5,6R) 4 335.9 0.27 0.60
5 (3,4R)(5,6R) 4 337.1 0.27 0.57
6 (3,4R)(5,6L) 4 338.0 0.27 0.54
7 (3,4R)(4,5R) 2 334.9 0.13 0.32
8 (3,4R)(4,5R)(5,6R) 4 328.5 0.07 0.24
9 (2,3R)(5,6R) 2 338.0 0.13 0.27

10 (2,3R)(5,6L) 2 336.7 0.13 0.29
11 (2,3R)(4,5R)(5,6R) 4 325.9 0.07 0.28
12 (2,3R)(4,5L)(5,6L) 4 329.6 0.07 0.22
13 (2,3R)(3,4R)(4,5R)(5,6R) 2 322.1 0.01 0.04

a (x,yR) means a gauche interaction about bond x,y with a dihedral angle of 60; and (x,yL) similarly implies a dihedral angle of 3000. Each gauche
interaction contributes an additional energy of 0.8 kcal above the extended conformation.

b Enantiomers are considered to be conformationally degenerate.
C In A2 per molecule.
d E represents the sum of the gauche interaction energies.
e Es represents the area-dependent solvation energy bo (A1 - Ai) in which bo is 33 cal mol-1 A-2, and Ai is the conformational area.

formations to 2.4, 3.2, and 4.0 kcal/mol for the corresponding,
energetically highest conformations. The areas range from
319.0, 350.6, and 382.3 for the extended conformations of n-

hexane, n-heptane, and n-octane, respectively, to 297.6, 322.1,
and 344.3 for the most folded conformati ns.

Upon evaluation of the canonical averare of the area taken
over the distribution of available conformations as previously
described (1), the average areas are found to be 311.5 A2 for
n-hexane, 340.7 A2 for n-heptane, and 369.8 A2 for n-octane.
Table 1 gives detailed results for n-heptane. If the average areas

for these n-alkanes together with the average areas found for
n-butane and n-pentane (1) are plotted against their (liquid)
solubilities at 298 K (16), a line with a slope of 31 cal mol-' A-2
is obtained. A consideration of only the extended conformations
would lead to a slope of 28 kcal mol-1 A-2.
The foregoing comments apply to the proper use of the two

methods of measuring area for quantitatively estimating sol-
ubility and hydrophobicity. They do not contribute to a critique
of the relative usefulness of the two methods. Both methods
involve difficulties in interpretation. The sphere-packing
method is not representative of the way simple solvent spheres
pack in a liquid but rather represents some high-density dis-
tribution of low statistical significance. The cavity area-mea-

suring method is based on the concept of the collision diameter
but has been extended nonrigorously to nonspherical systems.
The relative merits of the two methods will have to be judged

by their agreement with experimental data and their ease of
applicability.
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