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Structure in Aqueous Solutions of
Nonpolar Solutes from the Standpoint
of Scaled-Particle Theory:
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Underlying assumptions have been examined in scaled-particle theory for the
case of a rigid-sphere solute in liquid water. As a result, it has been possible to
improve upon Pierotti’s corresponding analysis in a way that explicitly incor-
porates measured surface tensions and radial-distribution functions for pure water.
It is pointed out along the way that potential energy nonadditivity should create
an orientational bias for molecules in the liquid-vapor interface that is peculiar
to water. Some specific conclusions have been drawn about the solvation mode
for the nonpolar rigid-sphere solute.
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1. INTRODUCTION

The scaled-particle theory of classical fluids offers a powerful conceptual and
computational framework within which to examine molecular order and
thermodynamic properties. This fiethod was originally devised to describe
only the rigid-sphere model without attractive forces.!!*? Nevertheless, its
scope has since been increased to include models for a wide class of real
substances.®® Furthermore, the underlying theory has been substantially
strengthened and deepened in comparison to its early version.®~®

The initial attempts to apply scaled-particle theory to liquid water were
disappointing. Both the surface tension and the isothermal compressibility,
along the saturation line from 0° to 100°C, were predicted to be too low and
to have improper temperature variations.® In view of the strong, directional,
and nonadditive interactions that operate in water to produce extensive
hydrogen bonding, this failure seems hardly surprising.

1 This paper is substituted for the talk given at the symposium, “The Physical Chemistry of
Aqueous Systems,” held at the University of Pittsburgh, Pittsburgh, Pennsylvania, June
12-14, 1972, in honor of the 70th birthday of Professor H. S. Frank.

2 Bell Laboratories, Murray Hill, New Jersey 07974.
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One of the key quantities in the scaled-particle theory is W(1), the amount
of reversible, isothermal work necessary to create a spherical cavity of radius
Aa in the fluid of interest, whose interior is devoid of molecular centers.
Following the usual convention, we use a here to denote a convenient fixed
molecular length, and A varies in the range 0 < A < . In order for a nonpolar
spherical solute molecule to dissolve in a liquid, it must at least have available
to it the requisite cavity; as a consequence, W(4) for the appropriate size
Aa becomes an important contribution to the solubility of that nonpolar
solute.1® :

Pierotti'" has specifically applied the scaled-particle theory to description
of aqueous solutions of nonpolar gases. Somewhat surprisingly, he finds that it
is possible to predict heats, entropies, and molar heat capacities of solution
merely under the assumption that the water molecules arrange themselves
spatially in the pure liquid as would rigid spheres of appropriate size. In view
of the current understanding about the interactions between water mole-
cules,*#19 this apparent success must be somewhat fortuitous. Certainly,
the molecular structure in water revealed by x-ray scattering experiments”
seems quite different from that appropriate to rigid spheres. It is therefore
the purpose of this paper to reexamine one aspect of application of scaled-
particle theory to aqueous solutions of spherical, nonpolar solutes, with the
aim of restoring chemical detail.

For completeness, Sec. 2 provides an outline of the main ingredients in
the scaled-particle theory as well as some numerical results for Pierotti’s
specific method of application. Section 3 discusses the character of the planar
water interface that obtains in the A — o limit and points out some features
of molecular arrangements in the interface that are peculiar to water.

We offer in Sec. 4 a more detailed version of scaled-particle theory for
water as a solvent than has heretofore been available. This version incorporates
both measured surface tensions and radial-distribution functions for the pure
liquid. The results are interpreted in Sec. 5 in a way that accords with the
special nature of intermolecular forces in water.

2. PRELIMINARY RESULTS

Consider a set-of N molecules confined to the interior of a region with
volume V. Thermal equilibrium at absolute temperature T will be assumed.
For the moment, at least, no special restrictions need to be imposed about the
internal structure of the molecules or about the way in which they interact
with one another.

We wish to examine the way that this N-molecule solvent responds to
the insertion of a special type of solute particle. This solute particle has the
property that it interacts with the solvent molecules only in being unable to
get closer than distance Aa to the center of each. Thus each solvent molecule
has associated with it an exclusion sphere of radius Aa, and the center of the

ey






