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Introduction
lonic solutions are in many ways the most important mixtures people encounter. All of life occurs in
ionic solutions; much of chemistry is done in ionic solutions. Understanding ionic solutions has been
entwined with understanding life since ions were discovered and their fluxes investigated by Fick, a
biologist, actually a physiologist (1, 2). lonic solutions have usually been treated as simple fluids (3-5)
with complex properties (6-20). Here we take a different approach. We view ionic solutions as complex

fluids with simple components.

We view ionic solutions as complex fluids because ions come ‘in pairs’; that is to say, electrostatic
interactions are so strong that ions come (always) in (strictly) neutral combinations. The interactions
between positive ions (cations) and negative ions (anions) are so strong that deviations from
electroneutrality are always tiny. Strong deviations would produce electric fields comparable to the
electric field between valence electrons and nuclei inside an atom. Such strong electric fields would

destroy these atoms, producing atomic plasmas incompatible with life.

The salts which dissolve in water to create ionic solutions are always strictly neutral (21). If the salts
are made of ions with equal charge (i.e., valence) like Na*Cl~ , ions come in pairs; the neutral
combination (which is in fact the definition of a ‘molecule’ in the periodic lattice of a salt crystal (22))

has two atoms. If the salts are made of elements with unequal charge (like Ca®™ Cl;), the neutral

molecule has three atoms. The macromolecules of life—proteins, nucleic acids, and lipids—always
appear in electroneutral combinations with ions (and/or each other). The ‘permanent’ charges of DNA
and proteins (that chemists call their acid and base groups) are balanced by an exactly equal number of
ions. Molecular biology is the science of complex fluids with complex elements. The fluids of life are
mixtures of ionic solutions, and the macromolecular minielements called organic molecules (like glucose

or amino acids), proteins, nucleic acids, and lipids.

In biological and chemical solutions the amount of positive and negative charge in a volume are
nearly the same. Macroscopic and mesoscopic amounts of ionic solutions (e.g., tissues and cells in the
biological context) are equal within a tolerance of the order of 10™. The ‘sum rules’ of equilibrium
statistical mechanics (23, 24) are an expression of the enormous strength of electrostatic interactions
that enforce electroneutrality. Even atomic scale systems, active sites of enzymes or pores in channel

proteins where dimensions of 1A are significant, have deviations much less than 107

Statistical mechanics arose from the treatment of ideal gases of uncharged particles that hardly
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interact.(25-27) Statistical mechanics has been extended to deal with simple fluids with great success
even when they are nonideal (3-5). These nonideal fluids have significant hard core interactions caused
by the finite volume of molecules that do not overlap. Statistical mechanics has been less successful in
dealing with the experimental properties of ionic solutions (6-11, 13, 15, 28). Theories of even the
fundamental property of solutions (the free energy per mole of each component) have not been
particularly successful (illustrated in Fig. XX of Ref; Fig YY see (28) for references) even in solutions of
one salt (e.g., NaCl in water). In mixed solutions, like those of living systems, success is even more
limited and descriptions used in technological applications (which have to get their predictions right!)

often involve large numbers of empirical parameters.(15, 16, 29-31)

Molecular dynamics simulations have not escaped these difficulties since their force fields are nearly
always calibrated under ideal conditions of zero concentration. The force fields of molecular dynamics
are not designed to deal with finite concentrations of ions, or mixtures of different types of ions. When
atomic scale simulations are used to compute macroscopic systems, they must be calibrated (32) to
show that they compute properties actually measured in the nonideal solutions of chemical and

biological interest.(33)

We thought a variational approach designed to deal with strong interactions might be a useful
alternative approach to the historical tradition (34, 35) lonic solutions in fact are a relatively simple
complex fluid in some ways, because their microelements are hard spheres (Na*, K*, Ca**) or nearly hard
spheres Cl™ in the most important biological cases. Water can often be successfully described as a
continuum, as it is in implicit solvent models of ionic solutions (also called ‘the primitive model’) and
proteins.(REFERENCES) The theory of complex fluids has dealt with systems with complex
microelements: liquid crystals, polymeric fluids (36, 37), colloids and suspensions (38, 39) and
electrorheological fluids (40, 41); magnetohydrodynamics systems (42); systems with deformable
electrolyte droplets that fission and fuse (38, 43); and suspensions of ellipsoids. The theory deals also
interfacial properties of these complex mixtures, such as surface tension and the Marangoni effects of

‘oil on water’ and ‘tears of wine’ (38, 39, 44, 45).

We want to see how well the theory of complex fluids can deal the properties of ionic solutions of
sodium, potassium, calcium, and chloride ions, because these solutions are (nearly) the extracellular
solutions of living systems. Living solutions are not all that simple. Real extracellular solutions contain
other components and the molecular detail of water can be important. Living solutions inside cells also

contain proteins, nucleic acids, lipids, and organic ions (like free amino acids), that are complex
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microelements, that form the macromolecules of life. It will be interesting to see if the theory of
complex fluids can extended to them (in (34, 35) and forthcoming work involving membrane (Ryham,

personal communication) and tissue (Mori, personal communication) structures.

Here we apply this approach to a simple system chosen to illustrate interactions. We deal with a
particular phenomenon that arises from the interaction of ions and a charged wall. lons have charge and
finite diameter. They do not overlap. Thus, when ions are near a charged wall, complex distributions
occur if the ions have different charge and/or diameter. These complex distributions near walls have
historically been important in characterizing nonideal behavior of solutions and theories. They also have
technological importance as the source of the strength of cement.(46) The complex distributions are
closely related to distributions in and near proteins and lipid membranes.(47-49) Here we use a
variational approach to try catch the essential property of interaction near a wall in as general a way as
we can. We are not concerned yet with the molecular details so well described in a recent paper from
Pettitt’s group (50). Rather, we refer to that paper and Boda’s work (51-54) for historical and chemical

detail and apologize to the many authors whose work we do not know well enough about to cite

properly.
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