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Excess properties of aqueous solutions: Hard spheres versus pseudo-hard bodies
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The effect of repulsive interactions (geometrical packing of molecules) on mixing properties is examined considering hard sphere solutes of different diameters in the hard sphere and pseudo-hard body solvents. It is shown that the fluid of pseudo-hard bodies, representing repulsive interactions in water, captures, without any parameter adjustment, the experimentally observed decrease of the partial molar volume of nonpolar solutes (hard spheres) at their low concentrations when compared to that in a nonpolar (hard sphere) solvent.

Molecular theories of fluids developed in the late 1960s and during the 1970s stem from the finding that the structure of normal fluids is determined primarily by harsh shortrange repulsive interactions. In other words, the excluded volume (geometrical packing of molecules) is the main factor affecting properties of fluids [1]. However, this concept fails for strongly polar fluids, not to mention associating ones. Nonetheless, molecules are always certain objects and the geometrical packing effect must exist even in this case. And for solutions of a nonpolar solute in an associating solvent (water) there is no particularly strong solute-solvent interaction and the packing effect may thus become dominant again.

Concerning aqueous solutions, it has been well established experimentally that the partial molar volume of nonpolar compounds at infinite dilution is considerably smaller in water than in organic solvents [2] and this volume change is considered by many as a manifestation of the hydrophobic effect (see, e.g. [3,4]). Pieroti [5] was apparently the first to attempt to explain this difference by means of excluded volume effects. Specifically, he argued that the size of the water molecules is too small to give rise to an increase of the packing around the solute molecule. This idea was later supported by results of Lee [6] who used a hard sphere mixture equation of state and a number of similar attempts have been made since then [7,8,9]. Nonetheless, despite all these, in any case interesting, results, applicability of hard spheres to aqueous systems is clearly debatable. Within a modern general concept of molecular fluid theories [10] and a commonly accepted site-site interaction form of intermolecular interactions, we introduced some time ago the so-called primitive models [11,12,13] that capture in a simple way the main features of intermolecular interactions at short separations in fluids including both polar and associating ones [10,14]: repulsive interactions (excluded volumes and the Coulombic interactions between like charges) by a hard sphere (HS) model, and the attraction between unlike charges by a square-well potential (for details see [12,15,16]). Nowadays, the primitive models are used as a reference system upon which popular SAFT [17] and other perturbed equations of state (see, e.g., [18,19]) are based. They comprise a new type of hard bodies, pseudo-hard bodies (PHB) [20], resulting from switching off all attractive interactions in the primitive model; when the parent realistic model does not contain any Coulombic site they reduce to simple fused-hard-sphere (FHS) bodies [21]. The PHB may thus be viewed as an associating fluid counterpart of hard spheres; their main novel feature is their implicit non-additivity making them a rather hard nut for theory to crack; actually, no theory for the PHB fluid is available at present. It is thus evidently tempting to apply the PHB fluid to aqueous solutions in the same way as previous attempts based on HS mixtures. This would be definitely, from the point of theory, a step forward towards elucidating molecular mechanisms governing the behavior of these systems and not only providing a numerical agreement with data.

The PHB model is defined, in general, by a FHS body (hard core) made up of real HS sites, referred to as C-sites, with embedded HS sites of two kinds, referred to as 'X' and 'Y' sites. The total pair potential assumes thus the form

u PHB (1, 2) = u core (R 1 , R 2 , Ω 1 , Ω 2 ) + {i,j} u HS (|r 1,i -r 2,j |; σ ij ) , ( 1 
)
where u core denotes the FHS potential of the core, u HS is the HS potential,

u HS (r; σ) = ∞, for r < σ = 0, for r > σ , (2) 
R i and Ω i denote the position vector of a reference point within the hard core, and its orientation, respectively, r k,j is the position vector of site j on molecule k, and the summation runs over all pairs of like embedded sites only; for further details, see the original paper [20]. The difference between true hard bodies and PHBs is that the embedded interaction sites represent a sort of 'ghost' sites, i.e., they interact as hard spheres only under certain circumstances (specific mutual orientation) and are 'invisible' (transparent) otherwise. A consequence of this transparency is that the PHBs do not possess any fixed (excluded) volume. In this Note we consider a binary mixture where one component is the common HS fluid made up of spheres of diameter σ HS , while the other component are PHBs descending from the primitive model of water associated with the TIP4P (TIP3P) like models, i.e., made up of a HS core of diameter σ w with two embedded pseudo-HS sites of the same kind located on the surface of the sphere (for further details concerning this mixture see [24]). In our previous papers [20,22,23,24] we used a number of methods to develop an equation of state (EOS) for various pure PHB fluids as well as for mixtures of PHB and HS fluids, none of them however providing fully acceptable accurate results. To avoid additional inaccuracies in applications caused by an inaccurate representation of 'experimental' (ie., computer simulation) results, for the purpose of this paper we have parametrized the simulation data of mixtures of water-like PHB and HS, given in paper [24], by a rational function of the form

P V N k B T = βP ρ ≡ z(η, x HS ) = A + Bx HS + Cx 2 HS + Dx 3 HS + Ex 4 HS + F η + Gη 2 + Hη 3 + Iη 4 1 + Jx HS + Kx 2 HS + Lx 3 HS + M x 4 HS + N η + Oη 2 + Oη 3 + Qη 4 , (3) 
where

η = π 6 ρ(x PHB σ 3 w + x HS σ 3 HS ) , ( 4 
)
x i denotes the fraction of molecules i, x i = N i /N , and parameters A, B, etc. were obtained by fitting the simulation data [24] for each ratio σ HS /σ w .

The primary thermodynamic property of interest of systems without any attractive interactions is the excess volume defined as

∆V = V mix - N i v i , ( 5 
)
where V mix is the total volume of the mixture, v i are the volumes of pure compounds 

v i = ∂V mix ∂N i T,P,N j =N i . ( 6 
)
We are going to evaluate ∆V and v i from the analytic EOS given above, equation

(3). To examine the geometrical (excluded volume) effect of a water-like environment we compare these results with those obtained from the corresponding mixture of hard spheres, i.e. of the same diameter ratio. To evaluate the properties of the HS mixture we use the accurate BCMSL equation of state [21]. All properties will be scaled by σ w and their dimensionless forms will be denoted by an asterisk:

P * = βP σ 3 w ; ρ * = N V σ 3 w ; ∆V N σ 3 1 ≡ ∆v * = v * mix -x PHB v * PHB -x HS v * HS . ( 7 
)
To evaluate the PMV by differentiating the total volume of the mixture, V mix , with respect to the number of molecules of one given species while the number of molecules of all other components is kept fixed, it is convenient to use the fraction of molecules of this species with respect to N i instead of the mole fraction. In the case of the considered binary mixture it means the fraction ζ = N HS /N PHB related to x HS by ζ = x HS /(1 -x HS ). Since

V * mix = N v * mix = N PHB (1 + ζ)v * mix , ( 8 
) then v HS (P * , T ; ζ) = v * mix (P * , T ; ζ) + ∂v * mix (P * , T ; ζ) ∂ζ . ( 9 
)
To assess the effect of different solvents on the thermodynamic properties of solutions, practically negligible for σ HS /σ w ≤ 1, and small and only slightly pressure dependent for σ HS /σ w = 1.5, in the HS+PHB mixture it is very pronounced with a strong asymmetry.

For σ HS /σ w < 1 the minimum in ∆V /V mix is located at high HS concentrations regardless of pressure, but it moves to low HS concentrations with increasing σ HS .

As a special case we should consider the mixture with σ HS /σ w = 1 because in this case all of its features are only due to the presence of the ghost sites. The excess volume equals zero for the HS mixture, by definition, whereas it exhibits rather complex behavior in the HS+PHB mixture as a function of pressure. At low pressures it exhibits two extremes, a maximum at low HS concentrations and a minimum at higher HS concentration. With increasing pressure these extremes gradually diminish and then, at high pressures, the excess volume exhibits the behavior observed in other cases.

The quantity of ultimate interest is the PMV of HS and its behavior at low HS concentrations. The obtained results, very interesting and perhaps surprising, are shown at the lower parts of figures 1 through 3. First, it is seen that at concentrations larger than, approximately, the equimolar concentration, the PMV of hard spheres is practically the same in both solutions. However, with decreasing concentration we observe a different pattern of behavior in both solvents, and this is exactly what is found in experiment:

v HS starts deviating towards lower values in the PHB solvent compared to that in the HS solvent.

We have examined the behavior of the partial molar volume of hard spheres in the hard sphere and pseudo-hard body solvents using analytic equations of state. Although the hard sphere approach is claimed to be able to estimate correctly the values of the partial molar volume at infinite dilution, it cannot explain this behavior in principle because the hard-sphere-based approach is not applicable to associating fluids. On the other hand, pseudo-hard bodies do not come out of the blue, they result from a series of well defined 
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 5 at the same temperature, T , and pressure, P ) per molecule, and N i is the number of molecules of component i. In the case of mixtures exhibiting very pronounced variations in the low concentration range another property of interest is the partial molar volume
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 6 we have considered three mixtures defined by different HS size: (a) the solute sphere is smaller than the hard core of the PHB (or solvent HS), σ HS /σ w = 0.8, (b) the solute HS is larger, σ HS /σ w = 1.5, and also a special case of σ HS /σ w = 1.0. The relative excess volume as a function of pressure for the selected σ HS /σ w ratios are shown in the upper parts of figures 1 through 3. We see that while in the HS mixture it is small and
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 7 realistic Hamiltonians describing intermolecular interactions in real systems. It is therefore fully justified to believe that the pseudo-hard body fluid captures a good deal of the effect of the repulsive interactions in water and their effect upon the structural arrangement of the water molecules. Instead of using various intuitive arguments there thus seems to be a possibility to use a simple model to study in detail changes in the structure of the solvent caused by the presence of solute molecules which lead ultimately to the observed macroscopic behavior. The obtained results provide thus further support for the claims that the pseudo-hard bodies may play the same role in the theory of associating fluids as hard spheres play for simple fluids and deserve further investigation.

Figure 1 .

 1 Figure 1. The relative excess volume of the mixture of hard spheres (open symbols) and of the mixture of hard spheres and pseudo-hard bodies (filled symbols) in dependence on pressure (upper graph), and the partial molar volume of hard spheres in the same mixtures (lower graph).
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 2 Figure 2. The same as figure 1.

Figure 3 . 11 Page 11 of 14 URL

 31114 Figure 3. The same as figure 1.

Acknowledgement

This work was supported by the Grand Agency of the Academy of Sciences of the Czech Republic (Grant No. IAA400720802).