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specialized research. Ali departments offer the doctorate; Biomedical and Materials Science grant only
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1 Introduction

The DOE grant DE-FG05-88ER13943 supported research on the thermophysical properties of

aqueous electrolyte solutions at the University of Virginia for the period 7/1/88-12/31/91. In the
original proposal, four goals were formulated:

1. Fundamental modeling of mixed solvent electrolytes using numerically solved integral equation
approximation theories

2. Evaluation of intermolecular pair potential models by computer simulation of selected systems
for comparison with experiment and the numerical integral equation studies

3. Development of fundamentally based correlations for the thermodynamic properties of mixed
solvent electrolyte solutions using analytically solvable statistical mechanical models

4. Extension of experimental database on mixed solvent electrolytes by performing vapor-liquid
equilibrium measurements on selected systems

Progress on these four goals has been mixed, and our view of the relative importance of and the

ease of achieving these four goals has evolved during the course of the program. Goals 1 and 3, for
example, have proved to be much more difficult than originally anticipated and our attempts to

achieve these goals through the dissertation research of graduate students have been only partially
successful to date. We have pursued goal 4 to the extent permitted by the availability of students
to perform experiments. Goal 2 has evolved and expanded to become the major emphasis of the

research program to date. When the proposal was written in 1987, the Gibbs ensemble technique
which permits direct molecular simulation of phase equilibria was still under development. We used
the support of the grant to become familiar with this new technique and to apply it to mixed solvent
electrolytes. Another factor in the evolution of the program was the addition of John O'Connell as

co-principal investigator at the beginning of 1990 after John joined the faculty at the University of
Virginia. John brought with h:,m a strong background in applied statistical thermodynamics. He
is the leading proponent and developer of fluctuation solution theory, a statistical mechanics based

method for analyzing and predicting the thermodynamic properties of mixtures. Thus the program

expanded its domain of interest to include mixed electrolytes (aqueous solutions of mixtures of salts)
and electrolyte solutions at elevated temperature and pressure. The final element in the evolution

of the program was the initiation of an interaction by Peter Cummings with researchers at Oak

Ridge National Laboratory. This collaboration with Dr. II. D. Cochran oi"the Chemical Technology
Division and and Drs. J. M. Simonson and R. E. Mesmer of the Aqueous Chemistry Group resulted

in the first molecular simulation of supercritical aqueous solutions with both charged and uncharged
solutes present at infinite dilution. The technological importance of supercritical aqueous systems

and the relative ease with which such systems can be modeled (many of the difficulties experienced
in theoretical studies at ambient conditions-high dielectric constant, very long rotational relaxation

times-are ameliorated at supercritical conditions) has resulted in the stud)' of these systems being
incorporated into the research program.

Thus, the goals of the research program have evolved into the following:

1. Molecular simulation of phase equilibria in aqueous and mixed solvent electrolyte solutions

2. Molecular simulation of solvation and structure in supercritical aqueous systems



3. Extension of experimental database on mixed solvent electrolytes

4. Analysis of the thermodynamic properties of mixed solvent electrolyte solutions and mixed
electrolyte solutions using fluctuation solution theory

5. Development of analytic expressions for thermodynamic properties of mixed solvent elec-

trolyte solutions using analytically solved integral equation approximations

6. Fundamental modeling of mixed solvent electrolytes using numerically solved integral equation
appro.,dmation theories

We report and evaluate our progress during the period oi the grant in light of these six goals in
detail in the section below.

2 Research Achievements During Grant Period

2.1 Molecular Simulation of Phase Equilibria in Electrolyte Solutions

At the start of the grant period, a new simulation methodology, the Gibbs ensemble Monte Carlo

(GEMC) method, was introduced by Panagiotopoulos 1. GEMC permits the direct molecular simu-
lation of vapor-liquid phase equilibrium. We developed a GEMC simulation code and successfully
tested it on a model for simple fluids, the two-Yukawa hard core fluid 2. In a collaboration with de

Pablo and Prausnitz at Berkeley, we then applied the GEMC method to the simple point charge
(SPC) model of water developed by Berendsen et al. 3. The aim was to compute the vapor-liquid

phase envelope, shown in Figure 1, and critical point 4. The long range forces were handled using
the Ewald sum method 5-7. The use of the Ewald sum removed significant system size dependences

that had been observed by de Pablo and Prausnitz s in an earlier simulation of vapor-liquid equi-
librium of another model for water, TIP4P. The critical point parameters obtained are a critical

temperature Tc = 587 K and a critical density pc = 0.27 gin/ce which is in only moderate agree-
ment with the experimental values of :/_ = 647.3 K and pc = 0.32 gm/cc. Strauch and Cummings 9
suggested a simple modification of SPC which followed from recognizing that the dipole moment of
the SPC water molecule, 2.24D, is an effective dipole moment that attempts to take into account

the peLnanent, gas phase dipole moment of 1.8D plus contributions from polarizability. Strauch
and Cummings suggested using the physically more correct gas phase dipole moment for water

molecules in the vapor phase. The resulting vapor and liquid phase densities are in better agree-

ment with experiment, shown also in Figure 1, and the estimated critical temperature (606 K) is
closer to experiment.

Tile next step was to apply the GEMC simulation techniqu to mixed solvent electrolyte

solutionsl0, 11. Our initial work has focused on methanol/water/NaC1. In view of the good rep-
resentation SPC provides of the dielectric constant of water at ambient conditions, we used the

SPC model for the water-water interaction. The methanol-methanol potential was the I[1 poten-
tial of IIaughney et al. 12 Since SPC and Ill are both site-site LJ and charge-charge potentials,

the methanol-water potential was constructed with no adjustable parameters by using the usual

Coulombic formula for charge interactions and the Berthelot rules for the LJ parameters

O'ij = (ai -t- aj)/2, fij "- (fifj) 1/2 (1)
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Figure 1: Gibbs ensemble Monte Carlo simulation results for SPC water with the same dipole
moment in each phase (O, de Pablo ct al.4) and with different dipole moments in each phase (Q,
Strauch and Cummings 9) compared with experimental data.

For the ion-ion potentials for the Na+-Na +, Na+-C1 - and C1--C1- interactions, we adopted the
interionic potentials of Fumi and Tosi J3, 14 which are fitted to solid state properties of the alkali
halides. The ion-water potentials were taken from Chandrasekhar et al. ]5 and are fitted to ab initio

calculations of ion-water interaction surfaces. The ion-water potentials are LJ plus charge-charge
interactions. From the Berthelot mixing rules for the methanol-water interaction, one can infer the

ion--methanol potential without any adjustable parameters. Thus, the simulations were performed
with no adjustable parameters in the potentials.

Strauch and Cummings 10, 11 report the results of water/NaC1, water/methanol and wa-
ter/methanol/NaC1 simulations in detail. IIere we focus only on the water/methanol and wa-

ter/methanol/NaC1 simulations. In Figure 2, the GEMC results for vapor liquid equilibrium in salt

free methanol/water and salt-containing methanol water systems is shown in the form of a g - x

plot. The agreement with experiment for the salt-free case is very good; for the salt-contaiaing
simulations, methanol is salted out (as is observed experimentally) though tlm simulations tend to

16
lead to a higher salting coefficient ks 1°, li than is observed in experiment '.

It is clear that our goal of api)lying molecular simulation techniques to the study of pha.se
equilibria in electrolyte systems has been a outstanding success to (late and stands as one of the



x-y Diagram for Water-MethanoI-NaCI Mixtures at P=I atm

1

0.9-

O AO0.8- O
, O

0.7-

0.6 - O( _

y (Methanol) 0.5 - OA
O

O.4- O

0.3 - O O Expt. (no salt)
,_ GEMC (no salt)

0.2 - • GEMC (salt)

0.1-

00 I I , I, I I I I I I0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X (Methanol)

Figure 2: GEMC simulation results for vapor-liquid equilibrium in water/methanol/NaC1. Exper-

imental results with no salt (0), GEMC with no salt (A) and GEMC with salt mole fraction of
0.017.

major achievements of our research program over the past few years. We expect to pursue this

effort even more vigorously in the future.

2.2 Molecular Simulation of Solvation and Structure in Supercritical Aqueous
Systems

Our simulation of the vapor-liquid phase envelope of SPC water was the first molecular simulation

to yield with reasonable statistical certainty the phase envelope and critical point of a molecular

model for water. Knowing the critical point of $PC water ma(lc it possible for us to study and com-

pare the solvation of Na + and C1- ions, a nonpolar solute (argon) and a polar solllte (methanol) in

supercritical (SC) water (Tr = T/Tc = 1.05, Pr = P/Pc = 1.0) and at high density and temperature

(Tr - l, "- "- 1.5) 17' 18 The simulations were performed at infinite dilution with a single solute

molecule surrounded by 215 or 255 solvent water molecules. The system sizc was chosen to be

considerably larger than the correlation length for water at each of the state points studied. Some

studies were performed with 863 water molecules to check that there was no significant system size
effects.
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pr Tr ¢ Uco,_f (kcal/mole) Utot_t (kcal/mole) P (bar)
SPC 1.0 1.05 14.7+10% -4.83+0.09 -3.39+0.09 220±30

Expt 1.0 1.05 9.6 -4.64 ... 234.7
SPC 1.5 1.0 8.8-t-10% -3.83±0.09 -2.39+0.09 270±30

Expt 1.5 1.0 5.1 -3.52 ... 310

Table 1: Thermodynamic properties and dielectric constant of SPC water calculated by molecular

dynamics and compared with experiment

Pr '[ Tr Solute nNN
Ambient Na + 4.3

1.0 I 1.05 Na + 6.5

1.5 I 1.0 Na + 10.0
Ambient C1- 11.7

1.0 1.05 C1- 6.5

1:5 1.0 C1- 10.5

Table 2: Number of nearest neighbors aNN around infinitely dilute ions at ambient and supercritical
states.

We first note that, as indicated in Table 1, the thermodynamic properties (pressure P and
internal energy U) and dielectric constant e of the pure SC water at the two state points are
in good agreement with experiment, particularly considering that the SPC potential is fitted to

ambient thermodynamic and structural properties. As an example oi"the results obtained, consider

Figures 3 and 4 which contain, respectively, the Na+-water radial distribution function (rdf) and
the number of water molecules within a sphere of diameter L surrounding the ion. The peak in

the rdf in Figure 3 indicates that the water molecules are strongly attracted into a short ranged
solvation shell around the ion. Despite the low densities involved (less than half that at ambient
conditions), the number of water molecules in the solvation shell is similar to that at ambient

conditions. In Table 2, we give the number of nearest neighbors around each solute ions at the
state points considered.

We also investigated the extent to which hydrogen bonding was altered by the presence of an

ionic or neutral solute at SC conditions 9. Consider Figure 5 in which the number of hydrogen
bonds per water molecule is shown as a function of distance from the center oi`the solute molecule

for the two state points studied. The higher density state point has a higher number of hydrogen
bonds per molecule (about 1.1) than does the lower density state point (about 0.8). The remarkable

feature oi` these result is that the solute does not appear to aft'ect the hydrogen boIMing to any

significant degree. We attribute this to the fact that at these high temperatures there is not very
much hydrogen bonding taking place between water molecules in the bulk. These simulations have

provided the first significant insight into the nature of solvation of water molecules around ionic,
non-polar and polar solutes at SC conditions.

It is evident from our discussion here that our goal of studying the solvation of ionic, nonpolar
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and polar solutes by water at high temperatures and pressures using molecular dynamics has been

achieved and has resulted in hitherto unsuspected new insights into solvation in these systems. We
expect to continue this work in future DOE-sponsored research.

2.3 Extension of Experimental Database on Mixed Solvent Electrolytes

The development of theories of the salt effect demands vapor-liquid equilibrium data over the whole

range of salt concentration (salt free to saturation) in order for there to be a meaningful comparison
of theory and experiment. In order to develop a collection of vapor-liquid equilibrium data on mixed

solvent systems spanning the full salt concentration range, experimental measurements have been
performed in the Department of Chemical Engineering at the University of Virginia for several years

under the direction of Randall L. Perry (now with DuPont) and the author 16 The specific systems
studied to date are H20-KCl-methanol, H20-KBr-methanol, H20-NaCl-methanol, I[20-NaBr-

methanol, tt20-KBr-l-propanol, H20-NaCl-l-propanol, H20-NaBr-l-propanol and It.20-NaBr-
2-propanol. The choice of systems is designed to isolate the effect of specific cations and anions (as

in the methanol series of experiments) and the contribution of methyl and methylene groups in the
alcohol.

The apparatus used in our experimental program is a modified Othmer still. Alcohol and water

concentrations are measured using a thermal conductivity detector in a ttewlett-Packard ItP 5890A
gas chromatograph with autoinjector. Salt concentrations can be obtained by overall material

balance. The analytical procedures are described in in detail in our paper 16. During the course of
the DOE supported research, we have performed measurements on isopropanol/water/tetramethyl

ammonium bromide (TMAB) and isopropanol/water/tetrabutyl ammonium bromide (TBAB) 19
using a modified Boubh'k-Benson stiU20, 21. These results suggested that at low concentrations of

isopropanol, the alcohol is salted in while at high concentrations it is salted out; TMAB is salted
out for all ises, ropanol concentrations. The TBAB result is intriguing but we have been unable

to confirm these results using the more reliable Othmer still. We plan to do this as part of the
research proposed for the next three years.

In addition, we are in the process of measuring densities of the pure and mixed solvent systems
for which vapor-liquid equilibria exist. This will be valuable in testing fluctuation solution theory

results as well as provide direct input into the Born-Oppenheimer modeling. The apparatus is a

Sodev (Canada) vibrating tube densimeter which is generally capable of attaining 1 ppm accuracy.
Our progress on the experimental program has been less than anticipated largely because of

difficulties in staffing the experiment with graduate students. In the last few months, after a

hiatus of over a year, we have been able to interest two M.S. students in performing experimental

measurements, l[opefully, the apparatuses a'.td experimental procedures can be put on a firm footing

by these two students to permit future measurements to be performed by chemical engineering
seniors as senior thesis research.

2.4 Fluctuation Solution Theory

Progress has been made on several aspects of th _ development and application of fluctuation solution

theory to multicomponent solutions, especially electrolytes. This includes 1) a paper in press of
extended tabulations of correlation function integrals from experiment, 2) an explanatory paper
being submitted on the distinctions among sets of thermodynamic variables which make a difference

in relating theory, modeling and experiment of dilute liquid solution properties, and 3) a modeling



paper in preparation utilizing the consequences of this thermodynamic analysis for the properties of

aqueous electrolytes. Some elements of these findings have also been reported in a review article 22

and three presentations made at international conferences.
The statistical mechanics of fluctuations in solutions from Kirkwood and Buff 23 leads to re-

lationships for the concentration derivatives of chemical potentials in terms of [_/I]az, the set of
integrals of the total correlation function (TCFI)

O#_/RT
= [(x + .¥HX)-']o_ (2)

P Op_ T.p_¢_

where X = diagonal mole fraction matrix and

(H)._ = pf (g._ - 1)dr (3)

with gat3 = radial distribution function between a and/3.

These relations are somewhat simpler in terms of [__C]aB,the set of direct correlation function

integrals (DCFI) 24.

OUa/RT = [X-' - CIa z (4)
P Op_ T,p.,¢ a

or, in terms of the activity coefficient,

N cOlnTa I

ON------_]T,V,N,,, = (1 -- C,_) (5)

whQre

Ca, =pJ c_zdr (6)
with ca_ the direct correlation function of Ornstein & Zernike. Also, the concentration derivative
of the pressure is

OP/RT[ _ YaOpa T,p_ga -- tzTRT (7)

= _x_(l- Ca_) (8)

where the concentrationsare Pa, the densityisp(T, P,x2),the partialmolar volumes are I,-72(T,x2)

and the isothermalcompressibilityishtT(T,x2).

l,Vith a model forlhe [Cia/3,the activitycoefficientand pressurederivatives('an})(!integrated

from a pure component referencestateto findthe densityand activitycoefficientsof solutlons".'')')
• ,)

These equationsare slight])'modified-5,26for"reactivecomponents" such as salts,where the solu-

tionactuallycontainsspeciessuch as ions,but the analysisisthe same. The goalof our researchis

to develop the levelof understanding needed toestablishmodels forthe [C]a_ which can be used

to predictthe desiredpropertiesforallkinds ofsolutions,especiallyelectrolytes.

I0



In binary systems, there are 3 DCFI at each state point which can be found from experimental
data.

--2 z_ 0 In 72
1--Cll= V1 + (9)

pnTRT xi OX2 T

l-C12- V1V2 01n721 (10)p_T R T x 2-O-ff_ T

V_ 0 In 72[
1-C22= _+ I (11)p_TI_T Ox2 T

For electrolytes the salt-ion stoichiometric coefficients are involved and the activity coefficient
derivatives are usually taken with respect to molality.

Comparison of experimental values of the DCFI with those from theories and models for equa-
tions of state and excess Gibbs energies can be a useful and demanding test because the data

contain in a sensitive way both density and chemical potential information. We have completed
a very careful evaluation of vap "r-liquid equilibria, excess volumes and mixture com;_:ecsibilities
for 26 diverse binary nonelectrolyte mixtures at a variety of temperatures in order to .,stablish a

data base of values for this purpose. The solution types included pairs of nearly ideal, ._zeotropic,
solvating, aqueous and very different globular and chain-like molecules. The article 27 contains

equations which any researcher can use to reproduce the information and many tables of detailed
results are also available from the authors on floppy disks. Figure 6 shows the variations of the
various DCFI in tile chloroform-acetone system. Note that tile 1 - C12 value is sometimes close to

the average of 1 - Cll and 1 - C22 but the variations are complex, especially at the composition
limits.

Besides making the data readily available for use by others in their modeling work, the analysis
demonstrated the sensitivity of the results to empirical expressions, especially for strongly nonideal

systems which may be close to immiscibility. In such cases, only the most careful fitting of current
models gave reliably the observed single phase behavior. For example, the popular NRTL model

often gave erroneous multiple liquids. On the other hand, though it cannot yield multiple phases,
the Wilson equation gave exceptionally sharp, and probably unrealistic, variations of the DCFI at

low concentrations in some systems. Thus, this type of analysis might be a useful consistency test

for data and correlations. Finally, we also found how the balance between the volumetric (first
terms of equations 9 to 11) and the chemical thermodynamic (second terms) influences appear in

this variety of systems. The results show the variety of challenges that mixtures make to the current

goal of developing practical equations of state -- especially their mixing and combining rules for
parameters -- for predicting phase and volumetric behavior.

Similar treatment of aqueous electrolyte solutions yields considerably different behavior for the

Cc,_ from that of nonelectrolytes. In addition to uncertainties in the data, especially volumetric
information close to saturation, similar sensitivities are found, making accurate results difficult to

obtain. It is likely that we will need to develop an similar data bank for aqueous electrolytes so
that experimentalists and modelers can test their work.

During the past few years, we have examined a number of approaches to modeling aqueous

electrolytes which tried to take advantage of basic theories for correlation functions. While quite
successful 2"_for gas solubilities and liquid compressibilities of nonelectrolytes, except for correlating
partial molar volumes of salts at infinite dilution over wide ranges of temperature and pressure "_s,

this approach did not generally lead to high accuracy when using the additivity of ionic contributions

11



Figure 6: Direct Correlation Function Integrals for Chloroform(1)-Acetone at 25 °C.

12



that the formalism demands. In the past year, a reexamination of the thermodynamics of such

systems with our methodology has exposed more fully an extremely subtle aspect of the relations
between theory, experiment and thermodynamics that caused this failure. This effect has been
touched on from time to time in the literature 29, 30, but generally not been taken into account.

We have recognized that it especially affects a variety of physicochemical liquid solutions such as
electrolytes, polymers, and two-phase aqueous extraction for biologicals 31.

The optimal way to express the intricacies of the situatioa is still being worked out, but its
features are as follows. There are a variety of experimental measurements that characterize the

behavior of solutes in solvents. These include vapor-liquid and liquid-liquid phase distributions,

isopiestic equilibria (where several multisolute samples are equilibrated at the same solvent chemical
potential via vapor phase transfer of solvent to adjust the sample compositions), osmotic pressures
and chemical reaction equilibria such as electrode potentials. In most cases, the data recorded and

the properties varied are the temperature, pressure and molality. It is known that thermodynamics
is only concerned about how many independent variables are necessary to characterize the state

of a system, not which ones. Thus, density, chemical potential, rnolarity and other quantities are
equally suitable to use, though not usually as convenient in the laboratory. Finally, molecular theory
often leads to novel sets of "natural" variables when combining them in different ways to simplify

relationships among them and to lead to effective models. An exampk, is the continuous dielectric
surrounding the ions of the Debye-tIiickel theory for electrolytes. The solvent is characterized

by the value of its chemical potenti, when pure even as solute is added to the system. Such a
process is realized in the laboratory by the osmotic pressure measurement, but is not obtained

in vapor pressure or freezing point lowering experiments. The issue we have addressed is how
to derive general, explicit connections between the various experiments as well as to demonstrate

the ways in which theories should be implemented for the most desirable cases. It appears that
fluctuation solution theory contains a particularly useful way to do this because it explicitly lists
the thermodynamic quantities both varied and kept constant as a part of its derivatives as well as

provides completely general connections among them.

The analyses which give the most general basis for categorizing these differences are embodied

in the Kirkwood-Buff (KB) treatment with variables of T, V,N, the Lewis-Randall (LR) variables

of T, P,N and the McMillan-Mayer (MM)set of T, V,N__,Iz s where N s is the set of solute amounts
and _s is the list of solvent chemical potentials. The most immediate application of this new under-
standing is to the use of osmotic virial expansions for liquid properties. In particular, experimental
phase equilibrium data are often correlated with LR coefficients because these are the most conve-

nient. However, the values which arise from theory (MM) for predictions at other conditions, e.g.
for polymers of different molecular weights without new parameters or with true ionic additivity
(KB) for salts. Though there have been some treatments in previous literature '29,3o to connect the

various osmotic coefficients, fluctuation solution theory gives a particularly siml)le l)ut general way
to relate and interconvert the osmotic virial coefficients. Thus we have been able to list the rigorous,

general connections among the derivatives for the first time. This analysis is the subject of a paper
now being submitted for publication 31. It describes the situations in which the differences can and

cannot be ignored and what is needed to effectively use theory. We intend to help experimentalists
understand the most effective way to analyze their data and to guide modelers to the distinctions

they must make among the various theories they use and the various cases they will treat.

There are a number of important extensions of this analysis to conditions well beyond the

ambient aqueous single or double solute cases presently treated. These include the vapor-liquid
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critical region of the solvent and tile mixed solvent case. Previous work 32 had made a contribution
to correcting errors made in the mixed solvent electrolyte phase equilibria, tIowever, our current
formulation allows for a much mc:re general approach. Connecting our analysis with the current
description of critical point divergences in terms of paths to 'he critical point explicitly shows

that while XB quantities are only weakly divergent (of no practical importance), the MM and LR
quantities have strong divergences. The difference appears in the correction terms from KB since

they involve the compressibility of the solution. This revelation suggests new lines of critical region
modeling via correlation functions that can complement the simplifying features of simulation in

the critical region as discussed in Section 2.2.
Fi_.alJy, the new thermodynamic insights direct the way in which fluctuation solution theory

should be used to model the properties of aqueous electrolyt'_s. Proper data. analysis demonstrates
several interestin,,_ -fleets. In particular, the activity coefficient lerivatives for the LR and MM vari-
ables are fairly close _ each other for 1-1 aqueous salts while the ionically additive KB derivatives

are quite different. Figure 7 shows the different activity coefficient derivatives for KC1 evaluated
from the data. The LR(EXP) function is for the actual data; the others have the divergent DIILL

behavior removed. In addition to the LR, MM, and KB functions, the extended Debye-IIiJckel
expression (DtIEXP) is included. Note that all but the KB functions are close together. For salts

of higher solubility, such as for Li+ , the difference is much larger at higher concentrations. Note
also the difference_ in range and variation from those in Figure 8 for the nonelectrolyte mixture

chloroform(1)-acetone where no electrostatic effects are present and the whole range of composi-
tion can be observed. Still the MM values are much closer to the LR values than are those for KB
variables.

Thus, the relative success of workers over many years assuming that Debye-IIfickel Theory
gives an excess Gibbs energy (LR rather than the rigorous MM) may be due in large part to a

near-cancellation of terms in single solvents (the mixed solvent case is much different), but no
proper ionic treatments (KB) can be achieved via this strategy. In our own work, comparisons

with data with theory had not been correct because the conversion terms were not fully take_ i, 1:_

account. Current examination of the set of 9 salts from 6 ions (Na +, Li+, K +, Cl-, Br-, NO3+) at
ambient conditions indicates that ionic additivity can be achieved up to saturatmn when the proper

connections are made. Figure 9 and Figure 10 show how the DCFI for solvent-solvent (1- Cii ) and
salt-solvent (1 - C12) pairs of various salts(2) in water(l) behave over their ranges of solubility at
25 °C. These seem to be able to be correlated well by ionically additive osmotic virial coefficients.

(The unusual variations of LiC1 and LiCl are probably due to experimental error.)

We have accumulated data for a large number of systems that can be analyzed this way as
well as be correlated. This work is proceeding rapidly and will be described in a manuscript in
preparation.

2.5 Analytically Solved Integral Equation Approximation Theories

We have pursued the goal of applying integral equation techniques to modeling lllixe¢l solveat
electrolytes, but have not been completely successful. For molecular fluid mixtures (i.e., mixtures

containing species which are non-spherical), the Ornstein-Zernike (OZ) equation is:_3

m Pk/" -. -. _
hij( F'12_l_2 ) = cij(r'12_lw2 ) + E '_ j ci_,(r13¢zlw3)h_,.j(7_'32_3_,2)di_3d_3 {12)

k=l
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where r"/j is the vector joining tile centers of mass of molecule i and j, 5_idenotes the set of angles
specifying the orientation of molecule i and _ = f dw = 4_" for linear molecules, 87r2 for nonlinear
molecules. Tile solution of the OZ equation requires the use of the invariant expansion method for

expanding the OZ equation and the closure approximation in terms of a set of rotational invariants.
For any function f(f'12_lJ2), the invariant expansion of f is given by

glg2g -" _ -"
f(F12_1_2)- Z Z f(glg2(;nln2;r12)¢nln2 (wLw_w) (13)

gl e2 g n, n2

where f(ele2g; nln2;r,2) is a expansion coefficient, (e_',_f(_7_2_7)is a rotational invariant and _7
describes the orientation of _12 in space. The technical details of the invariant expansion and

expressions for f(gag_g; nln2; rl_) are given elsewhere 33' 34. Expanding h, g, c and u in the OZ
equation and the closure approximation in terms of rotational invariants yields a set of coupled

integral and algebraic equations for the expansion coefficients.
Our focus has been a simple model of mixed solvent electrolyte solutions to provide the starting

point for analytic expressions for solution properties. For a nonelectrolyte-water-salt system,
Strauch 1° solved the mean spherical approximation analytically for a four component mixture
composed ,-q"two dipolar hard sphere species and two ionic species, viz

uij(r-'12Jl_2) "- O0 7'< crij
DQ

= m+uij +u QQ r>aij
ij - 11,12,22

uo(_',2J,_2) = oo r < _j

= uicc r >aij (14)
ij = 33,34,44

Uij(r"12_lO._2 ) "- (:x) 7' <: O'{j

uco +  ,CQ r >
ij = 13, 14, 23, 24

In these equations, the superscripts C, D and Q refer to charge, dipole and quadrupole respectively.
Strauch used a generalization of the method of Blum 35-37 based on the technique of Baxter 38, 39

and Wertheim 40 for f_ctorizing the OZ equation into sets of simplified one dimensional integral

equations for the expansion coefficients of the correlation functions. The analysis has been brought
to the point where its completion requires the numerical solution of a set of COUl)led nonlinear

algebraic equations. We propose to pursue this during the next grant period (1992--1994 ).

With DOE support, we have solved analytically the MSA for a simple model of water lhat
includes short ranged, directional forces that mimic the hydrogen bond forces in real water 41

Professor Blum expecls this model to be iml)lemented nunwrically in the near fut,_re (private
communication, 1991 ).

Thus, we have made signiticant progress toward lhe goal of devel¢_pi_g; an ,'_lUalion _f stale for
mixed solvent electrolyles based on tlm analytic solution of the .klSA for a n_ixture of _lil>(>larand

ionic si>ecies. Bringing tl,e goal io fi',_ition will require additional elrort an<i expertise. \Vo are

investigating the possibility of involving Professor Blum and his graduate students in the research
as one means for completing the goal in a timely fashion.
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2.6 Numerically Solved Integral Equation Approximation Theories

We have taken the first steps toward the goal of solving the OZ equation for alcohol-water-salt
mixtures subject to the full hypernetted chain (ItNC) approximation for molecular species

Cij(r'12t_lt_2) -- ,9ij(7';'12U_It_2) -- I -- In glj(r-'12_71a72)- uiJ(1712_1_'2) (15)
kBT

The IINC has been shown to be the most accurate integral equation approximation for systems

with long-range forces 42-45. The numerical solution of the OZ equation requires tlle use of the
invariant expansion method for expanding the OZ equation and the closure approximation in terms

of a set of rotational invariants. The logarithmic term in the t[NC approximation can be handled
using Patey's technique 46' 47 In order to satisfactorily represent the intermolecular potentials for

the non-spherical species and to adequately approximate the correlation functions, a large number
of terms is required in the invariant expansion. With DOE support, we have reached the point
where we have a satisfactory program working for solving the HNC for a pure Stockmayer fiuid_i.e.,

a fluid whose molecules interact by a potential composed of LJ and dipole-dipole interactions.
This relatively small degree of progress was achieved only by several years effort by two Ph.D.

students. It is clear that achieving the goal of solving the OZ equation with IINC closure for realistic
models of alcohol-water-salt mixtures is much more difficult than originally anticipated and can

probably only be achieved by a collaborative effort with other senior researchers. In addition,
the evolution of the GEMC technique as a viable means for studying phase equilibria directly has

lessened the need for achievement of this goal and resulted in it being assigned a lower priority in
our research.
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