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Abstract

This paper presents an analysis of the excess Gibbs free energy of aqueous electrolytes. The analysis of experimenta
data leads to the conclusion that the equilibrium state for dilute univalent electrolytes in water involves an intercalation
of water and ionic liquid crystal domains. Excess free energy of the solution is determined by the Madelung energy
of hydrated ion-pair liquid crystals, and the energy associated with a shift in the structural equilibrium of water. The
data that point to such a model include: molecular orbital-molecular dynamics applied to electrolyte water systems;
Raman spectra; infrared spectra; magnetic resonance spectra of ions; the apparent density of water; and the exces:
free energy of electrolytes in aqueous solutions. Molecular orbital-molecular dynamics calculations of relatively large
water clusters containing a molecule of sodium iodide show that the solvent separated ion pair exists in a substantial
potential well compared to other possible structures. Raman spectra of univalent electrolyte solutions as a function of
concentration can be quantitatively modeled using only the spectra of pure water and electrolyte solution at the
concentration of the solvent separated ion pair. The other observations are consistent with the structures proposed
from the Raman spectral study. The new model provides a satisfactory account of the fact that the excess free energy
of dilute (<0.2 mol/l) solutions is generally more negative than anticipated on the basis of Debye—Huckel theory,
and that the equilibrium evidence points to the same functional behavior at very low concentrations as is seen at 0.05
mol/l. We present a testable hypothesis that the excess free energy, and other thermodynamic properties of the
solutions do not follow the Debye—Huckel limiting law. The tests of this hypothesis must involve only equilibrium
measurements at concentrations between 0.05 and 0.000% itk hypothesis concerning the structure of aqueous
electrolyte solutions is not in conflict in any way with the Debyé—Huckel-Onsager theory of electrical conductivity.
© 2003 Elsevier Science B.V. All rights reserved.
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_ here is congruent with the ideas originally pre-
1. Introduction sented by Arrhenius.

Conceptual scientific models are exceptionally 2. Evidence supporting the development of a
important to the development of new ideas and New model for aqueous electrolyte solutions
experiments. Increases in knowledge of physical
reality occasionally call for significant changes in  2-/- M‘)lffc”lar dynamics—molecular orbital theory
our conceptual models. We are convinced that this ¢#lculations
is the case for aqueous solutions of electrolytes.

This paper proposes a model for aqueous elec-
trolyte solutions that is based on two primary
building blocks: water, with a mildly perturbed
structure subsequent to ion—water—ion and
water—water electron delocalization; and domains
made up of clusters of the solvent separated ion
pairs. These two building blocks form intercalated
sub-phase regions of water and liquid crystalline
ion-pair hydrates. As the concentrations increase,
intimate ion pairs will also be present in the liquid
crystalline portion of the solution. The partition
between the various species will be determined, as
usual, by a Boltzman distribution.

The evidence that supports this model for aque-
ous electrolyte solutions is reviewed below. The
evidence includes molecular dynamics—molecular
orbital theory simulationd1,2]; Raman spectro-

Molecular dynamics modeling using quantum
mechanical potentials—31+ G** /MP 2) shows
that the solvent separated ion p&8SIP is quite
stable compared to free solvated ions in a cluster
of 2000 water moleculeRAG,, ssip(—418.4 kJ
mol)] [1,2]. The contact ion paifCIP) is signifi-
cantly less stabldAGq,, cip (—171.5 kJmol)]
[1,2l. These results suggest that for the same
concentration of Nal in water with 4000 water
molecules there would be either two solvent sep-
arated ion pairs, or a liquid crystalline tetrad of
hydrated ions. The salt concentration we are dis-
cussing here is approximately 0.03 ol The
asymptotic behavior of the solvation free energy
for Nal, with reference to the size of the water
cluster, strongly suggests that the energy per mol
of Nal would not change significantly if the

3 concentration were reduced by 1 or 2 orders of
scopy [3—6]; attenuated total reflectance infrared \aqnityde. A solution model constructed using

spectroscopy7—-14; NMR chemical shifts of elec- 050 results would be quite different from the

trolytes and the specific heats of solutiof5];  jgpic atmosphere model that is the limiting case
the apparent density of water in agueous solutions j, Debye—Huckel theory.

[16]; and data on the excess free energy of elec-

trolytes in aqueous solutioni47,18. The evidence 3 > Raman spectra of aqueous electrolytes

that was used to establish the validity of the

classical models for dilute solutions of aqueous  Raman spectra of glassy states of lithium chlo-

electrolytes[19,2Q will also be considered. We rige solutions were interpreted by Suzuki and

shall present the outlines of a theoretical model \jishima [22] as indicating the presence of two

and an empirical model for treating excess free djstinct glassy states of water in dilute LiCl solu-

energy of electrolytes. tion at low temperature. The cooling rates in the
The presently accepted model for the structure splat cooling procedure used by Suzuki and Mish-

of aqueous solutions essentially began with the jma [22] are thought to exceed 40 /i, so only

Ph.D. thesis of Svante Arrhenius in 18831]. minimal structural reorganization would be

Arrhenius’ thesis was so controversial that he only expected.

obtained a fourth class pass, the lowest possible Aliotta et al. were the first to report strong

[21]. Prior to Arrhenius it was thought that salts evidence for the segregation of water and hydrated

dissolved as neutral entities, e.g. NaCl, not ion pairs in electrolyte solutions into distinct sub-

Nai, drate Clhyarate @S We now understand ionic solu- phased23]. They used Raman spectra of electro-

tions. It is interesting that the hypothesis presented lyte solutions to infer the existence of separate
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Fig. 1. Absolute sum-squared error for fitting KF Raman spectra as a function of concenf{i@jtiorhe minimum occurs at
approximately 4.4 mgl, the concentration of the solvent separated ion pair as the only solution component.

water and hydrated-electrolyte sub-phases in thesebe the ‘high electrolyte concentration’ standard
solutions. The impact of this discovery on our corresponded to the concentration of the solvent
understanding of the structure of aqueous solutions separated ion pair as the only solution component
has been slow in developir(gnore than 20 yeajs  (Fig. 1) [6]. One of the remarkable observations
because the theoretical treatments needed to underof this report is the fact that the refractive index
stand these observations in detail is not of both of the sub-phases, one composed of water
straightforward. and the other composed of hydrated ions, was
We have reported the results of analysis of a identical[6].
two sub-phase model for aqueous electrolyte solu- The identity of the refractive index in the water
tions showing that fitting error was minimized sub-phase with that of the hydrated electrolyte
when the concentration of the solution selected to sub-phase, can be inferred from the changes in the
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intensity parameter for this curve fitting exercise.
The equation used in the fitting procedufé]
follows:
Isoln= B{ 0‘Iwater"i_ (1—O()I electroly}e (1)
Iaer 1S the Raman spectrum of pure water.
Leiecrrote IS the spectrum of the electrolyte at the
concentration of the hydrated ion pair. The proce-
dure for determining this concentration is based
on minimization of the overall fitting error as a
function of concentrationa Is a parameter that
scales the proportion of the two ‘standard’ spectra.
B is an intensity parameter; it accounts for the
influence of the structure of the solution on the
Raman intensities of the components of the solu-
tion. The value ofg in Eq. (1) was the same for
both the water and the electrolyte hydrate liquid
crystal sub-phase. This would happen if the elec-
tronic communication between the two sub-phases
was exquisite, and that the change in polarizability
with vibrational excitation was the same for both
of the sub-phases.

2.3. Factor analysis of attenuated total reflection
infrared spectra

Chapados and colleagues used factor analysis of

attenuated total reflectance infrared spe¢#al4

to develop a clearer picture of the structure of
solutions of aqueous electrolytes. Solutions of
lithium chloride and nine other electrolytes indi-
cated the presence of two principal species in the
solutions: pure water; and salt solvated water.

2.4. Apparent density of liquid water in electrolyte
solutions

The apparent density of water can be obtained
from the density of a solution, the concentration
and the ionic radii and masses of the ions. When
we looked at the apparent density of water in a
series of univalent electrolyteld 6] there were a
number of cases in which the apparent density of
water decreased with increasing electrolyte con-
centration, e.g. NaF, KF, NaOH and KOH. Expan-
sion of the apparent volume of water with
increasing electrolyte concentration is a result of
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Fig. 2. [**F] Chemical shift vs. KF concentration, 298 [K5].

shifts in the structural equilibrium for water as a
result of increases in hydrogen bond strength
caused by electron delocalization between water
and the ions. The Raman results mentioned above
suggest that electron delocalization is responsible
for changes in hydrogen bond strength, and shifts
in the water equilibrium. Results for both apparent
density and nuclear magnetic resonance shifts sug-
gest that the water structurén the water sub-
phase is only mildly perturbed from ordinary
water. The shapes of the curves for apparent
density of water against electrolyte concentration
look very much like the density, temperature pro-
file for pure water. The largest perturbation appears
to be an increase in hydrogen bond strength and a
subsequent shift in the water structural equilibrium.
Equilibrium shifts in structure for water that are
directly analogous to structural changes in pure
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water, e.g. the occurrence of an apparent density The observation that aqueous solutions behave

maximum, would seem very unlikely if something
other than pure water domains were involved in
the solution structure.

2.5. Correspondence between minima in electrolyte
solution specific heats, and changes in the slope
of NMR shifts as a function of concentration

We have examined both the anion and cation
NMR spectra of KF, KCI and LiOH and have
compared the results with those for specific heat
as a function of concentration and temperature
[15].

Previous NMR studies of aqueous electrolyte
solutions have reported ‘not quite linear’ relation-

like perturbed water in terms of specific heat,
suggests that the aqueous solutions contain per-
turbed water that participates in water structures
analogous to those of unperturbed water at a
different temperature. The most reasonable way
for this to happen is through the existence of sub-
phase regions of perturbed water and sub-phase
regions of hydrated electrolyte.

3. Excess Gibbs energy of aqueous electrolyte
solutions

3.1. Experimental data

Data on the excess Gibbs energy of electrolyte

ships between chemical shifts and concentration solutions is primarily derived from isopiestic, iso-

[24-24. Deverell and Richards reported cation
and anion shifts over the solubility range for most
of the alkali halide salt424-26. They reported

[24-26 changes in the slope of chemical shifts
with concentration similar to the results shown in
Fig. 2. As a result of the small humber of samples

baric, measurements of activity and osmotic coef-
ficients [17,1§. These measurements, which are
based on gravimetric evaluation of solution con-
centrations, are robust and highly reproducible at
concentrations above 0.05 njbl A plot of the

excess Gibbs energy for NaF, KCI and RbBr is

per electrolyte and the broad concentration rangesshown in Fig. 3 along with expectations based on

their plots of chemical shift against electrolyte

the Debye—Huckel theory19,24d. The details of

concentration appeared to be smooth curves andplots of excess Gibbs energy differ from one

did not associate the transitions with a specific
concentratior[25-21.

Variations in chemical shifts for® F in KF
solutions from our recent experimenfs5] are
shown in Fig. 2 as a function of electrolyte
concentration. Thé® F chemical shift for aqueous
KF shows a change in slope at2.4 mol/l KF
(slope 0.145-0.002 to 0.054-0.0005 3I/mol).
The 3°K chemical shift for agueous KF has an

univalent electrolyte to another; however, the gen-
eral features of the plots in Fig. 3 are representa-
tive. For the vast majority of univalent electrolytes
the slope of the plot at 0.05 mdlis significantly
larger than would be anticipated on the basis of a
square root law, and the excess Gibbs energy is
more negative than the value anticipated by
Debye—Huckel theory. We cannot imagine a phys-
ical cause for an inflection in the excess Gibbs

analogous change in slope at the same concentraenergy curve that would cause the curve to have

tion (slope 0.50@-0.007 to 0.422-0.003 51/
mol). The specific heat for 2.4 M KH25,26
shows a minimum at 298 K, the temperature of
the NMR experiment. The influence of*K on the

a limit along the path of a square root law.
Careful examination of the data supporting the

limiting law shows that the data are obtained from

activity coefficients determined by conductivity at

specific heat of an aqueous solution has been theconcentrations at or below 0.01 bl [19,2d.

subject of molecular dynamics modelifigj7]. The
results in this case were qualitatively in agreement

The determination of activity coefficients by con-
ductivity measurements is the result of the fact

with the experiment. The foundation for the theo- that classical equilibrium methods are generally

retical model was provided by the careful studies
of Henn and Kauzmann on heat capagiguation

of state modeling using random network models
[2g].

not reliable for very low concentrations. Unfortu-
nately, the electric fields that are essential for
conductivity measurements will very substantially
perturb the thermodynamic equilibrium of the solu-
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Fig. 3. Excess Gibbs energy of NaF, KCl and RYBY] com-
pared with the expectation based on Debye-Huckel theory
[18,19.

tion. Any electric field that is large enough to
allow for a conductivity measurement, is pheno-

menonologically large enough to separate charge =

in the solution. Should the thermodynamic equilib-
rium state involve association of charge, as the
evidence regarding the stability of solvent separat-
ed ion pairs above suggests, activity coefficients
obtained by conductivity will not reflect the equi-
librium state.

The quantum mechanical-molecular dynamics
evidence for the thermodynamic stability of the
solvent separated ion paid] reflects the impor-
tance of electron delocalization of the detailed
structure of solutions of electrolyted6]. When
electron delocalization is substantially decreased
by insignificant overlap of the appropriate molec-
ular wave functions, the structure of the solution
will certainly change. Electron delocalization

R.C. Dougherty, L.N. Howard / Biophysical Chemistry 105 (2003) 269-278

ions with exterior insulators, e.g. tetraphenyl borate
anion, or by using ions with very low energy wave
functions, e.g. hexafluorophosphate anion.

KPF; appears to be a classical Debyé—Huckel
ionic system[17]. The excess free energy for this
system fits a power law with a 0.494 exponent for
the total excess free energy, and a 0.494 exponent
for the partial molal excess free energy of the
KPFs salt. The plot in Fig. 4 illustrates the close-
ness of fit to the Debye—Huckel model.

3.2. Energy components from theory

Henry’'s Law qualitatively describes the free
energy of aqueous electrolytes as a function of
electrolyte concentration. The Henry's Law line is
not strictly straight. The deviation from linearity,
expressed as experimental free energy—Henry's
Law value, has been called the excess Gibbs (free)
energy [18]. This deviation has the potential to
inform us concerning the alterations in the struc-
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Fig. 4. Experimental17] and Debye—Huckel excess free ener-

involving ions can be inhibited by constructing gies for KPR .
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ture of liquid water subsequent to introduction of caused by hydration of the iong{(2nd order
electrolytes and the energy of interaction of the interaction energy

electrolytes. In Section 3.2 we introduce the terms  The change in energy per ion pair as a function
that should be components of a model of the of cluster size has the following form:

excess Gibbs energy of aqueous solutions. The

terms are based on the physical observations above M(n)
that suggest that aqueous solutions are composedt(n)= x (4
of intercalating regions of slightly perturbed water &(n)

and liquid crystalline hydrated electrolyte.

The excess free energy as a function of shel
number,n, for lattice-like arrays of solvated ion
pairs in water is the sum of the excess enthalpy,
H,(n), and —TAS,,. The first term has a relatively
straightforward solution: E(n)= 1.7476 _ 0.20489 (5)

a+bn an+bn?

| wherey is a constant.
Including the dependence 8f(n) and &,(n) on
n gives:

quA(n)
H. (n)=—-—"— (2) a and b are constants that depend on the solvent
41 eqeR
and solute.
M(n) is the apparent Madelung constant which 4
converges to a fixed value at highR is the time- ;= 4w ook
averaged distance between ions in the hydrated q192N a
lattice. ¢, is the relative permitivity, apparent die- 4 (6)
lectric constant for the hydrating wates, is the b= 4w eoRp
permitivity of free space. The Madelung function q192N 4

for the cluster,M(n), converges as /k for n>5
to a value fixed by the geometry of the lattice. For &, is the permivivity of free spacee, is the
sodium chloride (cubic lattice this value is dielectric constant of the solverR.is the average
1.7476. The fitting constants fab(n) for n= distance between ions in the lattice-like cluster.
6—14 for addition of ion pairs to the lattice were: Q; andg, are the charges on the cation and anion,
1.7476-0.20489n  (S.D.=9.7X10°°, sum respectively. N, is Avagadro’'s numberP is a
square erroe6.0x 10" 7). constant that depends on the electronic properties
The relationship between relative permitivity Of the ion pair.

and the polarizability, of a given ion cluster is  The change in energy with cluster size is the
given by a relationship presented by Debye in derivative of E(n) with respect ton.
19121[29]:

1.7476b  0.2048%a+2bn)

_ E'(n)= +
(&= 1M - NA[ + Mg] (3 ! (a+bn)? (an+bn?)?
p &o 3kT

(7)

The term in Eq.(7) must be convolved with a

M is the molecular mass of the fluid molecule. partition function for the distribution of energy as
N, is Avogadro’s constantp is the density and  a function of a number of properties. Among these
We is the dipole moment of the fluid molecule. properties are: the size of the liquid crystalline

The polarizability of a cluster of hydrated ions electrolyte hydrate cluster; and the hydration level
should scale as the cube root of the volume of the within the cluster. As the concentration of the
cluster, orn, the shell number. It should also be a electrolyte increases, the abundance of contact ion
function of the electron exchange between the pairs will increase within the liquid crystalline
electrolyte and the water, and the water with itself, cluster. The presence of contact ion pairs will
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Fig. 5. An artist's view of the hydrated ion pair clusters in aqueous electrolyte solution, for clarity neither the bulk water, nor the
water molecules that coordinate the ions have been shown.

increase the amount of ‘free’ water in the system. complexity of the problem is such that a physically
The partition function for this system, which has satisfying quantitative picture may be elusive out-
numerous environments, each with an intrinsic side the realm of quantum mechanical molecular
size-related stability will be exceptionally com- dynamics and Monte Carlo simulations.
plex. Max and Chapadd®] showed that a virtual The body of evidence presented above does,
sodium chloride concentration of 8.85 rjiblsub- however, present a qualitative physical model that
stantially above the saturation concentration of may be of some use in the study of electrolyte
6.14 mol/kg,aer [17]) Was required to obtain an  solutions. Water intercalated with liquid crystalline
infrared spectrum that was free of ‘free’ water thus arrays of electrolyte hydrates is an interesting
proving the need for this level of complexity. picture of aqueous solutioffFig. 5 that manages
The excess free energe,, ions IS the excess to qualitatively account for the observations of
free energy per ion pair times the number of ion both the excess Gibbs energy, and the spectroscopy
pairs per unit volume. Assuming that the partition of the solutions. The artist's view of aqueous
function, Z(n), can be obtained in analytical form, electrolyte solutions in Fig. 5 does not show any
it should be possible to obtain a numerical solution water, so the drawing is a ‘negative’ of a Swiss
for the excess free energy. Unfortunately, the equa- cheese structure. The hydrated electrolyte liquid
tions involving energy above do not explicitly treat crystals will certainly be irregular; however, they
the effect of electron delocalization between the will tend to minimize their surface area which will
electrolyte and water on the structure of the ‘free’ lead to the Swiss cheese-like structure. The mag-
water and its free energyl6]. The level of nitude of the surface area minimization will vary
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from electrolyte to electrolyte, and will vanish in
electrolytes such as KRF that closely approximate
a Debye—Huckel model.

The variation in excess free energy curve shape
with electrolyte (Fig. 3) can be qualitatively
accounted for by the combination of the Madelung
convergence to different values and the increase
in free energy subsequent to increases in water
hydrogen bond strength caused by electron delo-
calization involving the electrolyte. Since electron
delocalization is an intimate part of the structure
of the solution, it will be necessary to utilize
gquantum mechanical models for a proper molecu-
lar dynamic or Monte Carlo description of the
system.

The clear hypothesis from this work is that
equilibrium measurement of the excess free energy
limiting behavior of univalent electrolytes will
show variations from one electrolyte to the next.
Furthermore, for most electrolytes the limiting
behavior(c <0.01 mo)1) will follow a power law
closer to 0.42 than 0.5. The value of 0.42 is a
close approximation to the initial curvature of the
Madelung convergence for arbitrary liquid crystal
lattice parameters.

4, Summary

Molecular dynamics—molecular orbital theory
computations[1], Raman spectrd5,6], infrared
spectra[7-14, nuclear magnetic resonance spectra
[5,19, the apparent density of watét6] and the
excess Gibbs energy of solutions of aqueous uni-
valent electrolytes are all consistent with a model
of these solutions containing sub-phases of struc-
turally perturbed liquid water and of liquid crys-
talline arrays of electrolyte hydrates.
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