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ABSTRACT

There has been great progress in recent years in determining and understanding the struc-
ture of molten salts. I focus on molten alkali halides and discuss two main points concerning their
liquid structure and its relationship with static electrical response in these dense ionic conductors.
These are (i) the nature of screening and the related definitions and properties of the screening
length and of the dielectric function, and (ii) developments in integral equations techniques for the
evaluation of molten salt structure and static screening from given pair potentials.
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1. Introduction
The liquid pair structure of a number of alkali halides and polyvalent metal halides has

been determined in recent years by the multipattern neutron diffraction method based on
isotopic enrichment, which was first developed for alloys by Enderby, North and Egel-
staff1. The experimental effort has been accompanied, especially for alkali halides, by a
great deal of computer simulation work based on the adoption of suitable models for the
ionic interactions, using simple pair potentials as well as Hamiltonians which take account
of the electronic polarizability of closed-shell ions. The availability of both experimental
and simulation data has in turn stimulated theoretical studies of statistical mechanical mod-
els for dense ionic liquids, ranging from primordial models of charged hard spheres solved
analytically in the mean spherical approximation to more realistic pair-potentials models
solved numerically by refined integral equations methods. Most of this work is covered in
recent reviews^"4.

For my present purposes I reproduce in Fig. 1 the partial pair distribution functions
g+.(r), g++(r) and g~(r) of molten NaCl near freezing, as obtained from neutron diffrac-
tion5, computer simulation based on pair potentials6 and liquid structure theory using the
same pair potentials7. Some main features are immediately evident. Coulomb attractions
and closed-shell overlap repulsions between Na+ and Cl~ ions lead to a first-neighbour
shell of unlike ions around any given ion, with a sharp region of excluded volume,
whereas Coulomb repulsions between like (Na+-Na+ or C1~-C1~) ions push them into
second-neighbour shells having very similar shapes and less sharply defined regions of
excluded volume. Alternation of the two ionic species in space is clearly being preserved to
a good extent across melting, with the implication that the charge density around any given
ion has an oscillatory profile in space. It will be the aim of section 2 below to discuss how
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Fig. 1. Partial pair distribution functions of molten NaCl near freezing, from neutron diffraction data
(circles), computer simulation (dots) and liquid structure theory (curves).



these structural features of a typical simple molten salt are reflected in the definitions and
properties of its screening length and its static dielectric function. Illustrations of the use-
fulness of the screening length in this context will be given by reference to the capacitance
of a model electrode/molten salt interface at the point of zero charge and to the stability of
bound ionic complexes in liquid mixtures of polyvalent metal halides and alkali halides.

Returning to Fig. 1, we also note that the agreement between the results of liquid
structure theory and the computer simulation data is almost fully quantitative. Section 3 will
discuss the main features of such quantitative theory and stress their relevance in a classical
problem in theoretical electrochemistry, i. e. the dipole layer formed by a dense ionic fluid
facing a charged hard wall at high surface charge density. For completeness we may here
remark on Fig. 1 that, whereas the agreement between a pair-potentials model and experi-
ment on the real molten salt is quite satisfactory for both g++(r) and g—(r), there clearly are
important quantitative discrepancies in the shape of the first-neighbour shell in g+.(r). This
function from the diffraction data peaks at a larger interionic separation (2.78A against
2.6A) and is somewhat broader and at the same time more stable against ionic exchange
with the surrounding fluid Such residual discrepancies between model and real salt may be
largely due to the electronic deformability of the ions. There still is room for improvement
in simulation models to treat the contribution of closed electron shells polarization to struc-
ture and screening in molten salts8.

2. Liquid structure and screening

Let us first recall some basic results of the early theory of static screening in a weakly
coupled ionic conductor, considering for simplicity a classical plasma of identical point-like
particles carrying charge e and embedded in a neutralizing background of density n. The
electric potential (|>(z) created in the plasma facing a charged planar hard wall at z = 0 is re-
lated to the charge density nQ(z) in the plasma by Poisson's equation

—L— = - 4jt nQ(z) , (1)
dz

which is to be solved with the boundary condition relating the electric field at the wall to the
charge p on the wall per unit area. The Gouy-Chapman theory9 solves the problem analyt-
ically by relating the charge density to the potential by the Boltzmann formula,

n_(z) = ne {exp[- e<J>(z)/kRT] - 1} • (2)
QV / ru B

In particular, the capacitance Q, of the interface at the point of zero charge (p -> 0), per
unit area, is

^ ....

c ° = <5^ ' L ° =

Of course, LD measures the thickness of the dipole layer at the interface and is now known
as the Debye screening length.

Debye and Hiickel10 recognized that the same approach can lead to the structure and
thermodynamics of the bulk plasma, when an average plasma particle is viewed as a point-
like "electrode" bearing a charge e. The charge density nQ(r) around the "electrode" is by
definition equal to ne[gQ(r) - 1], gQ(r) being the radial distribution function of the plasma.
This function may thus be evaluated together with the electric potential <])(r) from the lin-
earized Poisson-Boltzmann approach, with the result
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kBT [1 - gQ(r)] = e0(r) = ~ exp(- r / LD) . (4)

The length L,£> still is the thickness of the dipole layer screening the "electrode", since the
contribution of the surrounding particles to the total potential drop is

l i m (~o)WO = - ^ • (5)

Evidently, the quantity (- e/LD) is the average Coulomb energy of interaction between a
plasma particle and the rest of the plasma, and hence (- e I2LQ) is the "Madelung" internal
energy of the plasma per particle.

As we shall see, a suitable extension of the above considerations yields a useful defi-
nition of the screening length for a dense ionic fluid. It will be convenient to start by dis-
cussing microscopic screening, i. e. the generalization of Eq. 4. This is conventionally
done through the static dielectric function e(q), which is defined by writing the Fourier
transform <|)(q) of the electric potential as

4>(q) = — — • (6)
q e(q)

Of course, for the weakly coupled plasma one has from Eq. 4

e(q) = 1 + — L - . (7)

In a dense ionic fluid, however, the low-q form of e(q), though again related to macro-
scopic electrical behaviour, does not provide a useful definition of the screening length.

2.1. Static dielectric function

On increasing the coupling strength in the plasma, the degree of short-range order
increases and eventually gQ(r) acquires an oscillatory behaviour, instead of the monotonic
approach to unity which is given in Eq. 4 by the Debye-Hiickel theory. This process is
illustrated after Fourier transform in the left-hand drawing in Fig. 2, which reports the
structure factor S(q) of the plasma as obtained from computer simulation11 for three values
of the coupling strength F. The structural evolution with increasing F may be visualized as
associated with the emergence and growth of a well defined shell of first neighbours,
leading to "overscreening" of the central particle by its first neighbours.

The static dielectric function e(q) is directly related to S(q) by virtue of the classical
fluctuation-dissipation theorem, which gives

(8)

The drawing on the right-hand side of Fig. 2 shows that the transition from a monotonic
S(q) to a sharply peaked S(q) is reflected in e(q) as a transition from the regime e(q) > 1 to
the regime e(q) < 0.12 Only the intermediate range 0 < e(q) < 1 is strictly excluded by the
requirements of causality and stability.1^14

In particular, in the low-q region one finds

2 ( ^ ) T P (9)
aq



and the thermodynamic derivative of the chemical potential n entering the quantity a is
found to become negative with increasing TM Its equivalent in a liquid atomic mixture
would be the thermodynamic derivative (9|J/3C)T,P , which must be positive for stability
against phase separation of the components. However, a fluid of charged species is stabi-
lized against their separation by their mutual Coulomb interactions, even if the appropriate
thermodynamic derivative becomes negative.

0 2 4 6 8 4 5 10 15 q
Fig, 2. Structure factor S(q) and inverse dielectric function l/e(q) versus adimcnsional wave number qa for
the one-component plasma at various values of the coupling strength T = e2/(akBT), with a = (4rai/3)-1/3.

Although I have chosen to resort to the model of a classical plasma for an illustration
of the behaviour of the static dielectric function in a strongly coupled ionic fluid, the same
behaviour is shown by e(q) in molten alkali halides,12 when one determines it from a suit-
able combination of the partial structure factors by means of the fluctuation-dissipation
theorem. The appropriate structural function describing the spatial correlations between
charge density fluctuations is

1 n „ „„
g (r) = — [g (r) + g (r) - 2g^ (r)] (10)

and the structure factor to be used in Eq. 8 is

SQ(q) = (11)

n being the number of ion pairs per unit volume. It is clear from Fig. 1 that gQ(r) shows
strong oscillations, starting from the first-neighbour shell and changing sign from shell to
shell, so that SQ(q) is qualitatively similar to the structure factor of the plasma at F = 100 in
Fig. 2. The behaviour of the quantity a in the low-q form for e(q) in Eq. 9 has been



evaluated and discussed in detail for the primitive model15*16 (schematizing the molten
alkali halide as a fluid of equi-sized charged hard spheres). The change in sign of a from
positive to negative is indeed related to the appearance of oscillations in gQ(r) and occurs in
the temperature - density plane in the neighbourhood of the critical density for the transition
from an ionic gas to an ionic liquid.

2.2. Screening length

We must thus resort to a generalization of Eq. 5 for a useful definition of the screening
length in a dense ionic fluid. The "Madelung" internal energy of a molten alkali halide per
ion pair is

Uc = n fdr 1- g (r) = J-23L i ^ L [S (q) - 1] . (12)
J r J(2jr) q

In order to arrive at simple and physically transparent analytic results, let us reson at this
point to the primitive model as solved in the mean spherical approximation17 (MSA). This
yields

2

e m- \f (13)

where a is the hard-spheres diameter. By the same arguments that have accompanied Eq.
5, and noticing that the surface of the "electrode" lies at r = a/2 rather than at r = 0, we can
identify the length L in Eq. 13 as the screening length of the model molten salt

In further elaboration, though still using the primitive model in the MSA, let us con-
sider the addition of probe ions having charge Z'e, diameter a' and density n' with n'o'3

-» 0. The potential drop from the surface of a probe ion to infinity is

A<() = <KcV2) - <K») = ^~ + 4Jtn fr2dr [g (r) - g (r)] - (14)

where the suffix p denotes the probe ions. The MSA yields
2Z'e

A0 =
a' (1 + jo'/L)

and hence the capacitance C of the probe per unit area is

1 r dA<(> n-i l A 2 \

The capacitance of a charged hard wall follows by taking the limit a1 - » » and is

(15)

t,



This result, which as a consequence of the limitations of the MSA is independent of the
charge Z' and is thus applicable only at the point of zero charge, is to be compared with
Eq. 3. Of course, in the weak coupling limit (LD » o) we find from Eq. 13 that L -> LD-

The above results are easily extended to the case of a model ionic liquid made of
charged hard spheres (CHS) having arbitrary charges and diameters and floating in a uni-
form dielectric (to simulate the electronic polarizability of the ions). One obtains by the
same line of argument a screening length which is in general a function of density, temper-
ature, dielectric constant, charges and diameters, whence one may estimate the capacitance
of electrode/molten salt interfaces.18 This estimate yields the correct order of magnitude (e.
g., one estimates Co = 25.6 (xF/cm2 for molten KC1 at 800 C, while the measured value
for the molten KCI/liquid Pb interface is19 28.8 pp/cm2) and reproduces the observed
trends for the dependence of Co on the ionic species (sensitivity to the alkali and little sen-
sitivity to the halogen). However, the model yields Co'1 increasing slowly with T and thus
fails to account for the observed1^ temperature dependence of the capacitance of metal/
molten salt interfaces. It is now established that this discrepancy between theory and
observation is not due to the MSA treatment, since the same behaviour of Co"1 with T has
been reported from computer simulations of the hard wall/molten salt interface.20

2.3. Stability of complexes in molten salt mixtures

As an additional illustration of the usefulness of the above definition of screening
length for a molten salt, I briefly recall at this point its use in developing a criterion for the
stability of bound molecular ions ("complexes") in liquid mixtures of polyvalent metal and
alkali halides.21 The problem is, for instance, whether in the CaCl2.2KCl melt tetrahedral
(CaCLt)2" complexes will form and persist over times at least as long as typical diffusional
times (of order 10'11 s). Some 140 such liquid mixtures have been studied over the years
by appropriate experimental probes, involving diffraction measurements on a few systems
but mostly Raman scattering, infrared emission and absorption, optical absorption due to
electronic transitions, and thermodynamic measurements.22

The problem may be tackled theoretically by evaluating the reaction (CaCU)2' <=> Ca2+

+ 4C1~ in the dense liquid medium, the effect of the medium being primarily the screening
of the bound (CaCLt)2" complexes by the free K+ ions. Appeal to Mott's criterion for the
stability of a bound state in a conductor will immediately suggest that complexes are stable
if the ratio L/d between the screening length L and the size d of the bound state (i. e. the
cation-anion distance within a complex) is larger than some critical value. An MSA calcu-
lation estimates the critical value of IVd to be 1.6 for molten salt mixtures.

The adjoining Table 1 shows that the above critical ratio separates the alkaline earth -
alkali chlorides into complex forming (Be and Mg) and non-forming (Sr and Ba), with
rapid fluctuations between fourfold and higher coordinations being clearly expected in the
systems close to it (Ca). The results of this stability sorting criterion are in agreement with



Table 1. Range of L/d for polyvalent metal-alkali chloride mixtures on varying the alkali A from Li to Cs

AICI3.ACI BeCl2.2ACI MgCl2.2ACl CaCl2.2ACl SrCl2.2ACl BaCl2.2ACl

L/d 1.74+1.80 1.79+1.85 1.66*1.72 1.564-1.61 1.52+1.57 1.48+1.53

the available Raman scattering data.23 The Table includes also the Al-alkali chloride mix-
tures, in which the (AICI4)" complex is a well-known stable species.

3. Liquid structure theory for molten alkali halides

The great advantage of using for molten salts the CHS model as solved in the MSA is
that, once the screening length is determined, analytic expressions can be given for struc-
tural and thermodynamic functions.17 Leaving for a moment aside the question of the
appropriateness of the model, one may first question the quantitative reliability of the MSA
predictions. Indeed, the MSA involves statistical mechanical assumptions which improve
on the Debye-Hiickel theory only insofar as finite sizes are allowed for the ions. As a con-
sequence, the MSA is notoriously poor for dilute ionic fluids, where ionic contact is a rare
event and hence size effects are secondary to Coulombic interactions. However, size
effects are crucial at molten salt densities and the MSA yields for these systems, with a
judicious choice of ionic diameters, results of very reasonable semiquantitative value.24

At a more refined level one would wish to start with reliable pair potentials and use a
fully reliable statistical mechanical approach. The quality of the results that can be obtained
for molten alkali halides has already been illustrated in Fig. 1. Let us briefly discuss here
the second aspect of the problem, aiming at comparison between theory and simulation for
given pair potentials rather than at the much more delicate problem of microscopic ionic
interactions and comparison with experiment.

A good starting point for a theory of structure in fluids with long-range forces is
commonly regarded to be the hypernetted chain approximation (HNC). The HNC com-
bines the exact relationship between the partial correlation functions hap(r) = gap(r) - 1 and
the partial Ornstein-Zernike direct correlation functions cap(r),

Jy Jd r ' W l r " r1!) h^(r') , (18)
Y

with an approximate closure of the hierarchy,

gap(r) = exp[- Oap(r)/kBT + ha(J(r) - cap(r)] . (19)

In the above equations Greek suffixes denote the ionic species, at partial densities na, and
<f>ap(r) are the pair potentials. In fact, a diagrammatic analysis of the pair correlation func-
tions leads to the exact relation

] <20>



where the so-called bridge functions bap(r), which are set to zero in the HNC, are defined
in terms of a series of increasingly complex diagrams. Much of the recent effort to improve
liquid structure theory has gone into the assessment and evaluation of bridge functions.

A very important aspect is the so-called thermodynamic consistency of the theory, i. e.
the requirement that alternative routes to the evaluation of the isothermal compressibility (in
particular, the route using the virial theorem for the pressure and the route using the
Ornstein-Zernike relation for the structure factor in the limit q -> 0) should lead to the same
result. This point was first stressed for one-component fluids in the work of Rosenfeld and
Ashcroft,25 who showed that dramatic improvements in the calculated shape of the first-
neighbour shell follow from enforcing the requirement of thermodynamic consistency in
the construction of bridge functions. This is also true for molten salts, as far as the first-
neighbour (unlike ions) shell is concerned. In addition, however, an account of the
intermediate-r behaviour of the bridge functions is needed in relation to the shape of the
second-neighbour (like ions) shells.7 Such an account was taken in the calculations leading
to the results in Fig. 1 through the leading diagram for the bridge functions, which is
schematically shown in the left-hand drawing in Fig. 3. The same type of diagram has also
been found to be crucial in dealing with the dipole layer formed by a model electrolyte
solution facing a charged hard wall, at large values of the wall charge density.2^ The ap-
propriate diagram for the bridge functions in the latter problem is shown in the right-hand
drawing in Fig. 3. It is generally the case that the evaluation of interfacial structures is
much more sensitive than that of bulk liquid structure to one's liquid structure theory.

Fig. 3. Leading diagrams for the bridge functions for the correlations between a pair of particles (left-hand
drawing) and between a particle and a hard wall (right-hand drawing). The diagrams account for the effect of
two further intervening particles, shown by filled circles. The full lines represent hap(r) functions and the
broken lines represent single-particle density profiles facing the wall.



Table 2. Internal energy U, pressure P and isothermal compressibility K of molten NaCl at 1148 K and at
the measured standard-pressure volume

HNC

HNC + bridges

Simulation

Experiment

U(kJ/mol)

- 706.5

-713.8

-716.1

- 714.3

P(kbar)

7.2

1.2

1.2

0

K(10"12 cm2/dyn)

22+66

31.7
—

32.4

As a further illustration of the quality reached by the theory for bulk properties of
molten alkali halides, I report in Table 2 the values of thermodynamic properties for molten
NaCl in comparison with simulation results and with experimental data.

4. Concluding remarks

The main emphasis in this short review has been on the static electrical response of
molten alkali halides and its relationship to their liquid structure. I have stressed that the
unusual behaviour of the static dielectric function in a dense ionic fluid is associated with
the qualitative nature of microscopic screening and structure and has its own relevance in
connection with their change across the transition from an ionic gas state to the liquid
phase, but is irrelevant to a proper definition of the screening length. The concept of
screening length can be introduced through the evaluation of the Coulombic energy of the
liquid and remains useful in a number of physical contexts.

Refined theories for liquid structure and screening from given pair potentials are now
available. The main quantitative difficulty, especially for salts other than the alkali halides,
arises from the lack of appropriate models for the ionic interactions. One may, of course,
wonder whether fully quantitative calculations would really be more useful than a broad
systematization of the evidence and qualitative understanding, such as was illustrated in
Table 1 above.
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