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Abstract

Data on the d.c. ionic conductivity for strongly structured molten halides of divalent
and trivalent metals near freezing are interpreted as mainly reflecting charge transport by
the halogen ions. On this assumption the Nernst-Einstein relation allows an estimate of the
translational diffusion coefficient Dtr of the halogen. In at least one case (molten ZnCb) Dtr

is much smaller than the measured diffusion coefficient, pointing to substantial diffusion via
neutral units. The values of Dtr estimated from the Nernst-Einstein relation are analyzed
on the basis of a model involving two parameters, i.e. a bond-stretching frequency w and an
average waiting time r. With the help of Raman scattering data for w, the values of r are
evaluated and found to mostly lie in the range 0.02 - 0.3 ps for a vast class of materials.
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1. Introduction

The molten halides of divalent and trivalent metals have been studied extensively over the

years (for recent reviews see [1,2]). Great attention has been given to their liquid structure and

qualitatively different structural types have been identified. A rather clear distinction can be made

between those melts which exhibit only topological and chemical short-range order and those

which in addition possess intermediate-range order as revealed by a first sharp diffraction peak

(FSDP) in the diffraction pattern near 1 A'1. As examples of the former class of structural types

one may cite SrCl2 [3], BaCl2 [4] and LaCl3 [5]. The second class includes (i) network-formers,

both of tetrahedral type (ZnCl2 [6]) and octahedral type (YCI3 [7]), as well as (ii) systems which

melt from a molecular solid into a molecular liquid (e.g. SbCl3 [8] or AlBr3 and GaCl3 [9]) and

(iii) systems which melt with a sharp change in first-neighbour coordination from a sixfold-

coordinated layered crystal into a fourfold-coordinated liquid of dimeric molecules (AICI3 [10]

and FeCl3 [11]). For a number of systems in this class there is evidence that the intermediate

range order is mainly associated with the metal ions, the FSDP being most prominent in the

metal-metal partial structure factors [2]. Furthermore, the persistence of local structures centred

on the metal ions is reflected in well defined peaks in the vibrational spectra [12]. For

convenience we shall in the following refer to these two structural classes as "dissociated melts"

and "strongly structured melts".

With regard to transport phenomena, ample tabulations of data have been available for a

number of years on the ionic conductivity a and the shear viscosity 77 of molten salts [13], but

they do not seem to have been the object of detailed theoretical analyses. In an early work

Bockris et al. [14] reported measurements of the diffusion coefficient of cations and anions in a

number of dissociated dihalide melts and used their data to test the validity of various empirical

models for ionic transport. In particular, the Nernst-Einstein relation between the d.c. ionic

conductivity and the diffusivities was used to demonstrate full dissociation in liquid CaCl2,

SrCl2, BaCl2, CdCl2 and PbCh, according to the scheme MC12 -> M2+ +2C1" as opposed to

the alternative MC12 -> (MC1)+ + Cl~.

With the above background we turn immediately to discuss ionic charge transport in

strongly structured melts.
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2. A model for charge transport by halogens in strongly structured melts

The structural and Raman scattering evidence that we have briefly recalled in § 1 suggests

that the single-particle motions of the halogen ions should provide the main mechanism for ionic

charge transport in strongly structured melts. In this regard it is interesting to compare the

experimental results of Sjoblom and Behn [15] on the diffusion coefficients of cations and anions

in molten ZnCl2 with the predictions allowed by the Nernst-Einstein relation. These authors

report diffusion coefficients of about 1.5xlO~7 cm^/s for both ions in molten ZnCl2 near freezing,

with a diffusivity of chlorine which is larger than that of zinc by about 20 %. These values are

about two orders of magnitude lower than typical values for dissociated melts [14]. Furthermore,

from the measured ionic conductivity of molten ZnC^ [13] and the Nernst-Einstein relation one

obtains diffusivities which are smaller by three further orders of magnitude, if one assumes a

number of carriers of the same order as the number of ions.

It is evident, therefore, that the motions of neutral units are mainly responsible for the

diffusivity of both ions in molten ZnCl2- More generally, in strongly structured melts only those

halogens that may escape from such units, be they local coordination shells or molecular groups,

can contribute to charge transport. We proceed to adapt to such escape process a model which

was originally proposed by Zwanzig [16], and further elaborated by Mohanty [17] and by

Tankeshwar et al. [18], for self-diffusion in simple liquids.

In brief, Zwanzig [16] assumed that the atoms in a subvolume of the liquid perform

oscillations about local equilibrium configurations associated with local minima on the potential

energy hypersurface, before jumping to new equilibrium sites. He supposed that the diffusive

jump is an essentially instantaneous part of the atomic motion and that its effect is to destroy

coherence of the oscillations within the subvolume. The atomic motion can then be described by a

sum over harmonic modes about a fixed equilibrium configuration, multiplied by a factor

exp(—11 T) where x is a measure of the waiting time before the jump occurs. Of course, in a

monatomic liquid such as argon the harmonic modes have an acoustic dispersion law.

In the strongly structure ionic melts of present interest we envisage the "subvolume" as

being the basic local structure (or "cluster") which is responsible for short and intermediate range

order in the melt. In general the cluster has a number of characteristic vibrational modes, both of
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bond-stretching and bond-bending character [12]. However, the halogen escape will be governed

by that bond-stretching mode which is the precursor for ionization of the cluster into a positively

charged species. It turns out that, in all cases where we have been able to identify it from the

symmetry analysis of the ionic motions, this mode corresponds to the highest vibrational

frequency of the cluster.

With this choice for the frequency CO of attempts at escape jumps by a halogen ion in a

cluster, and choosing the function sech(r / T) for the distribution of waiting times [18], the

vibrational component of the velocity autocorrelation function <Pv(t) of the halogen in the cluster

is given by

<pv(t) = {kBT I m)cos(<yr)sech(f / T) , (1)

m being the halogen mass. The ionic conductivity a can be written

where n is the density of halogens and Dtr is their "translational" diffusion coefficient, i.e. the

contribution to the halogen diffusivity from charge-transport processes. Setting

f) (3)

we find

Dtr = (XTkBT / 2m)sech(7C6)T / 2) . (4)

In the limit x » (O~x the diffusivity in this formula is cut down exponentially by a factor

exp(-7T(WT / 2). Gas-like behaviour is instead recovered in the opposite limit, where

Dlr —» 7CTkBT 12m. In the case of a monatomic gas it would then be licit to estimate the

characteristic time T in this expression from the shear viscosity of the gas, thus recovering the

Stokes-Einstein relation.

3. Results and discussion

We report our results in Table 1, which includes all those molten salts for which the

necessary data are available and the model is applicable (this latter point is explained immediately

below). With regard to the systems from top to bottom in the Table, we may comment that (i) the

first five salts should be viewed as lying near the border between dissociated and strongly



structured melts, (ii) BeCl2 and ZnCl2 have network-type structures, and (iii) the remaining salts

have molecular structures of either monomeric (from HgCl2 to SW3) or dimeric type (from GaCl3

to FeCl3). It may also be remarked that a partial ionization equilibrium probably exists in molten

FeCl3 close to freezing [19,20], as indicated by the value of its ionic conductivity .

Concerning the applicability of the model, Eq. (4) admits a solution only when the reduced

translational diffusivity D*r = Dtrm0) I (2kBT)is smaller than about 0.3. This restriction

automatically excludes nearly all dissociated molten salts. Only Pb£l2 remains from those

discussed in the work of Bockris et al. [14] and indeed our estimated value for the diffusivity of

chlorine in this material near freezing in Table 1 is not far from their measured value.

The first three columns of Table 1 report the values of the melting temperature Tm, the ionic

conductivity a and the halogen density n (relative to the density of formula units, we have

included a factor two for the near-dissociated dihalides and a factor one-half for dimeric

trihalides). The values of Dlr from Eq. (2) are reported in the fourth column. The values of the

bond-stretching frequency a) that we report in the fifth column have been selected from the

review of Brooker and Papatheodorou [12] according to the criterion mentioned earlier in § 2.

Finally, the last column in Table 1 reports the values that we have obtained for the average waiting

time T before halogen escape.

The main comment to be made on Table 1 is that, whereas the ionic conductivities vary over

eight orders of magnitude and the translational diffusivities cover a range of six orders of

magnitude, the range of variation of the waiting time x is only from 0.02 to 0.3 ps. This is, of

course, a consequence of the essentially exponential dependence of Dlr on COT in Eq. (4). In fact,

the numerical values of T are very robust: in the case of ZnCl2 as an example, an increase of the

diffusivity by three orders of magnitude only reduces the calculated waiting time by a factor two.

Two further remarks are in order. Firstly, the values of T shown in Table 1 for strongly

structured melts correspond to values of COT of order ten and are therefore consistent with the

observation of well defined Raman peaks in low-conductivity melts. Secondly, while stiff bonds

and long residence times go together and evidently depress halogen escape and charge transport,

no inordinately large variations of these system parameters are needed to quench the ionic

conductivity by orders of magnitude.
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Table 1. Charge transport in strongly structured molten salts.

PbCI2

CdBr2

SnCl2

Cdl2

YC13

BeCl2

ZnCl2

HgCl2

HgBr2

Hgl 2

SbCl3

Sbl3

GaCl3

AICI3

AlBr3

FeCl3

T m ( K )

771

841

520

661

994

688

570

554

514

530

346

444

351

466

371

573

<r(10 . i r . )

13.5

9.9

6.8

1.8

3.5

1.8x10-4

9.0x10-3

2.7x10-4

9.0xl0-4

9.0xl0-4

1.8x10-3

1.8x10-3

1.8xl0-5

4.5x10-6

9.0xl0-8

0.36

n(1023cm-3)

0.21

0.18

0.21

0.14

0.077

0.12

0.11

0.097

0.086

0.070

0.070

0.050

0.035

0.059

0.060

0.033

Dtr(cm2s-1)

2.7x10-5

1.4x10-5

9.9x10-6

4.5x10-6

2.6x10-5

6.2x10-9

2.6x10-1°

8.4x10-1°

3.2x10-9

4.0x10-9

5.2x10-9

9.5x10-9

i.ixio-10

2.0xl0-H

6.0x10-11

3.7x10-5

(0 (1013 s"1

3.8

6.0

6.3

5.7

4.9

21.4

9.6

7.6

5.5

4.8

6.7

2.8

8.9

11.4

9.6

7.1

) T (10-13 S)

0.30

0.21

0.21

0.50

0.24

0.30

0.94

1.1

1.4

1.6

1.0

2.6

1.0

0.92

1.0

0.32


