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The electrical conductivity of liquid binary LaBr3-alkali metal bromide mixtures was measured as
function of the temperature over the whole composition range. Prior to these measurements, LaBr3
was reinvestigated because of the discrepancies in the literature values. The classical Arrhenius equa-
tion did not stand for any individual mixture. These results were discussed in terms of complex
formation in the melts.
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1. Introduction

We have previously measured and reported the ther-
modynamic properties (temperatures and enthalpies of
phase transitions, heat capacity) of lanthanide(III) bro-
mides and of compounds formed in LnBr 3-MBr binary
systems (M = K, Rb, Cs; Ln = La [1, 2], Nd [3 – 6]
and Tb [7]). The mixing enthalpy was also measured
over the whole composition range of all above LnBr 3-
MBr systems, including also M = Li and Na [8 – 10].
As transport properties of molten salts are sensitive to
their liquid structure, analysis of the electrical conduc-
tivity is a useful tool to attain structural information.
The present paper follows previous electrical conduc-
tivity investigations on liquid NdBr3 and NdBr3-MBr
mixtures [11] and deals with LaBr3 and LaBr3-MBr
systems.

2. Experimental

2.1. Chemicals

The preparation of the chemicals was analogous to
the one described in [11] for NdBr3-alkali bromide

Table 1. Chemical analysis of LaBr3.

Compound mass %
Brexperimental Brtheoretical Laexperimental Latheoretical

LaBr3 63.30 63.31 36.70 36.69
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mixtures. The chemical analysis of LaBr3 is given in
Table 1.

2.2. Measurements

Electrical conductivity measurements were carried
out in a capillary quartz cell with the conductivity me-
ter Tacussel CDM 230. The procedure is described in
details in [6, 7]. The cell, filled with the substance un-
der investigation, was placed into a furnace in a stain-
less steel block, used to achieve a uniform tempera-
ture. The conductivity of the melt was measured during
increasing and decreasing temperature runs by plat-
inum electrodes with the conductivity meter Tacus-
sel CDM 230. The mean of these two conductivities
was used in the calculations. Experimental runs were
performed at heating and cooling rates ranged from 1
to 2 K min−1. Temperature and conductivity data ac-
quisition was made with a PC computer, interfaced
to the conductivity meter. The temperature was mea-
sured with a Pt/Pt-Rh thermocouple with 1 K accu-
racy. The experimental cell was calibrated with a pure
NaCl melt [7]. All measurements were carried out un-
der static argon atmosphere. The accuracy of the mea-
surements was about ±2%.
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3. Results

Several authors [12 – 14] have investigated the elec-
trical conductivity of liquid LaBr3. The critically eval-
uated data reported by Janz et al. [15] were based on
the early experimental work of Yaffe and van Arts-
dalen [12]. Although the latter evaluation and also
Janz [16], confirmed these previous recommended
data, no other more recent data sources [13] have been
examined for this purpose. It should be noted how-
ever that about 25% uncertainty was assessed to these
recommended data. Therefore it seemed appropriate to
perform new measurements, and at the same time to as-
sess the reliability of all existing conductance data on
LaBr3. Our experimental conductivity data were plot-
ted against temperature (Fig. 1) together with literature
data [12 – 14] for comparison.

The electrical conductivity was also measured for
all LaBr3-MBr mixtures. Experimental determinations
were conducted over the entire composition range in
steps of about 10 mol%. For all systems, κ of every
individual mixture was plotted against temperature as
ln(κ) = f (1/T ). All plots deviate from linearity (see
example in Figure 2).

The experimental conductivity data were well rep-
resented by the following equation:

ln(κ) = A0 +A1 ·103 ·
(

1
T

)
+A2 ·106 ·

(
1
T

)2

, (1)

where A0, A1 and A2 are coefficients determined by the
least-squares method. The activation energy, evaluated
by analogy to the Arrhenius equation as

EA(T ) = −R
dln(κ)

d

(
1
T

) , (2)

where R is the gas constant, becomes

EA(T ) = −R

[
A1 + 2A2

(
1
T

)]
. (3)

All Ai coefficients are listed in Table 2, together with
the EA values determined at 1060 K for all the LaBr3-
MBr systems. Figure 3 reports, as an example, the evo-
lution of the activation energy EA for the LaBr3-CsBr
system, x(LaBr3) = 0.504.

The electrical conductivity of all the alkali bromides
was measured and discussed by us previously [11].
These data are also included in Table 2.

4. Discussion

The recommended conductivity values of liquid
LaBr3 (Fig. 1), reported by Janz [15], deviate signif-
icantly from those of all other investigators [12 – 14].
When compared to our results this difference ranges
from 22% at 1060 K to 35% at 1130 K. Our re-
sults agree with the data of Dworkin et al. [13] within
3.5% in the temperature range examined by Dworkin,
namely 1082 – 1162 K. They are by about 8% larger
than those reported for 1090 – 1115 K by Fukushima
and Iwadate [14].

In Fig. 4, for all systems, the experimental conduc-
tivity isotherms at 1060 K, covering the whole com-
position range, were plotted against the mole fraction
of LaBr3. The electrical conductivity decreases with
increasing radius of the alkali metal cation, i. e. from
lithium to caesium. In all systems the relative con-
ductivity changes are significantly larger in the alkali
bromide-rich region. In the lanthanum(III) bromide-
rich region, the behaviour of the conductivity is some-
what more complicated. As shown in the insert of
Fig. 4, an addition of alkali bromide to LaBr3 results
in a smooth conductivity increase in the systems with
LiBr and NaBr which becomes smaller in the KBr sys-
tem, and transforms into a broad, not clearly marked
minimum in the systems with RbBr and CsBr. As dis-
cussed earlier [11], the dependence of the specific con-
ductivity of binary mixtures on composition can be de-
scribed by the Kuroda [17] equation

κ = x1
2κ1 + x2

2κ2 + 2x1x2κ1, (4)

where x1, x2 are the mole fractions of pure salts, and κ1,
κ2 are the specific conductivity of LaBr3 and MBr, re-
spectively, with κ1 < κ2. Experimental electrical con-
ductivity data deviate significantly from (4), as illus-
trated in Figure 5. These relative deviations were cal-
culated from the equation

∆ = (κexp. −κKuroda) ·100%/κKuroda. (5)

For the systems LaBr3–CsBr and LaBr3–RbBr they
are negative over the whole composition range. In the
LiBr, NaBr and KBr systems, negative deviations oc-
cured in the MBr-rich composition range, followed by
positive deviations starting at increasing LaBr3 con-
tent in the sequence Li > Na > K. Biggest deviations,
both in the positive and negative regime, are observed
for the LiBr system, suggesting a mechanism different
from that in the two other NaBr and KBr mixtures.
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Fig. 4. Electrical conductivity isotherms of LaBr3-MBr liquid mixtures at 1060 K: open circles: M = Li, black circles: M = Na,
open triangles: M = K, black triangles: M = Rb, open squares: M = Cs.

Fig. 6. Activation energy at 1060 K of LaBr3-MBr liquid mixtures: a) open circles: M = Li, black circles: M = Na, b) M = K,
c) M = Rb, d) M = Cs.

According to [18 – 20], marked negative electrical
conductivity deviations from additivity are strongly in-
dicative of complex formation. If only one complex
species exists in the melt, the deviation is maximal at
the composition corresponding to the stoichiometry of
this complex. If several complex species exist, the lo-
cation of the minimum may slightly deviate from the
exact stoichometry of the predominant species.

Raman spectroscopic investigations [21] showed
that octahedral LnBr6

3− ions are formed in LnBr3-
MBr liquid mixtures. These ions constitute the pre-
dominant species in the MBr-rich liquid mixtures. As
the LnBr3 concentration increases, distorted octahe-
dra occurs, which are bridged by bromide anions. The
formation of these LaBr6

3− complexes should influ-
ence the electrical conductivity vs. composition plot
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Table 2. Coefficients of the equation: lnκ = A0 +A1(1T )+A2(1T )2 and the activation energy of the electrical conductivity
(EA) of liquid LaBr3-MBr binary mixtures at 1060 K: κ in S m−1, ln(s) – standard deviation of lnκ , n= number of experi-
mental data points.

x, Temp. A0 A1 (K) A2 (K2) ln(s) n EA at 1060 K
LaBr3 range (K) (kJ/mol)
LaBr3 −LiBr
0.00 828 – 1115 6.1292 0.8843 −0.6784 0.0083 2589 3.290
0.097 915 – 1103 5.9604 0.9488 −0.8456 0.0021 539 5.376
0.238 748 – 1085 5.8180 0.7098 −0.8966 0.0052 642 8.163
0.362 800 – 1101 5.4561 1.0901 −1.2131 0.0142 647 9.967
0.420 860 – 1107 5.1347 1.6681 −1.6098 0.0095 906 11.384
0.607 995 – 1107 4.5385 2.6251 −2.3871 0.0047 792 15.621
0.769 1034 – 1176 5.1068 1.4915 −2.1820 0.0013 772 21.829
0.801 1038 – 1156 4.8995 2.0159 −2.4739 0.0028 661 22.048
0.846 1059 – 1163 6.0834 −0.6022 −1.1277 0.0027 502 22.697
0.942 1074 – 1181 4.8565 2.0411 −2.8193 0.0012 501 27.257
1.00 1052 – 1172 6.0867 −0.7326 −1.3538 0.0016 215 27.329
LaBr3 −NaBr
0.00 1026 – 1117 5.2807 1.7775 −1.4020 0.0003 220 7.215
0.082 980 – 1115 5.7331 0.4924 −0.7764 0.0008 410 8.085
0.214 880 – 1114 5.4452 0.7184 −1.0054 0.0006 520 9.799
0.291 808 – 1010 4.8904 1.6952 −1.5447 0.0016 516 10.138
0.397 793 – 1066 5.2010 1.1978 −1.5528 0.0026 738 14.400
0.469 836 – 1070 4.2686 3.0881 −2.5820 0.0089 418 14.829
0.611 937 – 1060 5.5714 0.5003 −1.5718 0.0085 277 20.498
0.687 955 – 1134 4.9249 1.7893 −2.3337 0.0067 386 21.733
0.745 1001 – 1173 4.3810 2.9658 −3.0436 0.0003 422 23.087
0.796 1030 – 1115 3.9140 4.0969 −3.7464 0.0006 182 24.708
0.852 1033 – 1156 6.3838 −0.7095 −1.5513 0.0040 232 30.235
0.888 1030 – 1168 4.8950 2.0552 −2.8183 0.0016 519 27.124
0.945 1055 – 1153 4.5204 2.7743 −3.2180 0.0169 592 27.415
LaBr3 −KBr
0.00 1020 – 1122 5.9635 −0.3176 −0.5468 0.0008 263 11.218
0.070 1016 – 1154 5.8687 −0.3079 −0.5975 0.0072 702 11.933
0.143 996 – 1136 5.7005 −0.2703 −0.6772 0.0017 827 12.871
0.199 876 – 1145 4.3337 2.4694 −2.1126 0.0143 1057 12.609
0.300 892 – 1067 5.1199 0.7033 −1.3200 0.0034 813 14.860
0.405 876 – 1143 4.7963 1.4124 −1.7660 0.0013 757 15.960
0.485 872 – 1067 1.8480 7.3764 −4.8871 0.0238 791 15.336

x, Temp. A0 A1 (K) A2 (K2) ln(s) n EA at 1060 K
LaBr3 range (K) (kJ/mol)
0.594 813 – 1064 2.8642 5.7935 −4.4203 0.0137 917 21.173
0.693 1027 – 1163 4.7877 1.8078 −2.4453 0.0054 712 23.330
0.700 997 – 1145 3.8209 4.2361 −3.8622 0.0044 884 25.367
0.782 1010 – 1116 6.0032 −0.4627 −1.4478 0.0127 524 26.559
0.855 1027 – 1162 5.8556 −0.2047 −1.6026 0.0021 718 26.842
0.892 1050 – 1120 6.0664 −0.6616 −1.3851 0.0009 829 27.229
0.946 1085 – 1145 6.1624 −0.6403 −1.3808 0.0008 190 26.985
0.950 1045 – 1166 4.4166 2.8949 −3.3069 0.0064 671 27.807
LaBr3 −RbBr
0.00 993 – 1124 5.7114 −0.4031 −0.5083 0.0009 386 11.325
0.075 970 – 1115 5.5853 −0.4112 −0.6443 0.0010 961 13.526
0.099 1063 – 1163 6.0130 −1.4058 −0.0090 0.0030 488 11.829
0.207 960 – 1118 5.5490 −0.4971 −0.7408 0.0011 964 15.754
0.249 950 – 1116 5.2436 0.04263 −1.0677 0.0015 895 16.395
0.250 959 – 1139 5.4381 −0.3585 −0.8390 0.0019 416 16.395
0.300 960 – 1115 5.4832 −0.5622 −0.7656 0.0007 952 16.684
0.381 846 – 1110 4.9542 0.4345 −1.2438 0.0032 900 15.758
0.500 870 – 1115 4.1467 2.4275 −2.5443 0.0042 576 19.702
0.600 823 – 1117 2.7896 5.5682 −4.3282 0.0075 1160 21.602
0.678 948 – 1115 3.7078 3.9569 −3.7076 0.0045 372 25.263
0.799 992 – 1136 5.1960 0.9239 −2.1649 0.0052 309 26.280
0.898 1038 – 1116 6.0581 −0.7256 −1.3816 0.0013 240 27.699
LaBr3 −CsBr
0.00 936 – 1137 4.9549 0.8146 −1.1708 0.0011 1073 11.594
0.104 869 – 1114 4.9661 0.6204 −1.2695 0.0012 778 14.757
0.205 1012 – 1119 5.3814 −0.4660 −0.8749 0.0021 227 17.599
0.250 1026 – 1191 6.0490 −2.0703 −0.0002 0.0025 327 17.216
0.296 1020 – 1118 5.3523 −0.5111 −0.9267 0.0022 276 18.787
0.400 1000 – 1138 5.2882 −0.5701 −0.8388 0.0023 315 17.898
0.504 775 – 1116 2.8911 4.6182 −3.6437 0.0063 775 18.763
0.601 872 – 1138 3.1442 4.4975 −3.7920 0.0034 775 22.093
0.705 933 – 1135 3.6018 3.9740 −3.6879 0.0024 525 24.812
0.798 1038 – 1134 5.9733 −0.6969 −1.3747 0.0012 228 27.360
0.865 1048 – 1119 6.0204 −0.6991 −1.4238 0.0017 186 28.148

given in Fig. 4 for all systems. On the deviation curves
(Fig. 5) these experimental results show a broad min-
imum located at lanthanum bromide mole fractions
ranging 0.25 – 0.40.

For every system, the shift of the conductivity mini-
mum from 25% LaBr3 (composition that would corre-
spond to LaBr6

3− being the only complex species) to-
wards richer composition, as also its broadening is con-
sistent with the structural conclusion [21] that LaBr6

3−
octahedra generate and coexist with polymeric units
of the same. A correlation can be made with previ-
ous calorimetric investigations of the same systems [8].
Negative for all, enthalpy of mixing exhibited a min-
imum beyond x(LaBr3) = 0.25 and located around
x(LaBr3) = 0.3 – 0.4, again in agreement with the above
description of the melt in terms of complexes.

LaBr3-LiBr should proceed in another way, since
complex formation fails to explain the very small en-
thalpy of mixing, thus suggesting a low probability of
complex formation and, at the same time, large neg-

ative deviations of the electrical conductivity. A pos-
sible rationale may arise from the specific features of
the small Li+ cation in terms of polarisability [19].
When lanthanum bromide is added to the lithium bro-
mide, the lithium ions coordinate an additional number
of bromide ions at the expense of the lanthanum ions.
This polarisation effect results in a large negative elec-
trical conductivity departure from (4). Similarly, but to
a lesser extent, polarisation interactions also take place
in the sodium bromide system, in which the global neg-
ative deviation also accounts for an increased (in com-
parison with the LiBr system) possibility of complex
formation. In the systems with heavier alkali metal bro-
mides (KBr, RbBr and CsBr) negative electrical con-
ductivity deviations mostly arise from complex forma-
tion.

The deviations of electrical conductivity from (4)
become positive at increasing LaBr3 composition for
the LiBr, NaBr and KBr-LaBr3 systems (Fig. 5). In
those systems, as already indicated in the insert of
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Fig. 4, a small addition of alkali bromide results in an
electrical conductivity increase, indicating the disrup-
tion of associates in pure lanthanum(III) bromide. This
effect is more marked for the most polarizing cations,
i. e. from lithium to caesium, and the positive electri-
cal conductivity deviations decrease in the same order
from lithium to potassium, while the RbBr and CsBr
systems only deviate negatively from (4).

As indicated above, the activation energy for con-
ductivity changes with temperature in every individual
mixture, validating the early statement made by Yaffe
and van Artsdalen [22 – 23] of a correlation with struc-
tural changes in melts.

Figure 6 shows the activation energy at 1060 K as
function of the composition of all systems. The LiBr

and NaBr-LaBr3 mixtures display a smooth concentra-
tion evolution, while in the KBr, RbBr and CsBr sys-
tems a stabilisation effect from about 25 mol% up to
about 40 – 50 mol% respectively, is observed. This is
consistent with the predominant LaBr6

3− octahedral
complexes in melts rich in KBr, RbBr and CsBr with an
increasing amount of polymeric species in the LaBr3-
rich melts. Figure 6 also clearly illustrates that the ac-
tivation energy increases with the alkali cationic radius
in MBr-rich melts.

Acknowledgements

Some of us (S. G, E. I-S. and L. R.) wish to thank the
Ecole Polytechnique de Marseille for hospitality and
support during this work.

[1] L. Rycerz and M. Gaune-Escard, J. Therm. Anal. Cal.
56, 355 (1999).

[2] L. Rycerz, E. Ingier-Stocka, B. Ziolek, S. Gadzuric,
and M. Gaune-Escard, Proc. International Symposium
on Ionic Liquids in Honour of Marcelle Gaune-Escard
(Eds. Harald Øye and Anne Jagtoyen, Department of
Materials Technology, The Norwegian University of
Science and Tecnology, Trondheim-Norway), Carry le
Rouet, France, June 26-28, 2003, Proceeding, 83.

[3] M. Gaune-Escard, A. Bogacz, L. Rycerz, and
W. Szczepaniak, J. Therm. Anal. 45, 1117 (1995).

[4] L. Rycerz and M. Gaune-Escard, In “Progress in
Molten Salt Chemistry 1, Prof. N. J. Bjerrum Special
Volume” (Eds. R. W. Berg and H. A. Hjuler) Elsevier
(2000), p. 461.

[5] L. Rycerz, E. Ingier-Stocka, M. Cieslak-Golonka, and
M. Gaune-Escard, 8th European Symposium on Ther-
mal Analysis and Calorimetry, Barcelona, Spain, Au-
gust 25-29, 2002.

[6] L. Rycerz, E. Ingier-Stocka, M. Cieslak-Golonka, and
M. Gaune-Escard, J. Therm. Anal. Cal. 72, 241 (2003).

[7] L. Rycerz, M. Cieslak-Golonka, E. Ingier-Stocka, and
M. Gaune-Escard, J. Therm. Anal. Cal. 72, 231 (2003).

[8] M. Gaune-Escard, A. Bogacz, L. Rycerz, and
W. Szczepaniak, Thermochim. Acta 279, 1 (1996).

[9] M. Gaune-Escard, A. Bogacz, L. Rycerz, and
W. Szczepaniak, Thermochim. Acta 279, 11 (1996).

[10] L. Rycerz and M. Gaune-Escard, Z. Naturforsch. 56a,
859 (2001).

[11] S. Gadzuric, E. Ingier-Stocka, L. Rycerz, and
M. Gaune-Escard, Z. Naturforsch., 59a, 77 (2004).

[12] I. S. Yaffe and E. R. van Artsdalen, Chem. Div. Semi-
ann. Prog. Rep., ORNL – 2159, 77 (1956).

[13] A. S. Dworkin, H. R. Bronstein, and M. A. Bredig,
J. Phys. Chem. 67, 2715 (1963).

[14] K. Fukushima and Y. Iwadate, J. Alloys Comp. 237, 6
(1996).

[15] G. J. Janz, F. W. Dampier, G. R. Lakshminarayann,
P. K. Lorez, and R. P. T. Tomkins, Molten Salts: Vol-
ume 1, Electrical Conductance, Density and Viscosity
Data, NSRDS-NBS, 5 (1968).

[16] G. I. Janz, J. Phys. Chem. Ref. Data, v.17 1988, Sup-
plement No.2, Thermodynamic and Transport Proper-
ties for Molten Salts: Correlation Equations for Crit-
ically Evaluated Density, Surface Tension, Electrical
Conductance, and Viscosity Data.

[17] J. Mochinaga, K. Cho, and T. Kuroda, Denki Kagaku
36 746 (1968).

[18] B. F. Markov and L. A. Shumina, Zh. Fiz. Khim. 31,
1767 (1957).

[19] Yu. K. Delimarskii and B. F. Markov, Electrochemistry
of Fused Salts, The Sigma Press Publishers, Washing-
ton 1961.

[20] A. Wojakowska, S. Plinska, and J. Josiak, in M. Gaune-
Escard (Ed), Advances in Molten Salts: From Struc-
tural Aspects to Waste Processing, Proceedings of the
European Research Conference on Molten Salts, Por-
querolles, France, June 27-July 3, 1998, Begel House
Inc., New York, Wallinford (UK), p. 676.

[21] G. M. Photiadis, B. Borresen, and G. N. Papatheo-
dorou, J. Chem. Soc. Faraday Trans. 17, 2605 (1998).

[22] E. R. van Artsdalen and J. S. Yaffe, J. Phys. Chem. 59
118 (1955).

[23] J. S. Yaffe and E. R. van Artsdalen, J. Phys. Chem. 60
1125 (1956).


