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PHYSICAL PROPERTIES OF LIQUID

PACS 61.20.Qg

EUTECTIC IONIC SYSTEMS NaF-LaF; AND NaF-NdF;

Physical properties — viscosity, electric conductivity, and thermoelectric power — of liquid ionic
systems NaF-LaF's and NaF-NdFs at eutectic concentrations have been studied.
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1. Introduction

According to the classification given in work [1], sub-
stances in the liquid state can be divided into lig-
uids (atomic, molecular, ionic, ion-electron) and lig-
uid systems (solutions, mixtures, colloid systems, lig-
uid crystals). For today, the most investigated are
solutions; first of all, these are molecular solutions
[2]. The physical properties of ion-electron liquids and
their solutions (liquid metals) have been studied to a
much less extent [3]. The researches of the physical
properties of ionic liquids or their solutions have still
not acquired a comprehensive character. This fact can
be explained by technical difficulties associated with
both high temperatures of the liquid state realization
and the aggressive behavior of the specimens. First
of all, this concerns ionic liquids or their solutions,
which are the melts of certain salts, for which the
temperature interval of the liquid state considerably
exceeds room temperatures.
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There exists a new class of ionic liquids, which
were created artificially, and the temperature inter-
val of which includes room temperatures. As a whole,
such liquids and their solutions are electrically neu-
tral. They contain cations and anions of complicated
structures. Ionic liquids belonging to this class have
already obtained a wide application [4-6] — first of
all, as ecologically safe substances — which allows the
available power-consuming technologies, e.g., the gas
separation, to be improved.

This work aimed at studying some physical proper-
ties of ionic liquid systems with the eutectic composi-
tions, namely, Na™F~ (71 mol.%)-La3*F3 (29 mol.%)
and NatF~(74 mol.%)-Nd3*F; (26 mol.%). To be
more specific, these were the temperature depen-
dences of viscosity, electric conductivity, and thermo-
electric power.

2. Experimental Materials and Methods

For our researches, we prepared NaF-LaFj3 and
NaF-NdF3 specimens with the corresponding eu-
tectic compositions. The results of differential ther-
mal researches [7] showed that NaF-LaFs is a bi-
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Fig. 1. Temperature dependences of the viscosity in NaF-

LaF3 and NaF—-NdF3 melts

nary system, in which the compound NaLiF, with
the noncongruent melting character is formed. The
system with the composition NaF(71 mol.%)—
LaF3(29 mol.%) is characterized by a single eutectics
and a single peritectics with melting temperatures of
998 + 2 K and 1053 + 2 K, respectively. The system
NaF(74 mol.%)-NdF5(26 mol.%) has one eutectics
with a melting temperature of 1003 £+ 2 K and two
peritectics, NaNdF, and NasNdgF3s,.

To fabricate specimens, sodium fluorides of the
chemically pure grade, and lanthanum and neody-
mium trifluoride of the pure grade were used. The
components were carefully ground in an agate mor-
tar, weighted, mixed, ground again, and transferred
into a platinum crucible, where they had been melted
for an hour at a temperature of 1100 K. The cooled
alloy was crushed, ground, and loaded into a con-
tainer in an installation for viscosity measurements
[8], as well as in an installation for electric conductiv-
ity and termoelectric power measurements [3]. Mul-
tizone cells fabricated from boron nitride and sup-
plied with graphite electrodes were used for com-
plex measurements of the electric conductivity o
(to a relative error of £2%) and the thermopower
S (to a relative error of +£5%)in the studied melts
under the argon pressure and in the temperature
interval from 950 K to the maximum experimen-
tal temperature of 1250 K. The application of such
cells enabled the component of the o-measurement
error that arose owing to the penetration of the
examined melt into the ceramic body of a mea-
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surement cell to be excluded from the experimental
results [3].

The thermoelectric power was measured following
a standard technique [3] by creating a temperature
difference of 10+20 K along the specimen. The tem-
perature was measured with the use of tungsten-
rhenium WReb/20 thermocouples. In order to pro-
tect the thermal junction against the aggressive en-
vironment (the ionic melt), it was arranged in the
graphite volume. Separate thermocouple electrodes
were used as potential probes, when measuring the
electric conductivity.

The temperature dependence of the viscosity in the
ionic liquid system formed after the eutectics NaF—
LaF3; and NaF-NdF3; had melted was studied with
the help of a viscometer by the method of damping
torsional vibrations of a cylinder filled with the exam-
ined specimen [8]. A graphite crucible was filled with
the obtained melt and arranged in the indicated cylin-
der. In order to prevent the probable evaporation, the
crucible was hermetically sealed with a cover, and
an excess argon pressure was created in the cham-
ber. The experiment was carried out in the cooling
mode. The viscosity was calculated from the results of
measurements using the formulas obtained by Shvid-
kovskii [9] for torsional viscosimeters of this type. The
described method provided a relative error of 5% for
viscosity measurements.

3. Experimental Results and Their Discussion

In Fig. 1, the data obtained for the temperature de-
pendences of the viscosity in the ionic liquid systems
NaF-LaFs and NaF-NdF3 with the corresponding
eutectic compositions are depicted. The results tes-
tify to a monotonous dependence of the viscosity in
the examined systems on the temperature. A compar-
ison between those dependences for ionic liquid sys-
tems differing by the lanthanides (La in the first case
and Nd in the second one) demonstrates that the sub-
stitution of La by Nd in the analyzed system brings
about the viscosity growth at a constant tempera-
ture. Taking into account that the melting tempera-
tures in the studied eutectics almost coincide, there is
no necessity to apply the law of corresponding states
to compare their physical properties. The substitu-
tion of lanthanum fluoride by neodymium fluoride
does not change the interaction force between the ions
in the system substantially. However, the neodymium
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cation is more massive, and this can be one of the rea-
sons for that the mobility of ions in the NaF-NdFj3
system is lower, and, accordingly, the viscosity in-
creases.

The processing of the obtained data on the basis of
the Arrhenius law

o) = mesp (). 0

where () is the activation energy for the viscous flow,
showed that, in the case of the ionic liquid sys-
tem NaF-LaF3, they are satisfactorily approximated
by a straight line with a cusp at the temperatures
T = 1130+ 10 K. This fact testifies that, in the tem-
perature interval 1000+-1130 K, the melt changes its
structure, which is connected with the noncongruent
melting of the NaLaF, compound, so that the ionic
liquid system becomes homogeneous if the temper-
ature grows. The ionic liquid system NaF-LaFj is
characterized by the activation energy of a viscous
flow equal to 32.5 kJ/mol below a temperature of
1130 + 10 K and to 15.5 kJ/mol at higher temper-
atures. This change in the temperature regime of the
viscous flow can be associated with the fact that, at
temperatures higher that 7" = 1130 + 10 K, the ex-
amined ionic liquid system transforms into a homoge-
neous ionic solution, for which the activation energy
of a viscous flow is naturally lower than that for the
heterogeneous liquid system with the noncongruently
melting Nal.aF, compound. The activation energy of
the viscous flow determined for the ionic liquid system
with neodymium fluoride amounts to 23.1 kJ/mol and
shows a tendency to a reduction to 21.2 kJ/mol.

The analysis of the results obtained (Fig. 2) demon-
strates that, for the liquid system NaF-NdFj, the
experimental data are also well approximated by a
straight line with a cusp at the temperatures T =
= 1150 £ 10 K. This fact testifies that the process
of noncongruent melting of the NaLaF, compound
comes to the end above the indicated temperature,
and the studied ionic liquid system becomes a homo-
geneous liquid.

Comparing the results obtained for the viscosity in
the binary liquid systems NaF-LaF3 and NaF-NdFg
with the corresponding results obtained by us for the
ternary systems NaF-LiF-LaF3 and NaF-LiF-NdF3
[10], one can see that the presence of LiF almost
does not change the viscosity of corresponding eu-
tectic melts. In the case with lanthanum, the non-
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Fig. 3. Temperature dependences of the electric conductivity
in NaF-LaF3 and NaF-NdF3 melts

congruent decomposion of the NaLaF, compound is
observed within the temperature interval from Tper
t0 Thert + 120 K in both the binary and ternary sys-
tems.

In Fig. 3, the experimental data for the tempera-
ture dependence of the electric conductivity in the
examined liquid systems are depicted. As one can
see, the replacement of a lanthanum cation by a
neodymium one results in a reduction of the elec-
troconductivity in the binary system at a constant
temperature. The ionization energies of free neody-
mium and lanthanum atoms are known to be al-
most identical [11]. Since the neighbors of lanthanum
or neodymium in the melts concerned are identical
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Fig. 5. Temperature dependences of the thermoelectric power
in NaF-LaF3 and NaF-NdF3 melts

(Na and F), the ionization energies of neodymium
and lanthanum in the melt also have to be identi-
cal. The outer electron configurations in lanthanum
and neodymium are different — 5d'6s2 and 44652, re-
spectively — which is responsible for different charac-
ters of the interactions in those systems. In particular,
only one compound with the noncongruent character
of melting, NaLaF,, is formed in the NaF-LaF3 bi-
nary system; and two such compounds, NalLaF, and
NasNdgF35, in the NaF-LaF3 one. The mass and mo-
bility differences between the La3™ and Nd3* cations,
and the presence of two noncongruently melting com-
pounds in the system with neodymium fluoride give
rise to a reduction of the electric conductivity, when
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lanthanum fluoride is substituted by neodymium flu-
oride.

The electric conductivity of the researched systems
is described by the exponential law

o(T) = og exp (— AE) (2)

kT )’
where o9 = const, and AF is the electroconductiv-
ity activation energy. Comparing the obtained results
with the corresponding results of work [12] for ionic
liquid systems with eutectic compositions, a conclu-
sion can be drawn that the addition of LiF to the
binary systems NaF-LaF3 and NaF-NdF3 results in
the increase of the electric conductivity by a factor of
almost 1.5. This fact can be easily explained, because
the lithium cation in the examined fluoride systems
has the largest polarizing ability (e/r?) hindering the
fluorine anions from their coordination around the
cations of rare-earth elements.

In Fig. 4, the temperature dependences of the
electric conductivity are plotted on the logarithmic
scale. The found values of activation energy for the
NaF-LaF3 and NaF-NdF3 systems practically co-
incide: 0.43 and 0.46 eV, respectively. The analy-
sis of experimental data shows that the exponential
dependence is obeyed in a temperature interval of
10001235 K for the system with lanthanum and in
a temperature interval of 1000+-1250 K for the sys-
tem with neodymium. At temperatures higher that
1235 K for the system with lanthanum and 1250 K
for the system with neodymium, the electroconduc-
tuivity dependences demonstrate a deviation toward
lower values. This fact can testify to the completion
of the noncongruent decomposion of compounds with
the noncongruent melting character that exist in the
given systems.

In Fig. 5, the temperature dependences of the ther-
moelectric power S(T') for the studied systems are ex-
hibited. As one can see, those dependences, unlike the
earlier studied NaF-LiF-LaF3 and NaF-LiF-NdF3
systems, have a monotonous character. As the tem-
perature grows, S(7T') decreases by the absolute value,
but remains negative. Since the neodymium cation
has a little smaller ionic radius, it has a larger ca-
pability to coordinate fluorine anions around itself
and, hence, to reduce their mobility. This is one of
the reasons for that the experimental values of ther-
moelectric coefficient for the system with neodymium
fluoride are smaller by the absolute value than that
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in the system with lanthanum fluoride at the same
temperature.

For the ternary ionic liquid systems studied by
us earlier [12], the maximum value of thermoelec-
tric power S &~ —1000 pV/K was observed for the
NaF-LiF-LaF3 system at a temperature of 920 K,
and S ~ —990 pV /K for the NaF-LiF-NdF3 one at
a temperature of 970 K. According to the results of
work [4], the closest experimental values amounted
to S = =940 pV/K for the LiCl melt, —695 pV/K
for AgCl, and —714 pV /K for the CdCl melt. Those
substances were intended to be used for the creation
of thermoelectric generators with an enhanced effi-
ciency. In the NaF-LaFs and NaF-NdF3 melts stud-
ied by us, S(T =~ 1000 K) ~ —1000 pV/K; therefore,
they are also promising objects for the creation of
high-temperature thermoelectric generators.

The key parameter for the estimation of whether
the indicated substances should be used in thermo-
electric generators is the so-called Q-factor,

Z = S5% )\, (3)

where S is the thermoelectric power, o the elec-
tric conductivity, and A the thermal conductivity. In
the ionic solutions studied by us, the averaged val-
ues of Q-factor at 1000 K fall within the interval
Z = (0.2+0.4) x 10~* K1, which exceeds the cor-
responding values for liquid semiconductors used in
thermoelectric generators [13].

In order to give a more detailed explanation for
the mechanism of thermoelectric power formation in
ionic liquid systems, we must understand the temper-
ature dependence of the motion of ions and electrons
in the liquid medium. For this purpose, comprehen-
sive researches of the Hall effect in the indicated sub-
stances should be carried out, which would allow us
to determine the concentration of moving charges. In
addition, it is necessary to study the temperature de-
pendences of the diffusion coefficient of ions in the
ion-electron liquid systems, which would allow the
contribution of the Soret effect to the ion motion to
be estimated [14]. Such researches can be carried out
with the help of both the method of labeled atoms
and the quasielastic scattering of slow neutrons.

4. Conclusions

The temperature dependences of the viscosity, elec-
tric conductivity, and thermoelectric power in binary
ionic liquid systems NaF-LaF3 and NaF-NdF3 have
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been studied in a wide temperature interval including
the melting temperatures of indicated specimens with
the eutectic compositions. The heterogeneous ionic
liquid system NaF-LaF's is demonstrated to become a
homogeneous ionic solution at temperatures that ex-
ceed the corresponding melting temperature by about
130 K. The same effect is observed for the heteroge-
neous ionic liquid system NaF-NdF3 at a tempera-
ture that exceeds the melting temperature by about
150 K. The both results agree with the results of x-ray
diffraction researches for the indicated melts [15]. A
comparison is made between the physical properties
of the examined binary ionic liquid systems NaF-—
LaF3 and NaF-NdF3 and the corresponding proper-
ties of their ternary analogues formed by addiing LiF
to the initial binary systems. It is shown that the ad-
dition of LiF almost does not change the temperature
dependence of the viscosity in the examined ionic lig-
uid systems, but increases their electroconductivity
by a factor of almost 1.5.

This work was partially sponsored by the State Fund
for Fundamental Researches (project F39/362-2013).

1. L.A. Bulavin, Neutron Diagnostics of Liquid Matter State
(Institute for Safety Problems of Nuclear Power Plants,
Chornobyl, 2012) (in Ukrainian).

2. I.R. Yukhnovskii and M.F. Golovko, Statistical Theory
of Classical Equilibrium Systems (Naukova Dumka, Kyiv,
1987) (in Russian).

3. L.A. Bulavin, B.I. Sokolovskyi, Yu.O. Plevachuk, and
V.M. Sklyarchuk, Metal-Nonmetal Transition in Ion-
Electron Liquids (ASMI, Kyiv, 2008) (in Ukrainian).

4. M. Earle and K.R. Seddon, Pure Appl. Chem. 72, 1341
(2007).

5. C. Chiappe and D. Pieraccini, J. Phys. Org.Chem. B. 18,
275 (2005).

6. N.N. Castro and F.J.V. Santos, Chem. Org. Chem. Today
25, 20 (2007).

7. N.V. Faidyuk, R.M. Savchuk, and A.O. Omelchuk, Ukr.
Khim. Zh. 73, 16 (2007).

8. L.A. Bulavin, Yu.O. Plevachuk, and V.M. Sklyarchuk,
Critical Stratification Phenomena in Liquids on the
Earth and in Space (Naukova Dumka, Kyiv, 2001) (in
Ukrainian).

9. E.G. Shvidkovskii, Some Problems in the Viscosity of
Molten Metals (Gostekhizdat, Moscow, 1955) (in Russian).

10. L.A. Bulavin, Yu.O. Plevachuk, V.M. Sklyarchuk, I.I.
Shtablavyi, N.V. Faidyuk, and R.M. Savchuk, Dopov. Nat.
Akad. Nauk Ukr. 11, 73 (2012).

11. A.R. Regel and V.M. Glazov, The Periodic Law and the
Physical Properties of Electronic Alloys (Nauka, Moscow,
1978) (in Russian).

773



L.A. Bulavin, A.A. Omelchuk, N.V. Faidyuk et al.

12. L. Bulavin, Yu. Plevachuk, V. Sklyarchuk, I. Shtablavyy, JI.A. Byaasin, A.A. Omeavuyx,
N. Faidiuk, and R. Savchuk, J. Nucl. Mater. 433, 329 H.B. @atiowk, B.M. Cxaspuyx, FO.O. Ilresavyx,
(2013). B.C. Konawv, P.H. Casuyx

13. G.K. Kotyrlo and Yu.N. Lobunets, Calculation and Design GI3UYHI BJIACTUBOCTI

of Thermoelectric Generators and Heat Pumps (Naukova IOHHUX PIIMHHUX CUCTEM NaF-LaFs

Dumka, Kyiv, 1980) (in Russian). TA NaF NdF; EBTEKTUYHOI'O CKJIATY
14. P.P. Kuzmenko, Diffusion, FElectric Transfer, and Mass

Transfer in Metals (Naukova Dumka, Kyiv, 1983) (in Rus- Pesmowme
sian).

15. V.E. Sokolskii, A.S. Roik, A.O. Dadidenko, N.V. Faidyuk,
and R.N. Savchuk, Neorg. Mater. 49, 904 (2013).

HocniizkeHo TeMrepaTypHi 3aJIe2KHOCTI B’SI3KOCTi, €JIEKTPO-
MpoBigHOCTI Ta TepMo-epc GiHAPpHUX IOHHUX PIAUHHUX CUCTEM
NaF-LaF3 ta NaF-NdF3 y mwmpokomy TemmeparypHoMmy iH-

Received 07.02.14. TepBaJIi, 10 BKJIIOYAE TEMIEPATYpPH IJIABJIEHHS IUX CIJIABiB
Translated from Ukrainian by O.I. Voitenko €BTEKTUYHOI'O CKJIAJLY.

774 ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 8



