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Differential scanning calorimetry (DSC) was used to investigate the phase equilibrium in the AgClI-
NdClj system. This binary mixture represents a typical example of simple eutectic system, with eu-
tectic composition x(AgCl) =0.796 and temperature To,; = 668 K, respectively. The electrical con-
ductivity of AgCI-NdCls liquid mixtures, together with that of pure components was measured down
to temperatures below solidification. Results obtained are discussed in terms of possible complex

formation.
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1. Introduction

Phase equilibria in alkali halide-lanthanide halide-
based systems, MX-LnX3 (Ln = lanthanide, M = al-
kali metal, X = halide), are generally complex and
characterized by the existence of several stoichiometric
compounds. The stability of these compounds depends
both on the nature of cations and of the halide X [1 - 3].
Careful analysis of all existing MX-LnX3 phase dia-
grams has been performed [3] in order to find a relation
between the topology of the phase diagrams and the
physicochemical properties of the system components.
The ionic radii (r;) and / or charges (e;) and also their
combination, called “ionic potential” IP = ¢; /i, where
e;i = Zie (Z; = valency, € =elementary charge), were
found to be important parameters in this respect [4 —6].
The ionic potential is a measure of the electric field in-
tensity at the cation surface, therefore accounting for
the interaction force of cations with anions. The ratio
of the ionic potentials of the alkali metal cation and the
lanthanide cation, IPy;+ /IP, 3+, expresses a compar-
ison of the interaction energies. This ratio influences
the phase diagram topology of the MCI-LnCl3;, MBr-
LnBr; and MI-Lnl3 binary systems. All these systems
can be divided into three groups [3]:

— simple eutectic systems (IPy+/IP, 3+ > 0.448,
0.325 and 0.330 for chloride, bromide and iodide sys-
tems, respectively);

— systems including only incongruently melting
compounds (in the range 0.280 < IPy+/IP 3+ <
0.416, 0.284 < IPy+ /1P, 3+ < 0.315 and 0.306 <
IPy+/ IP, 3+ < 0.352 for chloride, bromide and iodide
systems, respectively);

— systems including both incongruently and con-
gruently melting compounds (/Py+ /1P, 3+ < 0.256).

This classification was tested on the MBr-CeBr;
binary systems (M = Li, Na, K), which were un-
known at this time. Indeed it was found later that LiBr-
CeBr3 and NaBr-CeBr; are simple eutectic systems
[7]1 (IPy4/IPos+ = 0.465 and 0.366, respectively),
whereas in the system KBr-CeBrs [8] two congruently
melting compounds, namely K3zCeBrg and K,CeBrs,
exist in agreement with these relations (/Pg+ /IP- 3+ =
0.249) [3].

The rationale to undertake investigations on silver
chloride-lanthanide systems was firstly to further test
the above topology classification, when a transition
metal (silver) chloride is substituted in an alkali metal
chloride. Secondly, the high ionic conductivity of some
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solid silver halide phases is the reason for their pos-
sible application as solid electrolytes [9]. And last,
but not least — there is an interest in developing solid
state lasers that operate in the middle infrared spec-
tral range [10]. This effort is limited by the availabil-
ity of host materials that are highly transparent in this
range. Silver halide crystals can be attractive candi-
dates for extending laser emission to the mid-IR range.
The properties of mixed silver halide crystals such as
AgCl,Br;_, have been under active study [11-12].
These materials are highly transparent in the near- and
mid-IR ranges and have desirable mechanical and op-
tical properties. They may therefore serve as the de-
sirable hosts for mid-IR solid state lasers [10]. Rare
earth ions have a complex energy level scheme and
some of the optical transitions of these ions are in the
mid-IR range. In silver halides, similar transitions or
transitions between higher excited states may exist. In-
corporating rare earth halides in silver halide crystals
and fibers may form a basis for obtaining amplifica-
tion and lasing in the middle infrared range [10]. Cou-
pling lanthanide and silver halides would possibly of-
fer the same attractive features. So the knowledge of
basic, thermodynamic and transport properties of sil-
ver halide-lanthanide halide systems would be of sig-
nificant interest. To the best of our knowledge no data
exist on the AgCl-NdCl3 system. Accordingly, we un-
dertook investigations on this binary system. This work
reports the phase diagram and electrical conductivity
of AgCI-NdCl; liquid mixtures.

2. Experimental
2.1. Chemicals

Neodymium(IIT) chloride was synthesized from
neodymium(IIl) oxide (Aldrich 99.9%). Nd,O3 was
dissolved in hot concentrated HCI. The solution was
evaporated and NdCl; - xH,O was crystallized. Am-
monium chloride was then added (20 mass%) and this
wet mixture of hydrated NdCl; and NH4Cl was first
slowly heated to 450 K and then to 570 K to remove the
water. The resulting mixture was subsequently heated
to 650 K for sublimation of NH4Cl. Finally, the salt
was melted at 1100 K under argon atmosphere. Crude
NdCl; was purified by distillation under reduced pres-
sure (~ 0.1 Pa) in a quartz ampoule at 1150 K. NdCl;
prepared in this way was of high purity — min. 99.9%.
Chemical analysis was performed by mercurimetric
(chlorine) and complexometric (neodymium) meth-
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ods. The results were as follows: Nd, (57.49 +£0.13)%
(57.54% calcd.); Cl, (42.41 £0.12)% (42.46% calcd.).

Silver chloride was obtained by titration of silver ni-
trate (POCh Gliwice, p.a.) solution with KCl1 (Merck
Suprapur, min. 99.9%) solution. The prepicitate of
AgCl was washed several times with deionized water
in order to remove nitrate ions adsorbed on its surface.
It was subsequently slowly heated under gaseous HCl
atmosphere to 720 K. AgCl prepared in this way was
transferred into a glove box and sealed-off in glass am-
poules.

The appropriate amounts of NdCl; and AgCl were
melted in vacuum-sealed quartz ampoules. The melts
were homogenized and solidified. These samples were
ground in an agate mortar in a glove box. Homoge-
neous mixtures of different compositions were pre-
pared in this way and used in phase diagram and elec-
trical conductivity measurements.

All chemicals were handled under a high purity
argon atmosphere in a glove box (water content <
2 ppm). As silver chloride is sensitive to UV-VIS light,
all the manipulations were carried out in red light.

2.2. Measurements

A Setaram DSC 121 differential scanning calorime-
ter was used to investigate the phase equilibrium in
the AgCl-NdCl; system. The calibration procedure
(experimental temperature scale and enthalpy) of the
calorimeter was performed as described previously
[2,3]. Samples under investigation (300—500 mg)
were contained in quartz ampoules (about 6 mm di-
ameter, 15 mm length) sealed under reduced pressure
of argon. The sidewalls of ampoules were grounded in
order to fit the cells snugly into the heat flow detec-
tor. Experiments were conducted at heating and cool-
ing rates ranging from 1 —5 K min—'.

Electrical conductivity measurements were carried
out in capillary quartz cells with cylindrical plat-
inum electrodes, described in details [13]. These cells
were calibrated at high temperature with pure molten
NaCl [14]. The cell, filled with the substance under
investigation, was placed into a stainless steel block
to achieve a uniform temperature inside a furnace.
The conductivity of the melt was measured by plat-
inum electrodes with the conductivity meter Tacussel
CD 810 during increasing and decreasing temperature
runs. The mean values of these two runs were used
in calculations. Experimental runs were performed at
heating and cooling rates of 1 K min~!. The temper-
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Table 1. DSC results of the AgCl-NdClI3 binary system.

x(AgCh) Tew /K Tew /K Tiiq/K Tiiq/ K
Heating Cooling Heating Cooling
0.00 - - 1029 998
0.0988 667 668 1018 952
0.2034 668 670 988 965
0.2810 668 668 968 943
0.3943 668 670 922 904
0.4976 669 670 876 866
0.5931 668 668 823 811
0.6228 670 671 809 775
0.6818 670 671 769 687
0.7476 669 670 725 689
0.8043 669 663 - 671
0.8240 669 671 678 639
0.8510 668 658 - 680
0.8742 667 652 698 678
0.8957 666 650 699 687
0.9446 667 666 722 716
1 - - 736 740
1100
. T o = 668K
900 ST X o = 0.796
~ ~a
~
500 -+
0 0.2 04 0.6 0.8 1
x (AgCl)

Fig. 1. Phase diagram of the AgCI-NdCl3 system.

ature was measured with a Pt/Pt-Rh(10) thermocouple
with 1 K accuracy. Temperature and conductivity data
acquisition was made with a PC, interfaced to the con-
ductivity meter. All measurements were carried out un-
der static argon atmosphere. The accuracy of the mea-
surements was about £2%.

3. Results and Discussion

3.1. Phase Diagram

The AgCl-NdCl; phase diagram was established for
the first time in the present work. DSC investigations
were performed on samples with different composi-
tions and yielded both the temperature and the fusion
enthalpy of the concerned mixtures. Due to a notice-
able supercooling effect during most cooling runs (Ta-
ble 1), all temperature and enthalpy experimental data
reported here were determined from heating curves.
The phase diagram presented in Fig. 1 was found to
be of the simple eutectic type. In the whole range of
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Fig. 2. Tammann construction for eutectic determination in
the AgCl-NdCl3 system; open circles, experimental results;
solid lines, linear fitting of experimental results.

compositions, only two peaks ascribed to the eutec-
tic and the liquidus effects were found in all thermo-
grams. The only exception was in compositions close
to the eutectic, where only a single DSC peak was reg-
istered. The accuracy in temperature of thermal effects
determination was +1 K. The experimental enthalpy
related to the eutectic effect vs. composition plot ev-
idences that no solid solutions formed in the NdCl3-
rich part. Thus the corresponding straight line inter-
cepts the composition axis at x(AgCl) =0. However,
the formation of solid solutions cannot be excluded
on the AgCl-rich side. Accordingly, the corresponding
straight line was not forced to intercept the composi-
tion axis at x(AgCl) = 1. The eutectic composition was
found to be x(AgCl)=0.796 & 0.005 from the inter-
cept of the two linear parts in Fig. 2 (Tammann plot),
described by the equations

AgysHn = 19.632x and

1
AsusHin = 78.719 — 79.096x (in kJ mol '), M

where x denotes the AgCl molar fraction. The eutec-
tic temperature determined from all appropriate DSC
curves was found to be 668 K, whereas the enthalpy of
fusion at the eutectic composition was (15.7+0.7) kJ
mol~!. The AgCl molar fractions at which solid so-
Iutions may exist at 668 K was found also from the
Tammann diagram (Fig. 2) as x > 0.995.

3.2. Electrical Conductivity

The variation of molten salt resistance Rexp With fre-
quency f can be expressed by

C
Rexp = Rint+ —, 2

vai
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Fig. 3. Resistance variation with frequency
for a few mixtures under investigation; open
circles and diamonds, NdCl; and AgCl, re-
spectively; squares, triangles and crosses,

AgCl-NdCl3 liquid mixtures with molar frac-
tions of NdClz of 0.800, 0.600, and 0.308,
respectively.

0.14

Fig. 4. Electrical conductivity of molten
AgCI-NdCl3 mixtures vs. temperature; 1,
NdClj (dashed line — literature data [16]); 12,
1 AgCl (dashed line — literature data [14]); 2 to
11, liquid AgCI-NdCl3 mixtures with NdCl3
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where Rj,¢ polarization-free resistance at infinite fre-
quency and C is a constant characteristic of the
melt under investigation. It contains polarization re-
sistance and electrolyte capacitance terms, which were
found to be proportional to f‘l/ 2 [15]. Thus (2) was
used in processing all resistance data obtained in this
work. Electrical conductivity measurements were car-
ried out at the frequency 4 kHz and R;,¢ was calculated
from (2). The value of C, necessary in this calculation,
was determined from the frequency dependence of re-
sistance, which was obtained from measurements car-
ried out on the frequency range from 60 Hz to 16 kHz.
Figure 3 shows the resistance variation with frequency
for NdCl3, AgCl and some AgCl-NdCls liquid mix-
tures.

molar fractions of 0.952, 0.894, 0.800, 0.700,
0.600, 0.500, 0.400, 0.308, 0.202, and 0.091,
respectively.

1200

The electrical conductivity of AgCl-NdCls liquid
mixtures was measured for the first time over the entire
composition range in steps of about 10 mol%. Prior to
these measurements, the conductivity of pure compo-
nents was determined. Our conductivity data on NdCl3
agree quite well with data of Potapov et al. [16] with a
deviation not exceeding 1.5% over the entire tempera-
ture range (Fig. 4). Our results on AgCl are lower than
those reported by Doucet and Bizouard [14]. This dif-
ference increases with temperature from 4.5% at 785 K
up to about 6% at 1020 K.

A second-order polynomial dependence of conduc-
tivity k on temperature was applied to all experimental
results:

K=A+B-T+C-T?>(inSm!). (3)
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Table 2. Coefficients in equation: Kk =A+B-T +C-T? for
AgCl-NdCl; liquid mixtures.

x(NdCl3) A-1073/ B/ C-10°/ Temp. range /
Sm! Sm!'K! Sm!K? K

1.000 —0.2321  0.3519 —0.0446 1158-1072
0.951 —1.7540 3.1571 —1.3251 1117-1048
0.894 —0.1011  0.0702 0.1281 1115-1053
0.800 —0.8152 14321 —0.5102 1116-1019
0.700 —0.3931  0.6660 —0.1480 1115-985
0.600 —0.4840  0.8851 —0.2661 1094 -920
0.500 —0.3581  0.7203 —0.2063 1113-900
0.400 —0.2552  0.5881 —0.1450 1112-865
0.308 —0.4150  0.9480 —0.3241 1109-859
0.202 —0.3421 10332 —0.4280 1119-700
0.091 —0.3230  1.1601 —0.5083 1115-720
0.000 —0.1761  1.0800 —0.4742 1100775

500

400

\\

"2 300 ‘
7] ~.
< 200 T

100 - T,

0
0 0.2 04 0.6 0.8 1
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Fig. 5. Electrical conductivity isotherm of AgCIl-NdCl; lig-
uid mixtures at 1070 K.

The electrical conductivity dependence on temperature
is shown in Fig. 4 for AgCl, NdCl; and ten AgCl-
NdCl; mixtures. The coefficients A, B, and C of (3)
are displayed in Table 2. In Fig. 5 the conductivity
isotherm at 1070 K is plotted against the mole fraction
of NdCls. The specific conductivity decreases with in-
crease of the NdCl; concentration, with significantly
larger changes in the AgCl-rich region, as it is ex-
pected. A decrease of the AgCl molar fraction causes
a decrease of the number of mobile ions (Ag*t, C17),
which are carriers of electrical charge.

It is obvious that a simple additivity law is not appli-
cable to the electrical conductivity of molten salt mix-
tures even in the case of the simplest melts (without
chemical interaction) [17]. The commonly observed
deviation from additivity can result from physical and
chemical interactions between components of the melt.
In many cases the composition dependence of the
specific conductivity can be well represented by the
Kuroda [18] equation for binary mixtures

K = x12K] + X2 K + 2x10K] 4)

M. Szymanska-Kolodziej et al. - The AgCl-NdCl; Binary System

30 -

20

Ax/Sm?

0 0.2 0.4 0.6 0.8 1

x (NAC )

Fig. 6. Relative deviations of the electrical conductivity from
the Kuroda equation (5) for AgCI-NdCl; and NaCI-NdCls
liquid mixtures; open circles and solid line, AgCl-NdCls;
black circles and dashed line, NaCl-NdCls.

where x|, xp are the mole fractions of the pure compo-
nents, and k|, k; are their specific conductivities, with
K1 < K». However, in the case of the liquid mixtures in-
vestigated here, significant deviations of experimental
results from this equation were observed. These rela-
tive deviations, calculated according to

Kexp — KKuroda

Ak = -100%, )

KKuroda

are presented in Figure 6.

Negative deviations occur in the AgCl-rich compo-
sition range (minimum at ~ 20— 25 mol% NdCl3), and
are followed by positive deviations starting from about
50 mol% NdCl; (maximum at ~ 85 mol%). We have
applied (4) to the literature conductivity data of NaCl-
NdCl; liquid mixtures [16] because of the similarity
of Ag™ and Na' ionic radii (100 and 102 pm, re-
spectively). The results of this calculation are also pre-
sented in Figure 6. The behaviour of NaCl-NdCls lig-
uid mixtures is almost identical to that of AgCI-NdCls,
both in the sense of negative and positive deviations
and of their minimum and maximum location.

According to [17,19], marked negative electrical
conductivity deviations are strongly indicative of com-
plex formation. If only one complex species exists in
the melt, the absolute value of deviation reaches a max-
imum at the composition corresponding to the stoi-
chiometry of this complex. If several complex species
co-exist, the location of the minimum may slightly
deviate from the exact stoichiometry of the predomi-
nant species. Therefore the existence of negative devi-
ations in AgCI-NdCl; liquid mixtures with a minimum
x(NdCl3) & 0.25 is indicative of [NdCls]>~ octahedral
complexe formation in the melt. Unfortunately no ex-
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perimental confirmation of its existence exists so far.
However, taking into account the similarity of Ag™ and
Na™ ionic radii, the results of different experimental
techniques applied to the NaCl-NdCl3 liquid system
may bring further arguments about this hypothetical
[NdClg]3~ complexe formation in the system with sil-
ver chloride. Raman spectroscopic investigations [20]
showed that octahedral [LnClg]?~ ions are formed in
MCI-LnClj; liquid mixtures (M = alkali metal). These
ions constitute the predominant species in MCl-rich
liquid mixtures. As the LnCl3 concentration increases,
distortion of octahedra, which are bridged by chlo-
ride anions, takes place. Neodymium(III) complex for-
mation in molten NaCl, KCIl, RbCl, CsCI and (Li-
K)Cley was evidenced by electronic spectroscopy [21].
Predominant octahedral local symmetry of Nd3* was
found over the entire composition range including pure
molten NdCl3. The formation of these [LnClg]>~ com-
plexes influences the electrical conductivity and in-
duces the appearance of the negative deviation in the
system NaCl-NdCl;. The mixing enthalpy measure-
ments performed on MCI-NdCl; liquid mixtures [22]
also suggested the existence of these octahedral com-
plexes. Therefore, it is not unreasonable to assume that
[NdClg]*~ complexes also exist in the AgCl-NdCls
liquid mixture. Accordingly, the minimum of nega-
tive electrical conductivity deviations from (4) is lo-
cated at a NdCly molar fraction of about 0.25. The
positive deviations at NdCls-rich compositions are ap-
parently caused by the disruption of associates in
pure NdCl3, resulting in a new structure in which
neodymium chloride contributes more to the transfer of
electricity.
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