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The Gibbs energies of formation of the pseudobinary compounds Rb3GdClg(s) and RbGd, Cl;(s)
from the constituent metal halides, determined by Knudsen effusion mass spectrometry, were com-
pared with the thermodynamic properties of the solid and liquid phases of the RbCl-GdCls system,
obtained by different methods. The compatibility of the results obtained in this work for pseudobi-
nary compounds with literature data was assessed by an optimization procedure using the CALPHAD
method. The liquid phase in the RbCIl-GdCls system was described by the associate model. The phase
diagram, thermodynamic functions of mixing of the system studied, and the Gibbs energies of for-
mation of the pseudobinary compounds: Rby, GdCl5(s), Rb3GdClg(s), and RbGd;Cl;(s) resulted from

this optimization procedure.
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1. Introduction

The thermodynamic properties of the pseudobinary
system RbCl-GdCls have in the last few decades been
determined by different methods. The phase diagram
of this system has been measured by Seifert et al.
[1] by differential thermal analysis. The phase dia-
gram of the system RbCI-GdCl; is characterized by
three eutectics and three compounds in the solid phase:
Rb,GdCls(s), Rb3GdCle(s), and RbGd;Cly(s). Two
of them: Rb3GdClg(s) and RbGd,Cly(s) are stable at
high temperatures and melt congruently; they exist
as: low (L) and high temperature (H) modifications.
RbyGdCl5(s) is stable at ambient temperature and de-
composes in the solid phase without formation of a
liquid. The enthalpies of formation of Rb,GdCls(s),
L-Rb3GdClg(s), and L-RbGd,Cly(s) have been deter-
mined by solution calorimetry and e.m.f. measure-
ments by Seifert et al. [1, 2]. The enthalpy of mixing in
the liquid RbCl-GdCls system in the whole composi-
tion range has been studied calorimetrically at 1263 K
by Dienstbach and Blachnik [3]. Recently, Ma et al. [4]
carried out an optimization of the RbCIl-GdCl; system,
using the CALPHAD technique.

The present work is a continuation of our system-
atic study of the thermodynamics of the ACI-LnClj
systems (A = Rb, Cs; Ln = Ce, Pr, Nd, Gd) [5-9].
The Gibbs energies of formation of H-Rb3zGdClg(s)
and L-RbGd,Cl;(s) from the constituent metal halides
have been previously determined by us from a vapor-
ization study performed by means of Knudsen effu-
sion mass spectrometry (KEMS) [8]. Combination of
the Gibbs energies obtained with the calorimetric data
[1] yielded the entropies of formation of these com-
pounds [8].

The aim of the present work was to study the com-
patibility of thermodynamic functions of formation
of the H-Rb3GdClg(s) and L-RbGd;Cl5(s) phases ob-
tained by vaporization studies with thermodynamic
data available in the literature for the system studied.
In addition, the entropy of mixing of the liquid phase
should result from this study.

2. Phase Diagram Calculations

The experimental phase diagram [1], the thermody-
namic functions of solid phases [1,8] (see Table 1)
and the enthalpy of mixing of the liquid phase, digital-
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Table 1. Thermodynamic functions of formation of pseudobinary compounds from the constituent metal halides in the RbCl-
GdCls system (at temperature 7" or temperature range) collected from literature and obtained from an optimization procedure.

Compound T (K) A¢G°(T) =a+bT Jmol™ 1) Method Ref.
a b

L-Rb3GdClg 298 -680 —49829 —36.1 Optimization This work

298 —52000 — Calorimetry [1]

573 —46600 -36.0 E.m.f. [1]
H-Rb3;GdClg 680-1107 —45071 —43.1 Optimization This work

800 —43600* —39.4b KEMS [8]
Rb3GdClg 1112.5 —51000¢ —59.3¢ Optimization [4]
Rb,GdCls 298 -673 —58067 6.0 Optimization This work

298 —53700 — Calorimetry [1]

573 —53400 6.1 E.m.f. [1]
L-RbGd,Cly 298 -850 —30927 —25.14 Optimization This work

298 —32800 — Calorimetry [1]

573 — —1.2¢ E.mf. [2]

800 — —9.8" KEMS [8]
H-RbGd,Cl; 850-893 —19397 —38.7 Optimization This work
RbGd,Cly 904 —31800¢ —42.67¢ Optimization [4]

 Enthalpy of formation of H-RbzGdClg(s) recalculated from the enthalpy of formation of L-Rb3GdCle(s) [1] using an estimated enthalpy of

the phase transition L — H [8] (see Section 2).

b Entropies of formation calculated from calorimetric enthalpies of formation [1] and Gibbs energies of formation of respective compounds

obtained by vaporization studies [8].

¢ Values given without explanation to what temperature modification they relate [4].
4 Entropy of formation calculated from calorimetric enthalpy of formation [2] and e.m.f. Gibbs energy measured at 573 K.

Table 2. Coefficients of (1), describing the Gibbs energy of
mixing in the liquid RbCIl-GdCl; system obtained from the
optimization procedure.

Ay B A A3z Ay
Jmol™! Jmol™' K=' Jmol™' Jmol~! Jmol™!
RbCI-GdCl; —111323  —81.647 —57279 —45916 —65845

ized from a plot [3], were optimized by the CALPHAD
method using the BINGSS program [10]. The data for
solid and liquid RbCl(s, 1) and GdCls(s, 1), used in the
calculations, were taken from the IVTANTHERMO
database [11] and from [12], respectively. The calori-
metric enthalpy of formation of L-Rb3GdClg(s) [1]
was recalculated up to the temperature range of vapor-
ization experiments including our estimated enthalpy
of the phase transition L — H for Rb3GdClg(s) [8]
(see Table 1). The dependences of the enthalpies and
entropies of formation on temperature have been ne-
glected (Neuman-Kopp rule). Moreover, the calcula-
tion of the entropy of formation of H-Rb3GdCle(s) had
to be revised (see Table 1) because of an incorrect
calorimetric value of the enthalpy of formation of L-
Rb3GdClg(s) given in [2] (used in earlier calculations),
which therefore slightly differs from the original pa-
per [8].

The liquid phase of the RbCI-GdCl; system
was described by the association model with
one associate A,B, [13]. The other accessible

models in the BINGSS program [10] have not
been compatible with the measured phase dia-
gram.

The best fitting was found with a four-coefficient
polynomial. The entropy of mixing in the fitted model
has been described by the one-parameter polyno-
mial [13]

G(T)— HSER =
RT {x11n(x1) +x21n(x3) + xa1n(x,) —nln(n)} (1)
+ (A1 4+ B1T)xa+ (Apx1x0 + Azx1xa + AgxnXa) /1,

where x; and x; are the number of moles of the sys-
tem components in one mole of liquid mixture, x, is
the number of moles of associate in one mole of liquid
mixture, and n = x| + X2 + X,.

The parameters of enthalpy and entropy of mixing
in the liquid RbCI-GdCl; system, obtained in the opti-
mization procedure, are given in Table 2.

3. Results and Discussion

The coupled phase diagram of the RbCIl-GdCl3 sys-
tem is presented in Figure 1. Generally, the calculated
phase diagram agrees with that measured by Seifert et
al. [1]. Small differences between the measured and
calculated phase diagrams are observed for the melt-
ing temperatures of the compounds and the eutectic
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parameters (temperature, chemical composition of the
melt). The calculated temperatures of melting of the
compounds in the analyzed system differ from the
measured ones by up to 5.5 K, whereas in case of
RbCI(s) a big difference up to 33 K, is observed (see
Fig. 1).

The liquid phase of pseudobinary systems ACI-
LnCl;3 (A = alkali metal; Ln = lanthanide) have been
described, successfully, so far, using different mod-
els. Hatem and Gaune-Escard [14] modeled the KCI-
DyCls system by a surrounded ion model. Ma et al.

of mixing of the RbCl-GdCl;3
system.

[4] have used a quasi-chemical model for optimiza-
tion of the RbC1-GdCls system. In this work the model
with one associate [13] was selected as the most fit-
ted one. In our modeling, in comparison with [4], the
experimental enthalpy of mixing of the liquid phase
[3], the L — H phase transitions for Rb3GdClg(s) and
RbGd;,Cly(s) and thermodynamic functions of forma-
tion of Rb,GdCls(s) [1] were taken additionally into
consideration.

The enthalpy of mixing and entropy of mixing over
the whole composition range of RbCIl-GdCl3 obtained
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by thermodynamic modeling are presented in Figs. 2
and 3, respectively. The calculated enthalpy of mix-
ing agrees well with the experimental results obtained
by Dienstbach and Blachnik [3] (Fig. 2). The values
of the calculated entropy of mixing are significantly
smaller than the ideal entropy (Fig. 3). This indicates
the strong tendency to agglomeration in the ionic lig-
uid of the RbCI-GdCls mixture. The minimal entropy
of mixing occurs at a mole fraction of GdCl; near
0.28. It corresponds to the Rb3GdClg(s) compounds,
and this may result from a local order associated with
extensive complex formation in the strongly interact-
ing RbCI-GdCl3 mixture. It is consistent with the pres-
ence of complex configurations such as [GdClg]>~ in
the liquid phase of this system [3]. It is also con-
sistent with the results obtained for similar systems
of the type ACI-LnCl; (A = alkali metal; Ln = lan-
thanide) [e.g. 15,16]. The stoichiometry of the lig-
uid associate, obtained by the optimization procedure,
equals 2.45: 1, a non-integer number. We assume that
this may result from a small amount of another asso-
ciate of different stoichiometry. This may be connected
with the existence in the solid phase of the investi-
gated system of two congruently melting compounds
(see Fig. 1). The possibility of the presence of other as-
sociates (e. g. stoichiometry 1: 1) cannot be excluded,
we think of [5]. The negative value of the coefficient
By in (1) shows the probable presence of a positive
non-configurational contribution to the entropy of mix-
ing.

The enthalpies and entropies of formation of
the (L, H)-Rb3GdClg(s), Rb,GdCls(s) and (L, H)-

0.8

Fig. 3. Entropy of mixing of the liquid
1.0 RbCI-GdCl; system obtained in the present
work by thermodynamic modeling.

RbGd;Cl5(s) compounds obtained in the present work
are presented in Table 1. The enthalpies of formation of
Rb3GdClg(s), RbyGdCls(s) and L-RbGd,Cl5(s), cal-
culated in this work agree well with the experimen-
tal data. A complete description of the formation re-
action of H-RbGd,Cl;(s) has been obtained in this
work for the first time. The entropy of formation of L-
Rb3GdClg(s) calculated in this work agrees well with
e.m.f. data, whereas it differs significantly from the
value optimized by Ma et al. [4]. For H-Rb3GdClg(s)
and Rb,GdCls(s) the entropies obtained in this work
agree with data from KEMS and e.m.f., respectively.
The entropies of formation of L-RbGd,Cl;(s) ob-
tained by different methods are quite different. In
this case it is difficult to select a more accurate
result.

The slight differences observed between calcu-
lated and measured temperatures of melting for
Rb3GdClg(s) and RbGd,Cl;(s) (see Fig. 1) probably
result from a simplified liquid phase model used in the
optimization procedure, assuming the existence of one
associate only.

4. Conclusions

The assessment of the results obtained for pseudobi-
nary compounds by Knudsen effusion mass spectrom-
etry and other literature data has been made by com-
puter modeling. The phase diagram, enthalpy of mix-
ing and entropy of mixing of liquid mixtures of the
system studied have been obtained by the optimiza-
tion procedure. Compatibility between the phase dia-
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grams and the thermodynamic functions of formation
for pseudobinary compounds determined in the present
study was found. The entropies of mixing of liquid
phases of RbCl-GdCl; obtained in the present work
show the possibility of the presence of more than one
associate in the liquid phase.
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