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Abstract Differential Scanning Calorimetry was used to
study phase equilibrium in EuBr,—RbBr binary system. It
was established that this system includes two eutectics and
three stoichiometric compounds. First of them, Rb,EuBry,
decomposes peritectically at 778 K. Second one, RbEuBrs3,
undergoes the solid—solid phase transition at 732 K and
melts incongruently at 852 K. Third compound, RbEu,Brs,
melts congruently at 888 K. The composition and tempera-
ture values of eutectics were determined as x(EuBr,) =
0.316; Tey, = 776 K and x(EuBr;) = 0.797; T, = 859 K.
Mixing enthalpy was measured by direct calorimetry on the
whole composition range. The minimum of the mixing
enthalpy occurs around the composition x(EuBr;) =~ 0.4.
The electrical conductivity of liquid mixtures was also
investigated over the whole composition range and measured
down to temperatures below solidification. The specific
conductance (liquid phase) plotted against the mole fraction
of EuBr, shows a broad minimum at x(EuBr;) ~ 0.6. The
activation energy for conductivity changes with temperature.
Results obtained are discussed in terms of possible complex
formation.
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Introduction

The lanthanides adopt predominantly the 43 oxidation
state both in solution and in the solid state. However, there
are some exceptions when lanthanides form stable com-
pounds with the oxidation state +4 or +2. The oxidation
state +2 is the predominant of europium. Indeed, the
compounds of Eu(Il) are more stable than those of Eu(IIl).
Until now, only a very few studies have been carried out on
divalent lanthanide-based melts. Experimental investiga-
tions were conducted very recently on EuBr, to assess the
reliability of estimated temperature and enthalpy of fusion
[1-4], entropy at 298 K, and the formation enthalpy of
solid EuBr; at 298 K as well as the heat capacities of solid
and liquid europium(Il) bromide [5]. In view of the
importance of EuBr, in many applications, e.g., the per-
spective storage X-ray phosphors for visualization of the
X-ray images or luminophore plate production [6-8], we
have initiated a research program focused both on EuBr,
and its mixtures with alkali bromides. Previously, the
thermodynamic and transport properties of EuBr, and
EuBr,-based binary mixtures with LiBr, NaBr, and KBr
[9-12] were determined. Preliminary investigations were
carried out on phase equilibria that existed in EuBr,—RbBr
binary system using differential scanning calorimetry
method [13]. They revealed that three stoichiometric
compounds are formed in this system, namely Rb,EuBry,
RbEu,Brs, and RbEuBr;. The temperatures and enthalpies
of phase transitions as well as the heat capacity dependence
on temperature were determined for both solid and liquid
Rb,EuBr,, RbEu,Brs, and solid RbEuBr; compounds, and
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the results were presented in [14]. A polynomial heat
capacity dependence on temperature

Co,/Imol ' K™ = A+ B - (T/K)+C - (T/K)® (1)

was used to fit the experimental data. The combination of
these results with the entropy at 298.15 K, and the
enthalpies of phase transitions enabled us to calculate the
thermodynamic functions up to 7 = 1100 K.

The electrical conductivity measurements on EuBr,—
RbBr liquid mixtures were reported in our earlier article
[15]. The studies were performed over the entire compo-
sition range (in steps of ca. 10 mol.%) of the binary sys-
tem. It was established that the specific conductivity, x, of
each mixture showed some deviation from linearity when
plotted against temperature as In(x) = f(1/T). Such a
deviation from the classical Arrhenius equation was
already mentioned in the literature [16], and observed by us
also for several other lanthanide halide—alkali metal halide
binary systems [15, 17-21]. For all of the investigated
compositions, A; coefficients were determined to fit
experimental conductivity data equations:

In(k) = Ag + A, - 10° - (%) + A, - 100- (%)2 2)

Ex=-R [Al + 24, (%)] (3)

The above coefficients together with E, values calculated
at 1050 K were presented [15]. It was shown that the
global relative conductivity changes are significantly
larger in the rubidium bromide-rich region. We noticed a
similar behavior in many other lanthanide halide—alkali
metal halide binary systems [19-23]. Probably, when
added to the ionic RbBr melt, EuBr, changes the coor-
dination around rubidium ions while, conversely, the
local arrangement around europium ions in pure EuBr,
varies due to introduction of RbBr. In both cases, ionic
conductivity decreases, and a broad minimum appears at
x(EuBr;) ~ 0.6. Unfortunately, no information regarding
the structure of EuBr;-based melts was found in the lit-
erature. However, analysis of the literature data on many
alkali chloride—divalent metal chloride systems [24-26]
indicate the existence of tetrahedral MCI,*~ complexes.
Moreover, it was proved experimentally that the structure
of these melts depends on their composition [27, 28]. In
addition, neutron diffraction experiments performed on
the NaCl-EuCl, system [29] hint at the existence of
tetrahedral EuCl,>~ complexes. The above mentioned
facts suggest possibility of the existence of similar
complexes, i.e., EuBr42_ tetrahedral complex species, in
EuBr;-based melts. The increase of EuBr, M fraction in
the melt leads to formation of polymeric forms of
EuBr,>~. The observed dependence of activation energy
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(at 1050 K) on composition [15] validates the earlier
statement made by Yaffe and van Artsdalen [30, 31]
about the correlation between activation energy and
structural changes in melts.

This study reports our recent results on europium(Il)
bromide—rubidium bromide binary system, i.e., the com-
plete phase diagram and the determined mixing enthalpy
values of the liquid mixtures over the entire composition
range.

Experimental
Sample preparation

Europium(II) bromide was synthesised from the oxide
Eu,05 (Aldrich 99.9%) by a modified Haschke and Eick
method [32]. The main steps of the synthesis included:
dissolution of Eu,O; in hot concentrated HBr acid, crys-
tallization of EuBr;e6H,0, dehydration of hexahydrate,
and thermal decomposition of EuBr; under reduced pres-
sure. Chemical analysis of EuBr, obtained in this way was
performed by mercurimetric (bromine) and complexomet-
ric (europium) methods. Europium and bromine content
(Eu 48.74; 48.75% theoretical; Br 51.26; 51.25% theoret-
ical) indicate the correctness of the method used.

Rubidium bromide was Merck Suprapur reagent (min.
99.9%). Prior to use, it was progressively heated up to
fusion under gaseous HBr atmosphere. HBr in excess was
then removed from the melt by argon bubbling.

The samples of the EuBr, and RbBr mixtures with the
desired compositions were prepared in the procedure
described later, beginning with the weighing of the
appropriate portions of both components (see Table 1). All
the mixtures were prepared in a glove box filled with
purified and water-free argon. The prepared mixtures were
melted in vacuum-sealed quartz ampoules in an electric
furnace. The melts were homogenised by shaking and then
solidified. Then, every sample was grounded in an agate
mortar, and the homogenous sample of 300-500 mg was
located in a DSC quartz ampoule (about 6-mm diameter;
15-mm length). All the above mentioned operations were
done in a glove box. The ampoules filled with mixtures of
different compositions (Table 1 and 2) were sealed under a
reduced pressure of argon. The samples prepared along the
same procedure were used in phase diagram measurements.

Measurements

The temperatures and enthalpies of phase transitions were
measured with a Setaram DSC 121 differential scanning
calorimeter. The apparatus and the measurements proce-
dure were described in detail previously [33-35].
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Table 1 Compositions of molten mixtures EuBr,—RbBr used in DSC
measurements

Sample m(EuBr,)/g m(RbBr)/g x(EuBr»)
no.

1 0.0516 0.5262 0.049
2 0.1044 0.5137 0.097
3 0.1733 0.5146 0.151
4 0.1383 0.2968 0.198
5 0.2617 0.4153 0.250
6 0.2051 0.2658 0.290
7 0.3167 0.3856 0.303
8 0.3367 0.3831 0.318
9 0.3442 0.3697 0.331
10 0.3789 0.3579 0.360
11 0.2865 0.2453 0.382
12 0.4402 0.3142 0.426
13 0.3427 0.1943 0.483
14 0.4256 0.2257 0.500
15 0.5281 0.2757 0.504
16 0.5521 0.2617 0.528
17 0.5770 0.2449 0.555
18 0.4252 0.1670 0.575
19 0.6229 0.2194 0.601
20 0.6748 0.1946 0.648
21 0.6913 0.1852 0.664
22 0.7318 0.1713 0.694
23 0.4922 0.1097 0.704
24 0.7607 0.1497 0.729
25 0.7819 0.1383 0.750
26 0.5528 0.0802 0.785
27 0.9223 0.1015 0.828
28 0.6170 0.0438 0.882
29 2.9402 0.1166 0.930

Enthalpies of transition measurements were conducted at
heating and cooling rates in the range of 1-5 K min™".
The enthalpy-of-mixing experiments were all of the
simple liquid-liquid type, performed under argon at
atmospheric pressure. The calorimetric apparatus, a Calvet-
type high-temperature microcalorimeter, the mixing devi-
ces used, and the experimental methods adopted have all
been described in detail previously [34-36]. Europium(II)
bromide was weighed in the glove box within 107> g and
placed in the “break-off” quartz ampoule. The rubidium
bromide, weighed in the same conditions, was placed in a
quartz crucible. The break-off ampoule was evacuated
under controlled argon pressure to obtain a pressure of
1 atm at the temperature of experiment. It was then welded
to a quartz tube, which could be moved up and down the
calorimetric cell through a special gastight ring.

The calorimetric cell was filled with argon and intro-
duced in a Calvet calorimeter together with a reference
cell. After thermal stabilization of the system, the ampoule
was broken off against the inner break-off tip at the bottom
of the quartz crucible, and thermal effect resulting from
mixing was recorded. Calibration of the calorimeter was
performed with a-alumina obtained from NIST. After the
mixing experiments, pieces of o-alumina (30-100) mg
were dropped into the melt, and the corresponding enthalpy
increment was measured.

Results
EuBr,—RbBr phase diagram

The EuBr,—RbBr complete phase diagram was established
for the first time in this study. DSC investigations per-
formed on samples with different compositions (Table 1)
yielded both the temperatures and enthalpy changes of the
concerned mixtures. Owing to supercooling effect, all the
temperature and enthalpy values reported in this study were
determined from heating curves. The results are presented
in Table 2.

In all the DSC curves, the effect at the highest temper-
ature corresponds to liquidus. In the composition range
0 < x<0.333, where x is molar fraction of EuBr,, one
additional endothermic peak was present in all the heating
DSC curves at 776 K (mean value for samples of different
compositions—Table 2). Its disappearance at x = 0.333
suggests the existence of Rb,EuBr, compound in the sys-
tem under investigation. Thus, it can be undoubtedly
ascribed to the RbBr—Rb,EuBr, eutectic. The eutectic
composition was determined accurately from the Tamman
plot (Fig. 1a). The analysis of this experimental enthalpy
versus composition plot evidences that no solid solutions
are formed in the system. Thus, the corresponding straight
lines intercept the composition axis at x =0 and
x = 0.333. The eutectic composition (x = 0.316) was
determined from the intercept of the two linear parts in
Fig. la. The eutectic temperature determined from all the
appropriate DSC curves was found to be 776 K, whereas
the enthalpy of fusion at the eutectic composition was
equal 16.2 kJ mol ™",

In general, three or four endothermic peaks in addition
to liquidus were observed on heating curves for the sam-
ples with molar fraction of EuBr;, 0.333 <x < 0.666
(Tab.2). One of them at 778 K disappears for samples with
x > 0.500, thereby suggesting the existence of RbEuBr;
compound. Plot of enthalpy related to this effect versus
composition (Fig. 1b) confirms the above postulated exis-
tence of Rb,EuBr; compound. Accordingly, effect at
778 K results from incongruent melting of Rb,EuBr,4. In
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Table 2 DSC results for EuBr,—RbBr binary system

Sample x(EuBr,) 7/K RbBr— T/K Rb,EuBry T/K RbEuBr;  7/K RbEuBr; 7/K RbEuBr3 T/K RbEu,Brs— T/IK
no. Rb,EuBr, eutectic decomposition formation transition decomposition EuBr, eutectic liquidus
1 0.000 - - - - - - 967
2 0.049 773 - - - - - 948
3 0.097 775 - - - - - 923
4 0.151 775 - - - - - 882
5 0.198 778 - - - - - 853
6 0.250 778 - - - - - 818
7 0.290 780 - - - - - 785
8 0.303 781 - - - - - 787
9 0.318 779 - - - - - 776
10 0.331 - 778 - - - - 778
11 0.360 - 778 634 732 - - 806
12 0.382 - 780 635 733 - - 833
13 0.426 - 776 632 727 - - 852
14 0.483 - 778 633 733 852 860
15 0.500 - 779 631 730 855 - 855
16 0.504 - - 631 727 853 - 862
17 0.528 - - 629 727 856 - 867
18 0.555 - - 638 730 850 - 872
19 0.575 - - 635 733 851 - 866
20 0.601 - - 635 732 853 - 879
21 0.648 - - - 731 850 - 887
22 0.664 - - - - - - 888
23 0.694 - - - - - 857 883
24 0.704 - - - - - 860 882
25 0.729 - - - - - 857 880
26 0.750 - - - - - 859 875
27 0.785 - - - - - 859 869
28 0.828 - - - - - 860 866
29 0.882 - - - - - 859 894
30 0.930 - - - - - 858 918
31 1.000 - - - - - 935

addition, three endothermic effects were observed at 633,
732 and 852 K. Plot of enthalpy related to these effects
versus composition (Fig. 1c, d and e) indicates undoubt-
edly that they are related to RbEuBr; compound. First of
them at 852 K corresponds to incongruent melting of
RbEuBr;. The compound composition, x = 0.516 deter-
mined from the intercept of two straight lines in this
Fig. le is in a good agreement with the theoretical value of
x = 0.500. Similar Tamman constructions for effects at
633 and 732 K (Fig. 1c and d) give values of x = 0.506
and 0.505, respectively, which are in excellent agreement
with the theoretical value of 0.500. A tentative explanation
can be given for these two effects: It is very likely that the
first of them (at 633 K) corresponds to RbEuBr; compound
formation from Rb,EuBr; and RbEu,Brs, whereas the
second one (at 732 K) is related to the solid-solid
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transition of this compound. Indeed, the compound’s for-
mation at higher temperatures occurs in many LnX;-MX
systems [19, 34, 35, 37] with M =K, Rb or Cs as a
“reconstructive phase transition” [37]. Hypothesis about
RbEuBr; compound formation is supported indirectly by
exothermic effect observed in DSC curves for the samples
with compositions of 0.333 <x < 0.666. In solid-state
reactions which are “reconstructive phase transitions”, the
arrangement of the ions is drastically changed. Tons have to
move from one site to another passing through strong
potential walls of other ions. The resulting “kinetic hin-
drance” can cause great difference between reaction tem-
peratures, measured during DSC heating and cooling runs
(thermal hysteresis). In extreme cases of the cooling
experiments, the “undercooling” can become so strong that
the reaction does not occur in the time-scale of DSC.
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Fig. 1 Tamman diagrams for invariant points in EuBr,—RbBr binary
system (detailed description in the text)

Owing to kinetic reasons, the decomposition during cool-
ing takes place no longer, and the compound still exists in
the metastable form. Sometimes this ‘“undercooled”
decomposition occurs abruptly during subsequent heating
run, as it was observed in the case of K;NdBrg [35]. It is
very likely that similar situation takes place in the case of
RbEuBr; compound. During cooling, decomposition of this
compound is not completed due to kinetic reasons, and
some amount of it still exists at room temperature as
metastable phase. On the subsequent heating run, this
“undercooled” decomposition occurs abruptly, and exo-
thermic effect corresponding to this decomposition appears
in the DSC curve. We hope to confirm the above hypoth-
esis by means of X-ray measurements which are planned in
the nearest future.

In the composition range of 0.666 < x < 1.0, only one
thermal effect in addition to liquidus (Table 2.) is observed
at 859 K (mean value from all the appropriate sam-
ples).Taking into account that it disappears at x = 0.666
(similarly as the effects related to RbEuBr;), one can
expect that RbEu,Brs compound also exists in the system.
Indeed, this compound exists and melts congruently at
888 K. Accordingly, effect at 859 K corresponds to the
RbEu,Brs—EuBr, eutectic. The eutectic composition was
found from Tamman construction (enthalpy related to the
eutectic effect versus composition). The eutectic compo-
sition (x = 0.797) was determined from the intercept of the
two linear parts in Fig. 1f. The enthalpy of fusion of
mixture with eutectic composition is equal 25.1 kJ mol ",

The complete phase diagram is shown in Fig. 2.

Mixing enthalpy

The mixing enthalpy of liquid RbBr-EuBr, mixtures is
negative over the whole composition range (Fig. 3). The
minimum of the enthalpy of mixing occurs around the
composition x(EuBr;) ~ 0.4. Owing to lack of data, these
results could not be compared with mixing enthalpy for the
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X, EuBr,

Fig. 2 The EuBr,—RbBr phase diagram
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Fig. 3 Molar mixing enthalpy dependence on composition: open
circles and solid line—EuBr,—RbBr, broken line—LaBr;—RbBr [39]

other lanthanide dibromides. The only comparison possible
is the comparison with analogous lanthanide tribromide
systems. Absolute values of this enthalpy are a few times
smaller in comparison with data for trivalent lanthanide
bromide—rubidium bromide systems [38—40] (Fig. 3). In
general, the enthalpy of mixing in a charge—unsymmet-
rical mixed cation—common anion systems depends pri-
marily on the charge and size of the two cations and only to
a lesser extent on the nature of the common anion. It
depends on the “relative ionic potential” of the two cations
which can be defined as

Ap =22 (4)

rnon

where: 7, 20, r1 and r, are the valence and the ionic radius
of cations, respectively(z; > z).The magnitude of the
“relative ionic potential” reflects mainly the change in
coulombic interaction on mixing, but it is also related to the
magnitude of polarization of the common anion by
neighboring cations. The larger the “relative ionic
potential”, the more negative value of the enthalpy of
mixing will be (process of mixing is more exothermic). In
the case of LaBr;—RbBr mixtures, this “relative ionic
potential” is significantly bigger than in the case of EuBr,—
RbBr system (2.147 and 1.029 pm ™', respectively, when
based on ionic radii given in [41]). Mixing enthalpy is
according to this difference and is significantly bigger in
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Fig. 4 Interaction parameter /. dependence on composition: open
circles and solid line—EuBr,—RbBr, broken line—LaBr;—RbBr [39]

lanthanide (III) bromide systems. Figure 4 shows the
composition dependence of the interaction parameter 4

o AmixI—Im

s x(1 —x)

(5)
in the melts, together with the same parameter for LaBr;—
RbBr melts. The composition dependence of the interaction
parameter A for the LaBr;—RbBr system shows a broad
minimum of x(LaBr3) ~ 0.25, which was attributed to the
formation of LaBr637 complexes in the melts [39]. No
minimum was observed on analogical dependence of 1 for
the system under investigation, mixing enthalpy measure-
ments cannot give information about stoichiometry of
complexes formed in these melts. However, the [15]
dependence observed earlier of the electrical conductivity
of the liquid phase on composition, which shows a broad
minimum at x(EuBr,) ~ 0.6, suggests the formation of the
complexes in the liquid mixtures. Similarly, the depen-
dence of the activation energy on the changes in conduc-
tivity with temperature [15] is indicative of structural
changes in melts. The E, increases up to about 50 mol.%
of EuBr,, and becomes almost stable up to 80 mol.% of
EuBr,. The stabilization effect on activation energy
dependence on composition is very likely the result of
different forms of complexes co-existing.

Further structural investigations (neutron diffraction,
Raman, and EXAFS) may throw enlightenment on the
existence of the complex species in the liquid EuBr,—RbBr
binary system.

Conclusions

1. The complete EuBr,—RbBr phase diagram shows that this
binary system includes two eutectics and three stoichi-
ometric compounds, namely Rb,EuBr,, RbEuBr; and
RbEu,Brs. The composition and temperature values of
eutectics were determined as x(EuBry) = 0.316;
Tewe = 776 K, and x(EuBr,) = 0.797; T, = 859 K.
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The first compound, Rb,EuBr,, decomposes peritectic-
ally at 778 K, whereas the second one, RbEu,Brs, melts
congruently at 888 K. The third, RbEuBr; forms prob-
ably at 633 K from Rb,FEuBr, and RbEu,Brs, undergoes
the solid—solid phase transition at 732 K and melts
incongruently at 852 K.

2. The mixing enthalpy of liquid EuBr,—RbBr mixtures is
negative over the whole composition range with
minimum at x(EuBr,) ~ 0.4. However, almost linear
dependence of interaction parameter A on composition
does not give any information about stoichiometry of
the complexes formed in the melts. However, the [15]
dependence of the electrical conductivity observed
earlier of the liquid phase on composition suggests
formation of the complexes in the liquid mixtures.
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