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Abstract—The content of saturated vapors above europium dibromide and Eu—EuBr,, Eu—Ba—BaBr,,
EuBr,—LaBr; systems is investigated by means of high-temperature mass-spectrometry in the electron ion-
ization and thermoionic emission regimes. On the basis of the measured equilibrium constants for reactions
with participation of molecules and negative ions, the enthalpies of formation AcH39g (kJ/mol) are deter-
mined using the method of the third law of thermodynamics: —59 + 13 (EuBr), —349 + 19 (EuBr,), and

—861 +24 (EuBr;).
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INTRODUCTION

The energy characteristics of lanthanide halides are
of interest in modeling the processes of numerous
modern technologies [1]. The reliability of the model-
ing is in turn determined by the precision of preset
parameters. So far, the literature data on thermo-
chemical data for europium bromides are of an esti-
mative character or do not exist at all. In this work, the
experimental determination of enthalpies of forma-

tion for EuBr, EuBr, molecules and EuBr; ions is per-
formed using ion-molecular equilibria [2]. Measur-
able quantities of gaseous molecules and ions were
synthesized in situ in a Knudsen effusion cell. This
method was used earlier by the authors of [3] to deter-

mine the enthalpies of formation of EuCl,, EuCl;,

and EuCl, ions found during investigations of the
thermoionic emission of europium dichloride. Detec-

tion of EuCl, ions in this case indicated a dispropor-
tionate reaction [4] whose products in the vapor phase
could be Eu atoms and EuCl,, (# = 1—3) molecules.

The aims of the present investigation included (1)
gathering information on the stability of EuBr, with
respect to disproportionation, based on the analysis of
the vapor phase content; (2) determining the enthalp-
ies of formation of EuBr,, , , ions and the electron (bro-
mide ion) affinity of the corresponding molecules.
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EXPERIMENTAL

Experiments were performed on an MI 1201 mag-
netic mass-spectrometer (angle 90°; radius of curva-
ture, 200 mm) reequipped for high-temperature effu-
sion measurements. A combined ion source allowed us
to work in the electron ionization (EI) and ther-
moionic emission (TE) regimes, and thus to investi-
gate, respectively, neutral and charged vapor compo-
nents. The experimental method is described in detail
in [5]. In the EI regime, mass spectra were recorded at
the energy of ionizing electrons E, in the range of
6.5—130 eV and cathode emission current /; = 1 mA.
In the TE regime, negative 3 kV potential was applied
to the cell. To extract ions from the cell, negative
potential in the range 2850—2950 V was applied to the
collimator. The sensitivity of the registration system
for direct current at the level of 10~!7 A was ensured by
the combination of a secondary emission electron
multiplier and a digital picoammeter. The effusion cell
temperature was measured by a calibrated tungsten—
rhenium thermocouple (GOST 8.585-2001, type A-1).
Temperature corrections were determined from melt-
ing points of pure substances (NaBr and Ag). Mea-
surements of the sensitivity constant of the device were
performed in experiments on silver evaporation. The
software module in [6] enabled us to record automati-
cally ionic current, cell temperature, and energy of
ionizing electrons during the measurements.

EuBr, sample was synthesized using the NH,Br
technique [7, 8], which includes the following stages:
(a) the dissolution of Eu,0; in HBr and the addition of
ammonium bromide in a Eu : NH,Br ratio of 1 : 3.5
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Fig. 1. Temperature dependences of mass spectra. /(i) is the ionic current of the ith ion: (/) Eu", (2) EuBr" (evaporation of
EuBr,), (3) Eu™, (4) EuBr" (evaporation of the system Eu—EuBr,).

followed by solution evaporation; (b) the pulverizing
of the residue ((NH,);EuBrg) and its heating in an
argon flow to 180°C and then in vacuum to 400°C
with the formation of a mixture of EuBr, and EuBrj;
(c) additional vacuum calcination at 500°C until com-
plete decomposition of EuBr; into EuBr, and Br, is
attained. The final product was checked by X-ray and
chemical (mercurimetrically for bromine and com-
plexometrically for europium) analysis with the fol-
lowing results: Eu, 48.74 £ 0.13% (theoretical value,
48.75%), Br, 51.26 £ 0.12% (theoretical value,
51.25%). LaBr; was synthesized by the similar method
described in [9]. BaBr, preparation included the vac-
uum dehydration at 150°C of crystallohydrate BaBr, -
2H,0 of reagent grade. The europium and barium
metals were of reagent grade.

RESULTS AND DISCUSSION
Analysis of Mass Spectra

Eu®, EuBr*, and EuBr, ions were detected during
our investigation of pure europium dibromide in the
regime of electron ionization (temperature range,
1073—1231 K). The relative intensities of ionic cur-
rents at different temperatures are presented in Fig. 1.

Negative ions EuBr; and Br~ were revealed in the
regime of thermoionic emission. The absence of

EuBr, and EuBr, ions in the spectra obviously indi-
cates that the disproportionation reactions proceed
with a negligibly low yield, in contrast to europium
dichloride. The curves of ionization efficiency (CIE)
(Fig. 2) support this assumption. Based on our analysis
of the near-threshold parts of the CIE, the fractions of
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Eu atoms and EuBr molecules (7= 1130 K) in vapor
lie below 0.05 and 0.3%, respectively.
Considering the formation of negative ions
EuBr, ,, in reactions of associative addition of bro-
mide-anion to EuBr, molecules in adsorption layers,

we might expect the detection of EuBr, ions under the
conditions of elevated pressure of europium monobro-
mide inside a Knudsen cell. We therefore investigated
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Fig. 2. Curves of ionization efficiency at evaporation of
EuBr, (1150 K): (1) Eu" (2) EuBrt, (3) EuBr2+. Upon

evaporation of the Eu—EuBr, system: (4) Eu™, (5) EuBrt;
1 is the ionic current; E is the energy of ionizing electrons.

No. 4 2012



550

1, arb. units
100

1

80

m O e O

AW~

60 -

20

T

O | | 1 | | | | |
6 7 8 9 10 11 12 13 14

E, eV

Fig. 3. Curves of ionization efficiency upon evaporation of
the Eu—EuBr, system for Eut: (1) 1000 K, (2) 1130 K. For
EuBrt: (32 1000, (4) 1130 K. The ionic currents of Eu™
and EuBr" are normalized with respect to 13 eV.

the Eu : EuBr, (50 : 50 wt %) system. The obtained
mass spectra are presented in Fig. 1, and the CIE are
found in Fig. 2.

Comparison of the mass spectra for the pure prep-
aration and its mixed system with metallic europium
and our analysis of CIE clearly point to additional
contributions from Eu* and EuBr* ions to ionic cur-
rents. CIE for Eu* ions demonstrate its predominant
origin from europium atoms. An inflection point is
observed on the CIE for EuBr* ions at the 50% value
of the relative current, relative to the CIE for pure
EuBr,. This indicates considerable vapor concentra-
tion of europium monobromide molecules. Despite

this, however, only EuBr; and Br~ ions were found in
the regime of thermoionic emission, as in the experi-
ment with pure EuBr,. It is obvious that the pressures
of EuBr molecules attained under these conditions

were still not sufficient for the formation of EuBr, in

measurable quantities. lons of the LnBr, type were
registered in vapors, especially the thermally stable

lanthanide tribromides [10]. The absence of EuBr,
ions in the mass spectra is additional confirmation of
the absence of europium tribromide in the condensed
phase.

Enthalpies of Formation of EuBr and EuBr, Molecules

The enthalpy of formation of EuBr molecules was
determined by reaction (I) (Table 1) during our inves-
tigation of Eu—Ba—BaBr, system (30 : 30 : 40 wt %)
using the method described in [11]. Measurements of
ionic currents were performed at an ionizing electron
energy of 9 eV, in order to exclude the dissociative ion-
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ization of EuBr, EuBr,, BaBr, and BaBr, molecules.

The measured equilibrium constants K;’(I) are pre-
sented in Table 1. Thermodynamic functions (G°(7T) —
H°(298.15 K))/T, which are needed to calculate
A, H 595(1) (Table 1), were taken from [12] for Ba and
Eu atoms and BaBr molecules, while they were esti-
mated for EuBr molecules using the comparative
method in [13] and from the data in [14] for EuCl,
EuCl,, and EuBr, [15] molecules. The dissociation
energy D,os(EuBr) = 346 £ 11 kJ/mol was estimated
using the obtained formation enthalpy of EuBr (Table 2).
This value coincides, within confidence intervals, with
the similar value for strontium monobromide
Dg5(SrBr) = 337 £ 10 kJ/mol [12]. Such a coinci-
dence confirms the opinion of the authors of [16] as to
the physical similarity of valence shells of strontium
(5s) and europium (6s), since the resemblance of geo-
metric characteristics of 5s and 6s orbitals, e.g., in the
arrangement of their major radial maxima of electron
density due to lanthanide contraction for europium.

Formation enthalpy A;Hj3g(EuBr,) was deter-
mined by reaction (II) (Table 1), which proceeds dur-
ing evaporation of the Eu—EuBr, system (50 : 50 wt %).
The phenomenon of dissociative ionization was taken
into account in calculating K{,’(II); i.e., the contribu-
tions to the current from EuBr* (molecular precur-
sors, EuBr and EuBr,) and Eu* (precursors, Eu, EuBr,

and EuBr,) ions were separated. The current of EuBr,’
ions was considered as a “pure line.” Fragmentation
coefficients for EuBr, molecules can be presented as

the ratio of currents of fragmentary EuBr;” ions (0 <i<n)

and molecular ions EuBr, :
S(EuBr," /EuBr,) = I(EuBr,"/EuBr,)/I(EuBr, /EuBr,).

Based on the data for EuBr, molecules (Fig. 1), it was
determined that f{(Eu*/EuBr,) = 0.00197 — 1.1939
and f(EuBr*/EuBr,) = 0.0076 T — 3.8902, making it
possible to calculate /(EuBr*/EuBr) and /(Eu*/Eu,
EuBr). In order to determine the f{Eu*/EuBr) coeffi-
cient, we must estimate the value /(Eu*/EuBr). Let us
therefore consider the CIE of Eu™ and EuBr" ions
(Fig. 3). The shape of the CIE for EuBr* ions under-
goes considerable changes: the contribution from
I(EuBr*/EuBr) to the total ionic current rises with an
increase of temperature. In contrast, the shape of CIE
for Eu* ions remains practically unchanged with
changes in temperature, within the limits of measure-
ment errors. This indicates that the dissociative contri-
bution /(Eu*/EuBr) is close to zero. On the basis of
this conclusion, we accept that f{Eu*/EuBr) = 0.

The obtained value A¢H 595(EuBr,) is presented in
Table 2.
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Table 1. Equilibrium constants, reduced Gibbs energies, and enthalpies of reactions: Ba + EuBr = BaBr + Eu (I), Eu +
EuBr, = 2EuBr (II), EuBr, + LaBrBr, = LaBr; + EuBr; (III)

T,K ang —[G°(T) — H°(298.15)]/T, J/(mol K) A Hjyq , kJ/mol
4)) Ba EuBr Eu BaBr
1191 2.442 183.3 313.6 201.9 294.5 —24.7
1215 2.518 183.6 314.2 202.2 295.1 —26.0
1208 2.364 183.6 314.0 202.1 295.0 —24.3
1208 2.638 183.6 314.0 202.1 295.0 —27.1
1232 2.656 183.9 314.6 202.4 295.5 —27.8
1227 2.171 183.8 314.5 202.4 295.4 —22.8
-26+3
(II) Eu EuBr, EuBr
1087 —1.632 200.5 387.9 310.9 51.2
1090 —1.877 200.5 388.0 311.0 53.5
1099 —1.792 200.7 388.3 311.2 53.2
1117 —1.873 200.9 389.0 311.7 54.8
1134 —1.788 201.1 389.7 312.1 54.8
1121 —1.631 201.0 389.2 311.8 52.7
1127 —1.616 201.0 389.4 312.0 52.9
1138 —1.883 201.2 389.8 312.3 55.9
1150 —1.963 201.4 390.3 312.6 57.3
1164 —1.915 201.5 390.8 312.9 57.5
1180 —2.173 201.7 391.4 313.3 60.8
1202 —1.794 202.0 392.2 313.8 58.2
5515
(I11) EuBr, LaBr, LaBr; EuBrjy
1187 —3.757 391.6 517.0 448.0 437.2 9.3
1197 —3.934 392.0 517.7 448.5 437.7 11.1
1208 -3.716 392.4 518.4 449.1 438.3 9.0
1233 —3.689 393.3 520.1 450.4 439.6 8.9
1258 —3.597 394.2 521.7 451.6 440.8 8.1
1272 —3.337 394.6 522.6 452.3 441.5 5.4
9+ 3

Note:

Errors for the values calculated by the third law of thermodynamics is an additive value that includes a random error and systematic

errors in the thermodynamic functions of reaction participants. Errors in the enthalpies of reactions (I) and (I11) were calculated, taking
into account the mutual compensation of errors in the functions of compounds in the right- and left-hand sides of the reactions.

Formation Enthalpy of EuBr; Ions

Since Br~ ions can, along with other halide ions, be
partially emitted from the surface of an effusion cham-
ber [17, 18], the internal standard method [19, 20] was

used to determine formation enthalpy A¢H 593 (EuBr;)
(Table 2). According to this method, ion-molecular
exchange reactions with the participation of cluster
ions formed directly inside effusion cell are studied.
The EuBr,—LaBr; system (40 : 60 wt%) was therefore
investigated, for which the equilibrium constants and
enthalpy of gas-phase ion-molecular reaction (III)
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Table 2. Enthalpies of formation AH5g of atoms, mole-
cules, and ions, kJ/mol

Obtained data Used data Source
EuBr -59+13 | Eu 176 £ 3 [12]
EuBr, —-349+19 | Ba 185£5 [12]
EuBr; | -861+24 | BaBr -75+11 [12]

LaBr; —584 £ 10 [9]
LaBr, | -1105%14 [24]
No. 4 2012
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were obtained (Table 1). The K (III) values were mea-
sured in the EI and TE regimes during one and the
same experiment [21]. These values and the results
from calculating reaction (III) enthalpy by the third
law of thermodynamics are presented in Table 1. The

reduced Gibbs energies of EuBr; ions needed for these
calculations were taken to be equal to the functions of
EuBr;, calculated in the rigid rotator—harmonic oscil-
lator approximation. The molecular constants used in
the calculations were taken from [22]. The statistical
weight of the ground electronic state of EuBr; mole-
cules was assumed equal to that of the ground elec-
tronic state of Eu** ions [23]. The functions for LaBr;

and LaBr, were calculated in [9, 24].

The electron affinity of the EuBr; molecule, equal
to 4.0 £ 0.3 eV, and the affinity of EuBr, molecules for
bromide ions, equal to 3.0 = 0.3 eV, were calculated

using the obtained values of A;H 555 (EuBr;), ArH 595
(EuBr,), and A¢H 593(EuBr;) = —477 + 14 kJ/mol [1].
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