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Abstract—The vaporization process of ytterbium di- and tribromide was studied using high-temperature
mass spectrometry over the temperature range of 850 to 1300 K. It was ascertained that, at the early vaporiza-
tion stages, the vapor contained molecules YbBr;, YbBr,, YbBr, Br,, Yb,Br,, Yb,Br;, Yb,Bry, Yb,Brs,
Yb,Brg, and atoms Yb and Br. The partial pressures of all components of saturated vapor were calculated. It
was found that vapor composition reflected the course of the reactions of decomposition of tribromide and
disproportionation of dibromide in the condensed phase. It was concluded that vaporization of di- and tri-
bromide was incongruent at the initial stages; vaporization of both agents acquired a congruent character with

the Yb : Br=1.0: 1.9, , ratio with time.
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INTRODUCTION

Lanthanide atoms are known to most likely exist in
halogen compounds in stable trivalent state. The ther-
modynamics of vaporization of LnX; has recently
been studied fairly completely [1—4]. Europium,
ytterbium, and samarium are exceptions for which
reliable thermodynamic characteristics of the vapor-
ization process have virtually not been published. This
primarily accounts for the incongruent character of
evaporation [5, 6] and the valence transformation
Ln(IIT) = Ln(II) in these compounds at high temper-
atures, which is in accord with the general tendency
toward decreasing stability of the trivalent state in the
lanthanide series [7, 8]: La, Lu, Gd, Ce, Tb, Pr, Er,
Nd, Ho, Pm, Dy, Tm, Sm, Yb, and Eu. Their thermal
decomposition occurs due to the decreased stability of
the state of Ln(I1I) in trihalogenide compounds [1, 9]:

2LnX4(s) = 2LnX,(cr) + Xy(g). (1)

On the other hand, it was noted in [7, 10] that lan-
thanide dihalogenides disproportionate at high tem-
perature via the reaction

3LnX,(s) = Ln (cr) + 2LnXj;(cr). 2)

Unfortunately, no detailed information on the con-
ditions of reaction (2) has been published, with the
exception of data for LnCl, compounds, which dis-
proportionate under vacuum at 77> 1273 K [11, 12].
The type of reaction (2) was determined mainly by
analyzing the composition of the condensed phase,
whereas the composition of the gas phase during this
reaction has not been investigated.
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It should be noted that reactions (1) and (2) are
mutually concurrent in a certain sense, since the lan-
thanide trihalogenide released in reaction (2) at such
high temperatures must decompose via reaction (1),
particularly in the presence of a metal. Thus far, no
attention has been given to this in the literature,
although this concurrence can result in subtle chemi-
cal effects associated with the high-temperature
valence transformation of a lanthanide. In turn, this
circumstance considerably complicates the investiga-
tion of vaporization regularities of individual com-
pounds LnX, and LnX; with the valence-instable state
of lanthanide. Since the composition of saturated
vapor is complex and susceptible to serious changes,
this type of study can be carried out only using the dif-
ferential tensimetry methods, high-temperature mass
spectrometry in particular [13].

In this work, the mass spectrometric investigation
of regularities in vaporization of ytterbium tri- and
dibromide was performed in order to determine the
qualitative and quantitative composition of saturated
vapor.

EXPERIMENTAL

The experiment was conducted on an MI 1201
serial magnetic mass spectrometer (£90°, curvature
radius of 200 mm) reequipped for high-temperature
effusion measurements from a Knudsen cell (materi-
als: graphite, molybdenum). The molecular and ion
beams were located coaxially. The instrument was
described in more detail in [14]. Mass spectra were
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Fig. 1. Temperature dependences of the mass spectra and their change over time upon the vaporization of YbBr3; (a) ion i: (1)

Yb*; (2) YoBrt; (3) YbBry; (4) Bry; (b) ion i: (1) Yb,Br™; (2) YbyBry ; (3) YboBry'; (4) YboBry'; (5) YbyBrs'; t s the duration

of the experiment.

recorded at an energy of ionizing electrons E; = 30 eV,
and an emission current from the cathode of /, 1 mA.
A secondary electron multiplier combined with a Kei-
thley digital picoampermeter allowed us to attain a
sensitivity of the registration system of 10~ A in the
direct current measurement mode. The temperature
of the effusion cell was measured using a standard
tungsten—rhenium thermocouple calibrated for the
melting points of pure Csl and Ag. The sensitivity con-
stant of the instrument was calibrated according to the
saturated vapor pressure over metallic silver. A soft-
ware module designed in our laboratory allowed auto-
matic registering of the ion current, cell temperature,
and energy of the ionizing electrons in the course of
measuring.
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The YbBr; sample was synthesized from Yb,0;
(Fluka, 99.9%) using the NH,Br procedure [15, 16],
which includes the following stages: dissolution of
ytterbium oxide in concentrated (47%) HBr solution;
introduction of ammonium bromide in Yb : NH,Br
ratio of 1 : 3.5, followed by vaporization of the solu-
tion; grinding of the residue and its heating to 150°C
in argon flow and to 450°C under vacuum. The brutto
reactions of synthesis are described by equations:

Yb,0; + 6HBr + 6NH,Br — 2(NH,);YbBr, + 3H,0,
3

4

For further purification, the dry YbBr; powder was
sublimed in an airtight quartz reactor at 950°C under
vacuum.

(NH,);YbBr; —> YbBr, + 3NH,Br.

Vol. 85 No. 5 2011
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Fig. 2. lonization efficiency curves at I and I1 stages of vaporization of YbBr; for ions (7) Yb™; (2) YbBr*; (3) YbBr2+ C)) YbBr3Jr .

The YbBr, sample was obtained by reducing YbBr;
with metallic Yb (Metall Rare Earth Ltd., 99.99%) in
a tantalum container sealed by arc welding in a helium
atmosphere and enclosed in a quartz ampoule. The
metal was used in excess YbBr; : Yb ratio of 2 : 1.05.
The temperature was raised to 980°C and kept there
for 24 h, then lowered to 800°C and kept for 24 h fol-
lowed by slow cooling to room temperature over 72 h.
The resultant pale yellowish-white powder was identi-
fied via X-ray diffraction as phase pure YbBr,.

RESULTS AND DISCUSSION
Mass Spectra of YbBr; Vaporization Products

The following ions were registered in the mass
spectrum upon the vaporization of YbBr; over the

temperature range of 850 to 1300 K: Yb*, YbBr*,
1

YbBr,, YbBr;, Br,, Br*, Yb,Br*, Yb,Br,, Yb,Br;,

Yb,Br, , and Yb,Br;'.

In the course of measurements, two main stages
were observed; these are denoted by Roman numerals [
and II in Fig. 1. Note that these and all subsequent
data were obtained using a graphite cell, stage I being
more prolonged than when a molybdenum cell is used,
which ensures greater reliability in measuring the
ratios between the ion currents in a mass spectrum.

I The measurements of ion current of Brt were complicated by
considerable background noise from the instrument at m/e =
79, 81 and were performed only at several individual tempera-
ture values (not shown in Fig. 1). The atomic bromine pressure
was, however, taken into account in calculating the relative con-
tent of Br/Yb atomic feractions in the vapor (see below).
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As can be seen in Fig. 1, the mass spectra of vapor
differ considerably at different stages, this distinction
comprising not only the qualitative change in the

ratios of ion currents but the complete vanishing of Br,’
and Br* ions from the mass spectrum at stage 11 as well.
We note that at both stages, the mass spectra differ
from those of lanthanide tribromides [17—21]. The
phenomena that stand out in particular are a very high
fraction of YbBr* ion and a wide variety of ions con-
taining two ytterbium atoms. The presence of Brt and

Br, ions at stage I indicates the release of atomic and

2
molecular bromine due to the thermal decomposi-
tion of the sample via reaction (1).

Analysis of lonization Efficiency Curves

In order to determine the molecular precursors of
ions at each vaporization stage, we recorded the ion-
ization efficiency curves (IECs) (Fig. 2), which are the
dependences of mass spectra on energy of ionizing
electrons. The energy scale in Fig. 2 was calibrated with

respect to the YbBr; ion, since it forms only as a result
of the ionization of YbBr; molecules (by analogy with
other lanthanide tribromides [17—21]) and corre-
sponds to a so-called “pure line” in the mass spectrum.
The ion appearance energy AE(YbBr;, YbBry) = 9.5 +
0.5 eV, which is the same as the ionization energy [, of

2According to the assumption in [22] on possibility of ignoring
the dissociative ionization of Br,, the ratio between ion currents

of Br* and Brz+ corresponds to the equilibrium constant of reac-
tion Br, = 2Br.
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Fragmentation coefficients of YbBr, YbBr,, and YbBr;
molecules

Coefficient Value
Jor = I(Yb*,YbBr)/I(YbBr*,YbBr) 0.05+0.02
Jo2 = I(Yb",YbBr,)/I(YbBr, , YbBr,) 0.19 £0.03
fo3 = I(Yb*,YbBr3)/I(YbBr3 ,YbBrs) 0.11 £0.03
fi2=I(YbBr*,YbBr,)/I(YbBr, ,YbBr,) 0.90 £ 0.11
fi3 = I(YbBr",YbBr;)/I(YbBr; ,YbBr;) 0.35£0.05
J>3 = I(YbBr,*,YbBr;)/I(YbBry ,YbBrs) 1.24 £0.14

Note: I(Yb*, YbBr) is the intensity of the current of Yb™ ions formed
from YbBr molecule. The same is true for the other cases.

the YbBr; molecule, was determined by the extrapo-
lated difference method [23] using /,(Br,) = 10.53 +
0.01 eV [12] as a standard. It should be noted that the
AF values for the other ions were not determined pre-
cisely in this work, such determination being compli-
cated under the superposing of spectra of individual
molecules due to the distortion of IEC shapes. In
interpreting the mass spectra, we therefore relied on
our analysis of shapes and relative shifts of the IECs
obtained in one experiment.

As can be seen in Fig. 2, the curve of YbBr* ion is
shifted leftward at stage I and yields an AE value of
approximately 9 eV. Note that it is the lowest value,
compared to the other ions. Moreover, it is consider-
ably lower than the values of ~15—16 and ~10—11 eV,
predicted for AE(YbBr*, YbBr;) and AE(YbBr+,
YbBr,). This demonstrates that at stage I, not only
YbBr; and YbBr, but also YbBr molecules contribute
to the ion current of YbBr*.

In moving to stage 11, the IEC of YbBr™ shifts right-
ward and curves in more to mask its break, while the
lower region of the curve can still be extrapolated into
the low energy range (<9 eV). Such behavior corre-
sponds to a relatively lower contribution to the total
current of YbBr* from ytterbium monobromide at
stage 1I. The AE(Yb™) value on the order of 15—16 eV
(Fig. 2, stage 1), along with the IEC shape for Yb* ion,
demonstrates that it prefers to form at stage I from
YbBr; and YbBr, molecules. At stage 11, the break of
the IEC of Yb*™ becomes more pronounced, and a long
region extending to the low energy range emerges in
the curve, attesting to the emergence of a contribution
to current of Yb* from Yb atoms. In the case of the

YbBr, ion, the changes in IEC at stages I and II
(Fig. 2) are pronounced to a lesser extent and are
manifested as a small shift of the curve (~0.5 eV) left-
ward, indicating a relative increase in the contribution
to this ion from dibromide molecules at stage I1.
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The observations described above and our interpre-
tation of them suggest that the vapor composition at
which up to four ytterbium-containing gas compo-
nents (YbBr;, YbBr,, YbBr, and Yb) can simulta-
neously coexist is complex. The next stage of process-
ing the primary data therefore involved separating the
contributions to ion currents from different molecular
precursors.

Attribution of Ion Currents to Molecular Precursors

Let us introduce the concept of fragmentation
coefficient

Ji=1/1; %)
which determines the ratio between fragmentary
YbBr;" and molecular YbBr; ion currents formed

from the YbBr; molecule (i <j). Let us express ion cur-
rents [y, 15, I3 of fragmentary ions Yb*, YbBr*, and

YbBr, , the products of ionization of YbBr; molecule,
in terms of ion current /55 of the pure line of YbBr;*
and the corresponding fragmentation coefficient:

Ii3 =ﬁ3[33a (l = 01 1: 2) (6)

Likewise, for YbBr, and YbBr molecules we obtain the
expressions

Iy =foly, ((=0,1); 7
Ly =fuly, (i=0); (8)

respectively. The task of attribution of ion currents to
molecular precursors is thus reduced to determining
the coefficients fys, fi3, /3, fo2, f12, and f;,. With this in
mind, we considered the balance equations of ion cur-
rents measured upon vaporization of YbBr; at stage I,
where the content of Yb atoms in vapor could be
ignored (see above):

Iy =1, —f03 8 —foz(lz —f23[3)s )

[11 = Il —f1313 —flz(lz —f2313), (10)
where /; is the measured ion current.
Substituting (9) and (10) into (8), we express
fOl:[0_f03]3_f02([2_f2313) (11)

11 _.f13]3 _fi2(12 _f23]3)
Since f;, is independent of gas phase composition and
temperature (as we assumed), expression (11) is valid
for each of the experimental points at stage I. It can
therefore be written for two points as

Iy — fols = fooldsy = fs 1)
Iy = fisly = fily = fs13)
_ Iy — fosly — foolIy _f23];')’
Iy = fisls = fiudy = fs15)
where /; and /' are the ion currents for the first and

1

second random points. Using the experimental data

(12)

Vol. 85 No. 5 2011
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Fig. 3. Temperature dependences of the mass spectra and their change over time upon the vaporization of YbBr,; (a) ion i: (/)

Yb™; (2) YbBr™; (3) YbBr3 ; (b) ion i: (1) YbyBrt; (2) YbyBrs ; (3) YboBr3 5 (4) YbyBry'; (5) YbyBrs'.

on ion currents measured at different temperatures, a
system of type (12) nonlinear equations was devised,
the Levenberg—Marquardt gradient method [24] with
the criterion of allowable convergence of 0.01 being
used for its resolution. The resultant fragmentation
coefficients are listed in table.

Mass Spectra of the Products of Vaporization of YbBr,

Yb*, YbBr*, YbBr,, YbBr3, Yb,Br, Yb,Bry, and
Yb,Br,” ions were recorded in the mass spectra in
heating YbBr, over the temperature range of 1050 to
1300 K. Just as in the experiment with YbBr;, the

vaporization of ytterbium dibromide occurred in two
stages (Fig. 3). At stage I, the relative content of

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 85

YbBr, ions in the mass spectrum was considerably
lower than that of Yb* and YbBr* ions. An abrupt

increase in the relative signal of YbBr, was observed

at stage I1. The presence of YbBr3+ ion attests to the
occurrence of YbBr; molecules in the vapor; these
can be formed in reaction (2). Note that the mass
spectrum at stage Il appeared to be similar to the
mass spectrum of vaporization of YbBr; (Fig. 1,
stage II). Since the fragmentation coefficients of the
molecules potentially present in the vapor were
obtained earlier (see above), a deeper analysis of the
mass spectra by means of the IECs would in this case
have been redundant and was not performed.

No.5 2011
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Composition and Pressure of Saturated Vapor

The partial vapor pressures were calculated by the
standard procedure [13] using the relation:

kT 1;
i = ol _j’ (13)
G, Vit

where k is the sensitivity constant of the instrument, 7

is the cell temperature, G?ml is the total ionization

cross section of the jth molecule with the working
energy of ionizing electrons (calculated on the basis of

. . . . t .
ionization cross sections ¢, of atoms n [25] using the

expression o7 = 0.752:}10?,t [26]), z[(lij/yiai) is
the total ion current of ions i of all types formed from
molecule j (calculated on the basis of the resultant
fragmentation coefficients (table)), a;is the coefficient
taking into account the natural abundance of isotopes
of the measured ion, and y; is the coefficient of ion—

electron conversion (it is assumed that y; ~ M, [1/ 1271,

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A

where M; is the molecular mass of ion). The calcula-
tion results are presented in Figs. 4—8.

Vapor Composition upon the Vaporization of YbBr;.

As can be seen in Fig. 4, such ytterbium-contain-
ing molecules as YbBr, YbBr,, and YbBr; are present
in the vapor in comparable amounts upon the vapor-
ization of YbBr; at stage I. It is interesting to note
that the partial vapor pressures of these molecules
change almost identically with growing temperature,
attesting with a high degree of probability to an iden-
tical mechanism of vaporization of di- and tribro-
mide molecules; i.e., as a result of dissociation of
YbBr; molecules on the surface of the sample under
study, followed by desorption of the products into the
vapor phase. On the other hand, a more substantial
increase in partial pressures was observed for bromine
atoms and molecules with increasing temperature
(Fig. 4).

Vol. 85

No.5 2011



COMPOSITION OF SATURATED VAPOR OVER YITERBIUM BROMIDES

Estimating the relative content of atomic fractions
of Yb and Br in vapor being 1.0 : 3.9, , for the highest
temperature of the stage I allows us to conclude that

the vaporization of YbBr; is incongruent.3 It is the
reduced bromine content in the sample being vaporized
that is likely to predetermine the valence transforma-
tion of ytterbium Yb(III) — Yb(II) in the condensed

phase,4 i.e., the transition from stage I to stage 11. Note
that the temperature range (1100—1200 K) in which
this transition takes place is close to the assumed melt-
ing temperature of YbBr; [12].

The higher molar fraction in the resulting
YbBr, : YbBr; system corresponds to ytterbium dibro-
mide by the beginning of stage II. Nevertheless, the
molar fraction of YbBr; is not susceptible to any fur-
ther reduction due to the occurrence of reaction (2).
Additional support for this is the presence of Yb atoms
in vapor at stage II (Fig. 4). The total vapor composi-
tion of ytterbium-containing particles upon the vapor-
ization of YbBr; is presented in Fig. 5. The relative
content of Yb and Br in vapor at stage II (1 : 1.9.,)
demonstrates the brutto composition of the congru-
ently vaporizing condensed phase, which can be pre-
sented as the triple system Yb—YbBr,—YbBr;, dibro-
mide being its major component.

The presence of four components (Yb, YbBr,
YbBr,, and YbBr;) in the vapor accounts for the wide
variability of molecular associates Yb,Br,, Yb,Br;,
Yb,Br,, Yb,Br;, and Yb,Brg (in the spectrum, these

correlate with the ions Yb,Br*, Yb,Br,, Yb,Br;,

5
Yb,Br;, and Yb,Br;, respectively),” which are combi-

nations of the specified simple components. This pro-
vides additional support for the occurrence of associa-
tion/dissociation reactions in the surface layer.

In accordance with Dalton’s law, when measuring
the total saturated vapor pressure above ytterbium tri-
bromide using the torsion-effusion method (without
analyzing the vapor phase composition) we calculated
the total pressure of molecules registered in the vapor
upon the vaporization of YbBr; in order to compare
our results with those obtained in [2] (Fig. 6). As can
be seen in Fig. 6, the additive values of pressures

3 For low temperatures, this ratio is 1 : 2.94¢., attesting within the
experimental error to the congruent vaporization of YbBr; at
these temperatures.

4 The Knudsen method is a semidynamic technique in which even
a small sampling of particular molecules can in certain cases
play an important role during reactions in the condensed phase
[28].

3 In accordance with the well-known regularities for molecules of
lanthanide halogenides Ln,Xj, (n = 1-3) [17—21], the channel
of dissociative ionization with the cleavage of one bromine atom

and formation of szBr2+,, _ ions is most likely upon the inter-
action of such associates with electrons.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 85 No. 5
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Fig. 6. Temperature dependence of total saturated vapor
pressure upon the vaporization of YbBr;: (/) our data;
(2) data of [2].

obtained in this work are in close agreement with the
data [2] obtained at low temperatures of the studied
range. We believe the increasing pressure divergence at
high temperatures can be attributed to the material of
the effusion chamber. The authors of [2] used cham-
bers made of pyrophyllite, which is likely to be a more
inert material than graphite. As a result, the tempera-
ture range at which the transition from stage I to stage
II takes place might shift. In preliminary experiments,
we found that when a graphite cell is replaced with a
molybdenum cell, this shift is approximately 100 K
down the temperature scale.

Vapor Composition upon the Vaporization of YbBr,

Upon the vaporization of ytterbium dibromide,
such components as YbBr;, YbBr,, YbBr, Yb, Yb,Br,,
Yb,Br,, and Yb,Br; are present in the vapor; the high-
est vapor pressure was observed for monobromide
molecules (Fig. 7). The total vapor composition in the
vaporization of YbBr, is shown in Fig. 8.
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The transition from stage I to stage 11 is accompanied
by a considerable increase (by an order of magnitude) in
the vapor pressures of YbBr, and YbBr; molecules and a
proportional decrease in vapor pressure of Yb atoms, the
vapor pressure of YbBr molecules remaining almost
constant (Fig. 7). We may assume that the YbBr mole-
cules are products of either the decomposition of YbBr,
and YbBr; on the sample surface or their interaction
with Yb atoms. The temperature range of the transition
virtually coincides with the range between the stages
upon vaporization of YbBr; (see above).

According to the vapor composition at stage I, the
ratio between the atomic fractions of elements Yb : Br =
1.0 : 1.1, attests clearly to the incongruent character
of vaporization of YbBr, with the predominant loss of
ytterbium in the condensed phase. At stage 11, the ele-
mental composition of the vapor changes considerably
as compared with stage [; Yb : Brratio is 1.0 : 1.9, ,.
This composition does not undergo any further
changes, evaporation becoming congruent. It is of great
importance that this congruent composition (and the
vapor composition) is identical to the congruent com-
position at stage II upon the vaporization of YbBrs;.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A

The complexity and diversity of chemical processes
occurring in the condensed phase do not allow us to
explicitly reveal the nature of the transitions observed
upon vaporization of ytterbium di- and tribromides.
Nevertheless, the results of this work agree with those
of studies in which the vaporization of Yb—F systems
was investigated [5, 6], proving conclusively that the
initial ratio of lanthanide and halogen elements in the
condensed phase in any case yields a certain congru-
ently vaporizing composition. There is good reason to
expect that the stoichiometry of this composition
reflects the equality of the occurrence rates of reac-
tions (1) and (2).

In order to support the reliability of our data on
partial vapor pressures, the equilibrium constants K, of
gas phase reaction

2YbBr = YbBr, + Yb, (14)
calculated for stages I and 11 upon the vaporization of
YbBr, are given in Fig. 9. It can be seen in Fig. 9 that
there is close agreement between the K, values within
the experimental error at both stages.
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Fig. 9. Temperature dependence of equilibrium constant
of reaction (14) for two stages of the evaporation of YbBr,:
(1) approximation line; (2) confidence interval £10%.
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