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Abstract—The molecular and ionic sublimation of lutetium tribromide under thermodynamic equilibrium
(Knudsen effusion) conditions and from the open surface of a LuBrj; single crystal (Langmuir conditions) was
studied by high-temperature mass spectrometry. Vapor contained the LuBr3, Lu,Brg, LusBrg, and LuyBr;, mol-

ecules and the Br~, LuBr,, Lu,Br;, and Lu;Br |, negative ions. The partial pressures of the molecules in sat-

urated vapor and the ratio between the sublimation coefficients of monomers and dimers under free vaporiza-
tion conditions were determined. The degree of the electron impact-induced fragmentation of LuBr; molecules
under Knudsen and Langmuir sublimation conditions was analyzed. The second and third laws of thermody-
namics were used to calculate the enthalpies of sublimation in the form of monomers and oligomers (Knudsen
vaporization) and the corresponding activation energies of sublimation (Langmuir vaporization). lon-molecu-
lar equilibria with the participation of negative ions were studied. The enthalpies of formation of molecules and

ions in the gas phase were obtained.
DOI: 10.1134/S0036024408040055

INTRODUCTION

The determination of the thermodynamic, struc-
tural, and spectral characteristics of lanthanide halides
is a complex research problem of high-temperature
chemistry, which has been the focus of interest of a
large number of research teams (e.g., see reviews [1—
3]). Apart from fundamental studies, these data are of
interest for technologies in metallurgy and power engi-
neering [4]. In particular, data on lanthanide trihalide
vapor pressure and composition are used for growing
pure and doped LnX; crystals, which are extensively
used in optical [5] and scintillation [6] devices and for
creating energy-saving light sources (metal-halide
lamps) [7].

This work continues our systematic studies of the
molecular and ionic sublimation of lanthanide tribro-
mides under equilibrium conditions (with the use of the
Knudsen effusion method) and in free vaporization
from the open surface of a LnBr; single crystal (Lang-
muir conditions) [8] for the example of lutetium tribro-
mide.

Saturated vapor pressure over LuBr; was measured
in [9] and [10], where the boiling point and torsional-
effusion integral methods, respectively, were used. The
earliest data on the molecular composition of saturated
vapor over lutetium tribromide were obtained in [11,

12]; mono-, di-, and trimeric molecules were observed
in the mass spectrum of LuBr;. Unfortunately, neither
absolute component vapor pressures, nor thermody-
namic function values used in calculations of the
enthalpies of sublimation were reported in these works.
We cannot therefore estimate the reliability of the data
obtained in [11, 12]. The kinetics of sublimation and
the ionic composition of vapor over LuBr; have not
been studied.

The purpose of this work was to (1) determine the
fraction of oligomer molecules in the vapor phase
under equilibrium sublimation (the Knudsen method)
and free vaporization (the Langmuir method) condi-
tions, (2) refine the enthalpy of sublimation of LuBr; in
the form of monomers and determine the enthalpy of
sublimation in the form of oligomers using a new uni-
fied set of thermodynamic functions for the condensed
and gaseous states and obtain the thermodynamic char-
acteristics of molecules in the gas phase, (3) determine
the activation energies of sublimation, (4) analyze the
rules that governed fragmentation in the electron-
induced ionization of molecular beams from an effu-
sion cell and the open surface of a single crystal, and (5)
analyze the composition of and ratio between charged
vapor components in two sublimation regimes and
determine the thermodynamic characteristics of ions.
The novelty of the approach suggested is a complex
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Fig. 1. Temperature dependences of ion currents / in electron-impact mass spectra measured under (a) Knudsen and (b) Langmuir

conditions.

study of the thermodynamic and kinetic characteristics
of the sublimation of LuBr; accompanied by an analy-
sis of both molecular and ionic vapor components.

EXPERIMENTAL

We used an MI 1201 (£90°, radius of curvature
200 mm) commercial magnetic mass spectrometer
modified for high-temperature measurements. The pro-
cedures for measurements and compound synthesis are
described in detail in [8].

Sublimation under Knudsen conditions was studied
for a LuBr; powder of 99.999% purity. The substance
was vaporized from a molybdenum effusion cell with a
ratio of ~400 between the cell cross section and effu-
sion orifice (0.6 mm in diameter) areas. The substance
was loaded into the cell from evacuated ampules at
atmospheric pressure. To remove adsorbed moisture,
the cell with the substance was dehydrated in a ~10~! Pa
vacuum directly in the mass spectrometer at ~150°C for
several hours. Sublimation under Langmuir conditions
was studied using a 3 X 3 X 10 mm LuBr; single crystal
mounted in a cylindrical holder made of molybdenum.
The (001) crystal face (3 X 3 mm) cleaved directly
before installing the vaporizer into the mass spectrom-
eter was exposed to sublimation.

The molecular vapor components were analyzed
when the ion source operated under electron impact
conditions. The mass spectra were measured at ionizing
electron energy E. = 70 eV and emission current from
the cathode /., = 1 mA. In ionic sublimation experi-
ments, ions of the thermal origin formed inside the effu-
sion cell or on the surface of the crystal were drawn out
by a low electric field (10*~10° V/m) created between
the cell and a collimating electrode.
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RESULTS AND DISCUSSION

Mass Spectra. The qualitative composition of sin-
gle- and double-charged ions with one lutetium atom

(Lu*, LuBr*, LuBr,, LuBr;, Lu®*, LuBr*, and

2 . .
LuBr2+) was the same in electron-impact mass spectra
obtained under effusion conditions and under the con-

ditions of sublimation from an open single crystal sur-
face. In addition to the ions specified above, more com-

. + + +
plex ions, such as Lu,Brg, Lu,Br,, Lu;Brg, and
Lu,Br},, were recorded under Knudsen conditions,

whereas only Lu,Br; and Lu,Br, were observed for
Langmuir vaporization. The temperature dependences
of corrected ion currents I = [/a/y; (the index j denotes
the isotope measured, a is the coefficient of the natural
abundance of this isotope, and 7y is the ion-electron con-
version coefficient; y ~ M~> [13], where M is the
molecular weight of the ion) are shown in Fig. 1. The
coefficients of the linear approximation equation

logl = ~Ax10°/T+B 1)

are listed in Table 2. This table also contains the appear-
ance energies AE of ions obtained by the linear extrap-
olation of the near-threshold ionization efficiency curve
regions. The energy scale of ionizing electrons was cal-
ibrated using Ag and H,O as references.

An analysis of the coefficients of (1), AE values, and
the shapes of the ionization efficiency curves, which
did not contain pronounced kinks, led us to conclude

that the Lu*, LuBr*, LuBr; , LuBr; , Lu?*, LuBr?*, and
LuBr?r ions were largely formed from monomeric

LuBr; molecules with negligibly small possible contri-
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Table 1. Electron impact mass spectra for sublimation under Knudsen and Langmuir conditions and ion appearance energies (AE)

.. > + +o +0 & gg:n o0 I *ee o
Value Conditions T,K 0 . K 4 4 4 & & A o) o) 2
= = =) = ) =) = ) = = =)
3] — — — — — — — — — — —
I, % Knudsen 947 70 | 12 12 |100 | 48 0.5 7 5 20 04 | 0.1 |[~0.05
947 [111| 35 | 37 29 |100 | 37 36| 1.1 | 0.13
1061 [12]| 50 | 37 35 100 | 21 12
1061 70 | 10 10 100 | 45 0.4 5 36 0.5
Langmuir 953 70 | 10 10 |100 | 54 1 8 3 7
AE, eV 21.9 | 16.1 | 12.0| 10.8 10.7

Note: Ion currents are given taking into account ion isotope varieties and ion-electron conversion coefficients (see text); the error in appear-
ance energies was estimated at 0.5 eV; the second / values at 1061 K were obtained by extrapolation according to (1).

Table 2. Coefficients of Eq. (1), N is the number of measurements

Ion A B AT, K N A B AT, K N
Knudsen conditions Langmuir conditions

Lu* 12.78 £0.22 | 17.86£0.25 | 810-952 15 15.38 £0.37 | 19.84+£0.40 | 873-988 22
LuBr* 12.68 £0.26 | 17.77+£0.29 | 830-952 14 15.67£0.53 | 20.12+0.56 | 881-988 19
LuBr, 1345+£0.11 | 19.49+0.12 | 791-953 43 1547+£0.13 | 20.90£0.15 | 845-989 68
LuBr} 13.19£0.19 | 18.90+0.21 | 809-953 49 14.82 £0.32 | 20.06 £0.34 | 845-988 28
Lu?* 12.05+0.50 | 15.74£0.54 | 884-953 9 14.57£0.94 | 17.67+0.98 | 916-988 12
LuBr?* 1226 £0.37 | 17.06£0.40 | 876-953 10
LuBri+ 12.59£0.38 | 17.24+£0.41 | 876-953 9 1521 £0.78 | 19.22+£0.83 | 891-988 16
LuzBr;r 15.74£0.24 | 21.20+£0.26 | 846-953 12 17.47+£0.78 | 21.74+0.83 | 889-988 21
Lu,Br, 1492 £1.38 | 18.61+1.48 | 910-953 7

butions of oligomer fragmentation. The Lu,Br; and
Lu,Br, ions were formed in the ionization of Lu,Br,

dimeric molecules, and the Lu;Brg and Lu,Br], ions,
from Lu;Bry trimers and Lu,Br, tetramers.

The mass spectra obtained in this work at 947 and
1061 K are compared in Table 1 with the results of ear-
lier studies [11, 12]. As distinct from [11, 12], we

observed double-charged Lu?*, LuBr? and LuBr;'
ions, whose contribution to the total ion current was

~6%. A substantially lower relative current of Lu,Brs

ions reported in [11, 12] is also noteworthy. In other
words, in those works, the fraction of dimers in vapor
was strongly underestimated compared with the results
of the present study. As concerns [12], this can be a con-
sequence of the use of a comparatively long effusion
nozzle (~1 mm at a diffusion orifice diameter of 0.6 mm)
and a monopole mass analyzer with pronounced mass

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 82

discrimination. The reason for discrepancies between
this work and [11], where an MI 1201 mass spectrom-
eter similar to ours was used, is unclear.

The thermodynamic characteristics of sublimation.
The partial pressures of molecules in vapor were calcu-
lated according to the standard mass spectrometric pro-
cedure with electron impact-induced ionization by the
equation

pi = kT1/G}", e)
where k is the sensitivity constant of the instrument
(determined in a separate experiment with vaporization

of silver), T'is the temperature of the cell, 6" is the total

ionization cross section of the ith molecule at the work-
ing energy of ionizing electrons (calculated from the ion-
ization cross sections of atoms o™ [14] by the equation

o™l =(.75 2] G;l [15]), and [; is the total ion current of
ions of all types formed from the ith molecule.
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Fig. 2. Temperature dependences of saturated vapor pres-
sures over LuBr3: (a') our data (monomers), (a") our data
(dimers), (b) data from [10], and (c) data from [9] (b and ¢
are total vapor pressures).

The temperature dependences of saturated vapor
pressures p(Pa) of monomeric and dimeric molecules
were approximated by the equations

log p(LuBr;) = (- 13.569 +0.107) x 10°/T
+(13.900£0.121), 791-953 K,

3)

log p(Lu,Br) = (- 16.112 £0.235) x 10°/T
+(15.444 £ 0.260), 846-953 K.

The values preceded by = are the standard deviations.

The partial saturated vapor pressures over lutetium
tribromide are shown in Fig. 2 together with the total
vapor pressure [9, 10]. We see that the experimental
data obtained over a fairly wide temperature range well
correspond to each other. The mole fraction of dimeric
molecules changes from 2 to 7% over the temperature
range studied, and the mole fractions of tri- and tetram-
ers (not shown in Fig. 2) do not exceed ~0.03 and
~0.01%, respectively.

The enthalpies of sublimation of lutetium tribro-
mide in the form of monomeric and dimeric molecules
were found from the temperature dependences of the
partial pressures of saturated vapor components using
the procedure for experimental data processing accord-
ing to the second and third laws of thermodynamics.
The thermodynamic functions of LuBr; in the con-
densed state necessary for these calculations were
obtained by Bergman (Joint Institute of High Tempera-
tures, Russian Academy of Sciences) [16]. The thermo-
dynamic functions of LuBr; in the gas state were calcu-
lated in the rigid rotator—harmonic oscillator approxi-
mation. We used the molecular constants recommended
in [1] on the basis of an analysis of the experimental
and theoretical data available. The functions for Lu,Br,

“)
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dimeric molecules were estimated by the comparative
method from the averaged ratio between the functions
of lanthanum and dysprosium tribromide monomers
and dimers' calculated from the Kovdcs molecular
parameters [17]; we assumed that this ratio was con-
stant over the lanthanide series. The temperature
dependence of the reduced Gibbs energy function
O°(T) = —[G°(T) — H°(0))/T that we used was approxi-
mated by the polynomial [15]

®°(T),J/(mol K) = a+blnx+cx107x" )

+dx ' +ex+ f)c2 + gx3(x =Tx 10_4).

The coefficients of this polynomial are listed in Table 3.

The results obtained in processing the whole set of
the experimental data on saturated vapor pressure,
including the literature data, according to the second
and third laws of thermodynamics on the basis of the
unified set of thermodynamic functions are listed in
Table 4. The original data from [9, 10], where the total
vapor pressure was determined, were corrected for the
partial pressures of monomeric molecules taking into
account vapor composition on the basis of the
p(LuBr;3)/p(Lu,Brg) ratio obtained in this study. The
results reported in [9] (vapor pressures over liquid
LuBr;) were recalculated by the extrapolation of the
p(LuBr3)/p(Lu,Bry) values to the temperature above the
melting point (7, = 1298 K) taking into account the
enthalpy of fusion A H°(LuBr;) = 60 kJ/mol [16].

According to Table 4, the enthalpies of sublimation
in the form of monomeric molecules calculated using
the second and third laws of thermodynamics from the
vapor pressure data obtained by various authors agree
with each other quite satisfactorily. A more detailed
analysis of the results was based on the examination of
the temperature-induced changes in the enthalpies of
sublimation calculated by the third law and a compari-
son of the entropies of sublimation determined experi-
mentally and calculated by the third law. The results of
this analysis are shown in Fig. 3. We see that they are
evidence of a high reliability of the results obtained in
this work. Indeed, the AJH°(298.15) value varies insig-
nificantly as the temperature increases, and the differ-
ence between the experimental and calculated entropies
of sublimation is very small.

Note that the refinement of the results obtained in [9,
10] by taking into account the fraction of dimeric mol-
ecules in vapor improves the consistency of the whole
set of the enthalpies of sublimation. For dimeric mole-
cules, the enthalpies and entropies of sublimation cal-
culated by the second and third laws satisfactorily agree
with each other. Formally, our enthalpies of sublima-
tion closely agree with the data obtained in [11]. How-
ever, unfortunately, [11] contains neither the experi-
mental vapor pressure data themselves nor the thermo-
dynamic functions used to calculate them (or initial

!'The difference in the ratio between the ®° potentials was ~1%
over a wide temperature range.
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Table 3. Parameters of polynomial (5)
Compound a b - d e —f g
LuBry 582.384 81.5300 0.922285 0.473940 20.7695 60.5469 85.9942
Lu,Brg 1066.06 177.07 1.91511 1.08499 52.8546 145.212 201.253
LuBr, 698.285 106.566 1.10030 0.637100 19.8434 58.6576 84.4993
Lu,Br; 1165.24 200.040 2.25532 1.28785 77.2338 204.541 279.748

Table 4. Enthalpies (kJ/mol) and entropies (J/(mol K)) of sublimation of LuBr; in the form of monomers and dimers
and enthalpies of ion-molecular reactions (7}, is the mean harmonic temperature)

Second law Third law
AT, K N Ton Refs.
AH(Tyy) AS°(Ty) AH°(298.15) | AH°(298.15)
LuBr;(cr) = LuBry
791-953 43 884 259.8+2.0 170.4+2.0 273.6+2.0 275.9+12.0 | This work
903-1038 110 966 268.8 £9.0 178.8£9.0 2852+9.0 276.8 +12.0 [10]
265.1+9.0 174.0£9.0 281.5+9.0 277.5+12.0 [10]
1305-1468 1382 187.8+11.0 | 1195+11.0 | 280.8+11.0 | 267.5+12.0 [9]
1712+ 11.0 | 103.9+11.0 | 2642+11.0 | 2724+12.0 (9]
794-1073 907 260 +2 27443 276 +3 [11]
2LuBr;(cr) = Lu,Brg
846-953 12 905 308 £5 200+ 5 327+5 354 + 40 This work
794-1073 907 313+£22 331 +£22 326 20 [11]
LuBr; + LaBr, = LuBr, + LaBr;
944-1011 | 5 | 973 | 139+ 144 -13.9+ 144 | -259+5.0 | This work
Lu,Br; = LuBr, + LuBrj(cr)
913-1108 | 32 | 997 | ~78.4+10.0 | | -82.2+10.0 | -70.5+35.0 | This work

Note: Given with the sign “t” are standard deviations for the values calculated by the second law of thermodynamics and limiting errors,

including statistical errors and systematic errors in temperature, pressure, and reduced Gibbs energy, for the values calculated by the
third law. The enthalpies and entropies of vaporization are given at 1305-1468 K, T,,;, (second law). The first rows of data from [9]
and [10] contain calculations from the original total saturated vapor pressures, and the second rows, calculations from the partial
pressure of LuBr; monomers obtained from [9, 10] taking into account the ratio between monomers and dimers determined in this

work.

molecular parameters for thermodynamic function cal-
culations). This prevents us from drawing definite con-
clusions concerning consistency of the values obtained
or their reliability. Moreover, with dimers, it was a puz-
zle why, in spite of the closeness of the AH°(T,,,) val-
ues (T, is the mean harmonic temperature) and a sub-
stantially lower AJH°(298.15) value found in [11] by
the third law of thermodynamics, it followed from the
mass spectrum reported in [11] that the fraction of
dimeric molecules was about five (!) times lower than
that obtained in this work.

Because of a limited number of measurements for
trimeric (8.0 X 1073, 1.6 x 1073, and 3.3 x 103 Paat T =
953, 1002, and 1021 K, respectively) and tetrameric
(2.1 x 1073 Pa at T = 1082 K) molecules, we could not
process these results according to the second law of
thermodynamics. For these molecules, the enthalpies of
sublimation were estimated by the third law with the

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 82

use of the thermodynamic functions of Lu;Bry and
Lu,Br, in the gas state estimated by the additivity rule
with the introduction of empirical corrections [18]. The
AH°(298.15) values obtained were 449 + 50 and 515 +
50 kJ/mol for trimers and tetramers, respectively.

The enthalpies of formation of Lu,Br;,. The enthal-
pies of sublimation of lutetium tribromide in the form
of Lu,Br;, (n = 1-4) molecules determined in this
work and the enthalpy of formation of lutetium tribro-
mide in the crystalline state, AiH°(LuBr3, cr, 298.15 K) =
-814 + 10 kJ/mol [19], were used to calculate the
enthalpies of formation AH°(298.15 K) of lutetium
bromide mono-, di-, tri-, and tetramers. The values
obtained were =538 £ 15, —1274 = 40, —1993 * 50,
and —2741 = 50 kJ/mol, respectively.

Electron impact-induced fragmentation of LuBr;
molecules. It was of interest to compare the degrees of
fragmentation of LuBr; molecules under electron

No. 4 2008
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Fig. 3. Temperature dependences of A;H°(LuBrj3, 298.15 K)
and the difference AS°(LuBrs3, T)eyp — AgS°(LuBr3, T)yyeq:

(a) our data, (b) data from [10], and (c) data from [9]. The
results of calculations performed using the original total
vapor pressure data [9, 10] and vapor pressures recalculated
taking into account the contribution of dimeric molecules
are shown by solid and dashed lines, respectively.

impact in two sublimation regimes. The probability of
observing differences can be predicted from the follow-
ing considerations. An adsorbed molecule on the sur-
face of a crystal that experiences sublimation is in an
electric field of an excess surface charge concentrated
at vaporization steps (e.g., see [20-22]) and is therefore
polarized to a certain degree. Earlier, we found that the
temperature dependences of the degree of alkali metal
halide molecule fragmentation correlated with the field
strength of a surface charge of the defect-impurity
nature [23, 24]. The conclusion was drawn that mole-
cules that sublime from an open ionic crystal surface
could possess ‘“‘superthermal” rotational-vibrational
excitation.

This effect is based on the transformation of Stark
energy caused by the appearance of an induced dipole
moment of an adsorbed molecule into vibrational
and/or rotational excitation energy of the molecule as it
leaves the zone of the influence of the surface charge.
Unfortunately, there are no literature data on the ther-
modynamic properties of separate point defects on the
surface of LnXj, and the problem can therefore be ana-
lyzed at a qualitative level only. The value that can con-
veniently be analyzed is the relative partial ionization
cross section ®; @ is the ratio between the current of
ions of a given type to the total current of all ions
formed from molecules under consideration when elec-
tron and molecular beams interact.

The temperature dependence of & for single-
charged ions calculated for the Knudsen and Langmuir
regimes are shown in Fig. 4. We see that, indeed, these
data differ and their temperature dependences are also
slightly different. In particular, the relative partial ion-

ization cross section for LuBr, ions is slightly lower

under Langmuir conditions. According to Fig. 4, this
decrease is accompanied by an increase in the effi-

ciency of formation of LuBr; molecular ions under

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 82

BUTMAN et al.

P
@ . ®
0.6} (b) los
| oo o—o—o—o—o—1 ’
| —o-LuBr; o000
057 -=LuBr} 10
041 —LuBr*
—--Lu* Bl o S 04
03
0.08 1006
0.07 : 00— 1,05
880 920 960 880 920 960
T,K

Fig. 4. Temperature dependences of the relative partial ion-
ization cross sections @ of LuBr; molecules under electron
impact: (a) Knudsen and (b) Langmuir sublimation condi-
tions.

electron impact. According to our interpretation, a key
factor is an increase in the vibrational excitation of mol-
ecules that sublime from an open single crystal surface
under the influence of a surface charge field. Because of
the population of higher vibrational levels of the mole-
cule as a result of anharmonicity of vibrations, the
probability of Frank—Condon transitions resulting in
the formation of stable molecular ions should increase.
Relative excess vibrational excitation, however, likely
decreases as the temperature increases, which results in
a noticeable decrease in ® for molecular ions. At the
same time, the @ values for Lut and LuBr* decrease
under Langmuir vaporization conditions and change in
the directions different from those observed under
Knudsen conditions. These ions are likely formed via

electronically excited LuBr; ion states [25].

The relative concentrations of dimeric and mono-
meric molecules. The mass spectrum recorded under
Langmuir sublimation conditions is evidence that
Lu,Br, dimeric molecules are also present in the subli-
mation flux from the open surface of a LuBr; single
crystal. The activation energies of sublimation from the
lutetium tribromide crystal in the form of monomers
and dimers were determined from the regression coef-

ficients of the dependences log(zj LT lapy)-1/T
(: Lu*, LuBr*, LuBr;, LuBr;r, Lu*t, LuBr**, and
LuBr;") and log/ . .T-1/T. This gave E(LuBr;,

918 K) =299 £+ 3 kJ/mol and E(Lu,Brg, 938 K) =342 +
15 kJ/mol. As distinct from lanthanum tribromide stud-
ied in [8], whose enthalpy and activation energy of sub-
limation were equal to within measurement errors, the
activation energies of sublimation of LuBrj; in the form
of monomers and dimers were higher than the corre-
sponding enthalpies of sublimation. This difference can
be explained by a change in the structure of kinks
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(kinks of vaporization steps) on the surface of lutetium
tribromide under different sublimation conditions. It
should, however, be borne in mind that the energy char-
acteristics of sublimation under Langmuir conditions
are “apparent” values. The “true” activation energy of
sublimation can be obtained if the temperature depen-
dence of the o sublimation coefficient can be ignored.
The o, value is in turn determined by several factors
primarily depending on the structural and electric prop-
erties of the surface of the ionic crystal [24].

The absolute o, values for monomers and dimers
could not be determined by the method that we used.
Relative changes in the sublimation coefficients are,
however, easy to analyze by comparing the ratios
of the fluxes of molecules. For instance, the
Jj(Lu,Bry)/j(LuBr;) ratios between fluxes from the sur-
face of LuBr; crystals under Knudsen and Langmuir
conditions at 1000 K are 7.07 x 102 and 1.77 X 1072,
respectively; that is, the fraction of sublimed dimeric
molecules decreases by a factor of about four in passing
from dynamically equilibrium sublimation conditions
to open surface vaporization. In other words, this fac-
tor is an estimate of the ratio between the sublimation
coefficients for dimers oy (Lu,Brs) and monomers
o(LuBr;). A formal analysis of the ratio between the
sublimation coefficients of dimers and monomers can
be performed using the quasi-thermodynamic approach
[26] on the basis of the equation

o (Lu,Bre)
o, (LuBr;)

—AH*(LuBr3) [/RT — [A;H°(Lu,Bry)
—AH°(LuBr3) I/RT + [AS*(Lu,Bry)
—AS*(LuBr;) /R — [AS°(Lu,Bry)
—AS°(LuBr;) /R }.

Here, R is the universal gas constant and AJH* and AS*
are the enthalpy and entropy of activation of sublima-
tion, respectively (in a first approximation, the E, and
AH* values are assumed to be equal). The
AH°(Ln,Bry) — AH°(LnBr;) = 48 £ 5 kJ/mol and
AH*(Ln,Brg) — AH*(LnBr;) = 43 £ 15 kJ/mol incre-
ments have similar values. Their difference can be
taken to be zero to within measurement errors. It fol-
lows that, as with LaBr;, the difference between
o, (Lu,Brg) and o (LuBr;) cannot be explained by
energy considerations.

From the point of view of the entropy factor, subli-
mation can be decelerated (A S* < AS°) for several rea-
sons, including (1) slow surface diffusion of molecules
into desorption positions, (2) hindered rotation of mol-
ecules in the adsorbed state on the surface compared
with free rotation in the gas phase, and (3) different
molecular structures on the surface of a crystal and in
the gas phase [26]. The first reason can be a conse-
quence of the special features of the morphological
development of the surface of a crystal, and key param-

exp{ — [AH *(Lu,Bry)

(6)
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eters determining sublimation coefficient values are the
distance between vaporization steps A and the mean
displacement of a particle during surface self-diffusion

d[27, 28],
d
o, = Xtanh(a). (7)

The kinetic parameter d is determined by the equation
[29]

d = rexp[(Eg — Eq)/(2kT)], 3

where r is the mean diffusion jump length and E g and
E 4 are the activation energies of self-diffusion of a par-
ticle on surface terraces and desorption from them,
respectively. The determination of d and A is a complex
experimental problem involving combined use of the
molecular beam and electron or atomic-force micros-
copy methods. At present, this problem has been solved
for the simplest cubic crystals (e.g., see [30]). So far as
we know, such information is completely absent for
lanthanide halides. Nevertheless, we are interested in
relative rather than absolute monomer and dimer subli-
mation rates under the Knudsen and Langmuir condi-
tions. It is therefore pertinent to mention several points.

Since the surface diffusion of adsorbed molecules
under Langmuir conditions occurs in the electric field
of a surface crystal charge, the activation energy of dif-
fusion depends substantially on the polarizability of
molecules, which, according to experimental studies
[31], is much larger for gas phase dimers than for
monomers. It is reasonable to assume that the polariz-
ability of Ln,Xg is also higher than that of LnX;. As a
consequence, the activation energy of surface diffusion
is higher for dimers. It follows that the surface diffusion
of dimers is decelerated to a greater extent than the sur-
face diffusion of monomers in the passage from Knud-
sen to Langmuir sublimation conditions.

From the point of view of the difference of the par-
tial sublimation coefficients of monomers and dimers,
the second and third reasons specified above can play
an important role. In considering these factors, an
important role can again be played by a surface charge
electric field, which hinders rotation and distorts the
structure of adsorbed molecules because of its polariz-
ing action. Just these factors can be the reason for the
difference in entropy increments of dimers and mono-
mers in (6).

Ionic sublimation. Under both sublimation condi-

tions, we observed the thermal emission of the LuBr,

and Lu,Br; negative ions.Z Under Knudsen conditions,

the mass spectra also contained Br~ ions formed pre-
dominantly on the outside effusion cell surface; the

Lu;Br,, ions were also recorded at the sensitivity

2 We do not take into account the emission of positive alkali metal
ions present as impurity, which are always observed.
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Fig. 5. Dependences of the ratio between LuBr, and

LuzBr; ion currents on inverse temperature under
(1) Knudsen and (2) Langmuir sublimation conditions.

threshold. The “extraneous” origin of Br~ ions [8] pre-
vents us from using them in constructing ion-molecular
reactions for the determination of the enthalpies of for-
mation of negative ions emitted directly by the sub-
stance studied. For this purpose, we performed an addi-
tional experiment with the LaBr;—LuBr; binary system
to determine the equilibrium constant of the gas-phase
exchange reaction

LuBr; + LaBr, = LuBr, + LaBr;.

In this reaction, the LaBr, ion plays the role of a refer-

ence; the enthalpy of its formation A;H°(LaBr,, g,

298.15 K) = — 1105 = 14 kJ/mol was reliably estab-
lished by us in [8]. The calculated enthalpies of this
reaction are given in Table 4 (the procedure for calcu-
lating the enthalpies of exchange reactions is described
in detail, e.g., in [32]). These data were used to obtain

AH°(LuBry, g, 298.15 K) = -1085 + 23 kJ/mol.

The enthalpy of formation of Lu,Br,; ions was
determined by studying the heterophase reaction
Lu,Br; = LuBr, + LuBr;(cr).

The enthalpies of this reaction found using the second
and third laws of thermodynamics are listed in Table 4.
They were used to determine the enthalpy of formation

of Lu,Br; ions, AiH°(Lu,Br;, g,298.15 K) =-1829
40 kJ/mol. The thermodynamic functions of the LuBr,,

LaBr,, and Lu,Br; ions used in the calculations are
given by the coefficients of (5) listed in Table 3. The
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functions of LuBr, and LaBr, were calculated in the

rigid rotator—harmonic oscillator approximation with
the use of the molecular constants obtained in nonem-
pirical calculations of the structure, force fields, and

vibrational spectra of LnX, ions [33, 34]. The func-

tions of Lu,Br; were estimated according to the addi-

tivity rule with the introduction of an empirical correc-
tion [18]. We used the following literature data on the
enthalpies of formation AH°(298.15 K): -584 + 10

(LaBrs) [8, 19], —1105 + 14 (LaBr, ) [34], and -904.4 +
1.5 kJ/mol (LaBr;, cr) [19].

The log/ (LuBr, ) — 1/T dependences measured under

Knudsen and Langmuir conditions were used to deter-
mine the enthalpy and activation energy, respectively,

of sublimation of LuBr, ions, AH°(LuBr,, 1058 K) =

260 = 17 kJ/mol and E(LuBr,, 1066 K) = 318 =+

23 kJ/mol. It follows that the difference between the
AH° and E values is approximately the same for the

LuBr, ions and LuBr; molecules, which corresponds

to similar effects of the structural rearrangement of the
surface in the passage from the conditions of dynamic
equilibrium with saturated vapor to free sublimation
conditions.

Our preceding study of lanthanum tribromide [8]
led us to conclude that studies of ionic sublimation
from the surface of a single crystal with the use of a
drawing out collimating electrode fully suppressed
“extraneous” ion signals. We did not observe the signal
of Br~ ions for lutetium tribromide under Langmuir
vaporization conditions, which substantiated the above
conclusion. Another important problem is the establish-
ment of ion-molecular equilibria such as

Lu,Br3,,, =nLnBrs(cr) + Br-

on the open surface of a single crystal. The equality of

the ion current ratios /(LuBr,)/I(Lu,Br;) at various

temperatures under equilibrium and free sublimation
conditions is evidence that equilibrium was established.
A similar effect was observed for LaBr; [8]. In this

study, the /(LuBr, )/I(Lu,Br; ) ratio can also be consid-
ered unchanged in the passage from Knudsen to Lang-
muir conditions (Fig. 5). Note only that emitted ion cur-
rents were noticeably weaker under Langmuir condi-
tions than under Knudsen conditions. We therefore only
made three measurements of this ratio at temperatures
which already exceeded the pressure limit (10 Pa) for
effusion measurements.
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