ABSTRACT

A PHASE STUDY AND THERMODYNAMIC INVESTIGATION OF
THE EUROPIUM-OXYGEN-BROMINE SYSTEM

BY

John Maurice Haschke

Eight binary and ternary europium phases have been ob-
served in the europium-oxygen-bromine system. The phases:
trieuropium tetraoxide (EuzO,), europium monoxide (Eu0),
europium dibromide (EuBry), europium tribromide (EuBrg),
trieuropium tetraoxide monobromide (EuzO4Br), europium mon-
oxide monobromide (EuOBr), and trieuropium monoxide tetra-
bromide (EuzOBry,), have been prepared from the sesquioxide
and were analyzed by chemical and X-ray crystallographic
procedures. Guinier X-ray powder diffraction data, which
were collected for all phases, have been indexed. Single
crystal diffraction data were collected for the dibromide
and tetraoxide monobromide. Lattice parameters were also
determined for europium dibromide monohydrate (EuBrgy °H,0)
and europium tribromide hexahydrate (EuBrgz-6H,0).

The following vaporization reactions were characterized
by a combination of X-ray diffraction, weight loss, effusate
collection, and high temperature mass spectrometric tech-

niques:
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3 EugO4(s) —> 4Euy03(s, monoclinic) + Eu(g). (1)

4Eu0O(s) > Euz04(s) + Eu(g). (2)

3Eug04Br(s) > 4Eu,04 (s, monoclinic) + EuBry(g) + Br(g).

(3)

> EuBry(g). (4)

EuBrgy(4)

4EuOBTr (s) > EugO4Br(s) + EuBry(g) + Br(g). (5)

Equilibrium vapor pressure measurements for reactions (1-4)
have been made by target collection Knudsen effusion tech-
niques. Microgram quantities of the condensed effusates
were analyzed by an X-ray fluorescence procedure, which
involved the establishment of linear external calibration
curves.

The following second law enthalpies and entropies of
vaporization were obtained for the median measurement tem-
peratures: EuzO4(s), AH3g10 = 86., * 1., kcal/gfw, AStgie =
28.29 + 0.8, eu; EuO(s), AHlg.e = 75.9, * 0.9, kcal/gfw,
£S9546 = 28.65 = 0.6; eu; Eus04Br(s), AHJzee = 129.9 % 1.,
kcal/gfw, 053399 = 50.8; * 0.8; eu; and EuBry(£), AHYg77 =
58.2, + 0.7 kcal/gfw, 8S7377 = 23.0; + 0.55 eu. At its
boiling point (2530 * 359K), EuBry(4) has a second law
enthalpy and entropy of AHg = 52.o + 3. kcal/gfw and Asg =
20.g £ 1.9 eu. A general scheme for approximation of heat
capacities of the solid phases has been derived, and the
ensuing estimated values have been combined with approxi-
mated entropies in the calculation of free energy functions.
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At 298%K, the following second and third law enthalpies and
second law entropies of vaporization were obtained: Eu304(s),
MHJgs (2nd) = 93.5 * 2.5 kcal/gfw, AHggg (3rd) = 92.24 * 0.5,
kcal/gfw, 0S%gg = 39., * 1., eu; EuO(s), AHygg (2nd) = 80.; *
2.0 kcal/gfw, AHpgg (3rd) = 80.0y + 0.4, kcal/gfw, 4SS, =
33.9 * 1.5 eu; EuBrg(s), AHagg (2nd) = 71., + 2., kcal/gfw,
AHYgg (3rd) = 69.5, * 0.4y kcal/gfw, ASJgg = 36.g5 * 2.5 eu;
and EuzO4Br(s), AH9gg (2nd) = 137.4 * 2., kcal/gfw, AHggg
(3rd) = 139.4, t 0.9, kcal/gfw, AS9gg = 64.7 * 2.4 eu. The
enthalpies and free energies of formation and the standard

entropies calculated from second law results are: EugO4(s),

0 - (1] -
MHg .95 = -542.4 * 3. kcal/gfw, OGY ,oo = -510.4 % 3.4
kcal/gfw, Szgg = 48. * 2. eu; EuO(s), AH} , . = -145., *
(V] - 0 -
4., kcal/gfw, DGy ,4 = ~136.6 = 4.4 kcal/gfw, S39g = 15.4 ¢
/] 0
3.0 eu; EuBry(s), OHg ,o, = -178.¢ * 3.9 kcal/gfw, OGg .o =
-173., + 3.y kcal/gfw, Sggg = 39.5 * 3. eu; and EuzO04Br(s),
o - 0 -
DHg ,00 = -597.7 + 5.5 kcal/gfw, 0Gg 59 = ~565.9 * 5.4

kcal/gfw, Sggs = 64.5 £ 3., eu. Thermodynamic data have
been estimated for the vaporization of EuOBr(s) according

to reaction (5) and the following thermochemical values ob-

tained for the phase: AH% 298 = -203.3 £ 6.5 kcal/gfw,
AG; 298 -193.4 t 6.5 kcal/gfw. The thermochemical data

obtained for europium oxides and oxide bromides have been
employed in calculations which indicate that the lower ox-
ides of ytterbium and of other lanthanides (LnO and LnsO4)

are unstable at temperatures greater than 2989K.
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CHAPTER I
INTRODUCTION

In a day when the inorganic chemist is concerned with
a variety of complex molecular species, it is often sur-
prising to discover that the present knowledge of the simple
binary compounds of the alkaline earths and lanthanides with
the nonmetal elements of groups IVA - VIIA is incomplete
and often inaccurate. Many of the investigations of these
binary systems were conducted prior to 1940, and as a re-
sult of either impure materials or less accurate methods
of data collection and treatment than are presently avail-
able, the results are often in error. Therefore, the
present investigation was initiated to characterize the
phase diagrams, the crystal structures, and the thermodynamic
properties of some binary and fernary phases.

Since metal carbides, pnictides, chalcogenides, and
halides tend to be refractory, high temperature techniques
are generally employed in preparative procedures and may be
used to provide information about the vaporization reactions,
vapor pressures, and, hence, the thermodynamic data of the
phases. In high temperature studies, additional knowledge

may be obtained about the stabilities of gaseous species,

1



2

the properties of high temperature container materials in
the presence of reactive compound, and the phase diagrams
of the investigated systems.

Because of the magnetic nature of europium phases,
many more physical than chemical properties of its compounds
have been measured. Chemically, europium is probably the
most unusual of the lanthanides because it appears to ex-
hibit not only the true divalent character of alkaline
earths, but also the trivalent character of other lanthan-
ides. The former behavior allows for comparison of chemical
properties with those of the alkaline earths, ytterbium,
samarium, and possibly thulium, while the latter often en-
ables prediction of properties for analogous materials of
neighboring lanthanides and permits establishment of trends
within the lanthanide series. The potential for variation
of both the ratio of di- and trivalent europium and the
ratio of the two anions makes the europium-oxygen-bromine
system particularly intriguing.

The general plan for this investigation was to charac-
terize as fully as possible the europium-oxygen-bromine
phase diagram and the properties of its phases by X-ray
diffraction and high temperature Knudsen effusion techniques.
If possible, the ensuing thermodynamic results were to be
employed in an attempt to resolve certain problems in lanth-
anide chemistry. A secondary goal was the development of

X-ray fluorescence spectroscopy for quantitative analyses in
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target collection effusion measurements and the evaluation
of this technique by collection of vapor pressure data for

a previously measured system.



CHAPTER II

PREVIOUS INVESTIGATIONS OF THE
EUROPIUM—OXYGEN-BROMINE SYSTEM

A. The Oxides of Europium

1. Preparative and Structural Investigations

The phase diagram of the europium-oxygen system is
probably the most studied and best characterized portion
of the entire europium-oxygen-bromine ternary. The sesqui-
oxide, Euy03, exists in both the monoclinic B- and cubic
C-forms. However, the lattice constants reported by
Gschneidner?! in his review of the structural chemistry of
these phases differ from those more recently reported 2,3,
The first reported lower oxide of europium, the monoxide,
described by Eick et al.%4, was prepared by reduction of the
sesquioxide with elemental lanthanum and reported to possess
a NaCl-type structure. The monoxide subsequently has been
prepared by reduction of the sesquioxide with either graphite$
or europium metal,®.7 and by reduction of europium monoxide
monochloride, EuOCl, with lithium hydride 3. A second lower
oxide, trieuropium tetraoxide, was first prepared by reduc-
tion of the sesquioxide with graphite® and subsequently by
reduction of EuyO3 with EuO % An orthorhombic calcium

4



5
ferrite-type structure was first reported for this phase?®
and this assignment has since been confirmed by both powder?
and single-crystall® measurements. More recently,
Baernighausen has reported the preparation of the tetra-
oxide by reduction of a mixture of either EuOCl and Eu,04,3
or of trieuropium tetraoxide monobromide, EuzO4Br, with

lithium hydride 11,

2. Thermodynamic Investigations

Only fragmentary thermodynamic data have been determined
on the otherwise well-characterized europium-oxygen binary
phases. The enthalpies of formation of both B- and C-forms
of the sesquioxide have been measured by bomb calorimetry, 12
while that of the C-form has also been determined by solu-
tion calorimetry 13, The high temperature heat capacities
of both its B- and C-forms, and the enthalpy and temperature
of transition have been reported 4. Only one vaporization
study has been performed--that by Panishl® who measured
mass-spectrometrically the pressures of the species in equi-
librium with the congruently vaporizing sesquioxide at
2000°K. Less is known about europium monoxide. Its enthalpy
of formation has been measured by solution calorimetry,?
and its low temperature heat capacity investigated over a
limited temperature range 16, No thermochemical measurements
of trieuropium tetraoxide are available. However, Westrum!?
has estimated some of the thermodynamic values for the

monoxide and sesquioxide phases.
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B. The Bromides and Hydrated Bromides of Europium

1. Preparative and Structural Investigations

a. Europium Bromides

The preparative procedures for and the properties of
anhydrous lanthanide bromides are given in several reports;
Taylor and Carter!® have described a preparative procedure
for europium tribromide--the careful heating of a’ hydrated
tribromide-ammonium bromide matrix in vacuum. They report
the results of chemical analysis, the color of the phase,
and the color of its aqueous solution. Europium tribromide
has also been reported as an intermediate product in the
thermogravimetric studies of the hydrated tribromide 19,
Controlled vacuum dehydration of the hexahydrates has
yielded impure tribromides of the heavy lanthanides (Gd-Lu),2°
but no corresponding data are reported for the europium
phase. However, application of radius ratio rules to the
ions indicates that EuBrz should crystallize in the ortho-
rhombic PuBrg-type structure,??® while GdBr should form the
observed hexagonal FeClg-type structure. Europium dibromide
is also poorly characterized. 1In 1939, Klemm and Doell2?1l
reported preparation of a chocolate-colored phase by heating
the hydrated tribromide under a stream of hydrogen bromide.
When this phase was subsequently reduced under hydrogen, a
colorless phase resulted. Magnetic measurements on the

chocolate-colored phase indicated 90% divalent europium. 1In
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additional investigations of the dibromides, Doell and KlemmZ22
obtained an X-ray powder diffraction pattern which was
similar to that obtained for strontium and samarium dibromides
and indicated that the three phases were isostructural,
but they were unable to index it. In the same year, the
single-crystal data of Kammermans?3 indicated an ortho-
rhombic structure for SrBr,. These two results have been
interpreted to mean24 that the europium phase has the struc-
ture described by Kammermans. However, SrBr, recently has
been shown to possess tetragonal symmetry25; Kammermans
determined the structure of SrBr, *H,O0. In addition to the
preparative procedures reviewed by Taylor,2€ cotton and
Wilkinson?4 report that europium dibromide may also be pre-

pared by thermal decomposition of the tribromide.

b. Hydrated Europium Bromides

Although europium tribromide hexahydrate is occasionally
mentioned as a starting material for other investigations,b18,21
conformation of the hexahydrate compositionl? is the only

information reported for hydrated europium bromide phases.

2. Thermodynamic Investigations of Europium Bromides

As Nikova and Polyachenok?7 noted in their recent re-
view, no experimental thermodynamic data have been reported
for either lanthanide dibromides or tribromides. However,
estimated values for heat capacities and thermodynamics of

fusion, vaporization, formation, and dissociation have been
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compiled by Brewer,2?8 Brewer et al.,2? Feber,3? and Wicks

and Block 31,

C. The Oxides of Bromine

The following oxides have been reported for bromine:
Bry0, BrO, BrOz, BrO,.5, BrOj.g7, and Br0332735 'but none ap-
pears to be stable at room temperature unless under an atmos-
phere of ozone. Since the presence of binary bromine-oxygen
compounds is not expected at high temperatures, these phases

will not be considered further in this investigation.

D. The Oxide Bromides of Europium

1. Preparative and Structural Investigations

Of the limited work expended on lanthanide oxide
bromide phases, investigations of the europium system have
been most numerous. Baernighausen et al.36 have prepared
the monoxide monobromide, EuOBr, both by bromination of the
sesquioxide at 7000 under a bromine-laden inert gas stream,
and by heating the tribromide hexahydrate at 3500 for 1-2 4
in air. For this phase, their X-ray powder diffraction
data indicated the tetragonal PbFCl-type structure charac-
teristic of other lanthanide oxide bromides 37 The second
preparative technique is consistent with the thermogravi-
metric study of Mayer and Zoltov!? who found EuOBr to be
the only oxide bromide of europium. However, this result

disagrees with additional experiments of Baernighausen3€ who
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obtained previously unreported trieuropium tetraoxide mono-
bromide, EugO4Br, by heating an equimolar mixture of EuOBr
and Euy03 in a nitrogen atmosphere at 950°. Analogous
samarium and ytterbium phases were prepared by heating the
monoxide monobromides in air at 680° and 4400, respectively.
More recently, the preparation of Nd3;O4Br has been reported38,
The X-ray powder diffraction data for these phases have
been indexed on orthorhombic symmetry, but neither the

space group nor the structure type has been reported.

2. Thermodynamic Investigations

Although thermodynamic measurements have been made on
selected monoxide monochlorides by two different static
equilibrium techniques,39-43 no measurement has been made

on any lanthanide oxide bromide phase.



CHAPTER III

THEORETICAL CONSIDERATIONS PERTINENT TO THIS INVESTIGATION

A. Phase Relationships

1. Possible Phases in the Europium-Oxygen-Bromine System

A general formulation for all stoichiometric phases in
the europium-oxygen-bromine ternary system where all pos-
sible Eu(II)-Eu(III) and all possible oxygen-bromine ratios
may occur is Euzo[(az—m)/z]—[n/Z]Brn' The coefficients [,
m, and n may assume integral values in accordance with
the restriction that £ >1, 0 *m = 4, and 0 = n = (34-m).
The metal oxygen and metal-halide binary systems are defined
by n =0 and n = (34-m), respectively. -Numerous values
are degenerate as a result of successive multiplication of
their simplest formulas; however, no possible stoichiometric
phase is excluded. Although one would not anticipate the
existence of an exceedingly large number of phases, the
ternary system does possess potential for preparative inves-

tigations.

10
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2. Vaporization and the Phase Rule

a. Vaporization Modes

The vaporization behavior of a single phase may be
either congruent or incongruent. Congruent vaporization
occurs when the composition of the vapor is always the same
as that of the condensed phase. The vaporization of a
condensed phase to give a second condensed phase and a

vapor of different composition is an incongruent process.

b. The Phase Rule

One of the most useful relationships in vaporization
studies is Gibb's phase rule:

F =C-P + 2. (111-1)
The number of degrees of freedom, F, is expressed in terms
of the number of components, C, and the number of phases, P.
When a vaporizing system is fixed at its equilibrium pressure,
the system is invarient, i.e. F = 0.

Application of the phase rule to vaporization processes
falls into two classes according to the congruency or in-
congruency of the behavior. For congruent processes, P = 2
(condensed phase and vapor), and F = C. Even though Cc = 2
in a binary system, only the temperature need be fixed
since the one necessary additional rest;iction—-that the
composition of the vapor and condensed/bhase be the same
(i.e. fixed)--is implied in the congruency definition. For

incongruent processes, P = 3 (2 condensed phases and vapor),
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and F = C-1. In a binary system (C = 2), a definition of
temperature fixes the pressure, but in a ternary system
(c = 3), the temperature plus the composition of either the
second condensed phase or of the vapor phase (one fixes the
other) must be defined. One point which must be mentioned
is that the phase rule only fixes the composition of the

vapor phase, and in no way defines the vapor species.

c. The Pressure-Composition Diagram

The qualitative results of vaporization studies for
two-component systems may be presented easily by a pressure-
composition diagram drawn for a constant temperature. Such
a diagram conveniently defines all stoichiometric and non-
stoichiometric phases, whether incongruently or congruently
vaporizing, and the compositions of their vapors. Examples

of pressure-composition diagrams are given by Gilles 44,

B. Vapor Pressure Measurement by the Knudsen Effusion

Technique

1. General Introduction

3 atm may be

Vapor pressures in the range 10™% to 10
measured by either Langmuir (free) vaporization or Knudsen
effusion techniques 45 The latter method, which is based
on the rate of effusion of the vapor through an orifice,
may assume one of several forms: vacuum microbalance,

torsion effusion, target collection, mass spectrometric

measurement, or various combinations of these.
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2. Theoretical Considerations of the Target Collection
Method

If an isotropic vapor in thermal, chemical, and mechan-
ical equilibrium with a condensed phase is confined in a
volume, its motion may be described by the kinetic theory
of gases. 1In the theoretical treatment first described by
Knudsen4€,47 and more recently by Ackermann4® and ward4?,
the number of molecules striking the container per unit
time, Z, is related to the number of molecules per unit
volume, n, and the average molecular velocity, v, by

equation (III-2).

Z = nV/4 molecules cm 2sec”t. (111-2)

If a small, circular, ideal (infinitesmally thin) orifice
is placed in the container wall, such that vapor is allowed
to effuse into a perfect void in such small quantities that
equilibrium in the container is not destroyed, the number
of molecules passing through an orifice of area Sy is simply
So(nv/4).

The fraction of the effusing molecules striking a cir-
cular collector plate of radius r, the center of which is
located at a perpendicular distance d from the orifice,
may be calculated from the cosine distribution law. The
flux of molecules leaving the orifice and arriving at an
area increment dN on the collection plate is given by:

aNn = 7 ° No Cos 6 dw, (111-3)
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where Ny is the total molecular flux at the orifice and

6 1is the angle between the perpendicular and the axis of
dw, the solid angle increment of the effusate intersected
by area dN. Qualitatively, 7! cos 6 dw is the fraction
of the total flux moving in a specific direction. Substi-
tution in terms of the variables r, d, Sy, and 2Z 1into
the cosine function and integration over the hemisphere of

space above the orifice gives relationship (III-4).

N =2 Sg(r2/d2 + r2) molecules sect. (111-4)

If the pressure in the container is =103 atm, the gas may

be assumed ideal, and n = p/kT. Multiplication of equation
(I1I-4) by a time interval, t, combination with relationship
(III-2), substitution of v = (8RT/7r)1/2 from kinetic
theory, and inclusion of the ideal gas assumption gives

equation (III-5) for the equilibrium vapor pressure.
P = [W/Spt] [27rRT/M]1/2[(d2 + r2)/r?y, (111-5)

If W grams of effusate of molecular weight M is collected
in t minutes by a circular collector of radius r cm
located at a perpendicular distance d cm above an orifice

of area S¢ cm?, and if R is defined in ergs deg-lmole—l,

P is obtained in units of dynes cm_2 and may be converted
easily to atmospheres. The terms in equation (III-5) may

be combined to give the following:

4

P = [3.760 x 10°~ wW/sqt] [T/M]l/z[(dz + r2)/r2] atm.(III-6)
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Measurement of the parameters in equation (III-6) constitute
vapor pressure determination by the target collection

Knudsen effusion technique.

3. Limitations of the Knudsen Method

a. Non-Ideal Cells

(1) The Non-Ideal Orifice

One basic assumption in the derivation of the Knudsen
equation is that the orifice is ideal (infitesmally thin).
However, since attainment of such orifices is impossible,
the channeling effect (resistance of a tube to a passing
vapor) of an orifice as a function of its geometry must be
considered. As Clausing first demonstrated5?, the effusion
probability (so-called Clausing factor), Wgy, can be cal-
culated as a function of the length L and the radius R
of the orifice channel by Wy, = 8R/3L5!. cClausing correc-
tions are often only applicable to total effusion (weight
loss) measurements, in which W, appears in the right-hand
denominator of equation (III-5) and the term for the frac-
tion of effusate collected (a function of r and d) is
unity. Correction factors for channel orifices as a func-
tion of both L/R and 6, the angle defining the fraction
of effusate collected, have recently been tabulated52.53,
so that corrections may also be made for target collection
experiments in which cylindrical orifices are employed. The
effusion probabilities of conical orifice geometries have

also been treated by Iczkowski et al.S54.
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(2) Non-Ideal Collection Geometry

Ward4? has recently examined the validity and limits
of the cosine distribution law for real "knife-edged"
(conical) orifices by both collection experiments and
Monte Carlo calculations. Both sets of results confirm
that the orifice and Knudsen cell geometries have little
effect on the cosine distribution for small angles of 6,
i.e. in the forward direction, while severe deviations may
be observed for large angles of 6. Irregularities in the
cell walls or the sample surface may give rise to corre-
sponding deviations in the cosine distribution by a "pinhole
camera effect". Ward concludes that total effusion meas-
urements (weight loss) will probably be in error, but, if
the collection geometry is chosen properly, target col-
lection results will be less ambiguous than those of weight

loss experiments.

(3) Thermal Expansion of the Orifice

The change in orifice area as a function of the linear
expansion coefficient of the crucible material, a function
of temperature, must be considered. However, the results
of Kent3%% indicate that changes in orifice diameters between
room temperature (measurement temperature) and 25000 is of
the order of 0.1% for most materials. Such corrections are
negligible and are not considered further in this investi-

gation.
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b. Non-Ideal Gas

In the derivation of the Knudsen equation, the ideal
gas assumption is invoked. So-called "viscous flow" and
not the "free molecular flow" prescribed by Knudsen condi-
tions, results if the vapor is too concentrated. Dushman35€
states that the ratio of mean free path of the vapor to
the radius of the orifice should be equal to or greater
than unity. The experiments of Mayer57 indicate that the
cosine law is obeyed at pressures up to 5 Xx 10-3 atm with

4

orifices of 10 *-107°% cm2.

c. Non-Equilibrium Conditions

(1) sampling and the "Orifice Effect"

The derivation of the Knudsen equation assumes that
the vapor is in physical equilibrium in the cell, but the
presence of even the smallest orifice upsets this condition.
An expression derived by Carlson et al.58 may be employed
to correct the observed pressure to the equilibrium value,
a function of the observed pressure, the orifice area, and
the sample area. Experimentally, large deviations from
vapor saturation result in the so-called "orifice effect".
If equilibrium is severely displaced by the presence of an
orifice, a large change in orifice area will be accompanied
by an inverse change in the measured pressure for any given

set of conditions.
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(2) The vaporization Coefficient

The vaporization coefficient, a,, is defined as the
ratio of the rate of evaporation into a void to the rate
at which a saturated (equilibrium) vapor impinges on the
sample, or simply the ratio of the Langmuir pressure to the
Knudsen pressure. Values of a, may vary from O to 1.
The condensation coefficient, a,. may also be defined, but
ambiguity often arises. As Margrave has noted4%5, a,, and
a, are generally assumed equal. Regardless of the defini-
tion, the net effect is the same; namely, a system with a
non-unity vaporization coefficient is only able to attain
a steady state and not a true equilibrium pressure.
Ackermann et al.5? have analyzed the problem of a non-
unity vaporization coefficient by a nonequilibrium éhermo-
dynamic treatment and indicate that difficulties may arise
from a temperature gradient at the surface, or from surface
contamination or strain. Experimental results®® agree with
these postulates in that a, for the formation of tetrameric
arsenic gas from the solid is 4.6 X 10”*. The difficulty
apparently lies in the energetics or strain of the mechanism
by which the tetramer forms on the surface. Rosenblatt8?!

notes that a,, is usually unity if the sample is finely

divided so that the effective vaporization area is large.
(3) Diffusion

Additional difficulties arise in incongruently vaporizing

systems where a solid product tends to grow on the surface of
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the reactant such that contact of the vapor phase with the
reactant is hindered. The calculation of Ackermann et al.5®
indicates that most vapor species escape from the outermost
atomic layer. Diffusion of species through the solid coat-
ing would appear to be the only mechanism for their reach-
ing the surface. Several experimental procedures which may
be employed to detect the effects of diffusion in Knudsen
experiments are: (a) comparison of the measured pressures
at a given temperature as a function of time, (b) comparison
of data collected for samples of different particle size
(different surface area), and (c) comparison of pressures
measured at successively increasing and decreasing tempera-
tures. If no systematic trends are observed in these com-

parisons, diffusion effects are probably negligible.

d. Additional Limitations to Target Collection Effusion

Measurements

Many of the problems often encountered in collection
experiments are obvious, but should be mentioned.

(1) All effusate impinging on the collection plate
must adhere. Experiments may be designed to measure the

sticking coefficient, which may vary with target temperature.

(2) Evaporation of effusate from the walls of the
vacuum system must not occur. This problem could be very
significant for conducting effusates when induction heating

is employed.
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(3) Residual pressures must be low enough to preclude
scattering of the effusate between orifice and collector,

or appreciable effusion of residual gas into the Knudsen cell.

(4) Temperature gradients within the effusion cell

must be avoided.

(5) Cchanges in the thermodynamic acitivity of a sample
by contamination from reaction with either the atmosphere or

the crucible material must be avoided.

C. X-Ray Fluorescence

1. The Basic Phenomenon

When an atom has sufficient energy as a result of
radioactive decay or excitation by an electron beam, gamma
ray, or X-ray, the atom may de-excite by ejection of an
electron from an inner atomic shell. If atomic structure
is treated by the Bohr model, the filling of an electron
vacancy by decay of a second electron from a higher level
results in emission of a photon of fixed energy. Since the
inner atomic structure is only slightly affected by chemical
bonding, quantitative and qualitative analysis may be ac-
complished without concern for the chemical environment of
the sample. Thorough treatments of the origin of primary

and secondary (fluorescent) X-rays are available®2.63,
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2. The Bragg Equation

Analysis of the energies of fluorescent X-rays may be
accomplished by the principle of X-ray diffraction given by
the Bragg equation: n\A = 2d sin 6. 1In the normal diffrac-
tion experiment, a fixed X-ray energy, A, is diffracted at
different angles, 6, by various crystallographic planes of
separation d. Analysis of photon energies may be accom-
plished by fixing d with a given analyzing crystal so that
the various energies are diffracted at different 6 values.
A schematic representation of the spectrometer is given in

Figure 1.

D. Temperature Correction

Measurement of temperature by optical pyrometry pre-
sents difficulties in that the transmission loss from optical
windows and prisms results in a low observed temperature.

As Margrave has indicated®4, consideration of Wein's radia-
tion law leads to a relationship between the reciprocal of
the true temperature, T, and that of the observed tempera-

ture, To, as follows:
(1/T - 1/19) = F, (111-7)

where F 1is a constant. Values of F for a given optical
path may be obtained by measuring the temperature of a refer-

ence source directly and via the optical path.
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E. Thermodynamic Calculations

1. Second Law Calculations

a. Derivation of Relationships

The free energy change in a reaction at a given tempera-
ture T 1is related to the changes in enthalpy and entropy of
reaction and to the equilibrium constant by equations (III-8)

and (III-9), respectively.

(1] 0 (V]
0Gy = OHp - TAS), - (111-8)
0o _ 1 -
AGY =-R'T log K. (111-9)

The product of 2.3026 and the gas constant, R, is designated
by R'. Combination of these equations gives the following

linear relationship:
log K = —(AHg/R'T) + AS%/R'. (111-10)

Treatment of experimental log K versus 1/T data by a linear
least squares regression (cf. III, 5, 1) gives an equation
of the form log K, = (m/T) + b. By equating coefficients,
values for the enthalpy and entropy of reaction are obtained

as follows:

MHY = - R'm, (111-11)

£s® = R'b. (111-12)
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b. Assumptions of the Second Law Treatment

Several assumptions are made in the second law treatment
of equilibrium vapor pressure data. First, the equilibrium
constant for a general reaction, in which Vi and vj are
the stoichiometric coefficients and a; and aj are the
thermodynamic activities of the products and reactants, re-

spectively, is given by equation (III-13).
vy vy
K ="]i'|'(ai) /'Jﬂ(a).) . (111—13)

The activities of all solid phases are assumed to be unity,
while those of all gaseous species are replaced by their
fugacities. For an ideal gas, the fugacity is equated with
its partial pressure. For high temperature effusion measure-
ments, the vapor is sufficiently dilute so that it may be
assumed ideal (cf. III, B, 3, b). However, the assumption
that the activities of the solid phases are unity rests on
more tenuous ground, and is most difficult to validate experi-
mentally. Even if the mutual solubilities of condensed
phases, the solubility of contaminant or container materials
in the equilibrium phases, or slight variations from stoi-
chiometry could be accurately determined at the reaction
temperature, their effect on the various activities is yet
another problem. Though very unrepresentative, examination
of the equilibrium phases at room temperature by X-ray dif-
fraction can give indications of contamination or stoichio-

metric changes by variation in lattice parameter. A second
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assumption is that the log K versus 1/T equation is linear.
Because ACp for the reaction over the temperature range of
the measurements is generally non-zero, the data should
exhibit slight curvature. The Z-plot treatment, which em-
ploys heat capacity equations®5 or tabulated thermochemical

data®®, allows correction of this difficulty.

c. Data Reduction to the Reference Temperature

If the enthalpy change for a reaction is measured at
some median temperature, T, it may be expressed in terms of
the enthalpy change at a reference temperature (298%K is
selected here) and the change in heat capacity for the re-

action as follows:

T
AHC = AHD.. + ACp dT. III-14
T 298 fzss p ( )

Similarly for the entropy change of the reaction, it fol-

lows that:

T
£8® = 2SS4 + ACp/T dAT. III-15
T 298 f29s p/ ( )

For a general reaction where vy and Vj are coefficients
of the products and reactants, respectively, ACp 1is given
by equation (III-16).

ACp = f v; Cp; - ? vy CPy- (111-16)

However, since enthalpy and entropy functions are most often
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tabulated, equations (III-14) and (III-15) are generally

more useful in their following integrated and rearranged

forms.
) _ 0 0 0 0 0
AII298 = AI‘IT - [f Vi(HT - H298)i - ? Vj (HT - Hzgs)j] -(III-17)
(1] - (1] o (V] (V) 0
As298 = AST - [Z Vl(ST - Szgs)i - ; VJ(ST - 8298)31 -(III-IS)

i J

If heat capacity data are not available, they may often be
approximated as described in a following section (cf. 1III,

E, 4).

d. calculation of the Second Law Entropy

The standard entropy at the reference temperature of
any one of the reactants or products may be obtained from
the measured entropy change for the reaction, provided the
standard entropies of all other reactants and products are
known. The entropy change may again be expressed in terms
of the general coefficients, 5 for products and Vj for

reactants, as follows:
0 - 0
£S298 = 2 V; Sa298i ~ 2 V5 Sa9sj - (111-19)
1 J

Since vaporization reactions are a special case in that
there is only one reactant, the summation on j may be
dropped, and the standard entropy of a vaporizing phase j
is obtained as follows:

S298j ~ (1/Vj)(§ V. Sze8i ~ 8Sges)- (11I-20)
1
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2. Third Law Calculations

a. Derivation of Relationships

In addition to its usefulness as a quantity which may
be interpolated easily, the free energy function may be
employed to reduce thermodynamic data to the reference tem-
perature®3. The free energy function, hereafter abbreviated

as fef, is defined as follows:
fef = (G - Hzes)/T- (1rr-21)

Substitution of basic thermodynamic relationships leads to

another expression.

fef = (Hg - Hpes)/T - S; = (H; - Hggg)/T - (S; - Sgss)‘sg9s'
‘ (111-22)

When free energy functions are not tabulated they may be
readily calculated from tabulated data and equation (III-22).
The necessary enthalpy and entropy functions and stahdard
entropy may also be approximated (gg. III, E, 4).

If fef values for the products and reactants with
coefficients Vi and vj, respectively, are known, Afef
for the reaction may be calculated as follows: »

Afef = 2 v, fef; - X vy fef, . (111-23)

1 J
Like fef, values of Afef may be accurately interpolated by
graphing Afef versus T. From equation (III-21), aAfef may

also be expressed by the following relationship:
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Afef = (AG,‘I’. - LH9gg)/T. (111-24)

Substitution from equation (III-9) for the free energy change
and rearrangement of the relationship leads to an equation

for the enthalpy change at the reference temperature.
MHYgg ==(Ofef + R' log Kp)T. (11I-25)

Since a value for 1log K is obtained at each measurement
temperature, the Afef value for that temperature may be

employed to calculate a AHggs for each data point.

b. The VvValue of Third Law Calculations

Because each experimental point yields an enthalpy
value at the reference temperature, the individual values
may be examined for consistency and trend, either with tem-
perature or chronological sequence. A temperature trend
may arise from a systematic error in pressure or temperature
measurement or in the free energy function change for the
reaction. Large discrepancies between second and third law
results may be interpreted as a gross error in measurement,
or an incorrect definition of the vaporization process.
Large deviations of the vaporization coefficient from unity
also result in second-third law disagreement. A second
utility of the comparison lies in the evaluation of approxi-
mated thermodynamic values such as high temperature heat
capacities and absolute entropies of solids. Since second

and third law methods employ the same approximated Cp data
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through different paths, agreement of the results is at
least indicative of internal consistency in the estimated

values, if not of the accuracy.

3. Energetics of Formation

The results of a vaporization reaction may be employed
to obtain entalpies, entropies, and free energies of forma-
tion of one reactant or product if the values are known for
all other reactants and products. For a general reaction,
an equation in terms of a general variable Q° (Q° = GO,
H®, S°) may be written for any temperature (usuaily 2980k )

as follows:

(o] 0
00805 = (2 v; 80%208i - 2 vy M0fresj)-  (III-26)
1 J

J
Since AQggs is obtained experimentally for the vaporization
reaction, any of the other quantities may be calculated.

For a vaporization reaction, the summation on Jj may again
be dropped and the value of AQ%zgs for a vaporizing phase
j becomes:

) )
0Qfze8 = (1/Vj)(§ ViDQf298i ~ 00248 ) - (111-27)

Since the entropies of the elements in their standard
states are generally available at the reference temperature,

and since 89

208 for a given compound may also be evaluated

from second law results (cf. III, E, 1, d) or estimated
(c£. 111, E, 4, b), AS%zgs for that compound may be evalu-

ated from relationship (III-28).
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0 _ .0 0
ASfa98; = Sz98i ~ 2 vy S2985 - (111-28)
J

In this case, Vj designates the coefficients of the reacting

elements Jj in the formation reaction for compound 1i.

4. Approximation of Thermodynamic Functions

a. The Approximation of High Temperature Heat Capacities

(1) solids

The lack of heat capacity data for many of the com-
pounds studied in this investigation has necessitated ap-
proximation of the values. Attempts to employ measured
enthalpy functions (H; - Hgga) of stoichiometrically identi-
cal phases by exchanging the (Hg - Hggs) value of one element
with that of the desired element has proven unsatisfactory,
even though the approach has been used successfully for
some systems®7,68_, However, if high temperature heat
capacity data as a function of temperature are available
for any phase, Aqu, in a binary system, a heat capacity
equation may be obtained for any other binary phase AxBy

by use of the following formula:

CprBy = [x/u][CpAuBV] + [(uy - vx)/2]1[3R]. (111—29)

The second term arises through application of Kopp's rule®5
which states that at high temperatures, the contribution to
the heat capacity by each atom in a solid is 3R. The same

type of equation is also applicable to ternary systems of
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one metal and two cations. For a compound AxBycz' the
heat capacity of any binary phase AuBV may be employed

as follows:

cprBycz = [x/u] [cpa B, ] + [(uy - vx)/2 + (z)][sa] . (111_30)

Experimental data may come from either the A-B or the A-C
binary system. Care should be taken in use of equations
(111-29) and (I1I-30) to the extent that; (a) element A
represents the component with highest molecular weight, i.e.
the largest contributor to the heat capacity, (b) the phases
considered have comparable degrees of ionic chéracter, and
(c) the approximations not be extended below 298%K where

anomolous heat capacity functions are common.

2. Simple Polyatomic Gases

In the absence of spectroscopic and structural data
for a gaseous molecule, a normal statistical thermodynamic
treatment is impossible, and other approximations must be
made. Vibrational frequencies or force constants and ground
state electronic levels might be estimated, but the like-
lihood of success is small. Data for gaseous metal di-
bromides, the only polyatomic species encountered in this
investigation, are scant, but values are available®? for
linear (Dgpp) TiBry and HgBry, and bent (Cgy) PbBry
(Br-Pb-Br angle = 95°) and 2rBr, (Br-Zr-Br angle = 1200).
The heat capacities of the linear molecules differ by only

0.06 eu (0.025%) at 298°K and converge at higher temperatures,
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even though a large mass difference exists between Ti and
Hg. A similar deviation is observed for the bent case
(0.875%), while the two sets of values (linear versus bent)
differ by 1.5 eu (> 10%4). Based on these data, the high
temperature heat capacity of a gaseous dihalide seems to be
most dependent upon molecular symmetry, with negligible
effects from molecular weight, or even the magnitude of
molecular bend. Therefore, satisfactory approximations of
heat capacities and (Hg - Hlpg) or (Sg - 8395) functions
may be made by identification of the molecular geometry.

From the preceding discussion, mass effects appear to
be unimportant in approximations. However, if the free
energy functions of the previously mentioned gases®?, or
those estimated for a large number of metal dibromides?9
are examined according to molecular weight, a definite trend
with mass is observed. Why is there an apparent discrepancy?
The answer lies in the low temperature heat capacities of |
the gases. Marked differences occur below 200°K, and these
effects appear in two thermodynamic functions--the standard
entropy and, hence, the free energy function. Though high
‘temperature heat capacity functions and second law calcﬁla-
tions are essentially unaffected by mass differences of
gaseous molecules, free energy functions and third law

calculation are dependent on mass effects.

b. Approximation of Standard Entropies of Solids

From the measured entropies of numerous solids, Latimer71
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has tabulated the average lattice contribution per atom to
the total entropy at 298°K. Single values are listed for
cations, while those given for anions take cognizance of
the ionic charge normally assigned both to the cation and
its anion. From equation (III-31), the entropy of a solid
of n components, (Ai)xi (where 1 < i Z n), is calculated
from the sum of the lattice contributions, Sg, for each

component multiplied by its coefficient, xi, in the molecu-

lar formula.

- . (V]
S298(A1)yi = % xi s? . (111-31)

Grgnvold and Westrum?2 have reevaluated Latimer's scheme,

and Westrum!? has made specific application to the lanthanide
oxides. These more recent contribution values are recom-
mended when approximations are necessary for binary oxide
phases.

In addition to the entropy obtained by equation (III-31),
the total entropy may also include magnetic contributions.
Westruml? gives the estimated magnetic contribution per atom
for various lanthanide ions. When the magnetic properties
must be considered, equation (III-31) is modified to include
an additional set of terms based on the magnetic contribu-

tion, Mi’ such that:

V] - . (V] .
Sz08(a. ). S xis] +32xiM,. (111-32)
1°X1 1 1

These estimated values should be comparable with the second

law entropy (cf. 1II, E, 1, d).
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c. The Estimation of Enthalpy and Entropy Functions

If heat capacity functions are available or have been
approximated as described in parts a and b of this sec-
tion, the functions (H; - H)gg) and (S; - S398) are obtained

by integration of the following equations.

0 0 T
H - H = Cp dT. ITI-33
( T 298 ) fzss P ( )
(s0 - 59 ) = fT cp/T dr (111-34)
T 298 208 )

5. Statistical Methods

a. Least Squares and Standard Error

A least squares regression with associated standard
error analysis has been employed for evaluation of all
linear data, while a least squares method has been employed

for tabular values?3. All deviations are reported as * o.

b. Combination of Errors

In thermochemical cycles, the summation of values, each
having an associated error, becomes necessary. A common
solution to this problem of error estimation appears to be:
(a) ignore the problem, (b) give the error of only the
present measurement, or (c) average the errors. None of
these is a representative estimator. However, this problem
has been treated by Feller?4 as follows. If X5 (1 =i Zn)

is a set of variables with standard deviations Y the
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deviation in their sum, Y, is Oy’ where,

c?)l/z.

. i (111-35)

oy = (i

Mo

If X, is not an internally independent set, a second term
must be included to describe the covariance. However, the
data encountered in thermochemical cycles are generally

independent.



CHAPTER IV

EXPERIMENTAL EQUIPMENT AND MATERIALS

A. Target Collection Apparatus

The target collection apparatus used in these measure-
ments has been described previously by Kent55. However,
the quartz effusate shutter was replaced by one of 0.16 cm
copper sheet, and the collimator was not employed for the
definition of 6 , the subtended effusate collection angle
(c£. IV, B, 3). Residual pressures were maintained at

107%-10"% torr during data collection.

B. X-Ray Fluorescence Equipment

1. Spectrometer

The instrumentation employed in analysis of the col-
lected effusate was the Siemens Model 4b nonfocussing
spectrometer equipped with a LiF analyzing crystal, tungsten
tube, water-cooled scintillation detector (0.1 mm beryllium
window) and Siemens Kompensograph scaling ﬁnit. At various
times, three different generators (Siemens Kristalloflex IV,
Norelco, and Norelco XRG-5000), two different analysing
crystals (normal and high intensity) and two different X-ray
tubes (AGOW and AGW60) were used.

36
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2. Specimen Mount

The sample mount in the spectrometer was modified to
accommodate the 2.6 cm diameter copper targets, which were
machined with a 0.19 cm high rim and an internal diameter
of 2.0 cm. The original spectrometer geometry was maintained
in the modified mount and in a second holder equipped with

an eight rpm electric motor for continuous specimen rotation.

3. Effusate Geometry

The fraction of effusate sampled was defined by control-
ling the amount of target surface exposed to the primary
X-ray beam, not by the usual method of limiting the amount
of target surface exposed to the effusate. A 45°9 beveled
aluminum insert placed inside the rim of the targets re-
producibily defined the area (2.00 cm?) exposed to the

primary X-rays.

C. X-Ray Diffraction Equipment

1. Powder Diffraction Equipment

An 80 mm radius Haegg-type focussing X-ray diffraction
camera?® was utilized for crystallographic analyses of
powdered samples. Diffraction data were occasionally ob-

tained with 114.7 mm Debye-Scherrer cameras.
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2. 8Single Crystal Diffraction Equipment

An equi-inclination Weissenberg camera (Charles Supper
Co., Watertown, Mass.) was used in the investigation of

single crystals.

D. Temperature Measuring Equipment

Temperature measurements in vaporization experiments
were made with a National Bureau of Standards-calibrated
Leeds and Northrup disappearing filament pyrometer (serial
number 1572579). The NBS calibration data allowed for cor-
rection of the measured temperature®5. Additional tempera-
ture measurements during preparative reactions were made
either with a platinum-platinum-10% rhodium thermocouple
and a Honeywell potentiometer, or with a chromel-alumel

thermocouple and a Sym-Ply-Trol meter.

-BE. High Temperature Mass Spectrometer

Mass spectrometric investigation of effusate species
was effected with the Model 12, Bendix Time of Flight instru-

ment described previously®7.

F. Micrograph

A Bausch and Lomb Dynazoom micrograph, equipped with a
Polaroid 4 X 5 Land camera attachment,was used to obtain

photographs of orifices for orifice area determination.
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G. Miscellaneous Measuring Equipment

The measurement of various distance, area, volume, and
time parameters critical to the vaporization experiments
were made with the following equipment. A cathetometer
(caertner Scientific Co.) was employed in the measurement
of orifice-target rim distances. The diameter of the insert
defining the collection geometry and the distances from tar-
get rim to target face were measured with precision calipers
or micrometers. A compensating polar planimeter (Keuffel
and Esser Co.) and a micrometer slide with 0.01 mm divisions
(American Optical Co.) were used for the measurement of ori-
fice areas. Time intervals of vaporization were measured
with a Lab-Chron (Labline, Inc.) 60 cycle timer. An ultra
precision micrometer buret (Kontes Glass Co.) with a 0.25 ml
capacity, 0.00001 ml division, and 0.04% accuracy was
employed for volumetric measurements in X-ray fluorescence

standardization.

H. Heating Equipment

A 20-kva Thermonic high-frequency induction generator
was employed for heating effusion cells and selected prepara-
tive reactants. Additional heating equipment used in
preparative experiments were a Marshall Products Co. platinum-
40% rhodium wound tube furnace and ordinary laboratory tube

furnaces.
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I. Vacuum Systems

In addition to the previously mentioned target col-
lection apparatus, the following three vacuum systems were
used in this investigation: (a) the water-cooled Pyrex and
Vycor system described by Kent55, (b) the fast pumping
system equipped with a current concentrator®?, and (c) a
second glass system constructed of Pyrex for lower tempera-
ture reactions. This latter system consisted of a 2 cm o.d.
reaction tube which was mounted vertically into the Marshall
furnace. The reaction tube was connected via ground glass
joints to a manifold with outlets to a cryogenic trap for
condensation of volatile reaction products and to a tube
which led to a larger cryogenic trap, a mercury diffusion

pump, and a forepump.

J. Inert Atmosphere Glove Box

The glove box with a recirculated, argon atmosphere
and with oxygen (BASAF catalyst) and water (alumina and
phosphorus pentoxide) removal systems described by Stezowski?5
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