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I. INTRODUCTION

Until recently it was the commonly held opinion that in
their compounds most of the rare-earth elements (r.e.e.)
are exclusively tervalent, and that only some of them exhi-
bit the so-called “anomalous” valencies of 2 and 4. This
view was based mainly on studies carried out in the1930's,
when pure r.e.e. were available only with extreme difficulty,
and experimental technique was at an insufficiently high
level. However, their properties were so similar in all
respects that the particular “anomalous” properties of
some of them led to serious doubts, and investigatorshave
never ceased the search for “anomalous” oxidation states
in the other elements.

From this point of view, considerable interest attaches
to the system of triply charged r.e.e. ions suggested by
Klemm*~3 on the basis of comparison of certain periodic
properties of the r.e.e. (valency, colour of compounds,
magnetic susceptibility) and constructed by analogy with
the Periodic System of the elements:

3+
Ce"*Pr‘“Nd’*Pm"‘Sm’*Eu“"Gz:i"*.

Tb3* Dy**Ho**Er**Tm3 Yb**Lu3*.

Here the ions La®, Gd®, and Lu® are analogous to
the atoms of the inert gases in Mendeleev's Periodic Sys-
tem, their electron configurations being the most stable
(empty, half-full, andfull f shell). Alltheothertriply-
-charged r.e.e. ions tend to lose or take up electrons so as
to approximate to the most stable configuration. This
systematisation of the r.e.e. graphically and in general cor-
rectly represents the tendency of lower and higher oxida-
tion states of the r.e.e. to appear, and, what is most impor-
tant, it gives an insight into the exclusive tervalency of
some of the elements and the “anomalous” bivalent and
quadrivalent states of the r.e.e., their valency being pre-
sented as a periodic function of atomic number.

R.e.e. compounds of lower oxidation state were first
obtained at the beginning of this century, but they werenot
systematically investigated until the middle 1920's, when
a series of works by Klemm, Jantsch, and others appeared.
These investigated the preparation and chemical and physi-
cal properties of samarium, europium, and ytterbium di-
halides and the possible existence of such forms with the
otherr.e.e., and developed methods for the isolation and
purification of Sm, Eu, and Yb using compounds of these
elements in, bivalent state. Although these papers give

hardly any quantitative data on the processes and com-
pounds studied, they contain considerable and interesting
factual material on the chemistry of the r.e.e. dihalides.

Interest in this region of their chemistry has consider-
ably increased in recent years because of the increased
production of the rare-earth metals, which are normally
obtained by electrolysis of the fused chlorides or metallo-
thermic reduction of the anhydrous fluorides or chlorides.
The reduction of the triply-charged ions in the melt must ines-
capably pass through intermediate stages, i.e.through
ions of lower oxidation states. Knowledge of the proper-
ties of the resulting lower halides is necessary for the
choice of optimum conditions for the process and to decrease
losses in the electrolysis.

The use of differences in the stability of the compounds
in the lower state of oxidation is also of promise for the
separation of the r.e.e.

Several studies have now been published demonstrating
the considerably widespread occurrence of the bivalent
state among the r.e.e.

II. SHORT REVIEW OF THE CHEMISTRY OF COMPOUNDS
OF RARE-EARTH ELEMENTS IN A LOWER STATE OF
OXIDATION

1. Preparation and Some Properties of R. E. E. Dihalides

Of the r.e.e. dihalides, those of Sm, Eu, and Yb are
the most stable. Until now the main method for their
production has been the reduction of the anhydrous tri-
halides with hydrogen at elevated temperature4; this
method is extremely lengthy and demands a number of
precautions to prevent considerable contamination of the
product with oxide halides and to ensure complete conver-
sion of the trihalides to dihalides. In the production of
diiodides by this method, the hydrogen is not so much the
reducing agent (the heat of formation of HI is close to
zero) as a carrier gas producing a more rapid dissocia-
tion of the triiodide.

In many cases it is more convenient to reduce the tri-
halides with various metals than with hydrogen.

Another method for obtaining the dihalides is the dis-
sociation of the corresponding trihalides in a vacuum, and
where applicable this is a more convenient method, since
it does not require the production of very pure hydrogen.

The most universal method for the production of the
dihalides is the reaction of the trihalides with the corres-
ponding rare-earth metalss-!2, which provides all the
known r.e.e. dihalides in the purest form.

In addition to the purity of the reactants, the produc-
tion of the dihalides requires special care in the choice of
material for the reaction vessel. When working with
chlorides good results are obtained with metallic molyb-
denum or tantalum, which are sufficiently inert towards
the fused rare-earth metals and their chlorides even at
extremely high temperatures!3; with iodides best results
are obtained with metallic tungsten?!!,

Brewer ! has justifiably pointed out that some investi-
gators did not take into account the interaction of the rare-
-earth metals and dihalides with the material of the vessel
(gold, platinum, quartz). The rare-earth metals are
known to form very stable intermetallic compounds with
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gold and platinum; furthermore, when dissolved in the
metal of the boat the activity of the rare-earth metal is
greatly reduced. All this displaces the equilibriumtowards
disproportionation of the dihalide, the more so since the
resulting comparatively volatile trihalide is removedfrom
the reaction zone.

There is very scanty information on lower r.e.e. fluor-
ides and bromides. Only the preparation and certain pro-
perties of the difluorides and dibromides of Sm, Eu, and
Yb have been described¢. Kirshenbaum and Cahill!® in-
vestigated the reduction of yttrium, lanthanum, cerium,
praseodymium, neodymium, and samarium trifluorides
with graphite at 1300-2200°, and found that only SmF, is
reduced, forming the red-brown SmF, of m.p. ~1400°.

It was also shown that metallic tungsten or molybdenum
does not reduce SmF, to SmF,. There are no experimen-
tal thermodynamic data on r.e.e. difluorides or dibromides
(as with the trifluorides or tribromides). One can only
say, in accordance with known relative stabilities of lower
and higher halides, that the difluorides should be less
stable than the dichlorides, and that the dibromides should
be intermediate in stability between the dichlorides and
the diiodides.

As regards the latter, the preparation and some of the
properties of r.e.e. diiodides, mainly those of Sm, Eu, and
Yb, have been studied4. Thulium diiodide has only recently
been obtained, by reduction of TmI, with metallic thulium?@
This method has also been used to prepare YbI,.!° X-Ray
crystallography has shown Tul, to have the YbI, structure.

Druding, Corbett, and their coworkers®;!!y12 have
studied the equilibrium diagrams of the La-Lal,, Ce-Cel,,
Pr-Prl,, Nd-NdI;, and Sm-SmI, systems, paying parti-
cular attention to the purity of the starting materials and
absence of reaction with the material of the vessels. The
triiodides were prepared from the metals and elemental
iodine in a sealed evacuated quartz tube. The metal, in
a tungsten crucible, was heated to 800° and the tube with
the iodine to 185°. After the reaction the excess of iodine
was removed by condensing it. All operations with the
iodides and metals were carried out in a dry-box in an
atmosphere of argon. Druding and Corbett emphasise 1!
that the r.e.e. iodides are extremely sensitive to atmos-
pheric oxygen and moisture. In the case of Lal, the pro-
duct had to be sublimed in vacuum in tantalum apparatus
to obtain satisfactory results.

Stable diiodides were obtained in all the systems. In
the Nd-NdI, and Sm-SmI, systems the reduction goes
beyond the composition corresponding to the diiodides, and
products NdI, ,, and Sml, 4, were obtained. There was no
indication of the existence of neodymium or samarium
monoiodide. In the La-Lal, and Ce~Cel, systems there
were observed, in addition to the diiodides, intermediate
compounds, melting with decomposition, of the non-stoi-
chiometric composition Lnl, ,,; these were isomorphous
with the compound Prl,. Prl,, which melts without decom-
position, observed in the Pr-PrI, system.

The diiodides Lal,, Cel,, and PrlI, are isomorphous,
and differ in structure, melting points, colour, andother
properties from the “normal” diiodides NdI,, SmI,, and
YbI,. While NdI, does not pass an electric current, Lal,,
Cel,, and Prl, are good conductors, their electrical con-
ductivity being ~10% of that of the pure metals. The
magnetic moment of neodymium in NdI, corresponds tothe
doubly-charged ion Nd? (Pm3*), while Lal, is only weakly
paramagnetic.

344

All these unusual properties led Corbett ef al.!! to the
conclusion that the diiodides LaI,, Cel,, and PrI, contain
the normal triply-charged r.e.e. ions and free electrons
forming a metallic bond, i. e. their structure is Ln%e"12-,
as in the previously observed r.e.e. sulphides and carbides.
The additional energy of the metallic bond stabilises these
diiodides against disproportionation into metal and tri-
iodide.

It is a very interesting fact that, judging from the com-
position of the melt at the melting point of the diiodide, the
stability of the diiodides decreases in the series Lal,-Prl,.
Thus in the cerium group two tendencies in the stability of
the diiodides are observed: the stability of the “normal”
salt-like diiodides increases in the series La-Eu inaccor-
dance with the rapid increase in this series of the third
ionisation potential (I 3) of the r.e.e. and the decrease in
the energy of sublimation of the metal (see Table 2); the
stability of the metal-like compounds increases in the
reverse direction, since the decrease in I, in this direc-
tion favours the appearance of conductivity electrons inthe
salt lattice. The decrease in I, from europium tolantha-
num correctly explains also the increased concentration of
electron gas in lanthanum metal as compared with europium,
i. e. the increase in the energy of sublimation from europ-
ium to lanthanum. Thus the heats of formation of these
unusual metal-like compounds change within the r.e.e.
group symbathically with the heats of sublimation of the
metals, which is understandable, since these compounds
and the metals both have substantially the same type of
chemical bond (metallic).

Certain aspects of the chemistry of the r.e.e. dichlorides
will be considered in more detail in Part III.

2. Oxide Chlorides, Oxides, and Chalcogenides of R. E. E.
in a Lower State of Oxidation

Ivanovskii and coworkers !¢ studied the reaction of oxy-
gen and rare-earth metals with fused chlorides of La, Ce,
Pr, and Nd, and in all cases observed the formation of
red crystals of lower oxide chlorides, insoluble in water,
and of composition close to Ln,OCL,.

The existence of the gaseous monoxides LnO was first
established spectrographically, and then gaseous LaO was
observed in mass-spectrometric investigations 7.

Achard!8-20 studied the action of graphite on the r.e.e.
oxides. At 1600° and pressure below 1072 mmHg, Sm, Eu,
and Yb vaporise from a mixture of the r.e.e. oxides as the
monoxides LnO, and this process can be used to isolate
and separate these elements. Achard also showed?!s22
that EuO is formed in a mixture of Eu,0, and graphite
above 1300°. With excess of graphite the dark red EuO is
produced, with a face-centred cubic lattice. The monoxide
EuO melts above 1700° and distils in vacuum without
decomposition. It is relatively stable in air and is only
slowly decomposed by water. The oxide Eu,O, vaporises
rapidly at 2500° and 107 mmHg, the condensate being red-
-brown because of the presence of EuO.

Other r.e.e. monoxides have only been obtained under
specific conditions of high vacuum and elevated tempera-
tures. Goldstein, White, and their coworkers?23-25 have
made a mass-spectrometric study of the vaporisation of
La,0, and Nd,0, and the exchange of oxygen between La,
Ce, Pr, and Nd and their monoxides; they found that
La,0, and Nd,O, vaporise stoichiometrically at the com-
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position Ln,0, o,. They detected the ions LnO*, Ln*, and
O* in the vapour, the ions Ln* appearing at an energy of
the ionising electrons greater than a certain definite value,
i. e. their appearance is due to decomposition of the LnO
molecules by electron bombardment. The composition of
the vapour was different in the vaporatisation of Lu,0, and
Dy,0,; in the former case the vapour contained LuO and
Lu, and in the latter case almost exclusively Dy; this is
due to the lesser stability of the LuO molecules.

The values of AH° and AS° at ~2000°K were determined
for the reactions:

Ln’(gas) + Ln”0O(gas) 2 Ln“(gas) + Lo O(gas).

The calculation of the standard heats of formation from
these data contains large errors because of the absence

of thermal capacity data. For the gaseous monoxides of
La, Ce, Pr, and Nd the values of AH ° obtained were the
same within the limits of experimental error, and were
from -27 to -38 kcal. It is interesting that the energies
of dissociation of the gaseous monoxides LaO, CeO, PrO,
NdO, SmO, EuO, GdO, TbO, LuO, and YO ?° differ exactly
by the difference in the heats of sublimation of the corres-
ponding metals.

Shchukarev and Semenov?¢ also investigated the com-
position of the vapour over the oxides of all the r.e.e.
except Tm mass-spectrometrically, and showed that the
volatility of their oxides in high vacuum and the composi-
tion of their vapour differ considerably for the oxides of
different elements. There is a general tendency for the
stability of the gaseous LnO molecules to decrease from
La to Lu. In no case were ions Ln,0} or (LnO); observed
in the vapour, but the ions CeO;, PrOj, and TbO?, were
detected over the corresponding oxides.

There are no data on the stability of the monoxides
(except EuO) in the solid state at room temperature. Using
the average value of the standard heat of formation of a
gaseous monoxide LnO (-30 kcal mole-! 23,24) and assuming
its heat of sublimation to be close to that of BaO and SrO
(~120 kcal mole~! ?7), we obtain a value of ~150kcal mole-!
for the standard heat of formation of the solid monoxides
of La, Ce, Pr, and Nd. To a first approximation, the
monoxide can be considered to be stable in the solid state
if AH° for the disproportionation into sesquioxide and metal
is positive. If the heat of formation of Ln,O, is taken as
430 kcal mole-!,* AH,,, for the reaction

3LnO 2 LnOy+-Ln

is found to be 20 kcal mole-!. Thus it may well be that
some r.e.e. monoxides are also stable in the solid stateat
room temperature.

Klemm and Senff?® prepared EuS, EuSe, and EuTe by
heating EuCl, in a current of hydrogen with excess of S,
Se, or Te, which was then removed by heating in a current
of hydrogen at a higher temperature. Magnetic suscepti-
bility measurements showed EuS, EuSe, and EuTe to be
compounds with an ionic bond, containing the ions Eu?.
Bivalent Sm and Yb also form monosulphides, and the sul-
phides Ln,S, have been shown to contain the ions Ln? and
Ln%.29-31 The properties and structures of certain other
compounds of the r.e.e. with non-metals of Groups Vand VI
have been described3$2~34,

The monosulphides of the r.e.e. for which the bivalent
state is less typical possess interesting electrical pro-
perties3-40; in particular, in the solid state they have
considerable conductivity, close to that of the correspond-
ing metals. Conductivity and magnetic susceptibility data

on the solid monosulphides demonstrate that the lattice
contains the normal triply-charged r.e.e. ions, and also
electrons, which produce a metallic bond; these sulphides
are therefore intermediate between ionic compounds and
compounds with a metallic bond, and they have the general
formula Ln3*e~S27 Certain r.e.e. acetylides in Ln*e C3~
possess analogous properties4!~#, As stated above, the
diiodides of lanthanum, cerium, and praseodymium exhi-
bit the same effect.

III. CHLORIDES OF RARE-EARTH ELEMENTS IN A
LOWER STATE OF OXIDATION

The chemistry of the lower r.e.e. chlorides has been
relatively fully investigated, but the existing quantitative
data are very often approximate only.

1. Calorimetry of R. E. E. Dichlorides

Although the dichlorides of Sm, Eu, and Yb have been
known for a comparatively long time, only one attempthas
been made to determine their heats of formation calori-
metrically45-47, The heats of solution of these dichlorides
in 6 M HC1 were determined in a microcalorimeter. It
was found that EuCl, reacts very slowly with the HCI1 solu-
tion in the absence of air, while in the presence of air dif-
fering amounts of the Eu?* ions undergo the side reaction:

Eutt 117,05+ H* — Eud+41/,H,0,

so that the heat of formation of EuCl, could not be deter-
mined. Atmospheric oxygen does not oxidise Sm?*toSm?3*,
since identical results were obtained whether the acidwas
saturated with hydrogen or with air. With YbCl, there is
only slight oxidation.

The dichlorides were obtained by reduction of the an-
hydrous trichlorides for 6 h at 650° with hydrogen. With
samarium the reduction product contained only 69.4% SmCl,.
Since the heats of solution of metallic Sm and Yb are not
known, the reduction potentials of Sm3* and Yb3* on a mer-
cury cathode481° were used in calculating the heats of
formation of the dichlorides. The standard enthalpy of
formation was calculated to be -195.6 kcal mole-! for
SmClL, and -184.5 kcal mole™! for YbCl,.

The enthalpy of formation of neodymium dichloride
has been determined by dissolving the metal and the di-
chloride in 0.2 N HCI.5:5° The NdCL, was prepared by
melting the stoichiometric quantities of the trichloride
and metal in molybdenum crucibles in an atmosphere of
argon. The enthalpy of formation of NdCl, obtained,
-163.2 kcal mole-!, is in good agreement with the value
calculated from the equilibrium diagram and pressure
data in the Nd-NdCl, system5-7.

2. Dissociation of Samarium, Europium, and Ytterbium
Trichlorides

The dissociation of the fused trichlorides of Sm, Eu,
and Yb with evolution of chlorine:

LnCly(liq.) & LnCly(lig.) + %Cl(gas),

has been employed in the determination of the thermody-
namic characteristics of the di- and tri-chlorides 5951,

The equilibrium chlorine pressure was determined over
the temperature range 600-960° with a quartz membrane
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zero-manometer52, From the equilibrium chlorine pres-
sure, and knowing the weight of chloride taken and the
volume of the membrane chamber, the concentrations of
the di- and tri-chlorides in the melt were calculated, and
hence the corresponding equilibrium constants, from
which AF°, AH®, and AS ° for the dissociation were
obtained.

At the average temperature of ~800° AH® for the dis-
sociation is 28.8 kcal for SmCl;, 11.6 kcal for EuCl,, and
24.0 kcal for YbCl,, and AS ° for all three chlorides is
close to 9 entropy units. The calculation of the standard
heats of formation of the dichlorides of Sm, Eu, and Yb
included the use of the standard enthalpies of formation of
SmCl, (-243 kcal mole-!), EuCl, (-241 kcal mole-*), and
YbCl, (-223 kcal mole-!) obtained by interpolation of the
data for the trichlorides of the other r.e.e., 585 and also
the approximate value of ACy for the dissociation, equal to
-12 kcal mole-! deg-! in the temperature interval 25-900°.
The standard enthalpies of formation obtained®%5! were
-203 kcal mole™! for SmCl,, -217 kcal mole™! for EuCl,,
and -186 kcal mole~! for YbCL,. The value for SmCl, is
closer to Brewer's estimate (-203 + 7kcal mole-! 1¢) than
to the calorimetrically determined value of -195.6 kcal X
X mole-!. The value obtained for EuCl, is also close to
Brewer's estimate (-210 + 7 kcal mole-! 4), butthe value
obtained for YbCl, is in good agreement with the value of
-184.5 kcal mole~! determined calorimetrically. Thedis-
sociation of the trichlorides has also provided a value for
the absolute entropy S 5, of the trichlorides (34 entropy
units), taking S, for the dichlorides as 32 entropyunits.
The thermodynamic data obtained can be used in consider-
ing certain equilibria in which the di- and tri-chlorides of
Sm, Eu, and Yb take part.

The anhydrous r.e.e. trichlorides are normally pre-
pared by chlorination of the corresponding oxides 7,55,
With SmCl,, EuCl;, and YbCl, there is the danger of their
partial dissociation to form the dichlorides as impurities.
Calculation shows that in the case of chlorination in a
current of chlorine (Pcj, = 1 atm) the fused trichlorides
near their melting points will contain the following amounts
of dichloride ( in mole %): SmCl, 0.005, EuCl, 8, and
YbCl, 0.1. Under these conditions SmCl, and YbCl; will
be obtained sufficiently pure, even if chlorination is
carried out in the fused state, while EuCl;, which because
of its low melting point is usually obtained in the fused
state, must be finely ground and heated in the current of
chlorine but not so as to melt it. The solid EuCl, should
then be fully converted into EuCL;, since the chlorine
pressure over the solid trichlorides of these elements is
considerably lower (where no solid solutions are formed)
than over the fused trichlorides, being at 620° 5xX1077 mmHg
for SmCl;, 5 mmHg for EuCl, and 2 X 107 mmHg for
YbCl,. In a vacuum solid EuCl, should completely disso-
ciate into EuCl,. In the fused state SmCl, and YbCl, also
dissociate to the dichlorides to a considerable extent in
a vacuum.

Reduction of the trichlorides with hydrogen is theusual
method for the preparation of SmCl,, EuCl,, and YbCl,.
The free energy change AF° for the reduction of solid
SmCl;, EuCl,, and YbCl, with hydrogen:

LnClz+1/;H, = LnCly-+HCI
at 620° is respectively -5, -20, and -9 kcal. Taking into
account the formation of the intermediate compound LnCl,.
.nLnCl, in the LnCl,-LnCl,; systems?»59, it is doubtful
whether solid SmCl, can be completely reduced. Reduc-
tion in the melt should theoretically go to completion, but
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in the case of SmCl, the rate of the reactionis apparently
too low. In most cases reduction of the trichlorides of
the other r.e.e. can be ignored. Calculation using the
approximate heats of formation of the dichlorides shows?3
that marked reduction can only be expected in the case of
the chlorides of Nd, Pm, Er, Tm, and Sc.

3. Equilibrium Diagrams of Rare-Earth Metal-Trichloride
Systems

The dichlorides of the other r.e.e. are less stable than
those of Sm, Eu, and Yb, and can be obtained by reduction
of the trichlorides with the corresponding rare-earth
metal. Study of the equilibrium diagrams of Ln-LnCl, sys-
tems can not only demonstrate the existence of the di-
chlorides, but can also give certain information on the
interaction between the tri- and di-chlorides in the solid
state and in the melt, and when the dichloride melts incon-
gruently its approximate heat of formation can be calcu-
lated. The study of these systems is complicated by the
high reactivity of the dichlorides and the metals. The
melt is usually held in molybdenum or tantalum apparatus
in an atmosphere of carefully purified argon or helium;
other metals or ceramics are unsuitable for use in these
investigations. The attention which must be directed to-
wards the experimental technique can be judged from the
measurements of conductivity in the Ce-CeCl, system%6-38,
where reaction of the melt with the material of the con-
tainer completely distorted the results.

Atpresent, equilibrium diagrams have been obtained for
the systems La-LaCl,, 5® Ce-CeCl,, 8 Pr—PrCl,,7+39:61,8,
Nd-NdCl,,7-9:5¢ Sm-SmCl;, Y-YCL;, and Sc-ScCl,. 850

There is no evidence of the formation of any chemical
compound of lower oxidation state in the La-LaCl,, Ce-
CeCl,, or Y-YCl, systems. The solubility of the metal at
the eutectic point is respectively 9 (826°), 9.3 (7177°), and
2 mole % (716°).

In the Pr-PrCl, system an unstable intermediate com-
pound is formed, apparently of composition PrCL.PrCl,,
and existing in the solid state in the narrow temperature
interval 665-640°. Below 640° it decomposes into solid
PrCl; and metal. X-Ray diffraction could detect no com-
pounds of lower oxidation state in this system at room
temperature®. There is a report® that an unstable inter-
mediate compound has been observed in this system.

In the Nd-NdCl, system %°, NdCl, melting with decom-
position has been observed, and also two intermediate
compounds of composition NdCl, ,, and NdCl, ,,. It has
been shown by X-ray diffraction that NdCl, is isomorphous
with SmCl, and EuCl,. This system has also been investi-
gated by Polyachenok7,5%, who confirmed the formation of
the stable dichloride NdCl,. The stoichiometric composi-
tions NdCl,.2NdCl, and NdCl,.3NdCl, were found for the
intermediate compounds.

The dichloride SmCl, melting at 859° is formed in the
Sm-SmCl; system®5°, and also the intermediate compound
SmCl,.48mCl,. The SmCl, obtained by fusing SmCl, with
metallic Sm differs in appearance and melting point from
the SmCl, obtained by hydrogen reduction of SmCl,, and
is very like NdCL,.

Just as in the Nd-NdCl, system, a phase transforma-
tion has been observed in the Sm-SmCl,; systeminthe region
of compositions Sm-SmCl,, lying below the melting point
of the dichloride. No satisfactory explanation of this effect
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has yet been given, but at any rate it demonstrates the
complex nature of NdCL, and SmCl,. These are apparently
transitional between the normal dichlorides EuCl, and
YbCL, and the metal-like compounds observed with the
iodides!!, The possibility of these transformations being
associated with further reaction between the dichlorides
and the metals is also not excluded. From this point of
view the study of the Eu-EuCl, and Yb-YbCL, systems
formed by the salt-like dichlorides of europium and ytter-
bium is of interest.

The dichloride ScCl,, melting with decomposition, has
been observed in the Sc-ScCl; system®:°, and also an
intermediate compound of composition 2S¢CL.ScCl,. Bar-
ber and coworkers® had previously calculated the heat of
formation of ScCl, by the Born—Haber cycle, and concluded
that ScCl, should not be very stable. The heat of forma-
tion of ScCl, calculated from the equilibrium diagram data
is 145 kcal mole-!, 6,50,51

4. Saturated Vapour Pressure in Rare-Earth Metal-Tri-
chloride Systems

Another method of investigation of the lower r.e.e.chlorides
is the measurement of the saturated vapour pressure over
the fused trichlorides containing the dissolved metal. In-
formation on the solubility of the rare-earth metals in the
melt at elevated temperature is obtained at the same time.
Novikov and Polyachenok ®,% developed a variation of the
“boiling point” method suitable for this purpose, and mea-
sured the pressure of the saturated vapour in the Sc-ScCl,,
Y-YCl;, La-LaCl,, Pr-PrCl,, Nd-NdCl;, and Er-ErCl,
systems in the temperature range 1000-1400°, 8,7,50,5,86
The quartz ampoules employed were coated inside with a
dense layer of metallic molybdenum by reduction of MoCl,
vapour with hydrogen®’. These ampoules enable a point
to be obtained on the equilibrium diagram with a sample of
only 0.2-0.5 g, with measurement of the saturated vapour
pressure at any desired temperature up to 1400°.

The saturated vapour pressure vs. composition iso-
‘therms obtained with the systems named can be divided
into three types.

In the La-LaCly and Y-YCl; systems the experimental
points, right up to the region of stratification, lie on a
straight line intersecting the composition axis at the point
corresponding to the metal. This corresponds toatomic
dissolution of the metal, or dissolution by the Bredig
mechanism 62:

La(solid) 2 Ln**(lig.) + 3",

The Nd-NdCl, and Er-ErCl, systems exhibit only
slight positive or negative deviations from the line inter-
secting the composition axis at the composition corres-
ponding to the dichloride, i. e.the doubly-charged ions Nd#
and Er2* are formed in the melt.

The Pr-PrCl, and Sc-ScCl, systems are intermediate
in type. On the basis of the information available, it is
difficult to say whether this is due to the simultaneous
presence of doubly-charged ions and free electrons (Bredig
mechanism) in the melt or to dimerisation of the doubly-
-charged ions, and, apparently, Bredig's data® on the
conductivity of the melts in the La-LaCl,, Pr-PrCl,,
and Nd-NdCl, systems cannot distinguish between the two
mechanisms.

In all cases only the corresponding trichlorides were
observed visually in the distillate, the dichlorides PrCl,,
NdCl,, ErCl,, and ScCl, being unstable in the vapour at
the temperatures indicated, and disproportionating exother-
mically into the corresponding gaseous trichloride and
molten metal. Theheats of vaporisation of the trichlorides
from melts not saturated with respect to the metal are
close to the heats of vaporisation of the pure trichlorides 50,68,
Assuming that with Sc, Pr, Nd, and Er all the metal is pre-
sent in the melt as the dichloride, the equilibrium constant
of the disproportionation reaction

3LnCl(liq.) = 2LaCly(lig.) + La(lig.)

can be calculated and AS° for the reaction evaluated, and
the heat of formation of the dichloride can be determined.
Calculations using the average thermal capacities of the
components have given values close to those obtained from
the equilibrium diagrams.

In the Pr-PrC); and Nd-NdCl, systems it was possible
to construct saturated vapour pressure vs. melt composi-
tion isotherms for several temperatures, so that AF °,

AH°, and AS° for the disproportionation at the mean experi-
mental temperature of 1250° could be calculated. For the
above disproportionation of the dichlorides, AH® is 24 +

+ 10 keal for PrCl, and 38 + 10 kcal for NdCL,, with AS° =
= 15 entropy units for both dichlorides.

The conversion to standard conditions of the thermo-
dynamic data obtained at high temperatures introduces
considerable errors, because of the almost complete
absence of experimental data on the thermal capacities of
the reaction components; however, the heat of formation
of NdCl, determined calorimetrically is in good agreement
with the value calculated by the method indicated above
from equilibrium diagram and vapour pressure dataSss°,

5. Saturated Vapour Pressure of Samarium, Europium, and
Ytterbium Dichlorides

We have measured?%5! the saturated vapour pressure
of the pure dichlorides SmCl,, EuCl,, and YbCl, over the
temperature range 1200-1400°; SmCl, was obtained by
fusing stoichiometric amounts of SmCl; and metallic Sm,
and EuCl, and YbCL,, by reducing the trichlorides with
metallic zinc.

The r.e.e. dichlorides have very low volatility, the
saturated vapour pressures at the maximal experimental
temperature of 1400° being ~ 10 mmHg for SmCl,, ~3 mmHg
for EuCl,, and ~5 mmHg for YbCl,. Only with SmCl,,
therefore, could the heat of vaporisation be found with
satisfactory accuracy (60 kcal mole™! at the mean tempera-
ture of 1300°), while with EuCl, and YbCl, the heats of
vaporisation were calculated from the experimental results
on the saturated vapour pressure by assuming AS for the
vaporisation of these dichlorides to be the same (at the
corresponding vapour pressure) as that for SmCl,.

The boiling points of SmCl,, EuCl,, and YbCl, are
1950° 2100° and 2050°. The change in volatility in the
series SmCL ~EuClL,~YbCl, does not follow the increase
in atomic number of the metal, as is found with the r.e.e. tri-
chlorides, but obeys the rule that the less stable the di-
chloride, the greater its volatility. This suggests that
it is not the dichlorides themselves which vaporise, but
their disproportionation products: the metals and tri-
chlorides, which recombine to form the dichlorides inthe
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cooler parts of the apparatus (only the dichlorides are
observed visually in the distillate). However, approxi-
mate thermodynamic calculations do not confirm this
suggestion, particularly in the case of EuCl, and YbCL,.

It may also be thought that this volatility relationship
is a consequence of the nature of the dichlorides them-
selves, and in fact if the boiling points of the fluorides of
elements of Group II of the Periodic System are com-
pared® with the ionic radii of the corresponding doubly-
-charged cations, it is seen that the boiling points for the
alkaline earth metal difluorides lie on a smooth line with
a maximum at an ionic radius of 1.1-1.2 &; the alkaline
earth metal dichlorides also show a maximum boiling
point at this ionic radius®. From this aspect the appear-
ance of a maximum boiling point in the r.e.e. dichlorides
around EuCl, (the ionic radius of Eu?* is 1.24 3) falls in
with the general properties of the dihalides.

6. Electrical Conductivity and Density in Rare-Earth
Metal-Trichloride Systems

Investigation of the electrical properties of melts con-
taining dissolved metals is a common and convenient
method for studying the nature of the melts and thermo-
dynamic characteristics of lower halides if they are
formed when the metals dissolve70s7,

In their investigation of e.m.f., density, and conducti-
vity in the Ce-CeCl; system, Mellors and Senderoffse,72
concluded that the metal dissolves in the CeCl; to form
Ce* ions, but this was later shown to be incorrect®?,
because the melt was in contact with ALO,. Bredig and
coworkers 5862 repeated the conductivity measurements in
this system, and investigated the La-LaCl,, Pr-PrCl,,
and Nd-NdCl, systems similarly, The conductivity of the
melt, in the case of lanthanum and cerium, increases
sharply when the metal is added, which can only be ex-
plained by the formation of free electrons in the melt, by
ionisation of the atoms of dissolved metal:

La(solid) = Ln®! + 3¢~ or Ln{solid) & Ln** + 2¢.

In the Nd-NdCl, system the conductivity increases only
very slightly as the concentration of metal is increased,
i. e. there is practically no dissociation of Nd?* ions into
Nd®* and e~. The Pr-PrCl;, system occupies an inter-
mediate position, but is much closer to the Nd-NdCl, sys-
tem. It has been suggested®? that this demonstrates the
existence of Pr2* ions in the melt, of similar stability to
the Nd?* jons.

TABLE 1. Some characteristics of r.e.e. di- and tri-
-chlorides. :
—AHyy (keal mole™) for the formation of Melting point of
Element the dichlorides,
- dichloride trichloride °c
Se 145 5051 221 7 805(decomp.)*™®
Pr 163 5051 950 5 o
Nd 163.2 550 2465550 835(decomp.) 7™
203 50,51 N .
Sm {195.645 243 859
Eu 217 5081 241 * 73850
JEr 1 :gm 999 54 _
186 50
Yo { 184.5% 223+ 723 4

* Extrapolation of Spedding’s data’¢.
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Attempts have also been made™-75 to provide a theore-
tical foundation for the effects observed on the dissolution
of the metals in the fused halides.

Table 1 collects together the available standard enthal-
pies of formation of the solid r.e.e. dichlorides and the
corresponding trichlorides; in most cases the values for
the dichlorides have been calculated from those for the
trichlorides. The melting points of the dichlorides given
in Table 1 demonstrate that like the diiodides!! they fall
into two groups which have different physical and chemical
properties: the comparatively unstable ScCl,, NdCl,, and
SmCl,, which have relatively high melting points and are
black lustrous crystalline substances, and the more stable
EuCl, and YbCl,, which meltata comparatively low tem-
perature.

IV. POSSIBILITY OF EXISTENCE OF RARE-EARTH ELE-
MENT DIHALIDES

The experimental chemistry of lower r.e.e. halides
which has been reviewed shows that work in this field is
really only just beginning, and that there are no experi-
mental data for the halides of many of the r.e.e., especially
the fluorides and bromides. All the elements of the cerium
group form diiodides. Judging by the ionisation potentials
and energies of sublimation of the metals, the relation-
ships observed in the cerium group should also apply to
the elements of the yttrium group, so that diiodides would
be expected to be formed by all the elements of the yttrium
group and yttrium and scandium. Of these, ScI, and Erl,,
together with the known TmI, and YbI,, will apparently
be “normal” diiodides, while the others will possibly be
metal-like compounds. The metal-like compounds of the
yttrium group should be less stable than those of the cerium
group, since I, for the yttrium group elements is some-
what higher.

With the r.e.e. dibromides also, typical salt-like and
metal-like compounds should apparently be found.

Metal-like r.e.e. dichlorides have not been and can
hardly be expected to be found in so clearly expressed a
form as in the diiodides (NdCl,, SmCl,, and ScCl, retain
only some indications of this type of compounds, e.g.,
colour), probably because the chlorine atom has a greater
affinity for the electron than the iodine atom. In actual
fact, in the fused state the differences largely disappear!!,
and solutions of La and Ce in the fused trichlorides are
true ionic-electronic liquids ™,

It is improbable that metal-like compounds will be
found among r. e.e. fluorides.

Since for r.e.e. dichlorides and difluorides the component
of the energy of formation associated with the presence of
the additional metallic bond in the crystal can apparently be
ignored, the heats of formation of the salt-like (ionic) di-
halides can be calculated® from the Born—Haber cycle,
using Kapustinskii's equation for calculating the energy of
the crystal latticef:

Q=U+42E—~6—D—Zl+1,,
where U is the crystal lattice energy, E is the electron

t The errors arising in such an approximate calculation, which
may be particularly large in the case of the fluorides, are to a
large extent systematic in nature when the variation in stability
throughout the rare-earth group is being considered.
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affinity of the halogen atom, o is the heat of sublimation
of the metal, D is the dissociation energy of the halogen
molecule, and I, + I, is the sum of the first and second
ionisation potentials of the r.e.e. atoms.

As early as 1950 Brewer !4 tried to assess the possibi-
lity of obtaining certain r.e.e. dichlorides, and suggested
that in addition to SmCl,, EuCl,, and YbCl,, the stable
NdCl, and TmCl, and the unstable PrCl,. HoCl,, and ErCl,
would be obtained. He also suggested that the r.e.e. mono-
halides are unstable. Our calculations have confirmed
that all the r.e.e. monohalides must disproportionate strongly
exothermically into the trihalide and the metals.

The best agreement of the calculated crystal lattice
energies with existing experimental data was obtained for
the trichlorides with the normal, and in the case of the
dichlorides, with the improved Kapustinskii equation7g,
In calculations with the fluorides the improved Kapustin-
skii equation was also only used for the difluorides.

Since the radii of the doubly-charged r.e.e. ions are
only known for samarium, europium, and ytterhium, in
calculating the crystal lattice energy we have used the
approximate radii obtained by analogy with the ion pairs
Sm? -Sm?3*, Eu?*-Eu3*, and Yb?-Yb¥,

The quantity 2E-D was taken as 118 kcal for the di-
chlorides and 130 kcal for the difluorides. The heats of
sublimation of the metals have been determined by Sped-
ding and White and their coworkers 80-2,

Data obtained for the first ionisation potentials 8-8
indicate values of 5.6 + 0.1 eV for cerium group elements
and 6.2 + 0.2 eV for yttrium group elements. The existing
data on the second ionisation potentials of the cerium
group elements # and those calculated by the Born—-Haber
cycle from thermodynamic data enable =1, + I, to be taken
as constant for all the cerium group elements, and equal
to 16.9 + 0.3 eV. For the yttrium group elements =I, +1,
was also taken to be constant at 18.9 eV.

Table 2 gives the approximate heats of formation of the
dichlorides and difluorides that we have calculated by the
above method, and also the corresponding heats of forma-
tion of the trichlorides found experimentally 53,5 or by inter-
polation of experimental data.

The heats of formation of the trifluorides were calcu-
lated from the thermochemical cycle, using the values of

TABLE 2, Calculation of the stability of r.e.e. dihalides.

lonisation

potentials —AH;, (kcal mole™) for

°
lonic radius, A

s T 15 ols ois 5
§lse il I £,3 ‘g.i 82 2.3
ElEg| e | ARSEREEE R SIS §2%
] | r = =@

o lsE - WA ] 85% 185552 232
La | 97 | 1.22| 1.38 | 390 | 832(443 128 | 256 128 | 213 | 435 | 231
Ce | 9 | 148 1.3 |300 | 848459] 131 | 253 113 | 217 | 435 | 219
Pr |l 78 | 446 | 121|300 | 873482 156 | 252 36 | 244 | 436 | 140
Nd | 76 | 1.15 | 1.20 {390 | 884/404) 161 | 246 9 | 250 | 431 | 112
Pm| 62 | 444 | 1.27 | 390 | 90t|510{ 178 | 246 | — 42 | 268 | 432 | 60
Sm| 50 | 1.43] 1.26 | 300 | 919[528/ 192 | 243 | —102 | 282 | 431 | 16
Eu | 42 [1.43] 1.24 | 300 | 929(540{ 200 | 241 | —118 | 204 | 429 | —24
Gd | 84 {1411 122 | 436 | 894/459) 117 | 240 129 | 209 | 430 | 233
Tb | 87 | 1.09 | 1.19 | 436 | 901466) 118 | 236 118 | 212 | 428 | 220
Dy [ 62 [1.07( 1.6 | 436 945(510) 148 | 233 22 | 243 | 418 | 107
Ho | 70 | 1.05| 1.13 | 436 | 936/501| 145 | 231 27 | 241 | 427 | 131
Er | 66 | 104 112 | 436 | ea5[5000 150 | 229 8 | 247 | 426 | 111
Tm 58 | 1.04| 1.1 | 436 | 956|500) 159 | 226 | — 25 | 257 | 423 | 75
Yb [ 40 | 1.00 | 1.06 | 436 | 990(554| 185 | 223 | —109 | 286 | 425 | —8
Lu | 95 ) 0.99| 104 |436| 040(508| 133 | 221 43 | 235 | 425 | 145
Y |07 | to6| 112 | 436 | 903l 119 | 233 100 | 216 | 429 | 210
Sc | 7 [0.830.9—1.0] 447 [1012565] 15158 | 221 | — 11 | 272 [ 445 | 74

the sum of the three ionisation potentials of the r.e.e.
ZI,+1,+]I, obtained, usingthe same cycle, fromthe heats
of formation of the corresponding trichlorides.

The heats of formation of only the difluorides and di-
chlorides are as yet insufficient to assess their stability.
For this it is necessary to consider the disproportionation
of the dihalides into metal and the stable trihalide, i.e.
the reaction:

3LnX,(solid) T 2LnX,(solid) + Ln(solid).

The heats of disproportionation of the difluorides and di-
chlorides are also given in Table 2.

Certain qualitative conclusions can be drawn from
Table 2 regarding the stability of the r.e.e. dichlorides
and difluorides:

(1) In addition to the known NdCL,, SmCl,, EuCl,, YbCl,,
and ScCl,, the stable PmCl, and TmCl, may also be ob-
tained.

(2) Of the less stable dichlorides, HoCl, and ErCl, may
apparently be obtained in the solid state, in addition to the
known PrCl,.

(3) The dichlorides LaCl,, CeCl,, GdCl,, TbCL,, and
YCI1, are not expected to be formed in the solid state.
These compounds, or more accurately the ions La?*, Ce?*,
Gd#, Tb?, and Y?*, apparently do not exist in the melt.

(4) Of the difluorides, apparently only SmF,, EuF,, and
YDbF, are stable at room temperature. There may be indi-
cations, however, that at high temperatures compounds
intermediate between LnF, and LnF, may be produced in
the case of scandium, thulium, and promethium. The for-
mation of other r.e.e. difluorides must be considered im-
probable.
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