RECENT DEVELOPMENTS IN THE CHEMISTRY OF THE
RBARE EARTH GROUP*

BY
B. 8mrry Horkixsg
University of Illinois, Urbanag, Ilinoie

One of the most puzzling problems which confronts this generation
of chomists is furnished by the rare earth group. Here is a collection
of cherpical elements which occupies a unique position in the family
of chemical individuals. With properties so similar that they are in-
variably found in intimate association in nature, making the problem
of their separation a task of hevoic proportions, they present a challenge
o the hest cfforts of the most courageous. Wo ure far from 2 complete
golufion of this pozzle at the present time. Advincement must neces-

PERIODIC TABLE 1925

° | 1 (@ m | W % ! vlown v
| I

T T

i T

! |
HE E Lt ar Be *| B % DE Nla 0.' 1.'
A rt te.3% 4500 2 |
hle Bla 7| WMg®| Al 9 5 =P p\lu 31n Cf
i : Cl,& 607 | EAI | 2404 L 5705 | J5as
A ".K o #% =T WV STr Bhin —|st‘ CF I &

3
B
4

m Cul” iﬂ’r;‘ha ’?e';.;e 510 rELQ Bt THoT _ 5A.68
R“M}l—f”’ Fo0 | eS| vags:  adr | 7g
3 HY  FZe * Cb "IMU 4 MG%TRU“ Rh & Ag 3F
51 2% uJ 45 [6755 -3 1) k- (1 O R <1 4
5" Al ¥ In o Sb]“ Te -
1078 t2dg| les | unz 127, gzsg:
Cs BT R # AT R T | "Re SOs I i
ua.: INEEN]] hs?n ezl itas | n!r.! : 1ga0 ? |I909 ot u;mr_
SAG UG ] BB B ® P |
03, 2 | aons | cone | eotn | aig |
Rn ™ d a”Ac HTh *Pa *Y % :
Lgl. 23 iz | 2181 i
PEEN Y s Nd I & 5m gy &
Eoried 20 [ Tag [EF:R ) | [EEA SRRV YN |5:|4 !
Td *|Tb & “Ho LEds T YYD T [Lu 7

tEEY ;WA | Tess | léar | s | ey Loma v

Frg. 1,

erily be slow in a problem so intricate. Dut progress must continue,
even though the immediate rewards secm to be meugre. Thers secms
to be a dofinitely growing inferest in the scientifie rel-ztionship of the
group. We shounld like to know more shout each member in respect to
such ifems as atomic structure, niagnetic forces, and atumic radil. We
would like to know more about the relationship of cach element to the
other rare eavfhs and {o all the other clements. Tt is by no means im-
possible that whon we nnderstand the members of ihis group better,
we ghall find in fhis knowledge the key which will unlock whole store-
houses of information concerning our more Important commercial cle-
nents.

;;)4*_&(1(11'&58 of the Retiring President, read before the General Sawssion, May 3,
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One of the most puzzling questions concerning the rare earth
group is its relationship to the periodic table. Many suggestions have
been made for the placing of this group in order to show its relation-
ghip to the rest of the elements. Figure 1 shows a common method

Fia. 2. Periodic table in cylindrical form.

of locating this group on a flat surface arrangement of the table. It
emphasizes the fact that the rare earth elements have similar proper-
ties with a characteristic valence of three. KEach could with perfect
propriety be placed in the third group between barium (Group II) and
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hafnium (Group IV). Rather than attempt to crowd the 15 ele-
ments info this one space, many authors prefer to indicate that the
entire group belongs here and then append a supplementary table show-
ing cach individual element in its proper sequence.

Figure 2 shows a similar plan applied to a cylindrical arrange-
ment of the table. In Figure 3 there is an interesting helical plan,
with all the elements of the rare earth group crowded into the ome
space by means of an accordion-like extension. This gives an unusually
appropriate setting for the group. Figure 4 shows the sequence of the

Fra. 3. Periodic table in tower form, after M. Courtines.

elements arranged spirally around a globe. Hydrogen is at the north
pole and the short series are conveniently arranged near the pole. As
the sequence approaches the equator the longer series fall into position
normally. The rare earth group fills the equitorial belt without crowd-
ing. While the space adjustments in this arrangement are clever, it
brings the individual members of the group into quite unnatural po-
sitions with respect to other elements. For example, this arrangement
makes it necessary to inferpose some members of the rare earth group
between such closely related elements as zireonium and hafnium, colum-
bium and tantalum, or molybdenum and tungsten, while other rare
earths fall into unnatural positions with respect to the platinum metals
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and the alkali group. Similar objections can be raised to most of the
arrangements in which an attempt is made to give each member of the
rare earth group a separate space in the periodic table.

As the scientific interest in the rare earth group increases there
is certain to be a greatly increased importance attached to the amount

Fic. 4. Periodic table in spherical form.

of material available for the study of each member of the group. Ac-
cordingly there is increasing interest not only in the deposits of rare
earth minerals themselves but also in the relative abundance of each
individual element. Table 1 gives a tabulation which is based on var-
ious estimates. The figures in the third vertical column show the aver-
age per cent of each individual element in the rare earth content of
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all avallable rare earth ovest. Tt is intevesting to mnote that cerium,
the most abundant member, makes up ncarly onethird of the entire
group, while illinium, the rarest member, s not more abundant than
.02 of ane per_cent. When these values are plotied against atomic
numbers as in Figure § we gee graphically that the even numbered
members of the group are always more abuudant then the neighboring
odd rumbered members. This interesting fact suggesis that there must
be gome reason conneccled with the structure of ihese atome which

TaBrE L—-Abundance of the rare earths

) Per cent Per gent
Symbol of the in the
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gives greater sfability lo the groupings with an oven number of elee-
trons. A present onr information does mot furnish a satisfactory
explanation.

The last vertical column in Table 1 shows the fraction of the
earth’s eruet that is composed of ihe rare earth group. These figures
are based on Dr. H. 8. Washingtor’s statement that the ceniire group
comprises ahout 0,001 per eent of the earth’s crust. While the percen-
tage of the most abundant members of the group is exlremely small
It iz to be moted that cerium is more common than eadmium, tin,
mereury, antimnony, molyhdenum, silver, tungsten, bismuth, gold or
platinum, Likewise the Jeast abundant member of the gronp, itinium,

*These figures are furnished by CGoldschmidt and Thomassen, Videnskapseel-
skafets skrifter T Malemai-Naturv, Klasse, Kristiana 1924, No. 5, p. 49. The
estimate for linjum is based un the staieraent of Dr. (5 E. Sherwood that illiniam
in monazite is approximalely ene-tenth as abubdant as europium.
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which makez up only about two ten-millionths of one per cent of the
earih’s crnst, is sfill presumably a thousand times more abundant
than radiuin, whose commercizl lmportance iz congiderable. There-
fore it seems sufe to conclude that if any single member of the rare
earth group iz shown to possess striking individual properties of value,
the searcity of the clement will not be an insurmountable obstacle in
the pathway of its commercial development.
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Pre. 5. Abundanee of the rare earths against
atomic numbers.

A study of the atomie structure of the members of the rave carth
group (‘able 2}, shows {he slight differences between succeeding mem-
bers. Tor comparisou there arc alse shown the struclures of cesium
and barium immediately precceding the rare earths as well as hafnium
and tantalum, the first elements following the group. It is to be noted
that the valence of the rare earths vemains essenfially constant and

-that the only structural differences come from the additton of succes-
sive clectrons in the 4, shell. With such strikingly similar structures, it
is natursl to expect that thesc atoms will have similar properties and
that their separatiops from one another will be ecxtremely diffieult.

Formerly the valenee of the rare earth group was by definitions
Limited te three, and any member like cerium which showed a valence
of four was ellminated as though it were an intruder. While the rave
earths ave still to be regarded as characteristically frivalent in nature,
recent studies have shown that hoth higher and lower valences exist
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Figure § shows these anomalous valences. Quadrivalent compounds
of cerium are well known and important. Praseodymium is also quad-
rivalent, possibly occasionally pentavalent. Quadrivalent compounds
of terbium have recently been shown to exist. Sinee cerimm, praseody-
Iniwm and terbium may be oxidized, it might be logical to cxpect that
dysprosium would also show a higher valence, although no such com-
pounds have vet heen reported.
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In gimilar manner samariuny, europium and ytterbiam may be in-
duced o show a valence of two by eleetrolytic reduclion. Since terbinm
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is the seventh element from eerfum and ytterbinm is the seventh ele-
ment after europinm, it might be assumed that these anomalous
valences oceur at uniform distanees. 1f this reasoning is correct. then
thullium, the seventh element after samarium should form bivalenf
compounds. While none have yet been prepared, eflorts are heing
made to find the conditions under which thullium salts will be reduced.
Here again is a peculiar situation whose explanation requires an ex-
tended study of atomic strnctures.

These irregular valences are becoming useful in the difficult fask
of separation. erinm has long heen separated effeetively from its
neighbors in a single step consisting of boiling the oxidized solution.
Ceric salts are casily hydrolyzed and preeipitated as a basic salt. Bimi-
lar methods are being sought for the separation of praseodymium, ter-
bivm aud possibly dysprosium,

When the rave carth elements become bivalent the solubilifies of
their salts are like those of bariam. Accordingly when europium and
yiterbinum salts are subjected to eathodic reduetion in the presence of
the sulfate ion, diffienltly soluble BuS0, and YbS80, are precipitated.
These separations from simple mixtnres are nearly gnantitative and
they mark a distinet advance in rare earth chemistry, becanse both of
these elemenis have up to the present been almost mlpossﬂ)le, to isolate.
It by modifying the conditions we conld devise a method for the iso-
lation of samarium and thullium the work of the rare carth chemist
wonld he vastly simplified.

All metals of the rare earth group are fairly aetive, but their
hydroxides do not furnish a high conceatration of hydroxyl ion be-
cange of their insolubility., There are eonsiderable differcnces in the
basicity of the varlous members of the group. Table 8 shows an attempt
to reduce these valucs to a ratio by using the basicity of Y(OH), as
unity. 1t is to be noted that lanthanum is much the niost basic member
of the group and it is safe to say that La(0OH), is the strongest triva-
lent bage that we know. Tt is also important to notice thai the ratios
between these values orve relatively large, at least in some cases. For
exsmple lanthanum iz 11 times as b‘lSlC as praseodyminm whﬂc neody-
miunm ig nearly 6 times as basie as samarium,

TARLE 3
Afomic numhber ... ans 57 59 80 82 4 39 66
Hlement ...vvererenenennranann La Pr Na Sm Gd Y Dy
Basicity ratio.........viinns 1300 1] 47 g 3.4 1 .5

Some of our most uselul methods of separation arc based upon
these differences in basicity. As a consequence the order of decreasing
basicity becomes & matter of great importance. In Table 4 we have a
tabulation of the ovder as it is reported by various workers, using
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varions msthods and conditiong. It is evident that there 18 little
question concerning the order of decreasing bagieily in Zoves 1 and 3,
but in the center the order of basieity is in much doubi. This situation
undoubledly results from the fact that in the center of the group there
are less differences in basicity than af either end. Because of the im-
portance of accurate information upon the order of basieity we have
undertaken to measure these values for the entire group, using a com-
mon method throughout. The hydrolysis of the rare earth nitrite was
gclected as a suitable method becanse conditions can be accurately econ-
trolled and the method is easily apphied to all parts of the group. As

TABLE 4
A B C D ®m b &
Is Dy
La La La La La La
+++ +++ et
Zone 1 Ce Ce Ce
Pr Pr Pr Pr Pr Pr
Nd Nd Nd Nd Nd MNd
Y Y Y Y Y
Eu
Gd Gd Gad
Zone 2 Sm Sm Sm S Sm Sm Sm
En Eu
ad Gd Gd
(Th Th Th Th Th Th Th
Dy Dy Dy Dy Dy
Ho Ho Y
Br Er EBr Rr
. Tm Tm Tt
Zone 3 T vh b i
Lau Ta
se He
N
Ce

usnally applied this mefhod consists in adding NaNQ, to a nevtral
golution of the rare earth nitrales and boiling until those elements
which are the least basic arc precipitated while the clements of greater
bagicity remain in solution. By fillering off the precipitate there is
actomplished a pariial separation of the mixture of salts in acecordance
with the relative basicity of the clements present. We found that the
ciflerences in basicity between illinium, samarium, enropivm and gado-
linivwm, the elements in zone 2, were so slight that the usual methods of
procedure wore not adequate, Conseguently there was devised s method
of fractionation by which these slight diffevences were magnified. Fig-
ure 7 shows diagramatically the method used. The solid arrows indi-
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cate the way in which the precipitates were combined and the broken
arrows the path of the mother liquor. In this way slight differences in
basicity were intensified and actual separations accomplished. As a
result of this work it has been cstablished that the order of decreasing
basicity throughout the rarve earth group is exactly the order of in-
creasing atomic number. If yttrfum {No. 39) is included in the rare
earth group it would form an execption to this statement since it
hugicity falls between illinium (No. 61) and samarinm {No. 62).

P, 7. Plan showing steps in the concentration
of the rare earths by intensive bascity method.

The concentration of illimium by methods of fractional crystal-
lization iz well nigh impossible because this extremely rarc element is
always associaied with other elements which arc vastly more abundant
and whose saliz differ but slightly in solubility, By applying this new
methed of intensifying the differences in basicity we have greatly speed-
ed up the coneentr ation of illintum. in Figure 8 the per cent of illininm
is plotied against the number of fractionations by the two metheds.
It is geen that 25 basicity (ractionations effect about twice as great a
concentration as is accomplished by 2000 fraclionations of the double
magnesium nitrates. -

The melals of the rare carth group are inferesting from their
magnetic bebaviors, When carefully measured it iz found that their
inagmetic susceptibilities show greater variation than can be detected
with regurd to any other property. The magneiic sasceptibility of
mixtures is strictly additive. As a consequence in gimple mixtures this
property furnishes the most accurate means of analysis that we have.
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v

An accuracy of 0.1 per cent has been claimed for mixtures of the
compounds of two elements. Figure 9 shows the coefficient of mag-
netization plotted against the atomic numbers.
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Fra. 8. Fractional crystallization increases the illinimmn content rapidily
at fivst, bul it svon becomes ineffective {lower cmrve), The upper
curve shows that 24 fractionuticons by intensive basicity preeipitation
double the illininm content,

A subject of increasing interest in the rare carth field has to do
with thelr utilization, Extensive uses are now made of mixlures of
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this greup and grest inferest has lately developed In regard to the
commercial applications of seme of the more abundant members of the
group. It is obvious that uses for the pure forms of the less abundant
members of the group will be much more difficult to produce. One of
the mosi interesting developmeunts of recent months has heen the utili-
zation of the octohydrate of gadolinimm sulfate for the production of
exiremely low temporatures, This work is noteworthy becanse of the
near approach to the absolute zero, becamnse it uses an entirvely new
prineiple in achieving this end, and because it uses a single member of
the rare earth group which is relatively rare in a high state of purity
for a specific purpose.
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Fré. 9. Magnetic suscepiibility plotted
agalnst atomic numbers.

When Gd,(80,),.8H,0 iz placed in a magnetic field it {ransforms
some of the magneiic evergy into heat and becornes warm. TUnder
ordinary conditions the temperalure change is not great. If however
the oclohydrate iz first cooled to the temperature of boiling heliure and
& magnetic field of 20,000 gauss is used, the thermal transition is rela-
tively Jarge. Figure 10 shows an apparatus for this work. The gado-
Jinfum material is placed in a tube suspended from a balance. This
tube is placed in = container which ig fllled with gaseous heltum at
low pressure, and surrounded by liguid helinm. The system is isolated
from external heat by two concentrically placed Dewar fubes, When a
powerful field is applied to the rare earth material it becomes warm
and imparts part of its heat to the helium gas. If this is now pumped
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off and the magnetic feld rewoved, the resulting tenperature must be
lower then the initial temperature. This method has yielded tempera-
tures within 0.18% C. of the absolufe zere, the nearest approach to that
mythical point yet obtalned. It is interesting to speculate as te what
resulte might be cbtained if alternate magnetizations and demagneti-
zations were applied in cyele faghion,

Theoe of Me gor

Flarn
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Fra. 10. Diagram of the apparatus used
in the production of exiremely low
temperatires by the use of rare earth
salts,

Similar Results have been obtained with the use of Ce,(80,),
LH,0. T4 is quite probable that other members of the group may show
stmilar properties. We should like to know what peeunliarities of atomic
and molecunlar structures make this behavior possible. We would alse
like to learn whether the pure salts ave needed for the display of this
phenomenon or whether a mixture of rare esrth salts would be equally
effective.
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