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o An X-ray Study of the Rarc-carth Oxide Systems: Ce” ~Nd™ ™7,
coVopr L, cotepe ™, ama prlV-matl, -

&
By J. D. McCullough

Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California

Abstract

I IV _ III v _ IV

- : I
An X-ray study of the oxide systems Cevv--NdII Ce” =Pr "7, Ce™ =Pr

and PTIY-NdIII hes been carried out with the following results:
l. Solid solutions with the fluorite structurc are formed in all
cascs and lattice constants have been determined as a function of composition.
. Iv_, 111 . e s o
For the oxide systems M '~ there is an upper solubility limit varying from
50 to 67 atomic per cent of the trivalent metal.

2. Prascodymium is readily oxidized to PrIv in the prescnce of Cer,

with 111
but/morc difficulty in the presence of Nd™ 77,
3. In no oasc is there ovidence for the oxidation of Pr beyond the

+4 state, cven under oxygen pressurcs as high as 50 atmospheres.

* Presont address: Dapdrtment of Chemistry, University of Californie
" Los Angelcs 24, California
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An X-ray Study of the Rarc-carth Qxide Systems: COIV;NdIII,

’ 7
CeIV;PrIII, CeIV;PrIV, and Prn-NdIII

By J. D. McCullough(l)

(1) Prescnt address: Dopartment of Chemistry, University of California
.Los Angeles 24, California

This study was undertaken with the objeet of lcarning more about the
bchavior of the oxides of prascodymium, in rarticular the unusual properties

of Pr,0,, and the rclationships of this oxide to Przo3 and to Pr0,. It has

611
. 111 Iv
nlso been of interest to observe the effects of Nd and C6~  on the tendency
ITII . v X s
of Pr to be oxidi.od to Pr- (or beyond) in the oxido systems.

Materials. The starting materials cmployed in most of the prosent study -
wero commercial preparations of CcOz, Prsoll and Ndzos obtained from thc Rohr
and Haas Company, Philadelphia; the Rescarch Chemieals Company, Burbank,
California and from the Maywood Chemical Wbrké, laywood, New Jerscy, respective=-
lj. Speetrographic analysis showcd these oxides to be 99.5%, 99.5%, and 98.5%
purc from the standpoint of tho hotal content, The more critical samplos,
including most of those higher than 80% in prascodymium were propared-by usc of
£olumn éurifiod praseodymium; Speetrographic analysis of this material indi-
cated no detectasle amounts of othcrvrare—oarths or of the metals la, Se, Y,
Fe, Al, and Ca. Coértain of the<§erium-rich samples were preparcd from cérium
- oxalate obtnined from Prof. F. H. Spoddiné. The only impurities dotceted in a
spoctrographic analysis of this material wcfc 0.017% cach of Nd and ILa.

In order %o convert the starting mterials to substonees of définitc

- composition in woighable form, they were strongly irnited in air. Sinece
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there was some doubt rcopgarding the exact composition of the oxide of prascody-
mium resﬁlting from air ignition, it was finally heated to approximately 14000_
C. for 2 hours in high vacuwum. This proeccdurc yielded a pale green powdef

which was shown by means of its X-ray diffraction pattern to be the A (hexa-

gonal) form of Przos.

Proccdure. Stock solutions of the three rare~-carths were prepared by

dissolving weighed samples of the oxides in nitric acid. The dissolution of
0002 was hastened by the addition of hydrogen wncroxide, Nﬁxtureé of the threo
pgirs of rarc-carths having'the compositions shown in the tables wero proparcd
by measuring appropriate volumes of the stook solufions. Each mixed solution
was added quickly with stirring to an cxcess of freshly prepared aqueous
amronia. The resul%ing precipitatos were collectod on sintered glass, oven
dried, then ignited in air in platinum crucibles for 2 hours at 800° Co Each
samplc was then ground in an agate mortar and hoated in high wrcuum for 3 hours

111 and

at 1400° ¢, This treatmont was found to oonvert prascodymium to Pr
cprium to CeIV.whilo neodymium remained in the trivalent state. X-roy péwdor _
patterns were prepared of all sgmplos‘in this sﬁaté with the exception of some
of the Pr-Nd and Co-Pr ﬁixtures, The Ce-Pr and Pr;Nd mixturcs werc then reo-
hoated in smnll opon crucibles in a furnacc at 600° ¢. for 16 hours, after
which X~-ray powder pattcrns were again prepared. Finally, most of the prasco-
Qymium—qontaining samnles were heated in sealéd quartz tubes (Figurc 1) under
an oxygen prossufc of approximntely 50 atmosphores. The oxygen ﬁas genorated

by decomposing o weighod samplce of dry sodium chlorate in the tubc after scal-

ing, the approximntc pressure being estimated from the volume of the tubo



¢
.
o
&
-

UCRT~376

and the weirhd of sodiuwm chlorat: tokin., After disomposition of the sodium

chlornte by loecl cpplication of hoer', th: bubcs were pleecd in o furncec for

- (o] . . o ) b
40 hours ot 300" C. This trocoment has boen found to convert PT6011 to Pr02

; ' . R . IV .
and prosumably convertds £ll nrescodymium in the mixturcs o Pr™ . This

assunption is substonticted by the noture of the solid-splution dicgrems sinoun

Y,
SO

in Figures 2, &, end 4. Ieray powder pattorns wero prepored Yox o1l of

~ - - L.y N -
oxyeon troected somnlos.

A=roy Diffraction. owder diffrcesion mhaotosriplrs were promarcd by use

-

of copper rodintion filtered throush nickel foil. The comerc ﬁas of tho
cvlindricel boack-refleehion type with on effectiva_d'amcttr of 3.013 cm. The
latticu constaonts iven arc bosud on the Herny tunvelocnrsis: CuKe = 1.5418 A,
Cuka, = 1.5405 £, cnd Cufa, = 1.5445 %,

Toble I

~ Q

Iotsiew Constonts for Solid Solutions of Cerium mnd ifcodmium C:iides

(Co0, - Td,0,)

Sample Ho. | Atomic Por Cont Nd | Lattice Constent (3) (Fluorite SHructurc)

1 0 i 5.411 ¥ 0.001
2 5.7 ’ 5.421 % 0,001
3 12.5 ‘ 5.433 = 0,002
30.0 5.459 = 0.003

I 0.003

i+

5
41.7 : 5.473
9

58.C 56494 - 0,004

B o S N

74,1 5.505 0,004
8 82.8 5.505 & 0,006

L«.—.—.a_..- PPN RPN - - —
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Tablo II

Iattice Constants for Solid Solutions of Prascodymium and Ccrium Oxidcs

e P TR

e

Atomic

oyt
Heﬁtcd in thuu; ) Lﬂbatod in Air Hbat:g‘gﬂ Oxygen
1 0.0 g.411 z o.oéz»_  5.411 2 0.001 51411 * 0.001
2 14.5 ;i442 i.o.ooz o ‘5.407 ¥ o0.001 -
3 25.3 5.460 = 0,002 5.405 I 0,001  5.406 % 0.001
4 35.6 5.481 £ 0,003
5 48,5 5.508 = 0.003 - 5.402 I 0.002
é‘ "52;5 5.511 1 0002  5.402 % 0.001
7 53.1 §.510 £ 0.002 5.400 < 0.002
8 65.3 E.s2 0.0 5.398 % 0.002
5.598 < 0.005 '
S 7.5 5.465 = 0,005
5.40 & 0.01
10 87.2 £is58 ¥ 0.002 5.465 + 0,003  5.397 & 0.003
11 91.9 5.468 & 0,003
12 94,4 5,460 = 0,002
13 97.0 5.468 * 0,002
14 100.0 85570 L 0.002 5.468 ¥ 0.001  5.394 ivo.obz

* Two phoscs, fluorito type plus "CV typé Pr,0

*% Onc phase, "C" typc (cubic)

Purc Pr,.0

273

Pr,0.. Ccll constant siwven is onc-half of truec

also orystalli es as "E"S(hoxagonal) typce - valuc./
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¢ ; Table III

Iattico Constants for Solid Solutions of Prascodymium and Neodymium Oxides.

Sample ngogzgt Lattice Constants (&)
Nos _ (Fluorite Structure) _
Pr - Heated in Air Heated in Oxygen
+ +
1 28,2 ¥5.,49 ~ 0.01 *5.50 - 0.01
' + ' +
2 44,0 . *5,490 - 0,004 ' 5,502 - 0.005
+ o+
3 55.9 5,490 -~ 0,004 5.477 - 0.003
' + + :
4 - 79,7 5,468 -~ 0,003 - 5.436 - 0.0086
‘ + +
5 96.6 - 5,468 - 0,002 5.402 - 0.004
gt +
6 - 100,0 5.468 ~ 0,001 : 5.394 - 0.002

* Shows two phases, the non-fluorite phasc being unidentified but probably rich
in Ndzost

Results and Discussion. The cxperimental data are given in Tables I,

II, and III, and are shown graphically in Figures 2, 3, and 4. It is scen

that in the single~phase regions, the oxide systems CeIV;NdIII, CGIV-PrIV, CeIV;

PrIII III

s and PrIV-Nd show a nearly linear relationship between the lattice

constant, ao, and the composition in terms of the atomic per cent of the total

rare~earth metal present in the trivalent form., In Figure §, the oxide systems

IIT (2) v _ III v IIX v o III
2

IV; Ce” =Pr s Ce” -Nd , and Pr7 -Nd are shown together for

Ce la

(2) Zin%l, E. and Croatto, U., Z. anorg., allg. Chem. 242, 79 (1939)
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comparison purposes. The relative slopes of the lines are in keeping with
the relative rqdii of the c;tions involved. Exact computation of these slopes
from the ionic radii is complicated by the variable coordination number of the
cation (8 in Ce0, and 6 in the cubic M0, structure ) and by the lattice defects
ceused by unoccupied anion sites.

As indicated in the tables, a nﬁmber of tﬁé samples show o (or possiblyv
more) phases, but in all such cases at lecst one phase is of the fluorite

v o IIT

type. In the Ce™ -Na oxide system, o second phasc, presumably rich in

Nd 05, is indicated at a composition corresponding to 70 atomic per cent of

2
Nd from the standpoint of the metal content. This second phase is definitely

not of the & or C type of Nd,0,, and has not as yet been characterized. 1In

273
v 111 iv-
Pr -

the Cot ~Pritl ond tho ¥aTI? oxide systems, saturation of the fluorite

structure is indicated at 50 atomic per cent and 56 atomic per cent of the

trivalent metal respectivelys On this same basis, saturation is roached in

the CeIV;LaIII system at 60 atomic per cent of L&III.'
In the'Cer—PrIII oxide system the sccond phasc produced above 50 atomio
per cent of PrIII is the C-type cubic MZO3 structure. Above approximately

85 atomic per cent of PrIII, tho C-type phase is the only one priesent. The

.lattice constants in Table II for the C phase arc given as onc-half of the
true volucs in order - to be on a basis comparable to the fluorite phascs.
Pure Pr,0, also crystallizes in the hexaronal A form of rarc-carth sosquioxide.

273
The behavior of PrGOll is of particular imterest. This oxide ﬁosults
when any other oxide of prascodymium or salts such as the nitratc or oxalate
are strongly heated in air. The lattice constant of PrGO11 is quite reproduc-~

ible under widely different methods of preparation with a valuc of 5.468 z



UCRL~376
Page 10
0.001 R., This figufo is at variance with the literature values of 5,499 and

5.536 kX<3)’<4) but is the result of the measurcment of diffraction photographs

,(3) Goldschmidt, V. M., Ulrich, F., and Barth, T., Strukturbericht I, 198

(4) Goldschmidt, V. M. Strukturbericht I, 198

of over twenty samples preparcd in this laboratory, including column purified

miterial. The solubility of Przo and PrOz in the Pr60ll phasc is apparcntly

3.
too smnll to alter the lattice coﬁstant aprrcecinbly and the composition
PrGO11 appears té be an isolated point in the prascodymium~oxygen system.

The individuality of the Pr60ll phasc is also indicatedvby the praseodymium-
riéh, air-ignited samples in the Ce-Pr ané the Pr-Nd oxide systems.s In the Co=
Pr oxidc system, (Table II), the Pr6011 phasc with unaltered latfice_constant
pcrsisfs until the praseodymium contont has dropped below 77.5%. As the cerium

content incrcases, o new fluorite typc phasc appears which is probably o solid

- system of CeO

in Proz.' Samples No, 9 and No. 10 both show an unaltored Preds;

2
phasc plus the solid solution phasc. As one procceds from Sample No. 14 +o
Somple No. 9, the infcnsitios of the lines due to the Pr60ll phasc diminish

in rclative intensity and the lines beoome broader and moro'diffuse while the
opposite effcects arc noted for the solid solution. By the time the pr:soodymiuﬁ
content hos dropped to 65%, only the solid solution phasc remains. Judging by

the lottice constant of the solid solution which is presumably in cquilibrium

- with Prsoll, its composition is dpproxinntoly 75% PrO2 ~nd 25% COOZ'- That the
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solid solution is in equilibrium with PrSOll is indicated by the fixed valuc -
of its latticc constont while the PrSOll phasc is s%ill prescent. After the

Prﬁoll phase disappoars, the lattice constant of the solid solution wvnries as
indicated by thc.air-ignitcd values for Samples Nos 1-8 in Table II. The
failure of the lines of the solid 'solution to appéar on the photographs of
Scmples No. 11-13 is belicved to be duc to an oxtrémoly small particle size.
This is indicated by the broadoning of the lines on the pattern for Sample No.
10 and to 2 lesscr degree on that for Sample No. 9.

The Echavior.ofvPr 0

6°11

oxide system. Neodymium in amounts up to 20% does not clter the lattice con-

is similar in the air-ignited samples of the Pr-Nd

stant of the Pr60ll éhase. In this case a second phase does.not appear on the
films but there is considerable diffusc scattering in evidence. ‘hen the

prascodymium content is redu&ed below 65%, the behavior on air-igniﬁion is not -
reproducible unless the cohditions ara carefully controlied. “All of the

somples réportod in Table III were ignited in a furnace simul taneously.

Pure PrOz is readily preparcd by heating any lower oxide in oxygen gos ot

a pressure of apbroximately 50 atmospheres and a temperature of approximately
300° C. The range of tomperdture and oxygen pressure over which the changc
mey be accomplished was not determinéd in this study Eut is under investiga=~
tion by others in this laboratory. The lattice constant of PrO2 was found

in the present study to have the roproducible value of.5.594 t. 0.002 £ and

(4)(5)

is also at wvarisnce with the litera ture values Qf}5.573 and 5.40 kX.

(5) Scherrer and Polacios, Strukturberieht IT, 259
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Several attempts to preparc o single phase with & composition between PrSO11

‘and PrO2 werc made by heating intimatc mixtures of the two oxides in sonl¢d
quartz“tubes. No such phaso apbcars to oiist, the usual result of the attompts
being the two starting mterials with unaltered lattioc constants. Incomplete
oxidation of Prso11 with oxygeﬁ £as was also‘found to yield the two phases

PrGO11 and PrOz, each with its’ characteristic lattice constant.

There has boon some speculation'regarding an oxidation state of +5 for

prascodymium.  Prandtl and Riedcr(G) havo reported that prascodymium is oxidized

(6) Prandtl, W. and Ricder, G., Z. anorg. dllg. Chem., 238, 225 (1938).

beyond the +4 state when in the presence of a triwvalent rore-carth. Yttrium
was the trivalent eloment actually uscd in their work in order to climinate
the possibility of any oxidation other than that of praéeodymium. Mﬁrsh(7),

in attempting to ropeat the work of Prandtl and Rieder, was able to oxidize

(7) Marsh, Je. K., Jour. Chem. Soc. (194€) 5

.

prascodymium only to the +4 stcte in the prescnce of YZOS' .Tho prescnt work
offers good ovidcnco'indicating that prascodymium is oxidized to, but not boyond
the +4 state. The dottod linc on Figurc 4 reprosents o prediction of the

- lattice constants for the PrIV;NdIII oxide system as a function of composition.

The slope of this linc was talen cgual do that for the CcIV;PrIII oxide systoh
(Figure 3) bocausc of the similaritices in rclationships involved in thc two

systems. Ib is significant thet the experimcntal points for thc oxidized

samples in the Pr-Nd oxidec systeﬁ arc closc %o this predicted linc. This
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‘indicates that' the prascodymium in the samplos is oxidized completely to the
+4 stato; but not beyond, even in the prescnce of trivalont ncodymiumland at
oXygen prossurcs of approximetely 50 atmosphercs,

It is also intcresting to note that in the portion of the Ce-Pr oxide
system below 65%.prascodymium, that eiemcnt is easily o;idized to ﬁho +4
state on being heated in cir. Evidently the presence of CcIV mokes the oxie
dation of prascodymium to the +4 statc easier than when alone or wﬁen tri-
valent ne&dymium\is prescnt. This may be duc to the identity of the crystal
structurc of PrOz to that of CcOz.
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Carol Dauben for preparing and'measuring‘somc of the powder photogranhs, to
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