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necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. . 
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Co IV_Ndln, 

Department of Ch8mistry and Radiation laboratory 
University of California, Borkeley, California 

Abstraot 

An X-rny study of the oxide systems CeIV_Nd III, ceIV_PrIII, Co IV_PrIV, 

IV III . and Pr -Nd ha.s been ca.rrled out wi th tho fo 11 owing results: 

1. Solid solutions with tho fluorite structure are fanned in all 

cases and lattice constants have boon determined as a function of composition. 

For the oxide systems MIV .. JiIII thoro is an upper solubility limit varying from 

50 to 67 atomic per cen t of the trivalent motal. 

2. Praseodymium is readily oxidized to PrIV in the presence of Ce lV, 
~ith III 

but/more difficulty in the presence of Nd • 

3. In no ca.so is there evidenoe for the oxidation of Pr beyond the 

+4 state, oven under oxygen pressures as high as 50 atmospheres. 

* Prosont address: Ibpartmont of Chemistry, University of California. 
Los Angeles 24, California 
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An X-ray Study of the Hare-ea.rth Oxide Systems: Co IV_ Nd III, 

C· IV pIlI C IV P IV d P IV Nd III 
o - r , e - r , an r-

By J. D. LrcCullough (1) 

(1) Present address: Department of Chomistry, University of California 
Los Angeles 24, California 

This study was undertaken with the object of learning more about tho 

behavior of thu oxides of praseodymium, in particular tho unusual properties 

of PrSO
ll 

and tho relationships of this oxide to Pr203 and to Pr02 • It has 

. III IV 
also beon of ~ntorest to observe the effects of Nd and Co on the tendency 

of PrIll to be oxidi~od to Pr IV (or beyond) in tho oxido systems. 

Materials. Tho starting nnteriJ.ls employed in most of tho presont study 

wero commercial preparations of Ce02 , Pr
6

0
11 

and Nd20
3 

obtainod from the Rohr 

and fuas Company, Philadelphia; tho Rosearch Chemicals COl:1pany, Burbnnk, 

Co.lifornia and from the IhyVlood Chemical "{orks, Baywood, New Jersey, rospecti vo-

ly. SpoctrogrQphic anc.lysis showed these oxides to be 99.5tb, 99.5%, and ~8.5f~·· 

pure from the s~nndpoint of tho motal content. The more criticQl samplos} 

including most of those hir,her than 80% in prnsGodymium were propared by usc of 

column purifiod praseodymium. Spectrographic nne,lysis of this l1lD.torial indi-

cated no detoctQ~)le amounts of other rare-oa.rths or of tho moto.ls La, Sc, Y, 

Fe, AI, and Ca. Certain of the cerium-rich samples wore propa.rud from corium 

oxa.lato obta.inod from Prof. F. H. Spedding. The only impurities deteoted in a 

spectrographic unalysis of this nntoriul were 0.017% each of Nd and La. 

In ordor to oonvert tho stQrtinc materiuls to sUbstunces of definite 

composition in woir,hable form, they wore stronOy i:'nitcd in air. Since 
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thero was some doubt rce;::-.rding the exact compos i tion of tho oxide of praseody­

mium resulting from ~ir ignition, it was finally heated to approximately 1400
0 

C. for 2 hours in high vacuum. This proceduro yielded 0. prlle green powder 

which was shown by mco.ns of its X-1ray diffraction pattern, to be the A (hexa-

gonn.l) form of PI' 2°3. 

Procedurc). Stock solutions of the thre0 rare-earths WGre prepared by 

dissolving weighed samples of the oxides in nitric acid. The dissolution of 

Ce0
2 

was hnstoncd by the addition of hydrogen peroxido. Mixtures of tho thro~ 

pairs of rare-earths having the compositions shown in the tnbles wera propared 

by moasuring~appropriato volumes of the steok solutions. Ench mixed solution 

,'ms ndded quickly with stirring to an excess of freshly propared aqueous 

mnmonia. The r.')sulting precipitatos were collectod on sintered gluss, oven 

dried, then ignited in air in platinum crucibles for 2 hours at 8000 C. Each 

sample uas then ground in an D./?;n.te morblr and hoated in high vncuum for 3 hours 

at 1400° C. This treatment YlC\S found to convert praseodymium to prIII nnd 

corium to Co IV while neodymium romained in tho trivalont stD.tc. X-rr..y powder 

po.ttorns were prepared of 0.11 so.mples in this state with tho exception of some 

of tho Pr-Nd and Ce-Pr mixturos. The Co-Pr and Pr-Nd mixtures wero then re­

heated in s~,11 opon crucibles in a furno.ce at 6000 C. for 16 hours, aftor 

which X-ray powder patterns were again propctred. Finally, most of the praseo­

dymium-containing sctm~los were heatod in sor..led quartz tubes (Figuro 1) under 

o.n oxygon prossure of a.pproximatoly 50 a.tmosphores. Tho oxygon was gcnero.tod 

by decomposing a. weighod sa.mple of dry sodium chlorato in the tube after. soal­

ing, tho a.pproximnte pressure being ostima.tcd from the volume of tho tubo 

.,' 
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ch101"f'.t'J by 10cr.1 r.pplicr.·l:;ion of L:::-.·, th~ -Gul).;.;s ~70l'C plc.ced in L fUl'l1c.cc for 

.. 48 hours nt 3000 C. This tr.~~'.ci;],Ol1t k1.s bJcl1 i'ol.ll1d to COl1vert P1'6011 to PrOZ 

".nd pr;;sumc .. bly converts c.l1 ~)rc.s~odymiur:l in thiJ mixtur(;sto PrIV. Th.is 

['.ssu!l)tion is Gubs~J'.:Gtic.tcd ,.;;: tllC nr'.tur,) of th() solid-se1ution dic.grl'.ns S;10-;111 

~C-rc.v Difi'r:::.c·t;ion. -_ .. ..};- ._._-.. _--

of COppOI' r:,.,:'.if'.tiol1 i'ih~,--r()cl tlu"Ju':h l1:1.ckc1 foil. The cr.ncrc. Hr-.S of tho 

C"T'a. := 1 "'40" Q ~nd C"t'a, .... ~J.~ 1 _V"_ ~I ":'1., \..~J. L. .. J.l. 2 

k .. t·i:;ic...; Const:".nts for Solid Solntions of C;:;:i'iUT1 :'.nd IT: .. OctT?;lium O::idcs 

1 

Z 

3 

4 

5 

6 

7 

8 

Atomic Por Cent Nd 

o 
5.7 

12.5 

30.0 

41.7 

53.8 

5.411 

5.121 

5.-133 

5.459 

5.473 

5.191 

5.505 

5. !505 

+ 0.001 -
+ 0.001 
+ 0.002 -
+ 0.003 
+ 0.003 -
+ 0.004 -
+ 0.004 -
+ 0.006 -

.~-.-.. -
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Lattice Constunts for Solid Solutions of Praseodymium nnd Corium Oxides 

• 1 i ! I. "_ .. ! . 

Atomic L..1. ttico Constants' (If) 
So.mplo Pot Cent 

(Fiuori to St rue "turo ) 
No. Pr 

I' ',' j I 

He a. ted in Vo.cUtim Hcc..tod in jd:r Hoo. tod • OxYGen 1n 

ill. '11" I ~ ,.i ~ 

0.0 5.411 + 0.001 5.411 + 0.001 51411 + 0.001 1 - - -
iI • II 1- .. I"" ii'" 

2 14.5 5.442 + 0.002 5.407 + 0.001 - -
.. _ .. 

25.3 5.460 + 0.002 + 0.001 + 0.001 3 - 5.405 - 5.406 -

4 35.6 + 5.481 - O.OOS 

48.5 + 5.402 + 0.002 5 5.508 - 0.003 -

52.5 * + 0.002 5.402 + 0.001 6 5.511 .. -
7 53.1 5.510 ! 0.002 + 5.400 - 0.002 

---, 
8 65.S 5.52 + - 0.01 + 5.398 - 0.002 

-- .. _-_ ... 
+ 0.005 9 77.5 5.398 -

5.465 ! 0.005 

5.40 ;I; 0.01 
10 87.2 5:558 + 0.002 5.465 + 0.003 5.397 + 0.003 - .. 

11 91.9 5.4613 + 0.003 

12 94.4 5.460 + 0.002 -
13 97.0 5.468 + 0.002 -

~~* + + + 14 100.0 5.570 - 0.002 5.468 .,.; 0.001 5.394 .. 0.002 

* Two pho.s·cs I fluori to tJ'Pe plus "C li type Pr 203 
** One phase, "c" type (cubic) Pr20

S
' Cell constant riven 

Pure: Pr203 0.1so orystulli::os as tI.K" (hcxa£:onnl) typo. 
is ono-half of true 

mlue./ 
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Ta.blo III 

Ill.ttio0 Constnnts for Solid '30lutions of Praseodymium nnd Neodymium Oxides. 

Sn.mplo Atomic 
Lattice Constants eft ) 

.No. 
Per Cent 

~Fluoritc Structure ) 
Pr Hea ted in Air 'Hoa ted in Oxygen 

1 28.2 + *5.50 + 0.01 *5.49 .. 0.01 .. 

2 44.0 + *5.490 .. 0.004 5.502 + - 0.005 

3 55.9 + 5.490 - 0.004 + 5.477 .. 0.003 

4 79.7 + 5.468 .. 0.003 + 5.436 - 0.006 

5 96.6 + 0.002 5.402 + 0.004 5.468 .. -
6 100.0 5.468 + 0.001 + 0.002 - 5.394 -

* Shows two phuses, tho non-fluorito phci.se being unidontifie d but probably rich 

Results and Discussion. Tho experimental data are given in Tables I, 

II, and rIll and arc shown gra.phically in Figuros 2, 3, and 4. It is soen 

tha.t in the single-phase regions, tho oxide systems CcIV_NdIII , CeIV_PrIV, Ce IV_ 

P IlI d P IV Nd III h 1 l' 1 t' h' 1 tw th 1 tt' r I an r - s ow a near y lnear re 0. lons lp Je een e a lce 

constunt, 0. , and the composition in terms of the a.tomic per cent of the tote'l.l 
o . 

rare-earth metul ;present in the trivalent form. In Figure 5, the oxide s~rstems 

Ce IV_La III (2) I Co IV_PrIII, Ce IV_ Nd II I, and PrIV_Nd III o.re shown together for 

(2) Zintl, E. and Croo.tto, U., Z. anorg. al1g. Chem. 242, 79 (1939) 
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comparison purposes. The relative slopes of the lines nre in keeping with 

the relative rndii of the c~tions involved. Exact computa.tion of these slopes 

from the ionic radii is complicated by the vo.rio.ble ooordination number of the 

co. tion (8 in Oe0
2 

o.nd 6 in the cubic ~~03 struoture) o.nd by the lattice defects 

cccused by unoccupied anion sites. 

As indico.ted in the tables, 0. number of the so.mples show ~lO (or possibly 

more) pha.ses, but in all suoh cuses at lec-st one p~~se is of the fluorite 

type. In the CeIV_NdIII oxide system, 0. second pho.se, prcsumo.bly rich in, 

NdZOS' is indicated at 0. oomposition corresponding to 70 o.tomic per cent of 

Nd from the sto.ndpoint of the metul content. This second phase is definitely 

not of the .A or C type of Nd
Z

0
3

, nnd has not as yet been characterized. In 

the CeIV_PrIII a.ndthc PrIV_NdIII oxide systems, so.turc.tion of the fluori to 

structure is indicated o.t 50 atomic per cent and 56 atomic per cent o~ the 

trive-lent metal respectively. On this sC'J)1e basis, saturation is roe-chad ,in 

IV III III the Ce -LA system at 60 o.tomic por cent of Lu .• ' 

IV III . In the Ce -Pr oXlde system tho second phase produced above 50 o.tom.io 

por cent of PrIll is the C-type cubic M
2

0
3 

structure. Above o.pproximatoly 

III 85 atomic per oent of Pr , the C-type pha;o is the only one pr'csont. The 

lo.ttice consto.nts in Table Ii for tho C pho.sc o.re ~ivcn ns onc-h~,lf of the 

true v::lues in order' to be on a ba.sis compo.rable to tho fluorite phases. 

Pure pr 203 o.lso crystnllizes in the hexarono.l A form of ro.re-onrth sosquioxidc. 

The behavior of Pr60
ll 

is of particular interest. This oxide ~csults 

vThon nny other oxido of praseodymium or salts such 0.5 the nitrate or oxnlnte 

are strongly heated in nir. Tho lnttice constant of Pr 6o
l1 

is quite reproduc­

ible under widely different methods of preparation with a value of 5.468 .: 
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0.001~. This figure is at varinnce with the litero.turo values of 5.499 and 

5.536 kX(3), (4) but is th;;J result of the mec..surcment of dHfrnction photogrnphs 

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

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

of over twenty sumples propo.rcd in this Inboratory, including column purified 

m.."I. terhl. Tho solubility of Pr 203 ::md Pr02 in the Pr SOIl phase is o.ppnrently 

too sm['.ll to niter the lo.tticc constant c..ppreciably and tho composition 

Pr
6

0
1l 

nppeo.rs to be un isolated point in tho praseodymium-oxygen system. 

The individunlity of the PrS0
1l 

phase is nlso indicated by the prnscodymium-

rich, :"lir-i['"nited so.mples in the Ce-Pr :).nd the Pr-Hd oxide systems. In tho Ce-

Pr o:idde system, (Tuble II), the Pr SOlI phose vlith un::"l terod lattice constc;nt 

porsists until the prasoodymium contant ho.s droppod below 77.5J~. As the corium 

content increases, r, new flueri to type phnse appears 'which is probn.bly ~ solid 

system of CeO
Z 

in PrO
Z

' Samples No. 9~ c:.nd No. 10 both show an unaltered Pr
6

0
11 

phose plus the solid solution phase. As one proceeds from Sample No. 14 to 

Sumplo No.9, the intensities of tho lines due to the PrSO
ll 

phase diminish 

in relativo intcnsi~y nnd the lines bocome bronder ond more diffuse while the 

opposite effects are noted for thG solid solution. By the time the pr:csoodymium 

content hos dropped to 65%, only the so lid S olut ion phase romains. Judging by 

the lnttice constant of the solid solution which is prosumably in equilibrium 
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solid solution, is in equilibrium wi th Pr 6011 is indica ted' by the fixed vc.lue 

of its luttice constunt while the Pr 6011 ph£l.se is still present. After the 

Pr 6011 phnso disa.ppours, the lc.ttico const~mt of tho solid solutionvnrios us 

indicC\ted by tho C\ir-irnited vo.lues for &.'\mples No. 1-8 in Table II. Tho 

fuilure of the lines of tho solid 'solution to appear on the photographs of 

8C\mplcs No. 11-13 is believed to bo duo to o.n extrcmely smnII particle size. 

This is indicatod by tho broadening of the lines on the pattern for 8unple No. 

10 n.ne. to ~ lessor degrce on 'bh.'l.t for SC\mple No.9. 
\. 

Tho bchC\vior of Pr 6011 is similar in the C\ ir-igni ted so.mplos of the Pr-lJd 

oxide system. Neodymium in ::.mounts up to 20/~ does not ~,lter tho lr1.ttice con-

stunt ef the Pr
6

0
1l 

phase. In this cC\se a second phc.so does not nppoQr on the 

films but there is considerC\blo diffuse sca.ttering in evidence.:'ihen tho 

pr::'csoodymium content is reduc cd below 65~{, the behavior on air-ie;ni tion is not 

reproducible unless the conditions ur'o carefully controlled. A1l of the 

samples reported in Thble III wore iGnited in a furnace simultaneously. 

Pure Pr0
2 

is rcc.dily prepared by hoD. ting tlny lowor oxide in oxygen g1:'.S n t 

c. pressure of 1:'.pproxinntely 50 o.tmospheres und u temperature of npproximf.l.tely 

3000 C. The runGe of temperature o.nd OXYfen pressure over which the chD.nge 

muy be (\ccomplished was not detormin.cd in this study but is under investign-

tion by others in this If.l.borntory. Tho If.l.tticc oonstant of Pr02 WD.S found 

in tho present study to hnyo the ro:produciblo Vt1.lu~ of 5.394 : . 0.002 R nnd 

h h f,5.373 .'"'nd ~.40 kX.(4)(5) is o.lso 0. t vc.ric.nce wit t 0 Ii tor[\. turo values 0 ~, .... 
_____________ 0,. _______ , _______ • ___ • _____ _ 

(5) Scherrer a.nd Polo..cios, Strukturbcricht II, 259 _'_0 _________ -:-
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Several nttompts to propo.ro Q single pha.se with a. composition between prSO
ll 

and Pr02 wero made by heating intimate mixtures of the two oxides in scaled 

quartz tubes. No such pho.so o.ppoars to exist, the usual result of the attempts 

being the two stnrting IlPteria.ls with una.lterod lo.ttioe consto.nts. Incomplete 

oxidation of PreO
ll 

with oxygen Gas was also found to yield tho two pha.sos 

Pr 60n r.nd Pr0
2

, each with its' cho.ro.ctcristic lattice cons tr.nt. 

Thoro has boon somc speculation regarding an oxidation state of +5 for 

praseodymium. Prandtl and Rieder(6) ho.vo reported tho.t pra.soodymium is oxidized 

(6) Pr::tndtl, W. a.nd Rieder, G., Z. o.norg. ullg. Chem. 238, 225 (1938). 

boyond the +4 sto.;~o when in the presence of 0. trivalent r[',ro-eo.rth. Yttrium 

vms the trivalent clement !letually used in thoir work in ordor to oliminate 

the possibility of n.ny oxidntion other ihnn that of prQseodymium. l.hrsh (7), 

in attompting to repeat tho work of Prandtl and Rieder, was able: to oxidize 

(7) r\~rsh, J. K., Jour. Chem. Soc. (1946) 5 

------.-.--- .. _-
praseodymium only to the +4 ste.to in tho prosence of Y20

3
• The prosent work 

offers [scod evidence inc1ico.tint; tho.t prnscodymium is oxidized to, but not boyond 

the +4 stuto. Tho dotted lino on Figure 4 represents ~ prediction of the 

1 tt ' t t for tho PrIV_NdIII oXl'de t f t' f 't' C\ lCO cons o.n ::, sys em us 0. unc lon 0 composl lone 

The s lope of this line vms to..kcn equal to th~t for the Co IV_PrIII oxide system 

(Figure 3) becnusc of tho similarities in relationships involwd in the tvTO 

systems. It is significant thc.t the cxperimento..l points for the oXidizod 

so.mplos in tho Pr-Nd oxide systom Qrc c10so to this predicted line. This 

" 
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indioa.tcs thr,t' the praseodymium in the snmplos is oxidi'zed oompletely to tho 

+4 stute, but not beyond, evon in the presence of trivnlent neod~nium a.nd a.t 

oxygen pressures of rtpproxirnc.to1y 50 r.taosphcros. 

It is o.lso interesting to note thut in the portion of the Ce-Pr oxide 

system below 65/~ pra.soodymium, thr,t element is easily oxidized to the +4 

sta.te on being hea.tod in nil'. Evidently tho presenoe of Ce
IV 

mnkos the oxi­

dntion of pr::tseodymium to tho +4 sto.tc easior th. .... n whon nlono or whon tri­

vn.lont neodymium is present. This mny be due to tho identity of tho cryst8.1 

structure of PrO
Z 

to that of Cc0
2

, 

~.cknorvl()dgment. The authOl" is indebted to Mrs. Leo Ja.ckson and Ers. 

Carol Dc.ubCl1 for preparing and mensurine; some of tho pO\'vder photoGra?hs, to 
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Cunningham for ~ .... ny helpful discussions. 
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