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INTRODUCTION

The question of soli%;solution formation versus
compound formation between higher oxides of electropositive
elenments and oxides of the elements showing only the posie-
tive one, two, or three oxidation state has been debated for
many years. 7The two poselbilities have been of interest in
rare earth oxide studies. Kixed oxide systems may be of two
typest (1) eynthetic mixtures prepared by combining the pure
oxides or (£) naturally occurring mixturee. Many such sye-
tevs heve been shown to follow the additivity rules. lowvever,
some syertems eruch as the air-iznited mixed oxide eystems of
lantlhisnua and praseodymium or neodyzium and praseodymiua do
not completely follov the sd4itivity rules. =ince the
lanthanum and praseodymium oxide system doee occur naturslly
and has proven to de Aifficult to analyze because it does
not follow the additivity rules, it is of interest to know
Bore completely the behavior of this eystem as the compo=-
sition 1s varied.

The virtual insolubility of ceriua dioxids, when
pure, in mineral acids has been explained by assuaing
compound formation. Frandtl(49) stated that Prg0;; and

FrOz; are 80114 solutions of Fry04 and Fry0 Zintl and

6.
Croatto(71) and Carleon(14) studied mixtures of lanthanum
oxlde and ceriums dioxide and the varistions of the proper-

ties of the eystem were believed to be evidence of solid



solution formation. 2Zintl and korawiete(7Z) prepared
Naecooa. HaEProa, and NaPrOg. From X-ray estudies they found
that each of the oxides has a sodium ghloride etructure.
Hoffman(29,30) prepared BaCeOg, Srie0s, and BafrOy. From
X-ray stuiies he found that BaGaO3 has the perovskite struc-
ture and that Barro3 and 8rie0, are cubioc. The air-ignited
lanthanum 6xldc-praaeodym1un oxide system has been studled
by Salutsky(88) and Pranitl snd Huttner(80) snd they found
that at high congentrstione of praseodyaium oxile, oxygena-
tion of the praseodymium becomes easier thkn for the pure
oxide whereas in prsseolymium-poor sixtures oxygensfion of
the preseodymiums becomes very difficult.

The present study has as ite odbject the stuily of
the air-ignited lanthanum oxldo-praaeodymihn oxide systea
and the accoupanying variations of corystgl etrucgture, den-
eities, and saounts of oxygenation with changes of composi-
tion to learn whether or not the question of solll solution

versus coapound formation for the eystem may de resolved.
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OESTICN I

Structure and Frersration of lLenthanon Cxidep

Each of the rare earths forms a bssic oxide in
vhich the metsl is trivalent. These oxides are by defini-
tion the original rare earths. FExcept for the oxiles of
ceriua, praseodymium, and terdblum theee aonqulbxlies are
steble toward oxidation at higher temperatures or under
vigorous oxidizing conditions. A reviev of some of the
properties of the sesguioxides will be followel by a brief
discussion of thoee rare earth oxi‘es in which these elementa
exhibit a higher oxidation state.

All of the rare earth sesquioxides excert those of
cerium, praseodymium, and terbium can be formed by direct
combination of the free metals with oxyzen &nd by ignition
of the hydroxides, nitretes, carbonates, oxalates, sulfates,
or other salts forwel with anions of volatile or eacsily
decomposed oxy-acids. Freamseodymium and terbiua aoncuioiidee
m&y be prepared by the reduction of the higher oxides in a
streza of hydrogen at about $00° C. or by ignition of the
higher oxides in vacuum at above 6C0° C. However, the
reduotloh of ceric oxide to the eesquioxide in a ertream of
hydrogen 1s difficult and is not rapid until the temperature
is about £000° C. and the hydrogen preesurs is around 150
atmwospheres. Ceric oxide 1s not reduced upon ignition in

vaguum.



The rare earth sesquioxides are readily soluble in
most acide. Those of lanthanum, praseodymium, an! neolysiua
readily hydrate and oarbonate in alr an? fora normal salts
vith most of the weaker acids except hydrocyanio and hydroe-
sulfurio acide which are too weak. This type of behavior of
the serquioxides contrastes with that of geric oxide whicgh is
diffigultly soludble even in strong acids.

In making structural studies Goldschaidt, Ulrich,
and Barth(£8) founi that the lanthanide seequioxides crystale
lize in three structural types: A, hexagonal; B, pseudo~
trigonal; end J, body-centered cubic. The A or hexagonal
fors is ocommon from lanthanum through samariua anld is
obtained by high temperature ignition of appropriate com-
pounds. Goldechmidt originally reportsed that only the
eeacuioxides of the elements pamariua throuch lutecium
assumed the C or body-centered cubic structure. Fowever,
Lohberg( 38), landelli(34), and Bomaer{?) have prepared cubic
sesquioxides of the resaining rare earths. The C structure
ie formed at lower temperatures than the A fors. The less
comnzon B or pseudotrigonal structure haes been reported for
the seerquioxiles of praseodymium(?), neodymiuam, eamarium,
g&10linius, and 4Ayrprosius(7) and is foraed at intermediate
teaperatures.

€in¢ce this study dezles with lanthanum &nl praeeo-
dymiua oxides, the A, G, anA fluorite strugtures will be

revieved. Wellg(685) in his review of the structures of the






rare sarth oxides states that the hexsagonal structure gon-
taine one lanthanus oxide molecule per unit ¢ell. The metal
ion hae a cooriination nuabdber of seven with the oda oxide
ion being loocated sbove one face of an octahedron which is
distorted dy separating the oxide ions at the corners of
that face. The four nearer oxygen neighdbors to the lanthanum
ion are at £.42 A.end the remaining three are at £.69 A.
Values for the dietances between the prareocdymium and oxide
ions are not given but the structuree of the two sesguioxides
are leotyplo and the radii of the two ione are 1.C4 A, for
lanthanus oxide and 1.00 A. for praseoiymiua sesquioxide.

The G or boly-centered cubic etructure, haiing 16
mwolecules of sesquioxide per unit cell, is closely related
to the fluorite structure from which it =may bs derivel bdy
removing one-quarter of the anions and rearranging the ions
elightly so that all the metal ions are six coordinated..

Unlike the other lanthznons, cerium, praseoiymium,
and terbium, upon ignition of the free metals or salts of
volatile or easily decomposed oxy-acids in alir or oxygen
form oxides in wvhich the oxidation number of the metals 1is
hizher than three. Cerius sesquioxide left in the open ailr
elowly transforma to ceriua d4ioxide. Upon air ignition,
rraseodymiua and terdbium or their appropriaste compoundis form
rrso

11
oxides cerium 4ioxide has the fluorite structure whereas

and Tb407. reaspectively. Of these three higher

[ ] [ ]
”6°11 snd Tb‘07 form "defect® fluorite structures.



There are two poscsidble &rrangements for & “"defect®
fluorite structure: namely, a lattice in vhich all the cation
positions are fille? and eome of the anion poritionsg are
vacant or a lattice in which all the cation and anion posi-
tions are fllled and the excess cations are located inter-
stitially. MoCullough(42) and1 Hun4 and Peetz(33) think that
the firet suggestion is the more probable one for the struc-
ture. Fowever, Vickery(64) ueing data by Kartin(40) and
Foex and loriers(23) believes the second possibllity to de
more probable. Ko comprehensive structural studies have
becn reported for Tb407. Vickery also states that the cubic
lines gharacteristic of the ¢ etructure of the sesquioxides
have been observed in the X-ray powder dliagrams of Frg0,, ani
Tby0pn. This latter 1dea implies that lines characterietioc
of both body-centered and face-gentersd cudbic structures
vould have to de present on the saae powder diagras. lowvever,
in this investigation only cubic lines corresponling to the

face-gcentered cudig fluorite structure were founi.



SZCTION 11

Lanthanua Oxide

Experimental

f£ince lenthenum oxide 18 a part of the systeam
studied in this invertigstion, it was thought advisable to
recheck tho valuern of the deneity and of the lattice con-
etants of the hexagonal structure. Except for the earliest
values there 1s good agreement smong the reported denaity
values. It wae glso felt that the reported lattice constant
values vere not too precise. Therefors, 1t was declied to
redetermine the densrity and lattice éonetants for the oxide
kaving the hexagonal structure.

Lanthanus from four 4ifferent sources waes used in
thie inveetigation. Two of the ramples were from the lan-
thanua-rich ends of twvo Aifferent extenrively fractionated
double magnesiuam nitrate recryrtallization eseries rfoa this
ladboratory. The lanthanum material was recovered from the
fractions by double precipitstion as the ozalato.' The
abrorption epectrum of an slmost satursted eolution of the
chloride was checked visually throush a layer five centi-
meters thick for the presence of other lanthenides exhibiting
abeorption in the visidble range. Some "spectroscopiocally’
pure material was obtained from Dr. L. L. Quill. The fourth
raaple of lanthanum material was obtained from the Lindeay

Clemical vompany as 90,68 per cent pure and was checked for



the presence of other lanthanons in the same manner asa the
firet two source materials. All the oxile sam:rles after
ignition were pure vhite.

Three oxide samplee vere prepared froa each source
materiel. Fy ignition, one sample was prepared from the
nitrate, one from the garbonate, &nd one froa the oxalate.
Fach ssmple was air ignited for at least tvo days in an
electric muffle furnace at $G0° C. to ilneure complete cal-
c¢lnation ani anneslling of the oxide proiuct eo very sharp
X-ray lines would be obtained., FEach semple upon removal
froam the furnace was placed in a demiccator to cool. For
X-rey analyeis Lindemann oapillaries were filleil with the
oxides ss soon as poseihle sfter cooling.

Fowvier dlagrams were taken on a Rorelco Xeregy
diffraction machine using a Hull-Debye-Screrrer type camera
of 57.3 millimeter radlues. Copper radiation filtere? through
nickel foil was ueed. Films were messured with a steel
metric scale having a sliding vernler resding to 20.0¢8
centlimeters. The linear realings were converte! to 26
values by the ncthoﬁ recomanended by Straumanie(6l). For
samplee huving the hexaonal structures the lsttice con-
etante were calculated from the equation,

e1nf6 = Fy(hienker?) + Fo(1)2 o

sn1 the relationehirs,

and o= ‘A

A
3 \/31 4 Fo



fince one fila obtalned wee unresdable, only
eleven filme were messured. The 20 values for each plane
producing a reflection were aversged. The £0 values,
relative intensities, ein?0 values, and planes producing
reflections are given in Table I. There was good agreement

azmong all the 2¢ valuee for all filame.

TARLE I
X-ray Date for Lanthanum Oxide
Helative
Line Plene Intensity 20 81n2e
1 1070 v £6.28 0.06168
2 0002 w 29,28 06775
3 1011 ve 30.12 .06751
4 1012 o 39.63 .11490
[} 1120 ® 46,22 .15408
6 1013 s 82,28 .19410
? £020 vvw 5,04 .£0568
8 11%e 8 55,55 .21716
-] 2021 v 66.10 .22113
10 0004 vvw 60,52 25394
1 2022 v 62.41 .£6843
12 1014 vvw €7.04 .30496
13 2023 v 72.22 34732
14 £130 vvw 73,88 . 35866
18 2131 e 75.46 37447
16 1124 w 79.26 .40683
17 2132 vw 81.00 .42178
18 1016 Y 87.89 44678
19 3030 vw 86.47 +46060
£0 2133 w 90.04 .50038
£1 3032 vw 92,73 .52381
#1nQ = 0.05130(h2+hk+k2) + 0.01877(1)%
a=__1.5418 _ * 3030+ 0.001A.
3V0.06130
¢z _1.8418 = 6.139 % 0.002 A.
4 \/o.01877
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Lattice constants of pure lanthanus sesquioxide
were calculated from these data as follows. For Cu Xa =

1.5418 A.,
e1nf0 = 0.08130(h +nk+x2) + 0.01877(1)2

and
a® 1.8418 and o ® 1.8418
s ,/0.08130 4 V0.01577

froa wvhich the lattice constants are a ® 3.930 ¢ 0.001 A.
ard ¢ ® 6.139 # 0.002 A. The mean square error was calou-
lated according to the method of least squares. These values
were used alsc to calculsate the X-ray denesity as will be
ehown later.

Table II sumsarizes the literature data and that
of this study for the lattice constants of lanthanua oxide.

TABLE II
Lattice Constants of Lanthanum Oxide
| _ Hexegonal
_unm_%n_tnu ¥orker nce
a c
3.3 6.12 Goldschmidt et al. 4
3.93 6.12 Zachariaeen 68
S.648 ¢.18 Psuling 48
S.027 6.114 2intl and CPoatto -
3.022 6.120 Croatto 18
3.930 6.139 This work
’ _Guble_
__lattice Constants Vorker Reference
a
11.¢ Lohdberg 38
11.40 Boamer ?
11.38 Iandelll . 34
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The agreement among the values for the a axis is
g§00d4 except for the values reported by Pauling and by Croatto.
Agreenent of the values for the length of the ¢ axis 1s not
as good. For this work the value found for the o axis 1is
somevhat higher than the reported values with the exception
of the one given dy Pauling.

Density measuresents of lanthanua oxide were made
ot £6.00 0.02° C. One weight pycnometer has a thermometer
and a saell capillary side arm and the other has a ground
glass stopper vith a capillzry hole. Both pycnometers were
calibrated with redistilled water, the denzity of water
being taken as 0.96708 g./ml. at é5.00° C. The xylene used
was the middle one-third of freshly distilled C.P. isomeric
xylene. At three different times newly 4istilled xylene
was prepared. The three Aifferent samples used had densities
of 0.85000, 0.85869, and 0.85828 g./ml., respectively.

For a Sypiocal density determination, a freshly
ignited sample of lanthanua oxide welghing about three grams
vas weighed into a clean 4ry pycnometer, xylene was intro-

duced over the solid, and then the unit was placed in a
vacuum system to remove any occluded air buddbles. The xylene
vas allowed $0 boil for at least a half hour at room tem-
perature, the unit vas removed froa the vacuuas systes,
filled completely with xylene and then placed in a thermo-
stated bath at 28.00 0.02° 0. The time necessary for
establishuent of thermal equilidrium wgs determined dy
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placing the pycnometer having the theruozeter in the thermo-
atated bath and finding how long i1t took for the temceraturse
ia the pycnometer and bath to become equal. This time
(fifteen minutes) was quadrupled to guarantee thermal oqﬁi-
1ibrium. Accordingly, after one hour the pycnometer was
resovel froa the dbeath, cappel, cooledl in a stream of cold
vater, wiped 4ry, and placei in the balance gaase for
velching. Each sample was weighed four times with the
rycnometer being treated in the same manner descoribed above
between each welghing. Densities were calculated by the

following formula,
v, .d

a, = ] solv,
solv. pYyo. unitg (]
dq = denelty of the solid
daolv. ® density of the solvent
vy 2 weight of the #0111} eample
Yunit & velght of the solid rlus solvent

contained in the pycnometer
prc. S volume of the pycnometer

The pycnometric densgities for three samples vere
found to be 6.83, 6.46, anl1 €.83 g./ce., the average being
€.56 g./cc.

The X-ray density for lanthenuas oxide was ¢czlcou-
lated from the previously mentioned lattice constznts

according to the equstion,
”.w"

K aéb ein @0°
. 225.84

0.6026+10 23(X.630-10-2)26.139-10-2+0. L6605

a, =
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vhere, HeWeyq = z0leculer wolght of the solid
' (1542 atomic weiyhtse)
N. S Avogalro's number

a and ¢ = the latiice gonstants of the
hexagonal structure

The'denclty calculatel accoriing to the above method is
6.52% g./cc.
The density valuse given for hexagnnal lanthanum
oxide are tshulated in Tadble III,.
TABLE 111

Pycnometric Denesities

Hexaconal lLanthanum Oxide

Density Yorker Literature
6.48 Nilson snd Fetterson 46
6.4 Rrauner 11
6.61 Frandtl 49
6.587 Zacharissen : t8
6.55 Zintl and Croatto 71
6.82 ¢roatto 16
6.58 - This work

The pycnometric denrity deterzmine! for hexagonal
lanthenum oxide in thie study agrees very well with literae
ture velues except for those by Prauner and Nilson and
Fetterson. All densities egree within one per cent. The
Xeray density, 6.085 g./cc. is slightly higher than the
pycnosetric density. This is expected eince microscgopiec
gracke snd c¢rystal izperfections will be formed that cause

voide which are not fille? with the imrersing liquid.
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TUHMMARY

The lattiice constants of hexsgonal la,Ox hzve been
reietermined. The length of the a axis founl for the unit
cell agrees well with the litersture values but the ©
value of the axis found in thie work ie larger than all but
one value found in the literature. The cublic lattice
dimension was not reletermined but literature values are
given,

The redetermination of the density of hexagonal
La?_O3 shows good correaponience with the literature values

end the density caliulated from Xeray data.
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SECTION III

Fraseodymium Oxides

Historical

The three common oxides of przsecdymium are
”203: Proz, and Pr6°11’ The sesquioxide and dioxide nust
be preparel under epecial conditions. The serquioxide is
prepared by refuction from a higher oxide in a stream of
hydrogen or by iznition in a vacuum. If the reduction 1ie
performed at higher temperaturee, the hexagonal structure
results; 4f at temperatures below 700° C., the cubic struc-
ture foras.

Foex(22), measuring the change in length of a
szmall cylinler of the sesquioxide with change in temperature,
found the oxide undergoes an irreversible transition from
the cublc to the hexasgnnal structure at sbout 900° §. with
a decrease in volume. 5ince the molecular volumes of the
cubioc and hexagonsl structures of the eesquioxide, aes calcu-
lated from the lattice constants reported by Eyring, lohr,
and Cunninghax(18), are 52.07 end 4¢.69, respectively, a
contragtion of the oxide during the traneition froa the
cublio to the hexa,onal etructure would dbe expected. The
only way to convert the hexagonal dback to the cubic form is
to ignits the oxide to Pr'sol1 end again reduce to the eserqui-
oxide below 700° G. The B gtructure(Z8) is obtainsble only
upon the i.nition of pruageolyniua mrulfate in s etream of

hydrogen at e00? ¢.
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Praseodymium sescuioxide readily diesolves in
moet acide to form bright green sclutions and ie converted
completely to PrGOn upon air ignition.

The most easlly preparel ani moet gomzon praseo-

dymium oxide 1s Pr_ O This oxi4e hae a face-centered

cubic "defect® rlu:ri:c structure and is obtalned upon alr
ignition of the aprropriate salts. The exact structure of
the oxide is gtill unknown. As etated earlier in this
;rxting. Hgoullough(42) snd Hund and Peetz(3) believed the
defects to be anion vacancies vwhereas Vickery(63) believed
that the fluorite latiice was completely filled and the
exgess cations were acconmodated interstitially. In general
its chemical nature 1s similar to that of the dioxide.

7he poeitive four oxidation state has deen observed
‘only on the oxilee. However, Kskatsuka and Chang(48)
reported that they prepared praseodyzium{IV) and neodymiuam(IV)
ions by air oxidation ani anode oxidation of ammoniacal
eolutions of the rare earth jons in a solution of 8-quino-
linol-8-sulfonie acid. Rameey, Douglae, ani Yost(54)
repeated their experimente and felt that Nakatsuka and Chang
only found new complexes of the two rare earth ions in the
Fositive thres atate.

Marsh(32) esuggested FrO as anothsr possible oxile
of prareodymium. KHowever, it was obtainel by hydrogen reluc-
tion of a #0114 eolution of praseodymiua oxidees in thoriua

di1oxide 2nd no other evidence has been given for its existence.
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Praseodyniua dioxide, the other etolchiometric
coapouni of praseolymium, has the face-centered cgubleg
fluorite structure. FPagel and Brinton(47) prepared ¢¢.,2
per cent purs praseodysmium dioxide by iznition of Prp0s An
pure oxygen at about 25 atmospheree pressurs and 255° C. for
about five hours. McCullough(42,43) and Eyring, Lohr, and
cunningham(18) using the same principle dut pressures of
&bove fifty atsoespheres produced Proe for X-reay analyeie.
The dloxide 18 dark brown to black.

geversl studles have been made of the praseodymium-
Oxygen system. Pagel and Brinton{47) atudied the effects of
teuperature, ignition time, oxygen pressure, and rate of
coc1ling on the amount of oxyxenation of prasecdymium oxide.
They found that the amount of oxygenation of air-ignited
praseodymiua oxide varies with the conditions of ignition
&nd cooling and that the amount of oxygenation dspends on
the oxygen pressure and terperature of ignition. XNartin(4C)
msde structural studies and Aiseociation pressures measure-
zents on a series of nonstoichiozetric oxides of praceocdymium
e8 well as conductivity mearuremente on P’e°11° He reported
that between ”°1.so and Prol.ss the systea 18 hexagonel;
between Prol.ss and Pro, ,. the hexzgonal and cubic struge
turses coexist and above Pr01.75 the ayetea is cubioc. He
etated that belowv 780% G. the air-ignited oxide is an
electron conductor wvhereas above that tempersature it is a

positive hole oconductor.
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Fergueon(19) and Ferguson, Guth, ani Fyring(Z<0)
vho invertigated the 1sothermal 4iseociation prersures of
the praseodymiua-oxygen systen at different tezperatures
and oxygen presgures, reported that there appears to be twvo
compositions at which the oxide ie particularly etadble,
nazely: 1‘1'01..;,15 and PPOI.SO‘ Asprey(8) made X-ray studies
of the structure of eoas nonstoichlometric oxidee and found

the following:

; Lattice
Oxide dtructure Conatant
rrol.se body-centered cudis 8.5322 A,
I'r0y . ms face-centerel cublo 8.4¢9 A.
Fro, axs face-centered cublo 5.467 A.
rop face-centered cubis 5.3202 A,

The information froa Ferguson and Aeprey iniicates
that, under their respective experizentsl conditions,
changes of eome physical properties in the prasecdyniume~
oxygen system are not linear with changes in the smount of
oxysensation. |

Foex(2l) from his observations that the resis-
tivity of rrboll is mugh lover than that of the sesquioxide
believes that Pr6011 is a #3lt 1ike comround or at least a
phenomenon similar to that observed in Fe.0, and TiyO4.

Rabldeau and Glockler{5%) prepsrel oxides of
praseodymium interxzediate betwesn rrboll and Prog by
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oxidizing lover oxides at rooam temperature &ni atmoepheric
preerure with ozone.

Gruen, Xoehler, ani Katz(£6) using atomic oxygen,
prepared Proz.oz wvhich has the fluorite structure with a
lattice constant of 5.380 A,

Foex and Loriere(€3) studied the thermal decom-
position of the prareocldyriun-oxygen syetem with increasing
termperature by gravimetric snd dilatometric methods. Samples
were prepared by i.nition of nitrates to €50° 3. and cooling
in air at 0.8% G. per hour. The samples were slowly heated
in air from 18° %o 8C0° C. and varistions of mass and size
etudied with temperature increase. Dilatometric data ehowed
m&xima in density at rrOp &nd rreoll. Gravizetric data
shoved rlateaus corresponding to Pr0, at 2685° C. and
Frg0,, at 380° .



Trascody=ium Cxidee

Experimental

Prarecdiymium materiasls ured in this invertigation
for determining the lattice constanta of praseoiymium oxides
«nd the deneity of P’b°11 were obtained froms Cr. L. L. GQuill
and labeled "spectroscopricelly® pure. The P’b°11 vas
jrepared by igniting freshly precipitated oxalates in an
electric muffle furnace at 900° C. for two or more days to
insure goaplete calcination and to annesl the material so
sharper X-ray linee could dbe obtained. Preo3 vags prepareqd
by reducing Prg0,, in a stream of hydrogen at eoc® . in
a tube furnace. After reduction the sample wae sllowed to
gool to about 7852 C. in hydrogen before removing it from the
gyaten.

Singe ”6°11 is a nonetoichiometric oxide, it was
necesssry to determine the amount of oxygenation of the air-
ignited material. This smount of oxygen over thet required
for rrzo3 is called "excess® oxyzen. It was determined by
the method regozmended by falutery(58). Freshly 1gnited
oxide samples welghing C.CCCO to 0.1260 grame were wei hed
into £80 ml. 1o4ine flasks. To the sample in each flerk
are added firat 10 ml. of 0.1 M potassium iocdide solution
snd then 28 wl. of 6 N sulfuric acid. The fleaek 1e izme?l-
ttely stoppered and gently swirlel to disso0lve the oxide.

The rolution time verlees depeniing on the nature of the
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oxide &nd the perticle sirzre. The liberated 1oiine 1in
titrated with 0.03 K sodium thiosulfate using J-£4 ml. of
1 per cent etarch rolution as the indicator.

The calculation for the per oent "excers® oxygen
ie

Per cent "Txoese" Oxygen & KV o 0 . 100
2000 9.¥W,

K regresente the normality of the sodium thiosulfate solu-

tion, V itz volunme, the milliequivalent wvei ht of

£000
oxygen, and $.¥, the sample velght. The amount of "excess*

oxygen in air-ignited prasseodymium oxide was deterzinel to
be 3.14 wveight per cent. The cealculatel smount 1s 3.13
weiyht per cgent.

The methods of taking snd measuring the X-rey
filme and of csloulating the lattiice conetsnts of 1"1'20:S
vere tLe ezme as for L‘ioz' The £0 values, relative
irntensities, e1nfQ vslues, and plsnee prolucing reflections
sre given in Tadble IV.

The lattice conetants of hexa,onal Przo3 vere
calculated from the ecustion sin‘® = C.05325(hEshkexf) «
0.C1€47(1)2 and the relstionehips,

a s 105418 anﬁ c s 1.5‘18 .
5 ;aos'guuig 4 ;303T34,

The lattice constante osloulatel are a ® 3.854 ¢ 0.001 and
¢ = 6,007 ¢ 0.002 A. Literature values for the cubio and
hexagonel etructure determined in thie study are given in

Tsble V. There 1s good agreecment between the literature



TABLE IV
X-ray Data for Hexagonal Praseodymium Sesquioxide

Relative
Line Plane Intensity 26 81in®e
1 1070 w £6.84 0.05387
2 0002 w 29,79 .06608
3 1011 ve 30.70 .07007
4 10ig ® 40.46 .11087
5 1120 e 47.22 .16041
8 1013 s 62.28 .20175
7 20; vvw 55.03 21343
8 1122 ® 86.78 .22607
e 2071 w 57.34 .23018
10 vvvw €1.69 26288
11 2082 vvw 83.80 27926
12 1014 vvvw 68.650 .31675
13 £0E3 v 73.91 .36142
14 2130 vvvw 75.31 .37320
18 2181 v 77.27 .38082
16 1174 ww 81.17 .42324
17 2132 vvw €7.02 .43924
18 1018 vw 86.88 .46408
19 3030 vvw 87.68 47976
20 2133 w 02.49 .82172
21 3032 vw 95.19 54523

#1020 = 0.05335(hZ+hkek2) + 0.01647(1)2

a=__1.5418 * 3.854 + 0.001 A.
3 J/0.052356

¢z _1.5418 = 6.007 # 0.002 A.
4 J0.01647




TABLE ¥
Lattigce Conetants of Praseodymium Sesquioxides
Symmetry Lattice stants Vorkers Literature
Hexagona Cublc 5
) C a

Cubic 11.116 | Bommer 7
Cubie 11.126 | Iandelll 24
Cuble 11.14 HcCullough 42
Suble 11.136 | Gruen, Foehler,

and Katz 26
Cubic 11.14 “yring, Lohr,

and Cunningham 18
Hexagonal | X.85 €.00 Goldechmids,

et al. 28
Hexagonal | 3.88 | 6.00 Tachariaeen 68
Hexagonal | 3.85) | 6.996 Faulling 48
Hexagonal | 3.85 | 6.00 Parbezat and

lLoriers €
Hexagonal | 3.859 | 6.008 Eyring, lohr,

and Cunningham 18
Hexagonal | 3.834 | €.007 This work

values of the lattice constente of the hexagonsl structure
and thoee of thie etudy. The latiice constant for the cuble
etructure wee not determined but the literature vslues are
included so they may be used in a later dlecussion.
Haterisls for determining the lattice constsnt of
Frg0yy were the same aes used for X-ray determinations of the
hexa;onal sesquioxide. Freshly precipitated praseodymium
oxalate wae ignited for twvo days in an electric muffle
furnace at 200° C. to insure complete calcination and to
anneal the eample for obtaining sharper linee on the powder
diagrams. The freshly ignitel materisl wae romoved from
the mufrle furnzce, allowed to cool for shout a minute and

place’ in a desiccator to cool. As soon as possible a



24

Lindemann gapillary tube was filled for X-ray analysis. Two
films were prepared and measured in the same manner as
descridbed for LagOz. A lattlce conetant was calculated from

the equation,

2. 2 5h20k20;2!

s1n%e

for each reflection line. The lattice constasnts wvere aversged
aritimetically to obtain an aversge lattice constant for the
film., The relative intenrities, 26 and sin®e valuee, and
rlanes producing reflections are glven in Table Vi. Values
from the firet two lines were not averaged because they
varied too greatly from the rest of the values. The latiice
constants determined were a = 5.460 # 0.003 A, ond a = 5.4€4
# C.004 A., the averasge being 65.462 ¢ 0.004 A.

X-ray Data for Prao

Line |Plane| Helative Film 472 Film 526
Intensity | 26 sin®e | 20 sin®e
1 111 L] £8.40 | 0.08018 [£9.41 | 0.OR0OEE
2 200 v 22.88 08000 |32.91 .0B024
3 £20 [} 47.07 15048
4 311 8 656.86 21930
8 222 vw 58.57 23627
[ 400 vw 68.66 .31806
? 331 w 75.04 37853
8 420 w 78.20 30776
9 422 » 87.39 LATES .
10 333 w 04.16 LB3627 |04.34 .53784
511
2, 2
o= _.7(A%] 5.46440.004 5.460+0.003
sinfe
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Literature values for the latiice constants of
FrO, oxides having & cublc etructure an'! x greater than
1.80 are given in Table VII. The value deteramined in this
work for the lattice constant of rroou agrees very well
vith those reported in the literature. A lattice constant
of PrO; was not determined in this inveetigatlon but litera-
ture valuas are given for purposes of later coumparison.

Lattice Constents of Higher Oxides of Praseolymium

Formula |Lattice “orker Literature
conetant
Proy eg 5.83¢2 Asprey 5
Préj.eyg | 5.400 | Asprey 5
PreC. 10.98 Goldschmldt et al. £8
rriotl 5.467 | Aeprey sa 5
Freg0yy 5.468 ¥elullough 42
Pre0yy 5.462 | This work
Prog 5.29 Scherrer and Falaclos €60
Frog 5.362 | Asprey 5
rrc, 5,394 ¥glullough 4z
Prog 5.40 Barbezat and lLoriers €
Frog 5.3656 Eyring, lohr, and
Junningham 18

Pr0p o2 5.380 | Gruen, roehler, and

' Kats 8

e the smount of oxygen 1n the cubic praseodyamium
oxide etructure incressee, the lattice contracte. Ths
chenge of the lattice conetant with chsnge in smount of
oxygen in the oxids 1s discontinuous.

The pycnowmetric¢ density of yr(;on was deterained
in the same maunner ae for Ls Oy and was found to be 6.83

geo/6c. The Xepray dencity 1s csloulated to dbe 6.83 g./cq.,



26

a, = 2/3 Pre011 2/3 1021.52 z 6.83 g/co.
S K (5.462-10°8)3 0.60c6-10°4

Densities reported by other workeres are given in
Table VIII. It is noted that the density found in this
study is greater than previouely reported values but agrees

closely with the X-ray density value.
TABLE VIII

Reported Densities 25

Air-Ignited Praseodymium Oxide

Value vorker Literature
6,704 Brauner 11
€.71 Prandtl 49
6.61 Prandtl snd Huttner 60
6.83 This work
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SUMMARY

The lattlce constants of hexa,onal Fr-Cx have
been redeterzined anl found to be in good agreement with
the literature vslues. The redeterminations of the lattice
conatant and density of Praoll show good gorresponience of
the lattice constant with the literature veslues hut that
the density value 3s higher. .

The amount of excess oxygen calgulatel for PrgCy,
is 3.13 per cent by weight. The emount of excess oxygen
determine? for two samples of air-ignited praseodymiua was

S«14 per gent by weight.
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SECTION IV
Hixel Oxiden

Historicsal

Since the systenm belng studied involves a dioxide
having the fluorite structure and rare earth sesculoxides,
thie type of system will be reviewed.

A numnber of workers(8, 9, 14, 16, 1, 32, 29,

41, 42, 43, 44, 49, B0, %8, 71) have reported observations
on syeteas of dloxides having the fluorite structure with
lanthanon sesquloxides. Hund and Durrwachter(3l1) working
with the lanthsnua(III) - thoriua(IV) oxide systea snd
Zintl &nd Croastto(71) snd Cerleon(14) with the lanthanua(1II)
- cerium(lV) oxide system reported that the fluorite strug-
ture remainel ug the serquioxide war sdded to the dioxide
to foram #0114 eolutions. They further stated that anion
vacancies were crested to accomrmodate the deficiency of
oxile lons rether than the fluorite structure remaining
completely filled and the excers cations being situated
interstitielly. YX-ray investigations by these workers also
shoved that ths change in lattice conetant of the fluorite
strugture is linear with change in concentration of La_Oy
&nd that the fluorite strucgture became saturatel at about
fifty mole per cent sesguioxide. This concentration of
eesquioxide in the fluorite structure corresponis very

clorely to that fount by Martin(4Q).



Kolullough(42,43) eteted that for dbinary syetems
of lanthanum, praseodymiun, or neodymiua esesquioxides with
gerium, praseodymium, or thorium 4dioxides the fluorite
struc¢ture becomes saturated at some concentrstion depending
on the oxide palf snd undergoes no further change oxbept to
decresse in smount &s the concentration of sescuioxiie 1is
further incressel. Rrauer and Gradinger{(8) found that the
yttrium(III) « cerium{IV) oxide eystem tends to undergo a
continuous traneition from the face-centered cubic fluorite
structure of the dloxile to the dody-centered cudbic ¢
structure of the yttrium oxide. NMcCullough ant Pritton(44)
studying the same system as well ae the yttriuma(IIl) -
praseodymium({ IV) oxide system cume to the same conclueion.

Investigations by Sslutekxy(58) and Prandtl and
Hutiner( £0) of the sir-ignited lanthanum oxide-prarec-
dyzium oxide syasters rhowel that aes the amount of lanthsnuam
oxide increasel, the "exceere' oxygen first ingrezece over
that predicted for all the prasecdymium existing as Fre0yy
to a peak and then rapidly decreasees zs the amount of Lagoa
inoreares further.

Mareh(39) states that at least two factors influ-
ence the amount of oxygenation of praseodymium in mixtures
of one mole of Fro0x to tvo moles of some other rare earth
ehowing only the poeitive three oxidation state; n:xely,
the relative stabllities of the hexagonal sn1 cubic struce

turea snd the ionic rsdius of the mét&l ion of the
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ceesquioxide used for d4ilution. As the ionic radius of the
lgnthanon ion in the diluting sesquiorxide degresses and as
the hexagonal structure bacomes more atzble, the amount of
oxysenation of the praseodyaium in the mixture decreases.
Agoordingly, as the atozic numder of the lanthanon ion of
the d1lutin; seesguioxiie incresses, the amount of oxygena-
tion of praseodymium in mixtures will reach a peak at some
intermediate lenthanon and decrezse with further increase
in atomic number.

Brauer end Hasg(9) end Carlson(14) detersining
the rate of solubility of the La,Og -~ CeOp system in
mineral acide found that at high concentrations of Celp
the rate of solublility was very alow but begsn to increase
when the concentration had decreased to about 70-80 mole
per cent.

Although binary oxide syatems of La,Ox, XNd:Og3,
szos, !baoa. or 8¢-0« with Us0g do not involve a pure
dioxide having the fluorite structure, it ie felt that
information concerning these systems reported by Hund ani
Feetz(32) is pertinent. They report msolid solutions form
which have the fluorite etructure in the composition range
of about 25-70 mole per gent of the sesquioxide. The
fluorite structure formas with anlion vacsncies until all
the fluorite structure is completely filled and any excess
oxygen 1s distributed statistically among the octahedral

vagancles.
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WVhen two compounds are mixed, the quegtion of
vhether there is s0lid solution formation or compound
formation arieses. Prandtl(49) reported that Prg0,; and
Pr02 are typee of praseodymates. Though the praseodymium -
oxygen system has been stuiled by several methods, the
question of s0lid solution formation versus compound

formation is atill unresolved.



Mixed Oxiden

Experimentsal

Praseodyanium-poor samples for this study were
obtained by separation using hohogeneoua precipitation of
the carbonate of material from the lanthanum-rich end of
a double magnesium-rare earth nitrete recryetallization
geries. |

For this procedure a method developed by
Saluteky(58) was uered. Freshly ignited oxide 1s disrolved
in a sinimua amount of 25 per gent trichloroacetic acig,
the solution diluted to give a concentration of about ten
to tvelve grams of rare earth oxide per liter of eolution.
The solution is heated to 90° 0. to decompose the trichloro-
acetate ion to chlorofora and carbonic acid. The rare
earth ions were precipitatel as carbonates. In order to
calculate the time required to precipitate 80 per cent of
the rare earth ilone from snlution, rate constants for the
decomporition of the trichloroacetate ion were obtained
from the work by Verhoex(62). PFor 60° C. the time requirel
vas 86 minutes.

The pyramidsl method of fractionsl precipitation
viven in Illuetration I was used. To designate fraction
eteps the precipitate from the firat precipitation vas
nuzbered one and the supernatant liculd wae numbered two.

Decomposition of the trichloroacetate ion in fraction two



ILIUST®ATION I
Pyramidal Fractionesl Frecipitation Method

Frecipitate ——

Supernate —

vas allowed to continue to give precipitate fragtion four
and supernatant liquid fraction five. Fraction five was

not separated further. Fraction one wae rediesolved in a
ainioum of trichloroacetioc acid and decomposed as previously
described to give precipitate fraction three and super-

natant 11quid fraction four. Supernatsnt liquid fraction



four and precipitate fraction four were mixed to give frac-
tion four. Two individual materisls were fractionated in
the manner described above to give frectiones having the
composition listed in Table IX,

TABLE IX

Composition of Fraotions Retained in Fraotionation
by Homogeneous Precipitation of the Carbonates

Series L Series M
Sscple Composition Sample Compoeition
Designation Veight per gent | Designation VWeight per cent
P!'eos Pl‘gOs

Original
Hatll‘lll 9.0 H-B 1.8

1.-6 3.0 H-8 l.4

L-8 8.0 M=11 0.8

Froe these data it is odbserved that (a) praseo-
dyaium oonoentrates in the precipitate fraoction and (b) the
rate of concentration is falirly rapid in prasecdymium-poor
ssmples.

One fractionation using dimethyl oxalate as
sugseated by Saluteky(58) was performed. The prassodymium
oongentrations in the precipitate and in the supernatant
1iquid were 13.0 and 5.0 weight per cent of PrpOx, respec-
tively.

Samples of various compositions were made by
mixing some of the prasecdymium-poor materials, prepared

es Qescribed previously, with material labeled 98 per cent
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pure praseodymium oxide obtained from the Lindeay chemical
Company. The spectrum analyeis report of thie praseodymium-
rich material eshowed leese than O.5 per cent of neodymium
oxide and only a trace of gadolinium oxide present in the
sample. As a further check the absorption at 704.5 fﬂ of

a chloride solution of a goncentration of about £0 g./1C0
ml. of oxide mixture was checked with a Beckman DU spec-
trophotolometer calibrated with a standard solution of pure
neodymium chloride having a concentration of 0.630 g./100
ml. of Nd,Ox which showel approximately the same amount of
ebsorption as the sample. The amount of NdzOx in the
eample, uncorrected for abeorption by praseodymium, corre-
eponded very well with that obtained from emission spectra
measurements,

For the varioues studies fresh oxide esamples were
prepared by precipitating the rare earth ions from eli.ktly
€614 nitrate solutions as the oxalates and igniting at
¢00% C. in an electric muffle furnace. For X-ray stuiies,
sanples wvers ignited for s minimum of two daye in order to
insure complete calcination and to anneal the crystalline
material g0 sharp X-rey lines would result. For other then
X-ray determinatione eamples were ignited for & minimum of
twelve hours.

Haterial lgbeled "spectroscoriocally pure"
praseodynium oxide obtained from Dr. L. L. Qulll was useld

to calidbrate a Beckmen DU epectrochotolometer for the



determination of the amount of praseodymium present in the
oxide mixtures used. The oxide was iznited in a stream of
hydrogen at 900° G. for several hours to insure complete
reduction to the serquioxide. The commercial hydrogen warn
dried by paesing it through anhydroue magnesium percghlorate.
The reduced oxide was gooled in hydrogen to prevent
reoxidation. After cooling, the oxide wae rezoved froa
the furnace. Samples for the prepraration of different
standard eolutiona were guickly wei.hed to minimize abeorp-
tion of water and carbon Aloxide. These ssmples were
dissolved with hydirochloric scid, evaporated to dryneen,
and redissolved 1n vater and a sinimua esount of 3 ¥ HCl.
The szaples were then traneferred quantitatively to 28 ml.
volumetric flaske and dlluted to the mark.

For the meaeurement of variation of the abesorgpe
tion of tke praseodymium(IIX) ion with concentration a
Beckman DU spectrophotolometer was set to transmit the
epectral band at 444.5 my where an intense sbeorption band
charucteristic of prareodymium occurs., A slit width of
C.02% mu. wvae used. The optical deneities of there samples
of different conoentrations wers determined. These
measurenents aleo indicate that abrorption of the prareo=-
dyeium{III) don in a chloridte medium for the concentrations
uged follows Be=r's lsw. calibration data are given in

Table X.



¥ |
-3

TARLE X

Cnlibration of the Reckman Spectrophotolomster

for Determination of Prereodymium(IIT)

in a Jhloride Medium

g Pr203/25 ml. 0.0618 0.1343 0.1507 0.2026
log tranamiaprion | 0.274 0.330 0.8 0.488

Be Pr203/26 ml. 0.2270 0.28¢89 0.298%7 0.3122
log transniesion | 0,842 0.€04 0.702 0.741

811t width 2 0.055 wmm. ® 444,05 mu.

For a series of mixtures x-ray‘diagrams were made
and densities were determined as descridbed for pure LacCa,
Fr 05, and Pr.0yy. Theee data are compiled in Tsble XI, ce
well as the data for total weight per cent éf praereodiymium
expresred am Fr.Ox, and welght per cent “excess" oxygen.

fince the welght per cent and mole per cent
comporition are directly related and mince eome properties
of oxide mixtures c:n be compared more easily on the basis
of mole per cent, the weight per cent compoeition was
converted %0 mole per cent. 7The mole per ¢«nt comporition
of the oxile mixtures was calculated on the barsie that the
sixture wae composed of LagOx, Frp0a, #nd FrOg. The weight
per gent of total praseodymium in the eumple was determined
spectrophotometricelly aa deescribed dbefore and exprersed se
Tr;0x. The welght per gent "excesa® oxygen in the sir-

ignited sample waer determined aglmo. The weight rer cent
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*excess" oxygen wae converted to welght per cent Pr0o, by
the following equation,

Wt. per cent PrO, ® (Wt. per cent "excess" oxygen) _Froz
0/2
z (Wt. per cent "excees oxygen) 255.84 .
8

The weight per cent Pro,04 in the sample was calculated from
the equation,
Wt. per cent Prp0s * Wt. per cent "“excess" oxygen ¢ Wt. per
cent total Pr ae Prp0s = Wt. per cent Pro,.
The weight per cent La203 vas oalculated from the equation,
Wt.per cent lasOgx ® 100-Wt.per cent PrpOz-Wt.per cent Froy.
The lattice constants of the cubic and hexagonal
structures observed in the various mixed oxides versus the
mole per cent of LayOy are plotted in Figures I and II,
respectively. Several interesting observations can be mads.
Curve B represents the changes in the lattice constants of
pure face-centered cubic Prg0y4 and the body-centered cubig
lanthanum oxide in s mixture, 1f the changes were additive.
Curve A represents the change in the lattice constant of the
a axis of the hexagonal structure of Pr,0y and Lag0x 1n a
mixture, if the changes were additive. Curve C is the
change 1n the g axis of the hexagonal structure for FroOx
and La205 in a mixture, if the changes were additive. With
an increasing amount of LaoO3 the lattice constant of the
cublic structure increases. Also, only the cubic structure

1s present until the LasOs concentration reaches about 48
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mole per cent. Froam about 48 to about 72 mole per cent
Laz0z the cubio and hexagonal forms coexiest. It is observeq,
too, that the lattice conetant for the cubigc system does
not incresese linearly. For example, for the initial
increases in the lattice conestanta, the curve has a less
steep eslope than does the aiditivity Curve B for the solid
eolutions of cublc Frg0j; and ocubig LagCx. From about 28
to 44 mole per cent Lay0x the rate of increase of the
lattice conatant becomes slightly greater. Above 44 mole
per gent LapoOs the rate of increare of the lattice con-
etant of the cubig structure Aecreares to leas than that of
curve B, The curve of the obeerved cubic lattice constant
croseers Jurve B at about 87 mole per cent LacOx and the
lattice constant of mixel lanthsnum an? praseodymiua oxide
ia lees than that predicted fron Curve B. The lattice
conastents of the cubloc structures for compositione of lens
than about 56 mole per cent La, Oy are slightly greater

than those predicted frbm Curve B.

In contraet to the change of the cubioc lattice
conetant found in this stuly of the air-ignited lanthanum-
praseodymium oxide syetem, Carleon(14) and Zintl a&nd
Croatto(71) investigating the LapOx-CeOp eystem found that
the cubic lattice constante of the single phase ayetsm
changed linearly with changes of composition. To learn 1if
the obrerved and calgulated valueer agree for the lattice

conatantes of air-ignited oxide mixtures having compositions



corresponiing to pure I'rgOyy and to esamples 16, 17, 18,
19, 20, sn1 £1, lattice constsnts wers caloulated according
to the additivity rule from the lattice constante of Froy
&nd cubio I'r;04 reported by Eyring, Lohr, and Cunninghaa(18)
and the lattice conatant reported by landelli(34) for cubdbic
La.Ox by the following equation,

LCy ® mole per cent La,C3z x LC;, ¢+ mole per cent

Fr.Oz x LOpp ¢ mole per gent PrO. x LOp,oe

Where 10, 3 the predicted lattice constant of the mixture,

LGL‘ the lattice constant of cudio La203

LCp,, ® the lattice conetant of cublc Fry0x
and chr02= the lattice constant of FroO,.
The calculated lattice constante are given in Table XII
&nd are plotted in Figure I. Trends for the changes of
lattice cgonstants with changee of composition are the game
for both the experimental sand the theorsetical lattice con-
stants. The theoretical values are much lowver than the
experimental values but thie aight be caused by the
pressnce of the larger lanthsnum(IXI) and praseodymium(III)
lons.

¥hen the hexagonal and cublc¢ structures begin to
coexist at from 40 to 48 mole per cent lanthanua oxide, 1t
ie also noted that the lattice constant of the cublic struc-
ture does not change as rapidly. Thie 1s iniicuted Dy a

definite change in slope of the curve above 42 mole per cent






14

TARLE XII

Celoulated and OChrerved lLattice Constente

of Single FPhase Cubic Solid Solutione of

Alr-Ianited lenthenum and Frareodyaium Oxides

Sample Mole per lLattice Conetente
cent La203 Calculated Obgerved
2 0.0 5.429 5.464
0 8.8 5.446 $.488
10 13.0 5.458 5.498
18 16.6 5,458 8.806
16 6.0 5.485 5.526
1% 37.7 8.522 5.568
14 0.1 8.829 5.562

lanthanum oxide. Above arproximately 72 mole per cent
La_0Ox the cubio structure disappears.

Aleo, ar the La203 concentration increases in
tho compoeition renge when the two structures coexiet, the
rate of change of the ¢ axis 1s elow. Froam the curve one
oteserves that the rate of change of the ¢ axis compared to
that of the a exis ie more rapid with incresee of La;0x.
The irregularity of the rates of change of the a and ¢
axes of the hexagonel structure is probsably caused by a
distortion of the lattice due to the presence of the
sualler praseodymium(IV) ions in eolid solution within the
hexagonal strugture.

Above srproximately 67 mole per cent lanthanum
oxide the ¢ axis of the hexagonal structure 1s shorter than
predicted from Curve C. Below thie concentration the ¢

axis 1s longer than predicted.
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2ingce it 18 of interest to determine what occurs
wvhen a hozmogeneous mixture of La,Ox and FrpOx is prepared,
tvo freshly alr-ignitel oxide aixtures of lanthanum and
praseodysium oxides were reduced in hydrogen to give
sampler having 60.8 and 75.4 mole per cent La,0g, respec-
tively. The X-rsy powder 4dlsgram of the sample gontaining
€0.8 mole per cent LacOx had lines which corresponded to
the lanthanon oxide A-type etructure. The lattice conetants
predicted according to the additivity rule ueing the
lattice constante of lanthanum an4 praseodymium sesquioxide
&8 determined in thie study wvere a ® J.803 A. and
¢ ® 6.074 A. The observed lattice constsnts were
a® 3,802 A, end ¢ ® §.075 A,

The X-ray powder Adlagram of the other sample
(75.4 wole per cent LapOs) had lines corresponiing to the
lanthanon oxide A-type etructure and eseveral other uniden-
tifled lines. Part of the second sample was gray-white
instead of pale green. Upon treatment of the sample with
dilute HC1l a gas was evolved that gmelled like rotten
esg8 anl turned lesad acetate-eaturated paper black which
indicates that the gas was HgS., A rubber stopper wae used
in part of the syetem and got very hot. Rubbdber ntOppera
have a large amount of sulfur in theam which can distill
frou the stopper to the oxide sample. Black particles were
obeerved after disesolution of the gray material. Two eets

of dAiffraction lines were obaerved in the X-ray powler
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diagram of thies eample. One set could not be explained
except that they were not cousel by hexagonal crystal
lattice. The other set corresponded to the lanthanon
oxide A-type structure. Its composition was 75.4 mole
per cent La,Cx. The predicted lattice constants are

a® 2,911 A., and ¢ = 6.108 A. The observed lattice con=-
stante are a ®= 3.911 A. and 0 ® 6.105A., The relative
inteneitles, 2O values, planes producing reflections,
e1n%6 values, and the factors Fy end Fp for each film are
given in Taebtle XIII.

To better understand the trends in the lattice
conetent changes, the curves of Figures I, II, and III can
be compared. In Figure III the number of atomic welghts of
"excess” oxygen per mole of Fry0g, with all the praseodymium
expressed ar the sesqulioxide regardless of the degrees of
oxygenation, 1s plotted against the mole per cent L&,04.
The line drawn parallel to the abciesa at 0.667 corresponds
to the value that should be observed if all the praseo-~
dymium in the mixtures exiests 28 Prsoll. As the La208
concentration 1s ingreased in the alir-ignited mixture,
starting at pure praseodyzium oxide, the ratio goes above
that corresponding to the assuanption that all the praeeo=-
dymiun in the mixtures exists as rrsoll. This means that
the presence of a swall amount of La,O4 in the mixture
favors an increase in the oxygenation of the prssgeodyaiua.

As the amount of LapOs 1s further increasei the degree of
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X-ray Data for %ol11d folutions of lLanthonum and

Frareodymiua Seequioxides Obtained by Redugtion
of Alr-Ignitel Mixed Oxides vith Hydrogen

Relative fample 106 Ssaple 108

Line| Plane| Intenaity | £o g8in’e 20 81n2e
1 | 1dYo v 26,33 0.05108 | £26.46 0.05237
2 | ooog w PO.34 06414 | £2.47 .0EBEB
3| 1011 ve 20.14 06782 | 20.27 .06816
4 | 1012 s 20,77 11568 | 40.08 11718
6 | 11%0 . 46.20 18513 | 46.74 .15734
e | 10Ts e 85.56 19604 | 62.80 .19770
? | 2080 vy £4.17 20731 | B4.46 .£COX7?
8 | 11%? ) 655.82 271910 | 86,16 .P2187
@ | 2001 v B6.32  .P2273 | 66.71  .TC8B6
10 0004 vvw €l.12 o2 5881
11 | ¢oBg vw 62.62 .27060 | 63.07 .£273B8
12 | 1014 vvw €7.26 .20e73 | 67.68 .31011
1 | £CT3 v 72.67 . 35106 | 73.04  .35418
14 | 21 . 75.88 37718 | 76.89  .32180
15 | 11%4 w 7¢.786  .41103 | 80.28  .41533
16 | 1%e vv 81.40 .42883 | 82.00  .47C41
17 | 1cTs v 84.46  .4B173 | 84.90 .45868
18 | 30% vv 85.92  .46442 | P6.4)1 46860
16 | €193 v 00.73  .BCE3? | 91.22 .510€5
20 | 30%2 vv 03.3  ,52¢13 | 93.07 .BX462

Saaple 10 81ne

a s }l,5418

3 Jo.orve

c= 1.8418

4 J0.01504

s 0.05176(hF+hk+k’) ¢ 0.01594(1)2
® 3.012 A,

8 6.106 A.

Semple 15 Sinf@ ® 0.08230(hZ¢hksk?) + 0.01610(1)2

3 v0.082

¢ .me—-. 6'075 A,
4 V0.01610

J0.05250
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oxygenation reaches a peak of about C.E8€& at spproximately
£8 mole per cent La_.Oq and then drops sharply to about

0.C4 at 70 wole per cent LacOx then proceeds at a very elow
0

rate of change to zero at 100 mole per cent lLa The

273"
reeultent curve comparer well with the one prepared by
Saluteky(58).

It hae been demonstrated by Funi snd Durrwachter
(31), Zintl and Croatto(71), &nd Carleon(14) thst aa a
rare earth sesquioxide is plded to a dioxide having the
fluorite structure, a 80li? eolution results by oreating
an anion-deficient structure and that ar the amount of the
sesquioxide ie increased, the lattice conetant of the cubic
structure is inoressed. In air-i;nited mixturee of lan=-
thanuz and prareodymium oxides the reme phenomenon occure
exgept that the sesquioxide im derived from two sources,
pertly froms the Pr?OS present due to the fact that all the
praseodysium present 1s not oxidized to the poritive four
atate and partly froam the La,0y. As the prareodyasium oxide
is diluted by the addition of Las0Og the lattice of the
oubic strugture is expandel and more anion defigclencies
result; toth of theee effects favor increared oxygenation
of praecodymium. As wore prareodymium ir oxygenated, more
praseodynium(IV) ions having s smaller ionic radiue are
rroduced. The increase of the nuaber of the emaller
praseodynium(IV) done in the mixture relative to the smount

in P”e°11 will csaure the lettice constant for the cuhblo
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structure to increase less rapidly than would be expected
if all the praseodymiuz in the mixture existed as Frg0yq e
This change is obeerved in the first rart of the plot of
the lattice conetant of the cubic structure againet the
mole per gent LasOsx as shown in Figure I.

Pranitl and Huttner(50) investigating the air-
1gnited systea ceriua and praseodymium oxide &nd Xclullough
and Britton(44) investigating the air-ignitel system
yttriun and praseodymium oxide reported that when the cone
centration of the praseodymium wss low, it was more
difficult to oxygenate it. Nost rystems contalning cerium
oxide upon air ignition yileld cerium dioxide which has the
fluorite structure. Yttrium oxide has the rare earth
oxide C structure which is closely related to the fluorite
structure. It follows from the above information that high
d1lution favors a decreased oxygenation of the praseco-
dymiun though the fluorite structure remains in all mixtures,
This can be the reaeson for the decreass in the amount of
oxygenation after about 28 mole per cent La203 observed in
thie work,

Above about £8 mole per oent LaoOy the rate of
change of the lattice constant of the cubig structure
ingreases more rapidly than expected 1f all the praseo-
dymium existe as PrgOyy« Owing to the decressed amount of
oxygenation of the prasesodymium the quantity of praseoce

dy=miua( I1I) lons, relative to the smount in Frg0y),
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ingrease and cause the increased rate of change of the
lattice conatant of the cubio structure. As the coam-
position changes and the cubic structure only is present,
the change of ths calculated and obeerved lattice con-
stants psrallele the change of the amount of "excens"
oxygen in the mixtures.

As the concentration of the Laj0Ox increares
andl the amount of the oxygenation of the praseoiymium
decreases, the concentration of lsnthanum(IIIl) ani praseo=~
dyniua(IXI) ionms attains such a congentration that the
formation of the hexayonal structure is favored. The
presenge of praseodysiua(IV) ions in the hexagonal oxide
lattice 18 not favored because they ars too sumall. 1In
this concentration range the cubioc and hexagonal structures
coexlst. As the concentration of the La:Ox in the systen
increases, the LasOx enters both structures. 8Singe there
are two etructuree involved as the LapgOx concentration
ingreases, the rate change of the concentration of the
lLazOg in either structure will be lowver than if only one
structure were present., Recsuse of this fact the lattice
conetants of the two structures change more slowly as the
LaoOg concentration increases than 1f only one structure
were present., As the cubic strugture disappears, the
amount of oxygenation of the prasgeodymium becomes very low

and ite rate of change with change of lLa,.Ox concentration
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1s very slow iniicating that the hexagonal etructure does
not accommodate readily the presence of praseodymium(IV)
ions.

Since there 18 a relationship between the struce
ture of a mixture and its density, it is necessary to know
what changes of density occur when the composition 1»s
varied. 1Inspection of Figure IV reveale that in praeseo=
dymium=-rich oxides the density of the mixture decreases as
the LazOx concentration increseres and that a miniaua s
reached at around 45 mole per cent LasOx, then increases
to a mexiaoum at about 20 mole per gent Lay04 and finally
decreanes szailn toward the deneity corresponding to pure
Laglx.

For purposes of cemparison of the variation of
density snd structure es the composition of the mixtures
are varied, the densities of the various structurees of the
pure oxides are given in Table XIV.

TABLE XIV

Densities of the Fure Oxides

Oxide Structure | X-ray deneity | Observed density
La_Os | Cuble 5.93 g./on.®

LagOx Hexagonal | 6.885 6.56 g./cm.%
Pr203 Cubio 6.4

FroOg Hexagonal | 7.03

Fre0y | Cuble 6.83 6.83

The X-ray density of cubie Laeo3 vas calculated
from the lattice constant reported by Iandelli(X4)., The
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X-ray density of cubic Pr203 was calculated from the lattice
congtant of the cubio structure reported by Eyring, lohr,
and Cunningham(18). The rest of the X-ray densities were
calculated from lattice constants determined in this
inveastigation. The obsmerved densities were determined in
this work. By comparing the densities of the cublo and
hexagonal forme, 1t can be seen that the hexagonal fora isa
more denee. Aleso the hexagonal and cubic forms of ProOg
are wore dense than correeponding forms of La,Ox. Frglyy
i1s more denee thaen the cubic forms of the sesguioxides.
X-ray disgrame show that only tvo etructures ogeur throu;h-
out the entire compoerition range, both of which corree;pond
to the structures of the pure comronents but with the
lines diepleced. ¥when only the cubic structure ie present
the Qecrease in denaity of the oxide mixtures with the
ingreasing amount of LajOy can be accounted for by the
expansion of the lattice etructure in the mixture. Yrhen
the hexagonul structure begine to appear, the denesity
ingreases with the increasing amount of LapOx because the
proportion of the denser hexagonal etructure increarces.
“hen the cubioc structure disappears, the density reaches a
maximum and then decresses ae the lasOs 1e lens Adenee than
hexagonal PrcOa.

From the foregoing discussaion it followas that the
variatione of the densities and structures of the oxide

mixtures with variation of compoeition parsllel one another,
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kelither quantitative studier of the relative
rolubilities of the oxide mixtures in water nor their rates
of eolubllity in dilute mineral acide were investigated,
Qualitstively, however, the rates of =oludility were
observed during "excess® oxygen determinatione. It was
noted that above €8.5 mole per oent LasOy the samples
dissolvet Quite rapidly whereas below that congentration
the rates of sdludility decreased rapldly as the conﬁen-

tration of LapOgx decreased.



SUMMARY

The change of densities, structures present ani
their lattice dimensions, and the amount of "excees® oxygen
versus compoeition of air-ignited lanthsnum and praseoiyzium
oxide mixtures have been investigated.

For pure praeseodymium oxide snd for this oxide
vith increasing emounts of Le;Oa the face-centered cubio
etructure characteristic of FrgOj; 1s the only structure
rresent to about 48 mole per ¢ent Lag0Os. Then, the A or
hexagonal structure characteristic of pure LagOy cosxlste
with the face-ocentered cublio etructure from around 48 to
approximately 72 mole per cent LasOy. Above about 72 mole
per cent LeoOy the hexagonal form is the only structure
present. There are breaks in the curve of the change of
the cublic lattice constant with changing composition at
around £7 and 47 mole per cent Lac0Oz. There is a break
in the curve of the change of the length of the ¢ axis
of the hexagonal form versus changing composition at
ebout 80 smole per cent La203.

The curve of the "exceee® oxygen per mole of
FroOg in the sample, expreseing all praseodymium in the
sanple as Pr.‘.oa regardleece of oxidation state, versus
chan ing composition has been redetermined. 1In quali-
tative agreement with work by Salutsky(68) it attains

a maximum at approximately <8 mole par cent Lazo5 «nd
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then decreases sharply with inoreasing concentration

of Lazoa until about 70 mole per cent Lazos.’then the

change 1s very grafdual tovard 100 mole per cent La,0x.
ftarting at pure FrgOyq the dencity of the air-

ignitel oxide mixtures decreseee with inoreaeing amounts

of laz0x until about 42 mole per cent then 1ncreases to

& mexinum at about 80 mole per cent LagOy and finally

decrecaees tovard the density of pure LazOg3.

In viev of the above changes 1t 18 highly probe-
stle that #0114 solution formation is the only thing thsat
occurs when mixturee of air-iznited lanthanum end praseo-
dyzium oxides are prepared. No new atructures or struc-
tural changes were observed which ueually occur with
compound formation.

It has als=o been shown that lanthanua &nd praseo-
dymium sesquioxides form solid solutions in which the

hexagonal lattice Aimeneions follow the additivity rule.
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CONCLUSIONS

1. The lattice constants of hexagonsl La O
have been redetermined and found to ﬁc a® 3,030 and
¢ ® €.139 A, The pycnoastric and the X-ray density values
vere found to be 6.56 end 6.58% g./cc.. respectively. All
values were in reasonahble agresment with previouely deter-
mined values.

2. The lattice constant value for Frg0yq vas
found to be B5.462 A. The pycnometric and X-ray density
values for Frg0yy vere redetermined and found to dbe 6.83
snd 6.83 g./co., reepectively. The lattice constants
for hexagonal FrgOs were found to be a = 3.884 and
C® 6.007 A. All values are in reasonable agreement wvith
previously deterzined values.

3. The variation of the density, crystal
etructure, crystasl lattice dimensione, and amount of
"excess” oxygen has been determined for the air-ignited
lanthanum-prsseodymium oxide system. It hae been snown
that the systea undergoes 8olid solution formation through-
out with the cublio and hexagonal structures coexisting
in the goncentration range from about 47.5 to about 6%
mole per cent La,Os. It has been shown that hexagonal
LagOy and Pro0Oy form sclid eolutions that follow the
additivity rule for the lsttice dimensionsa.



4., It has been shown that the changes in the
lattice constants of the air-iznited lanthanum-praseo-
dyanium oxide system does not follow the additivity rule
vhich fact 48 in qualitative agreement with the odbeervation
that the amount of oxygsnation of praseodymium sleo “oes

not follow the additivity rule in this systen.
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Mixed Oxides Reduced in

HRydroge
2o Talte: PoF “tha Reragonar Frustare

Sample 10 Sample 11
rils 868 827
Line Flane
1 1010 £€.33 £6.46
2 0002 20,34 £9.4%7
s 1011 30.14 30.27
4 1012 20.77 40,03
8 11%o 46.39 46.74
6 10T3 89,858 82.80
? 2020 54.17 84.46
8 1172 $5,.82 86.16
) eoRl 56.32 86.71
10 0004 61.12
11 gore 62.69 63.07
12 104 67.26 67.68
13 20E3 2.67 73.04
1¢ 21%0 —_—
18 2181 756.88 76.29
16 11E4 79.78 80.28
17 £132 81 .40 82.00
18 1018 84.46 84.90
19 3030 £5.92 86.41
20 21 90.73 01.22
£1 g&ié 93.34 23.97
Ty 0.08178 0.08230
r 0.01804 0.01610
Lattice a x.012 S.608
Constant ¢ 6.108 86.078
Mole per
cent LapOs 75.4 80.8
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¥ixed Oxides

20 Values for the Cublc Structure
fample 11 Sample 12
Fllm 636 836 491 523
Iine | Tlane
1 i 7.60 27.87 27.62 27.82 £7.79
e £0c 31.96 31.88 *1.88 32.18
3 220 46.39 45.66 45.62 46.06
4 311 54.68 £4.33
5 ege D = —_— 87.29
[ 400 == = & 67.06
7 331 — Ee— e 73.98 74.28
8 420 — S = 76.13 76.13
e 422 —_— — —— £4.95 84,76
6.878 5.613 8.617 5.582 5.698
Lattice
Constant & 5.603 5.580
Sample 13 Sample 14
Flle 501 61 513 492 618
Tine Flane
1 111 27.72 £7.82 7.7 29.¢3 £7.81
4 200 32.13 32.12 22.13 3£.29 3z.22
3 £20 46.01 45,99 45,87 £8.£3 46.18
4 51 54.04 54.50 64,44 54.80 54.67
6 eee 57.14 — 67.46 §7.33
6 400 67.07 e e €7.44 67.30
? 331 73.98 74 .41 74.31
1) 420 76.09 76.28 76.18 76.61 76.47
® 422 84.91 RB8.44 £5.39
10 333 T ©1.26 92.10
511
Lattice
Constant a 5.664 5.580 5.684 8.560 5.564
[ Average
Lattice
Constant a 5.583 5.562




Mixed Oxide
2Q Valuee for EEQ Cusxe Structure

~3
(2]

Sample 18 Sample 16
Film 473 58 518 504 517
Line [ Flane /
1 111 27.94 27.82 27.94 28.01" 28.01
2 200 32.38 32.33 T2.30 BE.42 32.42
3 220 46.23 46.25 46.27 46.45 46.43
4 211 54.76 54 .86 54.7¢ b4.07 55.04
] 222 57.561 5§7.47 57.30 87.88 57.74
6 400 67.43 67.23 €7.36 €2.00 67.70
7 31 74.40 74.34 74.37 75.01 74.71
8 420 76.85 76.64 76.82 77.32 77.08
o 422 86.57 885,861 B85.54 B86.34 85.67
10 :8? 62.09 02.07 92.00 82.00 92.88
Lattice
Constant & 5.853 5,860 5.561 6.619 5.5634
Average
Lattice
constant a 5.088 8.82¢
Sample 18 Sample 19
Filam 474 808 606 503 546 547
Line[Flane
1 1 £8.12 £28.16 £8.27 28.16 £8.16 £8.20
2 £00 32.83 22.67 2E.63 32.67 32.62 32.66
3 €20 40.66 46.75 46.77 46.75 46.71 46.75
4 311 8.32 55,37 86.39 56.47 55.43 65.47
5 zee 57 e7 88.12 $8.04 68.13 68.09 58.18
[} 400 €8.086 68.19 €8.07 €8.320 €8.21 €8.26
? 331 76.10 75.26 76.24 76.32 75.28 75.38
8 42 77.56 77.56 77.44 77.62 77.64 77.68
@ 422 85.17 86.58 86.87 86.70 88.71 86.76
X3 86.42 3.3 e3.28 £2.86 ¢3.48 93.62
6.508 5.503 5.507 5.4¢7 5.800 5.496
5. 506 5,498




M xide
£0 Yelues for The TOTE struoture

fample 20
Fila 528 544 548
Line Flzne
1 111 £8.20 £8.19 £28.19
£ £00 32,66 32.69 32.70
3 £20 46.88 46.86 46.87
4 m £6.80 88,87 85.58
8 cee 88.20 88.23 85,23
© 400 68.37 €8.39 68,40
7 asn 78.89 76.40 75.46
8 420 77.89 77.680 77.81
e 422 £8.91 86.96 86.97
1c 333 €3.82 ez.67 ©2.68
811
Lattice
Conetant a - 5.487 5.489 5.489
AVersge
Lattice
Conetant a 5.488

74

L
eight m cent Totel 2 Expresced ae ”"g°a

Sample I Bample II

Spectro- Tpectro-

photo~ photo-
meter Per meter Per
Sasple|| ¥elght | readi sent Welght readl cent
e C. o .5 0.7741 0.04 .
3 1.0473 0.146 8.2 0.6462 0.088 4.8
4 £.0040 0.342 7.08 (| 2.0142 0.349 7.2
5 1.39086 C.316 9.4 1.4033 0.318 9.7
6 0.4099 0.169 13.0 e
7 1.2036 0.390 13.7 £2.2310 0.721 13.8
8 1.2046 0.450 16.7 1.1839 C.445 18.7
9 0.4456 0.218 £0.0 0.4368 0.208 18.1
10 0.6423 0.379 24.8 0.6487 0.382 £4.7
11 ©.6427 0. 31.7 0.8617 0.500 1.9
1 0.zés6 0.286 30.1 0.2634 0.280 38.7
13 0.3472 0.349 48.1 0.3477 0.380 42.0
14 0.£613 0.336 48.1 0.2760 0.322 47.7
15 0.3020 0.369 48.6 0.27851 0.332 48.7
16 0.2648 0.36% 0.7 0.25896 0.374 60.0
17 0.2886 0.372 60.3 0.2617 0.376 60.0
18 0.£366 0.409 72.3 . 0.407 72.0
1e 0.2088 0.377 7.9 0.£108 0.390 7.3
20 0.2462 0.481 84.1 0.£469 0.481 63.8
21 0.2356 0.508 90.9 0.2403 518 £0.4
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