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stants for the complex ions and a solubility prod
uct were computed. These equilibria yielded 
reasonable values for the specific conductance of 
saturated solutions of Yb2(C2O^ in pure K2O. 

The existence of a negative complex ion was veri
fied by ionic migration and ion exchange resin ex
periments. 
AMES, IOWA RBCBIVED J U N E 24, 1949 
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An X-Ray Study of the Rare-earth Oxide Systems: Ce lv-Ndm, CrIV-Prni, CeIV-
Pr™ and PrIV-NdIIU 

BY J. D. MCCULLOUGH2 

This study was undertaken with the object of 
learning more about the behavior of the oxides 
of praseodymium, in particular the unusual 
properties of PreOn and the relationships of this 
oxide to Pr2Oa and to PrO2. It has also been of 
interest to observe the effects of trivalent Nd111 

and tetravalent CeIV on the tendency of Pr111 

to be oxidized to Pr IV (or beyond) in the oxide 
systems. 

Materials.—The starting materials employed 
in most of the present study were commercial 
preparations of CeO2, PreOn and Nd2Os obtained 
from the Rohm and Haas Company, Philadelphia; 
the Research Chemicals Company, Burbank, 
California and from • the Maywood Chemical 
Works, Maywood, New Jersey, respectively. 
Spectrographic analysis showed these oxides to 
be 99.5, 99.5 and 98.5% pure from the standpoint 
of the metal content. The more critical samples, 
including most of those higher than 80% in 
praseodymium, were prepared by use of column 
purified praseodymium. Spectrographic analysis 
of this material indicated no detectable amounts 
of other rare earths or of the metals lanthanum, 
scandium, yttrium, iron, aluminum and calcium. 
Certain of the cerium-rich samples were prepared 
from cerium oxalate obtained from Prof. F. H. 
Spedding. The only impurities detected in a 
spectrographic analysis of this material were 

SAMPLE 

NaOIO. 

Fig. 1.—Quartz tube for oxidation of praseodymium 
samples. 

(1) Based on work done for the United States Atomic Energy 
Commission under Contract W-7405-Eng.-48 with the Radiation 
Laboratory, University of California, Berkeley 4, California. 

(2) Present address: Department of Chemistry, University of 
California, Los Angeles 24, California. 

0.017% each of neodymium and lanthanum. 
In order to convert the starting materials to 

substances of definite composition in weighable 
form, they were strongly ignited in air. Since 
there was some doubt regarding the exact com
position of the oxide of praseodymium resulting 
from air ignition, it was finally heated to approxi
mately 1400° for two hours in high vacuum. 
This procedure yielded a pale green powder 
which was shown by means of its X-ray diffraction 
pattern to be the A (hexagonal) form of Pr2O3. 

Procedure.—Stock solutions of the three rare-
earths were prepared by dissolving weighed 
samples of the oxides in nitric acid. The dis
solution of CeO2 was hastened by the addition of 
hydrogen peroxide. Mixtures of the three pairs 
of rare-earths having the compositions shown in 
the tables were prepared by measuring appropriate 
volumes of the stock solutions. Each mixed 
solution was added quickly with stirring to an 
excess of freshly prepared aqueous ammonia. 
The resulting precipitates were collected on sin
tered glass, oven-dried, then ignited in air in 
platinum crucibles for two hours at 800°. Each 
sample was then ground in an agate mortar and 
heated in high vacuum for three hours at 1400°. 
This treatment was found to convert praseo
dymium to Pr111 and cerium to CeIV while neo
dymium remained in the trivalent state. X-Ray 
powder patterns were prepared of all samples in 
this state with the exception of some of the Pr-
Nd and Ce-Pr mixtures. The Ce-Pr and Pr-
Nd mixtures were then reheated in small open 
crucibles in a furnace at 600° for sixteen hours, 
after which X-ray powder patterns were again 
prepared. Finally, most of the praseodymium-
containing samples were heated in sealed quartz 
tubes (Fig. 1) under an oxygen pressure of ap
proximately 50 atmospheres. The oxygen was 
generated by decomposing a weighed sample of 
dry sodium chlorate in the tube after sealing, the 
approximate pressure being estimated from the 
volume of the tube and the weight of sodium 
chlorate taken. After decomposition of the 
sodium chlorate by local application of heat, the 
tubes were placed in a furnace for forty-eight 
hours at 300°. This treatment has been found 
to convert PreOn to PrO2 and presumably con-
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verts all praseodymium in the mixtures to Pr I v . 
This assumption is substantiated by the nature of 
the solid-solution diagrams shown in Figs. 2, 3 
and 4. X-Ray powder patterns were prepared 
for all of the oxygen-treated samples. 
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Fig. 2.—Lattice constants for solid solutions in the 

eerie oxide-neodymium oxide system with fluorite-type 
structure. 
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Fig. 3.—Lattice constants for solid solutions in the eerie 
oxide-praseodymium oxide systems: O, heated in vacuum, 
fluorite-type phase; • , heated in oxygen, fluorite-type 
phase; ©, heated in vacuum, C-type phase; • , heated in 
air, fluorite-type phase. 

X-Ray Diffraction.—Powder diffraction photo
graphs were prepared by use of copper radiation 
filtered through nickel foil. The camera was 
of the cylindrical back-reflection type with an 
effective diameter of 9.013 cm. Calibration of 
the camera was based on powder photographs of 
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Fig. 4.—Lattice constants for solid solutions in the 

praseodymium oxide-neodymium oxide system: • , 
heated in oxygen, fluorite-type phase; • , heated in air, 
fluorite-type phase. 

reagent grade sodium chloride prepared by use of 
unfiltered copper radiation. The lattice constant 
of sodium chloride was taken as 5.639 A. This 
and all other lattice constants reported in this 
paper are in Angstrom units based on the X-ray 
wave lengths: CuKa = 1.5418 A., CuKa1 = 
1.5405 A. and CuKa2 = 1.5443 A. 

Results and Discussion.—The experimental 
data are given in Tables I1 II and III , and are 
shown graphically in Figs. 2, 3 and 4. I t is 
seen that in the single-phase regions, the oxide 
systems Ce I V -Nd m , CeIV-PrIV, Ce I V -Pr m and 
Pr I V -Nd I n show a nearly linear relationship 
between the lattice constant, ao, and the com
position in terms of the atomic per cent, of the 
total rare-earth metal present in the trivalent 
form. In Fig. 5, the oxide systems Ce I V-La l n ,3 

Ce I V-Prn i , Ce I V -Nd m and P r I V -Nd m are shown 
together for comparison purposes. The relative 
slopes of the lines are in keeping with the relative 
radii of the cations involved. Exact computa-

T ABLE I 

LATTICE CONSTANTS FOR SOLID SOLUTIONS OF CERIC AND 

NEODYMIUM OXIDES 

Sample 

1 
2 
3 
4 
5 
6 
7 
8 

Atomic 
% Nd 

0 
5.7 

12.5 
30.0 
41.7 
58.8 
74.1 
82 .8 

Lattice constant, A 
Fiuorite structure 

5.411 ± 0.001 
5.421 ± 0.001 
5.433 ± 0.002 
5.459 ± 0 . 0 0 3 
5.473 ± 0.003 
5.494 * 0.004 
5.505 ± 0 . 0 0 4 
5.505 ± 0 . 0 0 6 

(3) B. Ziotl and U, Croatia, K, aftgrg. allium- C*.n., 842, 79 
(1939). 
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TABLE II 

LATTICE CONSTANTS FOR SOLID SOLUTIONS OF PRASEO

DYMIUM AND CERIUM OXIDES 
Lattice constants, A. Fluorite structure 

Atomic Heated in Heated in Heated in 
Sample % Pr vacuum air oxygen 

1 0.0 5 . 4 1 1 * 0 . 0 0 1 5 . 4 1 1 * 0 . 0 0 1 5 . 4 1 1 * 0 . 0 0 1 
2 14.5 5 . 4 4 2 * 0 . 0 0 2 5 . 4 0 7 * 0 . 0 0 1 
3 25.3 5 . 4 6 0 * 0 . 0 0 2 5 . 4 0 5 * 0 . 0 0 1 5 . 4 0 6 * 0 . 0 0 1 
4 35.6 5.481 * 0.003 
5 48.5 5 . 5 0 8 * 0 . 0 0 3 5 . 4 0 2 * 0 . 0 0 2 
6 52.5 5 . 5 1 1 * 0 . 0 0 2 ° 5 . 4 0 2 * 0 . 0 0 1 
7 53.1 5 .610*0 .002 ' ' 5 . 4 0 0 * 0 . 0 0 2 
8 65.3 6.52 * 0 . 0 1 " 5 . 3 9 8 * 0 . 0 0 2 

5.398 * 0.005 
9 77.5 5.465 * 0.005 

5.40 * 0 . 0 1 , 
10 87.2 5 . 5 5 8 * 0 . 0 0 2 * 5 . 4 6 5 * 0 . 0 0 3 5 . 3 9 7 * 0 . 0 0 3 
11 91.9 5.468 * 0.003 
12 94.4 5.468 * 0.002 
13 97.0 5.468 * 0.002 
14 100.0 5.570 * 0 . 0 0 2 b 5 . 4 6 8 * 0 . 0 0 1 5 . 3 9 4 * 0 . 0 0 2 

"Two phases, fluorite type plus "C" type Pr2O3. b One phase, "C" type (cubic) Pr2O8. Cell constant 
given is one-half of true value. Pure Pr2O3 also crystallizes 
as "A" (hexagonal) type. 

TABLE III 

LATTICE CONSTANTS FOR SOLID SOLUTIONS OF PRASEO

DYMIUM AND NEODYMIUM OXIDES 
Lattice constants. A. 

Atomic Fluorite structure 
Sample % 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 
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 5.468 ± 0.002 5.402 * 0.004 
6 100.0 5.468 * 0.001 5.394 * 0.002 

° Shows two phases, the non-fluorite phase being uni
dentified but probably rich in Nd2O3. 

tion of these slopes from the ionic radii is com
plicated by the variable coordination number of 

80 100 0 20 40 60 
Atomic per cent of M111. 

Fig. 5.—Comparison of solid solutions in rare earth 
oxide systems: , CeO2-La2O3; , CeO2-Pr2O3; 

, CeO2-Nd2O3; , PrOj-Nd2O3. 

the cation (8 in CeO2 and 6 in the cubic M2O3 
structure) and by the lattice defects caused by 
unoccupied anion sites. 

As indicated in the tables, a number of the 
samples show two (or possibly more) phases, but 
in all such cases at least one phase is of the 
fluorite type. In the Ce I V -Nd m oxide system, 
a second phase, presumably rich in Nd2O3, is 
indicated at a composition corresponding to 70 
atomic per cent, of neodymium from the stand
point of the metal content. This second phase is 
definitely not of the A or C type of Nd2O3, and 
has not as yet been characterized. In the Ce I V-
Pr111 and the P r I V -Nd m oxide systems, satura
tion of the fluorite structure is indicated at 50 
atomic per cent, and 56 atomic per cent, of the 
trivalent metal, respectively. On this same basis, 
saturation is reached in the Ce I V -La m system at 
60 atomic per cent, of La111. 

In the Ce I V-Prn i oxide system the second 
phase produced above 50 atomic per cent, of Pr111 

is the C-type cubic M2O3 structure. Above 
approximately 85 atomic per cent, of Pr111, the 
C-type phase is the only one present. The lattice 
constants in Table II for the C phase are given as 
one-half of the true values in order to be on a 
basis comparable to the fluorite phase. Pure Pr2O3 
also crystallizes in the hexagonal A form of rare-
earth sesquioxide. 

The behavior of Pr6On is of particular interest. 
This oxide results when any other oxide of praseo
dymium or salts such as the nitrate or oxalate 
are strongly heated in air. The lattice constant 
of Pr6On is quite reproducible under widely 
different methods of preparation with a value 
of 5.468 * 0.001 A. This figure is at variance 
with the literature values of 5.499 and 5.536 
kX,4'6 but is the result of the measurement of 
diffraction photographs of over twenty samples 
prepared in this Laboratory, including column 
purified material. The solubility of Pr2O3 and 
PrO2 in the Pr6Ou phase is apparently too small 
to alter the lattice constant appreciably and the 
composition Pr6On appears to be an isolated 
point in the praseodymium-oxygen system. 

The individuality of the Pr6On phase is also 
indicated by the praseodymium-rich, air-ignited 
samples in the Ce-Pr and the Pr-Nd oxide sys
tems. In the Ce-Pr oxide system (Table II), 
the Pr6On phase with unaltered lattice constant 
persists until the praseodymium content has 
dropped below 77.5%. As the cerium content 
increases, a new fluorite type phase appears which 
is probably a solid solution of CeO2 in PrO2. 
Samples No. 9 and No. 10 both show an unaltered 
Pr6On phase plus the solid solution phase. As 
one proceeds from sample 14 to sample 9, the 
intensities of the lines due to the Pr6Ou phase 
diminish in relative intensity and the lines be
come broader and more diffuse while the opposite 

(4) V. M. Coldschmidt, F. Ulrich and T. Barth, "Struktur-
bericht," Vol. I, p. 198. 

(5) V. M. Goldschmidt, ibid., p. 198. 
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effects are noted for the solid solution. By the 
time the praseodymium content has dropped to 
65%, only the solid solution phase remains. 
Judging by the lattice constant of the solid solu
tion which is presumably in equilibrium with 
Pr6On, its composition is approximately 75% 
PrO2 and 25% CeO2. That the solid solution is 
in equilibrium with Pr6On is indicated by the 
fixed value of its lattice constant while the Pr6On 
phase is still present. , After the Pr6On phase 
disappears, the lattice constant of the solid solu
tion varies as indicated by the air-ignited values 
for samples 1-8 in Table II. The failure of the 
lines of the solid solution to appear on the pho
tographs of samples 11-13 is believed to be due 
to an extremely small particle size. This is in
dicated by the broadening of the lines on the 
pattern for sample 10 and to a lesser degree on 
that for sample 9. 

The behavior of Pr6On is similar in the air-
ignited samples of the Pr-Nd oxide system. 
Neodymium in amounts up to 20% does not alter 
the lattice constant of the Pr6Oi1 phase. In this 
case a second phase does not appear on the 
films but there is considerable diffuse scattering in 
evidence. When the praseodymium content is 
reduced below 65%, the behavior on air-ignition 
is not reproducible unless the conditions are care
fully controlled. All of the samples reported in 
Table III were ignited in a furnace simultaneously. 

Pure PrO2 is readily prepared by heating any 
lower oxide in oxygen gas at a pressure of approxi
mately 50 atmospheres and a temperature of 
approximately 300°. The range of temperature 
and oxygen pressure over which the change may 
be accomplished was not determined in this study 
but is under investigation by others in this Labora
tory. The lattice constant of PrO2 was found in 
the present study to have the reproducible value 
of 5.394 =>= 0.002 A. and is also at variance with 
the literature values of 5.373 and 5.40 kX.6-6 

Several attempts to prepare a single phase with a 
composition between Pr6On and PrO2 were made 
by heating intimate mixtures of the two oxides in 
sealed quartz tubes. No such phase appears to 
exist, the usual result of the attempts being the 
two starting materials with unaltered lattice 
constants. Incomplete oxidation of Pr6Ou with 
oxygen gas was also found to yield the two phases 
Pr6On and PrO2, each with its characteristic 
lattice constant. 

There has been some speculation regarding an 
oxidation state of + 5 for praseodymium. 
Prandtl and Rieder7 have reported that praseo
dymium is oxidized beyond the + 4 state when in 
the presence of a trivalent rare-earth. Yttrium 
was the trivalent element actually used in their 
work in order to eliminate the possibility of any 
oxidation other than that of praseodymium. 

(6) Scherer and Polacios, "Struktflrbericht," Vol. II , p. 259 
(7) W, Prandtl and G. Rieder, Z. anorg. allgem. Chem., 338, 225 

(1938). 
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Marsh,8 in attempting to repeat the work of 
Prandtl and Rieder, was able to oxidize praseo
dymium only to the + 4 state in the presence of 
Y2Os. The present work offers good evidence 
indicating that praseodymium is oxidized to, but 
not beyond, the + 4 state. The dotted line 
on Fig. 4 represents a prediction of the lattice 
constants for the Pr I V-Nd I H oxide system as a 
function of composition. The slope of this line 
was taken equal to that for the Ce IV-Pr IH oxide 
system (Fig. 3) because of the similarities in rela
tionships involved in the two systems. It is 
significant that the experimental points for the 
oxidized samples in the Pr-Nd oxide system are 
close to this predicted line. This indicates that 
the praseodymium in the samples is oxidized 
completely to the + 4 state, but not beyond, even 
in the presence of trivalent neodymium and at 
oxygen pressures of approximately 50 atmos
pheres. 

It is also interesting to note that in the portion 
of the Ce-Pr oxide system below 65% praseo
dymium, that element is easily oxidized to the 
+ 4 state on being heated in air. Evidently the 
presence of CeIV makes the oxidation of praseo
dymium to the + 4 state easier than when alone 
or when trivalent neodymium is present. This 
may be due to the identity of the crystal structure 
of PrO2 to that of CeO2. 

The Structure of Pr6Ou.—Clearly, a sub
stance with the stoichiometric formula Pr6On 
cannot have the ideal fluorite structure assumed 
by CeO2 and PrO2. However, powder photo
graphs of Pr6On are indistinguishable from those 
of PrO2 except for differences in dimensions caused 
solely by the differences in lattice constants. 
Annealing Pr6On for two weeks at 400° sharpened 
the lines slightly but caused no change in pattern. 
Higher annealing temperatures were avoided 
because of the unknown dissociation pressure of 
Pr6On to a lower oxide. 

Pr6On can adjust itself to a fluorite type of 
structure in either of two ways: Case I. By 
addition of extra cations at random in the vacant 
interstitial positions in the simple cubic lattice 
formed by the anions. Case II . By the random 
omission of one-twelfth of the anions from the 
structure. 

A choice between the two possibilities may be 
made either by comparing the observed density 
with the densities computed for the two cases 
by use of the lattice constant or by comparing the 
observed relative intensities of the diffraction 
lines with those computed for each of the two 
possible structure variations. Because of the 
experimental difficulties involved in the accurate 
measurement of the density of a small sample of a 
fine, fluffy powder, the latter procedure involving 
relative intensities was employed. The neigh
boring lines (331) and (420) which have the same 
multiplicity factor, 24, and only slightly different 

(8) J. K. Marsh, J. Chem. Soc, 5 (194e). 
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values of the Bragg angle, 9, are well suited to 
the purpose. The relative intensities of these 
lines are nearly proportional to the squares of 
their structure factors, IF331I2 and l ^o r , which 
have for Case I the values 

IF3SiI2 = [ 4 0 / 1 1 / P J S = 16,400 

|F12„|2 = [ 4 8 / 1 1 / P , - 8/0]2 = 16,900 

and for Case II the values 
I Fm I2 = [4/Pr]

2 = 20,000 
IF420I

2 = [4/Pr - 44/6/oP = 14,400 
We thus see that the computed ratios of I331/I420 
are 0.97 for Case I (extra cations) and 1.39 for 
Case II (missing anions). The intensities ob
served on a Norelco X-Ray Spectrometer for 

AA 
AA. 

(331) (420) 

Fig. 6.—Spectrometer intensities for 331 and 420 lines of 

Pr.On. 

This article is a continuation of a series of stud
ies on the properties of calcium nitrate solutions. 
Previous studies1 have been made on T-X and 
P -T-X relations and on heats of solution, dilution 
and hydration. Data are now presented on the 
partial molal volumes of water and calcium ni
trate over the concentration range one to twenty 
molal at temperatures from 25 to 60°. Pearce and 
Blackman2 have determined partial molal volumes 
at 25° up to 8.36 molal. Scott and Bridger3 have 

(1) Ewing, Krty, Law and Lang, THIS JOURNAL, 4», 1958 (1927); 
Bwing, ibid., 4», 1963 (1927); Bwing, Rogers, Miller and McGovern, 
ibid., 84, 1339 (1932); Bwing and Rogers, ibid., BI, 3603 (1933). 

(2) Pearce and Blaektflan. ibid., Vt, 24 (193S). 
(a) Scstt and BridgW, if, PHfi, Ctum,, 4», 461 (1930). 

Pr6On powder are in the ratio I3S1/I420 of 1.4, 
which is in good agreement with the computed 
intensity ratio for the structure involving ran
domly missing anions. Spectrometer recordings 
for two preparations of PreOn are reproduced in 
Fig. 6. These are typical of six such recordings 
made. 
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Summary 

An X-ray study of the oxide systems Ce I V-
Nd111, Ce I V-Prn i , Ce IV-Pr IV and P r I V -Nd m 

has been carried out with the following results: 
1. Solid solutions with the fluorite structure 

are formed in all cases and lattice constants have 
been determined as a function of composition. 
For the oxide systems M I V - M m there is an upper 
solubility limit varying from 50 to 67 atomic per 
cent, of the trivalent metal. 

2. Praseodymium is readily oxidized to Pr IV 

in the presence of CeIV, but more difficultly in 
the presence of Nd111. 

3. In no case is there evidence for the oxida
tion of Pr beyond the + 4 state, even under oxygen 
pressures as high as 50 atmospheres. 

4. Evidence is given in support of the exist
ence of PreOn as a separate and distinct phase in 
the praseodymium-oxygen system. 

BERKELEY 4, CALIFORNIA RECEIVED AUGUST 9, 1949 

presented data at 35° on the apparent molal vol
umes. 

This system is well adapted to studies of very 
concentrated solutions of electrolytes because of 
the high solubility of the calcium nitrate, which 
amounts to about 78% (20 m) for the saturated 
solution of the anhydride. Up to this concentra
tion the highest m. p. of the system is 52°. How
ever, supersaturation below the m. p.'s can be 
easily obtained by maintaining the solutions at 60° 
overnight with subsequent cooling. The slightly 
supersaturated solutions show some tendency to 
crystallize but it is difficult to crystallize the more 
concentrated solutions without seeding. Samples 
of these supersaturated solutions, sealed in glass 
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