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TABLE IV 

EFFECT OF VISCOSITY ON DIFFUSION CURRENT CONSTANTS 

K J C I H 8 O J , 
M 

3.0 
2.0 
1.5 
1.0 
0.70 

.40 

.10° 

.05° 

Relative 
viscosity 

2.53 
1.98 
1.64 
1.35 
1.25 
1.10 
1.04 
1.04 

v'/> 

1.59 
1.40 
1.28 
1.16 
1.12 
1.05 
1.02 
1.02 

id 
CmVi(V) 

0.80 
1.03 
1.14 
1.25 
1.36 
1.42 
1.44 
1.44 

/ X v'A 

1.27 
1.45 
1.47 
1.45 
1.52 
1.49 
1.47 
1.47 

" Ionic strength adjusted to 0.5 with NaClO4. 

In the present case, for example, the diffusion 
current is more than 15% lower in 1 i f potassium 
malonate solutions than in 0.1 M solutions. 

Succinate Solutions.—Previous experimen­
ters14'17'20 agree that any complexes formed be­
tween iron and succinate ions are much weaker 
than those involving oxalate or malonate ions. 
Franke17 reports the dissociation constant of the 
disuccinatoferrate(II) ion to be approximately 13 
on the basis of solubility studies. Hydroxo-
succinato complexes have been claimed to exist on 
the basis of preparative studies11'21 and also on the 
basis of breaks in potentiometric titration curves.13 

Polarographic studies were attempted with 
solutions ranging from p~H 5.5 to 9.5 and from 0.1 
to 4.0 M potassium succinate. Of the more than 
thirty solutions studied, the reversibility test could 
be applied to less than half the resulting polaro-
grams. At the higher />H values all or most of 

(20) L. Michaelis and E. Friedheim, J. Biol. Chem., 91, 343 (1931). 
(21) R. Weinland and P. Paschen, Z. anorg. Chem., 92, Sl (1915). 

Introduction 
The higher oxides of terbium and praseodymium 

are interesting examples of non-stoichiometric 
compounds. An investigation of these oxide sys­
tems in equilibrium with oxygen up to one at­
mosphere pressure has been completed,2-4 and an 

(1) Present address: Princeton Radiation Chemistry Laboratory, 
Inc., P. O. Box 12, Princeton, New Jersey. Part of the data pre­
sented here was included in a thesis submitted by Wilbur Simon to the 
Graduate College in partial fulfillment of the requirements for the de­
gree of Doctor of Philosophy. This work was supported in part by the 
U, S. Atomic Energy Commission. 

(2) R. E. Ferguson, E. D. Guth and L. Eyring, T H I S JOURNAL, 76, 
3890 (1954). 

(V E. Daniel Guth and L. Eyring, ibid., 76, 5239 (1054). 
(4) E. Daniel Guth and L. Eyring, ibid., 76, 5242 (1954). 

the iron(III) precipitated from solution, either 
preventing the appearance of a wave or causing 
the wave to be too small for analysis. At lower 
pK values, where no precipitation occurred, many 
of the waves followed so closely after the anodic 
mercury dissolution wave that residual current 
corrections could not be made accurately. In 
the cases where the reversibility test was applied, 
the slopes of the plots of E±e. vs. log (id — i)/ 
i showed considerable variation, ranging from 0.05 
to 0.085. Double waves, indicating the presence 
of two complexes in sluggish equilibrium, were ob­
served in a few cases. Because of the failure to 
establish with certainty the reversibility of the re­
ductions occurring in succinate solutions, detailed 
presentation and interpretation of the data are not 
warranted at this time. However, the data ob­
tained, such as they are, indicate the dissociation 
constant for the iron(III) complex to be on the 
order of 10 -9, and that of the iron(II) complex to 
be about unity. This latter value is of a similar 
order of magnitude as that reported by Franke. 

It is apparent that the succinate (7-ring) com­
plexes are considerably weaker than the malonato 
(6-ring) and oxalato (5-ring) complexes. Further­
more, succinic acid is a rather weak acid, so that in 
acidic solutions below pH 4 virtually no C 4H 4O 4

- -

ions are present in solution. At higher pH values 
at which the C4H4O4— concentration becomes 
appreciable, the large and weakly bound succinate 
groups tend to be replaced by O H - ions causing 
partial or complete hydrolysis of the iron (III). 
This situation explains why several workers14'20 

have reported no noticeable complex formation 
occurring between iron and succinate ions. 
BLOOMINGTON, INDIANA 

equilibrium study of the region up to 10 atmos­
pheres is underway. Below one atmosphere of 
oxygen pressure the oxides have compositions in 
the range TbO160 to TbOi si and PrOL50 to 
PrOL83. 

Higher oxides of terbium have been known for a 
long time, but only a few investigations have been 
made on their exact compositions. Prandtl and 
Rieder6 found that air oxidized samples had an av­
erage composition of about TbOi.re, and samples 
treated with 30 atmospheres of oxygen at 340° had 
t h e c o m p o s i t i o n TbOi.83- T b 0 2 h a s b e e n r e ­

ts) W. Prandtl and G. Rieder, Z. anorg allgem. Chem., 238, 225 
(1938). 
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Higher Oxides of Terbium and Praseodymium from High Pressure Molecular Oxygen 
Treatment 

BY WILBUR SIMON1 AND LEROY EYRING 

RECEIVED J U N E 25, 1954 

Terbium and praseodymium oxides have been treated with molecular oxygen of pressures up to 282 atmospheres at tem­
peratures as high as 450 °. The compositions of the higher oxides thus produced were determined by weight changes on 
reduction to the sesquioxides with Ha and CO, and by iodometric titration. X-Ray diffraction patterns were observed for 
some of the phases produced. It was found that when the reaction vessel was desiccated carefully all the methods of analyses 
were in agreement. Treatment of the lower oxides of terbium and praseodymium at 282 atmospheres oxygen pressure at 
400° yielded TbCv85 and PrOa.oo, respectively. 
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ported6 on the basis of the lattice constant of an 
atomic oxygen treated sample. 

Many investigations7-13 have been made of the 
PrOx system using a variety of methods. In the 
broadest sense there now seems to be agreement 
that the upper limit of oxygen composition for the 
PrOx system is PrO2, and that under analogous 
treatment terbium is less highly oxidized. 

This research was undertaken to establish the 
upper limits of compositions of the higher terbium 
and praseodymium oxides at oxygen pressures 
greater than had been previously used, and to de­
velop a method of producing larger quantities of 
the higher oxides. 

Experimental Method 
The general procedure was to reduce samples of praseo­

dymium or terbium oxides to Pr2Oa or Tb2Os with hydrogen. 
It was assumed that the sesquioxides were the final products 
when constant weight was achieved. X-Ray examination 
and previous work justified this assumption. The reduced 
samples of Pr2Oa or Tb2Os were subjected to a variety of 
pressures of oxygen at different temperatures and their 
compositions determined by various methods. 

Weight increase determinations established the composi­
tion of the oxide after oxidation. Other methods of analyses 
confirmed the validity of this procedure. 

The Reduction Systems.—Reduction of the higher oxides 
was regularly achieved by flowing purified hydrogen, at at­
mospheric pressure, over the sample which was heated a t 
600° for a period of 1.5 to six hours. Commercial hydrogen 
was purified by successively passing the gas through a cata­
lytic deoxidizer, a column of concentrated sulfuric acid and 
a U-tube packed with Ascarite and Drierite or preferably a 
U-tube cooled with liquid nitrogen. 

Alternatively the oxides were reduced with carbon mon­
oxide which had been purified by passage through sodium 
hydroxide, pyrogallol, concentrated sulfuric acid, and 
finally Ascarite and Drierite. The carbon monoxide was 
passed over the hot oxide and the excess CO together with 
the reaction products were passed over magnesium per-
chlorate and into a Pregl absorption tube which absorbed 
the CO2. The Pregl tube was weighed14 to determine the 
oxygen removal from the sample. 

In reduction with CO care must be exercised to prevent 
the formation of carbonates. This method if properly de­
veloped should provide a convenient procedure for reduc­
tion and analysis. 

The Oxidation Apparatus.—Two 50-ml. autoclaves were 
constructed of "316 stainless steel" and "Inconel X " by the 
Parr Instrument Co. The head of each was equipped with 
a needle valve and a safety rupture disk, and was fitted with 
a replaceable calibrated bourdon gage with a range suitable 
to the pressures of interest in the particular experiment. 
A thermocouple recess at the bottom of the reactor makes 
possible the control of the wire wound tube furnace in which 
the autoclave is placed during the reaction. Furnace con­
trol was achieved either by voltage regulation or by a modu­
lated pulse time control mechanism built by Minneapolis 
Honeywell Co. Bombs of these materials held up very well 
over long reaction periods. Thin dark oxide films on the 
inner surfaces appeared to retard further oxidation. 

A quartz or Pyrex container was constructed to hold a 
barium oxide desiccant in the top (cooler part) and the sample 
crucible in the bottom of the autoclave. The sample 

(6) D. M. Gruen, W. C. Koehler and J. J. Katz, T H I S JOURNAL, 73, 
1475 (1951). 

(7) W. Prandtl and K. Huttner, Z. anorg. allgem. Chem., 149, 235 
(1925). 

(8) H. A. Pagel and P. H. Brinton, T H I S JOURNAL, 81, 42 (1929). 
(9) J. K. Marsh, J. Chem. Sac, Part 1, 15 (1946). 
(10) S. Rabideau and G. Glockler, T H I S JOURNAL, 73, 488 (1951). 
(11) J. D. McCullough, ibid., 72, 1386 (1950). 
(12) L. Eyring, H. R. Lohr and B. B. Cunningham, ibid., 74, 1186 

(1952). 
(13) L. B. Asprey, Ph.D. Thesis, Univ. of Calif., 1949. 
(14) J. B. Niederl and V. Niederl, "Micromethods of Quantitative 

Organic Analysis," 2nd ed., John Wiley and Sons, Inc., New York, 
N. Y., 1942. 

crucible was constructed of alundum with which the rare 
earth oxide is completely unreactive. 

Materials.—The PrO* was obtained 99.9% pure from 
E. C. Botti. The TbO 1 was obtained from Johnson, Mat t -
hey and Company, Limited, of London as greater than 98% 
pure. 

Analytical Procedures.—The sesquioxides were assumed 
to be the products obtained when any higher oxides were 
reduced to constant weight with hydrogen. X-Ray dif­
fraction patterns agreed with those in the literature for Pr2Os 
and Tb2O3. 

The compositions of the higher oxides were determined 
by weight increase measurements and by iodometric titra­
tion of active oxygen.16 As suggested before, CO reduction 
of the higher oxides could also be used; however, this 
method was not fully developed in this study. 

Results and Conclusions 
Reproducible results were obtained when great 

care was exercised in the desiccation of the auto­
clave. Without careful desiccation, the products 
were generally light tan in color and showed irregu­
lar but high weight gains. Analysis of these showed 
the presence of water and a low content of active 
oxygen. Perhaps these relatively large weight 
changes when small amounts of water are present 
have been responsible for some reports of oxides 
higher than PrO2.

6 

It was established that when sufficient precau­
tions were taken weight increase determinations 
agreed with iodometric measurements of active 
oxygen. The results of these experiments are 
shown in Table I. Samples of PrOrso weighing 
150-300 mg. and samples of TbOi5O weighing 130-
150 mg. were used in all experiments reported in 
this study. 

TABLB I 

COMPARISON OP ANALYTICAL PROCEDURES DETERMINATION 

OF ACTIVE OXYGEN IN PRASEODYMIUM OXIDES 

Pressure, 
atm. 

201 
293 
286 
282 

Temp., 
0C. 

400 
400 
400 
400 

% w 
Wt. 

uptake 

4.11 
4.11 
4.10 
4.85 

t. gain 
Iodometric 
titration 

4.11 
4.11 
4.09 
4.85 

The first three experiments were made on a sam­
ple of unknown purity which obviously had some 
unoxidizable impurity, probably other rare earths. 
The maximum oxygen uptake of this sample seems 
to have been 4.11% over Pr2O3. The standard de­
viation of analyses of these three runs is ±0.008. 
The limit of error in the 95% confidence belt is 
0.02%. The last experiment was made on the 
pure Botti sample and corresponds to the calcu­
lated uptake of oxygen to form PrO2. This phase 
was examined by X-ray diffraction and was found 
to have the fluorite structure with a = 5.395 ± 
0.001 A. in excellent agreement with the results of 
McCullough.11 

The results of runs in which oxides were treated 
for periods of six hours or more (sometimes as long 
as several days) are shown in Fig. 1. These results 
are not to be considered as equilibrium data since 
the autoclave is cooled slowly to room temperature 
and oxygen is undoubtedly absorbed in this proc­
ess. The pressures and temperatures indicated 
are those of the long soak period and the composi-

(15) G. L. Barthaur and D. W. Pearce, Ind. Eng. Chem., Anal. Ed., 
18, 479 (1946). ' 
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oxygen-TbOj,, Fig. 1.—Pressure-composition diagram: 
PrOx systems. 

tions are those corresponding to the final cold prod­
uct determined by weight increase determinations. 

It will be observed that samples of composition 
PrO2 are obtained only at very high pressures, but 
that samples treated at 350° and five atmospheres 
are oxidized almost all the way to PrO2. 

At pressures below five atmospheres and 450° 
the lack of reproducibility of the points on oxida­
tion and reduction implies that the samples are not 
really at equilibrium during the soak period at 
these temperatures. 

Terbium oxidizes to a lesser degree than praseo­
dymium at moderate to high oxygen pressures. For 
example, at 282 atmospheres and 400° the two ox­
ides obtained are TbOi.se and Pr02.oo. One run 
with terbium designed to take advantage of any 
slow uptake of oxygen at lower temperatures was 
cooled from 400° to room temperature over a pe­
riod of five days. The final composition was TbOi.86. 

Some experiments not shown in Fig. 1 are tabu­
lated in Table II . I t might be noted that the pre­
cise composition of TbOi.75, which has long been re­
ported as the brown product obtained when ter­
bium oxides are ignited in air and cooled to room 
temperature, is not easily realized. 

TABLE II 

EXPERIMENTS ON TERBIUM OXIDE 

Treat­
ment, 

hr. 

12 

24 
14 
4 

6 
5 

Temp., 
0C. 

400 

300 
600 
700 

600 
900 

900 

Pressure, 
atm. 

Compn. 
(x in 

Tb Ox) 

1.82 

,83 
.81 

1.75 

.80 

.73 

0.2 1.73 

120 400-25 252-160 1.86 

Remarks 

Removed to desiccator 
while still hot 

Cooled rapidly 
Cooled very rapidly 
N2 admitted while hot 
then cooled very rapidly 
Cooled slowly 
Cooled slowly to 150°, 

desiccated 
Cooled slowly to 200 °, 

desiccated 
Cooled slowly over 5 

days 
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The Iron (II) Chloride-Iron (II) Bromide System1 
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The arrangement of layers of halogen atoms in mixtures of FeCl2(CCP) and FeBr2(HCP) annealed to 400 ° has been studied 
by X-ray powder pattern analysis. Coexistence of CCP and H C P phases with the same composition is observed between 
40 and 80 mole per cent, chloride. Solid solutions prepared by mixing the pure components and by halogen exchange 
reaction of the solid phases with HCl and HBr were found to have the same structural characteristics and to be nearly ideal. 

Crystals of FeCl2 and FeBr2 have layer structures 
with the halogen atoms cubic close packed (CCP) 
in FeCl2 (CdCl2 type, R3m) and hexagonaljclose 
packed (HCP) in FeBr2 (Cd(OH)2 _ type, C3m).2 

These structures are also characteristic of CdBr2 
and CdI2. An intermediate phase in the CdBr2-
CdI2 system, with bulk composition near CdIBr, 

(1) Presented at the Northwest Regional Meeting of the American 
Chemical Society at Richland, Washington, June 11, 1954. 

(2) A. Ferrari, A. Celeri and F. Giorgi, Atti accad. noil. Lined, 9, 
782, 1134 (1929). 

has been reported by Hagg and Linden3 to have a 
unique packing with a layer repeat unit ABCBCA-
BABCAC-. We have made a study of intermedi­
ate phases in the FeCl2-FeBr2 system. The halogen 
exchange equilibrium between the solid iron halide 
phases and HCl and HBr has been investigated at 
400°. An X-ray powder pattern study of solid 
solutions formed in this way and of those obtained 
by heating various mixtures of the two simple 

(3) G. Hagg and E. Linden, Arkiv Kemi, Mineral. Geol., B16, No. 5, 
1 (1942). 
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