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41. The Thorium Dioxide-Thorium Tetrafluoride Xystem. 
By R. W. M. D’EYE. 

The thorium dioxide-thorium tetrafluoride system has been studied by 
X-ray diffraction. Thorium tetrafluoride dissolves in thoria to the extent of 
about 25 moles %, the cell constant a increasing from 5.586 to 5.663 kX. 
The arrangement of the anions in these mixed crystals is discussed. No solid 
solubility of thoria in thorium tetrafluoride was observed. Thorium oxy- 
fluoride, ThOF,, was formed by the reaction of equimolar mixtures of thoria 
and the tetrafluoride at  900” in an inert atmosphere. Diffraction photo- 
graphs showed that the true unit cell of the oxyfluoride is orthorhombic and 
not hexagonal as previously suggested. The deviation from hexagonal 
symmetry is probably due to the oxygen and fluorine atoms’ segregating into 
distinct sets of lattice sites. Attempts to prepare disordered thorium oxy- 
fluoride with a random anion distribution were unsuccessful. 

X-RAY powder diffraction and density studies of anomalous mixed-crystal systems such 
as CaF2-YF3,1,2’3 CaF,-ThF4,3 BaF2--UF3,4 and BaF,-UF, have shown that, in the 
fluorite mixed-crystal phase, the cations are randomly distributed over the normal cation 
sites of the fluorite-type lattice (the positions 000 etc.), and the extra anions needed for 
electric neutrality occupy, presumably statistically, the largest “ holes ” in the lattice (the 
positions $00 etc.). Alberman and Anderson,s in discussing the effect of interstitial anions 
on a fluorite-type lattice, suggest that the net effect on the cell dimensions is determined 
by the interplay of the size and charge of the substituting cation with the distortion caused 
by the interstitial anion. Thus, if the radii of the cations are similar, the lattice-distortion 
effect will probably predominate, causing the cell to expand as the anion-cation ratio 
increases. This is true for the systems CaFa-YF3,3 SrF,-LaF,,3d and CaF2-ThF4.3 If, 
however, the substituting cation is smaller as well as more highly charged, these effects 
may outweigh the distortion effect of the interstitial anions so that the cell contracts as the 
anion-cation ratio increases, as in the systems BaF2-UF3,4 SrF,-UF3, and BaF2-UF4.5 

These considerations also apply to certain oxide systems 8, 99 10 and, as now shown, 
oxide-fluoride systems having the fluorite-type structure. 

Zachariasen found that in the La203-LaF, system lanthanum oxyfluoride, LaOF, can 
exist in two forms; when the composition corresponds exactly to LaOF the structure is 
rhombohedral, and when there is an excess of lanthanum trifluoride the structure is 
tetragonal. Both structures are based on a fluorite-type lattice. The deviation from 
cubic symmetry is due to the segregation of oxygen and fluorine atoms into distinct sets 
of lattice sites. 

The present work gives evidence for the existence of a fluorite-type mixed crystal 
containing randomly distributed oxygen and fluorine atoms. In these mixed crystals there 
are two possible anionic arrangements: (i) the normal anion positions $a$, etc., in the unit 
cell are all occupied and the interstitial positions goo, etc., are statistically filled or (ii) both 
sets of lattice sites are statistically occupied. However, the difference in the calculated 
intensities is so small that it is not possible to distinguish between them. 
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Solid Solubility Limits.-The results of previous ls2 work on systems such as 

CaF2-ThF,3 and BaF,-UFS4 show that at  the limit of solid solubility there are two 
interstitial anions per unit cell. Thus, in the present system, the solid solubility limit of 
thorium tetrafluoride in thoria should be 26 moles yo. We have been unable to confirm 
this figure owing to the difficulty of preparing homogeneous mixed-crystals phases. We 
found no solid solubility of thoria in thorium tetrafluoride. 

Thorium 0xyjEzzoride.-Zachariasen l2 found from X-ray powder data that thorium 
oxyfluoride had a bimolecular hexagonal unit cell with a = 4.039 & 0.002 kX and 
c = 7-290 -& 0.004 k X .  As the structure was supposed to be of the LaF,-type an altern- 
ative hexagonal unit cell was suggested13 which contained six molecular units of ThOF, 
and had the dimensions a = 4.03943 and c = 7.290 k X .  Both structures require a 
random distribution of the oxygen and fluorine atoms over the anion positions in the 
lattice. 

We now find that thorium oxyfluoride has an orthorhombic unit cell, the dimensions 
being closely related to those of the bimolecular hexagonal cell by the expressions 
no - 2 2 / 3 a ~ ,  bo - a ~ ,  co - CH, where the subscripts 0 and H denote orthorhombic and 
hexagonal symmetry respectively. We suggest that the deviation from hexagonal sym- 
metry is due to the ordering of the oxygen and fluorine atoms. All our attempts to prepare 
disordered thorium oxyfluoride, which would give diffraction photographs with no super- 
lattice lines, were unsuccessful. 

EXPERIMENTAL 
Thorium Dioxide.-Thoria of small particle. size was prepared by thermal decomposition of 

thorium oxalate 
Thorium Tetrafluoride.-Thorium tetrafluoride of small particlc size was prepared by the 

thermal degradation of the hydrate, ThF,,yH,0,15v16117 a t  400" in vacuo or in an inert 
atmosphere. 

Mixed Crystals.-Most samples were prepared by heating intimate mixtures of the tetra- 
fluoride and thoria, in the requisite quantities, either (i) in platinum boats in argon which was 
purified by passage through traps cooled in liquid oxygen and then over heated copper turnings 
or (ii) in vacuo in sealed platinum bombs. In  the latter method the sample was placed in a 
4 mm. diameter platinum tube, sealed a t  one end. The open end was connected through glass 
tubing to a vacuum system. The apparatus was evacuated and the sample outgassed at  ZOO". 
When cool, the platinum tube was crimped about I in. above the level of the sample and an 
uxy-coal gas flame was played across the crimped portion. The platinum bomb was then 
sealed inside an evacuated quartz bomb. 

Samples were generally heated a t  about 1000" for 6 hr. The thoria-rich mixed crystals 
could not be melted owing to their high m. p. (m. p. of thoria is ca. 3000"). These preparations 
were therefore never homogeneous. 

Zachariasen l1 prepared samples in the range MF,-M,O,, where M is lanthanum or yttrium, 
by heating the trifluoride a t  900" in an atmosphere of low humidity. Hydrolysis proceeds 
until the fluoride is completely converted into oxide. We similarly prepared samples by 
heating thorium tetrafluoride in air a t  440' in open platinum dishes; this temperature gave a 
convenient rate of hydrolysis. However, a t  the thoria-rich end of the system the samples 
were again never homogeneous. 

Chemical A naZysis.--The fluorine in the sample was estimated by the pyrohydrolytic 
method.18 Steam was passed over the sample in a platinum boat, which was heated to 900- 
1000". The resulting hydrofluoric acid-water mixture was condensed and titrated with 

a t  450" in air. 
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standard alkali. The steam jet was then removed and the residual oxide ignited in air and 
weighed as thorium dioxide. 

X-Ray  Diffraction.-For the X-ray examination of the mixed crystals we used a Guinier- 
type focusing camera l9 and monochromatised Cu-K, radiation from a bent quartz plate. To 
avoid shrinkage errors in the measurement of the Bragg angle 0, a 0-1 mm. scale was photo- 
graphed on the film before processing. 

~ S U L T S  AND DISCUSSION 

Samples of 0-20 moles yo of thorium tetrafluoride consisted, after heating, of two 
fluorite-type phases. As the diffraction photographs of these phases show no splitting of 
the cubic lines or any weak lines which could be attributed to a superlattice it seems that 
the oxygen and fluorine atoms in these mixed crystals are not ordered. The cell constant 
for these cubic phases was in the region from 5.586 & 0.005 AX, the value for pure thoria, 
to 5.663 -+ 0.005 kX.  Therefore as thorium tetrafluoride is incorporated into the thoria 
lattice, the lattice expands. 

Neither the solid solubility limit nor the mode of incorporation of the tetrafluoride in the 
thoria lattice could be determined experimentally as, even after long annealing, the mixed 
crystal phases were not homogeneous. However, by analogy with other systems, it would 
be expected that the extra anions (2F- replacing 02-) needed for electric neutrality occupy 
interstitial positions in the lattice and that the cation lattice is intact. Similarly the limit 
of solid solubility of thorium tetrafluoride in thoria should be 25 moles %. The phase with 
a cell parameter of 5.663 is probably that at the limit of solid solubility. 

Samples of 20-50 moles yo of thorium tetrafluoride were again at least two-phase- 
thorium oxfluoride and either one or two cubic phases with cell constants in the range 
given above. If only one cubic phase occurred with the oxyfluoride then the cell constant 
of this phase was 5-663. This supports the suggestion that the phase at  the limit of solid 
solubility has a cell parameter of 5.663 kX. 
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TABLE 1. Difraction data f o r  thorium oxyJEuoride. 
sin28 sin20 
(obs.) (calc.) 
0.0119 0.0120 
0.0142 0.0142 
0.0232 0.0232 
0-0369 0.0363 
0.0381 0.0381 
0.0450 0.0450 
0.0477{ ::::;: 
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0.0739 0.0743 
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Samples of 50-100 moles yo of tetrafluoride were two-phase, the oxyfluoride and tetra- 
fluoride. 

Thorium Oxyfluoride.-The reflections with high intensity on the X-ray powder 
diffraction pattern of thorium oxyfluoride can be indexed in terms of the bimolecular 

No solid solubility of thoria in thorium tetrafluoride was observed. 
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hexagonal cell suggested by Zachariasen. However there were many weak lines which 
could not be so accounted for and the reflections with indices hkO and hkZ are split. As the 
positions and intensities of the extra reflections and the line splitting are independent of 
the method of preparation of the sample these effects are not likely to be due to traces of 
impurity or to a solid solubility range. Indeed the X-ray photograph was successfully 
indexed on the basis of an orthorhombic unit cell with a = 14.07 3 0.01 kX, b = 
4.041 & 0.005 k X ,  and c = 7.253 & 0.005 k X .  The agreement between the calculated 
and observed values of sin2 8 is good (Table 1). The observed indices of the reflections 
show that the hk0 planes are absent when h = 292 + 1. The volume of the unit cell is 
four times that of the bimolecular hexagonal cell and contains eight molecular units of 
ThOF,. The pseudo-hexagonal indices which correspond to the orthorhombic indices of 
the reflections are given in Table 2. 

The deviation from hexagonal symmetry can be accounted for by an ordering of the 
oxygen and fluorine atoms. The probable atomic arrangement in the ordered ortho- 
rhombic lattice can be derived by considering the atomic arrangement of the atoms in the 
larger of the two hexagonal cells. The atoms in the latter structure occupy the following 
special positions of space group D,h3--P6,/mcm.; thorium on 6(g) and the anions on 2(a), 
4(c) ,  and 12(k). This structure can be considered to be made up of layers of cations and 

TABLE 2. Corresponding rejections. 
Orthorliombic 

002 
011, 400 
102, 210 

40 1 
211 
402 
212 
610 
020 

Pseudo-hexagonal 
002 
100 

101 

102 

110 

Orthorhoinbic 
403 
213 
004 
612 
022 
420 
122 

222, 801 
421 

Pseudo-hexagonal 

103 
004 
112 

200 

201 

anions with each cation surrounded by three anions and each anion by three cations. The 
anions in these layers occupy the positions 2(a) and 4(c) in the unit cell. Above and below 
each cation there is a further anion. These anions, which sit between the layers, occupy 
the position 12(k) and are not structurally equivalent to those in the layers. If the six 
oxygen atoms occupy the positions in the layers and the twelve fluorine atoms the positions 
between the layers, instead of both atoms being statistically distributed over all the 
eighteen anion sites, then the resultant lattice distortion will probably account for the 
deviation from hexagonal symmetry. 

We could not prepare hexagonal thorium oxyfluoride which would have no ordering 
of the anions. 

The author thanks Mr. E. A. Harper for help in the experimental work and Mrs. G. W. 
Stuart for taking the X-ray photographs. 
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