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Crystallographic Studies of Sodium Thorium Fluoride Precipitates 

and of a Thioniabicyclo Compound 

by 

Elisabeth McKinley Price 

Abstract 

The phases which precipitate from solutions of thorium nitrate 

and hydrofluoric acid or sodium fluoride have been studied. Variables 

investigated include ratios of Na:F:Th, pH, temperature and time in 

contact with the mother liquor. · Twelve phases were observed to form. 

The structure of one phase, Na 2ThF6, (space group P62m; Z = 1; 
0 0 

a= 6.14A; c = 3.696A.) is proposed. 

The structure of 6-carbomethoxy-1-thioniabicyclodecane iodide 
0 0 

is also reported (space group P21;n; Z = 4; a= 8.890A; b = 20.120A; 
0 

c = 8.150A; B = 110.17°). 
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Introduction 

Although many phases in the thorium-sodium-fluoride-water system 

have been reported (1-6), neither the conditions of formation nor 

the identification of the phases has been clearly presented. Some of 

these phases were produced from melts of ThF4 and NaF (1-3), and lists 

of powder patterns have often been reported; however, few crystal 

structures have been proposed. The studies of precipitation of thorium 

fluorides (4,5) or sodium thorium fluoride (6) from aqueous solutions 

serve to indicate the variety of phases produced, but do not clarify 

the conditions under which they formed. Because the precipitates 

usually form as powders, again some powder patterns have been reported, 

but few crystal structures have been proposed. 

The purpose of this project was to identify the precipitates from 

solutions of thorium, sodium and fluoride ions by analysis of the 

structure of single crystals. However, after the conditions of 

precipitation of particular phases had been identified, it became clear 

that single crystals were not readily available. Therefore, the phases 

were classified mainly by powder patterns. ·-'The phase Na2ThF6, however, · 

did form in fairly large crystals and was identified additionally 

through single crystal analysis. Chemical analysis of the three most · 

frequently obtained powders provided the tentative formulas: 

ThF4'aH20; NaThF5·nH20 and Na2ThF6. The anhydrous phase of thorium 

tetrafluoride could be identified by comparison of its powder pattern 

with the reported pattern. Of the twelve phases reported here, only 

four were identified chemically or by crystallographic data; the rest 

were merely classified by their powder patterns. 

1 



An unrelated structure, that of 

6-carbomethoxy-1-thioniabicyclodecane iodide, 

is also included in this report. 

2 
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Preparation and Classification of Precipitates 

Experimental 

Chemicals and Solutions 

All chemicals used were of analytical grade. Thorium nitrate and 

sodium fluoride solutions were prepared by dissolving weighed amounts 

of Th(N03)4·4H20 (Mallinkrodt) and of NaF (Matheson, Coleman and Bell) 

powders in distilled water. Hydrogen fluoride solutions were prepared 

by diluting 48% HF (Allied Chemical) with distilled water and the 

concentration was checked with a standard NaOH solution. Sodium 

nitrate (Baker) and nitric acid (Mallinkrodt), which were occasionally 

used, were prepared similarly. 

The formal concentrations (moles/liter) of Th+4, Na+ and F- in 

each sample are indicated in the tables which outline the sample 

preparation (Tables 1-5). These concentrations are only approximate 

because, while stock solutions were prepared so the concentrations were 

known, the volumes mixed together were measured only approximately in 

plastic delivery pipets that were very roughly calibrated. 

Preparation of Samples 

Conditions of precipitation of each sample are summarized in 

Tables 1-5. 

All samples were prepared by mixing aqueous solutions of 

Th(N03)4·4H2o and HF or NaF and filtering the resultant precipitates. 

Except for the initial preparation of the thorium nitrate and sodium 

fluoride solutions in glass volumetric flasks, all solutions were 
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used and stored in plastic equipment. 

Where pH adjustments were desired, dilute nitric acid was added. 

The acidity was adjusted only from neutral to acidic to avoid the 

formation of thorium hydroxide. 

In the gas diffusion experiments, sodium nitrate was added to 

provide a source of sodium ions. 

In all experiments, except the gas diffusion ones, the chemicals 

were added in the following manner: 

1. thorium nitrate solution was introduced into plastic test 

tubes; 

2. nitric acid was added if pH adjustment was desired; 
0 

3. solution was heated in a water bath at 78-81 C for five 

minutes if the temperature effect was investigated; 

4. HF or NaF solutions were added as required. 

The fluoride solution was added rapidly to each thorium solution, then 

stirred with a plastic stirring rod. The pH was measured on pH paper 

by extracting a drop of solution, and the tube was then covered with a 

plastic covered cork for the desired time before filtration. 

The time indicated in the tables is the time between the mixing of 

the solutions and the filtering. Each solution and precipitate was 

transferred to a plastic funnel lined with #42 Whatman filter paper, 

was rinsed several times with distilled water and then was allowed to 

dry one day or more in open air before a powder pattern was taken. 

Variation in sodium to fluoride ion ratios was accomplished by 

adding sodium hydroxide to hydrogen fluoride solutions. Only solutions 

in which the concentration of sodium was less than the concentration of 

fluoride ion were used, because sodium fluoride precipitated when 

· 4 



excess sodium hydroxide was added to solutions with the desired fluoride 

ion concentration. Therefore, in samples which tested a variation in 

sodium to fluoride ratio, the pH was less than one due to the presence 

of excess HF. That is, the precipitation of fluoride by thorium 

resulted in the release of the hydrogen ions from HF so the solution 

became very acidic. 

Two samples were prepared by a gas diffusion method as described 

below. HF vapor from a concentrated solution of hydrofluoric acid was 

allowed to diffuse into a solution of thorium nitrate and sodium 

nitrate. The two latter chemicals were mixed in a small plastic beaker 

so the final ratio was approximately 1:1. Another small plastic 

beaker was filled with concentrated HF solution and both beakers were 

placed together in a relatively air tight container for the indicated 

time. The container was then opened and the precipitate, which had 

formed in the beaker containing thorium, was filtered as previously 

described. 

Powder Diffraction Patterns 

All precipitates were identified primarily by use of their powder 

patterns. Except for the gas diffusion samples, all patterns were 

photographed using a Debye-Scherrer camera of ll4.6mm diameter and 

Cu Ka X-radiation for 12-15 hours as needed. The powders were so fine 

that they were not ground or sieved prior to their mounting in a glass 

capillary of diameter 0.3mm. 

The powder pattern of the precipitate from the gas diffusion 

experiments was photographed on a Guinier camera using Fe Ka1 radiation. 

The powder was mounted on a plastic film using Canada balsam as an 
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adhesive. Silicon powder was used as a standard. 

In Tables 6-14, the powder patterns of the precipitates are 

listed. The notation for the intensities is as follows: 

vw--very weak 

w---weak 

m---medium 

s---strong 

vs--very s~rong. 
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Grouping 

I ThF4 

IV Unidentified 

Table 1 

Powder Pattern Types 

Designation 

ThF4 anhydrous 

ThF4·aH2o 

ThF4·bH20 

ThF4·cH20 

H-1 

H-2 

H-3 

1 

2 

3 

4 

Conunents 

monoclinic phase 

tetragonal phase 

simple pattern 

first lines of ThF4·aH2o 

one pattern only 

short time before filtration 

pure hexagonal phase 

long time with heating 

gas diffusion 
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Table 2 

Sample Preparation 

ThF4 

[Na+] [F-] [Th+4J 
Designation Na:F:Th (F) (F) (F) J:!H Teme oc Time Comments 
ThF4 0:9:1 0.44 0.05 <1 78-81 25.5hr 
anhydrous 0:9:1 0.44 0.05 <1 78-81 48.5hr 

5:5:1 0.25 0.25 0.05 <1 78-81 16da~s 

ThF4'aH20 2:2:1 0.05 0.05 0.025 2 RT 2 days 1 i ttl e 
3:3:1 0.08 0.08 0.025 4 RT 2 days ppt. 
4:4:1 0.10 0.10 0.025 4 RT 3 days 
2:2:1 0.05 0.05 0.025 <1 RT 7 days pH 

3:3:1 0.08 0.08 0.025 <1 RT 8 days adjusted 

4:4:1 0.10 0.10 0.025 <1 RT 9 days with 
5:5:1 0.13 0.13 0.025 <1 RT 10days HN03 
6:6:1 0.15 0.15 0.025 <1 RT 10days 

0:9:1 0.44 0.05 <1 RT 1 hr 

0:9:1 0.44 0.05 <l RT 2 hr 

0:9:1 0.44 0.05 <1 RT 4 hr 

0:9:1 0.44 0.05 <1 RT 25.5hr 

0:9:1 0.44 0.05 <1 RT 48.5hr 

.02:2:1 0.0010 0.10 0.05 <1 RT 6 days 

.05:5:1 0.0025 0.25 0.05 <1 RT 7 days 

0.1:1:1 0.0045 0.045 0.05 <1 RT 10days 

0.5:5:1 0.0021 0.21 0.05 <1 RT 10days 

0. 5:1:1 0.025 0.05 0.05 <1 RT 11da~s 

ThF4'bH20 0:9:1 0.44 0.05 <1 78-81 1 hr 

0:9:1 0.44 0.05 <1 78-81 2 hr 

0:9:1 0.44 0.05 <1 78-81 4 hr 

ThF4'cH2o 0:9:1 0.44 0.05 <1 RT 3 min 
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Table 4 

Sample Preparation 

Na 2ThF6 

[Na+] [F-] [Th+4J .. 
Designation Na:F:Th {F} {F} {F) ~H Tern~ °C Time Comments 

H-1 20:20:1 0.50 0.50 0.025 6 RT 1 . 25hr 

20:20:1 0.50 0.50 0.025 6 78-81 3 min 

H-2 10:10:1 0.25 0.25 0.025 6 RT 7 days 

20:20:1 0.50 0.50 0.025 6 RT 7 days 

20:20:1 0.50 0.50 0.025 6 RT 26 hr 

20:20:1 0.50 0.50 0.025 6 RT 48 hr 

20:20:1 0.50 0.50 0.025 6 RT 76 hr 

33:66:1 0.84 1.65 0.025 <1 RT 12da~s mixture 

H-3 20:20:1 0.50 0.50 0.025 6 78-81 1.25hr 

20:20:1 0.50 0.50 0.025 6 78-81 26 hr 

20:20:1 0.50 0.50 0.025 6 78-81 48 hr 

20:20:1 0.50 0.50 0.025 6 78-81 76 hr 
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Table 3 

Sample Preparation 

NaThF5 

[Na+] [F-] [Th+4] 

Designation Na:F:Th (F} {F} (F} QH Tern~ °C Time · • Comments 

NaThF5·nH2o 5:5:1 0.125 0.125 0.025 6 RT 4 days 

6:6:1 0.150 0.150 0.025 6 RT 5 days 

8:8:1 0.20 0.20 0.025 6 RT 5 days 

10:10:1 0.25 0.25 0.025 <1 RT lldays HNO 3 
20:20:1 0.50 0.50 0.025 <1 RT 12days added 

10: 100: 1 0.23 2.3 0.025 <1 RT lOdays 

2.5:5:1 0.13 0.24 0.046 <1 RT lldays 



[Na+] 

Designation Na:F:Th (F) 

1 3:?: 1 . . 0~06 

2 1:100: 1 0.025 

3 20:20:1 0.25 

4:4:1 0.10 

4 8:8:1 0.20 

6:6:1 0.15 

Table 5 

Sample Preparation 

Unidentified Phases 

[F-] [Th+4] 

(F) ( F} ~H 

unk. 0.025 unk . 

2.5 0.025 <1 

0.25 0.0125 1.5 

0.10 0.025 3 

0.20 0.025 <1 

0.15 0.025 5 

11 

· rem~ oc Time · Comments 

RT 26da~s . gas diff. 

RT 7 da~s 

78-81 20days 

78-81 1 hr 

RT 5 days 

78-81 1 hr 



Discussion of Powder Types 

General 

The conditions of preparation of the samples were varied to test 

the effect of the ratio of sodium fluoride to thorium, the ratio of 

ions of sodium to fluoride to thorium, pH and, to some extent, the 

effect of temperature. The sodium fluoride to thorium ratio established 

the trend in the formation of the three main precipitates: ThF4, NaThF5 
and Na2ThF6. Variation of the sodium to fluoride ion ratio roughly 

indicated the concentration of sodium necessary for the formation of 

the double salts: when the ratio of sodium to thorium was less than 

1:1, the ThF4 phases formed; when this ratio was between 2.5 and 50:1, 

the NaThF5 phase formed. As the sodium to fluoride ion ratio became 

more nearly equal to one, as long as there was a large excess of 

fluoride ions, the Na2ThF6 phase started to form; however at ratios 

Na:F:Th of 33:66:1, this phase and NaThF5 both precipitated. 

In cases where the pH was not adjusted by addition of acid, the 

increase in pH, as the concentration of fluoride ion increased, was an 

indication of the substitution of fluoride ions for the hydroxide groups 

which surround the Th+4 ion in aqueous solution. (The pH of the 

aqueous 0.05F thorium nitrate solution was approximately 2, as measured 

with pH paper.) As the ratio of sodium fluoride to thorium nitrate in 

the solution was increased, the pH increased until at a ratio of 3:1, 

the pH was approximately 4. At this point, a large amount of 

precipitate formed. (At lower ratios, only very small amounts of 

precipitate formed.) The pH remained constant until, at a ratio of 5:1, 

the pH jumped to 6, and thereafter it remained constant up to a ratio 

12 



of 20:1. After a ratio of 5:1 was reached, all Th+4ions were 

apparently relieved of the accompanying OH- ions, so no further 

increase in pH was noted. (This trend is also reported to Tananaev 

and Chzhao-Da (6).) 

If the pH was adjusted to 1, then the range of ratios of NaF:Th 

over which the ThF4 and NaThF5 phases were observed to precipitate 

increased to greater values at the expense of the formation of the 

Na 2ThF6 phase. With no adjustment of pH, the ThF4 phase formed up to 

a ratio of 5:1 (NaF:Th), NaThF5 formed up to a ratio of 10:1 and 

Na2ThF6 formed at ratios of 10:1 and greater. At a pH of 1, the ThF4 
field continued up through a ratio of 6:1, the NaThF5 field began at 

8:1 and continued through 20:1 up to 33:66:1 (Na:F:Th). At this point 

of large excess of both sodium and fluoride, the Na 2ThF6 phase again 

began to form, although the NaThF5 phase still formed to a large 

extent. 

The temperature variation was limited to room temperature (23°C) 

and 78-8l°C in this study. This higher temperature and adjustment of 

time before filtration brought out several other phases. 

13 



Specific Powder Types 

ThF4 Phases 

The ThF4 phases precipitated from solutions of thorium nitrate to 

which HF alone was added, and from those to which a sodium fluoride 

solution was added, such that the ratio of fluoride ion to thorium was 

less than 5:1 at a pH of 4, or less than 8:1 at a pH of 1. Anhydrous 

ThF4 (designated as ThF4 anhydrous) resulted only when the precipitate 

was heated in acidic solution and could be produced both in the presence 

and absence of sodium. 

All four types of thorium tetrafluoride precipitates are fine 

white powders which tend to stick together to form larger pieces. The 

ThF4·cH20 phase looks more amorphous in general appearance and in 

powder pattern. The powders are too fine to have distinguishing 

characteristics under the microscope. 

Of the four types of patterns produced, the anhydrous phase may 

be identified by comparison with patterns of Zachariasen (7) and of 

Keenan and Asprey (8). Some lines seem to vary slightly, a deviation 

which could be due to some slight content of water. Booth and D'Eye (4) 

note that the composition of the "anhydrous" ThF4 can actually vary to 

ThF4·o.SH29, and the resulting powder pattern, although not exactly 

the same, is very similar to that of the truly anhydrous phase. 

The anhydrous thorium tetrafluoride phase is isostructural with 

most actinide tetrafluorides (8). The structures of UF4 and ZrF4 have 

been reported by Larson, Roof and Cromer (9) and by Burbank and 

Bensey (10), respectively. 

·14 



The precipitate which is most frequently produced at room 

temperature, ThF4"aH2o, gives a powder pattern which agrees fairly well 

with that reported by Tananaev and Chzhao-Da (6). A phase with a long 
0 

17A spacing mentioned by Asker, Segnit and Wylie (11) and by D'Eye and 

Booth (4) is probably the same ThF4"aH2o phase. However, no crystal 

structure has been proposed. 

The powder pattern of this phase has been indexed with good 

.2 d .2 ( ) agreement between s1n eobs an s1n ecalc Table 6 . 

System 

Tetragonal 

a 
0 

16.9613A 

c 
0 

8.685A 

The phase designated as ThF4"bH20 was formed when the mixed 

thorium nitrate and HF solutions were heated for 4 hours at 80°C. 

D'Eye and Booth mention that they are unable to produce phases at 

elevated temperatures which are different from those produced at room 

temperature (4), but, considering the apparently delicate adjustment of 

all experimental conditions necessary for the production of a given 

phase, this might not be unexpected. This phase apparently is not 

reported elsewhere, and no crystal structures have been proposed. · 

(Powder pattern is in Table 7) 

The fourth phase, ThF4"cH2o, was observed if the precipitate that 

results from the mixing of HF and thorium nitrate solutions was filtered 

immediately. The few lines which can be seen in the powder pattern may 

be due to a poorly developed ThF4"aH2o phase, and not due to a 

separate phase. The results indicate, however, that an amorphous phase 

precipitates before the other phases form. 

15 



NaThF5"nH20 

The pentafluoro sodium thorium double salt precipitated from 

thorium nitrate solutions in which the added NaF caused the NaF:Th 

ratio to be at least 5:1 and less that 10:1 at a pH of 6. At lower 

pH (<1), this phase formed when the NaF:Th ratio was greater than 6:1. 

This precipitate is distinct from all others because it forms 

plates which appear silvery. Tananaev and Chzhao-Da mention this 

characteristic, also (6). Under magnification, it can be seen that 

the plates are not single crystals, but are composed of many 

submicroscopic crystals which stick together to form thin plates. No 

optical properties can be ascertained with a polarizing microscope 

because the individual crystals are so small. 

The powder pattern of this phase has not been indexed and seems to 

agree only roughly with that reported by Tananaev and Chzhao-Da (6). 

No other reports of the phase have been found, and no crystal 

structures have been proposed. 

The effect of temperature or time on the formation of this phase 

was not investigated. 

16 



Na 2ThF6 and Related Phases 
. +4 

At a pH of 6 and ratio of NaF:Th of 10:1 or greater, Na2ThF6 
(designated H-2) precipitated from a solution of thorium nitrate to 

which a sodium fluoride solution had been added. The white precipitate 

consists of very small needle shaped crystals. Under a polarizing 

microscope, the crystals, if large enough, extinguish parallel to the 

long direction of the crystal . .. The size of the crystals varies from 

sample to sample, but does not seem to be a function of any of the 

variables which were tested; that is, temperature, filtering time or 

ratio of NaF to Th+4. 

This precipitate is identifiable under magnification by the 

presence of needles, or, if the crystals are too small, by the ease 

with which they can be separated from one another. In all other 

precipitates, the individual crystals cluster tightly together to 

form large groups. 

The effects of time in contact with the mother liquor and of 

temperature were included in the investigation of this phase. At room 

temperature, the precipitate which was filtered after 3 minutes in 

contact with the solution was amorphous. After 1.25 hours in contact, 

the filtered and dried precipitate also looked amorphous under the 

microscope, but it produced a powder pattern which included all of 

the hexagonal phase (H-2) lines, and, in addition, some others. This 

phase is designated as H-1. Attempts to index this phase using simple 

multiples of the hexagonal phase unit cell lengths proved unsuccessful, 

so the extra lines could indicate the presence of another phase. After 

more than 24 hours in contact with the mother liquor, the pure 

hexagonal phase formed exclusively ·(phase H-2). (The crystal structure 

17 



of phase H-2 is included later in this report.) 

If the thorium nitrate solution was heated to 80°C before addition 

of the sodium fluoride, and was held at that temperature during the time 

before filtration, as indicated in the sample preparation tables, the 

same sequence of precipitates was observed. However, the first phase, 

H-1, formed after only 3 minutes in contact with the mother liquor, so 

the amorphous phase probably remained only very briefly. After 1 hour, 

the hexagonal phase predominated, but the powder pattern had additional 

faint lines which corresponded to phase H-1. The powder pattern of the 

precipitate which formed after 26 hours, phase H-3, revealed the 

predominant hexagonal phase, plus some faint lines which did not 

correspond to phase H-1. These lines became sharper and more intense 

as the heating time was increased up to 72 hours, but the hexagonal 

phase (H-2) continued to predominate. (See Table 9) 

The powder patterns of all three phases agree well with the pattern 

of oNa2ThF6 reported by Thoma (1); however, he reports many lines which . 

are not present in the pattern of phase H-2 and which do not correspond 

to lines in phases H-1 or H-3. Single crystal work and indexing of the 

H-2 phase powder pattern indicate these unit cell lengths: 

System a c 
0 0 

Hexagonal 6.14A 3.696A 

These unit cell lengths are similar to those reported by Zachariasen 
0 0 

(12) (a= 5.99A and c = 7.36A) if it is noted that his c axis is almost 

twice as long as the c axis reported here and that he therefore 

reports two molecules per unit cell, while the structure here has a 
0 0 

Z of one. Thoma reports a (6.15A) and c (7.369A) values that agree 

even more closely with the lengths reported here, with the above 

18 



qualification. There is no evidence of lines in the powder pattern or 

of spots in the single crystal work which would indicate a longer c 

axis in the phase reported here. (See Table 10) 

Unidentified Phases 

The experiments in which solutions of thorium nitrate and sodium 

nitrate were kept separate from a concentrated HF solution and both 

closed in an air tight container produced a powder which gave a unique 

diffraction pattern. This pattern could be shown to include some of 

the lines due to the phase ThF4·aH2o in one case, but not in the other. 

(See Table 11) Because of the small quantities of the precipitate, 

no chemical analysis of this phase by the methods used for analysis of 

the other phases was possible, and no phases reported in the literature 

seem to correspond. The phase is a nondistinctive powder. 

Occasionally, some phases other than the ones already mentioned 

precipitated. Since the production of these phases was usually not 

duplicated, the conditions necessary for their precipitation could not 

be determined without further study. A listing of powder patterns for 

the unidentified phases 2,3 and 4 is included for reference. (Tables 

12-14) 

The regions of sodium and fluoride ion concentration over which 

the three main phases, ThF4·aH2o, NaThF5'nH2o and Na 2ThF6 (H-2), have 

been observed to precipitate are illustrated in Figures 1 and 2. As 

can be seen in the sample preparation tables, the concentration of 

Th+4 · Th d f vaned between 0.025F and O.OSF .• so the ratios of Na: an o 
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F:Th are plotted instead of concentrations. 
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log(~~) vs. log(~) for 3 main phases 

pH uncontrolled ~ 6; Temp. = RT 

X = ThF4·aH20 

o = NaThF5·nH20 

~ = Na 2ThF6 (H-2) 
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( tJa) (F ) log Th vs. log Th for 3 main phases 

pH < 1; Temp.= RT 

X= ThF4·aH20 

0 = NaThF
5

·nH20 

~ = Na 2ThF6 (H-2) 
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Powder Pattern of ThF4"aH20 Table 6 
0 

System: Tetragonal a = 16. 9613A Powder Pattern reported by 
0 

c = 8.685A Tananaev and Chzhao-Da {6) 

.I 
. 2 

.s1n eobs . . . 2e Sln . calc · ... hkt .I 
. 2 

s1n .eobs 

vs 0.0022 0.0022 100 

m 0.0042 0.0042 110 

s 0.0083 0.0083 200 

s 0.0103 0.0103 210 

m 0.0120 0.0120 111 

m 0.0166 0.0165 220 

m 0. 0185 0.0186 300 

m 0.0206 0.0207 310 

vw 0.0247 0.0244 221 

m 0.0269 0.0269 320 

m 0.0287 0.0285 311 

m 0.0318 0.0315 002 

s 0.0336 0.0331 400 

0.0336 102 

vs 0.0348 0.0347 321 vs 0.036 

vs 0.0418 0.0418 212 vs 0.046 

w 0.0430 0.0430 411 

vw 0.0448 0.0451 331 

vs 0.0494 0.0492 421 vs 0.053 

vs 0.0521 0.0522 312 vs 0.055 

m 0.0537 0.0537 510 

m 0.0587 0.0584 322 

m 0.0599 0.0599 520 

w 0.0618 0.0616 511 

vw 0.0650 0.0645 402 

s 0.0680 0.0678 521 s 0.068 

w 0.0707 0.0709 003 

m 0.0732 0.0730 103 m 0.076 

vw 0.0752 0.0751 113 

m 0.0785 0.0781 531 
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Powder Pattern of ThF4·bH2o Table 7 

I 
. 2 

Sln 6bs · Comments 

m 0.0074 broad 

m 0.0102 broad 

m 0. 0138 broad 

w 0.0188 fuzzy 

w 0.0242 fuzzy 

m 0.0361 broad 

s 0.0395 broad 

m 0.0432 broad 

w 0.0575 fuzzy 

s 0.0723 

w 0.0780 fuzzy 

vs 0.1430 

w 0.1792 fuzzy 

m 0.2149 

m 0.2859 fuzzy 

m 0.3575 

w 0.3904 fuzzy 

m 0.4277 

w 0.5313 fuzzy 

vw 0.5674 fuzzy 

vw 0.6428 fuzzy 

vw 0.7124 fuzzy 
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Powder Pattern of NaThF5·nH20 Table 8 

Pattern of Tananaev (6) 

I . 2e I . 2 
s1n b s1n eobs 0 s 

vs 0.0104 

m 0.0191 
w 0.0214 

m 0.0219 

s 0.0295 
m 0.0323 
m 0.0400 
m 0.0415 
m 0.0422 m 0.0432 

vs 0.0442 
w 0.0464 

vs 0.0532 

vs 0.0568 vs 0.0557 

vw 0.0604 w 0.0593 

m 0.0632 

s 0.0647 
w 0. 0712 
m 0. 0772 
m 0.0788 

m 0.0836 m 0.0860 

w 0.0895 
m 0.0942 w 0.0970 

s 0.1044 vs 0.1082 

w 0.1123 

w 0.1145 

m 0.1187 
m 0.1198 

m 0.1224 s 0.1226 
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Comparison of Hexagonal Type Powder Patterns Table 9 

H-1 H-3 H-2--pure hex. 

I . 2e Sln obs I . 2e 
Sln obs I . 2e 

Sln obs 

w 0.0100 
s 0.0107 m 0.0109 

s 0.0207 
m 0.0215 vs 0.0214 m 0.0214 

m 0.0225 

m 0.0319 
vw 0.0413 

m 0.0449 
m 0.0477 

w 0.0517 
m 0.0537 
m 0.0575 

m 0.0624 
vs 0.0642 vs 0.0639 vs 0.0641 
s 0.0657 s 0.0656 vs 0.0653 

w 0.0672 

vw 0.0698 
vw 0.0776 

w 0.0792 

vw 0.0838 m 0.0847 m 0.0851 
m 0.0889 

vw 0.0983 

w 0.1056 

m 0.1082 m 0.1073 m 0.1073 
vw 0.1136 

V'tl 0.1206 
vs 0.1288 vs 0.1281 vs 0. 1288 
vw 0.1344 vw 0.1337 

vw 0.1412 
vw 0.1468 m 0.1479 m 0.1484 

vw 0.1522 

vw 0.1555 m 0. 1551 
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Comparison of Hexagonal Type Powder Patterns, con•t. 

H-1 H-3 H-2 

I sin26obs I . 26 
Sln obs I . 26 Sln obs · 

w 0.1651 

w 0.1740 m 0.1742 m 0.1751 

w 0.1760 
vw 0.1792 

vw 0.1830 vw 0.1833 

vs 0.1908 vs 0.1904 s 0.1902 

vs 0. 1913 

m 0.1956 w 0.1954 

w 0.1970 

vw 0.2086 
vw 0.2317 

m 0.2380 m 0.2376 m 0.2376 

m 0.2527 m 0.2526 m 0.2528 

m 0.2583 vw 0.2581 

vw 0.2652 

vw 0.2692 
m 0. 2729 

vw 0.2743 

vw 0.2801 

m 0.2866 

vw 0.2930 

w 0.3078 . 
m 0.3160 s 0.3163 m 0.3173 



Powder Pattern of Na2ThF6 (Phase H-2) 

System: Hexagonal (P6/mmm) 

Table 10 

0 

a = 6. 14A 
0 

c = 3.696A 

I . 2e Sln obs · . 2e 
Sln calc 

m 0.0214 0.0210 

vs 0.0641 0.0631 

vs 0.0653 0.0645 

m 0.0851 0.0851 

m 0.1072 0. 1066 

vs 0.1288 0. 1276 

m 0.1484 0.1471 

vw 0.1522 

m 0.1751 0.1740 

s 0.1902 0.1892 

vs 0.1913 0.1906 

.w 0.1954 0.1950 

hki 

100 

110 

101 

200 

111 

201 

210 

002 

300 

211 

102 

Powder Pattern of 6Na2ThF6 
Reported by Thoma (1 ,3) 

I 
. 2 

s1n eobs hH 

vs 0. 0110 001 

m 0.0210 100 

s 0.0320 101 

s 0.0631 110 

vs 0.0647 102 

w 0.0737 111 

w 0.0838 200 

w 0.0945 201 

m 0.0986 003 

w 0.1072 112 

w 0.1199 103 

s 0.1276 202 

vw 0.1465 210 

w 0.1576 211 

m 0.1612 113 

m 0.1751 004 

w 0.1840 203 

m 0.1901 300,212 

m 0.1958 104 
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Powder Pattern of Unidentified Phase 1 Table 11 

(* indicates lines which are probably due to ThF4·aH2o phase impurity 

in the powder.) 
0 

Guinier Camera, Fe Ka1 A= 1.93597A 

I . 2 . s1n e b 
0 s 

s 0.0030 * 
m 0.0061 * 
m 0.0127 * 
m 0.0159 * 
m 0.0252 

s 0.0280 

s 0.0334 

vw 0.0420 * 
vw 0.0447 * 
vs 0. 0501 

m 0.0528 * 
m 0.0545 * 
vw 0.0549 

m 0.0656 

vs 0.0669 

m 0. 0730 

m 0.0774 * 
vw 0.0787 

s 0.0820 

vs 0.0858 

m 0.0954 

vw 0.1014 

s 0.1056 

vs 0.1069 

vw 0. 1149 

vs 0. 1226 

s 0.1256 

vw 0. 131 0 
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Powder Pattern of Unidentified Phase 2 Table 12 

I . . 2 
s1n eobs · 

s 0.0101 

vs 0.0105 

m 0.0171 

m 0.0200 

m 0.0202 

m 0.0217 

m 0.0221 

m 0.0235 

vw 0.0242 

w 0.0281 

m 0.0313 

s 0.0319 

m 0.0364 

m 0.0385 

w 0.0416 

m 0.0437 

vs 0.0450 

w 0.0466 

m 0.0510 

m 0.0531 

m 0.0549 

m 0.0569 

m 0.0593 

m 0.0608 

m 0.0624 

m 0.0672 

vw 0.0707 

w 0.0732 
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Powder Pattern of Unidentified Phase 3 Table 13 

.I . 2 . . s1 n eobs 

m 0.0080 

m 0.0088 

w 0.0091 

w 0.0101 

m 0. 0110 

m 0. 0116 

m 0.0131 

s 0.0138 

w 0.0296 

m 0.0310 

m 0.0325 

vs 0.0341 

w 0.0370 

w 0.0380 

w 0.0433 

s 0.0458 

vs 0.0479 

vw 0.0509 

m 0.0542 

w 0.0590 

w 0.0636 

vs 0.0647 

w 0.0680 

w 0.0704 

w 0.0743 

w 0.0761 

s 0.0794 

vw 0.0820 
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Powder Pattern of Unidentified Phase 4 Table 14 

I . 2 
. s1n eobs 

m 0.0022 

w 0.0039 

w 0.0042 

vw 0.0059 

vw 0.0062 

w 0.0080 

w 0.0085 

vw 0.0101 

vw 0. 0118 

vw 0.0131 

vw 0.0154 

s 0.0180 

vw 0.0209 

s 0.0242 

vw 0.0275 

vw 0.0291 

s 0.0321 
m 0.0348 

s 0.0356 

w 0.0385 

w 0.0418 

vs 0.0461 

w 0.0498 

w 0.0523 

vw 0.0547 

m 0.0581 

s 0.0610 

m 0.0650 



Analysis of Three Precipitates 

Introduction 

The approximate molecular formulas of the three major types of 

precipitates, ThF4·aH2o, NaThF5·nH2o and Na 2ThF6, were established by 

chemical analysis. (In the case of Na2ThF6, the composition is also 

supported by single crystal work.) On the basis of powder patterns, 

samples which had no impurities of other phases were selected for 

analysis. Because each individual sample was small, three of four 

pure samples were mixed together to make one sample for analysis. 

Each of the larger samples was decomposed by boiling it in H2so4, 

and the fluorosilicic acid which evolved was collected for analysis 

(a Willard-Winter distillation (14)). The fluoride ion content was 

determined spectrophotometrically with a SPADNS (15) colorimetric 

reagent, the thorium was determined without further separation with an 

alizarin red S colorimetric reagent (16) and the sodium was determined 

by both atomic absorption and flame emission spectrophotometry. 

The results of the analyses are summarized in Table 15. 

Duplicate analyses of each phase were made; this duplication provides 

the estimation of error included in the summary. 
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Table 15 

Results of Analyses 

ThF4·aH20 NaThF5·nH20 Na2ThF6 
weight % moles weight % moles weight % moles 

in 1 OOg in 1 OOg in 1 OOg 

Th+4 76±6 0.33±.03 75±3 0.32±.02 59±7 0.25±.03 

F- 19±2 1. 0±. 1 23.6±.5 1. 24±.03 28±1 1.47±.06 

Na+ 1. 2±. 2 0.051±.009 7.6±.2 0.329±.009 12 . 3±.4 0.533±.02 

H20 4 0.24 
{by difference) 

unknown 0 by single crystal work 

F/Th 3.1±.4 3.9±.2 5.8±. 7 

Na/Th 0.15 1. 03±. 07 2. 1±. 3 

H20/Th 0.73 

106±3 99±7 

Na 2ThF6 
(Errors indicated are one standard deviation.) 



Analytical Procedures 

Distillation and Determination of Fluoride 

A Willard-Winter type distillation of fluoride (14) as 

fluorosilicic acid from a 1:1 H2so4 solution according to the 

recommended procedure of Maxwell (17) was used to separate the fluoride 

from the compound. Solid thorium fluoride samples (between 0.02 and 

0.04 g) were weighed into the distillation flask and washed down with 

approximately 10 ml of distilled water. The steam generating flask, 

filled with distilled water, was heated until steam was produced at a 

good rate; then 10 ml concentrated H2so4 was added to the distillation 

flask, the opening to the air was quickly closed and the steam inlet was 

opened to aid in the mixing of the sulfuric acid and water. 

The thorium fluoride sample gradually dissolved and that 

precipitate was replaced by a thorium sulfate precipitate. Usually, 

between 250 and 500 ml of distillate was collected over approximately 

four hours, and distillation was considered complete when the sulfate 

precipitate was very well developed and signs of a less gelatinous 

precipitate (the thorium fluoride) had disappeared. Completion of the 

dissolution of the thorium fluoride was often difficult to judge since 

the solution became quite thick with the sulfate precipitate, 

particularly in the case of the ThF4·aH20 sample. Apparently because 

a lesser amount of sample was used in the Na 2ThF6 analysis, the 

dissolution of the fluoride precipitate was easy to observe since the 

precipitation of the sulfate occurred well after the solution was 

cleared of the first precipitate. Distillation was continued for this 

relatively long time since it was anticipated that the thorium would 
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inhibit the distillation of the fluoride by forming thorium-fluoride 

complexes. 

A standard sodium fluoride sample showed that in 400 ml of 

distillate approximately 99% of the fluoride was recovered. The 

recovery of fluoride from the thorium samples was expected to be less 

complete. 

The fluoride distillate was diluted to one liter and a sample 

taken for the spectrophotometric determination of fluoride using a 

SPADNS-zirconyl chloride colorimetric reagent (15). The standards 

tended to drift somewhat during the determination, so a relatively 

large error in this step of the fluoride analysis was expected. 

Determination of Thorium 

The thorium fraction, left behind in the distillation flask, 

was diluted and analyzed spectrophotometrically with an alizarin redS 

colorimetric reagent (16). A slight interference due to sulfate was 

expected, so the standards were made up with added sulfate to 

approximate the concentration of sulfate in the samples. However, the 

difference in absorbance between the standards with and without 

sulfate was easily observed, so the effect was larger than anticipated. 

The relatively large error in the thorium determination and commonly 

higher values than expected may be attributable to poor duplication of 

conditions in standards and samples. The determination would be 

expected to be more reliable if the samples were either boiled to 

dryness to expel H2so4 or if the thorium were separated by precipitation 

prior to the spectrophotometric determination. 
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Determination of Sodium 

Sodium was determined by use of atomic absorption spectrophotometry 

and of flame emission photometry after appropriate adjustment of the 

sample solutions to approximate the standards. Very good agreement 

between the two methods was observed, so the values of the sodium 

present are presumed to be the most accurate of the three elements 

determined. 

Surrana ry 

In spite of the problems of determining the fluoride and thorium 

satisfactorily in most cases, the sodium:thorium ratios indicate the 

molecular formulas. The sodium found in the samples of thorium 

tetrafluoride which were prepared by precipitation with HF is probably 

an impurity, and is so small that it may be ignored. If it were an 

interference in the sodium determination, it is small enough that it 

would not affect the much larger values found for the other two phases. 

The low fluoride to thorium ratios are to be expected because of 

incomplete recovery of fluoride in the distillation step, so the 

formulas reported are probably correct, except for any water content, 

which was determined by difference. 
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Crystal Structure of Na 2ThF6 

Of the many precipitates of sodium thorium fluorides from 

aqueous solutions, only one sample yielded crystals suitable for single 

crystal work. This sample, from both single crystal and chemical 

analysis, has the composition Na 2ThF6 (phase H-2). This structure is 

related to some of the structures reported by Zachariasen (12,18,19). 

Experimental 

The Na 2ThF6 sample was prepared as described earlier . Most 

frequently, only very small crystals were obtained, but one sample 

consisted of relatively large, spindle shaped crystals (cylindrical, 

thicker in the middle and tapering to points on the ends). Under 

crossed polarizers, extinction was observed parallel to the length of 

the crystal. 

Weissenberg photographs indicated that the crystals were not 

strictly single (doubled diffraction spots) in all cases. A crystal 

in which the doubling was minimal was selected for collection of 

diffraction data. 

This crystal was spindle shaped with one end broken off. The 

length was 0.118 mm and the width at the thickest part was 0.010 mm 

(as determined with the use of a microscope). For photographic studies 

and data collection, the crystal was mounted in air with glue on a 

glass fiber, the long direction parallel to the length of the glass rod . 

Photographs indicate the Laue symmetry to be P6/mmm with axis 
0 0 

lengths as follows: a = 6. 14A; c = 3.696A. 

Intensity data were collected on a Picker automatic diffractometer 
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equipped with a full circle goniostat, graphite monochromater, pulse 

height analyzer and PDP-8I computer. 918 intensity data were collected 

using r~o Ka radiation, of which 848 were non-zero. Non-unique data 

were averaged under the symmetry of P6/mmm to reduce to 77 unique data. 

The maximum sin(8/A) was 0.647 (28 = 57.2°), so the small number of 

data was a function of the unit cell size and of the high symmetry. 

Because of the problem with the doubled peaks, an w scan was used 

to collect the data rather than a e-28 scan. Thus, the crystal was 

rocked as data were collected, so each intensity reported was the sum 

of the intensities of both peaks. 

Background radiation was counted for 20 seconds; three high angle 

reflections (300, 1~0, 002) were counted after every 200 data to 

monitor decay. The variation in the standards was used to correct the 

whole data set, under the assumption that the decay of all reflections 

was the same as the decay of the standards. 

Because of the difficulty in collecting data from the doubled 

peaks, no absorption corrections were applied. This difficulty also 

precluded further refinement of the cell parameters. 

Crystal Data 

Na 2ThF6: needle shaped crystals. 
0 0 

Hexagonal cell constants: a= 6.14A; c = 3.696A. 

One formula unit per unit cell. 

Space group: P62m 
-3 

Deale = 5.388 g em . 
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Determination of Structure 

The Patterson function plot of the data reveals the positions of 

the three metal atoms to be 0,0,0; 2/3,1/3,1/2 and l/3,2/3,1/2. The 

size of the unit cell requires one molecule per unit cell. Atoms in 

these positions indicate that the space group must be P6/mmm, P62m or 

a subgroup. The space group P6/mmm may be eliminated because it 

requires the distribution of atoms to be centric, and it is not 

possible to put only six fluoride atoms in the positions indicated by 

the Patterson function plot in this space group (12 would be required). 

Space group P62m provides for the positions of all atoms, so lower 

symmetry groups are also discarded. The lower symmetry groups might 

be useful in a discussion of disorder or if a model involving twinning 

were proposed, but the following model adequately describes the 

observed data in terms of space group P62m. 

This space group allows for the placement of one thorium at the 

origin; two sodium atoms at 2/3,1/3,1/2 and l/3,2/3,1/2; and the 

fluoine atoms in two three fold positions: (3f) x,O,O; O,x,O; x,x,O 

and (3g) x,O,l/2; O,x,l/2; x,x,l/2. However, the Patterson function 

plot also indicates the disorder which must be present in the occupancy 

of the metal atom positions. The size of the vector from the origin 

to the 2/3,1/3,1/2 position is much larger than would be expected 

+4 + from a Th -Na vector. If the positions at c = l/2 were occupied 

sometimes by a thorium atom, this large peak could be accommodated. 

This model requires the atoms on the metal sites to be described by 

composite scattering factors, which may be derived from the addition 

of fractions of the scattering factors of the individual atoms. 
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(Scattering factor tables are taken from these references; Na+ from 

(20), Th+4 from (21) and F- from (22).) The occupancy of the metal 

sites is determined by trial of different fractions until Fcalc 

agrees well with Fobs· The fractions 5/8 Th+4 plus 3/8 Na+ at the 

origin and 3/16 Th+4 plus 13/16 Na+ at each of the positions 

2/3,1/3,1/2 and l/3,2/3,1/2 give the best agreement. Changes in the 

amount of thorium at the origin of as little as l/32, and the 

corresponding changes in the positions at c = 1/2, lessen the 

agreement. 

A list of final positions and thermal parameters is in Tables 16 

and 17, and a list of the distances between atoms is in Table 18. In 

these tables, Th refers to the 0,0,0 position and Na refers to the other 

metal positions, although the occupancy of these positions is not 

strictly Th or Na. Standard deviations are indicated in parentheses. 

A weighting of intensities with P = 0.028 and Q = 7 in the 

equation: ...!.. 

cr(F2) = {(cr(F2)) 2 + (P·F2)2 + Q2}
2 

, yields 

R = ~ = 0.0627 for 74 non-zero weighted data, 
~ 

0.0376 and 

.l 

the standard deviation of unit weight= (Lw·(~F) 2 
)

2 
= 

Nref - Npar 
1 . 153. 
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Atom 

Th 

Na 

F 1 

F 2 

Table .16 

Positions of Atoms in Na 2ThF6 

X 

0 

2/3 

.606(4) 

.259(3) 

y 

0 

l/3 

0 

0 

z 

0 

l/2 

0 

l/2 
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Table 17 

Thermal Parameters of Atoms in Na2ThF6 

Atom 811 822 833 812 813 823 

Th 1.17(8) 1.1688 1.7(2) .5844 0 0 

Na 1.8(1) 1. 8366 4.6(4) .9183 0 0 

F 1 4.5(9) 9.9(22) 4.0(17) 4.9534 0 0 

F 2 l. 4( 6) 2.3(9) 5.0(16) l. 1552 0 0 

Parameters which have no error indicated are determined by the 

special position: Metal atoms: 811 = 822, 812 = l/2811, 813 = 823 = 0 

Fluoride atoms: 812 = 1/2822, 813 = 823 = 0. 
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Table 18 

Distances between Atoms 

0 

Atom 1 Atom 2 Distance (A) Comments 

Th Th 3.696(2) 

Th Na 3.998(4) 

Th F 1 2.42(3) in c = 0 plane 

Th F 2 2.44(2) 

Na Na 3.545(6) in c = l/2 plane 

Na F 1 2. 642( 7) 

Na F 2 2.309(14) in c = 1/2 plane 

F 1 F 1 3.27(2) in c = 0 plane 

F 1 F 2 2.82(3) 

F 2 F 2 2.75(4) in c = l/2 plane 



Discussion of Structure 

Because the position at the origin is occupied more than half the 

time by a thorium atom, the atom in this position is referred to as a 

"thorium atom," and correspondingly, the other metal positions are 

occupied by "sodium atoms." One idealized model of this disordering 

would have an average occupancy of the 0,0,0 position of l/2 Th plus 

l/2 Na. Although this is not observed, a discussion of the structure 

in these terms, or actually, in terms of a more ordered alternating 

Th and Na occupancy, is he 1 pfu 1 . 

The crystal structure is dominated by the packing of the fluoride 

atoms, with sodium and thorium atoms in interstices. The thorium 

position is surrounded by 9 fluorine atoms: three in the plane and 

three above and below the 0 plane at c = l/2. The sodium. positions at 

2/3,1/3,1/2 and l/3,2/3,1/2 are also surrounded by 9 fluorine atoms. 

There are two different types of fluorine atoms: the fluorine atom at 

the zero level has five metal atom neighbors, one thorium and four 

sodium atoms; while the fluorine atom at the 1/2 level is surrounded 

by two sodium and two thorium atoms. 

The layered structure and the short c axis provide a clue to the 

disorder encountered in this model of the structure. The distance 
0 

between two 0,0,0 positions is only 3.696A, while the distance from the 
0 

origin to the position at 2/3,1/3,1/2 is 3.998A. Thus, if the 

thorium atoms were all positioned at the 0,0,0 location, as the space 

group allows, the large +4 charges would occupy positions which come 

closer to each other than if some thorium atoms were located in the 

positions at c = 1/2. A model which minimizes the repulsion between 
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metal atoms in one unit cell and the next along the c axis would have a 

thorium atom at the origin in every other unit cell, on the average. 

In the case in which a sodium atom were located at the origin, the 

thorium atom would be located at either 2/3,1/3,1/2 or 1/3,2/3,1/2. 

The origin position might then be described ideally as alternating 

sodium and thorium atoms. This model also explains the large 

temperature factor in the z direction of the 11 Sodium atoms. 11 An atom 
0 

at 2/3,1/3,1/2 is ideally 3.998A away from an atom at 0,0,0 of charge 
0 

+4 and 3.998A away from an atom at 0,0,1 which has a charge of +1. 

This atom at the 1/2 level would be repelled from the large charge 

more than from the smaller charge, so it would be expected that the 

atom would move slightly from the ideal position at c = l/2. 

The 11 SOdium atom" is affected more by this repulsion since it is 

freer to move than the 11 thorium atom." That is, in a column of atoms 

at the 2/3,1/3,1/2 positions, only every fourth atom is a thorium 

atom, whereas in a column at the 0,0,0 positions, every other atom is 

a thorium atom. This means that the increased repulsion due to the 

movement of a metal atom in the z direction is less in the 2/3,1/3,1/2 

position than in the 0,0,0 position. Repulsion from a thorium atom at 

0,0,0 on a 11 sodium atom" at 2/3,1/3,1/2 is decreased if that 11 Sodium 

atom"moves upward. On the average, the closest atom directly above is 

twice as likely to be a sodium as a thorium, and the increase in 

repulsion due to this movement is less than if the same motion were to 

occur in the 0,0,0 column. (See Figure 3.) 

The fluorine atoms also have larger temperature factors than might 

be expected; however, the variation in identity of the metal neighbors 

might explain this. The fluorine atom (F 1) at the zero level could 
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0 

alternately have a thorium atom and a sodium atom nearest it (2.407A 

from the 0,0,0 position), and the other four positions at c = 1/2 

and - 1/2 would be occupied by four sodium atoms half the time, and by 
0 

three sodium atoms and one thorium atom half the time (d = 2.645A). 

The direction of the greatest variation of charge would be, then, in 

the plane of the atom; and the fluorine atom in the zero layer does 

have a s22 temperature factor which is larger than any other ones (y 

direction is the largest). Nearly all temperature factors for this 

fluorine atom are greater than those for the fluorine atom at the 

c = l/2 level. This second fluorine atom (F 2) is surrounded ideally 
0 

by two sodium atoms (d = 2.311A) in the plane of the fluorine atom 
0 

and by two thorium atoms (d = 2.436A) above and below the plane. The 

effect of replacing a thorium atom by a sodium atom is less in this case 

· because the distances are more nearly equal and because of the presence 

of two thorium atoms which would keep the fluoride atom from moving 

very far. If a thorium atom at 0,0,0 were replaced by a sodium atom, 

the fluorine atom would change its environment to that of a sodium atom 

above, a thorium atom below and sodium and thorium atoms in the plane. 

Because the sodium and thorium atoms alternate positions in the plane, 

the temperature factors in the plane would not be as large as the 

temperature factor in the z direction, as is in fact the case. The 

large s22 factor occurs since the attractive force of the +4 ion is 

largely in the y direction. 
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Figure 3 is a projection of the metal atoms in several unit cells 

of the phase Na2ThF6• The view is down the a axis; the c axis parallels 

the length of the page. The arrows near atoms indicate the expected 

direction of deviation from the ideal position at c = l/2. To indicate 

that along the a axis, the sodium and thorium occupation of 0,0,0 need 

not alternate, the Th atoms and Na atoms are drawn alternating only 

once. The occupancy of 0,0,0 of 5/8 Th and 3/8 Na means that two Th 

atoms must sometimes be next to one another vertically. Although not 

shown in this projection, the distance between atoms is shorter in the 

vertical direction than in the diagonal direction. The distance 
0 

between two positions at c = 1/2 is the shortest, 3.54A. 
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Discussion of Related Structures 

This proposed structure is related to some of the many structures 

of thorium or unanium(IV)--fluoride double salt phases which were 

determined by Zachariasen (12,18,19). 

An ordered structure of s1-K2uF6, space group P62m, (12,19) 

would be like that reported here if the Na and Th positions were not 
0 0 

disordered. The unit cell lengths (a= 6.54A and c = 3.78A) are 

different since the composition is not the same as the phase reported 

here. The fluorine atoms in this uranium phase have positions similar 

to those reported here, (3f) and (3g), with x = 0.640 and 0.220, 
0 

respectively. For an isotypical phase, s1-K2ThF6, a= 6.577A and 
0 

c = 3.823A (12,19). In a disordered phase, S1-K2ThF6, (space group 
0 0 

P62m; a = 6.54A; c = 3.92A) the thorium atom and potassium atoms are 

randomly distributed among the metal positions (18). In this latter 

phase, the fluorine atoms again occupy the (3f) and (3g) positions 

with x = 0.585 and 0.250, respectively. The difference in unit cell 

size and in the fluorine atom positions between the potassium and 

the sodium phases may be due to the difference in composition. In 

addition, the type of disorder in the two phases is reportedly 

different; random distribution of metal atoms is not observed in the 

sodium phase reported here. 
0 

An ordered s2-Na2ThF6 phase (12,19) (space group P32; a= 5.989A; 
0 

c = 3.835A; Z = 1) is similar to the s1 double salt phases except that 

the sodium atoms are displaced from z = 1/2 to z = 0.385. This 

tendency is indicated in the structure reported in this paper by the 

fact that the temperature factors of the "sodium atoms" in the z 
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direction are particularly large. However, the structure reported here 

does not seem as ordered and is distinctly different in that the metal 

atoms to occupy positions at z = l/2. The fluorine atoms in the s2 
phase occupy positions which are equivalent to those of the s1 phases, 

with x = 0.600 and 0.250 for F 1 and F 2 respectively. 

The structure of the o-Na2ThF6 (1 ,12,19) (powder pattern reported 
0 0 

earlier in this paper; a= 6.15A; c = 7.37A; Z = 2) has not been 

determined. Presumably, it could be similar to that reported here, but 

the 0,0,0 position might be occupied in an ordered fashion by Th, then 

Na, etc., and a doubled c axis could be observed. 

In Zachariasen's system of nomenclature, the phase reported here 

Conclusion 

This work is not a finished study of the phases which precipitate 

from solutions of thorium nitrate and hydrofluoric acid or sodium 

fluoride and the conditions under which they form. More complete 

studies at elevated temperatures are necessary, and in the areas 

which are here reported, more exact study of the conditions (Na+, F

concentrations in the solutions above the precipitate, pH as the 

precipitate forms, and more precise control of the time of the 

experiment) is necessary before the system can be fully understood. 

The conditions under which single crystals form is not understood in 

this case, but perhaps more single crystal work could be done if 

favorable conditions were found. 

51 



Introduction 

Structure of 

6-Carbomethoxy-1-thioniabicyclodecane Iodide 

The study of the crystal structure of 6-carbomethoxy-1-

thioniabicyclodecane iodide was undertaken in order to determine 

whether the molecule is in a cis or trans conformation. Other 

crystals without the carbomethoxy group (with a hydrogen instead) 

appeared to be formed in cis-trans mixtures, according to NMR data. 

NMR data of this compound indicated that it was a single conformation, 

probably cis. The structure determination confirms this result and 

helps to determine the conformation of similar compounds by comparison. 

Experimental 

The compound was synthesized and crystallized by David Roush at 

the Chemistry Department of the University of California, Berkeley. 

The crystals could be found in two forms, a plate-like form and 

a needle-like shape. The plate-like crystals seemed less perfect, as 

Weissenberg photographs indicated many to be multiple crystals. The 

needle shaped crystals appeared to be single under the microscope 

and had an extinction approximately parallel to the long direction. 

One of these latter types of crystals of dimensions 0.174 X 0.070 X 

0.030 mm was glued to the tip of a glass fiber in air with the long 

direction of the crystal approximately parallel to the long direction 

of the fiber. (This orientation also had the c axis of the crystal 
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approximately parallel to the fiber.) 

Preliminary X-ray diffraction data, obtained from oscillation 

and Weissenberg photographs taken with copper radiation, showed the 

space group to be P21/n. Accurate cell dimensions were determined 

from the measurement of 8 high angle reflections using the Picker 

automatic diffractometer described in a previous section. 

(Reflections were: o 0 1; 0 12 2; 2 2 5; 4 6 1; 6 2 1; 0 13 3; 

2131;604.) 

Intensity data were collected with the same instrument using Mo Ka 

radiation and a 6-26 scan. Each peak was scanned over a 1° base width 

(0.5° below Ka1 to 0.5° above Ka2 in 26) and background was counted for 

10 sec. at 0.5° below and 0.5° above the 26 angle at which the 

scanning was begun and ended. Three strong reflections were checked 

every 200 data. From these standard reflections, it was found that 

there was some decay in the intensities. Scale factors were adjusted 

to correct for decay under the assumptions that the decay rate was 

linear and that all reflections decayed at the same rate as the 

standards. 

The absorption coefficient for this compound at Mo Ka is 

11 = 22.99 cm- 1. An absorption correction was made by varying the 

crystal dimensions until the intensities of several test reflections 

did not vary with w. 

Measurements were made of 5499 reflections not excluded by the 

space group in the hemisphere ±h,k,±~. Of these, 795 recorded as less 

than the background and 1843 had intensities less than one standard 

deviation above the background. When a reflection was measured more 

than once, the intensities were averaged and its standard deviation 
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treated as set forth by St. Clair, Zalkin and Templeton (23). These 

5499 reflections represent 2426 unique reflections. Of these, 1435 

are greater than 2 standard deviations above the background. 

Crystal Data 

The crystals are monoclinic with unit cell dimensions measured at 

room temperature (20°C) as follows: 
0 

a 8.890±0.003A 
0 

b 20. 120±0.007A 
0 

c 8.150±0.003A 

B 110.17 ± 0.04° 

There are four molecules per unit cell, so the calculated density 

1.661 g/cm3, a value which agrees well with a measured density of 

1. 665 g/cm3. 

is 

The extinction rules, hO£ absent if h+£ = 2n+l and OkO absent if 

k = 2n+l, are characteristic of the space group P21;n. All atoms are 

in general positions. 

Determination of the Structure 

The structure was solved using the heavy atom method. From a 

Patterson function plot of the data, the iodide ion was located. This 

position and the iodide ion scattering factors were put into a least 

squares refinement, and then a 6F Fourier synthesis revealed the 

positions of all other non-hydrogen atoms. These atoms, along with 

the iodide ion were again put through a least squares refinement and a 
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6F Fourier synthesis revealed the hydrogen atom positions. With the 

temperature factors of all non-hydrogen atoms anisotropic, refinement 

after three cycles yielded R = 0.042 for data greater than two 

standard deviations; and R2 = 0.0424. The standard deviation of 

observation of unit weight equals 0.967. (Measurements of goodness of 

fit are defined earlier.) The scattering factors of Doyle and Turner 

(20) were used for all atoms except hydrogen, whose scattering factors 

were the spherical factors reported by Stewart, Davidson and Simpson 

(24). Anomalous dispersion corrections were those of Cromer and 

Liberman ( 25). 

Results and Discussion 

Final values for atomic coordinates and thermal parameters are 

given in Tables 19,20 and 21. Bond distances and angles are listed 

in Tables 22 and 23. 

The molecule is in the cis conformation, as can be seen in 

Figure 4. A drawing of the packing of the molecules in one unit cell 

(Figure 5) includes the iodide ion. In both drawings, the hydrogen 

atoms are drawn with fictitious spherical thermal parameters of 0.5. 

The second drawing (Figure 5) is of a unit cell as viewed straight 

down the c axis; the long axis is the b axis. The crystal is composed 

of stacks of ring molecules with iodide ions occupying the large holes 

between molecules. + Between the I- and S , a line is drawn to indicate 

the nearest neighbor of the iodide ion. The distance between these 

two atoms is 3.82A; all other r--s+ distances are longer than SA. 

The carbon atoms next to the sulfur atom are also relatively close 
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0 0 

to the iodide ion: 3.94A and 3.95A. · (H distances not calculated) 

The carbon and oxygen atoms in the side group are somewhat farther 
0 

away: 1-Dl 4. llA 
0 

1-02 4.35A 
0 

I-ClO 4.19A 
0 

1--Cll 4.42A. 

These distances are all too long to be considered covalent bonds 
0 

(Scovalent radius+ 1-ionic radius= 1· 02 + 2.16 = 3.18A (26)), 

so the description of packing in terms of the organic molecule cation 

and the iodide anion is appropriate. 
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Table 19 

Positions of Non-hydrogen Atoms 

in Thioniabicyclo Compound 

Atom X y z 

I . 14544( 8) .11472(3) .20623(9) 

s .0786(2) . 2990( 1) .2743(3) 

0 1 -.2249(6) .3450(3) .2312(7) 

0 2 -. 1852(6) .4552(2) .2439(7) 

c 1 . 291 ( 1) .3001(5) . 306( 1) 

c 2 .312(1) .3407(5) .160(2) 

c 3 . 264( 1) .4140(5) .165(2) 

c 4 .090(1) .4229(5) . 146 ( 1) 

c 5 . 042( 1) .3886(4) . 290 ( 1) 

c 6 . 070( 1) .2655(5) .477(1) 

c 7 . 150 ( 1 ) .3078(5) .636(1) 

c 8 .094(1) .3794(5) .619(1) 

c 9 .134(1) .4159(4) .473(1) 

c 10 -.139(1) .3929(4) .251(1) 

c 11 -. 356( 1) .4635(5) .213(2) 
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Table 20 

Positional and Isotropic Thermal Parameters of Hydrogen Atoms 

in Thioniabicyclo Compound 

Atom X y z B 

H 1 .30(1) .254(4) . 28( l) 3(2) 

H 2 . 34( 1) .323(5) . 42 ( 1) 7(3) 

H 3 .24(1) .321(4) . 05 ( 1 ) 4(2) 

H 4 .42(1) .340(5) .17(1) 5(2) 

H 5 . 33 ( l) .433(4) . 27 ( 1) 3(2) 

H 6 • 27 ( 1) .431(4) . 07 ( l) 3(2) 

H 7 . 03 ( l) .402(4) . 05 ( 1) 4(2) 

H 8 .06(1) .470(4) .15(1) 3(2) 

H 9 .11(1) .228(5) . 48( l) 6(3) 

H 10 -. 04( l) .265(4) . 45( 1) 4(2) 

H 11 .15(1) .281(5) .74(1) 5(2) 

H 12 .25(1) .304(3) .67(1) .5(12) 

H 13 .15(1) .397(4) .72(1) 5(2) 

H 14 -.03(1) .380(5) . 60( l) 8(3) 

H 15 . 26 ( l) .416(4) . 50( l) 4(2) 

H 16 .11(1) .460(4) .46( l) 3(2) 

H 17 -. 38(1) .504(5) .19(1) 3(2) 

H 18 -.42(1) .445(5) .10(1) 7(3) 

H 19 -. 37 ( 1) .454(6) .32(2) 8(4) 
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Table 21 

Anisotropic Thermal Parameters of Non-hydrogen Atoms 

in Thioniabicyc1o Compound 

Atom 811 822 833 812 813 823 

I 4.75(3) 3.87(2) 5.51(3) .02(3) 1. 40( 2) -.45(3) 

s 3.36(9) 2. 38( 7) 3.38(9) -.03(7) . 99 ( 7) -.29(6) 

0 1 3.3(3) 3.2(2) 5.4(3) -.8(2) 1.1(2) -.1(2) 

0 2 2.9(3) 2.9(2) 5.2(3) . 1 ( 2) 1.2(2) -.1(2) 

c 1 3.3(4) 2.9(4) 6.1(6) .6(3) 1.2(4) -.9(4) 

c 2 4.4(5) 5.0(5) 5.8(6) -.9(4) 3.1(5) -1.4(4) 

c 3 4.5(5) 4.9(5) 4.6(5) -.5(4) 2.3(4) .2(4) 

c 4 4.3(5) 3.2(4) 3.8(4) -.2(3) 1.5(3) .5(3) 

c 5 2.5(3) 2.0(3) 3.6(3) -.0(3) .9(2) -.2(3) 

c 6 5.2(6) 2.9(4) 4.3(4) -.1(4) 1.2(4) 1.0(3) 

c 7 4.3(5) 4.9(5) 3.6(4) -.3(4) . 1 ( 4) .9(4) 

c 8 4.6(5) 4.5(4) 3.5(4) -.6(4) 1.4(4) -1.1(4) 

c 9 3.3(4) 2.4(3) 3.9(4) -.1(3) .7(3) -.6(3) 

c 10 2.6(3) 2.9(3) 2.9(3) . -.4(3) .9(3) -.1(3) 

c 11 3.2(4) 3.9(4) 6.5(6) 1.0(4) .9(4) . 1 ( 5) 
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Table 22 

Distances between Atoms in Thioniabicyclo Compound 

(Non-hydrogen Atoms) 
0 

Atom 1 Atom 2 Distance (A) 

I s 3.82 

s c 1 1.81 (1) 

s c 6 1.81(1) 

s c 5 1. 85( 1) 

c 1 c 2 1.51(1) 

c 2 c 3 1. 54( 1) 

c 3 c 4 1.51(1) 

c 4 c 5 1.55(1) 

c 5 c 9 1. 54( 1) 

c 6 c 7 1.51(1) 

c 7 c 8 1.52(1) 

c 8 c 9 1. 54( 1) 

c 5 c 10 1. 54( 1) 

c 10 0 1 1.21(8) 

c 10 0 2 1. 32( 1) 

c 11 0 2 1.46(1) 
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Table 22, con't. 

(Carbon--Hydrogen Distances) 
0 

Atom 1 Atom 2 Distance (A) 

c 1 H 1 .95(8) 

c 1 H 2 1.01(11) 

c 2 H 3 .95(9) 

c 2 H 4 .92(9) 

c 3 H 5 .93(7) 

c 3 H 6 • 88( 7) 

c 4 H 7 . 86(8) 

c 4 H 8 .98(8) 

c 6 H 9 .83(10) 

c 6 H 10 .96(8) 

c 7 H 11 1.01 (9) 

c 7 H 12 .86(6) 

c 8 H 13 .86(9) 

c 8 H 14 1. 04(11) 

c 9 H 15 1. 05(9) 

c 9 H 16 .92(8) 

c 11 H 17 .84(9) 

c 11 H 18 . 99 ( 11) 

c 11 H 19 .95(12) 
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Table 23 

Some Angles between Atoms 

in Thioniabicyc1o Compound 

Atom 1 Atom 2 Atom 3 Angle (degrees) 

c 1 s c 5 100.3(5) 

c 1 s c 6 104.2(6) 

c 5 s c 6 103.6(5) 

s c 1 c 2 107.5(6) 

s c 1 H 1 96.0(41) 

s c 1 H 2 105.5(55) 

H 1 c 1 H 2 125.8(94) 

c 1 c 2 c 3 112.5(9) 

c 1 c 2 H 3 105. 3 (51) 

c 1 c 2 H 4 110. 2( 54) 

H 3 c 2 H 4 112.5(101) 

c 2 c 3 c 4 113.2(9) 

c 2 c 3 H 5 109.9(44) 

c 2 c 3 H 6 103.5(46) 

H 5 c 3 H 6 117. 3(88) 

c 3 c 4 c 5 114.2(8) 

c 3 c 4 H 7 109.6(53) 

c 3 c 4 H 8 111. 8( 42) 

H 7 c 4 H 8 113.6(92) 
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Table 23, can't 

Atom 1 Atom 2 Atom 3 Angle (degrees) 

s c 5 c 4 106.3(4) 

s c 5 c 9 111.5(4) 

s c 5 c 10 103.9(4) 

c 9 c 5 c 10 110.6(6) 

s c 6 c 7 114.6(5) 

s c 6 H 9 103.8(67) 

s c 6 H 10 101. 6( 44) 

H 9 c 6 H 10 114.2(118) 

c 6 c 7 c 8 114.5(8) 

c 6 c 7 H 11 105.0(48) 

c 6 c 7 H 12 111. 8( 38) 

H 11 c 7 H 12 91.1(91) 

c 7 c 8 c 9 111.4(8) 

c 7 c 8 H 13 103. 2( 57) 

c 7 c 8 H 14 108.8(59) 

H 13 c 8 H 14 112.7 ( 106) 

c 5 c 9 c 8 113.1 (7) 

c 5 c 9 H 15 111.4(42) 

c 5 c 9 H 16 103.4(44) 

H 15 c 9 H 16 105.7(88) 



66 

Table 23, can't. 

Atom l Atom 2 Atom 3 Angle (degrees) 

0 l c 10 0 2 125.4(6) 

0 l c 10 c 5 123.8(6) 

0 2 c 10 c 5 110.7(6) 

c 10 0 2 c ll 114.2(7) 

H 17 c ll H 18 96.9(100) 

H 18 c 11 H 19 125.5(128) 

H 17 c 11 H 19 l 09. 6( 114) 

H 17 c 11 0 2 106.2(54) 
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