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The reaction of UFO with NaF goes to completion rapidly if the NaF is suspended in an inert solvent, c7I:ls. 

pounds are formed, NaUF? and SazCF8. 
centered tetragonal with a = 5.27 8. and c = 11.20 A. 
coordination of fluorine atoms around each uranium atom, with all U-F distances equivalent. 
analogous compounds KUFi and KlUFs is also described. 

' h o  coni- 
The NasUFs phase is body- 

A model based on this symmetry and cell size leads to an eightfold 
The preparation of the 

Single crystals of Na2UF8 have been obtained. 

Introduction 
In 1946 Martin and Albers3 reported the formation 

of stable complexes between uranium hexafluoride and 
a number of inorganic fluorides. Further ~\,ork,~-' pri- 
marily with the sodium fluoride complex, indicated 
its composition to be iVa3UF9. Exchange studies using 
F I X ,  however, pointed to the formula Na2UFs.8 Re- 
cently, Katz has prepared pure Na2UF8 by means of a 
gas-solid reaction. Exchange studies with several 
other fluorides including K F  gave no evidence for 
complex formation. Nikolaev and SukhoverkhovlO 
reported the preparation of complexes of the type A I -  
UF7 (M = Cs, "4) by combining the reactants dis- 
solved in chlorine trifluoride. They proposed a tenta- 
tive scheme whereby C1F3 acted as an ionizing solvent 
in which intermediate species of the type (C1F2).- 
UFs+n were formed which combined with the simple 
fluorides to form the isolated complexes. Volavsek, l 1  

however, also prepared NH4UF7 by treating UFB with a 
suspension of NHAF in tetrachloroethane. In this case, 
an ionic reaction mechanism appears unlikely. 

(1) Based on work performed under the auspices of the U. S. Atomic 

(2) Presented a t  the 142nd National Meeting of the American Chemical 

13) H. Martin and A. Albers, /Va lur~ i s se7 i schaen ,  33, 370 (1916). 
(4) H. Martin, A. Albers, and H. P. Dust, Z. aitorg. allgeix.  Chem. ,  266, 

( 5 )  R. E. Worthington, United Kingdom Atomic Energy Authority, 

Energy Commission. 

Society, Atlantic City, N. J. ,  Sept. 1962. 

128 (1951). 

IGR-R/CA200.1957. 
(6 )  G. I. Cathers, M. R. Bennett, and R. L. Jolley, I n d .  E?zg. Chem., 

SO. 1709 (1958). . ,  
(7) F. Massoth and W. E. Hensel, Jr . ,  J .  P h y s .  Chem., 62,  479 (1958). 
(8) I. Sheft, H.  H. Hyman, R. lU. Adams, and J .  J. Katz, J .  Awi. Chem. 

(9) S. Katz, Inovg. Chem., 3, 1598 (1964). 
(10) N. S Nikolaev and V. F. Sukhoverkhov, Dokl. A k a d .  Saz i k  SSSR, 

136, 621 (1961). 
(11) B. Volavsek, C ~ o u l .  Chenz. Acta,  33, 181 (1961). 

Soc.. 83,291 (1961). 

We report here studies which confirm the formula 
obtained by F1* exchange work, NazUFs. In addi- 
tion, we have prepared the new compound NaUF7, as 
well as the analogous complexes KzUFs and KUF7. 

Experimental Section 
Materials.-Reagent grade sodium fluoride powder ( J .  T. 

Baker Co.) of greater than 99% purity was used. Potassium 
fluoride was obtained by decomposing reagent grade potassium 
bifluoride (J .  T.  Baker Co.) a t  500'. The powders had a particle 
size range of 3-15 ,us The materials were loaded into the reactor 
(the K F  in a drybox) and outgassed a t  350' under vacuum. A 
tank of pure UFs was obtained from Oak Ridge. It was addi- 
tionally purified by repeated sublimations under reduced pres- 
sure as described previously.l2 The inert solvent, n-perfluoro- 
heptane, CiFle, was obtained from Carbide and Carbon Chemicals 
Co. This was dried over PzOj for 24 hr. with intermittent heat- 
ing to 100'. The C7Fie was pretreated with UFG. The mixture 
was then contacted u-ith S a F  to remove the UP6, and after 
several distillations the C7Fla was transferred to a thoroughly 
outgassed glass storage vessel. 

Procedure.-Reactions were carried out in 10-ml. glass er- 
lenmayer flasks connected uia housekeeper seals to brass Hoke 
valves. The glass reactors contained glass enclosed magnctic 
stirring bars. Reaction flasks and storage containers were 
attached to a metal manifold described elsewhere.12 The 
weighed glass reactor was loaded with about 0.20 g.  of SaF or 
KF and heated at 350" overnight under high vacuum and 
weighed. About 5 ml. of C ~ F H  was distilled onto the NaF or KF. 
With an ice bath surrounding the reactor, the suspension was 
magnetically stirred, and about 2.5  g. of UFO was distilled into 
the reaction vessel. The valve was closed, and the reaction 
was allowed to proceed under various conditions. The unredcted 

and the c7F16 mere then distilled off under reduced pressure 
until constant weight was obtained. The extent of conversion 
of the alkali fluoride to UFO complex was determined from the 
increase in weight of the starting materials. Occasionally the 
reactor was opcncd in a drybox, and a small amount of the 

(12) B. Weinstock and J. G. Malm, J .  I m r g .  LV2~c l .  Chen . ,  2;  380 (1956). 
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product was removed for X-ray analysis. The C,FN,-UFO 
mixture was distilled back into the vessel, and the reaction 
continued. 

Chemical Analysis.-Analytical determinations for U, F ,  and 
Na were made on three separate samples of weighed NaUF7. 
SodiumI3 was determined gravimetrically as NaMg(U0z)s- 
( C2H30&. 6Hz0. UraniumI4 was analyzed by reduction to 
U4+, addition of excess Ce4+, and back titration with Fez+. Fluo- 
rideI5 was determined by titration with Th4+ using sodium alizarin 
sulfonate as indicator. 

Results 
Preliminary studies of the reaction of NaF with gas- 

eous UF6 in nickel cans a t  100" showed that two com- 
pounds were present. One of these was stable a t  room 
temperature but evolved UF6 a t  100" to form a second 
compound, which gave off UFs rapidly only at 300". 
It became apparent that  the heat of the reaction caused 
the finely divided NaF and/or the NaF.UF6 complex 
to sinter, resulting in slow and incomplete reaction. 
Although cycling by alternate formation and decom- 
position of the compounds enhanced the reactivity of 
the sodium fluoride, it  was impossible to attain NaF: 
UF6 ratios below 1.5. 

Subsequent experiments were conducted by treating 
UFs with NaF  suspended in the inert liquid, C7F16. 
Typical results are shown in Table I. The reaction 
rate is strongly temperature dependent. It is seen 
that in the presence of excess UFe the reaction goes to 
completion a t  100" to form white NaUF,. The dis- 
sociation pressure of NaUF7 is about 35 mm. a t  100". 
Upon heating NaUF, a t  this temperature in vacuo, 
UF6 is given off rapidly and yellow NazUFs is formed 
according to the reaction 

2KaUF7 ----f XazUFs f UFO (1) 

At 300 the decomposition proceeds further according 
to the reaction 

NazUFs + 2NaF + UF6 (2) 

The results of a chemical analysis of NaUF7 (prepa- 
ration 2, Table I) are: Na, 6.4; U, 58.5; F, 34.2%. 
These results are in fair agreement with the formula 
NaUF, (Calcd..: Na, 5.8; U, 60.4, F, 33.8%). The 
values for Na and F are high, indicating the presence 
of unreacted NaF below the limits of detection by X-ray 
powder photographs. 

Results of analogous experiments with K F  are given 
in Table 11. The compounds KUF, and KzUF8 are 
formed. At  100' in vacuo 

2KUF7 + KzUFs + UFs (3) 

No attempts were made to remove UFs from KzUF8 
a t  higher temperatures. 

X-Ray powder photographs were obtained which 
correlated with the above results. Only two distinct 
phases were observed corresponding to NaF : UFs ratios 
of 2 and 1. For ratios between these values, mixtures 

(13) N. H. Furman, "Standard Methods of Chemical Analysis," D. Van 
Nostrand Co., Inc., New York, N. Y. ,  1962, p. 14. 

(14) C. J .  Rodden, "Analysis of Essential Nuclear Reactor Materials," 
U. S. Government Printing Office, Washington, D. C., 1964, p. 97. 

(15) I. M.  Kolthoff and P. J. Elving, "Treatise on Analytical Chem- 
istry," Vol. 7,  Part  11, Interscience Publishers, Inc., New York, N. Y., 
1961, p. 259. 

TABLE I 
REACTION O F  CFs AND X a F  I N  ?t-C7Fla 

Moles of N a F /  
Temp., 'C .  Time, hr. mole of UP8 

0.1995 g. of NaF, 2.25 g. of UF6, 5 ml. of C7F16 
25 15 4.92  
90 5.5" 1 .60 

100 4a 1 .32  
25 538 1. 16b 

100 18 1 .01  
100 5 l.O6* 

0.1964 g. of NaF, 2.5 g. of Ups, 4.2 ml. of C7H16 
25 21 2 .27  
92 20 1.03b 

Pump Off UFO 100 2 1.94 
Pump Off UF6 100 4 1.95b 
-4dd excess UF6 25 41 1.03b 

5 Inadequate stirring. X-Ray sample taken. 

TABLE I1 
REACTION O F  K F  AND UFs I N  C ~ F I G  

Moles of K F /  
Temp., OC. Time, hr. mole of UFe 

0.1574 g. O f  KF, 2 g. Of UF.5, 5 ml. Of C7Fl6 
25 17 2.005 

100 4 0.99" 

0.0914 g. of KF, 1.5 g. of UFs, 5 ml. of 
100 4 . . .  
25 17 1.68 

100 3 1.10 
Pump Off UFs 100 1 2.03 
Add excess UFc 25 16 1.0ljR 

a X-Ray sample taken. 

of the two phases were found. When the ratio of NaF : 
UFO was greater than 2, the X-ray patterns corre- 
sponded to Na2UFs and unreacted NaF. 

In the KF system X-ray powder photographs show 
correlations similar to those observed in the NaF- 
UFs systems. 

X-Ray Studies 
Single crystals of Na2UFa suitable for X-ray dif- 

fraction studies were produced by sintering a t  400 
under high UFs pressures. Only limited X-ray data 
could be obtained because of the hygroscopic nature of 
the material. However, based upon the observed cell 
size and symmetry, as well as upon known U-F dis- 
tances for U6+, a model for the structure has been 
made using a space group chosen arbitrarily. 

Single crystal data show that the cell is body-cen- 
tered tetragonal, with a = 5.27 A. and c = 11.20 A. 
The uranium atoms dominate the intensities, and the 
symmetry is based therefore on the uranium positions. 
The volume of the cell corresponds to two formula 
weights, and this leads to a calculated X-ray density of 
4.68 g. ~ m . - ~ .  If space group I4/mmm is chosen, 
atoms can be placed in the following positions: (0, 0, 0 ;  
l / z ,  l / 2 ,  l/2) i- 2 U in 0, 0, 0, 4 Na in 0, l / ~ ,  * / 4 ;  

l / z ,  0, 1/4, 16 F in x, x. z; 2, 2,  z; 2, x, z; x, E ,  z;  
x, x, 8; 2, 2, 8; 2, x, 8; x, 2, E ,  with x = 0.26 and x = 
0.119. 
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Each uranium atom is surrounded by eight fluorines, 
with U-F = 2.29 A. and F-F = 2.63 and 2.67 A. 
Each sodium atom is also surrounded by eight fluorines 
with Sa-F = 2.37 K .  and F-F = 2.63 and 2.97 A. 
The metal-metal distances are normal. All distances 
are more or less close to ideal values, based on RU6+ = 

0.83, Rxa = 0.98 8., and RF- = 1.33 A. We hope to 
obtain additional data in the future in order to check 
the validity of the model. 

For this structure, all U-F distances are equivalent, 
and all Sa-F distances are equivalent. There is there- 
fore no indication of shorter or longer bonds which 
could lead to the identity of UFs or XaF configura- 
tions. 

Discussion 
The preparation of pure Na2UFx substantiates the re- 

sults of the FlB-exchange studiess and recent results on 
solid-gas reactionsg that the compound originally de- 
scribed as Na3UFg is in fact Na2UFx. Earlier errone- 

ous  identification^^-^ were due to the incomplete reac- 
tion obtained between gaseous cF6 and solid NaF. 
These problems have been overcome however by the 
use of more finely divided KaF obtained by decomposi- 
tion of sodium bifluoride.g In our experiments these 
difficulties were obviated by dispersing NaF in an inert 
liquid, CiF16. The refluxing of C7F16 carries away the 
heat of the reaction and retains NaF in a finely divided 
state. 

In addition, we have obtained two new compounds 
of the type LIEF7 (111 = Na, K) analogous to the previ- 
ously reported CsUF$O and SH4UF7.10s11 

Exchange data with F1* did not show evidence of 
compound formation with KF.8 Our results do not 
agree with this. The exchange work was done with 
readily available reagent grade KF. Our experience 
with such K F  has shown that this material is completely 
unreactive toward cF6. Only the very finely divided 
K F  prepared by decomposition of KHFz has been found 
to react with UFe. 

Analogous results were obtained with KF.  
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The rates of oxidation of iodide ion in acidic solution have been studied at 25.00' in various dimethyl sulfoxide-water solvcnt 
mixtures: (CH8)&30 + 31- + 2H+ -f ( C H 8 ) S  + IB- + HzO. Second-order hydrogen ion and first-order iodide ion clcpetld- 
cnce was observed in each solvent employed. The value of the third-order rate constant increases rapidly with decreasing 
water content. Nucleophilic catalysis by added bromide or chloride occurs, with an observed order of reactivity: chloride > 
bromide > iodide. The dependence of the relative reactivity of these nucleophiles on the water content of the solvent has 
been determined. The results indicate halide ions to be very reactive in a dipolar aprotic solvent; the effectivcncss of 
chloride is increased by a factor of 3700 on going from 75.007, t o  98.50% dimethyl sulfoxide. 

Introduction 
Dimethyl sulfoxide (DMSO) has several properties 

which make it useful as a solvent for inorganic reac- 
tions. Important among them are high dielectric con- 
stant and ability to dissolve fairly high concentrations 
of many inorganic solutes.* DMSO is a typical dipolar 
aprotic solvent, R hich lacks any capacity for hydrogen 
bonding to solute species. It is reasonable to expect 
that this marked contrast with solvent water would 
have an important effect on reaction rates and mech- 
anisms. To learn more about this effect we have 
studied the rate of reaction of DhlSO with iodide ion in 
acidic DRISO-water solvent mixtures. 

(CH8)2SO + 31- + 2H+ ---+ (CH3)zS + 1 3 -  4- HLO 

(1) Presented to the Division of Inorganic Chemistry a t  the 150th S a -  
tional Meeting of the American Chemical Society, Atlantic City, N. J., Sept. 
1965. 

(2) H. L. Schlifer and W. Schaffernicht, A~zgew.  Ckem..  73, 618 (1960). 

A kinetic analysis of this reaction in DMSO-water 
solvents has not been reported; however, Landini, 
et u Z . , ~  have investigated the reduction of sulfoxides by 
hydriodic acid in acetic acid. 

Experimental Section 
Solvent.-Crown-Zellerbach commercial grade DMSO was 

distilled twice a t  72' (10 mm.), the center SOY0 in each distilla- 
tion being retained for use. A Karl Fischer titration of the 
freshly distilled DMSO indicated the presence of 0.03?& water. 
Solvent mixtures were prepared on a weight basis by slow addi- 
tion of redistilled water to  a partially frozen sample of DMSO. 
Both DMSO and water were initially swept with prepurified 
nitrogen and all subsequent operations were performed under an 
atmosphere of nitrogen. The solvent mixtures were used im- 
mediately after preparation. 

For each of the kinetic runs, a stock solution of perchloric 
acid in DMSO-water was prepared by slow addition of 3574; 
aqueous perchloric acid to the solvent, cooled in an ice bath. 

( 3 )  D. Landini, F hlontanari, H. Hogeveen, and G. Maccagnani, 2 'e l ia -  
hedimt Let le is ,  38, 2691 (1964). 


