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Sulfur hexafluoride has a body-centered cubic phase (a = 5.915(3) A) between its melting point 
(222.4”K) and 93”K, below which a lower symmetry phase exists. NMR studies show that in both 
phases there is rapid reorientation of the sulfur hexafluoride molecules. From a neutron diffraction 
pattern collected at 193°K with 1= 1.086 A, the data were not satisfied by a model with a spherically 
symmetrical fluorine density nor by a refinement with conventional ellipsoidal-shaped atoms. The 
latter gave systematically low S-F distances and abnormally high Bij thermal factors. Good agree- 
ment was obtained by a combination of Kubic Harmonics with full-matrix least-squares analysis of 
the neutron profile pattern. The refinement was made with one variable Kubic Harmonic coeficient 
a, = 5.94(1 l), with R, = (2 w[y, - (l/s)y,]‘/~ wyo2}1’2 = 0.079 and x2 = 1 w[y, - (l/s)yJ2/ 
(NO-NV) = 1.2. Only four least-squares variables were required with 225 observations in the range 
of one or more hklreflections to 28 = 58.3”. A S-F distance of 1.542(4) A, obtained from the neutron 
diffraction data, is in good agreement with the reported value of 1.564(10) A found from electron 
diffraction measurements of the vapor. The disordered fluorine distribution has broad maxima on 
the cell edges similar to those found in the plastic cubic phases of MoF, and WF,. 

Introduction 

Of all the hexafluorides which can be formed, 
SF6 is both important and chemically interest- 
ing, yet very little is known about its bonds 
and its structure. SF6 has a low melting point 
of 222.4”K, a very high bond strength, and a 
saturated valency state (cf. MO, W, and U and 
the remaining group VIb hexafluorides). SF6 
shows considerable chemical inertness com- 
pared to other hexafluorides, although recently 
it has been used to fluorinate metals and metal 
oxides at elevated temperatures (1). NMR 
studies (2) show that SF6 has a body-centered 
cubic phase down to about 93”K, below which 
it transforms to a phase of lower symmetry. 
In this respect, SF6 is analogous to the transi- 
tion metal hexafluorides which all have a body- 
centered cubic phase in a (narrow) tempera- 

ture range below the melting point and an 
orthorhombic phase of the UF,-type below 
the transition temperature (3). UF, does not 
show the cubic phase (3). 

Neutron diffraction studies have been made 
in this laboratory on the orthorhombic and 
cubic phases of MoF, (4,.5) and WF, (6, 7) and 
the orthorhombic phase of UF, (8,9) with the 
profile analysis technique; orthorhombic 
MoF,, WF6, and UF6 were shown to be iso- 
structural. The disordered plastic cubic phases 
of MoF, and WF6 were studied with Kubic 
Harmonic functions combined with profile 
analysis. In the cubic phases, the octahedra 
were known to be in rapid rotational motion 
from previous NMR studies (2, 10-13). The 
continuous, curved fluorine distributions were 
readily described with these functions and 
were shown to have maxima along the cell 
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edges, the positions of the maxima giving M-F 
bond lengths in good agreement with electron 
diffraction values. 

The present study of&ic&F,iat 193°K was 
commenced (a) to see whether the density 
distribution in this Group VIb &m+luoride 
would be similar to those already found for the 
Group VI transition metal he&luor.ides, and 
(b) to continue our series of i&yestigations into 
the correlation of fluoride structures with 
reactivity and other physical properties. 

Experimental 
Thirty to forty grams of SF, (J. T. Baker 

Chemical Co., Phillipsburg, New Jersey) was 
condensed from the cylinder into a machined 
Kel-F tube (19 mm o.d. x 89 mm) in a con- 
ventional metal vacuum system at 77°K. The 
Kel-F tube was dismantled and quickly 
transferred to the cryostat attachment (41, 
while maintaining cold conditions to keep the 
SF, as a solid. 

The neutron diffraction pattern of poly- 
crystalline SF6 at 193°K was collected, with 
the sample in a cryostat cooled with a dry-ice 
acetone slush bath, on the reactor HIFAR, 
using the elastic diffraction technique (14) 
and a neutron wavelength of 1.086 A. The 
pattern showed body-centered cubic peaks 
corresponding to a cell edge of 5.915(3) A. 
The pattern was collected to 28 = 58.3”. There 
were 225 observations in the range of one or 
more (hkl) reflexions, and 15 independent 
Bragg reflexions in the range of the pattern. 

Analysis of the Cubic SF, Pattern 
I. Conventional re$nement assuming a 

normal ordered structure. The data were 
analyzed according to the profile-fitting 
technique of Rietveld (15) assuming sulfur 
atoms at (0, 0, 0) + B.C. and S-F bonds 
aligned along the cell edges. Vibration ellip- 
soids were assumed for the fluorine atoms of 
the form exp (-& 1 h2 -t- Z/3,, hk + . * *), while 

TABLE I 

CONVENTIONAL REFINEMENT OF CUBIC SF6 
NEUTRON DATA AT 193°K” 

Quantity Im3m, I432 

x (F) 0.2506(S) 
M-F (8) 1.482(S) 
4s) (A*) 17.6(6) 
&I 03 4.1(3) 
BE (F) 20.1(4) 
&3 (F) =JL 
823 (F) 0 
U (degree*) 9.0(15) 
V -4.0(7) 
W 0.67(6) 
Z (degree) -0.062(7) 
RI 0.126 
RZ 0.062 
R ex*ec,eLi 0.066 
x2 2.8 

Refinement in : 

Im3 I43m 

0.2518(11) 0.2507(8) 
1.489(7) 1.483(5) 

16.7(7) 17.6(6) 
4.0(3) 4.0(3) 

21.8(13) 19.7(4) 
18.6(10) =&I 
0 1.0(4) 
8.8(15) 8.4(15) 

-4.0(6) -3.8(6) 
0.66(6) 0.65(6) 

-0.062(7) -0.062(7) 
0.126 0.124 
0.060 0.059 
0.066 0.066 
2.8 2.8 

a x (F) is the x coordinate of fluorine, and U, V, Ware halfwidth para- 
meters according to HZ = Utan% + Vtan6 + W, H being the F.W.H.M. 

RI = 2 Iyo - (l/s)ycl/z 1.~01. Rz = iz. W(Y, - (I/s)Y,)~/~ wy0~1~‘~. 
R erF.eeteci = ((~~-NUI~ wo2Y. x2 = z W(Y, - (ll&YJZl(NO-NV). 

The y’s are background-corrected measured intensities and s is a scale 
factor. 
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the sulfur vibrations were isotropic by sym- 
metry. The form of the vibration tensor varied 
over the possible space groups Im3m, 1432, 
Im3, and I43m, so refinements were carried out 
separately for each space group. The neutron 
scattering lengths used were bs = 2.8 fm and 
b, = 5.6 fm (16). The computer program was 
written by Rietveld and modified by Hewat 
(17). The results are given in Table I. The 
temperature factors are written in the form 
Bi, where Bij = /31,/4a *2, a form comparable 
with the usual isotropic Debye-Waller B 
factors. 

Refinements in the different space groups 
gave essentially the same overall result. The 
Bij factors were abnormally large, even for 
sulfur. The smaller value for B,,(F) suggested 
that the fluorine distribution was saucer- 
shaped, elongated normal to [loo], and narrow 
in a plane normal to it. The bond lengths 
determined from these refinements (1.48- 
1.49 A) were probably low as the fluorine 
vibrations were assumed to be linear, whereas 
the rigid-body molecular librations probably 
caused a curved distribution to be seen by the 
neutron beam. It was considered that correc- 
tions of the Cruickshank type (18, 19) would 
not be meaningful as such calculations 
depended on the joint distribution of the 
sulfur and fluorine densities, and the sulfur 
temperature factor was abnormal, as was that 

of fluorine. Although it gave low R factors, 
the above conventional model was unsatis- 
factory, leading to abnormal thermal vibration 
factors and probably a systematically low 
estimated S-F distance. 

2. Kubic Harmonic reJinement. The Kubic 
Harmonic method, as applied here, assumes a 
continuous but nonuniform fluorine density 
on the surface of a sphere of radius equal to 
the S-F distance, obeying cubic symmetry, and 
an overall Debye-Waller temperature factor 
for the SF6 group. This method has been 
applied before in the determination of the 
disordered hydrogen distribution in NH,1 (20) 
and the disordered fluorine distributions in 
MoF, (5) and WF, (7). 

Assuming no diffusion of the molecules, the 
fluorine density distribution is defined as 

tF(r) = 2 2 a, Km 0 - 4, 

where K,,, are the Kubic Harmonic functions 
and a, are the amplitude coefficients to be 
determined by least-squares analysis. The 
delta function constrains the fluorine density 
to lie on the surface of a sphere of radius equal 
to the S-F distance. 

The term K0 implies a spherically sym- 
metrical density (a0 = l), while a, = 0. K2 
introduces maxima along (loo), K3 along 
(11 l), and so on, the effects of lower-order 

TABLE II 

KUBIC HARMONIC REFINEMENT OF THE NEUTRON POWDER DATA OF CUBIC SF6 AT 193°K” 

Refinement with : 

Quantity 

Scale factor, s 
a2 
03 
04 
c (A) 
B 6’) 
RV 
X2 
Number of cycles 
Number of variables 

123(10) 
- 
- 
- 

1.66(2) 
5.3(S) 
0.22 
9.17 
7 
3 

85.5(16) 
5.94(11) 

- 

85.8(16) 
5.93(11) 

-15.7(68) 
- - 

1.542(4) 1.543(4) 
5.5(2) 5.6(2) 
0.079 0.078 
1.18 1.16 
6 6 
4 5 

85.9(16) 
6.00(11) 

-8.9(67) 
-49.3(160) 

1.542(4) 
5.7(2) 
0.077 
1.11 
9 
6 

u c is the S-F distance: R, = {z w(yo - (l/~)rJ~/~ WYO’}~“, X* = 2 W(YO - U/~)YJ~/WO--~V. 
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terms being included in the higher-order 
terms. 

The calculated intensity at a point in the 
pattern, analogous to the MoF6 and WF6 cases 
above, was (assuming the hkl’s to be Gaussian) 

I, = 2 s*w,,,* exp (-2B sin’ 0/A’) 
hkl 

x @s + b, TF@WY, 

s being a scale factor, whkl a Gaussian weight 
depending on the distance of the point from 
the theoretical 28 value, B an overall Debye- 
Waller factor for the SF6 group, and b, and b, 
the neutron scattering lengths for S and F. 
The 1 sign denotes that different (hkl) contri- 
butions can be added at this point, and TF is 
the Fourier transform of fF(r), equal to 
6 2 amAmJzm. The functions A,,, were given 
by Sanger (21), and J2,,, is the Bessel function 
of order 2m. The problem was linearized for 
least-squares refinement by the Taylor 
theorem, and observations were weighted 
according to the counting statistics, account 
being taken of background subtraction errors. 
For further discussion of the method, reference 
can be made to the earlier papers (5, 7, 20). 

Essentially, the Kubic Harmonic approach 
was combined with the effective profile 
analysis technique. 

Full-matrix least-squares refinement was 
carried out for cases with an increasing num- 
ber of harmonic terms. The S-F distance, 
scale factor, and B factor were refined as well 
as the “a” coefficients. The results are given 
in Table II. 

Discussion 

The refinement (a) with & only (Table II), 
assuming a spherically symmetrical fluorine 
distribution, gave a poor fit with the data. 
The SF, molecule was certainly not rotating 
freely as seen by the neutron beam. Instead, 
preferred orientations of the molecule occurred 
as shown for the refinements with (b) (& + 
K2), (4 (& + K2 + &), and (4 Go + K2 + 
K3 + &) in Table II. The R factor {I w[y, - 
( l/s)y,12/C wy02)1’2 dropped from 0.22 to 0.08 
on going from the spherically symmetric case 
to the Kubic Harmonic model, whereas 

S-F6 . Kubic Harmonic Model 

FIG. 1. Observed and calculated profiles for the neutron diffraction pattern of the body-centered cubic phase 
of SF6 at 193”K, for the spherically symmetrical model (K,,) and the Kubic Harmonic model with K,, and K2. 
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which should approach unity for best fit 
between theory and experiment, dropped from 
9.2 to 1.2. There was little improvement on 
adding terms beyond Kz ; the value of a, = 
5.94(11) was significantly different from zero, 
but the values of a3 and a4 were not. Model (b), 
with K, and K,, corresponded to maxima on 
the cell edges as mentioned above. 

The fits with models (a) and(b) are illustrated 
in Fig. 1. There is a poor fit for the weaker 
peaks with the spherically symmetric model, 
but a good fit with the Kubic Harmonic model 
(b). It is a pleasing feature of this method that 
only a simple assumption is made and there 
are few least-squares variables, four in this 
case. 

The S-F distance cited in the literature for 
electron diffraction by the vapor is 1.564(10) A 
(22). The value estimated from the Kubic 
Harmonic analysis of the solid at 193”K, with 
an inbuilt correction for molecular libration, 
is 1.542(4) A, only two e.s.d. lower than the 
vapor distance. Clearly, the value of 1.483(5) 
estimated from the conventional ordered-atom 
refinement is systematically low because of 
the curvilinear motion discussed above. 

The term K2 includes powers of 4 in the 
coordinates, and is termed fourth order. 
Including K. and K2 (Kl is eliminated as 
a, = 0), the fluorine distribution in real space 
becomes proportional to 

{ 1 + a&X4 + y4 + z”)/c” - 3/5]}, 

x, y, and z being Cartesian coordinates on the 
spherical surface. 

The fluorine distribution in real space over 
the spherical surface of radius 1.542 A, 
calculated with a, = 1, a, = 0, and a, = 5.94, 
is shown in Fig. 2. Maxima occur where the 
(100) axes cut the sphere, while the true 
minima are at the intersections of the (11 l} 
axes and the sphere. It is noted that in the 
region near (111) the distribution becomes 
negative, whereas ideally it should always be 
positive. This is considered to reflect an 
inadequacy in the model, probably arising 
from a residual thermal vibration effect 
caused by anharmonic vibrations of the 
fluorine atoms. This would not be surprising, 
as the short S-F distance requires the F-F 
separation to be 2.18 A, while the ionic 

FIG. 2. The fluorine distribution in real space, on 
the spherical surface ofradius 1.542 A, calculated with 
a0 = 1, a1 = 0, and az = 5.94. The negative contour line 
is dashed. One hemisphere is shown, in a Zenithal 
Equal-area Projection. 

contact distance is 2.66 8, (see below), and this 
effect distorts the fluorine electron density. A 
residual thermal vibration effect is also 
apparent in Fig. 1, where some deviations 
occur between the observed and calculated 
neutron powder intensities for some higher- 
order lines. By analogy with conventional 
refinements, the S-F distance measured 
should be uncorrelated with this effect, and 
this is substantiated by the agreement of the 
measured distance with the electron diffraction 
value. 

The Kubic Harmonic model here is very 
satisfactory because (a) it is essentially a one- 
parameter model (aJ, and (b) the measured 
S-F distance is better than that derived from 
conventional refinements with noncurved 
distributions. To remove the residual thermal 
effect in this instance, it would be necessary 
to add more variables and, since increasing the 
number of variables always improves the 
agreement, these further variables added to 
remove a minimal effect may be of doubtful 
physical significance. Also, modifying the 
computer program to make all computed 
densities positive would remove the effect but 
not the underlying cause. Thus, no attempt has 
been made to improve the agreement in Fig. 1 
by anharmonic refinements, and the Kubic 
Harmonic results are considered the best that 
can be obtained based on reasonable assump- 
tions. 



246 TAYLOR AND WAIXH 

Michel, Drifford, and Rigny (2) found that 
the intensities in X-ray powder patterns of 
SF,, SeF,, and TeF, could be explained by the 
presence of fluorine atoms on the axes, al- 
though they did not refine any interatomic 
distances. Their observations are in agreement 
with the present results and with our earlier 
studies of cubic phases of MoF, and WFs, 
where maxima were also observed on the cell 
edges. The S-F bond in SF, is quite a strong 
bond, being much shorter than the M-F 
bonds in the transition metal hexahalides such 
as MoF, and WF6 (-1.8 A) and UF, (-2.0 A). 

The preferred orientation of the S-F bonds 
can be inferred from the cell dimensions. For 
b.c.c. packing of spherical molecules, the 
spheres would be in contact along [ 11 I]. This 
would mean that the distance from (000) 
to (&$) should be 2(S-F) + 2rF- = 5.74 A. 
The observed distance is much smaller 
[5.93(3/2)r12 = 5.12 A] indicating inter- 
locking of the molecules. The molecules are 
nearly in contact along [loo]. The SF, groups 
are very compact, so it is not surprising that 
the cubic phase extends down to lower tem- 
peratures than are found with the transition 
metal hexafluorides. The F-F contacts in the 
molecules, 1.542(2) ‘I2 = 2.18 8, are much 
less than the ionic diameter of fluorine (2.66 A) 
and smaller than those found in MoF, and 
WF, (2.57 A) and in UF, (around 2.80 A). 
This increasing bumpiness of the molecular 
surface explains why UF, shows no cubic 
phase, MoF, and WFs have the phase in a 
narrow range, and SF6 in a large temperature 
range. The fact that sulfur is a nonmetal while 
MO, W, and U are metals does not make SF6 
greatly different in its properties from the other 
hexafluorides; these properties seem largely 
dependent on the properties of the molecular 
surface. 

This analysis is a further example of the 
effectiveness of special functions, such as 
Kubic Harmonics, when combined with 
neutron profile analysis, in studying molecular 
distributions in high-symmetry disordered 
phases. 

Acknowledgment 

We wish to thank J. Levy for his technical assistance 
in the experimental part of this work. 

References 

1. A A. OPALOVSKY AND E. U. LOBKOV, J. Fluorine 
Chem. 2, 349 (1972173). 

2. J. MICHEL, M. DRIFFORD, AND P. RIGNY, J. SOC. 

Chem. Phys. (Paris) 31 (1969). 
3. S. SIEGEL AND D. A. NORTHROP, Inorg. Chem. 5, 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

II. 

12. 

13. 

14. 

15. 
16. 

17. 
18. 

19. 

20. 

21. 

22. 

2187 (1966). 
J. H. LEVY, J. C. TAYLOR, AND P. W. WILSON, Acta 
Crystallogr. B31, 398 (1974). 
J. H. LEVY, J. C. TAYLOR, AND P. W. WILSON, Acta 
Crystullogr. B31, 106.5 (1974). 
J. H. LEVY, J. C. TAYLOR, AND P. W. WILSON, 

J. Solid State Chem. 15, 360 (1975). 
J. H. LEVY, J. C. TAYLOR, AND P. W. WILSON, J. 
Less Common Metals, 45, 155 (1976). 
J. C. TAYLOR AND P. W. WILSON, J. Solid State 
Chem. 14,378 (1975). 
J. H. LEVY, J. C. TAYLOR, AND P. W. WILSON, 

J. Chem. Sot. (Dalton), 219 (1976). 
R. BLINC AND G. LAHAJNAR, Phys. Rev. Letters 19, 
685 (1967). 
J. VIRLET AND P. RJGNY, Chem. Phys. Letters 6, 
377 (1970). 
P. RIGNY AND J. VIRLET, J. Chem. Phys. 51, 3807 
(1969). 
P. RIGNY, M. DRJFFORD, AND J. VIRLET, J. Phys. 
32, C5a-229 (1971). 
G. CAGLIOTJ, in “Thermal Neutron Diffraction” 
(B. T. M. Willis, Ed.), Chap. 2, Oxford Univ. Press, 
London (1970). 
H. M. RIETVELD, J. Appl. Crystalfogr. 2,65 (1969). 
Neutron Diffraction Commission, Acta 
Crystallogr. AZ& 357 (1972). 
A. W. HEWAT, AERE-R7350 (1973). 
D. W. J. CRUICKSHANK, Acta Crystallogr. 9, 754 
(1956). 
W. R. BUSING AND H. A. LEVY, Acta Crystallogr. 
17, 142 (1964). 
R. S. SEYMOUR AND A. W. PRYOR, Acta Crystallogr. 
B26, 1487 (1970). 
P. L. SANGER, Ph.D. thesis, University of New 
South Wales (1968). 
V. C. EWING AND L. E. SUTTON, Trans. Faraday 
Sot. 59, 1241 (1963). 


