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Neutron and X-ray Powder Diffraction Studies of the Structure of Uranium Hexachloride 
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The structure of uranium hexachloride, UCI6, was refined with neutron and X-ray powder diffraction 
data. UC16 is hexagonal, with a= 10.95 (1), c=6.016 (6) .~, space group P-3ml (D]a), and Z=3. The 
neutron data were refined by the least-squares profile-fitting technique to a value of [XW(Io-Ic)211'~/ 

i 
(XwIZo) In, where I is the intensity corrected for background at a point i along the scan, of 0-16. The 

single uranium variable positional parameter was more reliably obtained by a least-squares refinement 
X(XJF o - XJFc)/XXJF o of the integrated intensities on a Debye-Scherrer photograph, the final value of 2 2 2 
i j j i j 

for the X-ray powder data being 0.22, where i is a line in the X-ray pattern andj an hklcomponent with 
multiplicity J. The structure proposed by Zachariasen [Acta Cryst. (1948). 1,285-287] was confirmed. 
The octahedron around the uranium atom at (000) is nearly regular, and around the uranium atom at 
(~-,~-,0.518) slightly distorted. The U-CI distances lie between 2.41 (4) ,~ and 2-51 (4) ~. 

Introduction 

Uranium hexachloride is important in the nuclear in- 
dustry since it is a volatile uranium hexahalide, similar, 
in some respects, to uranium hexafluoride. 25 years 
have elapsed since the classic X-ray powder study by 
Zachariasen (1948), and no further structural investi- 
gations appear to have been carried out on UCI6 since 
that time. Historically, UCI6 is difficult to prepare in 
pure form and in large quantities. Zachariasen worked 
with a few micrograms of sublimed material in a capil- 
lary tube, which also contained zones of UCI4 and 
UCIs. From packing considerations and the X-ray 
powder diffraction intensities, Zachariasen (1948) de- 
duced an idealized structure for UCI6 in the space 

D 3 group P3ml (3a),  with U atoms in positions l(a): 
(0,0,0) and 2(d): _+ (1,~,a z) and three independent C1 
atoms, each in positions of type 6(i): + (x,.Lz; x,2x, z; 
2~,~,z). The chlorine atoms were in hexagonal close 
packing and the uranium atoms in octahedral holes. 
The chlorine atoms were contracted around occupied 
holes and expanded around vacant holes. All U-CI 
distances were estimated to be 2.42(1)~. The crystal 
data for UCI6 are given in Table 1. 

It was considered worthwhile to confirm the above 
idealized structure and measure the parameters by 
least-squares refinements with X-ray and neutron dif- 
fraction data for UCI6. As uranium is a strong X-ray 
scatterer it was thought that the sole uranium positional 
parameter, z U(2), Table 2, would be best determined 

from the X-ray powder pattern. Chlorine is a weak 
X-ray scatterer compared to uranium, but has a larger 
coherent neutron scattering amplitude than uranium. 
Thus it was thought the chlorine atoms would be more 
effectively located by neutron diffraction. A combina- 
tion of the two techniques was therefore expected to 
give reliable structural parameters for UCl6. 

Experimental 
Preparation 

UCI6 was prepared using the exchange reaction be- 
tween UF6 and BC13 (O'Donnell, Stewart & Wilson, 
1966; O'Donnell & Wilson, 1973). This method gives 
very pure UC16 and yields 1-2 g of UCI6 for each 
preparation. Since approximately 10 g of UCI6 were 
required, the preparation was repeated until sufficient 
UCI6 was prepared. This meant portions of UCI6 had 
to be transferred several times into various containers 
and, although this was done in a dry box, contamina- 
tion by hydrolysis occurred since UC16 is extremely 
hygroscopic. The whole sample of UCI6 was therefore 
purified by sublimation (100°C, 1 mPa). This in turn 
introduced a small amount of UCI4 contamination 
due to decomposition of the thermally unstable UCI6, 
but this was insufficient to interfere with the structural 
study. 

X-ray diffraction data 
Some UCI6 was sealed inside a quartz capillary of 0"6 

Reference 
Zachariasen (1948) 
Present work, X-rays 
Present work, neutrons 

Table 1. Crystal data 

Molecular 
a (A) c (A) 

10.97 (2) 6"04 (1) 
10"95 (I) 6.016 (6) 
10.97 (1) 6"025 (8) 

for uranium hexachloride 

weight 450.75 
U (A 3) Dx (g cm-3) 
629-5 3"567 
624"7 3"594 
627"9 3"576 

Z Space group 
3 P3ml (DId) 
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mm diameter, and an X-ray diffraction pattern was 
taken with a Philips 114.6 mm diameter powder camera 
with Cu Ke radiation. The intensities of 29 powder 
lines were estimated visually by comparison with a 

Atom Position standard line. 22 additional hkl were unobservably 
U(1) l(a) 

small, but were still useful in the least-squares refine- u(2) 2(d) 
ment, being given intensities ½Imin, where Imi, was the 
estimated minimum observable intensity. After cor- 
rection for film shrinkage, a least-squares refinement 

Cl(1) 6(i) with 27 20 values to 20--85 o, with a cos 2 0 drift term 
(Mueller, Heaton & Miller, 1960), gave a =  10.95(1) A 
and c--6.016(6) A. c1(2) 6(i) 

Neutron diffraction data 
Approximately 12 g of UC16 powder were mixed with 

aluminum powder to dilute the sample so as to fill 
a 1 cm diameter vanadium can. A neutron powder 
pattern of the sample was taken with the elastic dif- 
fraction technique (Caglioti, 1970) to 20=41.4 ° with 
2=  1.082 A. Lattice constants found by least-squares 
refinement of the neutron line positions were a = 10.97 
(1) A and c=6.025(8) A. 

The various crystal data for UC16 a re  collected in 
Table 1. 

Calculations 

Refinement with X-ray data 
Each X-ray line consisted of j Bragg reflexions hkl 

with multiplicities J. The observed intensities Io were 
converted to YJFZo values with the expression 

J 

JFZoW.lo sin 2 0 cos 0(1 +cos 2 20)-XA * 
J 

where A* is an absorption correction factor. The linear 
absorption coefficient, /z, for U C I  6 was  840 c m  -1 for 
Cu K~. The estimated value of/zR, where R is the 
capillary radius, was 18, allowing a 70% packing 
density. The absorption corrections were obtained from 
tables of A* vs. 20 (International Tables for X-ray 
Crystallography 1959). 

The Zachariasen coordinates were used as the start- 
ing point for a least-squares refinement with the X-ray 
powder data. The function minimized was ~[w~(YJFZo 

l j 
-~;jF2~2]~ c, J, where i denotes a line in the pattern. The 

J 
X-ray scattering curves for neutral CI and U were 
used (International Tables for X-ray Crystallography, 
1962) uncorrected for anomalous dispersion. An over- 
all isotropic Debye-Waller temperature factor was as- 
sumed. The computer program was a modification of 
ORFLS (Busing, Martin & Levy, 1962). 

It was found that the chlorine parameters, as well 
as the U(2) z parameter, could be refined with the 
X-ray data. At convergence, the value of the residual 
~,(~.JFZo- ~,JFZ)/~,~JFZo was 0.22. The X-ray positional 
i j j i j  

parameters are given in Table 2 and the observed and 
calculated ~JF z values in Table 3, 

Table 2. Positional parameters in uranium hexachloride 
from the X-ray and neutron powder refinements, com- 

pared with those of Zachariasen (1948) 

C1(3) 6(i) 

103 x 103 y 10  3 Z Reference 
0 0 0 

333 667 500 * 
333 667 518 (5) I 
333 667 518 (not 

refined) 
100 - 100 250 * 
105(8) -105(8) 228(16) t 
109 (2) - 109 (2) 222 (8) 
430 -430 250 * 
442 (7) -442 (7) 203 (15) t 
431 (2) -431 (2) 237 (8) J; 
770 - 770 250 * 
761 (7) -761 (7) 243 (14) t 
777 (2) -777 (2) 286 (8) ;t 

* Zachariasen (1948). 
I" This work, X-ray refinement. 
:l: This work, neutron refinement. 

Overall B=4 .0  (4)/~2 (X-rays). 
=4"5 (2) ,~2 (neutrons). 

Refinement with neutron data 
The Zachariasen parameters were used as the start- 

ting point of a least-squares refinement based on the 
neutron powder diffraction data, by the profile-fitting 
technique of Rietveld (1967). In this method, considered 
to be the best powder-refinement procedure available, 
the powder pattern was assumed to be the superposition 
of all the hkl Gaussians, while the data points are the 
counts along the scan, corrected for background. The 
computer program used was a modified version of 
ORFLS (Busing, Martin & Levy, 1962). The neutron 
scattering lengths were b0=0.85 × 10 -12 cm, and bc~ = 
0 - 9 6 ×  10 -12 cm (Neutron Diffraction Commission, 
1972). Initial refinements gave a value for the z par- 
ameter of U(2) of 0.63, which was considered to be 
too high. The high value was thought to be due to 
the combined effects of (i) some UCI4 impurity, the 
effect of which was corrected for later in the refine- 
ment (see below) (ii) the much lower proportion of U scat- 
tering in the neutron data and (iii) the small range 
of l indices due to the short c axis. The z parameter 
of U(2) was therefore fixed at the X-ray value 0.518(5) 
and not refined. In the later stages of the neutron re- 
finement, some ([Io-Ic])/a(Io) values, where a(Io) is the 
standard deviation in Io, were greater than 3. These 
occurred at diffraction angles where UC14 Bragg inten- 
sities were expected. The effect of the probable UCI4 im- 
purity on the refinement was reduced by increasing the 
cr(Io) values for the above points so that these (11o- I~1)/ 
a(Io) values were less than 1. In all, 24 of the 313 data 
points were considered to be affected by UCI4 impurity. 
Excess of observed over calculated intensity at these 
points can be seen in the final observed and calculated 
profile, Fig. 1, but, as corrections for the effect were made, 
as described above, it was considered that the chlorine 
parameters from the neutron refinement were reliable. 
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The  least-squares weights were w=a(Io) -z, direct ly 
based on the coun t ing  statistics. Convergence  was ob- 
ta ined  at a weighted residual  R=[~.W(Io-Ic)2]l/2/ 
(~,wlZo) ~/2 of  0.16. The  unweighted  residual  over  the 
313 scan points  in Fig. 1 ~,(lIo - Icl)/~,Io was 0.28 (higher  
owing to the UCI4). 

The  neu t ron  and  X-ray  pos i t ional  pa ramete r s  are 
c o m p a r e d  in Table  2. I t  is seen that ,  for  chlor ine,  the 
neu t ron  e.s.d. 's  are lower  than  the X-ray  e.s.d. 's b y a  fac- 
to r  o f  two for  the z coord ina tes  and  up to 4 for  the x ,y  
coordina tes .  The  final pa ramete rs  t aken  were the X-ray  
value for  the z coo rd ina t e  of  U(2) (the only  u r an ium vari- 
able paramete r )  and  the neu t ron  pa ramete r s  for  the 
ch lor ine  a toms.  Bond lengths and  angles calculated with 
these paramete rs  are given in Table  4. 

I 

-soo 

~.-:,;- 

OCt, 

. k . l  

r - - - ¢ . . . . .  ~ /  

20 2 8 (Degrees)  ~o 

Fig. 1. Observed and calculated neutron diffraction powder 
pattern profiles for uranium hexachloride. 

D i s c u s s i o n  

The  present  results have  conf i rmed the s t ructure  pro-  
posed 25 years ago by Zachar iasen  (1948) for  u r a n i u m  
hexachlor ide ,  and  has p rov ided  the first refined posi- 
t iona l  parameters .  Whi le  the x and  y pa ramete r s  o f  
chlor ine ,  Tab le  2, are close to the values es t imated  by 
Zachar i a sen  (1948), the z coord ina tes  differ slightly 
f rom the ideal values o f  ¼, and  the U(2) a tom f rom 
the value z = 1. The  or iginal  so lu t ion  o f  the UC16 struc- 
ture by Zachar i a sen  with a subl imed mic rog ram- range  
sample con ta in ing  UC14 and UCls mus t  be regarded  
as a r emarkab le  achievement .  The  s t ructure  is shown 
in Fig. 2. The  o c t a h e d r o n  a r o u n d  U(1) at (0,0,0)  is 
near ly  regular ,  all U(1)-CI(1)  distances being 2.47(4) A 
and  the CI(1)-U(1)-CI(1)  angles being 86.6(15) ° and  

Table  3. Observed and calculated intensities in Debye-Scherrer X-ray pattern of  UC16 

Where a reflexion of type hkil is given, the presence of the reflexion hkil, which occurs at the same angle but has a different Fc 
in P3ml, is implied. The same holds for reflexions hOhl, J is the multiplicity of the reflexion, and the ~ sign indicates a summa- 

tion over all reflexions in a line. 

hk! 
*100 
*001 

110 
101 

*200 
*111 
201 

"210 
300 
211 

*002 
"102 

301 
220 
112 
310 

*202 
"221 
311 
400 
212 

"401 
302 
320 
410 
321 
222 
003 

"312 

10 -4 ~JF~ 10 -4 ~JF~ hkl 
2 0 103 
1 0 411 

84 47 *500 
27 33 "113 

1 0 *402 
2 7 203 

33 34 330 
4 0 501 

17 8 *420 
38 48 322 

1 0 213 
2 2 331 

48 43 412 
29 19 421 
38 41 303 

510 
2 1 511 
1 6 *223 

47 45 *502 
313 

6 1 600 
2 16 *332 

*430 
85 80 422 

601 
56 63 403 

520 54 47 004 
2 2 431 

10-4 ~JF~ 

} 12 
1 
1 
2 

2 

30 

10 -4 ~JF~ hkt 
104 

26 512 
0 323 
3 521 
0 114 

610 
69 413 

204 
0 602 

611 
34 214 

432 
503 
440 

91 91 304 ] 
522 

J 31 24 530 
2 2 700 
3 1 333 

"441 
20 22 *423 

1 2 *224 
1 0 531 ] 

701 
23 23 620 

"612 
"314 

62 53 513 
621 / 

*404 
710 

10 -4 ~JF2o 10 -4 ~JF2c 

20 24 

21 24 

40 47 

24 22 

33 34 

2 1 
4 13 
2 1 

33 31 

7 0 
7 2 

16 19 

7 2 
16 8 

* Denotes an unobservably small intensity, estimated as described in the text. 



1484 T H E  S T R U C T U R E  OF U R A N I U M  H E X A C H L O R I D E  

Table 4. lnteratomic distances and angles in uranium 
hexachloride 

U-C1 distances (A) 
U(1)-CI(1) (6 x ) 2.47 (4) 
U(2)-CI(2) (3 x ) 2.51 (4) 

Intralayer CI-CI distances (A) 
CI(I)-CI(1) 3.59 (6)* 
C1(2)-C1(2) 3.22 (5)* 
C1(3)-C1(3) 3.63 (8)* 

Interlayer C1-CI distances (A) 
CI(1)-CI(1) 3.38 (9),* 3-94 (9) 
C1(2)-C1(2) 3.88 (8), 4.11 (9) 

CI-U-CI angles (°) 
CI(1)-U(1)-CI(1) 
C1(2)-U(2)-C1(2) 
C1(2)-U(2)-C1(3) 
CI(3)-U(2)-C1(3) 

U-U distances (/~,) 
U(1)-U(2) 6.97 (4), 7.06 (4) 

U(2)-C1(3) (3 x ) 2.41 (4) 

CI(1)-C1(2) 3.70 (3) 
C1(1)-C1(3) 3.69 (4) 
C1(2)-C1(3) 3.89 (3) 

CI(1)-C1(3) 3.67 (8), 3.75 (9) 
C1(2)-C1(3) 3.49 (8),* 3-73 (9) 

86.6 (15), 93.4 (15) 
79.7 (28) 
90.4 (15) 
98.0 (28) 

U(2)-U(2) 6.34 (1) 

* in octahedron. 

93"4(15) °. The octahedron around U(2) may be slightly 
distorted, with U(2)-C1(2) and U(2)-C1(3) distances of 
2.51(4) and 2-41(4)A and C1(2)-U(2)-C1(2), CI(3)- 
U(2)-C1(3) and C1(2)-U(2)-C1(3) angles of 79.7(28), 
98.0(28), and 90.4(15) o 

The CI-C1 contacts in the octahedra, Table 4, lie 
between 3.22 and 3.63 A, and elsewhere between 3.67 
and 4.11 A, confirming the contraction around oc- 
cupied octahedral holes and expansion around vacant 
holes postulated by Zachariasen. C1-CI contacts shorter 
than 3.22 A, occur in UCI4, UO2CI 2 and ThCI4 (Taylor 
& Wilson, 1973). 

fl-WCl 6 also has the UCI 6 structure-type. Neutron 
diffraction coordinates for fl-WCl 6 are in good agree- 
ment with the present results for UCI 6 (Taylor & Wilson 
1974). WCI 6 is dimorphic, having rhombohedral (~) 
and hexagonal (/3) forms (Smith, Landingham, Smith 
& Johnson, 1968) but for UCI 6 only the hexagonal 
form has been observed. 

UC16 can be thought of as a three-dimensional array 
of UCI 6 molecules. Alternatively, it may be described 
as a hexagonal close-packed chlorine lattice with the 
small metal atoms in octahedral holes. Zachariasen 
used the former description to explain its volatility 
(57"6 mm; 215°C). fl-WCl 6 has a similar volatility 

Fig. 2. The structure of uranium hexachloride. The intralayer 
and interlayer CI-CI contacts are shown. Shaded circles are 
near z= ¼, and open circles near z = ¼. 

(43 mm., 215°C). Neither compound has a volatility 
comparable to that of substances with truly molecular 
lattices and it is felt the second description gives a 
better representation of the properties of these two 
compounds. 
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