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symmetr ical  interactions at 95 °K than at 300 °K, 
a feature which will be of interest in relation to the 
crystal structures of the aromatic hydrocarbons 
(Mason, 1961). I t  also affords an explanation of the 
temperature dependence of the crystal susceptibilities; 
the calculated molecular susceptibilities are found, 
as could be intui t ively expected, to be temperature 
independent (Leela, 1962). 
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The crystal structure of UF 4 has been determined from single-crystal X-ray data. The monoclinic 
unit cell has the dimensions a=12.73, b=10.75, c=8.43 A_ and fl=126 ° 20'; space group C2/c. 
It  contains twelve formula units per unit cell. These cell dimensions are identical with those of 
Shankar, Khubchandani & Padmanabhan (1957). In the least-squares refinement of the structure 
a secondary extinction parameter and the real and imaginary portions of the anomalous dispersion 
corrections were used. Normal interatomic distances were observed. Uranium atoms have as 
neighbors eight fluorine atoms arranged in a slightly distorted antiprism configuration. 

Introduction 

Two items have renewed our interest in the structure 
of UFa; first, the determination of the crystal struc- 
ture of ZrF4 by Burbank & Bensey (1956) in which 
fluorine atom positions are given and, second, a single 
crystal fragment of UF4 given to us by W. P. Ellis of 
this Laboratory for structure analysis. The fragment 
selected for structure analysis yielded the best optical 

* Work performed under the auspices of the United States 
Atomic Energy Commission. 

extinction figure of several score examined and there- 
fore was the most strain-free sample available. 

Crystallographic da ta  

The crystal structure of UF4 was first described by 
Zachariasen (1949). A monoclinic unit  cell containing 
twelve formula units, isostructural with ZrF4 and 
HfF4, was proposed. 0 n l y  the uranium atom positions 
were given and these only approximately (see Table 1). 
Shankar, Khubchandani  & Padmanabhan  (1957) used 
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T a b l e  1. Uranium atom positions in UF4 

Position 
Atom set Zachariasen Present work 

U(1) e x = 0.000 x = 0-0000 
y ---- 0-200 y = 0-2126±0-0002 
z = 0.250 z = 0.2500 

v(2) f x = 0.208 x - 0.2042_ 0.0002 
y -- 0.437 y = 0.4281±0.0002 
z ~ _ -0.17 z = 0.8307+_0.0003 

l eas t - squares  ca lcu la t ions ,  t h e  f u n c t i o n  m i n i m i z e d  
was  Zw(z1F) ~ a n d  u n i t  w e i g h t s  were  used.  

I n  a d d i t i o n  to  t he  usua l  pos i t i ona l  a n d  t h e r m a l  
p a r a m e t e r s ,  a s e c o n d a r y  e x t i n c t i o n  cor rec t ion  was  
i n c l u d e d  (Cromer,  L a r s o n  & Roof,  1964). The  leas t -  
squares  p r o g r a m  was  f u r t h e r  a l t e r e d  so t h a t  zJf", t he  
i m a g i n a r y  p o r t i o n  of t he  a n o m a l o u s  d i spers ion  correc- 
t ion ,  could be inc luded  in  t he  ca lcu la t ed  s t r u c t u r e  
factors .  

more  accu ra t e  m e a s u r e m e n t s  a n d  found  for  UF4:  
monocl in ic ,  

a = 1 2 - 7 3 ,  b = 1 0 . 7 5 ,  c = 8 . 4 3  _~; f l = 1 2 6  ° 2 0 ' ,  

Z = 1 2 ,  d e n s i t y  6.72 g .cm -8 a n d  space g roup  No. 15, 
C2/c. N e i t h e r  of t he se  re ferences  propose  a n y  posi- 
t i o n a l  p a r a m e t e r s  for t he  f luor ine  a toms.  

E x p e r i m e n t a l  

I n t e n s i t y  m e a s u r e m e n t s  for re f lec t ions  w i t h  0 <_ 20.0 ° 
were  m a d e  w i t h  a s ing le -c rys ta l  o r ien te r  on a n  X R D  5 
a p p a r a t u s ,  M o K ~  r a d i a t i o n  a n d  ba l anced  f i l te rs  
be ing  used.  The  en t i r e  hemisphe re  of the  rec iprocal  
l a t t i ce  was  i n v e s t i g a t e d  so t h a t  mos t  ref lec t ions  were 
m e a s u r e d  twice.  Lo ren t z -po l a r i za t i on  correct ions  were  
m a d e  in  t he  usua l  manner .  The  in t ens i t i e s  were also 
cor rec ted  for t he  effects  of absorp t ion .  A p r o g r a m  to 
ca lcu la te  these  correct ions,  which  h a d  been  w r i t t e n  b y  
:Burnham (1962) for Wei s senbe rg  geomet ry ,  was modi-  
f ied  for s ing le -c rys ta l  o r i en te r  g e o m e t r y  a n d  incor- 
p o r a t e d  in to  our  d a t a  process ing programs.  Af te r  cor- 
r ec t ion  for absorp t ion ,  equ iva l en t  ref lect ions  were 
averaged .  An  R index  formed b y  compar ing  i n d i v i d u a l  
va lues  of e q u i v a l e n t  ref lec t ions  w i t h  t he i r  m e a n  va lues  
was  3 .0% based  on F a n d  5 .9% based  on F 2. There  
were 362 n o n - e q u i v a l e n t  ref lect ions  observed  out  of a 
poss ib le  435. 

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

The  in i t i a l  s t r u c t u r e  was o b t a i n e d  b y  combin ing  the  
u r a n i u m  a t o m  pos i t ions  of Zacha r i a sen  (1949) w i t h  the  
f luor ine  a t o m  pos i t ions  of B u r b a n k  & B e n s e y  (1956). 
This  s t r u c t u r e  re f ined  r e a d i l y  b y  the  l eas t - squares  
t echn ique .  A tomic  fo rm fac tors  were  used  in  t h e  func-  
t i ona l  form g iven  b y  F o r s y t h  & Wel l s  (1959). I n  a l l  

Tab l e  2. Variation in sum of residuals squared 
as a function of ,~f' 

/if '  
--  5.0 4.210x 10 a 
--  10.0 4.187 x 10 a 
--  15.0 4.191 × 10 a 
--20.0 4-236 × l0 s 

A va lue  of A f " =  + 13.0 e lec t rons  (Roof, 1961), was  
used  t h r o u g h o u t  t he  l eas t - squares  ana lys i s .  As a func-  
t i o n  of /_If' t h e  sum of res idua l s  squa red  va r ies  as 
shown in  Tab le  2, i n d i c a t i n g  t h a t  t he  ' bes t '  solu- 
t i on  would  occur  a t  a p p r o x i m a t e l y  A f t = - 1 2 . 5 .  
Pos i t ive  t h e r m a l  p a r a m e t e r s  occur in  t he  r ange  
d f ' = -  10 to  - 2 0 .  N e g a t i v e  t h e r m a l  p a r a m e t e r s  oc- 
cur  outs ide  th i s  range .  The  v e r y  sha l low m i n i m u m  
in  27 as g iven  in  Tab le  2, a n d  the  wide  r ange  in  zJf' 
in  which  pos i t ive  t h e r m a l  p a r a m e t e r s  occur ind ica t e s  
t h a t  th i s  s t ruc tu re  is no t  sens i t ive  to  t he  va lue  of z]f'. 

The f ina l  l eas t - squares  p a r a m e t e r s  for A f ' =  - 1 5 - 0  
are g iven  in  Tab le  3. The  f ina l  changes  as f rac t ions  of 
t he i r  s t a n d a r d  dev ia t ions  were < 1 x 10 -a for pos i t ion  
pa rame te r s ,  < 1.5 x 10 -8 for t e m p e r a t u r e  fac tors  a n d  
< 1.5 x 10 -~ for g. Observed  a n d  ca lcu la ted  s t r u c t u r e  

factors ,  for which  R = 6 - 6 % ,  are g iven  in  Tab le  4. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

A view of t he  s t r u c t u r e  of UF4 down  the  pos i t ive  b 
axis  is g iven  in  Fig.  1. T h e  i n t e r a t o m i c  d i s t ances  are  
l i s ted  in  Tab le  5. The  s t a n d a r d  dev ia t ions  g iven  in  
th i s  t ab l e  have  been  c o m p u t e d  w i t h  al l  co r re la t ion  
t e r m s  o b t a i n e d  f rom the  l eas t - squares  m a t r i x  inc luded.  
Accord ing  to  the  de f in i t ion  of ne ighbor  g iven  b y  
Cromer,  L a r s o n  a n d  Roof  (1964), each a tom w i t h  i t s  
ne ighbors  forms a p o l y h e d r o n  as desc r ibed  in  Tab le  6. 

Table 3. Final least.squares parameters for UF4 
The uranium atoms are corrected for the effects of anomalous dispersion with / i f ' =  --15.0 and / i f " =  + 13-0. 

The secondary extinction coefficient g= (2.63_ 0-07) × 10 -7 
Position 

Atom set x y z B 
U(1) e 0.0000 0.2126 + 0.0002 0.2500 0.33 +- 0.08 .~2 
U(2) f 0.2042 _+ 0.0002 0.4281 ± 0.0002 0.8307 + 0.0003 0.30 + 0.07 
F(1) c 0.2500 0.2500 0.0000 2.41 + 0.78 
F(2) e 0.0000 0.5921 + 0.0032 0.2500 1.52 + 0.68 
F(3) f 0.8843 _+ 0.0026 0.2973 ± 0.0027 0.9309 _ 0-0039 2.92 + 0.59 
F(4) f 0.8786 + 0.0023 0.0525 _+ 0.0024 0.0459 ± 0.0034 1.98 _+ 0.51 
F(5) f 0.7894__+ 0.0023 0.5298 +- 0.0022 0.8940_+ 0.0034 1-91 _ 0.51 
F(6) f 0.6192 _+ 0.0024 0-1178 _ 0.0023 0.7834 ± 0.0037 2.30 + 0.54 
F(7) f 0.6287 ± 0.0022 0.3491 + 0.0023 0.6633 +- 0.0033 1.68 ± 0.49 
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Table  4. Observed and calculated structure factors 
for U F  ~ 

If  [Fo] is negative the minus sign means 'less than' .  
The terms A and B are as defined in Cromer, Larson & Roof 

(1964) 
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Table  5. Interatomic distances in UFa 
(A) 

U(1)-2 F(3) 2.354_+0.027 F(4)-F(7) 
-2  F(4) 2.272_+0.025 -F(7) 
-2  F(6) 2.280_+0.025 -F(7) 
-2 F(7) 2.253_+0.023 -U(1) 

-u(2) 
U(2)-F(1) 2.249 -+ 0.002 

-F(2) 2-274 ± 0.004 
-F(3) 2-273 ± 0.028 
-F(4) 2-288 ± 0.024 
-F(5) 2.230 -+ 0.023 
-F(5) 2.318_+0.023 
-F(6) 2.230 _+ 0-025 
-F(7) 2.263 _+ 0.024 

F(1)-2 F(2) 3-083_+0.019 
-2 F(3) 3.003_+0"027 
-2 F(5) 2.681_+0.024 
-2 F(7) 2.817_+0.023 
-2 U(2) 2.249-+ 0.002 

F(2)-2 F(1) 3-083_+0.019 
-2 F(3) 2.927_+ 0.032 
-2 F(5) 2.667_+0.025 
-2 F(6) 2-640_+0.039 
-2 F(7) 3.961_+0.034 
-2 U(2) 2.274_+0.004 

F(3)-F(1) 3.003_+0.027 
-F(2) 2.927 ± 0.032 
-F(4) 2.820 _+ 0-038 
-F(5) 2-712_+ 0-036 
-F(6) 2.601 _+ 0.036 
-F(6) 2.842 -+ 0.037 
-F(6) 3.419_+ 0.036 
-F(7) 2.700 _+ 0.034 
-F(7) 2.962 ± 0.036 
-U(1) 2-354_+0.027 
-U(2) 2-273 ± 0.028 

F(4)-F(3) 2.820 _+ 0.038 
-F(4) 2.965 _+ 0.046 
-F(4) 3.776 _ 0.044 
-F(5) 2.626 i 0.032 
-F(5) 2.998 __ 0.033 
-F(6) 2.763 -+ 0.031 

(A) 
2.722 ± 0.031 
2.776_+0.035 
2.916-+0.033 
2.272 + 0.025 
2.288 _+ 0.024 

F(5)-F(1) 2.681 _+ 0.024 
-F(2) 2.667 ± 0.025 
-F(3) 2.712_+ 0.036 
-F(3) 3.673 -+_ 0.034 
-F(4) 2.626 -+ 0.032 
-F(4) 2.998 -+ 0.033 
-F(5) 4.582 ± 0.046 
-F(6) 2-558 -+ 0.034 
-F(6) 2.741 ± 0.033 
-F(7) 2.650 -+ 0.033 
-F(7) 3-702 _+ 0.034 
-U(2) 2.230 _+ 0.023 
-U(2) 2.318-+0.023 

F(6)-F(2) 2.640 Jr 0.039 
-F(3) 2.601 -+ 0.036 
-F(3) 2.842 _+ 0.037 
-F(3) 3.419_+0.036 
-F(4) 2.763 _+ 0.034 
-F(5) 2.559 _+ 0.034 
-F(5) 2.742_+ 0.033 
-F(6) 2-739 ± 0.047 
-F(6) 4.254 ± 0.050 
-F(7) 2.714_+0.035 
-U(1) 2.280_+0.025 
-U(2) 2.231 _+ 0.025 

F(7)-F(1) 2.817_+0.023 
-F(2) 3.961 -+ 0.034 
-F(3) 2.670 __ 0.034 
-F(3) 2.962 _+ 0-036 
-F(4) 2.722 ± 0.031 
-F(4) 2-776 ± 0.035 
-F(4) 2-916+_0.033 
-F(5) 2.650 ± 0.033 
-F(5) 3.702 ± 0.034 
-F(6) 2-714_+0.035 
-U(1) 2.253±0.023 
-U(2) 2.263 _+ 0.024 

Tab le  6. Description of polyhedra in UFa 

Neighboring 
Atom atoms Polyhedron description 

U(1) 8 F 8 three-sided and 2 four-sided 
faces 

U(2) 8 F l0 three-sided faces and 1 four- 
sided face 

F(1) 8 F and 2 U 12 three-sided and 2 four-sided 
faces 

F(2) 10 F and 2 U 20 three-sided faces 
F(3) 10 F and 2 U 16 three-sided and 2 four-sided 

faces 
F(4) 9 F and 2 U 18 three-sided faces 
F(5) 11 F and 2 U 18 three-sided and 2 four-sided 

faces 
F(6) 10 F and 2 U 20 three-sided faces 
F(7) 10 F and 2 U 16 three-sided and 2 four-sided 

faces 

There  exis ts  a basic  r epea t ing  u n i t  consis t ing of f ive 
u r a n i u m  a toms  a r r anged  in  a d i s to r t ed  p y r a m i d  w i t h  
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Fig. 1. The structure of UFa viewed down the positive b axis. Large circles are uranium atoms, small circles are fluorine atoms. 
Numbers represent the positional parameter y as a fraction of the unit-cell edge. The slightly distorted antiprisms about 
U(1) (y----0"21) and about U(2) (y=0.43) are also shown. 

four  a toms forming a rhomb-shaped  base and  the  
f i f th  comprising the  apex of the  pyramid .  On approx- 
imate ly  each edge of this py ramid  there is a fluorine 
atom. Also, the  eight fluorine a toms which are neigh- 
bors to U(1) (and the  eight fluorine a toms which are 
neighbors to U(2)) are a r ranged in a s l ightly dis torted 
ant ipr ism configuration. 

There is no significant difference between the  struc- 
ture  of UF4 refined in this paper  and  the  s t ruc ture  of 
ZrF4 given by  Burbank  & Bensey;  this leads to the  
conclusion t h a t  these mater ia ls  are isostructural .  
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