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Magnesium orthouranate, Mg(UO~)a, is found to be orthorhombie body-centered with four stoi- 
chiometric  molecules in a unit  cell of dimensions a 1 = 6.520 A, a~. ----- 6.595 A, a s -- 6.924 tlx. The 
space group is Iman. 

The structure is of a type not previously encountered for orthouranates, containing endless chains 
UO20~ rather than the endless layers hitherto observed. 

The structure contains collinear uranyl  groups with U-O ---- 1-92-4-0.03 A. Uranium forms four 
secondary U-O bonds in the plane normal to the uranyl group, these bond lengths being 2.16=t= 0.03 A 
and 2-20±0.03 A. The six oxygen atoms about each uranium atom form a distorted octahedron, 
and these octahedra share edges with one another to form endless chains UO202 parallel to the a a 
axis. The orthouranate chains are linked together by the magnesium atoms, each magnesium atom 
being bonded to six oxygen atoms belonging to four different chains. The Mg-O bond lengths are 
1.98-t-0.01 /~ (twice) and 2.19-t-0.02 A (four times). 

I n t r o d u c t i o n  

Because of the  unfavorable  s i tuat ion as to atomic 
scattering power and  excessive absorption,  the  struc- 
tura l  results reported in  the l i terature for u rany l  
compounds leave much  to be desired as regards the 
accuracy with which the l ight  atoms have  been located. 
In  a few instances the positions of the l ight  atoms have  
been direct ly determined from the in tens i ty  data,  bu t  
the  l imits  of error have  been quite considerable. In  all 
other cases positions have  been assigned to the l ight  
atoms on the  basis of spat ial  considerations. 

I n  view of this  unsat isfactory state of affairs the  
writer has  under taken  a series of s t ructural  studies of 
u rany l  compounds. Wi th  the aid of accurate in tens i ty  
measurements  and  precise evaluat ion of absorpt ion 
corrections it  is possible to get reliable s t ructural  
informat ion so essential to a thorough unders tanding  
of the crystal  chemist ry  of the class of compounds 
under  consideration. This paper  gives the results of 
the second invest igat ion of the  series, the  crystal  
s tructure of K3UO2F 6 having  been reported on in the 
first paper. 

C e l l  d i m e n s i o n s  

Minute, orange-brown crystal  needles of MgU0202 
were prepared by  adding U30 s to a mel t  of MgC12 
(Ditte, 1884). The format ion of the urana te  is by  slow 
hydrolysis  of the chloride. The needles were found to 
be orthorhombic.  The needle axis was chosen as the  
[001] direction, the prominent  faces being (100) and 
(010). 

The uni t  cell dimensions are 

a 1 = 6.520+0.002, a9 = 6.595=[=0.002, 
a a = 6.924=t=0.002 A ,  

with four molecules per uni t  cell. The calculated 
densi ty  is ~ = 7.28 g.cm. -a. 

The great ma jo r i ty  of the crystal  needles were found 
to be twinned.  The [001] direction is common to the  
two individuals ,  bu t  the  (100) plane of one ind iv idua l  
coincides with the (010) plane of the other. 

The structure de terminat ion  is based upon in tens i ty  
measurements  made  with the X R D  Spectrometer  
modified for single-crystal  work as described in a 
recent article (Zachariasen, 1954a). Unfor tuna te ly  the  
crystals were too small  to be successfully ground into 
cylindrical  or spherical  shape to s impl i fy  the  absorp- 
t ion correction. The crystal  used in  the invest igat ion 
was an  orthogonal parallelopiped of l inear dimensions 
1.15 × 10 -a cm., 2.30 × 10 -a cm. and  34.7 x 10 -a cm. 
along the  three directions al, a2, and  a a. All reflections 
in the four layer  lines H a = 0, 1, 2 and 3 were measured 
using Cu K ~  radiation.  

The l inear absorption coefficient is 1.90 x 10 a era. -1. 
Hence the  absorpt ion correction is very  large in  ~pit~ 

of the small  t ransverse dimensions of the  crystal.  The 
simple geometrical  shape of the  crystal  made  i t  
possible to evaluate  the absorption correction b y  means  
of s t raight  forward but  tedious direct integrat ion.  
However,  these integrat ions were carried out wi thout  
approximat ion  only for the H1H20 reflections. For  
reflections HIH2H a in other layers lines the  absorpt ion 
correction was evaluated as if H a = O, and then  a 
smal l  correction was applied to allow for the smal l  
increase in pa th  length as compared with the  cor- 
responding zero-layer reflections. 
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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  

T h e  t r a n s l a t i o n  l a t t i ce  is body-cen te red ,  a n d  reflec- 
t ions  HIOH 3 are absen t  unless  H 1 a n d  H 3 are b o t h  
even.  Accord ing ly ,  t h e  space g roup  s y m m e t r y  is l ike ly  
to  be Iman or I m a .  The  ho lohedra l  g roup  Iman was 
a s s u m e d  to be t h e  correct  one, a n d  th i s  a s s u m p t i o n  
p r o v e d  to  be val id .  

I t  is r e a d i l y  seen f rom the  e x p e r i m e n t a l l y  d e t e r m i n e d  

Tab le  1. Observed and calculated structure factors for 
H1H20 and H1H22 

H a = 0 H a = 2 
^ ^ 

11 68 60 74 73 
02 82 80 74 78 
20 85 77 41 45 
22 58 57 53 55 
13 44 44 68 70 
31 67 66 72 74 
04 68 65 45 46 
40 78 72 46 46 
33 46 45 66 63 
24 57 53 33 37 
42 58 58 53 54 
15 38 38 37 36 
51 41 41 47 46 
44 50 52 35 40 
35 38 40 38 39 
53 29 32 45 46 
06 40 39 28 24 
60 55 53 36 37 
26 32 33 20 20 
62 44 41 39 39 
17 15 15 27 24 
55 28 33 27 33 
71 40 39 44 40 
46 31 32 21 21 
64 37 36 28 27 
37 16 16 27 26 
73 30 30 41 39 
08 19 16 16 15 
80 40 38 
28 14 13 
82 32 29 

s t r u c t u r e  fac tors  (Tables  1 a n d  2) t h a t  t he  u r a n i u m  
a toms  are in  pos i t ions  

4(e): ±(0 ,  y, ¼). 

The  p a r a m e t e r  y could be d e t e r m i n e d  wi th  h igh  
a c c u r a c y  w i t h o u t  k n o w i n g  the  w h e r e a b o u t s  of t he  
m a g n e s i u m  a n d  o x y g e n  a toms ,  t h e  resu l t  be ing  y - -  
0 .0222±0.0010.  I n  ca lcu la t ing  the  u r a n i u m  contr ibu-  
t i on  to  t he  s t ruc tu re  fac to r  t he  u r a n i u m  sca t t e r i ng  
power  was  t a k e n  to  be ( f - A ) e x p  [ - 0 - 4 5  sin s 0/;t2], 
where  f r ep resen t s  the  va lues  g iven  in  t he  International 
Tables. A is t he  a n o m a l o u s  d ispers ion  correc t ion  re- 
p r e sen t i ng  the  sum of the  K a n d  L osci l la tor  s t r eng ths ,  
which ,  accord ing  to  HSnl ,  are 1.12 a n d  4.50, respec- 
t ive ly ,  so t h a t  A = 5.6. The  s l igh t  dependence  of A 
on sin 0/~ was  neglected.  The  e x p e r i m e n t a l l y  deter-  
m i n e d  t e m p e r a t u r e  fac to r  cor responds  to  a root  m e a n  

Tab le  2. Observed and calculated structure factors for 
H1H21 and H1H23 

H a = 1 H a = 3 

01 11 16 
12 19 20 18 20 
21 8 8 l l  12 
03 31 33 26 26 
23 23 24 20 20 
32 18 18 18 19 
14 30 32 25 25 
41 9 8 9 9 
05 36 37 33 30 
34 30 32 26 27 
43 22 22 19 20 
25 28 3O 26 26 
52 12 13 12 12 
16 32 31 31 27 
61 6 6 7 7 
45 28 30 26 28 
54 20 22 18 20 
36 32 32 32 29 
63 18 18 16 16 
O7 35 33 35 33 
27 28 28 28 31 
72 11 12 11 12 
56 23 23 
65 22 22 
18 3O 3O 
47 29 27 
74 20 20 
81 4 5 

square  a m p l i t u d e  of 0-075 A a t  room t e m p e r a t u r e .  
There  was  no i n d i c a t i o n  of a s ign i f ican t  a m o u n t  of 
a n i s o t r o p y  in  t h e  h e a t  mot ion .  I n  v iew of t h e  large  
u r a n i u m  c o n t r i b u t i o n  t h e  a lgebra ic  s igns of al l  s t ruc-  
t u r e  fac tors  are de t e rmined ,  a n d  i t  hence  becomes  
possible to  f ind  t h e  m a g n e s i u m  a n d  o x y g e n  pos i t ions  
in  d i rec t  m a n n e r  b y  means  of su i t ab le  Four i e r  syn-  
theses.  

I n  order  to  min imize  t he  t e rmina t ion-of - se r ies  error  
i t  is conven i en t  to  e l imina te  t he  u r a n i u m  a t o m s  for 
which  t h e  pos i t ions  are known.  The  d a t a  be ing  
re s t r i c t ed  to  t he  l aye r  l ines H z = 0, 1, 2 a n d  3, a n d  
the re  be ing  ref lec t ion  p lanes  a t  z = +¼, t h e  m o s t  
genera l  fo rm of Four i e r  syn thes i s  wh ich  can  be 
e v a l u a t e d  is 

i1 ½ V 0 (~ - ~ ')  (1 + C 1 sin 2:~z + C2 cos 2~2z + C3 sin 2~3z) dz. 

Two such  genera l ized  p ro jec t ions  were eva lua ted ,  
n a m e l y  C 1 = 1 a n d  C2 -- C 3 = +1 .  The  coefficients  of 
t he  r e su l t ing  double  Four i e r  series are FHl~2o+FnlH22 
for  t h e  cosine t e rms  a n d  --FB1H21=TF~lH23 for t he  
sine te rms ,  where  ~'~lH2H3 represen t s  t h e  s t ruc tu re -  
fac tor  c o n t r i b u t i o n  of m a g n e s i u m  a n d  o x y g e n  a toms .  
The  choice C2 = C3 = - 1  serves to e n h a n c e  the  a toms  
ly ing  in  t he  ref lec t ion p lane  z = ¼. Fo r  C2 = C3 = + 1 
t he  a toms  in t he  ref lec t ion  p lanes  are suppressed  while  
those  w i t h  z ~ 0 are enhanced .  

Fig.  1 shows the  genera l ized  p ro jec t ion  correspond-  
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ing to 01 = 1, O~ = C 8 = - 1 .  Accordingly there is 
one set of eight oxygen atoms in positions 

s(i): ±(x, y, ¼), (7, y, ¼). 

The position of the  peak  in Fig. 1 corresponds to 
x = 0.295±0.003, y = 0.022±0.003. The generalized 
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Fig. 1. The generalized proj.ection corresponding to C x = 1, 
O 2 =  C s =  --1 which enhances atoms at z =  ¼ and sup- 
presses atoms at z ----- 0. This is a difference synthesis, the 
uranium atom having been removed. Broken contours 
indicate negative electron density. 

projection with  C 1 -- O~ = 03 -- + 1 reveals t h a t  the  
eight remaining oxygen a toms are in positions 

S(h): ±(0,  y, z), (0, y, ½-z)  

and t h a t  the  four  magnes ium atoms are in positions 

4(b): (0,½, 0), (0, ½, ½). 

The generalized projection evalua ted  along the  direc- 
t ion x -- 0 is shown in Fig. 2. The highest  peak is due 
to the  magnes ium atoms at  (0, ½, 0), (0, ½, ½), the two 
other  peaks  a t  y = ±0.200±0.004 being due to oxygen 
atoms. The oxygen peak  a t  y = - 0 . 2 0 0  is higher t h a n  
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Fig. 2. The generalized difference synthesis corresponding to 
C 1 =  C~= C 3 = 1 evaluated along the direction x----0. 
The high peak at y = ½ is due to magnesium, while oxygen 
(OII) atoms are at y ---- ±0.20. 

t h a t  a t  y - -  +0.200, the  rat io  of the  peak  heights  
being 1.35. This rat io  should equal  the  ra t io  of the  
weight funct ion 1 +s in  2zz+cos  2~2z+s in  2~3z a t  - z  
and z, and thus  gives z = -0 .012±0 .004 .  

The following s t ructure  has thus  been obta ined:  
Space group:  Iman. 
Atomic positions: (0, 0, 0), (½, ½, ½)+ 

4 U  in 4(e): :k(0, y, ~) wi th  
y = 0.0222±0.0010; 

4 Mg in 4(b): (0, ½, 0), (0, ½, ½); 
8 0 x  in 8(i)" ± ( x , y ,  ¼), (5, y, ¼) with 

x = 0.295±0.003,  
y = 0-022±0.003; 

8 0 ~  in 8(h): ±(0,  y, z), (0, y, ½-z)  wi th  
y = 0.200±0.004,  
z = - 0 - 0 1 2 ± 0 . 0 0 4 .  

Observed and calculated s t ruc ture  factors  are com- 
pared  in Tables 1 and 2. 

Discuss ion  of the s tructure  

A view of the  s t ructure  along a 1 is shown in Fig. 3. 
Shown are only the  u ran ium and  magnes ium a toms  

\ _ . . /  \ _ /  

2-2C 

¢ 
a3 

I O I 0I( 

, I 

a 2 > 

Fig. 3. View of the structure along a x. Magnesium and uranium 
atoms at x = ½ and their neighboring oxygen atoms have 
been removed so that the structure of the orthouranate 
chains along a a can be better demonstrated. 

a t  x = 0 and the  oxygen a toms to which they  are  
bonded. 

The s t ructure  contains u rany l  groups Or-U-Or .  
These groups are coil±near within exper imenta l  error,  
and  it  should be emphasized t h a t  collinearity is no t  
required by  the  space-group symmet ry .  The  u rany l  
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group is parallel with al, and the bond length is 
U-OI = 1.925=0.03/~. This result agrees well with the 
less accurate value of 1.91±0.10 /~ found in the 
Ca(UO~)09 structure (Zachariasen, 1948), but  is con- 
siderably larger than the bond length of 1.76±0.03 A 
observed in the compound KaUO~F 5 (Zachariasen, 
1954b). An explanation for the observed wide varia- 
tion in the uranyl bond length has been offered in a 
recent article (Zachariasen, 1954b). 

Each uranium atom is bonded to two uranyl oxygens 
(Oi) and to four other oxygens (Ou), while each mag- 
nesium atom is bonded to four O~ and to two 0~  
atoms. The individual distances are: 

U - 2 0 I  1.92±0.03 A Mg-40~ 2.19±0.02 .~ 
-2  01r 2.16±0.03 -2 OTr 1.98±0'01 
-2  OK 2.20±0.03 

The four U-0ix bonds are normal to the uranyl 
bonds, the two OI and the four 0~  atoms forming a 
distorted octahedron about the uranium atom. The 
atomic configuration about uranium is quite similar 
to the one suggested by spatial considerations in the 
Ba(U09)O 2 structure (Samson & Sill4n, 1947). 

As seen in Fig. 3, the distorted (U02)O 4 octahedra 
share edges to form endless chains of average com- 
position (UO~O~) parallel with a3, which is the needle 
axis of the crystals. The shared 01i-Oli edge is 2.64 A, 
while the unshared On-01i octahedral edges are 
3.29 Jk and 3.61 J~. The chains are linked together by 
means of the magnesium atoms, the six Mg-O bonds 
going to four different chains. The distorted MgO s 
octahedra also share edges with one another so as to 
form endless chains parallel to the needle axis. Indeed, 
these magnesium-oxygen chains are remarkably 
similar to the uranium-oxygen chains. Even the 
uranyl  group is simulated by the short On-Mg-Oii 
axis of the MgO 6 octahedron, which is parallel with 

a2 whereas the uranyl  group is parallel with a 1. I t  is 
this remarkable similarity between the two sets of 
chains which is responsible for the observed twinning. 

All other orthouranates so far investigated are layer 
structures with the uranyl  groups normal to the layers. 
The uranium atom forms six secondary U-0K bonds 
in the orthouranates of calcium and strontium (Za- 
ehariasen, 1948) and of potassium, sodium and lithium 
(Zachariasen, 1945), and the UO20s polyhedra are 
bonded together to form endless hexagonal or pseudo- 
hexagonal layers. In the Ba(U02)O 2 structure uranium 
forms, according to Samson & Sill4n, only four 
secondary U-0H bonds, and the resulting UO20a 
octahedra share only corners to give endless pseudo- 
tetragonal layers. (The two types of layers are depicted 
in Figs. 2 and 3 of paper No. IV of the present series 
(Zachariasen, 1948).) The previous work suggested 
tha t  the presence of endless layers (U02)02 of one 
or the other type was a characteristic feature of all 
orthouranate structures. I t  is therefore of interest to 
learn from the present investigation tha t  chain struc- 
tures may also occur. 

The anhydrous magnesium chloride used in the 
chemical preparations was kindly furnished by Dr 
13. T. Matthias. Miss Anne Plettinger gave valuable 
aid by making some of the intensity measurements. 
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