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The Crystal Structure of Uranyl Dihydroxide, UO2(OH)2* 

BY R. B. ROOF, Jl~., DON T. CI~OMER AND ALLEN C. L ~ S O N  

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A. 

(Received 25 March 1963 and in revised form 9 August 1963) 

As a result of single-crystal structure analysis, the material usually designated as uranium trioxide 
with one molecule of water of hydration, UO3.H20 , should be described chemically as uranyl 
dihydroxide, UO2(OH)~. The orthorhombic unit cell has the dimensions 

a = 5.635 + 0.007, b = 6.285 + 0.008 and c = 9.919 _+ 0.008/~ . 

There are 'four formula units per unit cell and the space group was uniquely determined from the 
systematic extinctions to be Pbca. In the least-squares refinement of the structure, a secondary 
extinction parameter,  real and imaginary portions of the anomalous dispersion, and anisotropic 
thermal parameters were used. The structure can be described as composed of layers that  are 
hydrogen-bonded together, the hydrogen-bond distance being 2-69 A. The layers are constructed 
by octahedra which share corners in order to build and expand the layer. Each octahedron contains 
a central uranium atom, two uranyl oxygen atoms and four hydroxyl oxygen atoms. 

Introduction 
Dawson,  Wai t ,  Alcock & Chilton (1956) have described 
u ran ium trioxide with one molecule of wate r  of hydra-  
tion, UO3.H20,  as or thorhombic,  space group Pbca. 
Their  conclusion was based on the  observat ion of 
several r a the r  weak reflections. The present  work con- 
f irms this space group and  determines and refines the 
s t ructure  of the  same mater ia l ,  which can best  be 
described chemically as uranyl  dihydroxide,  UO2(OH)2. 
The crystals  used for the  s t ruc ture  de terminat ion  were 
obtained as a by-product  of exper iments  involving the  
oxidat ion of U02 in oxygenated  wate r  a t  t empera tu res  
above 200 °C. (Results of similar exper iments  con- 
ducted  a t  lower t empera tures  and  descriptions of the  
exper imenta l  equipment  used, are given by  Aronson 
(1958) and  by  Belle (1961).) 

Crystallographic data 
The single crystals  were quite large, having an average 
d iamete r  of about  200 microns, and a t t emp t s  to reduce 
their  size were unsuccessful. Cleavage perpendicular  
to the  c axis occurs quite readi ly  and grinding of the  
crystals  causes them to shat ter .  

For  UO2(OH)2 we find (Mo Ka1=0.70926 A) 

a = 5.635 _+ 0.007 A 

b = 6-285 + 0.008 

c-- 9.919 Jr 0.008 

V=351 .3  A 8 Z = 4  
D m = 5 . 6 8  g.cm -3 Dx=5"71 g.cm -3 

and  space group Pbca, which is uniquely determined 
from the sys temat ic  extinctions hkO absent  h odd, 

* Work performed under the auspices of the U.S. Atomic 
Energy Commission. 

Okl absent  k odd, and  hO1 absent  1 odd. The l inear 
absorpt ion coefficient for Mo K s  radia t ion  is 565 cm -1 
and  the  crystal  used had  an average radius of ap- 
p rox imate ly  0.01 cm. 

Wi th  Z = 4  there mus t  be 4 u ran ium atoms and 16 
oxygen a toms placed in the  uni t  cell. Space group Pbca 
has two positional sets in which 4 u ran ium atoms m a y  
be placed, and  we choose set 4(a). If  the chemical formula  
were UOs. HeO, then  4 oxygen atoms could be placed in 
set 4(b), eight oxygen a toms in set 4(c) and  the  re- 
maining 4 oxygen a toms in another  fourfold set. I n  
space group Pbca, however,  there are no more fourfold 
sets in which these a toms can be accommodated .  We 
conclude, then,  t h a t  the  sixteen oxygen a toms are 
split into two groups of eight, each group being placed 
in general  set 8(c). Each  group of eight is crystallo- 
graphical ly and chemically dist inct  and,  therefore, the  
chemical formula  mus t  be wr i t ten  as UO2(OH)2. 

Experimental 
In tens i ty  measurements  for reflections with 20 _< 55 ° 
were made  with a single-crystal orienter on an X R D  5 
appara tus .  Mo K a  radia t ion  and balanced filters were 
used. Since the  entire hemisphere of the  reciprocal 
lat t ice was invest igated,  most  reflections were meas- 
ured four times. Lorentz and polarizat ion corrections 
were made  in the usual  manner .  The intensities were 
also corrected for the  effects of absorption.  A program 
to calculate these corrections, which had  been wr i t t en  
by  B u r n h a m  (1962) for Weissenberg geometry,  was 
modified for single-crystal  orienter geometry  and in- 
corporated into our d a t a  processing programs.  Af ter  
correction for absorption,  equivalent  reflections were 
averaged.  An R index formed by  comparing individ- 
ual values of equivalent  reflections with their  mean  
values was 7.4% based on F and 14.8% based on F 2. 
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There  were 178 n o n - e q u i v a l e n t  ref lec t ions  observed  
out  of a possible  395. 

D e t e r m i n a t i o n  of the  s t ruc ture  

Afte r  p lac ing  4 u r a n i u m  a toms  in  set  4(a) of space 
g roup  Pbca, difference Four i e r  syn theses  were used  to  
locate  the  o x y g e n  a t o m  pos i t ions  a t  a p p r o x i m a t e l y  
x--0-15,  y - -0 .45 ,  z - -0 .35  for the  u r a n y l  oxygen  a n d  
x = 0 . 2 0 ,  y = 0 . 2 5 ,  z = 0 - 1 0  for the  h y d r o x y l  oxygem 
This  s t r u c t u r e  re f ined  r e a d i l y  b y  the  leas t - squares  
t echn ique .  Atomic  form fac tors  were used  in  the  func- 
t i ona l  form g iven  b y  F o r s y t h  & Wel ls  (1959). I n  al l  
l eas t - squares  calcula t ions ,  t he  func t ion  min imized  
was Zw(AF) ~ a n d  u n i t  weights  were used. 

I n  a d d i t i o n  to  the  usua l  pos i t iona l  a n d  t h e r m a l  
pa ramete r s ,  a s econda ry  e x t i n c t i o n  correc t ion  was 
included.  The  leas t - squares  p r o g r a m  was f u r t h e r  al- 
t e red  so t h a t  Af",  t he  i m a g i n a r y  po r t ion  of the  anom-  
alous d ispers ion  correct ion,  could be inc luded  in  the  
ca lcu la ted  s t ruc tu re  factors.  This  procedure  was found  
necessa ry  in  t he  d e t e r m i n a t i o n  of t he  s t r u c t u r e  of 
UMoC~ (Cromer,  La r son  & Roof,  1964) a n d  UF4 
(Larson,  Roof  & Cromer,  1964) in  order  to  o b t a i n  
pos i t ive  i so t ropic  t h e r m a l  pa ramete r s .  

Nega t ive  i so t ropic  t h e r m a l  p a r a m e t e r s  were no t  
encoun te red  in  t he  p resen t  s t r u c t u r e  de t e rmina t ion .  
However ,  on ly  w h e n  g, the  s econda ry  e x t i n c t i o n  cor- 
rec t ion,  a n d  Af"  are inc luded  in  the  obse rva t iona l  
equa t ions  can  p h y s i c a l l y  p laus ib le  an iso t ropic  t h e r m a l  
p a r a m e t e r s  be ob ta ined .  

Fo r  u r a n i u m  a va lue  of A f ' = - 2 0 " 0  a n d  A f " =  
+ 1 3 . 0  e lec t rons  (Roof, 1961) was used  in  t he  leas t -  
squares  re f inement .  Anis t rop ic  t h e r m a l  p a r a m e t e r s  of 
t h e  form 

exp  (Bllh 2 + B~Jc2 + B3312 + Bl~hk + B13hl + B23kl) 

Tab le  1. Final least-squares parameters 
for UO2(0H)~ 

The uranium atoms were corrected for the effects of anomalous 
dispersion wi th / I f"  = -- 20.0 and z~f"= -t- 13.0. The secondary 

extinction coefficient g = (5.87 _+ 0-78) x 10 -7 

Atom Positional parameters Thermal parameters 

U Bll -- 0.0041_+0.0009 x = 0  
y = 0  
z - ~ 0  

O(1) x = 0-1370_+0.0090 
(Uranyl) y -- 0.4672_+0.0189 

z -- 0.3348 + 0-0049 

0(2) x ---- 0-1848_+0.0094 
(Hydroxide) y ---- 0-2791_+ 0.0087 

z --- 0.0925 +_ 0.0047 

Be2 ---- 0.0116___0.0009 
B3a ---- 0.0047__0.0004 
B12 ---- 0.0039__0.0056 
B13 ---- 0.0037 __ 0.0029 
B2a = 0.0066_+0"0014 

B n - -  0.0218___0.0198 
Be2-- 0-1259_+0.0514 
B3a -- 0-0025_+0.0041 
B12 ---- 0-0964_+0.0732 
B13 ---- -- 0.0032 _+ 0.0173 
B23 ---- -- 0-0194 _+ 0.0313 

Bll ---- 0.0288_+0.0206 
B~2 = 0.0197_+0-0157 
B3a ---- 0.0043_0.0040 
B12 ---- 0.0320_+0.0361 
B13 ---0.0059_+0.0183 
B2a -- 0.0063_+0.0151 

were also employed .  The  f ina l  l eas t - squares  p a r a m e t e r s  
are g iven  in  Tab le  1. 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 < 5 × 10 -8 for pos i t ion  
pa rame te r s ,  < 8 × 10 -3 for t e m p e r a t u r e  factors ,  a n d  
< 4  × 10 -3 for g. Observed  a n d  ca lcu la ted  s t r u c t u r e  

factors ,  for which  R = 9 . 7 % ,  are g iven  in  Tab le  2. 

D i s c u s s i o n  of the  s t ruc ture  

I n t e r a t o m i c  d i s t ances  are l i s ted  in  Tab le  3. 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 th  all  cor re la t ion  t e r m s  o b t a i n e d  f rom 
the  leas t - squares  m a t r i x  inc luded.  According  to  t he  
de f in i t ion  of ne ighbor  g iven  b y  Cromer  et al. (1964), 
U has  2 O(1) a n d  4 0(2)  a toms  as neighbors .  These  6 
a toms  are o c t a h e d r a l l y  coord ina ted  a n d  form a poly-  
hed ron  w i t h  8 th ree-s ided  faces. O(1) has  4 0 ( 1 ) ,  6 0(2) 
a n d  1 U a t o m  as ne ighbors .  These  11 a toms  form a 
p o l y h e d r o n  wi th  16 th ree-s ided  faces and  1 four-s ided 
face. 0(2) has  6 O(1), 3 0(2) a n d  2 U a toms  as neigh-  
bors. These  11 a toms  form a p o l y h e d r o n  wi th  12 three-  
s ided faces a n d  3 four-s ided faces. 

As opposed to pack ing  b y  p o l y h e d r a  t he  s t r u c t u r e  
can  a l t e r n a t i v e l y  be descr ibed as composed of layers .  
The  vo lume  be tween  z = + ¼ a n d  z = -  ¼ in  t he  u n i t  
cell cons t i t u t e s  the  th ickness  of one l aye r  a n d  the re  
are two layers  per  un i t  cell. A v iew of one l aye r  down  
the  pos i t ive  c axis  is g iven  in  Fig.  1. 

~ - - b  0 1 

Fig. 1. The structure of one layer in U02(0H)e viewed down 
the positive c axis. Large circles are uranium atoms, small 
circles are oxygen atoms. Uranyl oxygen atoms are above 
and below the uranium atom and are nearly perpendicular 
to the layer. Hydroxyl oxygen atoms are at the remaining 
four vertices of the octahedron. Numbers represent the 
positional parameter z as a fraction of the unit cell edge. 

The  l ayers  are composed of oc tahedra ,  each octa-  
hcd ron  sha r ing  four  corners w i t h  o the r  oc tahedra .  E a c h  
oc t ahed ron  has  one u r a n i u m  a t o m  cen t r a l l y  loca ted  
a n d  six oxygen  a toms  a t  t he  ver t ices  of the  oc tahedron .  
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Table  2. Observed and calculated structure factors for U02(0H)2 
If 12'oi is negative, the minus sign means less than. The terms _4 and B are as defined in Cromer, Larson & l~oof (1964) 

o 2 0 176 225 22o 50 
o ~ 0 159 181 175 1~5 
0 6 0 ].02 ~6 91 
o 8 o 65 58 55 25 
20 0 221 206 199 51 
2 Z 0 37 4o -4o -o 
2 2 o p_18 921 215 49 
2 5 o =17 6 6 - i  
2 ~, o ].45 14o ]-55 42 
2 5 0 18 15 -].5 -]. 
2 6 0 I07 96 ~0 
2 7 o -28 2 -i -2 
4 0 0 169 ].54 146 49 
4 i o 26 9 9 -z  

2 o 157 149 141 46 
4 ~ o -16 2]. -21 -2 
4 4 0 96 1-15 108 40 
4 5 o -15 4 -5 -5  
4 6 o 72 84 77 52 
6 o o 12B 15]. 12,5 45 
6 z o -2o 5 -5 -z 
6 2 o ]-].7 n4 zo6 43 
6 5 o -18 3 ]. -3 
640 77 98 9o 37 
o 2 1 20 16 16 -i 
o 4 1 -13 lO -lO - i  
o 6 ]. 16 2 1 -i 
o 8 i -18 5 -5 -]. 
i i i ~_1~ 8 271 e ~  7 51 
1 2 1 7 -o 
i 5 ]. 18~ 196 19o 46 
]. 4 1 ].9 14 -14 - i  
i 5 i ].2i ].24 n8 59 
i 6 i - i 5  4 4 - i  
1 7 i 9]. 77 72 29 
z 8 i -18 5 -5 -z 
2 i ]. ~8 51 ,51 -o 
2 2 ]. -22 ,5 -,5 -1 
2 5 1 -18 2 2 -o 
2 4 1 -17 5 ,5 -]. 
2 5 1 -17 ,5 ,5 -0 
2 6 i -17 7 -7 -z 
2 7 1 -18 ,5 - 5  -o 
5 i i 22]. ].87 181 49 
5 2 I -21 15 -15 - i  
,5 5 i 139 148 14]. 45 
5 4 1 -15 ,5 -2 -2 
5 5 i Lto 1].5 1o9 57 
5 6 ]. -16 lO -9 -2 
,5 7 1 72 64 58 28 
4 1 1 22 io -io -1 
4 2 1 -22 7 -7 -I 
4 5 1 -17 5 --5 -1 
4 ~ z -15 8 -8 -1 
4 5 1 -15 7 -6 -o 
4 6 ]. -].4 5 -,5 - i  
5 ]. ]. 155 ]-59 ].,51 46 
5 2 1 -21 4 -5 -2 
5 5 1 128 125 ]18 42 
5 4 1 -15 7 -7 --5 
5 5 1 75 85 76 55 
6 1 1 -22 8 -7 - i  
6 2 ]. -22 5 -5 -1 
6 5 i -19 7 -7 -1 
6 4 1 -16 4 -4 -1 
7 1 ]. 1o5 lO2 95 
7 2 1 -25 2 -i -2  
0 0 : 2  195 26-5 258 5]. 
0 2 2 ].61 ].97 190 49 
o 4 2 ].45 16o 155 42 
0 6 2 1 0 4  96 90 34 
o 8 2 7o ~ 5]. 24 
i 0 2 -2"2 11 -ii -0 
1 1 2 -29 12 -12 -i 
Z 2 2 47 46 46 -0 
]- 5 2 -15 9 9 -2 
i ~ 2 -14 ~o -zo -o 
i 5 2 16 L~ - n  -,5 
1 6 2 -16 2 2 -o 
i 7 2 -17 5 -5 -5 
2 o 2 2~9 218 21,5 50 
2 1 2 =2,5 9 -9 -o 
2 2 2 242 20@ 202 48 
2 ,5 2 - 18  5 5 -1  
2 4 2 z ~  i41 ]--55 42 
2 5 2 -16 7 -7 -1 
e 6 e zo2 95 87 -55 
e 7 z -18 5 -2 -2 
,5 o 2 24 z7 ]-7 -1  

]. 2 22 18 18 -]. 
5 2 2 -21 4 -4 - i  
5 5 2 2-5 21 -21 -2  

4 2 -14 5 -5 _1 
5 5 2 ].6 5 -]. -2 

6 2 -16 1 1 - i  
5 7 2 -z7 8 -8 -5  
4 o 2 194 174 z68 48 

i 2 -2o 6 6 -]. 
4 2 2 168 157 1.5o 
4 5 2 -].7 8 -8 -2 

h ~ ~IFol ILl A 
8 h 2 11o' i17 no ~o 
k. 5 2 -lb. 5 -4 -3 
h 6 2 T7 79 7-5 ~2 
5 o 2 -20 i0 -i0 -2 
5 Z 2 -30 ].4 -Z~ -Z 
5 2 2 -21 ~8 -18 -2 
5 .~ 2 -17 6 "5 -2 
5 4 2 -:].5 2 -2 -]. 
5 5 2 -14 8 -8 -2 

6 2 2 lO5 ].o6 97 ~2 
6 ,5 2 -19 8 -8 -,5 
6 4 2 78 87 79 57 
7 o 2 -25 9 -9 -2 
7 1 2 -2,5 1 -o -o 
o 2 5 18 8 8 -2 
0 4 5 17 2-5 -2,5 -5 
o 6 ,5 18 5 --5 -4 
I i 5 247 202 196 ~9 
1 2 ,5 -17 o -o -o 
1 5 ,5 i~9 168 162 ~5 
i 4 5 -14 2 2 -1 
1 5 ,5 115 1].9 Zl,5 57 
i 6 5 -16 ,5 -5  -1 
1 7 ,5 81 71 65 28 
2 1 5 -21 2 -i -i 
2 2 '5 -20 17 -16 -2 
2 5 '5 -17 10 -10 -Z 
2 4 '5 -].6 4 -2 -5 
2 5 5 -16 ,5 ,5 -i 
2 6 ,5 -17 16 -].6 -4 
2 7 ,5 -17 4 -4 -o 
,5 1 5 219 196 191 48 
,5 2 ,5 -2o 7 7 - i  
,5 5 ,5 156 157 151 4-5 

4 5 -14 ,5 -2 -2 
,5 5 ,5 lo5 zo5 96 36 
,5 6 5 -16 5 -5 -2 
,5 7 5 75 66 59 28 
4 i 5 -2o 9 -9  -2 
4 2 ,5 -2o 4 -4  -2 
4 5 ,5 -16 2 0 -2 
4 4 ,5 16 12 -12 -,5 
4 5 ,5 -14 1o -9 - I  
4 6 ,5 -14 7 -6 -4 
5 1 ,5 1,59 136 129 45 
5 2 ,5 -2o 5 -5 -2 
5 5 5 1.1.2 Lto lo5  41 
5 4 ,5 -].5 lo  -9 --5 
5 5 ,5 75 82 75 
6 1 .5 -21 6 -6 -,5 
6 2 ,5 -21 3 -5  -2 
6 ,5 ,5 -19 9 -8 -2 
6 4 ,5 -16 6 -6 -5  
7 i 5 85 88 79 4o 
0 0 4 146 168 161 48 
o 2 4 16o 2o i  195 46 
o 4 4 121 15o ].24 4o 
o 6 4 95 9'2 86 -52 
i o 4 48 55 -55 -1 
z i ~ -22 20 -20 -1 
1 2 4 -16 ,5 5 - i  
1 ,5 4 -14 I i  -10 --5 
1 4 4 18 15 -15 - i  
1 5 4 17 18 -18 -5 
1 6 4 -15 2 2 -0 
1 7 4 -17 lZ - Io  -5 
2 o 4 212 2o7 2o]. 47 
2 i 4 -19 19 19 -o 
2 2 4 179 166 159 45 
2 5 4 -16 8 -8 -1 
2 ~ 4 128 15,5 127 4o 
2 5 4 -16 2 i -1  
2 • 6 4 9o 85 79 52 
2 7 4 -17 5 -4 -1 
,5 o 4 -18 n -1]. -2 
3 1 4 2-5 9 9 -1 
,5 2 4 -19 15 -15 -2 
5 5 4 18 19 -19 --5 
,5 4 4 -14 4 --5 -2 
5 5 4 -15 8 -6  -5 
,5 6 4 -16 2 - i  -1 
4 0 4 159 158 151 45 
4 ]. 4 -19 9 -9 - i  
4 2 4 145 i~8 151 4-5 

-2 

4 5 4 -14 8 -8 -2 
4 6 4 70 69 62 30 
5 o 4 -19 4 2 -5  
5 ]. 4 -].9 5 -5 - i  
5 2 4. -19 4 -,5 -5  
5 5 4 -18 4 2 -,5 
5 ~- 4 -].5 5 ]. -2 
5 5 4 -14 ].o -9 -4 
6 0 4 100 104 95 42 
6 i 4 -2o 2 -e - i  
6 2 4 .  8 9 1 0 0  92 40 
6 5 4 -18 9 -9 -2 

h k , IFol IF=I A 

o 2 5 i~ 19 -18 -3 
o 4 5 2z 2o -].9 -5 
o 6 5 16 16 -].5 -6 
]. 1 5 ].95 ]-9]- 185 ~6 
1 2 5 -15 io -10 -o 
z 5 5 ].4o ].47 i~1 ~,2 
]. ~ 5 15 8 8 -1 
1 5 5 108 106 i0o 55 

6 5 -15 8 -8 -Z 
1 7 5 74 65 57 27 
2 1 5 22 26 -26 -2 

2 5 -17 15 -14 -5  
2 5 5 21 9 -9 -]. 
2 4 5 -16 15 -14 -5 
2 5 5 -16 5 -5 -]. 
2 6 5 -16 17 -16 -6 
2 7 5 -17 2 - i  - i  
5 1 5 1~7 lt~2 155 44 
5 2 5 19 2 -i -i 
5 5 5 125 129 125 4O 
5 ~ 5 -14 n -11 -]. 
5 5 5 82 85 79 
5 6 5 -16 2 -1 -2 
4 1 5 -18 6 -5 -5 
4 2 5 -18 5 -o -5 
4 5 5 -].6 4 -2 -~ 
4 4 5 -].4 1.1 -1o -5 
4 5 5 -14 4 -4 -2 
4 6 5 -15 11 -9 -6 

-15 -5 -2 
6 ]. 5 -2o 6 -~, -~ 
6 2 ~ -]-9 4 -3 -2 
6 5 5 -].8 I' -6 
o o 6 ].5o z~ 166 4.% 
0 2 6 169 ].86 ].81 42 
o 4 6 n 5  1o8 ].o2 57 
0 6 6 91 81 75 ~0 
i 0 6 -16 5 ~ -1 
i 1 6 -18 4 -4 -2 
1 2 6 -15 8 -8 - i  
1 5 6 16 19 -19 -5 
i ~ 6 -14 ]. -o -1 
1 5 6 -15 18 -16 -7 
1 6 6 -15 1 - i  -0 
i 7 6 -17 16 -15 -7 
2 0 6 160 164 ].58 45 
2 i 6 ].9 8 8 -0 
2 2 6 1 2 7 1 2 7  120 41 
2 ,5 6 17 16 -16 -Z 
2 4 6 108 13.1 105 
2 5 6 -15 2 2 - I  
2 6 6  8o 72 66 29 
5 0 6 -17 ].]. -ZZ --5 
,5 1 6 -17 9 -9 -2 
,5 5 6 -15 9 -8 -4 
,5 4 6 -14 4 -5 -2 
,5 5 6 -15 16 -15 -6 
,5 6 6 -16 5 -5 -i 
4 o 6 n 3  115 1o5 ~i  
4 1 6 20 ].5 -15 -0 
4 2 6 105 106 99 39 
4 ,5 6 -16 2 1 -1 
4 4 6 80 91 84 -55 

5 6 -14 9 -9 -2 
5 o 6 -18 14 -1,5 -4 
5 1 6 -18 2 -2 - i  
5 2 6 -18 9 -8 -4 
5 3 6 -17 1o -lO -4 
5 4 6 -15 1o -9 -3  
6 o 6  92 92 84 58 
6 1 6 -19 ~ k - i  
6 2 6 81 9-5 86 -57 
o 2 7 14 16 -15 -4 
o ~ 7 15 11 - i o  -6 
o 6 7 ].6 24 -25 -8 
I ]. 7 149 147 ].4]. ~1 
1 2 7 17 7 -7 -o 
z ,5 7 ]18 1].8 1].2 57 
i 4 .7 -14 I z -o 
z 5 7 94 86 8o 52 
1 6 7 -16 4 -4 -o 
2 1 7 -17 6 6 -2 
2 2 7 -16 5 -,5 -4 
2 5 7 -16 4 ~ -2 
2 ~ 7 -].5 22 -21 -6 
2 5 7 -15 7 -6 - i  
2 6 7 -16 15 -].-5 -7 
5 1 7 ].09 116 lO9 -59 
5 2 7 -16 4 -4 -]. 
557 9 7 ] . o 2  96 56 
5 4 7 ].5 7 -7 -i 
,5 5 7 70 75 68 51 
4 ]. 7 -17 15 -].2 -4 

2 7 -17 14 -1,5 -5 
4 3 7 -].5 16 -].6 -,5 
4 4 7 -].4 ].6 -]-5 -6 

h k ~ l F o l  ILl  A 

4 5 7 -ik 5 -2 -5 
5 i 7 91 95 87 57 
5 2 7 -17 2 -2 -1 
5 5 7 75 82 75 34 
(5 1 7 -19 18 -:]-7 -5 
0 o 8 117 118 111 
o 2 8 122 ]-13 io6 57 
o 4 8 95 89 82 35 
o 6 8 72 65 59 27 
1 o 8 25 25 25 -1 
i 1 8 -16 5 4 -2 
i 2 8 -14 8 -8 -1 
]. 3 8 15 ].8 -].7 -6 
1 4 8  17 6 6 - i  

_ . i  
2 o 8 n 9  122 116 38 
z z 8 -16 1 -z -o 
2 z 8 ].o~ ].o9 ].o2 36 
2. 5 8 - ]5  2 -2 -o 
2 ~ 8 89 89 83 
2 5 8 -15 1 -i -1 
5 0 8 -16 7 -6 -5 
5 1 8 18 17 -Z? -2 
5 2 8 -15 5 4 -5 
5 3 8 -15 9 -7 -5  
5 ~ 8 -14 7 -7 -'-' 
5 ~ 8 -15 ~ -21 -7 
4 0 8 96 zoz ~, % 
4 z 8 -17 o -o -o 
b, 2 8 89 96 9o -55 
~, -5 8 -15 2 2 -1 
4 4 8 70 74 67 51 
5 o 8 -18 22 -21 -5 
5 1 8 -18 3 -2 -2 
5 2 8 -17 Z~ -].~ -5 
5 5 8 -16 18 -18 -5 
o 2 9 14 Le - I ] .  -~ 
o 4 9 16 z4 -].2 -7 
z z 9 zoo 96 9o 35 
z 2 9 -z4 5 5 -o 
1 5 9  9o 89 85 
1 4 9 -14 4 -4 -o 
z 5 9 72 66 6o 28 
2 ]- 9 ].8 7 -6 -2 
2 2 9 -15 9 -8 -4 
2 5 9 -16 5 -5 -2  
2 4 9 -15 22 -21 -7 
2 5 9 -16 6 -6 -2 
~ x 9 981o5 98 
5 2 9 -].5 5 3 -o 
5 5 9  85 82 76 31 
5 4 9 -15 2 2 -1 
4 1 9 -17 lO -9 -4 
4 2 9 -16 15 -].2 -4 
4 3 9 -z5 ]2 -12 -4 
5 1 9  71 76 69 ~e 
o o].o 9~ 95 89 32 
o 2 io 82 74 68 51 
o 4 lO 76 75 68 28 
z o lO -15 7 -7 -1 
]. z io -17 6 -5 -z 
i 2 io ].6 15 -15 -]. 
z 5].o -14 ].8 -17 -6 
1 4 lO -].5 1 -o -1 
2 o i o  91 82 76 52 
z z Io  -16 4 -4 -o 
2 2].0 84 87 81 5]. 
2 5 lO 16 8 8 -o 
2 4 zo 74 65 59 27 
5 o 1o ]-7 15 -15 -5 
5 i lO -].6 9 -8 -2 
5 2 1o -].5 9 -8 -5  
5 5 zo -15 11 -9 -6 
4 o ] . o  82 77 7]. 5]. 
4 i lO -17 6 6 -o 

2 lO 72 75 66 30 
0 2 11 -14 15 -12 -4 
o 4 11 -15 20 -19 -7 
1 i LI 78 78 72 29 
i 2 n -15 k 4 -o 
1 5 11 77 68 65 27 
i 4 n -15 4 -4 "o 
2 1 Ii -16 14 -15 -2 
2 2 11 -15 12 -11 -4 
2 5 11 -15 9 -9 -2 
5 i 11 72 65 59 28 
) 2 ii -15 5 -5 -o 
o o 12 89 81 76 26 
o 2 12 65 61 56 25 
1 0 12 -16 8 -8 - i  
1 l 12 -17 9 -9 -2 
1 2 12 -15 2 1 -I 
2 o 12 64 56 50 26 
2 i 12 -16 6 -6 -o 

A 0 17 - -  46 
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Fig. 2. The s t ruc ture  of UO2(OH)~ viewed down the posit ive a axis. The central  a toms of the heavy lined oc tahedra  are 
located at  x----½. The central  a toms of the light lined partial  oc tahedra  are located at  x = 0  at  the  top of the  drawing 
and at  x =  1 at  the  bo t tom of the  drawing. Proposed hydrogen bond contacts  of 2.69 A are indicated by ,-~. 

Table 3. Interatomic distances in UO2(OH)2 

U-2  O(1) 1.823_+0.048/k 
-2  0(2) 2.237 -+ 0-059 
-2  0(2) 2.434_+ 0.057 

O( 1)-2 O(1) 3.282 _+ 0-050 
-2  O(1) 3.391 +0.038 
-0(2)  2.692 _+ 0.083 
-0 (2)  2-767 -+ 0.099 
-0 (2 )  2-899 ___ 0.099 
-0 (2)  3.260_+0.102 
-0(2)  3-383 -+ 0-071 
-0(2) 4.355-+ o.o89 
- U  1.823 -+ 0"048 

O(2)-O(1) 2.692 -+ 0.083 
-O(1) 2"766_+0.099 
-O(1) 2.899 _+ 0"099 
-O(1) 3.260___0-102 
-O(1) 3"383 _+ 0"076 
-O(1) 4-355 _ 0.089 
-2  0(2) 3.227 _+ 0.024 
-0 (2)  3.927-+0.084 
- U  2.236 _+ 0.059 
- U  2"434 + 0"057 

The uranyl oxygen atoms are roughly perpendicular 
to the layer, the hydroxyl  oxygen atoms are at the 
remaining four vertices of the octahedron and are 
shared with other octahedra. The layers are hydrogen- 
bonded together, the hydrogen bond extending from a 
hydroxyl  oxygen atom in one layer to the uranyl oxygen 
atom in the adjacent layer. The layer structure offers 
an explanation for the easy cleavage, perpendicular 
t o  t h e  c ax i s ,  o b s e r v e d  o n  t h e  s i n g l e  c r y s t a l s .  

Fig. 2 is a view down the positive a axis o~ the 
UO2(OH)2  structure. The proposed hydrogen bond 
c o n t a c t s  of  2-69 A a r e  i n d i c a t e d  b y  *-~. T h e  o b s e r v e d  
h y d r o g e n  b o n d  d i s t a n c e  of  2 .69 _+ 0 .08  /~ is i n  g o o d  
a g r e e m e n t  w i t h  t h e  v a l u e  2 .72  + 0 .04  J~ g i v e n  b y  W a l l -  
w o r k  (1962) fo r  t h e  h y d r o g e n  b o n d  t y p e  Y - H - - .  Z 
where Y-H is the donor group OH and Z is the accep- 
tot  group O. Fig. 3 illustrates in greater detail an 
isolated octahedron viewed down the positive a axis. 
Interatomic distances are in A. 

T h e  i n t e r r e l a t e d  a g r e e m e n t  of  t h e  U - O  b o n d  l e n g t h s  

Fig. 3. In te ra tomie  distances in A in an isolated oc tahedron 
of UO2(OH)2 viewed down the positive a axis. Distances 
were calculated from atomic positions given in Table 2. 
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in the  oc tahedra  can be determined by  reference to a 
d iagram of u rany l  bond length vs. fract ional  valence 
given by  Zachar iasen (1954). The line relat ing these 
two quant i t ies  appears  to have  a slight curvature ,  and 
thus  the equat ion of this  line might  reasonably  be a 
quadrat ic .  I n  a least-squares  f i t  of a quadra t ic  to the 
da ta ,  the  coefficient of the  X 2 te rm of the  quadra t ic  
is small  and  does not  deviate  s ignif icantly from zero. 
This indicates t h a t  a s t ra igh t  line m a y  f i t  the da t a  as 
well as or be t te r  t h a n  a quadrat ic .  In  fact ,  a lower 
var iance  is obta ined with a least-squares fit  of a 
s t ra ight  line to the  d a t a  t h a n  with a quadra t ic  and,  
therefore,  the l inear funct ion is to be preferred for 
the  representa t ion  of the data .  

F rom the coefficients of the linear fi t  it  is possible, 
by  s t ra igh t forward  s ta t is t ical  techniques,  to relate a 
bond length with a s t anda rd  devia t ion to a fract ional  
valence with  a s t anda rd  deviation.  In  Table 4 are given 
the in tera tomic  distances and the associated f ract ional  
valences.  

Table 4. Interatomic distances and associated 
fractional valences in UO2(0H)2 

Interatomic Fractional 

Atoms distances valences 
U-2 O([) 1.82_+0.05 .~ 1.50_+ 0.18 

-2 0(2) 2-24+0.06 0.71 _+0.16 
-2 0(2) 2-43 _+ 0-06 0.35 _+ 0.14 

The sum of the f rac t ional  valences for the six bonds 
is 5.12 +_ 0.39. The question now arises as whether  the 
number  5.12 is s ignif icantly different  from the normal  
valence of 6-00. By  utilizing the s tat is t ical  t tes t  a t  
the 95% confidence level, t = 2.45 for a popula t ion of 6. 
Then, 2 . 4 5 × 0 . 3 9 = 0 . 9 6 ,  and  5 . 1 2 + 0 . 9 6 = 6 . 0 8 .  Thus 
a t  the 95% confidence level there is no significant dif- 

ference between the  empir ical ly  derived valence and  
the  normal  valence. 

I t  has come to our a t t en t ion  t h a t  Zachar iasen 
(1963) has devised an  improved expression for the  
effects of secondary extinction.  The ra t io  Zaeharia-  
sen's formula /Dawson 's  formula  is 1.00 for 2 0 = 0  °, 
1.02 for 2 0 = 3 0  ° and  1-11 for 2 0 = 4 5  ° . For  M o K a  
in tens i ty  da ta ,  where s t rong reflections occur only a t  
low values of 20, it  can be seen t h a t  no significant 
difference should occur in the s t ruc tura l  pa ramete r s  
regardless of which formula  is used. Zachar iasen 's  
formula  applied to the  d a t a  of the  present  paper  
resul ted in no effective change in the parameters .  
This indicated t h a t  it  would not  be worthwhile  to 
re-examine the  Mo d a t a  of UF4 and UMoC2 in the light 
of Zachariasen 's  new formula.  

References 

ARONSON, S. (1958). Bettis Technical Review, WAPD- 
BT-10, p. 93. 

BELLE, J .  (1961). Uranium dioxide: Properties and nuclear 
applications, p. 398. Available from Superintendent of 
Documents, U.S. Government Printing Office, Washing- 
ton 25, D. C., U.S.A. 

BURNHAM, W. C. (1962). I.U.Cr. World List of Crystallo- 
graphic Computer Programs. Program 338. 

CROMER, D. T., LARSON, A. C. & ROOF, JR., R. B. (1964). 
Acta Cryst. 17, 272. 

DAWSON, J. K., WAIT, E., ALCOCK, t( .  & CHILTON, D. R. 
(1956). J. Chem. Soc. 3531. 

FORSYTH, J.  B. & WELLS, M. (1959). Acta Cryst. 12, 412. 
LARSON, A. C., ROOF, JR., R. B. & CROMER, D. T. (1964). 

Acta Cryst. 17, 555. 
ROOF, R. B. (1961). Acta Cryst. 14, 934. 
WALLWORK, S. C. (1962). Acta Cryst. 15, 758. 
ZACHARIASEN, V~ 7. H. (1954). Acta Cryst. 7, 795. 
ZACHARIASEN, W. H. (1963). Acta Cryst. 16, 1139. 

Acta Cryst. (1964). 17, 705 

The Crystal Structure and Molecular Configuration of 
Trisacetylacetonatomanganese(III)* 
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The crystal structure and molecular configuration of trisacetylacetonatomanganese(III) has been 
determined by X-ray diffraction techniques. The structure consists of discrete molecules linked 
together by van der Waals forces. The distortion of the octahedral configuration of oxygen ligands 
about the manganese atom appears to be the result of altered oxygen-metal-oxygen bond angles 
rather than of a Jahn-Teller  mechanism. 

Introduct ion  

The depar ture  f rom regular  octahedral  configuration 
for the  case of nine 3d electrons, i.e. copper(II)  corn- 

* Work was performed under the auspices of the U.S. 
Atomic Energy Commission. 

pounds,  is well documented  (Griffith & 0rgel ,  1957). 
However,  p robab ly  because of chemical ins tabi l i ty ,  
only a few examples  of s t ruc ture  de terminat ions  for 
the  t rans i t ion  elements wi th  four unpai red  electrons 
are available.  These consist of simple halide com- 
pounds of Cr II (Tracy, Gregory,  Lingafel ter ,  Dunitz ,  


