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KaUO2F 5 is te t ragonal  wi th  a 1 ---- 9.160±0-001, a a ---- 18.167±0.002 /~ and  eight s toichiometric  
molecules per  un i t  cell. The space group is I41/a. The positions of all l ight  a toms have  been deter- 
mined  wi th  considerable accuracy  wi th  the  aid of precise in tens i ty  measurements  on a small 
spherical  crystal  and  a series of generalized Four ier  syntheses.  

The s t ruc ture  is bui l t  up  of (UO2Fs) -a complexes held together  by  potass ium ions. The (UO~Fs) 
group has the  shape of a pentagonal  b ipyramid,  the  five fluorine a toms forming a near ly  regular  
pen tagon  normal  to the  axis O f the  u rany l  group. The bond lengths are U - O  ---- 1.76±0.03 /~ and 
U - F  -- 2.24=t=0.02/k. 

Introduction 

A series of crystal structure studies of uranyl com- 
pounds has been undertaken by this writer for the 
purpose of getting really reliable results concerning 
the atomic configuration about uranium. In spite of 
the highly, unfavorable situation both as to atomic 
scattering power and absorption correction, the posi- 
tions of the light atoms can be determined with 
appreciable accuracy without the expenditure of an 
unreasonable amount of time and effort. The present 
paper reports the results of the first of this series of 
investigations. 

Experimental procedure 

Small single crystals of K3UO2F 5 were prepared by 
the writer by adding a concentrated KF  solution to 
a concentrated uranyl nitrate solution with subsequent 
recrystallization from a hot aqueous solution. The 
composition was verified by means of a chemical 
analysis which gave the following results: 

Found Theoretical 
UO~. 56.0 % 56.0 % 
F 19.4 19.7 
K by difference 24.6 24.3 

The crystals were found to be tetragonal body- 
centered with 

a 1 -- 9.160±0.001, a a = 18-167±0.002 A ,  

and eight stoichiometric molecules per unit cell. The 
calculated density is ~ --4.200 g.cm. -3 as compared 
with the value 4.263 g.cm. -a reported in the literature 
(Baker, 1879). 

Since the purpose of the investigation was to deter- 
mine the positions of the light atoms with consider- 
able accuracy, intensity measurements had to be 

made with care. The intensities were measured with 
the General Electric XRD Spectrometer modified for 
single-crystal work as described earlier (Zachariasen, 
1954a). In order to minimize the errors due to ab- 
sorption correction, all intensity data were taken on 
a crystal which had been ground in the Bond sphere 
grinder. The radius of the spherical crystal ranged 
from 0.0101 to 0.0110 cm., with 0.0107 cm. as the mean 
value. The calculated linear absorption coefficient for 
Cu Ka radiation is /z = 890 cm. -1, giving /~R = 9.5. 

The crystal was mounted with the axis a 2 coinciding 
with the spectrometer axis, and all reflections in the 
layer lines H2 = 0, 1, and 2 were measured. I t  was felt 
that  these experimental data would suffice if the 
method of generalized projections was used to the 
fullest advantage and that  the slight improvement in 
accuracy possible with a complete set of three- 
dimensional data was not commensurate with the 
added effort. 

The Laue symmetry is 4/m, but it should be re- 
marked that  the intensity differences between re- 

flections H1H2H 3 and H1H2H ~ are small. The following 
absences occur (in addition to those characteristic of 
ttie body-centered translation group)" (1) reflections 
00H 3 are absent if H3 = 4n+2, and (2) reflections 
H1H20 are absent if H 1 and H 2 are both odd. The 
space group is accordingly I41/a-C~h. In giving atomic 
positions of this space group the origin is chosen in an 
inversion center. 

I t  is immediately apparent from the observed struc- 
ture factors that  the eight uranium atoms are in 
positions 

8(e): +(0, ¼, z), (0, ~, ¼-z). 

The approximate value of z is 0.396, as is readily 
deduced. This preliminary value was sufficiently ac- 
curate to permit the determination of the algebraic 
sign for all but the smallest structure factors. The 
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positions of the light atoms could thus be determined 
directly by means of suitable Fourier  syntheses. 

T h e  p a r a m e t e r  d e t e r m i n a t i o n  

The most general Fourier  synthesis which can be 
evaluated with the available experimental  da ta  is 

f l~{1 +A 1 cos 2rey+B 1 sin 2~y 
0 

+A 2 cos 2 ~ 2 y + B  2 sin 2re2y}dy. (1) 

Owing to the fact  t ha t  Cu K~ radia t ion  was used the  
termination-of-series error is considerable. For  this  
reason all parameter  determinat ions  were based on 
difference syntheses of the type  given above, i.e. 
represents the electron densi ty with uran ium atoms or 
with uranium atoms and potassium atoms removed. 

i 1 The ordinary projection, o dy, is not  suited for 
0 

parameter  determinat ion because of considerable over- 
lapping of atoms. Wi th  the  aid of generalized projee- 
t ion it  is, however, possible to el iminate the super- 
position by suitable choice of the coefficients A1, B1, 
A~., B 2. Suppose, as an example, t h a t  four a toms were 
in exact superposition, their  y values being 1/12, 1/3, 
7/12, 5/6. The choice A 1 = I/3, B~ -- 1, A~. = ½, B 2 = 
½1/3 would bring out the first a tom and el iminate the  
other three since the weight factor  for Q in the  integral  

0 

, ~.~ 

9 

o 

above is large for the  first a tom and vanishes for the  
others. The three suppressed atoms would, of course, 
give small contr ibut ions to the integral  since the  
weight factor  is made to vanish only at  the atomic 
centers. These contr ibut ions are, however, so small as 
to be negligible because the weight factor is a slowly 
varying funct ion of y. 

Since there is at  least one a tom of each equivalent  
set in each y quadrant ,  the coefficients A1, B 1 and B~ 
ma y  be restr icted to positive values so as to enhance 
the  a tom in the  first quadrant .  If  the y coordinate 
lies in the range 0 _< y _< ~, a positive value for A~. 
will provide the  greatest  enhancement ,  whereas a 
negat ive value should be used if the a tom of interest  
has ~ _< y _< ~. 

The following procedure was used in determining 
the parameter  values. Using the prel iminary value 
zc = 0.396, and pre l iminary values for the normali- 
zat ion and uranium tempera ture  factors, generalized 
difference syntheses were carried out  corresponding 
to A 1 = B 1 - Bg- -  1, A2 -- J : l .  These syntheses re- 
vealed the  approximate  location of all potassium, 
oxygen and fluorine atoms. The coefficients were next  
adjus ted for enhancement  at  the uranium site at  
y -- ¼ and suppression of superimposed potassium and 
oxygen atoms. Residual  electron densi ty at  the  
uran ium site was observed. The uranium parameter  
and tempera ture  factor  and the normalizat ion factor  
were next  adjus ted unt i l  no trace remained of residual 
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Fig. 1. (a) The XRAC photograph of the generalized difference synthesis corresponding to A 1 = 2.0, B 1 ---- 2.5 and A 2 = 
B 8 ---- 1-0. The uranium atoms have been removed. The orientation of the photograph corresponds to that of the projec- 
tion of the structure shown in Fig. 2(a). 

(b) The XRAC photograph of the generalized synthesis with A 1 = 1.28, B 1 = 0, A 2 ---- B~ ---- 1 and uranium and potas- 
sium atoms removed. 

(c) The XRAC photograph corresponding to A 1 = 1.0, B 1 = 1.6, A s = --1.0, B2---- 1.0 with uranium and potassium 
atoms removed. 
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4KI 
4Krr 

16Kn~ 
8U 

160 
8FI 

16FII 
16FD_I 

T a b l e  1. _~ina~ parameters 

x y 

4(a) 0 ¼ 
4(b) 0 ¼ 

16(/) 0.210-4-0.001 --0.009±0.001 
8(e) o J: 

16(/) 0.043 ± 0.002 0.062 q- 0.002 
8(e) o 

16(f) 0.359± 0.001 0.232 ± 0-001 
16(f) 0.271±0.001 0.202±0.002 

z 

0.0113±0.0005 
0-3960±0.0004 
0.397 ±0.001 
0.273 ±0.001 
0 .005 -4- 0.001 
0.143 -4-0-001 

T a b l e  2. Calculated and observed structure factors, 2'c and Fo 

HIOHa 2"c Fo 
004 --57"7 57.9 

8 90-2 92"8 
12 9"3 11-7 
16 -- 12.7 13"4 
20 33"2 33"2 

101 -- 3.4 5.4 
3 --20.4 22.7 
5 31-2 33-5 
7 43.9 46.3 
9 --43.4 45.6 

11 --41.0 42.6 
13 33.3 36-3 
15 29.2 31-9 
17 --24.6 25.9 
19 -- 16.4 16.4 
21 7.3 6.4 
23 0.5 1.5 

200 80.2 78.0 
2 -- 1.1 8.1 
4 --91-2 89.2 
6 --20.0 ,22-7 
8 31-8 30.8 

10 8.5 7.9 
12 --14.1 14.6 
14 --11.0 10.4 
16 --20.8 22.9 
18 2.1 1.9 
20 25.1 24.7 
22 -- 2.2 2.3 

301 -- 7.9 9.9 
3 --16.0 17.2 
5 29.4 28.6 
7 35.2 32.2 
9 --38.3 37.5 

11 --37.9 37.2 
13 32.0 32.9 
15 27.1 28.4 
17 --20.6 21.2 

HIOH3 2"c 2'0 
19 --15.9 16.1 
21 8.7 7.7 

400 112.4 112.7 
2 -- 15.5 16-2 
4 --54.8 52.3 
6 --13.0 11.2 
8 53.6 51.7 

10 - -  8.7 8.4 
12 -- 0.5 0 
14 -- 5.2 4.8 
16 --14-5' 14.6 
18 -- 3-1 3.6 
20 26-7 26.5 
22 -- 1.2 1.3 

501 6.8 6.6 
3 -- 3.5 5.2 
5 35.2 34.2 
7 42.7 39.7 
9 --30.1 27.9 

11 --26.5 25.4 
13 32.1 32.5 
15 29.0 29.4 
17 --21.3 20.4 
19 --12.6 10.9 
21 7.1 6.1 

600 63.7 65.1 
2 6.2 6.7 
4 --53.4 52.8 
6 5.0 4.7 
8 29.3 27-2 

10 3.6 3.8 
12 -- 5.3 6.1 
14 1-7 0 
16 --15.3 16.1 
18 0.9 1.2 
20 23.0 19.1 

701 --13.3 13.7 

H10H3 2"c 2"o 
3 --21.1 23.2 
5 13.7 14.2 
7 18.9 18-7 
9 --33.7 33.2 

11 --34.3 33-7 
13 22-5 22.9 
15 18.3 18.2 
17 --19.4 18.5 

800 55.4 57.0 
2 -- 7.4 7.3 
4 --33.1 36.3 
6 -- 5.2 5.8 
8 28.5 28.3 

10 - -  5.2 3"9 
12 -- 0.9 1.1 
14 -- 2.3 2.5 
16 --10.8 10.9 

901 -- 1.0 0 
3 -- 3.1 3.7 
5 20.1 20.5 
7 23.6 22.9 
9 --21.9 21.3 

11 --18.5 18.0 
13 21.7 20.6 
15 21.4 17.4 

10,0,0 38.5 38.9 
2 4.2 3.6 
4 - 3 2 . 1  32.8 
6 5.5 4.4 
8 18.9 18.3 

10 1.2 1.3 
12 - 2-8 2.6 

11,0,1 - 1.8 2.6 
3 - 10.4 10.2 
5 14.0 14-0 
7 18.5 15.6 

e l e c t r o n  d e n s i t y  a t  t h e  u r a n i u m  si te .  T h e  r e s u l t s  f o r  

t h e  u r a n i u m  p a r a m e t e r  a n d  f o r  t h e  e x p o n e n t  B u  in  
t h e  t e m p e r a t u r e  f a c t o r  fo r  u r a n i u m ,  e x p  ( - B u s i n  ~ 0/22) 

a r e :  
Zu ---- 0 .3960±0"0004 ,  B u  -- 0"735+0"06 /~9 .  

T h e r e  w a s  n o  e v i d e n c e  of s i g n i f i c a n t  a n i s o t r o p y  in  t h e  

t h e r m a l  v i b r a t i o n s  of t h e  u r a n i u m  a t o m s .  
F ig .  l ( a )  s h o w s  t h e  g e n e r a l i z e d  d i f f e r e n c e  s y n t h e s i s  

c o r r e s p o n d i n g  t o  A 1 -- 2.0, B 1 = 2.5, A 2 -- B 2 -- 1.0. 
T h e  h i g h e s t  p e a k s  r e p r e s e n t  p o t a s s i u m  a t o m s  as  

fo l l ows :  

4 K I  in  4-(0, ¼, ~), 4 K r r  in  4-(0, ¼, ~) 

a n d  1 6 K i n  in  g e n e r a l  p o s i t i o n s  1 6 ( f )  w i t h  

x = 0 " 2 1  y = - 0 . 0 1  z = 0 . 0 1 .  

W i t h  t h e s e  p a r a m e t e r  v a l u e s  t h e r e  is s u p e r p o s i t i o n  of  

K i n  a t o m s  in  t h e  (010) p r o j e c t i o n .  F o r  e x a m p l e ,  F ig .  1 (a) 
s h o w s  a K m  a t o m  a t  x = 0.24, z = 0.26 fo r  w h i c h  
y = 0.04. B y  s y m m e t r y  t h e r e  is a n o t h e r  K m  a t o m  a t  

x - - 0 . 2 6 ,  z - - 0 . 2 4  w i t h  y = 0.46. H o w e v e r ,  t h e  co- 
e f f i c i e n t s  of  t h e  g e n e r a l i z e d  p r o j e c t i o n  s h o w n  in  Fig .  1 (a) 
h a v e  b e e n  a d j u s t e d  so as  t o  g e t  no  c o n t r i b u t i o n  f r o m  
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the second K:II atom, and hence the x, z coordinates 
for the electron-density maximum under considera- 
tion are those of the Ku: atom at y = 0.04. The result 
of the parameter determination for the Kni atoms is 

xK = 0.210±0-001, y~ = -0.009±0.001, 
z~ = 0"0113±0.0005. 

These deviations can be attributed to the departure 
of the crystal from the assumed spherical shape. 

Tables of calculated and observed structure factors 
for H z l H  a and H12H a reflections are omitted, but the 
agreement is equally satisfactory. Table 3 illustrates 
the agreement for the H z l H  3 reflections, in particular 

Fig. l(b) shows the result of the generalized differ- 
ence synthesis with A: = 1.28, B: = 0, A~ = B~ = 1 
and uranium and potassium atoms removed. Fig. l(c) 
corresponds to A 1 = 1.0, B~ = 1.6, A 2 = -1.0,  B~ = 
1.0 with uranium and potassium atoms removed. 

The removal of the potassium atoms was first car- 
ried out on the assumption that  the temperature 
factor for potassium is the same as for uranium. 
However, this assumption led to deep minima at the 
potassium sites, showing B E  >~ B u .  The actual value 
obtained is BE = 2"04 /~2. 

The fluorine and oxygen parameters were deduced 
from the syntheses shown in Fig. 1 (b) and (c) and from 
similar syntheses corresponding to different sets of 
coefficients A:, B 1, A~, B~. Oxygen atoms can be 
distinguished from fluorine atoms not only by virtue 
of the unique role played by the oxygen atoms in the 
structure, but also by means of their lower electron- 
density maxima. 

The final results of the parameter determination are 
given in Table 1. 

Table 2 shows the degree of agreement between 
observed and calculated structure factors for reflec- 
tions FE:0E3- The calculated values were obtained 
using the parameter values given in Table 1. The 
f values for uranium and potassium were taken from 
the International Tables except that  the uranium 
values were reduced by A = 5.4, which is HSnl's 
(1933) value for the oscillator strength of the K 
electrons. The experimental values Bu = 0.735 /~  
and Bx = 2.04 A ~ were used. McWeeny's (1951)f  
curves were used for oxygen and fluorine. I t  was 
assumed that  Be = B~ = Bx. 

The agreement shown in Table 2 corresponds to 
R = 0.05. I t  is seen, however, that  there are systematic 
deviations between observed and Calculated F values. 

Table 3. Calculated and observed structure factors for 

reflections 41H a and 41H a 
Rat io  

4IH s 41/t 3 41//s : l i f t  s 

H s Fc IFol ~'~ ]FoI Calc. Obs. 
1 6.6 8.8 6.0 8-0 1.10 1.10 
3 -- 17.5 18.9 15.3 15.2 1.14 1.24 
5 --14.5 16"3 27.1 27.2 0.54 0'60 
7 36.4 32.4 -- 37.8 34.0 0.96 0.95 
9 43.2 38.8 --29.9 26.4 1.44 1.47 

11 --29.8 29.6 34.9 32.4 0.85 0.91 
13 --23-2 23.0 32-9 32.8 0.71 0.70 
15 28.9 27.6 --24.3 24.4 1.19 1.13 
17 26.6 27.1 -- 19.1 18.8 1.39 1.44 
19 -- lC.2 11.0 16.6 15.4 0.62 0.72 
21 -- 3.9 2.6 9.5 8.6 0.41 0"30 
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Fig.  2. (a) View of the  s t ruc ture  along a 2. Only  half  of the  
a toms  in the  un i t  cell are shown,  the  whereabouts  of the  
omi t t ed  a toms  being obvious since the  la t t ice  is body-  
centered.  

(b) The UO~F 5 complex.  The oxygen  and  fluorine a toms  
are a t  the  corners, the  u r a n i u m  a t o m  a t  the  center  of a 
pen tagona l  b ipyramid .  The u rany l  group forms the  axis of 
the  b ipyramid .  
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the  numer ica l  differences between reflections 41L and  

41/~ which are due only to Kin,  O, F~  and F n i  atoms. 

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 the  structure along the a 2 axis is shown 
in Fig. 2(a). Only half  the atoms in  the  uni t  cell are 
shown. The u ran ium atoms and  the  KI and K u  atoms 
at  the level y = -~ have  been omitted,  together with 
the oxygen and fluorine atoms bonded to these 
u ran ium atoms. The K n i  atoms with y coordinates 
near  ½ have  also been removed. 

The s tructure is bui l t  up of complexes (UO2Fs) -3 
and  potass ium ions. The UO2F5 group has  the shape 
of a pentagonal  b ipyramid,  as shown in Fig. 2(b). 
The u rany l  group O - U - O  is discernible wi thin  the 
complex, the  oxygen atoms being at the apices of the 
b ipyramid.  The u rany l  group is found to be collinear 
wi thin  the exper imenta l  error. The U - O  distance of 
1.76+=0.03 A is much  smaller  t han  the value 1.91+0.10 A_ 
found in the Ca(U09)O~ structure (Zachariasen, 1948) 
and the value 1.92+=0.03/l in the Mg(U09)O~ structure 
(Zachariasen, 1954b), these being the  only direct 
determinat ions  of the size of the  u rany l  group. The 
significance of these seemingly contradictory results 
for the length of the  u rany l  bond is discussed in the 
following paper, to which the  reader  is referred. 

The five fluorine atoms of the  UO~F 5 complex form 
a near ly  plane pentagon which is near ly  normal  to the 
u rany l  group. The indiv idual  U - F  distances (Table 4) 
range from 2 . 2 2 / l  to 2 . 2 6 / l .  As to the  orientat ion of 

Table 4. Interatomic distances 

KI-4Fn[ = 

-2FI = 

KII-4F[I = 

-40 = 

KIII-IFII = 

-IFIII = 

-IFLI = 

-IFni = 

-IFI = 

-IFIII ----- 

-lO ---- 

--I0 = 

U - 2 0  = 
- 2 F n  = 

-1FI = 

-2Fni  = 

2.54 A O-1U = 1.76 A 
2.69 -1Krr = 2.92 

-1KIi[---- 3.07 
2.70 A -1KHI ---- 3.10 
2.92 

2.60 /l  FI-1U = 2.23 / l  
2.62 -1KI = 2.69 
2.74 -2Kni  = 2.94 
2.92 
2.94 FH-1U ---- 2.22 A 
3.12 -1Kni  = 2.60 
3.07 -1KH = 2"70 
3"10 -1Klii  = 2.74 

1.76 A FnI-1U = 2.26 
2.22 -1K~ = 2.54 
2.23 -1Kin ---- 2.62 
2.26 -1Kni = 2.92 

-1KHI ---- 3.12 

A 

the  UO2F5 groups in the  crystal  lattice, the  u rany l  
axis is normal  to a3 and  makes  an angle of 13 ° wi th  
the  a 1 or a~ axes. The U - F I  bond coincides wi th  the  
vert ical  twofold axis of the crystal,  so tha t  this  two- 
fold axis is the only s y m m e t r y  element  imposed on 
the UO2F5 complex by  the  space group. 

Each potass ium atom KI is bonded to six fluorine 
atoms, K ~  to four fluorine and  four oxygen atoms, 
and each Kn~ atom to six fluorine and  two oxygen 
atoms. The indiv idual  bond lengths are listed in  detail  
in Table 4. The K - F  distances are in good agreement  
with those predicted from ionic radi i  (2-66 / l  for six 
and 2 . 7 4 / l  for eight coordination). The K - O  distances 
are appreciably  larger t h a n  the value 2 . 8 7 / l  expected 
for eight coordination from ionic radii. 

There is a pronounced pseudo-cubic character  to 
the structure of K3UO2F 5. Were the  axial  ratio as: al  = 
2.000 instead of 1.984, the parameters  zu = ~ instead 
of 0.3960, x~ = I instead of 0.210, y~ = 0 instead 
of -0-009,  z~ -- 0 instead of 0-011, then  the potas- 
s ium and u ran ium atoms would be in a face-centered 
cubic structure with a = 9.13 / l  and with atomic 
positions as follows : 

4 U  in (0, 0, 0), 4 K  in (½, ½, ½), 8 K  in (t, I, ¼); 

These are precisely the positions of zirconium atoms 
and ammon ium groups in the cubic face-centered 
s tructure of (NH4)3ZrF ~. The s t ructural  relat ionship 
between K3UO~F 5, (NH4)aZrF v and K3UF ~ will be 
discussed in a subsequent  article. 

The chemical  analysis  was carried out by  Mr B. Holt  
and Miss C. Carter. Miss Anne Plet t inger  ground the  
crystal  sphere used in the  investigation,  and  also 
made  some of the  in tens i ty  measurements .  Their  aid 
is grateful ly acknowledged. 

The Fourier  syntheses were made  on X R A C  in the  
course of several visits to Pennsy lvan ia  State  College. 
The writer  is deeply indebted  to Prof. R a y  Pep insky  
for the use of XRAC and for his hospital i ty,  and to 
the  XRAC staff members  for their  k ind  help. 
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