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electrons and  one 5f-electron or with seven valence 
electrons and no electron in the  5f subshell. As far  as 
the  meta l  goes, nep tun ium is thus  to be considered 
either as a uranide element or as a homologue of 
technet ium and rhenium. Table 2 compares the  
metallic radii  of the  series Fr-l~p with other  series 
in the  periodic system. The radii  given for Fr,  Ra,  Ac 
are ex t rapo la ted  values. Table 3 gives the  metallic 
radii  to be expected for the  elements F r - A m  for 
var ious numbers  of 5f  electrons. 

I t  is interest ing to note t h a t  Pa,  ~-U, fl-U and Np 
all exhibi t  unique crysta l  s tructures.  The format ion  
of four  s t rong bonds of covalent  character  observed 
for nep tun ium and the  low-tempera ture  form of 

u ran ium m a y  be typical  for the  t rans-protac t in ic  
metMs. 

Dr  J a m e s  C. Wa l lman  is sincerely t hanked  for the  
loan of his meta l  preparat ions ,  and so is Miss Anne  
Plet t inger  for having  t aken  the  diffraction pat terns .  
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The orthorhombic room-temperature form of neptunium metal (a-Np) is found to be stable up to 
278 ° C. Unit-cell dimensions and thermal expansion coefficients in the range 200-278 ° C. axe given. 

At  2784-5 ° C. a-Np transforms into fl-Np, which is tetragonal. The tetragonal modification is 
stable up to about 540 ° C. At 313 ° C. the dimensions of the unit cell containing four atoms are 

a~ ---- 4.897±0.002, a a ~- 3.388±0.002 A ,  

and the calculated density at  this temperature is ~ ----19.36 g.cm. -a. 
The atomic positions in the fl-Np structure are: 
2 Np(I) in (0, 0, 0), (½, ½, 0); 2 Np(II)  in (½, 0, u), (0, ~,1 ?~) with u = 0-375±0.015. As in a-Np, 

each atom forms four short bonds. 
There is strong indication of a transition point at  about 550 ° C. Above this point the metal seems 

to be cubic body-centered (~-Np) with a = 3.52 ~,  and this phase is presumably stable up to the 
melting point at  640 ° C. 

The structural relationships between the three forms of neptunium metal are discussed. 

Introduction 
The crysta.1 s t ruc ture  of nep tun ium meta l  a t  room 
tempera tu re  was described in a recent paper  (Zacha- 
riasen, 1952). The present  paper  gives the  results of 
crystal  s t ructure  studies of nep tun ium meta l  in the 
range f rom room tempera tu re  to the  melt ing point, 
which is a t  640 ° C (West rum & Eyring,  1951). Owing 
to serious oxidat ion difficulties, the results applying 
to the  range of 550o-640 ° C. are given with some re- 
servation,  and it is p lanned to re-examine this tem- 
pera ture  range as soon as a new meta l  sample becomes 
available. 

Experimental  procedure 
The sample of nep tun ium meta l  used in this in- 
vest igat ion is the  same as was described in connection 
with the  crystal  s t ructure  determinat ion of the  room- 
t empera tu re  form. The sample, which had  been 

prepared  by  James  C. Wal lman,  weighed abou t  0-5 
rag, and consisted of several f la t tened pieces of metal .  
The meta l  pieces were contained in evacua ted  thin- 
walled glass capillaries. Fused silica served as ca- 
pil lary mater ia l  in all exper iments  carried out  a t  
350 ° C. and higher. 

The diffraction pa t te rns  were all t aken  with  Cu K 
radia t ion filtered through nickel foil. The high- 
t empera tu re  camera  described by  Buerger,  Buerger  & 
Chesley (1943) was used. The calibration curve relat ing 
t empera tu re  a t  the  sample to power input  to the  
heat ing coil was obtained using J a y ' s  (1933) da t a  for 
the the rmal  expansion of quar tz  and the  known 
transi t ion points for NH4C104 (236 ° C.), KC104 
(297 ° C.), and quar tz  (575 ° C.). 

Since more t h a n  one form of neptunium meta l  was 
found to exist, the  room- tempera ture  form will be 
designated as the ~ form. 
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O b s e r v a t i o n s  on  ~ - n e p t u n i u m  

T h e  c¢ f o r m  of n e p t u n i u m  m e t a l  was  f o u n d  t o  be  s t a b l e  
u p  t o  278 ° C., a t  w h i c h  t e m p e r a t u r e  i t  t r a n s f o r m s  i n t o  

t h e  fl f o r m  to  be  d i s c u s s e d  in  t h e  n e x t  s ec t ion .  T h e  
t r a n s i t i o n  p o i n t  m a y  be  g i v e n  as 2 7 8 + 5  ° C. 

T h e  r e s u l t s  on  t h e  u n i t - c e l l  d i m e n s i o n s  a n d  cal- 
c u l a t e d  d e n s i t y  of t h e  o r t h o r h o m b i c  c~-Np a r e  g i v e n  
in  T a b l e  1. 

T a b l e  1. Unit-cell dimensions and calculated density 
of c~-Np 

Temp. @ 
(°C.) a t (A) a s (h)  a a (A) (g.cm. -a) 

20 4-723+0.001 4.887+0.002 6"66310"003 20.45 
212 4.746~0.002 4.909+0.003 6.704+0.004 20.13 
275 4.752+0-002 4.920+0.003 6-722+0.004 20.01 

T h e  v a l u e s  fo r  r o o m  t e m p e r a t u r e  a r e  t h o s e  r e p o r t e d  

ea r l i e r .  T h e  r e s u l t s  of  T a b l e  1 c o r r e s p o n d  t o  t h e  

f o l l o w i n g  v a l u e s  fo r  t h e  l i n e a r  coe f f i c i en t s  of t h e r m a l  
e x p a n s i o n  in  t h e  2 0 0 - 2 7 5  ° C. r a n g e :  

~ t o 0 = 2 4 × 1 0  -6 , ~ 0 1 0 = 2 5 × 1 0  -6 , ~ 0 0 t = 3 4 × 1 0  - 6 .  

T h e  c r y s t a l  s t r u c t u r e  of f l - n e p t u n i u m  

T h e  fl p h a s e  of n e p t u n i u m  m e t a l  is s t a b l e  in  t h e  r a n g e  
f r o m  278 ° C. t o  a t  l e a s t  530 ° C. T h e r e  is s t r o n g  in-  

d i c a t i o n  t h a t  t h e  fl f o r m  c h a n g e s  i n t o  a ~, f o r m  a t  
a b o u t  550 ° C. 

X - r a y  d i f f r a c t i o n  d a t a  fo r  f l -Np,  as o b t a i n e d  a t  
313 ° C., a r e  l i s t ed  in  T a b l e  2. T h e  o b s e r v e d  s ine  s q u a r e s  
c o r r e s p o n d  t o  a p r i m i t i v e  t e t r a g o n a l  t r a n s l a t i o n  g r o u p .  

T h e  u n i t - c e l l  d i m e n s i o n s  a n d  c a l c u l a t e d  d e n s i t y  a t  
v a r i o u s  t e m p e r a t u r e s  a r e  s h o w n  in  T a b l e  3 .  T h e  
d e n s i t y  is c a l c u l a t e d  on  t h e  bas is  of  f o u r  a t o m s  p e r  
u n i t  cell. T h e  v a l u e s  fo r  20 ° C. a r e  o b t a i n e d  b y  e x t r a -  
p o l a t i o n  on  t h e  a s s u m p t i o n  t h a t  t h e  e x p a n s i o n  co- 
e f f i c i e n t s  w o u l d  be  t h e  s a m e  in  t h e  r a n g e  200-282  ° C. 
as  in  t h e  i n t e r v a l  2820-425  ° C. 

T h e  l i n e a r  c o e f f i c i e n t s  of  t h e r m a l  e x p a n s i o n  fo r  t h e  
i n t e r v a l  2820-425  ° C. a r e  

~t0o ---- ~oto = 64 × 10 -6, ~0Ol ~ 0 .  

Al l  r e f l e c t i o n s  H1H20 a r e  a b s e n t  u n l e s s  H 1 a n d  H9 
a r e  b o t h  e v e n .  Th i s  o b s e r v a t i o n ,  t o g e t h e r  w i t h  t h e  
c o n c l u s i o n  t h a t  t h e  u n i t  cell  m u s t  c o n t a i n  f o u r  a t o m s ,  
s h o w s  t h a t  t h e  a t o m i c  p o s i t i o n s  m u s t  be :  

2 N p ( I )  in  ( 0 , 0 , 0 ) ,  ( ½ , ½ , 0 ) ,  
2 N p ( I I )  in  (½, 0, u) ,  (0, ½, ~ ) .  

T h e  s p a c e - g r o u p  s y m m e t r y  is P421.  
T h e  s ingle  p a r a m e t e r  v a l u e  is r e a d i l y  d e t e r m i n e d ,  

p a r t i c u l a r l y  w i t h  t h e  a i d  of t h e  o b s e r v e d  i n t e n s i t i e s  
in  t h e  b a c k - r e f l e c t i o n  r e g i o n .  T h e  v a l u e  of u is 

u = 0 . 3 7 5 + 0 . 0 1 5 .  

T h e  l a s t  c o l u m n  of T a b l e  2 g ives  t h e  v a l u e s  of  
t h e  q u a n t i t y  IF[2p as c a l c u l a t e d  f r o m  t h e  s t r u c t u r e  
g i v e n  a b o v e .  F is t h e  s t r u c t u r e  f a c t o r  a n d  p t h e  

T a b l e  2. Diffraction data for f l -Np  at 313 ° C. 

sin s 0 
Observed 

H1HsH s Calc. Obs. intensity* IFl2p 
001 0-0516 - -  - -  0.1 
101 0.0764 0-0769 w-- 2-0 
200 0-0991 0.1009 w 8.0 
111 0.1012 0.1027 m 11-6 
201 0.1507 - -  - -  0.4 
211 0.1755 0-I773 vw 4.0 
220 0.1982 0.2005 w 8.0 
002 0.2064 0.2089 ww 1.0 
102 0.2312 0.2306 vw 4.0 
221 0.2498 - -  - -  0-4 
112 0.2560 0.2585 vw 4.0 
301 0.2746 0.2777 Trace 2.0 
311 0.2994 0.3018 ms 23"2 
202 0.3055 - -  - -  4-0 
212 0.3303 0.3323 w--  8"0 
321 0.3737 0"3768 vw-- 4.0 
400 0.3964 0-3991 vw 8.0 
222 0.4046 - -  - -  4.0 
302 0.4294 0.4321 vvw 4.0 
401 0.4480 - -  - -  0.4 
312 0.4542 0-4563 vw 8.0 
003 0.4644 - -  - -  2-9 
411 0.4728 0.4747 vw-- 4-0 
103 0.4892 - -  - -  2-0 
420 0.4955 ~ 16"0 
331 0.4976 ) 0.4988 w +  11.6 
113 0.5140 - -  - -  0.4 
322 0.5285 0.5305 v w 3  8.0 
421 0.5471 - -  - -  0.7 
203 0.5635 0.5670 v w 3  11.6 
213 0.5883 0.5911 vvw 4.0 
402 0.6028 0.6038 vw-- 4.0 
412 0.6276 0.6301 vw 8.0 
332 0.6524 0.6560 vvw+ 4.0 
223 0-6626 0-6636 v w 3  11.6 

501,431 0.6710 - -  - -  2"034"0 
303 0.6874 - -  - -  2-0 
511 0.6958 0.6979 m 23.2 
422 0.7019 - -  - -  8.0 
313 0.7122 - -  - -  0.7 
521 0.7701 - -  - -  4.0 
323 0-7865 - -  - -  4.0 
440 0.7928 0.7950 vw 8"0 
004 0.8256 - -  - -  0 

502, 432 0.8258 0.8280 w 4"038"0 
441 0.8444 - -  - -  0.4 
104 0.8504 - -  - -  0 
512 0.8506 0.8511 20 8.0 
403 0.8608 0.8620 30 11.6 
114 0.8752 0.8753 50 16"0 
413 0.8856 0.8861 15 4.0 
600 0"8920 ~ 8.0 
531 0.8940 ) 0.8939 50 23.2 
333 0.9104 - -  - -  0.4 
204 0.9247 - -  - -  0 
522 0.9249 0.9249 16 4.0 
601 0.9436 - -  - -  0.4 
214 0.9495 - -  - -  0 
423 0.9599 0.9601 100 23-2 
611 0"9683 k - -  0.7 
620 0.9910 0.9911 80 16.0 

and 
Intensities are given as s=s t rong ,  r e = m e d i u m ,  w = w e a k  
vw = very  weak except in the back-reflection region where 

the 2:1 ratio for the well-resolved ala2-doublet permits 
quant i ta t ive intensity estimates. 

m u l t i p l i c i t y .  T h e  a t o m i c  s c a t t e r i n g  p o w e r  w a s  t r e a t e d  
as a c o n s t a n t .  Al l  f a c t o r s  v a r y i n g  c o n t i n u o u s l y  w i t h  
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Table 3. Unit.cell dimensions and calculated density 
fo~ ~-Np 

Temp. (°G.) a 1 (A) a s (A) ~ (g.cm. -a) 

282 4.883±0-002 3.389±0.002 19.47 
300 4.889 3.388 19.42 
313 4.897 3-388 19.36 
360 4.910 3.390 19.25 
425 4.928 3.390 19.11 
480 4-954 3-387 18.91 
500 4.966 3.387 18.82 

20 (4.799) (3.388) (20.16) 

scat ter ing angle having been omitted,  calculated 
values of lF[~p should be compared with observed 
intensities only for neighboring reflections. 

As in ~-Np, each Np  a tom in the  fl-Np s t ruc ture  
forms four s t rong bonds. The lengths of these and of 
secondary bonds are" 

20 ° C. 313 ° G. 500 ° C. 
Np(I)--4 Np(II) 2.72 A 2.76 A 2-79 A 

-4 Np(II) 3.20 3.24 3.26 
-2 Np(I) 3.39 3.39 3.39 
-4 Np(I) 3.39 3.46 3.51 

Np(II)-4 N p(I) 2.72 2.76 2-79 
-4 Np(I) 3.20 3.24 3.26 
-2 Np(II) 3.39 3.39 3.39 
-4 Np(II) 3-50 3.56 3.61 

The four s t rong bonds mus t  be regarded as essen- 
t ial ly covalent  in character .  A reasonable value for 
the  single-bond radius of nep tun ium (with six valence 
electrons) is 1.40 J~. The ' s t rength '  of each of the  four  
short  bonds, as defined by  Paul ing (1947), is then  1.35. 

The four Np( I I )  a toms closest to a Np(I )  a tom are 
a t  the  corners of a deformed te t rahedron,  the  bond 
angles being 102 ° and  125 ° (at 313 ° C.). The four  
close Np(I )  a toms  about  a Np(II) a tom lie a t  the  
corners of a square  of edge 3.46 A with the  Np( I I )  
a tom 1.27 A above the  square so t h a t  the  bond angles 
are 78 ° . 

T h e  p r o b a b l e  e x i s t e n c e  of a t h i r d  f o r m  of 
n e p t u n i u m  m e t a l  

Pre l iminary  experiments  s t rongly  indicate the  exi- 
stence of a body-centered cubic form of nep tun ium 
meta l  (7-Np) a t  t empera tures  immedia te ly  below the  
melt ing point. The t rans i t ion point  fl-Np to ~,-Np 
seems to be a t  about  570 ° C. 

B y  the  t ime the  experiments  a t  about  600 ° C. were 
performed, the  surface of meta l  pieces of the  original 
sample had  become covered with a fair ly thick layer  
of NpO which largely prevented  the  X- rays  from 
reaching the  underlying metal .  Wi th  one single ex- 
ception, all of the  observed diffraction lines correspond 
to the  lines of NpO. However ,  some of the  NpO lines 
appear  wi th  greater  t h a n  normal  intensi ty.  These 
abnormal ly  strong NpO lines and the  single line which 
cannot  be ascribed to NpO correspond to the  diffrac- 
t ion lines of a body-centered cubic lat t ice with 
a = 3.52 /~ (at 600 ° C.). The unit-cell edge of NpO 

at  600 ° C. is a : 4 .979±0.003 A and  is thus  [:2 
t imes as large as t h a t  of the  cubic body-centered  
s t ructure.  

Clearly the  evidence for the  existence of 7-Np is 
not  sufficiently convincing to meri t  universal  ac- 
ceptance. Fu r the r  exper iments  in the  in terval  550 ° -  
640 ° C. will therefore be carried out as soon as a new 
meta l  sample becomes available. 

The unit-cell edge of },-Np ex t rapola ted  to 20 ° C.  
is about  a = 3.43 /~, and  the  ex t rapola ted  value of 
the  in tera tomic  distance is thus  N p - 8  Np  = 2-97 A. 
The calculated densi ty  a t  600 ° C. is ~ ---- 18-0 g.cm. -a, 
and a t  20 ° C. ~ ---- 19.3 g.cm. -a. 

S t r u c t u r a l  r e l a t i o n s h i p s  b e t w e e n  t h e  n e p t u n i u m  
m e t a l  p h a s e s  

The crystal  s t ructure  of ~-Np was described in a 
recent  paper.  The or thorhombic unit-cell contains eight  
atoms. The space group is Pinna, and  the  a tomic  
positions are:  

4 N p ( I )  in ~-(¼, yl, zl), (~,½--Yl, Zl+½), 
4 Np( I I )  in ± (2 ,  Y~, z~), (~:, ½--Y2, z2+½),  

the  pa ramete r  values  being 

Yl = 0.208±0.006,  z 1 = 0 .036±0-006 ,  
Y2 = 0.842±0.006,  z~ ---- 0 .319±0-006 .  

Both  the  fl-Np and  the  },-Np s t ructures  can be 
described in terms of a cell containing eight a toms  
and  resembling t h a t  of ~-Np. When  this is done, t he  
atomic positions of all three forms m a y  be described 
in a uniform way  by  means of the  four  pa ramete r s  
Yl, zl, Yg, z9 a l ready  used in describing the  ~-Np 
structure.  The following comparison i l lustrates the  
degree of relat ionship between the  three structures.  

a-Np (20 ° C.) ~-Np (313 ° C.) y-Np (600 ° C.) 

a 1 (A) 4-723 4.897 4-85 
a9 (A) 4-887 4.897 4-85 
a s (A) 6.663 6-776 6-86 

al:a2:a  3 0.966:1:1.363 1:1:1-384 1:1:1/2 
Yl 0.208 0.250 0.250 
z 1 0"036 0 0 
y~ 0.842 0.750 0-750 
z 2 0.319 0.313 0.250 

In  view of the  close s imilar i ty  between the  fl and  
y forms it might  have  been expected t h a t  the  axial  
rat io and the  atomic positions of fl-Np would approach  
those of },-Np as the  t empera tu re  increases towards  
the  fl-~ t ransi t ion point.  This is not  the  case. Thus the  
a3:a 1 rat io deviates more from the  ideal value of |/2 
a t  500 ° C. t h a n  it does a t  282 ° C. 

I t  is of interest  to note t h a t  the  tendency to form 
four strong bonds persists to within 100 ° C. of the  
melt ing point.  The directions of these four short  bonds 
differ marked ly  for the  two kinds of nep tun ium a toms 
and from the ~ s t ructure  to the  ~ s t ructure.  Hence 
it is idle speculation to t ry  to correlate the  bond 
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directions with directions of maximum overlapping 
of atomic wave functions. 

The interatomic distances in the neptunium metal 
structure are so short (and the densities so high) 
that  one must assume at least six valence electrons 
and at most one 5f electron. 

Miss Anne Plettinger and Dr Stanley Siegel gave 
valuable aid in calibrating the high-temperature 
camera and Miss Plettinger also by taking some of the 
diffraction patterns of neptunium metal. Sincere 
thanks are due Dr James C. Wal lman for the use of 

his metal  samples and Dr Sherman Fried for having 
made the exceptionally thin-walled capillary of fused 
quartz. 
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On the Structure  of the Paratun~,state Ion 

BY INGVAR LINDQVIST 
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(Received 10 April 1952) 

The structure of the complex ion in 5Na~O. 12WO3.28H20 has been determined, using a new 
2 0 -  vector-algebraic method. The formula of the ion, W1204~ , has no direct relation to the analytical 

formula, which would require a W120~°-ion for the paratungstate to be a neutral salt. 

Crystals  

The formula of sodium paratungstate has recently 
been determined as 5Na~O. 12WO3.28H20. The sym- 
metry  is triclinic, space-group P1. Constants and 
estimated errors are: 

~----86 ° 0 '±15 ' ,  #----113 ° 20 '±15 ' ,  7-----94 ° 0 '±15 ' ,  
a-~11.77±0-03, b~22.19=t=0.05, c-~12.44±0.02 J~. 

There are 24 tungsten atoms in the cell (Saddington 
& Cahn, 1950). Single crystals of this paratungstate 
were prepared using the same procedure as the authors 
quoted..The crystal used for the X-ray investigation 
was prismatic with c as prism axis. Weissenberg photo- 
graphs were taken with Cu K radiation and the c axis 
as rotation axis. Relative IFI 2 values were calculated 
from the estimated intensities with the help of Lu's 
curves (Lu, 1943). An appreciable absorption made the 
intensity values less valid. I t  was. observed that  re- 
flexions with h-~b odd had very small intensities 
(the sum of their contributions was only 1.5 % of the 
sum of all int~ensities). The point positions of the heavy 
tungsten atoms thus can be considered as corre- 
sponding to a C-centered unit  cell, the larger dimen- 
sions being due to Na+ and H~O. The calculation of 
the three-dimensional Patterson function P(x, y, z) 
then can be reduced to one-quarter of the unit  cell. 
The functions P(x, Yn/6o, z) were computed on the 
X-RAC analogue computer for Yn----0-15, and the 
structure was derived by a special method. 

Method of s tructure  determinat ion  

The method of structure determination is based on the 
relations imposed upon the Patterson function if the 
structure has a centre of symmetry.  Fig. 1 shows the 
vectors obtained for two twofold positions. They 
evidently form a parallelogram, where the vectors 
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Fig. 1. Vector parallelogram produced by two twofold 
positions with a centre of symmetry .  

between equivalent atoms are the diagonals. The 
vector equations are 

A ~ B  -~ a, A - - B  : b.  

Each pair of two twofold positions will give rise to 
such a parallelogram in the Patterson function. 

This fact indicates a simple method of analyzing the 
P(x, y, z) vectors. Their components are tabulated and 
all possible vector sums are calculated. If the resulting 
vector sum is equal to one of the vectors in P(x, y, z), 
the first of the vector equations is evidently fulfilled. 
It  then remains to see if the corresponding vector 
difference is also found in P(x, y, z). 


