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A b s t r a c t  

Some applications of MSssbauer spectroscopy to the study of insulating neptunium 
compounds are reported here. After a short introduction to hyperfine parameters useful 
for the chemist, some correlations between isomer shift, electric field gradient and 
neptunium bonding or crystallographic structure are discussed. A review of selected 
examples of recent studies regarding local order and isomer shift of neptunium in 
crystallized or amorphous compounds for each charge state of Np(III-VII) follows. Finally, 
an attempt is made to correlate the electronic structure and bonding in insulating 
neptunium compounds to isomer shift and electric field gradient with calculations using 
the relativistic extended Hiickel method. 

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

The first  e l emen t s  in the  se r i e s  of  5f  e l ements ,  t h o r i u m  to  amer ic ium,  
have  p r o p e r t i e s  which  are  i n t e r m e d i a r y  b e t w e e n  those  of  the  3d  and  4f 
e l emen t s .  In th is  ser ies ,  the  re la t iv is t ic  effects  a re  max ima l .  A b r o a d e r  ex t ens ion  
of  the  5f  o rb i t a l s  (in c o m p a r i s o n  wi th  the  4f  ones )  p r o v i d e s  t h e m  with 
p r o p e r t i e s  c o m m o n  to t h o s e  of  the  3d and  4f  e l emen t s ,  as  well  as  t he i r  own 
speci f ic  p rope r t i e s .  The 5f  e l ec t rons  p a r t i c i p a t e  in b o n d i n g  and  n u m e r o u s  
cha rge  s t a t e s  exis t :  five for  nep tun ium,  f rom HI to  VII, all s t ab le  in the  sol id  
s ta te .  

The i n t e r e s t  in M 6 s s b a u e r  s p e c t r o m e t r y  (nuc l ea r  g a m m a  r e s o n a n c e )  is 
due  e s sen t i a l ly  to  the  fac t  t ha t  the  " M 6 s s b a u e r "  nuc l e us  b e h a v e s  l ike a ve ry  
sens i t ive  loca l  p r o b e  which  can  p rov ide  in fo rma t ion  on  the  r e s o n a n t  nuc leus  
and  i ts  env i ronmen t .  This  m e t h o d  is pa r t i cu l a r ly  well  a d a p t e d  to  the  s tudy  
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of the actinides. It is not destructive and requires relatively small quantities 
of samples ( - -100 mg). It can be applied to polycrystalline and amorphous 
compounds and is selective with regard to impurities. 

MSssbauer spectrometry can be used for e3'pa, but the latter has only 
one charge state, V. For 23sU and 24°Pu, owing to problems of source, the 
insensitivity of the isomer shifts to the charge states and the width of the 
resonance line, little information can be obtained, e4aAm can be studied, but 
this isotope is rare and the short half-life of the source (T= 5 h) makes it 
necessary to work near a nuclear reactor. The amounts of available e46cm 
(parent 25°Cf) are inconsequential. 

Fortunately, 237Np, which is well represented among the light actinides, 
is one of the best MSssbauer nuclei in the periodic table. The high transition 

5 - 5 + 237Np ) energy (59.6 keV for the transition ~- --*~ of permits the use of 
perfectly tight double aluminium containers. 

Mbssbauer spectrometry of neptunium has been extensively described 
in numerous articles and reviews [ 1-4 ]. In this work, two hyperfine parameters, 
useful to the chemist, will be briefly examined, and, using some carefully 
chosen examples, the advantages of Mbssbauer spectrometry in the study 
of neptunium-ligand bonding and the neptunium environment of salt com- 
pounds will be illustrated (Table 1). The semi- and organo-metallic compounds 
which have a different behaviour were described elsewhere [1, 4-6].  

Three principal effects are observed: 
(1) The monopolar electric interaction derives from the coupling between 

the charge distribution of the protons in the nucleus and that of the electrons 
penetrating the nuclear volume. It leads to the isomer shift S. The electronic 
charge density inside the nuclear volume pe(0) results from the direct 
contribution of the s electrons (and relativistic P,/2); the p, d or f electrons 
interact indirectly via a screening effect. 

For 237Np: S (ram s - ' ) = 9 . 5  pe(0)A<r2>, with pe(0) in a0 -3, and A<r2> 
in fm2; the difference in mean square nuclear charge radius between ground 
state and excited state has a negative sign ( - 27 × 10 -3 fm2). pC(0) is sensitive 
to any modification in the valence electrons (Np: 7s 2, 5f 4, 6p 6, 6d').  The 
isomer shift provides information on the charge state, the number of sites 
containing the resonant atom and the distribution of the sites, the nature 
of the neptunium-ligand bonding, the number and distance of the nearest 
neighbours and on the electronic populations. In the absence of other effects, 
the Mbssbauer spectrum is a single lorentzian line (Fig. 4(a)). pe(0) decreases 
with the number of 5f electrons, while S becomes more positive. Ab ini t io  
molecular orbital calculations in neptunium compounds are still not possible. 
The theoretical calculation of pe(0) has been performed only for the free 
5ff ion configurations [13a, 29, 30]. These calculations, therefore, do not 
take into account the solid environment and the recently discovered con- 
tribution of the 6p electrons to bonding [31, 32]. The considerable amount 
of information which is already available does, however, allow correlation 
between isomer shift with the electronic structure using semiempirical methods 
[19, 33]. 



TABLE 1 

Hyperfine parameters of neptunium ionocovalent compounds obtained at T=4 .2  K. 
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2: 

NpF0   

- 4 0 -  
NpF 5 [ 1 3 ] -  

S (mm S -1 )  CN e 2 qQ 1"1 R e f  
Ref.  NpA12 [7] (ram s -l) 

- - 8 0 -  _ _  Ba2NaNvO 6 6 o o 8 
_----- NasNpO6 24 1 8 

K3NpO5 0 0 8 
- -  - -  Rb3NpO5 90 0.13 9 

-7 0 - -  ~ Cs3Np05 81 0.15 12, 9 
Frozen solution 88 0.56 10, 11 

- - -  ~po4 6 145 0 12 
CsNpO4 138 0.15 12, 9 

Sr3NpO6 0 0 8 
~ Ba3NpO6 6 0 0 16 

- -  ~ Ba2MNpO6" 0 0 14, 15 
(M=Fe, Co, Ni, Zn) 

K2NpO4a 6 88 0 16 
- - 5 0 -  BaNpO4a 102 0.37 17, 18 

(NH4)3NpOzF5 176 0.15 19 
- -  ~ TI2(NpO2)2V208 7 168 0 .30  20 

__ BaMnNpO6" 6 0 0 14 

- -  ~ NpO2CO3 224 0.21 21 
NpO2F2 8 - -  ~ 220 0 19 

- 3 0 -  

- 2 0  

NpF4 [191-  

0 

Na4(NpO2)2C12012 105 0 22 
(NpO2)2SOa2H20 7 82 0 23 

- / . .  Frozen solution 106 0 10 
I 

__/NH4NpO2F2 8 84 0 19 

~ ~pO2CO3 8 100 0 25 

BaNpO3" 6 19 0 24 
NpO2" 8 0 0 26 

CaNp(PO4)2 9 44 0 27 

! 
NpF 3 [ 19]_~/Npo,snlEuo,sF3 
i , 4 0 = ] - - <  ZrNpoaTmNpo.73FTOo.365 
~Z ~ (glass) 

9 17 1 19 

8 - 9  o o 28  

Walues obtained at T=77  K: S = i s o m e r  shift; quadrupole splitting 1 mm s -~=48 .02 ,  
M ¢ = 2 ×  10 -~ eV, Qsp=4.1 b.k.; ~?=asymmetry parameter. The error on S is 2.5%, on e2qQ 
is 1%, and on ~7 is 10%. M6ssbauer spectra are fitted using the MOSFUN program [48]. 



288 

(2) The e'ZqQ quadrupolar electric interaction is produced by the coupling 
between the quadrupolar moment Q of the nucleus and the non-spherical 
distribution of the electrical charges (ionic charge on the lattice and con- 
tribution of the 5f or 6p electrons) which induces an electrical field gradient 
(EFG) at the site of the resonant nucleus, EFG = eq = Vz~. The quadrupole 
splitting e2qQ provides information on the symmetry of the site (coordination 
polyhedron) and on the 5f and 6p contributions. 

Three cases may be noted: 
(i) EFG with axial symmetry: the spectrum shows five lines and is 

symmetric with respect to the central line. The spectrum is more or less 
resolved depending on the value of eq (Fig. 4(b), (c)). 

(ii) Non-axially symmetric EFG: here a parameter of asymmetry must 
be brought in (7 = ( V x z - V ~ ) / V z z ,  0 < ~? < 1). The spectra remain symmetric 
with respect to the central line. 

(iii) When ~?= 1 (if one forgets the weak forbidden transitions) the 
spectrum has three lines (Fig. 7(c)). 

(3) Dipolar magnetic interaction has its origin in the coupling of a 
magnetic dipole moment, (/)~, of a spin I nuclear level, with the magnetic 
field Be~ at the nucleus site. The spectrum, which is symmetrical for pure 
magnetic splitting, has 16 lines. In the case of non-collinear magnetic and 
quadrupolar interactions, the spectrum becomes more complex. Relaxation 
phenomena produced by dynamic interactions (spin fluctuations) lead to 
more or less well resolved spectra, according to the relaxation time. When 
the relaxation time is very large, if compared with the Larmor precession 
period, a static hyperfine magnetic field is observed. In a more detailed 
discussion one would have to distinguish relaxation processes in a paramagnet 
or in an ordered magnet. 

Due to the relativistic effects, the MSssbauer parameters are very extended 
for neptunium: for Np(VII) to Np(III) S increases from - 8 0  to ÷ 40 mm 
s - i ,  while e2qQ can reach 230 mm s-1 (Table 1). Even so, striking differences 
between the various charge states are noted. All the neptunium compounds 
are distributed on the isomeric shift scale as a function of the neptunium 
charge state. Although maximal for Np(VI), S variations are still large for 
Np(V) and Np(VII); however they become weak for Np(IV), and all the Np(III) 
compounds have the same isomer shift within the limit of experimental error 
(Table 1). 

2. Corre lat ion  b e t w e e n  S and (dNp_L~ and b e t w e e n  S and e2qQ for  
neptunium(VI)  compounds  

Various oxides, fluorides, oxyfluorides and polycarboxylic complexes of 
neptunium, from III to VII oxidation states have been studied for different 
neptunium environments (Table 1). 

Correlations between the isomer shift and the mean neptunium-ligand 
distance, as well as between S and e2qQ have been observed for Np(VI) 
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compounds containing the neptunyl ion NpO22 ÷ [ 1 ]. These correlations have 
been completed and extended to other Np(VI) compounds. 

One of the essential characteristics of the 5f elements is the formation 
of the AO2 n÷ actinyl ion (A-=U, Np, Pu and Am), with two O1 atoms for 
the nearest neighbours and four, five or six ligands LII in the equatorial 
plane. The neptunyl group, which is linear in most cases, dominates the 
neptunium-ligand bonding, usually providing axial symmetry. For NpO2 '~+, 
12 valence electrons fill all the bonding orbitals, ensuring very strong covalent 
bonding (UO22÷ structure to which a 5f electron has just been added in a 
non-bonding orbital). It should be noted that for two compounds having the 
same coordination (e.g. VI), the presence of the neptunyl group has little 
influence on the isomer shift but induces a strong electrical field gradient: 
S varies between Ba~2CoNpO6 [ 15 ], non-neptunyl NpO66- group and fl-Na2NpO4 
[34] neptunyl NpO22+ group, from - 5 9 . 3  to - 5 6 . 2  (3) m m s  -1, while e2qQ 
increases from 0 to 102 m m s  -~ (Table 1). 

The variation in isomer shift as a function of (dN~-L) is linear (Fig. 1). 
A more straightforward correlation is obtained if oxides and fluorides are 
considered separately. It is shown that all these compounds are located in 
three areas (Fig. 1) which are well defined according to their coordination 
(VI, VII or VIII). 

z 

l 

:1 9 I 

-so C N  = 8 

C N = 7 ' I  ~ 'L " ~  ~ . . . . . .  "~ 
i D \  , I \  0 
~, 3 \ )  u \ nn 

-40 ~ . . . . .  ~ ' x  n 1"~ '~2  

I In 

I I I L 

2.0 2.1 2.2 2 ~  < Np - L > (A) 

Fig. 1. I s o m e r  shift  fo r  hexavalent  n e p t u n i u m  c o m p o u n d s  v s .  the m e a n  ( N p - L )  bond  length. 
T h e  <F/p-L) dis tance m a y  b e  d e d u c e d  f rom i s o m o r p h o u s  u ran ium c o m p o u n d s  using the  relation: 
A(RuW-RNp vl) = 0.1/~, whe re  R is the ionic radius  of  t h e  h e x a c o o r d i n a t e d  ion. CN = coordinat ion 
number .  1 = NpF6, 2 = KsNpO2Fs, 3 = (NH4)aNpOaFs, 4 = NpOzF2, 5 = Ba2CoNpO6, 6 = Li4NpOs, 
7 = K2NpOo 8 = fl-NaqNpO4, 9 = BaNpO4, 10 = NpO2(NOa)z. 6H20 , 11 = NaNpO2(C2HaO2), 
12=RbNpO2(NOa)3-6H20,  13=NpO2COa;  • oxides,  ~ fluorides. 
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There  is also a cor re la t ion  be t ween  e2qQ and  S (Fig. 2): all the  Np(VI) 
c o m p o u n d s  conta in ing  the nep tuny l  g roup  are  d is t r ibuted  in th ree  well-defined 
regions .  The  non-nep tunyl  c o m p o u n d s  are loca ted  separa te ly ,  to the left  (Fig. 
2). It  is no ted  tha t  the ni t ra te  NpO2(NO3)2 "xH20 [24], in which  the  p r e s e n c e  
of  the  nep tuny l  ion is suspec ted ,  is not  in the  c o r r e s p o n d i n g  zone  and tha t  
the  local  e n v i r o n m e n t  of  n e p t u n i u m  m u s t  thus  be  different f rom the one 
p r o p o s e d .  

Cor re la t ions  also exis t  for  the  o ther  n e p t u n i u m  cha rge  s ta tes .  There  is 
a l inear  var ia t ion  of  e2qQ as a funct ion  of  S for  the  Np(VII)  c o m p o u n d s ,  as 
well as  of  S as  a funct ion  of  the  e lec t ronega t iv i ty  of  the l igand in the 
t e t r ava len t  hal ides  [36]. 

These  cor re la t ions  pe rmi t  the  s tudy  of  c o m p o u n d s  whose  s t ruc tu res  are 
not  known,  i.e. polycrys ta l l ine  samples ,  in the  a b s e n c e  of  s ingle-crys ta l  data,  
and  a m o r p h o u s  c o m p o u n d s .  Bes ides  opt ica l  s p e c t r o s c o p y ,  EXAFS and  neu t ron  
diffraction, MSssbaue r  s p e c t r o m e t r y  is one  of  the  few m e t h o d s  avai lable  to  
p rov ide  in fo rmat ion  on the  local  e n v i r o n m e n t  for  such  c o m p o u n d s .  Let us  
t ake  the case  of  n e p t u n i u m  c o m p o u n d s  having  ana logous  chemica l  fo rmu lae  
with c o r r e s p o n d i n g  u ran ium c o m p o u n d s  whose  s t ruc tu re  is well  es tabl ished:  
the  de t e rmina t ion  of  the  local  o rder  can  lead to a conc lus ion  (or  not )  r ega rd ing  
s t ruc tura l  identity. Moreover ,  in s o m e  cases ,  MSssbaue r  s p e c t r o m e t r y  is able  
to p rov ide  c o m p l e m e n t a r y  in fo rmat ion  on the  c o r r e s p o n d i n g  u r an ium com-  
p o u n d  and m o r e  par t icu lar ly  on  the  p r e s e n c e  of  different  cha rge  states .  
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Fig. 2. Isomer shift vs. electric field gradient: @ neptunyl compounds; • non neptunyl compounds. 
I==NpFs, 2=BazCoNpOs, 3=Ba2CuNpOe, 4=LiaNpO6, 5=KzNpO4, 6~fl-NazNpO4, 7= 
BaNpO4, 8 = KaNpO2Fs, 9 = (NH4)aNpO2Fs, 10 ~ K2(NpO2)2VzOa, 11 = Tl2(NpO2)zVzOa, 19, 
NpO2(NOa)2-6H20, 13=NaNpO2(CHaGO2)a, 14=RbNpO2(NOa)a-6HzO, 15=NpOzCOa, 16 m 
CaNpO4, 17 = NpO2F2. 
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3. Re lat ionship  b e t w e e n  the M6ssbauer  parameters  and local  order 

3.1. Neptunium(VI)  compounds 
The interest in these compounds is due to the fact that they exhibit a 

wide structural variety, for instance, perovskite-like structure and their de- 
rivatives, NaCl type, or distorted R3m and fluorite type [37]. Numerous 
coordination polyhedra, octahedral, pentagonal or hexagonal bipyramidal, 
deformed or not, are found. 

3.1.1.Hexacoordinated Neptunium(VI)  
3.1.1.1. Perovskite-type compounds: double perovskite. All compounds 

in the Ba2MNpO6 series, with M - F e ,  Co, Ni, Cu and Zn, are double ordered 
perovskites [15] (space group Fm3m) (Fig. 3(b)), with the exception of 
iron, which has a simple perovskite-type structure, Pm3m (Fig. 3(a)). The 
coordination polyhedron is always a regular or distorted octahedron. The 
actinide and 3d element alternatively occupy the octahedral site. The octahedra 
form tridimensional chains connected by their six corners. The M6ssbauer 
spectrum consists of a single line (Fig. 4(a)) with S= - 5 9 . 0  (5) mm s - '  
which is independent of M for all the compounds in the series. A charge 
distribution of spherical symmetry (Oh) corresponds to the regular octahedron 
(Oh), thus, e2qQ--O. This is the case for all the compounds in the series, 
with the exception of copper, for which e'~qQ = 24 mm s-~. This is due to 
the Jahn-Tel le r  effect of the copper  which induces a deformation in the 
octahedron. 

Ba3NpO6 and Sr3NpO6 (type BaaCoNpO6) M6ssbauer spectra are also 
perovskite type, their structure being unknown [38]. Barium and strontium 
occupy the barium site, as well as one-half of the octahedron sites: 
Ba(Bao.~Np05)O3 (Fig. 3(b)). 

3.1.1.2. Perovskite-type compounds: bidimensional  perovskites of  the 
K2Ni~4 type. Quadratic, K2NpO4, I 4 / m m m  space group [16], orthorhombic 
BaNpO4 (Pbcm), and fl-Na2NpO4, bidimensional perovskite type, have a 
layered structure like La2CuO4. 

The structural study carried out on the isostructural uranium compound 
has shown that fl-Na2NpO4 crystallizes in the orthorhombic system (Fmmm).  
In this type of  compound, the hexavalent actinide is located at the centre 
of  a flattened octahedron (NpO22+ group). The octahedra, connected by four 
corners,  form layers which are parallel to the xy  plane. In K2NpO4, the layers 
are parallel (Fig. 3(c)). In BaNpO4, the octahedra are bent as indicated in 
Fig. 5(c); the deformation of the octahedron leads to the existence of an 
asymmetry parameter  ~?=0.37 [17]. In fl-Na2NpO4, the presence of four 
possible orientations of the flattened octahedrons in relation to the P2 , / b  
crystal cell (Fig. 5(a)) is revealed. The angle O between the x y  plane and 
the c4 axis of the octahedron is equal to 34.83 ° (Fig. 5(d)). This structure 
should correspond to the delocalization of the oxygen atoms of the plane 
of octahedra  and produce a broadening of the M6ssbauer spectrum. The 
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Q Ba 

@ Np - ;, : "-'-'~ ........ 

© 0 

(a) BaNpO 3 (b) Ba2MNpO6 

o Np 

0 

~ K  

(c) K2NpO 4 

Fig. 3. Perovskite structure. (a) Simple perovskite, shown as idealized cubic BaNpOa. (b) 
Ordered perovskite Ba2MNpO8 (BaM0.~Ano.~03). (c) K2NpO4:K2NiF4 structure type, with neptunyl 
NpO22+ ion. 

MSssbauer spectrum of fl-Na2NpO4 at 77 K shows a pure quadrupolar pattern 
with five narrow lines revealing a single crystallographic site for neptunium 
(Fig. 4(c)). 

3.1.1.3. Perovskite-type compounds: neptunium perovskite of 
YBa2Cu07_~ type. The new high-temperature (To=20-100 K) supercon- 
ductors are oxide-based ceramics (from rare earths, alkaline earths, bismuth 
and copper, for the most part). The element responsible for superconductivity 
is copper. Their crystalline structures are relatively well known and are shared 
by three main families, all of which are derivatives of perovskite. An attempt 
has been made to substitute neptunium [40] (whether or not the charges 
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Fig. 4. M6ssbauer spectra of hexacoordinated hexavalent neptunium compounds at 77 K. (a) 
Ba2ZnNpO6, double perovskite, with Np v~ ion in the centre of a regular octahedron. (b) Li4NpO~ 
with Np w in an elongated octahedron. (c) fl-Na2NpO4 bidimensional perovskite, with NpO22+, 
in a flattened octahedron. 

Fig. 5. Perovskite structure. (a) Projection of a P21/b domain fl-Na2NpO4 and fl-Na2UO 4 
perovskite. (b) Projection between Z= 0 and Z= ¼ of the idealized fl-Na2UO4 structure. (c) 
Projection of the AnO6 octahedra in the plane (y, z) for BaNpO4. (d) Angle between the 
neptunyl ion (EFG axis) and the z-axis in fl-Na2UO+. 

a r e  c o m p e n s a t e d )  a t  t h e  s i t e  o f  t h e  r a r e  e a r t h  in t h e  h i g h - t e m p e r a t u r e  
s u p e r c o n d u c t o r  YBaeCu3OT_x. 

V a r i o u s  c o m p o u n d s  w e r e  s t u d i e d ,  a n d ,  m o r e  p a r t i c u l a r l y  

Y0.gNpo.tBaeCu3OT_x a n d  Ca0.sNpo.~BaeCuaO7_x. T h e  p u r e  o r t h o r h o m b i c  p h a s e  
Yo.gNpo.,Ba2Cu3OT_= w a s  p r e p a r e d .  H o w e v e r ,  a n n e a l i n g  a t  9 0 0  °C u n d e r  a n  
o x y g e n  f low l e d  t o  a c o m p o u n d  i s o s t r u c t u r a l  w i t h  Ba2CuNpO6 (F ig .  3 ( b ) ) ,  
a d o u b l e  p e r o v s k i t e .  T h e  X - r a y  d i f f r a c t i o n  s p e c t r u m  o f  Cao.sNpo.~Ba2Cu3OT_z 
a n n e a l e d  in a i r  d o e s .  n o t  a l l o w  i t s  s t r u c t u r e  t o  b e  d e t e r m i n e d .  M S s s b a u e r  
s p e c t r o m e t r y  ( s a m e  s p e c t r u m  a s  t h a t  o f  Ba2CoNpO6,  e 2 q Q  = 0 a n d  S = - 6 0  

m m s - ' )  r e v e a l s  t h e  o c c u r r e n c e  o f  Np(VI )  l o c a t e d  a t  t h e  c e n t r e  o f  a r e g u l a r  
o c t a h e d r o n .  N o n e  o f  t h e  p h a s e s  s t u d i e d  w a s  s u p e r c o n d u c t i v e ,  p r o b a b l y  b e c a u s e  
o f  t h e  h i g h  n e p t u n i u m  c h a r g e  s t a t e .  
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3.1.1.4. Perovskite-type compounds: KU03 perovskite-like compounds. 
In the oxygenated neptunium-potassium system, for phases rich in potassium, 
in addition to tetragonal KeNpO~, compounds of KUO~ perovskite type were 
obtained [41 ]. Crystal chemistry suggests the charge state V for the actinide, 
based on the isotypy. M5ssbauer spectrometry shows that in this compound 
neptunium, as in KeNpO4, is hexavalent, with an NpOe e+ ion at the centre 
of a flattened octahedron (same spectrum as in Fig. 4(c)). A uranium compound 
having a formula close to that of KUOa was thus synthesized: KoU~Oee.~. A 
structural study revealed the same local order as MSssbauer spectrometry. 
Moreover, it showed that it is perovskite like, obtained by doubling the KUO~ 
cell in the three directions. Vacancies are found on O1, an unusual location, 
and on K2 (KsKINp~O~.~l) .  A fraction of the potassium atoms take the 
place of neptunium (K2); K +, being larger than the actinide, requires two 
oxygen atoms closer to neptunium, forming NpOe e+. 

3.1.1.5. Perovskite-type compounds: monoclinic perovskite. As shown, 
KoU~O22.5 contains vacancies. It is interesting to prepare a perovskite without 
vacancies: NasCa2A6024, for example. In fact NasNp3.TCaa.HO,7.a5 also having 
cationic vacancies at the actinide and the oxygen sites was obtained: 
Nas(NpVo.~0Ca3., i) (NpWNpVl L i0)O, ~.~ll~.~ [42]. 

The distribution of the uranium, calcium atoms and cationic vacancies 
(on U2) (Fig. 6(a)) was very close to that observed for double perovskites 
BaeMUNpOa. A single crystal of the uranium compound has been studied. 
M6ssbauer spectrometry (Fig. 6(b)) revealed the presence of two charge 
states, Np v and Np ~ ions (S= - 3 1 2 . 2  and - 5 5 . 9  mm s - '  respectively) in 
VI coordination. The line broadening should be due to the presence of 
vacancies. The high value obtained for eeqQ (108 and 89 mm s-~) and for 
~? (0.75 and 1) respectively, correspond to very irregular octahedra. In 
agreement with the structural study, these values exclude the presence of 

(a) x~ 

100 

~ 99.0 

~ ~ o  

/ 

' "~,: ~ , =.=.7 

, L 5'0 -100  -50 0 

(b) VELOCITY (mm/s) (ReL NpAI z) 

Fig. 6. M0noclinic perovskite. (a) Projection of AnO~ octahedra  along the  z-axis. Co) 23VNp 
MSssbauer spect rum of  NasNp2NPo.8](NP0.89Caz.~])O]v.35 at T = 7 7  K with the Np v and Np w 
subspectra.  
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the actinyl ion in these compounds. This situation does not occur very 
frequently in neptunium compounds. 

3.1.1.6. Li4Np05. In tetragonal Li4NpO5, space group I4/m, the Np(VI) ion 
is at the centre of an elongated octahedron forming the NpO42- "anti- 
neptunyl" group (Fig. 4(b)), with four oxygen atoms as nearest neighbours 
in the equatorial plane and two further oxygen atoms. The octahedra connected 
by two corners form linear chains parallel to the c axis. The e2qQ of 18 
m m s - '  is much weaker than that induced by the neptunyl group in an 
octahedron: 80 to 100 mm s - '  [19]. 

3.1.2. Neptunium(VI) in VII coordination 
These compounds clearly illustrate the influence of the addition of a 

supplementary ligand to the neptunyl group. In M2(NpO2)2V208 with M = K, 
Rb and T1 [20], (Fig. 7(a)), and (NH,)3NpO2F 2 [19], the Np(VI) ion, with 
five fluorine atoms in the equatorial plane, is in coordination VII, at the 
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Fig. 7. Pu re  q u a d r u p o l e  sp l i t t ing  in  M 6 s s b a u e r  s p e c t r a  at 4 .2  K for: (a) Rbz(NpO2)2V2Os, Np w 
i o n  at  t he  cen t r e  o f  a p e n t a g o n a l  b ipyramid ;  t he  add i t iona l  l ine (1 ' )  is  due  to  t he  p r e s e n c e  
o f  a n  impur i ty .  03) NpO2COa, wi th  Np ~ in a h e x a g o n a l  b ipyramid .  (c) CaNpO4, ~ = 1. 
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centre of a pentagonal bipyramid. This increase of coordination from VI to 
VII produces a more positive isomer shift of 10 mm s-  1, while e2qQ increases 
from 100 to 200 nun s -1. 

3.1.3. Neptunium(VI) in VIII coordination 
In NpO2CO3 [21], (Fig. 7(b)), and NpO2F2 [19], the NpO2 ~+ ion is 

surrounded by six ligands and is at the centre of a hexagonal bipyramid; 
the increase of S is so large that these compounds are located in the area 
of Np(V) on the isomer shift scale. This result reveals the possibility of 
overlapping among the neptunium charge states: two neptunium compounds 
can, with different electronic structures, have the same isomer shift. This 
points to the importance of hybridization of the orbitals in these compounds. 

3.1.4. R3m-like compounds 
The U(VI) ion in CaUO4 is surrounded by eight oxygen atoms, two of 

which, the Oi atoms, are closer (UO22+ ion) forming a hexagonal bipyramid. 
o 

Distances between On atoms, d(On-Oii)=2.46 A, are unusually short [43]. 
In Na2U207 [34] and K2U207 [44], with the same structural type, the UI and 
OI~ atoms are delocalized and vacancies are found on Oi and Oii. The X-ray 
diffraction patterns of Na2Np2OT, K2Np207 and CaNpO4 [43] are similar to 
that of CaU04, but the doubling of one line indicates a symmetry which is 
lower than R3m. Mbssbauer spectra reveal various environments in the 
corresponding neptunium compounds: 

The CaNpO4 spectrum contains three lines (Fig. 7(c)). It corresponds 
to a Np(VI) ion in a very deformed polyhedron. Its isomer shift on the plot 
of S=f(dsp_L> (Fig. 1) gives very high Np--O distances, of the order of 2.4 
A, associated with the absence of the neptunyl group. This suggests a 
coordination which is greater than eight and requires confirmation using 
other methods. 

K2Np207 shows a spectrum of the same kind; the higher S value indicates 
the presence of an NpVI ion in VII coordination, in a very distorted site. 
The values of the hyperfme parameters exclude the existence of the NpO22+ 
ion in these two compounds. 

The Mbssbauer spectrum for Na2Np207 reveals a more complex envi- 
ronment. The best results are obtained by allowing three different sites for 
Np(VI): (a) flattened octahedron with a vacancy in the neptunyl group; (b) 
seven coordinated neptunium in a very distorted site; (c) a very symmetrical 
site, with the neptunium ion seven coordinated. 

The hyperfine parameters of these compounds are shown in Table 2. 

3.2. Neptunium(III) compounds 
The oxidation state III of neptunium is unstable. The only trivalent 

compounds synthesized are simple halides, chalcogenides or pnictides. The 
Np(III) ion may be stabilized in a very ionic environment: the ternary fluorides 
of the BaF2-NpFa system [44] which has been studied by X-ray diffraction 
and MSssbauer spectrometry. The corresponding uranium systems, although 



TABLE 2 

MSssbauer parameters  for hexavalent  neptunium compounds at 77 K 
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Compound S/NpAI 2 e2qQ ~7 
(mm s - l )  (mm s i) 

KgNp~Oa2.5 - 56.1 (5) 96.6(5.0) 

(S i t e  A - 53.7(5) 166.0(1.0) 
Na2Np207 ~Site B - 48.6(5) 83.0(2.0) 

[.Site C - 46.3(5) 0.00 

K2Np207 - 51.2(5) 119.5(1.0) 
CaNpO4 - 31.9(5) 90.6(1.0) 

0.00 

0.51 (5) 
0.80(6) 

1.00 
1 .00 

v(A 3) 

340 

320 

"m, 

-a .  

$21 $2,,2 Sl ',Sl 
;, ;" S2v, ] 

'~ fluodne ~, LaF 3 type 

(a) BaF2 NpF 3 (b) • F" 

1/2 
0 
0 

Fig. 8. Solid solution in the  BaF2-NpF a system. (a) Variation of the cell volume vs .  concentra t ion 
of BaF2:S1 =fluorine type; S21=hexagonal ,  LaF3 type; S22=rare  ear th type. (b) S1 fluorine 
cell, F -  anions have an interstitial posit ion in the lattices. 

widely studied,  are  poo r l y  unde r s tood .  With  nep tun ium,  two solid so lu t ions  
have  been  revea led ,  as  s h o w n  in Fig. 8(a) .  

3.2.1. The Si area, f luor ine  type (Fig. 8(a))  
The MSssbaue r  s p e c t r u m  con ta ins  a single line (Fig. 9(c)) ,  which  is 

charac te r i s t i c  o f  Np(I I I )  (S = + 40  m m  s -  ~ [ 1 ]). Table  3 shows  tha t  S r ema ins  
invar iable  for  the  different  c o m p o s i t i o n s  s tudied,  and  e2qQ = 0 indica tes  an  
e n v i r o n m e n t  of  cubic  s y m m e t r y  a t  the  Np(II I )  site. As in ra re  ear ths ,  a Ba  e + 
ca t ion  is r ep l aced  by  a Np(I I I )  ca t ion  and  an F -  an ion  c o m e s  into an  interst i t ial  
pos i t ion  (Fig. 8Co)), in o rde r  to  p r e s e r v e  cha rge  equil ibrium. The  s to i ch iome t ry  
o f  this  solid solut ion is: 

Ba,  _=NpxmF2 +x 0 < x  < 0.25.  
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3.2.2. T y p e  LaF3 ,  82  a r e a  (Fig .  8 ( a ) )  
M6ssbauer spectrometry reveals the presence of two neptunium charge 

states, III and IV (Fig. 9(a), (b)). The values of the M6ssbauer parameters 
are given in Table 3. In order to interpret these results, it is necessary to 
have recourse to a new substitution mechanism: Np(III) being substituted 
to Ba 2+ and Np(IV) with the creation of vacancies, leading to Ba~+flqp- 
I I I  I V  1-~-~xNP =F~_yll~ ($21). 

The study by M6ssbauer spectra of variation of the ratio in the areas 
corresponding to the two neptunium sites allows the experimental deter- 
mination of y; it is found to be equal to 0.05. The composition limit 
is reached when all the Np(III) has been substituted: Bao.o~Npmo.9~_2~ - 
NPivfl;'2.9511o.oa (charge neutrality). By analogy with rare earths and from 
measurements performed on the NpFs-ZrF4 system it was concluded that a 
Ba~Npmz_yFs_ull~-type solution should exist for y <  0.05 ($22). 



TABLE 3 

MSssbauer parameters for the solid solution BaF2-NpF3 
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Composition Np(III) Np(IV) 

S e2qQ ~ S Np Iv 
(ram s - l )  (ram s - l )  (ram s -1) (tool%) 

S1 Bao sNpmo.2F2.2 38.9(0.6) 0 
Ba07~Np~o.09Npm0.16F2 ~4 39.2(0.6) 0 -6 .0 (0 .6 )  36.4(1.0) 

$2 Ba0.~Np~'0.4~NPm00~F29~ 40.1(0.6) 27.0(3) 1 -6 .1 (0 .6 )  86.5(2.0) 
IV Ill Bao.334NP o.2saNP 0asaF2.9~ 40.3(0.6) 27.7(3) 1 -5 .9 (0 .6 )  45.1(1.0) 

Ba02~Npr~0.2NplHo.~sF2 v~ 40.1(0.6) 28.0(3) 1 -5 .9 (0 .6 )  27.3(1,0) 
Bao.,~Npr~0.1NPm0 wFe.v~ 40.1(0.6) 36.0(3) 1 -6 .1 (0 .6 )  11.5(0.5) 
NpF 3 39.6(0.6) 16.0(2) 1 

The mole percentage is determined by the ratio of the area of the Np r~ and Np m spectra. 

3.3. Neptunium(IV) compounds 
Remarkable results can be noted for the perovskite-type compound 

BaNpO3 [19, 24]. The neptunium octahedron environment, imposed by the 
perovskite structure (Fig. 3(a)), which is unusual for an Np(IV) ion, gives 
rise to a particular behaviour. Shorter distances in BaNpO3 (CN=VI, 
(dN~-L} = 2.3 .~) than in NpO2 correspond to a more negative S value ( -  10.3 
mm s -1 [5] instead of - 6 . 1  mm s - ' ) .  It should be noted that this value 
is even more negative than that measured for the fluoride CoNpF6"xH20, 
for which S =  - 6 . 7  mm s - ' .  The quadrupolar splitting value of 14 mm s - '  
for BaNpO3 indicates a distortion of the octahedron. Although BaNpO3 is 
located at the limit of the area of the pentavalent compounds on the isomer 
shift scale, its charge state is clearly IV. It will be seen that the perovskites 
are the most ionic neptunium oxides. For the Np(V) ion in an octahedron, 
the S value is close to - 3 0  mm s - ' .  

3.4. Neptunium(V) compounds 
The study of a single crystal of Na and Np(V) mellitate: 

Na4(NpO2)2C~20,2-8H20 [22] has revealed the existence of the (NPO2+)2 
dimer (Table 4), with two neptunium atoms closely related, dsp-sp = 3.48 /~; 
the neptunyl groups surrounded by four mellitic anions form a bidimensional 
arrangement. In (NPO2)2SO4-2H20, the flattened pentagonal bipyramids sur- 
rounding the Np(V) ion are connected by the oxygen atoms from neptunyl 
groups (as shown in Table 3) [23]. The Np-Np distances are between 4.08 
and 4.2 .~, excluding metal-metal  bonding; NpO2 ÷ groups are isolated entities. 
An analogous structure is revealed in the Np(V) pyromellitate [47]. Table 
4 shows that the MSssbauer parameters, e2qQ and Be~ are very similar for 
these two compounds. The existence of metal-metal  bonding in 
Na4(NpO2)aC,20,2" 8H20 should strongly affect the values of S and e2qQ. 
The similarity of the hyperfine parameters in the two compounds (dimer and 
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TABLE 4 

Comparison of the MSssbauer parameters at 4.2 K, for Np v frozen solutions and polycrystalline 
compounds 

Compounds S/NpA12 e2qQ Bef f Species 
(mm s -l) (mm s -l) (kOe) 

O----Np=O 
.* ." 

Na4(NpO2)2C12OI2, H20 -20.4 (0.5) 94 (1.0) 5270 (50) O= Np = 6 
Polycrystalline sample 

(NpO2)2SO 4, 2H20 -17.7 (0.5) 82.4 (1.0) 4910 (50) 
Polycrystalline sample 

Frozen solution 
Np(V) = 0.1 M 

Monomer 
HC104 = 1 M 

% % 
Np% .'" Np% 

O. O 
". //O 

Np 

.O// ' 
"O 0% .. ' % 

NPNN O NP%o 

-17.2(0.5) 103.2(1.0) 5119(50) O----Np=O 

Np(v) : 0.5 M ..' o... oil 
HC104 = 1 M Dimer -17.2 (0.5) 105.6 (1.0) 4999 (50) O---- Np = O . . . . .  Np ? Np : Np 

II II ",,.,.'" II NaC104 = 5 M O O '-' O 

Value for magnetic splitting: 1 mm s - '  =0 .05018×  106 G, assuming izg=2.5 nm for 237Np. 

monomer) implies the same local order around the neptunium and the absence 
of such a bonding. 

Guillaume et al. [46] have shown the existence of the Np(V)-Np(V) 
dimer in concentrated solutions of Np(V) in an acidic medium. These cat- 
ion-cation complexes exist in solution between An v and M m, M = Cr, Sc, Ga, 
Fe and Rh, between AnV-An v and between AnY-An w. The structure of the 
first hydration sphere is not well known. 

Frozen solutions of Np v have been studied using MSssbauer spectrometry. 
A local order is set up when a solution is rapidly cooled. The frozen solution 
should have the structure of glass or of a microcrystal, with a short-range 
order. The MSssbauer spectra of NpV=0.1 M (monomer) and NpV=0.5 M 
(dimer) (Fig. 10) solutions (Table 4), collected at 4.2 K, are identical, and 
are the same as those obtained for N a 4 ( N p O 2 ) 2 C I 2 0 1 2 . 8 H 2 0  and 
(NPO2)2804" 2H20, studied in the form of crystalline powders. The hyperfine 
parameters of these compounds and in the frozen solution are very similar. 
Their coordination polyhedra must be the flattened pentagonal bipyramid 
containing the neptunyl group for all them. The spectra of the frozen solutions 
are altered by paramagnetic relaxation phenomena (Tr>>6.8× l 0  -8  s )  for 
the two spectra studied, and the lines are broadened (8 mm s-Z). The 
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Fig .  10.  M b s s b a u e r  s p e c t r a  a t  4 . 2  K of: (a )  N a 4 ( N p O 2 ) 2 C j 2 O j 2 - 8 H 2 0 ;  (b )  N p V = 0 . 5  M f r o z e n  

s o l u t i o n ,  HClO4 = 1 M, NaC104 = 5  M. 

positions of the lines are, however, correctly adjusted [48]. In the acidic 
solutions of Np(V), two forms of the dimer have been proposed (Table 4) 
which are different from those observed in the solid state; only one of the 
actinyl ions is affected and the NpO22+ ions are "bridged" by ligands. A 
slight difference in the values of the parameters  of Na4(NpO2)2C,20,2" 8H20 
which contains the dimer is noted. The results regarding Np v are still insufficient 
to permit a correct  interpretation. 

3.5. Neptunium(VII) compounds 
The heptavalent  neptunium compounds  have been widely studied [36, 

50, 51 ], but in the absence of structural information it has not  been possible 
to link Mbssbauer parameters  to structure. Two series of single crystals were 
studied, but the quantities were too small to allow M6ssbauer measurements.  
Very ionic compounds of heptavalent neptunium have been investigated: 
Ba2LiNpO6 and Ba2NaNp08 of the perovskite type [52] and NasNpO8 and 
K3NpOs. In the favourable case of the perovskites it has been possible to 
correlate isomer shift to structure. 

In these perovskites, the Np w~ (NpO65-) ion is at the centre of a regular 
octahedron, as shown by the absence of quadrupole splitting (e2qQ=O), 
M6ssbauer spectrum identical to that of Ba2ZnNpO6 in Fig. 4(a)). This allows 
the determination of  Np--O distances: ds~_o = 2.05/~. An increase of S with 
coordination should be expected. The value of S ( - 78.8 mm s -  ~) measured 
for Ba2NaNpO~, is the most  negative observed for a neptunium compound 
and must therefore  correspond to the minimal coordination of Np w~. However, 
a structural study on a polycrystalline sample of KNpO4 conducted by Grigor 'ev 
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et al. [12[ revealed that for the less negative S value ( - 6 5 . 1  mm s-1 for 
KNpO4), there was still an octahedron around Np(VII). It may thus be 
anticipated that for all Np w~ compounds, neptunium is at the centre of an 
octahedron, which may or may not be deformed, depending on the value 
of e2qQ. 

The M6ssbauer spectrum of a frozen solution of Np(VII)--7 × 10-2 M 
in a 2.5 M solution of LiOH is the same as that of the crystallized compound: 
LiNpO4.2H20 (same S and e2qQ values) [49]. 

It may thus be concluded that the Np(VII) environment is the same in 
the frozen solution and in the crystallized compound. The e2qQ value, which 
is lower than that of KNpO4, does not allow us to conclude the presence 
of the neptunyl group. Recently, Appelman et al. [53] studied solutions of 
Np(VII) at ambient temperature (273-315 K) using nuclear magnetic resonance 
and proposed the occurrence of NpO4(OH)2 a-,  entities in solution. This 
corresponds to an elongated octahedron, in agreement with the hexacoor- 
dination observed in the solid state. 

4. C o m p a r i s o n  o f  X-ray a b s o r p t i o n  m e a s u r e m e n t s  at  the  Lni 
t h r e s h o l d  and o f  M 6 s s b a u e r  i s o m e r  shif t  in n e p t u n i u m  c o m p o u n d s  

Ionocovalent neptunium compounds at various charge states (III-VII) 
were studied by X-ray absorption near-edge structure at the Np-I~u threshold 
[54, 55]. The fine structure of the thresholds can be interpreted in terms 
of the electronic structure. The intense resonance of the I~H thresholds has 
a bearing on the empty electronic states of f symmetry. 

A single peak fo r  trivalent and tetravalent neptunium compounds, and 
a line with a shoulder which can be deconvoluted into two peaks for the 
Np(V), Np(VI) and Np(VII) compounds are observed. With an increasing of 
valence state from (III) (NpI3) to (VII) (CsNpO4) the centre of gravity of 
these white lines (WL) structures shift to higher energy. 

The differences observed in the WT. positions, AE(Ln~) are interpreted 
in terms of differences in Coulomb energies of the 2pa/2 core-excited neptunium 
atom with an extra 6d electron. In eqn. (1), AUcf and AUto represent the 
difference in Coulomb attraction between the 2p3/2 core hole and the 5f(6d) 
electron; the AUfd term derives from the interelectronic repulsion of 5f and 
the excited (6d) electron. 

AE(III) -- AVer+ AUcd-- AUfd (1) 

The theoretical value calculated for AE(Lm)= 4.8 eV between Np(III) 
(5f 4) and Np(IV) (5f 8) in agreement with the measured value of 4.0 eV 
between NpO2 and NpI~. 

The double peaks observed for the higher charge states is interpreted 
in terms of core-ionized final states with different 5f Occupancies. 

Neptunium makes it possible to compare the results of the high-energy 
probe (I~n edge X-ray absorption) with those of the low energy (ground 
state) M6ssbauer spectrometry measurements. A correlation between the shift 
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of the centre of gravity of the Lm peak and the M6ssbauer isomer shift has 
been observed in a series of ionocovalent compounds (Fig. 11). The comparison 
with the isomer shift scale in Table 1 shows remarkable similarities: <listribution 
of the compounds according to clearly defined areas corresponding to the 
various oxidation states, with maximal effects for Np(III) and Np(IV). This 
curve varies in a manner analogous to that obtained by plotting S as a 
function of  the pe(0) calculated values. The values measured for Np(VII) 
differ considerably from those obtained by extrapolation of those corre- 
sponding to Np(III) and Np(IV). 

The empirical relationships (eqns. (2) and (3)) permit a comparison of 
E(Lm) and S: 

E(LnL) = Eo - aL(n5f) -- bL(n6d) (2) 

S = So + aa(nsf) + ba(n6a) - ca(nTs) (3) 

where aL, bL, aa, ba and ca are functions of the occupancies of 5f, 6d and 
7s states. 

The increase of nsf and, to a lesser extent, n6a produces a decrease in 
E(Lm) and, in relation to the screening effect, a decrease in the density of 
the s electrons in the nucleus, and consequently an increase in S. 
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C~2012" 8H20,  7 = BaNplVO3, 8 = Npr¢o2, 9 = NpmIa. 
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These two methods are very suitable for the study of the occupancy of 
the 5f orbitals, the localization of the 5f electrons and the covalency effects 
of the actinide compounds. 

5. Re la t ionsh ip  b e t w e e n  the  e l ec tron ic  s tructure ,  i s o m e r  shi f t  and 
the  e lectr ica l  f ie ld gradient  

Many possible contributions participate in the bonding of the early 
actinide compounds (Th-Am): the diffuse, weakly bound, "fluffy" 7s and 7p 
that are relatively unimportant, the 6d and 5f that do most of the covalent 
bonding, and the semicore 6p, whose full importance has been realized only 
recently [31, 32]. 

Here we investigate penta- hexa- and heptavalent neptunium compounds 
with Np-O and Np-X bonds, ranging from the multiple in (NpO2 "+) to the 
single in the series (NpO2+)O~ 9-, NpO42- , NpO6 ~-, NpO6 s- ,  NpO81°-, NpF8 
and NpO6 ~-. The interpretation of the 23VNp quadrupole coupling constants, 
as well as the isomer shift values obtained from the MSssbauer spectroScopy 
[19] are given at a semiempirical level. 

In order to discuss the possible explanations for the observed trends, 
one of us [56, 57] has carried out calculations using the relativistic extended 
Hiickel REX method. If our results are compared with literature data, it is 
seen that calculated 5f and 6d populations obtained by Ellis e t  a l .  [58] are 
significantly higher than ours, while the 6p populations are comparable. 

For K2NpO4, the following Mulliken populations were calculated: 7s °'°°5, 
6p ~'69, 6d °'29, 5f e'~8. This result shows the absence of 7s electrons, a con- 
siderable 5f (2.58) electron participation, a value which must be compared 
with 5f' free-ion configuration, and a 6p electron contribution to the bonding. 

The calculated Mulliken atomic orbital populations may be correlated 
to the isomer shift (Fig. 12). For the 5f population in Np v, Np w and Np x~ 
oxides, this line is parallel to that obtained for the theoretical values calculated 
for free neptunium ions. For NpF6, the 5f L~ calculated Mulliken population 
falls near the ionic line. The plot for the fluorides NpFx, x = 3-6,  v s .  calculated 
electronic nuclear density (assuming pure ionic configurations) shows a 
deviation from linearity [4]. This deviation is attributed to covalency effects 
[4], increasing when going to higher charge state. The high covalency character 
of the bonding in Np w and Np v~ compounds may be connected to the 
overlapping populations, mainly because of the neptunyl group as shown in 
Table 5. In hexavalent neptunium compounds, the presence of the neptunyl 
group NpO22 + in K2NpO4 induces a higher overlap compared with Ba2CoNpO~ 
regular octahedron; on the contrary, the overlap remains small for the 
antineptunyl ion in Li4NpO~ (Table 5). These overlapping populations increase 
with the coordination number, CN =VII for K3NpO2Fs, CN=VIII in NpO2CO3 
as w~t! as with the isomer shift: the more covalent the bonding, the more 
positive is the isomer shift. If we compare overlapping populations for 
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Electric field gradient values 
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Compound S fNpAl2 a CN b 6p hole eq¢~¢ c 
(mm s - l )  6P3/2 (1018 V cm -2) 

(m=½) 

eqexp d 
( 1 0  TM V c m  2) 

Overlap e 

Np-O 

(NpVO2)SO4 - 18 2 + 5 0.16 6.5 4.4 
BaeCoNpWO6 - 59.3 6 - - - 
K2NpWO4 - 5 6 . 9  2 + 4  0.11 5.12 4.4 
K3NpVlOaF~ - 52 2 + 5 0.25 11.7 9.8 
NpWO2CO3 - 3 5 . 6  2 + 6  0.31 12.9 11.2 
Ba2LiNpWJO6 - 78 6 - - - 

0.31 O1 
0.20 02 
0.28 Ol 
0.35 Oi 
0.54 Oj 
0.38 O2 

aIsomer shift relative to NpA12. 
bCN: coordination number  of the nep tun ium ion. 
CCalculated 6p hole contribution. 
dExperimental values of the electric field gradient  from M6ssbauer  spectroscopy.  
eOverlap populat ion between nep tun ium and oxygen first neighbours.  

6. Out look for  further w o r k  

The following research studies would help to fill the gap in current 
knowledge. 

(1) Studies on the pentavalent neptunium compounds for which only 
poor information exists; 

(2) structural studies on single crystals of heptavalent neptunium and 
EXAFS measurements in order to correlate M6ssbauer parameters and local 
environment in these compounds; 

(3) studies of amorphous compounds, glass, frozen solutions and com- 
pounds with vacancies in which relaxation phenomena play a predominant 
role; 

(4) further theoretical calculations on insulating compounds in order to 
interpret isomer shift and electric field gradient in terms of electronic structure. 
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