
SRL 
RECORD COPY 

CHEMICAL ASPECTS OF 237 Np MOSSBAUER SPECTROSCOPY 

by 

D. G. Karraker 

Savannah River Laboratory 
E. I. du Pont de Nemours & Co. 
Aiken, SC 29808 

A chapter in the book 

Twenty-Five Years of Chemical 
MOssbauer Spectroscopy 

Plenum Press 

New York, NY 

DP-MS-83-91 

This paper was prepared ih connection with work done under 
Contract No. DE-AC09-76SR00001 with the U.S. Department of Energy. 
By acceptance of this paper, the publisher and/or recipient 
acknowledges the U.S. Government's right to retain a nonexclusive, 
royalty-free license in and to any copyright covering this paper, 
along with the right to reproduce and to authorize others to 
reproduce all or part of the copyrighted paper. 

. 
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INTRODUCTION 

The 237 Np ~ossbauer effect has been especially useful in 
studies of neptunium chemistry, by virtue of its excellent reso
lution and straightforward experimental techniques. Neptunium can 
have valences from +3 to +7, and a broad range of compounds can be 
prepared that are analogous to those of other actinide elements. 
Studies on neptunium compounds, for example, have a ready applica
tion to the analogous compounds of uranium and plutonium. The 
emphasis in this paper will be on the application of the 237 Np 
MOssbauer effect to problems in neptunium chemistry. 

Description of 237 Np ~ossbauer Effect 

The ~ossbauer effect of 237 Np was discovered by Stone and 
Pillinger1 at the Savannah River Laboratory, and the experimental 
techniques were further developed by G. M. Kalvius and co-workers 
at the Argonne National Laboratory.2 The fundamentals of 237Np 
MOssbauer spectroscopy have been discussed in three excellent 
reviews3 -S and will be reviewed very briefly here. 

The gamma ray used for the 237 Np ~ossbauer effect results 
from the 59.5 keV, 5/2- + 5/2+ El transition in 237 Np, and has a 
t 112 of 63 ns. The 59.5 keV level is accessible from the a-decay 
of 241 Am, ~-decay of 237 u or the electron-capture decay of 237 Pu. 
The 433-y 24 1Am is the most convenient source, and the minimum 
line-width is obtained with 5% Am metal alloyed with a cubic 
thorium metal. 6 



The trans1t1ons between the 5/2- excited state and 5/2+ ground 
state of 237 Np are illustrated in Fig. 1. Both the excited and 
ground state are split by electric and magnetic fields. Fig. 1 
shows the appearance of the spectra for (bottom Fig. 1, left to 
right) for a quadrupole-split spectrum, an unsplit spectrum, a 
magnetically-split spectrum, and a spectrum that has a combination 
of quadrupole and magnetic s~litting. Pillinger and Stone3 have 
discussed the analysis of 23 Np Mossbauer spectra. 

For chemical effects, the isomer shift is the most useful 
hyperfine interaction. The isomer shift is determined by the 
Coulomb interaction of the electrons with the· nucleus. The central 
field interactions that cause the isomer shift are spherically 
symm~tric and result primarily from s orbitals. For neptunium 
ions, the 6s orbitals are shielded from the nucleus by the inner 
5f orbitals (Fig. 2). An increase in the number of 5f electrons 
increases the shielding and decreases the isomer shift . 
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Fig. 1. Splitting of the ground state and 59.5 keV level of 23 7Np 
in magnetic and electric fields 
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The isomer shifts of 237 Np in its different valences (+3 to 
+7) cover a range from -6.9 to +3.S cm/s, and provide an easy 
identification of the neptunium valence in a neptunium compound. 
The isomer shifts of the neptunium valence states are shown in 
Fig. 3 for fluorides and oxides. The Np(VI) and Np(V) isomer 
shifts for the oxides are more positive than the isomer shifts of 
the fluoride, because the covalent bonding of the oxygen atoms in 
the Np02

2+ and Npo2+ contributes electron density to the shielding 
Sf orbitals. 
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Fig. 3. Isomer shifts of Np fluorides and Np oxide ions 
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Neptunium(VII) 

Russian workers reported the discovery of neptunium (VII) in 
1967. 7 •8 Solutions containing Np(VII) were prepared by bubbling 
ozone through a slurry of Np(VI) hydroxide in 3M NaOH. A compound 
with the hexaminecobalt (III) cation was isolated and analyzed to 
be Co(NH3)6Np05 •xHzO. The determination of the valence of neptu
nium in this compound and in the solutions depended on the stoichi
ometry of some chemical reactions that were not straightforward, so 
there was d·oubt about the existence of Np(VII). To resolve this 
doubt, Np(VII) solutions and the Co(NH3)6Np05•xHzO were prepared 
and their Kossbauer spectra measured. 9 

The isomer shift for neptunium in these compounds was in the 
range -6.5 to -6.8 cm/s, and established beyond question that the 
Russian workers had discovered Np(VII). (All isomer shifts are 
relative to NpA12 = 0. Isomer shifts reported relative to Np02 
have been converted by subtracting 0.53 cm/s from their values.) 
The Kossbauer spectrum of Co(NH3 ) 6Np05 •xHzO, shown irt Fig. 4, was 
analyzed as having two nonequivalent Np(VII) ions with the same 
isomer shift -6.81 cm/s, but different quadrupole splittings 
(eqQ/4), 2.1 cm/s for the A site, and 3.1 cm/s for the B site.9 
Later studies by Frohlich, et. al.,lO reported isomer shifts of 
-6.64 cm/s for Np(VII) in Co(en) 3Np05 •xH2o (eqQ/4 = 2.45 cm/s) and 
-7.42 cm/s for Np(VII) in Li5Npo6 (eqQ/4 = 0.85 cm/s). 
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Proposed NpOC15- 2 Compounds 

Virtually all Np(V) compounds prepared in aqueous media have 
the neptunium as an Npo2+ ion. The neptunyl (V) ion has an 
ellipsoidal shape, with the two oxygen ions covalently bonded to 
the central Np(V) ion. Reported preparations 11 of the compounds 
Cs2NpOC1 5 and [(C6H5)4As] 2Np0Cl5 were quite surprising, since these 
compounds must have one oxygen and one to three chloride ions 
bonded to the Np(V) ion. As this would surely be reflected by 
an unusual ~ossbauer spectrum, the MOssbauer spectrum of 
[(C6Hs)4As] 2NpOC15 was investigated.12 

The 237Np ~ossbauer spectrum of [(C6H5 ) 4As] 2Np0Cl 5 (Fig. Sa) 
was blurred by intermediate relaxation effects, but the center of 
gravity of the magnetically split spectrum has an isomer shift that 
corresponded to a Np( IV) ion, with some extra absorbanc,es added •12 

Comparison of the [(C 6H~) 4As] 2NpOC1 5 spectrum with the spectra of 
Np(IV) in (TPAs)2NpC16 LTPAs = (C6Hs\As] (Fig. Sb) and Np(VI) in 
(TPAs)nNp02Cln+2 (Fig. Sc) showed that the spectrum of (TPAs) 2NpOC1 5 
could be reproduced by a superposition of the major absorptions 
from the Np(IV) and Np(VI) compounds, and that the Np0Cl 5- 2 ion was 
not present in (TPAs)2NpOC1 5 . This conclusion was later corrobo
rated by absorption and infrared spectra. Obviously, in the prepa
ration of (TPAs)2NpOC15 , the Npo2+ ion had disproportionated in 
strong HCl, as: 

and the mixed Np( IV) and Np(VI) compounds were precip~tated from 
solution by TPAsCl. 

Np(C8Hs )I•xTHF 

Np(CgHs)I•xTHF is an unstable compound that could not be 
characterized by standard measurements but whose preparation was 
established through 237 Np ~ossbauer spectra.13 Np(C8Hs)I•xTHF 
was prepared as green-brown solid by the reaction of Npi3 and 
KzC8H8 in THF solution at -zo•c. The reaction mixture was warmed 
to room temperature, filtered and the product recovered from the 
filtrate by vacuum evaporation to a damp-dry solid. Further 
evaporation caused a color change that was an apparent sign of 
~ecomposition. Chemic~l analysis established that the ratio of 
I/Np was about 1, but the degree of solvation varied,; neither x-ray 
or absorption spectra yielded any useful results. 
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237 Np ~ossbauer spectra for the reaction reactants and 
products are shown in Fig. 6. The top spectrum is a quadrupole
split of Npl3 (o = 3.33 cm/s, eqQ/4 = 0.81 em/sec), the next lower 
spectrum is the THF solvate of Npl3 ( o = 3 ."32 em/ s, eqQ/ 4 = 0. 74 
em/ s, a·symmetry parameter, ll = 1), and the next lower spectrum 
shows a strong single absorption with o=3.83 cm/s. This line is 
not the compound KNp(C8He) 2 •2THF (o = 3.92 cm/s, eqQ/4 = 0.74 
em/sec, ll ~ 0), and the pronounced isomer shift from Npl3 •6THF 
indicates a species with a small covalent contribution to its 
bonding. This line at o = 3.83 cm/s is considered to demonstrate a 



Np(C8H8 )I•xTHF species. The bottom spectrum in Fig. 6 shows the 
spectrum of the decomposition products that results when the 
Np(C8H8 )I•xTHF-Npi3 •6THF mixture is thoroughly dried in vacuum
probably the spectrum of a mixture of Np(IV) products. 
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Np(V) - Transition Metal Ion Complexes 

Sullivan14 discovered from kinetic measurements that the 
aqueous Np(V) ion forms complexes with a number of other cations, 
and particularly strong complexes with Cr(III) 15 and Rh(III)l 6 
ions. The suggested structure for these complexes involves the 
substitution of the Npo2+ ion for water in the coordination sphere 
of the Cr(H2o) 63+ and Rh(Hz0) 6

3+ ions, presumably with an Npo2+ 
oxygen occupying roughly the same position as the oxygen atom of a 
coordinated water molecule. If this were so, there should be a 
marked difference in the magnetic properties of the coordinated 
Npa2+ induced by the Cr(III) ion (3d3 , high spin) and the Rh(III) 
ion (4d6 , spin = 0). A difference in these magnetic effects should 
be manifest in the 237 Np ~ossbauer spectra of the two complexes. 
No solid compounds of these complexes have been prepared, but the 
complexes can be isolated by absorption on cation exchange resin.l 4-l6 

The ~ossbauer spectra17 of the Cr(III)-Np(V) and Rh(III)
Np(V) complexes absorbed on cation resin (Fig. 7) are consistent 
with the presumed structure of the Np(V) complex ions'. The 
spectrum of the Np(V)-Cr(III) complex ion shows a strong magnetic 
splitting (g 0 uNHeff); one line is beyond the negative limit 
of the ~ossbauer drive. There is only a small quadrupole split
ting. The ~ossbauer parameters for the Cr(III)-Np(V) spectrum 
are o = 1.69 cm/s, g0 uNHeff • 9.91 cm/s and eqQ/4 = 2.9 cm/s. 
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The spectrum of the Rh(III)-Np(V) complex shows extreme reson
ances that correspond to the strongest lines of a magnetically 
split spectrum, but the strong mixture of resonances in the center 
of the spectrum are due to the bulk of the Np(V) ions in the com
plex. These resonances are interpreted as dominated by quadrupole 
splitting and complicated by intermedi~te relaxation effects. In 
the fast relaxation limit, the spectrum will show single or 
quadrupole-split lines; at long relaxation times, the spectrum 
will be magnetically split. Intermediate relaxation times produce 
broadened resonances, and with unequal relaxation times in the 
different directions along the solid lattice, an extremely strange 
spectrum may result. However, the conclu?ion from this spectrum is 
that the major part of the Np(V) ions are in a non-magnetic envi
ronment, and that the spectrum is consistent with the suggested 
structure for the Rh(III)-Np(V) ion. The comparison of Mossbauer 
spectra for the Cr(III)-Np(V) and the Rh(III)-Np(V) ions agrees 
with a structure of these complex ions with an Npo2+ ion occupying 
a position in the octahedral coordination sphere of tne Cr(III) and 
Rh (III) ions. 

These compounds have the Np4 + ion located at the body center 
of the octahedron o~ six Cl- ions; T~NpCl~ ~TMA = (CH3?4 N) has 
a face-centered cub1c cell (~) w1th the Np4 1on at·a po1nt of 
full cubic symmetry. (TEA) 2NpC1 6 has an orthorhombic cell 
(D d) that distorts the field on the Np4+ sites. The ground 
le~el of the Np4+ ion (5f3 ) is a fa quartet 1a in cubic symmetry; 
the complicated splitting19 of the fa level has been extensively 
studied in optical spectra, 20 - 23 and EPR.24 , 25 In general, the fa 
level splitting can be described by two splitting factors, g and f, 
which may be unequal and are anisotropic except in special cases. 

The ~ossbauer spectra of (TMA) 2NpC16 and (TEA) 2NpC16 
(Fig. 8) are both characterized by magnetic splitting with an 
additional quadrupole contribution. 26 The Mossbauer parameters 
for (TMA) 2NpC16 are o = -0.66 cm/s, g0 ~NHeff = 7.85 cm/s and 
eqQ/4 = 0.091 cm/s. The spectra, however, show marked deviation 
from an isotropic splitting pattern. The hyperfine pattern 
expected for pure isotropic splitting is shown at the top of 
Fig. 8; both the line spacings and intensities are inconsistent 
with the hyperfine pattern expected for isotropic splitting. The 
explanation may be that the paramagnetic field has split the fa 
level, and unequal splitting has caused the anomalies in the 
(TMA) 2NpC16 ~ossbauer spectrum. 
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The MOssbauer spectrum of (TEA) 2NpC16 (Fig. 8) is quite 
complex, with about twice the number of lines expected for a 
magnetically split spectrum. The optical absorption spectrum2l at 
4.2"K was interpreted as resulting from Np4 + ions in two unequal 
sites. The Kossbauer spectrum confirms this interpretation; the 
parameters for the two sites are (A) o = 0. 75 cm/s, &o\!Nileff = 
5.78 cm/s, eq.Q/4 = 0.35 cm/s and (B) o = 0.71 cm/s, go\!Nileff = 
6.26 cm/s, eqQ/4 = 0.27 cm/s. As with the (TMA)2NpC16 spectrum, 
the line spacings and intensities are not consistent with an 
isotropic splitting pattern. However, the spectrum does confirm 
the presence of two Np 4+ sites found by optical studies .. 

Covalency of Np(IV) Organometallic Compounds 

The wide range of isomer shifts in Z37Np Kossbauer spec.tra, 
besides identifying the valence of Np in compound, can also show 
more subtle effects within compounds of the same valence. This 
is of particular interest for organometallic compounds, where the 
orbitals of highly IT-bonding ligands contribute appreciable elec
tron density to the shielding Sf orbitals. The isomer shift of 
Np4 + in covalency-bonded compounds is shifted toward more positive 
values, sometimes quite dramatically. Table I compares the isomer 
shift of some Np4 + organometallics, with the isomer shifts of NpC1 4 
and NpC1 3 included for reference. As this work has been both 
reported27 - 29 and reviewed, 30,31 this discussion is necessarily 
brief. 



Table 1. Isomer Shifts of Np(IV) Organometallic Compounds 

Compound Isomer Shift, cm/s 

NpCl~ -0.35 ± 0.05 

NpCp 3Cl* 1.4 ± 1.0 

NpCp 3C4H9 0.27 ± 0.07 

NpCp 30C(CH3) 3 0.86 ± 0.3 

NpCp 4 0. 72 ± 0.02 

Np(CaHa) 2 1.94 ± 0.05 

NpC1 3 3.54 ± 0.05 

KNp(CaHa)z 3.92 ± 0.10 

* Cp C5H5-, cyclopentadienyl anion. 
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Kossbauer studies32 , 33 of the charge states of 237 Np 
following alpha-decay of the 241 Am source have shown a general 
persistence of the same valence in the 237 Np daughter as in the 
241 Am parent. Experiments of the same nature with the 237u or 
237 Pu as the Kossbauer sources are considerably more difficult, 
but may lead to the application of the 237 Np Kossbauer effect to 
uranium or plutonium chemical studies. 

Acknowledgment 

The information contained in this article was developed during 
the course of work under Contract No. DE-AC09-76SR00001 w'ith the 
U.S. Department of Energy. 

LITERATURE CITED 

l. J. A. Stone and W. L. Pillinger, Phys. Rev. Lett. 13:200 
(1964) 0 

2. B. D. Dunlap, M. B. Brodsky, G. M. Kalvius, G. K. Shenoy, and 
D. J. Lam. .:!· ~· Phys. 40:1495 0969). 



3. W. L. Fillinger and J. A. Stone. "Mossbauer Effect 
Methodology." I. J. Gruverman, Ed., Plenum Press, New York, 
Vol. 4, pp. 217-236 (1968). 

4. G. M. Kalvius. "Plutonium 1970 and Other Actinides." 

5. 

6. 

7. 

8. 

Proceedings of the 4th International Conference on Plutonium 
and Other Actinides, Santa Fe, NM., October 5-9, 1970. 
W. N. Miner, Ed., Metallurgical Society of American Institute 
of Mining, Metallurgical and Petroleum Engineers, Inc., New 
York, NY, pp. 296-330 (1970). 

B. D. Dunlap and G. M. Kalvius. In "Actinides Electronic 
Structure and Related Properties." A. J. Freeman, and 
J. B. Darby, Jr., Eds., Academic Press, New York, NY, p. 237 
(1974). 

B. D. Dunlap, G. M. Kalvius, S. L. Ruby, M. B. Brodsky, and 
D. Cohen, Phys. Rev. 171:316 (1968). 

N. N. Krot and A. D. Gelman. "Dokl. Akad. Naak USSR," 
177:124, ANL-trans-574, Argonne National Laboratory, 
Argonne, IL (1968). 

N. M. Krot, M. P. Mefodyeva, T. V. Smirnova, and A. D. Gelman, 
"Radiokhimiya," 10:412. ANL-trans-678, Argonne National 
Laboratory, Argonne, IL (1968). 

9. J. A. Stone, W. L. Fillinger, and D. G. Karraker. Inorg. 
Chern. 8:2519 (1969). 

10. K. Frohlich, P. Gutlich, and C. Keller. J. Chern. Soc. Dalton 
Trans. 971 (1972). 

11. K. W. Bagnall and J. B. Laidler. J. Chern. Soc. (A) 516 
(1966). 

12. D. G. Karraker and J. A. Stone. J. Inors;. Nucl. Chern. 
41: ll53 (1979). 

13. D. G. Karraker and J. A. Stone. J. Inors;. Nucl. Chern. 
39:2215 (1977). 

14. J. c. Sullivan. J. Am. Chem. Soc. 84:4256 (1962). - -
15. J. c. Sullivan. Inors;. Chern a 3:315 (1964) . 

16. R. K. Murmann and J. c. Sullivan. Inors;. Chern. 6:892 (1967). 

17. D. G. Karraker and J. A. Stone. Inors;. Chern. 16:2979 0977). 



18. K. R. Lea, M. J. M. Leask, and W. P. Wolfe. J. Chern. Phys. 
Solids, 25:1381 (1962). 

19. B. Bleaney. Proc. Roy. Soc. (London) 73:939 0959). 

20. J. B. Gruber and E. R. Menzel. ~· ~· Phys. 50:3773 
(1964). 

21. E. R. ~enzel, J. ~. Gruber, and J. L. Ryan. J. Chern. Phys. 
57:4387 (1972). 

22. E. R. Menzel and J. B. Gruber. J. Chern. Phys. 54:3857 (1971). 

23. R. P. Richardson and J. B. Gruber. J. Chern. Phys. 56:256 
(1972). 

24. J. E. Bray. Phys. Rev. B, 18:2973 (1978). 

25. N. Edelstein, w; Kolbe, and J. E. Bray. Phys. Rev. B, 21:338 
(1980). 

26. D. G. Karraker and J. A. Stone. Phys. Rev. B, 22: 111 (1980). 

27. D. G. Karraker and J. A. Stone. Inorg. Chern. 11:1742 (1972). 

28. D. G. Karraker and J. A. Stone. Inorg. Chern. 18:2205 (1979). 

29. D. G. Karraker. Inorg. Chern. 22:503 (1983) . 

30. D. G. Karraker. In "Organometallics of the £-Elements." 
T. J. Marks and R. D. Fischer, Eds., D. Reidel: Dordrecht, 
Holland, p. 395 (1979). 

31. D. G. Karraker. In "Recent Chemical Applications of the 
M'ossbauer Effect." G. Shenoy, J. G. Stevens, Eds., 
American Chemical Society: Washington, DC, Adv. Chern. Ser. 
194:347 (1981). 

32. B. D. Dunlap, D. J. Lam, G. M. Kalvius, and G. K. Shenoy. 
~· ~· Phys. 42:1719 (1971). 

33. J. Gal, z. Hadari, E. R. Bauminger, I. Nowik and S. Ofer. 
Solid State Communication, 15:1805 (1974). 


