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COVALENCY OF NEPTUNIUM(1V) ORGANOMETALLICS FROM 3 7 ~ p  
MOSSBAUER SPECTRA' 

D. G. Karraker  

E. I. du Pont de Nemours & Co. 
Savannah R i v e r  Labora tory  
A i  ken, SC 29801 

ABSTRACT 

density increase the shielding, and the 2 3 7 ~ p  isomer shift reflects 

differences in bond charact r among covalently bonded ligands. P The large difference in isomer shift (3.8 cmjsec) between ionic 
I 

The isomer shifts in 2 3 7 ~ p  iissbauer spectra arise from the 

Np(1V) and Np(II1) compounds permits a good determination of 

shielding of neptunium's 6s 

In covalent bonding, ligand 

, ligand bonding differences in Np(1V) oiganometallic compounds. 

The Mossbausr spectra for about. 20 Np (IV) organometal lic compounds, 

orbitals by the inner Sf orbitals. 

contributions to the Sf electron 

pri-ncipally cycl~pentadieny~ (Cp) compounds of the general 

n composition CpxNpX4-x (x = 1;2,3; X .= Cl, BH4, Bu, Ph, 'OR, acac), 

show both the differences in o bonding among the X ligands, as 

well as the covalent effect uf ,the Cp ligands. 



I. INTRODUCTION 

The 7 ~ p  ~ossbauer Effect (ME) has been especial 1 y valuable 

for chemical and physical studies of solid neptunium compounds. 

The isomer shift in 2 3 7 ~ p  has a very wide range - from -6.9 cmlsec 

to +3.5 cm/sec, and excellent resolution can be obtained without 

excessively elaborate equipment. Neptunium forms compounds in 

five valence states, plus the metallic state, so a wide range of 

compounds and intermetallic materials can be prepared for 

~ossbauer studies. Example of some past ~.iossbauer studies are 

- magnetic properties of some neptunium compounds(2-5) - and 

localization of 55 electron in Np intermetallics(6). - This 

paper outlines the d experimental procedure for 2 3 7 ~ p  

~Gssbauer studies the application of .the 2 3 7 ~ p  ME 

to the determination of covalent effects in Np organometallic 

compounds. 

23;7np MBSSBAUER EFFECT 

A .  Descr ip t i on  

Stone and ~illin~er(7) - discovered the ME of 2 3 7 ~ p  at the 

Savannah River Laboratory, and the experimental techniques were 

further developed by the group at Argonne National Laboratory, 

then directed by G. M. Kalvius. The physics of the 2 3 7 ~ p  has 

been summarized in two excellent reviews(8,9) and will be 

discussed briefly here. 



The gamma r a y  used i n  t h e  2 3 7 ~ p  ME r e s u l t s  from t h e  59.5 

2 3 7 keV, 5 /2 -  -t 5.2' El t r a n s i t i o n  i n  Np (t%, 6 3  nsec )  . The - 
59.5 keV l e v e l  i s  a c c e s s i b l e  from t h e  a-decay of 2 4  '~m, &decay 

from 3 7 ~ ,  o r  e l e c t r o n - c a p t u r e  decay from 3 7 ~ ~ .  The h a l f - l i f e  

of 2 4 1 ~ m  (433 y e a r s )  makes i t  t h e  obvious cho ice  f o r  a Mksbaue r  

source .  

B. Hyperfine Interactions 

Hyperf ine i n t e r a c t i o n s  r e f e r  t o  t h e  i n t e r a c t i o n  o f  t h e  2 3 7 ~ p  

nucleus  with t h e  surrounding e l ec t romagne t i c  f i e l d  ( i n t e r n a l  o r  

e x t e r n a l )  . The i n t e r p r e t a t i o n  of  7 ~ p  ~ 6 s s b a u e r  s p e c t r a  depends ' I . ,  

upon t h e  a n a l y s i s  of  hype r f ihe  e f f e c t s .  The Hamiltonian f o r  t h e  

ME system has  t h r e e  terms:  

and HM i s  t h e  i n t e r a c t i o n  o f  magnetic f i e l d s  wi th  t h e  nuc leus .  

Hhf 
= HIS t HQ i HM, where HIS r e f e r s  t o  i n t e r a c t i o n s  o f  

The s p l i t t i n g  of  t h e  e x c i t e d  and ground s t a t e s  by hype r f ine  f i e l d s  

t h e  c e n t r a l  f i e l d  wi th  t h e  

i s  i l l u s t r a t e d  i n  F igure  1 f o r  s i n g l e  u n s p l i t  l e v e l s ,  quadrupole-  

nuc leus ;  H r e p r e s e n t s  t h e  i n t e r a c t i o n  Q 

s p l i t  l e v e l s ,  magne t i ca l ly  s p l i t  l e v e l s  and combined magnetic and 

between t h e  quadrupole moment wi th  t h e  e l e c t r i c  f i e l d  g r a d i e n t ;  

quadrupole s p l i t  l e v e l s  (10) .  - 

C. Isomer Shift 

The c e n t r a l  f i e l d  i n t e r a c t i o n  i s  t h e  r e s u l t  o f  t h e  Coulomb 

i n t e r a c t i o n  of  t h e  e l e c t r o n i c  charge  wi th  t h e  n u c l e a r  charge .  

This  i n t e r a c t i o n  determines t h e  isomer s h i f t .  The c e n t r a l  f i e l d  



i n t e r a c t i o n s ,  which lead  t o  t h e  isomer s h i f t  i n  ME, a r e  

s p h e r i c a l l y  symmetric and depend p r i n c i p a l l y  upon S o r b i t a l s .  

For 2 3 7 ~ p  ME, 6 s  o r b i t a l s  a r e  s h i e l d e d  from t h e  nuc.1 eus by t h e  

i n n e r  Sf o r b i t a l s  (F igure  2 ) .  I nc reases  i n  t h e  e l e c t r o n  d e n s i t y  

i n  t ,he Sf o r b i t a l s  i n c r e a s e  t h e  s h i e l d i n g  o f  t h e  6s  o r b i t a l  and 

produce a  more p o s i t i v e  isomer s h i f t .  6d and 6p e l e c t r o n s  can 

a l s o  s h i e l d  t h e  6s  o r b i t a l s ,  b u t  t h e i r  c o n t r i b u t i o n s  a r e  smal l  

compared t o  t h e  e f f e c t  o f  Sf s h i e l d i n g .  An obvious example o f  

o f  t h e  e f f e c t  o f  Sf e l e c t r o n  d e n s i t y  on t h e  isomer s h i f t  i s  t h e  

d i f f e r e n c e s  i n  t h e  isomer s h i f t  f o r  neptunium compounds 'of 
I 

d i f f e r e n t  valences, '  which amount t o  2-4 cm/sec between consecu t ive  

I 
, va lences ,  and a  range o v e r  I 0  crnjsec 'between N ~ ' +  and Np3' 

(F igure  3 ) .  

i Given t h e s e  l a r g e  d i f f e r e n c e s  i n  isomer s h i f t s  between 

va l ences ,  cova len t  e f f e c t s  on bonding can a l s o  be  i d e n t i f i e d  by 

isomer s h i f t s  (11) .  Covalency r e q u i r e s  t h e  o v e r l a p  o f  l i gand  - 
o r b i t a l s  with t h e  Sf o r b i t a l s ,  which i n c r e a s e s  t h e  Sf e l e c t r o n  

d e n s i t y  wi th  a consequent p o s i t i v e  i n c r e a s e  i r i    lie isomer s h i f t  , 

The comparison o f  isomer s h i f t s  between neptunium f l u o r i d e s  and 

oxygen-bonded neptunium compounds (F igure  3) shows t h e  s t r o n g  

+ 
s h i f t  roward lowcr va l ence  o f  t he  Npo2++ and NpOz compounds 

compared t o  t h a t  of NpF6 arrd NpF5. The e l e c t r o n , d e n s i t y  c o n - .  

t r i b u t e d  t o  t h e  S f  o r b i t a l s  o f  t h e  Np6+ and N p S +  i ons  by t h e  

t i g h t l y  bonded oxygen l i g a n d s  r e s u l t s  i n  an isomer s h i f t  toward 

lower va l ence .  For  t h e  N ~ " ,  t h e  c o n t r i b u t i o n  o f  oxygen l i g a n d s  



i s  sma l l ,  because it becomes more d i f f i c u l t  f o r  t h e  o r b i t a l s  t o  

ove r l ap  i n  t h e  l a r g e r  Np4+  i o n .  In  t h e  s t i l l  l a r g e r  N p 3 +  i o n ,  

e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  isomer s h i f t s  occu r s  between a 

f l u o r i d e  and an oxygen l i gand  environment.  

D. Quadrupol e Interaction 

The i n t e r a c t i o n  o f  t h e  n u c l e a r  quadrupole t e n s o r  wi th  t h e  

e l e c t r i c  f i e l d  g r a d i e n t  t e n s o r  f r o m ' t h e  i o n i c  environment 

surrounding t h e  'Np i o n  can r e s u l t  i n  quadrupole s p l i t t i n g .  

The n u c l e a r  quadrupole t e n s o r  i s  normally- assumed t o  have. . 

r o t a t i o n a l  symmetry, and thus  reduces  t o  t h e  s c a l a r  n u c l e a r  

quadrupole moment. The e l e c t r i c  f i e l d  g r a d i e n t  depends upon t h e  

i o n i c  environment and' may b e  a  complicated f u n c t i o n .  I n  g e n e r a l ,  

quadrupole s p l i t t i n g  occurs  on ly  when t h e  f i e l d  on t h e  abs-orbing 

2 3 7 ~ p  has  an n - fo ld  a x i s ,  where 1-02.. For an a x i a l l y  symyet r ic  

f i e l d  g r a d i e n t ,  quadrupole s p l i t t i n g  o f  a  resonance g i v e s  a  

p a t t e r n  wi th  f i v e  e q u a l l y  spaced l i n e s .  I f  t h e  charge  symmetry 

is  nonax ia l ,  t h e  p a t t e r n  may show on ly  t h r e e  l i n e s  t h a t  a r e  

e q u a l l y  spaced.  I n  e i t h e r  ca se ,  t h e  c e n t r a l  resonance o f  t h e  

quadrupo le - sp l i t  spectrum has  t h e  same isomer s h i f t  a s  t h e  

u n s p l i t  resonance would have (F igure  1 ) .  

E. Magnetic Interaction 

The i n t e r a c t i o n  o f  t h e  n u c l e a r  energy l e v e l s  wi th  a  

magnetic f i e l d  ( i n t e r n a l  o r  e x t e r n a l )  r e s u l t s  i n  magnetic 

s p l i t t i n g  o f  t h e  'NP Mzssbauer s p e c t r a  (F igure  1 )  . Normally, 



a paramagnetic ion will have a magnetic field at the nucleus 

because of its unpaired electrons. At room temperature, the 

direction of the field changes too rapidly for the nucleus to 

.respond. At low temperatures, the relaxation time is greatly ' 

decreased, often to the po-int where the 7 ~ p  MGssbauer spectrum 

is magnetically split. When the absorbing compound becomes 

ferromagnetic or antiferromagnetic, the relaxation time becomes 

infinite on the 2 3 7 ~ p  MGssbauer time scale, and a large magnetic 

splitting normally results. Pure magnetic splitting has a 16-line 

pattern (Figure l), but as the energies of some of the resonances 

are nearly the same, the spectrum usually shows only eight to ten 

lines. The average of two symmetrically split lines determines 

the isomer shift in magnetically split spectra. ~ccasionall~, 

quadrupole splitting may be also imposed on magnetic splitting, 

but since -the magnetic splitting is normally much greater than 

quadrupole splitting, no serious complication is introduced in 

interpreting the spectrum. Where quadrupole and magnetic 

+ + 
splitting are nearly equal , as for some NpOz or NpOn+ cunlpounds, 

assignment of the resonances becomes very- difficult. 

F. Intermediate Relaxation Effects 

This discussion of I~yperI'it~t: interactions involves the tacit' 

ass11mpt.ion' that the absorption 01 Lht :  exciting gamma ray is 

followed by the release of the absorbed energy on a time scale 

that is either fast or slow compared to the,lifetime of the 63 



nsec excited state. Fast relaxation times yield single or 

quadrupole-split spectra; slow relaxation times normally occur 

with magnetically-split spectra. When the relaxation time is of 

the same order as the lifetime of the emitting nucleus, the 

resulting ~gssbauer spectrum loses resolution, often so much so 

that the spectrum becomes an ~ninter~retable smear (Figures 4 , s ) .  

Relaxation is considered to occur principally through spin-lattice 

and spin-spin interactions, although other mechanisms have been 

considered(l2). - Physical methods of avoiding intermediate 

relaxation effects depend upon changing the experimental conditions 

to favor faster (higher temperatures) or slower (.external 'magnetic 

fields, lower temperatures) relaxation times. In practice, such 

methods are not easy to apply and not necessarily successful. 

However, in some cases, intermediate relaxation effects can be 

avoided by changing the chemical compound to a similar compound 

that retains the features under study. Substitution of a bulkier 

ligand or cation [MeCp for Cp, N(,Cn~s)b+ for CS+] often reduces 

relaxation effects without affecting rhe object  of the study. 

ExperimentaZ Techniques 

The experimental apparatus and techniques for 2 3 7 ~ p  Mgssbauer 

spectroscopy have been included in earlier reviews~8,9.,13,14,15). ----- 

The instrumelltation used in Mijssbauer studies has always been 

similar among different workers, but there were some differences 

in sources, detectors, standardization of spectra, etc., 

particularly before the year 1972. Tn rece~it years, some 



,techniques have become standard; they will be.emphasized in the 

section on "Instrumentation. 'I 

In s tmen ta t i on  

2 3 7 ~ p  MGssbauer experiments have usually used a conventional 

constant-acceleration spectrometer in transmission geometry (16). - 

The spectrometer must achieve relatively .high velocities C+20 cm/ 

sec) while operating at liquid helium temperatures. The recoilless 

fraction for 7 ~ p  ME is severely decreased above helium temperatures 

for most absorbers, so the source-.absorber equipment requires a 

liquid helium dewar, preferably one capable of maintaining' helium 

temperatures for three to four days. A convenient velocity 

calibration can be obtained from a NpA12 absorber, which has a 

well-characterized magnetically split spectrum at 4.2 K. 

' . Sources 

The most conveni.ent saucce:'.is 24 metal .as a 5% .alloy .i.n 

cubic thorium metal matrix. A 433-year 2 4 1 ~ m  source lasts 

indefinitely; one such source has been used satisfactorily at 

the Savannah River Laboratory (SRL) for about ten years. About 

three mg 2 4 1 ~ m  in a source yields counting rates above lo4 counts/ 

237 channel-sec. Sources in earlier work used U (6.75 'd) , and the 
. . 

use of 2 3 7 ~ ~  (44.6 d) has been considered, but the half-lives 

241 of both isotopes are quite inconvenient; the Am-Th source has 

the narrowest experimental line width yet achieved. - 



Standards 

The s i n g l e  l i n e  spectrum o f  NpA12 a t  77 K i s  t h e  recommended 

zero o f  isomer s h i f t ' ( l 7 ) :  This  ze ro  can be determined wi th  more - 

p r e c i s i o n  than  a  zero based upon t h e  s i n g l e  resonance  l i n e  o f  

NpOz. The Np02 resonance i s  broadened by a  weak magnetic 

s p l i t t i n g  below 25 K ,  a n d ' i s  t h u s  much l e s s  s a t i s f a c t o r y ,  though 

o f t e n  used i n  e a r l y  work. In  p r a c t i c e ,  t h e  c e n t r o i d  o f  t h e  NpA12 

spectrum a t  4 .2  K i s  normally used a s  ze ro  isomer s h i f t .  A s  

noted b e f o r e ,  t h e  magnet ica l ly  s p l i t  s p e c t r a  o f  NpA12 can 

s imul taneous ly  p rov ide  a  convenient  v e l o c i t y  c a l i b r a t i o n .  

Detectors 

Severa l  d e t e c t o r s  a r e  i n  u s e  --NaI(T1) s c i n t i l l a t i o n  c r y s t a l s ,  

Ge(Li) semiconductors ,  and g a s - f i l l e d  p r o p o r t i o n a l  c o u n t e r s .  

A l l  t h r e e  a r e  s a t i s f a c t o r y .  The d e t e c t o r  i n  c u r r e n t  u s e  a t  SRL 

i s  a  NaI(T1) s c i n t i l l a t i o n  coun te r .  This  coun te r  has  been q u i t e  

s a t i s f a c t o r y  over  s e v e r a l  y e a r s  o f  s e r v i c e  and avoids  t h e  l i q u i d -  

n i t r o g e n  coo l ing  necessary  f o r  Ge(Li) d e t e c t o r s .  The window of  

t h e  s ingle-channel  ana lyze r  is  a d j u s t e d  t o  accep t  t h e  59.54 keV 

photopeak f o r  a l l  t h r e e  d e t e c t o r s  . 

Absorbers 

2 3 7 ~ p  can be  obta ined  i n  gram q u a n t i t i c s  for p r e p a r a t i o n  o f  

abso rbe r s  f o r  s tudy .  The s p e c i f i c  a c t i v i t y  o f  2 3 7 ~ p  i s  1 .57  x 

l o 6  adlmin-mg, and q u a n t i t i e s  g r e a t e r  t han  a  few mg should be  

handled i n  a  g love  box o r  o t h e r  form o f  containment  t o  p reven t  



contamination of the laboratory with alpha activtty. Most Np 

organometallic compounds are decomposed by water and oxygen 

(often violently!), so prepa.ration of the compounds, preparation 

of the absorbers, etc., is performed in an inert atmosphere 

glove box. The absorbers are usually prepared by 1) packing the 

powdered sample in a plastic holder, 2) covering the powder with 

a plastic plug, and 3) wrapping the assembly with adhesive 

polyester tape. The absorber is removed from the glove box and 

wrapped with an additional layer of plastic tape to prevent. the 

spread of alpha activity. Normally, about 50 mg ~~/cm' is 

adequate for most materials. Crystalline solids, such as NpC14, 

NpBrs, NpC13, etc., have larger recoilless fractions than the 

essentially amorphous Np organometallic compounds, which can 

require three to four days to develop an acceptable spectrum. 

Compounds 

The Np organometallic compo~~nds used in this study were 

prepared (most for the first time) by using the general procedures 

developed in the synthesis of the analogous uranium compounds. 

Some modification of the procedures was necessary, since N ~ ~ +  is 

more easily reduced than us+. The basic reaction used in nearly 

,a1 1 preparations is 

Np halide + M ligand -t Np ligand + M halide 

M = alkali or TI 

In general, metallated ligands are strong reducing agents, so 



o f t e n  a  Np3+ o rganometa l l i c  i s  t h e  major p roduc t ,  r a t h e r  t han  t h e  

d e s i r e d  N p 4 +  o rganometa l l i c .  Adjustment o f  experimental  c o n d i t i o n s  

was o c c a s i o n a l l y  s u c c e s s f u l  i n  o b t a i n i n g  t h e  d e s i r e d  N ~ ' +  p roduc t .  

I  I .  7 ~ p  ISOMER St11 FT AND COVALENCY 

A. NpCp3X Compounds 

The f i r s t  a c t i n i d e  o rganometa l l i c  compound prepared  was 

t r is  (cyc lopentadienyl )  uranium ( I V )  c h l o r i d e ,  U(C5H5) 3 C 1  (liere- 

- 
a f t e r ,  C 5 H 5 ,  i s  abbrev ia t ed  "Cp") ' ( 1 8 ) ;  and i t s  p r e p a r a t i o n  was . - 
succeeded by t h e  p r e p a r a t i o n  o f  Cp compounds o f  t h e  +3 and +4-va len t  

a c t i n i d e  i o n s  up t o  c f 3 + . ( 1 9 ) ;  With few excep t ions ,  t h e  organo- - 

m e t a l l i c  compounds of  t h e  a c t i n i d e s  i n c l u d e  t h e  Cp l i g a n d  i n  t h e i r  

s t r u c t u r e ;  by r e a c t i n g  UCp3C1 ( o r  NpCpsC1) wi th  an a l k a l i  metal  

l i gand  compound, such an L ~ " B U ,  LiPh, Naon~u ,  e t c .  , t h e  l i gand  

r e p l a c e s  t h e  c h l o r i d e  i o n ,  forming N ~ C ~ ~ ~ B U ,  NpCpsPh, N ~ C ~ ~ O ~ B U ,  

e t c .  Qui te  a  v a r i e t y  o f  compounds have been prepared  i n  t h i s  

manner from UCp3C1, most o f  which can a l s o  be  prepared  from 

NpCp3C1. S u b s t i t u t e d  Cp l i g a n d s ,  such a s  C H ~ - C ~ H Q -  (MeCp), form 

analogous compounds. 

The isomer s h i f t s  i n  2 3 7 ~ p  Mksbaue r  s p e c t r a  o f  t h e s e  

compounds a r e  normally d i s p l a c e d  from an i o n i c  Np4+  isomer s h i f t  

toward t h e  Np" isomer s h i f t .  Using t h e  v a r i e t y  o f  compounds 

+ 
t h a t  can be  prepared  a s  d e r i v a t i v e s  o f  t h e  NpCp3 moiety and 

s e l e c t i n g  a p p r o p r i a t e  s t a n d a r d s ,  a  comparison o f  t h e  bonding 

. p r o p e r t i e s  of t h e  l i g a n d s  can b e  ob ta ined  from t h e i r  2 3 7 ~ p  



~zssbauer spectra. Compounds containing one or two Cp ligands per 

N~~~ ion have also been prepared. These compounds afford a 

measure of the effect on t.he 2 3 7 ~ p  isomer shift of adding one, 

two, or three Cp ligands. 

Unfortunately, the 7 ~ p  MGssbauer spectra of NpCpsX compounds 

are strongly affected intermediate relaxat.ion effects. Attempts 

to counter relaxation effects by synthesizing compounds that 

substitute MeCp for Cp or C6H4C2H5for -C6H5, etc., often.succeeded 

in obtaining interpretable, although not necessarily ideal, spectra. 

Figure 6 shows the spectra of NgCp3BH4 and Np(MeCp),BH,, illustrating 

a successful example where an isomer shift could be obtained from 

the spectrum of the substituted compound but not from the parent 

compound. Analysis of the results in terms of the ligand's 

properties involves the assumption that the effect of substituted 

ligands and unsubstituted ligands on the isomer shifts is the same; 

data given later in this paper support this assumption. The 

2 3 7 ~ p  Plossbauer spectrum of NpCp30CH(CH3)2 is shown in Figure 7, 

and spcctra for Np (aeac) 2Clz TI-IFa ("acac" = CH3COCHCOCH3] and 

Np(acac)z(MeCp)z are shown in Figures 8 and 9 ,  respectively. 

The latter two spectra allow a comparative isomer shift for 

CpzNpXz compounds to be derived. Mossbauer parameters for 

Np CpnX4-n compounds are shown in Table I. 

To compare the contributions of the ligands, the assumption 

is made that C1- and B H ~ -  ions make no covalent contributions, 

and.NpCp3Cl or Np(MeCp)sBHb and NpC14 can be used as reference 



. . 
compounds. To de termine  t h e  e f f e c t  o f  two Cp l i g a n d s ,  

N ~ ( ~ C ~ C ) ~ C ~ ~ - T H F  was used, a s  a  r e f e r e n c e ,  s i n c e  t h e  acac  l i g a n d s  

made a  s t r o n g  n e g a t i v e  change i n  t h e  normal N ~ ~ +  isomer s h i f t .  

The isomer s h i f t s  ass igned  t o  each l i gand  a r e  shown i n  Table 11. 

The isomer s h i f t  d i f f e r e n c e s  i n  Table I1 show t h a t  on ly  Cp 

l i gands  make a  p o s i t i v e  cova len t  c o n t r i b u t i o n .  Moreover, t h e  

+ 
Cp3Np moiety i s  unusua l ly  s t a b l e ;  cp2Idp2+ shows about  h a l f  t h e  

+ 
isomer s h i f t  d i f f e r e n c e  of  t h e  Cp3Np u n i t ,  and t h e  e f f e c t  o f  a  

s i n g l e  Cp l i gand  i s  s o  s l i g h t  t h a t  Cp i n  NpCpC13 i s  probably  

a-bonded. The isomer s h i f t  d i f f e r e n c e s  shoa c l e a r l y  t h a t  a l k y l ,  

a r y l ,  and a lkox ide  l i gands  a r e  a-bonding. The a l k y l  and a r y l  

l i gands  a r e  ve ry  s t r o n g l y  a-bonding, e q u i v a l e n t  t o  about  25% of  

t h e  d i f f e r e n c e  i n  t h e  Np3+  - N p 4 +  isomer s h i f t s .  The isomer s h i f t  

d i f f e r e n c e s  o f  t h e  a lkox ide  l i gands  average  0.55 cm/sec, about  

h a l f  t h e  a l k y l - a r y l  s h i f t  d i f f e r e n c e ,  and a r e  c o n s i s t e n t  wi th  

t h e  g r e a t e r  s t a b i l i t y  o f  t h e  Np-OR bond. The p r e c i s i o n  o f  t h e  

d a t a  does n o t  a l low. .a  d i s t i n c t i o n  between t h e  isomer s h i f t s  of  

t h e  a l k y l  and a r y l  l i g a n d s ,  o r  among t h e  a lkox ide  l i gands .  The 

chemical s t a b i l i t y  of  NpCp3Ph and NpCp3Ar compounds depends upon 

t h e  cova len t  c o n t r i b u t i o n  of t h e  three-Cp l i g a n d s  o f f s e t t i n g . t h e  

s t r o n g  e lec t ron-wi thdrawing  n a t u r e  o f  t h e  Np-R and Np-Ar bonds.  

B. Bond Length and Psoner S h i f t  

The 2 3 7 ~ p  ~ 6 s s b a u e r  isomer s h i f t s  (Table 111) of  NpCps- 

and Np(COT)2-type compouxids (COT = C B H ~ - ~ ,  t h e  c y c l o o c t a t e t r a e n y l  

d i an ion )  show anomalously smal l  isomer s h i f t s  f o r  t h e  NpCps 
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compounds, when compared to NP(COT)~ or NpCp3C1,CG = 1.4), The 

substitution of a fourth Cp ligand into NpCpsCl would not be 

expected to decrease the isomer shift to 0.72 cm/sec (NpCps). 

The COT and Cp ligands are 10- and 5-electron donors, respectively, 

so NpCps and Np(COTI2 both have the same electron density available 

for bonding. 

An explanation for this apparent anomaly is found by con- 

sidering the metal-carbon bond lengths of the uranium analogues 

of these compounds. The average uranium-ring carbon distances 
0 

have been determined crystallographically to be 2.65 A for 
0 0 

U(COT)2, 2.74 A for (UCp3Cl), and 2.81 A for UCp4'(24); The - 
bond distances for the isostructural Np-COT and Np-Cp compounds 

should be slightly, but not significantly smaller. The addition 

of a fourth Cp ligand to the UC~: moiety creates sufficient 

ligand repulsion that the uranium-ring carbon distance of UCps 
0 0 

is 0.07. A greater than that of UCp3C1, and 0.16 A longer than 

that of U(COT)2. As applied to the covalency of the neptunium 

compounds, the longer-bond distance decreases the overlap of the 

neptunium Sf and the ligand orb.itals and'is reflected in a smaller 

covalent isomer shift. 

A second example of the effect of bond distance if found 

by comparing the isomer shift range of N~'+ organometallics 

(Table IV) with the isomer shift range of N~'+ organometallics. 

The extreme range of isomer shifts for N ~ ~ +  organometallics is 

about 0.4 cm/sec, while N ~ ~ +  organometallics have isomer' shifts 



cover ing  a  range  of about  2 . 5  cm/sec. The probable  exp lana t ion  

l i e s  i n  t h e  s i z e s  o f  t h e  neptunium ions  -  has an i o n i c  r a d i u s  

0 P 0 

of  0.98 A; N p 3 +  an i o n i c  r a d i u s  o f  1.04 A '  (25) .  The 5f o r b i t a l s  - 
of t h e  N ~ "  i on  a r e  s p a t i a l l y  l e s s  a c c e s s i b l e  t han  t h o s e  of  

N ~ ~ + ,  and t h e  s m a l l e r  i n t e r a c t i o n  between t h e  S f  and l i gand  

o r b i t a l s  i s  r e f l e c t e d  i n  smal l  isdmer s h i f t  e f f e c t s .  

The r e s u l t s  of  2 3 7 ~ p  Mgssbauer s p e c t r a  p rov ide  a  p i c t u r e  

o f  t h e  bonding of  7 ~ p  o rganometa l l i c s  and t h e i r  uranium 

analogues t h a t  could be  ob ta ined  by no o t h e r  method. In  e s sence ,  

MGssbauer r e s u l t s  g ive  a  view o f  the .  compound from t h e  p o s i t i o n  

of  t h e  neptunium nucleus ;  t h e  work summarized i n  t h i s  paper  shows 

t h a t  t h e  2 3 7 ~ p  isomer s h i f t  r e s u l t s  a r e  c o n s i s t e n t  w i th  a v a i l a b l e  

d a t a  and provide  a  u s e f u l  p i c t u r e  of  t h e  bonding i n  a c t i n i d e  

o rganometa l l i c s .  
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TABLE I 

Mossbauer Parameters f o r  N P - C ~ , - X ~ - ~  Compounds 

Quadrupole Coupling Magnetic  p per fine 
Isomer S h i f t ,  ( a )  constant Constant 

compound 6 ,  cm/sec eqQ/4, cm/sec 9iuN H e f f ,  d s e c  Reference 

NpCp3C1 1.4 f 1.0 20 

NP (MeCp) 3BH4 1.45 f 0.4 21 

, Np(acac) 2C12 .THF I b )  -1.47 2 0.07 

Np (SleCp) (acac.) 2 -0.S3 + 0.07 

( a )  referred to NpAl = 0 
2 

(bl included for comparison 

t11 i s 
work 



TABLE I I 

2 3 7 ~ p  Isomer S h i f t s  f o r  Ligands 

Bond 

Cp-NpX3 

CP2-NPX2 

CP3-NPX 

R-NpCp3 

Ar-NpCp3 

RO- NpCp3 

(acac) 2-NpC1 2 

Compound 

Np(MeCp)C13-2THF 

Np (acac) (MeCp) 

NpCp3C1 

NP (MeCp) 3BH4 

N ~ c ~ ~ ~ B ~  

N~C~3C6H4C2H5 

Np (MeCp) 3 0 i ~ r  

N ~ c ~ ~ ~ ~ P ~  

NpCp30CH (CF ) 
3 2 

t NpCp30 Bu 

Reference A6 

NPC 1 4 +.04 

Np (acac) 2C12 'THF +O. 94 

NpC14 +1.75 

NpC14 +1.80 

NpCp3C 1 -1.13 

N P C P ~ C ~  -0.98 

NpCp3C1 -0.47 

NPCP3Cl -0.56 

NpCp3Cl -0.61 

N P C P ~  -0.56 

NpC14 -1.13 



TABLE I11 

Isomer Shifts of NpCp4 and Np(COT)* Compounds 

Magnetic ' 

CoupZiq Constant 
Compound Isomer Sh i f t ,  cm/seca 9 ~ p ~  H e f f ,  cm/sec 

NP (COT) 2 1.94 2 0.05 

Np (EtCOT) 1.90 f 0.10 

Np ( BuCOT) 1.94 f 0.05 6.10 f 0.05 

@&upo Ze 
Coup Z i r q  Constant 
eqQ/4, cm/sec Reference 

a. Referred to NpA12 = 0 

TABLE IV 

Isomer Shifts of ~ ~ ( 1 1 1 ) '  Organometall ics 

&uadrupoZe Coupzing Constant Reference 
comkound Isomer Sh i f t ,  cm/seca eq&?/4, cm/sec , 

NpCp3'3THF ,3.65 f U.1U 2U 

NpIn3.THF b 3.55 2 0.10 2 1 

KNp'(C0T) 2. ZTHF 3.92 2 0.10 26 

NPC1 3.54 8 

a. referred to NpA12 = 0 

b. In = indenyl, -a 
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FIGURE 1. S p l i t t i n g  o f  the Ground Sta te  and 59.5 keV Level 
of 2 3 7 ~ p  i n  Magnetic and E l e c t r i c  F ie lds .  



FIGURE 2.  Radial Charge Density fo r  U" 
(Courtesy o f  N .  M. Edel s t e in  ,. Lawrence 
Berkeley Laboratory, .Berkeley, C A )  
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FIGURE 3. '~somer '  S h i f t s  o f  Neptunium F luor ides 
and Neptunium Oxides 
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FIGURE 4. Re1 axat ion Ef fec ts  on 37Np Mossbauer Spectra 
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FIGURE 6. Mossbauer Spectra o f  NpCp3BHb and Np(PleCp)3BHI, 



Velocity, cm/sec 

FIGURE 7. The Mossbauer, Spectrum of N P C ~ ~ O C H ( C H ~ ) ~  
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FIGURE 8. Mossbauer Spectrum o f  Np(acac) zCl z.THF . 
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FIGURE 9. Mossbauer Spectrum o f  Np(acac)z (MeCp)2 




