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PLUTONIUM(1V) AND TNOKTUM(IV) HYDROUS POLYMER CHEMISTRY 

G ,  L. Johnson and L .  M. Toth 

ABS T U C  T 

The r e c e n t  a t t e n t i o n  g iven  t o  Pu(TV) polymers h a s  
war ran ted  a review of p lu tonium and thor ium h y d r o l y s i s  
chemis t ry  w i t h  r e s p e c t  t o  t h e  v a r i o u s  expe r imen ta l  ap- 
proaches  and i n s i g h t s  ga ined  t h e r e i n .  D i f f e r i n g  t e rmino l -  
o g i e s  used i n  t h e  expe r imen ta l  p rocedures  have o f t e n  
confused  t h e  unde r s t and ing  tsf t h e  chemica l  p r o c e s s e s  which 
occur  between t h e  f i r s t  h y d r o l y s i s  r e a c t i o n  of t h e  tc t ra-  
v a l e n t  a c t i n i d e  and i t s  f i n a l  d e h y d r a t i o n  t o  form t h e  
c r y s t a l l i n e  ox idc .  T h i s  r e p o r t  f o c u s e s  on t h e  polymer 
a g i n g  r e a c t i o n  which i s  d e f i n e d  h e r e  i n  terms of A.  W.  
Thomas '  01 t o  oxo conve r s ion  r e a c t i o n  and i n v o l v e s  s imply  
t h e  conve r s ion  of hydroxyl-br idged polymer l i n k s  t o  oxygen- 
b r idged  l i n k a g e s .  Thorium( I V )  h y d r o l y t i c  r e a c t i o n s  are  
inc luded  because  t h e y  a r e  ana logous  i n  many respects t o  
t h o s e  of  Pu(IV) and o f f e r  a s i m p l e r  chemica l  sys tem f o r  
e x p e r i m e n t a l  s t u d y .  F u t u r e  work u s i n g  s p e c t r o s c o p i c  tech-  
n i q u e s  should  s i g n i f i c a n t l y  improve t h e  d e s c r i p t i o n  of  t h i s  
a g i n g  phenomenon. 

1. INTRODUCTION 

During t h e  p a s t  t h i r t y - f i v e  y e a r s  c o n s i d e r a b l e  a t t e n t i o n  h a s  been 

focused  on Pu(lV) polymer chemjs t ry  because  of  i ts  i n t e r f e r e n c e  i n  n u c l e a r  

f u e l  ion-exchange and e x t r a c t i o n  schemes. The po lymer i za t ion  of Pu(1V) 

o r d i n a r i l y  f o l l o w s  so c l o s e l y  a f t e r  i t s  h y d r o l y s i s  t h a t  t h e  two r e a c t i o n s  

a re  e x p e r i m e n t a l l y  d i f f i c u l t  t o  s e p a r a t e .  Concep tua l ly ,  however, t h e  

r e a c t i o n s  can  b e  t r e a t e d  s e p a r a t e l y  and w r i t t e n  as: 

Hydro lys i s  
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where,  by e l  i m i n a i -  ion of water, t h e  hydrolyzed form of t h e  t e t r a v a l e n t  

i o n  forms c r o s s - l i n k e d  groups of  Pu atoms,  polymeric  c o l l o i d s ,  p r e c i p i -  

t a tes ,  and u l t i m a t e l y ,  c r y s t d l l i n e  Puo Were i t  n o t  f o r  t h e i r  p a r t  i n  t h e  

n u c l e a r  f u e l  c y c l e ,  t h e  r e a c t i o n s  d e p i c t e d  above probably would n o t  have 

r e c e i v e d  much a t t e n t - i o n  because  the d e t a i l e d  mechanisms invo lved  are most 

d i f r i c u l t  t o  s t u d y  under c o n t r o l l e d  c o n d i t i o n s  - even w i t h  modern 

i n s t r u m e n t a t i o n .  

2' 

Research on Pu(1V) hydrous polyiners has proceeded a l o n g  several 

approaches. '  

t i o n s  were examined b u t  t h e  r a p i d  i r r e v e r s i b l e  p o l y m e r i z a t i o n  of t h e  

h y d r o l y s i s  p r o d u c t s  p reven ted  t h e  i d e n t i f i c a t i o n  of any p r o d u c t s  beyond 

tlic mono-hydroxy s p e c i e s .  U l t r a c e n t r i f u g a t i o n  and l i g h t  s c a t t e r i n g  

expe r imen t s  were s u b s e q u e n t l y  used t o  d e s c r i b e  t h e  e x t e n l  of polymeriza- 

t i o n  which w a s  found t o  v a r y  from 10-10 molecu la r  u n i t s .  However, t h e  

d i f f i c u l t y  of  conduc t ing  expe r imen t s  on Pu(1V) u l t i m a t e l y  l e d  most of 

the  e a r l y  r e s e a r c h e r s  t o  h y d r o l y s i s  s t u d i e s  on o t h e r  metal c a t i o n s  t h a t  

produced s i m p l e  a g g r e g a t e s  of o n l y  a few monomer u n i t s  i n  l e n g t h .  

I n i t i a l l y  t h e  P u ( 1 V )  h y d r o l y s i s  and p o l y m e r i z a t i o n  r e a c -  

8 

During t h e  p a s t  10-15 y e a r s ,  t h e  r e c u r r i n g  problem of i n e x t r a c t a b l e  

plutonium polymer i n  f u e l  r e p r o c e s s i n g  s o l u t i o n s  and waste e f f l u e n t s  has 

encouraged f u r t h e r  e f f o r t s  toward c o n t r o l  oE t h e  polymer chern-istry. 

These e f f o r t s  have focused h e a v i l y  on (1)  t h e  p r e v e n t i o n  of polymer 

f o r m a t i o n ,  ( 2 )  t h e  d e t e r m i n a t i o n  of kinet:i.i: parameters which p e r m i t  

opr.ration w i t h o u t  t h e  polymer r e a c t i o n  and ( 3 )  t h e  r e v e r s a l  of t h e  

p o l y m e r i z a t i o n  r e a c t i o n  once i t  had occur red  . 3  

h a s  developed a tendency t o  i n t e r p r e t  c u r r e n t  d a t a  i n  terms of models 

t h a t  n e g l e c t  many of t h e  ea r l i e r  fundamental  c o n c e p t s .  R e a l i z i n g  t h a t  

such a p i t f a l l  i s  encouraged by t h e  l i m i t e d  number of open l i t e r a t u r e  

p u b l i c a t i o n s  on t h e  plutonium p o l y m e r i z a t i o n  s u b j e c t ,  i t  was clear  t h a t  

a r ev iew of some ear l ie r  c o n c e p t s  would be  v e r y  h e l p f u l  i n  t h e  develop- 

ment of f u r t h e r  d i s c u s s i o n s  and r e s e a r c h  e f f o r t s .  Th i s  r e p o r t  i s  n o t  

i n t ended  t o  be  a n  a l l - i n c l u s i v e  r ev iew of a c t h i d e  h y d r o l y s i s  and poly-  

meri-zat ion phenomena; b u t  i n s t e a d  i t  i s  i n t e n d e d  t o  p r e s e n t  t h e  current:  

dat-a i.n the  p e r s p e c t i v e  of some c l a s s i c a l .  m o d e l s .  It wi.1.1~ conc lude  by 

2 

Within t h i s  p e r i o d  t h e r e  



showing t h a t  a s i n g l e  u n i f y i n g  model which i s  c o n s i s t e n t  w i t h  a l l  t h e  

expe r imen ta l  d a t a  c a n  be  g i v e n  f o r  t h e  po lymer i za t ion  r ract  ion.  

Neve r the1ess ,  t h e r e  are  a s p e c t s  of  t h i s  model which r e q u i r e  f u r t h e r  work. 

Because d i f f e r e n c e s  i n  te rminology o f t e n  obscure  t h e  comparison of t h e  

many k i n d s  of d a t a ,  w e  s h a l l  endeavor  t o  d e s c r i b e  t h e s e  d a t a  w i t h  r e f e r -  

ence  t o  t h e  a c t u a l  chemica l  p r o c e s s e s  t a k i n g  p l a c e .  T h e r e f o r e ,  ou r  

r e f e r e n c e  p o i n t  s h a l l  be  t h e  r e a c t i o n s  themselves  w i t h  emphasis  on t h e  

chemical  ( a s  opposed t o  t h e  p h y s i c a l )  phenomena. Thorium i s  inc luded  i n  

t h e  d i s c u s s i o n  because  i t  i s  ana logous  t o  p lu tonium i n  many a s p e c t s  of 

i ts  polymer c h e m i s t r y .  T h e  g r e a t e r  ease of h a n d l i n g  thor ium compounds 

and i t s  much s i m p l e r  chemis t ry  makes i t  a n  a t t r ac t ive  s t a r t i n g  p o i n t  from 

which t o  beg in .  

2. BASIC CONCEPTS4' 

2 . 1  H y d r o l y s i s  

Near ly  a l l  metal c a t i o n s  undergo h y d r o l y s i s  when t h e i r  s a l t s  a r e  

d i s s o l v e d  i n  water. T h i s  i s  r e p r e s e n t e d  s imply  by:  

M ~ +  + H ~ O  2 M ( o H ) ~ - ' -  + H + 
( 3 )  

Not shown i n  t h i s  e q u a t i o n  are t h e  w a t e r s  of s o l v a t i o n  abou t  t h e  metal 

c a t i o n ,  which are assumed t o  d e c r e a s e  i n  number a c c o r d i n g  t o  t h e  e x t e n t  

of  h y d r o l y s i s .  A more comple te  r e p r e s e n t a t i o n  of  t h e  above p r o c e s s  t h a t  

i n c l u d e s  t h e  s o l v a t i n g  w a t e r  i s  c o n s i d e r e d  impor t an t  t o  t h e  c u r r e n t  d i s -  

c u s s i o n  because  i t  i s  t h i s  water which i s  involved  i n  t h e  h y d r o l y s i s  and 

p o l y m e r i z a t i o n  r e a c t i o n s .  I n c l u d i n g  t h e  water,  Eq . 3 becomes : 

Subsequent  s t e p s  may a l s o  occur  i n  t h e  h y d r o l y s i s  and a re  i n d i c a t e d  as: 



e t c  

These r e a c t i o n s ,  i n  e f f e c t ,  i n v o l v e  no th ing  more than  t h e  conve r s ion  of 

H 2 0  l i g a n d s  t o  OH-. 

t i o n s  and /o r  a t t a i n m e n t  of s o l u b i l i t y  l i m i t s  compete w i t h  t h e  simp1 e 

h y d r o l y s i s  scheme g i v e n  above and compl i ca t e  t h e  chemis t ry  of t h e  system. 

But ,  as w i l l  be  e v i d e n t  l a t e r ,  o t h e r  chemica l  r eac -  

One such a l t e r n a t e  r o u t e  p r i o r  t o  complete  h y d r o l y s i s  i s  t h e  aggrega-  

t i o n  of two o r  more hydrolyzed s p e c i e s  as d e p i c t e d  i n  t h e  fol.l.owing 

s i m p l i f i e d  e q u a t i o n :  

In r e a c t i o n s  such  as c h i s ,  a s o l v a t i n g  water molecu le  abou t  one c a t i o n i c  

s p e c i e s  i s  r e p l a c e d  by a hydroxyl  group a l r e a d y  a t t a c h e d  t o  a n o t h e r .  The 

hydroxyl i o n  i s  t h u s  sha red  by t h e  t w o  metal atoms forming a po lynuc lea r  

hydroxyl-br idged a g g r e g a t e .  I n  t h e  example of E q .  6 ,  two hydroxyls  a r e  

be ing  sha red  a f t e r  t h e  e l i m i n a t i o n  of' two waters  t o  form a c y c l i c  d i n u c l e n r  

s p e c i e s .  By a con1 inuation of t h e  above p r o c e s s  i t  i s  p o s s i b J e  t h a t  h i g h  

molecular  weight  p o l y n u c l e a r  c h a i n s ,  s h e e t s  and even th ree -d imens iona l  

s t r u c t u r e s  c a n  form. 

Some exaiilples of m e t a l l i c  i o n s  t h a t  undergo a g g r e g a t i o n  r e a c t i o n s  i n  

aqueous s o l u t i o n  a r e  g iven  i n  Table  1. 
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Tab le  1. Metal.lic i o n s  undergoing c a t i o n i c  a g g r e g a t i o n  
p r o c e s s e s  i n  aqueous s o l u  t ion49 5 

_I_____. .- I__._.___. __l̂-__ll 

O x i d a t i o n  s ta te  M e t a l l i c  i o n s  

r i  N i ,  Wg, Co, B e ,  Cu, Sn, Pb, Mn, Mg, Cd,  Zn 

I r I  A l ,  C r ,  I n ,  G a ,  Sc ,  L a ,  Co, Kh, Fe, B i  
+2 

I V  Z r ,  Hf ,  Th, U ,  P u ,  n u ,  Np, T i ,  V ( a s  i n  VO ) ,  C e  
+ + 

2 
Pa ,  Pu (as i n  PuOz) , Np ( a s  i n  NpO ) 

+ 2  
v 
VI u ( a s  i n  U O ~  +2 1, ~p (as i n  N ~ Q + ~ ) ,  ~u (as i n  P ~ O ~  

2 

Not a l l  t h e  m e t a l s  l i s t e d  i n  Tsb'Le I y i e l d  h i g h  molecu la r  weight  s p e c i e s  

i n  s o l u t i o n .  Some form o n l y  d i n u c l e a r  o r  t r i n u c l e a r  complexes.  For exam- 
2+ 

p l e ,  Ce4+, Fe3+, and V4' f o r m  o n l y  d i n u c l e a r  s p e c i e s  upon h y d r o l y s i s ;  B e  

forms a t r imer ;  Bi , a t  h i g h  pH, forms polymers  w i t h  5-6 u n i t s ;  bu t  Th 

and Pu form polymers  w i t h  molecu la r  w e i g h t s  of a t  l eas t  4000. 

3+ 4+ 

4+ 

A. 11. Thomas w a s  one of t h e  f i r s t  t o  i n t e r p r e t  t h e s e  p o l y m e r i z a t i o n  
6 

3+ 44- 4+ 
phenomena c o n s i s t e n t l y  as a r e s u l t  of h i s  work on t h e  m e t a l l i c  i o n s  such 

as A 1  , Th , and Z r  . H e  co ined  t h e  t e r m  "alation" f o r  t h e  fo rma t ion  

of such  " d i o l "  (d ihydroxy)  b r i d g e s  as shown i n  Eq .  6 and tie i d e n t i f i e d  

t h e  polymer t h u s  b r idged  by hydroxyl  groups  as t h e  "01" f vrm. Under 

a p p r o p r i a t e  c o n d i t i o n s  ( g e n e r a l l y  t h o s e  o i  h i g h  t e m p e r a t u r e ,  p ro longed  

a g i n g ,  and /o r  h i g h  p H )  he  observed  i r r e v e r s i b l e  e l i m i n a t i o n  of more water 

accompanied by t h e  fo rma t ion  o f  oxygen b r i d g e s  between t h e  m e t a l  a toms.  

For example: 

H H H 

Thomas suggested5 " t h e  t e r m  "oxol~a t ion"  f o r  t h e  r e a c t i o n  

the r e s u l t a n t  p roduc t  as t h e  "oxo" form c ) f  t h e  hydro lyzed  

and h e  i d e n t i f i e d  
6 

s p e c i e s .  Pokras 



a l l u d e s  t o  some " d o u b t f u l  p o i n t s  i n  t h e  o x v l a t i o n  arguiiient"; b u t ,  f o r  our  

piirposes,  t h e  roncep t  of hydroxyl- t o  oxygen-bridging conve r s ion  appi'ars 

t o  be  t h e  most p l a u s i b l e  c h a r a c t e r i z a t i o n  of t h e  pol  yiiier a g i n g  p r o c e s s  

and s h a l l  b e  used as t h e  r e f e r e n c e  model throughout  t h i s  r e p o r t .  

Another means of o b t a i n i n g  t h e  oxo species i s  by t h e  l o s s  of  a p r o t o n  
5 

from e v e r y  hydroxy l  group.  Th i s  mechanism h a s  been sugges t ed  t o  accoun t  

f o r  t h e  o b s e r v a t i o n  t h a t  solut i .ons of basic: chromium sa l t s  become more 

a c i d i c  and t h e  sa l ts  less s o l u b l e  when s o l u t i o n s  are h e a t e d .  This  r e a c t i o n  

can be  r e p r e s e n t e d  by: 

H 

H 

ol-form oxo-f orm 

Although t h e  r e a c t i o n  i s  i n d i c a t e d  as r e v e r s i b l e ,  the back r e a c t i o n  i s  

v e r y  slow. I n  g e n e r a l ,  ol-compounds are more r e a d i l y  depolymerized by 

p r o t o n s  than  oxo-compounds i n  s u p p o r t  of t h e  "oxo" = "aged" e q u i v a l e n c e .  

The s o l i d  man i fe s tn t i -on  of  t h e  aged polymer i s  a mater ia l  which i s  more 

d i f f i c u l t  t o  d i s s o l v e  and h a s  a s h a r p e r  d i f f r a c t i o n  p a t t e r n  w i t h  cha rac -  

t e r i s t i c s  of  t h e  crystal .1 . ine ox ide .  Ol.ation and oxol.ation phenomena have 

been shown o r  are  s u s p e c t e d  to ex i s t  i n  s o l u t i o n s  of t h e  metall ic c a t i o n s  

l i s t e d  i n  T a b l e  1. 

2 , 2  Sol-Gel Phenomena 

A s  t h e  h y d r o l y s i s  and a g g r e g a t i o n  (pol.ymeri.zation) r e a c t i o n s  of Eqs.  

4-8 p roceed ,  t h e  a g g r e g a t e s  i n c r e a s e  i n  s i z e  and r a p i d l y  r e a c h  c o l l o i d a l  

dimensions ( a  s i z e  t h a t  i s  r a t h e r  a r b i t r a r i l y  g iven  as  10-1000 2). 
per sed  i n  s o l u t i o r i ,  t h e s e  coLloidal-  polymers a r e  r e f e r r e d  t o  as s o l s  

whereas t h e  p r e c i p i t a t e s ,  which r e s u l t  from f Loccu la t ion  of t h e  d i - spe r sed  

a g g r e g a t e s ,  are  i d e n t i f i e d  as g e l s .  The d i s p e r s a l  of a polymer,  once 

p r e c i p i t a t e d ,  i s  known as p e p t i z a t i o n  and i s  o f t e n  accompli.shed by a c i d  

" d i s s o l u t i o n "  of  t h e  g e l .  Under cer ta in  c o n d i t i o n s  s o l s  of some c a t i o n  

7 
D i s -  
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4 + 43- 
and Pu a g g r e g a t e s ,  n o t a b l y  Th 

many p r o p e r t i e s  i d e n t i c a l  t o  t h o s e  o f  t r u e  s o l u t i o n s .  P a r t i c u l a r l y  u s e f u l  

i n  t h i s  r ega rd  i s  t h e  s t a b i l i t y  of Pu polymer s o l s  which permit: concen- 

t r a t i o n  d e t e r m i n a t i o n s  through t h e  measurement of vis ible-UV s p e c t r a  and 

t h e  a p p l i c a t i o n  o f  Beer's Tad.  

, can  remain s t a b l e  f o r  years '  and e x h i b i t  

4-t 

Various  expe r imen ta l  t e c h n i q u e s  have been u s e f u l  i n  t h e  s t u d y  o f  c a t i o n  
5 

a g g r e g a t e s  formed by h y d r o l y s i s ,  These have  been  reviewed by Gimble t t  

and more r e c e n t l y  by Eaes E; M e s n ~ e r . ~  

vis ible-UV s p e c t r o s c o p y ,  u l t r a - c e n t r i f u g a t i o n ,  x-ray and e l e c t r o n  d i f f r a c -  

t i o n ,  l i g h t - s c a t t e r i n g ,  and microscopy.  Some s p e c i f i c  examples w i l l  be 

c i t e d  l a te r  i n  t h i s  r e p o r t  as they a p p l y  t o  Pu(1V) and Th(1V) polymers .  

The p rocedures  i n c l u d e  p o t e n t i o m e t r y ,  

3 .  Pu(1V) HYDROLYSIS AND POTAYMERLZATION 

The h y d r o l y t i c  behav io r  of Pu(1V) i s  c o n s i s t e n t  w i t h  t h e  general 

d e s c r i p t i o n  g i v e n  i n  t h e  p receed ing  pages .  A t  a c i d i t i e s  g r e a t e r  t h a n  

about  0.1. N, Pu(IV) exis ts  as a s i m p l e  t e t r a v a l e n t  c a t i o n  coord ina ted  t o  

water and ,  under s u i t a b l e  c o n d i t i o n s ,  t o  a v a j l a b l e  anions such  as Clc or  

NO3 . - 2 , 8  
The f i r s t  h y d r o l y s i s  constant Tor t h e  r e a c t i o n  

4+ 
Pu + 1-1 2 0 ; PU(OH)3+ + H+ c9 ) 

h a s  been  measured i n  aqueous  p e r c h l o r a t e  s o l u t i o n s  by R a b i d e a ~ , ~  and Kraus 

and Nelson.'* 

r ange  from -1 .27  t o  - 1 . 7 3  a t  25'C i n  2 M p e r c h l o r a t e  s o l u t i o n s  ( L i C l O  and 

NnC104). 

h y d r o l y t i c  s p e c i e s  : Pu (OH) y ,  Pu (OH) and Pu 

e s t i m a t e d  t h e  fo l lowing  log  K v a l u e s  assuming no polymer fo rma t ion  occurs:  

Values of l o g  K have been found by t h e s e  a u t h o r s  t o  

4 

c0nc 

- 
In 1973 ,  Metivier'' ob ta ined  ev idence  f o r  t h e  e x i s t e n c e  of t h e  

+ 4 
Racs and Mesmez have 

a + 
Pu4+(ag) + H20 -+ f- P~(oH)~+(~~) + H (aq) l og  Ka = -0.5 

2-t. f 

4+ -t + + 
pu4+(aq)  + 211~0 2 P ~ ( O H ) ~  (aq) + 213 (aq) l og  E: = - 2 . 3  

c a 

Pu (aq) + 31i20 + Pu(Oli)3 (aq) f 3H (sql  l o g  K = -5.3 

Pu4+(aq)  3- 4H20 9 Pu(OB)4(aq) 4- 4H+(aq) log  K -9.5 

a 

a 
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I n v a r i a b l y ,  however, t h e  -pol.ymerization of Pi1 (IV) f o l l o w s  t h e  f i rs t 

h y d r o l y s i s  r e a c t i o n  as  t h e  a c i d i t y  of t h e  aqueous s o l u t i o n  is  dec reased  

t o  0 .1  N and bel.ow. The fo rma t ion  of Pu(IV) polymer i s  dependent  on t h e  

Pu(1V) c o n c e n t r a t i o n ,  t h e  a c i d i t y  of  t h e  medium, t h e  p r e s e n c e  of o t h e r  

complexing i o n s  and t h e  t empera tu re .  Depolymerizat ion of  Pu(LV) polymer 

i s  o f t e n  ve ry  s low and becomes even s lower  f o r  polymers formed a t  e l e v a t e d  

t empera tx res  ( i . e . ,  polymers t h a t  have been a g e d ) .  The aged polymers are 

more d i f f i c u l t  t o  depol.ymerize because of more e x t e n s i v e  c r o s s - l i n k i n g  and 

p robab ly  a l s o  because o f  a modi.ficati.on of t h e  b r i d g i n g  s t r u c t u r e  froiii 

hydroxyl- t o  oxygen-bridged groups.  Costanzo and B igge r s  have r e p o r t e d  

t h a t  i n  5 N HNO a t  2 5 ” C ,  polymers t h a t  had been aged f o r  s e v e r a l  months 

a t  room tempera tu re  o r  f o r  24 h r  a t  100°C had a depo lymer i za t ion  h a l f - t i m e  

of 320 h r  compared to on ly  20 h r  f o r  f r e s h l y  p r e p a r e d  polymers under  o t h e r -  

w i s e  i d e n t i c a l  c o n d i t i o n s .  Depo1.ymerizati.on of even the aged polymers 

becomes r a p i d  a t  e l e v a t e d  t e m p e r a t u r e s ;  e.g. t h e  h a l f - t i m e  i s  0.56 h r  a t  

3 

3 I 

95°C. More r e c e n t l y ,  B e l l ,  Friedman and Toth l2’I3 have r e p o r t e d  similar 

f i n d i n g s  f o r  t h e  pho todepo lymer i za t ion  rates of f r e s h  and aged polymers 

d i s p e r s e d  i n  € I C 1 0  s o l u t i o n s .  4 

‘rhe polymer h a s  a s m a l l  p o s i t i v e  cha rge  which e n a b l e s  i t  t o  b e  a l m o s t  

comple t e ly  p r e c i p i t a t e d  by e q u i v a l e n t  q u a n t i t i e s  of  i o n s  such  as  n i t r a t e  

i o d a t e ,  s u l f a t e ,  oxa l - a t e ,  phosphate  and f e r r i c y a n i d e ;  and expe r imen ta l  

r e s u l t s .  have demonstrated t h a t  t h e  a v e r a g e  cha rge  p e r  monomer u n i t  

i s  -t-0.15 t o  +0.40. Polymers p r e c i p i t a t e d  from c h l o r i d e  s o l u t i o n s  yie1.d 

no a d d i t i o n a l  c h l o r i d e  i o n  on depo lymer i za t ion  which s u g g e s t s  t h a t  t h e  

polymer network i.s h e l d  t o g e t h e r  by hydroxyl  and oxygen b r i d g e s  w i t h  t h e  

e x c l u s i o n  of  c h l o r i d e  i o n s .  Polymer mo1.ecular w e i g h t s  of 4 x l o 3  t o  10 

have been r e p o r t e d  by v a r i o u s  i n v e s t i g a t o r s .  Apparent ly  t h e  v a r i a t i o n  

i s  due t o  t h e  iiiethod of polymer p r e p a r a t i o n .  

10 

1 

It h a s  been s t a t e d  i n  some h s t a n c e s ’  t h a t  t h e  r a p i d  p r e c i p i t a t i o n  

of Pu(1V) by t h e  a d d i t i o n  of s t r o n g  b a s e  r e s u l t s  i n  monomeric Pu(1V) 

s p e c i e s  whereas Pu(LV) f i r s t  polymerized,  t h e n  p r e c i p i t a t e d  and r e d i s s o l v e d  

g i v e s  a s o l u t i o n  composed e n t i r e l y  of polymeric  Pu(1V). However, u s i n g  

t h e  model proposed by Thomas, an a l t e r n a t i v e  i n t e r p r e t a t i o n  i s  t h a t  t h e  
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r a p i d l y  p r e c i p i t a t e d  form i s  a c t u a l  l y  a hydroxy-bridged polymer which 

r e a d i l y  d i s s o c i a t e s  back t o  monomeric s p e c i e s  i f  r e d i s s o l v e d  i n  s o l u c i o n s  

of a p p r o p r i a t e  ac:i.dity w h i l e  t h e  s o l u t i o n s  from which Pu(IW) i s  f i r s t  

polymerized and then  p r e c i p i t a t e d  c o n t a i n  s u b s t a n t i a l  oxygen b r i d g i n g  i n  

t h e  polymer network. 

I n  o t h e r  s t u d i e s ,  Haire, L loyd ,  Heasley,  and Nil l igan1-6 have shown 

th rough  e l e c t r o n  microscopy and d i f f r a c t i o n  measurements t h a t  t h e  f r e s h l y  

p r e c i p i t a t e d  Pu (IV) polymers c o n s i s t e d  of s m a l . 1  amorphous p a r t i c l e s .  

A f t e r  s u f f i c i e n t  a g i n g  i n  a n  a.queous medium, t h e  amorphous material  became 

e s s e n t i a l l y  c r y s t a l l i n e  w i t h  d i f f r a c t i o n  p a t t e r n s  c o r r e s p o n d i n g  t o  t h e  

c u b i c  ISuO2 (oxygen-bridged) f l u o r i t e  s t r u c t u r e .  

i n d i c a t i o n  of a d e f i n i t e  c r y s t a l l i n e  hydrox ide  such as Pu(0H) This is 

n o t  a l t o g e t h e r  s u r p r i s i n g  since t h e  hydroxyl-br idged polymer,  which cou ld  

p o s s i b l y  have a Pu(0H) 

mater ia l  and any a t t e m p t s  t o  c r y s t a l l i z e  i t  mere ly  r e s u l t s  i n  a g i n g ,  l o s s  

of w a t e r ,  and t h e  f o r m a t i o n  of  t h e  more s t a b l e  PuO s t r u c t u r e .  (It seems 

r e a s o n a b l e  t o  e x p e c t  a c r y s t a l l i n e  m o d i f i c a t i o n  o f  Pu(0II) might b e  

p o s s i b l e  a t  low,  <20°C,  t e m p e r a t u r e s ) .  A s  a r e s u l t  of  thelr  measurements,  

Lloyd e t  a1 d e s c r i b e  t h e  Pu(1V) pol-yiner as c o n s i s t i n g  of pr imary d i s c r e t e  

c r y s t a l l i n e  p a r t i c l e s  (252 s i z e )  which a g g r e g a t e  i n t o  l a r g e r  p a r t i c l e s  

as p o l y m e r i z a t i o n  p r o g r e s s e s .  Thei-r model a p t l y  d e s c r i b e s  d i f  F r a c t i o n  and 

microscopi.c. d a t a  b u t  does  n o t  touch on t h e  chemica l  bonding i n  t h e  p a r t i -  

cI.es. Even though i t  p r e s e n t s  a un ique  view of t h e  Pu(IV) polymer,  i.t 

i s  s t i l l  c o n s i s t e n t  w i t h  t h e  Thomas model which p r e d i c t s  t h e  chemical. 

changes t h a t  must b e  o c c u r r i n g  c o n c u r r e n t l y  w i t h  t h e  p h y s i c a l  a g g r e g a t i o n  

o f  primary p a r t i c l e s  s i n c e  t h e  f r e s h  amorphous p a r t i c l e s  most p robab ly  

would c o n t a i n  monomer u n i t s  h e l d  t o g e t h e r  by e x t e n s i v e  hydroxyl- b r i d g i n g  

tdiile the aged c r y s t a l l i n e  p a r t k l e s  would c o n t a i n  a p r e d o m h a n t  number 

of oxygen-bridged u n i t s .  

The a u t h o r s  found no 

4 "  

s to i c .h iomet ry ,  probabl-y o c c u r s  o n l y  as a n  amorphous 
4 

2 

4 

O n e  a s p e c t  of the c h e m i s t r y  o f  the  v a r i o u s  plutonium(1V) hydrox ides  

and t h e  o x i d e  t h a t  has  been ignored  by many r e s e a r c h e r s  i s  t h e  a b i l i t y  of 

t h e s e  materials t o  a b s o r b  ca rbon  d i o x i d e .  In an  i n f r a r e d  s t u d y  by To tb  

and Friedman17 of plutonium(1V) polymer,  the  polymer was Eound t o  a b s o r b  
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CO from t h e  a i r  w i t h  t h e  r e s u l t i n g  fo rma t ion  of carbonate-i .on f u n c t i o n a l  

groups  i n  t h e  polymer s t r u c t u r e .  

e q u i l i b r a t e d  polymer g e l  was e s t ima ted  t o  be  about  3. 

t h e  a d s o r p t i o n  of C02 on uranium and plutonium ox ides ,18  i t  was observed  

t h a t  f o r  UO 

a second fo l lowed by a s l o w  a d s o r p t i o n  l a s t i n g  i n  e x c e s s  of 16 hours .  

S i m i l a r  r e s u l t s  were observed f o r  Pi10 b u t  an  anal.ytica1. s t u d y  w a s  n o t  

p o s s i b l e .  The CO f r a c t i o n a l  coverage  f o r  PuO i n c r e a s e d  from 0.18 t o  

0.46 a t  30°C as t h e  CO p r e s s u r e  was i n c r e a s e d  from 15 t o  300 t o r r .  The 

coverage  f o r  b o t h  o x i d e s ,  UO 

60 t o  100°C. From t h e s e  expe r imen t s ,  i t  i s  conce ivab le  t h a t  a tmospher ic  

CO may be  a n  impor t an t  f a c t o r  i n  t h e  chemis t ry  of t h e s e  sys tems and i s  

worthy of f u r t h e r  i n v e s t i g a t i o n .  

mechanism which would g i v e  some i n s i g h t  i n t o  react ive s i tes  i n  t h e  polymer 

network. 

2 
The atom r a t i o  o f  Pu/C i n  an atmosphere- 

Tn a n o t h e r  s t u d y  of 

a v e r y  f a s t  a d s o r p t i o n  occur red  i n  less than  a t e n t h  of 
2.04 

2 

2 2 

2 
and Pu02, dec reased  f o r  t empera tu res  from 2 

2 
It cou ld  p o s s i b l y  p rov ide  R r e a c t i o n  

The s u b j e c t  of Pu(1V) h y d r o l y s i s  and po lymer i za t ion  cannot  be l e f t  

w i thou t  r e c o g n i z i n g  a competing r e a c t i o n  t h a t  o c c u r s  when base 

t o  s t r o n g l y  a c i d i c  s o l u t i o n s  of Pu(1.V) - the d i s p r o p o r t i o n a t i o n  of Pu(1V):  

i s  added 

4+ 
3 Pu 

3+ -+ 2H20 2 2Pu 
24- 
2 

+ PUO 

The d i s p r o p o r t i o n a t i o n  e q u i l i b r i u m  c o n s t a n t ,  

+ + 4 H  

-3 
i n  H C 1  s o l u t i o n s  of u n i t  i o n i c  s t r e n g t h  a t  25°C is  1 . 9  x 10 . For s i m i -  

l a r  c o n d i t i o n s  but  u s i n g  HClO K i s  r e p o r t e d  t o  be 8.9 x 1 0  . Although 

t h e  n e t  r e a c t i o n  f o r  Pu( IV) ,  d i s p r o p o r t i o n a t i o n  can be  r e p r e s e n t e d  as 

i n d i c a t e d  above,  Connick19 has  shown t h a t  t h e  o v e r a l l  r e a c t i o n  c o n s i s t s  

of t w o  s e p a r a t e  s t e p s :  

-3 
4' 

4+ 1- + 
2H 0 1- 2Pu Pu3+ + Pu02 + 411 ( s l o w )  

P ~ O  -+ pu4+ pu3+ + P ~ O  (fast) 

2 + 2+ 
2 2 
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T h e  o x i d a t i o n  p o t e n t i a l s  of the plutonium(TI1-TV) , ( I V - V ) ,  and (V-VI) 

c o u p l e s  are  so  c l o s e  t h a t  a l l  of t h e s e  s ta tes  and the i - r  h y d r o l y s i s  prod-  

u c t s  may c o e x i s t  over  a f a i r l y  wide set  of c o n d i t i o n s .  The n e t  e f f e c t  

of t h e  d i s p r o p o r t i o n a t i o n  equi l - ibr ium i n  r e l a t i o n  t o  h y d r o l y s i s  and 

p o l y m e r i z a t i o n  

t o  r e t a r d  the h y d r o l y t i c  r e a c t i o n s  by t h e  a c i d  produced i n  t h e  r e a c t i o n  

r e p r e s e n t e d  by Eq. 11. 

is t o  compl i ca t e  t h e  h y d r o l y s i s  k i n e t i c s  of Pu(1V) 2o and 

4.  T h ( T V )  HYDROLYSIS AND POLYMERIZATION 

Th4+ i o n  is t h e  l a r g e s t  t e t r a v a l e n t  c a t i o n  ( i o n i c  r a d i u s  of about  

1 .0  2 i n  comparison t o  Pu4+ and U4+ which have 0.90 and 0.93 2 r a d i i ,  

r e s p e c t i v e l y  ) and ,  t h e r e f o r e ,  t h e  most r e s i s t a n t  t o  hydro1.ysis.  It 
2 1  

f o r m s  s t a b l e  complexes w i t h  f l u o r i d e  i o n  and w i t h  oxygen-donor l i g a n d s .  

Impor tan t  i n s o l u b l e  compounds a re  t h o s e  w i t h  f l u o r i d e ,  i o d a t e ,  o x a l a t e ,  

phospha te ,  and ox ide .  
4 

Hydro lys i s  becomes d e t e c t a b l e  i n  s o l u t i o n s  of "ord inary"  concent ra -  - 
t i o n s  between pH 2 and 3 .  The hydroxyl  number, n ,  i.e. t h e  number of 

hydrox ides  p e r  Th(1V) , depends upon t h e  thor ium c o n c e n t r a t i o n  and ,  i n  per- 

c h l o r a t e  s o l u t i o n ,  can  r e a c h  v a l u e s  o f  2.5  n e a r  pH 4 b e f o r e  " i r r e v e r s i b l e ' 1  

h y d r o l y s i s  i n  s o l u t i o n  o r  p r e c i p i t a t i o n  of hydrous  Tho o c c u r s ,  The maxi- 

mum hydroxyl  number t h a t  can  b e  a t t a i n e d  r e v e r s i b l y  i s  c o n s i d e r a b l y  l o w e r  

i n  c h l o r i d e  s o l u t i o n s  and lower s t i l l  i n  n i t r a t e  s o l u t i o n s .  

2 

Even a t  t h e  lowes t  v a l u e s  of n and T'h(JV) c o n c e n t r a t i o n s ,  mononuclear 

s p e c i e s  have been c l e a r l y  i d e n t i f i e d  o n l y  i n  p e r c h l o r a t e  s o l u t i o n s .  The 

f i r s t  two h y d r o l y s i s  c o n s t a n t s  f o r  mononuclear s p e c i e s  i n  1 PI NaClO 

are  : 
4 - 

2 2 , 2 3  

l o g  K = -3.20 i: 0.2 



1.2 

4 
Baes and M e s m e r  estiinate l o g  K v a l u e s  f o r  t h e  fo rma t ion  of t h e  n e x t  two 

h y d r o l y s i s  p r o d u c t s  t o  b e  as fol. lows: 

+ + 
Th4+ + 311 0 Th(OW)3(aq) -t- 3 H  ( aq )  l o g  K 2 - 1 1 . 7  

(aq)  2 

+ 
Th4+ + 4II20 Th(0H)4(aq) + 41% (aq )  l o g  K = -15.9 ? 0 . 3  

(a(l) 

Polymeric  h y d r o l y s i s  p r o d u c t s  of Th(1V) have been s t u d i e d  i n t e n s i v e l y  
9 -t- 
1 5  

w i t h  t h e  d imer ,  Th2(OH)61, and a hexamer, e i t h e r  'I'h o r  Th6(0H) 

b e i n g  proposed i n  near-1.y a l l  t h e  s t u d i e s .  It i s  c1.ear t h a t  a d d i t i o n a l  

po lynuc lea r  s p e c i e s  are  formed, b u t  t h e r e  i s  l ~ i t t l e  agreement: a b o u t  t h e  

i d e n t i t y  of  t h e s e  a d d i t i o n a l  p r o d u c t s .  T a b l e  2 summarizes t h e  r a t h e r  

e x t e n s i v e  1-ist of Ilh(1V) h y d r o l y s i s  p r o d u c t s  t h a t  have been proposed a n d / o r  

i d e n t i f i e d  - 

2 6 1 4  

Hentz and J ~ h n s n n , ~ ' ~  i n  a s t u d y  of t h e  po lynuc lea r  h y d r o l y s i s  prod- 
- 

u c t s  of 'Th4+ i n  1 M ..- C 1 0 4  s o l u t i o n s ,  found an i n c r e a s e  i n  t h e  weight-  

a v e r a g e  d e g r e e  of po lymer i za t ion  w i t h  i n c r e a s i n g  11 t h a t  showed no ev idence  

of  ] .eveling o f f  a t  n = 2 .5 .  The ave rage  c h a r g e  p e r  monomer u n i t  was found 

t o  be l ess  t h a n  4-n.  T h i s  i n d i c a t e s  t h a t  C l O  i o n  i s  i n c l u d e d  i n  t h e  

polymer i~c  s p e c i e s .  

Th2(OH)*(N0 ) (H 0) 

- 

- 
4 ~ _ _  

J ~ h a n s s o n ~ ~  found d i s c r e t e  d i m e r i c  complexes,  

i n  t h e  c r y s t a l  s t r u c t u r e  of t h e  b a s i c  n i t r a t e ,  
3 6  2 6 '  

Th(OH)(N03)3(H20)4' The two thor ium atoms,  a t  a d i s t a n c e  of  3.94 8, are  

j o i n e d  by two OH b r i d g e s .  Each thorium atom i s  c o o r d i n a t e d  a l s o  by t h r e e  

b i d e n t a t e  n i t r a t e  groups and t h r e e  water molecu1.e~ f o r  a t o t a l  c o o r d i n a t i o n  

number oE 1.1. Froui x-ray s c a t t e r i n g  measurements of 2 M Th(N0 ) aqueous 

s o l u t i o n s ,  Johansson26 concluded t h a t  when Th i s  hydro lyzed:  (1) poly-  

n u c l e a r  h y d r o l y s i s  p r o d u c t s  are formed i n  which t h e  s h o r t e s t  d i s t a n c e  

between thorium atoms i s  3 . 9 4  8; and t h e  t:lmriurn atoms a re  most probably  

joi-iied t o g e t h e r  by doub le  hydroxide  b r i d g e s ;  ( 2 )  The ave rage  number of 

thor ium atoms n e a r e s t  a g i v e n  thor ium atom i n c r e a s e s  from approximate ly  

1 a t  n = 0.7 t o  approximate ly  3 a t  n = 2 . 4 ;  t h e  expe r imen ta l  d a t a  i n d i c a t - e s  

t h a t  t h e  ave rage  d e g r e e  of po lymer i za t ion  does  n o t  exceed 5 o r  6 up t o  

n 2 . 4 ;  (3 )  Even though i t  i s  necessa ry  t o  assume more t h a n  one i m p o r t a c t  

p o l y n u c l ~ e a r  spec ies  b e s i d e s  the d imer ,  i d e n t i f i c a t i - o n  of t h e  o t h e r  s p e c i e s  

w a s  n o t  p o s s i b l e ;  (4) The number of oxygen atoms around each  thor ium atom 

3 4  - 
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1.4 

dec reased  from 11 t o  approximate ly  9 . 5  w i t h  i n c r e a s i n g  n; b i d e n t a t e  

n i t r a t e  groups were i-ncluded i.n t h e  c o o r d i n a t i o n .  .Johannson drew s imi l a r  

conclus i -ons  about  p e r c h l o r a t e  and chJ-or ide s o l u t i o n s .  Concerning t h e  

s t r u c t u r e  of t h e  polymers ,  Johansson found t e t r a h e d r a l  tetramers t o  b e  

c o n s i s t e n t  w i t h  t h e  d a t a ;  and t h e r e  w a s  no ev idence  f o r  e i t h e r  l ong  c h a i n s  

of t h e  type  [Th(OB)2] o r  hexamers w i t h  a regul .ar  o c t a h e d r a l  s t r u c t u r e .  

h a s  r e p o r t e d  t h a t  thorium hydroxide ,  Th(OH)4, i s  easi1.y 

n 
30 

Luntlgren 

p r e p a r e d  by p r e c i p i t a t i o n  w i t h  a n  excess  of aqueous ammonia o r  sodium 

hydroxide .  I ts  s t r u c t u r e  c o n s i s t s  of a long  c h a i n  b u i l t  up of z ig-zag 

rows o f  'l'h(1V) i o n s  s i t u a t e d  on a l t e r n a t e  s i d e s  of a doub le  row of hydroxide  

i o n s  ~ 30 Thorium d i o x i d e ,  Tho2, i.s o b t a i n e d  by i g n i t i o n  of t h e  oxo a c i d  

salts  o r  of t h e  hydroxide .  Both Tho and polymeric  Th(0H) can  be  pept i -zed 

w i t h  d i l . u t e  HNO t o  form s o l s .  Both s o l s  c o n t a i n  some n i t r a t e  i o n  [0.08 

mole NO-/mo e Th f o r  t h e  s o l  prepared  from Tho and 0.3 mo1.e NO;/mole Th 

f o r  t h e  s o l  p repa red  from polymer ic  Th(0H) . ]  'Chis adsorbed NO- can  be  

r e v e r s i b l y  i s p l a c e d  from t h e  s o l  by CO 

2 4 

3 

3 2 

4 3 

2 '  

5. CONCLUSIONS 

Although d i f f e r i - n g  i n  d e g r e e ,  the h y d r o l y t i c  behav io r  of Pu(iV) and 

Th(1V) i s  q u i t e  s imi l a r .  Plutonium beg ins  t o  hydro lyze  a t  pH v a l u e s  

n e a r  I whereas  Th(1V) does  n o t  hydro lyze  u n t i l  pH v a l u e s  are between 2 

and 3.  Al-though Th(1V) a l s o  forms pol.ymeric hydroxyl  and oxygen-bridged 

s p e c i e s ,  t h e  e x t e n t  of po lymer iza t i -on  i s  n o t  a s  g r e a t  as i n  t h e  plutonium 

case; consequen t ly ,  more low molecular  weight  hydroxy l  s p e c i e s  have 

been c h a r a c t e r i z e d  f o r  Th(IV) t h a n  f o r  Pu(1V) .  F i g u r e  1 summarizes t h e  

h y d r o l y t i c  behav io r  of  t h e s e  i o n s  and r ev iews  t h e  r e g i o n s  where t h e  t e r m s  

i n t roduced  i n  t h i s  r e p o r t  are  d e f i n e d .  Also shown i n  t h e  f i g u r e  a re  t h e  

r e g i o n s  touched by t h e  v a r i o u s  expe r imen ta l  approaches  and f i n a l l y  t h e  

fuel. r e p r o c e s s i n g  problem a r e a  which s t i l l  r e q u i r e s  f u r t h e r  a t t e n t i o n .  

I n  t h i s  r e p o r t  w e  have sought  t o  p r e s e n t  a l l  of t h e  termi-nology and 

methodology used i n  p rev ious  i n v e s t i g a t i o n s  of  a c t i n i d e  h y d r o l y t i c  reac- 

t i o n s  and t o  stress t h a t  a l though  t h e s e  s t u d i e s  have been d i r e c t e d  a t  t h e  
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same o v e r a l l  p r o c e s s ,  t hey  have o f t e n  been focused  on c e r t a i n  d i s c r e t e  

s t e p s .  Because of t h e  f o c u s ,  d i s c o n t i n u i t i e s  i n  our  unde r s t and ing  of 

t h e  g e n e r a l  p r o c e s s  and a f a i l u r e  t o  a p p r e c i a t e  t h e  need of f u r t h e r  r e s e a r c h  

can  e a s i l y  ar ise .  AI-though t h e  s i m p l e  h y d r o l y s i s  r e a c t i o n s  have been 

f a i r l y  w e l l  c h a r a c t e r i z e d ,  d e t a i l s  on t h e  po lymer i za t ion ,  depo lymer i za t ion  

and ag ing  p r o c e s s e s  have n o t .  Polymer a g i n g ,  though commonly r ecogn ized  

as meaning i n c r e a s e d  polymer s t a b i l i t y  and g r e a t e r  c r y s t a l l i n i t y ,  s t i l l  

remains somewhat of a mystery  when viewed from a chemical  bonding a s p e c t .  

It i s  reinarkable  t h a t  t h e  a lmost  o b s o l e t e  “01 - oxo” model of Thomas i s  

c o n s i s t e n t  w i t h  so many of  t h e  expe r imen ta l  o b s e r v a t i o n s  made t o  d a t e .  To 

our  knowledge, t h e r e  a re  no e x c e p t i o n s  t h a t  would sugges t  t h i s  model t o  

be  inadequa te ;  an3  as a consequence,  w e  propose [:hat t h e  01-oxo model be  

used t o  d e s c r i b e  t h e  a g i n g  phenome-na. It  i s  our  b e l i e f  t h a t  t h e  usage  

of s t r u c t u r a l  methods such as I R  and Raman spec t roscopy  cou ld  e l u c i d a t e  

t h e  chemica l  a s p e c t s  of  polymer a g i n g ,  b u t  i n  t h e  meantime, such models 

w i l l  rernah e s s e n t i a l  t o  our  unde r s t and ing  of t h e  polymer chemis t ry .  

6 .  ACKNOWLEDGEMENTS 

The a u t h o r s  wish  t o  thank  J .  T.  B e l l  f o r  h i s  many h e l p f u l  comments 

and i n t e r e s t  i n  t h i s  work. 



1.7 

7. REFERENCES 

1. J. M. Cleveland, The Chemistry of P lu tonium,  Gordon and Breach 

. Sc ience  P u b l i s h e r s ,  New York, 1970. 

2.  D.  A .  Costanzo,  R.  E .  Higgers  and J. T .  B e l l ,  J. Ino rg .  Nucl.  Chem. 

3 5 ,  609-628 (1973).  - _  
3 .  D. A .  Costanzo and R .  E .  B igge r s ,  A Study of t h e  Po lymer i za t ion ,  

Depolymer iza t ion ,  and P r e c i p i t a t i o n  of T e t r a v a l e n t  P lu tonium as 

Func t ions  of Temperature  and A c i d i t y  by Spec t ropho tomet r i c  Methods: 

P r e l i m i n a r y  Report  , ORNL-TN-585 ( J u l y  1, 1963) .  

I_ 

4 .  C. E'. Baes, J r .  and R.  E. M e s m e r ,  The Hydro lys i s  of C a t i o n s ,  

Chapter  9 ,  John  Wiley h! Sons, New York, 1976. 

5. F. G .  R .  G i m b l e t t ,  I n o r g a n i c  Polymer Chemis t ry ,  Chapter  3 ,  R u t t e r -  

wor ths ,  London, 1963. 

6. L. Pokras ,  .J. Chem. Educat ion  - 33, 152 (1956) .  

7. See f o r  example - A. F. Trotman-Dickenson and G.  D .  P a r f i t t ,  

C t i e m i c a l  K i n e t i c s  and Surface and C o l l o i d  Chemis t ry ,  Pergamon, 

London, 1966. 

8. K. A. Kraus,  P roceed ings  of  t h e  I n t e r n a t i o n a l  Conference  on t h e  

P e a c e f u l  Uses of Atomic Energy (Geneva, S w i t z e r l a n d ,  August ,  1955) ,  

- 7 ,  245 (1956).  

9. S .  Rabideau,  J .  Am. Chem. SOC. _- 7 9 ,  3675 (1957);  S .  W. Rabideau and 

R .  J.  K l i n e ,  J .  Phys.  Chem. - 6 4 ,  680 (1960);  S .  W. Rabideau and 

J .  F. Lemons, J .  Am. Chem. SOC.  - 7 3 ,  2895 (1951) .  

10. K. A. Kraus and F. Nelson,  J .  Am. Chem. Soc. 7 2 ,  3901 (1950) .  

11. H. Metivier, Commissar ia t  a 1 ' E n c r g i e  Atomique, C e n t r e  e'Etudes de  

-- 

Bryeres - l e -Cha te l ,  Rapport  CFA-R-4477 (1973). 

1 2 .  J .  T.  B e l l  and H.  A. Friedman, 3. Ino rg .  Nucl.  Chem. 38, 831 (1976) .  

13.  €1. A .  Friedman, 1,. M.  Toth and J. T. Bell, J. Ino rg .  Nucl .  Chem.  39,  

___ 

I 

123 (1977) .  

1 4 .  J .  .J. Katz and G .  T. Seaborg,  The Chemistry of t h e  A c t i n i d e  Elements ,  
-1__ - 

Methnen and Co * ,  'I,ondon, 1957. 

2 5 .  J. T. B e l l ,  C .  F.  Coleman, D. '4. Costanzo and R.  E. R i g g e r s ,  *J. 

I n o r g .  Nucl. Chem. 35, il 629 (1973) .  



18 

16.  R. G. H a i r e ,  M .  H. Lloyd,  M. L.  Kensley and \.I. 0. M i l l i g a n ,  J .  E l e c t .  

Micro - 20(1.), 8 (1.971). 

1 7 .  L .  M. 'Toth and H. A. Friedman, t o  

Chem., 1977. 

18. C .  A .  Colmenares and K .  Terada ,  J 

1 9 .  

20. 

21. 

2 2  * 

23 .  

24. 

25. 

26. 

27. 

28. 

29. 

30. 

be  pub l i shed  i n  .J.  I no rg .  Nucl.  

Nucl.  Mater .  1 58, 336 (1975) .  

R .  E .  Connick, J. Am. Chem. SOC. 7 1 ,  1528 (1949) .  

J .  T .  B e l l ,  I). A .  Costanzo and K. E.  B igge r s ,  J. Ino rg .  Nuc l .  Chem. 

- 35,  623 (1973) .  

L .  EI. Ahrens,  Ge0chi.m e t .  Cosm. Chem Acta - 2 ,  1 5 5  (1952) .  

K.  A .  Kraus and R.  W .  Holmberg, J .  Phys.  Chem. - 58,  325 (1954) .  

C .  F. Raes, < J r . ,  N. J .  Meyer and C .  E .  Robe r t s ,  Inorg .  Chem. - 4 ,  

518 (1965) .  

F .  C .  Hentz ,  Jr .  and .J. S .  Johnson,  I n o r g .  Chem. - 5 ,  1337 (1966) .  

G .  Johansson ,  A c t a .  Chem. Scand. 22,  389 (1968) .  

G.  Johansson ,  Acta. Chem. Scand. - 2 2 ,  399 (1968) .  

P. R. Danes i ,  M. Magini ,  S .  Marghe r i t a  and G .  D 'Alessandro ,  Energ.  

Nucl.  (Milan) 15 ( 5 ) ,  335 (1968) .  

S .  H ie t anen  and L .  G .  S i l l & ,  Acta .  Chem. Scand. - 2 2 ,  265 (1968) .  

N .  Mili.6, A c t a .  Chem. Scand. S, 2487 (1971) .  

G. Lundgren, Rec. Trav.  Chim. Pays-Bas - 7 5 ,  585 (1956) .  



1 9  

ORNP, /TM- 6 3 G.5 

INTERNAL DISTRIBUTION 

1. J. T. Bell 
2. M. R. Bennet t  
3. J. 0. Blomeke 
4. W. D .  Bond 
5. R. E .  Brooksbank 
6 .  W .  D.  Burch 
7.  S. R. Bvxton 
8. D ,  0.  Campbell 
9 .  J .  M. Chandler  

10. W. E. C l a r k  
11. L. T .  Corb in  
12 .  D.  A. Costanzo 
13. D.  J. Crouse 
1.4. R. L. Fe l lows  
15. D. E.  Ferguson 
16 .  L. M. F e r r i s  
17.  J.  H.  Goode 
18. W. S.  Groen ie r  
19.  G. L. Haag 
20. R. L. Hahn 
21. D.  E. Horner 
22. 0. L. Keller 
23. A. D. K e l m e r s  
24. L. J. King 

25. 
26. 
27. 
28. 
29. 
30 
31. 
32. 
3 3 .  
34 * 
35.  
36. 
37. 
3 8 .  

39-64.  
6 5 .  
6 6 .  
6 7 .  
6 8 .  
69. 

70-71. 
72. 

73-74. 
75. 

C .  E .  Lamb 
R.  E .  Leuze 
M. H. Lloyd 
R. A .  Lorenz 
J .  C.  Mai len  
A .  P. Mal inauskas  
D. I,. Manning 
Leon Maya 
W .  J .  McDowell 
E .  L. Nicholson 
R. H. Rainey 
F. J.  Smith 
R. G. S t a c y  
0. K. T a l l e n t  
L. M. Toth 
W .  E.  Unger 
V. C .  A .  Vaughen 
R .  L .  Vondra 
R. G .  Wymer 
ORNL Patent Office 
Labora to ry  Records 
Labora to ry  Records,  ORNL-RC 
Central Research  L i b r a r y  
Document Refe rence  S e c t i o n  

EXTERNAL DISTRIBUTION 

76. D i r e c t o r  of Research  and T e c h n i c a l  Suppor t  D i v i s i o n ,  DOE-OR0 
77-104. T e c h n i c a l  I n f o r m a t i o n  C e n t e r ,  Oak Ridge,  Tenn. 37830 

105.  G.  L. Johnson,  Chemistry Department ,  Kenyon College, 
Gambier, Ohio 43022 


