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R.-M. Diamond, H. Street, Jr ., and G. T, Seaborg 
Department of Chemistry and Radiation Laboratory 
University of California, Berkeley, Cdifornia 

August 28, 1951 

T ABS%CT 

A study has been made of the elution behavior of curium(111), - 

americium(111), plutonium(I~~), actiniun(III), plutonium(IV), nept~im(N) 

uranium(IV), thorium(IV) , neptunium(V) , plutonium(~I), nraniom(~~), hmtha- 
num(~IS), cerium(II1) , europium(111), ytterbium(111)~ ytterim(111)~ stron- 

tium(~~), barim(I~), radium(II), cesium(1) vith 3.2 g, 6 . 2 ' ~ ~  9.3 M, and - 
12.2 M HC1 solutions from Dowex-50 cation exchange resin columns. These - 
elutions show that in high concentrations of hydrochloric acid the actinides 

form complex ions with chloride ion to a much greater extent than the lantha- 

nides. The strengths of the tripositive actinide complex ions apparently go 

in the order plutonium > americium curium, although their ionic radii also 

decrease in this same order. To explain these results, a partial covalent 

characeer may be ascribed to the bonding in the transuranium complex ions. . 

It is shown that.a reasonable structure for such covalent bonding involves 

hybridization of the 5f orbitals in the actinide elements. 
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AN I O N  EXCHANGE STUDY OF POSSIBLE :SYBitIDiZED 5f BOTJDGJG ILJ TEE ACTINIDES 

R. M, Diamond, K, S t r ee t ,  Jr,, and G, T, Seaborg 
Department of Chemistry and Radiation Laboratory 

University of California,  Berkeley, Cal i fornia  

August 23, 1951 

INTRODUCTION 

A study of the  physical  and chemical proper t ies  of t he  transuranium 

elements has revealed s M l a r i t i e s  and regularities i n  t h e i r  behavior analo- 

gous t o  those ir, the  p roper t i es  of the  raY7e ear th  elements, and, i n  f ac t ,  

g r ea t  s i m i l a r i t y  with the  r a r e  ear th  s e r i e s  i t s e l f ,  &ch evidence, chemi- 

ca l ,  crystal lographic,  spectroscopic, from magnetic su scep t ib i l i t y  measure  

ments, t ha t  is, from a v a r i e t y  of data, now Leads t o  t he  view t h a t  t h e  5f elec- 

t r on  s h e l l  i s  being f i l l e d  i n  t he  transuranium elements, s imi la r ly  t o  the  

f i l l i n g  of t h e  4f s h e l l  i n  t h e  r a r e  earths,  

The ion exchange r e s i n  e lut ion of the  t r i p o s i t i v e  ions fu rn i sh  a very 

i n t e r e s t i ng  and s t r i k ing  piece  of chemical evidence f o r  the s imi l a r i t y  of 

lanthanides and ac t in ides ,  The tvo s e r i e s  on e lu t ion  with 0-25 PI ammonium 

c i t r a t e  solution,  pH 3,5 a t  a temperature of 87' C ,  a r e  very s imi la r  even t o  

t h e  spacings' between t he  Lons - d t h  6, 7, 8 ,  and 9 f electrons;  europim, 

gadolinium, terbium, dysprosium, and the corresponding heavy elements 

americium, curium, berkelium, and ca l i f o rn im .  This i s  shown2 i n  Figure 1, 

The use of such analogies with the  e lut ion behavior of the  lanthanide 

ions  permitted the  accurate predic t ion of the  e lut ion peak posi t ions  of ele- 

ments 97 and 98 from ion exchange coltmns, and hence t h e i r  rapid  separation 
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from t h e  o ther  act in ide  e lenents  pesent.394 The half - l ives  being short ,  time 

was valuable, so t h i s  was an important item i n  t h e i r  successful  preparation, 

However, some previous work5 i n  t h i s  laboratory brought t o  l i g h t  c e r t a in  

important differences i n  t h e  behavior of  the  ac t in ide  and lanthanide elements 

on e lu t ion  from Dowex-50 cat ion exchange r e s i n  columns with hydrochloric acid 

solut ions  of various concentrations, It was observed t h a t  i n  varying t h e  

concentration o f  the  hydrochloric acid solutions from 3 M t o  6 _M HC1, the  

ac t in ides  and lanthanides moved up i n  t h e i r  posit ions of e lut ion,  but  %ha% 

i n  goiag from 6 M t o  9 2 t o  12  E/I  R C l  solutions,  the  lanthanides lutetium, 

promethium, and cerium gradually moved back, t ha t  is, they showed slower 

and slower e lut ion r a t e s ,  while t he  act in ides  americium and curium always 

moved up9 t h e i r  e lut ion r a t e s  increasing monotonicallg with increasing hydro- 

ch lor ic  acid  concentration. Also, although lutetium, promethium, and ceriwn 

kept t he  same order with t h e  various hydrochloric acid  solut iors ,  and curium 

came off  ahead of americium with 3 _M and 6 M HCI, as  i n  t h e  c i t r a t e  elutions,  

and a s  would be expected from a comparison of t h e i r  i on i c  r a d i i ,  with 12 H C l  

t he  order of e lut ion of a.mericium.and curium reversed, and americium lnoved up 

jus t  ahead of curium, An explanation was suggested involving complex ion for- 

mation of t he  act in ides  v i th  chloride ion i n  t he  high concentrations of hydro- 

ch lor ic  acid,  

I n  order t o  confirm these  r e s u l t s  and t o  obtain add i t iona l  evidence on 

t he  nature  of this complex ion formation i n  t he  transuranium elements, t h i s  

study of t he  propert ies of t h e  ac t in ides  and lanthanides and ce r t a in  other ions 

on e lut ion with hydrochloric ac id  solutions was undertaken, 
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Since t he  in te rpre ta t ion  of the r e s u l t s  of t h i s  work w i l l  r equ i re  a 

l i t t l e  knowledge of t he  f ac to r s  influencing ion  exchange equ i l ib r ia ,  t h e  m c s t  

important conclusions about ion  exchange a f f i n i t i e s  can be sunmarized i n  the  

following two anpi r ica l  rules:  
b 

1, The degree of adsorption of ca t ions  on a r e s i n  depends upon t h e  

charge on the  ion, being greater  t h e  higher the  charge, 

2, The degree of adsorption depends on t h e  e f f ec t i ve  s i ze  of t h e  

ion, being greater  the  smaller t h e  hydrated radius ,  

5 F i r s t ,  i n  order t o  es tabl ish  t ha t  t h e  previously observed maximum i n  

the  e lut ion r a t e s  of the  lanthanide ions cerim(111), p r o m e t h i u m ( ~ ~ ~ ) ,  and 

~utetium(111) from Dowex-50 cation columns with hydrochloric acid  so lu t ions  

of varying concentrations, i s  due t o  an a c t u a l  mfnimwn i n  t h e  zquilibrtum dis- 

t r ibu t ion  coefficien-ts  of t he  ions and not t o  some obsmre  co9.m e f f ec t ,  and 

similarly,  t h a t  with the  same range of concentrat ion of hydrochloric ac id  so- 

lu t ions  t h e  apparent noneldstence of such a maximwn in t he  column e lu t ion  r a t e s  

of the  ac t in ide  ions americium(II1) and curium(111) is a real equ5librim 

ef fec t ,  a series of equilibrium d i s t r i bu t i on  experiments were performed a t  

room temperatnre on t r a c e r  amounts of Amal and Rnw, The r e s in  used was 

Dowex-50 co l l o ida l  agglomerates, hydrogen form, w e t  graded t o  s e t t l e  a t  

ca, 0,5 cm/rninute, and then oven dried a t  95 - 1 0 5 ~  C overnight. Known 

amounts of t he  radioactive ions in 5,00 lliL samples of solut ions  of hydrochloric 

acid varying i n  concentration from 1412 EJ t o  13.1 _M were shaken u i t h  s m a l l  

amounts (0,0076 t o  1,8013 grams) of res in ,  about 30 minutes being allowed f o r  
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at tainment of equilibrium, (Equilibrium i s  a t t a ined  q u i t e  rap id ly  f o r  most 

ions  with Dowex-50.) Then t h e  5 m l  volumetric f l a sks  containing t h e  r e s i n  

and solut ion were centrifuged, and O,5O ml a l iquo ts  of t he  supernatant solu- 

t i o n s  were withdrawn f o r  counting of the  t r ace r s  and f o r  t i t r a t i o n  t o  deter- 

mine t he  acid  concentration, 

From the  experimental da t a  shown i n  columns 2 t o  6 of Table 1, values 

of Q, t h e  equilibrium d i s t r i bu t i on  coeff ic ient ,  were obtained f o r  pro- 

methium and americium a t  various hydrochloric acid  concentrations, and a r e  

l i s t e d  i n  the  l a s t  two c o l ~ s .  

Fs is  

% i s  

V s  i s  

The values 

1 - FS VS = (counts/g of r e s i n )  - 
pS WR (counts/ml of solut ion)  

t h e  f r ac t i on  of a c t i ~ i t y  i n  t he  solution phase 

the  weight of r e s in  taken, and 

t h e  volume of so1u;t;ion used, 

of IQ a re  p lo t ted  against  t he  corresponding hydrochloric 

acid concentration in Figure 2 ,  and the  r e s u l t s  confirm t h e  observations on 

column elut ions .  The p l o t  of I Q  versus hydrochloric acid  concentration f o r  

americiurn(I11) shows a steady decrease, while t h a t  f o r  promethinm(TT.I) de- 

creases  a t  first, passes through a minimum around 7 _M HC1, and then increases,  

I n  order t o  determine whether the  explanation a l ready advanced,5 i,e, co- 

va len t  complex ion formation with t he  t r i p o s i t i v e  act in ides ,  would be consis- 

t e n t  with more complete data ,  a s e r i e s  of column elut ions  of various ac t in ide  

and lanthanide ions using 3,2 l4, 6,2 l4, 9,3 g, and 12-2 HC1  so lu t ions  as 

e lu t i ng  agents were performed, The e lu t ion  behavior of t r a c e r  amounts of tri- 

pos i t i ve  emU2,  ma', h239 ,  ~ u ~ ~ ~ 9 ~ ~ ~ ,  ceW9 y90, and of t e t r apos i t i ve  pu239 
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Table I 

Equilibrium Distribution Data for Americium and Fromethiurn 

Ekpt. Resin Solution Solution a counts/min/ml $ counts/min/ml 
weight volume normality x 10-2 x 10-2 

1 O.OOOO g 5,0 d 1.12 4407 40.6 

Exp t . Solution Kd of h Q of Pm 
normality 
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was studied, and-then, f o r  reasons g iven - in  %e-discsusion, the  behavior .- =--- 

237 ~ h ~ 3 ~ ,  u~~~ , of diposi-  of t r i p o s i t i v e  L&*, Yb169, of t e t r apos i t i ve  Np , 
t i v e  ~ ~ $ 2 6 ,  ~al-40,  sPO, of pentapositive Np237, of hexapositive ~ 2 3 3 ,  ?!Jp23?, 

~ u ~ ~ ~ ,  and of monopositive ~ 9 ' ~ ~  was also obtained. 

The r e s i n  used was Dowex-50, hydrogen form, 250 - 500 mesh, wet graded 

t o  s e t t l e  a t  ca. 0.5 cm/minute. Two columns were used, one 10 cm long by 

1 mm i n  diameter, and the other  10 cm long by 1 1/2 mm i n  diamter, The 10  cn 

long r e s in  bed was contained i n  a p p e x  c a p i l l a r y  tube pulled t o  a t i p  a t  

t h e  bottom end and joined a t  the  top t o  a sho r t  piece of o d i n a r y  pyrex 

tubing f i t t e d  with a s i de  am a s  shown in  Figure 3, A small piece of tygon 

tubing on the  top of t he  colwnn can be closed with a screw clamp during an 

elut ion and can be removed f o r  loading t he  column bed, The side arm was 

connected by tygon tubing t o  t h e  reservoir  of e lu t ing  solution (a 50 m l  

separatory funnel) which was l a rge  enough so t h a t  t he r e  was l i t t l e  change in  

t he  hydrosta t ic  head forcing t h e  solution through t h e  column bed during t h e  

elution.  Thus a p r a c t i c a l l y  constant flow r a t e  was approximated; t he  l i n e a r  

flow r a t e  was ca. 0.1 cm/minute, Before an e lu t i on  t h e  r e s i n  column was 

r insed overnight with t he  hydrochloric acid so lu t ion  t o  be used a s  t h e  e lu t i ng  

agent. To preserve reducing conditions i n  t h e  10 em by 1 mm column, a drop 

of hydriodic acid was a l so  added t o  t h i s  r i n s e  solut ion,  and a drop o r  two 

of n i t r i c  acid was added in the  case of t h e  1 0  cm by 1 1/2 mrn column t o  main- 

t a i n  oxidizing conditions. I n  t h i s  manner d i f f e r e n t  oxidation s t a t e s  of t h e  

transuranium elements could be studied, and t h e  low concentration of hy- 

dr iodic  or  n i t r i c  acid  used apparently did not d fec t  t h e  r e l a t i v e  e lu t i on  

r a t e s  of other ions. This can be seen by comparing r e l a t i v e  posit ions of 
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ions  i n  runs v i t h  one o r  t he  other acid present ,  See t ab l e s  3 - 6. Whenever 

t h e  concentration of t h e  e lu t ing  solution was changed, going from one experi- 

ment t o  another, the  r e s i n  bed was backwashed with water, and then allowed t o  

repack with t h e  new hydrochloric acid solut ion,  

The e lut ions  were performed at room temperature without any thermo- 

s t a t t i n g  of the  system, a s  some rough e q u i l i b r i a  d i s t r i bu t i on  coef f ic ien t  

determinations over a range of temperature from 15' C t o  80' C showed a smaU 

temperature coef f ic ien t  f o r  hydrochloric ac id  e lut ions  in contras t  t o  t h e  

s i t ua t i on  with c i t r a t e  solutions,  Due t o  t h e  slow flow r a t e  used, days, 

even weeks, were required fo r  some of the  e lu t ions ,  and so var ia t ions  i n  

t he  temperature up t o  15 - 20' C during a long e lut ion were possible and 

probably contributed t o  the  scat ter ing of t h e  r e s u l t s  f o r  the  e lu t ion  peak 

posi t ion of an ion in d i f f e r en t  experiments with hydrochloric acid  solut ions  

of t he  same mncentrat ion,  Another possible contributing f a c t o r  t o  such 

sca t te r ing  of t h e  experimental da t a  i s  the  gradual decrease i n  concentration 

of t h e  9.3 M and 12.2 HC1 solutions during a long e lut ion.  

Two a l t e rna t i ve  procedures were used t o  g e t  the  ions i n  a narrow band 

a t  t he  top of t he  r e s i n  column., Usually, a so lu t ion  of the  t r a c e r s  in 

0,s M H C l O 4  was s t i r r e d  with a small amount of  r e s i n  u n t i l  the  a c t i v i t y  was 

essen t ia l ly  a l l  on the res in ,  Two o r  three  minutes were suf f ic ien t ,  t h e  

mixture being warmed i n  a water bath when t he r e  was no f e a r  of changing t h e  

oxidation s t a t e s  of the  ions i n  the process. Afterwards t he  r e s i n  was centr i -  

fuged away from t h e  solution,  placed on t he  top  of t he  column bed with a drop 

of 0.5 HC104, allowed t o  s e t t l e ,  and then t h e  e lu t ion  was begun, t h a t  is, 

t h e  flow of hydrochloric ac id  solut ion through the  column was s ta r ted .  I n  
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t he  case of c e r t a in  ions, namely neptunim(v) ; p l u t o n i u n ( ~ ~ ) ,  u rmt ium(~I ) ,  

and  cesium(^), &ich had l i t t l e  tendency t o  be adsorbed on t h e  res in ,  t h a t  

is,  very small Rfs, the  above method could not be used. Idhen studying such 

ions t he  minimum possible volume of t h e  solution of t r a c e r s  i t s e l f  (15 - 30 

micro l i t e r s )  was placed on the top of t h e  column bed, and a f t e r  it had passed 

i n t o  t h e  res in ,  the  e lu t ion  was begun, 

The e lu t ion  of the  t r ace r  ions  was followed by counting t he  p l a t e s  on 

standard alpha pa r t i c l e  and end-window G.M. counters, &enever necessary, 

t h e  various nuclides were i den t i f i ed  by t h e i r  radia t ion character is t ics .  and 

half- l ives.  !Typical runs a r e  i l l u s t r a t e d  i n  Figures 4 - 8, In  t h e  case of 

t h e  c lose  curium, americium, plutonium t r i a d ,  resolut ion of the  t o t a l  alpha 

p a r t i c l e  peak was made using t h e  48 channel pulse analyzer6 with t he  r e s u l t s  

shorn i n  Figures 9 - ll. The ordinate  i s  given as counts/minute/drop s ince  

i n  t h i s  type of experiment t he  a c t u a l  number of atoms i s  unimportant, The 

abscissa,  given i n  droys, i s  r e a l l y  an a rb i t r a ry  unit ,  a s  t h e  volume of solu- 

t i o n  necessary t o  e lute  a given element, even under t h e  near equilibrium con- 

d i t i ons  employed in t h i s  work, w i l l  v a r j  somewhat with the pa r t i cu l a r  "batcht1 

of r e s i n  used and with t he  packing and previous h i s to ry  of t h e  r e s i n  i n  t he  

calm . 
Sodium dichromate was used t o  oxidize neptunium and plutonium t o  t h e  hexa- 

pos i t ive  s t a t e ,  but i n  t he  9 and 1 2  M HCL e lut ions  the dichromate was reduced 

durihg t he  experiment and e luted i n  t he  f i r s t  few drops a s  t h e  green chromic 

chlo-s'ide complex. However, enough plutonium remained i n  t h e  (TI) s t a t e  t o  give 

r e s u l t s  i n  agreement with predic t ions  based on t he  behavior of uranium(VI), 

The r e s u l t s  f o r  neptunium(~1) i n  9 _M and 12 M HC1 a r e  very ambiguous, a s  t h e  
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(v) and (VI) s t a t e s  should e l u t e  i n  about t he  same place, namely i n  t h e  f i r s t  

column volume, and furthermore, it has been observed7 t h a t  neptunium(v1) i s  

unstable in strong hydrochloric acid  solutions,  Most l i k e l y  no neptunim(v1) 
4 

remained in  these e lu t ions  a t  9 3 and 12 g HC1, although the  presence of nep- 

t u n i u m ( ~ ~ )  i s  qu i t e  d e f i n i t e  a t  3 F4_ RCI.  

An attempt was made t o  determine the  e lu t ion  peak posi t ion of thorium 

in 6 and i n  12 _M HC1 using only a few hundred counts/minute of mixed 

, .' . . with much l a rge r  amounts- of ~ h ~ ~ ? .  A t  both these  hydrochloric acid  conoen- 

t r a t i o n s  t h e  value of t h e  Kd f o r  thorium i s  qu i t e  l a rge ,  and so it e lu tes  

qu i te  l a t e ,  Two weeks and one week were required f o r  t h e  6 H C 1  and 1 2  M H C l  

e lu t ions  respeotioely, and t h e  peaks were too broad and had too low a counting 

r a t e  f o r  any accuracy, so  t h a t  it was decided t o  determine t h e  Q l s  f o r  

thorium by equilibrium d i s t r i bu t i on  experiments with europium ion  as a stan- 

dard. The method was t h e  same a s  t h a t  described previously; 2,00 ml samples 

of hydrochloric acid  solut ions  containing known amounts of t he  thorium and 

europium t r a c e r s  were equi l ibra ted with known weights of res in ,  and then 

0.40 m l  a l iquo ts  of t he  so lu t ion  were withdrawn f o r  counting. The accuracy 

i n  t h i s  s e t  of experiments was not a s  good a s  had been hoped fo r ,  mainly be- 

muse of t h e  low a c t i v i t y  of the thorium t racer ,  and because t h e  great  differ-  

ences i n  the  K d t s  of t h e  two ions did not permit a compromise i n  t he  amount 

of r e s i n  used so as t o  approxirnate a 50 - 50 d i s t r i bu t i on  of each a c t i v i t y  be- 

tween t he  solut ion and r e s i n  phases, However, t he  r a t i o  of t he  Kdfs of thorium 

and europium from the  same equi l ibra t ion should be more accurate than the  a b  

so lu te  value of the  equilibrium d i s t r i bu t i on  coef f ic ien t s  themselves, and it 

i s  only t h e  r a t i o  t h a t  i s  necessary t o  fix t he  pos i t ion  of thorium r e l a t i v e  t o  
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europium i n  an elution.  a able 2.) Even so the  e lut ion peak posi t ions  f o r  

thorium calcula ted with these  r a t i o s  and t he  known peak posit ions f o r  europium 

do not agree too  well with t h e  two thorium elut ions  ac tua l ly  performed. 

To determine the  e lu t ion  peak posi t ions  of u r a n i u m ( ~ ~ ) ,  a  t r a ce r  solu- 

t i o n  was prepared by reducing a  solut ion of u~~~ i n  0.5 fi H C 1  o r  H C l O 4  by 

s t i r r i n g  f o r  1 5  - 60 minutes with a small piece of metal l ic  ~ 2 3 ~ .  A t  the  

hydrogen i on  concentration employed, t he  meta l l i c  uranium apparently does 

not  r eac t  rap id ly  with hydrogen ion but does r eac t  with the  uraniwn(~1)  ions, 

providing a solut ion of t e t r apos i t i ve  u~~~ and containing not too much U 238 

t o  se r ious ly  load t h e  columrz. 

A summary of what were considered successful  elutions,  i ,e . ,  those 

t h a t  were not  disturbed mechanically bj- f ac to r s  beyond control ,  bubbles i n  

the  r e s i n  bed, overly g rea t  temperature f luctuat ions ,  etc., a r e  given i n  

Tables 3 through 6.  Again a drop i s  t he  e lut ion wit volume, Although two 

columns of d i f f e r en t  diameter were used, t he  r e l a t i v e  posit ions of t h e  ions 

on e lu t i on  should be the  same, so t h e  r e s u l t s  have been normalized t o  t h e  

10  cm by 1 m n  c o l m  by adjust ing t h e  r e l a t i v e  posit ions of the ions  t o  t h a t  

of an ion  chosen a s  a  standard. The peak, posi t ions  so chosen a r e  underlined 

i n  t h e  Tables. The symbols given a f t e r  the  t r i a l  number have t he  following 

significance:  R means t h a t  t he  e lu t ing  solut ions  was 4 , 0 0 1  4 i n  hydriodic 

acid; 0 means t h a t  the  e lu t ing  solut ion was -0.02 _M i n  n i t r i c  acid; (u)  means 

t h a t  uranium metal was used t o  reduce t he  t racers ;  



Table 2 

Equilibrium Distr ibution Data f o r  Thorium and Europium 

Expt. Resin Solution Solution p counts/min/~.l+. ml a counts/misn/0.4 m l  
weight volume normality - 

Ekpt. Solution Eu Kd Th Kd 
normality 

Ratio Th WEU Kd 

(D)  means t ha t  sodium dichromate was used t o  oxidize the  t racers .  The average 

value of the e lu t ion  peak posit ions from the  various trials i s  shown graphical ly  

i n  summary form i n  Figure 12. 



Table .3  * 

Elution Peak Positions withq 3 HC1 Solutions 

Ep(V) U(VI) ITp(V1) h ( V I )  Cs Yb Sr Y Eu Cm Am Pu(II1) Ba Ce Le. Ra Pu(IV) Ac 

B mans an elution w i t h  a drop of hydriodic acid present in the eluting solution; 0 mans eluting solution is 
0.02 l? in nitr ic acid;  (u) mans uranium metal used t o  reduce the tracers; (D) means sodium dichrorrate used to  
oxidize the tramrs. 
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III. XESULTS 3ISClr'SSION 

The r e s u l t s  of the  equilibrium clistrfbutior, exre~ jments  on auericiwn 

and promethium i n  hydrochloric acid  solut ions  o f  various concentrat ions,  

Figure 2, i l l u s t r a t e  verg well t h e  m i n i m u m  i n  thp Q f o r  t he  3.mthan.ides , 

around 7 M HCI, and the continuous decrease i n  ~ & t h  Lncreasing hydrochloric 

acid  concentrations f o r  the  ac t in ide  ions. The lanthanide behavior i s  very 

l i k e l y  an e f fec t ,  due no t  t o  t h e  lanthanides, but %o the  res in .  Increasing 

t he  hydrochloric aci2 con.centration Fn t h e  contacting solution sauses the 

r e s i n  t o  shrink, and t h i s  shrinkage of t he  r e s i n  causes an increase  in t h e  

concentrat icn of t he  functional  groups ins ide  the  res in ,  hence shif.ting the 

ion equilibrium to'~~ill"d t he  r e s i n  and decreasing the  r a t e  of elpltion. The 

behavior of t he  lanthanides is then the normal behavior, and it i s  the  ac t i -  

n ides  t h a t  are mus?lal, as they do not show t h i s  minburn i n  the  value of &=J 

around 7 RC1. 

Furtherm~xe, a s  i s  shown i n  F i g x e s  9 - 21, the  ac t in ide  ions  cur ium(I~L) ,  

americium(111)~ and pLutonim(I11) rmerse their order of elution from 3 H C 1  

t o  12 _M HC1, t ha t  i s ,  in 3 _M 6 EC1 they show the  order, r,mium, americim, 

plutonium, as would be expected from "he empirical ru les  f o r  ion exchange 

a f f i n i t i e s  given e a r l i e r  and t he  order of t h e i r  h;yrl.ra.ted ionic -radii, 

curium > americj-zm > plutonium, but 'by 1.2 HC1, they e lu t e  i n  t h e  order 

plutonium, americiwn, cukim. The cause of both these anomalies i s  probably 

due t o  t h e  same factor ,  and t h a t  i s  the furmation by the actinide cat ion of 

a complex w%th chloride ion at, high hydrochloric acid concentration. This  

complex ion formation more than compensates for the tendency t o  s h i f t  t h e  

equilibrium toward t he  res in  due t o  the  r e s i n  shrinkage, and so t h e  act in ides  



continue t o  move up, t h a t  i s ,  sho7;t fastsr an2 f s s t e r  e lu t ion  r a t e s ,  as t he  

hydrochloric acid concentration i s  hcressed, Then i f  t h e  s t rengths  of t h e  

complex ions vary a s  plu-toniizm(111j 2- fimriciun(I11) curim(PII) ,  t he  

plutonium(111) will move up f a s t e r  than the  americiwil(111)~ tihich i n  turn  w i l l  

move up f a s t e r  than t h e  curiun(111)~ and t h i s  would explain t he  reversa l  i n  

t h e i r  e lut ion order on going from 6 M_ t o  12 Y HC1 solutions.  

The questions then a r i s e  as t o  why the  ac t in ides  show t h i s  complex 

ion formation tThile t h e  l an thmides  do not, and why t h e  s t rengths  of the 

ac t in ide  complex ions  w r y  i n  t he  order p l u + ~ o z i v . m ( ~ ~ I )  > americium(I1I) > 

curium(II1). Since, as a group, the sctiaides have comparable ion ic  r a d i i  t o  

tiie lanthanides, ( s ee  Table 7) i n  Pact, s l igh t ly  larger  values, ion ic  con- 

plexes do not seem a l i k e l y  cause f o r  such differences i n  behavior. 

Especially, s ince  among the  ac t in ides  t he  i on i c  r a d i i  go a s  p l u t o n i m ( ~ ~ ~ )  > 

americium(II1) > curium(III) ,  so t h a t  the  s t rengths  of ion ic  complexes should 

go i n  the  reverse order,  t h e  smaller ion foming  t he  stronger complex. Solu- 

t i o n s  of ionic  complex forming agents would then enhance the  na tura l  e l u t i on  

order of the res in ,  curium, americium, plutoniun, ins tead of reversing it, 

Table 7 

Ionic  Radii of Actinide and Lanthanide Elements 8 
mntnanme aeries - 

Lanthanide Se r i e s  
Element Radius. 8 Element Radius. 8 



Since ion ic  complex ion formation cannot account f o r  t he  observed 

behavior of the  ions, covalent bonding must be considered, and t h i s  does 

lead,  in f a c t ,  t o  a possible explanation, suggested by the differences  i n  

s t a b i l i t y  and s i z e  of  the  5f eigenfunctions i n  the  ac t in ides  and the  4f 

funct ions  i n  t h e  lanthanides.5 M. G. Mayer has shown on t heo re t i c a l  

grounds t h a t  t he  f eigenfunctions have a unique behavior compared t o  t h e  

s, p, o r  d functions,9 t h a t  is, they undergo a sudden change i n  s p a t i a l  

extent  and energy a t  ce r ta in  atomic numbers. The e f f ec t i ve  po t en t i a l  

energy of an f electron i n  t h e  f i e l d  of t h e  res idual  atom has two nega- 

t i v e  regions  a f t e r  a minimum Z (about 47) and a t  f i r s t  the outer  po ten t ia l  

minimum i s  dominating so the  4f eigenfunctions have a maximum the re  and a r e  

"outside" functions,  t h a t  is, they extend out s p a t i a l l y  as f a r  as ,  o r  

beyond, the 5d and 6s o rb i t a l s .  The 4.f. orb i t a l s ,  however, a r e  a t  a higher 

energy l e v e l  than the  5d o r  6s, so  these  l a t t e r  f i l l  i n  first. With in- 

creasing atomic number, the  inner  po t en t i a l  minimum ge ts  deeper very rapidly  

so t h a t  it cones t o  dominate the  nature  or" t h e  4f function and i n  a small 

range of Z t h e  shape of t he  funct ion changes abruptly t o  t h a t  of an tlinnertt 

o rb i t .  The rap id ly  decreasing po t en t i a l  a l so  brings t h e  energy down so t ha t  

t he  4f l e v e l  begins t o  f i l l  a t  cerium, Z = 58, and a t  t h i s  point  t he  4f 

functions a r e  already "inside" t h e  5s and 5p electron she l l s .  This can be 

seen by the  negl igible  e f f ec t  of t h e  4f electrons on t h e  valence proper t ies  

of t h e  atoms, t h e  r a r e  ear ths  a l l  having a common t r i p o s i t i v e  s t a t e ,  and by 

the  very sharp absorption l i n e s  shown by the  lanthanides. These l i n e s  a r e  

due t o  (forbidden) f t o  f t r ans i t i ons ,  and so are shielded from external  

influences.  
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Because t h e  4f eigenfunctions have a l ready  shrunk a t  cerium, they a re  

not very useful  f o r  covalent bonding i n  the lanthanide elements, as, f o r  

such bonding, o r b i t a l s  must be avai lable  s p a t i a l l y  a s  well as energet ical ly ,  

t h a t  is, they ~ u s t  extend out  f a r  enough t o  have su f f i c i en t  overlap rsrith 

t he  bonding o r b i t a l s  of t h e  other atom o r  atoms. However, st a lower 

atomic number than t h a t  of cerium, the  4f eigenfunctions, although a t  a 

higher energy, a r e  appreciable beyond t h e  5s and 5p s h e l l  maxima, and so, 

if more energy can be gained by using them i n  hybridized covalent bonding 

than i s  l o s t  i n  promoting o r  placing e lect rons  i n  these  higher l eve l s ,  t h e  

4f o r b i t a l s  may become bonding orb i ta l s .  It has been noted t h a t  TeF6 

hjdrolyzes r ead i l y  i n  water i n  contrast  t o  t h e  i n e r t  behavior of SeF6 and 

SF6, and the explanation offered involves such a use of 4f o rb i ta l s .  10 

The 5f eigenfunctions go through a transformation s imilar  t o  t h a t  of t h e  

l,,f a f t e r  the completion of t he  r a r e  earth s e r i e s .  A t  f irst they a r e  "out- 

s iden  functions, but again, a s  the  atomic number increases,  a c r i t i c a l  

region of Z i s  reached a t  which the  eigenfunctions shrink and become "innerf1 

functions and t h e i r  energy l e v e l  f a l l s  so t h a t  the  5f she l l  s t a r t s  t o  f i l l .  

In t h i s  act in ide  se r ies ,  however, the  5f o r b i t a l s  e i t he r  do not shrink a s  

rap id ly  a s  i n  t he  L+f se r i e s ,  o r  they have a grea te r  s p a t i a l  extension r e l a t i v e  

t o  t h e  6s  and 6p o r b i t a l s  than t he  42 o r b i t a l s  have r e l a t i v e  t o  the  5s and 

5p functions. I n  e i t h e r  case the  r e su l t  i s  a lower shielding of t h e  5f elec- 

t rons .  

Moreover, t h e  nearness of the  5f and 6d l e v e l s  over a region of severa l  

atomic numbers makes it d i f f i c u l t  t o  determine where they cross, t h a t  is, 

a t  what Z the f i rs t  5f e lect ron f i l l s  in ,  and the  lower shielding of t he  5f 
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o r b i t a l s  compared t o  the  U, makes it possible  tha t ,  a t  t h e  beginning of 

t h e  5f se r ies ,  t he  l eve l s  change posi t ions  depending on the  chemical binding 

of t h e  element o r  on i ts  degree of ionization.  Thus, t h e  gaseous atom may 

have a d i f f e r en t  e lect ronic  configuration than the  meta l l i c  atom, and t he  

e lec t ron ic  configuration of t h e  ion may d i f f e r  from compound t o  compound 

i n  so l i d s  and in solution. These small energy di f ferences  a r e  evident a l so  i n  

t h e  spec$roscopic data; f o r  example, spectroscopic evidence seems t o  show tha t  

t h e  ground s t a t e  of the  neu t ra l  thorium atom has a 7s26d2 configurationn 

(although x-ray data ind ica te  the  presence of a 5f electron)12 but t he  

ground s t a t e  of the t r i p l y  ionized atom has a s ingle  5f electron.13 

The f a c t  t h a t  the  f i r s t  members of t he  ac t in ide  s e r i e s  have higher 

oxidation s t a t e s  than t he  cha rac t e r i s t i c  t r i p o s i t i v e  s t a t e ,  i .e .  protac- 

t i n i u m ( ~ ) ,  uranium(IV), uranium(V1), neptunium(IV), neptunium(8), 

neptunium(vl), p l u t o n i u m ( ~ ~ ) ,  p lutonium(~)  , p l u t o n i u m ( ~ ~ ) ,  i n  contras t  t o  

t h e  beginning of the lanthanide se r ies ,  shows t ha t  t h e  first 5f e lect rons  

a r e  not  bound a s  t i g h t l y  a s  t he  4f e lect rons  and t h a t  they a r e  more ea s i l y  

a f fec ted  by external  influences,  although the  gradual uniform s t ab i l i z a t i on  

of t he  t r i p o s i t i v e  s t a t e  ind ica tes  t he  presence of a regu la r  f se r ies ,  analo- 

gous t o  the  r a r e  earths. 

The comparable binding energy, a t  t he  beginning of  t he  a c t i n i d e  se r ies ,  

of t h e  5f ,  6d, and 7s l eve l s  f o r  a range of several  atomic numbers, is a 

favorable condition f o r  t h e i r  use i n  hybridized bonds. Furthernore t he  

g r ea t e r  s p a t i a l  extension of the  5f o r b i t a l s  r e l a t i ve  t o  t he  4f and t h e i r  

slower shrinkage, might make them more avai lable  f o r  such hybridization closer 

t o  t h e  atomic number where t h e  l eve l s  start t o  f i l l ,  r a t h e r  than several  
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numbers earlier as with the 42 orbitals, Thus such hybridization imolv- 

ing 5f orbitals seems reasonable to account for the results reported in the 

present paper. 

i Consideration of the type of coordination compounds formed by the 

1 actinides may throw light on the 
0 

~lutonium( IV) f orms an insoluble 

of the formula P U R ~ , ~ ~  and so is 

8-hydroxyquinoline with metallic 

possibility of such covalent bonding. 

crystalline compound with 8-hydroqquinoline 

probably eight coordinated, as compounds of 

cations have two linkages from each organic 

radical to the central atom. Similarly, it forms an acetylacetonate corn- 

pound15 with the structure PuR4, again indicating eight coordination. 

Thorium, zirconium, hafnium, cerium, and uranium also form such acetylacetone 

compounds, but the elements that can form eight coordinated compounds or 

complexes are quite few, in fact are limited practically to those in the 

above mentioned acetylacetonates and to ruthenium (as RUO~), osmium (as 

OsO4 and OSF~), tantalum (as ~@8-3), molybdenum (as MO(CN)~-~, and 

MO(CN)~-~), tungsten (as u(cN)~-~) , and certain other complex ions of 
tetrapositive tin and lead. 

42 
f It has been shown from group theoretical argments16 that a symmetrical 

eight coordinated compound or complex, that is, one with the eight groups 

at the corners of a cube, must contain an f orbital, in fact, involve 

3 3 d fsp or d3f4s hybridizations, and so it has been suggested that this is 

the arrangement in the MO(CN)~-~ cc~npl&x, although the 4f orbitals do not - 
fill until sixteen atomic numbers later at cerium, Z = 58, Thisstructure 

or the MO(CN)~-~ complex is wrong, however, as shown by the x-ray 

llographic mrk of Hoard and ~ordsieck'~ who found a lower syinmetry 
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arrangement than cxbic i n  t h e  complex, i n  f a c t  a dodecahedron obtainable 

from d4sp3 bonding,10 a much more reasonable r e s u l t  a t  t h i s  point  i n  t h e  

per iod ic  table .  Hoard and Nordsieck point  out t h a t  w ( c N ) ~ - ~ ,  would have 

t h e  same type s t ruc ture  and ~imb~l-1'' suggests t h a t  OsFg and ~ a ~ g - 3  might 

be d 5 q 2  hybridization. Poss ibly  2uOh and 0904 have t h i s  s t r uc tu r e  also.  

None of these s t ruc tures  wouid involve f o r b i t a l s  as t h e  poss ible  f 

l eve l s ,  whether 4f o r  5f as the  case may be, a re  a t  too high an energy a t  

t h e  elements mentioned. R s  we have already seen, however, 4f l eve l s  may 

be used f o r  bonding a t  te l lur ium ( Z  = 52) and they poss ibly  a r e  involved 

a t  iodine i n  the  molecules IF7 and  IF^." They a l s o  may be taking p a r t  

i n  t h e  e igh t  coordination of cerium acetylacetonate, j u s t  a s  the  5f o r b i t a l s  

may be involved i n  the  acetylacetonates of thorium, uranium, and plutonium, 

and necessar i ly  so if these  s t ruc tures  a re  cubic. 

Along another experimental l i n e  Glueckauf and McKay have pointed out  

a s e r i e s  of f a c t s  about the  chemistry of uranyl n i t r a t e  t ha t ,  taken a l to -  

gether,  indicate ,  they say, t he  use of 5f o rb i t a l s  i n  complexes formed by 

t h i s  saLt.l9 

The f a c t  t h a t  no known s t ruc tures  have a s  ye t  been de f in i t e ly  established 

t o  involve f o r b i t a l  hybridization does not mean t h a t  f o r b i t a l s  a r e  inher- 

e n t l y  nonbonding; apparently insuf f ic ien t  work has been done studying com- 

plexes i n  t h e  narrow regions of t he  periodic t ab l e  where f o r b i t a l s  may be 

poss ible  bonding eigenfunctions. These regions, between about antimony and 

cerium f o r  the  4f functions between possibly polonium and californium f o r  t he  

5f functions,  z e  narrow because of the  necessi ty of a compromise between 

atomic numbers large  enough so t ha t  the  actual  energy l e v e l  i s  no t  too high 
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and atomic numbers low enough so t h a t  t he  f e igedunc t ion  has not  a l ready 

undergone i t s  d r a s t i c  s p a t i a l  shrinkage and change from an "outern bonding 

t o  an "innern shielded function, I n  these  regions there  i s  no reason why 

t h e  f o r b i t a l s  cannot t a k e  pa r t  i n  a l l  types of hybridization. For example, 

t e t rahedra l  bonding, t h e  usual  sp3 hybridization of carbon, can be formed 

3 from sf3, f4, fp3, o r  fd hybridizations, as can be shown by a group 

theore t ica l  treatment. The common s i x  coordination complex, t he  symmetrical 

2 3 2 3 octahedral arrangement, i s  usual ly  a d sp hybridization,  but d sf hybridi- 

zation can give t h e  same structure.  

With these  considerations i n  mind, t h e  experimental r e su l t s  of t he  ion 

exchange s tudies  may now be interpreted.  As  has already been mentioned, 

the difference in  the  behavior of the  t r i p o s i t i v e  lanthanides and ac t in ides  

i n  going from e lu t ions  with 6 HC1 t o  e lu t i ons  with 12  HC1 can be ex- 

plained by t h e  formation t o  a much grea te r  extent  by the  act in ides  of co- 

va len t  complex ions  with chloride ion, They are,  therefore,  pulled o f f  t h e  

r e s i n  t h e  f a s t e r ,  the higher t he  chloride a c t i v i t y  i n  solution,  while t h e  

lanthanides, wbich complex t o  a much smaller degree, ac tual ly  a r e  pul led 

back more on the r e s in  i n  hydrochloric ac id  solutions of higher concentra- 

t i on  due to  t he  shrinkage of the  res in  and consequent increase i n  concentra- 

t i o n  of i t s  a c t i ve  points.  The act in ides  a l so  f e e l  the  greater  a t t r a c t i o n  by 

t he  r e s in  a t  higher hydrochloric acid concentrations, but the  complex ion 

formation more than o f f s e t s  t h i s .  The r e s u l t s  of t he  elutions with t he  

t r i p o s i t i v e  ions  of lanthanum, cerium, europium, ytterbium, actinium, plu- 

tonium, americium, curium a r e  summarized i n  Figure 13, ~ttrium(111) i s  a l so  

included because it a c t s  a s  a pseudo lanthanide, but :.riCh no pos s ib i l i t y  of f 

o r b i t a l  bonding. 
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The molari ty of t h e  e l c t i ng  hydrochloric acid solut ion i s  p lo t ted  a s  

abscissa, and the  e lu t ion  peak posi t ion i n  drops, normalized to the  10 cm 

by 1 mm column i s  p lo t ted  a s  ordinate. The e lu t ion  peak posi t ion i s  di -  

r e c t l y  re la ted  t o  t he  equilibrium d i s t r i bu t i on  coef f ic ien t  of t he  ion, i t s  

Q, and so t h i s  metizod of p lo t t i ng  i s  coinparable t o  Figwe 2. 

Certain fea tures  i n  F igme 13 a r e  c lee r .  The di f ference i n  behavior 

of curium, m e r i c i m .  and p lu ton i~~m OQ t h e  one kind, and 3+terbrtim, @ t r i m ,  

europium, cerium, lanthanum, and actinium on t he  other, stand out. I n  

solutions of hydrochloric acid  above 6 in concentration the  act in ide  ions 

show much grea te r  complex ion formation than t h e  others.  This complex for-  

mation with chloride ion  i s  borne out by o ther  tries of data,  Absorption 

spectra  measurements on plutoniuu(I1I)  show t h a t  changes i n  t he  s p e c t m  

indicat ive  of complex ion formation occur i n  hydrochloric acid solut ions  

aboye 6 in concentration.20 Transference experiments on plutonim(111) 

i n  hydrochloric acid  solut ions  indicate  t h a t  a smal l  but  appreciable 

f r ac t i on  of the  plutonium migrates t o  t he  anode i n  1 g  H C l ,  and t ha t  a some- 

what l a rger  amount21 does so i n  10 M EC1. This f a c t  suggests t h a t  the  ac t i -  

nides can form negative complex ions with chlor ide  ion,  and some care fu l  

anion exchange b~ork with europium and americium i n  1 2  M HC1 does indeed 

show a small delay i n  t h e  e lu t ion  peak posi t ion of americium(II1) compared 

t o  europium(lll),  wbile s imi la r  experiments i n  5 _M' HC1 show no such 

d i f fe ren t ia t ion  .22 

If these t r i p o s i t i v e  ac t in ide  complex ions  with chloride ion do have 

some covalent characte?, then t h e  use of a stronger covalent complexing 

agent should increase t h e  r e l a t i v e  mount of complex ion formed. 



Again, it would seem most l i k e l y  t h a t  covalent complex ions a r e  being dea l t  

with, and t h a t  the  di f ferences  i n  t h e  behavior of t he  ac t in ide  and lanthanide 

ions can be ascribed t o  di f ferences  i n  the  bonding eigenfunctions avahab l e  

in t h e  two ser ies .  The s and p functions muit be s imi la r  i n  t h e  lanthanides 

and ackk ides ,  t h a t  i s  t h e  6s  and 6p, and t he  7s  and 7p, respectively,  so 

the  chaage i n  a b i l i t y  t o  form complex ions r e s u l t s  from t h e  d i f f e r ences - in  

t he  4.f and 5d functions i n  'the one case and the  5f and 6d i n  t h e  other.  Both 

t he  d and f o r b i t a l s  probably contribute,  but  f o r  t he  reasons already dis- 

cussed, t h e  di f ference betwem the  4.f and 5f eigenfunctions i s  very l i k e l y  

a predominating fac tor .  Evidence t h a t  t h i s  i s  so i s  furnished by t he  data  

on yttrium(111), &ich has a comparable radius t o  the  lanthanides and e lu tes  

u i t h  them, and has plenty  of d o r b i t a l s  available,  but  has so  low an atomic 

number t h a t  t he  4f o r b i t a l s  a r e  s t i l l  a t  too high an energy l e v e l  t o  be 

avai lable  f o r  -bonding. I n  Figure 13 t he  curve f o r  yttrium(111) r i s e s  more 

s teeply  from 6 5 t o  12 HC1 than t h a t  of any of the  lanthanide ions, indi- 

ca t ing even l e s s  complex ion f o m + t i o n  in t h i s  range of hydrochloric acid 
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concentrat ion than the  lanthanide ions show, This i s  i n  agreement with t he  

idea  presented tha t  f o r b i t a l s  p lay a s i gn i f i c an t  p a r t  i n  t h i s  cori-iplex ion 

formation. 

If such i s  the  case, the g r ea t e s t  tendency f o r  complex ion  formation 

among t h e  r a r e  earths should occur a t  t h e  beginning of the s e r i e s  where t he  

4f func t ions  have t h e i r  maximum extension, and an examination of Figure 13. 

shows t h a t ,  i n  f ac t ,  the  lanthanide curves do f l a t t e n  out between ytterbium 

and lanthanum i n  going from 6 PI t o  12 M HC1 elut ing solutions,  indicat ing a 

s l i g h t ,  but  increasing, tendency toward complex ion formation with chloride. 

Examination a lso  shows t h a t  actinium(I11) resembles t h e  lanthanides 

much more c losely  i n  its elut ion behavior than it does plutonium(I11), 

americium(111), and curium(111), t h a t  is,  i t s  tendency toward complex ion 

formation i s  much weaker than i n  t h e  case of t he  l a t t e r  ions. The curve far 

actinium(111)~ however, i s  f l a t t e r  between 6 and 12 .I HC1 than t h a t  of any 

of t h e  lanthanides, corresponding t o  a somewhat greater  complex ion forming 

tendency than t ha t  of even lanthanum, which foims the  strongest  complex ion  

with chlor ide  of the  r a r e  earth ions. 

Since t he  atomic number f o r  which t h e  4f o r b i t a l s  a re  a t  au optimum 

f o r  bonding i n  a t r i p o s i t i v e  ion i s  apparently below Z = 57, lanthanum, 

it was thought worthwhile t o  look at  Z = 56, barium. However, as barium 

i s  a d ipos i t i ve  ion  i t s  behavior cannot be compared with t he  t r i p o s i t i v e  ions 

a l ready studied, so strontium and radium e lu t ions  were a l so  performed, 

It was f e l t  t h a t  strontihm(11) should show l i t t l e  tendency t o  complex with 

chlor ide  ion,  as  it does not  have f o r b i t a l s  available,  but t h a t  bari_um(11) 

might very well complex i n  high hydrochloric acid concentrations due t o  t he  
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a v a i l a b i l i t y  of 4f o r b i t a l s  f o r  hybridized bonds, and t ha t  radium(11) might 

a l so  fo rn  complex ions  with chloride ions due t o  t he  p o s s i b i l i t y  of using 

5f o rb i t a l s .  The r e s u l t s  of the  e,xperiments, a s  shown i n  Figure l4, a r e  

most sa t i s fy ing  from t h i s  point  of view.  h he ordinate  and abscissa  a r e  

t h e  same as  i n  Figure 13, i.e., e lu t ion peak posi t ion and hgdrochloric ac id  

molarity, respect ively  ,) The curve f o r  strontim(11) passes through a 

minimum around 6 M H C I  exact ly  a s  in the  case of t he  r a r e  ear th  elements, 

showing t h a t  it  i s  indeed not c o m p l ~ e d  g rea t l y  by chloride ion, The s lope 

of t he  curve from 6 _M t o  12 M_ H G 1  i s  not the  same as f o r  the  t r i p o s i t i v e  

ions, but it should not  be expected t h a t  the  shrinkage of t he  r e s i n  would 

a f f e c t  ions of d i f f e r en t  charge i n  the  same manner, o r  t ha t  t h e i r  ac t iv i -  

t i e s  i n  6 and 12 _M HC1 would have the sssre r a t i o s .  A s  was thought pro- 

bable, barium(11) showed complex ion formation, indicated by a f l a t t e r  

curve from 6 PI t o  12 M HC1. ~ad i rm(1 I )  showed complex ion formation t o  even 
u 

a grea te r  extent, and,,although t h i s  was not expected, due t o  the  behavior 

of actinium(111), it i s  not al together surpr is ing,  a s  d ipos i t ive  ions might 

very w e l l  have a d i f f e r e n t  optimum atomic number f o r  5f o r b i t a l  hybridiza- 

t i o n  than t r i p o s i t i v e  ions,  and since actiniurn(11), thorium(11), and man- 

ium(I1) cannot be studied, there  i s  no way of knowing t ha t  these l a t t e r  might 

not  form stronger complexes with chloride ion  than does rad im(I1) .  

Thus t h e  se r ies  of ions,  strontium(11), barium(II),  and radium(11), 

o f f e r s  addi t ional  evidence t h a t  f o rb i t a l s  p lay  an important p a r t  i n  covalent 

complex ion formation a t  t h e  beginning of the  lanthanide and ac t in ide  s e r i e s ,  

Strontium ion with t h e  smallest ionic  radius and with vacant and ava i lab le  
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d o r b i t a l s  just  l i k e  barium and radium, has, however, no f o rb i t a l s ,  and 

i t s  almost negligible tendency t o  f o m  a complex with chloride ion can be 

correlated with t h i s  f ac t ,  just as  i n  the case of yttrim(111). 

The hexapositive s t a t e s  of uranium, neptuninm, and plutonium were 

also studied. These a re  oxygenated to  form the UO**, N ~ o ~ * ,  a d  pno2* 

ions, which are often considered as large diposit ive cations, The r e su l t s  

can be seen i n  Figure 12, Already a t  6 M H C l  these ions pour r i g h t  through 

the r e s in  column and come off i n  the first column volume, indicating strong 

complex ion formation with chloride ion, and, as might be expected f o r  a 

large diposi t ive eatibn, l i t t l e  binding t o  the  resin, Evidence f o r  the for- 

mation of such complex ions with chloride i s  already i n  the l i t e r a t u r e  from 

transference experiments21 and spectroscopic studies. 2o I n  there complex 

ions i t  i s  very lik'ely tha t  ionic  binding plays a la rge  part ,  but resonance 

with the  covalent forms (possible i f  there i s  no change i n  mult ipl ic i ty ,  

t ha t  is, i n  the number of unpaired electrons) strengthens the bhd ing  even 

more. 

Similar to  these ions i s  neptuninm(i7) which exis t s  i n  the form Npo2+, 

and washes r ight  though the r e s in  c o l m  even i n  3 _M H C l ,  Since c e s i m ( ~ ) ,  

a typica l  monopositive ion, i s  held up a b i t  on the res in  column i n  hydro- 

j l l o r i c  acid solutions of such concentration, the rapid elution of Npo2+ 

s igni f ies  tha t  appreciable complex Lon formation occurs with the  neptunium(~) 

i n  3 ,M HC1, 

S t i l l  another se r i e s  of ions can be considered i n  the actinides: the 

te t rapos i t ive  s t a t e s  of thorium, uranim, neptmitun, and plutonium. The 

r e s u l t s  f o r  these a re  summarized in Figure 15 &ere again elution peak 
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Fig. 15 



posi t ion i s  the  ordinate m d  hydrochloric acid molarity is  the  abscissa. 

All these  i ons  a r e  presumably bare ions,  t h a t  is, a re  not oxygenated, 

and so due t o  t h e i r  high charge should be strongly adsorbed on t h e  r e s i n  

i n  the  absence of complexing agents, However, the  same high charges should 

cause these  ions  t o  be strongly bound i n  ion ic  complexes, and, i f  there  is 

a p o s s i b i l i t y  of resonance with covalent forms, t he  r e s d t i n g  complex w i l l  

be even stronger.  No data  are shown f o r  3 M HC1 solutions,  as the ions  are 

a l l  bound. so t i g h t l y  t o  t he  r e s in  a t  t h i s  hydrochloric acid  concentrat ion 

t h a t  no e lu t ion  can be conveniently observed. With the  6 I f ,  9 &I, and 

12 M H C l  solutions,  t he  t e t rapos i t ive  ions e lu t e  i n  the  sequence plutonium, 

neptunium, uranium, and then thorium, which i s  the  order expected from t h e i r  

r a d i i ,  neglecting complex ion formation, A s  the  hydrochloric ac id  concentra- 

t i o n  i s  increased, these  ions e lu t e  more and more rapidly, showing a tre- 

mendous var ia t ion  ia t he  value of Kd, and indicat ing strong complex ion  for- 

mation, pa r t i cu l a r l y  f o r  plutonium, neptunium, and uranium. 

As these  t e t r apos i t i ve  ions  a r e  re la t ive-  

l y  m a l l  and highly  charged, and s ince  t h e  complex ion formation does not  

change, but  edances ,  t h e i r  natural  e l u t i on  order from the  r e s in ,  it seems 

most probable t h a t  e l ec t ro s t a t i c  a t t r ac t i on ,  t h a t  i s  ionic  bonding, is  t h e  

major f ac to r  i n  t h e i r  complex ion formation with chloride ion. 

However, i n  the  ions with a lower charge density,  covalent bonding may 

play a l a rge r  ro l e ,  The reversals  of t h e  e lu t ion  peak pos i t ions  i n  12 M HC1 



of t he  t r i p o s i t i v e  ac t in ide  elements and of the  a lka l i ne  ear ths ,  seem t o  

require  such an explmat9on, although greater p o l a r i z a b i l i t y  of the  act i -  

nide ions with t h e i r  more densely packed e lect rons  i s  a l so  a poss ib i l i ty .  

It should be mentioned t h a t  even thou@ enough s ,  p, and d o r b i t a l s  may be 

avai lable  i n  the  ions of these  elements t o  account f o r  the  coordination i n  

t h e  complex ions formed, s t ronger  bonds might be forned by hybridization of 

f o r b i t a l s  and only incomplete use of the d o r b i t a l s ,  and t he  discussion 

presented i n  this paper makes such a s t ruc ture  a reasonable model t o  explain 

t h e  di f ferences  i n  t he  e lu t i on  behavior of the  ac t i n ide s  and lanthanides 

from Dowex-50 cation exehange calms with hydrochloric acid  solutions,  

This work was p e ~ f o m e d  wider the  auspices of t h e  U,S. Atomic Energy 

Commission. 
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