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PHOTOACOUSTIC AND ABSORPTION 

SPECTRA OF UF4 

UF4 KEY WORDS: Pho toacous t i c  Spec t roscopy,  

D. T. HODUL 

Chemistry Div i s ion ,  Argonne Na t iona l  Labora tory  
Argonne, I l l i n o i s  60439 

INTRODUCTION 

The v i s i b l e  and n e a r  I R  spec t rum of t h e  U4+ i o n  has  been 

1 s t u d i e d  by s e v e r a l  a u t h o r s ,  i n c l u d i n g  aqueous s o l u t i o n  s t u d i e s  

and work on UF 2 ’ 3 ,  U C 1 4 4 ,  and U4+ i n  CaFZ5. The lust exper iment  

r e s u l t e d  i n  a spec t rum which w a s  s h a r p e r  t h a n  t h a t  ob ta ined  f o r  

p u r e  UF4, and t h e  s p e c t r a  f e a t u r e s  were a s s igned  acco rd ing  t o  t h e  

p r e s c r i p t i o n  of Spedding.6 

l a t e d  and expe r imen ta l  e n e r g i e s  w a s  o b t a i n e d ,  t h e  m a t t e r  of U4+ s i t e  

symmetry i n  CaF2 h a s  no t  been  r e so lved .  

i n  UF4 is  a n  e i g h t - c o r d i n a t e ,  d i s t o r t e d  squa re  a n t i p r i s m  w i t h  U-F bond 

4+ d i s t a n c e s  ranging  from 2 .249  4 t o  2.318 A (c f  r e f .  7 ,8) .  Such low U 

s i t e  symmetry makes a group t h e o r e t i c a l  a n a l y s i s  of e l e c t r o n i c  states 

from the  f 2  ion  of l i t t l e  a i d  i n  t h e  ass ignment  of t h e  Russel-  

Sanders  a tomic  s ta tes  and t h e i r  r e s p e c t i v e  J t e r m  m i c r o s t a t e s .  Th i s  

4 

While good agreement between t h e  ca l cu -  

4+ The a c t u a l  symmetry of U 
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182 HODUL 

low s i t e  symmetry, and  t h e  r e s u l t i n g  J term s p l i t t i n g ,  may i n  p a r t  

c a u s e  t h e  wide  peak  w i d t h s  observed  i n  UF4 (and U02). 

We have measured t h e  p h o t o a c o u s t i c  spec t rum of UF4, e x t e n d i n g  

t h e  p r e v i o u s l y  r e p o r t e d  spec t rum i n t o  t h e  r a n g e  from 800 nm t o  

2600 nm. 

i n  KBr p e l l e t s  t o  assess t h e  r o l e  of phonons i n  t h e  broad  s p e c t r a l  

f e a t u r e s  of UF4. 

been  o b t a i n e d  f o r  comparison. 

t h o s e  of Conway5 and  Hecht and Gruber4 ,  and we have found q u a l i -  

t a t i v e  agreement between t h e  e n e r g i e s  of  t h e s e  p r i o r  s t u d i e s  and 

t h o s e  o b t a i n e d  i n  t h i s  s t u d y .  We i n t e r p r e t  t h e  broad  s p e c t r a l  

peaks  we have observed  i n  UF4 compared t o  t h e  narrow f e a t u r e s  s e e n  

i n  d i l u t i o n  s t u d i e s  as  b e i n g  d e r i v e d  from lower  s i t e  symmetry of 

t h e  U4+ s p e c i e s  a n d / o r  uranium-uranium i n t e r a c t i o n s .  

maxima are a t t r i b u t e d  t o  d i f f e r e n c e s  i n  uranium-anion i n t e r a c t i o n .  

S p e c t r a  a t  c r y o g e n i c  t e m p e r a t u r e s  were r e c o r d e d  f o r  UF 4 

A room t e m p e r a t u r e  PAS spec t rum of U02 a l s o  h a s  

These d a t a  have been  compared w i t h  

S h i f t s  i n  peak  

EXPERIMENTAL 

Three  UF samples  were p r e p a r e d  1) UF powder (%325 mesh) was 
4 4 

used n e a t ,  2) UF v a p o r  was d e p o s i t e d  on a s a p p h i r e  d i s k  under  

vacuum u s i n g  UF 

and 3) and a m i x t u r e  of a p p r o x i m a t e l y  1:20 UF 

p r e s s e d  under  vacuum r e s u l t i n g  i n  a l i g h t  g r e e n  t r a n s p a r e n t  

p e l l e t .  A n e a t ,  d a r k  brown UO powder a l s o  w a s  examined. 

4 
powder, h e a t e d  i n  a g r a p h i t e  c r u c i b l e  t o  Q6OO0C, 4 

powder i n  KBr was 4 

2 

The p h o t o a c o u s t i c  s p e c t r a  of t h e  samples were o b t a i n e d  w i t h  

a n  EG&G PARC Model 6001 spec t rometer . ’  

e l e c t r o n i c a l l y  modulated 1kW xenon a i r  lamp compensated by a 

p y r o e l e c t r i c  r e f e r e n c e  d e t e c t o r .  

of t h e  s p e c t r o m e t e r ,  i n c l u d i n g  sample c e l l s ,  t h e  a c o u s t i c  chamber, 

The l i g h t  s o u r c e  was a 

These and a l l  o t h e r  components 
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SPECTRA OF UF4 

and microphonic d e t e c t o r ,  were t h e  o r i g i n a l  s t anda rd  items 

supp l i ed  wYth t h e  in s t rumen t .  A i r  w a s  used a s  t h e  coup l ing  gas .  

The spectrum of sample 1 was scanned from 2600 nm t o  200 nm a t  a 

g a i n  r a t i o  of 5 : l  u s i n g  2.0 mm s l i t s  (8 nm r e s o l u t i o n )  and 

r e fe renced  t o  carbon b lack .  Sample 3 w a s  scanned from 2600 nm t o  

200 nm a t  a g a i n  r a t i o  of 2 : l  u s ing  2 .0  mm s l i ts  and a l s o  

r e fe renced  t o  carbon b lack .  The t r ansmiss ion  spectrum of t h e  UF 

f i l m  on A l  0 w a s  ob ta ined  by p l a c i n g  t h e  d i s k  i n  t h e  l i g h t  p a t h  

j u s t  be fo re  t h e  a c o u s t i c  chamber and running  carbon b l ack  a s  a 

d e t e c t o r  material. When t h i s  spectrum i s  re fe renced  t o  t h e  PAS 

spectrum of carbon b l a c k  a lone ,  t h e  t r ansmi t t ance  spec t rum of t h e  

d i s k  is  ob ta ined .  The spectrum w a s  scanned i n  t h e  wavelength 

range  of 2600 t o  200 nm a t  a g a i n  of 1:l u s i n g  2 .0  nm sl i ts .  Scan 

rates ranged from 50 nm/min t o  200 nm/min, depending on t h e  n o i s e  

l e v e l .  

4 

2 3  

The absorbance  spectrum of t h e  UF4/KBr p e l l e t  was ob ta ined  

us ing  a Cary 1 7  spec t rophotometer  and a l i q u i d  helium dewar. 

Helium tempera tures  were achieved  by pour ing  l i q u i d  helium d i r e c t l y  

over  t h e  sample. The spectrum was recorded  f o r  wavelengths from 

2500 nm t o  350 nm. 

The v a r i o u s  s p e c t r a  are shown i n  F igu res  1-4. The r e s u l t s  

of Conway5 are inc luded  i n  F igu re  1 f o r  r e fe rence .  

183 

DISCUSSION 

Conway5 h a s  desc r ibed  t h e  spec t rum of U4+ i n  CaF u s i n g  t h e  

p r e s c r i p t i o n  of Spedding6 f o r  Pr(1V) which, l i k e  U(IV), h a s  a n  f 

e l e c t r o n i c  c o n f i g u r a t i o n .  

experiment and t h i s  theory  by s e l e c t i n g  t h e  Condon and Shor ty  5 

4 
2 

He has  ob ta ined  good agreement between 
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184 HODUL 

I I 
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Figure  1. PAS s p e c t r a  of Sample 1, and UO powder (upper curve)  w i t h  2 

2 '  Conway's ass ignments  f o r  UF2 i n  CaF 

parameter'' t o  o b t a i n  b e s t  agreement. 

p o i n t s  which should  be  noted :  1) t h e  s i t e  symmetry of U4+ i n  CaF2 

is unknown, and 2) t h e  abso rp t ion  peak f o r  t h i s  d i l u t i o n  system 

a r e  much sha rpe r  than  those  ohserved i n  pu re  UF4. 

made of t he  d e f e c t s  necessa ry  t o  o b t a i n  charge  n e u t r a l i t y  which 

must be  p re sen t  i n  t h e  f l u o r i t e  l a t t i c e .  Two p o s s i b l e  p o i n t  d e f e c t s  

a r e  i n t e r s t i t i a l  f l u o r i n e  o r  c.alcium vacanc ie s .  We suspec t  such de- 

f e c t s  may e f f e c t  t h e  a b s o r p t i o n  s p e c t r a  of t h i s  s o l i d  d i l u t i o n .  While 

He h a s  made two f u r t h e r  

No mention i s  
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185 SPECTRA OF UF4 

t h e  site symmetry 

calcium s i t e  and 

of U4+ is n o t  known, we expec t  t h e  U4+ t o  be i n  a 

t h e r e f o r e  be e igh t - coord ina te .  Hecht and Gruber 

have comprehensively ana lyzed  the  a b s o r p t i o n  spectrum of a s i n g l e  

c r y s t a l  of U C 1  a t  l i q u i d  helium tempera tures .  E l e c t r o n i c  l e v e l  

assignments a r e  i n  agreement wi th  those  of Conway f o r  U4+ i n  CaF2 

wi th  t h e  fo l lowing  except ion:  

3F and F bands a l s o  ove r l ap .  The h ighe r  s i te  syunnetry of t h e  

U4+ i n  U C 1 4 ' l  made i t  p o s s i b l e  f o r  Hecht and Gruber t o  c a l c u l a t e  

t h e  o p t i c a l  spectrum us ing  a complete l i gand  f i e l d  a n a l y s i s .  The i r  

magnetic s u s c e p t i b i l i t y  d a t a  showed no an t i f e r romagne t i c  behavior .  

S ince  t h e  o p t i c a l  s p e c t r a  of Conway f o r  U i n  CaF2 and Hecht and 

Gruber f o r  UC14 are i n  gene ra l  agreement wi th  what w e  have found 

f o r  UF4, w e  have proceeded t o  use  t h e  methods of Conway t o  a s s i g n  

4'  t h e  e l e c t r o n i c  l e v e l s  seen  i n  UF 

4 

t h e  3P and 'I6 ove r l ap  and t h e  1 
3 

3 4 

The s t r u c t u r e  of UF i s  monocl in ic  I a / c8 .  The uranium atoms 4 

si tes  a r e  e igh t - coord ina te ,  d i s t o r t e d  square  a n t i p r i s m a t i c  w i th  

U-F bond d i s t a n c e s  ranging from 2 . 2 4 9  

low s i t e  s y m e t r y  compl ica tes  group t h e o r e t i c a l  a n a l y s i s ,  t he  

s m a l l  r ange  of U-F bond l e n g t h s  imply the  c r y s t a l  f i e l d  e f f e c t  

d i f f e r e n c e s  between the  U4+ i n  CaF2 and t h a t  i n  UF w i l l  be  small, 

bu t  s t i l l  may cause  some broadening of s p e c t r a l  f e a t u r e s .  Th i s  

low symmetry is  n o t  due t o  d i s t o r t i o n s  caused  by t h e  f 2  e l e c t r o n  

because ThF (fo) and HfF (f 'd") have t h e  same c r y s t a l  s t r u c t u r e .  

t o  2.318 i.7 While such 

4 

4 4 

It  is  probable  t h a t  uranium-uranium magnetic i n t e r a c t i o n s ,  

e i t h e r  d i r e c t  o r  superexchange v i a  t h e  f l u o r i n e ,  p e r t u r b  t h e  elec- 

t r o n i c  levels and hence a f f e c t  t h e  abso rp t ion  spectrum of UF4. 

Severa l  magnetic. measurements 12-15 i n d i c a t e  t h a t  UF4 has  s t r o n g  

U-U i n t e r a c t i o n s  and is  probably an t i f e r romagne t i c  a t  l o w  
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188 HODUL 

Figure 4 .  Cary 1 7  %T, Helium temperature spectrum of UF4/KBr  p e l l e t .  

temperatures. This implies two poss ib le  causes f o r  the broad 

fea tures  seen i n  the absorpt ion spectrum of UF4 a s  compared to  

U4+ i n  CaF2: 1) U-U magnetic in te rac t ions ,  and/or 2) low s i t e  

symmetry causing J l e v e l  s p l i t t i n g  and therefore  broadening i n t o  

mul t ip le t  bands. 

Figure 1 shows the  room temperature PAS spectrum of UF4. The 

s p e c t r a l  peaks reported by Conway a re  a l so  shown and a r e  i n  general 

agreement with the PAS peaks but s l i g h t l y  blue-shifted and much 
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SPECTRA OF UF4 

broader .  However, s e v e r a l  

than  those  observed i n  t h e  

s p l i t t i n g s ,  f o r  example i n  

189 

f e a t u r e s  were more h igh ly  r e so lved  

s tudy  of U4+ i n  CaF2. 

t h e  

These a d d i t i o n a l  

F2 peaks,  are thought  t o  o r i g i n a t e  
3 

i n  U-U i n t e r a c t i o n s .  The room tempera ture  t r ansmiss ion  spec t rum 

of t h e  UF 4 
spectrum (F igure  2 ) .  

f i l m  on A1203 e x h i b i t e d  f e a t u r e s  similar t o  t h e  PAS 

The l i q u i d  helium a b s o r p t i o n  spectrum of UF4 i n  a KBr p e l l e t  

(F igu re  3) shows a d d i t i o n a l  r e s o l u t i o n  compared t o  t h e  room 

tempera ture  bands. However, t h e  number of r e so lved  peaks w a s  n o t  

c o n s i s t e n t  w i t h  t h e  expected number of m i c r o s t a t e s  f o r  t h e  g iven  

LS ass ignments .  Furthermore,  s e v e r a l  energy levels are s h i f t e d  

r e l a t i v e  t o  those  found by Conway. The b l u e  s h i f t  found f o r  t h e  

3F3, 3F and H imply t h a t  6 is  l a r g e r  i n  UF4 t han  i n  U4+ i n  CaF 

1 3P0, ID and G l e v e l s  and Th i s  l e a d s  t o  t h e  c r o s s i n g  of t h e  

hence  t o  t h e . s p e c t r a 1  ass ignments  as shown. Th i s  argument is  

c o n s i s t e n t  w i t h  t h e  s h o r t e r  U-F bond d i s t a n c e  observed i n  UF than  4 
i n  U4+ i n  CaF2. UO a l s o  shows t h e  same broad f e a t u r e s  as UF 

(F igure  1). 

known t o  be  a n t i f e r r o m a g n e t i c  a t  low tempera ture .  

is  ev idence  t h a t  t h e  band broadening i n  UF4 is  a l s o  due t o  U-U 

i n t e r a c t i o n  and n o t  low s i t e  symmetry. The UO spectrum i s  red- 

s h i f t e d  compared t o  Ca4+ i n  UF4, which is  c o n s i s t e n t  w i t h  a l onge r  

u4+ an ion  i n t e r a c t i o n .  The v i s i b l e  p o r t i o n  of t h e  UO spec t rum 

i s  now shown, as i t  is  compl ica ted  by f r e e  c a r r i e r  a b s o r p t i o n s .  

3 
4' 4 5 

2 4 

4 2 

U02 has  U4+ i n  a h igh  symmetry ( cub ic )  s i t e  and i s  

We f e e l  t h i s  

2 

2 

FINAL REMARKS 

The sha rpe r  f e a t u r e s  seen  by Conway i n  U4+ i n  CaF2 are most 

probably t h e  r e s u l t  of reduced U-U i n t e r a c t i o n s  by d i l u t i o n  r a t h e r  

t han  the  h ighe r  s i t e  symmetry of U i n  a C a  s i t e .  This  a g r e e s  
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190 HODUL 

wi th  Conway's assumption t h a t  c r y s t a l  f i e l d  energy  is  small 

compared t o  s p i n - o r b i t  e n e r g i e s .  

UF g i v e  r e so lved  bu t  wide m u l t i p l e t s  i n d i c a t i n g  t h a t  thermal  

broadening is  n o t  t h e  sou rce  of broad bands a t  room tempera ture .  

Helium t empera tu res  s p e c t r a  of 

4 

We sugges t  s e v e r a l  f u r t h e r  exper iments  t o  he lp  e l u c i d a t e  t h e  

o p t i c a l  spectrum and e l e c t r o n i c  s t r u c t u r e  of UF4: 

1) Low tempera ture  magnetic s u s c e p t i b i l i t y  of UF should  be  

measured t o  h e l p  e l u c i d a t e  t h e  s t r e n g t h  and n a t u r e  of U-U i n t e r -  

a c t i o n s  i n  UF 

4 

4 '  

2)  O p t i c a l  and magnetic p r o p e r t i e s  of t h e  system U Th F 1-x x 4 

a s  a f u n c t i o n  of composition should  be  i n v e s t i g a t e d .  S ince  t h e  

s t r u c t u r e  of UF and ThF are the  same, t h e  U4+ and ThF4 a r e  t h e  

same, t h e  U4+ spec t rum i s  expec ted  t o  sharpen  wi th  i n c r e a s i n g  

x. 

system i n d i c a t e  t h a t  t h e  U-U i n t e r a c t i o n s  do i n  f a c t  dec rease  

wi th  i n c r e a s i n g  x. 

4 4 

t h e  s u s c e p t i b i l i t y  exper iments  of Dawson16 on t h i s  mixed 
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