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Abs t r ac t  

The gaseous uranium s p e c i e s  UF, UF2, UF3, and UF4 were generated 

i n  e f f u s i o n  c e l l  beams by v a p o r i z a t i o n  of UF4(s) under reducing  condi- 

t i o n s ,  and they  were i d e n t i f i e d  and s t u d i e d  by m a s s  spec t rometry .  From 

e x t e n s i v e  second-law s t u d i e s  of r e a c t i o n  e q u i l i b r i a  i nvo lv ing  t h e s e  

s p e c i e s  and s e v e r a l  r e a c t i o n  p a r t n e r s  used a s  r e f e r e n c e  s t a n d a r d s ,  t h e  

i n d i v i d u a l  bond d i s s o c i a t i o n  e n e r g i e s  and s t anda rd  e n t h a l p i e s  of forma- 

t i o n  o f  s h e  U-F s p e c i e s  were de r ived .  Reac t ion  e n t r o p i e s  de r ived  from 

t h e  s l o p e  d a t a  i n d i c a t e  t h a t  t h e  e l e c t r o n i c  e n t r o p i e s  of t h e  U-F s p e c i e s  

a r e  s u b s t a n t i a l ,  and a r e  comparable t o  o r  l a r g e r  than  t h a t  of  atomic 

uranium. Add i t iona l  thermochemical measurements were made t o  e s t a b l i s h  

t h e  p r o p e r t i e s  of s e v e r a l  Ag and Cu monohalides t h a t  have been o r  will 

be used a s  r e f e rence  s t anda rds  i n  t h e  uranium h a l i d e  measurements. From 

s t u d i e s  of t h e  sub l ima t ion  and decomposition of u rany l  f l u o r i d e ,  U02F2(s) ,  

t h e  e n t h a l p y  o.f sub l ima t ion  of U02F2(g) has  been d e t e r m i n e d , a n d  ano the r  

gaseous oxyf luo r ide ,  UOF4 (g) , has  been t e n t a t i v e l y  i d e n t i f i e d .  The 

gaseous p roduc t s  of decomposition of U02F2(s) observed by mass spec- 

t romet ry  d i f f e r  from those  p o s t u l a t e d  by o t h e r  i n v e s t i g a t o r s ,  i n d i c a t i n g  

t h a t  t h e  mechanism of decomposition has  no t  been c l e a r l y  e s t a b l i s h e d .  

A s e a r c h  of  t h e  thermochemical l i t e r a t u r e  on uranium h a l i d e s  has  been 

completed. 

I n t r o d u c t i o n  

The program desc r ibed  h e r e  w a s  undertaken t o  provide  a n  a c c u r a t e  

thermochemical c h a r a c t e r i z a t i o n  of t h e  gaseous lower-valent  h a l i d e s  and 

oxyhal ides  of uranium. Very l i t t l e  of t h i s  t ype  of i n fo rma t ion  i s  

a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  making i t  v i r t u a l l y  imposs ib le  t o  c a r r y  o u t  

any meaningful thermodynamic e q u i l i b r i u m  c a l c u l a t i o n s  on t h e s e  systems 

o r  t o  e v a l u a t e  t h e  e n e r g e t i c s  of  r e a c t i o n s  invo lv ing  t h e s e  chemical  

s p e c i e s .  Spec t roscop ic  and molecular  energy l e v e l  d a t a  on t h e  gaseous 

lower h a l i d e s  are a l s o  very  s p a r s e ,  s o  t h a t  h e a t  c a p a c i t y ,  en t ropy  and 



r e l a t e d  thermodynamic f u n c t i o n s  cannot  be c a l c u l a t e d  r e l i a b l y  by t h e  

u s u a l  s t a t i s t i c a l  procedures .  Th i s  p rec ludes  t h e  a n a l y s i s  and modeling 

of many p r a c t i c a l  a p p l i c a t i o n s  invo lv ing  uranium chemistry.  

I n  t h i s  program, w e  a r e  deve loping  chemical techniques  f o r  gene ra t ing  

t h e  d e s i r e d  lower h a l i d e  s p e c i e s ,  and a r e  t hen  u t i l i z i n g  mass spec t ro -  

m e t r i c  and e f f u s i o n  p r e s s u r e  techniques  t o  s tudy  chemical  r e a c t i o n  equi-  

l i b r i a  i nvo lv ing  t h e s e  s p e c i e s .  From c a r e f u l  e q u i l i b r i u m  measurements 

made over  a n  excended tempera ture  range ,  one can d e r i v e  s t a n d a r d  

e n t h a l p i e s  of format ion ,  e n t r o p i e s ,  and bond d i s s o c i a t i o n  e n e r g i e s .  We 

r e p o r t  h e r e  t h e  r e s u l t s  ob ta ined  i n  t h e  f i r s t  phase of t h e  program, 

which is  concerned w i t h  t h e  uranium f l u o r i d e s  and oxyf luo r ides .  

A. Lower-Valent Uranium F luo r ides  

1 I n  e a r l i e r  s t u d i e s  on lJF5(g),  t h e  gaseous r e a c t i o n  e q u i l i b r i u m  

w a s  i n v e s t i g a t e d ,  i n  which t h e  thermochemical p r o p e r t i e s  of t h e  uranium 

s p e c i e s  a r e  determined by r e f e r e n c e  t o  s i l v e r  monofluoride,  AgF. 

Although t h e  thermochemistry of  AgF w a s  n o t  f i r m l y  e s t a b l i s h e d ,  i t  proved 

t o  be one of t h e  few s u i t a b l e  r e f e r e n c e  s t a n d a r d s  f o r  t h e  r e l a t i v e l y  

weak F4U-F bond. We have now completed measurements of  t h e  gaseous 

e q u i l i b r i u m  

by mass spec t rometry  and determined AH;sa = D:se(CuF) - D:ge(AgF) = 

18.5 f 1 kcal lmol  by second and t h i r d  l a w  a n a l y s i s ,  l e a d i n g  t o  

AfH:gB(AgF,g) = 1 . 8  k 1 kcal lmol  and ~ : s e ( A g F )  = 85.1 kca l lmol .  Th i s  

f i r m s  up t h e  thermochemistry of  UF, (g). 

, By p a s s i n g  BaFl vapor ove r  UC(s) i n  a g r a p h i t e  e f f u s i o n  c e l l ,  i t  

was p o s s i b l e  t o  gene ra t e  beams con ta in ing  UF3, UF2, UF,.and U ,  i n  addi- 

t i o n  t o  t h e  r e a c t i o n  p a r t n e r s  B a  and BaF. The uranium s p e c i e s  were 

p o s i t i v e l y  i d e n t i f i e d  from t h e  th re sho ld  appearance p o t e n t i a l s  of t h e  
\ 
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corresponding ions :  UF:(~.O eV); UFz(6.2 eV); ~ ~ ' ( 6 . 0  eV); U (6.2 eV). 

With t h i s  arrangement i t  was p o s s i b l e  t o  s tudy  t h e  r e a c t i o n  e q u i l i b r i a  

UFZ (g)  + BaF (g) = UF3 (g) + B a  (g) ( 5 )  

by mass spec t rometry  and t o  de te rmine  t h e  r e a c t i o n  e n t h a l p i e s  by 

second l a w  a n a l y s i s  a lone .  The r e s u l t s  a r e  shown i n  Table I. The addi- 

t i o n a l  e q u i l i b r i u m  

was i n v e s t i g a t e d  by r e a c t i n g  UF4 vapor w i t h  CaFz and B i n  a  molybdenum 

e f f u s i o n  c e l l ,  w i t h  r e s u l t s  shown i n  Table I. 

Bond d i s s o c i a t i o n  e n e r g i e s  and s t anda rd  e n t h a l p i e s  of formation of 

t h e  U-F s p e c i e s  de r ived  from t h e  r e s u l t s ,  based on t h e  e s t a b l i s h e d  

thermochemical p r o p e r t i e s  of  BaF and CaF, a r e  summarized i n  Table 11. 

Included a r e  d a t a  f o r  UFS and UF4 ob ta ined  i n  e a r l i e r  work.' The 

i n d i v i d u a l  bond d i s s o c i a t i o n  e n e r g i e s  a r e  e s p e c i a l l y  s t r i k i n g  i n  showing 

the  p r e c i p i t o u s  drop i n  thermodynamic s t a b i l i t y  i n  p a ~ o i n g  from t h e  

t e t r a v a l e n t  t o  t h e  pen tava len t  and hexavalen t  . s t a t e s  of  uranium. Th i s  

is  t h e  f i r s t  i n s t a n c e  i n  which a l l  of t h e  i n d i v i d u a l  bond d i s s o c i a t i o n  

e n e r g i e s  i n  a hexavalen t  a c t i n i d e  compound have been determined,  and 

t h e  r e s u l t s  should prove ex t remely  h e l p f u l  i n  e v a l u a t i n g  t h e  p r o p e r t i e s  

of  o t h e r  a c t i n i d e s .  A good check on t h e  i n t e r n a l  cons i s t ency  of t h e  

new r e s u l t s  on UF, UFp, and UF, is provided by t h e  f a c t  t h a t ,  as shown 

i n  T a b l e . 1 1 ,  t h e  sum of  t h e  i n d i v i d u a l  bond d i s s o c i a t i o n  e n e r g i e s  de r ived  

from t h e  e q u i l i b r i u m  s t u d i e s  ag rees  c l o s e l y  w i t h  t h e  h e a t  of a tomiza t ion  

of UF6(g) eva lua t ed  from w e l l  e s t a b l i s h e d  thermochemical d a t a .  A s  a  

f u r t h e r .  check on t h e  e q u i l i b r i u m  measurements, t h e  t h re sho ld  appearance 

p o t e n t i a l  f o r  t h e  d i s s o c i a t i v e  i o n i z a t i o n  p roces s  i n  UF, vapor  



was determined a s  13.28 f 0.10 eV, and t h e  i o n i z a t i o n  p o t e n t i a l  of UF, 

w a s  measured a t  6.97 + 0.10 eV. Combination of t h e s e  two r e s u l t s  y i e l d s  

D(F3U-F) = 13.28-6.97 = 6.31 eV = 145.5 kca l lmo l ,  i n  c l o s e  agreement w i th  

t h e  e q u i l i b r i u m  va lue .  

The exper imenta l  (expt )  e n t r o p i e s  of gaseous UF, UF2, and UF, were 

eva lua t ed  from t h e  r e a c t i o n  e q u i l i b r i u m  c o n s t a n t s  and t h e i r  second law 

s l o p e s ,  and were compared w i t h  v a l u e s  c a l c u l a t e d  by s t anda rd  s t a t i s t i c a l  

methods t ak ing  i n t o  account t h e  t r a n s l a t i o n a l ,  r o t a t i o n a l ,  and v i b r a t i o n a l  

( t r v )  c o n t r i b u t i o n s  only .  The s t a t i s t i c a l  c a l c u l a t i o n s  involve  some 

e s t ima ted  parameters ,  bu t  a r e  s u f f i c i e n t l y  a c c u r a t e  f o r  p r e s e n t  purposes .  

The comparisons are a s  fo l lows:  For UF, S l 3 0 0 ( e ~ p t )  = 83.1 c a l l d e g  mole, 

and S 1 3 0 0 ( t r v )  = 76.3 c a l l d e g  mol; f o r  UF2, S:200(expt) = 108.6 c a l l d e g  

mol, and S X ~ O O  (trv) = 96.9 c a l / d e g  mol; and f o r  UF3, SX200(expt)= 125.3 

c a l l d e g  mol, and S ~ 2 0 0 ( t r v )  = 115.9 c a l l d e g  mol. I n  a l l  i n s t a n c e s ,  t h e  

exper imenta l  v a l u e s  a r e  s i g n i f i c a n t l y  h ighe r  than  t h e  trv c a l c u l a t e d  

v a l u e s ,  i n d i c a t i n g  t h a t  t h e  e l e c t r o n i c  e n t r o p i e s  of UF, UF,, and UF, a r e  

s u b s t a n t i a l  a t  t h e  exper imenta l  t empera tures  and a r e  comparable t o  o r  

l a r g e r  t han  t h a t  of a tomic uranium (8.0 c a l l d e g  mol a t  2300 K ) .  These 

w i l l  b e  u s e f u l  i n  e v a l u a t i n g  r e l i a b l e  thermodynamic f u n c t i o n s  f o r  UF, 

UF2, and UF3. 

The v a p o r i z a t i o n  chemis t ry  of u r a n y l  f l u o r i d e ,  U02F2(s) ,  i s  be ing  

i n v e s t i g a t e d  i n  o r d e r  t o  c h a r a c t e r i z e  t h e  thermochemistry of U02F2(g) 

and t o  c l a r i f y  t h e  mechanism of t h e  thermal  decompositon of U02F2(s) .  

Previous  i n v e s t i g a t o r s 2  '3 have i d e n t i f i e d  t h e  s o l i d  product  as U308 (s) 

and have i n f e r r e d  t h a t  t h e  gaseous decomposition p roduc t s  a r e  UF6 and 0 2 .  

On vapor i z ing  U02F2(s) from a p la t inum e f f u s i o n  c e l l ,  we  have i d e n t i f i e d  

. ' gaseous U02F2, UOF,, UF, and a  s m a l l  amount of UF, i n  t h e  s a t u r a t e d  

'vapor,  b u t  d e f i n i t e l y  no UF6 o r  0 2 .  These l a t t e r  experiments  were done 

: by means of  modulated beam mass spec t rometry ,  and should be q u i t e  

r e l i a b l e ,  Contrary t o  p rev ious  r e s u l t s , '  '3  U02F2 (g) appea r s  t o  be t h e  

major s p e c i e s  i n  t h e  s a t u r a t e d  vapor ,  s e v e r a l  de t e rmina t ions  of t h e  
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en tha lpy  of sub l ima t ion  of UOzF?(g) have been made, and t h e  r e s u l t s  a r e  

be ing  eva lua t ed .  F u r t h e r  s t u d i e s  a r e  i n  p rog res s .  

C. L i t e r a t u r e  Search  

A computer-assis ted s e a r c h  of t h e  thermochemical l i t e r a t u r e  on t h e  . 
h a l i d e s  and oxyhal ides  of uranium has  been completed, and a number of 

p e r t i n e n t  r e f e r e n c e s  were uncovered. Copies of t h e s e  papers  were obta ined  

and t h e  m a t e r i a l  w a s  eva lua t ed .  

D. Gaseous CuCl and CuBr 

For u s e  as p o t e n t i a l  r e f e r e n c e  s t a n d a r d s  and r e a c t i o n  p a r t n e r s  i n  

f u t u r e  s t u d i e s  of uranium c h l o r i d e s  and bromides,  t h e  thermochemical 

p r o p e r t i e s  of gaseous CuCl and CuBr were determined by r e f e r e n c e  t o  AgCl 

and AgBr. The r e a c t i o n s  s t u d i e d  were 

and 

Ag (g) + CuBr (g) = AgBr (g) + Cu (g)  (9 

w i t h  t h e  r e s u l t s  AHgg8(8) = 1 5 . 1 k  1 kcal lmol  and AH;ge(9) = 12.8 + 1 

kcal lmol .  These d a t a  y i e l d  Dgge(CuC1) = 90.1 kca l lmol  and D;ge(CuBr) = 

79.5 kca l lmol .  R e s u l t s  of  t h i s  type  a r e  impor tan t  s i n c e  t h e r e  a r e  s o  

few w e l l  e s t a b l i s h e d  r e f e r e n c e  s t a n d a r d s  among t h e  moderately s t a b l e  
. . 

c h l o r i d e s  and bromides. 
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Table  I 

REACTION THERMOCHEMISTRY OF URANIUM FLUORIDES 

Mf (11) 
Gaseous Reac t ion  Range, K kca l lmo l  Derived Resu l t  

U + BaF = UF + B a  2222-2505 -17.8 f 0.7 D(U-F) = 156 kca l lmol  

UF + BaF = UF1 + Ba 2034-2466 4.8 f 0.6 D(FU-F) = 134 

UF2 + BaF = UF3 + Ba 2034-2466 - 8 .3  0.4 D(F,U-F) = 147 

UF, + CaF = UF, + C a  1533-1745 -19.5 k 0.6 D(F,U-F) = 146 



T a b l e  I1 

G a s e o u s  
Spec i e s  

D E R I V E D  THERMOCHEMICAL P R O P E R T I E S  O F  
GASEOUS URANIUM E'LUORIDESa 

a 
A l l  i n  k c a l l m o l .  

B o n d  D l 9 e  

U-F 15 6 

FU-F 

F U-F 

F 3 U-F 146 

F5U-F  6 9 - 
S u m  = 754 

D g o e  ( U F s )  = 753.7 




