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ALUMINUM CHLORIDE VAPOR PHASE COMPLEXES* 
. . 

. . 

E. 'J. Peterson ,  J. A. Caird,  W. T.  Ca rna l l ,  Jan  P. . . 

Hess l e r ,  H. R. Hoekstra,  and C.  W. Williams 

Chemistry Div is ion ,  Argonne Nat iona l  Laboratory,  

9700 S: Cass Avenue, Argonne, I l l i n o i s '  60439, U.S.A. 

Recent i n t e r e s t  i n  vapor pha ie  complexes o f -  l a n t h a n i d e  and 
a c t i n i d e  h a l i d e s  wi th  aluminum- h a l i d e s  has  been focused on . t h e i r  
dynamic o p t i c a l  p r o p e r t i e s ,  s i n c e  t h e s e  systems have p o t e n t i a l  a s  
o p t i c a l  ga in  media. I n  add i t i on ;  t h e i r  thermodynamic p r o p e r t i e s  
i n d i c a t e  t h a t  e lementa l  s e p a r a t i o n  by chemical t r a n s p o r t  is  po- 
t e n t i a l l y  v i ab le .  The r e a c t i o n  f o r  gas  complexation is  g e n e r a l l y  
w r i t t e n  a s  fo l lows  f o r  l an than ide  c h l o r i d e s  and aluminum c h l o r i d e  

Vapor phase s t u d i e s  over  a  condensed so l id .  phase ( i n  a l l  ca.ses 
LnC13 o r  AnCl ) have been made f o r  t h e  ~ d +  (1)  , ~ m + ~  (2)  , H O + ~  . .  

( 3 ) ,  u+' .and p5 ( 4 )  systems. Vapor phase s t u d i e s  o v e r  a con- . . 

densed l i q u i d  phase a r e  more complicated and have been d i scussed  
f o r  t h e  E U + ~  system (5).  The p re sen t  d i s c u s s i o n  w i l l  be l i m i t e d  : 
t o  t h e  pressure- temperature r e g i o n  of sol id-vapor  equ i l i b r ium.  

Equil ibr ium s t . ud ie s  of r e a c t i o n  (1) a r e  made. t o  e s . t ab l i sh  the , ,  . - 

temperature and A 1 2 C 1 6  p r e s s u r e  dependence of  t h e  vapor d e n s i t y  of 
.complexed l an than ide  o r  a c t i n i d e  ions  (1-5). The s t o i c h i o m e t r i c  
c o e f f i c i e n t ,  n,  is  then  der ived  from t h e  i so the rma l  p r e s s u r e  de- 
pendence of t h e  complexed meta l  i o n . d e n s i t y .  I f  n  i s  tempera ture  
dependent,  then  more than one vapor s p e c i e s  e x i s t  i n  t h e  measure- . 

ment r eg ion .  The va lue  of m cannot be  c a l c u l a t e d  from d a t a  of  
t h i s  type,  bu t  a  va lue  of 1 i s  i n  agreement w i th  .mass spec t ro-  

* 
Work performed under t h e  ausp ices  of t h e  O f f i c e  of Basic Energy 
Sciences of t h e  Department of Energy. 



scop ic  s t u d i e s  of  t r a n s i t i o n  meta l  ch loroa luminate  vapor complexes 
(6)  and i s  c o n s i s t e n t  w i t h  our  r e s u l t s .  

A v a r i e t y  o f  d i r e c t  and i n d i r e c t  methods have been used t o  
determine vapor d e n s i t i e s  of complexed meta l  i ons  i n  t r a n s i t i o n  
meta l  systems ( 6 ) ,  b u t  t h e  spec t rophotometr ic  technique has  been 
used e x c l u s i v e l y  f o r  t h e  l a n t h a n i d e s  and a c t i n i d e s .  Unfortunately,  
t h e  s t q i c h i o m e t r i e s  i n f e r r e d  from t h e  vapor  d e n s i t y  informat ion  
der ived  from t h e s e  experiments a r e  c o n t r a d i c t o r y  f o r  t h e  lan tha-  
n ides  (1-3). I n  t h e  NdC13(A12C16)n system n v a r i e s  from 1.85 t o  . . 

1.65, wh i l e  i n  t h e  SmC13(A12C16)n system n is repor t ed  t o  be in-  
v a r i a n t  w i th  temperature and equal  t o  1 .5 .  This  type of d e v i a t i o n  . . 

i n  chemistry i s  unusual f o r  two s i m i l a r  l i g h t e r  l an than ides .  
. . 

These and o t h e r  d i s c r e p a n c i e s  have prompted us  t o  re -eva lua te  t h e  
a p p l i c a t i o n  of t h e  spec t rophotometr ic  technique t o  t hese . sys t ems  
and t o  develop a technique f o r  vapor densi ty ,measurements  which 
circumvents  some of t h e  problems a s s o c i a t e d  w i t h  o p t i c a l  exper i -  
ments. . . 

SPECTROPHOTOMETRIC TECHNIQUE 
. . 

This  method r e l a t e s  t h e  opt ic ' a l  'absorbance of t h e  system t o  
t h e  vap.ok d e n s i t y  of complexed meta l  i o n s .  The i m p l i c i t  assump- 
t i o n  iri  . t h i s  a n a l y s i s  - i s  t h a t  t h e  o p t i c a l  abso rp t ion  of . t h e  mea- 
sured  bands. fo l lows  Beer ' s law over  t h e  e n t i r e  range .  of  . tempera- 
t u r e s  and group I I I B  h a l i d e  p r e s s u r e s  used t o  s tudy  t h e  system. 
Unfortunately. ,  f o r  many l an than ide  systems t h i s  i s - n o t  t he -  c a s e  . . 

( 2 , 3 , 7 ) . ,  Seve ra l  au tho r s  have t r e a t e d  t h e  temperature dependence 
of t h e  molsr a b s o r p t i v i t y  by e m p i r i c a l l y  d e r i v i n g  a n  equat ion  t o  
express  t h e  dependence ( 2 , 5 ) .  This  approach i s  fundamentally 
flawed. Three e f f e c t s ,  which a r e  considered t o  c o n t r i b u t e  t o  t h e  
d e v i a t i o n s  (from Beer ' s  law),. a r e  (1) t h e  temperature dependence' .. 

of . the.  n a t u r a l  l i n e  width, (2)  t h e  tempera ture  dependence of t h e  
popula t ion  d i s t r i b u t i o n  w i t h i n  t h e  l i g a n d  f i e l d  c,omponents of t h e  
ground J-manifold and'  (3) .changes i n  ' t h e .  abso rp t ion  spectrum due 
t o  t h e  . ex i s t ence  of  s e v e r a l  complex molecular  s p e c i e s  whose vapor 
d e n s i t y  d i s t r i b u t i o n s  . a r e  f u n c t i o n s  'o f  temperature and-  complexing . 

agent  pressure ,  (8)  -. To overcome. t h e s e  e f f e c t s ,  in t .egra t ion  ove r .  - : 
. . . . . . t h e . - e n t i r e  abso rp t ion  band i s  performed. . . 

. . 
. . 

The fundamental equat ion  f o r  t h e  spec t rophotometr ic  a n a l y s i s  
i s  2 .  . . . . .  . . 

I n  1'0 . - r e  
- 1 A(0)dCJ = 7 z p F- n n '  

!k band mc n 
i n  which R i s  t h e  o p t i c a l  pa th  l eng th ,  A(o) i s  t h e  observed o p t i -  
c a l  absorbance a t  wavenumber o, e  and m a r e  t h e  charge and mass of 

. the e l e c t r o n  r e s p e c t i v e l y ,  c  i s  t h e  v e l o c i t y  of l i g h t ,  pn i s  t h e  
vapor d e n s i t y  of t h e  n th  complexed s p e c i e s  and f i s  the  average  

n 



o s c i l l a t o r  s t r e n g t h  of t h e  n t h  complexed s p e c i e s  f o r  t r a n s i t i o n s  
between two J-manifolds (11) .  Eq. (2) should be used t o  r e l a t e  
o p t i c a l  absorbance d a t a  t o  t h e  vapor d e n s i t y  of complexed meta l  
i ons .  I n  essence  t h i s  approach r e l a t e s  t h e  vapor d e n s i t y  t o  t h e  
a r e a  under t h e  peak due t o , t h e  p a r t i c u l a r  f-f t r a n s i t i o n  be ing  
probed i n s t e a d  of t o  t h e  peak h e i g h t  a t  a s p e c i f i c  wavelength. I n  
p r a c t i c e  t h e  o p t i c a l  experiments  are done i n  a  manner s i m i l a r  t o  

. t h a t  r epo r t ed  i n  t h e  l i t e r a t u r e  (1,2). The p re s su re  and tempera- 
t u r e  dependence of t h e  e f f e c t i v e  o s c i l l a t o r  s t r e n g t h ,  ~ * ( T , P ~ ) ,  i s  
determine.d i n  experiments  w i th  a.known t o t a l  vapor d e n s i t y  of com- 
plexed meta l  i o n s  (unsa tu ra t ed  c e l l ) .  Then t h e  p r e s s u r e  and tem- 
p e r a t u r e  dependence of t h e  vapor d e n s i t y  i s  determined i n  c e l l s  
w i th  excess  meta l  h a l i d e  ( s a t u r a t e d  c e l l )  

mc ' .  . 1  
P + ( T , P ~ )  = 2 pn(T P  = -  

D 2  * 
. . n .  a e  f (TIPD) band 

Because t h i s  technique measures t h e  product  of t h e  vapor d e n s i t y  
and t h e  o s c i l l a t o r  s t r e n g t h ,  two assumptions were necessary .  The 
o s c i l l a t o r  s t r e n g t h s  of t h e  va r ious  s p e c i e s  must be independent of 
temperature and t h e  r e l a t i v e  vapor d e n s i t i e s  o f  m u l t i p l e  s p e c i e s  
f o r  s a t u r a t e d  and unsa tu ra t ed  c e l l s  must be  i d e n t i c a l .  To t e s t  
these.  assumptions and t o  provide  ihformat ion  when t h e  spectrophoto-  
me.tric- technique i s  no t  a p p l i c a b l e ,  a  technique f o r  d i r e c t  measure- 
ment of vapor d e n s i t i e s  of  comp1,exed meta l  i ons  was developed. 

RADIOACTIVE TECHNIQUE 

This  method of complexed meta l  i o n  d e n s i t y  measurement in-  
vo lves  l a b e l l i n g  t h e  meta l  i o n s  of  i n t e r e s t  wi th  a  r a d i o a c t i v e  
i s o t o p e  whose decay l e a d s  t o  y-ray emission.  The vapor d e n s i t y  i s  
convenient ly  monitored by y-counting (usua l ly  >0.4 MeV y- rad ia t ion )  
i n  a  s p e c i f i e d  energy range ( the  energy i n t e g r a l  of t h e  y-ray 
spectrum). The a p p l i c a b i l i t y  of t h i s  technique was eva lua t ed  
dur ing  s t u d i e s  of t h e  TbC13-AlC13 system us ing  t r a c e r  ' ~ b ~ 1 3  . 
The sample v e s s e l  w a s  loaded wi th  TbC13 and A l C 1 3  and was placgd 
i n  a  furnace  surrounded except  f o r  a  d e t e c t i o n  s l u r  by a  s h i e l d  of  
l e a d  b r i c k s .  The end of t h e  tube  oppos i t e  t o  t h a t  monitored by 
t h e  d e t e c t o r  was kep t  a t  a  lower temperature by ca .  20 K .  The non- 
v o l a t i l i z e d  p o r t i o n  of TbC13(s) t hus  remained o u t  of t h e  d e t e c t i o n  
f i e l d .  Vapor equ i l i b r ium was e s t a b l i s h e d  over  t h e  condensed phase. 
A s u i t a b l e  d e t e c t o r  was used t o  monitor t h e  y - a c t i v i t y  i n  t h e  h o t  
end of t h e  sample v e s s e l .  The s i g n a l s  were fed  through a n  ampli- 
f i e r / d i s c r i m i n a t o r  t o  a  pu l se  he igh t  ana lyze r .  Thus, i n  p r i n c i p a l  
more than  one c h a r a c t e r i s t i c  y-ray i n  a  mixture  could be monitored. 
The measured count r a t e  was p ropor t iona l  t o  t h e  d e n s i t y  of Tb 
atoms i n  t h e  vapor p l u s  any background no i se .  The equat ion  which 
r e l a t e s  vapor d e n s i t y  t o  count r a t e  i s  



i n  which R i s  t h e  d i s t a n c e  from sample t o  d e t e c t o r ,  A* i s  t h e  ef-  
f e c t i v e  d e t e c t o r  a r e a ,  VD is  t h e  volume of t h e  v e s s e l  sampled by - 
t h e  d e t e c t o r ,  E i s  t h e  e f f e c t i v e  d e t e c t o r  e f f i c i e n c y ,  f o  i s  t h e  
i n i t i a l  amount of r a d i o a c t i v e  i so tope ,  e ( l n  2 ) t fT% cons ide r s  t h e  
i s o t o p e s  r a d i o a c t i v e  decay wi th  t ime, Iy is t h e  p r o b a b i l i t y  p e r  u n i t  
t ime of r a d i o a c t i v e  decay, and P i s  t h e  count  r a t e  ( 9 ) .  Experi-  
ments a r e  c a r r i e d  o u t  i n  a  manner s i m i l a r  t o  o p t i c a l  experiments.  
Unsaturated c e l l s  of known t o t a l  complexed meta l  i o n  d e n s i t y  a r e  
examined t o  c a l i b r a t e  t h e  counting geometry (R, E,  f o ,  A* and VD). 
Then s a t u r a t e d  c e l l s  a r e  s tud ied  t o  determine the  temperature and 
complex agen t  p r e s s u r e  dependence of t h e  vapor d e n s i t y .  The 
g r e a t e s t  s t r e n g t h  of  t h i s  technique i s  t h a t  i t  is  a  d i r e c t  measure 
o f  t h e  complexed meta l  i o n  d e n s i t y  and i s  n o t  dependent upon t h e  
chemis t ry  o f  t h e  system. Accurate measurements of mul t i - spec ies  
vapor systems can  be r e a d i l y  accomplished. The accuracy  and pre- 
c i s i o n  of t h e  d a t a  a r e  supe r io r  t o  d a t a  obta ined  by o p t i c a l  experi-  
ments ( 9 ) .  The t r a c e r  method is a p p l i c a b l e  t o  systems,  such a s  
TbC13-AlC13, which a r e  n o t  amenable t o  s tudy  by t h e  spectrophoto-  
m e t r i c  technique.  I n  s i t u a t i o n s  where bo th  methods are a v a i l a b l e  
complementary d a t a  w i l l  be  a v a i l a b l e  t o  a i d  i n  c h a r a c t e r i z a t i o n  of 
t h e  vapor system. A complete thermodynamic a n a l y s i s  of t h e  TbC13- 
A l C l 3  system i s  c u r r e n t l y  underway us ing  t h e  t r a c e r  technique.  

ANALYSIS OF THERMODYNAMIC PROPERTIES 
. . 

From t h e  temperature and p re s su re  dependence of  vapor d e n s i t y  
d a t a ,  t h e  i d e n t i t y  and .apparent.thermodynamic' formation parameters  
f o r  t h e  vapor complex~spec ie s  a r e  i n f e r r e d .  The apparent  e q u i l i -  
brium q u o t i e n t  f o r  r e a c t i o n  (1). is  w r i t t e n  

.where t h e  condensed phase i s  a  s o l i d .  I f  n* i s  a  non i n t e g e r  te* 
p e r a t u r e  dependent v a r i a b l e ,  then  m u l t i p l e  vapor s p e c i e s  e x i s t .  
The p r i o r  method of a n a l y s i s  (1,5,10)  involved f i t t i n g  vapor pres-  
s u r e  informat ion  t o  an  a p p r o p r i a t e  two s p e c i e s  model u s i n g . a  non- 
l i n e a r  l e a s t  squares  program.   he d a t a  was n o t  cons idered  adequate  
f o r  c o n s i d e r a t i o n  . . of more complex models, bu t  t h i s  assumption was 
n o t  t e s t e d .  The drawback of t h i s  approach is  t h a t  i t  f o r c e s  t h e  
d a t a  i n t o  a  preconceived p i c t u r e ,  t h e  v a l i d i t y  of w h i c h . c a n n o t - b e  
r e l i a b l y  t e s t e d .  In s t ead  of r e l y i n g  on t h i s  approach, a  system- 
a t i c  method of d a t a  a n a l y s i s  has  been developed (11): 

Taking t h e  n a t u r a l  logar i thm of eq. (5) y i e l d s  



A s e r i e s  of  i so thermal  p l o t s  of I n  PC v s .  I n  PD d a t a  y i e l d  Kfc and 
n* va lues  as a f u n c t i o n  of temperature.  I n  a  m u l t i p l e  s p e c i e s  
system t h e  vapor p re s su re  can be  exprcssed a s  

where B i s  twice  t h e  o x i d a t i o n  s t a t e  of  t h e  meta l  i o n  i n  t h e  h a l i d e  
and m = 2n. P o s s i b l e  m va lues  can  be  chosen by cons ide r ing  t h e  
range  o f  n  va lues  de r ived  i n  t h e  measurement r eg ion  from I n  PC vs .  
I n  PD p l o t s  w i th  t h e  l a r g e s t  m va lue  be ing  der ived  by ex t rapola-  . 

t i o n  t o  low temperature.  For a two s p e c i e s  model eq. (7)  i s  
w r i t t e n  . . . . . . 

. m1/2 m2/2 
PC = K PD + K PD 

m (8) 
1 m2 

m1 12 
where m > m2. Dividing bo th  s i d e s  b y P D  

1 y i e l d s  

?I2 - (ml-m2 / 2 
'C~'D - K~ + K /pD (9) 1. . m 2  

(m1-m2) 12 
wi th  t h e  cho ice  o f  1 /P  

D 
a s  independent v a r i a b l e  be ing  

a r b i t r a r y .  I so thermal  p l o t s  based upon eq.  (9)  i n d i c a t e  t h e  tem- 
p e r a t u r e  dependence of t h e  equ i l i b r ium q u o t i e n t s  Km and Km I f  

1 2 ' 
t h e  n a t u r a l  l oga r i t hm of t h e s e  q u o t i e n t s  a r e  w e l l  behaved s t r a i g h t  
l i n e  f u n c t i o n s  of ~ / T ( K )  ( I n  K, = be-Bm'T) , then t h e  two s p e c i e s  
model w i l l  adequate ly  reproduce t h e  vapor p re s su re  d a t a .  I f  t h e r e  
a r e  d e v i a t i o n s  from s t r a i g h t  l i n e  behavior .  f o r  a l l  p o s s i b l e  v a l u e s  
of m l  and me, then a  t h r e e  s p e c i e s  model can  be t e s t e d  w i t h  t h e  
proposed t h i r d  s p e c i e s .  be ing  dependent upon t h e  n a t u r e  o f  t h e  de- 
v i a t i o n  of t h e  previous  model. 

For example, i n  t h e  HoC13 (AlC13), system ( 3 ) ,  t h e  d a t a  i n d i c a t e  
t h a t  a  p rev ious ly  unreported h ighe r  tempera ture  s p e c i e s ,  HoAlzClg, 
makes a  20% c o n t r i b u t i o n  t o  t h e  t o t a l  vapor  d e n s i t y  a t  750 K and 
2  atm o f  dimer p re s su re .  Re-analysis  o f  t h e  ~ d + ~  system a l s o  l e d  

. . 
us  t o  i n f e r  t h e  exis tence 'of  t h i s  'lower mo lecu la r  weight  s p e c i e s  
a t  h ighe r  tempera ture  (11) .  Examination of temperature dependent 

5 o p t i c a l  s p e c t r a  ' i n d i c a t e s  t h a t  s p e c t r a l  changes of t h e  5 ~ s  t o  , G6 
t r a n s i t i o n  of ~ 0 ' ~  a r e  c o n s i s t e n t  w i t h  t h i s  i n t e r p r e t a t i o n  ( 3 ) .  

. . 

CONCLUSIONS 

The spec t rophotometr ic  technique f o r  vapor d e n s i t y  measure- 
ments of  complexed meta l  i ons  h a s  been reformulated t o  account  f o r  



temperature dependent e f f e c t s  and mul t i - spec ies  systems. Analysis  
of vapor p r e s s u r e  informat ion  i n d i c a t e s  t h a t  t h e  NdC13-AlC13 and 
I.IoC13-AlC13 systems a r e  adequate ly  explained by t h e  e x i s t e n c e  of  
t h r e e  vapor s p e c i e s .  The two h ighe r  molecular weight  complexes 
LnAlt,C115 and LnA13C112 were f i r s t  proposed by @ye and Gruen. The 
newly i d e n t i f i e d  h ighe r  tempera ture  spec i e s ,  HoA12C19, c o n t r i b u t e s  
s i g n i f i c a n t l y  t o  t h e  vapor d e n s i t y  above 750 K and below 3 a t m  of 
dimer p re s su re .  I n  view of t h e  cons i s t ency  of t h e  ~ d + ~  (1)  and 
~ 0 ' ~  (3) chemis t ry  t h e  d a t a  f o r  t h e  ~ m + ~  system (2) should b e  
viewed wi th  r e s e r v a t i o n .  A new method f o r  vapor d e n s i t y  rneasure- 
ments i nvo lv ing  use  of r a d i o a c t i v e  t r a c e r s  has been d iscussed  i n  
terms of i t s  a p p l i c a b i l i t y  t o  t h e  s tudy  of  (Ln,h)C13(A1C13)x 
systems. 
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a s p e c i e s ,  The two h i q h e r  m o l e c a a  2/ ~ e r e m  prOpOS e 

.. 
,..< 
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'~ ,. . . . 
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. ne, spec.:t.rophotometric technique  fox vapor d e n s i t y  measure- 

ments o f  complexed m e t a l  i o n s  h a s  been re formula ted  t o  account 

tempera ture  dependent e f f e c t s  and mul t i - spec i e s  systems. h a l y s i n  . , 

of vapor  p r e s s u r e  i n fo rma t ion  i n d i c a t e s  t h a t  t h e  NdC13-NC13 and 
HoC13-AlC13 systems a r e  a d e q u a t e l y  expla ined  by t h e  e x i s t e n c e  o f .  
t h r e e  vapor s p e c i e s .  The two h i g h e r  molecular  weight  complexes 
LnAlcClls and LnA13C112 were f i r s t  proposed by @ye and Gruen. The 
newly i d e n t i f i e d  h ighe r  t empera tu re  s p e c i e s ,  HoA12C19, c o n t r i b u t e s  
s i g n i f i c a n t l y  t o  t h e  vapor  d e n s i t y  above 750 K and below 3 a t m  of 
dimer p r e s s u r e :  I n  view of t h e  c o n s i s t e n c y  of t h e  ~ d + ~  and 
H O + ~  @ chcmis t ry  t h e  d a t a  f o r  t h e  ~ m + + )  system @) should b e  . 

4 viewed w i t h  r e s e r v a t i o n .  A new method f o r  vapor d e n s i t y  measure- 
ments i n v o l v i n g  use  of r a d i o a c t i v e  t r a c e r s  has  been d i scussed  i n  
terms of  i t s  a p p l i c a b i l i t y  t o  t h e  s t u d y  o f  (Ln,An)C13(A1C13)x 
s y s  terns. 
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