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Complexes o f  t r i v a l e n t  samarium, eu rop ium,  t e r b i u m ,  

L and dysp ros ium were  p r e p a r e d  f o r  i n v e s t i g a t i o n s  o f  t h e  

,4) l uminescence  p r o p e r t i e s  o f  complexed r a r e  e a r t h  i o n s . .  Rare  
I 

e a r t h  c h e l a t e s  d e r i v e d  f rom b e n z o y l a c e t o n e ,  d i b e n z o y l m e t h a n e ,  

and a c e t y l a c - e t o n e ;  r a r e  e a r t h  c h l o r i d e s  s o l v a t e d  w i t h  w a t e r  

anh  d e u t e r i u m  o x i d e ;  and  r a r e  e a r t h  o x i d e s  d i s s o l v e d  i n  

sodium m e t a p h o s p h a t e  g l a s s e s  were  s y n t h e s i z e d  f o r  t h e s e  

s t u d i e s .  

I n i t i a l  i n v e s t i g a t i o n s  were  c o n d u c t e d  on  t h e  @ - d i k e -  

t o n e  c h e l a t e s  d i s s o l v e d  i n  o r g a n i c  g l a s s e s  a t  7 7 O ~ .  The - 

l uminescence  s p e c t r a  o f  t h e  s a m p l e s ,  a r i s i n g  f rom e x c i t a t i o n  

b y . u l t r a v i o l e t  l i g h t ,  a r e  r e p o . r t e d ,  and  g r o u p s  o f  s p e c t r a l  

l i n e s  a r e  g i v e n  J-J a s s i g n m e n t s .  The luminescence  d e c a y s  o f  

t h e  r a r e  e a r t h  i o n  e m i s s i o n s ,  a r i s i n g  f rom r a d i a t i v e  t r a n s i -  

t i o n s  o r i g i n a t i n g  a t  t h e  l o w e s t  r e s o n a n c e  l e v e l  o f  t h e  i o n s ,  

were measured .  . T h e  d e c a y  c u r v e s  were  a n a l y z e d  s t a t i s t i c a l l y ,  

and a lower  l i m i t  o f  5 X lo5  set.-l i s  r e p o r t e d  f o r  t h e  r a t e  

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

From a  c o n s i d e r a t i o n  of t h e  r a t e  .of . e n e r g y  t r a n s f e r  -and t h e  

magn i tude  o f  t h e  m o l e c u l a r  p h o s p h o r e s c e n c e  d e c a y  t i m e s  o f  

3 of t h e  c h e l a t e s ,  i t  i s  c o n c l u d e d  t h a t  i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r  c a n n o t  o r i g i n a t e  a t  t h e  same l e v e l  f rom which 
-J 

p h o s p h o r e s c e n c e  o c c u r s .  I n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  r a t e  



c o n s t a n t s  f o r  t r a n s f e r  o f  e n e r g y  t o  t h e  i o n s  from h i g h e r  

l e v e l s  o f  t h e  t r i p l e t  e n e r g y  s y s t e m s  i n  t h e s e  compounds a r e  

d i s c u s s e d .  

The v i s i b l e  a b s o r p t i o n  s p e c t r a  o f  s o l u t i o n s  o f  r a r e  

e a r t h  c h e l a t e s  and r a r e  e a r t h  c h l o r i d e s  a r e  p r e s e n t e d  and 

a n a l y z e d .  R a r e  e a r t h  i o n  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s ,  

c a l c u l a t e d  f rom t h e  weak i o n  a b s o r p t i o n  b a n d s ,  a r e  r e p o r t e d .  

I t  i s  shown t h a t  t h e  i n c r e a s e d  luminescence  d e c a y  times o f  

t h e  c h e l a t e d  r a r e  e a r t h  i o w  a s  compared t o  t h e  s o l v a t e d  r a r e  

e a r t h  i o n s  must be  d u e  t o  a  d e c r e a s e  i n  q u e n c h i n g  o f  t h e  i o n  

s t a t e s ,  n o t  t o  a d e c r e a s e  i n  t h e  r a d i a t i v e  t r a n s i t i o n  p roba -  

b i l i t i e s .  

The luminescence  i n v e s t i g a t i o n s  were  a l s o  c a r r i e d  o u t  

y 
a? on  m i c r o c r y s t a l l i n e  c h e l a t e s ,  c r y s t a l l i n e  s o l v a t e d  c h l o r i d e s ,  

and  metaphospha t e  g l a s s e s .  The . e m i s s i o n  s p e c t r a  a r e  p r e s e n t e d  
J 

and J-J a s s i g n m e n t s  a r e  made. Measurements  o f ' s p e c t r a l  l i n e s  
. . 

a r i s i n g  from v i b r o n i c  c o u p l i n g  o f  c h e l a t e d  r a r e  e a r t h  i o n s  

a r e  g i v e n .  The luminescence  d e c a y  c u r v e s  o f  t h e  complexes  

a r e  r e p o r t e d ,  and  d e c a y  times c a l c u l a t e d  f rom t h e  c u r v e s  a r e  

t a b u l a t e d .  For  a  few o f  t h e  s a m p l e s ,  t h e  t e m p e r a t u r e  d e -  
* 

p e n d e n c i e s  o f  t h e  l u m i n e s c e n c e s  a r e  a l s o  r e p o r t e d .  , * 

Q u i t e  s i g n i f i c a n t  d i f f e r e n c e s  were  found  i n  t h e . l u m i -  

n e s c e n c e  i n t e n s i t i e s  and  d e c a y  times o f  r a r e  e a r t h  i o n s  i n  

d i f f e r e n t  e n v i r o n m e n t s .  P o s s i b l e  mechanisms for  q u e n c h i n g  

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

t h a t  t h e  v a r i a t i o n s  o f  t h e ' l u m i n e s c e n c e  p r o p e r t i e s  o f  t h e  

- 
- - -a- - - ions-=are-  due-. t o  v a r i a  t i o n s - i n -  v i b r o n i c -  q u e n c h i n g  = e f f i c i e n c y .  - -- - - -  

-. 



T h e  n a t u r e  o f  t h e  v i b r o n i c  q u e n c h i n g  i n  e a c h  o f  t h e  d i f -  

* 
* % .  

f e r e n t  r a r e  e a r t h  c o m p l e x  systems i s  d i s c u s s e d .  

S e c o n d a r y  e n v i r o n m e n t a l  e f f e c t s  o n  t h e  r a r e  e a r t h  i o n  

,t -- l u m i n e s c e n c e ~  a re  c o n s i d e r e d ,  a n d  i t  i s  shown t h a t  f a c t o r s  

s u c h  a s  t h e  n a t u r e  o f  t h e  s o l v e n t  a n d  t h e  method o f  s a m p l e  

p r e p a r a t i o n  m u s t  b e  c o n s i d e r e d  i n  a n y  q u a n t i t a t i v e  d i s c u s s i o n  

S 
o f  t h e  l u m i n e s c e n c e  p r o p e r t i e s .  The o r i g i n s  o f  t h e  d i s -  

c r e p a n c i e s  among t h e  l u m i n e s c e n c e  d e c a y  times r e p o r t e d  by  

o t h e r  a u t h o r s  a r e  a l s o  c o n s i d e r e d .  
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1. I n t r o d u c t i o n  

I t  h a s  b e e n  known f o r  some time t h a t '  t h e  n e a r  u l t r a -  

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

r a r e  e a r t h  i o n s ,  l a n t h a n u m  t h r o u g h  l u t e t i u m ,  a r i s e  f r o m  " f o r -  

b i d d e n "  e l e c t r o n i c  t r a n s i t i o n s  b e t w e e n  s t a t e s  d e r i v e d  from 4 f  

e l e c t r o n s .  The a b s o r p t i o n  s p e c t r a  of t h e  c o m p l e x e d  i o n s  a r e  

c h a r a c t e r i z e d  b y  s h a r p  l i n e s  p o s s e s s i n g  v e r y  s m a l l  e x t i n c t i o n  

c o e f f i c i e n t s  ( 1 , 2 ) ,  w h i l e  t h e  e m i s s i o n  s p e c t r a  a r e  c h a r a c -  

t e r i z e d  b y  v e r y  s h a r p  l i n e s  s i m i l a r  t o  t h o s e  i n  t.he s p e c t r a  

o f  t h e  f r e e  i o n s .  Due t o  s h i e l d i n g  o f  t h e  4 f  e l e c t r o n s  b y  . 

, - 
,' t h e  o u t e r  5 s  a n d  5p e l e c t r o n s  o f  t h e  i o n s ,  t.he wave ,  l e n g t h s  

o f  t h e  l i n e s  i n  t h e  a b s o r p t i o n  o r  e m i s s i o n  s p e c . t r a  a r e  n o t  

- v e r y  d e p e n d e n t  upon t h e  e n v i r o n m e n t s  o f  t h e  i o n s .  T h e  c e n -  

. t r a l ' p r o b l e m s  i n  t h e  s p e c t r o s c o p y  o f  t h e  t r i v a l e n t  r a r e  e a r t h  

i o n s  h a v e  b e e n  t o  c h a r a c t e r i z e  t h e  e l e c t r o n i c  s t a t e s  g i v i n g  

r i s e  t o  t h e  v i s i b l e  a n d  n e a r  v i s i b l e  s p e c t r a  a n d  t o  d e l i n e a t e  

t h e  p a t h s  of  e n e r g y  m i g r a t i o n  w i t h i n  t h e  r a r e  e a r t h  c o m p l e x e s .  

The c h a r a c t e r i z a t i o n  of  t h e  4 f  e l e c t r o n i c  s t a t e s  o f  

t h e  r a r e  e a r t h  i o n s  h a s  b e e n  c o n d u c t e d  t h r o u g h  a  s t u d y  of t h e  

a b s o r p t i o n  a n d  e m i s s i o n  s p e c t r a  o f ,  f o r  t h e  mos t  p a r t ,  c r y s -  

t a l l i n e  i n o r g a n i c  s a l t s  o f  t h e  m e t a l s  ( 3 ) .  A s  t h e  s p e c t r a  of  

t h e  complexed  i o n s  a r e  v e r y  s i m i l a r  t o  t h e  a t o m i c  s p e c t r a  of  

t h e  f r e e  i o n s ,  t h e  e l e c t r o n i c  s t a t e s  of t h e  s o m p l e x e d  r a r e  



e a r t h .  i o n s  h a v e  b e e n  c l a s s i f i e d  a c c o r d i n g  t o  t h e  s p i n  q u a n t u m  

number ,  S ,  t h e  o r b i t a l  angu1a. r  momentum quan tum number ,  L ,  

a n d  t h e  t o t a l  a n g u l a t  momentum q u a n t u m  number ,  J ,  o f  t h e  

p a r e n t  a t o m i c  s t a t e s .  Weak i n t e r a c t i o n s  b e t w e e n  t h e  4 f  e l e c -  

t r o n s  a n d  t h e  s u r r o u n d i n g  l i g a n d s  may p a r t i a l l y  o r . w h o l l y  re-  

move t h e  e l e c t r o n i c  d e g e n e r a c i e s  o f  t h e  p a r e n t  a t o m i c  s t a t e s  

g i v i n g  r i s e  t o  c r y s t a l  f i e l d  m u l t i p l e t s .  Whereas  a  t r a n s i -  

t i o n  b e t w e e n   atomic'^ s t a t e s  o f  t h e  f r e e  i o n  w o u l d  g i v e  r i s e  

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

f i e l d  m u l t i p l e t s  l e a d  t o  a g r o u p  o f  s p e c t r a l  l i n e s .  The  p r o b -  

lems i n v o l v e d  i n  t h e  c h a r a c t e r i z a t i o n  o f  t h e  c r y s t a l  f i e l d  

, . m u l t i p l e t s ,  and t h e  a c c o m p l i s h m e n t s  t h a t  h a v e  b e e n  made i n  

t h i s  f i e l d  h a v e  ' b e e n  r e v i e w e d  b y  McClure  ( 3 ) .  R e c e n t  e x t e n -  

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

o f  t h e  r a r e  e a r t h  i o n s  h a v e  b e e n  r e p o r t e d  b y  D i e k e  a n d  c o -  

w o r k e r s  ( 4 , 5 , 6 , 7 , 8 , 9 ) .  

Q u a n t i t a t i v e  m e a s u r e m e n t s  o f .  e n e r g y  m i g r a t i o n  i n  i n -  

o r g a n i c  s a l t s  were f i r s t  r e p o r t e d  by  R i n c k  (101.. D e t a i l e d  

s t u d i e s  o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  e m i s s i o n  a n d  t h e  l u m i -  

n e s c e n c e  d e c a y  times were c o n d u c t e d  u s i n g  c r y s t a l s  o f  e u r o p i c  

s u l f a t e ,  E u ~ ( S O ~ ) ~ - ~ H ~ O .  I t  w a s  f o u n d  t h a t  a l t h o u g h  t h e  4 f  

e l e c t r o n s  of t h e  e u r o p i u m  i o n  w e r e  b e i n g  exc i t ed  d i r e c t l y  b y  

t h e  a b s o r p t i o n  o f  n e a r  u l t r a v i o l e t . l i g h t ,  t h e  d e p o p u l a t i o n  o f  

t h e  e x c i t e d  e l e c t r o n i c  s t a t e s  o f  t h e .  e u r o p i u m  i o n  o c c u r r e d  

m a i n l y  t h r o u g h  q u e n c h i n g  p r o c e s s e s .  The  d a t a  i n d i c a t e d  t h a t  

o v e r  95% o f  t h e  e l e c t m n i c  e n e r g y  was  b e i n g  c o n v e r . t e d  t o  v i -  , 

b r a t i o r l a 1  i i io t ion  o f  t h e  s u r r o u n d i n g  l a t t i e e ,  and t h a t  ' less  

t h a n  5% o f  t h e  e n e r g y  was r e a p p e a r i n g  a s  r a d i a t i o n .  s i m i l a r  
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r e s u l t s  were ob ta ined  by G e i s l e r  and Hellwege ( 1 1 )  i n  a  s tudy  

of  the  emiss ion  of terbium bromate,  Tb(Br03)3-9H20. 

The energy migra t ion  mechanisms become even more com- 

p lex  i n  the  f -d ike tone  c h e l a t e s  of t h e  r a r e  e a r t h  i o n s .  I t  

has been shown (12 ,13 ,14 ,15)  t h a t  f o r  t he se  complexes, t he  4f 

e l e c t r o n s  a r e  not  e x c i t e d  d i r e c t l y  by the abso rp t ion  of t h e  

u l t r a v i o l e t  l i g h t ,  bu t  r a t h e r  t h a t  the  surrounding 'organic 

l i gands  absorb  the  e x c i t i n g  r a d i a t i o n ,  and the energy i s  then 

t r a n s f e r r e d  t o  the  4f e l e c t r o n s  of the r a r e  e a r t h  ion .  De- 

t a i l e d  s t u d i e s  of t h e  s p e c t r a  of the  p-d ike tone  c h e l a t e s  by 

Crosby and coworkers (16 ,17 ,18 ,19 ,20 ,21)  have e s t a b l i s h e d  t h a t  

i n t r amolecu la r  energy t r a n s f e r  t o  the  4f e l e c t r o n s  of  t h e  r a r e  

e a r t h  i o n  occurs  - v i a  t he  lowest  t r i p l e t  s t a t e  of the  o rgan ic  

complex o r  - v ia  a nearby e x c i t e d  t r i p l e t .  

Although ' t h e  s p e c t r a l  measurements of the r a r e  e a r t h  

c h e l a t e s  revea led  the  important  r o l e  played by t h e  t r i p l e t  

s t a t e  i n  t h e ' i n t r a m o l e c u l a r  energy t r a n s f e r  p rocess ,  i t  was 

no t  known w i t h  c e r t a i n t y  which of the  l e v e l s ' o f  the  lowest  

t r i p l e t  system were involved i n  the  energy t r a n s f e r  p rocess .  

Furthermore,  t h e  s p e c t r a l  measurements gave no measure of the  

r a t e  o f . i n t r a m o l e c u l a r  energy t r a n s f e r ,  and i t ' w a s  no t  known 

i f  the  energy t r a n s f e r  p rocess  c o n t r o l l e d  the  r a t e  of decay of 

t h e  r a r e  e a r t h  i on  luminescences.  

I n  an e f f o r t  t o  o b t a i n  more d e t a i l e d  informat ion about 

energy migra t ion  processes  i n  ra*re e a r t h  complexes, an i n v e s t i -  

g a t i o n  of the  luminescence decay t imes and the  luminescence 

s p e c t r a  of complexed r a r e  e a r t h  i o n s  was under taken.  Complexes 



se lec ted  f o r  s t 'udy were t h o s e  con ipounds  o f  t r i v a l e n t  s a m a r i u m ,  

e u r o p i u m ,  t e r b i u m ,  a n d  d y s p r o s i u m  w h i c h  commonly g i v e  r i s e  t o  

b r i g h t  l i n e  e m i s s i o n  c h a r a c t e r i s t i c  of t h e  r a r e  e a r t h  i o n .  

B e t a - d i k e t o n e  c h e l a t e s ,  s o l v a t e d  c h l o r i d e s ,  a n d  o x i d e s  d i s -  

s o l v e d  i n  s o d i u m  m e t a p h o s p h a t e  g l a s s e s  were u s e d  i n  t h e  i n v e s -  

t i g a t i o n s .  

T h e  p u r p o s e s  o f  t h e  i n v e s t i g a t i o n s  p r e s e n t e d  h e r e  a r e  

a s  f o l l o w s :  

( a )  t o  e s t a b l i s h  l i m i t s  o n  t h e  r a t e  o f  i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r .  i n  r a r e  e a r t h  c h e l a t e s  and t o  d e t e r m i n e  w h e t h e r  

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

l u m i n e s c e n c e ,  

(b) t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  e x c i t e d  

e n e r g y  l e v e l s  o f  t h e  r a r e  e a r t h  c h e l a t e  f r o m  w h i c h  i n -  

t r a m o l e c u l a r  e n e r g y  t r a n s f e r  o c c u r s ,  

( c )  t o  d e t e r m i n e  w h e t h e r  t h e  q u e n c h i n g '  p r o c e s s e s ,  w h i c h  

p l a y  s u c h  a n  i m p o r t a n t  r o l e  i n  t h e  d e p o p u l a t i o n  of 

exci ted  e l e c t r o n i c  s t a t e s  o f  t h e  s o l v a t e d  r a r e  e a r t h  

s a l t s ,  a r e  a l s o  o p e r a t i v e  i n  o t h e r  t y p e s  o f  r a r e  e a r t h  

c o m p l e x e s ;  a n d  t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  n a t u r e  

o f  t h e ' q u e n c h i n g  p r o c e s s e s .  



2.  Exper imenta l  D e t a i l s  

2.1.  P r e p a r a t i o n  - of Compounds 

2.1.1.  C h e l a t e s  Derived from Benzoylacetone  and Dibenzoyl-  

methane 

Rare e a r t h  t r i s b e n z o y l a c e t o n a t e  d i h y d r a t e s  (MS3-2H20) 

and r a r e  e .ar th  t r i s d i b e n z o y l r n e t h i d e s  ( M D ~ ) '  were p r e p a r e d  i n  

t h e  same manner a s  d e s c r i b e d  by Whan.and Crosby ( 2 0 ) .  The 

r a r e  e a r t h  o x i d e s  (99 .9+% p u r i t y )  were o b t a i n e d  from Resea rch  
- .  

Chemica 1s ,. I n c  . The dibenzoylme thane  and benzoy lace  tone  

( b o t h  ~ a s ' t m a n  White .Label  g r a d e )  were no t  p u r i f i e d  b e f o r e  u s e .  

' 1.n t h e  c a s e  of  t h e  europium t r i s d i b e n z o y l m e t h i d e ,  a  p o r t i o n  

o f  t h e  p r e p a r a t i o n  was - n o t  s u b j e c t e d  t o  t h e  u s u a l  prolonged 

vacuum d r y i n g  a t  e l e v a t e d  t e m p e r a t u r e s  d e s c r i b e d ' i n  r e f e r e n c e  

. 20. A.naly,sis o f  t h i s  compound r e v e a l e d  t h a t  t h e  c h e l a t e  con- 

t a i n e d  one e x t r a  mole o f  c h e l a t i n g  a g e n t  (d ibenzoy lmethane)  

p e r  mole o f .  c h e l a t e .  

2 .1.2.  C h e l a t e s  Derived from ~ c e t ~ l a c e t o n e  

One gram of  r a r e  . e a r t h  o x i d e  was c o n v e r t e d  t o . . t h e  

c h l o r i d e  by t r e a t m e n t  w i t h  a  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  

s o l u t i o n .  The e x c e s s  hydrogen c h l o r i d e  was removed by g e n t l y  

b o i l i n g  away t h e  e x c e s s  l i q u i d .  The mois t  c r y s t a l s  o f  t h e  

r a r e  e a r t h  c h l o r i d e  were d i s s o l v e d  i n  200 m l .  of water ,  and 



4 m l .  of r e d i s t i l l e d  a c e t y l a c e t o n e  were added t o  t he  s o l u t i o n .  

Concentra ted ammonium hydroxide was added t o  the  mix ture ,  d r o p  

by drop  w i t h  vigorous s t i r r i n g ,  u n t i l  p r e c i p i t a t i o n  of t he  

whi te  microcrys t a l l i n e  c h e l a t e  was complete. 

Addi t ion  0.f excess  concen t r a t ed  ammonium hydroxide was avoided.  

The p r e c i p i t a t e d  c h e l a t e  was c o l l e c t e d  by vacuum f i l -  

t r a t i o n  on a  medium, s i n t e r e d - g l a s s ,  f i l t e r  f u n n e l ,  washed 

t h r e e  times w i t h  d i s t i l l e d  wa te r ,  and a i r  d r i e d .  ~ c e t o n e  was 

added t o  d i s s o l v e  the  d r i e d  m a t e r i a l  whi le  i t  was s t i l l  on the  

f i l t e r  f u n n e l ,  and the  s o l u t i o n  was drawn o f f  under vacuum. 

The c h e l a t e  was then c r y s t a l l i z e d  from the  b o i l i n g  ace tone  

s o l u t i o n  and vacuum d r i e d  a t  room temperature  f o r  twelve t o  

s i x t e e n  hours .  Q u a n t i t a t i v e  ana lyses  of t h e  compounds r evea l ed  

t h a t  t he  f i n a l ,  product  e x i s t e d  a s  the  monohydrate. Attempts 

t o  remove the  e x t r a  mole of water  from the  product  by vacuum 

d ry ing  a t  e l e v a t e d  temperatures  were no t  s u c c e s s f u l .  The mel t -  

i n g  p o i n t s  of the r a r e  e a r t h  t r i s a c e t y l a c e t o n a  t e .  monohydrates 



a r e  r e p o r t e d  T a b l e  2 . 1 . 2 . 1 .  

2 .1 .3 .  S o l v a t e d  R a r e  E a r t h  C h l o r i d e s  

H y d r a t e d  r a r e  e a r t h  c h l o r i d e s  were p r e p a r e d  b y  t r e a t i n g  

t h e  r a r e  e a r t h  o x i d e  w i t h  a  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  

s o l u t i o n .  The  e x c e s s  h y d r o g e n  c h l o r i d e  was  removed b y  g e n t l y  

b o i l i n g  away' t h e  e x c e s s  s o l v e n t  u n t i l  o n l y  m o i s t  c r y s t a l s  re-  

m a i n e d .  T h e  m a t e r i a l  was  d i s s o l v e d  i n  d i s t i l l e d  w a t e r  a n d  t h e  

s o l u t i o n  was  a g a i n  e v a p o r a t e d  down t o  m o i s t  c r y s t a l s .  T h e  

c r y s t a l l i n e  c h l o r i d e  was  t h e n  c o l l e c t e d  o n  a  s i n t e r e d - g l a s s  

f i l t e r  f u n n e l  a n d  a i r  d r i e d .  

R a r e  e a r t h  c h l o r i d e s  s o l v a t e d  w i t h  d e u t e r i u m  o x i d e  were 

o b t a i n e d  t h r o u g h  t h e  c o u r t e s y  o f  D r .  K a t h r y n  E. Lawson o f  

S a n d i a  C o r p o r a t i o n ,  A l b u q u e r q u e ,  N e w  Mexico .  T h e s e  compounds 

were p r e p a r e d  i n  p r e c i s e l y  t h e  same manner  a s  w e r e  t h e  r a r e  

e a r t h  c h l o r i d e s  s o l v a t e d  w i t h  w a t e r  e x c e p t  t h a t  d e u t e r i u m  

c h l o r i d e  i n .  d e u t e r i u m  o x i d e  was  u s e d  t o  c o n v e r t  t h e  r a r e  e a r t h  

o x i d e  t o  t h e  s o l v a t e d  c h l o r i d e .  D u r i n g  t h e  p r e p a r a t i o n  o f  

t h e s e  compounds ,  t h e  s o l u t i o n s  were e v a p o r a t e d  t o  d r y n e s s  i n  

a  vacuum d e s i c c a t o r  t o  p r e v e n t  c o n t a m i n a t i o n  o f  t h e  m a t e r i a l s  

w i t h  w a t e r .  The  f i n a l  p r o d u c t s  were a l s o  s t o r e d  i n  a  vacuum 

d e s i c c a t o r .  

. No c h e m i c a l  a n a l y s e s  .were per fo rm,ed  o n  t h e  c r y s t a l l i n e  

s o l v a t e d  r a r e  e a r t h  c h l o r i d e s ,  h o w e v e r ,  D r .  Lawson o b t a i n e d  

X-ray powder  p a t t e r n s  o f  t h e  c h l o r i d e s  p r e p a r e d  i n  t h e  manner  

j u s t  d e s c r i b e d .  The  powder p a t t e r n s  o f  t h e  r a r e  e a r t h  c h l o -  

r i d e s  of  t r i v a l e n t  s a m a r i u m ,  e u r o p i  tun, t e r b i u m ,  and  dys- 

p r o s i u m  s o l v a t e d  w i t h  e i t h e r  w a t e r  o r  d e u t e r i u m  o x i d e  . i n d i c a t e  



TABLE 2.1.2.1. 

MELTING POINTS OF . RARE EARTH 
TRI SACETY LACETONATE 

MONOHYDRATES 

-- 

Compound 0 rn. p., C 

(a)~bbreviations used for organic groups here and 
throughout the text are: 

A = acetylacetonate ion, . \ CH~-C=CH-C-CH~ / 

B = benzoylacetonate ion, 

D = dibenzoylmethideeion, 

DH = dibenzoylmethane molecule, 

(b)~one of the compounds exhibited sharp melting points. 
~ e c o m p o s i t i o n  occurred during melting. 
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t h a t  t h e  s a m p l e s  were a l l  i s o s t r u c t u r a l  w i t h  c r y s t a l l i n e  

g a d o l i n i u m  t r i c h l o r i d e  h e x a h y d r a t e  (GdC13.6H20). 

2 . 1 . 4 .  R a r e  E a r t h  Oxide-Sodium M e t a p h o s p h a t e  G l a s s e s  

R a r e  e a r t h  o x i d e  a n d  s o d i u m  d i h y d r o g e n p h o s p h a t e ,  

NaH2P04*H20 ( B a k e r ' s  A n a l y z e d  r e a g e n t ,  C. P. g r a d e ) ,  were 

w e i g h e d  o u t  d i r e c t l y  i n t o  a  p o r c e l a i n  c r u c i b l e .  T h e  m i x t u r e .  

was  h e a t e d  , g e n t l y  w i t h  a  Meeker  b u r n e r .  u n t i l  t h e  e v o l u t i o n  o f  

w a t e r  h a d  c e a s e d .  The  o p a q u e  g l a s s y  r e s i d u e  was t h e n  f u s e d  b y  

v i g o r o u s  h e a t i n g  w i t h  t h e  b u r n e r .  H e a t i n g  was c o n t i n u e d ,  w i t h  

o c c a s i o n a l  s w i r l i n g  o f  t h e  me l t ,  u n t i l  a l l  o f  t h e  r a r e  e a r t h  

o x i d e  had  b e e n  d i s s o l v e d  by  t h e  m o l t e n  s o d i u m  m e t a p h o s p h a t e .  

The  melt  was  p o u r e d  o n t o  a  p i e c e  o f  p o l i s h e d  s t a i n l e s s  s t e e l  

s h e e t  a n d  a l l o w e d  t o  c o o l .  K a r e  e a r t h  o x i d e - s o d i u m  m e t a p h o s -  

p h a t e  g l a s s e s  c o n t a i n i n g  0 . 1 ,  1 . 0 ,  2 . 0 ,  a n d  10.0% by  w e i g h t  

e u r o p i u m  o r  t e r b i u m  o x i d e ,  a n d  g l a s s e s  c o n t a i n i n g  2.0% b y  

w e i g h t  d y s p r o s i u m  o r  s a m a r i u m  o x i d e  were p r e p a r e d  i n  t h i s  

m a n n e r .  The  t o t a l  w e i g h t  of a n  i n d i v i d u a l  s a m p l e  was a b o u t  

8 gm., a n d  t h e  r e s u l t a n t  g l a s s  b e a d  was  two t o  t h r e e  c e n t i -  

meters i n  d i a m e t e r  a n d  . a b o u t  a  h a l f  c e n t i m e t e r  t h i c k  a t  the 

c e n t e r .  

The d i s s o l u t i o n  o f  t h e  r a r e  e a r t h  o x i d e  i n  t h e  m o l t e n  

s o d i u m  m e t a p h o s p h a t e  p r o b a b l y  a x c u r s  a c c o r d i n g  t o  t h e  r e a c t i o n  

T h e  d i s s o l u t i o n  p r o c e s s  i s  d e f i n i t e l y  n o t  j u s t  a  d i s p e r s i o n  of 



t h e  r a r e  e a r t h  o x i d e  i n  a  s o d i u m  m e t a p h o s p h a t e  m a t r i x  s i n c e  

t h e  g l a s s  s a m p l e s  were p e r f e c t l y  t r a n s p a r e n t ,  a n d  if t h e y  d i d  

p o s s e s s  c o l o r ,  i t  was t h e  c o l o r  c h a r a c t e r i s t i c  o f  t h e  i n o r -  

g a n i c  , s a l t  o f  t h e  p a r t i c u l a r  r a r e  e a r t h  i o n ,  n o t  t h e  c o l o r  o f  

t h e  o x i d e  o f  t h e  r a r e  e a r t h  i o n .  

F o r  g l a s s e s  c o n t a i n i n g  2% by  w e i g h t  o r  l e s s  o f  r a r e  

e a r t h  o x i d e ,  t h e  s a m p 1 . e ~  p o s s e s s e d  a l l  t h e  c h a r a c t e r i s t i c s  o f  

a  t r u e  g l a s s .  The s a m p l e s  were p e r f e c t l y  t r a n s p a r e n t ,  f r a c -  

t u r e d  c o n c h o i d a l l y ,  and r e v e a l e d  c u r v e d  s t r a i n  p a t t e r n s  when 

v i e w e d  t h r o u g h  c r o s s e d  p o l a r o i d s .  The  g l a s s e s  were s l i g h t l y  

h y g r o s c o p i c ,  a n d  t h e y  f r a c t u r e d  when immersed i n  b o i l i n g  

l i q u i d  n i t r o g e n .  

S a m p l e s  c o n t a i n i n g  10% by w e i g h t  r a r e  e a r t h  o x i d e  were 

n o  l o n g e r  t r a n s p a r e n t ,  b u t  c o n t a i n e d  a  d i s p e r s i o n  o f  w h i t e  ' 

o p a q u e  s o l i d .  The  g l a s s  b e a d s  f r a c t u r e d . w h e n  c o o l e d  t o  room 

t e m p e r a t u r e .  T h i s  was n o t  s u r p r i s i n g ,  s i n c e  s t o i c h i o m e t r i c  

c o n s i d e r a t i o n s  i n d i c a t e  t h a t  t h e y  may c o n t a i n  a s  much a s  80% 

by w e i g h t  r a r e  e a r t h  p h o s p h a t e s ,  a n d  s u c h  l a r g e  a m o u n t s  o f  

p h o s p h a t e  would  n o t  be  c o m p l e t e l y  d i s s o l v e d  i n  t h e  r e m a i n i n g  

s o d i u m  m e t a p h o s p h a t e .  

No c h e m i c a l  a n a l y s e s  were p e r f o r m e d  o n  t h e  m e t a p h o s -  

p h a t e  g l a s s  s a m p l e s .  P e r  c e n t  c p m p o s i t i o n s  were e s t i m a t e d  

f r o m  t h e  w e i g h t s  t h e  r a r e  e a r t h  o x i d e  a n d  s o d i u m  d i h y d r o g e n -  

p h o s p h a t e  u s e d  i n  p r e p a r i n g  t h e '  s a m p l e s .  

Q u a n t i t a t i v e  A n a l y s e s  R a r e  - E a r t h  C h e l a t e s  

A v o l u m e t r i c  p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  r a r e  e a r t h  



m e t a l  c o n t e n t  o f  - d i k e t o n e  c h e l a t e s  o f  t h e  t r i v a l e n t  r a r e  , 

e a r t h s  h a s  b e e n  r e p o r t e d  b y  Whan ( 2 0 , 2 2 1 .  An a l t e r n a t i v e  

method  o f  a n a l y s i s  by  a  c o m b u s t i o n  t e c h n i q u e  i s  d e s c r i b e d  b e -  

low..  A l t h o u g h  t h i s  me thod  i s  n e i t h e r  more a c c u r a t e  n o r  f a s t e r  

t h a n  t h e  v o l u m e t r i c  p r o c e d u r e ,  ' i t  c a n  be a c c o m p l i s h e d  w i t h  

fewer l a b o r a t o r y  m a n i p u l a t i o n s  o f  t h e  s a m p l e  .. . 

A b o u t  1 0 0  mg. o f  r a r e  e a r t h  c h e l a t e  was  w e i g h e d  o u t  i n  

a  c a r e f u l l y  d r i e d  a n d  t a r e d  p o r c e l a i n  c o m b u s t i o n  c r u c i b l e .  

I g n i t i o n  o f  t h e  s a m p l e  was  p e r f o r m e d  w i t h o u t  a  c r u c i b l e  c o v e r .  

T h e  s a m p l e s  were f i r s t  h e a t e d  w i t h  a  v e r y  l o w ,  M e e k e r - b u r n e r  

f l a m e .  A t  n o  time was  t h e  t e m p e r a t u r e  o f  t h e  s a m p l e  a l l o w e d  

t o  r i s e  s o  h i g h  t h a t  v i g o r o u s  b o i l i n g  o r  s p l a t t e r i n g  o f  t h e  

l i q u i d  r e s i d u e  o c c u r r e d .  When t h e  l i q u i d  r e s i d u e  had  b e e n  r e - '  
.i . 

d u c e d  t o  a  b l a c - k  c a r b o n a c e o u s  s o l i d ,  t h e  s a m p l e  was  t r e a t e d  

f o r  o n e  h a l f  t o  o n e  h o u r  l o n g e r  w i t h  a  v e r y  h o t ' f l a m e .  A l l  

a n a l y s e s  were r u n  i n  t r i p l i c a t e .  

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

e u r o p i u m  y i e l d e d  t h e  w h i t e  s e s q u i o x i d e  ( 2 3 1 ,  w h i l e  t h e  t e r b i u m  

c h e l a t e s  y i e l d e d  a  b l a c k  r e s i d u e  c o n s i s t i n g  o f  mixed  o x i d e s  o f  

t r i v a l e n t  a n d  t e t r a v a l e n t  . t e r b i u m .  A c c o r d i n g  t o  C o t t o n  a n d  

W i l k i n s o n  ( 2 4 1 ,  t e r b i u m  o x i d e s  f o r m e d  by  i g n i t i o n  'of  t e r b i u m  

compounds i n  a i r  h a v e  v a r i a b l e  c o m p o s i t i o n s  r a n g i n g  f r o m  
. . 

TbO1 . 7 1  to Tb01.81 w i t h  Tb01.75 b e i n g .  m o s t  common. R e s u l t s  

of i g n i t i o n  a n a l y s e s  o f  r a r e  e a r t h  a - d i k e t o n e  c h e 1 a t ; s  a r e  

l i s t e d  i n  T a b l e  2 . 2 . 1 .  M e l t i n g  p o i n t s  were o b t a i n e d  o n  a l l  

o t h e r  r a r e  e a r t h  c h e l a t e s  wh' ich were p r e p a r e d ,  a l t h o u g h  t h e  

l a t t e r  were n o t  a n a l y z e d  f o r  r a r e  e a r t h  m e t a l  c o n t c n t .  The  

m e l t i n g  p o i n t s  o f  t h e s e  c h e l a t e s  a g r e e d  w i t h  t h o s e  g i v e n  b y  
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Compound %' M e t a l  % M e t a l  
( f o u n d )  ( t h e o r e t i c a l )  

( a ) ~ e e  T a b l e  2 . 1 . 2 . 1 .  f o r  a b b r e v i a t i o n s .  

( b ) ~ a l c u l a t e d  on t h e  a s s u m p t i o n  t h a t  t h e  e m p i r i c a l  
f o r m u l a  f o r  t h e  t e r b i u m  o x i d e  was T b 0 1 . 7 5 .  



. 3 .  Measurements  - o f  A b s o r p t i o n  S p e c t r a  

.,,. A b s o r p t i o n  s p e c t r a  o f  s o l u t i o n s  o f  r a r e  e a r t h  compounds 

were  measured w i t h  a  C a r y  Model 14 s p e c t r o p h o t o m e t e r .  C y l i n -  

. -~ d r i c a l  q u a r t z  c e l l s  v a r y i n g  f r o m .  1 cm. t o  10  cm. i n  l e n g t h  

were  used  t o  c o n t a i n  t h e  s o l u t i o n s .  Reagen t  g r a d e  s o l v e n t s  

were  u sed  t o  p r e p a r e  a l l  s o l u t i o n s .  I n  a l l  i n s t a n c e s ,  t h e  
5 

s o l u t i o n s  were  p r e p a r e d  i m m e d i a t e l y  b e f o r e  t h e  measurements  

were made. 

. . A b s o r p t i o n  s t r e n g t h s  a r e  r e p o r t e d  i n ,  e i t h e r  u n i t s  ' o f  

a b s o r b a n c e ,  A ,  o r  i n  t e r m s  o f .  t h e  mo1a.r e x t i n c t i o n  c o e f f i c i e n t ,  

. The mola r  e x t i n c t i o n  c o e f f i c i e n t  u sed  h e r e  i s  r e l a t e d  t o  

. t h e  a b s o r b a n c e  by t h e  f o l l o w i n g  form o f  t h e  i n t e g r a t e d  B e e r ' s  

law : 

where  I, = i n t e n s i t y  o f  i n c i d e n t  r a d i a t i o n ,  

I = i n t e n s i t y  o f  t r a n s m i t t e d  r a d i a t i o n ,  

c  = c o n c e n t r a t i o n  i n  moles  p e r  l i t e r  o f .  

1 = l e n g t h  of c e l l  i n  c e n t i m e t e r s .  

The s p e c t r u m  o f  t h e  s t r o n g  l i g a n d  a b s o r p t i o n  bands  of 

t h e  a c e t y l a c e t o n a t e  complex was measured  u s i n g  a n  a l c o h o l i c  

s o l u t i o n  o f  GdA3*H20 a t  a c o n c e n t r a t i o n  o f  444  mg. p e r  50  m l .  

o f  s o l v e n t .  A 1 cm. c e l l  w a s  used  t o  c o n t a i n  t h e  s o l u t i o n .  

I n  o r d e r  t o  measllre t h e  v e r y  weak a b s o r b a n c e s  o f  t h e  c h e l a t e d  

r a r e  e a r t h  i o n s ,  t h e  compounds were d i s s o l v e d  i n  b e n z e n e ,  
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a c e t o n e ,  o r  a l c o h o l  a t  c o n c e n t r a t i o n s  a r o u n d  0 . 0 1  M .  O p t i c a l  

c e l l s  v a r y i n g  f r o m  2 . 5  cm. t o  1 0  cm. i n  l e n g t h  were u s e d  f o r  

m e a s u r i n g  t h e  a b s o r p t i o n  s p e c t r a  o f ' t h e s e  s o l u t i o n s .  

F o r  t h e  m e a s u r e m e n t s  o f  t h e  weak r a r e  e a r t h  i o n  t r a n s i -  

t i o n s  o f  t h e  c h l o r i d e s ,  a b o u t  two g rams  o f  t h e  r a r e  e a r t h  

o x i d e  were c a r e f u l l y  w e i g h e d  o u t  i n  a  2 5 0  m l .  b e a k e r  and  c o n -  

v , e r t e d  t o  m o i s t  c r y s t a l s  o f  t h e  r a r e  e a r t h  c h l o r i d e  a s  de-  

s c r i b e d  i n  S e c t i o n  2 . 1 . 3 .  The  c h l o r i d e  c r y s t a l s  were t h e n  

d i s s o l v e d  i n  w a t e r ,  a n d  t h e  s o l u t i o n  t r a n s f e r r e d  q u a n t i t a -  

t i v e l y  t o  a  5 0  m l .  v o l u m e t r i c  f l a s k  a n d  d i l u t e d  t o  t h e  mark.  

The a b s o r p t i o n  s p e c t r a  o f  t h e  r e s u l t a n t  s o l u t i o n s  ( ~ 0 . 2  M 

c o n c e n t r a t i o n s )  were i n v e s t i g a t e d  u s i n g  q u a r t z  c e l l s  v a r y i n g  

i n  l e n g t h  f r o m  2.5 cm. t o  10 cm. 

O n l y  t h e  v i s i b l e  r e g i o n  o f  t h e .  a b s o r p t i o n  s p e c t r u m  was  

i n v e s t i g a t e d  f o r  t h e s e  s t u d i e s  b e c a u s e  t h e  s t r o n g  o r g a n i c  

l i g a n d  a b s o r p t i o n  band  c o m p l e t e l y  masked o u t  o t h e r  weak r a r e  

e a r t h  i o n  t r a n s i t i o n s  .which a r e  r e p o r t e d  by H a l l e c k  a n d  

H a r t i n g e r  ( 2 5 )  t p  l i e  i n  t h e  n e a r  u l t r a v i o l e t  r e g i o n  o f  t h e  

s p e c t r u m .  A t y p i c a l  a b s o r p t i o n  s p e c t r u m  o f  a  c h e l a t e d  r a r e  

e a r t h  i o n  i s  shown i n  F i g .  2 . 3 . 1 .  T h e  s p e c t r u m  c o n s i s t s  o f  

s m a l l  s h a r p  a b s o r p t i o n  p e a k s  o f  t h e  r a r e  e a r t h . i o n  s u p e r i m -  

p o s e d  on t h e  l o n g  wave l e n g t h  t a i l  o f  t h e  l i g a n d  a b s o r p t i o n  

b a n d .  A s  o n l y  t h e  r a r e  e a r t h  i o n  a b s o r p t i o n  s t r e n g t h s  were d e -  

s i r ed ,  t h e  a b s o r p t i o n  c u r v e  o f  t h e  l i g a n d  was  i n t e r p o l a t e d  b e -  

n e a t h  t h e  i o n  a b s o r p t i o n  p e a k s ,  a n d  t h e  a b s o r b a n c e  d u e  t o  t h e  

l i g a n d  was s u b t r a c t e d  f r o m  t h e  t o t a l  a b s o r b a n c e  ., 



P i g .  2.3.1.--Absorption.spectrum o f  0 .0122 M EuD3 i n  
benzene  i n  a  10  cm. q u a r t z  c e l l .  

a b s o r p t i o n  peaks  a t t r i b u t a b l e  t o  t h e  europium i o n  

t o t a l  a b s o r p t i o n  of th'e sample  

------- i n t e r p o l a t e d  a b s o r p t i o n  o f  t h e  l i g a n d  



I t  i s  g e n e r a l l y  assumed ( 1 )  t h a t  t h e  a b s o r p t i o n  s t r e n g t h s  o f  

t h e  r a r e  e a r t h  i o n s  f o l l o w  B e e r ' s  law. I t  was n o t  p o s ' s i b l e  t o  

check  w h e t h e r  t h e  a b s o r b a n c e s  o f  t h e  c h e l a t e d  r a r e  e a r t h  i o n s  

a l s o  f o l l o w  B e e r ' s  law s i n c e  n e a r l y  s a t u r a t e d  s o l u t i o n s  had t o  

be  used  t o  d e t e c t  t h e  weak a b s o r p t i o n  peaks  o f  t h e  i o n s .  Due 

t o  t h e  low i n t e n s i t i e s  of t h e  t r a n s i t i o n s  o b s e r v e d  and t h e  meth- 

o d . u s e d  i n  e l i m i n a t i o n  o f  t h e  a b s o r b a n c e  o f  t h e  l i g a n d ,  c a l -  

c u l a t e d  mola r  e x t i n c t . i o n  c o e f f i c i e n t s  o f  t h e  r a r e  e a r t h  i o n  

a b s o r p t i o n  bands  may be  i n  e r r o r  by a s  much a s  10%. I n  some 

i n s t a n c e s ,  t h e  a b s o r p t i o n  i n t e n s i t i e s  were  s o  weak ( l e s s  t h a n  

0 . 0 1  a b s o r b a n c e  u n i t s )  o r  t h e  i n t e r p o l a t e d  b a s e  l i n e  s o  c u r v e d  

t h a t  t h e  c a l c u ' l a t e d  e x t i n c t i o n  c o e f f i c i e n t s  may b e  i n  e r r o r  by 

a s  much a s  25%. 

2.4 .  Measurements  - of Luminescence S p e c t r a  

2 .4 .1 .  Sample P r e p a r a t i o n  

For  s t u d y i n g  t h e  l u m i n e s c e n c e  p r o p e r  t ies  o f  mic ro -  

c r y s t a l l i n e  s o l i d s ,  t h e  s amples  were  mounted be tween  two v i c o r  

glass p l a t e s .  . The fullowing method was used  i n  p r e p a r i n g  t h e  

mounted s a m p l e s .  A t h i n  g a s k e t  formed from d o u b l e  s i d e d  t a p e  

( T e c h n i c a l  Tape  C o r p . ,  M o r r i s  H e i g h t s ,  N . Y . ,  53,  N . Y . )  was 

p l a c e d  a round  t h e  p e r i m e t e r  o f  a 2 X 2 5  X 50  m m .  v i c o r  p l a t e .  

( S e e  F i g .  2 .4 .1 .1 . )  The r a r e  e a r t h  c h e l a t e  powder o r  f i n e l y  

ground r a r e  e a r t h  c h l o r i d e  was s p r e a d  e v e n l y  on t h e  f a ' c e  o f  

t h e  p l a t e  w i t h i n  t h e  g a s k e t .  A s e c o n d  v i c o r  p l a t e  was t h e n  

p r e s s e d  f i r m l y  down on t h e  f i r s t  p l a t e .  I f  s u f f i c i e n t  p r e s -  

s u r e  was a p p l i e d ,  a n  a i r t i g h t  s e a l .  was formed be tween  t h e  t a p e  



/ / '  Corning v i c o r  
cover  p l a t e  

/ 

Double s i d e d  tope 

I 

base p l a t e  

Fig. 2.4.1.1.--Preparation of microcrystalline'powder 
samples for luminescence studies. 



a n d  t h e  g l a s s  p l a t e s .  T h e  r a r e  e a r t h  c o m p l e x  b e t w e e n  t h e  

p l a t e s  was  p r e s s e d  i n t o  a  t h i n  s e m i t r a n s p a r e n t  l a y e r  when t h e  

g l a s s  p l a t e s  were s e a l e d  t o g e t h e r .  B e c a u s e  t h e  d o u b l e s i d e d  

t a p e  l u m i n e s c e s  when e x p o s e d  t o  u l t r a v i o l e t  l i g h t ,  t h e  pe r imete r  

o f  t h e  mounted s a m p l e  was s p r a y e d  w i t h  f l a t  b l a c k  l a c q u e r  s o  

t h a t  none '  of t h e  t a p e  was e x p o s e d  e i t h e r  t o  t h e  e x c i t i n g  l i g h t  

o r  t o  t h e  i n s t r u m e n t s  u s e d  t o  d e t e c t  t h e  s a m p l e  l u m i n e s c e n c e .  

T h e  mounted s a m p l e s  c o u l d  be immersed d i r e c t l y  i n t o  l i q u i d  

n i t r o g e n  f o r  low t e m p e r a t u r e  s t u d i e s .  

For  t h e  i n v e s t i g a t i o n s  o f  t h e  l u m i n e s c e n c e  p r o p e r t i e s  

o f  t h e  s o d i u m  m e t a p h o s p h a t e  g l a s s e s  a t  room t e m p e r a t u r e ,  t h e  

g l a s s  b e a d s  were s u s p e n d e d  i n  t h e  p a t h  o f  t h e  e x c i t i n g  l i g h t .  

F o r  low t e m p e r a t u r e  s t u d i e s ,  t h e  g l a s s  b e a d s  were immersed 

d i r e c t l y  i n t o  t h e  l i q u i d  n i t r o g e n .  E v e n  t h o u g h  t h e  g l a s s e s  

c r a c k e d  upon i m m e r s i o n ,  t h e  l u m i n e s c e n c e  f t h e  s a m p l e s  c o u l d  

s t i l l  b e  r e a d i l y  r e c o r d e d .  

B I 

R a r e  e a r t h  c h e l a t e s  d i s s o l v e d  i n  r i g i d  o r g a n i c  g l a s s e s  

a t  low t e m p e r a t u r e s  were p r e p a r e d  a s  f o l l o w s .  A p p r o x i m a t e l y  

o n e  m i l l i g r a m  o f  t h e  c h e l a t e  was  a c c u r a t e l y  w e i g h e d  a n d  t r a n s -  

f e r red  t o  a  5 0  m l .  v o l u m e t r i c  f l a s k .  T h e  s a m p l e  was  c o m p l e t e l y  

washed  i n t o  t h e  f l a s k  a n d  d i s s o l v e d  i n  t h e  d e s i r e d  combina-  

t i o n s  of o r g a n i c  s o l v e n t s .  Af t e r  c o m p l e t e  s o l u t i o n  o f  t h e  

c h e l a t e  was  o b t a i n e d ,  t h e  s o l u t i o n  was  d i l u t e d  w i t h  t h e  a p -  

p r o p r i a t e  o r g a n i c  s o l v e n t s  t o  t h e  5 0  m l .  mark a n d  t h o r o u g h l y  

mixed .  The s o l u t i o n  was t h e n  t r a n s f e r r e d  t o  a  q u a r t z  s a m p l e  

t u b e  w h i c h  had a  2 cm. o .  d .  X 1 5  cm. b o d y  t o p p e d  w i t h  a  1 cm. 

o .  d .  X 2 0  cm. i ~ e c k .  T h e  t o p  o f  t h e  f i l l e d  s a m p l e  t u b e  was  

I 

. ,  s e a l e d  o f f  w i t h  a  r u b b e r  s e r u m  c a p .  L u m i n e s c e n c e  m e a s u r e m e n t s  
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were made w i t h i n  two ' h o u r s  o f  t h e  time a t  w h i c h  s o l u t i o n s  

were p r e p a r e d .  

The  f o l l o w i n g  o r g a n i c  s o l v e n t  c o m b i n a t i o n s , '  a l l  o f  

w h i c h  f o r m e d  c l e a r  r i g i d  g l a s s e s  a t  low t e m p e r a t u r e s ,  w e r e  

s e l e c t e d  f o r  t h i s  work :  

( a )  EMPA c o n s i s t i n g  o f ,  b y  v o l u m e ,  two p a r t s  d i e t h y l -  

e t h e r ,  two p a r t s  3 - m e t h y l p e n t a n e ,  a n d  o n e  p a r t  

a b s o l u t e  e t h a n o l ,  

( b )  EMP c o n s i s t i n g  o f ,  by  v o l u m e ,  o n e  p a r t  d i e t h y l -  

e t h e r  and  o n e  p a r t  3 - m e t h y l p e n t a n e ,  

( c )  ~ ~ - - ~ u r e  3 - m e t h y l p e n t a n e .  

The  e t h a n o l  (U. S. I n d u s t r i a l  C o . ,  a b s o l u t e ,  r e a g e n t  

q u a l i t y )  was  d i s t i l l e d  f r o m  magnesium e t h o x i d e  a c c o r d i n g  t o  

t h e  method  g i v e n , b y  F i e s e r  ( 2 6 )  b e f o r e  u s e .  T h e  d i e t h y l e t h e r  

( M a l l i n c k r o d t ,  a n h y d r o u s ,  a n a l y t i c a l  r e a g e n t  g r a d e )  a n d  t h e ,  

3 - m e t h y l p e n t a n e  ( P h i l l i p s  P u r e  G r a d e ,  99 rnol % m i n . )  were b o t h  

d i s t i l l e d  f r o m  s o d i u m  m e t a l  r i b b o n  w i t h i n  t h e  same d a y  t h a t  

t h e  s o l v e n t s  were u s e d  f o r  s a m p l e  p r e p a r a t i o n .  

2 . 4 . 2 .  T o t a l  L u m i n e s c e n c e  M e a s u r e m e n t s  

T o t a l  l u m i n e s c e n c e  s p e c t r a  were r e c o r d e d  by  o b s e r v i n g  

t h e  s a m p l e  e m i s s i o n  a t  r i g h t  a n g l e s  t o  t h e  p a t h  of  t h e  e x c i t -  

i n g  l i g h t .  A d i a g r a m  o f  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  f o r  meas-  

u r i n g  t h e  l u m i n e s c e n c e  o f  s a m p l e s  a t  l i q u i d  n i t r o g e n  t e m p e r a -  
. ' .  

t u r e s  i s  shown i n .  F i g .  2 .4 .2 .1 .  A G e n e r a l  E l e c t r i c , . 1 0 0 0  W ,  

p y r e x  j a c k e t e d ,  ' w a t e r  c o o l e d ,  ' h i g h  p r e s s u r e ,  A H - 6  m e r c u r y  a r c  

lamp was  u s e d  a s  a n  u l t r a v i o l e t  l i g h t  s o u r c e  f o r  s t u d y i n g  t h e  



F i g .  2 . 4 . 2 . 1 .  --Arrangement of t h e  equipment used f o r  
measuring t o t a l  luminescence  s p e c t r a  o f  s a m p l e s  a t  7 7 O ~ .  

a .  GE A H - 6  o r  Osram 500W mercury a r c  lamp 

b .  ' q u a r t z  condens ing'  l e n s e s  
0 

c .  s o l u t i o n  f i l t e r  c e l l  w i t h  quar tz  windows 

.d .  Corning g l a s s  a b s o r p t i o n  f i l t e r s  

e .  q u a r t z  dewar 

f .  sample 

g .  ' spec trograph  s l i t  
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l u m i n e s c e n c e  p r o p e r t i e s  o f  a l l  s a m p l e s  e x c e p t  t h e  r a r e  e a r t h  

t r i s a c e t y l a c e t o n a t e s .  B e c a u s e  t h e  f i r s t  s t r o n g  a b s o r p t i o n  

band o f  t h e  c h e l a t e s  d e r i v e d  f r o m  a c e t y l a c e t o n e  l i e s  much 

f u r t h e r  down i n  t h e  u l t r a v i o l e t  r e g i o n  o f  t h e  s p e c t r u m  (2900 

a ) ,  a n  Osram,  500 W, q u a r t z  j a c k e t e d ,  a i r  c o o l e d ,  m e r c u r y  a r c  

lamp was  u s e d  f o r  a n  e x c i t a t i o n  s o u r c e .  

G l a s s  a b s o r p t i o n  f i l t e r s  a n d  s o l u t i o n  f i l t e r s  w e r e  se- 

l e c t e d  t o  a b s o r b  a l l  l i g h t  f r o m  t h e  e x c i t a t i o n  s o u r c e  e x c e p t  

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

s p e c t r u m .  ( S e e  S e c t i o n  2 . 4 . 4 .  f o r  d e t a i l s . )  Q u a r t z  c o n d e n s -  

i n g  l e n s e s  were u s e d  t o  f o c u s  t h e  f i l t e r e d  u l t r a v i o l e t  l i g h t  

o n  t h e  s a m p l e .  F o r  low t e m p e r a t u r e  s t u d i e s ,  t h e  s a m p l e s  were 

p l a c e d  i n  a  q u a r t z  d e w a r  f i l l e d  w i t h  l i q u i d  n i t r o g e n .  T h e  

q u a r t z  d e w a r  was  o n l y  p a r t i a l l y  s i l v e r e d .  An u n s i l v e r e d  b a n d ,  

5 cm. w i d e ,  was  u s e d  f o r  . ' i r r a d i a t i o n  a n d  o b s e r v a t i o n  .of t h e  

s a m p l e .  ' F o r  room t e m p e r a t u r e  s t u d i e s  t h e  .dewar  was  r e m o v e d ,  

a n d  t h e  s a m p l e  was  m e r e l y  s u s p e n d e d  i n  t h e  p a t h  o f  t h e  e x c i t i n g  
. . 

l i g h t .  T h e  d e w a r ,  l i g h t  f i l t e r s ,  and  c o n d e n s i n g  l e n s e s  w e r e  

e n c a s e d  i n  a  b l a c k  l u c i t e  p l a s t i c  box  t o  p r e v e n t  e x c e s s  e x -  

c i t i n g  l i g h t  f r o m  e n t e r i n g  t h e  s p e c t r o g r a p h .  

2 .4 .3 .  Time R e s o l v e d  L u m i n e s c e n c e  M e a s u r e m e n t s  

F o r  c e r t a i n  of  t h e  s a m p l e s  s t u d i e d ,  i t  was d e s ' i r e d  t o  

r e c o r d  o n l y  t ,he  s p e c t r a  o f  t h e  l o n g - l i v e d  l u m i n e s c e n c e .  A 

m o d i f i e d  B e c q u e r e  1 p h o s p h o r o s c o p e  was  u s e d  f o r  t h i s  p u r p o s e .  
. . '-. 

A d i a g r a m  s h o w i n g  t h e  a r r a n g e m e n t  o f  e q u i p m e n t  u s e d  f o r  meas-  

u r i n g  time r e s o i v e d  e m i s s i o n  s p e c t r a  o f  s a m p l e s  a t  low t e m p e r a -  

t u r e s  i s  g i v e n  i n  F i g .  2 . 4 . 3 . 1 .  A c o m p l e t e  d e s c r i p t i o n ' o f  t h e  



F i g .  2 . 4 . 3 . 1 .  - - A r r a n g e m e n t  o f  t h e  e q u i p m e n t  u s e d .  f o r  
m e a s u r i n g  l o n g - l i v e d  l u m i n e s c e n c e  s p e c t r a  o f  s a m p l e s  a t  770K. 

a.. p h o s p h o r o s c o p e  m o t o r  

b .  m o t o r  s h a f t  . 

c .  p h o s p h o r o s c o p e  b l a d e s  

d .  h i g h  p r e s s u r e  m e r c u r y  l amp 

e .  q u a r t z  c o n d e n s i n g  l e n s e s  

f .  s o l u t i o n  f i l t e r  c e l l  w i t h  q u a r t z  windows 

g .  C o r n i n g  g l a s s  a b s o r p t i o n  f i l t e r s  

h .  q u a r t z  d e w a r  

i. s a m p l e  

j. s p e c t r o g r a p h  s l i t  



c o n s t r u c t i o n  a n d  o p e r a t i o n  o f  t h e  p h o s p h o r o s c o p e  i s  g i v e n  b y  

Whan ( 2 2 ) .  - T h e  i n s t r u m e n t  was o p e r a t e d  w i t h  a  r e ' s o l u t i o n  

- 4  
t i m e  o f  N s e c . ;  t h a t  i s ,  a time l a p s e  o f  ~ 1 0  sec .  o c -  

c u r r e d  b e t w e e n  t h e  moment o n e  b l a d e  c u t  o f f  t h e  e x c i t i n g  

l i g h t  f r o m  t h e  s a m p l e  a n d  t h e  o t h e r  b l a d e  o p e n e d  t o  a l l o w  

s a m p l e  l u m i n e s c ' e n c e  t o  r e a c h  t h e  s p e c t r o g r a p h .  The  l i g h t  

s o u r c e s ,  l i g h t  f i l t e r s ,  a n d  d e w a r s  u s e d  f o r  these  rneasure -  

m e n t s  were t h e  same a s  t h o s e  u s e d  f o r  t o t a l  l u m i n e s c e n c e  meas-  

u r e m e n t s .  

The  c o n s t r u c t i o n  o f  t h e  p h o s p h o r o s c o p e  was  s u c h  t h a t  

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

t h e  s i d e  o f  t h e  s a m p l e  o p p o s i t e  t o  t h e  s u r f a c e  b e i n g  i r r a d i -  

a t e d  w i t h  t h e  u l t r a v i o l e t  l i g h t .  T h i s  p r e s e n t e d  n o  p r o b l e m s  

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

w e r e  p e r f e c t l y  t r a n s p a r e n t .  Powder s a m p l e s  p r o v e d  t o  b e  a  

p r o b l e m  b e c a u s e  t h e  l a y e r  o f  powder  i n  t h e  mounted s a m p l e  was  

n e a r l y  o p a q u e .  T h e  l o n g - l i v e d  e m i s s i o n  s p e c t r a  o f  t h e s e  sam- 

p l e s  were o b t a i n e d  by  making  t h e  powder  l a y e r  be ' tween t h e  

v i c o r  p l a t e s  t h i n  enough  f o r  t h e  s a m p l e  e m i s s i o n  t o  p a s s  

t h r o u g h  t h e  s e m i t r a n s p a r e n t  l a y e r  and  b e  r e c o r d e d  t h r o u g h  t h e  

s p e c t r o g r a p h .  

2 . 4 . 4 .  L i g h t  F i l t e r  C o m b i n a t i o n s  

T h e  l i g h t  f r o m  t h e  m e r c u r y  a r c  s o u r c e  was  f i l t e r e d  s o  

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

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

c o m b i n a t i o n s  o f  C o r n i n g ,  t w o  inch s q u a r e ,  p o l i s h e d ,  u l t r a v i o l e t  

t r a n s m i t t i n g  f i l t e r s  a n d  a q u e o u s  s o l u t i o n s  w h i c h  were c o n t a i n e d  



i n  a  b r a s s  c e l l  5  cm. i n  d i a m e t e r  by  5 cm. l o n g  f i t t e d  w i t h  

q u a r t z '  p l a t e s  a t  t h e  e n d s .  F o r  s t u d y i n g  e m i ' s s i o n s  o f  r a r e  

. e a r t h  c h e l a t e s ,  f i l t e r  c o m b i n a t i o n s  were c h o s e n  s u c h  t h a t  o n l y  

u l t r a v i o l e t  l i g h t  c o r r e s p o n d i n g  t o  t h e  f i r s t  s t r o n g  a b s o r p t i o n  

band o f  t h e  c h e l a t e  r e a c h e d  t h e  s a m p l e .  F o r  i n o r g a n i c  s a l t s  

o r  m e t a p h o s p h a t e  g l a s s e s ,  t h e  f i l t e r  c o m b i n a t i o n s  a l l o w e d . u l -  

t r a v i o l e t  l i g h t , ,  c o r r e s p o n d i n g  t o  t h e  n e a r  u l t r a v i o l e t  a b s o r p -  

t i o n  b a n d s  o f  t h e  i o n ,  t o  r e a c h  t h e  s a m p l e .  

A s  t h e  C o r n i n g  u l t r a v i o l e t  t r a n s m i t t i n g  f i l t e r s  a l s o  

t r a n s m i t  r a d i a t i o n  i n  t h e  red e n d  o f  t h e  s p e c t r u m  beyond  

7000 W,. i t  was  n e c e s s a r y  t o  u s e  a q u e o u s  s o l u t i o n s  o f  i n o r g a n i c  

s a l t s  t o  f i l t e r  o u t  t h e . r e d  l i g h t  f r o m  t h e  m e r c u r y  a r c .  F i l t e r  

c o m b i n a t i o n s  w e r e  se lec ted  w i t h  t h e  a ' id  o f  t h e  t r a n s m i s s i o n  

d a t a  o n  C o r n i n g  g l a s s  f i l t e r s  p r e s e n t e d  b y  C o r n i n g  G l a s s  Works 

( 2 7 1 ,  a n d  t r a n s m i s s i o n  d a t a  o n  s o l u t i o n  f i l t e r s  p u b l i s h e d  by 

Kasha (28 ) .  T h e  l i g h t  f i l t e r  c o m b i n a t i o n s  se lec ted  f o r  u s e  

i n  t h i s  work  a r e  l i s t e d  i n  T a b l e  2 . 4 . 4 . 1 ,  a n d  t h e i r  t r a n s m i s s i o n  

-r 
c h a r a c t e r i s t i c s  a r e  g l v e n  i n  P i g .  2 . 4 . 4 . 1 .  

2 . 4 . 5 .  R e c o r d i n g  t h e  L u m i n e s c e n c e  S p e c t r a  

A l l  l u m i n e s c e n c e  spec t ra  were p h o t o g r a p h e d  u s i n g  a  

S t e i n h e i l  U n i v e r s a l  GH p r i s m  s p e c t r o g r a p h .  Wi th  t h e  e x c e p t i o n  

o f  o n e  compound (GdA3*H20) a l l  t h e  s p e c t r a  were r e c o r d e d  w i t h  

t h e  i n s t r u m e n t  s e t  a t  f/8 o p t i c s  w i t h  a  d i s p e r s i o n  of 17 !?/mm. 

a t  5000 a .  T h e  i n s t r u m e n t  was  a d j u s t e d  s o  t h a t  t h e  s p e c t r u m  b e -  

tween  4 5 0 0  a n d  7 5 0 0  8 was r e c o r d e d  o n  t h e  p h o t o g r a p h i c  p l a t e .  

F o r  i n v e s t i g a t i n g  t h e  l u m i n e s c e n c e  p r o p e r t i e s  o f  t h e  g a d o l i n i u m  

t r i ~ a c e t ~ l a c e t o n a t e  c o m p l e x ,  t h e  s p e c t r o g r a p h  was s e t  a t  f / 3 . 5  - 



TABLE 2 . 4 . 4 . 1 .  

ULTRAVIOLET TRANSMITTING LIGHT FILTER COMBINATI.ONS 

C l a s s  o f  Com- Wave L e n g t h  o f  F i l t e r  Combina- 
pounds  S t u d i e d  L i g h t  D e s i r e d ,  8 t i o n s  Used 

MA3 * H Z O  2 9 0 0  ( a  1 
C o r n i n g  #7-54 + NiS04 

( b )  

3 2 0 0  C o r n i n g  #7-54 + CuSOq 
( c )  

C o r n i n g  #7-60  + CuSOq 

. ( a ) c o r n i n g  c a t a l o g  number f o r  two  i n c h  s q u a r e ,  p o l i s h e d  
g l a s s  f i l t e r s .  . . 

( b ) ~ q u e o u s  s o l u t i o n  o f  n i c k e l  s u l f a t e  ( 5  c m .  p a t h ,  1 0 0  
gm o f  NiS04-6H20 p e r  l i t e r  o f  s o l u t i . o n ) .  

( c ) A q u e o u s  s o l u t i o n  o f  c u p r i c  s u l f a t e  ( 5  cm: p a t h ,  1 0 0  
grn. o f  CuS04-5H20 p e r  l i t e r  o f  s o l u t i o n ) .  



3 000 4000 

W A V E  LENGTH,  % 

F i g .  2 . 4 . 4 . 1 . - - T r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  u l t r a -  
, v i o l e t  t r a n s m i t t i n g  l i g h t  f i l t e r  c o m b i n a t i o n s .  

- - - - -  NiS04  s o l u t i o n  p l u s  c o r n i n g  6 7 - 5 4  f i l t e r  

CuS04 s o l u t i o n  p l u s  C o r n i n g  #7-54  f i l t e r  

. . - . . . - . . . . CuS04 s o l u t i o n  p l u s  C o r n i n g  # 7 - 6 0  f i l t e r  
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o p t i c s  w i t h  a  d i s p e r s i o n  o f  a p p r o x i m a t e l y  4 0  R / m m .  a t  5 0 0 0  a .  
I n  t h i s  c a s e  t h e  i n s t r u m e n t  was a d j u s t e d  s o  t h a t  t h e  s p e c t r u m  

b e t w e e n  3 8 0 0  a n d  5 6 0 0  was r e c o r d e d .  A l l  s p e c t r a  were r e -  

c o r d e d  o n  Kodak 103a-F S p e c t r o g r a p h i c  p l a t e s .  D e n s i t o m e  t e r  

t r a c e s  o f  t h e  s p e c t r a  were o b t a i n e d  f r o m  t h e  p h o t o g r a p h i c  

p l a t e s  w i t h  a  J a r r e l l - A s h  a u t o m a t i c  r e c o r d i n g  m i c r o p h o t o m e t e r .  

F o r  a  s t u d y  o f  t h e  1 i n e l i . k e  e m i s s i o n ' s p e c t r u m  c h a r a c -  

t e r i s t i c  o f  a  complexed  r a r e  e a r t h  i o n ,  i t  was  o f  i n t e r e s t  t o  

know t h e  d e t a i l e d  s ' t r u c t u r e  o f  b o t h  t h e  s t r o n g  l i n e s  a n d  t h e  

weak l i n e s  o f  t h e  s p e c t r u m .  B e c a u s e  s u c h  i n f o r m a t i o n  c a n n o t '  

b e  o b t a i n e d  from o n e  e x p o s u r e  o f  t h e  p h o t o g r a p h i c  p l a t e ,  t h r e e  

t o  f i v e  s e p a r a t e  e x p o s u r e s  were made o f  t h e  s a m p l e  e m i s s i o n  

w i t h  t h e  e x p o s u r e  times v a r y i n g . b y  a  f a c t o r  o f  f o u r  f r o m  o n e  

e x p o s u r e  t o  t h e  n e x t .  S u p e r i m p o s e d  o n  e a c h  e x p o s u r e  was  t h e  

c a l i b r a t i o n  s p e c t r u m  o b t a i n e d  f r o m  a n  a r g o n  g a s  d i s c h a r g e  t u b e .  

D e t a i l s  o f  t h e  d e t e r m i n a t i o n  o f  t h e  wave l e n g t h s  o f  t h e  s a m p l e  

e m i s s i o n  l i n e s  a r e  g i v e n  i n  A-ppendix 5 . 1 .  A t y p i c a l  p h o t o -  

g r a p h i c  p l a t e  i s  shown i n  F i g .  2 . 4 . 5 . 1 .  A s  c a n  b e  s e e n  i n  

t h e  f i g u r e ,  t h e  s t r u c t u r e  o f  t h e  s t r o n g e s t  l i n e s  i s  c l e a r l y  

d i s c e r n i b l e  i n  t h e  $ rnin. e x p o s u r e ,  w h i l e  t h e  s t r u c t u r e  o f  t h e  

weak l i n e s  a r o u n d  5 3 0 0  a i s  d i s c e r n i b l e  i n  t h e  6 0  rnin. e x -  

p o s u r e .  I n  T a b l e  2 .4 .5 .1 .  a r e  l i s t e d  some o f  t h e  s p e c t r o -  

g r a p h  s l i t  . w i d t h s  a n d  e x p o s u r e  times u s e d  f o r  r e c o r d i n g  t h e  

e m i s s i o n  s p e c t r a  o f  t h e  complexed  r a r e  e a r t h  i o n s .  

2 . 4 . 6 .  S t a b i l i t y  o f  R a r e  E a r t h  C h e l a t e s  t o  P r o l o n g e d  Ex- 

p o s u r e s  & o  U l t r a v i o l e t  L i g h t  



Fig. 2.4.5.1. P o s ~ r i v e  reproduct ion of a photo- 
graphic p l a t e  d i sp lay ing  the  emission spectrum of BuD3-DH 
s o l i d  a t  7 7 O ~ .  (The s p e c t r a  were obtained w i t h  a S t e l n h e i l  
Universal  OH s ectrograph s e t  a t  f / 8  o p t i c s  y ie ld ing  a d i s -  R pers ion  of 17 / mm a t  SO00 R. A SO micron s l i t  width was 
used f o r  recording the  spec t ra  on a Kodak 103a-F spec t ro-  
graphic p l a t e .  Exposure times a r e  ind ica ted  t o  the  r i g h t  
of each spectrum.) 



TABLE 2 . 4 . 5 . 1 .  

TYPICAL SPECTROGRAPH S L I T  WIDTHS AND EXPOSURE TIMES 
USED TO RECORD THE LUMINESCENCE SPECTRA 

OF COMPLEXED RARE EARTH IONS 

z 3 Compound Medium S l i t  W i d t h ,  E x p o s u r e  T i m e ,  
M i c r o n s  M i n u t e s  

. .. 

S,mB3-2H20 EMPA G l a s s  a t  7 7 ' ~  2 0  4 ,  1 6 ,  6 0  

Powder a t  7 7 ' ~  

1 1 

Powder a t  2 9 8 O ~  

Y 

SmP04 NaP03 g l a s s  a t  2 9 8 ' ~  4 0  1, 4 ,  1 6 ,  6 0  
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~ n '  e x p e r i m e n t ,  d e s i g n e d  t o  t e s t  t h e  s t a b i l i t y  o f  r a r e  
0 

e a r t h  c h e l a t e s .  i n  EMPA g l a s s e s  a t  77 X ,  was c o n d u c t e d  i n  t h e  

f o l l o w i n g  manner .  Two s a m p l e s  o f  EuDj i n  EMPA ( ~ 1  mg./50 m l . )  

w e r e  p r e p a r e d  a n d  p l a c e d  i n  q u a r t z  s a m p l e  t u b e s .  One o f  t h e  

s a m p l e s ,  immersed i n  l i q u i d  n i t r o g e n ,  was  c o n t i n u o u s l y  i r r a -  

d i a t e d  w i t h  f i l t e r e d  u l t r a v i o l e t  l i g h t  f o r  e igh t  h o u r s .  The 

l i g h t  f i l t e r s  u s e d  w e r e  t h e  same a s  t h o s e  i n  T a b l e  2 . 4 . 4 . 1 .  

s e l e c t e d  f o r  i r r a d i a t i o n  0 f . M ~ ~  c o m p l e x e s .  The  l u m i n e s c e n c e  

s p e c t r u m . o f  t h i s  s a m p l e  was  r e c o r d e d  a t  o n e  h o u r  i n t e r v a l s  

u s i n g  a  2  min.  e x p o s u r e  w i t h  a 4 0  m i c r o n  s l i t  w i d t h .  The  

o t h e r  samp. le  was  s t o r e d  i n  l i q u i d  n i t r o g e n  and  i r r a d i a t e d  w i t h  

u l t r a v i o l e t  l i g h t  o n l y  f o r  t h e  s h o r t  i n t e r v a l s  n e c e s s a r y  t o  

r e c o r d  t h e  e m i s s i o n  s p e c t r u m .  T h e  e m i s s i o n  s p e c t r u m  o f  t h i s  

s a m p l e  was  recorde 'd  o n c e  e v e r y  two  h o u r s .  The  l u m i n e s c e n c e  

s p e c t r a  o f  b o t h  t h e s e  s a m p l e s  were r e c o r d e d  on t h e  same 

p h o t o g r a p h i c  p l a t e .  

A v i s u a l  i n s p e c t i o n  o f  t h e  s p e c t r a  o b t a i n e d  f r o m  t h e  

two EuD3 s a m p l e s  i n d i c a t e d  t h a t  t h e r e  were n o  c h a n g e s  i n  t h e  

l i n e  p o s i t i o n s  o r  r e l a t i v e  i n t e n s i t i e s  r e g a r d l e s s  o f  t h e  

l e n g t h  o f  e x p o s u r e  t o  t h e  u l t r a v i o l e t  r a d i a t i o n .  No o t h e r  

t e s t s  were made o n  t h e  s t a b i l i t y  o f  t h e  c h e l a t e s  d i s s o l v e d  

i n  o r g a n i c  g l a s s e s .  I t  was  n o t i c e d ,  h o w e v e r ,  t h a t  i n  t h e  c a s e  

o f  TbD3 d i s s o l v e d  i n  a n  EMP g l a s s  a  p r o g r e s s i v e  a n d  s t r i k i n g  

c h a n g e  o c c u r r e d  i n  t h e  c o l o r  o f  t h e  emi t t ed  l i g h t .  W i t h i n  

t h e  f i r s t  f e w  m i n u t e s  o f  e x p o s u r e  t o  u l t r a v i o l e t  r a d i a t i o n ,  

t h e  e m i s s i o n  f r o m  t h e  EMP g l a s s  t u r n e d  f r o m  a  weak ,  p a l e  

y e l l o w - g r e e n  t o  a  s l i g h t l y  s t r o n g e r ,  d e e p  g r e e n .  T h e  phe-  

nomenon was c o n f i n e d  t o  t h e  s m a l l  r e g i o n  o f  t h e  r i g i d  o r g a n i c  



g l a s s  u n d e r  i r r a d i a t i o n .  T h i s  c h a n g e  i n  e m i s s i o n  c h a r a c t e r -  

i s t i c s  was a t t r i b ' u t e d  n o t  t o  a n y  l a r g e  a m o u n t s  o f  p h o t o d i s -  

s o c i a t i o n ,  bu't  r a t h e r  t o  a  m i n o r  amount  o f  p h o t o d i s s o c i a t i o n  

o f  ' t h e  s a m p l e  w h i c h  c a u s e d  s m a l l  s h i f t s  i n  t h e  e n e r g i e s  o f  

, n e a r l y  c o i n c i d e n t a l  e l e c t r o n i c  s t a t e s  o f  t h i s  c h e l a t e .  T h i s  

phenomenon w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  S e c t i o n  

2.4.7.  E f f e c t s  o f  C o n c e n t r a t i o n  on t h e  E m i s s i o n  S p e c t r a  o f  

t h e  R a r e  E a r t h  Oxide-Sodium Metaphospha  t e  . G l a s s e s  

Sod ium m e t a p h o s p h a t e  g l a s s e s  c o n t a i n i n g  0 . 1 ,  1 . 0 ,  ' a n d  

10% b y  w e i g h t  e u r o p i u m  o x i d e  o r  t e r b i u m  o x i d e  were p r e p a r e d ,  

a n d  t h e  e m i s s i o n ' s p e c t r a  o f  t h e . g l a s s e s  were t a k e n ' w i t h  t h e  

s a m p l e s  a t  room t e m p e r a t u r e .  T h e  e m i s s i o n  s p e c t r a  o f  t h e  0 . 1  % 

and  1 . 0  % o x i d e  s a m p l e s  w e r e  i d e n t i c a l ,  a s  f a r  a s  s t r u c t u r e  - 
a n d  r e l a t i v e  l i n e  i n t e n s i t i e s ,  w i t h  t h e  e m i s s i o n  s p e c t r a  o f  

t h e  g l a s s e s  - c o n t a i n i n g  2% o x i d e .  T h e  s p e c t r a  o f  t h e  g l a s s e s  

c o n t a i n i n g  10% b y  w e i g h t  r a r e  e a r t h  o x i d e  were a l m o s t  t h e  s'ame 

a s  t h e  g l a s s e s  of lower c o m p o s i t i o n s  e x c e p t  t h a t  v e r y  s h a r p  

b u t  weak l i n e s  c h a r a c t e r i s t i c  of r a r e  e a r t h  i o n s  i n  i n o r g a n i c  

c r y s t a l s  were s u p e r i m p o s e d  upon t h e  more  d i f f u s e  l i n e  e m i s s i o n  

c h a r a c t e r i s t i c  o f  t h e  r a r e  e a r t h  i o n s  i n  t h e  m e t a p h o s p h a t e  

g l a s s e s  a t  low c o n c e n t r a t i o n s .  T h e  s h a r p  l i n e  e m i s s i o n  p r o b -  

a b l y  a r i s e s  f r o m  e m i s s i o n  b y . t h e  w h i t e ,  o p a q u e ,  u n d i s s o l v e d  

r a r e  e a r t h  p h o s p h a t e  embedded i n  t h e  c l e a r  g l a s s .  

2.5. Measurement  -- o f  t h e  Decay o f  R a r e  E a r t h  I o n  L u m i n e s c e n c e  -- - 

2 . 5 . 1 ,  The A p p a r a t u s  



T h e  l u m i n e s c e n c e  d e c a y s  of t h e  c o m p l e x e d  r a r e  e a r t h  

i o n s  were m e a s u r e d  b y  f l a s h i n g  t h e  s a m p l e  w i t h  a s h o r t - l i v e d ,  

u l t r a v i o l e t  f l a s h '  l amp,  a n d  by  m o n i t o r i n g  t h e  l u m i n e s c e n c e  

i n t e n s i t y  w i t h  a  p h o t o m u l t i p l i e r .  A b l o c k  d i a g r a m -  o f '  t h e  a p -  

p a r a t u s  c o n s t i u c t e d  f o r  t h i s  p u r p o s e  i s  shown i n  F i g .  2 . 5 . 1 . 1 .  

C o m p l e t e  d e t a i l s  d e s c r i b i n g  t h e  c o n s t r u c t i o n  a n d  o p e r a  t i o n  o f  

t h e  a p p a r a t u s  a r e  g i v e n  i n  A p p e n d i x  5 . 2 .  An E d g e r t o n ,  Germes- 

h a u s e n ,  a n d  Grier FX-12 x e n o n  lamp o p e r a t i n g  a t  o n e  j o u l e  p e r  

d i s c h a r g e  (0.08/$ a t  5 0 0 0  V) was u s e d  f o r  t h e  f l a s h  s o u r c e .  

S p o n t a n e o u s  d i s c h a r g e  o f  t h e  l amp was  p r e v e n t e d  by t h e  u s e  o f  

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

p o l e s  s e p a r a t e d  t o  s u c h  a  d i s t a n c e  t h a t  s p o n t a n e o u s  d i s c h a r g e  

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

o p e r a t i n g  v o l t a g e  of t h e  lamp. D i s c h a r g e  o f  t h e  s t o r a g e  c a -  

p a c i t o r s  a c r o s s  t h e  s p a r k  g a p  a n d  t h r o u g h  t h e  f l a s h  lamp was  

. a c c o m p l i s h e d  b y  m o m e n t a r i l y  i o n i z i n g  t h e  a i r  b e t w e e n  t h e  s t e e l  

p o l e s  w i t h  a  s p a r k  f rom t h e  t h y r a t r o n  s p a r k  s o u r c e .  Wi th  t h i s  

a p p a r a t u s ,  a  , f l a s h  w i t h  a  mean l i f e t ime  o f  two m i c r o s e c o n d s  

c o u l d  be o b t a i n e d .  

T h e  s a m p l e  e m i s s i o n  was  m o n i t o r e d  w i t h  a  RCA-2020 

p h o t o m u l t i p l i e r  t u b e .  ( F o r  s t u d y i n g  t h e  red e m i s s i o n  o f  

c h e l a t e d  s m 3 +  a  RCA-7102 p h o t o m u l t i p l i e r  was  e m p l o y e d . )  The 

p h o t o t u b e s ,  o p e r a t e d  a t  a  t o t a l  p o t e n t i a l  o f  1 0 8 0  v o l t s  w i t h  

a n  r ~ .  1 0  K n  a n o d e  t o  g r o u n d  l o a d  r e s i s t a n c e ,  had  a  r e s p o n s e  

time of l e s s  t h a n  o n e  m i c r o s e c o n d .  The  p h o t o m u l t i p l i e r  s i g -  

n a l  was  d i s p l a y e d  o n  a T e k t r o n i x  Model 5 3 5  o s c i l l o s c o p e  o n  

w h i c h  t h e  h o r i z o n t a l  s w e e p  t r i g g e r  .was a d j u s t e d  s o ' t h a t  a s i n -  

g l e  s w e e p  was  i n i t i a t e d  when t h e  lamp was  f l a s h e d .  Time mark 



i 2 . 5 . 1 . 1 . - - B l o c k  d iagram of t h e  a p p a r a t u s  u s e d  t o  
measure  u m i n e s c e n c e  d e c a y  times. ' 

Flash Lamp Tr igger Input  
Thyratron 

Spark 
Source 

L 

Tr iggered 

. . Spark To Osci I  loscope G a p  

Tr igger  I n p u t  . r 

Osc i I  loscope 

a Sample Cell 
and .. 

Light Fi l ters 

- 

' 

9 

Flash Lamp 
Power Supply 

1 

Phototube 
Housing 

Camera 
1 A 

, 
Phototube 

Power Supply 
Genera tor 



34 

s i g n a l s  f r o m  a  T e k t r o n i x  Model 1 8 0  time mark g e n e r a t o r  w e r e  

u s e d  a s  a s t a n d a r d  f o r  m e a s u r i n g  t h e  h o r i z o n t a l  t i m e  s c a l e  of 

t h e  o . s c i l l o s c o p e .  A P o l a r o i d  Land c a m e r a  e q u i p p e d  w i t h  P o l a r -  

o i d  3000  s p e e d  f i l m  was  e m p l o y e d  t o  p h o t o g r a p h  t h e  o s c i l l o s c o p e  

t r a c e s .  

2 . 5 . 2 .  P r e p a r a t i o n  o f  S a m p l e s  

T h e , s a m e  m i c r o c r y s t a l l i n e  powder s a m p l e s  a n d  m e t a -  

p h o s p h a t e  g l , a s s  s a m p l e s  u s e d  for  s t u d i e s  o f  t h e  e m i s s i o n  s p e c -  

t r a  were a l s o  employed  when m e a s u r i n g  t h e  l u m i n e s c e n c e  d e c a y s .  

The r i g i d  o r g a n i c  g l a s s  s a m p l e s  were p r e p a r e d  i n  t h e  same man- 

n e r  a s  t h o s e  u s e d  f o r  t h e  e m i s s i o n  s p e c t r a  s t u d i e s .  F o r  low 

t e m p e r a t u r e  i n v e s t i g a t i o n s ,  t h e  s a m p l e s  w e r e  immersed i n  l i q -  

u i d  n i t r o g e n  i n  t h e  same q u a r t z  d e w a r  t h a t  was u s e d  when p h o t o -  , 

g ' r a p h i n g  t h e  l u m i n e s c e n c e  s p e c t r a .  

2 .5 .3 .  L i g h t  F i l t e r  C o m b i n a t i o n s  

The  l i g h t  f r o m  t h e  f l a s h  l amp was  f i l t e r e d  t h r o u g h  t h e  

same l i g h t  f i l t e r  c o m b i . n a t i o n s  u s e d  i n  t h e  l u m i n e s c e n c e  s p e c -  

t r a  s t u d i e s  ' ( s e e  T a b l e  2 . 4 . 4 . 1 .  ). Two d i f f e r e n t  m e t h o d s  w e r e  

u s e d  t o  f i l t e r  t h e  s a m p l e e m i s s i o n  s o  t h a t  l i g h t  f r o m  o n l y  a  

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

t i p l i e r .  One method  was t o  i n t e r p o s e  C o r n i n g  g l a s s  c u t - o f f  

f i l t e r s ,  a  s o l u t i o n  f i l t e r , , a n d  a n  i n t e r f e r e n c e  f i l t e r  b e t w e e n  

t h e  s a m p l e  a n d  t h e  p h o t o m u l t i p l . i e r .  T h e  s o l u . t i o n  f i l t e r  

( N  M d i b e n z o y l m e t h a n e  i n  a b s o l u ' t e  a l c o h o l )  a n d  t h e  c u t -  . 

' 

o f f  f i l t e ' r s  a b s o r b e d  a1 . l  t h e  u l t r a v i o l e t  l i g h t  f r o m  t h e  f l a s h  

l amp,  w h i l e  v a r i o u s  B a l z a r  n a r r o w  b a n d  i n t e r f e r e n c e  f i l t e r s  
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('u 1 0 0  6: h a l f '  w i d t h )  w e r e  u s e d  t o  p a s s  l i g h t  from n a r r o w  r e -  

g i o n s  o f  t h e  v i s i b l e  s p e c t r u m .  An i r i s  d i a p h r a g m  w a s  em- 

p l o y e d  t o  a d j u s t  t h e  i n t e n s i t y  o f  l i g h t  f a l l i n g  o n  t h e  p h o t o -  

m u l t i p l i e r .  

T h e  o t h e r  m e t h o d  of f i l t e r i n g  t h e  s a m p l e  e m i s s i o n  w a s  

t o  p l a c e  a B a u s c h  & Lomb M o n o c h r o m a t o r  (250  m m .  f o c a l  l e n g t h ,  

66  61/mm.  d i s p e r s i o n )  b e t w e e n  t h e  s s m p l e  a n d  t h e  d e t e c t o r .  

T h e  m o n o c h r o m a t o r  w a s  a d j u s t e d  s o  t h a t  o n l y  s a m p l e  e m i s s i o n  

f r o m  t h e  d e s i r e d  r e g i o n  o f  t h e  v i s i b l e  s p e c t r u m  r e a c h e d  t h e  

p h o t o m ' u l t i p l i e r .  T h e  i n t e n s i t y  of  l i g h t  f a l l i n g  o n  t h e  p h o t o -  

m u l t i p l i e r  w a s  a d j u s t e d  b y  o p e n i n g  or  c l o s i n g  t h e  s l i t s  of t h e  

m o n o c h r o m a  t o r .  

T h e  r e g i o n s  o f  t h e  v i s i b l e  s p e c t r u m  s e l e c t e d ,  w h e n  

m o n i t o r i n g  t h e  l u m i n e s c e n c e  d e c a y  of t h e  s a m p l e s ,  a r e  i n d i -  ' 

c a t e d  o n  t h e ' i l l u s t r a t i o n s  o f  t h e  e m i s s i o n  s p e c t r a  of e a c h  of 

t h e  s a m p l e s . '  T h e s e  s p e c t r a  a r e  p r e s e n t e d  i n  t h e  D i s c u s s i o n  

s e c t i o n  ( S e c t i o n  3 . ) .  

2 .5 .4 ;  M e t h o d  of R e c o r d i n g  a n d  M e a s u r i n g  t h e  L u m i n e s c e n c e  

D e c a y s  

T h e  p r o p e r  c o m b i n a t i o n s  o f  l i g h t  f i l t e r s  w e r e  m o u n t e d  

i n  t h e  a p p a r a t u s  a n d  t h e  s a m p l e  w z s  c e n t e r e d  i n  t h e  s a m p l e  

c o m p a r t m e n t  s o  t h a t  mzxirnum i l l u m i n a t i o n  b y  t h e  f l z s h  w a s  ob- 

t a ' i n e d .  T h e  i n t e n s i t y  o f  s ~ m p l e  e m i s s i o n  r e z c h i n g  t h e  p h o t o -  

t u b e ,  t h e  v e ' r t i c a l  s e n s i t i v i t y  of t h e  o s c i l l o s c o p e ,  a n d  t h e  

h o r i z o n t a l  s w e e p  s p e e d  of t h e  o s c i l l o s c o p e  w e r e  a l l  a d j u s t e d  
I 

s o  t h a t  t h e  i n i t i a l  r i s e ,  t h e  p e a k  i n t e n s i t y ,  a n d  the f i r s t  

t w o  o r  t h r e e  h a l f - l i v e s  o f  t h e  l u m i n e s c e n c e  d e c a y  w e r e  d i s p l a y e d  



o n  t h e  o s c i l l ' o s c o p e  s c r e e n .  T h i s  o s c i l l o g r a p h i c  t r a c e  p l u s  

t h e  b a s e  l i n e  t r a c e  a n d  t h e  time mark s i g n a l s  were a l l  re- 

c o r d e d  b y  t h e  camera  o n  t h e  same p h o t o g r z p h .  A t y p i c a l  pho- 

t o g r a p h  i s  g i v e n  i n  F i g .  2 . 5 . 4 . 1 .  

F o r  c e r t a i n  s a m p l e s  t h e  f i r s t  s i x  t o  n i n e  h a l f - l i v e s  

of  t h e  l u m i n e s c e n c e  d e c a y  were r e c o r d e d  by  u t i l i z i n g  b o t h  time 
J 

b a s e s  of t h e  T e k t r o n i x  Model  535 o s c i l l o s c o p e .  After  a s c e r -  

t a i n i n g  t h e  a p p r o x i m a t e  h a l f  l i f e  o f  t h e  l u m i n e s c e n c e  d e c a y ,  

. t h e  time b a s e  "Btl  o f  t h e  o s c i l l o s c o p e  was  a d j u s t e d  s o  t h a - t  a p -  

p r o x i m a t e l y  t e n  h a l f - l i v e s  were d i s p l a y e d  , o n  a  s i n g l e  sweep .  

U s i n g  time b a s e  " A 1 ? - i n  t h e  Main  Sweep D e l a y e d  mode a n d  making  

p r o p e r  a d j u s t m e n t s  o f  t h e  v e r t i c a l  s e n s i t i v i t y  o f  t h e  pream- 

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

p h o t o g r a p h ,  t h e  s e c o n d  t h r e e  o n  a n o t h e r , p h o t o g r a p h ,  a n d  s o  o n ,  

u n t i l  t h e  d e s i r e d  number  of h a l f - l i v e s  h a d  b e e n  r e c o r d e d  ' o r  un-  

t i l  t h e  i n ' t e n s i t y  o f  t h e  s a m p l e  e m i s s i o n  became t o o  weak t o  d e -  

t e c t  o n  time b a s e  "A.  . 

' The r e l a t i v e  i n t e n s i t y  .of  s a m p l e  l u m i n e s c e n c e  was  t a k e n  

a s '  t h e  v e r t i c a l  d i s t a n c e  on t h e  p h o t o g r a p h  b e t w e e n  t h e  l u m i -  

n e s c e n c e  d e c a y  c u r v e  and t h e  b a s e  l i n e .  A p a i r  o f  d i v i d e r s  

a n d  a mi l l imeter  s c a l e  were u s e d  t o  make t h e  m e a s u r e m e n t s .  T h e  

d a t a  ( u s i n g  a t  l e a s t  e i g h t  p o i n t s  f r o m  e a c h  p h o t o g r a p h )  w e r e  

p l o t t e d  o n  s e m i l o g a r i ' t h m i c  p a p e r  f o r  i n t e r p r e t i v e  p u r p o s e s .  

. T h e  s t a t i s t i c a l  m e t h o d s  u s e d  i n  d e t e r m i n i n g  t h e  mean l i f e  

times f r o m  t h e  d e c a y  c u r v e s  a r e  g i v e n  i n  A p p e n d i x  5 . 3 .  



PY. .--2.5.4.1. --Luminescence decay of the 5400 61 l i n e s  
of TbA3*HZ0 i n  BMPA a t  7 7 O ~ .  

I I 1 100 microsecond time mark s i g n a l s  

luminescence i n t e n s i t y  

base l i n e  

(The sample was e x c i t e d  w i t h  an Edgerton. Gcrmesheusen. 
and G r i e r  FX-12 f l a s h  lamp opera t ing  a t  one joule  per d i s -  
charge. The sample emission, f i l t e r e d  through a B & L 
mnnochromator (250 am. f o c a l  length)  s e t  a t  5400 # w i t h  2 mm. 
s l i t  widths. was d e t e a e d  w i t h  a RCA-2020 photomul t ip l ie r  
ope ra t ing  a t  a 1080 Y anode t o  cathode p o t e n t i a l  w i t h  a  
10 K,R load resis tance.  The photomul t ip l ie r  s i g n a l  was d i s -  
played on a Tcktronix Model 535 orc i l loscope  employing a 50 
m i l l i v o l t  p i r  cent imeter  v e r t i c a l  s e n s i t i v i t y . )  



2 . 5 . 5 .  E f f e c t s  o f  C o n c e n t r a t i o n  o n  t h e  L u m i n e s c e n c e  Decays  

o f  R a r e  E a r t h  Oxide-Sod ium M e t a p h o s p h a t e  G l a s s e s  

R a r e  e a r t h  o x i d e - s o d i u m  m e t a p h o s p h a  t e  g l a s s e s  c o n t a i n -  

i n g  0 . 1 ,  1 . 0 ,  a n d  10% by w e i g h t  e u r o p i u m  o x i d e  o r  t e r b i u m  o x -  

i d e  u s e d  f o r  t h e  e m i s s i o n  s p e c t r a  s t u d i e s  r e p o r t e d  i n  S e c t i o n  

2 . 4 . 7 .  w e r e  a l s o  u s e d  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  e f f e c t  

o n  t h e  l u m i n e s c e n c e  d e c a y  times. The  l u m i n e s c e n c e  d e c a y  

c u r v e s  o f  a l l  o f  t h e  s a m p l e s  a r e  shown i n  F i g .  5 . 5 . 1 . 3 .  a n d  

F i g .  5 . 5 . 1 . 4 .  T h e  l u m i n e s c e n c e  d e c a y  times m e a s u r e d . f r o m  

these  c u r v e s  were compared  w i t h  t h e  l u m i n e s ' c e n c e  d e c a y  times 

o f  t h e  g l a s s e s  c o n t a i n i n g  .2 % by  w e i g h t  r a r e  e a r t h  o x i d e .  I n  

t h e  c a s e  o f  t h e  t e r b i u m  o x i d e  g l a s s e s ,  t h e  l u m i n e s c e n c e  d e c a y  

t i m e s  o f  t h e  0 . 1 ,  1.'0, and 10% g l a s s e s  were w i t h i n  2 % o f  t h e  

l u m i n e s c e n c e  d e c a y  t i m e  o f  t h e  t e r b i u m  g l a s s  c o n t a i n i n g  2 % b y  

w e i g h t  t e r b i u p  ox ide ' .  I n  t h e  c a s e  o f  t h e  e u r o p i u m  g l a s s e s ,  

t h e ' l u m i n e s c e n c e  d e c a y  times o f  t h e  0 . 1  % a n d  1 . 0  % g l a s s e s  

were w i t h i n  2 % o f  t h e  l u m i n e s c e n c e  d e c a y  time o f  t h e  s a m p l e  

c o n t a i n i n g  2 % by  w e i g h t  e u r o p i u m  o x i d e .  T h e  l u m i n e s c e n c e  de- 

c a y  time of t h e  1 0  .% g l a s s  was  s i g n i f i c a n t l ' y  s h o r t e r  t h a n  t h o s e  , 

o f  t h e  g l a s s e s  o f  l o w e r  c o m p o s i t i o n .  

B e c a u s e  t h e  g l a s s e s  c o n t a i n i n g  1 0  % b y  ' w e i g h t  r a r e  e a r t h  

o x i d e  were o p a q u e ,  s h a t t e r e d  e a s i l y ,  a n d  a p p e a r e d  t o  c o n t a i n  

two d i f f e r e n t  r a r e  e a r t h  s p e c i e s ,  t h e y  were d i s c a r d e d .  A l -  

t h o u g h  t h e  l u ' m i n e s c e n c e  p r o p e r t i e s  o f  t h e  g l a s s e s  c o n t a i n i n g  

0 . 1 ,  l . 0 , a n d  2'.0 % by  w e i g h t  r a t e  e a r t h  o x i d e  a p p e a r e d  t o  be 

i d e n t i c a l ,  t h e  g l a s s e s  c o n t a i n i n g  2 % by. w e i g h t  r a r e  e a r t h  

o x i d e  were c h o s e n  f o r  d e t a i l e d  l u m i n e s c e n c e  s t u d i e s  b e c a u s e  of  



t h e  h i g h e r  i n t e n s i t i e s  of l i g h t  e m i t t e d  f r o m ,  t h e s e  s a m p l e s .  



3. D i s c u s s i o n  

3.1. R a t e  o f  I n t r a m o l e c u l a r  Ene rgy  T r a n s f e r  & , R a r e  E a r t h  -- 
C h e l a  t e s  

3.1.1. Luminescence P r o p e r t i e s  o f  Rare  E a r t h  ~ h e l a t e s  

The p r o b a b l e  s t r u c t u r e  o f  t h e  c h e l a t e s  u sed  i n  t h e s e  

s t u d i e s  i s  shown i n  P i g .  3 .1 .1 .1 .  The o c t a h e d r a l  o r  n e a r  o c t a -  

h e d r a l  a r r a n g e m e n t  of oxygen a toms a round  t h e  c e n t r a l  m e t a l  

i o n  i s  e x h i b i t e d  by  a - d i k e t o n e  c h e l a t e s  d e r i v e d  from a c e t y l -  

a c e t o n e  and s u b s t i t u t e d  a c e t y l a c e t o n e s .  Luminescence  i s  ob-  

s e r v e d  from t h e s e  complexes  when t h e  compo'unds, d i s s o l v e d  t o  

low c o n c e n t r a t i o n s  i n  o r g a n i c  g l a s s e s  a t  low t e m p e r a t u r e , '  a r e  

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

f i r s t  s t r o n g  a b s o r p t i o n  band o f  t h e  complexes .  

The s p e c t r a  c o n s i s t  o f  v a r y i n g  amounts  of .  b r o a d  band 

. m o l e c u l a r  e m i s s i o n  c h a r a c t e r i s t i c  o f  t h e  o r g a n i c  p o r t i o n  o f  

t h e  complex and  s h a r p  l i n e  e m i s s i o n  c h a r a c t e r i s t i c  o f  t h e  

c h e l a t e d  r a r e  e a r t h  i o n .  By means o f  c a r e f u l  measurements  

o f  t h e  m o l e c u l a r  e m i s s i o n s  p l u s  o b s e r v a t i o n s  upon t h e  a p p e a r -  

a n c e  o r  nonappea rance  o f  t h e  r a r e  e a r t h  i o n  e m i s s i o n ,  C r o s b y ,  
. . 

Whan, and 'Al i re  ( 18) were  a b l e  t o  d e t e r m i n e  t h e  p a t h  o f  i n t r a -  

m o l e c u l a r  e n e r g y  t r a n s f e r  i n  r a . r e  e a r t h  c h e l a t e s .  

The e n e r g y  t r a n s f e r  and  l u m i n e s c e n c e  mechanisms a r e  

i n d i c a t e d  s c h e m a t i c a l l y  i n  t h e  e n e r g y  l e v e l  d i a g r a m  shown i n  



Fig: 3.1.1.1..  - - P r o b a b l e  s t r u c t u r e  o f  - d i k e t o n e  
c h e l a t e s  o f  t r i v a l e n t  r a r e  e a r t h  i o n s .  . ? 

For .  t r i s a c e t y l a c e t o n a t e  c h e l a  t e s  ,. R1 = R 3  = CH3-, 
a n d  R 2  = H .  

F o r  t r i s b e n z o y l a c e t o n a t e  c h e l a t e s ,  R1 - - CH3-. 

. . R2 =,H, a n d  R 3  = 

F o r  trisdibenzoylmethidechelates. R2 = H ,  R1 = Rj - - 0- 
- F o r  t r i s t r i b e n z o y l a c e t o n a t e  c h e l a t e s ,  R1 = R2 = R3 - 
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F i g .  3.1.1.2.  A b s o r p t i o n  by t h e  complex o f  t h e  n e a r  u l t r a -  

v i o l e t  l i g h t  e x c i t e s  t h e  mo lecu le '  t o  t h e  f i r s t  e x c i t e d  s i n g l e t  

s t a t e ,  S1. The m o l e c u l e  may e i t h e r  l o s e  i t s  e l e c t r o n i c  e n e r g y  

v i a  r a d i a t i v e  c o m b i n a t i o n s  w i t h  t h e  ground s t a t e  (Sl+So) ,  - 
g i v i n g  r i s e  t o  m o l e c u l a r  f l u o r e s c e n c e ,  o r  i t  may unde rgo  i n -  

t e r s y s t e m  c r o s s i n g  (S1+T1) t o  t h e  less e n e r g e t i c  t r i p l e t  

s t a t e .  S p i n - f o r b i d d e n  r a d i a t i v e  c o m b i n a t i o n s  o f  t h e  t r ip le t  

s t a t e  w i t h  t h e  ground s t a t e  (T1-+SO) r e s u l t  i n  l o n g - l i v e d  

m o l e c u l a r  p h o s p h o r e s c e n c e .  The e x c i t e d  m o l e c u l e  may, on t h e  

o t h e r  hand ,  unde rgo  a  n o n r a d i a t i v e  t r a n s i t i o n  f rom t h e  t r i p l e t  

s t a t e  T1 t o  t h e  l o w - l y i n g  e l e c t r o n i c  l e v e l s  o f  t h e  c h e l a t e d  

r a r e  e a r t h  i o n .  These  l a t t e r  e l e c t r o n i c  l e v e l s  a r i s e  f rom i n -  

t e r a c t i o n s  among t h e  4 f  e l e c t r o n s  o f  t h e  t r i v a l e n t  r a r e  e a r t h  

i o n .  

L i n e l i k e  e m i s s i o n  c h a r a c t e r i s t i c  o f  t h e  complexed r a r e  

e a r t h  i o n  a r i s e s  o n l y  when a  r e s o n a n c e . ( e m i t t i n g )  l e v e l  of t h e  

i o n  ( s u c h  a s  R1 i n  t h e  d i a g r a m )  l i e s  a t  a n  e n e r g y  wh ich  i s  

e q u i v a l e n t  t o  o r  l e s s  t h a n  t h e  e n e r g y  o f  t h e  l o w e s t  t r i p l e t  

l e v e l ,  TI.  T h i s  e m i s s i o n  a r i s e s  f rom i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r  f rom t h e  t r i p l e t  s t a t e  ( T I )  t o  t h e  r e s o n a n c e  l e v e l  ( R ~ )  

f o l l o w e d  by  r a d i a t i v e  c o m b i n a t i o n s  o f  t h e  r e s o n a n c e  l e v e l  w i t h  

t h e  l ower  l y i n g  i o n  l e v e l s .  The t r a n s f e r  o f  e n e r g y  f rom t h e  

f i r s t  e x c i t e d  s i n g l e t  s t a t e  ( s l )  t o  some lower  l y i n g  r e s o n a n c e  

l e v e l s  o f  t h e  i o n  s u c h  a s  R1 o r  R2, a l t h o u g h  e n e r g e t i c a l l y  

p o s s i b l e ,  was n o t  f o u n d  t o  b e  o p e r a t i v e  i n  t h e  p o p u l a t i n g  o f  

t h e  e l e c t r o n i c  s t a t e s  of t h e  c h e l a t e d  r a r e  e a r t h  i o n .  

D u r i n g  t h e  i n v e s t i g a t i o n s  o f  t h e  p h o s p h o r e s c e n c e  s p e c -  

t r a  o f  t h e  r a r e  e a r t h  c h e l a t e s ,  Whan ( 2 2 )  n o t i c e d  t h a t  t h e  r a r e  



Tr.i p l e t  Rare E a r t h  
I o n  S t a t e s  

p i g ,  ..3.1.1.2. --Energy level' diagram for rare earth 
chelates. 
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e a r t h  i o n  e m i s s i o n s  of t h e  e u r o p i u m  a n d  t e r b i u m  c h e l a t e s  c o u l d  

b e  r e a d i l y  r e c o r d e d  w i t h  t h e  p h o s p h o r e s c e n c e  s p e c t r u m  of t h e  % 

. complexes  t h r o u g h  a  p h o s p h o r o s c o p e ,  w h i l e  t h e  l i n e l i k e  emis- 

s i o n s  c h a r a c t e r i s t i c  o f  t h e  s a m a r i u m  a n d  d y s p r o s i u m  i o n s  were 

. n e v e r -  r e c o r d e d  i n  t h e  p h o s p h o r e s c e n c e  s p e c t r a .  A s  t h e  r e s o l u -  

t i o n  t i m e  o f  t h e  p h o s p h o r o s c o p e  was  1 0 0  m i c r o s e c o n d s ,  i t  was 

c o n c l u d e d  t h a t  t h e  d e c a y  times o f  t h e  samar ium a n d  d y s p r o s i u m  

i o n  e m i s s i o n s  were much l e s s  t h a n  1 0 0  m i c r o s e c o n d s ,  w h i l e  t h e  

d e c a y  times o f  t h e  e u r o p i u m  a n d  t e r b i u m  i o n  e m i s s i o n s  were 

g r e a t e r  t h a n  100 m i c r o s e c o n d s .  B e c a u s e  t h e  s p e c t r o s c o p i c  i n -  

v e s t i g a t i o n s  g a v e  n o  q u a n t i t a t i v e  m e a s u r e  o f  t h e  r a t e  o f  i n t r a -  

m o l e c u l a r  e n e r g y  t r a n s f e r ,  i t  was  n o t  known w h e t h e r  t h e s e  

v a r i a t i o n s  i n  i o n  l u m i n e s c e n c e  d e c a y  times w e r e  d u e  t o  a  s l o w ,  

v a r i a b l e ,  r a t e  d e t e r m i n i n g  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  s t e p  

f o l l o w e d  by  v e r y  f a s t  r a d i a t i v e  d e c a y  of t h e  i o n ,  o r  a  v e r y  

f a s t  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  s t e p  f o l l o w e d  b y  s l o w ,  

v a r i a b l e  r a d i a t i v e  d e c a y  o f  t h e  i o n .  

I n  o r d e r  t o  m e a s u r e  t h e  r a t e  o f  i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r  i n  r a r e  e a r t h  c h e l a t e s ,  t h i s  s t u d y  o f  t h e  l u m i n e s c e n c e  

e x h i b i t e d  b y  t h e  c h e l a t e d  r a r e  e a r t h  i o n s  was  u n d e r t a k e n .  T h e  

e x p e r i m e n t a l  p r o g r a m  c o n s i s t e d  o f  d e t a i l e d  i n v e s t i g a t i o n s  o f  

b o t h  t h e  l u m i n e s c e n c e  s p e c t r a  a n d  t h e  l u m i n e s c e n c e  d e c a y  times 

o f  t h e  c o m p l e x e d  r a r e  e a r t h  i o n s .  

3 .1 .2 .  E m i s s i o n  S p e c t r a  o f  C h e l a t e d  R a r e  E a r t h  I o n s  i n  Or -  

g a n i c  G l a s s e s  . . 
Compounds s e l e c t e d  f o r  t h i s  s t u d y  were c h e l a t e s  o f  t r i -  

v a l e n t  t e r b i u m ,  e u r o p i u m ,  s a m a r i u m ,  a n d  d y s p r o s i u m  d e r i v e d  



from dibenzoylmethane,  benzoylacetone,  o r . a c e t y l a c e t o n e .  These 

c h e l a t e s ,  wi th  the  excep t ion  of DyD3, y i e l d  l i n e l i k e  emiss ion 

c h a r a c t e r i s t i c  of the  complexed r a r e  e a r t h  i on ;  CroSby, Whan, 

and A l i r e  ( 1 8 )  showed t h a t  except  f o r  the  DyD3 c h e l a t e ,  the  

t r i p l e t  l e v e l s  of . the  benzoylacetonate  and dibenzoylmethide 

complexes a r e  of s u f f i c i e n t  energy t o  popu la t e  the  resonance 

l e v e l s  of the  r a r e  e a r t h  i o n s  i n t r amolecu la r  energy t r a n s -  

f e r .  

I n  o rde r  t o  be assured  t h a t  the  resonance l e v e l s  of  t he  

r a r e  e a r t h  ions  i n  the  a c e t y l a c e t o n a t e  c h e l a t e s  would a l s o  be 

populated p r i m a r i l y  through an in t r amolecu la r  energy t r a n s f e r  

p roces s ,  a measure of the s i n g l e t  s t a t e  and t r i p l e t  s t a t e  ene r -  

g i e s  of t he se  complexes. was needed. These d a t a  were ob ta ined  

from the  abso rp t ion  and emiss ion s p e c t r a  of the  GdA3.-H20 com- 

plex.  The s p e c t r a  of t h i s  compound a r e  shown i n  Pig.  3.1.2.1. 

The complex e x h i b i t s  a  s t r o n g  a b s o r p t i o n  maximum a t  approxi -  

mately 35,000 cm.-' and n e g l i g i b l e  abso rp t ion  below 30,000 
- 

ch.  The f i r s t  exc i t ed ,  s i n g l e t  s t a t e  of  the  complex i s  t h e r e -  

- 1 f o r e  placed somewhere between 30,000 cm." and 35,000 cm. , 

No d e t e c t a b l e  d i f f e r e n c e s  could  be found between the  t o t a l  
-, 

emiss ion spectrum and the  phosphorescence spectrum of t h i s  corn-, 

pound. Th i s  i n d i c a t e s  t h a t  t h e  molecular  emiss ion c o n s i s t s  a l -  

most e n t i r e  l y  of long- l ived  phosphorescence. The p o s i t i o n  of 

the  f i r s t  e x c i t e d  t r i p l e t  s t a t e  i s  taken a s  t he  energy of t h e  

f i r s t  d e t e c t a b l e  emiss ion peak on the  high energy s i d e  o f  t he  

phosphorescence band. Th i s  peak l i e s  a t  approximately  25,100 

cm.-'. The f i r s t  e x c i t e d  t r i p l e t  l e v e l  of the  a c e t y l a c e t o n a t e  



P i g  ... . 3 . 1 . 2 . 1 .  - -Emiss ion .  and  a b s o r p t i o n  s p e c t r a  o f  
GdA *HZO. 

a b s o r p t i o n  s p e c t r u m  o f  GdA3-H20 i n  a b s o l u t e  a l c o h o l  
a t  room t e m p e r a t u r e  i n  terms o f  mo la r  e x t i n c t i o n '  
c o e f f i c i e n t  p e r  mole o f  l i g a n d , .  

- - - - -  t o t a l  e m i s s i o n  s p e c t r u m  o f  GdA * H 2 0  i n  a n  EMPA g l a s s  
a t  77'~ i n  u n i t s  o f  r e l a t i v e  p 1 a t e  b l acke .n ing  

-.-.-.- p h o s p h o r e s c e n c e  e m i s s i o n  s p e c t r u m  o f  GdA3-H20 i n  an  
EMPA g l a s s  a t  7 7 O ~  i n  u n i t s  o f , , r e l a t i v e  p l a t e  
b l a c k e n i n g  



4 7  

c o m p l e x e s  i s  t h e r e f o r e  p l a c e d  a ' t  o r  s l i g h t l y  h i g h e r  t h a n  a n  

e n e r g y  o f  2 5 , 1 0 0  t m . - ' - - s u f f i c i e n t l y  e n e r g e t i c  t o  p o p u l a t e ,  

v i a  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r ,  t h e  r e s o n a n c e  l e v e l s  of - 
* 

a l l  f o u r  of  t h e  a b o v e  m e n t i o n e d  r a r e  e a r t h  i o n s .  

An e n e r g y  l e v e l  d i a g r a m  o f  a l l  t h e  p - d i k e t o n e  c h e l a t e  

s y s t e m s  s t u d i e d  i s  p r e s e n t e d  i n  F i g .  3 .1 .2 .2 .  The p o s i t i o n s  

o f  t h e . t r i p l e t  l e v e l s  o f  t h e  c o m p l e x e s  p l u s  t h e  e n e r g i e s  o f  

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

p r e s e n t e d .  The t r i p l e t  l e v e l s  o f  t h e  b e n z o y l a c e t o n a t e  a n d  

d i b e n z o y l m e t h i d e  c h e l a t e s  a r e  t a k e n  f r o m  t h e  p a p e r  b y  C r o s b y ,  

Whan, a n d  A l i r e  ( l a ) ,  w h i l e  t h e  e n e r g i e s  o f  t h e  r a r e  e a r t h  i o n  

s t a t e s  a r e  t h o s e  r e p o r t e d  by  D i e k e  ( 4 )  f o r  t h e  i o n s  i n  t h e  

c r y s t a l l i n e  a n h y d r o u s  c h l o r i d e s .  The r a r e  e a r t h  i o n  l e v e l s  

a r e  l a b e l e d  a c c o r d i n g  t o  t h e  q u a n t u m  number d e s i g n a t i o n s  of 

t h e  p a r e n t  a t o m i c  s t a t e s .  

D e n s i t o m e t e r  t r a c e s  o f  t h e  e m i s s i o n  s p e c t r a  o b s e r v e d  

from t h e  c h e l a t e s  i n  EMPA g l a s s e s  a t  7 7 ' ~  a r e  p r e s e n t e d  i n  F i g .  

3 . 1 . 2 . 3 .  a n d  F i g .  3 .1 .2 .4 .  From t h e  l i n e l i k e  s t r u c t u r e  o f  t h e  

e m i s s i o n ,  i t  i s  e v i d e n t  t h a t  t h e  s p e c t r a  a r i s e  f r o m  r a d i a t i v e  

t r a n s i t i o n s  b e t w e e n  e l e c t r o n i c  s t a t e s  d e r i v e d  f r o m  4 f  e l e c t r o n s .  

L i n e  e m i s s i o n  c h a r a c t e r i s t i c  o f  t h e  r a r e  e a r t h  i o n  was 2 1 ~ 0  

o b s e r v e d  i n  t h e  e m i s s i o n  s p e c t r a  o f  t h e  SmA3-H20 and  DyA3-H20 

* 
C r o s b y ,  Whan, a n d  A l i r e  (18) showed t h a t  t h e  l o w e s t  

t r i p l e t  l e v e l s  o f  d i f f e r e n t  r a r e  e a r t h  i o n s  complexed  w i t h  
t h e  same l i g a n d  l i e  i n  a p p r o x i m a t e l y  t h e  same e n e r g y .  T h e  
e n e r g y  of t h e  t r i p l e t  l e v e l .  o f  t h e  g a d o l i n i u m  t r i s a c e t y l -  
a c e t o n a t e  complex i s  t h u s  t a k e n  a s  t h e  e n e r g y  o f  t h e  l o w e s t  
t r i p l e t  l e v e l  o f  a l l  t h e  r a r e  e a r t h  t r i s a c e t y l a c e t o n a t e s .  



- - - -  - MA, 

- -- - -  - MD, 

F i g .  3 . 1 . 2 . . 2 . - - E n e r g y  l e v e l  d i a g r a m  ' f o r  @ - d i k e t o n e  
c h e l a  tes  - o f  t r i v a l e n t  t e r b i u m ,  e u r o p i u m ,  s a m a r i u m ,  a n d  
d y s p r o s i u m .  

----- t r i p l e t  e n e r g y  l e v e l  o f  t h e  g - d i k e t o n e  c o m p l e x  
i 

r a r e  e a r t h  i o n  l e v e l  

-- r e s o n a r i c e  l e v e l  of t h e  e h e l a t e d  r a r e  e a r t h  i o n  



'Fig.;---3.1.2.3.- mission s p e c t r a  of  p - d i k e t o n ?  
complexes '  o f  t r i v a l e n t  d y s p r o s i u m ,  samarium, and  t e r b i u m  
i n -  EMPA g l a s s e s  a t  7 7 O ~ .  

t r a n s m i s s i o n  r e g i o n  o f  t h e  f i l t e r  s y s t e m  used  
f o r  d e c a y  measurements  

I I l i n e  g r o u p  a r i s i n g  f rom i n d i c a t e d  J-J t r a n s i t i o n  
-. 
.I --- p o s s i b l e  J-J as s ignme ,n t  

(X, f o l l o w e d  by a  g i v e n  number,  i s  t h e  f a c t o r  by which  
t h e  e x p o s u r e .  t ime  had t o  b e  m u l t i p l i e d  i n  o r d e r  t o  r e c o r d  t h e  

. p e a k s  shown i n  t h a t  s p e c t r a l  r e g i o n .  The time r e q u i r e d  t o  
p h o t o g r a p h  t h e  most  i n t e n s e  g r o u p  o f  l i n e s  f o r  a  g i v e n  c.om- 
pound h a s  been  c h o s e n  a s  u n i t y .  E x c i t a t i o n  s o u r c e ,  i n t e n s i t y ,  
geomet ry ,  e t c .  were  a l l  h e l d  c o n s t a n t  f o r  a  s e r i e s ,  o f  ex-  
p o s u r e s  ( d i s p l a c e d  v e r t i c a l l y )  r e c o r d e d  on t h e  same pho to -  
g r a p h i c  p l a t e . f o r  a ' p a r t i ' c u l a r  compound w i t h  t h e  e x p o s u r e s  . 
r e q u i r i n g  p r o g r e s s i v e l y  l o n g e r  times. The f i n a l  t r a c e  f o r  a 
complex i s  a c o m p o s i t e  made up o f  t h e  d e n s i t o m e t e r  t r a c e s  
o b t a i n e d  f rom t h e  s e r i e s  o f  e x p o s u r e s  t a k e n  i n  t h e  d e s c r i b e d  
way. T h i s  a l l o w s  o n e  t o  o b t a i n  a n  e s t i m a t e  o f  t h e  r e l a t i v e  
l i n e  i n t e n s i t i e s  f o r  a  g i v e n  compound, a l t h o u g h  o n l y  a  s emi -  
q u a n t i t a t i v e  one .  No i n t e n s i t y  compa. r i sons  c a n  be  made 
be tween .  d i f f e r e n t  c h e l a t e s  f rom t h e s e  t r a c e s .  ) 





' F i g :  3 . 1 . 2 . 4 . - - E m i s s i o n  s p e c t r a  of - d i k e t o n e  
c h e l a t e s  o f  ' t r i v a l e n t  europ iurn ' in  EMPA g l a s s e s  a t  7 7 O ~ .  
(For d e f i n i t i o n s  of symbols  see F i g .  3 . 1 . 2 . 3 . ) .  
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compounds ,  b u t  b e c a u s e  t h e  e m i s s i o n s  were q u i t e  weak ,  t h e s e  

t w o  c h e l a t e s  w e r e  n o t  i n v e s t i g a t e d  f u r t h e r .  

A l t h o u g h  t r a n s i t i o n s  b e t w e e n  e l e c t r o n i c  s t a t e s  o f  t h e  

f r e e  i o n  w o u l d  g i v e  r i s e  t o  i s o l a t e d  s p e c t r a l  l i n e s ,  t h e  s p e c -  

t r a  o f  t h e  c o m p l e x e d  r a r e  e a r t h  i o n s  a r e  c h a r a c t e r i z e d  b y  

g r o u p s  o f  l i n e s .  The  i n t e r a c t i o n s  b e t w e e n  t h e  4 f  e l e c t r o n s  

a n d  t h e  s u r r o u n d i n g  l i g a n d s  p a r t i a l l y . o r  w h o l l y  remove t h e '  

e l e c t r o n i c  d e g e n e r a c i e s  o f  t h e  e l e c t r o n i c  s t a t e s  o.f t h e  f r e e  

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

r a d i a t i v e  t r a n s i t i o n s  b e t w e e n  t h e s e  v a r i o u s  c r y s t a l  f i e l d  m u l t i -  

p l e t s  o f  t h e  two c o m b i n i n g  s t a t e s  o f  t h e  i o n  w h i c h  g i v e  r i se  

t o  a  g r o u p  o f  l i n e s  i n  t h e  e m i s s i o n  s p e c t r a  o f  t h e  r a r e  e a r t h  

i o n s .  

The  e m i s s i o n  s p e c t r a  o f  t h e  ~ b ~ * ,  sin3*, a n d  D ~ ~ +  i o n s  

a r i s e  f r o m  r a d i a t i v e  t r a n s i t i o n s  o r i g i n a t i n g  a t  o n l y  o n e  r e s o -  

n a n c e  l e v e ' l  y ' i e l d i n g  . a s i n g l e  p r o g r e s s i o n  o f  l i n e  g r o u p s .  Be- 

c a u s e  o f  t h i s  r e l a t i v e  s i m p l i c i t y  o f  t h e  s p e c t r a  t h e s e  g r o u p s  

o f  l i n e s  c a n  be a s s i g n e d  t o  p a r t i c u l a ;  e l e c t r o n i c  t r a n s i t i o n s  

o n  t h e  b a s i s  o f  e n e r g y  d i f f e r e n c e s  o n l y .  S u c h  J-J t r a n s i t i o n s  

a r e  i n d i c a t e d  a b o v e  t h e  s p e c t r a l  l i n e s  i n  F i g .  3 . 1 . 2 . 3 .  

T h e  e m i s s i o n  s p e c t r a  of  t h e  c h e l a t e d  e u r o p i u m  i o n  a r e  

c o m p l i c a t e d  by  t h e  f a c t  t h a t  t h e  e m i s s i o n  a r i s e s  f r o m  two w e l l  

5 c h a r a c t e r i z e d  r e s o n a n c e  l e v e l s  ( D O ,  ' D ~ ) ,  b o t h  o f  w h i c h  a r e  

p o p u l a t e d  - v i a  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  i n  t h e  c h e l a t e s .  

N e v e r t h e l e s s ,  a s s i g n m e n t  o f . t h e  g r o u p s  o f  l i n e s  t o  t r a n s i t i o n s  

a r i s i n g  f r o m  u n i q u e  r e s o n a n c e  l e v e l s  i s  p o s s i b l e  b y  means o f  

t h e  t e c h n i q u e  of r e c o r d i n g  t h e  e m i s s i o n  s p e c t r a  t h r o u g h  a 



B e c q u e r e l  p h o s p h o r o s c o p e .  T h e  t r a n s i t i o n s  o r i g i n a t i n g  a t  t h e  

5 ~ 1  s t a t e  a r e  s o  s h o r t - l i v e d  t h a t  t h e  p h o s p h o r o s c o p e  e f f e c -  

t i v e l y  e l i m i n a t e s  t h e s e  e m i s s i o n s  from t h e  l u m i n e s c e n c e  s p e c -  

t r a .  T h e r e f o r e ,  l i n e s  w h i c h  a p p e a r  i n  b o t h  t h e  t o t a l  e m i s s i o n  

s p e c t r a  a n d  t h e  time r e s o l v e d  e m i s s i o n  s p e c t r a  c a n  b e  a s s i g n e d  

7 d e f i n i t e l y  t o  5~Ot F t r a n s i t i o n s .  A s  c a n  b e  s e e n  i n  F i g .  

3.1.2:4.,  t h r e e  g r o u p s  of weak  l i n e s  c o r r e s p o n d i n g  t o  t r a n s i -  

t i o n s  o r i g i n a t i n g  a t  t h e  5 ~ 1  l e v e l  a p p e a r  i n  t h e  E U ~ +  e m i s s i o n  

-1 s p e c t r a  b e t w e e n  1 7 , 2 5 0  cm.-' a n d  1 9 , 0 0 0  cm. . From t h e  e n e r g y  

l e v e l  d i a g r a m  o f  t h i s  i o n ,  o n e  would  e x p e c t  t o  f i n d  f o u r  ad'- 

d i t i o n a l  g r o u p s  o f  l i n e s  o r i g i n a t i n g  a t  t h e  5~ s t a t e  a t  l o h e r  
1 

f r e q u e n c i e s  i n  t h e  e m i s s i o n  s p e c t r u m .  The i n t e n s i t y  c h a n g e s  

i n  t h e  r e g i o n  o f  6700  61 t o  7 0 0 0  61 o f  t h e  E d 3 - H 2 0  e m i s s i o n  

s p e c t r a  g i v e  o n l y  a  h i n t  o f  t h e  e x i s t e n c e  o f  5 ~ 1  t r a n s i t i o n s .  

O t h e r  p r e d i c t e d  t r a n s i t i o n s  i n  t h e  r e g i o n  o f  t h e  s p e c t r u m  be- 

tween  5800 8 a n d  7 0 0 0  8 a r e  e v i d e n t l y  s o  weak t h a t  t h e y  c a n n o t  

b e  de t ec t ed  b y  t h e  d i f f e r e n c e  b e t w e e n  t h e  t o t a l  e m i s s i o n  s p e c -  

t r u m  and  t h e  time r e s o l v e d  e m i s s i o n  s p e c t r u m .  

3 . 1 . 3 .  L u m i n e s c e n c e  Decay T i m e s  o f  C h e l a t e d  R a r e  E a r t h  I o n s  

i n  O r g a n i c  G l a s s e s  

' The  s t r o n g  i n t e n s i t i e s  p l u s  t h e  l o n g  l i f e t i m e s  o f  t h e  

r a r e  e a r t h  i o n  e m i s s i o n s  f r o m  t h e  e - d i k e t o n e  c h e l a t e s  a l l o w e d  

t h e  l u m i n e s c e n c e  d e c a y s  o f ' t h e  i o n s  t o  b e  r e a d i l y  r e c o r d e d  

w i t h  t h e  a p p a r a t u s  d e s c r i b . e d  i n  S e c t i o n  2.5'. The e m i s s i o n  

f r o m  t h e  r a r e  e a r t h  c h e l a t e  was  p a s s e d  t h r o u g h  l i g h t  f i l t e r  

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



' t r a n s i t i o n s  o r i g i n a t i n g  a t  t h e  l o w e s t  r e s o n a n c e  l e v e l  o f  t h e  

3+ 3+ i o n  t o  r e a c h  t h e  p h o t o m u l t i p l i e r  t u b e .  B e c a u s e  T b  , Sm , 

a n d  D y 3 *  e m i s s i o n s  a l l  o r i g i n a t e  a t  u n i q u e  r e s o n a n c e  l e v e l s ,  

a 1 1  t h e  l i n e s  i n  t h e  s p e c t r a  o f  e a c h  o f  t h e s e  i o n s  h a d  t h e  same 

l u m i n e s c e n c e  d e c a y  t i m e s .  The  s t r o n g e s t  l i n e s  were s e l e c t e d  

f o r  o b s e r v a t i o n .  The l i n e s  i n  t h e  E U ~ *  e m i s s i o n  s p e c t r a  o r i g i -  

n a t i n g  a t  t h e  'D r e s o n a n c e  l e v e l  were s o  weak and  s h o r t - l i v e d  
. 1  

t h a t  a  d i r e c t  m e a s u r e  o f  t h e i r  d e c a y  c o u l d  n o t  b e  o b t a i n e d  

w i t h  t h e .  a p p a r a t u s  u s e d  i n  t h e s e  s t u d i e s .  M e a s u r e m e n t s  were 

r e s t r i c t e d  t o  t h e  s t r o n g  6 1 0 0  a l i n e s  o r i g i n a t i n g  a t  t h e  'DO 

r e s o n a n c e  l e v e l .  The r e g i o n s  o f  t h e  r a r e  e a r t h  i o n  e m i s s i o n  

s p e c t r a  p a s s e d  by  ttie l i g h t  f i l t e r  c o m b i n a t i o n s  a r e  i n d i c a t e d  

by  t h e  c r o s s h a t c h e d  b a r s  i n  F i g .  3 . 1 . 2 . 3 .  a n d  F i g .  3 . 1 . 2 . 4 .  

The  l u m i n e s c e n c e  d e c a y  c u r v e s  o f  t h e  c h e l a t e d  r a r e  e a r t h  

i o n s  a r e  shown i n  A p p e n d i x  5 . 5 .  T h e  s a l i e n t  f e a t u r e s  o f  t h e  . 

l u m i n e s c e n c e  d e c a y s  e x h i b i t e d  by  t h e  m a j o r i t y  o f  s z m p l e s  a r e  

e x e m p l i f i e d  by  t h e  d e c a y  c u r v ' e  shown i n  F i g .  3 . 1 . 3 . 1 .  T h e  

l u m i n e s c e n c e  i n t e n s i t i e s  r o s e  v e r y  r a p i d l y ,  r e a c h e d  a  maximum 

a t  time t,, and  d e c a y e d  s l o w l y ,  t h e  s e m i l o g a r i t h m i c  p l o t , b e -  

coming l i n e a r  a t  l o n g e r  times. 

F o r  a  few o f  t h e  s a m p l e s  s t u d i e d ,  t h e  s e m i l o g a r i t h m i c  

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

become l i n e a r  . a t  l o n g e r  times, b u t  c u r v e d  away fr,om t h e  h o r i -  

z o , n t a l  t i m e  a x i s .  S u c h  d e c a y  c u r v e s  a r i s e  when t h e  m e a s u r e d  

i n t e n s i t i e s  o r i g i n a t e  f r o m  two d i f f e r e n t  e m i t t i n g  s p e c i e s ,  

e a c h  d e c a y i n g  with' a  s l i g h t l y  d i f f e r e n t  l i f e t i m e .  The two 

s p e c i e s  c o u l d  c o r r e s p o n d  t o  t w o  # d i f f e r e n t  i s o m e r s  o f  t h e  r a r e  



T I ME, m icroseconds 

Fig,.;.-.3.1.3.1. --Semilogarithmic plot of the lumi- - 
nescence decay of DyB3*2H20 in EMPA at 7 7 O ~ .  
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e a r t h  c h e l a t e ,  o r  e v e n  t o  two d i f f e r e n t  c h e l a t e  s p e c i e s  fo rmed  

by t h e  i n t e r a c t i o n  o f  some o f  t h e  c h e l a t e  m o l e c u l e s  w i t h  t r a c e  

c o n t a m i n a n t s  i n  t h e  o r g a n i c  g l a s s e s .  The  mathema t i c a  1 a n a  1- 

y s e s  o f  t h e s e  c u r v e d  s e m i l o g a r i t h m i c  d e c a y s  a r e  d i s c u s s e d  i n  

A p p e n d i x  5 . 3 .  

T h e  l u m i n e s c e n c e  d e c a y  c u r v e s  o f  t h e  c h e l a t e d  r a r e  

e a r t h  i o n s  a r e  i n d i c a t i v e  o f  a two s t e p ,  f i r s t  o r d e r ,  e x p o -  

n e n t i a l  d e c a y  mechanism shown s c h e m a t i c a l l y  i n  F i g .  3 . 1 . 3 . 2 .  

For  t h i s  d e c a y  mechanism a  n o n r a d i a t i v e  d e c a y  s t e p  w i t h  a r a t e  

c o n s t a n t  A l ,  i s  f o l l o w e d  by  a  r a d i a t i v e  d e c a y  s t e p  w i t h  2 

r a t e  c o n s t a n t  h2. The i n t e n s i t y  o f  r a d i a t i o n ,  I ,  e m i t t e d  

d u r i n g  t h e  s e c o n d .  d e c a y  s t e p  a s  a f u n c t i o n  o f  t i m e  i s  g i v e n  by  

t h e  e q u a t i o n  

The  p o p u l a t i o n  o f  t h e  e m i t t i n g  s t a t e  i s  assumed  t o  b e  z e r o  a t  

z e r o  time f o r  t h e  d e r i v a t i o n  o f  t h i s  e q u a t i o n  ( 2 9 ) .  A t  t h e  

time tm f o r  w h i c h  t h e  c u r v e  ' r e a , c h e s  a  maximum, t h e  f o l l o w i n g  

r e l a  t i o n s h i p  h o l d s  : 

A s  c a n  b e  d e d u c e d  f r o m  e q u a t i o n  3 . 1 . 3 . 1 . ,  t h e  r a t e  

c o n s t a n t  hi f o r  ' t h e  s l o w e r  o f  t h e  two s t e p s  may b e  o b t a i n e d  

by  m e a s u r i n g  t h e  s l o p e  o f  t h e  l i n e a r  r e g i o n  o f  t h e  p l o t  o f  

I n 1  v e r s u s  t .  A m e a s u r e  o f  As a n d  tm may t h e n  b e  u s e d  v i a  - 
e q u a t i o n  3 . 1 . 3 . 2 .  t o  c a l c u l a t e  t h e  r a t e  c o n s t a n t  hf f o r  t h e  

f a s t e r  o,f t h e  two s t e p s .  B e c a u s e  o f  t h e  symmetry  o f  t h e  two 
L 



.. Fig.- -3.1.3.2. - - S c h e m a t i c  e n e r g y  l e v e l  d i a g r a m  
s h o w i n g  a  two s t e p ,  f i r s t  o r d e r ,  e x p o n e n t i a l  d e c a y  mechanism.  

/VVVVV\r n o n r a d i a  t i v e  d e c a y  

7 r a d i a t i v e  d e c a y  



e q u a t i o n s  w i t h  r e s p e c t  ' t o  ;Il, a n d  Jg, o n e  may a s s i g n  a1 t o  

A f  a n d  h2 t o  As o r  v i c e  v e r s a .  A d d i t i o n a l  e x p e r i m e n t a l  

i n f o r m a t i o n  i s  n e c e s s a r y  t o  make t h e  c o r r e s p o n d e n c e  u n i q u e .  

The  mean l i f e t i m e s  7, a n d  yf ( r e c i p r o c a l s  o f  t h e  r a t e  

c o n s t a n t s )  o f  t h e  l o n g - l i v e d  s t a t e  g i v i n g  r i s e  t o  t h e  s l o w  de- 

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

c a y  s t e p  ' r e s p e c t i v e l y ,  a s  c a l c u l a t e d  f r o m  t h e  l u m i n e s c e n c e  d e -  

c a y  c u r v e s  o f  t h e  r a r e  e a r t h  c h e l a t e s ,  a r e  s u m m a r i z e d  i n  T a b l e  

3 . 1 . 3 . 1 .  I n c l u d e d  i n  t h i s  - t a b l e  a r e  - t h e  d a t a  o n  t h e  c r y s t a l -  

l i n e  h y d r a t e d  r a r e  e a r t h  c h l o r i d e s  r e p o r t e d  by  D i e k e  and  H a l l  

(30). I t  s h o u l d  be p o i n t e d  o u t  t h a t  i n  t h e  c a s e  o f  t h e  r a r e  

e a r t h  c h l o r i d e s ,  t h e  r a r e  e a r t h  i o n  was  e x c i t e d  d i r e c t l y  b y  

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

t h e  r a r e  e a r t h  c h e l a t e ,  t h e  i o n  was  e x c i t e d  v i a  i n t r a m o , l e c u l a r  

e n e r g y  t r a n s f e r  f r o m  t h e  o r g a n i c  l i g a n d .  

. A s  c a n  be s e e n  i n  T a b l e  3 . 1 . 3 . 1 . ,  t h e r e  i s  a  r o u g h  c o r -  

r e s p o n d e n c e  b e t w e e n  t h e  r a d i a t i v e  l i f e t imes  o f  t h e  i o n s  i n  t h e  

i r i o k g a n i c  s a l t s  a n d  ys ,  t h e  l i f e t i m e s  c a l c u l a t e d . f o r  t h e  s l o w  

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

The  l i f e t ime  f o r  t h e  s l o w  s t e p  i s  t h e r e f o r e  a s s i g n e d  t o  t h e  

s e c o n d  r a p i a t i v e  s t e p  o f  t h e  two s t e p  mechanism ( f s  = l/ h i ) ,  

w h i l e  t h e  l i f e t i m e  o f -  t h e  f a s t  s t e p  i s  a s s i g n e d  t o  t h e  i n i -  

t i a l  n o n r a d i a t i v e  d e c a y  s t e p  o f  t h e  mechanism ( Tf = I /  ~ ~ 1 .  

3 .1 .4 .  D e t e r m i n a t i o n .  o f  t h e  Lower L i m i t  o f  t h e  R a t e  o f  I n -  

t r a m o l e c u l a r  E n e r g y  T r a n s f e r  i n  R a r e  . E a r t h  C h e l a  t e s  

Now t h a t  a  u n i q u e  c o r r e s p o n d e n c e  h a s  b e e n  made b e t w e e n  

t h e  two mean l i f e t i m e s  c a l c u l a t e d  f r o m  t h e  l u m i n e s c e n c e  d e c a y  



TABLE 3.1.3.1. 

MEAN LIFETIMES CALCUJATED FROM,THE LUMINESCENCE DECAY 
CURVES OF CHELATED.RARE EARTH IONS 

Mean Lifetime in Microseconds ( a )  

MI3 *2H20 in MD3 in MA * ~ ~ 0 ' i n  MCl3*6HZO 
Rare Earth Transition EM$A at 77OK EMPA at 7 7 O ~  E M ~ A  at 7 7 O ~  S o l ~ d  at 7 7 O ~  

I on Observed Tf T s  6 .7s T' 

(a)~robable error f 10 %. 

(b)~emilogarithmic plot is initially curved; 6 calculated from the linear region 
of the curve at longer times. 

(''~ieke and Hall (30). 

(d)~o D ~ ~ *  emission observed from this chelate. 

(e)~are earth &on emission observed, but intensity of emission was too weak for 
lifetime measurements. 



curves  wi th  the  l i f e t i m e s  of the  two s t e p ,  f i r s t  o r d e r ,  ex- 

p o n e n t i a l  decay mechanism, t h i s  two s t e p  mechanism may be r e -  

l a t e d  t o  the  p o s s i b l e  pa ths  of energy migrat ion i n  r a r e  e a r t h  

c h e l a t e s .  These pa ths  a r e  i n d i c a t e d  i n  t h e  d e t a i l e d  energy 

l e v e l  diagram shown i n  F ig .  3.1.4.1. This  diagram i s  e s sen -  

t i a l l y  the  same a s  t h a t  shown i n  Fig .  3 .1 .1 .2 . . except  t h a t  

v i b r a t i o n a l  l e v e l s  have been added t o  the e l e c t r o n i c  l e v e l s  

of the  complex and known r a t e  c o n s t a n t s  ( exp res sed  i n  r e -  

c i p r o c a l  seconds)  a r e  i n d i c a t e d .  I f  the  complex i s  r a i s e d  t o  

an e x c i t e d  v i b r a t i o n a l  l e v e l  of an e x c i t e d  e l e c t r o n i c  s t a t e ,  

i t  very r a p i d l y  l o s e s  i t s  excess  v i b r a t i o n a l  energy t o  the  s u r -  

rounding l a t t i c e .  The r a t e  c o n s t a n t ,  KIC cor responding  t o  

t h i s  l o s s  of v i b r a t i o n a l  energy i s  be l i eved  t o  be on the  o r -  

- 1 d e r  of  1013 s e c .  (20,311.  Once the complex r.eaches the  

z e r o t h  v i b r a t i o n a l  l e v e l  of the  e x c i t e d  s i n g l e t  s t a t e  S1, i t  

may combine r a d i a t i v e l y  w i t h  the  ground s t a t e  y i e l d i n g  s h o r t -  

l i v e d  (Kf ~ 1 0 ~  s e c .  '') molecular  f  luorescenck.  Because i n -  

t e r s y s  t en  c r o s s i n g  ( r a d i a t i o n l e s s  convers ion from S1 t o  T I )  

competes f avo rab ly  w i t h  f l uo re scence  f o r  the  depopula t ion  of 

the  e x c i t e d  s i n g l e t  s t a t e  ( 1 8 , 2 2 ) ,  t h e  r a t e  c o n s t a n t ,  KIS, a s -  

soc i ' a ted  w i t h  i n t e r sys t em c r o s s i n g  must be on the  o rde r  o f ,  

o r  g r e a t e r  than the  r a t e  c o n s t a n t  a s s o c i a t e d  w i t h  f l u o r e s c e n c e .  

For t h i s  reason ,  the  magnitude of  the  i n t e r sys t em c r o s s i n g  

- 1 r a t e  c o n s t a n t  i s  placed a t  g r e a t e r  than o r  equa l  t o  lo7  s e c .  . 
Since  the  decay of t h e  f l a s h  lamp i s  on the  o rde r  of  two micro- 

seconds,  the  r a t e  cons t a a t ,  KL, a s s o c i a t e d  w i t h  the  pumping of 

5 the  s i n g l e t  s t a t e  i s  given a va lue  of 5 X 1 0  sec.". The r a t e  



F i g . ,  . 3 . 1 . 4 . 1 .  --Energy l e v e l  d i a g r a n  s h o w i n g  p o s s i b l e  
p a t h s  of e n e r g y  m i g r a t i o n  i n  r a r e  e a r t h  c h e l a t e s .  

( R a t e  c o n s t a n t s  a r e  e x p r e s s e d  i n  u n i t s  o f  r e c i p r o c a l  
s e c o n d s .  ) 

---- + t r a n s i t i o n s  v i a  a b s o r p t i o n  of r a d i a t i o n  
- .  

t r a n s i t i o n s  v i a  e m i s s i o n  of r a d i a t i o n  - 
/VVVV\A, r a d i a t i o n l e s s  t r a n s i t i o n s  

. . --~ d e n o t e s  r e s o n a n c e  l e v e l  o f  t h e  r a r e  e a r t h  i o n  



S i n g  l e t  T r i p l e t  Rare Ea r t h  
I o n  States 



c o n s t a n t K t  i s  a s s o c i a t e d  w i t h  i n t r a m o l e c u l a r  e n e r g y  t r a n s -  

f e r ,  a n d  t h e  r a t e  c o n s t a n t  K r  i s  a s s o c i a t e d  w i t h  t h e  d e c a y  

o f  t h e  r e s o n a n c e  l e v e l  o f  t h e  r a r e  e a r t h  i o n .  The  r a t e  c o n -  

s t ' a n t ,  K p ,  a s s o c i a t e d  w i t h  t h e  s p i n - f o r b i d d e n  r a d i a t i v e  com- 

b i n a t i o n s  b e t w e e n  t h e  z e r o t h  v i b r a t i o n a l  l e v e l  o f  t h e  t r i p l e t  

s t a t e  a n d  t h e  g r o u n d  s t a t e  i s  u s u a l l y  much less  t h a n  1 0  3 

' -1 s e c .  . 
The  e x p e r i m e n t a l l y  d e t e r m i n e d  d e c a y  time Ts h a s  a l -  

r e a d y  b e e n  a s s i g n e d  t o  t h e  r a d i a t i v e  s t e p  o f  t h e  two s t e p  

mechanism:  I t  m u s t ,  t h e r e f o r e ,  r e p r e s e n t  t h e  mean l i f e t ime  

of t h e  r e s o n a n c e  l e v e l  o f  t h e  r a r e  e a r t h  i o n .  The  n e g a t i v e  

r e c i p r o c a l  o f  ys i s  t h u s  e q u a l  t o  t h e  r a t e  c o n s t a n t  K r  o f  

F i g .  3 . 1 . 4 . 1 .  The r e m a i n i n g  l i f e t i m e ,  6, w h i c h  i s  c a l c u -  

l a t e d  t o  b e  two m i c r ' o s e c o n d s  f o r  a l l  t h e  s a m p l e s  r e p o r t e d  and  

w h i c h  i s  a s s o c i a t e d  w i t h  t h e  i n i t i a l  s t e p  o f  t h e  two s t e p  mech- 

a n i s m ,  m u s t  be a s s i g n e d  t o  some p r e c e d i n g ,  e n e r g y  t r a n s f e r  s t e p  

i n  t h e  c h a i n  o f  e v e n t s  l e a d i n g  t o  t h e  p o p u l a t i o n  o f  t h e  r e s o -  

n a n c e  l e v e l  o f  t h e  i o n .  T h e r e  a r e  t h r e e  s u c h  s t e p s  t o  b e  con-  

s ide red :  ( a )  p u m p i n g  o f  t h e  s i n g l e t  s t a t e  b y .  t h e  f l a s h  lamp,  

( b )  i n t e r s y s t e m  c r o s s i n g ,  a n d  (c) i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r  from. t h e  t r i p l e t  s t a t e  o f  t h e  c o m p l e x  t o  t h e  r e s o -  

n a n c e  l e v e l  o f  t h e  i o n .  

B e c a u s e  t h e  r a t e  c o n s t a n t  o f  t h e  i n t e r s y s t e m  c r o s s i n g  
7 - 1 

s t e p  i s  g r e a t e r  t h a n  o r  e q u a l  t o  1 0  s e c .  , t h e  mean l i f e -  

time a s s o c i a t e d  w i t h  t h i s  r a t e  c o n s t a n t  i s  l e s s  t h a n  o r  e q u a l  

t o  0 . 1  m i c r o s e c o n d .  I n t e r s y s t e m  c r o s s i n g  o c c u r s  much t o o  f a s t  

t o  a c c o u n t  f o r  t h e  n o n r a d i a t i v e  e n e r g y  t r a n s f e r  p r o c e s s .  For 
- 

a l l  t h e  iompounds s t u d i e d ,  A f  ( w h i c h  i s  e q u a l  t o  1/ff 5 was 
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f o u n d  t o  b e  5  X l o5  sec.". T h i s  c o i n c i d e s  w i t h  t h e  r a t e  c o n -  

s t a n t  KL a s s o c i a t e d  w i t h  t h e  d e c a y  o f  t h e  f l a s h  lamp.  S t e p  

( a ) ,  t h e  r a t e  o f  pumping o f  t h e  s i n g l e t  s t a t e ,  i s  t h e  s t e p  de-  

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

r a r e  e a r t h  i o n .  T h i s  i m m e d i a t e l y  i m p l i e s  t h a t  t h e  t r a n s f e r  o f  

e n e r g y  f r o m  t h e  t r i p l e t  s y s t e m  o c c u r s  a t  a  r a t e  f a s t e r  t h a n  

t h e  d e c a y  o f  t h e  f l a s h  l amp;  - i . ~ .  t h e  r a t e  c o n s t a n t ,  Kt, as- 
s o c i a t e d  - w i t h  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  i n  r a r e  e a r t h  -- 

- 1 c h e l a t e s  - i s  g r e a t e r  -- t h a n  o r  e q u a l  t o  5  X 1 0 5 s e c .  . I n  - 
v i e w  of , t h e  l o n g  l i fe t imes  a s s o c i a t e d  w i t h  t h e  r e s o n a n c e  l e v e l s  

of t h e  c h e l a t e d  r a r e  e a r t h  i o n s  ( t h e  fs v a l u e s  o f  T a . b l e  

3 . 1 . 3 . 1 .  ), i t  may a l s o  b e  c o n c l u d e d  t h a t  i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r  i n  r a r e  e a r t h  c h e l a t e s  o c c u r s  a t  a  r a t e  much t o o  - - .. . ----- 
f a s t  t o  be  c o n t r o l l i n g  t h e  r a t e  o f  d e c a y  o f  t h e  r a r e  e a r t h  --- --- --- 
i o n  r e s o n a n c e  l e v e l s .  - 

3 . 2 .  N a t u r e  o f  t h e  E x c i t e d  . S t a t e s  f r o m  Which I n t r a m o l e c u l a r  -- 
E n e r g y  T r a n s f e r  O c c u r s .  

3 .2 .1 .    rip let S t a t e  E n e r g y  R e q u i r e m e n t s  f o r  I n t r a m o l e c u l a r  

E n e r g y  T r a n s f e r  

From t h e  d a t a  o b t a i n e d  b y  Wha.n ( 2 2 ) ,  i t  was  c o n c l u d e d  

' t h a t  w h e n e v e r  t h e  e m i t t i n g  t r i p l e t  s t a t e  o f  t h e  c h e l a t e  i s  b e -  

low a  r e s o n a n c e  l e v e l  o f  a  r a r e  e a r t h  i o n ,  n o  l i n e  e m i s s i o n  i s  

o b s e r v e d  i n  t h e  e m i s s i o n  s p e c t r a .  T h e r e f o r e ,  '&an p o s t u l a t e d  

t h a t  a n e c e s s a r y  c o n d i t i o n  f o r  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  

f r o m  t h e  e x c i t e d  e l e c t r o n i c  s t a t e s  o f  t h e  c h e l a t e  m o l e c u l e  t o  

t h e  e l e c t r o n i c  s t a t e s  o f  t h e  c h e l a t e d  r a r e  e a r t h  i o n ,  r e s u l t i n g  



6 6  

i n  l i n e  e m i s s i o n  by  t h e  i o n ,  i s  t h a t  t h e  e m i t t i n g  t r i p l e t  

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

t h a n  o r  a t  l e a s t  c l o s e  t o  t h e  e n e r g y  o f  t h e  r e s o n a n c e  ' l e v e l  

o f  t h e  i o n .  

I t  i s  g e n e r a l l y  a c c e p t e d  (31)  t h a t  t h e  e m i t t i n g  l e v e l  

o f  a n  e l e c t r o n i c  s y s t e m  o f  a  g i v e n  s p i n  m u l t i p l i c i t y  i s  t h e  

z e r o t h  v i b r a t i o n a l  l e v e l  o f  t h e  l o w e s t  e l e c t r o n i c  s t a t e  o f  

t h a t  m u l t i p l i c i t y .  I t  i s  . f o r , t h i s  r e a s o n  t h a t  C r o s b y  and  c o -  

w o r k e r s  (18) h a v e  r e p l a c e d .  t h e  term " e m i t t i n g  l e v e l  o f  t h e  

t r i p l e t  s t a t e "  w i t h  " l o w e s t  t r ip le t  s t a t e  o f  t h e  complex.1f  

From a  c a r e f u l  a n a l y s i s  o f  t h e  s p e c t r o s c o p i c  d a t a ,  t h e s e  work-  

ers  c o n c l u d e d  t h a t  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  d i d  n o t  i n -  

v o l v e  t h e  s i m p l e  t r a n s f e r  f r o m  t h e  z e r o t h  v i b r a t i o n a l  l e v e l  

o f  t h e  t r i p l e t  s t a t e  t o  t h e  i o n  r e s o n a n c e  l e v e l .  T h i s  c o p -  

c l u s i o n  was  b a s e d  p r i n c i p a l l y  o n  t h e  o b s e r v a t i o n s  t h a t  t h e  pop-  

u l a t i o n  o f  D ~ ~ +  a n d  ~ r n ~ *  r e s o n a n c e  l e v e l s  & i n t r a m o l e c u l a r  

e n e r g y  t r a n s f e r  f r o m  t h e  t r i p l e t  s t a t e  o f  t h e  t r i s t r i b e n z o y l -  

m e t h i d e  c h e l a t e s  o c c u r r e d  e v e n  t h o u g h  a  m e a s u r e  o f  t h e  p h o s -  

p h o r e s c e n c e  band o f  t h e  c h e l a t e s  p l a c e d  t h e  e m i t t i n g  l e v e l  o f  

t h e  t r i p l e t  s t a t e  b e l o w  t h e  r e s o n a n c e  l e v e l s  o f  t h e  two i o n s .  

T h u s  i t  was c o n c l u d e d  t h a t ,  w h i l e  r a d i a t i v e  d e p o p u l a t i o n  o f  

t h e  t r i p l e t  s t a t e  was assumed  t o  o r i g i n a t e  a t  t h e  z e r o t h  v i -  

b r a t i o n a l  l e v e l  o f  t h e  l o w e s t  t r i p l e t  s t a t e ,  i n t r a m o l e c u l a r  

e n e r g y  t r a n s f e r  c o u l d  o r i g i n a t e  f r o m  some s l i g h t l y  h i g h e r  l e v e l  

o f  t h e  t r i p l e t  s y s t e m .  

An e s t i m a t e  o f  j u s t  how much a b o v e  t h e  l o w e s t  t r i p l e t  

l e v e l  t h e  t r a n s f e r r i n g  l e v e l  may be c a n  be o b t a i n e d  f r o m  t h e  



f o l l o w i n g  d a t a .  DyD3 e x h i b i t s  no l i n e  e m i s s i o n  c h a r a c t e r -  

i s t i c  o f  d y s p r o s i u m .  The r e s o n a n c e  l e v e l  o f  D ~ ~ *  i s  p l a c e d  
. . - 1 a t  2 0 , 9 5 8  cm. ( 3 2 )  w h i l e  t h e  t r i p l e t  s t a t e  o f  t h e  complex 

i s  p l a c e d  a t  2 0 , 5 2 0  cm.-' (18) .  Dyspros ium t r i s  t r i b e n z o y l -  

m e t h i d e ,  however ,  d o e s  e x h i b i t  e m i s s i o n  c h a r a c t e r i s t i c  o f  

' dyspros ium.  The  t r i p l e t  s t a t e  of t h i s  complex i s  p l a c e d  a t  

2 0 , 8 3 3  cm.-' (18).  These  d a t a  would i n d i c a t e  t h a t  t r a n s f e r  

- 1 from a n  uppe r  l e v e l  of a  t r i p l e t  s y s t e m  430  cm. above  t h e  

e m i t t i n g  l e v e l  i s  i m p r o b a b l e ,  b u t  t h a t  t r a n s f e r  f rom a n  u p p e r  

- 1 l e v e l  o f  t h e  t r i p l e t  s y s t e m  o n l y  125  cm. above  t h e  e m i t t i n g  

l e v e ' l  i s  p robab le , .  A s  t h e  p o s i t i o n  o f  t h e  e m i t t i n g  t r i p l e t  

+ l e v e l  c a n  o n l y  b e  e s t i m a t e d  t o  w i t h i n  -50 cm.", and s i n c e  t h e  

p o s i t i o n  of t h e  r e s o n a n c e  l e v e l  o f  D ~ ~ *  i s  d e r i v e d  f rom s p e c -  

t r o s c o p i c  d a t a  on t h e  h y d r a t e d  c h l o r i d e  ' c r y s t a l s ,  n o t  t o o  much 

f a i t h  c a n  be  p l a c e d  on t h e  a c c u r a c y  o f  t h e  above  c a l c u l a t i o n s .  

The q u e s t i o n  a s  t o  w h e t h e r  i n t r a m o l e c u l a r  e n e r g y  t r a n s -  

f e r  d o e s  o c c u r  f r o m  some h i g h e r  components  o f  t h e  t r i p l e t  s t a t e  

o r  f rom t h e  l o w e s t  t r i p l e t  l e v e l  may be  r e s o l v e d  t h r o u g h  con-  

s i d e r a t i o n s  o f  b o t h  t h e  l i f e t i m e '  o f  t h e  e m i t t i n g  t r i p l e t  s t a t e  

and  t h e  r a t e . o f  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r .  F o r ,  w h i c h e v e r  

mechanism i s  p r o p o s e d ,  i t  must  be  c o m p a t i b l e  w i t h  t h e  depopu-  

l a t i o n  r a t e  o f  t h e  t r i p l e t  s y s t e m  by b o t h  phosphorescenc , e  and 

i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  p r o c e s s e s .  

3.2.2'. M o l e c u l a r  P h o s p h o r e s c e n c e  Decay, Times o f  R a r e  E a r t h  

C h e l a  t e s  

L i f e t i m e s  o f  t h e  l o w e s t  e x c i t e d  t r i p l e t  s t a . t e s  o f  t h e  



r a r e  e a r t h  c o m p l e x e s  were d e t e r m i n e d  by m e a s u r i n g  t h e  p h o s -  

p h o r e s c e n c e  d e c a y  times of t h e  c o m p l e x e s .  ( S e e  A p p e n d i x  5 . 4 .  . 

f o r  d e t a i l s . )  An a t t e m p t  was  made t o  m e a s u r e  p h o s p h o r e s c e n c e  
3+ 3+ 

d e c a y  - t imes o f  b e n z o y l a c e t o n a t e  c o m p l e x e s  o f  La , Lu , 
a n d  W i t h  t h e  

e x c e p t i o n  o f  t h e  f i r s t  t h r e e  i o n s  m e n t i o n e d ,  t h e  p h o s p h o r e s -  

c e n c e s  e x h i b i t e d  b y  t h e  c h e l a t e s  d i s s o l v e d  i n  EMPA g l a s s e s  a t  

77O~wex-e t o o  weak t o  o b t a i n  r e l i a b l e  p h o s p h o r e s c e n c e  d e c a y  

m e a s u r e m e n t s .  The r e s u l t s  o n  t h e  l a n t h a n i u m ,  l u t e t i u m ,  a n d  

g a d o l i n i u m  c o m p l e x e s  a r e  s u m m a r i z e d  i n  T a b l e  3 . 2 . 2 . 1 .  T h e  d a t a  

a r e  compared  w i t h  t h o s e  g i v e n  b y  Y u s t e r  a n d  Weissmann ( 3 3 )  f o r  

t h e  p h o s p h o r e s c e n c e  d e c a y s  o f  d i b e n z o y l m e t h i d e  c o m p l e x e s  o f  t h e  

same i o n s .  

The  p h o s p h o r e s c e n c e  d e c a y  times o f  t h e  c h e l a t e s  o f  

~ a ~ +  a n d  L U ~ +  a r e  ' a l m o s t  f i f t y  times l o n g e r  t h a n  t h e  p h o s i  

p h o r e s c e n c e  d e c a y  times o f  t h e  ~ d ~ *  c o m p l e x e s .  ~ h e s e . d i f f e r -  

e n c e s  c a n n o t  be a t t r i b u t e d  t o  v a r i a t i o n s  i n  c o m p e t i n g  i n t r a -  

m o l e c u l a r  e n e r g y  t r a n s f e r  p r o c e s s e s  b e c a u s e  t h e s e  t h r e e  i o n s  

h a v e  n o  l o w - l y i n g  4 f  e l e c t r o n i c  s t a t e s .  The  l a n t h a n u m  i o n  p o s -  

sesses n o  4 f  e l e c t r o n s ,  a n d  t h e  l u t e t i u m  i o n  p o s s e s s e s  a  c l o s e d  

s h e l l  o f  f o u r t e e n  4 f  e l e c t r o n s .  The f i r s t  e x c i t e d  e l e c t r o n i c  

s t a t e  o f  t h e  g a d o l i n i u m  i o n ,  p l a c e d  a t  3 2 , 0 0 0  cm.-' ( 3 4 ) .  i s  

much t o o  h i g h  t o  b e  p o p u l a t e d  - v i a  i n t r a m o l e c u l a r  e n e r g y  ' t r a n s -  

f e r .  Y u s t e r  a n d  Weissman ( 3 3 )  a t t r i b u t e d  t h e  s h o r t  l i f e t i m e  

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

p a r a m a g n e t i c  ~ d ~ +  i o n s  a n d  t h e  e l e c t r o n s  o f  t h e  l i g a n d .  The  

c o m c l u s i o n  d r a w n  b y  t h e  a u t h o r s  was t h a t  t h e  h i g h e r  t h e  p a r a -  



TABLE 3 . 2 . 2 . 1 .  

PHOSPHORESCENCE DECAY T1,MES OF @ -DIKETONE COMPLEXES 
OP LANTHANUM, LUTETIUM, AND GADOLINIUM DISSOLVED 

IN EMPA GLASSES AT 770K 

. . 
Decay Time,  m i l l i s e c o n d s  

Rare Ear,th I o n  MB3-2H20 
( a )  

MD 3 

( a ) ~ a t a  r e p o r t e d  by Y u s t e r  and Weissrnan ( 3 3 ) .  

( b ) ~ o m p l e x  was d i s s o l v e d  i n  an  a b . s o l u t e  e t h a n o l  g l a s s  
a t  , 7 7 O ~ .  
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magnetism of the  complexing i o n ,  the  g r e a t e r  i s  the  proba- 

b i l i t y  f o r  r a d i a t i v e  combinations between the  f i r s t  e x c i t e d  

t r i p l e t  s t a t e  and the s i n g l e t  ground s t a t e .  The p o s t u l a t e d  

i n c r e a s e  i n  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y  would r e s u l t  i n  

a  decreased  l i f e t i m e  f o r  the  t r i p l e t  s t a t e .  

I t  should no t  be concluded t h a t  the  phosphorescence 

l i f e t i m e s  e x h i b i t e d  by the  gadolinium c h e l a t e s  r ep re sen t  the  

s h o r t e s t  phosphorescence l i f e  times poss . ib le  f o r  r a r e  e a r t h  

complexes. There a r e  two o t h e r  r a r e  e a r t h  ions  which h.ave even 

more paramagnetic ground s t a t e s  ( 3 5 ) .  They a r e  ~ 0 ~ '  and D y 3 + ,  

each possess ing  a  paramagnetic mo,ment of ~ 1 0 . 5  Bohr magnetons 

a s  compared t o  the  8 .0  Bohr magnetons of t he  ground s t a t e  of 

Gd3*. S ince  t h e  phospho~escence  l i f e  times of the  complexes 

decreased by a  f a c t o r  of -50 on changing the  cornplexed i o n  

from diamagnet ic  La3* o r  Lu3* i o n s  t o  t he  Gd3* ion  posses s ing  

a  paramagnetic ground s t a t e  of 8 .0  Bohr magnetons, the  phos- 

phorescence l i f e t i m e s  could probably be decreased by a s  much 

a s  a  f a c t o r  of 100 .by forming complexes w i t h  the  more para -  

3+ 
magnetic Ho o r  Dy3+ i o n i  w i t h  ground s t a t e s  of 1 0 . 5 B o h r  

magnetons; i.~., the  phosphorescence l i f e  times of t h e  che la  t e s  

of H O ~ *  o r  D ~ ~ *  could be a s  smal l  a s  one mi l l i s econd .  Thus, 

i f  one' a ccep t s  the  reasoning of Yuster  and Weissman, i t  can be 

es t imated  t h a t  i n  the  absence of i n t r amolecu la r  energy t r a n s -  

f e r ,  the  t r i p l e t  s t a t e  l i f e t i m e s  of r a r e  e a r t h  t r i s b e n z o y l a c e t -  

ona t e  o r  t r i sd ibenzoylmeth ide  c h e l a t e s  a r e  g r e a t e r  than o r  

equa l  t o  one mi l l i s econd .  

~ e a s u r e m e n t s  of phosphorescence decay times of such 

c h e l a t e s  a s  SmBj*2H20, DyB3-2H20 o r  SmD3, i n  which i n t r a -  



m o l e c u l a r  e n e r g y  t r a n s f e r  p r o c e s s e s  c o u l d  p o s s i b l y  b e  c o m p e t -  

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

s t a t e ,  c o u l d  n o t  b e  made d u e  t o  t h e  low i n t e n s i t i e s  of t h e  

p h o s p h o r e s c e n c e s .  E s t i m a t e s  o f  t h e  minimum p h o s p h o r e s c e n c e  

l i fe t imes o.f t h e s e  c h e l a t e s  c a n  ' b e  o b t a i n e d  f r o m  t h e  s p e c t r o -  

s c o p i c  d a t a .  p r e s e n t e d  by  Whan a n d  C r o s b y  ( 2 0 ) .  T h e s e  d a t a  

show t h a t  a l t h o u g h  t h e  c h e l a t e s  EuD3, SmD3, SmB3.2H20, 

DyB3-2H20, HoB3-2H20, a n d  HoD3 a l l  e x h i b i t  r a r e  e a r t h  l i n e  

e m i s s i o n  a r i s i n g  f r o m  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  i n  t h e  

c h e l a t e s ,  a  weak p h o s p h o r e s c e n c e  b a n d  i s  r e c o r d e d  i n  t h e  emis- 

. s ' i o n  s p e c t r u m  o f  e a c h  o f  t'hem. A s  t h e  p h o s p h o r o s c o p e  r e s o l u -  
. , 

t i o n  time was  1 0 0  m i c r o s e c o n d s ,  any,  s a m p l e  e m i s s i o n  r e c o r d e d  

i n  t h e  p h o s p h o r e s c e n c e  s p e c t r u m  m u s t  h a v e  h a d  a  d e c a y  time o f  

n o t  less t h a n  t w e n t y  m i c r o s e c o n d s ,  ( I t  i s  assumed  t h a t  t h e  

1 n t e n s i t y . o f  s a m p l e  e m i s s l o n  beyond  f i v e  mean l i v e s  o f  d e c a y  

i s  much t o o  weak t o  b e  r e c o r d e d  b y  t h e  s p e c t r o g r a p h . )  I t  i s  

c o n c l u d e d  t h a t  t h e  s h o r t e s t  p o s s i b l e  l i f e t i m e  o f  t h e  t r i p l e t  

s t a t e  o f  a r a r e  e a r t h  c h e l a t e ,  i n  w h i c h  i n t r a m o l e c u l a r ' e n e r g y  

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

t i o n  o f  t h e  t r i p l e t  l e v e l ,  i s  t w e n t y  m i c r o s e c o n d s .  

3 .2 .3 .  E l i m i n a t i o n  o f  t h e  E m i t t i n g  L e v e l  o f  t h e  T r i p l e t  S t a t e  

a s  t h e  E n e r g y  T r a n s f e r r i n g  L e v e l  

Two p o s s i b l e  p a t h s  f o r  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  

f r o m  t h e  t r i p l e t  s y s t e m  o f  t h e  complex  t o  t h e  4 f  e l e c t r o n i c  

l e v e l s  o f  t h e  r a r e  e a r t h  i o n  a r e  shown i n  F i g .  3 . 2 . 3 . 1 .  A s  

i n d i c a t e d  i n  t h e  e n e r g y  l e v e l  d i a g r a m s ,  e n e r g y  may b e  t r a n s -  



F i g .  . 3 . 2 . 3 . 1 .  - - P o s s i b l e  p a t h s  f o r  i n t r a m o l e c u l a r  
e n e r g y  t r a n s f e r  i n  r a r e  e a r t h  c h e l a t e s .  ( F o r  d e f i n i t i o n s  o f ,  
s y m b o l s  se,e 3 . 1 . 4 . 1 . )  

A )  t r a n s f e r  o c c u r s  from t h e  lowest t r i p l e t  l e v e l  

B) t r a n s f e r  o c c u r s  from a  v i b r a t i o n a l  ( o r  e l e c t r o n i c )  
l e v e l  above t h e .  lowest t r i p l e t  l e v e l  
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f e r r e d  t o  t h e  r e s o n a n c e  l e v e l  and t o  t h e  lower  l y i n g  l e v e l s  o f  

t h e  i o n .  The r a t e  c o n s t a n t  K t  measu res  t h e  r a t e  o f  d e p o p u l a -  

t i o n  o f  t h e  t r i p l e t  l e v e l  by i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  t o  

a l l  p o s s , i b l e  r a r e  e a r t h  i o n  s t a t e s ,  n o t  j u s t  t h e  r a t e  o f  de- 

p o p u l a t i o n  , t o  t h e  r e s o n a n c e  l e v e l  o f  t h e  i o n  o n l y .  On t h e  b a s i s  

o f  e x p e r i m e n t a l l y .  d e t e r m i n e d  r a t e  c o n s t a n t s  a  c h o i c e  may now b e  

made be tween  t h e  two p roposed  mechanisms o f  F i g .  3 .2 .3 .1 .  

If  t h e  mechanism o f  e n e r g y  t r a n s f e r  shown i n  F i g .  3 .2 . -  

3.1.A i s  . o p e r a t i v e  i n  r a r e  e a r t h  c h e l a t e s ,  t h e n  t h e  l i f e t i m e  o f  

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

t i o n  c o n s t a n t ,  K p ,  a n d  t h e  e n e r g y  t r a n s f e r '  c o n s t a n t ,  K t .  The 

measured mean l i f e t i m e  o f  t h e  t r i p l e t  s t a t e  i n  t h i s  c a s e  i s  

g i v e n  by t h e  e x p r e s s i o n  

The l i fe t ime ,  T ,  of t h e  t r i p l e t  s t a t e  o f  c h e l a t e s  i n  which  

e n e r g y  t r a n s f e r  c o u l d  be  compe t ing  w i t h  r a d i a t i v e  d e c a y  f o r  

t h e  d e p o p u l a t i o n  o f  t h e  t r i p l e t  l e v e l  'was shown i n  t h e  l a s t  

s e c t i o n  t o  be g r e a t e r  t h a n  o r  e q u a l  t o  twen ty  m i c r o s e c o n d s ,  

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

5  t r a n s f e r  i s  5  X 1 0  set.-l. S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  

e q u a t i o n  3.2.3.1. and  s o l v i n g  f o r  K p ,  t h e  r a d i a t i v e  d e c a y  con- 

s t a n t  o f  t h e  t r i p l e t  s t a t e ,  a  v a l u e  o f  -4 .5  X lo5  s e c . "  i s  ob- 

t a i n e d .  T h i s  number i s  a n  a b s u r d i t y  s i n c e  i t  would p r e d i c t  a  

s p o n t a n e o u s  p o p u l a t i o n  of t h e  t r i p l e t  s t a t e  f rom t h e  ground 

s t a t e .  'Thus  e x p e r i m e n t a l  o b s e r v a t i o n s  e l i m i n a t e  t h e  p o s s i b i l i t y  

t h a t  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  o c c u r s  f rom t h e  e m i t t i n g  

l e v e l  of , t h e  t r i p l e t  s t a t e .  Because  t h e  e m i t t i n g  l e v e l  o f  t h e  



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

o f  t h e  l o w e s t  t r i p l e t  s t a t e ,  i n t r a m o l e c u l a r  energy t r a n s f e r  ' 

i n  r a r e  e a r t h  c h e l a t e s  must  o c c u r  f rom some component of  t h e  -- - -- -- 
t r i p l e t  s y s  tem e n e r g e t i c a l l y  h i g h e r  t h a n .  - t h e  - z e r o t h  v i b r a -  

t i o n a l  l e v e l  o f  t h e  l o w e s t  t r i p l e t  s t a t e  o f  t h e  complex. '  Such 
-. - -- 

a  t r a n s f e r  p r o c e s s  i s  shown i n  t h e  e n e r g y  l e v e l  d i a g r a m  o f  F i g .  

3.2.4. I n t r a m o l e c u l a r  Ene rgy  ~ r a n s f e r  R a t e  C o n s t a n t s  f o r  

T r a n s f e r  from. Upper L e v e l s  o f  t h e  T r i p l e t  S t a t e  

I f  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  o c c u r s  f rom some 

h i g h e r  component o f  t h e  t r i p l e t  s y s t e m ,  t h e n  t h e  t r a n s f e r  mech- 

an ism must  compete  w i t h  w h a t e v e r  mechanisms e x i s t  f o r  t h e  i n -  

t e r n a l  c o n v e r s i o n  of  t h e s e  u p p e r  l e v e l s  t o  t h e  e m i t t i n g  l e v e l  

o f  t h e  t r i p l e t  s t a t e .  Not o n l y  must t h e  e n e r g y  t r a n s f e r  mech- 

an i sm compete  w i t h  t h e  i n t e r n a l  c o n v e r s i o n  mechanisms,  b u t  i t  

must compete e f f i c i e n t l y ,  f o r  Whan (22) h a s  shown t h a t  when- 

e v e r  e n e r g y  t r a n s f e r  d o e s  o c c u r  i n  t h e  r a r e  e a r t h  c h e l a t e s ,  

o n l y  weak p h o s p h o r e s c e n c e  i s  o b s e r v e d  i n  t h e  e m i s s i o n  s p e c t r a  

o f  t h e  complexes .  

The e n e r g y  t r a n s f e r  may o c c u r  f rom e i t h e r  a n  e x c i t e d  

v i b r a t i o n a l  l e v e l  o f  t h e  l o w e s t  t r i p l e t  s t a t e  o r  p o s s i b l y  f rom 

o t h e r  n e a r b y  e l e c t r o n i c  components  o f  t h e  lowest t r i p l e t  s t a t e  

o r  f rom o t h e r  n e a r b y  h i g h e r  t r i p l e t  l e v e l s .  I n t e r n a l  c o n v e r -  

s i o n  be tween  v i b r a t i o n a l  s t a t e s  o f  t h e  same e l e c t r o n i c  l e v e l  

o r  be tween  e l e c t r o n i c  s t a t e s  o f  t h e  same s p i n  m u l t i p l i c i t y  i s  

b e l i e v e d  t o  o c c u r  a t  a  v e r y  f a s t  r a t e  c o r r e s p o n d i n g  t o  a  f i r s t  
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o r d e r  r a t e  c o n s t a n t  o f  ~ 1 0 ' ~  set.-l. T h i s  p l a c e s  t h e  r a t e  

c o n s t a n t  f o r  t h e  c o m p e t i n g  t r a n s f e r  p r o c e s s e s  i n  t h e  n e i g h b o r -  , 

hood o f  1013  s e c . - l .  I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  n o t  o n l y  -- -- 
i s  t h e  r a t e  c o n s t a n t  f o r  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  d e f i -  --- - - 

5 -- - b u t  t h a t  t h e  n i t e l y  g r e a t e r  t h a n  o r  e q u a l  t o  5 X 1 0  sec .  , 
- 1 r a t e  c o n s t a n t  c o u l d  b e  a s  h i g h  a s  1 0 1 3  s e c .  . - _I__-- -- 

I t  s h o u l d  be e m p h a s i z e d  a t  t h i s  p o i n t  t h a t  t h e  a r g u -  

m e n t s  p r e s e n t e d ,  i n  t h e s e .  l a s t  two s e c t i o n s  a r e  b a s e d  e n t i r e l y  

o n  t.he a s s u m p t i o n  t h a t  weak p h o s p h o r e s c e n c e s  o b s e r v e d  i n  t h e  

s p e c t r a  o f  t h o s e  r a r e  e a r t h  c h e l a t e s  w h i c h  e x h i b i t  r a r e  e a r t h  

l i n e  e m i s s i o n  a r i s e  f r o m  t h e  same m o l e c u l a r  s p e c i e s  i n  w h i c h  

i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  t o .  t h e  r a r e  e a r t h  i o n  i s  o c -  

c u r r i n g .  I t  c o u l d  be a r g u e d  t h a t  t h e s e  weak m o l e c u l a r  emis- 

s i o n s  a r i s e  f r o m  some d i s s o c i a t i v e  p r o d u c t  o r  t r a c e  c o n t a m i n a n t  

i n  whic,h t h e  m o l e c u l a r  e m i s s i o n  o c c u r s  c o m p l e t e l y  i n d e p e n d e n t l y  

o f  t h e  e n e r g y  t r a n s f e r  p r o c e s s .  An i n s p ' e c t i o n ' o f  t h e  e m i s s i o n  

s p e c t r a  p r e s e n t e d  by  Whan and  C r o s b y  (20) r e v e a  1's. h o w e v e r ,  

t h a t  t h e  p o s i t i o n s  a n d  s t r u c t u r e s  of t h e s e  weak p h o s p h o r e s -  

c e n c e s  a r e  t h e  same o r  v e r y  s i m i l a r  t o  t h e  s t r o n g  p h o s p h o r e s -  

c e n c e s  e x h i b i t e d  b y  t h e  g a d o l i n i u m  c o m p l e x e s ,  t h u s  s u p p o r t i n g  

t h e  c o n t e n t i o n  t h a t  t h e y  d o  i n d e e d  a r i s e  f r o m  t h e  same s p e c i e s  

i n  w h i c h  i n t r a m o l e c u l a r  e n e r g y '  t r a n s f e r  p rocesses ,a re  o c c u r r i n g .  

3.3. Q u e n c h i n g  - of E l e c t r o n i c  S t a t . e s  - o f  Complexed - R a r e  E a r t h  

I o n s  - 

The  a r g u m e n t s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n s  o f  

t h i s  d i s c u s s i o n ' h a v e  b e e n  d e v o t e d  e n t i x e l y  t o  t h e  p r o b l e m  o f  

i n t r a m o l e c u l a r  t r a n s f e r  o f  e l e c t r o n i c  e n e r g y  i n  r a r e  e a r t h  
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c h e l a t e s .  L i t t l e  e m p h a s i s  was  p l a c e d  o n  t h e  r e l a t i v e  magni -  

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

r a r e  e a r t h  i o n s  o t h e r  t h a n  t h a t  t h e  l i f e t imes  were o f  t h e  same 

o r d e r  o'f m a g n i t u d e  a s  t h e  d e c a y  times o f  t h e  r a r e  e a r t h  i o n s  

i n  t h e  h y d r a t e d  i n o r g a n i c  c h l o r i d e  c r y s t a l s .  A t t e n t i o n  w i l l  

now be f o c u s e d  o n  t h e  m a g n i t u d e s  o f  t h e  d e c a y  times o f  t h e  

r a r e  e a r t h  i o n s .  

The d a t a  p r e s e n t e d  i n  T a b l e  3 . 1 . 3 . 1 .  i n d i c a t e  t h a t  t h e  

m e a s u r e d  l i f e t i m e s  vs o f  t h e  r e s o n a n c e  l e v e l s  o f  t h e  c h e l a t e d  

r a r e  e a r t h  i o n s  a r e  i n  g e n e r a l  l o n g e r  t h a n  t h e  l i f e t i m e s  o f  

t h e  i o n  i n  t h e  h y d r a t e d  c h l o r i d e s ,  a t  l e a s t  a t  7 7 ' ~ .  I t  h a s  

b e e n  d e m o n s t r a t e d  t h a t  t h e  i n t r a m o l e c u l a r  e n e r g y  t r a n s f e r  p r o c -  

ess o c c u r s  a t  a  r a t e  much t o o  f a s t  t o  c o n t r o l  t h e  r a t e  o f  de- 

c a y  o f  t h e  r e s o n a n c e  l e v e l s  o f  t h e  r a r e  e a r t h  i o n .  T h u s ,  t h e  

i n c r e a s e d  l i f e t imes  o f  t h e  r e s o n a n c e  l e v e l s  o f  t h e  c h e l a t e d  

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

f o r  d e p o p u l a t i o n  o f  t h e  e l e c t r o n i c  l e v e l .  

T h e r e  a r e  two  g e n e r a l  mechanism's a v a i l a b l e  f o r  t h e  de-  

p o p u l a t i o n  o f  a n  e l e c t r o n i c  s t a t e :  ( a )  l o s s  o f  e l e c t r o n i c  

e n e r g y  - v i a  t h e  e m i s s i o n  o f  r a d i a t i o n  a n d  ( b )  r a d i a t i o n l e s s  

t r a n s i t i o n s  ( q u e n c h i n g  o f  t h e  e l e c t r o n i c  s t a t e )  - v i a  t h e  c o n -  

v e r s i o n  o f  e l e c t r o n i c  e n e r g y  t o  v i b r a t i o n a l  o r  t r a n s l a t i o n a l  

e n e r g y  of t h e  s y s t e m .  T h e  d a t a  o n  t h e  r a r e  e a r t h  c h e l a t e s  d i s -  

s o l v e d  i n  EMPA g l a s s e s  a t  7 7 O ~  were i n s u f f i c i e n t  f o r  d e t e r m i ' n -  

i n g '  w h i c h  o f  t h e s e  tw'o mechan i sms '  p r e d o m i n a t e s  d u r i n g  t h e  

d e p o p u l a t i o n  o f  t h e  r e s o n a n c e  l e v e l s  of t h e  i o n s .  I n  o r d e r  

t o  d e t e r m i n e  t h e  r e l a t i v e  e f f i c i e n c y  o f  e a c h  o f  these  rnechan- 

isms f o r  t h e  d e p o p u l a t i o n  o f  t h e  . e x c i t e d  . e l e c t r o n i c  s t a t e s  o f  
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complexed r a r e  e a r t h  i o n s ,  a  s t u d y  o f  t h e  a b s o r p t i o n  s p e c t r a ;  

e m i s s i o n  s p e c t r a ,  and luminescence  decay t imes  o f  complexed 

r a r e  e a r t h  i o n s  was under ' taken.  These s t u d i e s  were conducted  

on s o l v a t e d  r a r e  e a r t h  c h l o r i d e s ,  r a r e  e a r t h  o x i d e s  d i s s o l v e d  

i n  metapho,sphate g l a s s e s ,  and m i c r o c r y s t a l l i n e  p - d i k e t o n e  

c h e l a  t e s .  

3.3.1.. The E x i s t e n c e  of Quenching 

3.3.1.1. R e l a t i o n s h i p  Between A b s o r p t i o n  S t r e n g t h s  and - 
Luminescence Decay T,imes. - -  The p o s s i b l e  p a t h s  f o r  t h e  depopu- 

l a t i o n  o f  an  e x c i t e d  e l e c t r o n i c  s t a t e  of a  complexed r a r e  

e a r t h  i o n  a r e  shown s c h e m a t i c a l l y  i n  F i g .  3 .3 .1 .1 .1 .  The d e -  

p o p u l a t i o n  mechanisms i n v o l v e  b o t h  r a d i a t i v e  combina t ions  be- 

tween t h e  resonance  l e v e l ,  R ,  and lower e l e c t r o n i c  s t a t e s ,  

Li, a s  w e l l  a s  t h e  n o n r a d i a t i v e  combina t ions  between t h e s e  

s t a t e s .  The p r o b a b i l i t y  c o n s t a n t s  f o r  t h e  fo rmer  t r a n s i t i o n s  

a r e  deno ted  by t h e  K r  , w h i l e  t h e  p r o b a b i l i t y  c o n s t a n t s  f o r  
i 

t h e  l a t t e r  t r a n s i t i o n s  a r e  deno ted  by t h e  Kq . The mean l i f e -  
i 

t i m e ,  T ,  o f  t h e  e l e c t r o n i c  s t a t e  i s  g i v e n  by t h e  r e c i p r o c a l  

of t h e  sum o f '  a l l  t h e  t r a n s i t i o n  p r o b a b i l i t i e s .  

An i n c r e a s e  i n  t h e  l i f e t i m e  o f  t h e  e l e c t r o n i c  s t a t e  o f  an  i o n  

due t o  a change of envi ronment  can. be due t o  a  d e c r e a s e  i n  t h e  
c--. 

t o t a l  p r o b a b i l i t y  f o r  r a d i a t i v e  t r a n s i t i o n s ;  ZK,-, o r  a  d e -  

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



~ i g . ,  I .  9.3.1.1.1.--Paths available for the depopulation 
of an excited electronic state o f  a cornplexed rare earth ion. - radiative transitions 

/VVVVW radiationless transitions 



7 9  x ~ ~ ~ ,  o r  a  c o m b i n a t i o n  of  t h e  two e f f e c t s .  T h e r e  a r e  no  

s i m p l e  methods a v a i l a b l e  f o r  t h e  d i r e c t  e x p e r i m e n t a l  d e t e r m i -  

n a t i o n  of  t h e  t o t a l  n o n r a d i a  t i v e  t r a n s i t i o n  p r o b a b i l i t y  ; b u t  

t h e  magni tude  o f  t h e  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y  o f  one 

p a r t i c u l a r  t r a n s i t i o n  c a n  be  c a l c u l a t e d  f rom t h e  a b s o r p t i o n  

s p e c t r u m  of t h e  t r a n s i t i o n .  

A c c o r d i n g  t o  Barrow ( 3 6 1 ,  t h e  s p o n t a n e o u s  r a d i a t i v e  

t r a n s i t i o n  p r o b a b i l i t y ,  Ag+h,  f o r  r a d i a t i v e  t r a n s i t i o n s  be-  

,tween a n  upper  e l e c t r o n i c  s t a t e  g and a . l o w e r  e l e c t r o n i c  s t a t e  

h i s  r e l a t e d  t o  t h e  a b s o r p t i o n  s t r e n g t h  o f  t h e  t r a n s i t i o n  by - 
t h e  r e l a  t i o n s h i p :  

where  c  i s  t h e  s p e e d  o f  l i g h t ,  

N i s  Avogadro ' s  number,  

5 gh i s  t h e  f r e q u e n c y  o f  t h e  t r a n s i t i o n  i n  wave numbers ,  

~ ( ' 2  ) i s  t h e  molar  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  t r a n -  

s i t i o n  a t  f r e q u e n c y  9 , 

and  i n t e g r a t i o n  i s  pe r fo rmed  o v e r  t h e  r e g i o n  o f  t h e  

a b s o r p t i o n  s p e c t r u m  a t t r i b u t a b l e  t o  t h e  t r a n s i t i o n  

g-h. 

I n  t h e  d e r i v a t i o n  of  t h i s  e q u a t i o n ,  o( ( 9  ) i s  d e f i n e d  by t h e  

e q u a t i o n  : 

0 ~ 8 )  = .T l n  ( I ~ /  I )  3 .3 .1 .1 .3 .  

w h e r e - c ,  1, Io ,  and I a r e  t h e  same q u a n t i t i e s  d e f i n e d  i n  S e c -  

t i o n  2.3.  

S u b s t i t u t i n g  t h e  mo la r  e x t i n c t i o n  c o e f f i c i e n t  O C ( ~  ) w i t h  t h e  



m o l a r  e x t i n c t i o n  c o e f f i c i e n t  (9  )' d e f i n e d  i n  S e c t i o n  2 . 3 .  

( d (5) = 2 . 3 0 3  E (5  ) I ,  r e p l a c i n g  t h e  A g + h  w i t h  K r  , and  
i 

i n t r o d u c i n g  n u m e r i c a l  v a l u e s  f o r  t h e  c o n s t a n t s  i n  e q u a t i o n  

3 . 3 . 1 . 1 . 2 .  r e d u c e s  t h e  r e l a t i o n s h i p  t o  t h e  f o l l o w i n g :  

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

t r o n i c  s t a t e  i s  g i v e n  by  t h e  r e l a t i o n s h i p :  

K r  = LYri 1 

= 2 . 8 8  X 1 0 - 9 x ( ~ f i ) 2 / ~ ( p ) d 9  . 3 . 3 . 1 . 1 . 5 .  

1 
' ' . i t h  band 

I 

- 
I 
l ~ h u s ,  v a r i a t i o n s  o f  t h e  l i f e t imes  o f  e l e c t r o n i c  s t a t e s  

- -. . 
of  t h e - r a r e  e a r t h  i o n s ,  w h i c h  a r e  d u e  p r i m a r i l y  t o  c h a n g e s  o f  

t h e  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s ,  c o u l d  b e  r e a d i l y  d e -  

t e c t e d  t h r o u g h  v a r i a t i o n s  o f  t h e  a b s o r p t i o n  s t r e n g t h s  o f  t h e  

complexed  r a r e  e a r t h  i o n .  Any i n c r e a s e  o f  t h e  r a d i a t i v e  t r a n -  

s i t i o n  p r o b a b i l i t y ,  K r i ,  wou ld  b e  a c c o m p a n i e d  by  a n  i n c r e a s e  

i n  t h e  i n t e g r a t e d  a b s o r p t i o n  s t r e n g t h  (g ) d 3  . 

3 . 3 . 1 . 2 .  A b s o r p t i o n  S t r e n g t h s  - o f  Complexed R a r e  E a r t h  - 
I o n s .  -- - I n  o r d e r  t o  d e t e r m i n e  w h e t h e r  t h e  i n c r e a s e s  i n  t h e  

d e c a y  t i m e s  o f  t h e  c h e l a t e d  r a r e  e a r t h  i o n s  o v e r  t h o s e  o f  t h e  

i o n s  i n  t h e  h y d r a t e d  c h l o r i d e s  w e r e  d u e  t o  a d e c r e a s e  i n  t h e  

r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s ,  a  s t u d y  o f  t h e  a b s o r p t i o n  

s p e c t r a  of t h e  v e r y  weak ( 4 f  In-(4f )" e l e c t r o n i c  t r a n s i t i o n s  

o f  t h e  c o m p l e x e d  r a r e  e a r t h  i o n s  was u n d e r t a k e n .  T h e  s p e c t r a  
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were m e a s u r e d  u s i n g  c o n c e n t r a t e d  s o l u t i o n s  o f  r a r e  e a r t h  

c h e l a t e s  o r  r a r e  e a r t h  c h l o r i d e s  i n  l i q u i d  s o l u t i o n s  a t  room 

t e m p e r a t u r e .  S o l v e n t s  were s e l e c t e d  s o  t h a t  t h e  e n v i r o n m e n t  

o f  t h e  i o n s  i n  t h e  s o l u t i o n s  a p p r o x i m a t e d  t h e  e n v i r o n m e n t  o f  

t h e  r a r e  e a r t h  i o n  i n  t h e  g l a s s e s  or c r y s t a l s  u s e d  f o r  l u m i -  

n e s c e n c e  s t u d i e s .  I d e n t i c a l  s o l v e n t  s y s t e m s  c o u l d  n o t  b e  u s e d  

f o r  t h e  r a r e  e a r t h  c h e l a  t e s ,  h o w e v e r ,  . b e c a u s e  t h e  s o l u b i l i t y  

o f  t h e  c h e l a t e s  i n  EMPA was n o t  h i g h  e n o u g h  t o  d e t e c t  t h e  weak  

t r a n s i t i o n s  t o  be m e a s u r e d .  A l t h o u g h  t h e  a b s o r p t i o n  s p e c t r a  

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

e a r t h  c h l o r i d e s  would  h a v e  b e e n  m o s t  d e s i r a b l e ,  s u c h  c r y s t a l s  

were n o t  a v a i l a b l e  a n d  s o l u t i o n s  were u s e d .  I t  c a n  be r e a -  

s o n a b l y  a s s u m e d ,  h o w e v e r ,  t h a t  t h e  i m m e d i a t e  e n v i r o n m e n t  o f  t h e  

i o n  i n  t h e  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n s  c a n n o t  b e  t o o  much 

d i f f e r e n t  f r o m  t h a t  o f  t h e . i o n  i n  t h e  c r y s t a l l i n e  m a t e r i a l .  The 

v i s i b l e  a b s o r p t i o n  s p e c t r a  o f  c o m p l e x e d  I3u3*, sm3*, a n d  Dy 3+ 

i o n s  a r e  p r e s e n t e d  i n  F i g .  3 . 3 . 1 . 2 . 1 .  t h r o u g h  F i g .  3 . 3 . 1 . 2 . 5 .  

The  a b s o r p t i o n  s p e c t r a  p r e s e n t e d  i n  t h e s e  f i g u r e s  a r i s e  

from t r a n s i t i o n s  f r o m  t h e . g r o u n d  e l e c t r o n i c  s t a t e  o f  t h e  i o n  

t o  u p p e r  e l e c t r o n i c  l e v e l s .  T r a n s i t i o n s  a r e  l a b e l e d  a c c o r d i n g  

t o  t h e  q u a n t u m  number d e s i g n a t i o n s  o f  t h e  p a r e n t  a t o m i c  s t a t e s  

o f  t h e  r a r e  e a r t h  i o n .  A s s i g n m e n t s  a r e  made on t h e  b a s i s  o f  

e n e r g y  d i f f e r e n c e s  d e t e r m i n e d  f r o m  t h e  e n e r g y  l e v e l  d i a g r a m  o f  

F i g .  3 .1 .2 .2 .  A b s o r p t i o n  s p e c t r a  o f  t h e  i o n s  i n  t h e  n e a r  i n -  

f r a r e d  a n d  i n f r a r e d  r e g i o n  o f  t h e  s p e c t r u m ,  w h i c h  c o r r e s p o n d  

t o  t r a n s i t i o n s  b e t w e e n  t h e  g r o u n d  s t a t e  and  low l y i n g  e l e c -  

t r o n i c  s t a t e s  of t h e  i o n ,  a r e  n o t  shown. As t h e  e l e c t r o n i c  



Pig. -3.3.1.2.1.--The 7 ~ 0 + 5 ~  transition o f  the 8 E U ~ +  i o n  in various environhents at 25 C. , 

----- 0.21 M EuC13 in water 

0.01 M EuD3 i n  benzene 
. - . .  - .  

. . . . . . . . . .-. 0.01 M EuB3-2H2O .in' acetone 

0.01 M EuA3*H20 in acetone 



. . 

7 5 3+ p i g .  . . 3 . 3 .1 .2 .2 .  --The Po--.' Dl  t r a n s i t i o n  of t h e  
Bu i o n  i n  v a r i o u s  e n v i r o n m e n t s  a t  25%. 

----- 0 .21  M EuC13 i n  w a t e r  

0 .01  M'EuD3 i n  b e n z e n e  

-.-.. .... -. 0 .01  M E u B ~ , = ~ H . ~ O  i n  a c e t o n e  

-.-.-.- 6 . 0 1  M E u A 3 * H 2 0  i n  a c e t o n e  . . 



5 F i g .  3.3-1.2'.3.- h he 7 ~ 0  - D 2  t r a n s i t i o n  o f  
. t h e  E U ~ +  i o n  i n  v a r i o u s  e n v i r o n m e n t s  a t  2 5 O ~ .  

----- 0 . 2 1  M EuC13 i n  w a t e r .  M e a s u r e d  e x t i n c t i o n  
c o e f f i c i e n t s  f o r  t h i s  s o l u t i o n  , h a v e  b e e n  m u l t i -  
p l i e d  b y  a f a c t o r  of t e n  i n  o r d e r  t h a t .  t h e  -- 
a b s o r p t i o n  ' c u r v e  b e  v l s i b l e  o n  t h e  f i g u r e  

0 . 0 1  M EuD3 i n  b e n z e n e  

- . . . . . . . . . . . . . 0 . 0 1  M ~ u ~ j . 2 ~ ~ 0  i n  a c ' e t o n e  

- . - . - . -  0 . 0 1  M .  EuA3-H20 i n  a c e  t o n e  





Fig. 3.3.1.2.4.--Visible absorption spectrum of the 
sn3+ ion in various environments at 250C. 
- - - - -  0.24 M SmC13 in water 

0.01 M SmD3 in acetone 

.... -..-.-. 0.01 M,SmB3*2H20 in acetone 
-.-. -. - resolution of SmD3 spectrum into two J-J 

.transit ions 

I 1 probable J-J transitions 





F i g .  3 . i . l . 2 . 5 .  - - V i s i b l e  a b s o r p t i o n  s ectrum g of t h e  D ~ ~ +  i o n  in .  v a r i o u s  environments  a t  2 5  C .  

----- . 0 . 2 1  M DyC13 i n  water  

- . . . . . . . . . . 0 . 0 1  M DyB3*2H20 i n  a c e t o n e  

-.-.-.- 0 . 0 1  M DyA3-H20 i n  a c e t o n e  

I-I probab le  J-J  t r a n s i t i o n  
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s t a t e s  o f  t h e  i o n  l y i n g  j u s t  above  t h e  ground s t a t e  a r e  t o o  

h i g h  i n  e n e r g y  t o  be t h e r m a l l y  p o p u l a t e d  , a t  room t e m p e r a t u r e ,  

a b s o r p t i o n  bands  c o r r e s p o n d i n g  t o  t r a n s i t i o n s  be tween  t h e s e  

low l y i n g  s t a t e s  and t h e  uppe r  r e son , ance  l e v e l s  c o u l d  n o t  be  

r e c o r d e d .  

T h r e e  d i s t i n c t  t r a n s i t i o n s  a r e  o b s e r v e d  i n  t h e  v i s i b l e  

a b s o r p t i o n  s p e c t r u m  o f  t h e  E U ~ *  i o n .  They a r e  shown i n  t h e  

f i r s t  t h r e e  f i g u r e s .  These  t r a n s i t i o n s  o c c u r  be tween  t h e  7 ~ 0  

ground s t a t e  o f  t h e  i o n  and  t h e  f i r s t  t h r e e  u p p e r  5~ s t a t e s , .  

For  sm3* t h e  a b s o r p t i o n  bands  c o r r e s p o n d i n g  t o  t h e  t r a n s i t i o n s  

6 between  t h e  ground s t a t e  ( H ) and  t h e  f i r s t  two upper  
5/2 

s t a t e s  ( 4 ~  
5  /2 

and  ?) a r e  shown i n '  F i g .  3 .3 .1 .2 .4 .  w h i l e  t h e  

t r a n s i t i o n s  be tween  t h e  ground s t a t e  and t h e  f i r s t  t h r e e  u p p e r  

l e v e l s  o f  t h e  Dy3+ i o n  a r e  shown i n  P i g .  3 .3 .1 .2 .5 .  

A s  c a n  be s e e n  i n  P i g .  3 .3 .1 .2 .1 . ,  t h e  7~ + 5 ~  t r a n -  
0 0  

s i t i o n  o f  EuC13 a p p e a r s  a  few hundred  wave numbers t o  t h e  low 

f r e q u e n c y  s i d e  o f  t h e  same t r a n s i t i o n  i n  t h e  c h e l a t e d  E U ~ *  i o n .  

Because  e a c h  o f  t h e  e l e c t r o n i c  l e v e l s  i n v o l v e d  i n  t h i s  t r a n s i -  

t i o n  i s  n o n d e g e n e r a t e  (J = 0, f o r  b o t h  s t a t e s ) ,  o n l y  one e l e c -  

t r o n i c  band s h o u l d  be  o b s e r v e d  i n  - a b s o r p t i o n  s p e c t r a  f o r  t h i s  

t r a n s i t i o n .  The a p p e a r a n c e  o f  t h e  EuC13 a b s o r p t i o n  band a t  

lower  f r e q u e n c i e s  t h a n  t h e  c h e l a t e s  must  be a t t r i b u t e d  t o  a  

s i g n . i f i c a n t  d i f f e r e n c e  i n  t h e  l o c a l  e n v i r o n m e n t  o f  t h e . e u r o p i u m  

i o n .  M i l l e r ,  S a y r e ,  and F r e e d  ( 3 7 )  r e p o r t  t h a t  f o r  EuC13 d i s -  

s o l v e d  i n  a  w a t e r - a l c o h o l  m i x t u r e ,  a weak a b s o r p t i o n  band a t  

-17,000 ern.-' was r e a d i l y  d i s c e r n i b l e ,  w h i l e  f o r  EuC13 d i s -  

s o l v e d  i n  anhydrous  .me thano l ,  two a b s o r p t i o n  bands  were  r e -  
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- 1 - 1 c o r d e d ,  one a t  - 1 7 , 3 0 0  cm. and  t h e  o t h e r  a t  -17 ,000  c m .  . 
I t  would a p p e a r  t h a t  i n  t h e  c a s e  o f  EuC13 i n  a n h y d r o u s  meth- 

a n o l ,  two e n ' t i r e l y  d i f f e r e n t  E U ~ +  s p e c i e s  were  b e i n g  fo rmed ,  

5 e a c h  g i v i n g  r i s e  t o  a  s e p a r a t e  7 ~ 0 +  D t r a n s i t i o n  i n  t h e  a b -  0  

s o r p t i o n  s p e c t r u m .  I f  t h i s  i s  t r u e ,  t h e  a p p e a r a n c e  of 

7  F ~ + ~ D ~  a b s o r p t i o n  bands  i n  d i f f e r e n t  r e g i o n s  of t h e  a b s o r p -  

t i o n  ' spec t rum o f  s u c h  d i s s i ' m i l a r  s p e c i e s  !as c h e l a t e d  
. ------ :. 

E U ~ +  and h y d r a t e d  E U ~ +  i s  n o t  s u r p r i s i n g .  The a p p e a r a n c e  o f  

a d d i t i o n a l  " f i n e  s t r u c t u r e M  i n  t h e  a b s o r p t i o n  bands  shown i n  

F i g .  3.3.1.2.1.  i s  p r o b a b l y  d u e  t o  i n s t r u m e n t a l  e r r o r .  T h i s  

i n s t r u m e n t a l  e r r o r  a r i s e s  f rom t h e  f a c t  t h a t  t h e  measured ab -  

s o r p t i o n  i n t e n s i t i e s  were a b o u t  0 .01  a 'bsorbance  u n i t s  o r  l e s s .  

Such low a b s o r p t i o n  i n t e n s i t i e s  a r e  a l m o s t  i n  t h e  range of n o r -  

mal i n s t r u m e n t a l  n o i s e .  The p o s s i b i l i t y  s t i l l  e x i s t s ,  however ,  

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

i n t e r a c t i o n s .  

T r a n s i t i o n s  be tween  t h e  nondegene ra  t e  7~ and t h e  three-  
0  

f o l d  d e g e n e r a t e  5 ~ 1  s t a t e  ( d e g e n e r a t e  i n  t h e  f r e e  i o n )  shown i n  

F i g .  3 .3 .1 .2 .2 .  a r e  c h a r a c t e r i z e d  by t h r e e  a b s o r p t i o n  peaks  i n  

t h e  c h e l a t e  s p e c t r a  w h i l e  o n l y  a  s h a r p  peak  a t  -19 ,000  c m .  - 1 

p l u s  a  h i n t  o f  a  .band a r o u n d  1 8 , 7 0 0  cm." a r e  f o u n d  i n  t h e  

c h l o r i d e  a b s o r p t i o n  s p e c t r u m .  The a p p e a r a n c e  o f  t h r e e  a b s o r p -  

t i o n  peaks  i n  t h e  c h e l a t e d  E U ~ *  i o n  a b s o r p t i o n  s p e c t r a  i n d i -  

c a t e s  t h a t  t h e  l i g a n d  f i e l d  of t h e  @ - d i k e t o n e  c h e l a t e s  com- 

p l e t e l y  removes t h e  e l e c t r o n i c  d e g e n e r a c y  o f  t h e  5 ~ 1  s t a t e .  

T h i s  l a t t e r  r e s u l t  may be used  t o  o b t a i n  i n f o r m a t i o n  a b o u t  

t h e  symmetry o f  the l i g a n d  f i e l d  p e r t u r b i n g  t h e  c h e l a t e d  E U ~ +  



i on .  

An i n s p e c t i o n  of t he  symmetry group c o r r e l a t i o n  t a b l e s  

p resen ted  by  P r a t h e r  ( 3 8 )  i n d i c a t e s  t h a t  t h e  l i gand  f i e l d  of 

E U ~ +  c h e l a t e s  may belong t o  any one of a  number of symmetry 

po in t  groups and s t i l l  complete ly  remove t h e  t h r e e f o l d  e l e c -  

t r o n i c  degeneracy of the  5~ s t a t e .  The range of cho ice  may 
1 

. b e  narrowed, however, by cons ide r ing  on ly  p o i n t  groups con- 

- s i s t e n t  wi th  t h e  s t r u c t u r a l  model i l l u s t f a t e d .  i n  F ig .  3 .1 .1 .1 .  

The l i gand  f i e l d  may a r i s e  from an o c t a h e d r a l  arrangement of 

oxygen atoms a b o u t  the  E U ~ +  i on  and thus  belong t o  t he  Oh 

po in t  group,  o r  i t  may a r i s e  from a  t r i g o n a l l y  d i s t o r t e d  

o c t a h e d r a l  arrangement of oxygen atoms and belong t o  t h e  D3 

group. I f  s o l v e n t  molecules (wate r  o f .  hyd ra t ion ,  - e t c . )  a r e  

l oca t ed  on the  t h r e e  f o l d  a x i s . o f  t he  system, t he  f i e l d  may be 

reduced t o  t he  C j  poin t  group. An i n s p e c t i o n  of P r a t h e r ' s  

t a b l e s  i n d i c a t e s  t h a t  l i gand  f i e l d s  belonging . . to the  C3 group 

complete ly  remove the  e l e c t r o n i c  degeneracy of t h e  5 ~ 1  s t a . t e ;  

whi le  f i e l d s  belonging t o  t he  D3 group s p l i t  t h e ' J  = 1 l e v e l  

i n t o  two s t a t e s ,  and f i e l d s  belonging t o  t h e  Oh group do not  

s p l i t  t he  J = 1 l e v e l .  I t  i s  t h e r e f o r e  concluded t h a t  t h e  

l i gand  f i e l d  pe r tu rb ing  the  c h e l a t e d  europium ion  belongs t o  

t h e  C3,symmetry po in t  group. This  would mean t h a t  o t h e r  atoms 

b e s i d e s  t h e  s i x  oxygen atoms of  the  t h r e e  l i gands  a r e  con- 

t r i b u t i n g  t o  t he  l igand  f i e l d .  

The exac t  symmetry of the  l i gand  f i e l d  pe r tu rb ing  the  

hydrated r a r e  e a r t h  i o n  in . aqueous  s o l u t i o n s  cannot  be deduced 

from t h e  abso rp t ion  spectrum s i n c e  l i t t l e  i s  known about t h e  



3+ 
a r r a n g e m e n t  of  t h e  w a t e r  m o l e c u l e s  a b o u t  t h e  E u  i o n .  N e v e r -  

I t h e l e s s ,  i t  c a n  b e  s t a t e d  t h a t ,  b e c a u s e  t h e  PO+.'D1 t r a n s i -  

t i o n  o f  h y d r a t e d  8 u 3 +  i s  c h a r a c t e r i z e d  b y  two  b a n d s ,  t h e  l i g a n d  

f i e l d  c a n n o t  p o s s e s s  o c t a h e d r a l  symmet ry .  I f  t h e  f i e l d  d i d  

p o s s e s s  s u c h  a  h i g h  d e g r e e  o f  s y m m e t r y ,  i t  would  n o t  s p l i t  t h e  

t r i p l y  d e g e n e r a t e  5 ~ 1  s t a t e  o f  t h e  i o n .  

An a n a l y s i s  o f  t h e  7 ~ 0 + 5 ~ 2  a b s o r p t i o n  b a n d s  shown i n  

F i g .  3 .3 .1 .2 .3 .  c a n n o t  be made d u e  t o  p o o r  r e s o l u t i o n  o f  t h e  

p e a k s .  B e c a u s e  t h e r e  i s  s o  l i t t l e  known a b o u t  t h e  J q u a n t u m  

numbers  of  t h e  u p p e r  e l e c t r o n i c  i e v e l s  o f  t h e  sm3* a n d  D~~~ 

i o n s ,  i n f o r m a t i o n  a b o u t  t h e  c r y s t a l  f i e l d  s p l i t t i n g  o f  t h e  

e l e c t r o n i c  s t a t e s  o f  t h e s e  i o n s  c o u l d  n o t  b e  o b t a i n e d  f r o m  t h e  

a b s o r p t i o n  s p e c t r a .  P r o b a b l e  J-J a s s i g n m e n t s  o f  a b s o r p t i o n  

b a n d s  a r e  i n d i c a t e d  i n  t h e  f i g u r e s .  

3 . 3 . 1 . 3 .  E x p e r i m e n t a l  E v i d e n c e  - f o r  Q u e n c h i n g  -- o f  t h e  

E l e c t r o n i c  S t a t e s  of R a r e  E a r t h  I o n s .  -- A s u r v e y  o f  t h e  a b -  

s o r p t i o n  s p e c t r a  p r e s e n t e d  i n  t h e  l a s t  s e c t i o n  r e v e a l s  t h a t  

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

i n  g e n e r a l  much g r e a t e r  t h a n  t h e  a b s o r p t i o n  s t r e n g t h s  o f  t h e  

r a r e  e a r t h  i o n s  i n  a q u e o u s  s o l u t i o n .  The i n c r e a s e d  a b s o r p -  

t i o n  s t r e n g t h s  a r i s e  from a  l o w e r i n g  of t h e  symmetry  o f  t h e  

e l e c t r o s t a t i c  f i e l d  s u r r o u n d i n g  t h e  c o m p l e x e d  r a r e  e a r t h  i o n .  

R a d i a t i v e  t r a n s i t i o n s  b e t w e e n  t h e  4 f  e l e c t r o n i c  s t a t e s  o f  t h e  

r a r e  e a r t h  i o n  i n v o l v i n g  t h e  e m i s s i o n  o r  a b s o r p t i o n  o f  e l e c -  

t r i c  d i p o l e  r a d i a t i o n  a r e  s t r i c t l y  f o r b i d d e n  when t h e  i o n  i s  

i n  a n  e l e c t r o s t a t i c  e n v i r o n m e n t  w h i c h  p o s s e s s e s  a n  i n v e r s i o n  

c e n t e r  o f  symmet ry .  The e l e c t r o s t a t i c  f i e l d  d u e  t o  t h e  s i x  
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w a t e r  m o l e c u l e s  s u r r o u n d i n g  t h e  r a r e  e a r t h  i o n  i n  a q u e o u s  s o l u -  

t i o n s  p o s s e s s e s  s u c h '  a  c e n t e r  o f  symmetry  ( 3 7 ) .  T h e  e l e c t r o -  

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

ment o f  c h e l a t e  o x y g e n  a t o m s  a b o u t  t h e  r a r e  e a r t h  i o n  w o u l d  

n o t  p o s s e s s  t h i s  i n v e r s i o n  c e n t e r  o f  symmet ry .  T r a n s i t i o n s  

i n v o l v i n g  s t r o n g  e l e c t r i c  d i p o l e  r a d i a t i o n  w o u l d  b e  a l l o w e d  i n  

t h i s  s i t u a t i o n  t h u s  a c c o u n t i n g  f o r  t h e  i n c r e a s e d  a b s o r p t i o n  

s t r e n g t h s  o f  t h e  c h e l a t e d  r a r e  e a r t h  i o n s .  

S p o n t a n e o u s  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  o f  t h e  ' 

t r a n s i t i o n s  i d e n t i f i e d  i n  t h e  a b s o r p t i o n  s p e c t r a  a r e  l i s t e d  i n  

T a b l e  3 .3 .1 .3 .1 .  T h e  t r a n s i t i o n  p r o b a b i l i t i e s  were computed  

a c c o r d i n g  t o  e q u a t i o n  3 . 3 . 1 . 1 . 4  i n  w h i c h  t h e  f r e q u e n c y  o f  t h e  

s t r o n g e s t  a b s o r p t i o n  p e i k  o f  t h e  t r a n s i t i o n  was t a k e n  a s  t h e  

a v e r a g e  f r e q u e n c y  o f  t h e  t r a n s i t i o n .  W i t h  t h e  e x c e p t i o n  of 

SmD3, t h e  a b s o r p t i o n  b a n d s  b e l o n g i n g  t o  d i f f e r e n t  J-J t r a n s i -  

t i o n s  were c l e a r l y  s e p a r a t e d  s o  t h a t  n o  d i f f i c u l t i e s ' w e r e  e n -  

c o u n t e r e d  i n  t h e  i n t e g r a t i o n  o f  t h e  a b s o r p t i o n  s t r e n g t h s .  I n -  

t e g r a t i o n  o f  t h e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t s  o v e r  a g i v e n  

absorption band  was d o n e  by  t h e  t e c h n i q u e  of  " c o u n t i n g  s q u a r e s . "  

I n  t h e  c a s e  o f  SmD3, t h e r e  i s  n o  d i s t i n c t  d i v i s i o n  i n  t h e  sb-  

s o r p t i o n  s p e c t r u m  b e t w e e n  t h e  d i f f e r e n t  J-J t r a n s i t i o n s .  On 

t h e  o t h e r  h a n d ,  t h e  a b s o r p t i o n  s p e c t r a  o f  SmC13 a n d  SmB3-2H20 

a r e  c l e a r l y  d i v i d e d  i n t o  two d i s t i n c t  t r a n s i t i o n s .  By com- 

p a r i n g  t h e  s p e c t r u m  o f  SmD3 : w i t h  t h e  s p e c t r a  o f  t h e  l a t t e r  

two c o m p l e x e s ,  t h e  a b s o r p t i o n  b a n d  o f  SmD3 was r e s o l v e d  i n t o  

t w o  b a n d s - - o n e  c o r r e s p o n d i n g  t o  e a c h  o f  t h e  J-J t r a n s i t i o n s  

o b s e r v e d  i n  t h e  s p e c t r a  o f  t h e  o t h e r  two  sa.marium c o m p l e x e s .  



TABLE '3.3.1.3.1.  

RADIATIVE TRANSITION PROBABILITIES FOR ELECTRONIC 
TRANSITIONS I N  COMPEXED RARE EARTH IONS 

I on T r a n s i t i o n  ( c )  . Average .  Spon taneous  R a d i a t i v e  T r a n s i t i o n  P r o b a b i l i t y  
Frequency  of i n  u n i t s  o f  s e c . ' l  ( a )  
T r a n s i t i o n ,  

cm.-I .MC13 -nH20 MA3-H2.0 MB3-2H20 m3 

( a ) ~ c c u r a c y  o f  r e s u l t s  i s  a b o u t  t 35 %. 
( b ) A b s o r p t i o n  s p e c t r a  o f  t h e s e  compounds, n o t  t a k e n .  

( c ) ( R ) '  d e n o t e s  t r a n s i t i o n s  o r i g i n a t i n g  from a  r e s o n a n c e  l e v e l  of t h e  c h e l a t e d  r a r e  
e a r t h  i o n .  



- 1 Joos ,  and Hel lwege  ( 3 9 ) .  r e p o r t  a  v a l u e  o f  0.0276 sec.  

7 f o r  t h e  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y  of t h e  ' D ~ - + F ~  

t r a n s i t i o n  of  E U ~ *  i n  t h e  m i c r o c r y s t a l l i n e  h y d r a t e d  c h l o r i d e .  

m he v a l u e  o f  0.026' set.-I c a l c u l a t e d  h e r e  f rom t h e  a b s o r p t i o n  

s p e c t r u m  of t h e  E U ~ *  i o n  i n  a n  aqueous  s o l u t i o n  i n d i c a t e s  t h a t  

f o r  t h e s e  two d i f f e r e n t  p h y s i c a l  s y s t e m s  t h e r e  is l i t t l e  d i f -  

f e r e n c e  i n  t h e  l o c a l  e n v i r o n m e n t  of t h e  E U ~ +  i o n .  The d a t a  

p r e s e n t e d  i n  T a b l e  3 .3 .1 .3 .1 .  a l s o  show t h a t  t h e  p r o b a b i l i t i e s  

f o r  r a d i a t i v e  t r a n s i t i o n s  i n  c h e l a t e d  r a r e  e a r t h  i o n s  a r e , . i n  

g e n e r a l ,  e q u a l  t o  o r  g r e a t e r  t h a n  t h e  p r o b a b i l i t i e s  f o r  r a d i a -  

t i v e  t r a n s i t i o n s  i n  h y d r a t e d  r a r e  e a r t h  c h l o r i d e s .  I t  is r e a -  

s o n a b l e  t o  assume t h a t  t h e r e  i s  a l s o  a  c o r r e s p o n d i n g  change  i n  

t h e  r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t r a n s i t i o n s  be tween  

t h e  e m i t t i n g  l e v e l  (R) and t h e  e l e c t r o n i c  l e v e l s  l y i n g  j u s t  

above  t h e  ground s t a t e  o f  t h e  i o n - - t r a n s i t i o n s  which  c o u l d  n o t  

b e  s e e n  i n  t h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  i o n .  I n  v iew o f  

t h e s e  r e s u l t s ,  i t  c a n  be  c o n c l u d e d  t h a t  v a r i a t i o n s  i n  t h e  r a -  

d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  n o t  c a u s i n g  t h e  o b s e r v e d  

d i f f e r e n c e s  be tween  t h e  d e c a y  t i m e s  o f  t h e  h y d r a t e d  r a r e  e a r t h  

i o n s  and  t h e  c h e l a t e d  r a r e  e a r t h  i o n s .  I f  t h e  d e p o p u l a t i o n  

o f '  t h e  e l e c t r o n i c  s t a t e s  o f  t h e  i o n  o c c u r r e d  o n l y  t h r o u g h  emis -  

s i o n  o f  r a d i a t i o n ,  t h e  d a t a  i n  T a b l e  3 .3 .1 .3 .1 .  would i n d i c a t e  

t h a t  t h e  l i f e t i m e s  of t h e  c h e l a t e d  i o n s  s h o u l d  be  s h o r t e r ,  

t h a n  t h e  l i f e t i m e s  o f  t h e  h y d r a t e d  c h l o r i d e s .  The o b s e r v e d  

i n c r e a s e  i n  l i f e t i m e s  g o i n g  f r o m  t h e  h y d r a t e d  c h l o r i d e  e n v i r o n -  

ment t o  t h e  c h e l a t e  e n v i r o n m e n t  c a n  o n l y  mean t h a t  r a d i a t i v e .  

t r a n s i t i o n s  p l a y  a  minor  r o l e  i n  t h e  d e p o p u l a t i o n  of  t h e  



r e s o n a n c e  l e v e l s  o f  t h e  h y d r a t e d  i o n  w h i l e  n o n r a d i a t i v e  q u e n c h -  

i n g  p r o c e s s e s  p l a y  a  m a j o r  r o l e .  The o b s e r v e d  i n c r e a s e s  i n  

t h e  l i f e t imes  a r e  c o n t r o l l e d  by  c h a n g e s  o f  t h e  n o n r a d i a t i v e  

t r a n s i t i o n  p r o b a b i l i t i e s .  

P r o m ' s t u d i e s  o f  t h e  e m i s s i o n  s p e c t r a  a n d  l u m i n e s c e n c e  

d e c a y  times of h y d r a t e d  e u r o p i u m  a n d  . t e r b i u m  s a l t s ,  b o t h  R i n c k  

(10) a n d  G e i s l e r  a n d  H e l l w a g e  (11) h a v e  c o n c l u d e d  t h a t  d u r i n g .  

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

a b o u t  2 % o f  t h e  d e c a y s  o c c u r r e d  - v i a  r a d i a t i v e  t r a n s i t i o n s  

. w h i l e  -98% o f  t h e  d e c a y s  o c c u r r e d  - v i a  r a d i a t i o n l e s s  p r o c e s s e s .  

T h e s e  a u t h o r s  c o n c l u d e d  t h a t  i f  d e c a y s  o f  t h e  r e s o n a n c e  l e v e l s  

of t h e  ~ b ~ *  a n d  E U ~ *  i o n  i n  t h e  h y d r a t e d  s a l t s ,  E U ( S O ~ ) ~ : B H ~ O  

a n d  Tb(Br03)3-9H20 ,  were t o  o c c u r  - v i a  r a d i a t i v e  p r o c e s s e s  

o n l y ,  t h e  l i fe t imes o f  t h e  r e s o n a n c e  l e v e l s  would  b e  a s  l o n g  

a s  ' f o u r t e e n  m i l l i s e c o n d s .  The l o n g e s t  l i f e t i m e  o f  a n y  o f  . t h e  

c h e l a t e d  r a r e  e a r t h  i o n s  (see  T a b l e  3.1.3.1.1,  i s  t h e  0.9 . m i l -  

l i s e c o n d  l i f e t ime  r e p o r t e d  f o r  t h e  TbA3-H20 c o m p l e x .  T h i s  i s  

s t i l l  s h o r t  o f  t h e  f o u r t e e n  m i l l i s e c o n d  l i m i t  i n d i c a t i n g  t h a t ,  

e v e n  i n  t h e  r a r e  e a r t h  c h e l a t e s ,  a  c o n s i d e r a b l e  amount  o f  

q u e n c h i n g  o f  t h e  r e s o n a n c e  l e v e l s  o f  t h e  r a r e  e a r t h  i o n s  i s  

s t i l l  o c c u r r i n g .  

I t  i s  d o u b t f u l  t h a t  t h e  i n t r i n s i c  r a d i a t i v e  d e c a y  times 

o f  t h e  l o w e s t  r e s o n a n c e  l e v e l s  o f  t h e  sm3+ a n d  D ~ ~ *  i o n s  a r e  

a s  h i g h  a s  ' t h e  f o u r t e e n  m i l l i s e c o n d  l i m i t  computed  f o r  t h e  

~ b ~ *  a n d  E U ~ *  i o n s .  Not o n l y  a r e  t h e  r a d i a t i v e  t r a n s i t i o n  

p r o b a b i l i t i e s  l a r g e r  i n  t h e  s m 3 *  a n d  D ~ ~ *  i o n s  ( s e e  T a b l e  

3 . 3 . 1 . 3 .  I . ) ,  b u t  t h e r e  a r e  more p o s s i b i l i t i e s  f o r  r a d i a . t i v e  
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combinations w i t h  lower l y i n g  e l e c t r o n i c  s t a t e s .  (Both E U ~ '  

and ~ b ~ '  possess  seven e l e c t r o n i c  s t a t e s  below the  lowest r e s -  

3+ onance l e v e l  whi le  Dy and sm3* possess  t e n  and twelve r e -  

s p e c t i v e l y . )  I n  s p i t e  of t he  i nc reased  p r o b a b i l i t y  f o r  r a d i a -  

3+ t i v e  t r a n s i t i o n s  i n  t he  sm3+ and Dy i o n s ,  i t  i s  d o u b t f u l  

t h a t  t h e  approximately t e n  microsecond decay t imes of  t h e s e  

two i o n s  can be a t t r i b u t e d  t o  r a d i a t i v e  t r a n s i t i o n s  a lone .  

Quenching, i n  a l l  p r o b a b i l i t y ,  a l s o  p lays  a l a r g e  r o l e  i n  

t h e  decay of the  resonance l e v e l s  of t h e  two i o n s .  

3.3.2. Nature of  t he  Quenching Process .  i n  Complexed Rare 

.Ea r th  Ions  

3.3.2.1. P o s s i b l e  Quenching Mechanisms. --  There a r e  

two g e n e r a l  mechanisms p o s t u l a t e d  , fo r  the  convers ion of e l e c -  

t r o n i c  energy of  an atom o r  molecule t o  k i n e t i c  energy of  nu- 

c l e a r  motion ( 3 0 ) .  The convers ion  may occur  by random c o l l i -  

s i o n s  of the  second k ind ,  o r  it may occur through v i b r a t i o n a l -  

e l e c t r o n i c  ( v i b r o n i c )  c o u p l i n g . o f  t he  atom or mdlecule t o  t h e  

surrounding ma t r ix .  I n  t he  former p roces s ,  a  random c o l l i s i o n  

between an e l e c t r o n i c l y  e x c i t e d  atom o r  molecule and another  

molecule conve r t s  t he  e l e c t r o n i c  energy of t h e  former i n t o  

t r a n s l a t i o n a l  o r  v i b r a t i o n a l  energy of t h e  c o l ' l i s i o n  p a r t n e r s .  

I n t e r a c t i o n s  need occur  between the  c o l l i s i o n  p a r t n e r s  on ly  

dur ing  t h e  c o l l i s i o n .  

Quenching of  t h e  e l e c t r o n i c  energy of an i o n  through 

v ib ron ic  coupl ing  of  t h e  i o n  t o  t h e  surrounding l a t t i c e  a r i s e s  

from t h e  f a c t  t h a t  t he  e l e c t r o n s  ' o f  t h e  i on  i n t e r a c t  e l c c t r g -  
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s t a t i c a l l y  w i t h  t h e  a d j a c e n t . a t o m s  o r  m o l e c u l e s .  The s u r -  

r o u n d i n g  atoms and m o l e c u l e s  a r e  n o t  s t a t i c ,  b u t  r a t h e r  t h e y  

a r e  moving a c c o r d i n g  t o  t h e  v i b r a t i o n a l  modes o f  t h e  c r y s t a l .  

The e l e c t r o s t a t i c  i n t e r a c t i o n s  be tween  t h e  e l e c t r o n s  o f  t h e  

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

t h e  i o n  t o  v i b r a t i o n a l  m o t i o n  o f  t h e  l a t t i c e .  I n  e f f e c t ,  v i -  

b r a t i o n a l  e n e r g y  l e v e l s  a r e  supe r imposed  upon t h e  p u r e  e l e c -  

t r o n i c  l e v e l s  of t h e  i o n .  The s p a c i n g  be tween  l e v e l s  i s  

d e p e n d e n t  upon t h e  f r e q u e n c y  o f  t h e  v i b r a t i o n a l  modes of  t h e  

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

The r e s u l t s  o f  these v i b r o n i c  i n t e r a c t i o n s  a r e  t w o f o l d :  

( a )  e l e c t r o n i c  e n e r g y  o f  t h e  i o n  may be  c o n v e r t e d  c o m p l e t e l y  

t o  v i b r a t i o n a l  e n e r g y  o f  t h e  l a t t i c e  ( v i b r o n i c  q u e n c h i n g ) ,  and 

( b )  r a d i a t i v e  c o m b i n a t i o n s  be tween  e l e c t r o n i c  s t a t e s  accom- 

p a n i e d  by s i m u l t a n e o u s  t r a n s i t i o n s  be tween  v i b r a t i o n a l  s t a t e s  

o f  t h e  l a t t i c e  r e s u l t  i n  t h e  a p p e a r a n c e  i n  t h e  s p e c t r a  o f  v i -  

b r a t i o n a l  s a t e l l i t e s  n e x t  t o  t h e  s p e c t r a l  l i n e  c o r r e s p o n d i n g  

t o  t h e  p u r e  e l e c t r o n i c  t r a n s i t i o n .  The v i b r a t i o n a l  s a t e l l i t e s  

may a p p e a r  a s  d i s t i n c t  l i n e s  o r  t h e y  many m a n i f e s t  t h e m s e l v e s .  

a s  l i n e  b r o a d e n i n g .  

Van U i t e r t  ( 4 0 , 4 1 , 4 2 , 4 3 )  h a s  o b s e r v e d  a  t h i r d  t y p e  of 

q u e n c h i n g  whi'ch i s  d e p e n d e n t  upon t h e  c o n c e n t r a t i o n  o f  t h e  

r a r e  e a r t h  i o n .  From h i s  s t u d i e s  o f  t h e  l u m i n e s c e n c e s  o f  t h e  

3+ a l k a l i  t u n g s t a t e s  o r  mo lybda te s  doped w i t h  ~ b ~ ' ,  E U ~ ' ,  E r  , 
o r  D ~ ~ *  i o n s  he  r e p o r t e d  t h a t  f o r  h i g h  c o n c e n t r a t i o n s  o f  t h e  

r a r e  e a r t h  i o n s  i n  t h e  c r y s t a l l i n e  m a t e r i a l s  t h e  l u m i n e s c e n c e  

i n t e n s i t y  showed a  marked d e c r e a s e .  The a u t h o r  c o n s i d e r e d  t h e  



c o n c e n t r a t i o n  quenching e f f e c t  t o  a r i s e  fr,om e i t h e r  r a r e  

e a r t h  i on - r a re  e a r t h  i on  i n t e r a c t i o n s  o r  changes of t h e  c r y s -  

t a l  s t r u c t u r e  of the. m a t e r i a l .  E i t h e r  of t h e s e  e f f e c t s  a r e  

be l i eved  t o  u l t i m a t e l y  i n c r e a s e  t h e  e f f i c i e n c y  of v i b r o n i c  

quenching of t h e  r a r e  e a r t h  i on  s . ta t 'es  . Concent ra t ion  quench- 

i n g  thus  appears  t o  b e , i n  some r e s p e c t s ,  a  more complicated 

ca se  of  v i b r o n i c  quenching. 

3.3.2.2. C o r r e l a t i o n  Between - t h e  Quenching E f f i c i e n c y  

and t h e  E l e c t r o n i c  S t r u c t u r e  of t h e  Rare E a r t h  Ions .  -- When -- --- - 
r e p o r t i n g  t h e  luminescence decay t imes of t h e  m i c r o c r y s t a l l i n e  

r a r e  e a r t h  c h l o r i d e s ,  Dieke and H a l l  (30 )  observed t h a t  the  

r a r e  e a r t h  ions  possess ing  the  l onges t  decay t imes a l s o  pos- 

s e s sed  t h e  l a r g e s t  energy g a p  between the  lowest  resonance 

l e v e l  of  t he  i o n  and t h e  nex t  lowest e l e c t r o n i c  s t a t e  of t h e  

ion .  I n  Table  3.3.2.2.1. t h i s  energy gap between e l e c t r o n i c  

s t a t e s  i s  compared wi th  bo th  Dieke and H a l l ' s  d a t a  on r a r e  

e a r t h  c h l o r i d e s  and the  d a t a  on r a r e  e a r t h  c h e l a t e s  t aken  from 

Table  3.1.3.1. The d a t a  r e v e a l  t h a t  t h i s  r e l a t i o n s h i p  between 

the  energy gap and t h e  magnitude of t h e  decay time of  t h e  r a r e  

e a r t h  i on  holds  f o r  the  chela ' ted  r a r e  e a r t h  i ons  a s  w e l l  a s  

f o r  the  s o l v a t e d  r a r e  e a r t h  i ons  i n  t h e  c h l o r i d e  s a l t s .  S ince  

e f f i c i e n t ' q u e n c h i n g  of t h e  i o n  l e v e l s  i s  a s s o c i a t e d  w i t h  a  

s h o r t  l i f e t i m e ,  i t  can be concluded t h a t  -- the  most e f f i c i e n t  

quenching - i s  a s s o c i a t e d  w i t h  those  r a r e  e a r t h  i o n s  possess ing  - - 
t h e  s m a l l e s t  energy gap between the  resonance l e v e l  and t h e  - - -- 
next  lower , e l e c t r o n i c  s t a t e .  - - 

Thi s  l a s t  conc lus ion  i s  almost  a  rewording of t he  



TABLE 3 . 3 . 2 . 2 . 1 .  

A COMPARISON OF THE LUMINESCENCE DECAY TIMES OF COMPLEXED 
RAKE EARTH IONS WITH THE ENERGY GAPS BETWEEN THE 

ELECTRONIC STATES OF THE RARE EARTH IONS 

I o n  ~ n e r g y  Gap Between  Mean ~ i f e ' t i m e  o f  R e s o n a n c e  L e v e l  i n  M i c r o s e c o n d s '  
R e s o n a n c e  L e v e l  and  
Next  Lower E l e c t r o n i c  MC13-6H20 ( a )  MB3.2H20 i n  MD3 i n  M A 3 - H 2 0  i n  
L e v e l  i n  crn.-l ( a )  S o l l d  a t  7 7 ' ~  EMPA a t  77OK EMPA a. t  7 7 ' ~  EMPA a t  7 7 ' ~  

( a ) ~ a k e n  f r o m  d a t a  r e p o r t e d  by  ~ i e k e  and  H a l l ( 3 0 ) .  

( b ) R a r e  e a r t h  i o n  e m i s s i o n  n o t  o b s e r v e d  f r o m  t h e s e  c h e l a t e s .  

 are e a r t h  i o n  e m i s s i o n  o b s e r v e d ,  b u t  t o o  weak t o  r e c o r d .  
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g e n e r a l  law governing c o l l i s i o n s  of t he  second kind (351,  i . e . ,  - - 
t h e  quenching e f f i c i e n c y  i s  g r e a t e r  t h e  l e s s  t h e  energy which 

needs t o  be conver ted t o  k . ine t ic  energy of nuc l ea r  motion. 

. This  i s  not ev idence ,  however, f o r  d i s c a r d i n g  v i b r o n i c  quench- 

i n g  of the  e l e c t r o n i c  s t a t e s .  Gouterman ( 4 4 )  has a l s o  p red ic t ed  

t h a t  quenching a r i s i n g  from v ib ron ic  coupl ing  becomes forb idden  

i f  t h e r e  i s  t o o  much e l e c t r o n i c e n e r g y  t o  be conver ted  t o  v i -  

b r a t i o n a l  energy of .the l a t t i c e .  Regard less  of  t he  quenching 

mechanism, i t  i s  apparen t  from t h e  d a t a  of Table  3.3.2.2.1., 

t h a t  t h e r e  i s  much l e s s  quenching o f  t h e  resonance l e v e l  of 

t he  ~ d ~ +  ion  than  of any o t h e r  i o n  s t u d i e d .  I n  f a c t ,  t he  l i f e -  

time of  t h e  GdC13*6H20 c r y s t a l s  a t  7 7 ' ~  (30 )  i s  almost  t h e  same 

o r d e r  of  magnitude a s  t h e  f o u r t e e n  mi l l i s econd  l i m i t  p r e d i c t e d  

f o r  t h e  E I J ~ '  Bnd T'b3+ ions  i n  t h e  absence of  quenching.  

3.3.2.3. Evidence - f o r  Vibronic Coupling - a s  Derived 

from t h e  Emission Spec t r a  of t h e  S o l i d  Rare E a r t h  Complexes. -- -- 7- - 
The mechanism of quenching of e 1 e c t r o n . i ~  energy 'through v ibron-  

i c  i n t e r g c t i o n s  i s  shown i n  Fig .  3.3.2.3.1. This  f i g u r e  shows 

r e p r e s e n t a t i v e  p o t e n t i a l  energy curves  of  t h e  e1 ,ec t ron ic  con- 

f i g u r a t i o n s  a s s o c i a t e d  wi th  a  resonance l e v e l ,  R ,  and some 

lower l e v e l ,  L. Assoc ia ted  w i t h  each e l e c t r o n i c  s t a t e  a r e  l a t -  

t i c e  v i b r a t i o n a l  energy level ' s  k .  A r a r e  e a r t h  ion  e x c i t e d  t o  
. < 

t h e  k t  v i b r a t i o n a l  l e v e l  'of t he  e x c i t e d  e l e c t r o n i c  s t a t e  R w i l l  

r a p i d l y  l o s e  i t s  excess  v i b r a t i o n a l  energy t o  t he  surrounding 

l a t t i c e  and f a l l  t o  a  lower v i b r a t i o n a l  l e v e l  O f  of t h e  l e v e l  

R .  A t  t h i s  po in t  t h e  e l e c t k o n i c  energy of t h e  s t a t e  R may be 

comple.tely conver ted t o  v i b r a t i o n a l  energy r e s u l t i n g  i n  t h e  



- 
REPRESENTAT I VE INTERNAL COORDINATE 

F i g .  3 . 3 . 2 . 3 . 1 .  - - E n e r g y  d i s s i p a t i o n  - v i a  i n t e r n a l  
c o n v e r s i o n ,  v i b r a t i o n a l  d e a c t i v a t i o n ,  a n d  e m i s s i o n  o f  r a d i a -  
t i o n .  ( R  a n d  L d e n o t e  p o t e n t i a l  e n e r g y  w e l l s  o f  t h e  r e s o n a n c e  
l e v e l  a n d  t h e  l o w e r  g r o u n d  s t a t e  r e s p e c t i v e l y  o f  t h e  co rnp lexed  
r a r e  e a r t h  i o n .  0 a n d  k d e s i g n a t e  v i b r a t i o n a l  l e v e l s  o f  t h e  
e l e c t r o n i c  s y s t e m .  ) 

I r a d i a t i v e  c o m b i n a t i o n s  

/ \ n ~ / v ~ \ r r  n o n r a d i a t i v e  c o m b i n a t i o n s  



" c r o s s i n g r 1  o f  t h e  s y s t e m  t o  t h e  kll v i b r a t i o n a l  l e v e l  o f  t h e  

e l e c t r o n i c  s t a t e  L. Ra'pid 1 o s s . o f  t h e  e x c e s s  v i b r a t i o n a l  

e n e r g y  c o n v e r t s  t h e  s y s t e m  t o  some lower  v i b r a t i o n a l  l e v e l  Ot1 
. . 

. . of t h e  e l e c t r o n i c  s t a t e  L. On t h e  o t h e r  hand ,  t h e  syste ,m , i n  

t h e  lower  v i b r a t i o n a l  s t a t e  0' of t h e  e x c i t e d  e l e c t r o n i c  s t a t e  

R may l o s e  i t s  e l e c t r o n i c  e n e r g y  v i a  t h e  e m i s s i o n '  o f  r a d i a -  

t i o n .  R a d i a t i v e  c o m b i n a t i o n s  be tween  t h e  e l e c t r o n i c  s t a t e  R 

and t h e  v a r i o u s  v i b r a t i o n a l  l e v e l s  kll o f  t h e  lower  e l e c t r o n i c  

s t a t e  g i v e  r i s e  t o  v i b r a t i o n a l  s a t e l l i t e s  i n  t h e  e m i s s i o n  

s p e c t r a  .. T h i s  p r o c e s s  i s  i l l u s t r a t e d  i n  d e t a i l  i n  F i g .  

To d e t e r m i n e  w h e t h e r  s u c h  v i b r o n i c  c o u p l i n g  o c c u r s  i n  

r a r e  e a r t h  complexes ,  a d e t a i l e d  s t u d y  was made o f  v i s i b l e  

e m i s s i o n  s p e c t r a  o f  s o l i d  r a r e  e a r t h  compounds. R a r e  e a r t h  

o x i d e s  d i s s o l v e d  i n  sodium m e t a p h o s p h a t e  g l a s s e s , . m i c r o c r y s -  

t a l l i n e  r a r e  e a r t h  c h l o r i d e s  s o l v a t e d  e i t h e r  w i t h  w a t e r  o r  

w i t h  d e u t e r i u m  o x i d e ,  and m i c r o c r y s t a l l i ~ n e  r a r e  e a r t h  c h e l a t e s  

were  u sed  f o r  t h e  i n v e s t i g a t i o n .  The e m i s s i o n  s p e c t r a  ,of 

these  complexes  a t  7 7 ' ~  a r e  r e p o r t e d  i n  P i g .  3 .3 .2 .3 .3 .  

t h r o u g h  F i g .  3.3.2.3.7,  

Ass ignmen t s  of g r o u p s  o f  1 i n e s . t o  t r a n s i t i o n s  be tween  

p a r t i c u l a r  e l e c t r o n i c  s t a t e s  o f  t h e  r a r e  e a r t h  i o n  a r e  i n -  

d i c a t e d  i n  t h e  f i g u r e s .  The s i m p l i c i t y  o f  t h e  e m i s s i o n  s p e c -  

t r a  of complexes  o f  ~ b ~ ' ,  s m 3 * ,  and  D ~ ~ *  a l l o w s  unambiguous 

a s s i g n m e n t s ' t o  b e  made on t h e  b a s i s  of e n e r g y  d i f f e r e n c e s  

d e t e r m i n e d  from t h e  e n e r g y  l e v e l  d i a g r a m  o f  F i g .  3 .1 .2 .2 .  
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F i g .  3.3.2.3.2. --Schema t i c  d i a g r a m  i l l u s t r a t i n g  t h e  
o r i g i n  o f  t h e  v i b r a t i o n a l  s a t e l l i t e s  i n  t h e  e m i s s i o n  s p e c t r a  
o f  c o m p l e x e d  r a r e  e a r t h  i o n s .  ( U p p e r  p a r t  o f  d i a g r a m  shows  
a r e p r e s e n t a t i v e  e n e r g y  l e v e l  d i a g r a m  f o r  t h e  complexed  r a r e  
e a r t h  i o n s ,  w h i l e  t h e  lower p o r t i o n  r e p r e s e n t s  t h e  e m i s s i o n  
s p e c t r u m  w h i c h  would  a r i s e  f r o m  t h e  i n d i c a t e d  t r a n s i t i o n s . )  



Fig. 3.3.2.3.3.- m mission spectra of complexes of 
samarium. (For definitions of symbols see Fig.. 3.1.2.3.) 
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Fig. 3.3.2.3.5.--Emission spectra of complexes of terbium 





Fig. 3 . 3 . 2 . 3 . 6 . - - E m i s s i o n  s p e c t r a  o f  EuPO i n  NaP03 
g l a s s  a t  7 7 O ~  and n i c r o c r y s t a l l i n e  EuB3.2H20 and %uI13 at 
77OK. , . 





' p i g .  363 .2 .3 .7 . - -Erniss ion s p e c t r a  of m i c r o c r y s t a l l i n e  . ,  

. EuA -H 0 a t  77 K and m i c r o c r y s t a l l i n e  EuC13-6D20 and 
EuCf3-&-IZ0 a t  2 9 8 ' ~ .  
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The assignments of l i n e s  i n  t h e  .emission s p e c t r a  of s o l v a t e d  

europium c h l o r i d e  were t aken ' f rom t h e  work of DeShazer and 

Dieke ( 8 ) .  

Analys i s  of t h e  emiss ion  s p e c t r a  of europium c h e l a t e s  

was accomplished by comparing t h e  t o t a l  emiss ion s p e c t r a  and 

t h e  emiss ion s p e c t r a  recorded through the  phosphoroscope. 

(Th i s  technique i s  desc r ibed  i n  s e c t i o n  3 .1 .2 . )  The only 

. l i n e s  i n  t he  emiss ion s p e c t r a  of  europium c h e l a t e s  which could 

be ass igned  t o  'Dl t r a n s i t i o n s  were found i n  t h e  blue  end of  

the  spectrum between 17,000 cm.-' and 19.000 cm.-'. While 

f o u r  more groups of l i n e s  a r i s i n g  from 'D t r a n s i t i o n s  a r e  . , 1 

p r e d i c t e d  t o  l i e  i n  t he  red end of t h e  spectrum, they  were 

e v i d e n t l y  s o  weak t h a t  they could not  be d e t e c t e d  by the  above 

mentioned. method. 'Dl l i n e s  a l s o  appeared i n  the  b l u e  end of  

t h e  t o t a l  emiss ion spectrum of EuB3=2H20, but  they  were t o o  
\ 

weak t o  be r e a d i l y  recorded.  

W i t h  t h e  e x c e p t i o n .  of one compound, ( T ~ D ~ ) ,  t h e r e  were 

no g ros s  d i f f e r e n c e s  between the  s p e c t r a  of m i c r o c r y s t a l l i n e  

r a r e  e 'ar th  c h e l a t e s  and the' s p e c t r a  of r a r e  e a r t h  c h e l a t e s  

d i s s o l v e d  i n  EMPA g l a s s e s  a t  7 7 O ~  ( s e e  F igs .  3.1.2.3. and 
' 

3.1.2 .4 . ) .  While the  l i n e  emission of t he  benzoylace tona te  

complexes was sha,rper f o r  t h e  c h e l a t e  i n  t h e  EMPA g l a s s e s  

than  i t  was from the  m i c r o c r y s t a l l i n e  m a t e r i a l ,  t h e  r e v e r s e  

was found t o  be t r u e  f o r  t he  dibenzoylmethide and a c e t y l a c e -  

t o n a t e  c h e l a t e s .  The n e a r l y  complete absence of ~ b ~ +  emis- 

s i o n  i n  t h e  emiss ion spectrum of t h e  m i c r o c r y s t a l l i n e  s o l i d  

was caused by a s h i f t  sf t h e  t r i p l e t  l e v e l  of t h e  complex on 



g o i n g  f rom t h e  EMPA g l a s s  t o  t h e  m i c r o c r y s t a l l i n e  s o l i d .  T h i s  

phenomenon i s  d i s c u s s e d  more f u l l y  i n  t h e  l a s t  s e c t i o n  o f  t h e  

D i s c u s s i o n .  

 he d i f f u s e  . n a t u r e .  o f  t h e  l i n e  e m i s s i o n  o f  t h e  r a r e  

e a r t h  i o n s  embedded i n  me taphospha te  g l a s s e s  was due  t o  t h e  

c o m p l e t e l y  amorphous n a t u r e  o f  t h e  g l a s s e s .  The l a c k  o f  r e g u -  

l a r i t y  i n  t h e  e l e c t r o s t a t i c  e n v i r o n m e n t s  of t h e  r a r e  e a r t h  

i o n s  vsmears"  t h e  e l e c t r o n i c  e n e r g y  l e v e l s  of t h e  i o n .  R a d i a -  

t i v e .  t r a n s i t i o n s  be tween  s u c h  l e v e l s  r e s u l t  i n  t h e  o b s e r v e d  ' 

d i f f u s e  bands .  The s h a r p n e s s  o f  t h e  e m i s s i o n  s p e c t r a  o f  t h e  

s o l v a t e d  c h l o r i d e s  and  c h e l a t e s  i s  c h a r a c t e r i s t i c '  o f  emis s i . ons  

f rom r a r e  e a r t h  i o n s  l o c a t e d  i n  e n v i r o n m e n t s  p o s s e s s i n g  u n i -  

form symmetry.  

V i b r o n i c  c o u p l i n g  i s  c l e a r l y  v i s i b l e  i n  t h e  e m i s s i o n  

s p e c t r a  o f  t h e  s o l i d  d i b e n z o y l m e t h i d e  and a c e t y l a c e t o n a t e  com- 

p l e x e s .  T h i s  c o u p l i n g  m a n i f e s t s  i t s e l f  i n  t w o  ways: ( a )  t h e  

a p p e a r a n c e  of more s p e c t r a l  l i n e s  . i n  a  g i v e n  e n e r g y  r e g i o n  

t h a n  a r e  a l l o w e d  f o r  r a d i a t i v e  c o m b i n a t i o n s  be tween  p u r e  e l e c -  

t r o n i c  s t a t e s ,  and  (.b) t h e  a p p e a r a n c e  o f  r e g u l a r  v i b r a t i o n a l '  

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

I n  t h e  e m i s s i o n  s p e c t r a  o f  EuD3 and  EuA3*H20, t r a n s i t i o n s  

f rom t h e  n o n d e g e n e r a t i v e  'D s t a t e  t o  t h e  n o n d e g e n e r a t e  7 ~ 0  
0 

l e v e l ,  t h e  t h r e e f o l d  d e g e n e r a t e  7~ l e v e l ,  and  t h e  f i v e f o l d  
1 

d e g e n e r a t e  7 ~ 2  s t a t e  a r e  a l l  c h a r a c t e r i z e d  by more s p e c t r a l  

l i n e s  t h a n  a r e  p o s s i b l e  f o r  r a d i a t i v e  c o m b i n a t i o n s  be tween  

p u r e  e l e c t r o n i c .  s t a t e s .  The e x c e s s  l i n e s  must a r i s e  f rom 

t r a n s i t i o n s  be tween  v i b r a t i o n a l  l e v e l s  supe r imposed  upon t h e  



e l e c t r o n i c  l e v e l s  o f  t h e  i o n .  While  o n l y  one s p e c t r a l  l i n e  

7  3+ i s  p r e d i c t e d  f o r  t h e  'D a F  t r a n s i t i o n  o f  Eu , b o t h  
0  0  

EuA3*H20 and EuD3 ' p o s s e s s  more t h a n  one  l i n e  i n  t h e  s p e c t r u m  

c o r r e s p o n d i n g  t o  t h i s  t r a n s i t i o n .  D e t a i l s  o f  t h e  s t r u c t u r e  

o f  t h i s  t r a n s i t i o n  a r e  shown i n  F i g .  3.3.2.3.8.  

I n  g e n e r a l ,  t h e  e m i s s i o n  s p e c t r a  o f  t h e  d i b e n z o y l -  

m e t h i d e  o r  a c e t y l a c e t o n a t e  c h e l a t e s  a r e  much t o o  complex f o r  

a  un ique  r e s o l u t i o n  o f  t h e  s p e c t r a  i n t o  p u r e  e l e c t r o n i c  t r a n -  

s i t i o n s  p l u s  v , i b r a t i o n a l  p r o g r e s s i o n s .  For  a  few l i n e s  of t h e  
. ., 

TbA3*H20 and  D ~ A ~ - H ~ ' o  e m i s s i o n s ,  however ,  t h i s  i d e n t i f i c a t i o n  

i s  p o s s i b l e .  D e t a i l s  o f  these  e m i s s i o n s  l i n e s  a r e  shown i n  

F i g s .  3.3.2.3.9 and 3.3.2.3.10.  V i b r a t i o n a l  p r o g r e s s i o n s  a r e  

found  l y i n g  t o  t h e  s h o f t  wave l e n g t h  s i d e  o f  t h e  4856  8 ,  5425 

a ,  and 5446 R l i n e s  o f  t h e  ~ b ~ +  e m i s s i o n ;  w h i l e  v i b r a t i o n a l  

p r o g r e s s i o n s  a r e  f o u n d  l y i n g  t o  t h e  s h o r t  wave l e n g t h  s i d e  o f  

t h e  5726 a l i n e  and t o  t h e  l o n g  wave l e n g t h  s i d e  of t h e  5742 

a l i n e  of ' t h e  Dy3+ e m i s s i o n .  The wave l e n g t h s ,  f r e q u e n c i e s ,  

and f r e q u e n c y  d i f f e r e n c e s  o f  t h e s e  l i n e s  a r e  summarized i n  

T a b l e  3.3.2.3.1.  The p r o g r e s s i o n s  l i s t e d  h e r e ,  which v a r y  i n  

f r e q u e n c y  f rom 6  cm." t o  50  cm.", a r e  o f  t h e  same o r d e r  o f  

- 1 magni tude  a s  t h e  19 cm. p r o g r e s s i o n  f o u n d  by  S a t t e n  (45) 

i n  t h e  s p e c t r a  o f  t h e  h y d r a t e d  s a l t s  of neodymium and t h e  

-1 - 1 
40 cm. t o  60  cm. f o u n d  by Whan ( 2 2 )  i n  t h e  e m i s s i o n  s p e c -  

t r a  of t h e  r a r e  e a r t h  b e n z o y l a c e t o n a t ' e  and  d i b e n z o y l m e t h i d e  

c h e l a t e s  d i s s o l v e d  i n  EMPA g l a s s e s  a t  7 7 ' ~ .  

No v i b r a t i o n a l  s a t e l l i t e s  a r e  f o u n d  i n  t h e  emz'ssion 

s p e c t r a  o f  i n o r g a n i c  s a l t s  o f  t h e  r a r e  e a r t h  i o n s .  They a r e  

d e t e c t e d ,  however ,  i n  t h e  a b s o r p t i o n  s p e c t r a  o f  v e r y  concen-  



5 7  ~ i g .  3 . 3 . 2 . 3 . 8 . - - T h e  Do+ F t r a n s i t i o n  observed  

t r i v a l e n t  europium , a t  77OK. 
P i n  the ' e m i s s i o n  s p e c t r a  o f .  microcrys  t a  l i n e  complexes o f  



Fi,g.  3.3.2.3.9. --Pine s t r u c t u r e  of t h e  e m i s s i o n  spectrum 
o f  m i c r o c r y s t a l l i n e  TbA3-H20 a t  770K. . 

A .  ~ h o i t  wave l e n g t h  side of the  5 ~ 4 - 7 ~ 6  t r a n s i t i o n  

B. Short  wave l e n g t h  side of the  5~4- - -c7~5  t r a n s i t i o n  
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WAVE LENGTH, A 

6 Pig. .3.3.2.3.10.--Fine structure of the ? -  H 
13/2 

transition observed in the emission spectrum of micro- 
cr yr t&: f l ine  .. , .  , .. .. .. DyA3.H20 a t  770K. 

. . 



TABLE 3.3.2.3.1. 

LINE PROGRESSIONS IN THE EMISSION SPECTRA OF 
MICROCRYSTALLINE RARE EARTH CHELATES AT 7 7 O ~  

Compound T r a n s i t i o n  Wave L e n g t h ,  F r e q u e  c y ,  ' F r e q u e n c y  
R cm. -' ~ i f f e r e n c e s ,  

cm. -1 



. . 

TABLE 3 . 3 . 2 . 3 . 1 .  ( c o n t i n u e d )  

.Compound. T r a n s i t i o n  Wave Length ,  Frequency ,  Frequency 
W cm..'l D i f f e r e n c e s ,  

c m . - 1 .  



t r a t e d  aqueous  s o l u t i o n s  and s i n g l e  c r y s t a l s  o f  t h e  s a l t s  

( 4 5 , 4 6 ) .  R e g a r d l e s s  of  w h e t h e r  t h e  v i b r a t i o n a l  s a t e l l i t e s  

a r e  d e t e c t e d  i n  t h e  e m i s s i o n  s p e c t r a  o r  t h e  a b s o r p t i o n  s p e c -  

t r a  o f  t h e  i o n ,  % a p p e a r a n c e  -- o f  t h e  v i b r a t i o n a l  s a t e l l i t e s  

r e v e a l s  - t h e  e x i s t e n c e  - o f  v i b r o n i c  c o u p l i n g  -- o f  t h e  e l e c t r o n i c  

s t a t e s  o f  t h e  4 f  --- e l e c t r o n s  o f  t h e  -- r a r e  - e a r t h  i o n  - t o  t h e  v i -  --- 
b r a t  i o n a l  modes -- o f  t h e  s u r r o u n d i n g  a toms - o r  m o l e c u l e s .  

The v i b r a t i o n a l  modes i n v o l v e d  i n  t h e  c o u p l i n g  mech- 

an i sm must undoubted1.y i n v o l v e  mot ion  o f  a toms o r  i o n s  c l o s e  

enough t o  t h e  r a r e  e a r t h  i o n  f o r  s i g n i f i c a n t  e l e c t r o s t a t i c  

i n t e r a c t i o n  t o  t a k e  p l a c e .  Whan ( 2 2 )  s u g g e s t e d  t h a t  l o w  f r e -  

quency  r a r e  e a r t h  i o n - k e t o n e  oxygen v i b r a t i o n s  a r e  i n v o l v e d  

i n  t h e  q u e n c h i n g .  I n  a  d i s c u s s i o n  by F r e e d  ( 4 6 ) ,  however ,  i t  

i s  r e p o r t e d  t h a t  t h e  v i b r a t i o n a l  f r e q u e n c i e s  found  i n  t h e  ab-  

s o r p t i o n  s p e c t r u m  o f  3Mg(N03)2*2Nd(N03)3-24H20 were  s i g n i f i -  

c a n t l y  d e c r e a s e d  when t h e  w a t e r  was r e p l a c e d  w i t h  d e u t e r i u m  

o x i d e .  I t  would a p p e a r  t h a t  i n  s o l v a t e d  s a l t s ,  a t  l e a s t ,  t h e  

v i b r a t i o n a l .  modes must i n v o l v e  mot ion  of  t h e  e n t i r e  w a t e r  

m o l e c u l e ,  n o t  j u s t  t h e  oxygen a toms a l o n e .  Not enough d a t a  

a r e  p r e s e n t e d  h e r e  t o  i d e n t i f y  t h e  v i b r a t i o n a l  modes i n v o l v e d  

i n  t h e  c o u p l i n g  mechanism. A d d i t i o n a l  i n f o r m a t i o n  c a n  b e  ob-  

t a i n e d ,  however ,  f rom t h e  l u m i n e s c e n c e  d e c a y  da t .a  p r e s e n t e d .  
. . 

i n  t h e  n e x t  two s e c t i o n s .  

3.3.2.4. - The E f f i c i e n c y  - o f  Quench ing  - a s  D e r i v e d  - f r o m  

Luminescence Decay Times - o f  S o l i d  R a r e  E a r t h  Complexes .  -- An - 
i n v e s t i g a t i o n  o f  t h e  l u tn inescence  d e c a y  t i m e s  o f  s o l i d  r a r e  

e a r t h  complexes  was u n d e r t a k e n  t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  
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between quenching e f f i c i e n c y  and the n a t u r e  of t he  complexing 

s p e c i e s .  The same compounds used i n  the  s p e c t r o s c o p i c  s t u d i e s  

desc r ibed  i n ' s e c t i o n  3.3.2.3. were a l s o  used f o r  t he . l umines -  

cence decay t ime i t u d i e s .  L igh t  f i l t e r  combinations were s e -  

l e c t e d  t o  pass  sample emiss ion cor responding  t o  the  b r i g h t e s t  

group of  l i n e s  i n  the  r a r e  e a r t h  i on  emiss ion s p e c t r a  which 

p r i g i n a t e  from the  lowest resonance l e v e l  of t he  i o n .  I n  t h e  

ca se  of t h e  s o l v a t e d  EuC13 s a l t s ,  the  l i g h t  f i l t e r  combination 

passed a  sma l l  amount of l i g h t  o r i g i n a t i n g  from t h e  5~ s t a t e  
1' 

a s  w e l l  a s  t h e  l i g h t  o r i g i n a t i n g  from the  5 ~ 0  s t a t e .  Because 

l i g h t '  o r i g i n a t i n g  from the  5 ~ 1  s t a t e  was s o  weak and s h o r t  

l i v e d ,  however, i t  d i d  not  i n t e r f e r e  w i t h  decay ti'me measure- 

ments of  t h e  l i g h t  o r i g i n a t i n g  from t h e  5~ l e v e l .  S p e c t r a l  
0 .  

r eg ions  passed by t h e  l i g h t  f i l t e r s  a r e  i n d i c a t e d  by c r o s s -  

hatched b a r s  i n  Fig .  3.3.2.3.3. through F ig .  3.3.2.3.7. 

Mean l i f e t i m e s  of t h e  lowest resonance l e v e l s  of the  

s o l i d  r a r e  e a r t h  complexes a r e  summarized i n  Table  3.3.2.4.1. 

W i t h  t h e  except ion  of t h e  sodium metaphosphate g l a s s e s ,  a l l  

t h e  d a t a  i n  t h i s  t a b l e  a r e  r epo r t ed  f o r  t h e  complexes i n  t h e  

m i c r o c r y s t a l l i n e  s o l i d  s t a t e .  Some a d d i t i o n a l  d a t a  on hy- 

d r a t e d  inorganic  s a l t s  r epo r t ed  by Dieke and H a l l  ( 3 0 )  a r e  

a l s o  inc luded  i n  the  t a b l e  f o r  purposes .of comparison. 

The r a r e  e a r t h  ~ o ~ ~ o u n d s  l i s t e d  i n  t h i s  t a b l e  a r e  

grouped according t o  the  l i gands  be l i eved  t o  be a d j a c e n t  t o ,  

the  r a r e  e a r t h  ion .  The i no rgan ic  s a l t s  a r e  c l a s s i f i e d  ac-  

cord ing  t o  whether they  a r e  s o l v a t e d  w i t h  water  o r  w i t h  deu- 

ter ium oxide ,  f o r  t he  water  molecules a r e  c l o s e r  t o  the r a r e  



TABLE 3.3.2.4.1. 

LUMINESCENCE DECAY TIMES OF SOLID RARE EARTH COMPLEXES AT 7 7 ' ~  

Mean Life t ime i n  Microseconds 
Ligand 
C l a s s  Compound 

- - 
PO4 - MP04-NaP03 g l a s s  3120 3090 (2200) ( b, . (742)(b' 

-- ( e l  460 - - ( d l  

- - ( d l  

- - ( d l  

- - ( d l  

D2° K13-6D20 7 2'1 276 
( d l  - - -- ( d.1 

( a ) ~ a t a  r epo r t ed  by Dieke and Ha11 ( 3 0 ) .  

( b ) ~ e m i l o g a r i t h m i c  p l o t  i s  curved. Life t ime r e p r e s e n t s  an average f o r  t h e  curve.  

( ~ ) s e m i l a ~ a r i t h m i c  p l o t  i s  curved.  L i fe t ime  c a l c u l a t e d  from long- l ived component. 

( d ) ~ m i s s i o n  t o o  weak t o  record .  

( e ) ~ o  emiss ion observed from t h i s  compound. 
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e a r t h  i o n s  t h a n  a r e  t h e  a n i o n s  o f  t h e  s a l t s  ( 4 7 ) .  

The  d a t a  i n  T a b l e  3 .3 .2 .4 .1 .  show t h e  f o l l o w i n g  r e g u l a r i t i e s :  

(1) F o r  a  g i v e n  i o n ,  a  r e g u l a r  d e c r e a s e  i n  t h e  l u m i -  

n e s c e n c e  d e c a y  time i s  f o u n d  i n  ' t h e  s e r i e s :  p h o s -  

p h a t e s ,  c h e l a t e s ,  D20 s a l t s ,  H20 s a l t s .  

(2) F o r  a g i v e n  l i g a n d  c l a s s ,  a  r e g u l a r  d e c r e a s e  i n  

t h e  l u m i n e s c e n c e  d e c a y  time i s  f o u n d  i n  t h e  

se r ies  o f  r a r e  e a r t h  i o n s :  ~ b ~ + ,  E U ~ ' ,  Sm 3+,' D ~ ~ + .  

( 3 )  L i t t l e  d i f f e r e n c e s  a r e  f o u n d  among t h e  l u m i n e s -  

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

a  r a r e  e a r t h  i o n  when t h e  s a l t s  d i f f e r  o n i y  b y  

t h e  a n i o n .  

( 4 )  B e c a u s e  q u e n c h i n g  e f f i c i e n c y  i s  i n v e r s e l y  pro ' -  

p o r t i o n a l  t o  t h e  l u m i n e s c e n c e  d e c a y  t ime ,  t h e  

q u e n c h i n g  e f f i c i e n c y  i s  f o u n d  t o  i n c r e a s e  a c -  

c o r d i n g  t o  t h e  s e r i e s  o f  l i g a n d s :  p h o s p h a t e s ,  

c h e l a t e s ,  D20 s a l t s ,  H20 s a l t s .  

The  m e t a p h o s p h a t e ' g l a s s e s , .  w h i c h  e x h i b i t  t h e  l o n g e s t  l u m i -  

n e s c e n c e  d e c a y  times, h a v e  l i f e t i m e s  a p p r o a c h i n g  t h e  p r e d i c t e d  

f o u r t e e n  m i l l i s e c o n d  i n t r i n s i c  r a d i a t i v e  l i f q t i m e  l i m i t .  

A s  was  p o i n t e d  o u t  e a r l i e r ,  t h e  e f f i c i e n c y  o f  q u e n c h i n g  

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

t o  t h e  amount  o f  e l e c t r o n i c  e n e r g y  t o  be  d i s s i p a t e d .  If t h e  

q u e n c h i n g  o f  a  complexed  r a r e  e a r t h  i o n  were d u e  p r i m a r i l y  t o  

c o l l i s i o n s  of  t h e  s e c o n d  k i n d ,  t h e n  c h a n g e s  i n  t h e  e n v i r o n -  

ment o f  t h e  i o n ,  w h i c h  r e s u l t  i n  m a j o r  c h a n g e s  i n  q u e n c h i n g  

e f f i c i e n c y ,  must  b e  a c c o m p a n i e d  b y  m a j o r  c h a n g e s  i n  t h e  
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e l e c t r o n i c  e n e r g y  t o  b e  d i s s i p a t e d .  A l t h o u g h  ' e n v i r o n m e n t a l  

c h a n g e s  o f  t h e  c o m p l e x e d  r a r e  e a r t h  i o n  d o  r e s u l t  i n  s i g n i f i -  

c a n t  c h a n g e s  i n  q u e n c h i n g  e f f i c i e n c y ,  t h e  e m i s s i o n  s p e c t r a  o f  

t h e  r a r e  e a r t h  i o n  i n  t h e  v a r i o u s  e n v i r o n m e n t s  i n d i c a t e  t h a t ,  

w h i l e  s m a l l  s h i f t s  o f  t e n s  o f  wave numbers  o c c u r  i n  t h e  p o s i -  

t i o n s  o f  t h e  e l e c t r o n i c  l e v e l s  o f  t h e  r a r e  e a r t h  i o n ,  t h e r e  

a r e  no  m a j o r  c h a n g e s  i n  t h e  e n e r g i e s  o f  t h e  e l e c t r o n i c  l e v e l s .  

,Second  o r d e r  c o l l i s i o n s ,  t h e r e f o r e ,  a r e  n o t  t h e  p r i m a r y  c a u s e  . . 
o f  q u e n c h i n g  o f  r a r e  e a r t h  i o n  r e s o n a q c e  l e v e l s .  - The p r i m a r y  

c a u s e  - o f  q u e n c h i n g  o f  r a r e  e a r t h  i o n  r e s o n a n c e  l e v e l s  mus t  b e  - -. - -- 
v i b r o n i c  i n t e r a c t i o n s .  

A l t h o u g h  i t  i s  t r u e  t h a t  t h e  e f f i c i e n c y  o f  v i b r o n i c  

q u e n c h i n g  i s  v e r y  low f o r  v i b r a t i o n a l  f r e q u e n c i e s  w h i c h  a r e  

t o o  l a r g e  ( 4 4 ) ,  . i t  i s  a l s o  b e l i e v e d  t h a t  f o r  a g i v e n  amount 

of e l e c t r o n i c  e n e r g y  t h e  e f f i c i e n c y  o f  v i b r o n i c  q u e n c h i n g  i s  

p r o p o r t i o n a l  t o  t h e  f r e q u e n c y  o f  t h e  l a t t i c e  mode w h i c h  d i s s i -  

p a t e s  t h e  e n e r g y .  The marked  i n c r e a s e :  o f  t h e  l i f e t imes  of 

t h e  c h l o r i d e s  s o l v a t e d  w i t h  d e u t e r i u m  o x i d e  o v e r  t h o s e  o f  t h e  

h y d r a t e d  r a r e  e a r t h  c h l o r i d e s  must  be d u e  t o  a d e c r e a s e  of 

q u e n c h i n g  e f f i c i e n c y  c a u s e d  b y  a  d e c r e a s e  i n  t h e  l a t t i c e v i -  

b r a t i o n a l  f r e q u e n c i e s .  I f  t h e  v i b r a t i o n a l  modes d o  i n d e e d  i n -  

v o l v e  t h e  e n t i r e  w a t e r  m o l e c u l e ,  t h e  r e q u i r e d  d e c r e a s e  i n  t h e  

f r e q u e n c i e s  o f  l a t t i c e  v i b r a t i o n s  mus t  b e  b r o u g h t  a b o u t  b y  t h e  

s u b s t i t u t i o n  of t h e  H20 m o l e c u l e s  w i t h  t h e  h e a v i e r  D20 mole-  

c u l e s .  

If t h e  l a t t i c e  v i b r a t i o n s  were t o  i n v o l v e  o n l y  t h e  

v i b r a t i o n s  of t h e  a d j a c e n t  o x y g e n s ,  o n e  would  e x p e c t  a n  i n c r e a s e  
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i n  q u e n c h i n g  o n  g o i n g  f rom t h e  s o l v a t e d  s a l t s  t o  t h e  c h e l a t e s .  

T h i s  i n c r e a s e d  q u e n c h i n g  e f f i c i e n c y  w o u l d  a r i s e  f r o m  t h e  h i g h -  

e r  v i b r a t i o n a l  f r e q u e n c i e s  o f  t h e  m e  t a l - o x y g e n  c o o r d i n a t e -  

c o v a l e n t  bond i n  t h e  c h e l a t e s  a s  c o m p a r e d  t o  t h e  l o w e r  f r e -  

q u e n c i e s  o f  t h e  m e t a l - o x y g e n  c o o r d i n a t e  bond  i n  t h e  s o l v a t e d  

r a r e  e a r t h  s a l t s .  The  d a t a  o f  T a b l e  3 . 3 . 2 . 4 . 1 .  show t h a t  . t h e  

q u e n c h i n g .  e f f i c i e n c y  of t h e  c h e l a t e s  .i's - l e s s ,  n o t  g r e a t e r ,  ' 

t h a n  t h e  q u e n c h i n g  e f f i c i e n c y  i n  t h e  s . o l v a t e d  s a l t  s y s t e m s .  

T h u s  l a t t i e  v i b r a f  i o n s  mus t  i n v o l v e  more t h a n ,  j u s t  t h e  ke- 

t o n i c  o x y g e n  o f  t h e  c h e l a t e s .  

A l t h o u g h  n o  q u a n t i t a t i v e  m e a s u r e m e n t s  o f  r e l a t i v e  l u m i -  

n e s c e n c e  i n t e n s i t y  were made, i t  was  o b s e r v e d  t h a t  t h e  i n t e n -  

s i t y  o f  t h e  i o n  e m i s s i o n  r o u g h l y  p a r a l l e l e d  t h e  m a g n i t u d e  o f  

t h e  l u m i n e s c e n c e  d e c a y  times. The m e t a p h o s p h a t e  g l a s s e s ,  

w h i c h  e x h i b i t  q u i t e  l o n g  l i f e t imes ,  a l s o  e x h i b i t  q u i t e  b r i g h t  

e m i s s i o n s ,  w h i l e  t h e  h y d r a t e d  r a r e  e a r t h  s a l t s ,  w h i c h  e x h i b i t  

s h o r t  l u m i n e s c e n c e  d e c a y  t imes,  emit v e r y  w e a k l y .  F o r  a  g i v e n  

t y p e  o f  r a r e  e a r t h  c o m p l e x ,  t h e  l o n g - l i v e d  e m i s s i o n  o f  e u r o p i -  

um o r  t e r b i u m  was  a l w a y s  b r i g h t e r  t h a n  t h e  s h o r t - l i v e d  emis- 

s i o n  o f  d y s p r o s i u m  o r  s a m a r i u m .  I n  g e n e r a l ,  i t  was  o b s e r v e d  

t h a t  t h o s e  p h y s i c a l  o r ' c h e m i c a l  c h a n g e s  o f ,  t h e  r a r e  e a r t h  i o n  

e n v i r o n m e n t  w h i c h  c a u s e d  a  c h a n g e  i n  t h e  d e c a y  time o f  t h e  i o n  

l u m i n e s c e n c e  a l s o  c a u s e d  a  c o r r e s p o n d i n g  c h a n g e  i n  t h e  i n t e n -  

s i t y  o f  i o n  e m i s s i o n .  

T h i s  p a r a l l e l i s m  b e t w e e n  l u m i n e s c e n c e  d e c a y  time a n d  

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

t h a t  q u e n c h i n g  p l a y s  . t h e  m a j o r  r o l e  d e t e r m i n i n g  t h e  v a r i a t i o n s  



i n  t h e  l u m i n e s c e n c e  d e c a y  t i m e s .  Any i n c r e a s e  i n  q u e n c h i n g ,  

c a u s i n g  a  d e c r e a s e  i n  l u m i n e s c e n c e  d e c a y  t i m e s ,  must a l s o  

c a u s e  a  d e c r e a s e  i n  e m i s s i o n  i n t e n s i t y  s i n c e  more of  t h e  e l e c -  

t r o n i c  e n e r g y  i s  b e i n g  c o n v e r t e d  t o  n u c l e a r  k i n e t i c  e n e r g y  of 

t h e  l a t t i c e  . and  l e s s  i s  b e i n g  c o n v e r t e d  t o  e l e c t r o m a g n e t i c  

r a d i a t i o n .  

3 .3 .2 -5 .  T e m p e r a t u r e  Dependence -- o f  t h e  Luminescence 

Decay Times . - o f  Complexed - R a r e  E a r t h  - I o n s .  ---.The l u m i n e s c e n c e  

d e c a y  times o f  a  few o f  t h e  . s o l i d  r a r e  e a r t h  i o n  complexes  

were  c h e c k e d  a t  room t e m p e r a t u r e  a s  w e l l  a s  a t  low tempera-  

t u r e  (77OK). The luminescence  deca.y times a t  t h e s e  t w o - t e m -  

p e r a t u r e s  a r e  compared i n  T a b l e  3 .3 .2 .5 .1 .  The d e c a y  times 

a t  2 9 8 ' ~  c o u l d  be  o b t a i n e d  f o r  o n l y  a  few complexes  a s  t h e  

e m i s s i o n  i n t e n s i t i e s  o f  most o f  t h e  complexes  were t o o  weak t o  

be r e c o r d e d  a t  t h i s  t e m p e r a t u r e .  T h i s  was e s p e c i a l l y  t r u e  f o r  
\ 

t h e  r a r e  e a r t h  c h e l a t e s .  The d a t a  p r e s e n t e d  i n  T a b l e  3 .3 .2 .5 .1 .  

i n d i c a t e  t h a t ,  i n  g e n e r a l ,  t h e  l u m i n e s c e n c e  d e c a y  t i m e s  o f  b o t h  

t h e  me taphospha te  g l a s s e s  and t h e  s o l v a t e d  i n o r g a n i c  s a l t s  e x -  

h i b i t  no  s i g n i f i c a n t .  t e m p e r a t u r e  dependenc ie ' s .  ' The l u m i n e s -  

c e n c e  d e c a y  times o f  t h e  c h e l a t e  compounds e x h i b i t e d  a s ig . -  

n i f i c a n t  t e m p e r a t u r e  d e p e n d e n c e .  

The c h e l a t e s  n o t  o n l y  showed s i g n i f i c a n t  d e c r e a s e s  i n  

d e c a y  t i m e s  when t h e  t e m p e r a t u r e  was r a i s e d  f rom 7 7 ' ~  t o  

2 9 8 ' ~ ,  b u t  t h e y  a l s o  e x h i b i t e d  s i g n i f i c a n t  d e c r e a s e s  i n  lumi-  
. . 

n e s c e n c e  i n t e n s i t i e s .  The e m i s s i o n s  . o f i  TbB3*2H20, 
-- /' 

T ~ A ~ - H ~ o ,  and EuA3-H20 became s o  weak t h a t  room t e m p e r a t u r e  



TABLE 3 . 3 . 2 . 5 . 1 .  

EFFECT OF TEMPERATURE ON THE LUMINESCENCE 
DECAY TIMES OF COMPLEXED RARE EARTH IONS 

L i g a n d  Compound L u m i n e s c e n c e  Decay T i m e ,  
C l a s s  m i c r o s e c o n d s  

TbP04-NaP03 g l a s s  3 1 2 0  3 1 8 0  

- .  - EuP04-NaP03 g l a s s ,  
PO4 - 

SmP04-NaP03 g l a s s  

DyP04-NaP03 g l a s s  ' 
/ o=c / \ - EuD3 s o l i d  

\ / /  ~ u ~ j . 2 ~ ~ 0  s o l i d  
0-C 

\ 

* 
S e m i l o g a r i t h m i c  p l o t s  a r e  c u r v e d .  D e c a y  times re -  

p r e s e n t  a n  a v e r a g e  o v e r  t h e  e n t i r e  c u r v e .  
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measurements  of t h e  l uminescence  d e c a y s  c o u l d  n o t  b e  made. 

A change  i n  t h e  s t r u c t u r e  o f  t h e  e m i s s i o n  s p e c t r a  a l s o  a c -  

companied t h e  change  o f  t h e  l u m i n e s c e n c e  d e c a y  t i m e s .  Whi le  

t h e  low t e m p e r a t u r e  e m i s s i o n  s p e c t r a  o f  t h e  m i c r o c r y s t a l l i n e  

r a r e  e a r t h  c h e l a t e s  were  q u i t e  s h a r p  ( e s p e c i a l l y  f rom t h e  

MD3 and M A 3 * H 2 0  complexes )  t h e  room t e m p e r a t u r e  e m i s s i o n  s p e c -  

t r a  were  f u z z y  and d i f f u s e .  

The e x t r e m e l y  l o n g ,  t e m p e r a t u r e  i n d e p e n d e n t ,  d e c a y  t i m e s  

of t h e  r a r e  e a r t h  i o n s  i n  m e t a p h o s p h a t e  g l a s s e s  would i n d i c a t e  

t h a t ,  e i t h e r  a  v e r y  s m a l l  amount o f  t e m p e r a t u r e  i n d e p e n d e n t  

q u e n c h i n g  was o c c u r r i n g ,  o r ,  more p r o b a b l y ,  s o  l i t t l e  quench-  

i n g  was o c c u r r i n g  t h a t ,  e v e n  i f  i t  we're d e p e n d e n t  upon tem- 

p e r a t u r e ,  i t  c o u l d  n o t b e  r e a d i l y  d e t e c t e d  t h r o u g h  a  measure-  

ment of t h e  l u m i n e s c e n c e  d e c a y  t i m e s .  The f a i r l y  l o n g ,  

t e m p e r a t u r e  d e p e n d e n t ,  d e c a y  times of t h e  c h e l a t e  s y s t e m s  

i n d i c a t e  t h a t  a  s i g n i f i c a n t  amount o f  q u e n c h i n g  o f  t h e  r e s o -  

nance  l e v e l s  o f  t h e  i o n  p r o b a b l y  s t i l l  e x i s t s  a t  7 7 O ~ ,  and 

t h a t  t h e  mechanism i s  v e r y  t e m p e r a t u r e  d e p e n d e n t .  The quench-  

i n g  mechanism o f  t h e  s o l v a t e d  s a l t s  a p p e a r s  t o  be  n o t  o n l y  

q u i t e  e f f i c i e n t ,  b u t  a l s o  i n s e n s i t i v e  t o  t e m p e r a t u r e  c h a n g e s  

o v e r  t h e  r a n g e  f rom 7 7 O ~  t o  2 9 8 ' ~ .  

The. e x i s t e n c e  of .  b o t h  t e m p e r a t u r e  d e p e n d e n t  and  t emper -  

a t u r e  i n d e p e n d e n t  v i b r o n i c  q u e n c h i n g  rnechan.isms may be r e l a t e d  

t o  t h e  f r e q u e n c y  of t h e  l a t t i c e  v i b r a t i o n s  t h r o u g h  t h e  r e -  

s u l t s  . o f  Gou te rman ' s  a n a l y s i s  of  t h e  r a d i a t i o n l e s s  t r a n s i t i o n  

p r o b l e m . ( 4 4 ) .  

Gouterman p r e d i c t e d  t h a t  quench ing  may o c c u r  s p o n t a n e -  

o u s l y ,  or i t  may be  induced  t h r o u g h  i n t e r a c t i o n s  be tween  t h e  
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i o n  and t h e  e n e r g y  d e n s i t y  o f  t h e  s u r r o u n d i n g  p h o n o n ' f i e l d .  

A c c o r d i n g  t o  h i s  a n a l y s i s  s p o n t a n e o u s  t r a n s i t i o n s  a r e  tem- 

p e r a t u r e  i n d e p e n d e n t ,  and i n d u c e d  t r a n s i t i o n s  a r e  t e m p e r a t u r e  

d e p e n d e n t .  Through a  compar i son  o f '  t h e  r e l a t i v e  m a g n i t u d e s  

of t h e  p r o b a b i l i t y  c o n s t a n t s  f o r  t h e  t w o . r a d i a t i o n l e s s  t r a n -  

s i t i o n s ,  Gouterman drew t h e  f o l l o w i n g  c o n . c l u s i o n s  : 

( 1 )  ~ a d i a t i o n l e s s  t r a n s i t i o n s  - v i a  low f r e q u e n c y  l a t -  

t i c e  v i b r a t i o n s  a r e  f a i r l y  t e m p e r a t u r e  s e n s i t i v e  - 

a s  i n d u c e d  t r a n s i t i o n s  p r e d o m i n a t e .  

(2) R a d i a t i o n l e s s  q u e n c h i n g  - v i a  h i g h  f r e q u e n c y  l a t -  

t i c e  v i b r a t i o n s  a r e  t e m p e r a t u r e  i n s e n s i t i v e  s i n c e  

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

( 3 )  I f  t h e  t e m p e r a t u r e  of t h e  s y s t e m  i s  r a i s e d  h i g h  

enough,  t h e  t e m p e r a t u r e  d e p e n d e n t ,  i n d u c e d  t r a n -  

s i t i o n s  would e v e n t u a l l y  overwhelm t h e  t empera -  

t u r e  i n d e p e n d e n t ,  s p o n t a n e o u s  t r a n s i t i o n s .  

( 4 )  R a d i a t i o n l e s s  t r a n s i t i o n  c o n s t a n t s  ( i n d u c e d  o r  

s p o n t a n e o u s )  a r e  p r o p o r t i o n a l  t o  t h e  c u b e  o f  t h e  

l a t t i c e  f r e q u e n c y .  

( 5 )  . R a d i a t i o n l e s s '  t r a n s i t i o n s  a r e  f o r b i d d e n  f o r  . l a t -  

t i c e  f r e q u e n c i e s  above  a n  uppe r  l i m i t  r e l a t e d  t o  

t h e  Debye t e m p e r a t u r e  o f  t h e  s o l i d .  

Us ing  t h e , a b o v e  c o n c l u s i o n s  a s  a  b a s i s  f o r  t h e  a n a l y s i s  o f  

t h e  l u m i n e s c e n c e  d e c a y  times o f  r a r e  e a r t h  complexes ,  t h e  f o l -  

lowing  c o n c l u s i o n s  may be  drawn a b o u t  v i b r o n i c  q u e n c h i n g  o f  

r e s o n a n c e  l e v e l s  o f  complexed r a r e  e a r t h  i o n s :  

( 2 )  For  r a r e  e a r t h  i o n s  i n  m e t a p h o s p h a t e  g l a s s e s ,  no  



v i b r o n i c  q u e n c h i n g  o c c u r s .  V i b r a t i o n a l  f r e -  

q u e n c i e s  of t h e  r i g i d  g l a s s  l a t t i c e  a r e  h i g h e r  

t h a n  t h e  uppe r  l i m i t  a l l o w e d  f o r  r a d i a t i o n l e s s  

t r a n s , i  t i o n s .  

( 2 )  V i b r o n i c  q u e n c h i n g  o f  t h e  r a r e  e a r t h ~ i o n s  i n  t h e  

s o l v a t e d  i n o r g a n i c  s a l t s  i s  most e f f i c i e n t '  d u e  t o  

t h e  h i g h  f r e q u e n c y  o f  t h e  l a t t i c e  v i b r a t i o n s  i n -  

v o l v e d .  Because  t h e  f r e q u e n c 5 e s  i n v o l v e d  a r e  

l a r g e ,  t e m p e r a t u r e  i n d e p e n d e n t ,  s p o n t a n e o u s  t r a n -  

s i t i o n s  p r e d o m i n a t e .  T e m p e r a t u r e  d e p e n d e n t ,  i n -  

duced  t r a n s i t i o n s  would become e f f e c t i v e  a t  tem- 

p e r a t u r e s  above  298'~: S i n c e  t h e  l a t t i c e  v i -  

b r a t i o n s  i n v o l v e  t h e  e n t i r e  s o l v e n t  m o l e c u l e  

(HZO o r  D Z O ) ,  t h e  q u e n c h i n g  i s  more e f f i c i e n t  

i n  s a l t s  s o l v a t e d  w i t h  H20 d u e  t o  t h e  h i g h e r  f r e -  

quency  o f  l a t t i c e  v i b r a t i o n s .  

( 3 )  V i b r o n i c  q u e n c h i n g  o f  c h e l a t e d  r a r e  e a r t h  i o n s  

i s  m o d e r a t e l y  e f f i c i e n t .  L a t t i c e  f r e q u e n c i e s  i n -  

v o l v e d  a r e  l ower  t h a n  t h o s e  i n v o l v e d  i n  .the quench-  

i n g  o f  t h e  i o n s  i n  t h e  s o l v a t e d  s a l t s .  Due t o  t h e  

1,ower f r e q u e n c i e s  i n v o l v e d ,  t h e  r a d i a t i o n l e s s  

t r a n s i t i o n  p r o b a b i l i t i e s  a r e  s m a l l e r  t h a n  t h o s e  

o f  t h e  h y d r a t e d  r a r e  e a r t h  i o n ,  and  t h e  t emperz -  

t u r e  d e p e n d e n t ,  i n d u c e d  t r a n s i t i o n s  p r e d o m i n a t e .  

Gou te rman ' s  a p p r o a c h  i s  n o t  t h e  o n l y  t h e o r e t i c a l  t r e a t -  

ment of r a d i a t i o n l e s s  t r a n s i t i o n s  t o  have a p p e a r e d  i n  t h e  



l i t e r a t u r e  r e c e n t l y . '  More r i g o r o u s  q u a n t u m  m e c h a n i c a l  de- 

v e l o p m e n t s  o f . t h e  p r o b l e m  h a v e  b e e n  p r e s e n t e d  by  R o b i n s o n  a n d  

F r o s c h  (48.49). O r b a c h  ( 5 0 , 5 1 ) ,  and' M a t t u c k  a n d  S t r a n d b e r g  

( 5 2 ) .  G o u t e r m a n f s  a n a l y s i s  o f  r a d i a t i o n l e s s  t r a n s i t i o n s  was  

c h o s e n  f o r  t h e  a b o v e  d i s c u s s i o n  b e c a u s e  o f  t h e  s i m p l i c i t y  o f  

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

t h a t  o f  t h e  p r o b l e m  of r a d i a t i v e  t r a n s i t i o n s  i n  a t o m i c  s y s t e m s  

p r e s e n t e d  i n  s t a n d a r d  t e x t s  ( 3 6 , 5 3 ) .  I n  s p i t e  o f  t h e  f a c t  

t h a t  t h i s  a n a l y s i s  o f  r a d i a t i o n l e s s  t r a n s i t i o n s  i s  b a s e d  on 

a  r a t h e ' r  s i m p l e  s e m i c l a s s i c a l  m o d e l ,  t h e  t h e o r y  d o e s  y i e l d  

a  q u i t e  s a t i s f a c t o r y  q u a l i t a t i v e  e x p l a n a t i o n  o f  t h e  l i f e t i m e  

. '  d a t a  o n  complexed  r a r e  e a r t h  i o n s  p r e s e n t e d  i n  t h e  l a s t  two  

s e c t i o n s .  

3 . 3 . 2 . 6 .  S e c o n d a r y  E n v i r o n m e n t a l  E f f e c t s  --- o n  t h e  R a r e  

E a r t h  - I o n  L u m i n e s c e n c e s .  -- I n  o r d e r  t o  d e t e r m i n e  t h e  s e n s i -  

t i v i t y  o f  t h e  r a r e  e a r t h  i o n  l u m i n e s c e n c e s  t o  s e c o n d a r y  e n -  

v i r o n m e n t a l  e f f e c t s  s u c h  a s  t h e  p h y s i c a l  s t a t e  o f  t h e  c o m p l e x e s  

o r '  t h e  n a t u r e  of t h e  s o l v e n t s  i n  w h i c h  t h e  c o m p l e x e s  a r e  d i s -  

s o l v e d ,  t h e  l u m i n e s c e n c e  d e c a y  times o f  e u r o p i u m  a n d  t e r b i u m  

c h e l a t e s  were m e a s u r e d  when t h e  compounds w e r e  d i s s o l v e d  b o t h  

i n  e t h e r - 3 - m e t h y l p e n t a n e  (EMP) a n d  i n  3 - m e t h y l p e n t a n e  (MP) 

g l a s s e s  a t  ??OK. L i g h t  f i l t e r  c o m b i n a t i o n s  were c h o s e n .  s o  

t h a t  o n l y  l i g h t  o o r r e s p o n d i n g  t o  t h e  5 ~ 0 - 7 ~ 2  t r a n s i t i o n s  of 

liu3,+ a t  a p p r o x i m a t e l y  6150  1( o r  t h e  5 ~ 4 + 7 ~ 5  t r a n s i t i o n s  o f  

~ b ~ +  a r o u n d  5 4 0 0  was  m o n i t o r e d  by t h e  p h o t o m u l t i p l i e r  t u b e  

of  t h e  l i f e t ime  a p p a r a t u s  ... F o r  t h e s e  t w o  i o n s  l u m i n e s c e n c e  



d e c a y  t i m e s  o f  t h e  c h e l a t e s  d i s s o l v e d  i n  t h e  v a r i o u s  o r g a n i c  

g l a s s e s  a r e  r ev i ewed  i n  T a b l e  3 .3 .2 .6 .1 .  ( l i f e t i m e  d a t a  f o r  

t h e  c h e l a t e s  i n  EMPA g l a s s e s  o r  i n  t h e  m i c r ~ c r ~ s t a l ' l i n e  s o l i d  

s t a t e  a r e  i n c l u d e d  f o r  c o m p a r a t i v e  p u r p o s e s ) .  

No r e g u l a r '  v a r i a t i o n s  o f  t h e  i o n  d e c a y  t i m e s  w i t h  

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

c h e l a t e s  i n  t h e  v a r i o u s  env i r -onmen t s ,  b u t  t h e  d i f f e r e n c e s  ob- 

s e r v e d  a r e  s i g n i f i c a n t .  I t  i s  b e c a u s e  o f  s u c h  s e e m i n g l y  un- 

p r e d i c t a b l e ,  b u t  s i g n i f i c a n t ,  v a r i a t i o n s  i n  l u m i n e s c e n c e  d e c a y  

times w i t h  c h a n g e s  i n  p h y s i c a l  s t a t e ,  s o l v e n t ,  - e t c .  t h a t ' n o  

c o m p a r i s o n s  have  been made be tween  t h e  e x p e r i m e n t a l  data .  ap.- 

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

r a r e  e a r t h  c h e l a t e s  p u b l i s h e d  r e c e n t l y  by o t h e r  a u t h o r s  (54, 

5 5 , 5 6 , 5 7 ) .  The m a j o r i t y  o f  t h e  d e c a y  t i m e s  r e p o r t e d  t o  d a t e  

a r e  f o r  t h e  c h e l a t e s  i n  e n t i r e l y  d i f f e r e n t  e n v i r o n m e n t s  t h a n  

t h o s e  r e p o r t e d  h e r e .  

The  l u m i n e s c e n c e  d e c a y  t i m e s  o f  m i c r o c r y s t a l l i n e  EUD;. 

were  s t u d i e d  by R i e k e  and  , A l l i s o n  ( 5 5 )  and N a r d i  and Y a t s i v  

( 5 4 ) .  These  a u t h o r s  r e p o r t  t h a t  t h e y  f o u n d  no  t e m p e r a t u r e  . 

dependency  f o r  t h e  europium i o n  l u m i n e s c e n c e  ' a r i s i n g  f rom t h e  

5 ~ 0  r e s o n a n c e  l e v e l .  The d a t a  f o r  tbis same s y s t e m ,  r e p o r t e d  

i n  T a b l e  3.3:2.5.1., show a  s t r i k i n g  t e m p e r a t u r e  dependency .  

N a r d i  and N a t s i v  r e p o r t  i n  t h e  e x p e r i m e n t a l  s e c t i o n  o f  t h e i r  

p a p e r  t h a t ,  when p r e p a r i n g  t h e  europium . t r i s d i b e n z o y l m e t h i d e  

c h e l a t e ,  t h e  f i n a l  p r o d u c t  was n o t  s u b j e c t e d  t o  t h e  p r o l o n g e d  

vacuum d r y i n g  a t  12s0  - 150°C. t h a t  Whan and Crosby  ( 2 0 )  have  

shown i s  n e c e s s a r y  f o r  t h e  r emova l  o f  an  e x t r a  mole o f  c h e -  



TABLE 3 .3 .2 .6 .1 .  

LUMINESCENCE DECAY TIMES OF RARE EARTH CHELATES 
AT 7 7 ' ~  I N  DIFFERENT ENVIRONMENTS 

C h e l a t e  Luminescence  Decay ,  Time,  m i c r o s e c o n d s  

m i c r o c r y s -  EMPA g l a s s  EMP g l a s s  MP g l a s s  
t a l l i n e  

s o l i d  

EuD, 

-- ( d l  

754 TbB3 2H20, 650 630  7 69 

TbD3 -- ( a >  4 6 4 ( b )  ' (360)") - - ( a >  

TbA H 2 0  7 6 0  903' -- ( d l  - - ( d l  

( a ) ~ o  r a r e  e a r t h  i o n  e m i s s i o n  o b s e r v e d  f r o m  t h e s e  
s a m p l e s .  

( b ) ~ e m i l o g a r i t h m i c  p l o t  of d e c a y .  i s  c u r v e d .  d e c a y  time 
i s  c a l c u l a t e d  from t h e  l i n e a r  r e g i o n  o f  . t he  p l o t .  

( ' ) ~ e m i l o ~ a r i t h m i c  p l o t  i s  c u r v e d .  Decay t i n e  r e p r e -  
s e n t s  a n  a v e r a g e  o v e r  t h e  e n t i r e  c u r v e .  

( d ) ~ e c a y  t i m e s  o f  t h e s e  Sys tems  were  n o t  i n v e s t i g a t e d .  
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l a t i n g  agent  from the  product .  I n  o r d e r  t o  determine whether 

t h e  above mentioned d i s c r e p a n c i e s  could be due t o  a.n e x t r a  

mole of c h e l a t i n g  agent  i n  the  m a t e r i a l  used by t h e  o t h e r  

au tho r s  f o r  t h e i r  luminescence s t u d i e s ,  the  luminescence prop- 

e r t i e s  bf bo th  europium t r i sd ibenzoy lme th ide  (EuD3) and euro-  

pium t r i sd ibenzoy lme th ide  s o l v a t e d  w i t h  one e x t r a  mole of 

dibenzoylmethane (EuD3-~H)  were e x t e n s i v e l y  s tud ied . .  

The luminescence decay t imes of  both  EuD3 and EuD3'DH 

i n  EMPA g l a s s e s  and t h e  m i c r o c r y s t a l l i n e  s t a t e  p lus  t he  co r -  

responding d a t a  given by t h e  o t h e r  au tho r s  a r e  p resen ted  i n  

Table  3.3.2.6.2. A s  su spec t ed ,  the  luminescence decay t imes 

of t he  E U ~ *  ion  i n  s o l i d  EuD3.DH e x h i b i t e d  no temperature  . 

dependence, whi le  the  decay t imes of t he  EuD3 c h e l a t e  were 

very temperature  s e n s i t i v e .  The s i g n i f i c a n t  d i f f e r e n c e s  i n  

t h e  temperature  dependencies of  t he  two compounds were a l so ,  

r e f l e c t e d  i n  s i g n i f i c a n t  s t r u c  t u r a i  changes of t h e  emission 

s p e c t r a  of t h e  two complexes i n  the  m i c r o c r y s t a l l i n e  s t a t e  a t  

7 7 ' ~  ( s e e  F ig .  3.3.2.6.1.)  and i n  the  a b s o r p t i o n  s p e c t r a  of 
' 

t h e  compounds d i s s o l v e d  i n  benzene ( F i g .  3 .3 .2 .6 .2 . ) .  I t  i s  

c l e a r  t h a t  t h e  luminescence d a t a  r epo r t ed  by Nardi and Ya t s iv  

a s  w e l l  a s  Rieke and A l l i s o n  were ob ta ined  f r o m  the  Eud3*DH 

complex, not from t h e  s impler  EuD3 compound. 

D i f f e r ences  i n  t h e  luminescence p r o p e r t i e s  of t he  EuD3 

and EuD3 *DH c h e l a t e s  d i sappea r  complete ly  when the  compounds 

a r e  d i s s o l v e d  i n  hydroxyl ic  s o l v e n t s .  Not only  a r e  t h e  lumi- 

nescence decay t imes of t he  two compounds t h e  same when d i s -  

solved i n  EMPA g l a s s e s  ( s e e  Table  3.3.2.6.2.1,  bu t  t he  emiss ion 



TABLE 3 .3 .2 .6 .2 .  

LUMINESCENCE DECAY TIMES OF EUROPIUM 
TRISDIBENZOYLMETHIDE CHELATES 

Complex Decay t i m e ,  m i c r o s e c o n d s  

7 7 ' ~  . 2 9 8 ' ~  

M i c r o c r y s t a l l i n e  EuD3 460  (80) * 30* 

M i c r o c r y s t a l l i n e  EuD3 
( r e p o r t , e d  by N a r d i  and  
Y a t s i v  (54) )**  

M i c r o c r y s  t a l l x n e  EuD3 
( r e p o r t e d  by R i e k e  
a n d '  A l l i s o n  (55 ) )** '  

* 
S e m i l o g a r i t h m i c  p l o t  o f  d e c a y  i s  c u r v e d .  ~ . e c a y  t i m e  

r e p r e s e n t s  a v e r a g e  o v e r  e n t ' i r e  c u r v e .  

** P r o b a b l y  EuD3-DH (see t e x t ,  S e c t i o n  3 . 3 . 2 . 6 . ) .  



,Fig.. .3.3.2.6.1. -- mission s p e c t r a  of m i c r o c r  s t a l l i n e  'i EuD -DH and E u D 3 a t  77O K .  ( O n l y  t h e  s t r o n g  5 ~ 0 -  F 
t r a j s i t i o n s  a r e  shown. ) 
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~ i ~ .  . ) . 3 . 2 . 6 . 2 .  - A b s o r p t i o n  spectrum o f  the E U ~ *  i o n  
. i n  b e n z e n e . . s o l u t i o n s  of EuD3 and EuD3*DH. 



. s p e c t r u m  o f  t h e  s p e c t r u m  o f  t h e  EuD3*DH c o m p l e x  i n  a n  EMPA 

g l a s s  a t  77OK i s  p r e c i s e l y  t h e  same a s  t h e  e m i s s i o n  s p e c t r u m  

of  EuD3 i n  a n  EMPA g l a s s  a t  7 7 ' ~  shown i n  F i g .  3 . 1 . 2 . 1 .  

F u r t h e r m o r e ,  when b o t h  c . h e l a t e s  - a r e  d i s s o l v e d  i n  a b s o l u t e  

e t h a n o l ,  n o  d i f f e r e n c e s  c o u l d  b e  d e t e c t e d  i n  t h e  s t r u c t u r e  

o f  t h e  a b s o r p t i o n  s p e c t r u m  a t t r i b u t a b l e  t o  t h e  E U ~ +  i o n .  T h e s e  

a b s o r p t i o n  s p e c t r a . a r e  shown i n  F i g .  3 .3 .2 . .6 .3 .  Removal  o f  

t h e  d i b e n z o y l m e t h a n e  m o l e c . u l e  (DH) f r o m  t h e  v i c i n i t y  o f  t h e -  

I2u3* i o n  by.  t h e  h y d r o x y l i c  s o l v e n t  a d e q u a t e l y  e x p l a i n s  why 
- 

d i f f e r e n c e s  i n  t h e  l u m i n e s c e n c e  p r o p e r t i e s  o f  t h e  EuD3 a n d  

EuD3-DH c o m p l e x e s  d i s a p p e a r  c o m p l e t e l y .  when t h e  c h e l a t e s  a r e  

d i s , s o l v e d  i n  h y d r o x y l i c  m e d i a .  

A f i n a l  e x a m p l e  o f  t h e  e f f e c t  o f  t h e  e n v i r o n m e n t  upon 

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

t h e  c a s e  o f  t h e  TbD3 c h e l a t e .  Whi le  t h i s  c h e l a t e  e x h i b i t s  

s t r o n g  l u m i n e s c e n c e  c h a r a c t e r i s t i c  o f  t h e  t e r b i u m  i o n  w h e n '  

d i s s o l v e d  i n  EMPA g l a s s e s  a t  7 7 O ~ ,  i t .  e x h i b i t s  o n l y  weak i o n  

e m i s s i o n  i n  EMP. g l a s s e s  and p r a c t i c a l l y  n o  i o n  e m i s s i o n  i n  ' . 

t h e  MP g l a s s  a n d  i n  t h e  m i c r o c r y s t a l l i n e  s o l i d  s t a t e .  

T h e  r e s o n a n c e  l e v e l  o f  t h e  ~ b ~ *  i o n  ( s e e  F i g .  3 . 1 . 2 . 2 . )  

i s  a l m o s t  c o i n c i d e n t  w i t h  t h e  t r i p l e t  l e v e l  o f  t h e  TbD3 com- 

p lex ' .  S t u d i e s  o f  r a r e  e a r t h  c h e l a t e s  i n  EMPA g l a s s e s  ( 2 1 )  

r e v e a l  t h a t . t h e  h y d r o x y l i c  s o l v e n t  r a i s e s  t h e  e n e r g y  o f  t h e  

t r i p l e t  l e v e l  o f  t h e  c o m p l e x .  T h i s  s l i g h t  s h i f t  i n  t r i p l e t  

s t a t e  e n e r g y  of t h e  TbD3 compound b y  t h e  a l c o h o l  i n  t h e  EMPA 

i s  a p p a r e n t l y  a l l  t h a t  i s  n e e d e d  t o  r a i s e  t h e  t r i p l e t  s t a t e  

o f  t h e  c h e l a t e  a b o v e  t h e  r e s o n a n c e  l e v e l  o f  t h e  ~ b ~ +  i o n .  I n  



3+ 
P i g .  3 . 3 . 2 . 6 . 3 .  - - A b s o r p t i o n  s p e c t r u m  o f  t h e  Eu i o n  

i n  a b s o l u t e  e t h a n o l  s o l u t i o n s  of EuD3 and EuD3*DH. ( A p p r o x i -  
m a t e l y  0 . 0 1  molar  s o l u t i o n s  were u s e d .  Comple te  s o ' l u t i o n  o f  
t h e  EuD3 i n  the a lcohal  was not obtained.) 

EuD3 *DH 



n o n - h y d r o x y l i c  s o l v e n t s  and i n  t h e  m i c r o c r y s t z l l i n e  s o l i d  

s t a t e ,  t h e  t r i p l e t  l e v e l  i s  t o o  low t o  e f f i c i e n t l y  p o p u l a t e  

t h e  r e s o n a n c e  l e v e l  o f  t h e  ~ b * ~  i o n  by i n t r a m o l e c u l a r  e n e r g y  

t r a n s f e r ;  t h u s  n o  i o n  l u m i n e s c e n c e  i s  ' o b s e r v e d .  

The d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  o f  t h e  D i s c u s s i o n  

a . re  t o o  s p a r s e  t o  c l a r i f y  t h e  e f f e c t s ,  o f  s o l v e n t  o r  phys ' i c a l  

s t a t e  upon t h e  l u m i n e s c e n c e  p r o p e r t i e s  o f  t h e  r a r e  e a r t h  

complexes .  The d a t a  a r e  p r e s e n t e d  i n  o r d e r  t o  show t h e  pos-  

s i b l e  o r i g i n s  o f  d i s c r e p a n c i e s  i n  t h e  l u m i n e s c e n c e  d e c a y  times 

r e p o r t e d  by v a r i o u s  a u t h o r s .  The d a t a  i n d i c a t e  t h a t ,  . d u e  t o  

t h e  s e n s i t i v i t y  o f  t h e  r a r e  e a r t h  i o n  t o  s e c o n d a r y  e n v i r o n -  

m e n t a l  ' e f f e c t s ,  s u c h  f a c t o r s  a s  method o f  p r e p a r a t i o n ,  phys-  
\ 

i c a l  and c h e m i c a l  n a t u r e  o f  t h e  s o l v e n t ,  and t h e  p u r i t y  of 

t h e  compound must  be  c a r e f u l l y  c o n s i d e r , e d  i n  a n  a n a l y s i s  o f  

t h e  l u m i n e s c e n c e  c h a r a c t e r i s t i c s  o f  complexed r a r e  e a r t h  i o n s .  



4 .  Sugges t ions  f o r  Pu ture  Work 

C a r e f u l  measurements of t h e  temperature  dependency 

oE t h e  luminescences of complexed r a r e  e a r t h  ions  a r e  needed. 

This  d a t a  would y i e l d  u s e f u l  in format ion  about t h e  n a t u r e  of 

t h e  quenching mechanisms of r a r e  e a r t h  complexes. The l u m i -  

nescenc'e decay t ime,  7' ; and the  r e l a t i v e  i n t e n s i t y  of emis- 

s i o n ,  ' f ' ,  a r e  r e l a t e d  t o  the  t r a n s i t i o n  p r o b a b i l i t i e s  by 

the  equa t ions  

Where Kr  i s  t h e  spontaneous r a d i a t i v e  t r a n s i t i o n  

p r o b a b i l i t y , .  

K i s  t h e  spontaneous r a d i a t i o n l e s s  t r a n s i t i o n  
q  

p r o b a b i l i t y ,  and 

K ~ ( T )  i s  t h e  i,nduced, temperature  dependent ,  

r a d i a t i o n l e s s  t r a n s i t i o n  p r o b a b i l i t y .  

A p l o t  of l/# o r  1/p ve r sus  temperature ,  Ti would y i e l d  

t he  mathematical  form of t he  temperature  dependent ,  r a d i a -  

t i o n l e s s  t r a n s i t i o n  p r o b a b i l i t y .  From the  mathematical  r e -  

l a t i o n s h i p ,  t h e  f requency of t h e  l a t t i c e  v i b r a t i o n s  could 



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

b y  G o u t e r m a n  ( 4 4 ) :  

w h e r e  w i s  t h e  f r e q u e n c y  of t h e  l a t t i c e  v i b r a t i o n ,  

f i  i s  P l a n c k l s  c o n s t a n t  d i v i d e d  b y  2 71, a n d  

k  i s  B o l t z r n a n n l s  c o n s t a n t .  

S t u d i e s  o f  t h e  l u m i n e s c e n c e  p r o p e r t i e s  o f  c h e l a t e d  

r a r e  e a ' r t h  i o n s  h a v e  a l w a y s  b e e n  hampered  by  t h e  v e r y  p o o r  

c r y s t a l l i z a t i o n  p r o p e r t i e s  o f  t h e  c h e l a t e  compounds w h i c h  h a v e  

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

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

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

A l t h o u g h  a t t e m p t s  t o  grow c r y s t a l s ' b y  vacuum s u b l i m a t i o n  

f a i l e d ,  s u c h  t e c h n i q u e s  a s  d o p i n g  c o l o r l e s s  a luminum o r  y t -  

t r i u m  t r i s a c e t y l a c e t o n a t e  c r y s t a l s  ( w h i c h  r e a d i l y  c r y s t a l l i z e  

f r o m  a c e t o n e  s o l u t i o n s )  w i t h  t h e  r a r e  e a r t h  t r i s a c e t y l a c e t o -  

n a t e s  m i g h t  y i e l d  t h e  d e s i r e d  l a r g e ,  s i n g l e  c r y s t a l s  s u i t a b l e  

for t h e  l u m i n e s c e n c e  s t u d i e s .  

I t  w o u l d  a l s o  be o f  i n t e r e s t  t o  d e t e r m i n e  t h e  l u m i -  

n e s c e n c e  d e c a y  t i m e s  o f  r a r e  e a r t h  i o n s  e m b e d d e d . i n  s u c h  

r i g i d  l a t t i c e s  t h a t  v e r y  l i t t l e  q u e n c h i n g  o f  t h e  e l e c t r o n i c  

' ' s t a t e s  of t h e  i o n  c o u l d  o c c u r .  The  l u m i n e s c e n c e  d e c a y  times 

, o f  t h e  i o n s  i n  t h e  m e t a p h o s p h a t e  g l a s s e s  a r e  s t i l l  less t h a n  

t h e  f o u r t e e n  m i l l i s e c o n d  u p p e r  l i m i t  p r e d i c t e d  f o r  some o f  

t h e  r a r e  e a r t h  i o n s .  S u c h  s y s t e m s  a s  t h e  a n h y d r o u s  r a r e  

e a r t h  c h l o r i d e s ,  i n  w h i c h  n e a r l y  a l l  t h e  r a r e  e a r t h  i o n s  



e x h i b i t  luminescence (4.1, might y i e l d  r a r e  e a r t h  ion  l u m i -  

nescence decay t imes longer  t han  t h e  t h r e e  mi l l i s econd  decay 

t imes ,  of  t h e  sodium metaphosphate g l a s s e s .  Of s p e c i a l  i n -  

t e r e s t  would be t h e  decay time of t he  ~ d ~ *  ion i n  t h e  anhy- 

d rous  c h l o r i d e .  The decay t ime of t h i s  i o n  i n  such a  r i g i d  

l a t t i c e  might be equa l  t o  o r  even g r e a t e r  than  t h e  f o u r t e e n  
. . 

mi l l i s econd  upper l i m i t .  

Laser a c t i o n  has been r epo r t ed  f o r  t he  emiss ion of 

numerous r a r e  e a r t h  i ons  (57-70).  W i t h  t he  excep t ion  of one 

i o n  ( E U ~ ' ) ,  t h e  l a s e r  a c t i o n  has been conf ined t o  emiss ion 

i n  t h e  nea r  i n f r a r e d  o r  i n f r a r e d  r eg ion  of t he  spectrum. 

L a s e r .  a c t i o n  of europium ion  a t  N 6100 61 from t h e  europium 

benzoylace tona te  c h e l a t e  has been r e p o r t e d  by Lempicke a n d .  

Samelson ( 5 7 ) .  The r a r e  e a r t h  oxide-sodium, metaphospha.te 

g l a s s e s  appear t o  be e x c e l l e n t  cand ida t e s  f o r  e x h i b i t i n g  l a s e r  

a c t i o n  i n  t h e  v i s i b l e  reg ion  of the spectrum. Not only  do 

these  g l a s s e s  e x h i b i t  t h e  d e s i r a b l e  p r o p e r t i e s  of b r i g h t ,  

long- l ived ,  v i s i b l e  emiss ion ( i n d i c a t i n g  very e f f i c i e n t  pop- 

u l a t i o n  i n v e r s i o n  of the  upper resonance l e v e l s  ), but  . t he  

g l a s s e s  a l s o  e x h i b i t  such d e s i r a b l e  p r o p e r t i e s  a s  chemical  

and mechanical s t a b i l i t y ,  o p t i c a l  c l a r i t y ,  and e a s e  of prep- 

a r a t i o n .  



5 .  Appendix  

5 .1 .  - Wave L e n g t h C a l i b r a t i o n  - f o r  Measurement - of   mission 

S p e c t r a  

The e m i s s i o n  f r o m  a  low p r e s s u r e  a r g o n  d i s c h a r g e  t u b e ,  

o p e r a t e d  a t  - 2500 V ,  was r e c o r d e d  w i t h  t h e  S t e i n h e i l  s p e c -  

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

was made w i t h  t h e  J a r r e l l - A s h  m i c r o p h o t o m e t e r .  The wave 

l e n g t h s  o f  t h e  a r g o n  l i n e s  were a s s i g n e d  u s i n g  t h e  a r g o n  

e m i s s i o n  wave l e n g t h  t a b l e  i n  t h e  Handbook - o f ' c h e m i s t r y  and 
. . 

P h y s i c s  (71) .  The d i s t a n c e s  on t h e  d e n s i t o m e t e r  t r a c e  from 

a n  a r b i t r a r y  s t a r t i n g  p o i n t  t o  e a c h  of t h e  a r g o n  l i n e s  o f  

known wave l e n g t h  were measured .  A c a l i b r a t i o n  c u r v e  was con-  

s t r u c t e d  f rom t h e s e  d a t a  i n  which  t h e  wave l e n g t h  i n  8 o f  

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

d e n s i t o m e t e r  t r a c e .  

Once t h e  s a m p 1 e . e m i s s i o n  had been  pho tog raphed  w i t h  

t h e  s p e c t r o g r a p h ,  t h e  a r g o n  e m i s s i o n  s p e c t r u m  was s u p e r i m p o s e d  

0 v e r . a  na r row r e g i o n  of t h e  s ample  e m i s s i o n  s p e c t r u m .  D e n s i -  

t o m e t e r  t r a c e s  were  made o f  t h e  s ample  e m i s s i o n  a l o n e  and 

t h e n  o f  t h e  s ample  e m i s s i o n  p l u s  t h e  a r g o n  l i n e  e m i s s i o n .  The 

p o s i t i o n s  o f  th,e a r g o n  l i n e s  i n  t h e  l a ' t t e r  d e n s i t o m e t e r  t r a c e  

were d e t e r m i n e d  by compar ing  t h e  two t r a c e s .  The d i s t a n c e s  

f rom a t  l e a s t  two d i f f e r e n t  a r g o n  l i n e s  t o  t h e  s ample  peak  of 

149 



l i n e  were measured, and t h e  wave l e n g t h  o f  t h e  sample e m i s s i o n  

determined from t h e  c a l i b r a t i o n  c u r v e  o f  wave l e n g t h  v e r s u s  . 

d i s t a n c e .  For spec trograph  s e t t i n g s  y i e l d i n g  a d i s p e r s i o n  o f  

17 R/mm. on t h e  photographic  p l a t e  a t  5000 R,, the  average  e r -  

r o r  i n . d e t e r m i n i n g  t h e  wave l e n g t h s  of. sample e m i s s i o n  was 

about 2 a .  



5 .2 .  C o n s t r u c t i o n  - and C a l i b r a t i o n  -- o f  t h e  A p p a r a t u s  -- u s e d  t o  

Measure - t h e  Luminescence Decay Times 

A b l o c k -  d i ag ram of  t h e  a p p a r a t u s  u sed  t o  measure  lumi-. 

n e s c e n c e  d e c a y  t i m e s  h a s  a l r e a d y  b e e n  gi 'ven i n  F i g .  2 . 5 . 1 . 1 .  

A d e t a i l e d  d e s c r i p t i o n  o f  e a c h  o f  t h e  components  i n  t h i s  d i a -  

gram i s  g i v e n  below.  

5 .2 .1 .  S p a r k  S o u r c e  . ' 

The c i r c u i t r y  of t h i s  u n i t  i s  g i v e n  i n  Fi.g.  5 .2 .1 .1 .  

The u n i t ,  which  d e l i v e r s  a t w e n t y  k i l o v o l t  p u l s e  t o . . t h e  t r i g -  

. g e r e d  s p a r k  g a p ,  i s  a c t i v a t e d  by  a n  i n p u t  p u l s e  of ~ 4 0  V .  

The one s e c o n d  p u l s e  f r o m  t h e  t i m e  mark g e n e r a t o r  was u s u a l l y  

u sed  f o r  t h i s  p u r p o s e .  RG 5 8 / ~  c o a x i a l  c a b l e  was employed f o r  

b o t h  t h e  i n p u t  and o u t p u t  l e a d s .  . 

5 . 2 . 2 .  F l a s h  Lamp Power S u p p l y  

, A  s c h e m a t i c  d i a g r a m ' o f  t h - i s  u n i t  i s  g i v e n  i n  F i g .  5 . 2 . 2 . 1 .  

The components  of t h e  power s u p p l y  were  mounted i n , a  l u c i t e  

c h a s s i s  made of jl' t h i c k  m a t e r i a l .  Heavy d u t y ,  RG 8 / ~  c o a x i a l  

c a b l e  c o n n e c t e d  t h i s  u n i t  w i t h  t h e  t r i g g e r e d  s p a r k  gap .  The 

power s u p p l y  d e l i v e r s  f rom 50 t o  10,000 v o l t s  DC. 

'5 .2.3.  T r i g g e r e d  . . S p a r k  Gap 

The . c i r c u i t r y  o f  t h i s  p o r t i o n  of t h e  a p p a r a t u s  i s  g i v e n  



F i g ,  .--5-2.1.1'. - S p a r k  source  c i r c u i t .  



I pilot lamp 

- 
transformer f i lament I 

0-10 KVDC 
\ -SF 

a t  I m a  110 V A C  

+ center t a p  f 
- d 

- - - 
to triggered 

spark gap . 

Fig: -5.2.2.1.--Flash l a m p  power  s u p p l y  c i r c u i t .  



i n  Fi,g.  5 .2 .3 .1 .  . D e t a i l s  on  t h e  c o n s t r u c t i o n  o f  t h e  s p a r k  g a p  

a r e  g i v e n  i n  F i g .  5 . 2 . 3 . 2 .  A l l  components  were  mounted i n  a  

l u c i t e  c h a s s i s ,  and heavy  d u t y  RG 8/U c o a x i a l  c a b l e  c o n n e c t e d  

t h e  l e a d s  t o  t h e  f l a s h  lamp. When o p e r a t i n g  t h i s  u n i t ,  t h e  

m e t a l  p o l e s  o f  t h e  s p a r k  g a p  were  a d j u s t e d  s o  t h a t  a  s p o n t a n e -  

o u s  d i s c h a r g e  o c c u r r e d  ' a t -  a p p r o x i m a t e l y  400  v o l t s  above  t h e  

. d e s i r e d  o p e r a t i n g  p o t e n t i a l  o f  t h e  lamp. The . . u n i t  was t h e n  

r u n  a t  t h e  d e s i r e d  o p e r a t i n g  v o l t a g e  a t  which n o  s p o n t a n e o u s  

d i s c h a r g e  o f  t h e  l a m p  o c c u r r e d .  When t h e  S p a r k  s o u r c e  d e -  

l i v e r e d  a  h i g h  v o l t a g e  p u l s e  t o  t h e  s p a r k  g a p ,  a  s p a r k  jumped 

f rom t h e  end  o f  t h e  wire i n s i d e  t h e  m e t a l  t o r o i d  t o  t h e  t o r o i d  

i t s e l f .  T h i s  s p a r k  i o n i z e d  t h e  a i r  w i t h i n  t h e  g a p  and a l l o w e d  

t h e  a i r  g a p  t o  d i s c h a r g e  t h e  c a p a c i t o r s  t h r o u g h  t h e  f l a s h  lamp. 

The l i f e t i m e  o f  t h e  'lamp o p e r a t e d  i n  t h i s  f a s h i o n  was on t h e  

o r d e r  o f  two t o  t h r e e  mi 'croseconds.  The lamp i n t e n s i t y  a s  a 

f u n c t i o n  o f  time i s  shown i n  P i g .  5 .2 .3 .3 .  

5 .2 .4 .  P h o t o m u l t i p l i e r  Tube Power S u p p l y  

A bank  o f  h e a v y . d u t y  90  v o l t  s t o r a g e  b a t t e r i e s  (RCA 

#VS-058) was used  f o r  t h e  p h o t o m u l t i p l i e r  power s u p p l y .  T h e .  

b a t t e r i e s  were c o n n e c t e d  t o  t h e  p h o t o m u l t i p l i e r  - v i a  a  f o u r t e e n  

s t r a n d  ' s h i e l d e d  c a b l e .  A Cannon,  1 5  pin,..  c o n n e c t o r  was used  

t o  c o n n e c t  t h e  c a b l e s  . t o  t h e  p h o t o m u l t i p l i e r .  

T h i s  t y p e  o f  power s u p p l y  was p r e f e r r e d  o v e r  t h e  more 

common commerc i a l ,  e l e c t r o n i c l y  r e g u l a t e d  power s u p p l i e s  b e c a u s e  

i t  was f o u n d  t o  be  h i g h l y  s t a b l e  ( w i t h i n  ' 0 . 0 1  %) and  u n a f -  

f e c t e d  by  t h e  h i g h  i n t e n s i t y  e l e c t r o m a g n e t i c  f i e l d s  g e n e r a t e d  
. . . . .  



F i g ,  - 5.2.3.1.. - - T r i g g e r e d  s p a r k  g a p  c i r c u i t .  
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Fig.. - ,-5.2.3.2. - -Cross  s e c t i o n a l  drawing o f  t h e  
c y l i n d r i c a l  t r i g g e r e d  spark  gap .  



TIME, microseconds . 

Fig. 5 . 2 . 3 . 3 . - - D e c a y  of t h e  FX-12 x e n o n  f l a s h  lamp 
, o p e r a t e d  a t  o n e  j o u l e  p e r  d i s c h a r g e .  



d u r i n g  t h e  d i s c h a r g e  o f  t h e  f l a s h  lamp. 

5 .2 .5 .  P h o t o m u l t i p l i e r  Tubes  and P h o t o m u l t i p l i e r  Tube Hous ing  

E i t h e r  of two end-on ,  t e n - s t a g e  a m p l i f i c a t i o n  p h o t o -  

m u l t i p l i e r  t u b e s  was used  t o  d e t e c t  t h e  i n t e n s i t y  o f  s ample  

e m i s s i o n .  Fo r  s ample  e m i s s i o n  i n  t h e  v i s i b l e  r e g i o n  of t h e  

s p e c t r u m ,  a  RCA-2020 p h o t o m u l t i p l i e r  w i t h  a S -11  r e s p o n s e  was 

u s e d .  F o r  s ample  e m i s s i o n  i n  t h e  d e e p  r e d  end o f  t h e  v i s i b l e  

s p e c t r u m ,  a  RCA-7102 t u b e  wzs employed .  The w i r i n g  d i a g r a m s  

f o r  t h e  p h o t o m u l t i p l i e r  t u b e s  a r e  g i v e n  i n  P i g s .  5 . 2 . 5 ' . l . . a n d  

5 . 2 . 5 . 2 .  Each  b a t t e r y  i n  t h e s e  c i r c u i t  d i a g r a m s  r e p r e s e n t s  

one  o f  t h e  9 0  V s , t o r a g e  b a t t e r i e s  o f  t h e  power s u p p l y .  The 

p h o t o m u l t i p l i e r s  we re  o p e r a t e d  a t  a  1080 v o l t  c a t h o d e  t o  anode  

, . 
p o t e n t i a l .  

T e n , d i f f e r e n t ,  one  h a l f  w a t t ,  5 %, c a r b o n  r e s i s t o r s ,  

r a n g i n g  fr,om 2  K l 2  t o  1 . 2  MR , were  employed f o r  t h e  anode  t o  

g round  l o a d  r e s i s t a n c e .  F o r  l o a d  r e s i s t a n c e s  up t o  3 0  K f2 1 

t h e  r e s p o n s e  t i m e  of t h e  d e t e c t o r  c i r c u i t  was f o u n d  t o  b e  l e s s  

t h a n  o n e  m i c r o s e c o n d .  A t  100  K R  o r  l a r g e r  l o a d  r e s i s t a n c e s ,  

t h e  r e s p o n s e  time o f  t h e  d e t e c t o r  c i r c u i t  d r o p p e d  t o  more t h a n  

f i f t y  m i c r o s e c o n d s .  The p h o t o m u l t i p l i e r  t u b e s  were u s u a l l y  

o p e r a t e d  a t  a  1 0  KR l o a d  r e s i s t a n c e .  B o t h  p h o t o d e t e c t o r s  

we re  s h i e l d e d  w i t h  a N i c o l o i  #80802B m a g n e t i c  s h i e l d  which  

was c o n n e c t e d  t o  t h e  c a t h o d e  a t  -1080 v o l t s .  

The s i g n a l  t o  ground  r e s i s t a n c e s ,  p h o t o m u l t i p l i e r ,  

d i h e p t a l  b a s e ,  and i n s u l a t e d  s h i e l d  were  a l l  mounted w i t h i n  a  

t u b u l a r  b r a s s  h o u s i n g  wh ich  was g rounded  a t  + 1080 v o l t s .  The 



? t o  magnetic s h i e l d  

I 3- Zcil lo- 
scope 

Fig. -5.2.5.1.--Circuit for the RCA-2020 photomulti- 
plier. (All batteries indicated in the circuit'are 90 V 
storage batteries.) 



9 t o  magnetic sh ie ld  

. F i g .  .-5.2.5.2. - - C i r c u i t  f o r  the' RCA-7102 photomult i -  
p l i e r .  ' ( A l l  b a t t e r i e s  i n d i c a t e d  i n  , the c i r c u i t  a r e  90 V 
s t o r a g e  b a t t e r i e s .  ) 
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h o u s i n g  was mounted d i r e c t ' l y  a g a i n s t  t h e  sample  c e l l  f o r  d i -  

. .  r e c t  o b s e r v a t i o n s  o f  l u m i n e s c e n c e  d e c a y s ,  o r  i t  was mounted 

a g a i n s t  the e x i t  s l i t  o f  t h e  monochromator f o r  o b s e r v a t i o n s  o f  

more s e l e c t e d  r e g i o n s  o f  t h e  s ample  e m i s s i o n  s p e c t r u m .  

5'..2.6. P l a s h  Lamp, Sample C e l l ,  amd L i g h t  F i l t e r s  

The r e l a t i v e  p o s i t i o n s  o f  t h e  f l a s h  lamp, s ample  c e l l ,  
. - 

and l i g h t  f i l t e r s  a r e  shown s c h e m a t i c a l l y  i n  F i g .  5 .2 .6 .1 .  

A l l  t h e  u n i t s  s h o w n . i n  t h i s  f i g u r e ,  w i t h  t h e  e x c e p t i o n  of t h e  

monochromator and t h e  p h o t o m u l t i p l i e r  t u b e ,  were mounted i n  a  

b l a c k  l i g h t - t i g h t  box which  was s o  b a f f l e d  t h a t  o n l y  t h e  prop-  

e r l y  f i l t e r e d  e x c i t a t i o n  l i g h t  r e a c h e d  t h e  s ample  o r  s u b s e -  

q u e n t l y ,  o n l y  f i l t e r e d  e m i t t e d  l i g h t  r e a c h e d  t h e  d e t e c t o r .  The 

r e f l e c t o r  b e h i n d  t h e  f l a s h  lamp was c o a t e d  w i t h  magnesium o x i d e  

f o r  m ~ m u m  r e f l e c t i o n  o f  u l t r a v i o l e t  l i g h t .  

D e s c r i p t i o n s  o f  t h e  r e m a i n i n g  components  o f  t h e  a p p a r a -  
. . 

t u s  s u c h  a s  t h e  time mark g e n e r a t o r ,  o s c i l l o s c o p e ,  and  camera 

a r e  f o u n d  i n  S e c t i o n  2.5 .1 .  

5 . 2 . 7 .  C a l i b r a t i o n  of  t h e  A p p a r a t u s  

T h e r e  a r e  no  p r i m a r y  s t a n d a r d s  a v a i l a b l e  f o r  c a l i b r a t i o n  

o f  t h e  a p p a r a t u s  used  t o  measure  t h e  l u m i n e s c e n c e  d e c a y  times. 

T h r e e  c r i t e r i a  must be met by t h e  a p p a r a t u s ,  however ,  i f  i t  i s  

t o  a c c u r a t e l y  measure  l u m i n e s c e n c e  d e c a y  t i m e s .  They  a r e :  

(1) t h e  h o r i z o n t a l  sweep , s p e e d  o f  t h e  . a p p a r a t u s  must 

b e  a c c u r a t e l y  c a l i b r a t e d  a g a i n s t  a  t i m e  s x a n d a r d ,  
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(2) t h e  r e s p o n s e  t i m e  o f  t h e  p h o t o m u l t i p l i e r  must be 

s u f f i c i e n t l y  f a s t  s o  t h a t  t h e  p h o t o m u l t i p l i e r  can' 

f o l l o w  a l l  t h e  l i g h t  i n t e n s i t y  v a r i a t i o n s  o f  i n -  . 

t e r e s t ,  and 

( 3 )  t h e  n a t u r e  o f  t h e  r e s p o n s e  of  t h e  a p p a r a t u s  t o  

v a r i a t i o n s  o f  l i g h t  i n t e n s i t y  must b e  known. ( I n  

t h i s  i n s t a n c e ,  t h e  r e l a t i o n s h i p  must b e  l i n e a r  be-  

c a u s e  of  t h e  a s s u m p t i o n  t h a t  v e r t i c a l  d i s t a n c e s  

o n  t h e ,  p h o t o g r a p h s  a r e  ' p r o p o r t i o n a l  t o  r e l a t i v e  

l i g h t  i n t e n s i t y . )  

The f i r s t  c r i t e r i o n  was met by r e l y i n g  n o t  on t h e  r a t e d  

sweep s p e e d s  o f  t h e  o s c i l l o s c o p e ,  b u t  r a t h e r  by  r e l y i n g  on t h e  

c a l i b r a t e d  t i m e  marks s i g n a l s  f rom t h e  T e k t r o n i x  Model 180 t i m e  

mark g e n e r a t o r .  These  t i m e  mark s i g n a l s ,  a p p e a r i n g  on e a c h  

p h o t o g r a p h  o f  t h e  o s c i l l o s c o p e  t r a c e s ,  were  i n  t u r n  r e f e r e n c e d  

t o  t h e  one  megacyc le  s t a n d a r d  c r y s t a l  o s c i l l a t o r  o f  t h e  time 

mark g e n e r a t o r .  F r e q u e n t  c h e c k s  o f  t h e  i n s t r u m e n t  were  made t o  

make s u r e  t h a t  t h e  i n s t r u m e n t  remained  c a l i b r a t e d  a g a i n s t  t h e  

c r y s t a l  o s c i l l a t o r .  
. . 

The r e s p o n s e  t i m e  o f  t h e  p h o t o m u l t i p l i e r  ( c r i t e r . i o n  2 ) .  

was checked  by o b s e r v i n g ,  w i t h  t h e  o s c i l l o s c o p e ,  t h e  pho to -  

m u l t i p l i e r  r e s p o n s e  t o  a  chopped DC l i g h t  p u l s e .  The chopped 

l i g h t  s o u r c e  was o b t a i n e d  by o b s e r v i n g  t h e . l i g h t  f r o m  a  neon 

p i l o t  lamp t h r o u g h  t h e  s l o t s  o f  t h e  w h i r l i n g  B e c q u e r e l  phos-  

phoroscope .  The r e s p o n s e  t i m e  o f  t h e  p h o t o t u b e ,  o p e r a t i n g  a . t  

a lOKn l o a d  r e s i s t a n c e ,  was f o u n d  t o  b e  . l e s s  t h a n  one  mic,ro- 

s e c o n d - - c e r t a i n l y  much f a s t e r  t h a n  was needed  t o  r e s p o n d  t o  ' 
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t h e  two  ' to  f i f t e e n  m i c r o s e c o n d  r i se  times a n d  t h e  10 t o  1 0  6 

m i c r o s e c o n d  d e c a y  times e n c o u n t e r e d  i n  t h e  l u m i n e s c e n c e  d e c a y  

s t u d i e s .  

The r e s p o n s e  o f  t h e  a p p a r a t u s  t o  l i g h t  i n t e n s i t y ' ( c r i -  

t e r i o n  3) was c .hecked b y  m e a s u r i n g  t h e  r e s p o n s e  o f  t h e  a p p a r a -  

t u s  t o  a  p o i n t  s o u r c e  o f  l i g h t  s i t u a t e d  a t  v a r i o u s  d i s t a n c e s  

f r o m  t h e  d e t e c t o r .  ' By m e a s u r i n g  t h e  d i s t a n c e  b e t w e e n  t h e  l i g h t  

s o u r c e  a n d  t h e  p h o t o m u l t . i p l i e r  t u b e ,  t h e  r e l a t i v e  i n t e n s i t y  o f  

l i g h t  f a l l i n g  o n  t h e  t u b e  c o u l d  be computed  from t h e  i n v e r s e  

s q u a r e  l aw.  T h e  r e s p o n s e  o f  t h e  i n s t r u m e n t  was  f o u n d  t o  be 

l i n e a r  w i t h  l i g h t  i n t e n s i t y -  o v e r  a  r e g i o n  o f  i n t e n s i t y  cor- 

r e s p o n d i n g  t o  o n e  t o  o n e  h u n d r e d  m i c r o a m p e r e s  o f  p h o t o m u l t i -  

p l i e r  o u t p u t .  

A f i n a l  c h e c k  o n  t h e  a p p a r a t u s  was  p e r f o r m e d  b y  d e t e r -  

m i n i n g  how w e l l  t h e  d a t a  o b t a i n e d  w i t h  t h i s  i n s t r u m e n t  a g r e e d  

w i t h  d a t a  p u b l i s h e d  p r e v i o u s l y .  I n  T a b l e  5.2.7. .1. ,  t h e  l i f e -  

times o f  a  few compounds c a l c u l a t e d  f r o m  l u m i n e s c e n c e  d e c a y  

c u r v e s  o b t a i n e d  w i t h  t h e  a p p a r a t u s  a r e  compared  w i t h  t h e  c o r -  

r e s p o n d i n g  l i f e t imes  p u b l i s h e d  i n  t h e  l i t e r a t u r e .  ( S e c t i o n  

5 . 4 .  g i v e s  t h e  e x p e r i m e n t a l  d e t a i l s  f o r  t h e  d e t e r m i n a t i o n  o f  

p h o s p h o r e s c e n c e  d e c a y  times o f  o r g a n i c  compounds . )  A s  c a n  be 

s e e n  i n  t h e  t a b , l e ,  t h e  d i f f e r e n c e s  b e t w e e n  t h e  m e a s u r e d  a n d  

p u b l i s h e d  r e s u l t s  a r e  w i t h i n  e x p e r i m e n t a l  e r r o r  e x c e p t  f o r  t h e  

l i f e t i m e  o f  o ( - c h l o r o n a p h t h a l e n e .  The s h o r t e r  m e a s u r e d  l i f e -  

time o f  . t h i s  l a t t e r  compound c o u l d  be d u e  t o  i m p u r i t i e s ,  s i n c e  

s t o c k  . c h e m i c a l s  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n  f o r  

t h e s e  e x p e r i m e n t s .  

,.. /I. 



TABLE 5.2.7.1. , 

COMPARISON BETWEEN MEASURED AND PUBLISHED LUMINESCENCE 
DECAY TIMES OF A FEW COMPOUNDS AT 77.oK 

Compound Measured Decay. Publ i shed  Decay 
Times, msec. Times, msec. 

acetophenone i n  EMPA 

w -bromonapht ha'lene i n  EMPA 17 ? 1 18 * 2 

naphthalene i n  EMPA 2710 2 135 2600 2 '200 

phenanthrene. i n  'EMPA . . 3350 2 ,170 3300 1 200 

E u C ~ ~ - ~ H , ~ O  c r y s t a l s  0.122 2 of-005 0.120 2 0';006 (b) 

TbC13-6H20 c r y s t a l s  0.483 2 0.025 0.487 ' 0.024 

( a ) ~ a t a  on aromat ic  compounds taken from McClure ( 7 2 )  .. 
( b ) ~ a t a  on . r a r e  e a r t h  c h l o r i d e s  t aken  from Dieke and 



5.3.  M a t h e m a t i c a l  A n a l y s e s  - of Luminescence Decay C u r v e s  

Pour  g e n e r a l  t y p e s  of l u m i n e s c e n c e  d e c a y  c u r v e s  e n -  

c o u n t e r e d  i n  t h i s  work a r e  shown i n  F i g .  5 .3 .1 .  

Fo r  a s i m p l e  f i r s t  o r d e r  exponen t i a .1  d e c a y ,  t h e  i n t e n -  

s i t y  o f  e m i s s i o n ,  I ,  a s  a  f u n c t i o n  o f  t i m e ,  t ,  i s  g i v e n  by t h e  

r e l a t i o n s h i p  

where I. i s  t h e  i n i t i a l  i n t e n s i t y  of r a d i a t i o n  and + i s  t h e  

mean l i f e t i m e  of t h e  d e c a y i n g  s p e c i e s .  The s l o p e ,  b, of  t h e  

l i n , e a r  s e m i l o g a r i t h m i c  p l o t  of I v e r s u s  t i s  e q u a l  t o  t h e  

n e g a t i v e  r e c i p r o c a l  o f .  t h e  mean l i f e t i m e  f , - i .e. ,  

T h i s  k i n d  o f  e x p e r i m e n t a l  c u r v e  i s  d i s p l a y e d  i n  F i g .  5 . 3 . ' 1 . ~ .  

F i g .  5.3.1.B r e p r e s e n t s  t h e .  d e c a y  c u r v e  f o r  a  two s t e p ,  

f i r s t  o r d e r ,  e x p o n e n t i a l  d e c a y .  The a n a l y s i s  o f  t h i s  t y p e  o f  

d e c a y  c u r v e  i s  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  3.1. ,3.  

The d e c a y  c u r v e s  r e p r e s e n t a . t i v e  o f  two i n d e p e n d e n t l y  

d e c a y i n g  s p e c i e s  a r e  shown i n  P i g .  5 .3 .1 .C.  and F i g .  5 .3 .1;D.  

The g e n e r a l  e q u a t i o n  f o r  t h i s  k i n d  o f  d e c a y  i s  g i v e n  b y  

where 7/1 and  f 2  a r e  t h e  mean l i f e t i m e s  o f  t h e  two d e c a y i n g  

s p e c i e s ,  and I? and  1; a r e  t h e  i n i t i a l  i n t e n s i t i e s  o f  t h e  two 
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F i g . '  3 . 3 . 1 . - - T y p e s  o f  luminescence  d e c a y  c u r v e s .  

A .  . F i r s t  o r d e r ,  e x p o n e n t i a l  d e c a y .  . 

B .  Two s t e p ,  f i r s t  o r d e r ,  e x p o n e n t i a l  d e c a y .  
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components .  

I n  F i g .  5 .3 .1 .  C . ,  t h e  s h o r t e r - l i v e d  component and t h e  

l o n g e r - l i v e d  component have  r a d i c a l l y  d i f f e r e n t  l i f e t i m e s .  

I n  t h i s  c a s e  t h e  l i f e t i m e  o f  t h e  l o n g e r - l i v e d  component c a n  

be c a l c u l a t e d  f rom t h e  s l o p e  o f  t h e  l i n e a r  r e g i o n  o f  t h e  c u r v e .  

The l i f e ' t i m e  o f  t h e  s h o r t e r - l i v e d  component c a n  be  c a l c u l a t e d  

by  s t a n d a r d  t e c h n i q u e s  ( 2 9 ) .  F o r  luminescence  d e c a y  c u r v e s  o f  

t h e  k i n d  r e p r e s e n t e d  by  F i g .  5.3.1.D. there  a r e  n o  s i m p l e  t e c h -  

n i q u e s  a v a i l a b l e  f o r  d e t e r m i n i n g  t h e  l i f e t i m e s  o f  e a c h  of t h e  

decay- ing  s p e c i e s .  The l i f e t i m e s  o f  e a c h  o f  t h e  s p e c i e s  a r e  

d i f f e r e n t ,  b u t  t h e y  a r e  o f  t h e  same o r d e r  of  magn i tude .  When 

e x p e r i m e n t a l  d a t a  on c h e l a t e s  y i e l d e d  s u c h  a, p l o t ,  t h e  c u r v e d  

l i n e  o f  t h e  s e m i l o g a r i t h m i c  p l o t  was t r e a t e d  a s  a  s t r a i g h t  

l i n e .  The n e g a t i v e  r e c i p r o c a l  o f  t h e  s l o p e  o f  t h e  " s t r a i g h t "  

l i n e ,  which was d e t e r m i n e d  by s t a t i s t i c a l  methods ,  was t a k e n  

a s  t h e  mean l i f e t i m e  o f  b o t h  t h e  d e c a y i n g  s p e c i e s .  L i f e t i m e s  

c a l c u l a t e d  f r o m  s u c h  c u r v e s  a r e  s u b j e c t  t o .  c o n s i d e r a b l e  e r r o r .  

The s l o p e  o f  t h e  l i n e ,  b ,  and t h e  s t a n d a r d  d e . v i a t i o n  o f  

t h e  s l o p e ,  sb,  were  c a l c u l a t e d  f rom e x p e r i m e n t a l  d a t a  by t h e  
* 

s t a t i s t i c a l  l e a s t  s q u a r e d  methods .  While  t h e  s l o p e  and  t h e  

s t a n d a r d  d e v i a t i o n  were  t a k e n  a s  t h e  q u a n t i t i e s  

b  - Sb ( b  ( b  + Sb, 5 .3 .4 .  

t h e  mean l i f e t i m e s  and  t h e i r  s t a t i s t i c a l  l i m i t s  were  t a k e n  

* 
The method used  i s  d e s c r i b e d  i n  d e t a i l  i n  t h e  t e x t  

on s t a t i s t i c a l  methods o f  a n a l y s i s  by S n e d e c o r  ( 7 3 ) .  



a s  t h e  q u a n t i t y  

T h e  e x p e r i m e n t a l  u n c e r t a i n t y  of t h e  d a t a  e n c o u n t e r e d  

i n  d e t e r m i n i n g  t h e  mean l i f e t i m e s  f r o m  t h e  s l o p e  o f  t h e  l i n e a r  

r e g i o n  of  a  s i n g l e  l u m i n e s c e n c e  d e c a y  c u r v e  l e a d ,  i n  g e n e r a l  

t o  a  random e r r o r  o f  l e ss  t h a n  t 2 % i n  t h e  v a l u e  o f  t h e  mean 

l i f e t i m e .  L i f e t i m e s  f r o m  l u m i n e s c e n c e  d e c a y  c u r v e s  t y p i f i e d  

by F i g .  5.3.1.D l e a d ,  i n  g e n e r a l ,  t o  a n  u n c e r t a i n t y  a s  h i g h  a s  

R e p e a t e d  i n v e s t i g a t i o n s  o f  t h e  l u m i n e s c e n c e  d e c a y  t imes 

o f  d i f f e r e n t  s a m p l e s  o f  t h e  sa,me r a r e  e a r t h  compound r e v e a l e d  

t h a t  t h e  e x p e r i m e n t a l  e r r o r s  i n c l u d e d  ' o t h e r  s y s t e m a t i c  e r r o r s  

a n d  w e r e  t h u s  l a r g e r  t h a n  t h o s e  l i s t e d  a b o v e .  T h e  method  of 

p r e p a r a t i o n ,  d r y n e s s  o f  s o l v e n t s ,  a n d  p u r i t y  o f  r e a g e n t s . w e r e  

' a l l  f o u n d  t o  a f f e c t  t h e  l u m i n q s c e n c e  d e c a y  times t o ' a  s l i g h t  

d e g r e e .  T h e  d e c a y  times o f  t h e  f - d i k e t o n e  c h e l a t e s  w e r e  t h e  

mos t  s u s c e p t i b l e  t o  t h e s e  e f f ec t s .  When t h e s e  e f f e c t s  were 

t a k e n  i n t o  a c c o u n t  i n  t h e  e x p e r i m e n t a l  e r r o r s ,  t h e  a c c u r a c y  

o f  t h e  m e a s u r e m e n t s  was a b o u t  f 10% f o r  t h e  l i f e t i m e s  o f  r a r e  

e a r t h  c h e l a t e s  a n d  a b o u t  5% f o r  t h e  l u m i n e s c e n c e  d e c a y  t imes 

o f  t h e  i n o r g a n i c  c o m p l e x e s .  



5.4.  Decay.of - Molecular Phosphorescences of Rare E a r t h  - Che- 

l a t e s , a n d  - Organic Compounds 

A s e r i e s  of exper iments ,  was performed t o  measure t h e  

decay of molecular  phosphorescences of 'both o rgan ic  compounds 

and r a r e  e a r t h  c h e l a t e s .  The i n v e s t i g a t i o n s  of  t h e  molecular  

phosphorescence of t h e  organic  compounds were undertaken i n  

o rde r  t o  determine the  accuracy  of t h e  l i f e t i m e  appa ra tus  (See 

Appendix 5.2.7.) .  A s t udy  of t h e  decays of molecular  phos- 

phorescence of  r a r e  e a r t h  c h e l a t e s  was undertaken a s  p a r t  of 

t h e  program concerned w i t h  determining the  r a t e  of in t ramolec-  

u l a r  energy t r a n s f e r  i n  r a r e  e a r t h  c h e l a t e s .  

The decay of phosphorescence emiss ion was determined 

w i t h  t h e  l i f e t i m e  appa ra tus  desc r ibed  i n  Sec t ion  2.5. and Ap- 

pendix 5.2. The samples,  d i s s o l v e d  i n  EMPA g l a s s e s  a t  7 7 ' ~ ,  

were i r r a d i , a t e d  w i t h  nea r  u l t r a v i o l e t  l i g h t  f i l t e r e d  through 

Corning u l t r a v i o l e t  t r a n s m i t t i n g  f i l t e r s  s e l e c t e d  t o  pass  

l i g h t  corresponding t o  t h e  f i r s t  s t r o n g  abso rp t ion  band of 

t h e  compound. Corning g l a s s  cu t -o f f  f i l t e r s ,  p laced between 

the  sample and t h e  p h o t o m u l t i p l i e r ,  were s e l e c t e d  t o  pass  on ly  

emiss ion corresponding t o  t h e  long- l ived  phosphorescence of 

t h e  sample. 

Organic compounds s e l e c t e d  f o r  s tudy  were t hose  com- 

pounds l i s t e d  b y  McCluxe ( 7 2 )  which possessed s t r o n g  ( s i n g l e t -  

s i n g l e t )  a b s o r p t i o n  bands i n  t he  near  u l t r a v i o l e t  region of t he  

17 0 
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s p e c t r u m  a round  3600 a and i n t e n s e  p h o s p h o r e s c e n c e  ( t r i p l e t -  

s i n g l e t )  e m i s s i o n  bands  be tween  4500 8 and  6500 a .  The e x c i t -  

i n g  l i g h t  from t h e  f l a s h  lamp.was  f i l t e r e d  t h r o u g h  t h r e e  Corn-  

i n g  .#7-54 u l t r a v i o l e t  t r a n s m i s s i o n  f i l t e r s  and a  s a t u r a t e d  

aqueous  s o l u t i o n  o f  c o p p e r  s u l f a t e  j n  a  1 cm. l o n g  c e l l .  The 

sample  e m i s s i o n  was f i l t e r e d  t h r o u g h  two C o r n i n g  #3389 c u t - o f f  

f i l t e r s .  The phosphorescence  d e c a y  c u r v e s  o f  t h e s e  compounds 

. a r e  p r e s e n t e d  i n  F i g s .  5 .4 .1 . ,  5 .4 .2 . ,  and  5 .4 .3 .  

The s e m i l o g a r i t h m i c  p l o t s  o f  most o f  t h e  d e c a y  c u r v e s  

p r e s e n t e d  h e r e  a r e  d e f i n i t e l y  n o n l i n e a r . .  They a r e  c h a r a c t e r -  

i s t i c  o f  f i r s t  . o r d e r  e x p o n e n t i a l  . d e c a y s  f rom two o r  more i n -  

d e p e n d e n t l y  d e c a y i n g  s p e c i e s .  A l though  p h o s p h o r e s c e n c e  d e c a y  

times computed from t h e s e  c u r v e s  ( s e e  T a b l e  5 . 2 . 7 . 1 . )  a g r e e d  

s u r p r i s i n g l y  w e l l  w i t h  t h e  d a t a  r e p o r t e d  by McClure ( 7 2 1 ,  t h e  

n o n l i n e a r i t y  o f  t h e  d e c a y  f rom s u p p o s e d l y  p u r e  o r g a n i c  com- 

pounds was s i n g u l a r l y  d i s t r e s s i n g .  

T h a t  t h e  n o n l i n e a r i t y  o f  t h e  d e c a y  c u r v e s  i s  d u e  t o  i n -  

s t r u m e n t a t i o n  i s  r u l e d  o u t  by  th ,e  q u i t e .  l i n e a r  p h o s p h o r e s c e n c e  

d e c a y  o f  d i a c e t y l  ( a  r e s u l t  wh ich  i s  i n  ag reemen t  w i t h  t h e  

work p r e s e n t e d  by Backs t rom ( 7 4 ) .  I n  o r d e r  t o  d e t e r m i n e  w h e t h e r  

t h e  n o n l i n e a r i t y  was d u e . t o  c o n c e n t r a t i o n  e f f e c t s ,  measurements  

were made .o f  t h e  p h o s p h o r e s c e n c e  d e c a y  o f  f r e s h l y  vacuum d i s -  

t i l l e d  a c e t o p h e n o n e  d i s s o l v e d  i n  EMPA g l a s s e s  a t  7 7 ' ~ .  Sample 

c o n c e n t r a t i o n s  r anged  f rom 5  X l o w 3  t o  mola r .  The d e c a y  

c u r v e s  .o f  t h e s e  s o l u t i - o n s  were  a l l  a l i k e  and  i d e n t i c a l  w i t h  t h e  

n o n l i n e a r  . c u r v e  shown i n  F i g .  5 ,4 .3 .  

A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  n o n l i n e a r i t y  o f  t h e  d e c a y  



T I M E, seconds 

F i g .  .5.4.1.--Phosphorescence d e c a y s  of naphtha lene  
and phenanthrene i n  EMPA g l a s s e s  a t  77OK. 
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T I  ME,  milliseconds 

F i g .  5 . 4 . 2 . - - P h o s p h o r e s c e n c e  d e c a y s  of d - c h l o r o -  
n a p h t h a l e n e ,  oc -bromonaphtha l e n e ,  and (3-bromonaph t h a l e n e  
i n  EMPA g l a s s e s  a t  7 7 O ~ .  
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TIME,  mill iseconds 

F i g  ... - 5 . 4 . 3 . - - P h o s p h o r e s c e n c e  d e c a y s '  of a c e t o p h e n o n e  
and d i a c e t y l  i n  EMPA g l a s s e s  a t  7 7 O ~ .  
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c u r v e s  c o u l d  be t h e  f o r m a t i o n  of  d i f f e r e n t  o r g a n i c  s p e c i e s  

t h r o u g h  a s s o c i a t i o n  w i t h  t r a c e  c o n t a m i n a n t s - - e a c h  s p e c i e  pos-  

s e s s i n g  a  s l i g h t l y  d i f f e r e n t  d e c a y  time.. The c o n c e n t r a t i o n  

o f  t h e  c o n t a m i n a n t s  need  n o t  b e  v e r y  h i g h  s i n c e  t h e  c o n c e n t r a -  

t i o n s  o f  t h e  o r g a n i c  compounds used  i n  t h e s e  s t u d i e s  were  b e -  

tween 10'~ t o  10'~ m o l a r .  One such  c o n t a m i n a n t  which  c o u l d  

v e r y  w e l l  b e  c a u s i n g  t h e  t r o u b l e  i s  d i s s o l v e d  oxygen g a s .  Oxy- 

gen  g a s  d i s s o l v e d  i n  s o l u t i o n s  o f  o r g a n i c  compounds h a s  been  

shown t o  i n c r e a s e  t h e  a b s o r p t i o n  s t r e n g t h s  o f  t h e  s i n g l e t - t r i p -  

l e t  band ( 7 5 ) .  An i n c r e a s e d  s i n g l e t - t r i p l e t  a b s o r p t i o n  c o e f  - 
f i c i e n t  would imply  t h a t  t h o s e  compounds a s s o c i a t e d  w i t h  oxygen 

g a s  have  s h o r t e r  p h o s p h o r e s c e n c e  d e c a y  t i m e s .  . No f u r t h e r  work 

was done  w i t h  t h e  o r g a n i c  compounds. 

C h e l a t e s  o f  t r i v a l e n t  l an thanum,  g a d o l i n i u m ,  and  l u t e t i -  

um d e r i v e d  from b e n z o y l a c e t o n e  were s e l e c t e d  f o r  t h e  phosphor -  

e s c e n c e  d e c a y  s t u d i e s .  L i g h t  f i l t e r  c o m b i n a t i o n s  u sed  t o  

f i l t e r  t h e ' e x c i t i n g  l i g h t  from t h e  f l a s h  lamp were  t h e  same a s  

t h o s e  l i s t e d  i n ' T a b l e  2.4.4 .1 . .  The sample  e m i s s i o n  was f i l t e r e d  

t h r o u g h  t w o  C o r n i n g  #3385 c u t - o f f .  f i l t e r s .  Only t h e  g r e e n  

p h o s p h o r e s c e n c e  e m i s s i o n  o f  t h e  c h e l a t e  r e a c h e d  the photomul-  

t i p l i e r  t u b e .  The luminescence  d e c a y  c u r v e s  o b t a i n e d  from 

t h e s e  c h e l a t e s  a r e  p r e s e n t e d  i n  F i g s .  5 .4 .4 .  and 5 .4 .5 .  (The  

p h o s p h o r e s c e n c e  d e c a y  t i m e s  c a l c u l a t e d  f rom t h e s e  c u r v e s  a r e  

summarized i n  T a b l e  3 .2 .2 .1 . )  

The n o n l i n e a r i t y  of t h e  s e , m i l o g a r i t h m i c  p l o t s  o f  t h e  

. luminescenee d e c a y s  was,  a s  i n  t he  c a s e  of t h e  o r g a n i c  com- 

pounds ,  a n  u n s u s p e c t e d  r e s u l t .  No men t ion .  of t h i s  phenomenon 



Fig. % 5.4.4 .-- ~ h o s ~ h o r e s c e n c e  decay of gadolinium 
trisbenzoylacetonate dihydrate in an EMPA glass a t  770K. 
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Fig .---5.4.5.--Phosphorescence dec ,ays  of lanthanum and 
l u t e t i u m  t r i s b e n z o y l a c e t o n a . t e  d i h y d r a t e s  i n  EMPA g l a s s e s  a t  
7 7 O ~ .  



was made by prev ious  . r e s e a r c h e r s  (33 ,72 )  .' .The e x i s t e n c e  of 

two or more e m i t t i n g  s p e c i e s  of r a r e  e a r t h  c h e l a t e s  i n  EMPA 

g l a s s e s  i s  not  t o o  surp; is ing i n  view of  the  d i d s o c i a t i o n  of 

t h e  c h e l a t e s  found ' t o  occur i n  t h e s e  systems.  A s '  d i s c u s s e d  i n  

S e c t i o n . 3 . 3 . 2 . 6 . ,  t h e  format ion  of c l e a r  EMPA g l a s s e s  of r a r e  

e a r t h  c h e l a t e s  i s  accompanied by the  format ion  of charged che- 

l a t e  s p e c i e s .  Each of t h e s e  s p e c i e s  could  very w e l l  have s i g -  

n i f  i c a n t l y  d i f f e r e n t  phosphorescence d e c a y  t imes .  

Attempts t o  measure t h e  phosphorescence decay t imes of 

benzoylace tona te  c h e l a t e s  of o t h e r  r a r e  e a r t h  i o n s  were un- 

s u c c e s s f u l  because the  phosphorescence emiss ions  .from the  com- 

p lexes  we.re much t o o  weak t o  be recorded by  the  appa ra tus .  

Due t o  t he  complexity of the  phosphorescence decay curves  and 

t h e  low i n t e n s i t y  of t h e  phosphorescences~  emi t t ed  'by the  major- 

i t y  of the  c h e l a t e s ,  t h i s  phase of t he  i n v e s t i g a t i 0 . n  was 



5 . 5 .  S e m i l o g a r i t h m i c  P l o t s  of Rare E a r t h  I o n  Luminescence  
- - .  - 

D e c a y s  

5.5.1. Sodium ~ e t i a ~ h o s ~ h a t e  G l a s s e s  

. . 



TIME,  mill iseconds 

Fig.-..9.5.1.1.--Luminescence d e c a y s  o f  sodium meta- 
phosphate  g l a s s e s  a t .  770K c o n t a i n i n g  2 % by w e i g h t  r a r e  
e a r t h  o x i d e s .  

n 
w Terbium o x i d e  

--& Europium o x i d e  

n 
U Samarium o x i d e  

& Dysprosium o x i d e  



3' 6 9 .  12 15 18 
TIME, m i l l  i seconds  

Fig. ,5.5.1.2.--Luminescence decays of sodium meta- 
p h ~ s ~ h a t e ' g l a s s e s  at 2 98O~ containing 2 % by weight rare 
earth oxides. 

n 
V Terbium oxide 

A .L. Europium oxide 

n 
U ,Samarium oxide 

- Dysprosium oxide 



F.ig. - 5.5.1.3.--Luminescence decays of sodium meta- 
phosphate.glasses at 298OK containing 0.1, 1.0, and 10 % by 
weight europium oxide. 

h 
v 0.1 % europium oxide 
A 1.0 % europium.oxide 

n 
u 10 % europium oxide 



F i g .  ' - ' . 5 . 5 . 1 . 4  . . - -Luminescence dec .ays  o f  sodium meta-  
p h o s p h a t e  g l a s s e s  a t  2 9 8 O ~  c o n t a i n i n g  0 . 1 ,  1 . 0 ,  and 1 0  % by '. 
w e i g h t  t e r b i u m  o x i d e .  

h 
C/ 0 . 1  % t e r b i u m  o x i d e  

A - 1 . 0  % t erb ium o x i d e  

u 1 0  % t e r b i u m  o x i d e  



I 5.5.2.. Betadiketone Chelates 



I 2 
TIME, mi l l iseconds 

Fig: 5.5.2.1.--Luminescence decay of europium 
trisbenzoylace t'ona te dihydra te at 77'~. 

h 
v Microcrystalline solid 

A .EMPA glass 

EMP glass' 

MP glass 



TIME,  m i l l i s e c o n d s  

. \  Fig. 5 . 5 . 2 . 2 .  --Luminescence de-cay of europium tris- 

dibenzoylmethide a t  7 7 O ~ ,  

n 
V Microcrys tal line solid 

A EMPA glass 

n 
u EMP glass 

-9-, MP glass 



Fig. 5.5.2.3.--Luminescence decay of europium tris- 
dibenzoylmethide solvated w i t h . o n e  mole of dibenzoylmethane 
at 7 7 O ~ .  

Microcrys ta lline solid 

6 EMPA glass 



T I ME, m i  l l iseconds 

'Fig. 5.5.2.4.--Luminescence decay of europium tris- 
ace tylace tona te monohydra te at 77OK. 

A 
V Mictocrys talline solid 

A EMPA glass 



Fig. 5.5.2.5.--Luminescence decay of terbium tris- 
. . benzoylacetona te dihydra te at 7 7 O ~ .  

n 
V Microcrystalline solid 

EMPA. glass 

n 
u EMP glass 

U MP glass 



' F i g .  .5.5.2.6.--Luminescence decay of terbium trisdi- 
benzoylhethide at 77OK. 

n . . w EMPA glass 

A '  - EMY glass 



Fig. 5.5.2.7.--Luminescence decay o f  terbium tris- 
ace tylace tona te. monohydra te a t 7 7 O ~ . 

n Microcrystalline solid 

A 
a EMPA glass 



T I  ME,  m i c r6seconds 

F i g .  , 5 . 5 . 2 . 8 . - - L u m i n e s c e n c e  d e c a y s  of t r i v a l e n t  
samarium and dyspros ium c h e l a t e s  i n  EMPA g l a s s e s  a t  7 7 O ~ .  



F i g .  5 . 5 . 2 . 9 . . - - L u m i n e s c e n c e  d e c a y s  of m i c r o c r y s t a l l i n e  
europium t r i s d i b e n z o y l m e t h i & a n d  europium t r i s d i b e n z o y l m e t h i d e  
s o l v a t e d  w i t h  d i b e n z o y l m e t h a n e  a t  2980K. 



5 . 5 . 3 .  Solvated Inorganic Chlorides 



T I M E ,  m i l l i s e c o n d s  

Fig. 5.5.3.1.--Luminescence decays of microcrystalline 
'solva ted europium chlorides. 



Fig. - -5.5.3.2. --Luminescence d e c a y s  of m i c r o c r y s  t a l l i n e  
s o l v a  t e d  terb ium c h l o r i d e s .  

TbC13*6D20 a t 7 7 ' ~  
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