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Raman s p e c t r a  of t h e  water s t r e t c h i n g  f r e q u e n c i e s  i n  rare e a r t . h  

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

William ~ h a r l k s  Hundy 

Under  t h e  s u p e r v i s i o n  o f  P. H. S p e d d i n q  
From t h e  D e p a r t m e n t  o f  P h y s i c s  

Iowa S t a t e '  U n i v e r s i t y  

Baman d a t a  w a s  o b t a i n e d  f o r  b o t h  p o l a r i z a t i o n s  of t h e  O D  

s t r e t c h i n q  s p e c t r a l  dand o f  u a t e r  a n d  s i r  c o n c e n t r a t i o n s  o f  

a q u e o u s  s o l u t i o n s  o f  L a c 1  GdCl  and L u C l g  i n  w h i c h  5% of 
3 3 

t h e  water was D 2 0 .  T h e  s i x  c o n c e n t r a t i o n s  of t h e  rare  e a r t h  

s a l t  s o l u t i o n s  u e r e  a p p r o x i m a t e l y  0 . 5 ' ~  1.0,  1 .5 ,  2.0, 2.5 a n d  

3.0 molal. F o r  c o m p a r i s o n ,  Raman d a t a  was a l so  o b t a i n e d  f o r  

t h e  OH s t r e t c h i n q  f r e q u e n c y  of water a n d  a q u e o u s  GdCl 
3' 

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

95% o f  t h e  r a tec  was D 2 0 .  A l l  of t h i s  d a t a  was t a k e n  a t  room 

t e m p e r a t u r e .  

B o t h  t h e  OD a n d  OH s p e c t r a l  b a n d s  a r e  s u p e r i m p o s e d  o n  a 

f i n i t e  b a c k g r o u n d .  F o r  t h e  s o l u t i o n s  i n  wh ich  5 %  o f  t h e  

water u a s  D 2 0 ,  it was a s s u m e d  t h a t  t h e  b a c k g r o u n d  c o u l d  b e  

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

l u t i o n s  of t h e  same c o n c e n t r a t i o n  made w i t h  100% H 2 0 .  L i k e -  



wise, f o r  s o l u t i o n s  i n  w h i c h  95% of t h e  water was D 0 ,  - s o l u -  
2 

t i o n s  made  2 n t i r o l y  w i t h  d 9 n t e r a t e d  water were u s e d  t o  a p -  

p r o x i m a t e  the h a c k g r o u n d  i n  t h e  s p e c t r a l  r e g i o n  o f  tho OH 

band.  

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

s p o n s e  o f  t h e .  d e t e c t i o n  s y s t e m  a n d  is l i s t e d  w i t h  e s t i m a t o r ?  

s t a n d a r d  d e v i a t i o n s .  D e p o l a r i z a t i o n  r a t i o s  were c a l c u l a t e d  

w h i c h  d o m o n s t . r a % e d  t h a t  t h e s e  r a t i o s  v a r y  w i t h  Raman f r e q u o n -  

CY 

A t  l e a s t  f o u r  n o r m a l  G a ' u s s i a n  c u r v e s  o r  t h r e e  s k e w e d  

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

d a t a  f o r  water  a s  well  a s  t h e  s o l u t i o n s ' .  S u t  itr. a p p e a r s  t h a t  

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

A d i f f e r e n t i a l  a n a l y s i s  t e c h n i q u e  was d e v e l o p e d  w h i c 5  

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

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

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

i o n s .  



I 

I N T R O D U C T I O N  

Water S t r u c t u r e  

K n o w l e d q e  c o n c e r n i n g  t h e  , s t r u c t ~ ~ r e  i n  l i q u i d  water i s  

i m p o r t a n t  f o r  many a r ea s  o f  c h e m i c a l ,  b i o l o g i c a l ,  g e o l o g i c a l  

a n d  m e t e c r o l o g i c a l  r e s e a r c h  (43 ,  4 9 ,  .51, 6 0 ,  7 7 ) .  T h e  i n d i -  

v i d u a l  v a t e r  m o l e c u l e  is well c h a r a c t e r i z e d  a n d  many o f  its 

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

v i t h  e x p e r i m e n t .  B u t  i n  many r e s p e c t s  t h e  b e h a v i o r  o f  t i q u i d  

water is  v e r y  p u z z l i n g  (36, 5 0 ) .  Wat&r is a n o m a l o u s  i n  

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

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

u n u s u a . 1 1 ~  h i g h  h e a t  c a p a c i t y ,  t h e  d e c r e a s e  i n . v o l u m e  when 

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

pressure are s o m e  o f  i ts  u t a u s u a l  c h a r a c t e r i s t i c s  ( 2 8 ,  51, 60, 

7 6 ) .  T h e s e  u n i q u e  p r o p e r t i e s  i n d i c a t e  t h a t  t h e r e  is a f u n d a -  

m e n t a l  d i f f e r e n c e  b e t w e e n  v a t e r  a n d  m o s t  o t h e r  l i q u i d s .  No 

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

~ r o ~ e r t i e s  o f  water. It i s  f e l t  t h a t  t h e  u n u s u a l  n a t u r e  o f  

water  r e s u l t s  f r o m  t h e  d i p o l e  m o m e n t  of t h e  water m o l e c u l e  

a n d  f r o m  t h e  f a c t  t h a t  water m o l e c u l e s  c a n  form a s  many a s  

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

t i o n  of a s p a t i a l l y  e x t e n d e d  n e t w o r k  o f  i n t e r c o n n e c t e d  mole- 

c u l e s  ( 1 5 ,  3 6 ,  7 5 ) .  E x p e r i m e n t a l  d a t a ,  s u c h  a s  x - r a y  

d i f f r a c t i o n ,  seem t o  confirm t h a t  c l o se  n e i q h b o r s  a r e  n o t  

r a n d o m l y  d i s t r i b u t e d  b u t  h a v e  s h o r t  r a n g e  o r d e r  ( 7 3 ) .  



T h e  n a t u r e  of t h e  o b s e r v e d  s t r u c t u r e  d e p e n d s  o n  t h e  time 

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

time o f  a s t r u c t u r e  ~ x c e e d s  b y  an o r d e r  of m a g n i t u d e  t h e  

p e r i o d  cf t h e  v i b r a t i o n  of t h e  b o n d s  t h a t  d e f i n e  t h e . s t r u c -  

t u r e  (6,' 2 7 ) .  I m p l i c i t  i n  t h i s  s i a t e m e n t  i s  t h e  f a c t  t h a t  

d i f f e r e n t  e x p e r i m e n t a l  m e t h o d s  may i n d i c a t e  d i f f e r e n t  s t r y c -  

t u r e s  f o r  a s y s t e m .  

A s a t i s f a c t o r y  t h e o r y :  o f  t . h e  s t r u c t u r e  o f  l i q u i d s  h a s  

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

t h e  i n t r i n s i c  d i f f i c u l t y  of c h a r a c t e r i z i n g  f l u i d s  (8, 9, 2 3 ) .  

I n  q a s e s  t h e  k i n e t i c  e n e z q y  o f  t h e  n e a r l y  f r e e  m o l e c u l e s  

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

p e r i o d i c i t y  o f  t h e  p o t e n t i a l  e n e r g y  i n  w h i c h  . l a t t i ce  v i b r a -  

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

e n e r g i e s  may b e  s imilar  i n  m a g n i t u d e .  

T h e  t h e o r y  o f  w a t e r  h a s  b e e n  h a m p e r e d  b y  a l a c k  of a 

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

l i q u i d s  (27,  60 ) .  I n  a d d i t i o n ,  t h e  d i r e c t i o n a l i t y  of i n t e r -  

a c t i o n s  i n  l i q u i d  water e x e r t s  a n  i n f l u e n c e  o n  l o c a l  o r d e r  

w h i c h  i s  n o t   resent i n  o t h e r  l i q u i d s ,  t h u s  m a k i n g  i t s  t h e o -  

r e t i c a l  t r e a t m e n t  e v e n  more d i f f i c u l t  (57, 8 4 ) .  And a t h e o r y  

f o r  water w i l l  d e p e n d  o n  t h e  t y p e  of t h e o r y  a d o p t e d  f o r  hy- 

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

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

c a n  f o r m  ( 6 ) .  T h e  p c t e n t i a l s  b e t w e e n  m o l e c u l e s  are n o n -  



a d d i t i v e  t o  a  s i q n i f i c a n t  d e q r e e ,  w i t h  t h e  h y d r o g e n  b o n d  de-  

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

r a t i o n  of n e i g h b o r i n q  b o n d s  ( 8 2 ) .  Also t h e  c o h e s i v e  e n e r g y  

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

t h a n  f o r  l i q u i f i e d  n c b l e  g a s e s  ( 3 5 ) .  T h u s ,  t h e  s t a t i s t i c a l -  

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

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

a p p l i e d  t o  l i q u i d  water (23). ~ h l s  m a k e s  i t  d i f f i c u l t  t o  

f o r m u l a t e  a t h e o r y  of l i q u i d  water (36) . 
E x i s t e n c e  o f  a s t r u c t u r e d  o r  i c e - l i k e  c o m p o n e n t  o f  water 

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

maximum d e n s i t y  i n  l i q u i d  water ( 3 4 ) .  A s  e a r l y  a s  1880, 

H. A. R o w l a n d  s u g g e s t e d  t h a t  l i q u i d  water c o n t a i n e d  ice, a n d  

i n  9892 W .  C .  R o e n t g e n  d e s c r i b e d  water  a s  a s a t u r a t e d  s o l u -  

t i o n  o f  ice i n  a l i q u i d  c o m p o s e d  of s i m p l e r  m o l e c u l e s  '(26, 

3 5 ) .  . A f t e r  t h e  t u r n  o f  t h e  c e n t u r y ,  w a t e r  was q e n e r a l l y  c o n -  

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

w i t h  v a r y i n q  d e q r e e s  o f  a s s o c i a t i o n  ( 5 ) .  T h e s e  t h e o r i e s  e x -  

p l a i n e d  q u a l i t a t i v e l y  some o f  t h e  p r o p e r t i e s  o f  water b u t  

g a v e  l i t t l e  q u a n t i t a t i v e  r e s u l t s .  

A p a p e r  b y . B e r n a l  a n d  F o w l e r  i n  1933 was t h e  f i r s t  s i g -  

n i f i c a n t  q u a n t i t a t i v e  c o n t r i b u t i o n  t o  t h e  t h e o r y  of l i q u i d  

water (7 ,  19 ,  57). T h e y  s u g g e s t e d  t h a t  t h e  u n u s u a l  n a t u r e  of 

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

v i d u a l  water m o l e c u l e ,  b u t  e v e n  more t o  'its y e o r n e t r i c a l  
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s t r u c t u r e .  A c o m p a r i s o n  of x - r a y  d i f f r a c t i o n  of ice a n d  

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

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

men t  b y  h y d r o g e n  b o n d s  a s  i n  ice a n d  i d  a d d i t i o n  a c e r t a i n  

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

s t r u c t u r e  o f  water was t r a n s f o r m e d  f r o m  a n  i c e - t r i d y m i t e - l i k e  

f o r m ,  w h i c h  p e r s i s t e d  i n  some d e g r e e  up  t o  40C, t o  a q u a r t z -  

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

c b a n q e ,  n e a r e s t  n e i g h b o r  d i s t a n c e  r e m a i n e d  a b o u t  t h e  same, 

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

0.48. T h i s  a c c o u n t e d  f o r  t h e  a b r u p t  c h a n g e  i n  d e n s i t y  when 

u a t c r  m e l t e d .  T h e  s t r u c t u r e d  water was  q u e s s e d  t o  b e  l i k e  

q u a r t z ,  w h i c h  was t e t r a h e d r a l l y  c o o r d i n a t e d ,  b e c a u s e  o f  t h e  

s i m i l a r i t y  i n  t h e  x - r a y  p a t t e r n s ,  

I n  r e t r o s p e c t  B e r n a l  n o t e d  t h a t  h e  was o r i g i n a l l y  

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

l i q u i d s  a n d  t h e  c o r r e s p o n d i n g  so j ! id s  ( 8 ) .  H e  s t a t e d  t h a t  h e  

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

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

l i q u i d s  - t h a t  l i q u i d s  were n o t  j u s t  a b l u r r e d  s o l i d .  

H o s t  r e c e n t  m o d e l s  o f  l i q u i d  w a t e r  e m p h a s i z e  e x t e n s i v e  

h y d r o q e n  b o n d i n g  a n d  f o r m a t i o n  o f  s p a t i a l  n e t w o r k s  ( 7 6 ) .  

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

c o l l i d i n g  d i p o l e s  may b e  c o r r e l a t e d  f o r  s h o r t  times ( 2 6 )  t o  

t h e  i d e a  t h a t  e a c h  m c l e c u l e  may be b o n d e d  t o  i ts n e a r e s t  



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

c e r t a i n  s e n s e  f o r m s  a  s i n g l e  l o o s e l y  b o n d e d  m o l e c u l e  ( 2 9 ) .  

. A number  of m o d e l s  h a v e  b e e n  p r o p o s e d  f o r  l i q u i d  water. 

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

mode l  a n d  - m i x t u r e  mode.1 (60) . 
I n  t h e  c o n t i n u u m  m o d e l ,  t h e  e n t i r e  l i q u i d  i s  c o n s i d e r e d  

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

k o n d e d  s t r u c t u r e  ( 2 7 ,  7 7 ) .  T h e  h y d r o g e n  b o n d  is r e g a r d e d  a s  

k e i n q  b e n t  ( a s  i f  i t  were e le ' c t ros ta t ic )  r a t h e r  t h a n  b r o k e n ,  

a n d  t h e r e  is a c o n t i n u o u s  d i s t r i b u t i o n  o f  h y d r o g e n  bond  e n e r -  

q i e s  a n d  c j e c m e t r i e s  (19, 5 7 ) .  

T b e  b a s i c  p r e m i s e  of t h e  m i x t u r e  m o d e l  is t h a t  l i q u i d  

water i s  c o m p o s e d  o f  a small  number  o f  d i s t i n c t l y  d i f f e r e n t  

s h o r t - l i v e d  s p e c i e s  cf v a t e r  m o l e c u l e s  c h a r a c t e r i z e d  by d i f -  

f e r e n t  n u m b e r s  o f  h y d r o g e n  b o n d s  (30),. G e n e r a l l y  t h e  h y d r o -  

q e n  bond  i s  r e q a r d e d  a s  n o '  l o n g e r  e x i s t i n g  when i t  is b e n t ,  

s i n c e  s u b s t a n t i a l  c o v a l e n c y ,  w h i c h  is v e r y  d i r e c t i o n a l ,  is 

a s s u m e d  f o r  t h e  b o n d s  (19 ) .  

I n  q e n e r a . 1 ,  t h e  m i x t u r e  m o d e l  i s  a t t r a c t i v e  t o  many 

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

thermodynamic p r o p e r t i e s  o f  water a n d  t h e  b e h a v i o r  of a q u e o u s  

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

d i f f i c u l t i e s  i n  c o n c e i v i n g  how o n e  m o . l e c u l e  i n  a l i q u i d  

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

o n  o t h e r  molecules i n  ' t h e  s a m e  s y s t e m ,  t e n d  t o  s u p p o r t  t h e  



c o n t i n u u m  m o d e l  ( . 3 6 ) .  A 1 1  t h e  m o d e l s  c c n s i d e r e d  so f a r  a r e  

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

b a s i s  ( 60 ) .  

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

l y  a t .  t h e  m o l e c u l a r  l e v e l ,  more o r  less s a t i s f a c t o r i l y .  s u p -  

p o r t  a n u m b e r  o f  thermodynamic,~spectroscopic a n d  t r a n s p o r t  

p r o p e r t i e s  o f  water (27, 9 9 ) .  F o r  i n s t a n c e ,  r a d i a l  d i s t r i b u -  

t i o n  c u r v e s  o b t a i n e d  from x - r a y  d i f f r a c t i o n  d a t a  c a n  b e  re- 

p r o d u c e d  b y  most m o d e l s  ( 7 4 ) .  T h i s  p o i n t s  u p  o n e  of t h e  

p r i n c i p a l  p r o b l e m s  io d e v e l o p i n g  a m o d e l  for l i q u i d  water. 

I t  i s  d i f f i c u l t  t o  f i n d  a n  e x p e r i m e n t  w h i c h  u n i q u e l y  de te r -  

m i n e s  a m o d e l  ( 6 4 ) .  Any model v h i c h  i n v o k e s  very d i f f e r e n t  

e n v i r o n m e n t s ,  c o n t i n u o u s  o r  d i s c r e t e ,  f o r  water m o l e c u l e s  i n  

l i q u i d  water c a n  a c c c u n t  q u a l i t a t i v e l y  fcr most of t h e  p r o p -  

e r t i e s  of l i q u i d  water (60) .  So f a r ,  n o  u n e q u i v o c a l  e x p e r i -  

m e n t a l  c ~ i t e r i a  r e l a t i n g  t o  t h e  p r o p e r t i e s  of water d e t e r m i n e  

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

of t h e  m o d e l s  p r o p o s e d  so  f a r  is e n t i r e l y  s a t i s f a c t o r y  (40, 

102)  . E v e n  among  t h e  m i x t u r e  m o d e l s  t h e r e  i s  d i s a g r e e m e n t  

a b o u t  t h e  n u m b e r  o f  m o n o n e r i c  m o l e c u l e s  i n  water. . E s t i m a t e s  

r a n q e  from 2.5% t o  70% ( 1 0 2 ) .  I n  s p i t e  of much t h e o r e t i c a l  

a n d  e x p e r i m e n t a l  work, t h e  s t r u c t u r e  of l i q u i d  water  is s t i l l  

n o t  wel.1 u n d e r s t o o d  (15) .  

S p e c t r o s c o p i s t s  a r e  a l s o  d i v i d e d  a s  t o  u h e t h e r  s p e c t r a l  

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



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

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

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

water m o d e l s .  ( 6 0 ) .  

W a t e r  i n  its v a p o r  p h a s e  h a s  t h r e e  n o r m a l  modes  o f  v i -  

t r a t i o n :  a b e n d i n g  mode a r o u n d  1 6 0 0  cm-1, a s y m m e t r i c  a n d ,  a n  

a n t i s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n  a r o u n d  3650 cm-1 a n d  

3750 cm-1 ( 2 7 ) .  . I n  a d d i t i o n ,  t h e r e  are p u r e  r o t a t i o n a l  b a n d s  

i n  t h e  f a r  i n f r a r e d .  The c o n d e n s e d  l i q u i d  a n d  ice  p h a s e s  

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

t h e  water m o l e c u l e  m a i n t a i n s  its i d e n t i t y  i n  t h e  c o n d e n s e d  

~ h a s e s  ( 6 0 ,  67 ,  8 4 ) ,  i t  is a s s u m e d  t h a t  t h e  b a n d s  i n  l i q u i d  

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

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

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

s t a t i c  f i e l d  e f f e c t  cf n e i g h b o r i n g  m o l e c u l e s  ( 2 7 ) .  W h i l e  t h e  

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

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

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

p e r h a p s  P e r m i  r e s o n a n c e ,  c o n t r i ' b u t e  t o  the w i d t h s  o f  t h e s e  

b a n d s .  R e l a x a t i o n  times may a l s o  a u g m e n t  t h e  b a n d  w i d t h s  

( 2 7 ,  30,  59) .  Due t c  t h e  a s y m m e t r i c a l  n a t u r e  of t h e  HDO mol- 

e c u l e ,  t h e  i n t r a m o l e c u l a r  modes  a r e  d e c o u p l e d ,  a n d  many o f  

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

t h a t  i n  g e n e r a l  F e r m i  r e s o n a n c e  d o e s  n o t  o c c u r .  F u r t h e r ,  the 



s p e c t r a  o f  d i l u t e  HDC i n  H 0 o r  D 0 are  e s s e n t i a l l y  f r e e  f r o m  2 2  

i n t e r m o l e c u l a r  c o u p l i n g  o f  v i b r a t i o n s  ( 3 0 ) .  A s  a r e s u l t ,  t h e  

s h a p e  o f  t h e  b a n d s  o f  E D 0  a r e  s i m p l e r  t h a n  t h o s e  o f  H 0 o r  
2 

D 2 0  a n d  may b e  i n t e r ~ r e t e d  i n  terms o f  t h e  l o c a l  e n v i r o n m e n t  

o f  t h e  m o l e c u l e  ( 2 7 ,  111, 1 1 4 ) .  

T h e  s t r e t c h i n g  f r e q u e n c i e s  of water a r e  h i g h l y  s e n s i t i v e  

t o  t h e  s t r e n g t h  a n d  e x t e n t  o f  h y d r o g e n  b o n d i n g ;  s o  t h e  v i b r a -  

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

t h e  e n v i r o n m e n t  of t h e  b o n d  (27 ,  3 0 ,  7 3 ) .  Thus t h e  OD s p e c -  

t r a l  b a n d  o f  HDO i n  H20 ( o r  t h e  OH b a n d  of HDO i n  D 0 )  o u g h t  
2 

P o  p r o v i d e  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  of s t r u c t u r e  i n  

liquid w a t e r ,  e v e n  f o r  lifetimes a s  s h o r t  a s  10-13 s e c o n d s  

( 3 0 )  

Raman S p e c t r o s c o p y  

The  Raman e f f e c t  is a n  i n e l a s t i c  s c a t t e r i n g  o f  p h o t o n s  

by m o l e c u l e s ,  a t o m s  cr c r y s t a l s .  I t  c a n  b e  v i s u a l i z e d  a s  t h e  

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

e x c i t e d  v i r t u a l  s t a t c  Prom w h i c h  it r e l a x e s  i m m e d i a t e l y  (ac-  

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

e i q e n s t a t e  t h a t  i s  d i f f e r e n t  f r o m  t h e  i n i t i a l .  o n e  a n d  

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

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

e n e r q y  d i f f e r e n c e  b e t w e e n  t h e  a s s o c i a t e d  e i g e n s t a t e s  o f  t h e  

s y s t e m .  



I n  1928'  S i r  C. V. Raman o f  I n d i a  r e p o r t e d  t h e  d i s c o v e r y  

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

N o b e l  p r i z e  i n  p h y s i c s  i n  1 9 3 0  ( 8 5 ,  8 6 ,  58) . I n d e p e n d e n t l y ,  

a n d  a l m o s t .  a t  t h e  same time, H a n d e l s t a m  a n d  L a n d s b e r g  of 

R u s s i a  o b s e r v e d  t h e  s a m e  t y p e  o f  s c a t t e r i n g  ( 1 2 ) .  

S t i m u l a t e d  b y  t h e  Compton  e f f e c t ,  S m e k a l  i n  Germany had  

p r e d i c t e d  t h i s  s c a t t e r i n g  e f f e c t  i n  1 9 2 3  (94). H e  s u g g e s t e d  

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

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

nomenturn c o n s i d e r a t i o n s  show t h a t  1/2mv2 a n d  1/2mv'z  d i f f e r  

no more t h a n  o n e  p a r t  i n  109 .  S o  t o  a good  a p p r o x i m a t i o n .  

En 
+ Bv = Ek + h v '  

w h e r e  E a n d  E a r e  t h e  i n i t i a l  a n d  f i n a l  e i g e n s t a t e s  o f  t h e  
n k 

s y s t e m ;  v a n d  v 1  a r e  t h e  f r e q u e n c i e s  o f  t h e  i n c i d e n t  a n d  

s c a t t e r e d  p h o t o n s .  

Raman a n d  i n f r a r e d  s p e c t r a  o f  a s a m p l e  f r e q u e n t l y  l o o k  

siffiilar. However ,  t h e r e  a r e  i m p o r t a n t  f u n d a m e n t a l  d i f f e r -  

e n c e s  (95) . C l a s s i c a l l y ,  t h e  i n t e n s i t y  o f  t h e  n o r m a l  Raman 

e f f e c t  i s  p r o p o r t . i o n a l  t o  t h e  c h a n q e  i n  t h e  p o 1 a r i z a . b i l i t y  

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

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

v e c t o r  d i p o l e  moment o f  t h e  s y s t e m ;  h e n c e ,  d i f f e r e n t  selec- 

t i o n  r u l e s  a p p l y  ( . 3 9 ) ,  And s i n c e  ' t h e  Raman i n t e n s i t y  d e p e n d s  

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



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

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

i n t o  a n  i s o t r o p i c  t e n s o r  a n d  a n  a n i s o t r o p i c  t e n s o r .  T h i s  

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

Raman s p e c t ' r o s c o p y  i s  v a l u a b . l e  i n  i n v e s t i g a t i n g  v i b r a t i o n a l  

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

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

cies o f  s o l i d s .  I n  s p i t e  o f  t h e  f a c t  t h a t  t h e  Raman e f f e c t  

is v e r y  weak ( t h e  s c a t t e r e d  i n t e n s i t y  i s  s i x  t o  t e n  o r d e r s  o f  

~ a q n i t u d e  less  t h a n  t h e  i n c i d e n t  i n t e n s i t y ) ,  i t  h a s  t h e  p r a c -  

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

v i s i b l e  a n d  a v o i d s  i n f r a r e d  t e c h n i q u e s  (93) .  

After t h e  i n i t i a l  d i s c o v e r y  of t h e  Raman e f f e c t ,  t h e r e  

was much a c t i v i t y  a n d  d e v e l o p m e n t  o f  i n s t r u m e n t s ,  t e c h n i q u e s  

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

(95) .  M e r c u r y  l a m p s  b e c a m e  t . h e  most common l i g h t  s o u r c e s ,  

a n d  f a s t  p r i s m  s p e c t r o g r a p h s  were d e v e l o p e d .  However ,  i n  

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

i n t e n s i t y  o f  e x t r a n e o u s  i i g h t  b e l o w  t h a t  o f  t h e  Baman 

s p e c t r u m .  Also ,  b e c a u s e  of t h e  weak n a t u r e  of t h e  Raman 

e f f e c t ,  f r e q u e n t l y  h o u r s  a n d  e v e n  d a y s  cf e x p o s u r e  time w e r e  

a e e d e d  t o  o b t a i n  d i s c e r n i b l e  e x p o s u r e s .  D u r i n g  t h i s  time, 

i n f ~ a r e d  t e c h n i q u e s  were i m p r o v e d .  Hence ,  Baman s p e c t r o s c o p y  

f e . 1 1  l a r g e l y  . i n t o  a s t a t e  o f  d i s u s e .  



I n  t h e  1 9 6 0 ' s  t h r e e  i n s t r u m e n t a l  d e v e l o p m e n t s  g e n e r a t e d  

new i n t e r e s t  i n  t h i s  f i e l d .  T h e  i n n o v a t i o n s  were l a se r s ,  s e n -  

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

s p e e d  d o u b l e  l a o n o c h r o m a t o r s  (58, 11 1 )  . . . 

T h e  l a s e r  h a s . s e v e r a 1  a d v a n t a g e s  o v e r  t h e  m e r c u r y  l a m p  

' a s  a n  e x c i t a t i o n  s o u r c e .  I n  a d d i t i o n  t o  s e l e c t i o n s  o f  l a s e r s  

t h a t  o p e r a t e  a t  many d i f f e r e n t  w a v e l e n q t h s ,  t h e  l aser  beam i s  

n o r m a l l y  p o l a r i z e d ,  m o n o c h r o m a t i c  a n d  d i r e c t i o n a l .  S i n c e  t h e  

l a s e r  h a s  n e g l i q i b l e  beam d i v e r g e n c e  a n d  t h e  r a d i a t i o n  is 

u s u a l l y  p l a n e  p o l a r i z e d ;  by  v i r t u e  o f  t h e  o p t i c a l  q e c m e t r y  of 

t h e  l a s e r  c a v i t y ,  i t  is  e a s y  t o  m e a s u r e  t h e  p o l a r i z a t i o n  of 

t h e  Raman scat tered r a d i a t i o n .  B e c a u s e  t h e  l a se r  beam is 

v e r y  m o n o c h r o m a t i c ,  i t  is p o s s i b l e  t o  d e t e c t  Raman l i n e s  

w h i c h  a r e  v e r y  close t o  t h e  R a y l e i q h  l i n e  a n d  t o  d o  p r o f i l e  

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

beam c a n  be  f o c u s e d  to a v e r y  small s p o t ,  g i v i n g  a h i g h  p o w e r  

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

e v e n  f r o m  v e r y  s m a l l  s a m p l e s .  

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

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

v i d u a l  o p t i c a l  p h o t o n s .  T h . i s  s h o r t e n s  t h e  s c a n  times n e e d e d  

t o  d e t e c t  Raman l i n e s  by s e v e r a l  o r d e r s  o f  m a g n i t u d e  when 

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

t h e s e  e l e c t r o n i c  d e t e c t i o n  s y s t e m s  a re  l i n e a r  i n  s i g n a l '  re- 

s F c n s e  o v e r  a r a n g e  cf s i x ,  o r d e r s  o f  m a g n i t u d e  o r  more. 



F i n a l l y ,  d o u b l e  ( a n d  t r i p l e )  m o n o c h r o m a t o r s  h a v e  b e e n  

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

r e d u c e d  b y  t e n  o r d e r s  o f  m a g n i t u d e  o r  more for a 

monoch ' roma to r  s e t t i n q  just d n e  n a n o m e t e r  (nm) away from t h e  

f r e q u e n c y  o f  t h e  i n c i d e n t  l i q h t .  

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

n h i c h  c o v e r  i n  g r e a t e r  d e t a i l  l aser  Baman i n s t r u m e n t a t i o n  a n d  

t e c h n i q u e s '  444, 45, 4 8 ,  7 8 ) .  



L I T E R A T U R E  REVIEW 

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

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

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

t l i x . t u r e  Mode l  

W a l r a f e n  was amcng  t . h e  f i r s t  t o  i n t e r p r e t  s p e c t r a l  e v i -  

d e n c e  i n  terms o f  t b ~ . m i x t u r e  m o d e l ,  f i r s t  b y  h i s  s t u d i e s  o f  

t h e  l i b r a t i o n a l  a n d  h i n d e r e d  t r a n s l a t i o n a l  modes ,  b u t  e v e n  

more p e r s u a s i v e l y  w i t h  h i s  laser Raman s p e c t r a l  s t u d i e s  a t  

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

d i l u t e  s o l u t i o n s  of E D 0  i n  w a t e r  ( 1 0 3 ,  108, 1 0 9 ,  1 1 0 ,  1 1 1 ,  

1 1 2 ,  113 ,  114 ,  115 ,  1 1 6 ) .  T h e  a p p e a r a n c e  o f  a f r e q u e n c y  a t  

w h i c h  t h e  i n t e n s i t y  i n  t h e  s p e c t r a l  b a n d  was i n d e p e n d e n t  ' o f  

t e m p e r a t u r e  (an i s o s h e s t i c  p o i n t )  a n d  t h e  f a c t  t h a t  t h e  OD 

b a n d  c o u l d  b e  a p p r o x i m a t e 1 . y  r e s o l v e d  i n t o  t u o  G a u s s i a n  compo- 

n e n t s ,  w h i c h  h a d  o p p o s i t e  i n t e n s i t y  d e p e n d e n c e  o n  tempera- 

t u r e ,  were s u q q e s t e d  t o  b e  s t r o n g  reasons f o r  a s s u m i n g  t h a t  

water was c o m p o s e d  o f  two c l a s s e s  o f  water m o l e c u l e s  (1  1 1 ) .  

T h e  G a u s s i a n  a t  t h e  l o w e r  f r e q u e n c y  ( a r o u n d  2520  cm-1) , t h e  

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

a s s o c i a t e d  w i t h  h y d r o g e n - b o n d e d  OD u n i t s .   he o t h e r  c u r v e  

, ( a t  a b o u t  2650 cm-1) was i d e n t i f i e d  w i t h  n o n - h y d r o g e n - b o n d e d  

O D  u n i t s  u h i c h ,  h o w e v e r ,  were i n v o l v e d  i n  o t h e r  s t r o n g  i n t e r -  

a c t i o n s  s u c h  a s  d i p o l e - d i p o l e  f o r c e s  ( 1 8 ) .  W a l r a f e n  c o n s i d -  

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



water j u s t . i f i e d  t h e  d e c o m p ~ s i t i o ~  t h a t  h e  u s e d  a n d  s u p p o r t e d  

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

l i q u i d  water (18, 2 3 ) .  F u r t h e r ,  h e  o b t a i n e d  r e s u l t s  f o r  t h e  

OT s t r e t c h i n g  v i b r a t i o n  of HTO i n  water w h i c h  h e  c l a i m e d . v a s  

c o n s i s t e n t  w i t h  t h e  a b o v e  a n a l y s i s  (117) .  He n o t e d ,  t h o u g h ,  

t h a t  t h e r e  w a s  a m a r k e d  d i f f e r e n c e  b e t w e e n  t h e  s h a p e s  o f  t h e  

CT s t r e t c h i n g  c o n t o u r  a n d  t h o s e  of t h e  OD a n d  OH s t r e t c h i n g  

b a n d s .  

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

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

sma l l  r a n d o m  d i s t o r t i o n s  i n v o l v i n g  d i f f e r e n t  major c lasses  o f  

i n t e r a c t i o n s .  I n  t h e  case o f  t h e  h y d r o g e n - b o n d e d  i n t e r a c -  

t i o n s ,  small  r a n d o m  d i s t r i b u t i o n s  0.f '0-0 d i s t a n c e s  a n d  

0-H---0 a n g l e s  were s u g g e s t e d  t o  b e  t h e  c a u s e  of t h e  s p e c t r a l  

s h a p e .  F o r  n o n - h y d r c q e n - b o n d e d  m o l e c u l e s  h e  f e l t  t h a t  r a n d o m  

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

of t h e  b a n d  ( 1 1 4 ) .  S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  t h e  OH 

h a n d  o f  d i l u t e  s o l u t i o n s  o f  HDO i n  d e u t e r a t e d  water. 

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

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

s t r i n g e n t  s e l e c t i o n  r u l e s )  (66), Vand a n d  S e n i o r  were ' a b l e  t o  

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

s p e c t r u m  o f  t h e  OD s t r e t c h i n g  f r e q u e n c y  was a l s o  

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

i s o s b e s t i c  p o i n t  when  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  w a s ' v a r -  



i e d  ( 9 2 )  ., They  a l s o  d i d  a s i m p l e  c a l c u l a t i o n  w h i c h  s h o w e d  

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

h a v i n q  a n y  number  o f  c o m p o n e n t s ,  b u t  t h a t  i t ' w a s  most l i k e l y  

t c  b e  c h a r a c t e r i s t i c  o f  , a  two c o m p o n e n t  s y s t e m  t h a t  was i n  

e q u i l i b r i u m .  Even f o r  t h i s  s i m p l e  s y s t e m ,  it h a d  t o  b e  

a s s u m e d ,  i n  a d d i t i o n  t o  t h e  e q u i l i b r i u m  b e t w e e n  t h e  two com- 

p o n e n t s ,  t h a t  t h e  h a l f - w i d t h s  a n d  p o s i t . i o n s  of t h e  c o m p o n e n t  

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

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

f o r  w h i c h  a n  i s o s b e s t i c  p o i n t  was o b s e r v e d )  ( 1 1 2 ) -  T h e i r  

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

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

i s o s b e s t i c  p c i n t  i n d i c a t e d  t h a t  t h e  s y s t e m  was c o m p o s e d  o f  

t w o  t y p e s  o f  m o l e c u l e s  i n  e q u i l i b r i u m . u i t h  e a c h  o t h e r .  So 

t h e y  s u p p o r t e d  W a l r a f e n ' s  c o n t e n t i o n  ' t h a t  l i q u i d  water c o n -  

s i s t e d  of t w o  c lasses  o f  water m o l e c u l e s ,  

R e c e n t l y ,  O I P e r r a . l l ,  K o e p p l  a n d  K r e s g e  d i d  n o r m a l  mode 

v i b r a t i c n a l  a n a l y s i s  o f  l i q u i d  water (69) .  The  f u l l y  b o n d e d  

s p e c i e s  o f  w a t e r  was a p p r o x i m a t e d  by a n i n e - a t o m  mode l  

c o n s i s t i n g  of a w a t e r  m o l e c u l e  ( o r  its e q u i v a l e n t )  s u r r o u n d e d  

t e t r a h e d r a l l y  by  t w o  o x y g e n s  and t w o  OH g r o u p s .  L o v e r  s t a t e s  

o f  h y d r o g e n  b o n d i n g  were r e p r e s e n t e d  by r e m o v i n g  o n e  o r  more  

o f  t h e  s u r r o u n d i n q  o x y g e n s  a n d  OH g r o u p s .  S t r e t c h i n g  f o r c e  

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

by  W a l r a f e n .  It u a s  f o u n 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  
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were o n l y  s l i g h t l y  a f f e c t e d  by t h e  h y d r o g e n  b o n d i n g  o f  t h e  

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

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

f r e q u e n c i e s  f o r  t h e  O D  (or s i m i l a r l y  f o r  t h e  O H )  s t r e t c h i n g  

f r e q u e n c y  of HDO. T h e s e  were . i d e n t i f i e d  w i t h  1) t h e  HDO mol- 

e c u l e  h a v i n g  no h y d r o g e n  b o n d s ,  2) t h e  O H  u n i t  o f  t h e  H D O  

m o l e c u l ~  b e i n g  h y d r o g e n  b o n d e d ,  '3) t h e  OD u n i t  o f  t h e  mole- 

c u l e  b e i n g  h y d r o q e n  b o n d e d ,  a n d  4) b o t h  t h e  OD a n d  O H  u n i t s  

h a v i n g  h y d r o q e n  b o n d s ,  i.e., a f u l l y  b o n d e d  m o l e c u i e .  T h e  

f i r s t  t'wo s i t u a t i o n s  i n v o l v e d  n o n - h y d r o g e n - b o n d e d  OR u n i t s ,  

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

c a l c u l a t e d  t o  b e  264C cm-1 a n d  2650 cm-1. T h e  o t h e r  p a i r  o f  

f  ~ e q u e n c i e s  were a s s o c i a t e d  w i t h  h y d r o g e n - b o n d e d  O D  u n i . t s  

a l s c  h a v i n g  f r e q u e n c i e s  c l o se  t o g e t h e r  - 2490 cm-1 a n d  

2505 cm-1 - but well s e p a r a t e d  from t h e  f o r m e r  p a i r .  B e c a u s e  

t h e  f r e q u e n c i e s  w i t h i n  t h e  p a i r s  were sc  close, t h e y  were 

q r o u p e d  i n t o  two  classes of w a t e r .  W a l r a f e n  a l s o  s u g g e s t e d  

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

h e a v y  water t h a t  e a c h  o f  t h e  c lasses  o f  .water m o l e c u l e s  g a v e  

r i s e  t o  o n e  i n t e n s e  s p e c t r a l  b a n d  a n d  o n e  v e r y  weak c o m p o n e n t  

a t  a s l i g h t l y  l o w e r  f r e q u e n c y  (18).  T h u s  h e  f e l t  t h a t  t h e  

c o n t r i b u t i o n  o f  the two smaller c o m p o n e n t s  t o  t h e  t o t a l  i n -  

t e n s i t y  of t h e  b a n d  was  so small  t h a t  t h e y .  d i d  n o t  d e s t r o y  

t b e  i s o s b e s t i c  p o i n t  w h i c h  i n d i c a t e d  t h a t  t h e  s y s t e m  was  com- 

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



C o n t i n u u m  Model  

I n .  s p i t e  o f  t h e s e  ' a r g u m e n t s ,  many s p e c t r o s c o p i s t s  d o  n o t  

a c c e p t  t h e  m i x t u r e  c o n c e p t  ( 3 6 ) .  

I n f r a r e d  s p e c t r a  o f  ice  11 s h o w  t h a t  f o u r  d i s t i n c t l y  

r e s o l v a b l e  a n d  r e l a t i v e l y  n a r r o w  p e a k s  a r e  a p p a r e n t  i n  t h e  OD 

s t r e t c h i n q  f r e q u e n c y  o f  RDO i n  water ( 1 0 ,  8 6 ) .  On t h e  b a s i s  

of t h i s  e v i d e n c e ,  B e r t i e  a n d  W h a l l e y  p r e d i c t e d  t h a t  t h e r e  

wou ld  b e  f o u r  d i s c r e t e  0-0 d i s t a n c e s  i n  ice 11. 

C r y s t a l l o g r a p h e r s  s u b s e q u e n t l y  v e r i f ~ . e d  t h i s  ( 5 4 ) .  S o  i t  

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

b a n d  of t h e  same s t r e t c h i n g  f r e q u e n c y  i n  ice I t o  t h e  known 

r a n d o m  d i s t r i b u t i o n s  o f  t h e  0-0 d i s t a n c e s  i n  t h a t  t y p e  o f  

ice. And t h e n  it s e e m e d  p l a u s i b l e  t o  e x t e n d  t h e  c o n c e p t  a n d  

a s s o c i a t e  t h e  e v e n  b r o a d e r  b a n d  of l i q u i d  water w i t h  a  

c o n t i n u o u s  d i s t r i b u t i o n  o f  0-0 d i s t a n c e s  ( 2 7 ) .  

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

b a n d  o f  t h e  OD s t r e t c h i n g  f r e q u e n c y  i n  ice I a t  -7.6OC was 

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

f u n c t i o n  w i t h  a h a l f - w i d t h  o f  3 1  cm-1 (119, 1 0 2 ) .  I t  was 

f o u n d  t h a t  t h i s  s a m e  b a n d  i n  l i q u i d  w a t e r  a t  40C was also 

s y m m e t r i c a l ,  b u t  i t  r e q u i r e d  a G a u s s i a n  c u r v e  w i t h  a h a l f -  

w i d t h  of  150 cm-1 f o r  a s a t i s f a c t o r y  f i t .  A c c o r d i n g  t o  t h e m ,  

1.It was a s s u m e d  t h a t  a l l  o f  the m o l e c u l e s  i n  ice were 
f u l l y  h y d r o g e n  b o n d e d  (27 ) .  



i t  t o o k  t e n  t o  . £ i f  t e e n  c l o s e l y  s p a c e d  L o r e n t z i a n s  ' t o  a c h i e v e  

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

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

a l a r q e  number  o f  o v e r l a p p i n g  L o r e n t z i a n  b a n d s  a r i s i n g  f r c m  a  

c o n t i n u o u s  d i s t r i b u t i o n  of p e r t u r b e d  OD ( o r  O H )  o s c i l l a t o r s  

( 1 1 2 ) -  T h e y  n o t i c e d  t h a t  a t  h i g h e r  t e m ~ e r a t u r e s  t h e  O D  s p e c -  

t r a l  b a n d  ,became a s y m m e t r i c .  

Wyss a n d  P a l k  r e p o r t e d  t h a t  a t  room t e m p e r a t u r e s  t h e  

u n c o u p l e d  O D  i n f r a r e d  b a n d  was a s y m m e t r i c a l  ( 1  18) . B u t  f r o m  

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

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

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

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

e v e n  a n  i s o s b e s t i c . p o i n t  i n  t h e  s p e c t r a l  band .  I n  t h e i r  a r -  

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

f r e q u e n c y  a n d  s a m p l e  d e n s i t y )  t o  f o r m a l l y  r e l a t e  Raman sca t -  

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

s ta tes ,  T h i s  q u a l i t a t i v e l y  e x p l a i n e d  t h e  m e a s u r a b l e  d i f f e r -  

e n c e  b e t w e e n  t h e  Raman a n d  i n f r a r e d  s p e c t r u m  o f  u a t e r  (57,  

1181, 

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

i n f r a r e d  s p e c t r a  o f  c e r t a i n  s o l i d s  ( ice,  d - r i b o s e ,  d - g a l a c t o s  

a n d  p e n t a e r y t h r i t o l )  ( 3 1 ) .  I t  was s u g g e s t e d  t h a t  t h e s e  were 

o b v i o u s l y  n o t  d e p e n d e n t  o n  e q u i . l i b r i u m  b e t w e e n  h y d r o g e n -  

Conded  a n d  n o n - h y d r o g e n - b o n d e d  g r o u p s .  



Per ra rn  s h o w e d  t h a t  i t  w a s  i o s s i t l e  t o  d e c o m p o s e  a  s i n g l e  

G a u s s i a n  c u r v e  i n t o  two G a u s s i a n s  t h a t  were d i s p l a c e d  

s y m m e t r i c a l l y  o n e ' f r o n  t h e  o t h e r  by a b o u t  25% o f  t h e  h a l f -  

w i d t h  of t h e  band .  ' I he  new G a u s s i a n s  h a d  a p p r o x i m a t e l y  t h e  

same h a l f - w i d t h s  a s  t h e  o r i g i n a l  G a u s s i a n .  T h u s ,  h e  f e l t  

t h a t  W a l r a f e n 8 s  d e c o m p o s i t i o n  o f  t h e  water b a n d  was p r o b a b l y  

a r b i t r a r y .  

E m p i r i c a l l y  a c c r r e l a t i o n  e x i s t s  b e t w e e n  OH s t r e t c h i n g  

f r e q u e n c i e s  a n d  0-0 d i s t a n c e s  i n  h y d r o g e h  b o n d e d  s y s t e m s  (62 ,  

83) .  Assuming  t h a t  t h i s  r e l a t i o n  f o r  c r y s t a l s  was a l s o  t r u e  

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

o f  t h e  Baman band a t  e a c h  f r e q u e n c y  was p r o p o r t i o n a l  t o  t h e  

number  o f  o s c i l l a t o r s  h a v i n g  t h a t  f r e q u e n c y , .  W a l l  a n d  H o r n i g  

c o h v e r t e d  t h e .  Raman s p e c t r u m  o f  t h e  OD a n d  O H  s t r e t c h i n g  fre-  

q u e n c i e s  i n t o  d i s t r i b u t i o n  f u n c t i o n s  o f  t h e  0-0 d i s t a n c e s  . 

(103) .  T h e y  r e p o r t e d  t h a t  t h i s  d i s t r i b u t i o n  a g r e e d  s u b s t a n -  

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

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

c a u s e  c f  t h e  b r e a d t h  o f  t h e  u n c o u p l e d  OD a n d  OH s p e c t r a l  

b a n d s  (19 ) .  

F o r d  a n d  P a l k  a s se r ted  t h a t  o v e r t o n e s ,  c o m b i n a t i o n  a n d  

h o t  b a n d s  ( t r a n s i t i o n s  from t h e r m a l l y  e x c i t e d  r o t a t i o n a l  . 

s t a t e s ) ,  a s  well a s  l i f e  t ime b r o a d e n i n g ,  c o n t r i b u t e d  

n e q l i g i b l y  t o  t h e  O D  o r  OH s p e c t r a l  b a n d - w i d t h  o f  t h e  H D O  

s t r e t c h  b a n d ,  They  c o n c l u d e d  t h a t  a  c o n t i n u o u s  d i ~ t r i b u ~ t i o n  



cf 0-0 d i s t a n c e  was r e s p o n s i b l e  f o r  t h e  b r e a d t h  o h  t h e  b a n d s  

(329 

Wall t o o k  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  OD a n d  OH s p e c -  

t r a l  b a n d s  o f  BDO t o  o b t a i n  time c o r r e l a t i . o n  f u n c t i o n s  o f  

t h e s e  b a n d s  (10.5, 106) . From t h e o r e t i c a l  c o n s i d e r a t i o n s  h e  

i n t e r p r e t e d  t h e  r e s u 1 . t ~  t o  i n d i c a t e  t h a t  i n t e r m o l e c u l a r  v i -  

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

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

w i t h  t h e  H D O  s t r e t c h i n g  f r e q u e n c i e s  was a  s u p e r p o s i t i c n  cf 

many m o l e c u l a r  o s c i l l a t o r  b a n d s .  

U a l r a f e n ,  who, a s  n o t e d  a b o v e ,  a d v o c a t e d  t h e  m i x t u r e  

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

t o  7.2 k b a r  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  Raman OD 

s t r e t c h i n q  f r e q u e n c y .  H e  r e c o g n i z e d  t h a t '  t h i s  i n d i c a t e d  t h a t  

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

smal l  r e g i o n s  s i n c e  l a r g e ,  d i s t i n c t l y  d i s s i m i l a r  r e g i o n s  

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

F r e s s u r e  e f f e c t s .  And h e  a d m i t t e d  t h a t  t h e  Raman p r e s s u r e  

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

a n d  d i s t a n c e s  (1  15, 116) . T h e s e  f i n d i n g s  a g r e e d  w i t h  F r a n k  

a n d  R o t h ' s  e a r l i e r  o b s e r v a t i o n s  of t h e  i n f r a r e d  s p e c t r a  o f  

t h e  O D  b a n d  a t  h i g h  F r e s s u r e s  ( 3 3 ) .  I t  was t h e i r  c o n c l u s i o n  

t h a t  f e w  i f  a n y  non-konded  w a t e r  m o l e c u l e s  e x i s t e d  i n  t h e  

l i q u i d  a n d  t h a t  t h e r e  was n o  e v i d e n c e  o f  small c lus ters  o f  

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



21 

s t u d i e s  o f  water. 

Rahman a n d  S t i l l i n g e r  d i d  a m o l e c u l a r  d y n a m i c s  s t u d y  of 

a m a d e l  o f  liquid water c o n s i s t i n g  of 216 m o l e c u l e s  a t  a tem- 
r 

p e r a t u r e  o f  34.30C. They c l a i m e d  t h a t  their r e s u l t s  a g r e e d  

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

made w i t h  e x p e r i m e n t  ( 8 4 ) .    heir c a l c u l a t i o n s  i n d i c a t e d  t h a t  

1) t h e  n e i g h b o r s  a r o u n d  a water m o l e c u l e  t e n d e d  t o  b e  

t e t r a h e d r a l l y  o r i e n t e d  as' e x p e c t e d ,  2) ' there 'were s u b s t a n t i a l  

d e v i a t i o n s  away f r o m  l i n e a r  h y d r o g e n  b o n d s ,  3) t h e r e  were n o  

r e c o q n i z a b l e  l a r q e  c l u s t e r s  o f  m o l e c u l e s ,  4 )  n o  p a t t e r n s  o f  

known ices  o r  c l a t h r a t e s  a p p e a r e d ,  5) d a n g l i n g  b o n d s  d i d  

exist  w h i c h  c o u l d  a c c o u n t  f o r  t h e  s h o u l d e r s  a n d  i n f l e c t i o n s  

e v i d e n t  i n  t h e  i n f r a r e d  a n d  Raman s p e c t r a ,  6 )  n o  s e p a r a t i o n  

of m o l e c u l e s  l n t o  n e t w o r k  a n d  i n t e r s t i t i a l  species was 

a p p a r e n t ,  7) a l l  r o t a t i o n a l  a n g l e s  a b o u t  t h e  h y d r o g e n  b o n d  

a x i s  e x i s t e d  a n d  8)  n o  s i g n i f i c a n t  n e t w o r k  i n t e r p e n e t r a t i o n s  

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

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

l i q u i d  w a t e r  was  a  r andom,  d e f e c t i v e  a n d  h i g h l y  s t r a i n e d  

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

Even f o r  a w i d e  c h o i c e  o f  effective p a i r  p o t e n t i a l s ,  t h e y  

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

w h i c h  i m p l i e d  t h a t  t h e r e  were n o  two classes o f  m o l e c u l e s  i n  

l i q u i d  w a t e r .  



- -  T h i s  c o m p u t a t i o n  is c o n s i s t e n t  w i t h  a n  ea r l i e r  r e p o r t  b y  

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

f o r  l i q u i d  water d e m c n s t r a t e d  t h a t  most of t h e  h y d r o g e n  b o n d s  

u e r e  q r e a t l y  d i s t o r t e d  (89 ) .  T h e y  f e l t  t h a t  t h e  s p e c t r a l  

e n v e l o p e  a s soc ia t ed  . w i t h  t h e  O H  (or  OD) s t r e t c h i n g  f r e q u e n c y  

was d u e  t o  a d i s t r i b u t i o n  of d i f f e r e n t  p o t e n t i a l  e n e r g y  e n v i -  

s o n m e n t s  f o r  t h e  H D O  m o l e c u l e  w h i c h  r e s u l t e d  from c o l l i s i o n s  

i n  m o l e c u l e s .  T h e r e b y  t h h e e  t y p e s  of e n v i r o n m e n t s  c o u l d  

r e s u l t  from c o l l i s i o n s :  1) n e a r  l i n e a r  0-H---0 s y s t e m s  w i t h  

d i f f e r e n t  l e n g t h s ;  2 )  h i g h l y  n o n - l i n e a r  0-H-- -0  b o n d s  w i t h  a 

d i s t r i b u t i o n  of b o n d  a n g l e s  a n d  0---0 d i s t a n c e s  a n d  

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

c a u s e d  b y  l a t e r a l  c o l l i s i o n s .  A l l  of t h e s e  effects were, 

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

n o t  d i s c r e t e  s t a t e s .  ' 

I n  1 9 7 2  C u r n u t t e  a n d  B a n d e k a r  r e p o r t e d  n o r m a l  v i b r a t i o n -  

a l  c o m ~ u t a t i o n s  b a s e d  o n  t h e  c o n t i n u u m  model o f  water ( 2 1 ) .  

T h e s e  c a l c u l a t i o n s  f c r  t h e  O D  a n d  OH s t r e t c h i n g  f r e q u e n c i e s  

o f  H D O  r e p r o d u c e d  n e a r l y  a l l  s p e c t r o s c o p i c  f e a t u r e s ,  

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

s u q q e s t e d  t h a t  the difference i n  t h e  s p e c t r a l  b a n d  s h a p e  be- 

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

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

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

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



_ _ _ _  -_/  ---  - 
s o r p t i c n  w a s  c o n s t a n t  f o r  a l l  f r e q u e n c i e s . "  

S o l u t i o n s  

From t h e  a b o v e  d i s c u s s i o n  i t  is clear t h a t  i t  is d i f f i -  

c u l t  t o  f i n d  a u n i q u e  m o d e l  f o r  l i q u i d  water ~ I I  g e n e r a l  o r  

f o r  t h e  v i b r a t i o n a l  s p e c t r u m  of water s p e c i f i c a l l y  ( 4 7 ,  6 0 ) .  

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

cf v a t e r  m o l e c u l e s  c a n  be d e t e c t e d  i n  t h e  v i b r a t i o n a l  

s p e c t r u m  of water. If e l e c t r o l y t e s  a r e  a d d e d  t o  t h e  water, 

the i n t e r p r e t a t i o n  b e c o m e s  more c o m p l e x  (49 ,  50.). Some fee l  

t h a t  u n t i l  a f e w  oc t h e  u n i q u e  p r o p e r t i e s  of 'water a r e  be t t e r  

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

p r o p e r t i e s  o f  i o n s  i n  a q u e o u s  s o l u t i o n s  (19).  H o w e v e r ,  a n  

i m p o r t a n t  c r i t e r i o n  i n  c o n s i d e r i n g  m o d e l s  f o r  l i q u i d  water is  

t h e i r  a p p l i c a b i l i t y  t o  s o l u t i o n s  ( 7 4 ) .  Any d e f i n i t i v e  t h e o r y  

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

t h e  s o l v e n t  when e i t h e r  e l e c t r o l y t e s  o r  n o n - e l e c t r o l y t e s  a r e  

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

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

o f  water (101) . 
.The Raman s p e c t r u m  s h o u l d  o f f e r  a u s e f u l  t e c h n i q u e  f o r  

c h a r a c t ~ r i z i n q  t h e  water of h y d r a t i o n  i n  s o l u t i o n s  ( 1 0 4 ) .  As 

n o t e d  e a r l i e r ,  t h e  s t r e t c h  f r e q u e n c y  o f  water is  s e n s i t i v e  t o  

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

t e r m i n e d  b y  t h e  n a t u r e  a n d  c h a r a c t e r  o f  t h e  i m m e d i a t e  

h v d r o q e n - b o n d e d  n e i g h b o r s .  The i n £  orma t i o n  w h i c h  m i g h t  b e  



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

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

i o n - w a t e r  i n t e r a c t i o n  ( 1 0 4 ) .  

I t  wou ld  seem t h a t  i n  a d i l u t e ,  s o l u t i o n ,  t h e r e  s h o u l d  

e x i s t  two  g e n e r a l  c l a s s e s  of water m o l e c u l e s ,  1) t h e  water o f  

h y d r a t i o n  o r  a f f e c t e d  water t h a t  is i n  t h e  immediate v i c i n i t y  

o f  t h e  a n i o n s  o r  c a t i o n s  a n d  2 )  t h e  w a t e r  t h a t  is s o  f a r  away 

f r o m  t h e  i o n  t h a t  i t  is u n a f f e c t e d  ( 1 0 4 ) .  S i u c e  t h e  water . o f  

h y d r a t i c n  is s t r u c t u r e d  d i f f e r e n t l y  t h a n  t h e  u n a f f e c t e d  

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

q u e n c i e s  r e s o l v a b l e  f rom t h o s e  of p u r e  water. However ,  o n l y  

s l i q h t  m o d i f i c a t i o n s  i n  t h e  O D  or  OH s p e c t r a l  b a n d s  o c c u r  f o r  

m o s t  h y d r a t e d  s a l t s  (1, 14 ,  5 6 ) .  O n l y  t h e  a n i o n s  C 1 0 4 -  a n d  

EF4- h a v e  been r e p o r t e d  t o  g i v e  clear e v i d e n c e  f o r  s e p a r a t e  

s p e c i e s  ( 1 ) .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  i n f r a r e d  i n v e s t i g a -  

t i o n s  o f  s i m p l e  h y d r a t e s  ( N a C l *  2H20, NaI* 2H20, CuC12* 2H20, 

CaS04 *2H20 ,  L i  SO O H  0 ,  SrC12.2H 0 a n d  C a C l  .6H 0) w h i c h  2 4 2  2  2  2 

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

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

( 8 9 ) .  So t h e  water s t r e t c h i n g  f r e q u e n c i e s  i n  t h e s e  s y s t e m s  

f a l l  i n  t h e  same r e g i o n  a s  i n  p u r e  water, a n d  t h i s  s u g g e s t s  

t h a t  t h e  l o c a l  e n v i r c n m e n t  o f  t h e  water m o l e c u l e s  is n o t  

g r e a t l y  d i f f e r e n t  f o r  l i q u i d  water a n d  many h y d r a t e s .  

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

small o r  n e g l i g i b l e  effect  o n  t h e  s p e c t r a l  f r e q u e n c i e s  o f  
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w a t e r  (1,  1 6 ,  1 9 ,  9 2 ,  107, 109, 1 1 4 ,  1 1 8 ) .  T h i s  is s a i d  t o  

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

t o  t h a t  o f  t h e  a n i o n s ,  v h i c h  is d u e  t .o  t h e  f a c t  t h a t  t h e  i n -  

t e r a c t i o n  b e t w e e n  c a t i o n s  a n d  water is c h i e f l y .  i o n i c .  A l s o ,  

t h e  i n s e n s i t i v i t y - o f  t h e  OH s t r e t c h i n g  f r e q u e n c y  t o  t h e  

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

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

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

c i e s  ( 6 9 ) .  However ,  DeLoze  a n d  Brown r e c e n t l y  c l a i m e d  t h a t  

t h e i r  i n f r a r e d  u o r k  i n d i c a t e d  t h a t  c a t i o n s  a n d  n o t  a n i o n s  

were c h i e f l y  r e s p o n s i b l e  f o r  s t r u c t u r e  mak ing  or b r e a k i n g  

f e a t u r e s  of salt s o l u t i o n s  ( 2 4 ) .  And Hass a n d  S t e i n  demon- 

. s t r a t e d  t h a t  t h e r e  w a s  v i b r a t i o n a l  c o u p l i n g  o f  H 0 a n d  D20 t o  2 

e l e c t r o n i c  l e v e l s  of Cd3+ i n  a q u e o u s  p e r c h l o r a t e  s o l u t i o n s  

(42)- They  s t a t e d  t h a t  t h i s  p r o v e d  t h e  e x i s t e n c e  o f  a  q u a s i -  

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

h y d r a t e d  s h e l l .  

W a l r a f e n  r e p o r t e d  t h a t  l a r g e  e f f e c t s  a r e  c a u s e d  by C1- 

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

water (109 ,  109 ,  1 1 4 ) .  T h e s e  c h a n g e s  s u p p o s e d l y  i n d i c a t e d  

t h a t  t h e  0-H---C1- bands were less p o l a r  t h a n  t h e  0-H---0 

b o n d s .  A l s o  b e  a s s e r t e d  t h a t  t h e  d e p o l a r i z a t i o n  r a t i o s  o f  

t h e s e  b a n d s  c o n f i r m e d  t h a t  t b e  0-H---C1- u n i t s  were n e a r l y  

l i n e a r .  



. - 
B e  associated p r i n c i p a l  e f f e c t s  o f  C 1 - ' o n  t h e  s t r e t c h i n g  

f r e q u e n c i e s  of water w i t h  t h e  h y d r a t i o n  o f  t h e  C1- i o n  ( 1 1 4 ) .  

T h e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  s t r e t c h i n g  b a n d  i n c r e a s e d ,  

b u t  n o  s e p a r a t e  r e s o l v a b l e  p e a k s  o c c u r r e d  (1 15,  118)  . T h u s  

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

g e n  b o n d  e n e r g y  was similar f o r  b o t h  o x y g e n  a n d  C1-. 

Y y s s  a n d  F a l k  r e p o r t e d  t h a t  fo r  o n e  mole of N a C l  i n  

e l e v e n  m o l e s  of water h a v i n g  a  sma l l  f r a c t i o n  o f  HDO, t h e  

i n f r a r e d  s p e c t r u m  s h o w e d  a n  i n c r e a s e  i n  p e a k  i n t e n s i t y ,  de- 

crease i n  h a l f  w i d t h  a n d  a n  upward  s h i f t  i n  f r e q u e n c y ' f o r  t h e  

OD s t r e t c h i n g  f r e q u e n c y  ( 1 1 8 ) .  T h e y  e x p e c t e d  t h e s e  b a n d  pa- 

rameters t o  v a r y  a l m o s t  l i n e a r l y  w i t h  s c l u t e  c o n c e n t r a t i o n .  

O t h e r w i s e  t h e y  o b s e r v e d  n o  new f e a t u r e s  i n  t h e  IR s p e c t r u m  of 

HDO. S i n c e  n o  new b a n d s  are  r e s o l v e d ,  t h e y  f e l t  t h a t  t h e  

0-H---~1- g r o u p s  m u s t  h a v e  a d i s t r i b u t i o n  of f r e q u e n c i e s  s i m -  

i l a r  t o  t h a t  o f  0 - H - - - 0  g r o u p s .  T h i s  w a s  t a k e n  t o  mean t h a t  

n o  d i s t i n c t  h y d r a t i o n  sphere e x i s t e d  i n  a q u e o u s  s o l u t i o n s  o f  

I n  a  Raman s p e c t r a l  s t u d y  t h a t  i n c l u d e d  n e a r l y  s a t u r a t e d  

s o l u t i c n s  of RCl, HgCl ZnC1 B e C l  , SnC1 , CuCl  , AlC13, 
2 , 2'  2 2 2 

LaC13 a n d  P r C l  Wall a n d  H o r n i g  r e p o r t e d  t h a t  n o  e v i d e n c e  
3,  

f o r  water o f  h y d r a t i c n  a p p e a r e d  ( 1 0 4 ) .  T h e y  o b s e r v e d  n o  

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

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

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



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

frequency o f  t h e  OD ~ t r e t c h i n g . b a n d  i n c r e a s e d  i n  t h e  o r d e r  

P- < H20 < C1- < B r  < I-. They f e l t ,  l i k e  Wyss a n d  P a l k ,  

t h a t  t ' h i s  d e m o n s t r a t e d  t h a t  t h e  a n i o n s  were a f f e c t ' i n g  t h e  

f r e q u e n c y  of water r a t h e r  t h a n  c h a n g i n g  t h e  r e l a t i v e  p o p u l a -  

t i o n s  of water molecales a s s o c i a t e d  w i t h  a feu s p e c i e s  i n  the 

l i q u i d .  

Adams, B l a n d a m e r ,  Symons  a n d  U a d d i a g t o n  c o m p a r e d  t h e  t w o  

a n i o n s ,  C104-  a n d  BF4", t h a t  made d i s t i n c t  r e s o l v a b l e  

s t r e t c h i n g  b a n d s  (I), Th'ere  was a s l i g h t  b u t  d e f . i n i t e  d i f -  

f e r e n c e  b e t w e e n  t h e  two n e w l y  f o r m e d  b a n d s .  They  b e l i e v e d  

t h a t  t h i s  i n d i c a t e d  t h a t  t h e  new b a n d s  were d u e  t o  a n  a n i o n  

e f f e c t  on t h €  s t r e t c h i n g  f r e q u e n c y  of water a n d  were n o t  d u e  

t o  water molecules t h a t  h a v e  become  n o n - h y d r o g e n  bonded .  



EXFEBIHENTBL I H V E S T I G A T I O N  

E q u i p m e n t  

F o r  t h e  m a j o r i t y  of t h e  Raman e x p e r i m e n t s  r e p o r t e d  h e r e ,  

a S p e c t r a - P h y s i c s  a o d e l  165 a r g o n  i o n  l a s e r  w i t h  a n  

a d v e r t i s e d  power  o u t p u t  of f o u r  watts was u s e d  a s  a n  e x c i t a -  

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

rear  o f  t h e  l a s e r  c a . v i t y  t o  p@rmit d i s c r e t e  s e l e c t i o n  of a n y  

of n i n e  . a r g o n  laser  f r e q u e n c i e s  w h i c h  a r e  i n  t h e  b l u e  a n d  

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

t h e s e  f r e q u e n c i e s  o p e r a t i n g  i n  t h e  TEH mode was a b o u t  
00 

0.2 cm-1 (5  x  1 0 9  h e r t z ) .  T h e  l aser  came w i t h  a power  

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

0.5%. F o r  most o f  t h e  work  r e p o r t e d  h e r e ,  t h e  4 8 8 . 0  nm l a s e r  

l i n e  u a s  u s e d  a t  a power  o f  1.5 w a t t s .  Some o f  t h e  e a r l y  

work  . r e c o r d e d  f o r  water was d o n e  o n  a n  o l d e r  a r g o n  l a s e r  

( S p e c t r a - P h y s i c s  m o d e l  1 4 0 )  u s i n g  t h e  514 .5  nm laser l i n e  a t  

a power  of a b o u t  0.9 watts. F o r  b o t h  o f  t h e s e  l a s e r s ,  t h e  

e m e r g i n q  beam was v e r t i c a l l y  p o l a r i z e d  and was d i r e c t e d ,  i n  a 

h o r i z o n t a l  p l a n e ,  1. 

F o l l o w i n g  the l a s e r  was a  m o u n t  f o r  a 9 0 0  p o l a r i z a t i o n  

r o t a t o r  (a q u a r t z  h a l f - u a v e  p l a t e ) .  By t a k i n g  s p e c t r a l  d a t a  

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

----------- 
l S e e  P i q ,  1 f o r  s c h e m a t i c  o f  e q u i p m e n t ,  
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F i g .  1 .  S c h e m a t i c  of e x p e r i m e n t a l  set-up. 



, u a s  o b t a i n e d  f o r  two p o l a r i z a t i o n s . 1  I n  o r d e r  t o  a s c e r t a i n  
. .  . 

t h a t  t h e  ro ta tor  w o r k e d  a n d  was p r o p e r l y  o r i e n t e d ,  i t  was \ 

.tested w i t h  t h e  a i d  cf a' p o l a r i z e r .  When t h e  o p t i c a l  r o t a t o r  

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

power  was i n c r e a s e d  so t h a t  t h e r e  still was 1 .5  w a t t s  o f  

laser  p o u e r  e n t e r i n g  t h e  Baman s a m p l e  c h a m b e r .  b his was 

v e r i f i e d  by  a n  i n d e p e n d e n t  l a s e r  p o w e r  meter. 

I n  t h e ,  Raman s a m p l e  c o m ~ a r t m e n t ,  w h i c h  was c o n s t r u c t e d  

a t  t h i s  l a b o r a t o r y ,  t h e  l aser  beam was f i r s t  d e f l e c t e d  t o  a 

v e r t i c a l  p a t h  s o  t h a t  it u a s  p a r a l l e l  t o  t h e  e n t r a n c e  s l i t  of 

t h e  ~ o n c c h r o m a t o r .  Then i t  was f o c u s e d  by a n  a n t i - r e f l e c t i o n  

c o a t e d  l e n s  which h a d  a  focal l e n g t h  of 3.0 cm. T h i s  b i -  

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

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

l e n s  t h e  diameter o f  t h e  l a s e r  beam i n  t h e  s a m p l e  was a p p r o x -  

i m a t e l y  50 m i c r o n s  o v e r  a d i s t a n c e  o f  a c o a p l e  of 

millimeters. X-Y-Z a d j u s t m e n t s  were p r o v i d e d  f o r  t h i s  l e n s .  

T h e  l i q u i d  s a m p l e s  were c o n t a i n e d  i n  a o n e  m i l l i l i t e r  

c y l i n d r i c a l  q u a r t z  s i l i c a  ce l l  o b t a i n e d  from S p e x  w h i c h  was 

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

p a s s e d  a l o n g  t h e  a x i s  o f  t h e  cel l .  

l c a r d a m o n e ,  H u n t  a n d  S t e v e n s  v e r i f i e d  t h a t  t h e r e  was 
o n l y  o n e  d e p o l a r i z a t i o n  r a t i c  f o r  p u r e  l i q u j d s  f a r  from t h e i r  
c r i t i c a l  t e m p e r a t u r e ,  a n d  h e n c e  t h e r e  were o n l y  two i n d e p e n -  
d e n t  p o l a r i z a t i o n s  o f  the s c a t t e r e d  l i g h t  ( 1 7 ) .  



S c a t t e r e d  l i q h t  f r o m  t h e  s a m p l e  w a s  c o l l e c t e d  by a t h r e e  

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

beam. T h e  l e n s  was l o c a t e d  s o  t h a t  it m a g n i f i e d  i ts o b j e c t  

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

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

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

w h i c h  was a b o u t  0,014, A l l  o f  t h e s e  o p t i c a l  a r r a n g e m e n t s  

were d e s i g n e d  t o  a c h i e v e  o p t i m u m  i l l u m i n a t i o n  g e o m e t r y  (3 ,  4 ,  

91 )  , 

A t  t h e  e n t r a n c e  t o  t h e  m o n o c h r o m a t o r ,  a s h o r t  G l a n -  

Thompson p o l d r i z e r  u i t h  a n t i - r e f l e c t i o n ,  c o a t i n g s  was 

p o s i t i o n e d .  N o r m a l l y ,  t h i s  was k e p t  i n  a f i x e d  o r i e n t a t ' i o n  

a n d  t h e  p o l a r i z a t i o n  r o t a to r  d e s c r i b e d  earl ier  was c o n s i s t -  

e n t l y  used t c  o b t a i n  t b e  two p o l a r i z a t i c n s  OF t h e   ama an 
s p e c t r a  of a  s o l u t i o n .  I t  was v e r i f i e d  t h a t  s imi la r  r e s u l t s  

were o b t a i n e d  w h e t h e r  t h e  r o t a t o r  was k e p t  f i x e d  ( t h a t  i s  n o t  

p l a c e d  i n  t h e  l a s e r  beam) a n d  t h e  p o l a r i z e r  r o t a t e d  900 be-. 

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

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

was f o l l o w e d  f o r  t h e s e  e x p e r ' i m e n t s  f o r  , s a k e .  o f  s i m p l i c i t y .  

The  p o l a r i z e r  was a l i g n e d  i n  t h e  moun t  b y  r e f l e c t i n g  t h e  

l a s e r  beam t h r o u g h  i t  i n t o  t h e  m o n o c h r o m a t o r  t o  t h e  e l e c t r o n -  

i c  d e t e c t i o n  s y s t e m  a n d  o b t a i n i n g  a n u l l .  when' t h e  o p t i c  

a x i s  of t h e  p o l a r i z e r  was p e r p e n d i c u l a r  t o  t h e  e lectr ic  

vector o f  t h e  l a se r  team, t h e n  t h e  i n t e n s i t y  o f  t h e  



t r a n s m i t t e d  l i g h t  was t h r e e  o r d e r s  of m a g n i t u d e  l e s s  t h a n  

when t h e y  were p a r a l l e l .  A s  a n  a d d i t i o n a l  t e s t ,  t h e  

d e p o l a r i z a t i o n  r a t i o  was d e t e r m i n e d  f o r  . t h e  450 cm-1 l i n e  o f  

CC14. A v a l u e  o f  0 . 0 0 7 6 ~ 0 . 0 0 0 5  was o b t a i n e d ,  w h i c h  c o m p a r e d  

f a v o r a b l y  w i t h  v a l u e s  o f  0. .0039-0.0075 g i v e n  i n  t h e  l i t e r a -  

t u r e  (71, 9 0 ) .  

. I m m e d i a t e l y  f o l l o w i n g  t h e  p o l a r i z e r  a n d  m o u n t e d  on t h e  

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

(500-650  nm) w h i c h  w a s  c h o s e n  t o  b e  o p a q u e  o u t s i d e  o f  t h e  

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

The d i s p e r s i n g  e l e m e n t  u s e d  i n  t h i s  Raman s y s t e m  was a  

S p e x  1 4 0 0  d o u b l e  g r a t i n g  m o n o c h r o m a t o r .  B o t h  g r a t i n g s  were 

r u l e d  w i t h  6 0 0  g r o o v e s  p e r  millimeter a n d  were b l a z e d  a t  

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

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

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

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

T h e  r a d i a t i o n  e m e r g i n g  f rom t h e  e x i t  slit  o f  t h e  

m o n o c h r o a a t o r  w a s  f o c u s e d  o n t o  t h e  c a t h o d e  of  a n  ITT PW-130 

p h o t o m u l t i p l i e r  t u b e  w h i c h  h a d  a n  S-20  f r e q u e n c y  r e s p o n s e .  

T h i s  was a s p e c i a l l y  s e l e c t e d  t u b e  w h i c h  h a d  a p h o t o n  d a r k  

c u r r e n t  o f  a b o u t  1 3 0  c c u n t s  F e r  s e c o n d  a t  220C when o p e r a t e d  

a t  1 9 0 0  v o l t s .  A l t h o u g h  t h i s  d a r k  c u r r e n t  c o u l d  be  r e d u c e d  

by a n  o r d e r  o f  n a g n i t u d e  when t h e  t u b e  was c o o l e d  t o  O O C ,  it 

was s u f f i c i e n t  t o  use t h e  t u t e  a t  room t e m p e r a t u r e  f o r  t h e  



e x p e r i m e n t s  r e p o r t e d  h e r e .  P o w e r  was s u p p l i e d  t o  t h i s  t u b e  

b y  a K e i t h l e y  m o d e l  246 h i g h  v o l t a g e  p o w e r  s u p p l y .  

O u t p u t  f r o m  t h e  p h o t o m u l t i p l i e r  t u b e  was p a s s e d  t h r o u g h  

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

SSR 1 1 0 0  series p h o t c n  c o u n . t e r  s y s t e m .  T h e  t u b e ,  i t s  s o c k e t ,  

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

s h i e l d e d  b y  a n  a l u m i n u m  h o u s i n q  w h i c h  was g r o u n d e d .  T h e  

r a t e m e t e r  was u s e d  i n  i t A  d i g i t a l  mode t o  o p e r q t e  a CHC m o d e l  

707 BN f r e q u e n c y - p e r  i o d  e l e c t r o n i c  c o u n t e r .  T h e  c o u n t i n g  

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

t b e  p h o t o m u l t i p l i e r  t u b e  u p  t o  a b o u t  5 0 0 , 0 0 0  c o u n t s  p e r  sec- 

c n d ,  r a t e s  more t h a n  a n  o r d e r  of m a g n i t u d e  g r e a t e r  t h a n  m a x i -  

mum r e a d i n q s  t a k e n  f o r  d a t a .  T h i s  was d e t e r m i n e d  b y  c o m p a r -  

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

T h e  e l e c t r o n i c  c o u n t e r  was t h e  f i r s t  e l e m e n t  i n  t h e  s y s t e m  

t h a t  w e n t  n c n - l i n e a r .  

\ C a l i b r a t i o n  

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

m o n o c h r c m a t o r ,  u s i n g  26  of t h e  n e o n  e m i s s i o n  l i n e s  l i s t e d  by  

L o a d e r  ( 6 3 ) .  T h e  c a l i b r a t i o n  was m a d e  b e f o r e ,  d u r i n g  a n d  

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

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

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

1 cm-1, a n d  t h e  r e p e a t a b i l i t y  f o r  c o n s e c u t i v e  c a l i b r a t i o n s  

was 0 . 5  cm-1. The e n t r a n c e  slits were a d j u s t e d  t o  a w i d t h  of 



200 m i c r o n s ,  w h i c h  c o r r e s p 9 n d e d  t o  t h e  d i a m e t e r  o d  t h e  l a s e r  

beam i m a g e ,  T h e  i n t e r m e d i a t e  a n d  e x i t  s l i ts  were o p e n e d  t o  

400 m i c r o n s .  Wi th  t h e s e  s l i t w i d t h s ,  t h e  e f f e c t i v e  h a l f - w i d t h  
\ 

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

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

17 cm-r o r  less. 1 When t h . i s  is c o n v o l u t e d  w i t h  a s p e c t r a l  

b a n d  h a v i n g  a  h a l f - w i d t h  of 150 cm-1 o r  more, t h e  e f f e c t  o n  

t h e  o b s e r v e d  b a n d  i s  n e g l i g i b l e  (38, 52,  53) . So t h e  ob- 

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

b a n d  s h a p e  f o r  t h e  d a t a  i n  t h i s  r e p o r t .  

T h e  i n t e n s i t y  r e s p o n s e  v e r s u s  f r e q u e n c y  of t h e  e n t i r e  

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

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

c a l i b r a t e d  i n .  a 8641 Mark I P r e c i s i o n  A u t o m a t i c  O p t i c a l  

P y r o m e t e r  ( L e e d s  a n d  N o r t h r u p )  . T h e  f i l a m e n t  of t h i s  b u l b  

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

t u r e  o f  2666i20°K. S i n c e  o n l y  r e l a t i v e  Raman i n t e n s i t i e s  

were s o u g h t ,  i t  was p e r m i s s i b l e  t o  r ~ d u c e  t h e  s l i t w i d t h s  o f  

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

t h e  s t a n d a r d  l a m p  was c o m p a t i b l e  v i t h  t h e  d e t e c t i o n  s y s t e m ,  

1 0 f  c o u r s e ,  f o r  f i x e d  s l i t w i d t h s  t h e  b a n d - p a s s  was  a  
f u n c t i o n  o f  m o n o c h r o m a t o r  s e t t i n g ,  a s  shown  i n  F i g .  2. B u t  
s i n c e  t h e  m o n o c h r o m a t o r  was i n t e n s i t y  c a l i b r a t e d  v i t h  f i x e d  
s l i t v i d t h s ,  t h e  r e l a t i v e  i n t e n s i t i e s  a c r o s s  t h e  e n t i r e  s p e c -  
t r a l  b a n d  o u q h t  t o  be c o r r e c t .  
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Fig. 2 .  The  e f f e c t i v e  s p e c t r a l  h a l f - w i d t h  of t h e  
monochromator  a s  a f u n c t i o n  of t h e  Raman s h i f t  f o r  
A) t h e  4 8 8 . 0  nm and  0 )  t h e  5 1 4 . 5  nm e x c i t i n g  l a s e r  
l i n e s  and w i t h  t h e  monochromator  e n t r a n c e  slit set  
a t  20OP a n d  t h e  exit slit  a t  40OP. 



C a l i b r a t i o n  was d o n e  f o u r  times b e f o r e  Raman d a t a  Gas t a k e n ,  

o n c e  i n  t h e  m i d s t  o f  d a t a  c o l l e c t i o n  a n d  t h r e e  times a t  t h e  

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

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

a g e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  ' i n t e n s i t i e s  t a k e n  a t  58 d i f -  

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

0 - 3 3  i n  c o u n t i n g  u n i t s ,  w h e r e  t h e  d e t e c t e d  i n t e n s i t y  o f  t h e  

sFekCtra o f  t h e  l a m p  r a n g e d  f r o m  40 t o  70 i n  t h e  same u n i t s . 1  

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

f u n c t i o n  o f  f r e q u e n c y  was c a l c u l a t e d  frcm t h e  e q u a t i o n  

I ( v )  = K ~ ( v ) ~ s e x p ( - 1 , 4 3 8 ~ / T )  

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

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

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

e m i s s i v i t y ,  E . ( v ) ,  w h i c h  t a k e s  i n t o  a c c o u n t  t h e  f a c t  t h a t  t h e  

l a m p  was  n o t  a b l a c k - b o d y ,  were o b t a i n e d  f r o m  devos ( 2 5 ) ,  

v was  t h e  f r e q u e n c y  i n  cn-1 a n d  T was t h e  t e m p e r a t u r e  i n  

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

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

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

e f f e c t  u a s  i n c l u d e d  i n  t h e  c o n s t a n t  K. T h e  r e l a t i v e  e r ror  i n  

l o n e  c o u n t i n g  u n i t  was e q u i v a l e n t  t o  1000 c o u n t s  p e r  
s e c o n d  o n  t h e . e l e c t r o n i c  c o u n t e r .  I n  t h e s e  u n i t s ,  t h e  d a r k  
c u r r e n t  of t h e  p h o t o m u l t i p l i e r  t u b e  mas 0.13, 
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t h e  c a l i b r a t e d  i n t e n s i t y  d u e  t o  t h e  e r r o r  a s s o c i a t e d  w i t h  t h e  

f i l a m e n t  t e m p e r a t u r e  was. n e g l i g i b l e .  

S o l u t i o n s  

S t o c k  rare e a r t h  s o l u t i o n s  were p r e p a r e d  from h i g h l y  

p u r i f i e d  rare e a r t h  o x i d e s  o b t a i n e d  from t h e  rare e a r t h  s e p a -  

r a t i o n  g r o u p  o f  t h e  Ames L a b o r a t o r y  of t h e  U. S. A t o m i c  E n e r -  

gy Commiss ion .  T h e s e  o x i d e s  were e s t i m a t e d  t o  c o n t a i n  n o  

more  t h a n  0.08% rare  e a r t h  i m p u r i t i e s ,  a n d  o t h e r  i n o r g a n i c  

i m p u r i t i e s  u e r e  less t h a n  0.04% o f  t h e  t o t a l  c o n t e n t .  

S l i q h t l y  i n s u f f i c i e n t  a c i d  was,  a d d e d  t o  t h e  d r y  o x i d e s ,  a n d  

t h e  e x c e s s  o x i d e  was r e m o v e d  by f i i t e r i n g  t h e  s o l u t i o n s  

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

were t h e n  a d j u s t e d  t o  t h e i r  e q u i v a l e n c e  pH by  a d d i n g  d i l u t e  

a c i d .  T h e n  t h e y  u e r e  h e a t e d  for s e v e r a l  h o u r s  t o  d i s s o l v e  

a n y  r e m a i n i n g  o x y - c h . l o r i d e  o r  c o l l o i d a l .  o x i d e .  A f t e r  t h e  so- 

l u t i o n s  c o o l e d ,  t h e  pH u a s  a d j u s t e d  a g a i n  t o  t h e  e q u i v a l e n c e  

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

T h i s  p r o c e d u r e  was r e p e a t e d  u n t i l  t h e  s t o c k  s o l u t i o n s  main-  

t a i n e d  t h e i r  e q u i v a l e n c e  pH. T h e  c o n c e n t r a t i o n s  o f  t h e  s t o c k  

s o l u t i o n s  u e r e  d e t e r m i n e d  by  EDTA a n d  c h l o r i d e  a n a l y s i s .  So- 

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

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

f l a s k s .  From t h e  a m o u n t  of s t o c k  s o l u t i c n  w e i g h e d  o u t  t h e  

p r o p e r  a m o u n t  o f  H 2 0  a n d  D 0 n e e d e d  t o  o b t a i n  t h e  d e s i r e d  2 
s o l v e n t  m i x t u r e  was d e t e r m i n e d  a n d  w e i g h e d  i n t o  e a c h  f l a s k .  



A11 w e i g h t s  were c o r r e c t e d  t o  vacuum, P r o m  t h e  c o r r e c t e d  

w e i q h t s  o f  t h e  s t o c k  s o l u t i o n .  H 2 0  a n d  D 2 0  i n  e a c h  f l a s k  t h e  

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

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

S o l u t i o n s  i n  w h i c h  95% o f  t h e  water was D 2 0  were p r e -  

p a r e d  f r o m  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 .  Unde r  a d r y  

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

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

w e i g h e d .  T h e n  t h e  a ~ p r o p r i a t e  a m o u n t s  of H 0 a n d  D 0 were 
2  2 

w e i q b e d  i n t o  t h e  s t o ~ p e r e d  f l a s k s  t o  o b t a i n  t h e  d e s i r e d  

s c l v e n t  m i x t u r e .  Prom t h e  w e i g h t s  c o r r e c t e d  t o  vacuum,  t h e  

c o n c e n t r a t i o n s  of t h e  clear s o l u t i o n s  of t h e  r a r e  e a r t h  

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

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

t h r o u g h  a 25  mp M i l l i p o r e  f i l t e r  d i r e c t l y  i n t o  t h e  s a m p l e  

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

T h e  d e u t e r i u m  o x i d e  u s e d  i n  m a k i n g  t h e s e  s o l u t i o n s  was 

o b t a i n e d  f r o m  J, T. B a k e r  C h e m i c a l  Company a n d  was r e p o r t e d  

t a  h a v e  a minimum 99.75% atom p e r  c e n t  D 2 0 .  T h i s  es t imate  

was c o n s i s t e n t  w i t h  t h e  o b s e r v e d  Raman i n t e n s i t y  o f .  t h e  OH 

E p e c t r u m  made of a s a m p l e  . t a k e n  d i r e c t l y  from t h e  b o t t l e .  

A l l  o f  t h e  n o r m a l  w a t e r  u s e d  was c o n d u c t i v i t y  water w h i c h  h a d  

a s p e c i f i c  c o n d u c t a n c e  o f  l e s s  t h a n  1x10-6 mho p e r  cm. 

From s i m p l e  p r o b a b i l i t y  c o n s i d e r a t i o n s  of water o r  s o l u -  

t i o n s  i n  w h i c h  5% of t h e  water is D 2 0 ,  95% of t h e  D20 is c o n -  



v e r t e d  t o  HDO b y  e x c h a n g e  v i t h  H 0. Hence ,  a,t e q u i l i b r i u m ,  
, 2  

9.5% o f  t h e  water w i l l  be H D O ,  0 .25% w i l l  b e  D 0 a n d  t h e  
2  

r e m a i n i n g  90 .25% w i l l  b e  H 2 0 .  T h e  r e s u l t i n g  e q u i l i b r i u m  con- 

s t a n t  w i l l  b e  4.00,  ' O f  t ' h e  HDO, 66.34% w i l l  . h a v e  n o r m a l  . 

r a t e r  ~ o l e c ~ l e s  f o r  i t s  f o u r  n e a r e s t  n e i g h b o r s .  T h e  

r e m a i n i n q  H D O a s  w i l l  h a v e  o n e  o r  more H D O a s  or  D 2 0 ' s  among 

i t s  f o u r  n e a x e s t .  n e i g h b o r s .  T h e r e  is a 90.25% c h a n c e  t h a t  a n  

H O w i l l  b e  b o n d e d  t o  t h e  OD u n i t  o f  t h e  H D O  m o l e c u l e .  A l l  
2  

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

d e u t e r i u m ,  i. e. t h a t  no s e l e c t i v e  p r o p e r t i e s  e x i s t .  I d e n t i -  

c a l  c o n s i d e r a t i o n  w o u l d  be true f o r  OH u n i t s  o f  HDO w h e r e  95% 

o f  t h e  water i s  D 0. 
2  

However ,  B o n n e r  s t a t e d  t h a t  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  

H 0 + D 0 + 2HDO 
2 2  

mas 3 .80  a t  25% (13).  U s i n g  t h i s  f o r  a s a m p l e  of water, 

9 5 %  o f  w h i c h  i s  H 0 a n d  t h e  r e m a i n i n g  5% is D 2 0 ,  c a l c u l a t i o n s  
2  

show t h a t  a t  e q u i l i b r i u m  a b o u t  9 4 , 7 6 1  o f  t h e  D 2 0  reacts w i t h  

H 0 t o  form HDO. 
2  

W a l r a f e n  r e p o r t e d  t h a t  f o r  3.1 PI a n d  6 . 2  M D 2 0  i n  H 2 0  

and  2.8 B a n d  6.5 H H 2 0  i n  D 2 0  t h e  Raman f r e q u e n c i e s  o f  t h e  

maximum i n t e n s i t i e s  a n d  t h e  r e l a t i v e  i n t e n s i t i e s  a c r o s s  the 

. O D  o r . O H  s t r e t c h i n g  h a n d  were e s s e n t i a l l y  t h e  same w h i c h  i n -  

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

i n t r a m o l e c u l a r  c o u p l i n g s  were n e g l i g i b l e  (1  14)  . However ,  

F o r d  a n d  F a l k  n o t e d  t h a t  t h e  h a l f - w i d t h s  f o r  t h e i r  i n f r a r e d  



ice s p e c t r a  o f  0.3% HDO i n  D 0 a n d  0 . 5 %  HDO i n  H 0 was 
2 2 

m e a s u r a b l y  n a r r o w e r  t h a n  s imi l a r  w o r k  u . h i c h  h a d  i n v o l v e d  

5-10% HCO i n  water (32,  10,  4 1 ) .  T h e y  i n t e r p r e t e d  t h i s  t o  

mean t h a t  i n  v a t e r  w i t h  5% or  m o r e , o f  D20, ADO c o u p l e d  v i b r a -  

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

U n l e s s  n o t e d  o t h e r w i s e ;  i n  a l l  s o l u t i o n s  u s e d  i n  t h e  e x -  

p e r i ~ e n t s  r e p o r t e d  h e r e ,  a b o u t  5% of t h e  t o t a l  water (by  num- 

ber o f  m o l e s )  was D 0 o r  H 0 f o r  t h e  s t u d y  o f  t h e  OD a n d  OH 
2 2 

s t r e t c h i n g  f r e q u e n c i e s  r e s p e c t i v e l y .  

T h e r e  is  a m a r k e d  v i s u a l  d i f f e r e n c e  i n  t h e  O D  a n d  OH 

s t r e t c h i n g  b a n d  c o n t o u r s  ( 1 1 4 ) .  W h i l e  i t  is f e l t  t h a t  t h e  

s u b s t i t u t i o n  of D f o r  B a f f e c t s  t h e  p r o p e r t i e s  o f  water v e r y  

l i t t l e  ( 1 0 2 ) ,  t h e  smaller  d i s s o c i a t i o n  c o n s t a n t ,  g r e a t e r  

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

maximum d e n s i t y  i n d i c a t e  t h a t  t h e  h y d r o g e n  b o n d s  a r e  s l i g h t l y  

s t r c n g e r  f o r  d e u t e r i u m  t h a n  f o r  n o r m a l  v a t e r  ( 1 9 ,  22, 4.3, 46, 

50, 79, 87 ,  100 ,  1 0 2 ) .  So, h e a v y  water is commonly r e g a r d e d  

a s  b e i n q  m o r e  s t r u c t u r e d  t h a n  n o r m a l  water. I t  was f e l t  t h a t  

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

two  e f f e c t s :  1 )  C o n t r a c t i o n  o f  t h e  0-0 bond  l e n g t h  d u e  t o  a n  

i n c r e a s e  i n  d i p o l e  m0men.t a n d  2) T h e  z e r o  p o i n t  e n e r g y  d i f -  

f e r e n c e  c a u s i n g  a n  e x p a n s i o n  o f  t h e  0-0 d i s t a n c e s  ( 1 0 2 ) .  

V i n o g r a d o v  a n d  L i n n e l l  s t a t e d  t h a t  a t  0-0 d i s t a n c e  o f  a b o u t  

2.7 1 t h e s e  e f f e c t s  s h o u l d  b e  e q u a l  a n d  c a n c e l  e a c h  o t h e r .  

T h e  e x p a n s i o n  term was e x p e c t e d  t o  p r e d o m i n a t e  a t  s h o r t e r  



bond  l e n g t h s ,  a n d  t h e  c o n t r a c t i o n  term s h o u l d  d o m i n a t e  a t  

l c n q e r  b c n d  l e n g t h s  l e a d i n g  t o  a s h o r t e n i n g  a n d  s t r e n g t h e n i n g  

o f  t h e  h y d r o g e n  b o n d  when d e u t e r i u m  was s u b s t i t u t e d .  S i n c e  

l i q u i d  water h a s  a n  a v e r a g e  0-0 d i s t a n c e  g r e a t e r  t h a n  2..8 % 

(73), t h e  a b o v e  a n a l y s i s  m o u l d  a l s o  i n d i c a t e  t h a t  d e u t e r i u m  

o u g h t  t o  h a v e  s t r o n g e r  h y d r o g e n  b o n d s  t h a n  n o r m a l  v a t e r .  

Prom a c o n s i d e r a t i o n  o f  t h e  d i f f e r e n c e  b e t w e e n  t h e  a p p a r e n t  

a c t i v a t i o n  e n e r g y  f o r  d e u t e r i u m  a n d  n o r m a l  water a n d  f r o m  g a s  

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

e n e r q y  d i f f e r e n c e  i n  t h e  two h y d r o g e n  b o n d s  u a s  0.27-0.30 

Kcal mole-1 (2,  3.3, 65, 1 0 2 ) .  G e n e r a l . l y ,  t h e  OD s t r e t c h i n g  

v i b r a t i o n  is s t u d i e d  i n  p r e f e r e n c e  t o  t h e  OH f r e q u e n e y  b e -  

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

t r a t i o n  o f  H20 i n  D20 ( 1 4 ) .  



DATA 

Raman d a t a  was o b t a i n e d  for t h e  OD s t r e t c h i n g  s p e c t r a l  

b a n d  of water a n d  s i x  c o n c e n t r a t i o n s  o f  a q u e o u s  s o l u t i o n s  o f  

L a c 1  GdCl a n d  L u C l  i n  w h i c h  5 %  o f  t h e  water was D 0.  The  
3' 3 3 2  

s i x  c o n c e n t r a t i o n s  of t h e  rare  e a r t h  s a l t  s o l u t i o n s  were ap- 

p r o x i m a t e l y  0.5, 1.0, 1.5, 2.0, 2.5 a n d  3.0 molal, F o r  com- 

p a r i s o n ,  Raman d a t a  was a l s o  o b t a i n e d  f o r  t h e  OH s t r e t c h i n g  

f r e q u e n c y  o f  w a t e r  a n d  a q u e o u s  GdCl  h a v i n g  s imi la r  c o n c e n -  
3' 

t r a t i o n s  a s  i n d i c a t e d  a b o v e ,  i n  w h i c h  95% of t h e  water was 

D 2 0 .  The  t e m p e r a t u r e  of t h e s e  s o l u t i o n s  was a l l o w e d  t o  come 

t o  e q u i l i b r i u m  with t h e  t h e r m o s t a t e d  room w h i c h  was, when 

d a t a  was t a k e n ,  k e p t  a t  2 2 0 ~ l o C .  A t h e r m o c o u p l e  u s e d  i n  s e v -  

e ra?  test s o l u t i o n s  v e r i f i e d  t h a t  t h e  t e m p e r a t u r e  of t h e  so- 

l u t i o n  i n  t h e  laser  beam was less t h a n  O . 5 O C  a b o v e  room 

t e m p e r a t u r e .  T h e  s o l u t i o n  o b t a i n e d  its e q u i l i b r i u m  t e m p e r a -  

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

M e a s u r e m e n t s  a n d  Error A n a l y s i s  

I n t e n s i t y  r e a d i n g s  were t a k e n  f o r  b c t h  p o l a r i z a t i o n s  a t  

f r e q u e n c y  i n t e r v a l s  of 1 0  cm-1, T h e  e l e c t r o n i c  c o u n t e r  was 

a c t i v a t e d  f o r  t e n  s e c o n d s  a t  e a c h , f r e q u e n c y  f o r  e a c h  s c a n .  

P o r  t h e  OD s t r e t c h i n g  f r e q u e n c y ,  t h e  s p e c t r a l  r e g i o n  was 

s c a n n e d  from 2 1 5 0  cm-1 t o  2 8 0 0  cm-1. For  t h e  OH s t r e t c h i n g  

f r e q u e n c i e s  s c a n s  were made f r o m  3 0 5 0  cm-1' t o  3 8 0 0  cm-1. 

S c a n s  were made f o r  e a c h  c o n c e n t r a t i c n  two o r  more times. 



. - 

B o t h  t h e  OD ' a n d . 0 ~  s p e c t r a l  b a n d s  a re  s u p e r i m p o s e d  o n  a 

f i n i t e  b a c k g r o u n d ,  F o r  t h e  s o l u t i o n s  i n  w h i c h  5% of t h e  

' w a t e r  was D ' O ,  it w a s . a s s u m e d  t h a t  t h e  b a c k g r o u n d  c o u l d  be 
2 

a p p r o x i m a t e d  i n  t h e .  01) s p e c t r a l  r e g i o n  b y  t h e  s p e c t r u m  o f  so- 

l u t i o n s  o f  t h e  sa'me c o n c e n t r a t i o n  m a d e ' w i t h  100% H 0. L i k e  
2 

wise, f c r  s o l u t i o n s  i n  w h i c h  95% o f  t h e  water was D 0,  s o l u -  
2 

t i o n s  made e n t i r e l y  w i t h  d e u t e r a t e d  water were u s e d  t o  a p -  

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

b a n d .  E v i d e n t  i n  t h e  s p e c t r u m  of Hi0 i n  t h e  l o r  f r e q u e n c y  

r e q i o n  o f  t h e  OD s t r e t c h i n g  ' v i b r a t i o n  i s  t h e  h i g h  f r e q u e n c y  

s i d e  of t h e  c o m b i n a t i o n  band .  T h e  t a i l  o f  t h e  H 0 s t r e t c h i n g  
2  

h a n d  is a p p a r e n t  i n  t h e  h i g h  f r e q u e n c y  r e g i o n  o f  t h e  OD 

s t r e t c h i n g  band.  The s p e c t r a  of D 0 i n  t h e  s p e c t r a l  r e g i o n  
2 

cf t h e  CEi s t r e t c h i n g  v i b r a t i o n  is  e s s e n t i a l l y  f l a t  e x c e p t  f o r  

t h e  t a i l  o f  t h e  D 2 0  b a n d  o n  t h e  low f r e q u e n c y  s i d e  o f  t h e  

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

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

t h a n  1%. However ,  t h e  i n t e g r a t e d  i n t e n s i t i e s  of s e p a r a t e  

r u n s  of t w o  d i f f e r e n t  s a m p l e s  o f  t h e  same s o l u t i o n  were d i f -  

f e r e n t  o n  t h e  a v e r a g e  by a p p r o x i m a t e l y  2.5%. S i n c e  c o m p a r i -  

s o n s  were t o  b e  made  o f  r e l a t i v e  i n t e n s i t i e s ,  t h e  i n t e g r a t e d  

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

t o  a common v a l u e  ( n o r m a l l y  t h e  a v e r a g e d  i n t e g r a t e d  i n t e n s i -  

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

a t  e a c h  f r e q u e n c y .  A s i m i l a r  p r o c e d u r e  was f o l l o v e d  f o r  cor- 



Fiq. 3. A t y p i c a l  Ramaa s p e c t r u m  of t h e  OD s t r e t c h i n g  v i b r a -  
t i o n  of HDO in a 3 . 2  m s o l u t i o n  of G d C l j  w i t h  i t s  
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s u b t r a c t e d ,  
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r e s p o n d i n g  b a c k g r o u n d  = c a n s .  T h e s e  i n t e n s i t i e s  were t h e n  - 
c o n v e r t e d  i n t o  i n t e n s i t i e s  p e r  mole o f  D 0 fo r  s o l u t i o n s  

2 
w h i c h  were u s e d  f o r  s p e c t r a l  s c a n s  o f  t h e  OD s t r e t c h i r i g  fre- 

q u e n c y  a n d  t o  i n t e n s i t i e s  p e r  mole o f  H 0 f o r  s o l u t i o n s . t h a t  
2 

were u s e d  f o r  t h e  OH f r e q u e n c y  s t u d i e s .  

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

a t  e a c h  f r e q u e n c y  was t h e n  d e t e r m i n e d  by t h e  r e l a t i o n  

I= (R-8) L/SL 

w h e r e  a t  e a c h  f r e q u e n c y  

I - t h e  , c o r r e c t e d  r e l a t i v e  m o l a r  i n t e n s i t y  of t h e  
Raman b a n d  

R - t h e  e x p e r i @ e n t a l  molar b a n d  i n t e n s i t y  

0 - e x p e r i m e n t a l  b a c k g r o u n d  r e a d i n g s  

L - t h e  c a l c u l a t e d  l a m p  i ' n t e n s i t . y  

SL - t h e  o b s e r v e d  s t a n d a r d  l a m p  i n t e n s i t y . 1  

The  v a r i a n c e  a s s o c i a t e d  w i t h  t h e  correc ted  r e l a t i v e  m o l a r  i n -  

t e n s i t y  o f  t h e  Raman s p e c t r a l  b a n d  a t  e a c h  f r e q u e n c y  was ob- 

t a i n e d  f r o m  t h e  r e l a t i o n  

a 2 ( I )  = [L/SLIz{a*(R) + a2 (B)  + [ [B-BVSL]zaz(SL))  

w h e r e  a t  e a c h  Raman f r e q u e n c y  

a  (I) - t h e  s t a n d a r d  d e v i a t i o n  cf t h e  c o r r e c t e d  molar 
i n t e n s i t y  a t  each f r e q u e n c y  

a  ( A )  - t h e  s t a n d a r d  d e v i a t i o n  t h e  e x p e r i m e n t a l  molar 
i n t e n s i t y  of t h e  b a n d  

1 S e e  Piq. 4 f o r  t h e  r a t i o ,  L / S L .  



RAMAN SHIFT (CM-I) 
P i g ,  4 ,  ' T h e  r a t i o  o f  t h e  c a l c u l a t e d  s t a n d a r d  l a m p  i n t e n s i t y  

t o  t h e  o b s e r v e d  l a m p  i n t e n s i t y  a s  a  f u n c t i o n  of t h e  
Baman s h i f t  for t h e  488.0 nm e x c i t i n g  l a s e r  l i n e .  



6 (B)  - 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  e x p e r i m e n t a l  
b a c k g r o u n d  d a t a  

a ( S L )  - t h e  s t a n d a r d  d e v i a t i o n  c f  t h e  e x p e r i m e n t a l  
s t a n d a r d  l a m p  i n t e n s i t y  = 0.33 a s  e x p l a i n e d  
earl.ier. 

A term a s s o c i a t e d  w i t h  t h e  error i n  t h e  c a l c u l a t e d  l a m p  i n -  

t e n s i t y o  a  ( L ) ,  was n e g l e c t e d  s i n c e  t h i s  e r r o r  was s e v e r a l  

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

e d  ea r l i e r .  a z ( 1 )  is s u b s e q u e n t l y  r e f e r r e d  t o  a s  t h e  "es t i -  

m a t e d  v a r i a n c e u ,  a n d  a ( I)  i s  c a l l e d  t h e  " e s t i m a t e d  s t a n d a r d  

d e v i a t i o n m .  

~ l s o ,  a t  t h e  same time, a l l  o b s e r v e d  Raman f r e q u e n c i e s  

were c o r r e c t e d  t o  . f r e q u e n c i e s  i n  vacuum,  u s i n g  t a b l e s  a n d  

e q u a t i o n  195 i n  L o a d e r  (63).  S e e  a l s o  r e f e r e n c e  (97) . 
~ f t e r  t h e s e  c a l i b r a t i o n s ,  c o r r e c t i o n s  a n d  c a l c a l a t i o n s  

of e s t i m a t e d  v a r i a n c e s  were c o m p l e t e d ,  t h e  d a t a  was e n t e r e d  

i n t o  a n o n - l i n e a r  l e a s t - s q u a r e s  f i t t i n g  r o u t i n e  t o  o b t a i n  a 

s u i t a b l e  w e i g h t e d  f i t  of t h e  d a t a  t o  a n  a n a l y t i c  f u n c t i o n  

(37., 8 0 ) .  The a n a l y t i c  f u n c t i o n s  u s e d  were a c o m b i n a t i o n  of 

t u o  o r  more  G a u s s i a n  o r  s k e w e d - G a u s s i a n  f u n c t i o n s  of t h e  f o r m  

A = I o e x p  ( - U . l n  ( 2 )  ( v - v  2 / ~ 2 )  ; G a u s s i a n  
0 

B = I o e x p  ( - U l n  ( 2 )  (v-v ) 2 ( A -  ( v - v  ) ) 2 )  ; s k e w e d - G a u s s i a n  
0 

w h e r e  

X o  i s  the maxinum v a l u e  o f  t h e  G a u s s i a n  

v  ' is t h e  p e a k  ~ o s i t i o n  i n  u n i t s  o f  cm-1 
0 

A is t h e  h a l f - w i d t h  i n  u n i t s  o f  cm-1 . 
s is t h e  u n i t l e s s  s k e w i n q  p a r a m e t e r .  



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

t o  o b t a i n  a l e a s t - s q u a r e  f i t ,  A f a c t o r  m u l t i p l y i n g  t h e  b a c k -  

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

T h i s  a d j u s t m e n t  was p e r m i t t e d  b e c a u s e  of t h e  f a c t  t h a t  t h e  

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

d a r d  d e v i a t i o n  o f  a b o u t  2..5%. : And it  was a l s o  a r e c o g n i t i o n  

o f  t h e  f a c t  t h a t  t h e  d a t a  u s e d  f o r  t h e  b a c k g r o u n d  was a n  ap -  

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

o f  t h e  l e a s t - s q u a r e s  G a u s s i a n  f i t s  bere u s e d  t o  d e t e r m i n e  t h e  

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

I n d e p e n d a n t  of t h e  l e a s t - s q u a r e s  f i t  r o u t i n e ,  t h i s  

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

o f  t h e  e x p e r i m e n t a l  p e a k  i n t e n s i t y  o f  t h e  d a t a .  by  t a k i n g  nu- 

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

by  S a v i t z k y  a n d  G o l a y '  ( 8 8 ) ,  a n d  i n t e r p o l a t i n g  t o  f i n d  t h e  

f r e q u e n c y  f o r  w h i c h  t h e  d e r i v a t i v e  was e q u a l  t o  zero. T h e n ,  

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

was o b t a i n e d  w h i c h  was  u s e d  t o  f i n d  t h e  w i d t h  o f  t h e  e x p e r i -  

m e n t a l  s p e c t r a l  b a n d  a t  h a l f  maximum i n t e n s i t y  - commonly  

c a l l e d  t h e  h a l f - w i d t h ,  

T h e  r e d u c e d  c h i - s q u a r e  s t a t i s t i c  was u t i l i z e d  t o  i n d i -  

ca te  i f  t h e  a n a l y t i c  f u n c t i o n  s u i t a b l y  f i t  t h e  d a t a  (11). I f  

t h e  v a r i a n c e  b e t w e e n  t h e  d a t a  a n d  t h e  l e a s t - s q u a r e s  

f u n c t i c n a l  ' f i t  is  c a l l e d  t h e  I 1 c a l c u l a t e d  v a r i a n c e " ,  t h e n  t h e  

r e d u c e d  c h i - s q u a r e  c a n  b e  d e s c r i b e d  a s  t h e  r a t i o  of t h e  cal-  
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c u l a t e d  v a r i a n c e  t o  t h e  w e i g h t e d  a v e r a g e  of t h e  e s t i m a t e d  

v a r i a n c e s ,  I f  t h e  a n a l y t i c  f i t  t o  t h e ' d a t a  is s u i t a b l e ,  t h i s  

r a t i o  should b e  about one, For va.lues of c h i - s q u a r e  much 

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

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

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

t h a n  one, t h e n  t h i s  Nay be e v i d e n c e  t h a t  t h e  f u n c t i o n  is 

a c c o m m o d a t i n g  i t se l f  t o  noise i n  t h e  d a t a  a s  w e l l  a s  f i t t i n g  

t h e  d a t a .  T a b l e s  a r e  g i v e n  i n  s t a n d a r d  s t a t i s t i c a l  t e x t s  

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

f c r  d i f f e r e n t   number^ of d a t a  m e a s u r e m e n t s  ( 1 1 ) .  



RESULTS 

S p e c t r a l  d a t a  a s s o c i a t e d  w i t h  t h e  i s o t r o p i c  a n d  a n i s o -  

t r o p i c  Baman t e n s o r s 1  were s e p a r a t e l y  o b t a i n e d  f o r  b o t h  t h e  

OD a n d . O H  s t r e t c h i n g  v i b r a t i o n s  o f  HDO i n  water a n d  a q u e o u s  

r a r e  e a r t h  c h l o r i d e  . s o l u t i o n s ,  t h e  water c o n t e n t  o f  w h i c h  was 

p r e d o m i n a n t l y  H 0 o r  D 0 r e s p e c t i v e l y .  T h i s  d a t a  is  s u b s e -  
2 2 

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

t r o p i c  OD o r  O H  b a n d s ,  U n l e s s  s t a t e d  o t h e r w i s e ,  t h e  

  red om in ant s p e c i e s  of water c o m p r i s e s  a b o u t  95% o f  t h e  t o t a l  

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

O f t e n  a s a m p l e  w i l l  b e  r e f e r r e d  t o  a s  H 0-SXD 0, L a C l  -S%D 0 
2 2 3 2 

o r  6dC1 -5%H 0, w h e r e  t h e  a p p r o x i m a t e  mole p e r  c e n t  o f  t h e  
3 2 

l e s s e r  water s p e c i e s  is u s e d  t o  i d e n t i f y  t h e  water c o n t e n t  o f  

t h e  s o l u t i o n . 2  E x c e p t  f o r  some of t h e  i s o t r o p i c  OD b a n d  of 

t h e  water s a m p l e s ,  a l l  o f .  t h e  d a t a  was t a k e n  w i t h  t h e  

488.0 nm a r g o n  i o n  l a s e r  l i n e  u s e d  a s  t h e  Raman e x c i t a t i o n  

s o u r c e .  

T h e  s t a n d a r d  d e v i a t i o n s  a n d  t h e  error b a r s  o f  b a n d  i n -  

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

1 S e e  p a g e  9. 

* N a t u r a l l y ,  a s  e x p l a i n e d  i n  a p r e v i o u s  s e c t i o n ,  when 
e q u i l i b r i u m  i s  a c h i e v e d  among t h e  H20, D20 a n d  r e s u l t i n g  HDO 
f f i o l e c u l e s ,  mcst of t h e  lesser m o l e c u l a r  s p e c i e s  w i l l  react  t o  
become p a r t i c i p a t i n g  c o m p o n e n t s  i n  H D O  m o l e c u l e s .  



e s t i m a t e d l  . s t a n d a r d  ' d e v i a t i o n s  of t h e  mean v a l u e s  o f  t h e  d a t a  

a t  t h a t  f r e q u e n c y ,  T h e s e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  o f  

t h e  mean a r e  d e t e r m i n e d  by d i v i d i n g  t h e  e s t i m a t e d  s t a n d a r d  

d e v i a t i ~ n s  o t  t h e  d a t a  b y  t h e  s q u a r e - r o o t  of t h e  number  o f  

d a t a  a v e r a g e d ,  By c o n t r a s t ' ,  t h e  error  b a r s  a n d  s t a n d a r d  de-  

. v i a t i o n s  l i s t e d  w i t h  a l l  o f  t h e  p e a k  i n t e n s i t i e s ,  h a l f - w i d t h s  

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

t i m a t e d  s t a n d a r d  d e v i a t i o n  o f  t h e  d a t a  from t h e  a v e r a g e .  Of 

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

s y s t e m a t i c  errors t h a t  may e x i s t .  T h e  f i t t i n g  of t h e  back-  

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

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

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

i n s e n s i t i v e  t o  s n a l l  a d j u s t m e n t s  of t h e  b a c k g r o u n d .  

A n o t h e r  c a u s e  of u n d e t e r m i n e d  v a r i a n c e  c o u l d  be  t h e  e x -  

c h a n q e  o f  D 0 v i t h  a t m o s p h e r i c  H 0. T h i s  was e s p e c i a l l y  a  
2 2 

p r o b l e m  u i t h  s o l u t i o n s  i n  w h i c h  a l l  c r  most of  the. water was 

D 0. B u t  the f a c t  t h a t  t h e  a n a l y s i s  o f  t h i s  d a t a  was c o n -  
2 

s i s t e n t  w i t h  t h a t  f o r  s o l u t i c n s  i n  w h i c h  5% o f  t h e  water was 

D20 i n d i c a t e s  t h a t  t h i s  p r o b l e m  d i d  n o t  h i d e  f e a t u r e s  of 

i n t e r e s t .  T h e r e  v a s  n o  a p p a r e n t  c h a n g e  w i t h  time i n  t h e  

l T h e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s ,  d e t e r m i n e d  f r o m  a  
f i n i t e  number o f  m e a s u r e m e n t s ,  is t o  b e  c o n t r a s t e d  w i t h  t h e  
s t a n d a r d  d e v i a t i o n  r e s u l t i n g  f r o m  a n  i n f i n i t e  number  o f  meas- 
u r e m e n t s .  



water c o m p o s i t i o n  of s o l u t i o n s  i n  w h i c h  5% of t h e  water was 

A l s o ,  d i f f e r e n t  i n d i c e s  o f  r e f r a c t i o n  f o r  t h e  d i f f e r e n t  

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

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

s o l i d  a n g l e  of t h e  m o n o c h r o m a t o r .  However ,  when the laser  

beam i n  t h e  s a m p l e  was c a s u a l l y  v i e w e d  t h r o u g h  a low power  

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

beam d i a m e t e r  o r  f o c u s  f o r  differeat~concentrations of t h e  

s o l u t i o n .  

H a t e r  

I s o t ~ j c  O D  band .  - 
The a v e r a g e  c o r r e c t e d  i n t e n s i t i e s  of t h e  s c a n s  o f  t h i s  

Band a l o n g  w i t h  t h e  e x p e c t e d  s t a n d a r d  d e v i a t i o n s  of t h e  a v e r -  

a g e s  a re  t a b u l a t e d  i n  T a b l e  1. I n  t h e  f i r s t  c o l u m n  o f  t h i s  

t a b l e  a r e  t h e  wave n u m b e r s ,  c o r r e c t e d  t o  v a l u e s  i n  vacuum,  t o  

b e  a s s o c i a t e d  with t h e  Raman s h i f t s .  T h e  s e c o n d  c o l u m n  h a s  

t b e  a v e r a g e  i n t e n s i t y ,  a t  e a c h  o f  s i x t y - s i x  Raman d i s p l a c e -  

m e n t s ,  o f  s i x  s c a n s  made w i t h  t h e  488 .0  n m  l a s e r  l i n e .  T h e  

c a l c u l a t e d  p o s i t i o n  of  t h e  p e a k  i n t e n s i t y  is 2 5 1 9 . 2 i 0 . 7  cm-1, 

a n d  t h e  h a l f - w i d t h  o f  t h i s  b a n d  is 183.6k0.7  cm-1.  T h i s  d a t a  

was c o m p a r e d  w i t h  t h e  a v e r a g e s  o f  n i n e  s c a n s  o f  t h e  same O D  

s t r e t c h i n g  v i b r a t i o n  b u t  e x c i t e d  b y  t h e  514.5 nm a r g o n  l a s e r  

l i n e .  Wi th  t h e  i n t e g r a t e d  i n t e n s i t y  n o r m a l i z e d  t o  t h a t  of 

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



T a b l e  1. A v e r a g e  i n t e n s i t i e s  of t h e  O D  s t r e t c h i n g  f r e q u e n c i e s  of 
t h e  i s o t r o p i c  a n d  a n i s t r o p i c  s p e c t r u m  of A D O  i n  water 
u s i n g  t h e  488.0 nm ( B )  a n d  514.5 nm (G) l a ser  l i n e .  

P o l a r i z a t i o n :  ----------------------- I s o t r o p i c  ----------------------- 
5% (B) 5% ( G I  . , 3% (G) 10% (G) 

------ -- ---------------- 
COB- 1 I n t  SD 1 n t  S D  ~ i f f  I n t  D i f f  I n t  D i f f  

2146.6 1.9 0.4 2.3 1.3 -0.5 3.9 -2.1 0.8 1.1 
2156.6 2.9 0.5 4.8 0.4 -1.8 5.1 -2.2. 2.0 0.9 
2166.6 3.9 0.4 4.1 0.5 -0.2 3.8 0.1 1.7 2.2 
2176.6 4.3 0.6 4.5 0.9 -0.2 3.2 1.2 4.5 -0.2 
2186.6 5.7 0.3 6.3 1.0 -0.6 5.4 0.3 6.0 -0.3 
2196.6 7.2 0.4 6.7 1.1 0.4 7.7 -0.6 6.6 0.6 
2206.6 8.3 0.3 8.9 0.6 -0.6 13.7 -5.4. 7.8 0.5 
2236.6 10.3 0.4 10.2 0.6 0.2 11.1 -0.7 8.8 1.6 
22260.6 11.8 0.4 12.2 0.5 -0.4 12.5 -0.7 12.2 -0.4 
2236.6 14.0 0.3 13.5 0.3 0.5 15.6 -1.6 13.4 0.6 
2246.6 15.6 0.4 15.6 0.7 0.1 14.8 0.9 14.8 0.8 
2256.6-  19.1 0.4 18.1 0.7 1.0 19.7 -0.6 18.1 1.0 
2266.6 21.1 0.3 20.6 0.4 0.5 21.3 -0.2 20.4 0.8 
2276.5 24.5 0.4 24.8 0.7 -0..3 26.3 -1.8 24.8 -0.3 
2286.5 28.2 0.4 28.6 0.4 -0.3 27.9 0.3 29.1 -0.8 
2296.5 33.0 0.4 33.5 0.5 -0.5 35.0 -1.9 33.8 -0.8 

-2306.5 37.9 0.4 37.1 1.0 0.8 37.6 0.3 38.6 -0.7 
2316.5 44.8 0.4 43.9 0.3 0.9 43.2 1.6 44.6 0.3 
2326.5 51.3 0.5 50.3 0.5 1.0 50.5 0.8 55.0 -3.7 
2336.5 60.5 0.6 59.8 0.7 0.6 61.1 -0.6 64.1 -3.6 
2346.5 70.4 0.5 68.7 1.4 1.7 64.8 5.6 73.3 -2.9 
2356.5 82.7 0.7 83.3 0 - 6  -0.6 81.4 1.3 89.3 -6.7 
2366.5 95.8 .0.8 96.5 0.8 -0.7 93.3 2.5 105.9 -10.1 
2376.5 114.1 0.8 114.5 1.1 -0.3 109.7 4.4 126.9 -12.8 
2386.5 135.6 0.9 135.5 .1.0 0.2 126.5 9.1 150.7-15.0 
2396.5 161.3 1.1 161.9 1.3 -0.5 152.2 9.2 180 .2 -18 .8  

A n i s o t r o p i c  
5% (B)  

I n t  SD 
0.6 0.2 
0.5 0.1 
0.7 0.2 
0.5 0.3 
0.7 0.3 
1.6 0.4 
2.,0 0.3 
1.5 0.3 
2.0 0.2. 
2.1 0.0 
2.3 0.2 
3.1 0.3 
3.5 0.2 
3.8 0.3 
4.1 0.2 
4.9 0.1 
5.6 0.2 
6.3 0.2 
7.1 0.1 
8.0 0.2 
9.0 0.2 

10.4 0.1 
12.0 0.2 
13.8 0.2. 
16.1 0.2 
18.8 0.3 



Table 1 (continued) . 

Polarization: ....................... Isotropic ----------------------- Anisotropic 
5% (B) 5% ( G I  3% (GI 10% (G) 5% (B) 

---- 
Int SD 

191.6 1.2 
229.0 1.4 
272.1 2.3 
322.3 2.3 
377.1 2.6 
432.5 2 - 8  
486.9 3.2 
535.6 3 - 4  
581.3 3.5 
618.2 3.4 
643.2 3.6 
652.5 3.6 
649.8 3.5 
634.8 3.5 
605.1 3.3 
569.0 3.4 
531.9 3.1 
494.3 3.0 
453.1 2.7 
412.9 2.4 
375.5 2.4 
340.9 2.0 
310.3 2.1 
282.0 1.9 
256.5 1.6 
232.0 1.6 
205.2 1.4 

SD Diff 
1.1 -2.0 
1.3 -2,2 
1.7 -0.2 
1.7 4.7 
1 - 8  6.8 
2.4 2.4 
2.6 0.3 
2.8 -4.0 
3.2 -5.0 
3.3 -2.7 
3.4 -1.5 
3.6 -0.2 
3.4 -0.2 
3.2 -0.4 
3.2 -4.6 
3.0 -4.9 
3.6 -7.8 
2.6 -0.2 
2.9 1.0 
2.2 3.5 
2.0 3.5 
2.0 3.1 
1.8 9.4 
1.6 -0.3 
1.8 -1.1 
1.3 -1.3 
1.2 -2.6 

.--------- 
In t Diff 
185.3 6.3 
221.1 7.9 
259.1 13.0 
302.5 1 9 - 8  
357.0 20.1 
417.9 14.6 
474.7 12.2 
527.8 7.8 
584.6 -3.3 
621.8 -3.6 
656.9 -13.8 
662.7 -10.2 
655.9 -6.1 
641.7 -6.8 
614.1 -9.0 
584.1 -15.1 
544.4 -12.5 
499.9 -5.6 
455.9 -2.7 
409.8 3.1 
378.6 -3.0 
340.4 0.5 
307.4 2.9 
281.4 0.6 
256.4 0.0 
238.8 -6.8 
211.0 -5.8 

------- 
Int D i f f .  Int 

213.8 -22.2 22.3 
254.2 -25.2 26.0 
295.9 -23.8 30.8 
336.1 -13.8 ' 36.4 
391.9 -14.8 42.6 
443.7 -11.2 48.7 
498.3 -11.4 54.9 
550.7 -15.1 6 1.. 4 
589.7 -8.4 67.0 
,619.4 -1.2 71.2 
637.2 5.9 75.5 
639.9 12.6 77.6 
630.7 19.1 77.5 
609.4 2 5 - 4  75.5 
585.7 19'.4 73.0 
548.6 20.4 68.5 
512.2 19.7 64.0 
472.6 21.7 58.5 
4 3 1 - 0  22.1 53.8 
390.8 22.1 47.7 
351.5 24.0 42.8 
319.7 21.1 37.7 
293.9 16.3 33.4 
269.3 12.7 29.1 
244.0 12.4 25.3 
217.9 14.1 22.5 
197.0 8.2 19.3 



T a b l e  1 ( c o n t i n u e d ) .  
- ------ ----- --------- 

P o l a r i z a t i o n :  ----------------------- I s o t r o p i c  ----------------------- A n i s o t r o p i c  
5% (B) 5% (GI 3% (GI 10% (G)  5% (B) 

-- ------- ---------------- 
CB-I I n t  S D  I n t  S D  D i f f  I n t  D i f f  I n t  Dif  f I n t  SD 

2676.3 174.0 1.4 177.3 1.0 -3.3 177.5 -3.4 166.8 7.3 16.8 0.2 
2686.3 140.2 1.2 139.1 1.0 1.1 139.8 0.3 131.8 8.4 14.6 0.1 
2696.3 107.0 0.9 103.7 0.8 3.3 103.3 3.7 96.8 10.2 12.2 0.2 
2706.3 78.2 0.7 76.7 0.7 1.4 78.7 -0.6 70.5 7.6 10.1 0 .3  
2716.3 57.0 0.6 57.3 2 - 1  -0.3 63 .5  -6.5 5Q.5 2.5 8 . 3  ' 0 . 2  
2726.3 41.8 0.6 42.5 2.2 -0.7 44.7 -2.9 38.4 3.4 7.1 0.2 
2736.3 30.2 0.6 31.5 0.5 -1.4 34.2 - 4 - 1  28.7 1.5 6.1 0.1 
2746.3 21.2 0.5 22.0 0.5 -0.9 26.6 -5.4 18.6 2.6 5.2' 0.1 
2756.3 14.5 0.6 15.3 2 - 0  -0.9 21.0 -6.5 12.7 1.8 4.7 0.2 
2766.3 9.5 0.6 9.5 0.9 0.1 19.3  -1.8 6.6 3.0 4 . 3  0.2 
2776.3 6.3 0.6 6.6 2.7 -0.2 8.5 -2.2 4.4 2.0 3.'7 ' 0.2 V I '  

ul 

2786.3 4.4 0.7 4.9 1.0 -0.5 8.6 -4.2 3.1 1.4 3.3 0.2 
2796.3 1.9 0.6 1.3 1.5 0.6 2.0 -0.1 0.1 1.8 3 . 0 '  0 - 2  



c o l u m n .  T h e  r e s u l t i n g  p e a k  p o s i t i o n  is 2518.Hi1 .2  cm-1; t h e  

h a l f - w i d t h  is 181.7*1.4 cm-1. D i f f e r e n c e s  b e t w e e n  t h e s e  t w o  

d a t a  sets, l i s t e d  i n  t h e  s i x t h  c o l u m n ,  d e m o n s t r a t e  t h a t  t h e r e  

a r e  n o  s y s t e m a t i c  v a r i a t i o n s  a n d  t h a t  t h e i r  intensities a t  

e a c h  Raman s h i f t  are  , g e n e r a l l y  w i t h i n  e x p e r i m e n t a l  error. 

T h i s  i n d i c a t e s  t h a t  t h e r e  a r e  n o  a p p a r e n t  s y s t e m a t i c  errors 

i n  t h e  i n t e n s i t y  o r  f r e q u e n c y  c a l i b r a t i o n  of t h e  

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

t h e  d a t a  t a k e n  k i t h  t h e  514 .5  nm laser l i n e  are  a t t r i b u t e d  t o  

t h e  smaller  i n t e n s i t i e s  o b t a i n e d  a t  t h e  l o n g e r  wave  l e n g t h s  

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

t h e  f o u r t h  power  of t h e  f . r e q u e n c y  of t h e  e x c i t i n g  l i g h t  a n d  

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

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

w i d t h  o f  t h e  s p e c t r a l  b a n d  e x c i t e d  b y  t h e  g r e e n  laser l i g h t  

may well be d u e  t o  e x p e r i m e n t a l  error. On t h e  o t h e r  h a n d ,  i t  

may b e  p a r t l y  d u e  t o  t h e  smaller s p e c t r a l  slit w i d t h  o f  t h e  

m o n o c h r o s a t o t  a t  l o n g e r  w a v e l e n g t h s  a s  shown i n  F i g .  2. 

One a n d  t w o  s c a n s  r e s p e c t i v e l y  were made o f  water 

s a m p l e s ,  3% a n d  10% of w h i c h  were D 0 .  T a k e n  w i t h  t h e  
2 

514.5 nm laser  l i n e  also, t h e i r  i n t e g r a t e d  i n t e n s i t i e s  a r e  

n o r m a l i z e d  . t o  t h e  coemon  v a l u e  o f  t h e  p r e v i o u s  d a t a  a n d  re- 

c o r d e d  i n  t h e  s e v e n t h  a n d  n i n t h  co . lumns .  T h e  v a r i a t i o n s  be- 

tweed t h e s e  i n t e n s i t i e s  a n d  t h a t  o f  t h e  5% D 0 d a t a  of t h e  
2  

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



S y s t e m a t i c  d i s c r e p a n c i e s  a r e  a p p a r e n t  w h i c h  i n d i c a t e  t h a t  t h e  . 

p r e s e n c e  of D20 a n d  t h e  e f fec ts  d u e  t o  c o u p l e d O D  o s c i l l a f o r s  

a r e  s t i l l  m a k i n g  smai l  c o n t r i b u t i o n s  t o  t h e  b a n d  intensities 

i n  . t h e  5 %  s o l b t i o n s .  I n  s p i t e  o f  t h e s e  small c o n t r i b u t i o n s ,  

a l l  of t h e  r e m a i n i n g  d a t a  was t a k e n  of s o l u t i o n s  i n  w h i c h  t h e  

lesser water s p e c i e s  r e p r e s e n t e d  a b o u t  5% of t h e  t o t a l  water, 

i n  o r d e r  t o . o b t a i n  a s u i t a b l e  s i g n a l  t o  n o i s e  r a t i o  across 

t h e  e n t i r e  band .  I t  i s  f e l t - t h a t  t h e  a c c u r a c y  t h u s  g a i n e d  

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

b a n d s  are p e r h a p s  s l i g h t l y  d i f f e r e n t  t h a n  f o r  t h e  p u r e  H D O  

s p e c t r u m ,  i t  is e x p e c t e d  t h a t  t h i s  w i l l  h a v e  n e g l i g i b l e  

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

f e r e n t  c o n c e n t r a t i o n s  o f  a q u e o u s  ra re  e a r t h  c h l o r i d e s ,  . 

U s i n g  a n o n - l i n e a r  l e a s t - s q u a r e s  r o u t i n e ,  a t t e m ~ t s  were 

made t o  o b t a i n  a n a . l y t i c  f i ts  t o  t h e  i s o t r o p i c  d a t a  u s i n g  p r i -  

m a r i l y  se ts  of two,. , t h r e e  a n d  f o u r  G a u s s i a n s -  R e a s o n a b l e  

f i t s  were n o t  o b t a i n e d  w i t h  less t h a n  a se t  o f  f o u r  n o r m a l  

G a u s s i a n s  o r  a set o f  t h r e e  s k e w e d - G a u s s i a n s .  W h i l e  o n l y  o n e  

s e t  of f o u r  G a u s s i a n s  a n d  o n e  set of t h r e e  s k e w e d - G a u s s i a n s  

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

were o t h e r  c o m b i n a t i c n s  of G a u s s i a n  c u r v e s  w i t h  c o m p l e t e l y  

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

less t h a n  two. V i s u a l l y  t h e s e  a p p e a r e d  t o  b e  g o o d  f i t s .  , I n  

a d d i t i o n ,  a f a i r  f i t ,  w i t h  c h i - s q u a r e  a b o u t  two,  was o b t a i n e d  

w i t h  a set o f  t h r e e  p r o d u c t  : . f u n c t i o n s  ( 7 2 ) .  T h e r e f o r e  i t  



a p p e a r s  t h a t  n o t h i n g  more  t h a n  c u r v e  f i t t i n g  e q u a t i o n s  h a v e  

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

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

r e s u l t s  a re  m e a n i n g l e s s .  

I n t e r e s t i n g l y  e n o u g h ,  when t h e  c .omponen t  p e a k  p o s i t i o n s  

a n d  h a l f - w i d t h s  of f o u r  G a u s s i a n s  were k e p t  c o n s t a n t  a t  

v a l u e s  r e p o r t e d  b y  U a l r a f e n  (1116) # p o o r  f i ts  t o  t h i s  

. i s o t r o p i c  d a t a  were o b t a i n e d .  It i s  n o t  known if he  correct- 

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

i n s t r u m e n t  o r  if h e  u s e d  a p o l a r i z e r .  I n  o r d e r  t o  c h e c k  i f  

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

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

n e x t ) '  were a d d e d  a t  e a c h  f r e q u e n c y  a n d  t h e  c o r r e s p o n d i n g  

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

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

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

t h a n  the e s t i m a t e d  a v e r a g e  s t a n d a r d  d e v i a t i o n  f o r  t h i s  d a t a .  

S o  i t  a p p e a r s  t h a t  t h e  a b i l i t y  t o  f i t  t h e  water b a n d  

w i t h  a c o m b i n a t i o n  o f  a few s t a n d a r d  f u n c t i o n s  i s  n o t  s u f f i -  

c i e n t  b y  i t s e l f  t o  d e t e r m i n e  t h e  number  of s o - c a l l e d  s p e c i e s  

i n  water. 

J n i s o t r o v i c  O D  b a n d .  

P o u r  s c a n s  were made o f  t h i s  b a n d ,  a n d  t h e  d a t a  a r e  

l i s t e d  i n  t h e  e l e v e n t h  c o l u m n  o f  T a b l e  1. The  c o r r e s p o n d i n g  

e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  o f  t h e  a v e r a g e s  are i n . t h e  l a s t  



co lumn .  T h i s  b a n d  h a s  a p e a k  p o s i t i o n  a t  2521.6f1.6 cm-1 a n d  

a h a l f - w i d t h  o f  174 .3 f  1. 2 Cm-l- 

Smoo th  c u r v e s  d r a w n  t h r o u g h  t h e  d a t a  f o r  t h e  i s o t r o p i c  

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

a re  s u p e r i m p o s e d  i n  F i g ,  5. T h e  d e p o l a r i z a t i o n  r a t i o  is 

  lotted a t  t h e  t o p ' o d  t h e  same f i g u r e .  T h e  c a l c u l a t e d  

d e p o l a r i z a t i o n  r a t i o  o f  0 . 1 1 9 k 0 . 0 ~ 1 ,  n e a r  t h e  p o s i t i o n  o f  t h e  

p e a k  i n t e n s i t i e s  of t h e  s p e c t r a ,  c o m p a r e s  w i t h  a v a l u e  o f  

0 .13 g i v e n  by  Cunn ingham ( 2 0 ) .  T h i s  r a t i o  d i p s  t o  a v a l u e  o f  

0 .096k0.002 n e a r  2 6 6 6  cm-1 f c r  t h e  m e a s u r e m e n t s  r e p o r t e d  

h e r e .  Hence ,  t h e  d e p o l a r i z a t i o n  r a t i o  i s  n o t  c o n s t a n t  a c r o s s  

the OD b a n d ,  a s  C u n n i n g h a m  c a u t i o u s l y  s u g g e s t e d .  

I s o t r o p i c  a n d  a n i s o t r o u i c  O H  band .  

A v e r a g e s  o f  t h e s e  d a t a  a r e  t a b u l a t e d  i n  T a b l e  2 a l o n g  

u i t h  t h e i r  e x p e c t e d  s t a n d a r d  d e v i a t i o n s .  1 T h e  p o s i t  i o n  o f  

maximum i n t e n s i t y  f o r  the i s o t r o p i c  s p e c t r u m ,  v h i c h  is t h e  

a v e r a g e  of s e v e n  scans, is 3437.9k1.35  cm-1. P o r  t h e  a n i s o -  

t r o p i c  s p e c t r u m  ( a v e r a g e  o f  s i x  s c a n s )  t b e  p o s i t i o n  o f  p e a k  

i n t e n s i t y  is 3422.2k2.8  cm-1. T h e  h a l f - w i d t h s  a re  

296.2k2.U cm-1 a n d  2 6 5 . 5 i 2 . 4  cm-1 r e s p e c t i v e l y .  T h e  i n t e n s i -  

t i e s  o f  t h e s e  two p o l a r i z a t i o n s  a r e  g r a p h e d  i n  P i g .  6.  
I 

l T h e  0.25% H20 i n  t h e  s c a n s  o f  99.75% D 2 0  v a s  a p p a r e n t  
i n  t h e  s p e c t r a l  s c a n s  to  b e  u s e d  f o r  b a c k g r o u n d .  T h i s  v a s  
c o r r e c t e d  f o r  b o t h  p o l a r i z a t i o n s  b y  e x t r a p o l a t i n g  t h e  d a t a  
f o r  t h e  5% a n d  0.25% s c a n s  t o  0% H 2 0 .  
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P i g .  5 .  I n t e n s i t i e s  of t h e  i s o t r o p i c  a n d  a n i s o t r o p i c  Raman 
b a n d s  of t h e  OD s t r e t c h i n g  v i b r a t i o n  of HDO i n  
water. A t  the t o p  is the c o r r e s p o n d i n g  
d e p o l a r i z a t i o n  ra t io .  



Table  2. Average  i n t e n s i t i e s  of t h e  OH s t r e t c h i n g  frequencies 
of t h e  i s o t r o p i c  and  a n i s o t r o p i c  s p e c t r u m  of  HDO i n  
w a t e r .  

P o l a r i z a t i o n :  
---------- 

cm- 1 
3046.1 
3056.1 
3066.1 
3076.1 
3086.1 
3096.1 
3106.1 
3 1  16.1 
3126.1 
3136.1 
3146.1 
3156.1 
3166.1 
3176.0 
3186.0 
3196.0 
3206.0 
3216.0 
3226.0 
3236.0 
3246.0 
3256.0 
3266.0 
3276.0 
3286.0 
3296.0 
3306.0 
3316.0 
3326.0 
3336.0 
3346.0 
3355.9 
3365.9 
3375.9 
3385.9 
3395.9 
3405.9 
3415.9 
3425.9 
3435.9 
3445.9 
3455.9 

I s o t r o p i c  A n i s o t r o p i c  
,-------------- 

Int SD 
-0.0 0.4 

0.2 0.4 
0.8 0.4 
0.9 0.3 
1.1' 0.3 
1.1 0.3 
1.9 0.2 
1.8 0.4 
2.8 0.4 
3. 1 0.2 
3.6 0.2 
4.4 0.3 
5.3 0.4 
6.0 0.2 
6.7 0.2 
7.7 0.2 
8.9 0.2 

10.3 0.3 
11.4 0.2 
13.2 0.2 
14.7 0.2 
16.8 0.2 
18.7 0.3 
21.2 0.2 
23.5 0.3 
26.1 0.3 
28.9 0.2 
31.5 0.4 
34.9 0.3 
37.7 0.3 
40.9 0.3 
44.3 0.4 
46.U 0.4 
48.9 0.4 
51.2 0.3 
52.1 0.5 
53.8 0.4 
55.0 0.4 
54.6 0.5 
54.4 0.3 
53.1 0.4 
52.7 0.4 



Table 2 (con t inued) .  

Polar izat ion:  
--------__.-- 

ci-1 

3465.9 
34'7509 
3485.9 
3495.9 
3505.9 
35.15.9 
3525.9 
3535.8 
3545.8 
3555.8 
3565.8 
3575.8 
3585.8 
3595.8 
3605.8 
3615.8 
3625.8 
3635.8 
3645.8 
3655.8 
3665.8 
3675.8 
3685.8 
3695.8 
3705.8 
3715.8 
3725.8 
3735.7 
3745.7 
3755.7 
3765.7 
3775.7 
3785.7 
3795.7 

I s o t r o p i c  An i so t rop i c  
------- ---------- 

I n t  Sb I n t  ' S D  
296.5 1.6 50.8 0.4 
288.5 , l ,S  49.4 0.5 
278.3 1.6 46.9 0.4 
267.6 1.7 45.2 0.4 
256.9 1.5 42.7 0.4 
244.1 1.4 . 40.1 0.3 
232.0 1.3 37.6 0.3 
219.6 1.2 34.9 0.3 
208.1 1.2. 32.3 0.3 
195.6 1.2 30.4 0.4 
185.9 1 -2  27.6 0.2 
175.C 1.1 25.5 0.3 
166.5 1.0 23.2 0.3 
157.7 1.0 21.8 0.3 
148.8 1.1 19.6 0.2 
138.6 1.0 17.9 0.3 
128.0 0.8 15.7 0.2 
114.2 0.7 13.4 0.2 
,950 1 0.6 10.8 0.2 
74.6 0.5 8.6 0.2 
55.0 0.4 7.1 0.1 
39.4 0.4 5.6 0.2 
27.8 0.4 4.2 0.2 
20.2 0.4 2.9 0.1 
13.8 0.2 2.6 0.2 
9.9 0.3 1.5 0.1 
7.4 0.3 1.3 0.2 
5.6 0.2 1.4 0.2 
4.2 0.2 1.1 0.2 
3.4 0.2 0.8 0.2 
2.4 0.2 0.8 0.2 
2.4 002 .O-9 0.3 
2.2 0.1 0.6 0.2 
1.6 0.2 0.6 0.2 
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RAMAN .SHIFT (CM-1) 
P i g .  6 .  I n t e n s i t i e s  of t h e  i s o t r o p i c  a n d  a n i s o t r o p i c  Raman 

bands  of t h e  OH s t r e t c h i n g  v i b r a t i o n  of HDO i n  
water .  The c o r r e s p o n d i n g  d e p o l a r i z a t i o n  r a t i o  is a t  
t h e  t o p .  



A s  e x p e c t e d ,  t h e s e  b a n d s  are  much b r o a d e r  a n d  h a v e  d i f -  

f e r e n t  r e l a t i v e  s h a p e s  t h a n  t h e  c o r r e s p o n d i n g  O'D s p e c t r a l  

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

i s o t r o p i c  OH b a n d  i s  a b o u t  29% less t h . a n  f o r  t h e  OD - b a n d .  

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

similar . f o r  b o t h  of t h e  i s o t c p e s .  

T h e  d e p o l a r i z a t i o n  r a t i o  n e a r  t h e  p e a k  i n t e n s i t i e s  f o r  

t h e  O H  s p e c t r a l  b a n d  is 0.176k0.002,  a l a r g e r  v a l u e  t h a n  t h a t  

f o r  t h e  OD v i b r a t i o n .  However ,  P i g .  6 s h o w s  t h a t  t h i s  r a t i o  

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

s h a p e  t o  t h a t  e x h i b i t e d  i n  F i g .  5 f o r  t h e  OD v i b r a t i o n .  A 

~ i n i m u m  o f  0 .1  lUk0.002 o c c u r s  f o r  t h e  d e p o l a r i z a t i o n  r a t i o  o f  

t h e  OH b a n d  a t  3 6 4 6  cm-1. T h e  s i m i l a r i t y  of t h e  s h a p e  of t h e  

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

r a t i o  i s  n o t  c o n s t a n t  a c r o s s  t h e  OD o r  OH s p e c t r a l  b a n d  of 

BDO. T h i s  w i l l  b e ,  s e e n  t o  be c o n s i s t e n t l y  t r u e  f o r  a l l  o f  

t h e  s o l u t i o n  , d a t a  d i s c u s s e d  n e x t .  

Rare E a r t h  C h l o r i d e  S o l u t i o n s  . 

D a t a  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  water was a q u i r e d  f o r  

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

HDO i n  a q u e o u s  s o l u t i o n s  of GdCl a t  s i x  c o n c e n t r a t i o n s  a n d  3 
f o r  t h e  OD s t r e t c h i n q  v i b r a t i o n  of HDO i n  a q u e o u s  s o l u t i o n s  

o f  L a C l g  a n d  LuC13 a t  f i v e  c o n c e n t r a t i o n s  e a c h .  A l i n e a r  

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

a l l  s o l u t i o n s  was c h a r a c t e r i s t i c  o f  b o t h  p o l a r i z a t i o n s  o f  t h e  



P i g ,  7. I n t e g r a t e d  i n t e n s i t i e s  of t h e  A )  i s o t r o p i c  and B )  
a n i s o t r o p i c  Baman bands  of t .he  OD s t r e t c h i n g  v i b r a -  
t i o n  of HDO i n  r a t e r  a n d  a q u e o u s  s o l u t i o n s  of LaC13, ,  
GdCl and  LuCl 

3 3 



F i g .  8. I n t e g r a t e d  i n t e n s i t i e s  o f  t h e  A )  i s o t r o p i c  and B )  
a n i s o t r o p i c  Raman b a n d s  of t h e  OH s t r e t c h i n g  v ibra -  
t i o n  of HDO i n  water and  a q u e o u s  s o l u t i o n s  of GdCl 

3 .  



OH a n d  OD s p e c t r a l  b a n d s .  T h i s  is e x h i b i t e d  i n  F i g s .  7 a n d  8 

a l o n q  w i t h  e s t i m a t e d  error bars  a n d  t h e  l i n e a r  l e a s t - s q u a r e s  

f i t s .  T h e  l i n e a r  e q u a t i o n s  a r e  g e n e r a l l y  w i t h i n  e x p e r i m e n t a l  

. e r r o r s  o f  t h e  i . n t e g r a t e d  i n t e n s i t y  d a t a ,  a n d  t h e  s ca t t e r  

a b o u t  t h e m  is a p p a r e n t l y  random.  T h e s e  f a c t s  were a s s u m e d  t o  

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

a l l  t h e  s p e c t r a l  d a t a  t o  t h e  a p p r o p r i a t e  l e a s t - s q u a r e s  v a l u e s  

t o  f a c i l i t a t e  t h e  c o m p a r i s o n  of t h e  changes i n  spect ra l  f e a -  

t u r e s  w i t h  c h a n g e s  i n  c o n c e n t r a t i o n .  T h e  a v e r a g e  i n t e n s i t i e s  

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

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

b e e n  d o n e . 1  T h e  f a c t  t h a t  t h e  s l o p e  f o r  t h e  e q u a t i o n  ob- 

t a i n e d  f o r  t h e  OH s p e c t r a  is s t e e p e r  t h a n  t h a t  f o r  t h e  OD 

b a n d  i s  a s u r p r i s e  as is t h e  small  i n ' t e g r a t e d  i n t e n s i t y  o f  

t h e  O H  b a n d  i n  water when c o m p a r e d  w i t h  t h e  OD band .  

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

s u p p l i e d  i n  T a b l e  3. T h e  0.50, 1.00 a n d  2 .52  molal c o n c e n -  

t r a t i o n s  were s c a n n e d  t h r e e  times e a c h  a n d  a v e r a g e d ,  t h e  1.51 

m o l a l  s o l u t i o n  f i v e  times a n d  t h e  most c o n c e n t r a t e d  s o l u t i o n  

s i x  times. 

1Recall t h a t  a l l  i n t e n s i t i e s  g i v e n ,  i n  f a c t  are d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  i n t e n s i t i e s  p e r  number  o f  OD or  OH 
o s c i l l a t o r s .  



Table 3. A v e r a g e  i n t e n s i t i e s  of t h e  OD s t r e t c h i n g  f r e q u e n c i e s  o f  t h e  
i s o t r o p i c  s p e c t r u m  of LaC13-5%D20. 

m o l a l i t y  
---- 
cm-1 

2146.6 
2156.6 
2166.6 
2176.6 
2186.6 
2196.6 
2206.6 
2216.6 
2226.6 
2236.6 
2246.6 
2256.6 
2266.6 
2276.5 
2286.5 
2296.5 
2306.5 
2316.5 

,2326.5  - 
2336.5 
2346.5 
2356.5 
2366.. 5 
2376.5 
2386.5 
2396.5 
2406.5 
2416.5 

I n t  
2.0 
3.7 
3.9 
4.1 
5.8 
6.6 
8.8 

11.7 
12.8 
14.7 
16.4 
20.3 
23.0 
27.6 
31.0 
35. 1 
41.0 
47.5 
56.2 
65.8 
76.6 
88.5 

104.0 
122.4 
144.0 
170.3 
201.6 
237.2 

I n t  
5.0 
7.7 
7 .1  
8.4 
9.9 

11.2 
12.4 
14.3 
17.8 
22.7 
24.3 
25.1 
28.9 
32.8 
38.6 
45.3 
53 .5  
62.5  
72.2 
82.5 
97  0.3 

115.0 
134'. 6 
156.4 
181.8 
210.0 
243.2 
282.4 

.---------- 
SD I n t  SD 
1.7 4.0 0.6 
1 . 5 5.2 1.0 
1.1 6 .3  . ' 1 . 0  
1.1 7.4 0.8 
0.6 9.0 0.6 
0.9 1.1.1 0.7 
0.8 11.7 0.7 
1 .1  15.0 0..6 
1.8 18.4 0.6 
1.7 21.2. 0.7 
1.7 24.9 0.7 
1.6 27.7. . 0 . 5  
1.9 32.0 0.9 
2.3 36.4 1.0 
2.2 43.0 1.1 
1.2 49.9 1.0 
0.8 57.5  0.9 
1.6 6 7 . 6 .  0 .8  

, 0 0 8  78.1 0.9 
1 . 0 .  90.4 1.2 
1.5 105.9 1.0 
1.2 122.7 1.4 
1.2 14'1.0 - 1 . 4 .  
1.7 164.5 1.4 
1.7 191.6 1.6 
1.3 221.1 1 .5  
1.6 256.7 . 1.8 
2.0 298.1 1 .8 .  



Table 3 (continued). 

molality 
------ 
cm- 1 

2426.5 
2436.5 
2446.5 
2456.4 
2466.4 
2476.4 
2486.4. 
2496.4 
2506.4 
2516.4 
2526.4 
2536.4 
2546.4 
2556.4 
2566.4 
2576.4 
2586.4 
2596..4 
2606.4 
2616.4 
2626.4 
2636.3 
2646.3 
2656.3 
2666.3 
2676.3 
2686.3 
2696.3 
2706.3 

.---- 
Int 
280.0 
326.4 
379.7 
433.2 
485.2 
534.3 
582.2 
623.8 
653.9 
667.7 
675.5 
662.6 
640.6 
606.6 
566.3 
524.8 
481.1 
436.9 
397.7 
356.4 
321.7 
291.4 
261.5 
233.0 
201.4 
165.9 
131.6 
99.8 
73.2 

.---- 
Int 
283 ..6 
3 30 .'2 
382.5 
435.4 
488.4 
537.8 
586.8 
632.1 
663.3 
686.5 
695.6 
688.8 
667.3 
632.3 
594.2 
550.6 
503.4 
457.2 
41 2.0 
372.5 
333.1 
299.4 
264.5 
231.0 
195.2 
,159.6 
126.8 
97.0 
72.2 

--- 
Int 

326.2 
376.2 
432.7 
490.8 
545.6 
601.1 
658.0 
710.0 
746.6 
769.9 
775.0 
763.8 
739.1 
698.0 
649.6 
602.2 
548.5 
493.1 
442.2 
392.9 
346.3 
299.1 
254.1 
21 1.8 
169.9 
132.0 
101.2 
78.2 
58.8 

-------- 
Int SD 

344.9 2.3 
400.2 2.5 
4'57.3 2.8 
518.8 2.9 
577.9 3.3 
631.6' 3.7 
687.1 3.9 
732.8 4.0 
766.1 4.2. 
785.0 4.3 
787.8 4.3 
774.1 4.4 01 

743.5 4.0 Lo 

699.0 3.9 
653.1 3.7 
602.9 3.3 
549,o 3.1 
49'5-6 3.1 
442.7 2.5 
393.1 2.2 
345.5 1.9 
298.5 .1.9 
252.1 1.9 
207.5 1.5 
164.8 1.2 
128.8 1.1 
101.1 1.0 
77.9 1.1 
59.2 1.1 



Table 3 (continued) . 

molality 0.500 1,000 1.503 2.515 3.003 
------------------------ 

cm- 1 Int SD Int SD 
2716.3 55.6 0.9 5 2 - 7  0,s 
2726.3 41.0 1.1 39.7 0.7 
2736-3  31.2 . 0.9 27.9 0.3 
2746.3 21.9 0.8 21.4 0.4 
2756.3 14.8 0.7 15.4 0.5 
2766.3 10.2 0.8 9.8 0.6 
2776.3 7.7 0.7 6.9 0.8 
2386.3 4.8 0.4 5.3 0,2 
2796.3 - 3.3 0.5 3.4 0.8 

- --- -------- 
Int SD Int SD In t SD 
48.6 0.9 44.7 1.3 46.9 1.0 
36.1 1.2 34.9 1.2 35.7 1.0 
26.1 0.9 25.6 1.8 28.3 0.9 
18.2 0.4 18.0 1.9 23.0 0.9 
14.1 0.7 13.3 1.5 18.1 1.0 
9.4 0.7 10.0 1.6 14.2 1.2 
6.7 0.8 6.5 1.0 12.1 1.5 
5.1 0.8 5.5 1.8 10.3 1.6 
3.9 0.5 4.8 1.4 10.0 1.6 



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

T a b l e  4. T h e .  d a t a  f o r  t h e  f i r s t  two c o n c e n t r a t i o n s  are  t h e  

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

were s c a n n e d  t h r e e  times each-=  

GdC13-5%K!20 a n d  5XH 0. 
2  

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

s c a n s  u e r e  made of b o t h  t h e  O D  a n d  OH b a n d s .  T h e  results f o r  

t h e  i s o t r o p i c  s p e c t r u m  o f  t h e  OD v i b r a t i o n ,  w h i c h  a r e  t h e  a v -  

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

i n  T a b l e  5. T h e  c o r r e s p o n d i n g  d a t a  f o r  t h e  a n i s o t r o p i c  

s p e c t r u m ,  a v e r a g e d  from two s c a n s  of e a c h  c o n c e n t r a t i o n ,  are 

t a b u l a t e d  i n  T a b l e  6.2 L i . k e w i s e ,  t h e  a v e r a g e s  of t h r e e  s c a n s  

for e a c h  c o n c e n t r a t i o n  are l i s t e d  i n  T a b . l e  7 f o r  t h e  

i s o t r o p i c  OH s p e c t r u u .  E x c e p t  f o r  t h e  m o s t  c o n c e n t r a t e d  so- 

l u t i o n  for w h i c h  t h ~ e e  s c a n s  were made, two d a t a  sets f o r  

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

l S c a n s  were made o n l y  o f  f i v e  c o n c e n t r a t i o n s  of 
L a c 1  -5XC 0 ,  a n d  n o  t a t a  v e r e  d i s c a r d e d  i n  t h e  p r e p a r a t i o n  o f  
t h e &  ~ a b l e s .  

2 T h e  r e s e m b l i n g  sma l l  b a c k g r o u n d s  u s e d  f o r  t h e  a n i s o -  
t r o ~ i c  LaC13  a n d  LuC13 d a t a  u e r e  u s e d  f o r  t h e  a n i s o t r o p i c  
GdC13-5%t20 b a n d s .  



f a b l e  4. A v e r a g e  i n t e n s i t i e s  of t h e  O D  s t r e t c h i n g  f r e q u e n c i e s  of t h e  
a n i s o t r o p i c  s p e c t r u m  of Lac1 -5%D20. 3 

m c l a l i t y  0.500 9.000 

Int 
0.9 
0.7 
0.9 
0.8 
1.4 
1.1 
1.2 
2.4 
2.1 
2.8 
3.2 
3.6 
3.4 
3.5 
5.1 
6.0 
6.3 
6.7 
8.0 
10.2 
10.8 
13.3 
14.1 
17.1 
19.8 
23.1 
27.6 
31.9 

--- 
I n t  
0.4 

-0-4 
0.3 

-0-5 
0.3 
0.9 
1.2 
3.2 
4.1 
4.2 
6.2 
4.2 
5.5 
6.4 
7.9 
7.5 
9.2 
10.9 
14.4 
16.1 
19.9 
23.0 
25.6 
31.1 
36.9 
43.1 
50.8 
60.3 



Table 4 (continued). 

molality 
-------- 
c r =  
2426.5 
2436.5 
2446.5 
2456-4 
2466.4 
2476.4 
2486.4 
2496.4 
2506.4 
2516.4 
2526.4 
2536-4 
2546.4 
2556.4 
2566.4 
2576.4 
2586.4 
2596.4 
2606.4 
2616.4 
2626.4 
2636.3 
2646.3 
2656.3 
2666.3 
2676.3 
2686.3 
2696.3 
2706.3 

---- 
Int 
37.7 
43.5 
50.4 
57.3 
64.7 
72.1 
78.3 
85-8 
89.9 
94.8 
95.5 
94.0 
90.6 
86-2 
79.6 
70.8 
63.8 
56.0 
4 8.. 6 
41.5 
36.1 
31.7 
27.0 
23.4 
19.7 
16-9 
14.1 
12.1 
9.4 

.------------- 
SD. I n t  
0.5 42.4 
0.5 49.4 
0.9 58.3 
0.4 67.3 
0.5 75.9 
0.4 84. 0 
0.6 93.1 
Ie4 100.2 
0.5 105.6 
1.0 111,5 
0.7 113.7 
0.6 111.3 
0.5 106-8 
0.5 101.5 
0.7 93.4 
0.6 84.0 
0.9 75.0 
1.0 65.2 
1.2 56-6 
0.3 48. 2 
0.3 42.1 
0-6 36-2 
0.4 30.8 
0.3 26.7 
0.8 22.0 
0.2 18.7 
0.2 15.4 
0.2 12,6 
0.2 10.5 



T a b l e .  4 ( c o n t i n u e d )  . 

m o l a l i t  y 0.500 1.000 1.503 2.515 3.003 
--- 

cn- 1 
2716.3 
2726.3 
2736.3 
2746.3  
2756.3 
2766.3 
2776.3 
2786.3 
2796.3 

- 
I n t  

7.7 
6.4 
5 .7  
4 . 7  
3.7 
3 - 0  
3 .2  
3.4 
3.0 

Int 
9,s  
8.0 
7 .0  
6 .6  
5.4 
4 .5  
4 . 2  
4.7 
4 . 1  





Table 5 (continued) . 
------------------A- - - - -____ ___ ---, ---- 
molality 0.445 0.974 1.523 2.149 . 2.549. 3.192 

----------------------------------------------------- 
cm- 1 Int SD Int SD Int SD Int SD Int SD Int SD 

2426.5 282.9 2.1 290.4 2.0 308.4 1.9 332.7 2.1 351.1 2.3 390.8 2.5 
2436.5 328.0 2.4 335.6 2.1 351.1 2.2 376.3 2.4 397.9 2.5 443.6 3.8 
2446.5 380.6 2.3 387.6 2.7 400.1 2.6 425.7 2.7 450.8 2.6 495.9  3.5 
2456.4 4 3 1 . 9 2 . 7  436.2 2.5 4 4 9 . 7 3 . 2  48.0.0 2.8 5 0 0 . 4 3 . 4  5 5 0 . 8 3 . 4  
2466.4 483.7 2.7 488.8 3.3 500.3 3.2 5'30.7 3.6 555.2 3.3 600.8  3.5 
2476.4 535.3 3.2 539.4 3.2 551.4 3.7 580.2 3.6 605.5 3.7 645.8 3.7 
2486.4 583.2 3.7 586.2 3.5 599.9 3.6 628.1 3.5 653.2 3.8 691.0 4.4 
2496.4 622.5 38.8 627.3 3.6 642.3 3.8 669.8 3.9 692.1 3.8 726.1  4.3 
2506.4 649.8 3.8 659.8 3.8 677.3 4.0 704.3 3.9 725.5 4.3 750.9 4.3 
2516.4 667.9 3.7 681.7 3.9 702.1 4.1 325.8 4.1 742.0 4.2 762 .0  4.3 
2526.4 671.3 3.7 689.6  3.8 710.6 3.8 733.9 4.0 747.4 4.1 759.1 4.3 
2536.4 659.7 3.7 682.2 3.9 707.2 4.0 723.8 4. 1 736.7  4.2 742.2  4.5 sl 

2546.4 636.8 3.7 662.0 3.7 685.5 3.9 700.5 4.0 710.3 3. 9 710 .1  4.5 o\ 

2556.4 601.3 3.2 628.1 3.7 652.1 3.8 662.6 3.7 670.7 3.8 669.7 3.8 
2566.4 561.3 3.2 588.2 3.2 607.7 3.7 621.0 3.6 624.9 3 .6  623.8 3.5.' 
2576.4 520.9 2.9 543.0 3.0 562.5 3.3 571.3 3.5 580.2 3.5 575.1 3.3 
2586.4 477.2 2.7 495.6 3.0 512.7 3.0 520.0 3.0 526.3 3.5 521.0 3.1 
2596.4 429.7 2.5 448.1 2.8 459,7 2.8 468.3 2.9 471.1 3.0 467.7 2 . 8 .  . .  

2606.4 386.8 2.3 402.1 2.5 411.9 2.7 413.3 2.4 418.4 2.3 414.4 2.5 . . . .. . 
2616.4 347.4 1.9 360.8 2.4 365.2 2.4 369.2 2.2 368.8 2.6 363.7 2.2 

.... . .... . 

2626.4 314.6 1.8 321.4 2.5 324.0 2.3 325.6 2.1 . 323.7 1.8 317.8. 2.2 
2636.3 283.5 1.9 286.9 1.9 286.3 1.9 283.1 1.7 281.3 1.8 273.2 1 . 8 " -  . . 

-2646.3 254.6 1.8 2511.9 2.2 249.4 2.1 244.3 1.3 241.0 1 . 6 .  233.,6 1 . 5 '  
2656.3 227.3 1.4 222.2 1.6 215.4 1.5 207.5 1.2 203.0 1.4 191.4 1.3 
2666.3 196.7 1.3 190.4 1.1 179.7 1.3 170.7 1.1 165.0 1.0 154.9 1.2 
2676.3 164.6 1.0 156.8 1.4 145.4 1.1 135.7 1.0 129.6 0.7 122.4 1.5 
2686.3 131.9 0.9 12U.9 1.0 113.2 0.8 106.7 1.0 102.6 0.7 94.3 0.9 
2696.3 99.3 0.9 94.2 0.7 86'.7 0.8 82.6 0.9 79.0 0.7 73.4 0.7 
2706.3 72.2 0.7 69.8 0.4 64.0 1.3 62.4 1.2 60.2 0.7 55 .6  1.3 



Table 5 (continued) . 

molality 0.445 0.974 1. 523 2.143 2.549 3.192 
------------------- 

CP- 1 Int SD 
27 1.6. 3 53.3 0.7 
2926.3 38.6 0.7 
2736.3 27.6 0.6 
2746.3 19.2 0.8 
2756.3 13.8 0.6 
2766.3 10.0 0.2 
2776.3 5.8 0.5 
2786.3 4.9 0.6 
2796.3 2.6 0.5 

.----------- 
Int SD 
51.5 0.9 
38.1 0.5 
28.4 0.8 
20.3 0.8 
14.3 0.5 
10.9 0.2 
7.3 1.2 
5.6 0.6 
4.4 0.9 

------------- 
Int SD 
47.7 0.9 
36.3 .1.2. 
25.2 1.7 
17.3 2.0 
11.6 2.0 
8.7 2.0 
6.5 0.4 
3.8 0.5 
4.7 0.7 

----------- 
Int SD 
48.4 0.6 
35.7 0.9 
28.2 0.8 
21.3 1.4 
15.7 1.3 
9.2 0.9 
8.3 1.5 
6.5 0.9 
7.2 1.6 

------------------------- 
Int SD Int SD 
44.7 0.7 43.0 0.8 
34.5 0.4 32-6 0.7 
25.3 0.3 25.6 1.0 
19.4 0.6 17.6 1-0 
4.6 0.4 14.4 0.8 
11.5 1.0 10.3 0.8 
8.7 0.4 7.4 1.0 
6-3 0.7 6.1 0-7 
5.4 0.7 5.9 0.7 



T a b l e  6. A v e r a g e  i n t e n s i t i e s  of t h e  O D  s t r e t c h i n g  f r ' e q u e n c i e s  of  t h e  
a n i s o t r o p i c  s p e c t r u m  of GdC13-5%D20, 

aolality 0.445 0.974 1.523 2.149 2.549 3.192 
--- 
cm- 1 

2146.6 
2156.6 
2166.6 
2176.6 
2186.6 
2196.6 
2206.6 
2216.6 
2226.6 
22.36. 6 
2246-6 
2256.6 
2266.6 
2276.5 
2286.5 
2296.5 
2306.5 
2316.5 
2326.5 
2336.5  
2346.5 
2356.5 
2366.5 
2376.5 
2386.5 
2396.5 
2406.5 
2416.5 

I n t  SD 
0.6 0.3 
0.7 0 .3  
0.5 0 , 4  
0.3 0.3 
1.0 0 . 3  
0.8 0.5 
0.7 0 - 1  
1.8 0.1 
1.8 0.5 
1.9 0 - 4  
2.9 0.8 
3.6 0.3 
3.5 0.3 
3.8 0.4 
4.7 0.4 
5.2 0.2 
6.0 0.1 
7.8 0.5 
8.7 .0.4 

10.1 0 .3  
11.6 0.1 
13.6 0.4 
14.6 0 .1  
16.8 0.2 
20.3  0.4 
23.9 0.4 
27.9 0.3 
32.5 0.5 



Table 6 (continued). 

molality 0.445 0.974 1.523 2.149 2.549 3. i92 
-------- 
cm- 1 Int 
2426.5 38.2 
2436.5 44.0 
2'4li6.5 51.5 
2456-4 58.5 
2466.4 65.9 
2476.4 72.7 
2486.4 79.6 
2496.4 86.8 
2506.4 92.6 

.. 2516.U 95.4 
2526.4 97.2 
2536-4 96.3 
2546.4 92.8 
2556.4 86.9 
2566.4 79'. 8 
2576.4 73.6 
2586.4 65.8 
2596.4 58.0 
2606.4 49.5 
2616.4 42.1 
2626.4 36.5 
2636.3 30.8 
.26 46.3 26.7 
2656.3 22.6 
2666. 3 18.7 
2'676.3 15.5 
2686.3. 13.0 
2696.3 10.2 
2706.3 8.3 

--- - - - - - - -  
Int SD ~ n t -  SD ~ n t  S D  Int SD 
56-3. 1.9 68.8 0.9 82.5 '3.5 104,9 0.8 
64.3 2.0 79.1 1.1 93.1 2.7 115.5 1.6 
73.3 2.0 90.0 1.0 104.9 2.7 129.1 1.1 
82.6 1.5 101.8 ' 1.0 119.1 2.7 143.6 '1.4 
91.4 1.4 112.2 1.1 130.8'2.5 154.3 1.4 
101.7 1.2 125.2 1.0 143.0 2.5 165.7 1.3 
111.8 1.2 133.3 0.8 153.1 2.9 1.74.7 1.0 
120.9 1.2 143.3 1.4 161.8 1.6 '.180.9' 1.2 
129.1 1.0 .l49.5 1.1 167.5 0.9 183.3 1.8 
132.6' 1.0 154.3 1.3 168.5 1.7 182..0 1.4 
135.6 1.1 156.5 0.9 168.5 1.6 178.0 1.3 
132.7 1.1 152.5 1.3 161.5 1.2 169.5 1.1 , 
126.8 i . 2  143.2 0.8 153.1 1.2 158.1 1.0 
116.1 1.1 132.3 1.1 939.5 1.4 142.3 0.9 
105.8 1.1 119.3 1.0 125.1 1.8 126.4 1.0 
95.0 1 7  106.0 0.8 110.8 1.8 111.6 0.9 
82.4 1.4 93.0 0.7 ' 96.2 1.9 95.0 1.2. 
70.7 1.1 80.1 0.5 79.8 2.9 79.1 1.0 -. 

58.8 0.8 66.8 0.6 . 66.5 2.5 63.7 1.3 
49.4 1.2 54.7 0.3 54.6 2.5, 53.0 1.1 
40.8 1.0 .46.6 0.3 45.3 1.9 42.0 0.9 ' 

33.6 0.9 37.4 0.3 36.8 1.9. 32.6 0.3 
26.0 1.5 30.5 0.3 28.7 1.6 25.3 ' 0.7 
21.6 1.4 24.7 0.3 22.8 1.5 19.0 1.6 
17.2 1.1 19.0 0.7 18.0 1.1 14.5 1.6 
13.2 0.4 15.9 0.8 13.7 1.3 11.5 1.5 
10.2 0.8 12.3 0.2 10.6 1.4 8.5 1.3 
7.6 0.5 10.2 0.1 7.0 1.1 5.9 0.9 
6.0 0.2 8.0 0.6 5.1 0.9 3.0 1.1 



T a b l e  6 ( c o n t i n u e d ) .  

Int SD 
6.3 0.2 
4.8 0.4 
3.8 0 .1  
2.8 0.3 
2.2 0 .2  
1.5 0.2 
1.2 0.3 
0.9 0.5 
1.3 0.3 

Int SD Int SD 
5.6 0.4 4,o 0 .3  
4.6 0.4 2.8 0 .3  
3.7 0.4 1.6 0 - 5  
3 . 2  0.1 0.1 0.4 
2.1 0.3 0.2 0 . 3  
1 .3  0 - 7  -0.9 0.6 
1.5 0.8 -0.6 0.6 
1.9 1.1 -0.6 0.8 
1.2 1.1 0.1 1.3 

Int SD Int SD Int SD 
5 - 4  0.0 3.8 0.6 2.0 0.4 
4.1 0.4 3.2 0.1 0.4 0.3 
3.1 0.7 2.0 0.7 -0.1 1.1 
1.9 0.5 1.2 0.9 2 - 1  1.1 
0.6 0.7 1.3 1.6 1.7 1.6 
0.5 0.2 0.1 1.1 2.7 2.1 

-0.6 0 .5  0.0 1.4 3.2 2.0 
-0.3 0.6 1.0 2.7 2.7 0.9 
-0.5 0 0 8  1.4 3 .7  3.8 1.2 



Table 7. Average i n t e n s i t i e s  of t h e  OH s t r e t c h i n g  f r e q u e n c i e s  of t h e  
i s o t r o p i c  spectrum of GdCl -51H 0. . . 

--------------- 3 2 
- - - - - - - - - - - - -_I I_-----  -- 

s o l a l i t y  
---- 
cm- 
3046.1 
3056.1 
3066.1 
3076.1 
3086.1 
3096.1 
3106.1 
3116.1 
3126.1 
3136.1 
3146.1 
3156.1 
3166.1 
3176.0 
3186.0 
3196.0 
3206.0 
3216.0 
3226.0 
3236.0 
3246.0 
3256.0 
3266.0 
3276.0 
3286.0 
3296.0 
3306.0 
3316.0 

0.444 
------- 
Int SD 
6.4 0.9 
7.5 0-5 
9.5 0.3 

11.1 0.4 
12.5 0.6 
14.4 0.7 
17.0 0.2 
20.5 0.9 
22.8 0.5 
26.3 0.2 
28.7 0.3 
33.4 0.4 
38.2 0-5 
43.9 0.5 
49.2 0.5 
55.2 0.4 
61.6 0.4 
69.3 0.4 
77.9 i l .5 
86.9 0.6 
97.7 0.6 
109.8 0.6 
122.2 0.7 
13G.2 1.1 
147.5 1.2 
164.0 1.1 
180.2 1.1 
197.2 1.2 

0.974 
--7- 

I n t  SD 
6.7 0.4 
8.6 0.2 
10.4 0.2 
12.8 0.2 
15.1 0.3 
17.8 0.6 
21.1 0.6 
23.0 0.2 
28.0 0.3 
31.9 0.6 
35.7 0.3 
41.9 0.7 
U7.5 0.6 
53.9 0.7 
61.1 0.6 
67.3 0.7 
75.7 0.7 
85.5 0.7 
94.3 0.6 
105.5 0.6 
118.1 0.9 
130.4 0.7 
144.2 0.9 
159.8 0.9 
175.0 1.4 
190.4 1.0 
207.3 1.1 
224.6 1.1 

1.523 
------ 

I n t  SD 
9.6 0.6 
11.7 0.3 
14.3 0.3 
17.5 0.4 
20.5 0.5 
23.2 0.8 
28-0 0.8 
30.0 0.7 
36-4 0.4 
41.2 0.7 
46.6 0.7, 
52.5 0.9 
59.7 0.7 
66.7 0.6 
75.8 0.9 
83.3 0.6 
93.5 0.7 
104.0 0.8 
115.7 0.8 
127.8 0.7 
14'2.1 1.3 
155.9 0.8 
171.5 0.9 
188.0 1.1 
204.4 1.5 
-220.8 1.5 
239.,9 1.4 
257.0 2.0 

I n t  SD 
11.7 0.7 
14.0 0.4 
16.8 0.5 
20.6 0.6 
24.6 0.8 
28.1 0.9 
32.9 1.1 
37.2 0.7 
44.1 0.6 
50.7 0.8 
57.3 0.6 
65.4 0.6 
74.7 0.7 
83.8 0.5 
93.6 0.9 
103.7 0.9 
115.6 1.1 
128.3 1-0 
142.2 1.4 
156.5 1.2 
171.9 1.3 
188.4 1.1 
205.9 1.1 
225.7 1.5 
243.3 1.3 
262.2 2.3 
281.8 1.7 
303.0 2.1 

2.547 
------ 

Int SD 
11.7 0.7 
15.2 0.4 
18.5 0.5 
22.4 0.5 
27.1 0.7 
31.9 0.6 
36.7 0.7 
b1.8 0.3 
49.0 0.5 
57.4 0.6 
63.3 0.7 
73.7 0.9 
83.4 1.0 
93.6 0.8 
106.6 9.0 
117.2 1.2 
130.8 1.2 
145.7 1.1 
160.2 1.7 
177.6 1.2 
194.8 1.7 
214.0 1.6 
233.4 1.6 
254.4 1.4 
273.9 1.4 
293.8 1.6 
314.2 1.7 
336.8 11.7 

3.198 
--- 

Int SD 
12.3 0.7 
16.2 0.3 
20.8 0.4 
25.3 0.4 
30.5 0.7 
35.8 0.8 
42.7 1.0 
48.5 0.3 
57.8 0.7 
66.8 0.8 . 

76.5 0.5 . o, .a 

87.7 0.7 
100.0 0.8 
112.3 0.7 
127.3 1.3 . . 

141.0 0.8'. 
156.8 1.1 
173.8 1.2 
193.1 1.0 
214.0 1.4 
233.8 1.6 
256.0 1.5 
278.4 1.4 
301.5 1.7 
323.1 1.7 
345.3 1.7 
368.4 1.9 
392.7 2.0 



T a b l e  7 (continued) . 
m o l a l i t y  0.444 0.974 
-------- ---- 

CB- 1 Int SD Int SD 
3326.0 216.1 1.3 246.0 1.2 
3336.0 233.5 1.7 265.4 1.7 
3346.0 250.6 1.7 283.5 1.7 
3355.9 269.6 1.8 302.8 1.6 
3365.9 287.2 1.6 321.0 1 - 6  
3375.9 303.9 1.5 337.9 1.8 
3385.9 316.8 1.8 354.0 1.9 
3395.9 327.1 1.8 367.6 2.3 
3405.9 337.4 2.3 376.1 2.0 
3415.9 344.1 1.8 385.9 1.9 
3425.9 347.1 2.2 389.9 2.0 
3435.9 347.4 1.7 391.2 2.3 
3445.9 345.5 1.7 386.2 2.0 
3455.9 340.9 2.0 381.7 2.1 
3465.9 332.5 1.7 373.9 2.1 
3475.9 321.9 1.7 360.9 3.0 
3485.9 310.7 2.0 347.7 2.4 
3495.9 297.9 1.8 333.9 1.8 
3505.9 283.9 1.8 316.5 2.3 
3515.9 270.0 1.5 298.4 1.5 
3525.9 254.1 1.4 279.7 1.7 
3535.8 239.2 1.9 260.7 1.4 
3545.8 225.2 1.4 243.9 1.5 
3555.8 210.2 1.8 226.2 1.2 
3565.8 196.4 1.4 210.5 1.3 
3575.8 185.0 1.1 196.9 1.2 
3585.8 175.0 1.4 183.5 1.2 
3595.8 162.5 1.1 168.5 1.1 
3605.8 150.9 1.2 156.1 1.0 

Int 
278.7 
298.4 
320.7 
341.0 
360.6 
379.4 
393.4 
407.7 
418.0 
425.9 
430.6 
428.8 
423.7 
418.1 
405.2 
393.2 
376.9 
359.8 
341.9 
318.8 
298.6 
277.9 
258.9 
239.4 
220.7 
204.3 
188.1 
172.3 
156.4 

-------- 
I n t  SD 

361.0 1.9 
384.6 2.1 
407.1 2.5 
426.2 2.6 
445.3 2.4 
461.6 2.5 
477.0 2.6 
487.9 2.5 
494.5 2.9 
498.1 2.7 
497.8 3.0 
493.5 2.8 
485.3 3.1 
473.0 2.5 
458.7 2.8 
440.7 2.9 
419.9 2.9 
400.6 2.8 
374.1 2.1 
348.9 1.9 
323.7 1.9 
299.7 1.9 
276.9 1.5 
252.8 1.7 
231.5 1.4 
211.3 1.2 
191.2 .1.0 
171.9 1.1 
151.2 1.0 



T a b l e  7 ( c o n t i n u e d ) .  

m o l a l i t y  0.444 0.974 1.523 2.145 2,547 ' .3.198 
----------I-------- - - - - - - - - .  

CB-1 I n t  SD I n t  SD I n t  SD Int SD Int SD I n t  SD 
3615.8 139.0 1.1 140.2 1.2 1 3 7 . 5  1.2 133.4 1.1 129.6 2 . 0 '  123.5 0.9 
3625.8 126.0 1.0 124.2 0.7 119.0 1.2 113.2 0.9 107.7 0.6 100.8 0.6 
3635.8 109.3 1.2 105.4 0.6 99.2 0.7 91.9 1.5 85.6 0.6 79.6 0 - 6  
3645.8 90.6 0.6 84.7 0.7 77.8 0.6 71.0 0.4 66.2 0.4 5 9 . 9 .  0.7 
3655.8 69.1 0.6 63.5 0.4 58.4 0.4 52.4 0.4 48.5 0.4 43.5 0.3 
3665.8 49.4 0.4 45.8 0.4 - 42.6 0.6 38.5 0.5 35.5 0.5 32.3 0.5 
3675.8 36.0 0.4 33.1 0.5 31.1 0.4 28.4 0.6 26.8 0.4 25.3 0.4 
3685.8 24.8 0.4 22.8 0.4 22.3 0.4 2.0.8 0.Q 19.5 0.6 17.6 0.4 
3695.8 17.5 0.4 17.4 0.6 16.4 0.5 15.6 0.6 14.9 0.8 13.8 0.6 
3705.8 12.3 0.4 11.2 0.4 11.6 0.2 11.2 0.4 10.8 0 - 3  9.9 0.2 
3'7 1 5 . 8 8.3 0.4 8.4 0.3 8.7 0.3 8.8 0.3 7.8 0.4 7.5 0.4 
3725.8 5.9 0.5 6.1 0.3 6.5 0.4 6.7 0.4 6.1 0.4 5.6 0.4 00 

3735.7 4.3 0.2 U.1  0.2 4.5 0.2 4.8 0.2 4.7 0.2 4.4 0.2 W 

3745.7 3.4 0.1 3.5 0.2 3.4 0.4 3.8 0.3 3.6 0.3 3.0 0.3 
3755.7 2.4 0.2 2.1 0.2 2.5 0.1 2.9 0.1 2.5 0.4 2.1 0.1 
3765.7 1.2 0.2 1.7 0.2 1.9 0.3 2.4 0.3 1.8 0.3 1.5 0.1 
3775.7 1.0 0.1 1.2 0.2 . 1.4 0.5 1.9 0.2 1.3 0.2 1.0 0.3 
3785.7 0.6 0.1 0.7 0.3 1.4 0.2 1.9 0.4 1.1 0.1 0.9 0.2 
3795.7 0.8 0.1 0.6 0.3 1.0 0.3 1.5 0.4 0.4 0.4 0.3 0.3 
___-I_--I---__-_------------------------------ 



T a b l e  8. A v e r a g e  i n t e n s i t i e s  of t h e  08 s t r e t c h i n g  f r e q u e n c i e s  of  t h e  
a n i s o t r o p i c  s p e c t r u m  of GdCP -5XH 0. 

3 2 
---------------_I_------------------- 

.---- 
I n t  
0.9 
1.0 
1.7 
2.1 
2*1 
2.7 
2.8 
3.5 
4.7 
4.9 
6.1 
6.7 
8.0 
8.8 
9.5 
11.3 
12.5 
14.1 
15.7 
17.6 
20.5 
23.2 
25.3 
28.2 
31.0 
34.2 
36.7 
40.4 

------- -------- 
1 n t  SD Int SD I n t  SD Int SD 
1.3 0.5 3 1  0.5 5.6 0.5 6.7 0.5 
1.5 0.5 3.8 0.4 6.0 0.3 7.8 0,4 
3.0 0.3 4.5 0.4 6.9 0.4 8.9 ,004 
3.4 0.2 6-2 0.4 8.0 0.3 10.6 0.4 
3.7 0.4 6.8 0.5 8.8 0.3 11.5 0.3 
4.5 0.2 8.0 0.5 9.8 0.2 13.0 0.3 
5.3 0.3 8.9, 0.5 11.3 0.4 14.2 0.2 
6.3 0.6 9.7 0.4 12.3 0.4 15.9 0.4 
7.8 0.4 11.3 0.5 14.1 0.4. 18.5 0.5 
9.6 0.5 12.9 0.1 16.0 0.3 20.7 0.2 
10.3 0.2 15.5 0.3 18.1 0.3 23.6 0.2 CD 
12,1 0.3 16.7 0.3 20.3 0.5 26.2 0.3 6 

14.4 0.3 19.4 0.2 23.5 0.2 29.2 0.5 
15.9 0.7 -21.4 0.3 26.3 0.3 32.7 0.4 
17.6 0.1 23.5 0.3 28.2 0.2 36.3 0.3 
20.1 0.2 26.7 0.2 31.9 0.3 41.2 0.4 
22.4 0.3 29.8 0.6 34.9 0.3 45.3 0.3 
24.9 0.3 33.5 0.6 40.1 0.4 50.5 0.3 
27.7 0.2 37.4 0.3 43.5 0.3 55.6 0.4 
31.5 0.2 41.3 0.4 48.7 0.7 61.9 0.5 
35.2 0.5 45.8 0.9 54.2 0.4 67.6 0.4 
38.8 0.8 50.7 1 . 0  60.3 0.5 74.3 0.5 
43.2 0.5 56.3 0.5 65.3 0.8 82.9 0.6 
47.4 0.4 61.6 0.6 71.9 0.7 89.7 0.8 
51.7 0.3 66.6 0.5 77.6 0.5 96.3 0.5 
56.2 0.6 71.7 0.7 83.9 0.6 101.8 0.7 
60.2 0.3 77.1 0.5 88.8 1.2 108.8 0.6 
64.1 1.6 82.4 0.6 93.8 0.7 . 113.9 0.8 



Table 8 (cont inued) .  
--- ----i-------- ----------aw----------- 

-- - 
cm-1 I n t  SD 

3326.0 44.0 0.3 
3336.0 47.3 0.4 
3346.0 51.5 0.3 
3355.9 55.0 0.6 
3365.9 58.9 0.6 
3375.9 61.6 0.5 
3385.9 64.5 0.3 
3395.9 65.8 0.4 
3405.9 69.2 0.4 
3415.9 69.5 0.5 
3425.9 69.4 0.5 
3435.9 69.2 1.2 
3445.9 67.8 0.8 
3455.9 66.8 0.5 
3465.9 64.7 0.4 
3475.9 61.8 0.4 
34.85. 9 59.2 0.5 
3495.9 55.9 0.3 
.3505.9 52.6 0.5 
3515.9 U8.1 0.4 
3525.9 44.8 0.4 
3535.8 41.1 0.5 
3545.8 37.6 0.4 
3555.8 . 34.2 0.4 
3565.8 30.5 0.2 
3575.8 28.5 0'. 3 
3585.8 25.0 0.5 
3595.8 22.9 0.2. 
3605.8 20.2 0.2 

.-- --------- 
I n t  S D  I n t  SD I n t  
70.2 0.4 87.9 0.5 100.1 
74.3 0.7 93.7 0.6 104.9 
80.3 0 0 9  98-1  1.1 111.6 
84.5 0.5 103.4 1.0 166.5 
89.0 0.6 108.0 0.7 119.7 
93.2 0.8 112.2 0.9 123.8 
96.3 0.6 114.4 0.9 125.3 
98.8 0.6 116.5 0.8 126.9 

100.4 0.6 117.9 1.3 127.6 
102.1 0.7 119.0 0.6 126.9 
101.2 0.7 118.0 0.7 125.2 
101.6 0.9 116.1 0.7 122.9 

98.7 1.2 112.8 0.7 119.7 
96.3 0.5 109.6 0.6 114.4 
91.3 1.1 104.0 0.6 108.7 
87.1 0.8 98.6 0.5 102.5 
83.0 0.5 92.7 1.1 96.3 
78.2 0.4 86.6 0.7 90.6 
72.1 1.0 79.1 0.7 82.4 
65.9 0.7 71.6 1.3 75.3 
60.7 0.4 64.5 0.5 67.7 
54.0 0.8 57.9 0.5 59.5 
48.6 0.6 52.1 0.4 52.5 
43.8 0.4 46.0 0.5 46.8 
37.2 0.7 4002 0.4 40.4 
33.8 0.4 35.2 0.7 35.1 
29.8 0.9 31.2 0.3 30.0 
25.9 0.4 26.2 0.3 26.2 
22.2 0.5 22.5 0.3 22.0 

.------ 
SD I n t  ' SD 
0.7  120.5 0.7 
0.6 126.0 0.7 
0.8 131.6 0.8 
0.7 136.7 0.9 
0.7 . 139.8 0.8 
0.9 - 142.3 0.8 
0.7 14Q.5 0.9 
0.7 143.6 0.9 
0.8 143.1 0-8 
0.8 141.8 0.8 
'0.7 137.8 0.8 
0.6 134.3 0.7 a3 

1.0 130.4 0.8 V1 

0.8 123.5 0.9 
0.7 116.6 0.9 
0.8 110.0 0.8 
0.5 103.0 0.9 
0.5 95.1 0.6 
0.8 87.3 0.6 
0 .8 .  78.5 0.5 
0.7 71.2 ' 0 .5  
0.5 62.6 0.4 
0.7 55.3 0.6 
0.4 48.8 0.4 
0.3 40.9 0.5 
0.7 36.0 0.3 
0.2 31.0 0.5 
0.4 26.5 0.2 
0.8 22.0 0.2 



T a b l e  8 ( c o n t i n u e d ) ,  
----------QIl------l-----__----------------Q--------- 

m o l a l i t y  0.444 0,974 1.523 2.145 2.547 3.198 
----------------- --------------- 

cm- 1 I n t  SD I n t  SD I n t  SD I n t  SD I n t  SD I n t  SD 
3615.8 17.3 0.3 18.5 0.2 19.2 0.4 18.8 0.3 18.1 0.2 18.1 0.2 
3625.8 15.4 0.2 15.7 0.1 16.3 0.2 15.0 0.3 14.7 0.1 14.4 0.1 
3635.8 12.5 0.1 12.7 0.1 13.1 0.2 12.2 0.4 11.3 0.3 11.1 0.2 
3645.8 9.9 0.2 10.1 0.3 10.4 0.3 9.6 0.4 9.0 0.2 8.4 0.2 
3655.8 8.1 0.3 8 - 4  0.3 8.0 0.3 7.0 0.2 6.7 0.2 6.3 0.3 
3665.8 5.6 0.1 5.7 0 - 2  5.6 0.2 4.8 0.1 5.0 0.3 4.8 0.2 
3675.8 4.3 0.5 4.3 0.2 4.4 0.4 4.2 0.4 4.1 0.5 3.6 0.3 
3685-8  3.5 0.2 3.6 0.4 3.4 0.2 2.8 0.5 2.8 0.2 2.9 0.3 
3695.8 2.4 0.1 2.1 0.2 2.4 0.3 2.1 0.1 2.1 0.1 2.1 0.2 
3705.8 2.1 0.2 2.2 0.2 2.1 0.3 1.7 0.4 1.7 0.4 2.2 0.3 
3715.8 1.6 0.1 1.1 0.1 1.8 0.2 1.2 0.2 1.2 0.1 1.0 0.2 
3725.8 1.1 0.2 1.0 0.4 1.1 0.2 0.9 0.3 0.5 0.2 0.8 0.3 a 
3735.7 0.9 0.5 1.1 0.3 1.6 0.3 0.9 0.3 1.0 0.3 0.9 0.3 

m 

3745.7 1.1 0.4 0.6 0.2 0.3 0.2 0.4 0.3 0.4 0.4 0.5 0.3 
3955.7 0.1 0.3 0.3 0.3 0.6 0.2 -0.0 0.4 0.4 0.2 0.5 0.3 
3765.7 0.3 0.2 0.2 0.2 -0.1 0.2 -0.2 0.3 -0.1 0.3 -0.0 0.4 
3775.7 0.4 0.6 -0.1 0.3 0.6 0,3 0.3 0.3 -0.0 0.3 0.2 0.4 
3785.7 -0.1 0.2 0.2 0.3 0.2 0.3 -0.2 0.2 0.1 0.3 -0.4 0.2 
3795.7 0 - 2  0.3 0.1 0.3 0.3 0.4 0.0 0.3 -0.3 0.3 ' -0.1 0.3 



OH s p e c t r a  l i s t e d  i n  Table 8.1 

T h r e e  s p e c t r a l  s c a n s  were made a n d  a v e r a g e d  fo r  b o t h  po- 

l a r i z a t i o n s  o f  t h e  s o l u t i o n s  l i s t e d  i n  T a b l e s  9 a n d  10. But 

for  t h e  i s o t r o p i c  s p e c t r a  of  t h e  2.0 molal s o l u t i o n  a n d  t h e  

a n i s o t r o p i c  band o f  t h e  0.5 m o l a l  s o l u t i o n  o n l y  t u o  r u n s  were 

made. 2 

T h e  f i r s t  f e a t u r e  t o  n o t i c e  i n  P i g s .  9 - 1 3  i s  t h a t  

t h o u g h  no d r a m a t i c  c h a n g e s  a re  a p p a r e n t  a s  t h e  c o n c e n t r a t i o n s  

1 T h e r e  u a s  d i f f i c u l t y  i n  p r e p a r i n g  GdC13 a q u e o u s  s o l u -  
t i o n s ,  i n  w h i c h  a l l  of t h e  w a t e r  was d e u t e r i u m ,  t o  be u s e d  a s  
b a c k q r o u n d s  f o r  t h e  c o r r e s p o n d i n g  s o l u t i o n s  u s e d  t o  o b t a i n  0 8  
s p e c t r a l  d a t a .  I n  s p i t e  of p r e c a u t i o n s  t a k e n  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  b a c k g r o u n d  s o l u t i o n s ,  s u f f i c i e n t  H 2 0  was 
a b s o r b e d  t o  g i v e  a Raman s i g n a l .  B e c a u s e  t h e r e  were no 
o v e r t o n e  o r  c o m b i n a t i o n  b a n d s  i n  t h i s  s p e c t r a l  r e g i o n ,  a l l  
t h a t  k e p t  t h e  b a c k g r o u n d  from b e i n g  c o n s t a n t  v a s  t h e  h i g h  
f r e q u e n c y  t a i l  o f  t h e  D 0 s p e c t r a l  band.  Hence,  g u i d e d  by 
t h e  c o r r e c t e d  100% D O 8 a c k g r o u n d  u s e d  t o r  t h e  r a t e r  d a t a  a n d  
t a k i n q  i n t o  a c c o u n t  % h e  e n d  p o i n t s  o f  t h e  GdCl -S%H20 s o l u -  
t i o n  d a t a ,  c u r v e s  v e r e  o b t a i n e d  t o  be  u s e d  a s  a a c k g r o u n d +  f o r  
t h i s  d a t a .  T h e  u s e  c f  t h i s  a d j u s t e d  b a c k g r o u n d  a l o n g  w i t h  
t h e  u n c e r t a i n t y  a b o u t  t h e  amount  of H 2 0  i n  t h e  band  s o l u t i o n s  
may i n t r o d u c e  s y s t e m a t i c  e r r o r s  a s  l a r g e  a s  10% i n  t h e  OH 
spectral  i n t e n s i t i e s .  I n  s p i t e  o f  t h i s  p o s s i b l e  i n a c c u r a c y ,  
t h e  a n a l y s i s  o f  t h i s  d a t a  was c o n s i s t e n t  v i t h  t h a t  o f  t h e  
5% D 0 s o l u t i o n s .  2 

* O r i g i n a l l y  s i x  c o n c e n t r a t i o n s  o f  t h i s  ra re  e a r t h  v e r e  
u s e ? .  Houever ,  t h e  d a t a  fo r  t h e  1.5 m o l a l  s o l u t i o n  uas 
i n c o n s i s t e n t  v i t h  a l l  t h e  o the r  c o n c e n t r a t i o n s  a n d  a l s o  w i t h  
t h e  d a t a  f o r  t h e  o t h e r  s a l t s .  T h i s  was t h e  o n l y  d a t a  t h a t  
v a s  d i s c a r d e d  i n  t h e  p r e p a r a t i o n  o f  t h i s  r e p o r t .  It is 
a s s u m e d  t h a t  i m p u r i t i e s  o r  o p t i c a l  m i s a l i g n m e n t  may h a v e  been  
a t  f a u l t .  



T a b l e  9. A v e r a g e  i n t e n s i t i e s  of t h e  OD s t r e t c h i n g  f r e q u e n c i e s  of t h e  
i s o t r o p i c  spectrum of LnC1 -5$D20. 

3 

m o l a l i t y  
---- 
cm- 1 

2146.6 
2156.6 
2966.6 
2176.6 
2186.6 
2196.6 
2206.6 
2216.6 
2226.6 
2236.6 
2246.6 
2256.6 
2266.6 

. 2276.5 
2286.5 
2296.5 
2306.5 
2316.5 
2326.5 
2336.5 
2346.5 
2356.5 
2366.5 
2376.5 
2386.5 
2396.5 
2406.5 
2416.5 

----- 
I n t  
6.8 
7.0 
9-1 
9.6 
11.3 
12.5 
15.0 
15.3 
18.6 
20.6 
22.6 
25.5 
27.5 
32.5 
37.2 
42.0 
48.8 
56.4 
64.3 
73.4 
84.5 
96.1 
110.3 
128.5 
151.8 
176.0 
206.6 
241.0 

----- 
I n t  SD 
5.4 0.7 
7.0 0.7 
8.4 0.7 
8.8 0.4 
10.2 0.5 
12.7 0.6 
13.8 0.6 
16.9 0.3 
18.9 0.2 
21.7 0.6 
2Q.1 0.6 
28.3 0.8 
31.8 1.0 
37.4 0.8 
42.6 0.5 
47.7 0.8 
54.7 0.6 
63.0 0.6 
73.6 0.7 
84.3 0.7 
96.6 0.9 
110.6 0.7 
125.2 1.0 
144.8 1.1 
167.3 1.3 
193.6 1.4 
222-7 1.5 
257.7 1.5 

1.999 2.571 2.916 
--------- --. --- 

1 n  t SD I n t  SD I n t  SD 
7.7 1.5 6.6 1.3 6.1 0.7 
9.3 2.0 8.9 1.0 7.1 0.5 
11.6 1.7 12.6 1.0 8.8 0.9 
12.0 1.0 12.4 0.8 10.3 1.8 
13.1 2.1 . 14.8 1.6 12.0 1.2 
15.9 0.3 16.2 1.0 15.2 0.7 
18.4 0.6 19.9 1.5 16.4 0.8 
21.5 0.7 22.7 1.1 2Q.1 0.7 
24.6 0.8 26.0 0.5 24.5 1.0 
27.2 1.4 30.7 0.8 27.1 0.9 
31.0 0.6 34.0 , 0.6 32.9 0.6 
36.0 0.9 39.3 0.4 36.6 0.8 
41.0 0.6 44.3 0.6 43.6 0.5 
47.6 0.6 52.6 0.9 50.8 1.2 
53.9 0.4 60.0 . 1.0 60.2 0.6 
62.1 0.7 68.2 1.3 70.1 1.0 
70.5 0.5 79.7 1.0 79.7 0.5 
80.7 0.7 92.4 0.8 93.3 0.8 
93.2 1..1 105.3 1.4 107.9 1.1 
106.5 0.7 120.3 1.5 126.5 0.8 
121.8 0.8 137.0 1.5 145.6 0.9 
139.0 2.0 154'.1 1.6 165.8 1.1 
157.0 0.9 176.7 2.0 188.4 1.4 
177.0 2.4 202.3 1-8 212.1 1.5 
202.4 1.8 231.0 2.1 242.5 1.5 
229.8 1.6 259.5 2.1 274.7 2.1 
259.9 1.5 292.0 2.0 308.6 2.2 
295.4 1.7 327.9 2.5 349.5 - 2.2 



Table 9 (continued) . 
--------- ------------------------------------- 
molality 0.504 1.002 1.999 2.571 2.916 
---- 
cm- 1 
2426.5 
2436.5 
2446.5 
2456.4 
2466.4 
2476.4 
2486.4 
2496.4 
2506.4 
2516.4 
252.6.4 
2536.-4 
2546.4 
,2556.4 
2566.4 
2576.4 
2586.4 
2596.4 
2606.4 
26'1 6.4 
2626.4 
2636.3 
2646.3 
2656.3 
2666.3 
2676.3 
2686.3 
2696.3 
2706.3 

.-------- 

Int SD 
336.0 2.0 
378.5 2.3 
427.3 2.5 
475.2 2.6 
523.3 2.9 
571.2 3.6 
616.1 3.4 
659.7 3.6 
688.3 3.9 
709.3 3.9 
717.8 3.9 
710.0 4.2 
686.2 3.8 
648.1 4.0 
606.0 3.2 
557.2 3.8 
508.7 3.0 
454.8 5.2 
404.5 2.1 
354.2 2.1 
312.4 3.4 
273.2 3.0 
236.5 3.0 
199.7 2.2 
165.2 0.9 
133-1 0.9 
104.7 1.0 
80.8 0.9 
60.7 0.8 

--------------- 
Int SD Int SD 



Table 9 (continued). 

- 
Pnt 
54.0 
39.9 
29.8 
21.5 
16.0 
11,o 
8.1 
4.4 
3.7 

-- 
Int SD 
52.1 0.6 
38.0 0.7 
28.2 0.4 
20.7 002 
16.6 0.3 
11.4 0.3 
7.7 1.0 
5.5 0.4 
U.9 0.9 

- 
Int 
43.3 
33.4 
23.9 
18.4 
12.7 
9.5 
6 ;6 
5.4 
4.5 

.------- 
SD Int SD 
1.4 41.8 ,0.4 
1.3 32.1 0.7 
1.2 24-1 0.8 
0.9 18.0 0.7 
1.3 11.8 1 - 1  
1.3 8-8 1.3 
1.3 6.1 0.7 
0.8 4.1 ' 0.7 
2.0 2.4 1.8 



Table 10. Average  i n t e n s i t i e s  of t h e  OD s t r e t c h i n g  f r e q u e n c i e s  of  t h e  
a n i s o t r o p i c  s p e c t r u m  of LuCl -S%D20.  3 

n o l a l i t y  

cB-1 
2146.6 
2156.6 
2166.6 
2176.6 
2186.6 
2196.6 
2206.6 
2216.6 
2226.6 
2236.6 
2246.6 
2256.6 
2266.6 
2276.5 
2586.5 
2296.5 
2306.5 
2316.5 
2326.5 
2336.5 

- 2346.5 
2356.5 
2366.5 
2376.5 
2386.5 
2396.5 - -. .2406.5 
2416.5 

I n t  
1.2 
2.2 
1.4 
1.9 
2.7 
3.6 
2.9 
4.3 
4.1 
4.8 
5.5 
4.7 
5.6 
5.8 
6.5 
7.5 
8.6 
9.9 

10.2 
11.4 
12.7 
15.0 
16.7 
18.9 
21.2 
24.9 

.27.9 
32.0 

.---- 
I n t  
-0.2 

0.7 
0.4 
0.8 
1.2 
1.4 
2.8 
2.8 
2.8 
3.6 
4.2 
4.9 
5.2 
5.8 
6.7 
8.2 
9.3 

10.9 
11.5 
14.1 
1'5. 7 
17. S 
20.0 
23.6 
27.7 
30.9 
34.9 
40.4 

.................... 
SD I n  t SD I n t  SD I n t  SD 
0.4 2.4 0.7 0.5 0.5 -0.1 0.6 
0.2 2.0 0.1 0.4 0.4 -0.0 0.5 
0.4 3.6 0.1 1.3 0.4 0.3 0.7 
0.3 3.7 0.1 2.2 0.5 0.9 0.5 
0.4 4.6, 0.4 2,4 0.5 1 . 4 .  0;6 
0.6 5.3 0.3 - 2.8 0.9 1.0. 0 - 6  : 

1.1 5.0 0.3 3.5 0.9 2.1 0.5 
0.5 6.0 0.8 4.2- 0 .2 .  2.1 0.5 
0.5 6.2 0.3 4.4 0.4 3.7 ' 0.4 
0.4 6.5 0.6 5.7 0.3 4.0. 0,s  
0.5 ' .  7.8 0.6 6.7 0.4 4.9 0.5 
0.6 8.9 0.8 7.4 0.6 6,9 0.3. 
0.6 9.9 0.6 9.1 0.3 7.7, 0.6 
0.3 11.4 0.6 10.1 0.3 9.5 ..--Om 4 
0.2 12.9 0.3 12.2 0.4 11.6 0.3 
0.4 14.5 0.2 15-4  0.7 14.4 0.6 
0.7 15.8 0.8 16.3 0.3. 17.3 8.5 
0.4 18.2 0.5 18.7 0.6 20.8 0.7 
0.4 20.3 0.3 22.3 1.0 24.3 0.4 
0.2 23.4 0.3 25.3 0.4 27..2 0.6 
0.3 25.7 0.4 28.7 0.2 32.9 0.3 
0.2 28.2 0 . 4 . .  32.2 0.4 37.9 0.5 
0.5 31-6 0.6 37.7 0.4 42.8 0.4 
0.6 34.3 0.6 42.4 0.4 49.6 0.5 
0.3 39.8 0.4 48.1 0.3 57.5 0.6 
0.5 44.1 0.6 55.0 0.5 64.5 0.6 
0.3 49.6 0.3 62.8 0.5 72.8 0.7 
0.4 57.2 0.5 70.5 0.7 82.6 0.7 



Table 10 (continued). 

molality 0.504 1.002 1.999 2.571 2.916 

Int 
37.2 
U2.8 
49.. 2 
sso7 
62.2 
69.2 
75.4 
81.4 
86-0 
89.4 
90.3 
89.5 
85.6 
so. 1 
74.5 
68.9 
61.1 
54,o 
47. 1 
40.3 
34.7 
30.1 
2 5.. 9 
22.6 
19.1 
15.9 
13.2 
11.7 
9.8 

--------- 
Snt SD Int SD 
79.2 0.7 94.5 0.9' 
89.0 0.7 106.5 1.0 
98.1 0.9. 117.7 0.8 .. 

108.3 1.2 127.7 0.9 
118.7 0.8 137.2 0.9 
126.2 0.7- 146.3 I..O, 
133.5 0.9 152.2 0.9 
140.4 0.9 158.0 1.1 
1uu.z 1.0 i60.0 1.0 
145.7 0.9 160.7 . 2.0 
143.4 0.8 156.8 !,.5 
138.3 0.9 150.0 0.9 
129.9 0.7 .140.1 0.9 
11g03 0.7 127.6 0.8 
108.0 0.6 115.2 Oi8 
96.3 0.6 102.9 0.7 
83.5 0.'8 88.1 0.6 
71.3 0.6 '74.8 0.7 
60.2 0.8 61,.8 0.5 

' 50.3 0.8 52.5 0.3 
42.0 0.7 44.1 0.7 
35.3 0.4 35.5 0.4 
29:3 0.3 29.2 0.2 
24.3 0.3 24.3 0.6 
20.4 0-2 19.2 0.5 
16.9 0.2 15.2 0.6 
14.7 0.3 13.0 0.2 
12.3 0.3 10.4 0.2 
10.8 0.4 9.7 0.7 



T a b l e  10 ( c o n t i n u e d )  . 

SD Xnt 
0.2 8.4 
0.4 7.3 
0.4 6.2 
0.1 5.4 
0.6 4.3 
0.1 4.0 
0.2 4.4 
0.1 4.2 
0.7 3.2 

----- 
I n t  SD 
8.0 0.3 
5.9 0.7 
5.0 002 
4.2 0.4 
3.7 0.7 
4.1 0.1 
3.6 0.3 
3.0 0.4 
2.7 0.2 
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RAMAN SHIFT (CM-I) 

F i g .  9 .  I n t e n s i t i e s  of  t h e  i s o t r o p i c  .Haman ban'ds of t h e  O D  
s t r e t c h i n g  v i b r a t i o n s  of H D O  i n ' a q u e o u s  s o l u t i o n s  of  
Lac1 for s e v e r a l  c o n c e n t r a t i o n s .  

3 



RAMAN SHIFT ( C M - I )  

Fig. 10 .  I n t e n s i t i e s  of t h e  i s o t r o p i c  Raman b a n d s  of the OD 
s t r e t c h i n g  v i b r a t i o n s  of HDO . i n  a q u e o u s  s o l u t i ' o n s  , 

of G d C l  for  s e v e r a l  c o n c e n t r a t i o n s .  
3 
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P i g .  11. I n t e n s i t i e s  of t h e  i s o t r o p i c  Baman bands  of the OD 
s t r e t c h i n g  v i b r a t i o n s  of HDO i n  a q u e o u s  s o l u t i o n s  
of LuC13 for several c o n c e n t r a t i o n s .  



Fig. 1 2 .  I n t e n s i t i e s  of a l l  t h e  i s o t r o p i c  Raman b a n d s '  of t h e  
OH s t r e t c h i n g  v i b r a t i o n s  of HDO . i n  a q u e o u s  s o l u -  

. tions of GdC13. 
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. , ANI.SOTROPIG SPECTRUM 
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RAMAN SHIFT (cM'~) 

F i g .  1 3 .  I n t e n s i t i e s  of t h e  a n i s o t r o p i c  Raman b a n d s  of t h e  
0 0  s t r e t c h i n g  v i b r a t i o n s  of H D O  i n  a q u e o u s  s o l u -  
t i o n s  of Lac1 G d C l  ' a n d  LuC13 a n d  of t h e  OH 
s t r e t c h i n g  o i l ? ;a t ions  of HDO i n  a q u e o u s  s o l u t i o n s  
of GdCl 

3. 



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

t h e  h i g h  f r e q u e n c y  s i d e  of t . h e  i s o t r o p i c  water b a n d ,  

q r a d u a l l y  d i s a p p e a r s  f o r  b o t h  t h e  OD a n d  OH s p e c t r a l  b a n d s .  

A c l o se r  i n s p e c t i o n  r e v e a l s  t h a t  i n  . g e n e r a l ,  f o r  b o t h  p o l a r i -  

z a t i o n s  oL a l l  s o l u t i o n s ,  t h e  Raman s h i f t s  o f  t h e  p e a k  i n t e n -  

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

crease a t  h i g h e r  c o n c e n t r a t i o n s .  T h e s e  r e s u l t s  are g r a p h e d  

a l o n g  w i t h  error b a r s  i n  F i g s .  1 4  - 17. T h e  c o n n e c t i n g  l i n e s  

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

t i o n  o f  m o l a l i t y  i n  P i g s ,  18 - 21 d e m o n s t r a t e  how i n i t i a l l y  

b o t h  t h e  OD a n d  OH b a n d s  b e c o m e  n a r r o w e r ,  f o r  b o t h  p o l a r i z a -  

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

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

-i pa t e d .  

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

of p e a k  i n t e n s i t i e s  a n d  t h e  b r e a d t h s  of t h e  h a l f - w i d t h s  

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

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

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

A n a l y s i s  

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

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

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

error.  A s  a n  a i d  t o  a n a l y z i n g  t h e  d a t a ,  t h e  f o l l o w i n g  m e t h o d  

w a s  d e v e l o p e d :  A g r a p h  was p l o t t e d  of t h e  a v e r a g e  i n t e n s i t y  



P i g .  1 4 .  Peak p o s i t i o n s  o f  t h e  i s o t r o p i c  Raman b a n d s  of  the 
OD stretching v i b r a t i o n s  of HDO i n  water a n d  
a q u e o u s  s o l u t i o n s  of LaC13, GdC13 and  LoC13. 



P i g .  , I S .  'Peak p o s i t i o n s  of t h e  a n i s o t r o p i c  Raman b a n d s  of 
t h e  OD s t r e t c h i n g  v i b r a t i o n  o f  A D O  i n  w a t e r  a n d  
a q u e o u s  s o l u t i o n s  of  L a c % ,  GdClj a n d  LuC1 . 

3 



P i g .  

3400 ( I I I 
0 

1 
1 .o 2 .o 3 .o 

MOLALITY 
Peak p o s i t i o n  of t h e  i s o t r o p i c  Raman band o f  t h e  O H  
s t r e t c h i n g  v i b r a t i o n  of BDO i n  v a t e r  and  a q u e o u s  
s o l u t i o n s  of GdCl . 

3 



F i g .  17 .  Peak p o s i t i o n  of the a n i s o t r o p i c  Ramao b a n d  of  t h e  
OH s t r e t c h i n g  v i b r a t i o n  of HDO i n  w a t e r  a n d  a q , u e o u s  
s o l u t i o n s  of GdC13 . 



P i g .  1 8 .  H a l f - w i d t h s  of t h e  i s o t r o p i c  ~ d m a k  b a n d s  of  t h e  OD 
s t r e t c h i n g  v i b r a t i o n s  of HDO i n  w a t e r  and a q u e o u s  
s o l u t i o n s  of LaC13,  GdClj  and  LuC1 3  ' 



P i g .  1 9 .  H a l f - w i d t h s  of t h e  a n i s o t r o p i c  Raman b a n d s  of the 
O D  s t r e t c h i n g  v i b r a t i o n s  of HDO i n  water a n d  
a q u e o u s  s o l u t i o n s  of LaC13 ,  GdC13 a n d  L u C l j .  



F i g .  2 0 .  
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M O L A L  ITY 

~ a l f - w i d t h  o f  t h e  i s o t r o p i c  Baman band of t h e  O H  
s t r e t c h i n g  v i b r a t i o n  of A D O  i n  water a n d  a q u e o u s  
s o l u t i o n s  of GdC13. 



F i q .  21. H a l f - w i d t h  of t h e  a n i s o t r o p i c  Raman b a n d  o f  t h e  OH 
s t r e t c h i n g  v i b r a t i o n  o f  HDO i n  w a t e r  a n d  a q u e o u s  
s o l u t i o n s  cf G d C 1 3 .  



a s  a f u n c t i o n  o f  c o n c e n t r a t i o n  for a f i x e d  Raman s h i f t .  F o r  

GdC13-5XD 0 ,  for  i n s t a n c e ,  s e v e n  i n t e n s i t i e s ,  i n c l u d i n g  water 
2  

f o r  z e r o  c o n c e n t r a t i o n ,  were p l o t t e d  f o r  e a c h  o f  t h e  66 wave 

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

i l l u s t r a t - 3  f o r  s e v e r a l  Raman f r e q u e n c i e s  i n  ~ i g .  22 .  S u b s e -  

q u e n t l y ,  a l e a s t - s q u a r ~ s  q u a d r a t i c  f i t  w a s  made t o  e a c h  o f  

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

e q u a t i o n  was s u i t a b l e  f o r  t h i s  data .  T h e n  t h e  s l o p e s ,  o r  

t a n g e n t s ,  of t h e s e  i n t e n s i t y  c u r v e s  were d e t e r m i n e d  a t  each 

c o n c e n t r a t i o n  by  t a k i n g  t h e  a n a l y t i c  d e r i v a t i v e  o f  t h e  

q u a d r a t i c  e q u a t i o n s .  T h e  n u m e r i c a l  v a l u e  o f  t h i s  d e r i v a t i v e ,  

a t  a q i v e n  c o n c e n t r a t i o n  a n d  Raman s h i f t ,  c o r r e s p o n d s  t o  t h e  

a v e r a g e  c h a n g e  i n  t h e  m o l a r  i n t e n s i t y  o f  t h e  O D  o s c i l l a t o r ,  

a s  t h e  f r a c t i o n  of w a t e r  m o l e c u l e s  i n  c o n t a c t  w i t h  t h e  

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

. . , . .  d i f f e r e n t i a l  o f  i n t e n s i t y  w i t h  r e s p e c - t  t o  c o n c e n t r a t i o n ,  is a  

f u n c t i o n  c f  c o n c e n t r a t i o n  a n d  t h e  Raman f r e q u e n c y .  P i g .  2 3  

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

number f o r  e a c h  GdC13-S%D20 c o n c e n t r a t i o n  i n c l u d i n g  ra te r  ( o r  

GdC13-5XD20 a t  i n f i n i t e  d i l u t i o n ) .  T h e s e  p l o t s  a r e .  t o  b e  i n -  

t e r p r e t e d  i n  terms of t h e  Raman s t r e t c h i n g  f r e q u e n c i e s  of HDO 

m o l ~ c u l e s  w h i c h  a r e  a f f e c t e d  by t h e  c a t i o n s  or  a n i o n s  i n  t h e  

I t  is q e n e r a l l y  b e l i e v e d  t h a t  i n  d i l u t e  s o l u t i o n s  GdCl  
3 

i o n i z e s  c o m p l e t e l y  i n t o  G d J +  a n d  C1-. Bu t  a s  t h e  c o n c e n t r a -  



F i g .  22 .  The i n t e n s i t y  a s  a f u n c t i o n  o f  c o n c e n t r a t i o n  a t  
several  Raman f r e q u e n c i e s  a c r o s s  t h e  i s o t r o p i c  
Raman band of t h e  O D  s t r e t c h i n g  v i b r a t i o n  of H D O  i n  
w a t e r  and  a q u e o u s  s o l u t i o n s  o f  GdCl , 

3 
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P i g .  2 3 ,  T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  t o  
m o l a l i t y  o f  t h e  i s o t r o p i c  Raman band of t h e  OD 
s t r e t c h i n g  v i b r a t i o n  o f  HDO i n  water a n d  a q u e o u s  
s o l u t i o n s  of GdCl . 

3 





h a v e  b e e n  made i n  t h i s  l a b o r a t o r y  o n  a q u e o u s  s o l u t i o n s  of 

Gd (C10 3. T h e  d i f f e r e n t i a l  a n a l y s i s  of  t h i s  d a t a  u n c o v e r s  a 

p e a k  a t  v i r t u a l l y  t h e  same f r e q u e n c y  a s  t h e  o n e  t h a t  h a s  b e e n  

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

d i f f e r e n t i  -.l b a n d  is .  much d i f f e r e n t  i n  s h a p e  a n d  p o s i t i o n  

t h a n  t h e  a b o v e  a n i o n  band.  The fact t h a t  t h e  t w o  r e s o l v e d  

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

s o 1 e c u l e . s  w h i c h  ,are a d j a c e n t  t o  c a t i o n s  a n d  a n i o n s  a t  t h e  

same time. ' T h i s  is i n  a g r e e m e n t  w i t h  t h e  . g e n e r a l l y  c o n c e i v e d  

b e h a v i o r  o f  i o n i c  s o l u t i o n s .  

.To  e s t a b l i s h  t h a t  t h e s e  r e s u l t s  were n o t  j u s t  a n  a r t i -  

f a c t  o f  t h e  q u a d r a t i c  fits, c o r d s  were d r a w n  b e t w e e n  t h e  i n -  

t e n s i t i e s  o f  a d j a c e n t  c o n c e n t r a t i o n s  o f  GdCl -5%D20 a n d  t h e i r  3 

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

d a t a .  C o m p a r i s o n  o f  F i g .  24 w i t h  F i g .  2 3  d e m o n s t r a t e s  t h a t  

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

d i s c e r n i b l e .  

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

t h e ' O H  s t r e t c h i n g  v i b r a t i o n  a r e  d i s p l a y e d  i n  F i g .  25.  81- 

t b o u q h  t h e  d i f f e r e n t i a l  b a n d s  a r e  much b r o a d e r  so t h a t  t u o  

d i f f e r e n t i a l  b a n d s  a r e  n o t  r e s o l v e d  a t  Zcu c o n c e n t r a t i o n ,  

t h e i r  i d e n t i t y  is e s t a b l i s h e d  by  t h e  s h o u l d e r  a n d  a s s o c i a t e d  

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

c o n c e n t r a t i o n s ,  o n l y  o n e  b a n d  is o b v i o u s . a s  b e f o r e ,  a n d  t h e  
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Fig. 24 .  The  d i f f e r e n c e s  b e t w e e n  t h e  i n t e n s i t i e s  of t h e  OD 
s t r e t c h i n q  v i b r a t i o n  of HDO i n  0 . 4 4  m GdC13 and  
water ( A )  ; t h e  d i f f e r e n c e  b e t w e e n  3 .  19 m G i l a 3  and 
2 . 5 5  n GdC13(B). 
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Piq. 25. T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  t o  
m o l a l i t y  of t h e  i s o t r o p i c  Raman band of the 0 8  
s t r e t c h i n g  v i b r a t i o n  o f  ADO i n  water a n d  a q u e o u s  
s o l u t i o n s  of GdCl 

3 ' 



f r e q u e n c y  o f .  t h e  p e a k  is  a g a i n  b e t w e e n  t h e  f r e q u e n c y  o f .  t h e  

two  u n r e s o l v e d  b a n d s  o k t a i n e d  a t  l o w e r  c o n c e n t r a t i o n s .  

When a  s imilar  a n a l y s i s  is made o f  t h e  a n i s o t r o p i c  

s p e c t r u m  of t h e  OD s t r e t c h i n q  f r e q u e n c y  o f  GdC13, o n l y  o n e  

d i f f e r e n t i a l  b a n d  is a p p a r e n t  a t  low c o n c e n t r a t i o n s ,  w h i c h  

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

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

GdC13 t o  t h e  s o l u t i o n ,  t h e  f r e q u e n c y  o f  t h i s  b a n d  d e c r e a s e s  

till, . n e a r  s a t u r a t e d  c o n c e n t r a t i o n s ,  i t  is l o c a t e d  a t  a s i m i -  

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

i s o t r o p i c  s p e c t r u m ,  a s  d e m o n s t r a t e d  i n  P i g .  26. A s  s e e n  i n  

P i q ,  27 ,  p a r a l l e l  e f f e c t s  a r e  o b t a i n e d  f o r  t h e  d i f f e r e n t i a l  

a n a l y s i s  of the s p e c t r u m  o f  t h e  OH s t r e t c h i n g  f r e q u e n c y  i n  

t h e  a q u e o u s  a n i s o t r o p i c  GdC13 s o l u t i o n s .  

T h e  same a n a l y s i s  was d o n e  fo r  b o t h  p o l a r i z a t i o n s  of t h e  

OD s t r e t c h i n g  f r e q u e n c y  o f  t h e  a q u e o u s  s o l u t i o n s  o f  Lac1 a n d  3 

LuC13, a n d  v e r y  s imilar  r e s u l t s  were a c q u i r e d  as  s e e n  i n  

F i g s .  2 8  - 31. It i s  i n s t r u c t i v e  t o  s u p e r i m p o s e  t h e  r e s u l t -  

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

c o n c e n t r a t e d  s o l u t i o n ,  a s  is d o n e  i n  P i g s .  32  a n d  33. T h i s  

makes i t  c lear  t h a t  w h i l e  t h e  r e s u l t s  f o r  GdC13 a n d  LuC13 are 

n e a r l y  t h e  same, the r e s u l t s  f o r  L a C l j  is m e a s u r a b l y  d i f f e r -  

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

b a n d  a t  ' l ow  f r e q u e n c y  w h i c h  h a s  b e e n  t e n t a t i v e l y  a s s i g n e d  t o  

water m o l e c u l e s  w h i c h  a r e  a f f e c t e d  by t h e  rare e a r t h  i o n s .  
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P i g .  26 .  - T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  t o  
a o l a l i t y  of t h e .  a n i s o t r o p i c  Raraan band of t h e  O D  
s t r e t c h i n g  v i b r a t i o n  of HDO i n  w a t e r  and  a q u e o u s  
s o l u . t i o n s  of GdCl 

3'  
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P i g .  27.  T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  to  
m o l a l i t y  of t h e  a n i s o t r o p i c  Raman band of t h e  OH 
. s t r e t c h i n g  v i b r a t i o n  of EIDO i n  water a n d  a q u e o u s  . . 

s o l u t i o n s  of GdCl 
3 -  
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P i g .  2 8 .  T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  t o  
m o l a l i t y  o f  t h e  i s o t r o p i c  Raman band of t h e  O D  
s t r e t c h i n g  v i b r a t i o n  of HDO i n  w a t e r  and  a q u e o u s  
s o l u t i o n s  of Lac1 . 

3 
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RAMAN SHIFT (CM-I) 
The d i f f e r e n t i a l s  of P n t e n s i t y ' w i t h  r e s p e c t  to  
m o l a l i t y  o f  t h e  a n i s o t r o p i c  Raman band of t h e  OH 
s t r e t c h i n g  v i b r a t i o n  of HDO i n  water and  a q u e o u s  
s o l u t i o n s  of Lac1  . 
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P i g .  30 .  The d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  respect to  
m o l a l i t y  o f  the i s o t r o p i c  Raman band of t h e  O D  
s t r e t c h i n g  v i b r a t i o n  of HDO i n  water a n d  a q u e o u s  
s o l u t i o n s  of LuC . 5 
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P i g .  31 .  The d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  respect t o  
m o l a l i t y  of t h e  a n i s o t r o p i c  ~ a a a n  band of t h e '  O D  

. s t r e t c h i n g  v i b r a t i o n  of E D 0  i n  w a t e r  and  a q u e o u s  
s o l u t i o n s  of LuCl 

3'  
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Piq. 32.  T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  t o  
m o l a l i t y  of  t h e  i s o t r o p i c  Raman band of t h e  O D  
s t r e t c h i n g  v i b r a t i o n  of HDO for Lac1 GdC1' a n d  
buC1 a t  infinite d i l u t i o n .  3 * 3 

3 
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P i q .  33 .  T h e  d i f f e r e n t i a l s  of i n t e n s i t y  w i t h  r e s p e c t  to 
m o l a l i t y  03 t h e  i s o t r o p i c  Raman band of t h . e  OD' 
s t r e t c h i n g  v i b r a t i o n  of HDO f o r  3 .00  LaC13, 
3 .19  m G d C l j  and 2 .92  m LuC13. 



I f  t h i s  is a c o r r e c t  a s s i g n m e n t ,  t h e n  i n  t h e  a b o v e  c o ~ p a r i s o n  

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

d i f f e r e n t l y  b y  t h e  La3+ i o n  t h a n  by  t h e  GdJ+ o r  Lu3+ i o n .  

. T h i s  c o u l d  well ref.lect a d i f f e r e n c e  i n  c a t i o n  h y d r a t i o n  

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

i n v e s t i g a t o r s  ( 5 5 ,  68, 70, 9 6 ) .  A c c o r d i n g  t o  t h e s e  s t u d i e s ,  

La'+ seems t o  h a v e  a g r e a t e r  number  of water m o l e c u l e s  i n  t h e  

f i r s t  h y d r a t i o n  s p h e r e  t h a n  GdJ+ o r  L u 3 + .  

T h e  d i f f e r e n c e s ,  i n  t h e  d i f f e r e n t i a l  c u r v e s  of L a C 1 3 ,  

GdC13 a n d  L u C l j  a re  c o n s i s t e n t  w i t h  t h e  f a n n i n g  o u t  of t h e  

p e a k  f r e q u e n c i e s  of t h e .  s p e c t r a l  b a n d  of  t h e s e  s a l t s  a t  h i g h  

c o n c e n t r a t i o n  n o t e d  e a r l i e r .  

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

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

. t i o n s ,  in w h i c h  t h e r e  v e r e  d i s t i n c t  b a n d s  associated v i t h  

a f f ec t ed  water m o l e c u l e s ,  is a n  a d d i t i o n a l  i n d i c a t i o n  t h a t  

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

w h i c h  f i t  t h e  curves. 

F i n a l l y ,  a t t e n t i o n  s h o u l d  be c a l l e d  t o  t h e  c o n s i s t e n t  

s i m i l a r i t y  o f  t h e  d e ~ o l a r i z a t i o n  r a t i o s  f o r  a l l  of t h e  s o l u -  

t i o n s  d i s p l a y e d  i n  P i g .  34. W h i l e  t h e  m a g n i t u d e  of t h e s e  

r a t i o s  is d e p e n d e n t  on  t h e  b a c k g r o u n d  s u b t r a c t e d  from t h e  

h a n d  d a t a ,  t h e  s h a p e s  o f  t h e  f r e q u e n c y  d e p e n d e n c e  of the 

d e p o l a r i z a t i o n  r a t i o s  were e s s e n t i a l l y  i n s e n s i t i v e  t o  d i f f e r -  

e n t  c h o i c e s  o f  b a c . k g r o u n d  p a r a m e t e r s .  
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P i g .  3 4 .  ~ e ~ o l a r i z a t i o n  ratios o f  t h e  O D .  s t r e t c h i n g  v i b r a -  
t i o n s  of HDO i n  a q u e o u s  s o l u t i o n s  of LaC13, GdC13 
.and LuCl  and of t h e  OH s t r e t c h i n g .  v i b r a t i o n s  of 
HDO i n  a a u e o u s  s o l u t i o n s  of GdC13. 



S O n t l A R Y  A N D  CONCLUSIONS 

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

b e e n  o b t a i n e d  i n  t h i s  work: 

1) A c c u r a t e  d a t a  fo r  t h e  OD a n d  OH v i b r a t i o n s  i n  water 

a n d  s i x  c o n c e n t r a t i o n s  of GdC13 a n d  f o r  t h e  OD v i b r a t i o n s  i n  

f i v e  c o n c e n t r a t i o n s  each of Lac1 a n d  L U C ~  were o b t a i n e d ,  
3 3. 

w h i c h  are  i n d e p e n d e n t  of t h e  e x c i t i n g  laser  f r e q u e n c y .  T h e  

e x p e c t e d  s t a n d a r d  d e v i a t i o n  o f  t h e  a v e r a g e  a t  e a c h  Raman 

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

2)  A t  l e a s t  . f o u r  n o r m a l  ~ a u s s i a n  c u r v e s  were r e q u i r e d  t o  

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

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

3) P a r a m e t e r s  l i s t e d  b y  W a l r a f e n  f o r  a f o u r  ~ a u s s i a n  f i t  

t o  t h e  OD s t r e t c h i n g  b a n d  of HDO d i d  n o t  f i t  t h e  da ta  ob-. 

t a i n e d  i n  t h i s  work. T h i s  may b e  b e c a u s e  h i s  da ta  was n o t  

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

s y s t e m .  

4) C o n s i s t e n t  d e p o l a r i z a t i o n  r a t i o s  were o b t a i n e d  f o r  

. t h e  O D  a n d  OH s t r e t c h i n g  v i b r a t i o n s  i n  ra ter  a n d  GdC13 a n d  

t h e  OD b a n d s  i n  LaC13 a n d  LuC13. A 1 1  a r e  s imilar  i n  s h a p e  

a n d  d e m o n s t r a t e  t h a t  this r a t i o t i s  n o t  c o n s t a n t  across t h e  

HDO s p e c t r a l  b a n d s .  

5) The d e p o l a r i z a t i o n  r a t i o  is l a r g e r  f o r  t h e  OH b a n d  

t h a n  f o r  t h e  OD b a n d ,  Also, f o r  e a c h  o f  t h e  s o l u t i o n s ,  t h e  

maq 'n i tude  o f  t h i s  r a t i o  i n c r e a s e s  r e g u l a r l y  w i t h  i n c r e a s i n g  



s a l t  c o n c e n t r a t i o n .  . - 

6) W i t h i n  e x p e r i m e n t a l  error,  t h e  m o l a r  i n t e g r a t e d  i n -  

t e n s i t y  i n c r e a s e s  l i n e a r l y  w i t h  r e s . p e c t  t o  t h e  c o n c e n t r a t i o n  

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

7 ) .  The f r e q u e n c y  p o s i t i o n  o f  p e a k  i n t e n s i t y  o f  t h e  O D  o r  

OH band i n c r e a s e s  w i t h  i n c r e a s i n g  r a re  e a r t h  c h l o r i d e  c o n c e n -  

t r a t i o n  a t  low c o n c e n t r a t i o n s .  Then i t  d e c r e a s e s  f o r  a l l  

s a l t s  a t  h i g h e r  c o n c e n t r a t i o n s .  L i k e w i s e  as a n t i c i p a t e d ,  a t  

Pow c o n c e n t r a t i o n s  these b a n d s  become n a r r o w e r ,  b u t  a t  h i g h  

c o n c e n  tra t i o i s  t h e y  b roadon .  

8 )  I n  a d d i t i o n ,  t h e r e  i s  a c a t i o n  d e p e n d e n t  d i f f e r e n c e  

i n  t h e  peak ~ o s i t i o n s  a n d  h a l f - w i d t h s '  f o r  b o t h  p o l a r i z a t i o n s  

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

e a r t h s .  

9) D i f f e r e n t i a l  a n a l y s i s  of t h e  d a t a  l o c a t e s  t h e  f r e -  

q u e n c i e s  o f  t h e  OD and OR o s c i l l a t o r s  t h a t  are i n f l u e n c e d  by 

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

f e r e n t i a . 1  band a t  h i g h  c o n c e n t r a t i o n  i n d i c a t e s  t h a t  t h e  w a t e r  

m o l e c u l e s  a r e  b e i n g  a f f e c t e d  by bo th  s a l t  i o n s .  

10) T h i s  d i f f e r e n t i a l  a n a l y s i s  s h o w s  t h a t  t h e  Gds+ a n d  

Lu3+ c a t i o n s  h a v e  a similar effect o n  w a t e r ,  b u t  t h e r e  i s  a 

m e a s u r a b l e  d i f f e r e n c e  f o r  La34,  a s  would b e  e x p e c t e d  from 

t h e r m o d y n a m i c  d a t a .  

11) l o  d i s t i n c t  c a t i o n  band is v i s i b l e  i n  t h e  d i f f e r e n -  

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



Two major f e a t u r e s  . d i s t i n g u i s h  t h i s  r e p o r t .  F i r s t .  

r e p r o d u c i b l e  c a l . i b r a t e d  d a t a  h a v e  bekn  o b t a i n e d  for  t h e  OD 

a n d  OH s t r e t c h i n g  b a n d s  i n  w a t e r  a n d  a q u e o u s  s o l u t i o n s .  U e  

b e l i e v e  t h a t  . t h i s  data is  f i v e  t o  t e n  times more a c c u r a t e  

t h a n  a n y  r e p o r t e d  heretofore. T h i s  a c c u r a t e  s p e c t r a l  d a t a .  

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

a r i g o r o u s  test  fo r  t h e o r e t i c a l  m o d e l s  of water. I t  a l s o  i n -  

d i c a t e s  t h a t  some w i d e l y  q u o t e d  p u b l i s h e d  r e s u l t s  a r e  of 

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

f i r s t  time a n  n n e q u i v o c a l  d e m o n s t r a t i o n  t h a t  t h e  

d e p o l a r i z a t i o n  r a t i o s  of t h e  OD a n d  OH. v i b r a t i o n a l  b a n d s  of 

BDO d o  v a r y  w i t h  Raman f r e q u e n c y .  

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

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

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

s o c i a t e d  w i t h  water m o l e c n l e s  w h i c h  are c l e a r l y  a f f e c t e d  i n  

d i f f e r e n t  w a i s  by  t h e  rare e a r t h  a n d  c h l o r i d e  i o n s .  

S e p a r a t e  i n d e p e n d e n t  e x p e r i m e n t s  o n  a q u e o u s  G d  (C104) 

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

n o t  o n l y  t h e  c a t i o n  effect b u t  a l so  i n d i c a t i n g  t h a t  t h e  Clod- 

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

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

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

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



It  a p p e a r s . : t h a t  it w o u l d  be f r u i t f u l  t o  l o o k  a t  a q u e o u s  

s o l u t i o n s  w i t h   anion^ i n  t h e  same i s o - e l e c t r o n i c  s e q u e n c e  as 

C1-, i . e .  I-, B r  a n d  P-, T h i s  s h o u l d  h e l p  t o  . i n c r e a s e  t h e  

i n t e r p r e t i v e  power  of t h e '  m e t h o d  , o f  a n a l y s i s  d e v e l o p e d  h e r e .  

F o r  similar r e a s o n s  it s h o u l d  b e  v a l u a b l e  t o  make Raman scans 

o f  s o l u t i o n s  w i t h  mono- and d i v a l e n t  c a t i o n s .  F i n a l l y ,  i t  

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

e l e c t r o l y t i c  a n d  n o n - e l e c t r o l y t i c  a q u e o u s  s o l u t i o n s  i n  g e n e r -  

a l .  
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