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SüMÎ lAi'̂ Y

T h is  t h e s i s  i s  c o n c e r n e d  w i t h  t h e  t h e o r e t i c a l  

an d  e x p e r i m e n t a l  a s p e c t s  of u l t r a s o n i c  a b s o r p t i o n  and  

v i b r a t i o n a l  s p e c t r o s c o p i c  s t u d i e s  o f  aq u eo u s  s o l u t i o n s .  

E m p h as is  i s  p l a c e d  upon  t h e  r o l e  o f  w a t e r  i n  th e s e  s y s te m s

M e a s u re m e n ts  o f  u l t r a s o n i c  a b s o r p t i o n  i n  t h e  s ys te m s  

m e t h y l  c y a n id e  4- w a t e r  and a c e to n e  + w a t e r  a r e  r e p o r t e d  

o v e r  t h e  f r e q u e n c y  r a n g e  2 0 0  kH z  t o  2 3 0  M Hz. The  

c o n s t r u c t i o n  o f  an a p p a r a t u s  f o r  m e as u re m en t o f  u l t r a s o n i c  

a b s o r p t i o n  o v e r  t h e  f r e q u e n c y  r a n g e  2 0 0  t o  1 5 0 0  kH z i s  

d e s c r i b e d .

U l t r a s o n i c  v e l o c i t y  m e as u re m en ts  a r e  r e p o r t e d  o v e r  

a w id e  r a n g e  o f  m i x t u r e  c o m p o s i t io n s  and t e m p e r a t u r e s  f o r  

t h e  s y s te m  m e t h y l  c y a n id e  + w a t e r .

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

i n  b i n a r y  l i q u i d  m i x t u r e s  a r e  r e v ie w e d  and  one m o d e l ,  t h a t  

due t o  Romanov and S o lo v y e v ,  i s  e x a m in e d  i n  d e t a i l .  The  

m o d e l o f  Romanov and S o lo v y e v  i s  s e t  dowm a n a l y t i c a l l y  i n  

a c o n v e n ie n t  fo rm  f o r  d i r e c t  c o m p a r is o n  w i t h  o t h e r  m o d e ls .  

The  t r e a t m e n t  o f  Romanov and S o lo v y e v ,  t o g e t h e r  w i t h  t h e  

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

s y s te m s  t  b u t y l  a lc o h o l  -i- w a t e r ,  a c e to n e  + w a t e r ,  m e t h y l  

c y a n id e  + w a t e r .

I n  a d d i t i o n ,  t h e  Roma.nov - S o l o v y e v  t h e o r y ,  i s  e x t e n d e d  

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



i s  a p p l i e d  w i t h  some s u c c e s s  t o  t h e  sys te m s  t e t r a -  

a I k y 1 ammonium b ro m id e  + w a t e r ,  and  u r e a  + w a t e r .  T h e  

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

b e tw e e n  th e rm o d y n a m ic  e x c e s s  f u n c t i o n s  and u l t r a s o n i c  

a b s o r p t i o n .

I n f r a - r e d  and Raman s p e c t r o s c o p i c  s t u d i e s  o f  a q u eo u s  

s o l u t i o n s  o f  e l e c t r o l y t e s  and o r g a n ic  s o l u t e s  a r e  r e p o r t e d .  

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

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

An a t t e m p t  i s  made t o  d i s t i n g u i s h  b e tw e e n  c u r r e n t  

m o d e ls  f o r  t h e  b e h a v i o u r  o f  s a l t s  when d i s s o l v e d  i n  

HOD/H^O s o l u t i o n s ,  w i t h  s p e c i a l  r e f e r e n c e  t o  t h e  i n f l u e n c e  

o f  a n io n s  and c a t i o n s  on b a n d  p a r a m e t e r s .

An ALGOL c o m p u te r  p ro g ra m  f o r  b a n d  d e c o n v o l u t i o n  i s  

d e s c r i b e d .

T h e  d e s ig n  o f  a  t h e r m o s t a t t e d  Raman c e l l - h o l d e r  f o r  

t h e  CODERG Raman s p e c t r o m e t e r  i s  g i v e n .



•’We l i v e  i n  t h e  ho p e  and i n  th e  f a i t h  t h a t ,  b y  

t h e  a d v a n c e  of m o l e c u l a r  p h y s i c s ,  we s h a l l  b y  and  

b y  be  a b l e  t o  see  o u r  way as c l e a r l y  f r o m  t h e  

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

as we a r e  now a b l e  t o  d ed u c e  t h e  o p e r a t i o n s  o f  a  

w a tc h  f r o m  th e  fo r m  o f  i t s  p a r t s  a n d  t h e  m anner i n  

w h ic h  t h e y  a r e  p u t  t o g e t h e r . "

T . H .  H u x le y



CHAPTER ONE

INTRODUCTION



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

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

i n  a q u eo u s  s o l u t i o n s .  Two t e c h n iq u e s  h a v e  b e e n  u s e d ;

( i )  u l t r a s o n i c  r e l a x a t i o n  a n d  a b s o r p t i o n ,  and ( i i )  

v i b r a t i o n a l  s p e c t r o s c o p y  (Raman and i n f r a - r e d ) .  The  

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

a b s o r p t i o n  p r o p e r t i e s  o f  b i n a r y  aqueo us  m i x t u r e s  a r e  

r e v i e w e d  i n  C h a p te r  2 ,  t o g e t h e r  w i t h  b r i e f  d e t a i l s  o f  

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

I n  C h a p te r  3 ,  d e t a i l s  o f  t h e  e x p e r i m e n t a l  m eth o d s  

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

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

a b s o r p t i o n  m e a s u re m e n ts  w i t h i n  t h e  f r e q u e n c y  r a n g e  2 0 0  

t o  1 5 0 0  k H z ,  i s  d e s c r i b e d .  The m e a s u re m e n t o f  sound  

v e l o c i t i e s ,  u s i n g  an u l t r a s o n i c  i n t e r f e r o m e t e r ,  i s  

d e s c r i b e d .

D e s p i t e  many i n v e s t i g a t i o n s  o f  t h e  p r o p e r t i e s  o f  

b i n a r y  aq u eo u s  m i x t u r e s , r e l a t i v e l y  l i t t l e  s u c c e s s  has  

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

m o d e ls .  O n ly  f o r  th o s e  s y s te m s ,  i n  w h ic h  th e  c o - s o l v e n t  

i s  a  m o n o h y d r ic  a l c o h o l ,  h as  any  r e a l  s u c c e s s  b e en  

a c h i e v e d ,  and  t h e n  o n l y  a t  lo w  a l c o h o l  c o n c e n t r a t i o n s .

I n  an a t t e m p t  t o  e x t e n d  t h e s e  i n v e s t i g a t i o n s ,  d a t a  a r e  

r e p o r t e d  i n  C h a p t e r  4 f o r  tw o  f u r t h e r  l i q u i d  s y s te m s ,  

a c e t o n e  + w a t e r  and m e t h y l  c y a n id e  + w a t e r .

An a n a l y s i s  o f  t h e  d a t a  has  r e v e a l e d  s e v e r a l  i m p o r t ­

a n t  f e a t u r e s .  One p o s s i b l e  i n t e r p r e t a t i o n  i s  t h a t  t h e  

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



w a t e r ,  and w a t e r - s o l v e n t  i n t e r a c t i o n s .

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

s o n ic  a b s o r p t i o n  h a v e  r e m a in e d  l a r g e l y  u n c h a l l e n g e d ,  

d e s p i t e  a g r o w in g  b u l k  o f  e x p e r i m e n t a l  e v id e n c e  a g a i n s t  

th e m .

I n  C h a p t e r  5 t h e  a n a l y t i c a l  d e t a i l s  o f  two r e c e n t  

t h e o r e t i c a l  m o d e ls  o f  sound a b s o r p t i o n  a r e  d is c u s s e d  and  

e x t e n d e d  t o  e n a b le  a p p l i c a t i o n  o f  th e s e  t h e o r i e s  t o  

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

h a s  b e en  a p p l i e d  t o  a q u eo u s  e l e c t r o l y t e  s o l u t i o n s  and  

s o l u t i o n s  o f  s o l i d s ,  such  as u r e a ,  i n  w a t e r .  One o f  t h e s e  

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

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

o f  sound a b s o r p t i o n  i n  c r i t i c a l  m i x t u r e s .  The r e s u l t s  

o f  a n a ly s e s  o f  t h e  s y s te m s ,  t  b u t y l  a lc o h o l  + w a t e r ,  a c e t o n e  

+ w a t e r ,  m e t h y l  c y a n id e  + w a t e r ,  t e t r a a lk y la m m o n iu m  s a l t s  

+ w a t e r ,  a n d  u r e a  + w a t e r ,  i n  te rm s  o f  t h e  c o n c e n t r a t i o n  

f l u c t u a t i o n  a p p r o a c h ,  a r e  r e p o r t e d  i n  C h a p te r  6 .  A 

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

p r o p e r t i e s  and  th e rm o d y n a m ic  p r o p e r t i e s  o f  m i x t u r e s .

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

t i o n  h a s  b e en  th e  s u b j e c t  o f  many i n v e s t i g a t i o n s ,  w h ic h  

a r e  b r i e f l y  r e v i e w e d  i n  C h a p t e r  7 ,  The v i b r a t i o n a l  s p e c t r a  

(Raman an d  i n f r a - r e d )  o f  w a t e r  a r e  r e v i e w e d .  W here  

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

a r e  d e s c r i b e d .  A d e t a i l e d  c o m p a r is o n  o f  tw o  m a jo r  t h e o r i e s  

o f  s o l v a t i o n  i s  g iv e n  an d  an a t t e m p t  t o  d i s t i n g u i s h  

b e tw e e n  t h e s e  i s  r e p o r t e d .  B r i e f l y ,  one t h e o r y  s u g g e s ts  .



t h a t  t h e  a d d i t i o n  o f  sod ium  p e r c h l o r a t e  t o  w a t e r  i n c r e a s e s  

t h e  c o n c e n t r a t i o n  o f  ' f r e e *  (n o n - h y d r o g e n - b o n d e d )  OH 

g r o u p s .  The s ec o n d  t h e o r y  s u g g e s ts  t h a t  t h e  p e r c h l o r a t e  

a n d  s od ium  io n s  a r e  s o l v a t e d  by  th e  w a t e r .

The  Raman and  i n f r a - r e d  s p e c t r o m e t e r s  u s e d  a r e  

d e s c r i b e d  i n  C h a p t e r  8 ,  t o g e t h e r  w i t h  th e  d e s ig n  o f  a  

t h e r m o s t a t e d  l i q u i d  c e l l  f o r  t h e  Raman s p e c t r o m e t e r ,  th e  

f o r m u l a t i o n  o f  a G a u s s ia n  (a n d  L o r e n t z i a n )  c o n to u r  

d e c o n v o l u t i o n  p r o g r a m ,  and d e s ig n  o f  a s s o c i a t e d  d i g i t a l  

d a t a  o u t p u t  d e v i c e s .

E x p e r i m e n t a l  s t u d i e s  o f  t h e  Raman and i n f r a - r e d  s p e c t r a  

o f  w a t e r  and aq u eo u s  s o l u t i o n s  o f  d e u t e r iu m  o x id e  c o n t a i n i n g  

s a l t s  such  as s od ium  i o d i d e  a r e  r e p o r t e d  i n  C h a p t e r  9 .

T h e  u n c o u p le d  OD s t r e t c h  o f  HOD, o b s e r v e d  i n  d i l u t e  s o l u ­

t i o n s  o f  d e u t e r iu m  o x id e  i n  w a t e r ,  h a s  b een  e x t e n s i v e l y  

i n v e s t i g a t e d ,  and  th e  e f f e c t s  o f  s e v e r a l  i n o r g a n i c  s a l t s  

upo n  t h e  s t r e t c h i n g  b a n d  w e re  s t u d i e d .

I n  p a r t i c u l a r ,  i n t e r e s t i n g  f e a t u r e s  w e re  o b s e r v e d  

when so d iu m  p e r c h l o r a t e  and  sod ium  f l u o r o b o r a t e  w e re  added  

t o  t h e s e  HOD s y s te m s .  The  new f e a t u r e s  o b s e r v e d  i n  t h e  

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

i n t e r a c t i o n s ,  and  t h e  e f f e c t s  o f  c a t i o n s  upon  t h e  s p e c t r a  

h a v e  a l s o  b e e n  s t u d i e d .  I t  h a s  a l s o  b e e n  p o s s i b l e  t o  

o b t a i n  a p p r o x im a t e  s o l v a t i o n  num bers  f o r  p e r c h l o r a t e  and  

f l u o r o b o r a t e  i o n s .

The  e f f e c t s  o f  a d d e d  a l c o h o l s ,  and  o t h e r  o r g a n i c  c o -  

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



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

o f  t h e s e  s y s te m s ,  and th e  s p e c t r a  o b t a i n e d .

F i n a l l y ,  i n  C h a p t e r  1 0 ,  t h e  r e s u l t s  o f  t h e s e  i n v e s t ­

i g a t i o n s  o u t l i n e d  a b o v e ,  a r e  b r i e f l y  s u m m a r is e d .



CHAPTER TWO

ULTRASONIC ABSORPTION PROPERTIES OF 

BINARY AQUEOUS MIXTURES



2 - 1  INTRODUCTION

T h i s  c h a p t e r ^  r e v i e w s  t h e  a p p l i c a t i o n  of u l t r a s o n i c  

a b s o r p t i o n  t e c h n i q u e s  t o  t h e  s tu d y  o f  aq u eo u s  b i n a r y  

m i x t u r e s .  S e v e r a l  r e v i e w s " " ^  h a v e  to u c h e d  upon th e  s u b j e c t  

b u t  l i t t l e  a t t e n t i o n  h as  u s u a l l y  b e en  d e v o t e d  t o  t h e o r e t ­

i c a l  m o d e ls  f o r  a b s o r p t i o n  i n  th e s e  s y s te m s .  T h e  i m p o r t ­

an ce  o f  l i n k i n g  i n f o r m a t i o n  g a in e d  f r o m  u l t r a s o n i c  

e x p e r im e n t s  w i t h  s p e c t r o s c o p i c  and  th e rm o d y n a m ic  o b s e r v ­

a t i o n s  i s  s t r e s s e d .  The im p o r t a n c e  o f  t h i s  a p p ro a c h  h a s  

b e e n  i n d i c a t e d  w i t h  r e f e r e n c e  to  t  b u t y l  a l c o h o l  + w a t e r  

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

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

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

t h e  e x p e r i m e n t a l  r e s u l t s  a r e  e x a m in e d  h e r e . ^ * ^ * ^ ^  The  

t h e o r i e s  d is c u s s e d  t r e a t  t h e  sound w ave as  a p e r t u r b a t i o n  

and  no new c h e m ic a l  r e a c t i o n s  t a k e  p l a c e  when t h e  sound  

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

f o r  c a v i t a t i o n ) .  The t e c h n i q u e  may th u s  be r e g a r d e d  as  

i n v o l v i n g  a c o u p l i n g  b e tw e e n  t h e  sound  wave and t h e  d y n a m ic  

c h an g es  t a k i n g  p l a c e  i n  s o l u t i o n .

2 - 2  ULTRASONIC ABSORPTION DATA

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

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

( c )  t h e  so und  v e l o c i t y ,  and  f  t h e  m e as u re m en t f r e q u e n c y  

E x p e r i m e n t a l  d a t a  a r e  c o n v e n i e n t l y  su m m aris ed  i n  f o u r  

t y p e s  o f  p l o t .



o
P l o t  A ; The  r a t i o  i s  p l o t t e d  a g a i n s t  l i q u i d

c o m p o s i t io n  a t  a f i x e d  f r e q u e n c y  and t e m p e r a t u r e ,  an d  

a t  a p r e s s u r e  o f  1 0 1 3 2 5  Nm I t  i s  u s u a l  t o  e x p r e s s  t h e

c o m p o s i t io n  i n  te r m s  o f  m o le  f r a c t i o n  o f  com ponent tw o  

x ^ .  An e x a m p le  i s  shown i n  F i g u r e  2 - 1  f o r  t  b u t y l  a l c o h o l  

+ w a t e r .

2
P l o t  B : H e r e  t h e  q u a n t i t y  oL/f i s  p l o t t e d  as a

f u n c t i o n  o f  f r e q u e n c y  ( o r  lo g  f )  a t  f i x e d  t e m p e r a t u r e  and  

c o m p o s i t io n .  A v a r i a n t  o f  t h i s  i s  t o  p l o t  j l - (=  cCX ) t h e  

a b s o r p t i o n  p e r  w a v e le n g t h  (A ) a g a i n s t  c o m p o s i t io n .  Many  

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

an d  t h e s e  a r e  c o n s id e r e d  b e lo w .  An e x a m p le  i s  diown i n  

F i g u r e  2 - 2  f o r  t  b u t y l  a l c o h o l  + w a t e r .  I t  i s  d e s i r a b l e  

t h a t  a l a r g e  f r e q u e n c y  r a n g e  be  c o v e r e d .

2
P l o t  C : The  r a t i o  où/f i s  p l o t t e d  as a f u n c t i o n  o f

t e m p e r a t u r e  a t  a f i x e d  f r e q u e n c y  and c o m p o s i t io n .  A

t y p i c a l  e x a m p le  i s  g iv e n  i n  F i g u r e  2 - 3  f o r  a t e r n a r y  l i q u i d

m i x t u r e .  T h is  p l o t  i s  o f  m ost u s e  c lo s e  t o  th e  c r i t i c a l

3 2 0  21t e m p e r a t u r e  o f  l i q u i d s  w h ic h  show p h a s e  s e p a r a t i o n .   ̂ ^

2
P l o t  D : T h i s  p l o t  shows t h e  d ep en d en c e  o f  o ^ / f  on

p r e s s u r e  a t  f i x e d  f r e q u e n c y ,  t e m p e r a t u r e  an d  c o m p o s i t io n .  

T h i s  t y p e  o f  e x p e r im e n t  h a s  fo u n d  l i t t l e  a p p l i c a t i o n  t o  

d a t e  b e c a u s e  o f  a  p a u c i t y  o f  d a t a .

2 - 3  WATER a n d  AQUEOUS SOLUTIONS

W a te r  i s  n o t  a  t y p i c a l  l i q u i d  and th u s  i t  i s  n o t  

s u r p r i s i n g  t h a t  t h e  u l t r a s o n i c  a b s o r p t i o n  p r o p e r t i e s  o f
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7

a q u eo u s  m i x t u r e s  a r e  a t y p i c a l  o f  m ost o t h e r  b i n a r y  

m i x t u r e s .  The c h a r a c t e r i s t i c  f e a t u r e  o f  PLOT A f o r  

a q u eo u s  s y s te m s  i s  t h e  i n t e n s e  maximum i n  o i / f  o b s e r v e d  

i n  many b i n a r y  aq u eo u s  m i x t u r e s .  M axim a a r e  d e t e c t e d
2 2.8

f o r  i n s t a n c e  when t h e  o r g a n i c  c o - s o l v e n t  i s  an a l c o h o l ,  ' '

s u b s t i t u t e d  a l c o h o l , 2? a m i n e ^ ^ '^ ^ '^ ^ '^ ^  k e t o n e , ^ 2 ,

24,30,31 cyclicether,22,32,33 ^itrile,^^'^^ but not for
22t  b u t y l  a l c o h o l  + m eth a in o l m i x t u r e s .  A p a t t e r n  i s

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

as  t h e  s i z e  o f  t h e  a l k y l  g ro u p  i n c r e a s e s  ( t h e  s e r i e s
2

E t ,  n P r , t B u ,  a l c o h o l s )  ( c ^ / f " )   ̂ i n c r e a s e s  and  moves t o
2

lo w e r  c o - s o l v e n t  m o le  f r a c t i o n .  (c 6 /f  ) ^ ^  i s  r e l a t i v e l y  

i n d e p e n d e n t  o f  t e m p e r a t u r e  and t h e  c o r r e s p o n d in g  c o m p o s i­

t i o n  i s  te r m e d  t h e  " p e a k  sound a b s o r p t i o n  c o m p o s i t io n " ,

24PSAC. A n d re a e  h as  r e p o r t e d  an e x t e n s i v e  l i s t  o f  PSAC

v a l u e s  f o r  many s y s te m s .  T h e r e  i s  a c o n s i d e r a b l e  b o d y  o f

i n f o r m a t i o n  r e g a r d i n g  t h e  p r o p e r t i e s  o f  w a t e r . A

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

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

40due t o  H a l l  b e i n g  o f  m ost s i g n i f i c a n c e  h i s t o r i c a l l y .

41H a l l  u s e d  a m i x t u r e  m o d e l  and  n o t  t h e  u n i f o r m i s t  m o d e l

42due t o  B e r n a l  and F o w l e r .  The c o - o p e r a t i v e  m o d e l o f  

43F r a n k  an d  Wen h a s  a l s o  f o u n d  a p p l i c a t i o n  i n  u l t r a s o n i c  

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

O f t e n ,  much i n f o r m a t i o n  can  be g le a n e d  f r o m  s t u d i e s

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

4 4b e h a v io u r  o f  a q u eo u s  s o l u t i o n s .  T h e r e  m u s t ,  h o w e v e r ,  

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



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

p h a s e  b o u n d a r y  s e p a r a t i n g  t h e s e  s t a t e s .  An i n t e r e s t i n g

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

one f u n c t i o n a l  g r o u p .  F o r  i n s t a n c e ,  a l c o h o l s ,  ROH, may

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

45  4 6h y d r o x y l  g ro u p  and h y d r o p h o b ic  R - g r o u p .  ’ I n  d i l u t e  

s o l u t i o n s  th e  l o c a l i s e d  'z o n e s f  o f  e n h an ce d  w a t e r  s t r u c ­

t u r e  i n t e r a c t  t o  g i v e  a m u t u a l  e n h an ce m en t o f  t h e  w a t e r  

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

F o r  some s y s te m s  t h i s  m u t u a l  en h an ce m en t o f  w a t e r - w a t e r  

i n t e r a c t i o n s  i s  m in im is e d  b y  a s s o c i a t i o n  o f  h y d r o p h o b ic

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

4 7 - 5 0i n c r e a s e .

The th e rm o d y n a m ic s  o f  m i x i n g  i s  t h e  k e y  t o  th e  r o l e  

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

T h u s ,  t h e  e x c e s s  G ib b s  f u n c t i o n  o f  m ix in g  (G ^ ) i s  u s u a l l y  

p o s i t i v e ;  t h e  s y s te m s  r e m a in  m i s c i b l e  w h e re  G^ i s  l e s s  

t h a n  RT ( 2 . 5  k j  m o l“ ^ a t  298  K ) . ^ ^  A l i n k  can  be  e s t a ­

b l i s h e d  b e tw e e n  e n t r o p y  ch an g es  i n  aqueo us  s y s te m s  and

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

51  5 2s o l u t i o n  t e m p e r a t u r e  (L G S T ) .  ' F o r  e x a m p le  t h e  c r i t i c a l  

s o l u t i o n  b e h a v io u r  o f  t r i m e t h y l a m i n e  + w a t e r  m i x t u r e s  i s  

w e l l  e s t a b l i s h e d . ^ ^  T h e r e  l i e s ,  i n  t h i s  p r o p e r t y ,

a n o t h e r  m e th o d  o f  l i n k i n g  t h e  h y d r o p h o b ic  c h a r a c t e r  o f  t h e  

c o - s o l v e n t  w i t h  th e  p r o p e r t i e s  o f  t h e  m i x t u r e .  A lo n g  t h e

s e r i e s  E t^ N  + w a t e r ,  E t^ N H  + w a t e r ,  and  E tN H ^ + w a t e r ,  t h e  

LCST i n c r e a s e s , a n d  t h e  i n t e n s i t y  o f  ( c < ^ / f ( t h e

a t  a f i x e d  t e m p e r a t u r e  d e er .e a s e s .



I t  th u s  seem s, f ro m  t h i s  l a s t  com m ent, t h a t  u l t r a ­

s o n ic  a b s o r p t i o n  p r o p e r t i e s  c o u ld  be l i n k e d  w i t h  l i q u i d
^ O CT*y C O

m i s c i b i l i t y . ^ '  ' ’ One s u g g e s t io n  i s  t h a t  t h e  e x c e s s

a b s o r p t i o n  i n  a  b i n a r y  l i q u i d  m i x t u r e  ( i . e .  t h e  PSAC)

59s h o u ld  c o r r e s p o n d  t o  t h e  c o m p o s i t io n  o f  t h e  a z e o t r o p e .

N o t  a l l  n o n - p o l a r  s o l u t e s  i n c r e a s e  t h e  u l t r a s o n i c  

a b s o r p t i o n .  Among t h e  many e x a m p le s ,  u r e a  i s  t h e  m ost  

f r e q u e n t l y  q u o t e d , t h e  v a l u e  o f  (< ^ / f^ )  d e c r e a s i n g  

as m ore u r e a  i s  a d d e d .  T h is  has b e en  i n t e r p r e t e d  as t h e  

s t r u c t u r e  b r e a k i n g  a c t i o n  o f  u r e a  upon w a t e r . I t  i s  

l i k e l y  t h a t  t h i s  a p p ro a c h  i s  n a i v e , o n e  p u z z l e  b e i n g  

t h e  n e a r  i d e a l i t y  o f  u r e a  s o l u t i o n s . I n  r e l a t i o n  t o  

t h e  d i s c u s s i o n  i n  S e c t i o n  2 - 4  i t  i s  o f  i n t e r e s t  t h a t  

Hammes e t  a l . ^ ^  fo u n d  no e v id e n c e  f o r  s e l f  a s s o c i a t i o n  i n  

u r e a  and  w a t e r  m i x t u r e s ,  d e s p i t e  t h e  f a c t  t h a t  such a  

m o d e l  can  f i t  t h e  th e rm o d y n a m ic  d a t a . ^ ^ ' ^ ^

T h e r e  i s  a s t r i k i n g  c o n t r a s t  b e tw e e n  t h e  a b s o r p t i o n  

p r o p e r t i e s  (PLOT A ) f o r  aq u eo u s  m i x t u r e s  w h e re  t h e  c o ­

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

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

g r o u p s .  ( F i g u r e  2 - 4 ) .  I t  i s  o f  i n t e r e s t  t h a t  d e s p i t e  a  

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

p o l y h y d r i c  a l c o h o l s  show l i t t l e  e v id e n c e  f o r  an e x c e s s  

a b s o r p t i o n . T h e  e f f e c t s  o f  c h a n g e s  i n  th e  s u b s t i ­

t u e n t  X i n  X 'CH^* CH^* OH was s t u d i e d  b y  T r e l o a r ^ ^  who n o t e d  

a s t e a d y  d e c r e a s e  i n  th e  e x c e s s  a b s o r p t i o n  a lo n g  t h e  s e r i e s  

C H ^, B r , C l ,  H, OH, i . e .  as X becom es m ore  h y d r o p h i l i c  and  

l e s s  h y d r o p h o b i c .  The  r e l a t i v e l y  s m a l l  a b s o r p t i o n  o f
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sound b y  g l y c o l  + w a t e r  m i x t u r e s  has  b e e n  u s e d  w i t h  

a d v a n ta g e  i n  s t u d y in g  t h e  e f f e c t s  o f  s o l v e n t s  on t h e  

a b s o r p t i o n  p r o p e r t i e s  o f  2 : 2  e l e c t r o l y t e s  i n  w a t e r .

H o w e v e r ,  t h e  r e p la c e m e n t  o f  a p r o t o n  i n  e t h y l  a l c o h o l  t o  

f o r m  c h l o r o e t h a n o l  o r  b r o m o e th a n o l  has l i t t l e  e f f e c t  upon  

t h e  a b s o r p t i o n  p r o p e r t i e s .  T h e  c o n c lu s io n  i s  t h a t  

h a lo g e n o  g ro u p s  b e h a v e  to w a r d s  w a t e r  i n  a f a s h i o n  n o t  u n ­

l i k e  t h e  m e t h y l  g r o u p .

2 - 4  ULTRASONIC THEORY

The  t h e o r y  o f  u l t r a s o n i c  a b s o r p t i o n  can  be th o u g h t  

o f  as an am algam  o f  tw o  s u b j e c t s ,  th e rm o d y n a m ic s  and  

k i n e t i c s .  S i m i l a r i t i e s  a l s o  e x i s t  b e tw e e n  u l t r a s o n i c s  

and s p e c t r o p h o t o m e t r y ,  b o t h  s u b j e c t s  b e in g  c o n c e r n e d  w i t h  

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

d i f f e r e n c e  i s  t h a t  a sound w ave  i s  n o t  an e l e c t r o m a g n e t i c  

w ave  b u t  a p r e s s u r e - t e m p e r a t u r e  v a r i a t i o n  and r e q u i r e s  a  

m edium f o r  p r o p o g a t i o n .

C o n v e n t i o n a l  th e rm o d y n a m ic s  i s  o n l y  a p p l i c a b l e  when

f l u c t u a t i o n s  i n  th e rm o d y n a m ic  q u a n t i t i e s  a r e  s m a l l ,  and

t h i s  r e s t r i c t s  i t s  a p p l i c a t i o n  t o  n o n - c r i t i c a l  s y s te m s .

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

s y s te m s  and th o s e  p r o c e s s e s  t a k i n g  p l a c e  when a p l a n e

p r o g r e s s i v e  wave p a s s e s  th r o u g h  i t  a r e  r e v i e w e d  b r i e f l y . ^ ' ^ '  

1 1 , 1 4 , 1 5

The r e s p o n s e  o f  a  s y s te m ,  m e a s u re d  i n  te rm s  o f  e x t e n t ,  

d i r e c t i o n  an d  r a t e ,  i s  a p r o p e r t y  o f  t h e  s y s te m ,  as  a r e
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t h e  p a r a m e t e r s b y  w h ic h  i t  i s  m e a s u re d .  The r e s p o n s e  i s  

d e s c r i b e d  b y  ^  i n d i c a t i n g  t h e  c h a n g e ,  and A i n d i c a t i n g  

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

A = 0 .  S h o u ld  t h e  ch an g es  i n  t h e  c o n s t r a i n t s  ( p r e s s u r e ,  ■ 

t e m p e r a t u r e )  t a k e  p l a c e  s u f f i c i e n t l y  f a s t  f o r  t h e  s y s te m  

t o  be  u n a b le  t o  r e s p o n d ,  t h e  s y s te m  i s  d e s c r i b e d  b y  a  

s e t  o f  i n d e p e n d e n t  v a r i a b l e s  f o r  w h ic h ^  i s  c o n s t a n t .  An 

e q u i l i b r i u m  i s e n t r o p i c  c o m p r e s s i b i l i t y  can  be d e f i n e d ,  

f o r  e x a m p le :

= -  ( l / V ) ( W / à > ) 3 ^  A = O  ( 2 - 1 )

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

) = -  ( 1 / V ) ( Ô V / 3 Ï > ) ^ ^ ^   ( 2 - 2 )

The  d i f f e r e n c e  b e tw e e n  th e s e  tw o  q u a n t i t i e s  i s  c a l l e d  t h e

r e l a x a t i o n a l  i s e n t r o p i c  c o m p r e s s i b i l i t y

(A = 0 )  - %  (I)   ( 2 - 3 )

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

S C p = Cp (A = 0 )  -  Cp ( ^ )   ( 2 - 4 )

I t  i s  p o s s i b l e  t o  d e r i v e  a s e r i e s  o f  i m p o r t a n t  t h e r m o -

dynaanic r e l a t i o n s  c o n n e c t in g  e q u i l i b r i u m ,  f r o z e n  and

5 53r e l a x a t i o n a l  p r o p e r t i e s .  * A t  t h i s  s t a g e  t h e  l i m i t  o f

th e rm o d y n a m ic s  i s  r e a c h e d  and i t  becomes n e c e s s a r y  t o

a p p e a l  t o  k i n e t i c  i n f o r m a t i o n  w h ic h  c h a r a c t e r i s e s  t h e  r a t e

o f  ch an g e  i n  a s y s te m  b e tw e e n  t h e  two s i t u a t i o n s  o f  ^ f i x e d

a n d  e q u i l i b r i u m .  Thus an e x p r e s s i o n  f o r  d % ( ) i s
d t  ^

r e q u i r e d  i n  te rm s  o f  th e  p r o p e r t i e s  o f  t h e  s y s te m .  I t  i s
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a t  t h i s  p o i n t  t h a t  t h e  r i g o r  o f  an a p p ro a c h  t o  a t h e o r y  

o f  u l t r a s o n i c  a b s o r p t i o n  i s  l o s t  and s i m p l i f y i n g  assum p­

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

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

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

I n  one c a s e ,  f o l l o w i n g  t h e  t h e o r y  o f  d i e l e c t r i c  r e l a x a t i o n ,  

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

e r e d  as  s t o c h a s t i c  o r  M a r k o f f i a n  p r o c e s s e s  and th e  

a n a l y t i c a l  r e s u l t s  a r e  r e p r e s e n t e d  i n  te r m s  o f  a  num ber o f  

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

o f  d i e l e c t r i c  p r o p e r t i e s  i l l u s t r a t e s  some o f  t h e  p r o b le m s  

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

The m ost s t r a i g h t f o r w a r d  a p p ro a c h  to  u l t r a s o n i c  

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

t h e o r y ,  t h a t  t h e  s y s te m  h a s  an a s s o c i a t e d  r e l a x a t i o n  t im e  

V  . T h i s  e m b o d ies  two a s s u m p t io n s ;  ( i )  t h e  r a t e  o f
V  s ,P X J V /

c h a n g e , ^ , i s  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  a f f i n i t y ,  an d

( i i )  th e  d is p la c e m e n t  f r o m  e q u i l i b r i u m  i s  s m a l l .  F o r  a 

p e r t u r b a t i o n  due t o  a  p r e s s u r e  w ave o f  v e l o c i t y , c  and  

f r e q u e n c y  f  (=  w /2 'U  ) an e x p r e s s i o n  f o r  t h e  c o m p le x  

i s e n t r o p i c  c o m p r e s s i b i l i t y  %  *  can  be  d e r i v e d

■

s = K  -
S K .

( 1  + i c o f  ) 
> s ,P L

( 2 - 5 )

i s  t h e  i m a g i n a r y  ( o u t - o f - p h a s e )  com ponent and"K/^ t h e

r e a l  ( i n - p h a s e )  com ponent o f  t h e  i s e n t r o p i c  c o m p r e s s i b i l i t y  

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

= ( l / c ^ )  w h e re  . . . . .  ( 2 - 6 )
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^  i s  t h e  s o l u t i o n  d e n s i t y  and c t h e  sound v e l o c i t y .

By s o l v i n g  f o r  t h e  r e a l  and  im a g i n a r y  p a r t s  o f K  

a r e l a t i o n  b e tw e e n  (o^/f*") and f r e q u e n c y  f  i s  o b t a i n e d .

= | a  / [ l +  ( f / f ^ ) 2 ] l  ^ B  ( 2 - 7 )

w h e re  A = SK,,

(A = 0 )

and f c  = 2 T (T s  ,p  i n  t h e  l i m i t  t h a t

[% '^ (^ /% (A = 0 )  j  «  Î

3 i s  t h e  s h e a r  v i s c o s i t y  {yj  ̂) c o n t r i b u t i o n .  The a b s o r p ­

t i o n  p e r  w a v e le n g t h  j l .  ( = 0̂  X )  h a s  i d e a l l y  t h e  shape  shown 

i n  F i g u r e  2 - 5  w h ic h  i s  s i m i l a r  t o  a p l o t  o f  d i e l e c t r i c  

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

m ore c o n v e n i e n t l y  r e p r e s e n t e d  u s i n g  e q u a t i o n  ( 2 - 7 )  w h ic h  

h a s  a s ig m o id  s h ap e  ( F i g u r e  2 - 5 ) .  T h is  l a t t e r  m eth o d  

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

s ys te m  w i t h  a s p e c tru m  o f  r e l a x a t i o n  t i m e s ,  t h e s e  e x p r e s s ­

i o n s  can  be  m o d i f i e d  t o  g i v e

cL
= A

J.
F f t )  d t  

1 + (wX)
( 2 - 8 )

w i t h  a v e r a g e  r e l a x a t i o n  t i m e  "X = J 'C F ( 'C )  d X  , T h i s
'*o

a p p ro a c h  has b e e n  u s e d  i n  a s tu d y  o f  p o l y m e r - w a t e r  i n t e r -  

78a c t i o n s .

( i )  WATER R IC H  MIXTURES

A r e m a r k a b le  f e a t u r e  o f  PLOT A f o r  m o n o h y d r ic  a l c o h o l s
,  o

+ w a t e r  i s  t h e  i n i t i a l  r e g i o n  o f  i n s e n s i t i v i t y  o f  ((K ,/f" )



OQ

FIGURE 2 - 5  I d e a l i s e d  v a r i a t i o n  o f  {o^/f^) (,

canci ( ----------- ) w i t h  l o ç ^  f o r  a sys te m

w i t h  a s i n g l e  r e l a x a t i o n  f r e q u e n c y  f
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t o  a d d ed  a l c o h o l ,  p r i o r  t o  t h e  r i s e  t o  t h e  PSAC. T h i s

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

1 7w a t e r  m i x t u r e s  ’ b u t  l e s s  d i s t i n c t  f o r  e t h a n o l  + w a t e r  

79m i x t u r e s .  T h i s  r e g i o n  o f  i n s e n s i t i v i t y  may be c a l l e d

a t p l a t e a u * ,  e . g .  t h e  r e g i o n  O ^  x ^ ^  0 . 0 4  f o r  t  b u t y l

2
a l c o h o l  + w a t e r .  T h e r e  i s  a p o s s i b i l i t y  t h a t  {cC/f ) 

d o es  n o t  r e m a in  c o m p l e t e l y  in d e p e n d e n t  o f  c o m p o s i t io n  i n  

t h e  f p l a t e a u *  r e g i o n ,  s o m et im e s  t h e  p o i n t s  l i e  on a s h a l lo w  

c u r v e  and  s o m et im e s  t h e r e  i s  a s m a l l  r i s e .  F o r  t  b u t y l  

a l c o h o l  + w a t e r  m i x t u r e s  t h e  p l a t e a u  l e n g t h  i n c r e a s e s  as 

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

2
T h i s  i n i t i a l  i n s e n s i t i v i t y  o f  (c 6 /f  ) t o  a d d e d  s o l u t e

can  be c o n t r a s t e d  w i t h  o t h e r  p r o p e r t i e s  w h ic h  show a c h a n g e

i n  t h i s  r e g i o n .  E x a m p le s  a r e  o b s e r v e d  i n  t h e  th e r m o -

6 , 4 5 , 8 0 - 8 2  , . 8 1 , 8 3d y n a m ic ,  ’ ’ k i n e t i c  ' an d  s p e c t r o s c o p i c  p r o p e r -

t i e s , ^ ’ *̂  ̂ e . g .  t h e  r a p i d  d e c r e a s e  i n  t h e  r e l a t i v e  p a r t i a l

m o la r  v o lu m e  o f  a l c o h o l ^ ^ * ^ ^ " ^ ^  and  t h e  s h i f t  t o

h i g h  e n e r g y  o f  t h e  c h a r g e - t r a n s f e r - t o - s o l v e n t  (CTTS)

j. , , .  . . 8 9 , 9 0s p e c t r a  o f  l o a i d e  i n  t h e  m i x t u r e s .  '

C l e a r l y  th o s e  m o l e c u l a r  p r o c e s s e s  w h ic h  a r e  r e s p o n s i b l e  

f o r  th e  a b s o r p t i o n  a t  t h e  PSAC p l a y  no p a r t  i n  t h e s e  d i l u t e  

s o l u t i o n s .  C o n s e q u e n t ly  one r e g i o n  c an  be i d e n t i f i e d  and  

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

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

c o n c i l e  t h e  i n s e n s i t i v i t y  o f  (oC/f ) w i t h  t h e  m a rk e d  s e n s i ­

t i v i t y  o f  s p e c t r o s c o p i c  t e c h n iq u e s  o r  v o lu m e  p a r a m e t e r s .  

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

a l c o h o l  lo w e r s  t h e  e f f e c t i v e  t e m p e r a t u r e  o f  w a t e r .
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T h u s  t h e  a l c o h o l  c o u ld  e n h a n c e  w a t e r - w a t e r  i n t e r a c t i o n s

su ch  t h a t  t h e  s t r u c t u r e  te n d s  t o  r e s e m b le  t h e  a l c o h o l

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

24A n d r e a e ,  who c o n c lu d e d  t h a t  t h e  a lc o h o l  d e s t r o y e d  t h e  

w a t e r  s t r u c t u r e .  A n d re a e  w a s ,  i n  f a c t ,  a t t e m p t i n g  t o  

r e s o l v e  t h e  i n i t i a l  r i s e  i n  b o t h  (cé/x ) a n d  t h e  sound  

v e l o c i t y  c .  H o w e v e r ,  c i n c r e a s e s  w h i l s t  (o 6 / f^ )  r e m a in s  

c o n s t a n t ,  and t h e r e  a r e  g ro u n d s  f o r  e x a m in in g  n o t  c 

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

A l t h o u g h  t h e r e  i s  no d i r e c t  e v id e n c e  f o r  a  t  b u t y l

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

91  4 6f o r m  o n e .  F r a n k s  has  shown, b y  u s i n g  m o l e c u l a r  m o d e ls ,

t h a t  t  b u t y l  a l c o h o l  c o u ld  be  accom m odated i n  a h y d r a t e

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

l e n g t h  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  s in c e  th e  l a t t e r  e f f e c t

18w i l l  d e c r e a s e  t h e  a b i l i t y  o f  t h e  w a t e r  t o  fo r m  c a g e s .

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

t h e  s t r u c t u r e  o f  t h e  h y d r a t e ,  t h e  s m a l l  chang e  i n  (o 6 / f^ )  

means t h a t  no new p h y s i c a l  o r  c h e m ic a l  ch an g es  t a k e  p l a c e  

i n  th e  l i q u i d  w h ic h  a r e  s e n s i t i v e  t o  th e  sound w a v e .  T h i s  

can  b e  c o n t r a s t e d  w i t h  t h e  a m in e  + w a t e r  m i x t u r e s  w h e re  

(< ^ / f^ )  i n c r e a s e s  when am in e  i s  added  i n i t i a l l y .  T h i s  e f f e c t  

h a s  b e e n  a s c r i b e d  t o  an a c i d - b a s e  e q u i l i b r i u m  o f  t h e  f o r m :

R^NH + H^O :s=S: + 0H“

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

9o f  t h e  a b s o r p t i o n  p r o p e r t i e s  o f  d i e t h y l a m i n e  + w a t e r  ^ and

15c an  p r o b a b l y  be  e x t e n d e d  t o  o t h e r  a m in e  + w a t e r  s y s t e m s .^
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A d d i t i o n  o f  m ore a m in e  c a u s e s  a r a p i d  i n c r e a s e  i n  th e  

a b s o r p t i o n  and a ch an g e  i s  n o t i c e a b l e  i n  t h e  a b s o r p t i o n  

b e h a v io u r  (PLOT A ) w h ic h  i s  r e m i n i s c e n t  o f  a l c o h o l  + w a t e r  

m i x t u r e s .  In d e e d  t h e r e  i s  good e v id e n c e  t h a t  am ine

9 3 - 0 5
c l a t h r a t e  h y d r a t e s  e x i s t  f r o m  f r e e z i n g  p o i n t  d a t a

and X - r a y  c r y s t a l l o g r a p h y . ^ ^  A ls o  t h e  th e rm o d y n a m ic

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

99t h a t  am in e s  a r e  s t r u c t u r e  m a k e r s .  I t  can  th u s  be  

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

e a c h  a m in e  + w a t e r  p l o t  (PLOT A ) w o u ld  show a p l a t e a u  

r e g i o n .

I n  th e  f o r e g o i n g  d i s c u s s i o n  a t t e n t i o n  has  b e en  c o n c e n ­

t r a t e d  on th o s e  m i x t u r e s  w h e re  t h e r e  i s  l i t t l e  e x c e s s  

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

m i x t u r e s  fo rm e d  b y  a d d in g  more o r g a n i c  c o - s o l v e n t .  T h a t  i s  

th o s e  m i x t u r e s  w h e re  t h e  a b s o r p t i o n  i s  l a r g e .  By c o n t r a s t  

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

s t a n d i n g  o f  t h e s e  m i x t u r e s  i n  te rm s  o f  u l t r a s o n i c  and  

s p e c t r o s c o p i c  d a t a .  I n  p a r t i c u l a r  th e  k i n e t i c  c o n t r i b u t i o n  

becom es d i f f i c u l t  t o  a s s e s s .  Thus t h e r e  i s  no c l e a r  i n d i c a ­

t i o n  f r o m  o t h e r  s o u r c e s  o f  hov; t o  s e t  up t h e o r e t i c a l  

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

t h a t  th e  d e v e lo p m e n t  o f  u l t r a s o n i c  t h e o r y  becom es c o m p le x .

( i i )  THE CHEMICAL APPROXIMATION

One way o f  e x p l a i n i n g  th e  s ig m o id  d e p e n d e n c e  o f  «^/f^  

on f  i s  t o  assume t h a t  t h e  sound w ave p e r t u r b s  an e q u i l i b r i u m  

o f  th e  f o r m ;
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b

A —

k 2

Two s i m p l i f y i n g  a s s u m p t io n s  a r e  made ( i )  m o le c u le s  A a n d  

B m ix  t o  fo r m  an i d e a l  s o l u t i o n  o r  a r e  i d e a l  s o l u t e s  i n  

a s o l v e n t ,  ( i i )  t h e  th e rm o d y n a m ic  e q u i l i b r i u m  c o n s t a n t  K 

i s  g iv e n  b y  t h e  r a t i o  o f  th e  r a t e  c o n s t a n t s .  A th e r m o ­

d y n a m ic  a n a l y s i s  o f  th e  s y s te m  le a d s  t o  an e x p r e s s i o n  f o r

!i i n  te r m s  o f  t h e  s t a n d a r d  vo lum e ZiV and  e n t h a l p y^  m ax. ^

d i f f e r e n c e s .

i p  
Tf /^ c  I

-  % AIT

f-o- c^c
rOr

f

........................... ( 2 - 9 )

w h e re  ^  d e s c r i b e s  t h e  s i n u s o i d a l  v a r i a t i o n  o f  t h e  e q u i l i ­

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

T h i s  e q u a t i o n  c a n n o t  be  s o lv e d  f o r  b o t h  b S  and £ iH  u n le s s  

o t h e r  a s s u m p t io n s  a r e  m ade. F o r  e x a m p le  i n  d i l u t e  aq u eo u s  

s o l u t i o n s  b N  i s  t h o u g h t  t o  d o m in a t e .  One f e a t u r e  o f  

i n t e r e s t  i s  t h a t  | j a n d  c o u ld  b o th  b e  l a r g e  b u t

e f f e c t i v e l y  c a n c e l  w i t h  r e s p e c t  t o  t h e i r  e f f e c t  oh JX, .

A k i n e t i c  a n a l y s i s ,  b a s e d  on an  e x p o n e n t i a l  d e c a y  o f  

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

t h e  e q u i l i b r i u m ,  (k ^  + k ^ ) " ^ .

F o r  a m ore  c o m p le x  e q u i l i b r i u m  

A + m3 ABm

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

t h e  c h e m ic a l  r e l a x a t i o n  t im e  i s  now a f u n c t i o n  o f  c o m p o s it io n .
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I n  some c a s e s  t h e  d e p e n d e n c e  o f  on f r e q u e n c y  (PLOT

B) c a n n o t  be f i t t e d  t o  a s i n g l e  r e l a x a t i o n  b u t  r e q u i r e s  

tw o  o r  more f r e q u e n c i e s :

r  /  ̂ —

A j j  1 +  ^  B . . . . . . . . . . . . . . . . . . ( 2 - 1 0 )

1= I "" ^  ---

Such an e x a m p le  i s  p r o v i d e d  by  2 : 2  e l e c t r o l y t e s  i n  

w a t e r . T h e  u s u a l  p r o c e d u r e  i s  to  f i t  t h e  v a l u e s  

o f  [cL/f^) o v e r  a r a n g e  o f  f r e q u e n c i e s  t o  e q u a t i o n  ( 2 - 1 0 ) ,  

u s i n g  t h e  s m a l l e s t  v a l u e  o f  n c o n s i s t e n t  w i t h  th e  e s t i m a t e d  

e x p e r i m e n t a l  a c c u r a c y  and t h e  num ber o f  e x p e r i m e n t a l  p o i n t s .  

T h e  f i t  o f  t h e  d a t a  t o  e q u a t i o n  ( 2 - 1 0 )  i s  o b v i o u s l y  im p r o v e d  

t h e  g r e a t e r  th e  v a lu e  o f  n .  The f i n a l ,  a n d  m ost d i f f i c u l t ,  

s t a g e  i s  t o  a s s ig n  e a c h  d e r i v e d  r e l a x a t i o n  t im e  t o  a 

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

c h e m i c a l  e q u i l i b r i a  f o r  t h e  m i x t u r e .  I f  t h e  r e l a x a t i o n

f r e q u e n c i e s  d i f f e r  b y  a f a c t o r  o f  t e n  o r  m ore  th e n  t h e  tw o

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

104
c o u p l e d .

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

p r o p e r t i e s  u s u a l l y  s t a r t s  o u t  w i t h  a c o n s i d e r a t i o n  o f  PLOT
0 5

A , fo l lo w e d  b y  PLOT B . S t o r e y "  s u g g e s te d  t h a t  t h e  a b s o r p ­

t i o n  p r o p e r t i e s  o f  e t h a n o l  + w a t e r  m i x t u r e s  can  b e  c o n s id e r e d  

i n  te r m s  o f  an a l c o h o l  -  w a t e r  c o m p le x  ( 1 : 4 ) .  He u s e d  as  

e v id e n c e  o f  t h i s  t h e  i n f l e c t i o n  i n  th e  f r e e z i n g  p o i n t  c u r v e  

a t  t h e  same c o m p o s i t io n  as t h e  PSAC.

A m ore  s p e c i f i c  a p p r o a c h  i s  t o  u s e  an e q u i l i b r i u m  o f  

t h e  f o r m :
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RX + nH^O RX'MH^O

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

a s s o c i a t i o n .  I f  m = 1 and R X , H^O and RX «H^O m ix
2

i d e a l l y  th e n  t h e  t h e o r y  p r e d i c t s  t h a t  {^/f f o r

a c e t o n e  + w a t e r  o c c u r s  a t  x ^  = 0 . 5 .  A l t h o u g h  f o r  a c e to n e  

+ w a t e r  th e  PSAC i s  0 . 4  a t  27 3  K .

I n  g e n e r a l  x ^   ̂ “  1 /  ( I h b ) ...............................( 2 - 1 1 )

and  5  can  be o b t a i n e d  f r o m  PLOT A .  Some v a l u e s  o f  a r e

shown i n  T a b l e  2 - 1 .  T h i s  t h e o r y  was e x t e n s i v e l y  d e v e lo p e d

b y  A n d re a e  and has  b e e n  d e s c r i b e d  u n c r i t i c a l l y  i n  a num ber  

9 13o f  r e v i e w s .  ’ The  e s s e n t i a l  f e a t u r e s  a r e  e x a m in e d  b e lo w .
9

A n a l y s i s  o f  t h e  d e p e n d e n c e  o f  ( f ^ / f " )  on f r e q u e n c y  o f t e n  

shows t h a t  t h e  a s s u m p t io n  t h a t  i s  z e r o  i s  i n v a l i d .

I t  h as  b e e n  assum ed t h a t  t h e  a s s o c i a t i o n  o f  RX w i t h  mH^O 

i s  a s i n g l e  s t e p  p r o c e s s .  A n d re a e  and c o - w o r k e r s  e x a m in e d  

a s t e p w is e  m o d e l ,  a s e r i e s  o f  n - e q u i l i b r i a :

RX • (m -1 )  H^O + H^O RX-mH^O

w h e re  m' = 1 , 2 , 3 ,  - — n i n  w h ic h  i t  i s  assum ed t h a t  t h e  

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

o f  m . T h e  c a l c u l a t i o n s  a r e  f o r m i d a b l e .  A com m endable  

t r e a t m e n t  s u g g e s te d  b y  A n d re a e  u s e d  a tw o  s t a t e  m o d e l  

h a v in g  b o u n d  and * f r e e *  w a t e r .  A d d i t i o n  o f  an o r g a n i c  

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

e q u i l i b r i a  :

RX + H^O ^  R X 'H g O

H (HgO) bound



TABLE 2 - 1  A p p r o x im a t e  v a l u e s  o f  m d e r i v e d  f r o m  v a lu e s  

o f  t h e  p e a k  sound a b s o r p t i o n  c o m p o s i t io n

S vs tem  s t u d i e d V a lu e  o f  m

t  b u t y l  a l c o h o l  + w a t e r

a c e t o n e  + w a t e r

d i e t h y l a m i n e  + w a t e r

m e t h y l  c y a n id e  + w a t e r

e t h y l  a l c o h o l  + e t h y l  c h l o r i d e

10
1 . 5  

9

1 . 5  

95



2 0

o
F o r  a c e to n e  + w a t e r ,  a s s u m in g  AH = 0 ,  a f a i r  f i t  v;as

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

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

e q u i l i b r i u m ,  t h e  l a t t e r  b e i n g  ab o ve  2 3 0  M H z. Thus g e n e r a l l y

when r e l a x a t i o n s  a r e  o b s e r v e d  w i t h i n  t h e  r a n g e  1 t o  2 3 0

M Hz, th e s e  i n v o l v e  t h e  ad d ed  c o - s o l v e n t .  I n  many w ays

t h i s  m o d e l r e s e m b le s  m o re  r e c e n t  m o d e ls  w h ic h  s u g g e s t  t h a t

t h e  ad d ed  s o l u t e  may d i s s o l v e  i n  r e g i o n s  o f  b o u n d  o r  f r e e

64w a t e r  m o l e c u l e s .

The  a b o ve  e q u i l i b r i a  go some way to v /a rd s  d e s c r i b i n g

t h e  e f f e c t s  o f  u r e a  as  a s t r u c t u r e  b r  e a lc e r . I n  c o n t r a s t ,

a l c o h o l s  and a c e t o n e  a r e  more s a t i s f a c t o r i l y  d e s c r i b e d  as

64s t r u c t u r e  f o r m e r s  .T h u s , a d d i t i o n  o f  RX w o u ld  i n v o l v e  

i n t e r a c t i o n  w i t h  (H^O) b o u n d ,  t h e r e b y  d i l u t i n g  t h e  (H^O)  

bound " p h a s e "  w i t h  t h e  r e s u l t  t h a t  H^O m o le c u le s  a s s o c i a t e  

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

H (H^O) b o und  

32Hammes and K noche u s e d  a s i m i l a r  m o d e l t o  a c c o u n t  f o r  t h e  

a b s o r p t i o n  p r o p e r t i e s  o f  d i o x a n .  The e x c e s s  a b s o r p t i o n  i s  

s m a l l  and  t h e  PSAC a ro u n d  0 . 5  m o le  f r a c t i o n  d i o x a n .  T h e i r  

r e s u l t s  w e re  i n t e r p r e t e d  u s i n g  tw o  e q u i l i b r i a :

2H^0 4- 2 DIOXAN ^  DIOXAIx + DIOXAN •2H ^ 0

DI0X.1N + D IO X A N .2 H ^ 0  2 D IO X A N -2 H ^ 0

The  f o r m a t i o n  o f  1 : 1  and  2 : 1  c o m p le x e s  was i n d i c a t e d  f r o m  

p r e v i o u s  d i e l e c t r i c  r e l a x a t i o n  d a t a .  Hammes e t  a l  d is c u s s e d  

t h e  r e s u l t s  i n  te rm s  o f  h y d r o p h o b ic  h y d r a t i o n  o f  d io x a n  by

t h e  m a t e r . 5 2 , 8 5 , 1 0 6 , 1 0 7
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T h e s e  t r e a t m e n t s  go some way to w a rd s  an e x p l a n a t i o n  

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

aq u eo u s  m i x t u r e s ,  and h a v e  fo u n d  w id e  a c c e p t a n c e .  T h e y  

h a v e ,  h o w e v e r ,  s e v e r a l  s h o r tc o m in g s  w h ic h  h a v e  become  

c l e a r e r  as m ore d a t a  h a s  become a v a i l a b l e .

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

m ix in g  o f  a l l  co m ponents  i n v o l v e d  i n  t h e  e q u i l i b r i a .  T h i s  

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

be e x p l i c a b l e  u s i n g  t h e  same e q u i l i b r i a .  O t h e r  a p p r o a c h e s  

f i n d  t h i s  a n a l y s i s  u n s a t i s f a c t o r y ,  an d  t h e  m o d e l does  n o t  

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

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

( A K ^ a n d  üV c a n n o t  b e  i n d e p e n d e n t l y  d e t e r m in e d .  I t  i s  

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

r e a c t i o n s  a r e  s e n s i t i v e  t o  t h e  c o m p o s i t io n  ( x ^ )  o f  b i n a r y

8 1 , 1 0 3  aq u eo u s  m i x t u r e s .  *

A n o t h e r  m a jo r  c r i t i c i s m  i s  c o n c e r n e d  w i t h  th e  sh ap e  

o f  P ^ T  A .  The t h e o r y  p r e d i c t s  a  l a r g e  e x c e s s  a b s o r p t i o n  

a t  x ^  = 0 . 5  m o le  f r a c t i o n  o f  t  b u t y l  a l c o h o l ,  w h e re a s  t h e  

o b s e r v e d  a b s o r p t i o n  h as  a lm o s t  f a l l e n  to  z e r o  a t  t h i s  s t a g e

None o f  t h e  m o d i f i c a t i o n s  o f t e n  i n t r o d u c e d  t o  c o u n t e r  

t h e s e  c r i t i c i s m s  can  e x p l a i n  t h e  shape  o f  t h e  c u r v e  a t  low  

m o le  f r a c t i o n ,  n a m e ly  t h e  p l a t e a u  and s u b s e q u e n t  r i s e .

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

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

u n r e a s o n a b l e ,  i . e .  9 5 .

F i n a l l y ,  t h e  m e a n in g  o f  t h e  e q u i l i b r i a  in v o k e d  t o
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e x p l a i n  th e  a b s o r p t i o n  i s  o f t e n  n o t  c l e a r .  C o n s id e r  t h e  

e q u i l i b r i u m ,

R X + H O R X -H ^ O .

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

s o l v e n t ,  th e n  RX, H^O and RX®H^O w o u ld  be s u r r o u n d e d  by  

s o l v e n t .  I n  t h e  p r e s e n t  c o n t e x t  RX i s  s u r r o u n d e d  b y  w a t e r  

and RX m o l e c u l e s ,  t h e  a c t u a l  e n v i r o n m e n t  c h a n g in g  w i t h

T h e rm o d yn am ic  and s p e c t r o s c o p i c  e v id e n c e  shows t h a t  

a t  lo w  x ^ ,  RX m o le c u le s  h a v e  an e f f e c t  on n e i g h b o u r i n g  w a t e r  

m o l e c u l e s .  T h u s ,  t h e  s t r u c t u r a l  d i f f e r e n c e  b e tw e e n  RX i n  

i t s  e n v i r o n m e n t  i n  t h e  s o l v e n t ,  and  R X 'H ^O  i n  t h e  s o l v e n t ,  

i s  c l e a r l y  n o t  w e l l  d e f i n e d  b y  th e  ab o ve  e q u i l i b r i u m .

I n  v ie w  o f  t h e s e  d i f f i c u l t i e s ,  a  new m o d e l h as  f o u n d  

a p p l i c a t i o n  i n  t h e s e  l a b o r a t o r i e s  w h ic h  o v erc o m e s  q u a l i ­

t a t i v e l y  t h e  m a jo r  o b j e c t i o n s .  T h i s  m o d e l d i r e c t s  a t t e n t i o n  

t o w a r d s  t h e  h y d r o p h o b ic  p a r t  o f  t h e  RX m o l e c u l e ,  p r e v i o u s l y  

shown t o  be t h e  c o n t r o l l i n g  f a c t o r  i n  d e t e r m i n i n g  t h e  

m a g n i tu d e  o f  (< ^ /f  ̂ ) . T h e  m o d e l f o l l o w e d  t h e  d is c o v e r ^ /  t h a t ,  

i n  g e n e r a l ,  tw o  r e l a x a t i o n s  w e re  r e q u i r e d  t o  f i t  t h e  d a t a  

i n  PLOT B .  F o r  t h o s e  m i x t u r e s  w h e re  t h e  th e rm o d y n a m ic  

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

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

p a r a m e t e r s  ( d e r i v e d  u s i n g  e q u a t i o n  ( 2 - 1 0 ) )  was f o u n d .

F o r  a l c o h o l s ,  f o r  e x a m p le ,  f c ^ ,  f c ^  and ( )  ̂and

( )oJ h a v e  e x t r e m a  a t  t h e  PSAC. T h e  t e m p e r a t u r e
j  lu  cOC •  ^

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

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

c l a t h r a t e  h y d r a t e  m o d e l ,  i t  becom es c l e a r  t h a t  as m ore  

a l c o h o l  i s  a d d ed  t h e r e  w i l l  come a t im e  when t h e r e  i s
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i n s u f f i c i e n t  w a t e r  t o  s a t i s f y  t h e  n e ed s  o f  a l l  t h e  a l c o h o l  

m o l e c u l e s .  P r i o r  t o  t h i s  t h e r e  w e re  no m a jo r  r e l a x a t i o n  

p r o c e s s e s  o t h e r  t h a n  t h a t  o f  w a t e r .

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

r i s e  i n  (oL/f^) (PLOT A ) .  I n  t h i s  r e g i o n  c a v i t i e s  a r e  

fo rm e d  w h ic h  can  h o l d  two or  m ore c o - s o l v e n t  m o le c u le s  

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

(ROH)h ^O ^  (KCa-ROH)j,,^Q

Such e q u i l i b r i a  a r e  t h o u g h t  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

r e l a x a t i o n s .  A s im i la i r  m o d e l may h o l d  f o r  m e t h y l  c y a n id e

34 1 1 0b u t  a  h y d r a t e  h a s  n o t  b e en  c h a r a c t e r i s e d .  *

A m ore q u a n t i t a t i v e  l in ic  b e tw e e n  th e rm o d y n a m ic  and  

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

l i n k  i s  b r i e f l y  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  and  i n  

s u b s e q u e n t  c h a p t e r s .  T h is  a p p r o a c h  moves away f r o m  t h e  

c h e m ic a l  a p p r o x i m a t i o n  and  e x a m in e s  u l t r a s o n i c  a b s o r p t i o n  

phenom ena f r o m  a d i f f e r e n t  s t a n d p o i n t ,  w h ic h  does  n o t  

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

( i i i )  CONCENTRATION FLUCTUATIONS

N om oto^^^  made an i n t e r e s t i n g  s u g g e s t io n  w h ic h

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

I n s t e a d  he  f o r m u l a t e d  a  m o l e c u l a r  m echan ism  f o r  sound  

113a b s o r p t i o n  w h ic h  he d e s c r i b e d  as ' r e l a x a t i o n  o f  m o le c u la r

r e a r r a n g e m e n t '  o r  ' d i f f u s i o n  r e l a x a t i o n  m e c h a n is m ' .  As

4 0a b a s i s  i t  u s e d  t h e  m i x t u r e  m o d e l  o f  H a l l ,  a l t h o u g h  t h e r e  

a r e  s i m i l a r i t i e s  t o  t h e  c l a t h r a t e  h y d r a t e  m o d e l .  A l i n k  

was woven b e tw e e n  d y n a m ic  é q u i l i b r é  a s s o c i a t e d  w i t h  'b o u n d '  

an d  ' f r e e *  w a t e r  m o le c u le s  an d  sound a b s o r p t i o n .  Added



24

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

The sound w ave ( a  p r e s s u r e  w a v e )  p a s s e s  t h r o u g h  t h e  l i q u i d  

and g ro u p s  o f  a s s o c i a t e d  w a t e r  m o le c u le s  c o l l a p s e .  S o l u t e  

m o le c u le s  now d i f f u s e  i n t o  t h e s e  zo n e s  b e c a u s e  a s o l u t e  

m o le c u le  can o n l y  be accom m odated i n  r e g i o n s  o f  s i n g l e  

m o l e c u l e s .  The t r a n s i t i o n  t o  an e q u i l i b r i u m  p o s i t i o n  i s  

d i f f u s i o n  c o n t r o l l e d .  T h i s  m echan ism  a v o id s  t h e  p r o b le m  

t h a t  t h e  e q u i l i b r i u m  b e tw e e n  a s s o c i a t e d  and  s i n g l e  w a t e r  

m o le c u le s  i s  a t  h i g h e r  f r e q u e n c i e s  th a n  o b s e r v e d  i n  aqueo us  

s o l u t i o n s .

Many a u t h o r s  h a v e  n o t i c e d  th e  r e s e m b la n c e  b e tw e e n  

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

l i g h t . I t  seems p r o b a b l e  t h a t  a t h e o r y  o f  c o n c e n t r a t i o n  

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

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

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

S u b s e q u e n t  c h a p t e r s  a r e  g iv e n  to w a rd s  t h e  d e v e lo p m e n t  o f  

one such t h e o r y  p r o p o s e d  by  V . P .  Romanov and  V . A .  S o lo v y e v .

A m a jo r  a d v a n ta g e  b e i n g  t h e  l i n k  p r o v i d e d  b y  t h i s  

t h e o r y  b e tw e e n  u l t r a s o n i c  a b s o r p t i o n  and  th e rm o d y n a m ic  

m e a s u re m e n ts .

( i v )  C R IT IC A L  PHENOMENA

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

c r i t i c a l  phenom ena an d  a number o f  r e v i e w s  a r e  d e v o t e d  t o  

d e t a i l e d  a n a ly s e s  o f  c r i t i c a l  p r o p e r t i e s .

Many fo r m s  o f  c r i t i c a l  phenom ena o c c u r  i n  n a t u r e ,  f o r



e x a m p le ,  i n  b i n a r y  m i x t u r e s ,  l i q u i d - g a s  t r a n s i t i o n s ,  

and m a g n e t ic  p r o p e r t i e s .

3
F o r  u l t r a s o n i c  a b s o r p t i o n  i t  has  b e en  shown t h a t

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

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

above  o r  b e lo w .  A s t r o n g  l i n k  has  b een  e s t a b l i s h e d  b e tw e e n  

u l t r a s o n i c  a b s o r p t i o n  p r o p e r t i e s  o f  c r i t i c a l  phenom ena and  

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

m a g n e t ic  m a t e r i a l s .

I t  i s  o f  some i m p o r t a n c e  when d i s c u s s i n g  t h e  p r o p ­

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

p h en o m en a .

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

has  b e e n  made t o  u p p e r  o r  lo w e r  c r i t i c a l  s o l u t i o n  te m p e r ­

a t u r e s  (UCST o r  LCST) w h ic h  a r e  c lo s e  t o  th e  t e m p e r a t u r e  

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

V;here m e a s u re m e n ts  o f  t h e  c r i t i c a l  t e m p e r a t u r e  a r e  a v a i l a b l e

a number o f  l i n k s  can  be  d raw n  b e tw e e n  c r i t i c a l  b e h a v io u r

2 3and sound  a b s o r p t i o n .  T h u s  S e t t e  ' f i r s t  d re w  a t t e n t i o n

t o  t h e  s i m i l a r i t y  i n  sh ap e  b e tw e e n  th e  c o - e x i s t e n c e  c u r v e

and  PLOT A f o r  n - h e x a n e  ■+ n i t r o b e n z e n e  m i x t u r e s ,  w h ic h

d i s p l a y  a UCST a t  2 9 8 . 1 7  K . The a b s o r p t i o n  p r o p e r t i e s  o f

3 l '^7p h e n o l  + w a t e r  h a v e  b e e n  m e a s u re d  c lo s e  t o  t h e  UCST. ’ "

T h e  s y s te m  w a t e r  + ( 4 0 : 6 0  t  a m y l a l c o h o l  + t  b u t y l  a lc o h o l )  

h a s  a lo w e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  a t  3 0 1  K a t  x  

= 0 . 0 8  a n d  ( ^ / f " ) ^ ^ ^  o c c u r s  a t  x ^  = 0 . 0 3  a t  298

o
The d e p e n d e n c e  o f  ( c 6 / f " )  upon t e m p e r a t u r e  shows a
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m a rk e d  r i s e  as t h e  c r i t i c a l  t e m p e r a t u r e  i s  r e a c h e d .  An 

e x a m i n a t i o n  o f  t h e  p r o p e r t i e s  o f  a lc o h o l  + w a t e r  m i x t u r e s  

r e v e a l s  a number o f  p u z z l i n g  f e a t u r e s .  F o r  i n s t a n c e , a s  

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

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

j T - T  The shape  o f  t h e s e  c u r v e s  r e s e m b le s  PLOT A ,
9

e s p e c i a l l y  t h e  r i s e  i n  (c (( / f" )  f o l l o w i n g  t h e  p l a t e a u .  I t  

i s  p o s s i b l e  t h a t  t h e  r i s e  i n  ( * 4 / f  ) r e f l e c t s  a  te n d e n c y  

to w a r d s  p h a s e  s e p a r a t i o n .  I t  was m e n t io n e d  ab o ve  t h a t  t h i s  

r i s e  i n  ®^/f" can  b e  t h o u g h t  o f  as  a c o n s e q u e n c e  o f  t h e  l a c k  

o f  s u f f i c i e n t  w a t e r  t o  accom m odate a l l  t h e  a l c o h o l  m o le c u le s  

i n  a  h y d r a t e  f a s h i o n .  A f u r t h e r  o b s e r v a t i o n ,  w h ic h  

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

t h a t  t h e  p l o t s  o f  C^ a g a i n s t  x ^  f o r  e t h a n o l  + w a t e r  p r e d i c t

t h a t  C^ shows a l a r g e  maximum b e f o r e  f a l l i n g  t o  z e r o  a t  

x,^ = O. I t  may w e l l  be  a r g u e d  t h a t  th o s e  ch an g es  t a k i n g

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

t h e  p l a t e a u  r e g i o n  a r e  i n  some way l i n k e d  t o  i n c i p i e n t  

p h a s e  s e p a r a t i o n .

C h anges  a l s o  t a k e  p l a c e  when s a l t s  a r e  a d d ed  t o  t h e s e  

m i x t u r e s .  Some s a l t s  i n c r e a s e  t h e  a b s o r p t i o n , w h i l s t  o t h e r s  

d e c r e a s e  i t .  No c l e a r  e v id e n c e  has  b e en  o b t a i n e d  f o r  t h e  

e f f e c t  on t h e  a b s o r p t i o n  o f  i o n  s i z e ,  b u t  t h e r e  i s  a 

g e n e r a l  s i m i l a r i t y  w i t h  t h e  e f f e c t s  o f  ad d ed  s a l t s  on t h e  

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

I f  t h e s e  p r o p e r t i e s  do n o t  r e f l e c t  p h a s e  s e p a r a t i o n  

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

f l u c t u a t i o n s  c lo s e  t o  t h e  p o s i t i o n  w h e re  [<^/f^) t e n d s  t o
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a maximum (PLOT A ) .  T h i s  i d e a  i s  b o r n e  o u t  b y  X - r a y

1 3 1s c a t t e r i n g  r e s u l t s ,  d e s p i t e  an o p p o s i t e  t e m p e r a t u r e  

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

u l t r a s o n i c  a b s o r p t i o n .  H o w e v e r ,  t h e  X - r a y  t e c h n iq u e  

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

s c o p ic  l e v e l  th a n  u l t r a s o n i c  a b s o r p t i o n .

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

132o f  u l t r a s o n i c  a b s o r p t i o n  by  L u c as  e x a m in e d  t h e  e f f e c t s  . 

o f  t im e  d e p e n d e n t  d e n s i t y  f l u c t u a t i o n s  and l i n k e d  th e s e
3

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

t h e o r y  showed t h a t  th e  i n t e n s i t y  o f  t h e  a b s o r p t i o n  was

1 3 3 —139n o t  a c c o u n t a b l e  f o r .  A r e c e n t  a n a l y s i s  by F ix m a n  

has  b een  much m ore s u c c e s s f u l  i n  d e a l i n g  w i t h  c r i t i c a l  

p r o p e r t i e s  and i s  o u t l i n e d  i n  C h a p t e r  5 f o r  c o m p a r is o n  w i t h  

t h e  R o m a n o v -S o lo v y e .v  a p p r o a c h .

F i n a l l y ,  i t  i s  n o t e d  t h a t  i t  i s  n o t  y e t  p o s s i b l e  t o  

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

when two l i q u i d s  a r e  m ix e d .  F o r  b i n a r y  aqueo us  m i x t u r e s  

t h e  a b i l i t y  t o  make such  p r e d i c t i o n s  i s  c l o s e l y  l i n k e d  

w i t h  t h e o r e t i c a l  t r e a t m e n t s  o f  w a t e r  s t r u c t u r e .
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3 - 1  INTRODUCTION

The c o n s t r u c t i o n  and o p e r a t i o n  of t h e  a p p a r a t u s  

u s e d  f o r  m a k in g  u l t r a s o n i c  a b s o r p t i o n  and v e l o c i t y  

m e a s u re m en ts  i s  d e s c r i b e d  i n  t h i s  c h a p t e r .

Two m eth o d s  w e re  u s e d  f o r  a b s o r p t i o n  m e a s u re m e n ts ,

7 , 8 , 1 4 0 - 1 4 3 ^  ^ 1 4 4 - 1 4 7known as t n e  p u l s e ' ' an d  r e v e r b e r a t i o n

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

r a n g e  1 . 0  t o  2 3 0  MHz, u s i n g  tw o i n s t r u m e n t s  r e f e r r e d  t o

as  t h e  Low F r e q u e n c y  P u ls e  A p p a r a t u s  (LFPA ) ( 1 . 0  t o

3 0  M H z ) ,  and t h e  H ig h  F r e q u e n c y  P u ls e  A p p a r a t u s  (HFPA)

( 3 0  t o  2 3 0  M H z ) .  The p u l s e  t e c h n iq u e  i s  u n s u i t a b l e  f o r

a c c u r a t e  m e a s u re m e n ts  b e lo w  a b o u t  1 . 0  MHz b e c a u s e  v e r y

l a r g e  p a t h  l e n g t h s  a n d ,  c o n s e q u e n t l y ,  l a r g e  v o lu m es  o f

l i q u i d  a r e  r e q u i r e d .  An a p p a r a t u s  was b u i l t  t o  c o v e r

t h e  r a n g e  2 0 0  t o  1 5 0 0  k H z  u t i l i s i n g  t h e  r e v e r b e r a t i o n

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

a r e  fe w  and  a b r i e f  comment upon some o f  t h e s e  i s  in c lu d e d ,

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

D r .  N o J .  H id d e n .  The  h ig h  an d  lo w  f r e q u e n c y  n u i s e  e q u i p -
1 4 8 , 1 4 9

m ent has  b e en  d e s c r i b e d  i n  d e t a i l  e l s e w h e r e .

I n  a d d i t i o n  t o  t h e  a b s o r p t i o n  m e a s u re m e n ts ,  a  

d e s c r i p t i o n  o f  an  a p p a r a t u s  f o r  t h e  m e as u re m en t o f  u l t r a ­

s o n ic  v e l o c i t i e s ,  a t  2MHz, i s  a l s o  g i v e n .

3 - 2  REVERBERATION APPARATUS

( i ) Low F r e q u e n c y  U l t r a s o n i c  M e a s u re m e n ts
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I n  p r i n c i p l e  a v e s s e l  c o n t a i n i n g  t h e  t e s t  l i q u i d  

i s  u l t r a s o n i c a l l y  e x c i t e d  so t h a t  s t a n d in g  waves a r e  

e s t a b l i s h e d  i n  th e  f l u i d .  The u l t r a s o u n d  s o u rc e  i s  

th e n  s w i t c h e d  o f f  and t h e  d e c a y  o f  sound a m p l i t u d e  

f o l l o w e d ,  u s i n g  a d e t e c t i n g  t r a n s d u c e r  c o n n e c te d  t o  an  

a m p l i f i e r  and d i s p l a y  o s c i l l o s c o p e .

A t t e m p t s  t o  m e as u re  u l t r a s o n i c  a b s o r p t i o n  i n  t h e  

f r e q u e n c y  r a n g e  3 0  t o  1 0 0 0  kHz w e r e  r e p o r t e d  i n  1 9 4 8  by  

C . E .  M u l d e r s . M u l d e r s , u s i n g  a lu m in iu m  c y l i n d e r s  t o

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

t h e  b a s i c  t h e o r y  o f  t h i s  t e c h n i q u e .  I f  t h e  o n ly  fo r m  o f  

e n e r g y  l o s s  i n  th e  l i q u i d  i s  due t o  a b s o r p t i o n  by t h e  

l i q u i d  th e n  t h e  d e c a y  may be e x p r e s s e d  a s :

A  ̂ = A ^ exp  ( - c6 ct )....................... .......................( 3 - 1 )

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

f l u i d ,  and c i s  th e  sound v e l o c i t y  i n  t h e  f l u i d .  H o w e v e r ,  

M u ld e r s  s u g g e s te d  o t h e r  s o u r c e s  o f  e n e r g y  l o s s :

( a )  a d d ed  d am p in g  o f  th e  d e c a y  b y  t h e  s u p p o r t  o f  

th e  v e s s e l  and t r a n s d u c e r  c o n n e c t i o n s .

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

t h e  c o n t a i n e r .

( c )  a b s o r p t i o n  o f  sound i n  t h e  w a l l s  o f  th e  c o n t a i n e r  

-  ' w a l l  l o s s ' .

( d )  lo s s e s  due t o  v is c o u s  d r a g  b e tw e e n  t h e  f l u i d  

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

T h e s e  a d d i t i o n a l  lo s s e s  a r c  o f t e n  r e p r e s e n t e d  by

k  = ...................... ( 5 - 2 )



3 0

The t o t a l  dam p in g  i s  g i v e n  b y

S = (JjC + k )   ( 3 - 3 )

A q u a n t i t y  "V, t h e  d e c a y  t im e  c o n s t a n t ,  i s  m easu red »

A^= A^ exp  ( -  V r;) i s  t h e  s t a n d a r d  e q u a t i o n  f o r  any

e x p o n e n t i a l .

W here
( 3 - 4 )

T h e r e f o r e  "C = _____ )

(^ c  + k )

Th e  p r o b le m  i s  th u s  r e s o l v e d  i n t o  one o f  d e t e r m i n i n g  

t h e  dam ping  c o n s t a n t  k  b y  some in d e p e n d e n t  m e th o d .

Two m e th o d s a re  a v a i l a b l e .  F i r s t l y ,  s in c e  k  i s  d e p e n d e n t  

upon t h e  s u r f a c e  a r e a  t o  v o lu m e  r a t i o  o f  t h e  c o n t a i n e r ,

'C c an  be  d e t e r m in e d  f o r  s e v e r a l  d i f f e r e n t  s i z e d  v e s s e l s  

h a v in g  s i m i l a r  g e o m e t r y .  C o n s e q u e n t ly  k  can  be  c a l c u l ­

a t e d .  S e c o n d ly ,  a  l i q u i d  o f  l<uiown a b s o r p t i o n  can  be  

u s e d  as a s t a n d a r d  f o r  c a l i b r a t i o n .  Low f r e q u e n c y

m eas u re m en t can  b e  d i v i d e d  i n t o  tw o  c l a s s e s ,  th o s e  u s i n g

1 4 2 , 1 4 4 , 1 5 1 - 1 5 4 ^  ^ ^a re s o n a n c e  ' ’ t e c h n i q u e  and th o s e  u s i n g  a

r e v e r b e r a t i o n ^ ^ ^ '  ? ^ 3 0 ,1 5 5  ,  ̂ The  f o r m e r

m eth o d  i n v o l v e s  t h e  e x c i t a t i o n  o f  s i n g l e  r a d i a l  modes i n  a

s p h e r i c a l  c o n t a i n e r .  Low k - v a l u e s  a r e  o b t a i n e d  s in c e

no f l u i d  d i s p la c e m e n t  t a k e s  p l a c e  p a r a l l e l  t o  t h e  l i q u i d

v e s s e l  b o u n d a r y .  I t  h as  b e e n  m o st s u c c e s s f u l  i n  t h e  r a n g e

3 0  t o  3 0 0  k H z .  A bove 3 0 0  k H z  t h e  c lo s e  s p a c in g  o f

r a d i a l  modes makes them  d i f f i c u l t  t o  e x c i t e ,  w i t h o u t

e x c i t i n g  t h e  o t h e r  modes as w e l l »

S e v e r a l  w o r k e r ^ ^ ^ h a v e  shown t h a t  k  v a r i e s  w i t h  

f r e q u e n c y  a c c o r d i n g  t o
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k  = a - f b f “̂  . . . . . ( 3 - 6 )

O
The  te rm  b f " ,  d o m in a n t  a t  h i g h  f r e q u e n c y ,  i s  b e l i e v e d

t o  r e p r e s e n t  r e s i d u a l  v is c o u s  lo s s e s  a t  t h e  l i q u i d -

s o l i d  b o u n d a r y ,  b e c a u s e  ' b ' d ep en d s  upon t h e  a b s o r p t i o n

o f  t h e  l i q u i d .  I t  i s  l i k e l y  t h a t  t h e  te r m  ' a '  r e p r e s e n t s

1 47
k  and  k  l o s s .  S t u e h r ^  e t  a l  h a v e  u s e d  t h i s  t e c h n i q u e ,  

a c
151

and  an a p p a r a t u s  s i m i l a r  t o  t h a t  o f  L e o n a rd  and W i ls o n ,

t o  make a b s o r p t i o n  m e a s u re m e n ts  a t  3 0  k H z  on d i l u t e

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

a ro u n d  - 20%. O th e r  n o t e w o r t h y  a p p l i c a t i o n s  o f  t h i s
157

t e c h n i q u e  h ave  b e e n  r e p o r t e d  b y  Ohsawa and Wada and  

144K a r p o v i t c h .  The fo r m e r  w o r k e r s  s t u d i e d  t o l u e n e  and

aq u eo u s  s o l u t i o n s  o f  m agnes ium  s u l p h a t e  a t  a p p r o x i m a t e l y

14425 k H z .  K a r p o v i t c h  s t u d i e d  r o t a t i o n a l  is o m e r is m  i n  

c y c lo h e x a n e  d e r i v a t i v e s .  The r e v e r b e r a t i o n  t e c h n iq u e  

h a s  b e e n  e m p lo y e d  more f r e q u e n t l y  t h a n  t h e  r e s o n a n c e  

t e c h n i q u e .  No a t t e m p t  i s  made t o  e x c i t e  a p a r t i c u l a r  

r e s o n a n c e  mode o f  t h e  v e s s e l  and c o n t e n t s .  I n s t e a d ,  

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

( u s u a l l y  a b o u t  8 k H z )  a r e  e x c i t e d , a n d  t h e  a v e r a g e  d e c a y  

t im e  r e c o r d e d .  I f  a l l  t h e  com ponent modes h a v e  t h e  

same d am p in g  c o e f f i c i e n t  E , th e n  an  e x p o n e n t i a l  d e c a y  

c u r v e  w i l l  be  o b s e r v e d .  E x p e r im e n t  shows t h a t  t h i s  h o ld s  

f o r  a l l  n o n - r a d i a l  m odes . O c c a s i o n a l l y , when a s p h e r i c a l  

c o n t a i n e r  i s  u s e d  a lo n g  t im e  c o n s t a n t  ' t r a i  1 o f f ' i s  

o b s e r v e d .  I n  such c a s e s  t h e  t im e  c o n s t a n t  o f  t h e  i n i t i a l  

d e c a y  i s  m e a s u re d ,  s in c e  t h e  ' t r a i l  o f f ' i s  p r o d u c e d  by  

r a d i a l  m odes.
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S in c e  e x c i t a t i o n  o f  r a d i a l  modes i s  n o t  n e c e s s a r y ,

145c o n t a i n e r s  o f  any shape  may be u s e d .  Tamm u s ed  c y l i n -  

d e r i c a l  v e s s e l s .  One d is a d v a n t a g e  o f  t h i s  m eth o d  i s  t h a t  

u n i f o r m  e x c i t a t i o n  o f  a num ber o f  modes o f t e n  le a d s  t o  

a n o n - e x p o n e n t i a l  d e c a y  c u r v e .  T h i s  e f f e c t  can  be  

p a r t i a l l y  e l i m i n a t e d  b y  e m p lo y in g  a n o is e  g e n e r a t o r  and  

s e l e c t i n g  an 8 k H z  band  o f  n o is e  c e n t r e d  on t h e  d e s i r e d  

f r e q u e n c y .

The d am ping  lo s s  f a c t o r  ( k )  i s  l a r g e r  th a n  i n  th e  

r e s o n a n c e  m eth o d  and t h i s  te n d s  t o  r a i s e  t h e  lo w  f r e q u e n c y  

l i m i t  o f  m e a s u re m e n t .  The m ethod  i s  s im p l e r  and  more  

a c c u r a t e  t h a n  t h e  r e s o n a n c e  m ethod  an d  t h e  d ep en d en c e  

o f  k  on f r e q u e n c y  i s  s a i d  t o  obey t h e  r e l a t i o n ^ ^ ^

k  = a -r b f  . . . . .  ( 3 - 7 )

The l i m i t s  o f  d e t e c t a b i l i t y  a r e  g o v e rn e d  b y  t h e  v o lum e  

o f  s a m p le  and  t h e  s e n s i t i v i t y  o f  t h e  m eth o d  u s e d  to  

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

o f  t h e  m e th o d  i s  l i m i t e d  t o  a b o u t  3 0 0 - 1 5 0 0  k H z ,  f o r  l i q u i d s  

o f  low  a b s o r p t i o n  ( ~  2 0 0  x Ic T ^ ^  n . s e c ^  cm  ̂) .

T h i s  m e th o d  h a s  b e en  a p p l i e d ,  w i t h  m o d e ra te  s u c c e s s .

The  e s t i m a t e d  e r r o r  i s  a b o u t  -  20%.

T a b l e  3 - 1  i l l u s t r a t e s  t h e  s ys te m s  s t u d i e d ,  m ethods  

e m p lo y e d  and f r e q u e n c y  r a n g e  c o v e r e d  up to  d a t e .

R e c e n t l y  a n o t h e r  m eth o d  f o r  th e . m easurem ent o f

u l t r a s o n i c  a b s o r p t i o n  a t  lo w  f r e q u e n c i e s  ( 2 0 0  t o  1 5 0 0
158

k H z )  has  b e e n  d e v e lo p e d  b y  E g g e r s .  T h is  t e c h n iq u e  

h as  n o t  b e e n  w i d e l y  u s e d .  An a p p a r a t u s  i s  a t  p r e s e n t
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u n d e r  c o n s t r u c t i o n  i n  t h e s e  l a b o r a t o r i e s  w i t h  a v ie w
Â

t o  a p p l y i n g  t h i s  n e t h o d  t o  aqueo us  and o r g a n i c  l i q u i d  

m i x t u r e s .

I n  th e s e  l a b o r a t o r i e s  lo w  f r e q u e n c y  m e a s u re m e n ts  

h a v e  b e en  made u s i n g  t h e  r e v e r b e r a t i o n  t e c h n i q u e .  

P r e l i m i n a r y  e x p e r i m e n t a l  w o rk  h a s  shown t h a t ^ t h e  r e s o n a n c e  

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

m e as u re m en tso  The o p e r a t i o n a l  d i f f i c u l t y  and  lo w  a c c u r a c y  

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

f a c t o r y .

1"
( i i ) O r i g i n a l  D e s ig n  o f  t h e  P e v ^ ^ e r a t i o n  A p p a r a tu s

Th e  a p p a r a t u s  shown d i a o r a m m a t i c a l l y  i n  F i g u r e  3 - 1 ,

was d e s ig n e d  t o  c o v e r  t h e  f r e q u e n c y  r a n g e  2 0 0  t o  1 5 0 0  

148
k l i c .  F o r  l i q u i d s  w i t h  h ig h  u l t r a s o n i c  a b s o r p t i o n  t h i s

3
r a n g e  was r e s t r i c t e d .  One and t h r e e  dm v e s s e l s  o f  

s p h e r i c a l  g e o m e try  w i t h  v e r y  n a r r o w  n e c k s  w e r e  u s e d .  The  

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

t h e r e b y  m i n i m i s i n g  sound lo s s e s  i n  th e  s u s p e n s io n .

B a r iu m  t i t a n a t e  t r a n s d u c e r s  w e re  c o u p le d  t o  t h e  w a l l s  

o f  t h e  s p h e r e ,  one f o r  e x c i t a t i o n  and one f o r  d e t e c t i o n .

An 8 k H z  b a n d  o f  w h i t e  n o i s e  c e n t r e d  a b o u t  th e  d e s i r e d  

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

a p p l i e d  t o  one t r a n s d u c e r .  The r e c e i v i n g  t r a n s d u c e r  

f o l l o w e d  t h e  sound d e c a y  w h ic h  was d i s p l a y e d  on an o s c i l l ­

o s c o p e .  Two m eth o d s  f o r  m e a s u r i n g ^ ,  th e  d e c a y  t im e  

c o n s t a n t , w e r e  u s e d .  I n  th e  f i r s t  m e th o d  an e x p o n e n t i a l  

d e c a y  o f  a d j u s t a b l e  t im e  c o n s t a n t  and m a g n i tu d e  was
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g e n e r a t e d  and co m p ared  d i r e c t l y  w i t h  t h a t  p r o d u c e d  by  

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

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

b e tw e e n  t h e  tw o s i g n a l s  was z e r o .  I n  t h e  second m ethod  

a l a r g e  number o f  d e c a y  c u r v e s  w e r e  f e d  t o  a t im e  

a v e r a g i n g  c o m p u te r .  The a v e r a g e  d e c a y  c u r v e  was th e n  

r e c o r d e d  f ro m  t h e  c o m p u te r  o u t p u t .

S e v e r a l  p r o b le m s  w e re  e n c o u n t e r e d  w i t h  t h i s  a p p a r a t u s  

1^-3Th e  r e s u l t s  showed a c o n s i d e r a b l e  s c a t t e r  d e s p i t e  b e i n g  

i n  b r o a d  a g re e m e n t  w i t h  th o s e  o b t a i n e d  a t  1 . 0  M Hz. The  

m e a s u re m e n ts  a t  c e r t a i n  c o m p o s i t io n s  w e re  r e p e a t e d  and  

c o n s i d e r a b l e  l a c k  o f  r e p r o d u c i b i l i t y  was e v i d e n t .  I n  

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

u n d e r t a k e n .

( i i i )  R e v e r b e r a t i o n  A p p a r a t u s  -  R e d e s ig n e d  V e r s i o n

( a )  C o n s t r u c t i o n

A b l o c k  d ia g r a m  o f  th e  a p p a r a t u s  i s  shown 

i n  F i g u r e  3 - 2 .  P i e z o e l e c t r i c  c e r a m ic  t r a n s d u c e r s  ( b a r iu m  

t i t a n a t e ,  d im e n s io n s  1 2 . 5  mm d i a . )  w e re  a t t a c h e d  t o  

tw o  m e t a l  m o u n t in g  p l a t e s  on d i a m e t r i c a l l y  o p p o s i t e  

o u t s i d e  s u r f a c e s  o f  a s p h e r i c a l  v e s s e l  o f  c a p a c i t y  a b o u t
3

one dm . E l e c t r i c a l  c o n t a c t  was made t o  e a c h  o f  t h e  

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

c o n t a c t i n g  p l a t e s .  The v e s s e l ,  f i l l e d  w i t h  th e  f l u i d  

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

i n  a i r  i n  a s e a l e d  c h a m b e r .  The  cham ber fo r m e d  t h e
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i n s i d e  o f  a t h e r n o s t a t / e d  t a n k . The  t h e r n o s t a t i ^ i n g  f l u i d ,  

an e t h y l e n e  g l y c o l  + w a t e r  m i x t u r e ,  was c L r c u la t e d  f r o m  

a v a r i a b l e  t e m p e r a t u r e  t h e r m o s t a t  b a t h .  The t e m p e r a t u r e  

i n s i d e  th e  a i r  cham ber was m e a s u re d  u s i n g  a t h e r m i s t o r ,

A w h i t e  n o i s e  g e n e r a t o r  (Dawe T y p e  4 19  C ) f e d  w h i t e '  

n o i s e  t o  a t u n e a b l e  t r a n s m i t t e r  and m o d u la t o r  u n i t .

T h is  p r o d u c e d  an a m p l i t u d e  m o d u la te d  s q u a r e  w ave o u t p u t  

o f  v a r i a b l e  p e r i o d  ( s t e p s  1 . 6 ,  0 . 7 ,  0 . 4 2 ,  0 . 1 7  s e c o n d s )  

and h a v in g  a b a n d  w i d t h  o f  8 - 1 0  k H z .  Each p u l s e  o f  sound  

a t  t h e  t r a n s d u c e r  c a u s e d  e x c i t a t i o n  o f  t h e  s p h e re  and  

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

s p h e r e  and c o n t e n t s  b e tw e e n  s u c c e s s iv e  p u l s e s .  The s i g n a l  

f ro m  t h i s  t r a n s d u c e r  was a m p l i f i e d  by  a t u n e a b l e  a m p l i f i e r ,  

a m o d i f i e d  EC 4 3 3  r e c e i v e r .  A lo w  p a s s  f i l t e r  rem o ved  

t h e  h ig h  f r e q u e n c y  com ponent o f  t h e  n o i s e .  A s i g n a l  f ro m  

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

th e  d e c a y  c u r v e .  An im p ro v e m e n t  i n  s i g n a l  t o  n o is e  r a t i o  

was a c h ie v e d  u s in g  a V a r i a n  A s s o c i a t e s  C - 1 0 2 4  T im e  A v e r a g ­

i n g  C o m p u te r  ( C * A . T * ) .  T h i s  s t o r e d  and a v e r a g e d  64 d e c a y  

c u r v e s .  The  o u t p u t  l e v e l  f r o m  t h e  C . A . T .  was r e c o r d e d  

d i r e c t l y  o v e r  a 25 db r a n g e ,  u s i n g  a B r u e l  and  K g a e r  

T yp e  2 3 0 5  l o g a r i t h m i c  pen  r e c o r d e r .

( b ) O n e r a t i o n

The  l i q u i d  u n d e r  e x a m i n a t i o n  was t h o r o u g h ly  

d e g a s s e d  i n  an u l t r a s o n i c  d e g a s s in g  a p p a r a t u s .  T h is  

a p p a r a t u s  (shown i n  F i g u r e  3 - 3 )  c o n s i s t e d  o f  a h i g h  

p o w e r g e n e r a t o r  Typ e  L 279  ( M id la n d  E q u ip m e n t  L t d . ) ,
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c o n n e c te d  t o  a s e r i e s  o f  b a r iu m  t i t a n a t e  t r a n s d u c e r s  

a t t a c h e d  t o  t h e  m o u n t in g  p l a t e .  The  sound w ave s  p a s s e d  

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

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

D e g a s s in g  p ro d u c e d  b y  t h e  u l t r a s o n i c  t r e a t m e n t  was 

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

a b o u t  1 mm K g . T h e  s p h e r e ,  a f t e r  d e g a s s in g ,  was c o m p le t e ­

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

a i r  cham ber and  a l l o w e d  t o  e q u i l i b r a t e  f o r  24 h o u r s .  A 

f r e q u e n c y  was s e l e c t e d  and t h e  a p p a r a t u s  t u n e d  t o  

m a x im is e  t h e  s i g n a l  a m p l i t u d e  a t  t h e  r e c e i v e r ,  A p u l s e  

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

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

p u l s e .  T h e  v a r i o u s  w a v e fo rm s  i n v o l v e d  a r e  i l l u s t r a t e d  

i n  F i g u r e  3 - 4 .  The  lo w  p a s s  f i l t e r  was a d j u s t e d  t o  

m in im is e  t h e  h ig h  f r e q u e n c y  com ponent o f  t h e  n o i s e ,  c a r e  

b e in g  t a k e n  n o t  t o  a l t e r  t h e  sh ap e  o f  t h e  d e c a y  c u r v e .

Th e  C . A . T .  r e c o r d e d  an d  a v e r a g e d  64 d e c a y  c u r v e s  and t h e  

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

C .A o T .  r e a d o u t  t i m e  (p  s e c o n d s ) ,  sweep t im e  (s  s e c o n d s )  

an d  t h e  p a p e r  sp ee d  (q  cm p e r  s e c o n d )  w e re  r e c o r d e d .  The  

b e s t  s t r a i g h t  l i n e  was d raw n  t h r o u g h  t h e  r e c o r d e r  t r a c i n g  

a n d  t h e  t i m e ,  m e a s u re d  b y  t h e  d i s t a n c e  on t h e  c h a r t  p a p e r  

( A x  cm) a l s o  r e c o r d e d .

( ^ ) A n a l y s i s  o f  t h e  D ecay  C u rv e s  

From e q u a t i o n  ( 3 - 4 )

' lOlo g ^  __o = • t  . . . . .  ( 3 - 8 )

A^ 2 .3 0 3  "C
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T h e  f i r s t  25 db f a l l  i n  l e v e l  was r e c o r d e d  and  t h u s ,

f o l l o w i n g  t h e  d e f i n i t i o n  o f  t h e  B e l l ,

A
- 2  = . . ° . . ( 3 - 9 )
A^ 2 0

Nov; t h e  t i m e  on t h e  c h a r t  i s  A x  s e c o n d s .  T h e  f r a c t i o n
q

o f  t h e  t o t a l  sweep t i m e  i s  th u s

à  X  ̂ 1

q p

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

t  = xS   ( 3 - 1 0 )

?q

an d  so f r o m  e q u a t i o n s  ( 3 - 1 0 ) ,  ( 3 - 9 )  and  ( 3 - 8 )

X  = A x S ..............................  ( 3 - 1 1 )

2 . 3 0 3 ' 1 . 2 5 " p q

From  e q u a t i o n  ( 3 - 5 )

^  = Ctx- k2  ( 3 - 1 2 )

2 c x-2

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

a b s o r p t i o n  ( £ ^ )  i n  o r d e r  t o  d e t e r m in e  k .  W a te r  was u s e d  

f  ̂  154as a c a l i b r a t i n g  f l u i d .  I t  v;as assum ed , t h e r e f o r e ,  t h a t

lo s s e s  a t  t h e  w a t e r / g l a s s  i n t e r f a c e  w e re  u n c h a n g e d  when  

t h e  b i n a r y  l i q u i d  m i x t u r e  u n d e r  t e s t  was a d d e d . C o n s e ­

q u e n t l y  m e a s u re m e n ts  w e r e  made w i t h  a  m i x t u r e  h a v in g  v e r y  

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

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

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

e x a m i n a t i o n ,  i f  such a  l i q u i d  w e r e  a v a i l a b l e .  T h i s ,
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h o w e v e r ,  r e q u i r e d  t h e  n o r e  d r a s t i c  a s s u m p t io n  t h a t

. , . . , <  ̂ 1 5 2 , 1 5 4 , 1 5 6 ,1 5 9lo s s e s  ax t n e  r n t e r t a c e  r c m a r n e c  c o n s t a n t .

A number o f  c a l i b r a t i o n  m e th o d s  w e re  e x a m in e d  an d  t h a t  

f i n a l l y  s e l e c t e d  was as f o l l o w s .

The  v a lu e  o f  * k ' was d e t e r m in e d  a t  e a c h  f r e q u e n c y  

b y  m e a s u r in g  t h e  t im e  c o n s t a n t  o f  t h e  d e c a y  when t h e  

s p h e re  c o n t a i n e d  w a t e r .  F i g u r e  3 - 5  shows a t y p i c a l  

p l o t  o f  T  a g a i n s t  f r e q u e n c y  ( k H z ) .  The  v a l u e  o f  k  

was d e p e n d e n t  upon t h e  s i z e  o f  t h e  t r a n s d u c e r s .  The
9

a c c u r a c y  o f  { o L f o r  a p a r t i c u l a r  m i x t u r e  was v e r y  

s e n s i t i v e  t o  t h e  v a l u e  o f  t h e  d e c a y  t im e  c o n s t a n t .  When 

was l e s s  t h a n  1 m i l l i s e c o n d  t h e  r e s u l t s  w e re  r e j e c t e d ,  

b e c a u s e  t h i s  was vc-^y c lo s e  t o  t h e  t im e  c o n s t a n t  o f  t h e  

r e c e i v e r  c i r c u i t .  The a c c u r a c y  was a l s o  c r i t i c a l l y  

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

on th e  r e c o r d e r  c h a r t  c o u ld  b e  m e a s u r e d .  I f  t h e  d i s p l a c e ­

m ent on th e  t i m e  a x i s  o f  t h e  r e c o r d e r  c h a r t  ( A  x )  was 

s m a l l ,  as was o b s e r v e d  f o r  h i g h l y  a b s o r b i n g  l i q u i d s  and  

a t  h ig h  f r e q u e n c i e s  ( > 8 0 0  k H z ) ,  a  l a r g e  e r r o r  i n  'X, 

r e s u l t e d .  The e s t i m a t e d  a c c u r a c y  -  20% i s  s i m i l a r  t o  

t h a t  o b t a i n e d  b y  o t h e r s i n g  t h i s  t e c h n i q u e .  I n  

an a t t e m p t  t o  s o lv e  some o f  t h e s e  p r o b le m s  d i f f e r e n t  

s i z e s  o f  t r a n s d u c e r s  w e re  u s e d .  A l s o  v a r i o u s  m ethods  

and p e r i o d s  o f  d e g a s s in g  w e re  a s s e s s e d .  H o w e v e r ,  th e  

m a in  p r o b le m ,  c a l i b r a t i o n ,  r e m a i n e d .  U n f o r t u n a t e l y  t h e  

s p a r s i t y  and in a c c u r a c y  o f  lo w  f r e q u e n c y  a c o u s t i c  

m e a s u re m e n ts  h a v e  im p o s ed  a s e r i o u s  l i m i t  on t h e  t e s t i n g  

o f  t h e o r e t i c a l  t r e a t m e n t s  o f  u l t r a s o n i c  a b s o r p t i o n .
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3 - 3  LC.J FREQUENCY PULSE APPARATUS (L F P A )

( i ) D e s c r i p t i o n  of A p p a r a t u s

A b l o c k  d ia g r a m  o f  t h e  a p p a r a t u s ,  F i g u r e  3 - 6 ,
3

shows th e  m a in  f e a t u r e s .  The  sam ple  f l u i d  ( 1 0 0 0  cm ) ,  

was c o n t a i n e d  i n  a v e r t i c a l  s t e e l  c y l i n d ^ r i c a l  v e s s e l  

h a v in g  d o u b le  w a l l s .  T h e r n o s t a t / i n g  f l u i d ,  f r o m  a 

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

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

was i n s u l a t e d  by  e x p a n d e d  p o l y s t y r e n e  b l o c k s .  The u p p e r  

en d  o f  t h e  c y l i n d e r  was f i t t e d  w i t h  a m o v a b le  p i s t o n  

t o  w h ic h  was a t t a c h e d  th e  r e c e i v i n g  p i e z o e l e c t r i c  t r a n s ­

d u c e r  c r y s t a l .  The  lo w e r  end o f  th e  c y l i n d e r  was s e a le d  

b y  th e  t r a n s m i t t i n g  t r a n s d u c e r .  D e la y  r o d s  o f  s i l i c a  

w e re  a t t a c h e d  t o  t h e  two c r y s t a l s  and t h e  u l t r a s o n i c  

w aves  e n t e r e d  t h e  s o l u t i o n  a f t e r  p a s s in g  a lo n g  t h e s e .

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

t r a v e r s e d  by  t h e  s i g n a l  b e tw e e n  th e  t r a n s m i t t i n g  c r y s t a l  

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

c o u ld  d i s t i n g u i s h  t h e  s i g n a l  w h ic h  p a s s e d  th r o u g h  t h e  

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

The r e c e i v i n g  c r y s t a l  was m oved u s i n g  a s ys te m  o f  g e a r s  

and m a g n e t ic  c l u t c h e s  l i n k e d  t o  a m o t o r .  The s e p a r a t i o n  

o f  t h e  tw o  c r y s t a l s  was m e a s u re d  u s i n g  an e l e c t r o ­

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

I c a d s c r c w  w h ic h  r a i s e d  and  lo w e r e d  t h e  r e c e i v i n g  t r a n s d u c e :  

The  d i s c  was m o u n te d  b e tw e e n  a l i g h t  s o u rc e  an d  a p h o t o ­

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

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

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

d i s p la c e m e n t  o f  th e  p i s t o n .

The t r a n s m i t t e r  o u t p u t  was m o d u la te d  t o  p ro d u c e  

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

T - v i a  a m a tc h in g  n e tw o r k  M , . T h i s  n e t w o r k ,  c o n s i s t i n g  

o f  a t u n e d  c i r c u i t  o f  w h ic h  t h e  t r a n s d u c e r  fo rm e d  p a r t ,  

m a tc h e d  t h e  t r a n s d u c e r  im p e d e n c e  w i t h  t h a t  o f  t h e  

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

was m e a s u re d  b y  a m e te r  w h ic h  w as u s e d  f o r  m a k in g  t u n i n g  

a d j u s t m e n t s .

M e a s u re m e n ts  w e re  made a t  a l l  th e  odd h a r m o n ic s  o f  

1 M Hz, t h e  fu n d a m e n t a l  f r e q u e n c y  and t h e  c r y s t a l  ( 1 ,

3 ,  5 ,  7 ,  9 ,  ---------29 M H z ) .

The  r e c e i v i n g  c r y s t a l  T^ c o n v e r t e d  t h e  sound wave  

t o  an r . f .  s i g n a l  w h ic h  p a s s e d  th r o u g h  a s e c o n d  m a tc h in g  

n e t w o r k  ( s i m i l a r  t o  t h e  f i r s t ) .  The  s i g n a l  th e n  

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

R x .  A b l a n k i n g  p u l s e  f r o m  t h e  m o d u la t o r  r e d u c e d  t h e  

l e v e l  o f  a n y  t r a n s m i t t e r  b r e a k t h r o u g h .  The  r e c e i v e d  and  

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

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

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

( o r  e r r o r )  b e tw e e n  t h e  r e f e r e n c e  s i g n a l  an d  t h e  r e c e i v e d  

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

l e v e l  a n d  t h e  r e f e r e n c e  l e v e l  w e r e  i d e n t i c a l .  The r e c e i v e d



41

s i g n a l  was a l s o  s u p p l i e d  t o  an o s c i l l o s c o p e ,  t h e  t im e  

b a s e  o f  w h ic h  was t r i g g e r e d  b y  a  s i g n a l  f ro m  t h e  m o d u la to r  

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

a l ig n m e n t  o f  t h e  tw o  c r y s t a l s  such t h a t  t h e y  w e r e  b o t h  

p a r a l l e l  was q u i t e  c r i t i c a l .

( i i ) O p e r a t i o n

W ith  t h e  c e l l  f i l l e d  w i t h  l i q u i d  s a m p le , a f r e q u e n c y  

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

on and s e t  t o  a b o u t  5 0 0  v .  The c o r r e c t  m a t c h in g  c i r c u i t  

was s e l e c t e d  an d  t u n e d  w i t h  f i n e  t u n i n g  c o n t r o l .  The

H . T .  v o l t a g e  was a d j u s t e d  f o r  maximum r e a d i n g  on t h e  

t u n i n g  m e t e r  s c a l e .  The  r e c e i v e r  t u n i n g  and  r e c e i v i n g  

c r y s t a l  m a t c h in g  w e r e  a d j u s t e d  t o  m a x im is e  t h e  s i g n a l  

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

t h e n  r e p e a t e d  t o  r e m a x im is e  t h e  s i g n a l  d i s p l a y e d  on t h e  

o s c i l l o s c o p e .

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

l a r g e  s i g n a l  i n t e n s i t y  was o b t a i n e d  u s i n g  a f a i r l y  lo w  

a t t e n u a t o r  s e t t i n g .  The a t t e n u a t i o n  was i n c r e a s e d  t o  

z e r o  t h e  c o m p a r a to r  'b a l a n c e *  m e te r  (a  c e n t r e  z e r o  

m i l l i a m e t e r ) .  Some a t t e n u a t i o n  ( u s u a l l y  a b o u t  10  t o  2 0  

d b )  was re m o ve d  and t h e  t r a n s d u c e r s  d r i v e n  a p a r t  u n t i l  a 

b a l a n c e  p o s i t i o n  was r e g a i n e d .  The ch an g e  i n  p a t h  l e n g t h  

(p  cm) r e g i s t e r e d  on t h e  e l e c t r o m e c h a n i c a l  c o u n t e r  and  

t h e  c h a n g e  i n  a t t e n u a t i o n  (Aa d b )  w e re  r e c o r d e d .  The  

v a l u e  o f  t h e  a b s o r p t i o n  was o b t a i n e d  f r o m  e q u a t i o n  ( 3 - 1 3 ) .
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cl = ^  a . 0 . 1 1 1 5   ( 3 - 1 3 )

M

T h e  c o e f f i c i e n t  0 .1 1 1 5  i n c l u d e s  a f a c t o r  f o r  c o n v e r s io n  

o f  a t t e n u a t i o n  i n  db t o  n e p e r s  and  a c o r r e c t i o n  f a c t o r  

o f  3% f o r  th e  e r r o r  i n  t h e  p i t c h  o f  t h e  le a d s c re v j  t h r e a d .

I t  was p o s s i b l e  t o  m e a s u re  t h e  c hang e  i n  p a t h  l e n g t h

-f-
t o  -  0 . 1  mm and t h e  chang e  i n  a t t e n u a t i o n  t o  -  0 . 1  d b .

A t  lo w  f r e q u e n c i e s  ( p a r t i c u l a r l y  1 and 3 MHz) a  d i f f r a c t i o n  

c o r r e c t i o n  had  t o  be  m ade.

3 - 4  HIGH FREQUENCY PULSE APPARATUS (H F P A )

( i ) D e s c r i p t i o n  o f  A p p a r a tu s

A b l o c k  d ia g r a m  o f  t h e  a p p a r a t u s  i s  shown i n  F i g u r e

3 - 7 ,  A X - c u t  q u a r t z  p i e z o e l e c t r i c  t r a n s d u c e r  was e x c i t e d  

i n  t h e  t h i c k n e s s  e x p a n d e r  mode by  r a d i o  f r e q u e n c y  p u ls e s  

g e n e r a t e d  b y  an o s c i l l a t o r  o f  known f r e q u e n c y .  The  

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

a t h e r m o s t a t s e d  c e l l  and  w e r e  d e t e c t e d  b y  a s ec o n d  q u a r t z  

c r y s t a l .  D i s c r i m i n a t i o n  c o u ld  b e  made a t  th e  r e c e i v e r  

b e tw e e n  s i g n a l s  t r a v e l l i n g  t h r o u g h  th e  l i q u i d  an d  s i g n a l s  

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

t im e  d e l a y  o f  th e  u l t r a s o n i c  w aves  i n  t h e  s i l i c a  d e l a y  

r o d s .  A v a r i a b l e  a t t e n u a t o r  was i n t e r p o s e d  b e tw e e n  th e  

t r a n s m i t t e r  and t r a n d u c e r .  The t o t a l  a t t e n u a t i o n  v;as 

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

a t t e n u a t i o n  as t h e  p a t h  l e n g t h  o f  s o l u t i o n  was v a r i e d .  A



Î'IODU LfVrCIl

D IA L
CAUGE

ELECTRO- 
MA G:\ET

L IQ U ID

ELECTRICAL
COUPLING

MECHANICAL 
C a jP L I  NO

OSCT L l .
O' O

r--
C O

r-
C
r i
ro

r i

D .C .  REF 
-----------e —

PISTON SERVO
ATTE'TIATOR MOTŒ

RECORDING
DRUM

GIL'iR DR I  VE
BO)C MOTOR

Q.

TRANSDUCER

_I

O C o c cn r- iH r n

RECEIVERS

BLANKING I P  AMP.
PULSE — DETECTOR MON I  TOR

SIVIPER VIDEO  AMP.

VOLTMETER

nr SCR ! MT NAT OR
D .C .  AMP.

 T ~

SERVO AMP.

FIGURE 3 - 7 B lo c k  D ia g ra m  o f  H ig h  F re q u e n c y  P u ls e  
A ppar a t u s



4 3

c o m p a r a to r  co m p ared  a r e f e r e n c e  s i g n a l  f ro m  th e  t r a n s m i t t e r  

w i t h  th e  s i g n a l  f ro m  t h e  s o l u t i o n .  M e a s u re m e n ts  w e re  

made a t  f i v e  f r e q u e n c i e s  3 0 ,  7 0 ,  1 1 0 ,  1 7 0  and 2 3 0  MHz.

The p a t h  l e n g t h s  o f  l i q u i d  w e re  i n  th e  r a n g e  0 . 1  t o  4 cm;
3

1 0  cm o f  sam p le  was r e q u i r e d .

( i i )  O p e r a t i o n

The o p e r a t i o n  o f  t h e  HFPA h as  b e en  d e s c r i b e d  i n  d e t a i l

7 , 3 4 3 , 1 4 9   ̂ ^ .e r s e w h e r e .  ' i h e  s am p le  was c o n t a i n e d  i n  a c y l i n d e r -

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

l i q u i d  s u p p l i e d  f ro m  a t h e r m o s t a t  t a n k .  D e la y  r o d s ,  

m o u n ted  v e r t i c a l l y  i n  t h e  s o l u t i o n ,  w e re  l i n k e d  t o  a s e r v o  

d r i v e  s y s te m .  The u p p e r  r o d ,  s u p p o r te d  b y  an e l e c t r o ­

m a g n e t ,  was m o v a b le  and t h e  lo w e r  r o d  f i x e d .  A t h e r m i s t o r  

m e a s u re d  t h e  l i q u i d  t e m p e r a t u r e  and o p e r a t e d  as a s t i r r e r  

f o r  t h e  s o l u t i o n  i n  th e  c e l l .  The  to p  o f  t h e  c e l l  was 

c o v e r e d  t o  p r e v e n t  l o s s e s  by  e v a p o r a t i o n .  The maximum 

and  minimum p a t h l e n g t h s  w e re  d e t e r m in e d  m a n u a l l y .  The  

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

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

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

by d r i v i n g  t h e  u p p e r  r o d  o u t  u n t i l  e i t h e r  t h e  maximum 

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

l e v e l  a p p r o x im a t e d  t o  t h e  n o i s e  l e v e l .  S u i t a b l e  g e a rs  

w e re  s e le c t e d  and  a t r a c e  r e c o r d e d  on a r o t a t i n g  d ru m . The  

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

b y

oL = A g . R   ( 3 - 1 4 )
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w h e re  and R a r e  t h e  s lo p e  o f  t h e  t r a c e  and t h e  g e a r  

r a t i o  r e s p e c t i v e l y .

The e x p e r i m e n t a l  a c c u r a c y  was a p p r o x i m a t e l y  2%. 

M e a s u re m e n ts  w e r e  made a t  2 6 3 ,  2 7 3 ,  283  and 298 K and  

t e m p e r a t u r e  c o n t r o l l e d  t o  b e t t e r  t h a n  -  0 . 2 5  K .

3 - 5  ULTRASONIC VELOCITY MEASUREMENTS

( i ) M e th o d s  o f  Sound V e l o c i t y  M e a s u re m e n t

I n s t r u m e n t s  f o r  u l t r a s o u n d  v e l o c i t y  m e a s u re m e n ts  lo O ,^ 6 1

a r e  u s u a l l y  te rm e d  ' i n t e r f e r o m e t e r s ’ . The  t h e o r y  o f  t h e
1 6 1 - 1 6 4

a c o u s t i c  i n t e r f e r o m e t e r  h a s  b e e n  d e v e lo p e d  b y  H u b b a rd ,
155  166  1 67

Mason and B o r g n r s .  F l e t c h e r  and P a r b r o o k  h a ve

shown how i n t e r f e r o m e t r i c  m e a s u re m e n ts  can  b e  u s e d  t o

m e as u re  a b s o r p t i o n  o f  sound a l s o .

I n  g e n e r a l  t h e  t e c h n iq u e  c o n s i s t s  o f  s e t t i n g  up  

’ s t a n d i n g ’ u l t r a s o n i c  w aves  i n  t h e  l i q u i d  s a m p le  and  

m e a s u r in g  t h e  d i s t a n c e  e l e c t r o n i c a l l y ,  ^ / 2 ,  w h e re  A  i s  

th e  w a v e l e n g t h ,  b e tw e e n  s u c c e s s iv e  n o d es  o r  a n t i n o d e s .

T h e n ,  c = f  ^  .......................( 3 - 1 5 )

( i i ) D e s c r i p t i o n  and O p e r a t i o n  o f  U l t r a s o n i c  

I n t e r f e r o m e t e r

T h e  i n s t r u m e n t .  F i g u r e  3 - 8 ,  was d e s ig n e d  b y  J . H .

A n d re a e ^ °% n d  P . D .  Edmonds i n  1 9 6 1 .  A  s i m i l a r  a p p a r a t u s  

h as  b e e n  d e s c r i b e d  b y  Bergm an"^^ ( 1 9 3 8 ) .

The  c e l l ,  shown i n  F i g u r e  3 - 9 ,  c o m p r is e d  a s t a i n l e s s
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s t e e l  tu b e  A .  The lo w e r  end  o f  t h i s  tu b e  was c lo s e d  by

a 2 iMHz, 1 i n c h  d ia m e t e r  X - c u t *  q u a r t z  c r y s t a l ,  B . The

f l a t  edge o f  t h e  tu b e  made good e l e c t r i c a l  c o n t a c t  w i t h

t h e  t r a n s d u c e r .  The c la m p in g  r i n g  C was i n s u l a t e d  f ro m

th e  lo w e r  s u r f a c e  o f  t h e  c r y s t a l  b y  a t h i n  p o l y t h e n e

d i s c ,  C .  A B a k e l i t e  i n s u l a t o r  D i n s u l a t e d  s p r i n g  E

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

c o n d u c to r  p a s s e d  down t h e  h o l e  G and  t h e  c e n t r e  c o r e  was

s o l d e r e d  t o  F . The  o u t e r  s h e a th  made c o n t a c t  w i t h  th e

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

H an d  a th e r m o c o u p le  d i p p i n g  i n t o  t h e  l i q u i d  th r o u g h  t h i s

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

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

L was p a r a l l e l  t o  t h e  t r a n s d u c e r ,  c l o s i n g  th e  lo w e r  end
*

o f  t h e  t u b e .  The  r o d  L  was g u id e d  b y  tw o b u s h e s  M, M . 

The w h o le  a s s e m b ly  was i n s u l a t e d  f r o m  t h e  m e a s u r in g  p l a t ­

fo rm  a b o ve  b y  a  B a k e l i t e  tu b e  N .  On th e  u p p e r  m e a s u r in g  

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

r e f l e c t o r  K v e r t i c a l l y  b u t  d i d  n o t  r o t a t e  i t .  A d i a l  

gauge m e a s u re d  t h e  d is p la c e m e n t  o f  th e  r e f l e c t o r  K .  The  

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

s u s p e n d e d  f ro m  a l i g h t  B a k e l i t e  t u b e  and im m e rs e d  i n  a  

t h e r m o s t a t  t a n k .  T e m p e r a tu r e s  c o u l d  be  c o n t r o l l e d  t o  

-  0 . 1  K a t  a l l  t e m p e r a t u r e s  a t  w h ic h  m e as u re m en ts  w e re  

m a d e .

T h e  c r y s t a l  was d r i v e n  a t  2 MHz by  a c o n v e n t i o n a l  

p u s h - p u l l  o s c i l l a t o r  (s e e  F i g u r e  3 - 8 )  h a v i n g  an o v e r -  

c o u p le d  o u t p u t  c o u p l in g  c o i l .  O v e r - c o u p l i n g  e n s u r e d  t h a t
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s m a l l  v a r i a t i o n s  i n  c r y s t a l  im p c d e n c c  a l t e r e d  t h e  o s c i l l a ­

t o r  f r e q u e n c y .  The ch an g e  i n  f r e q u e n c y  was f o l l o w e d  b y  

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

t o r  and a s t a n d a r d  2 MHz o s c i l l a t o r ( B C 2 2 1  f r e q u e n c y  m e t e r ) .  

The a u d io  f r e q u e n c y  was m o n i t o r e d  u s i n g  e i t h e r  h e ad p h o n es  

o r an o s c i l l o s c o p e .  The  l i q u i d  was p l a c e d  i n  th e  c e l l  

and a l l o w e d  some t h i r t y  m in u t e s  t o  come t o  t h e r m a l  

e q u i l i b r i u m  a t  th e  r e q u i r e d  t e m p e r a t u r e .  The  o s c i l l a t o r  

B ( F i g u r e  2 - 8 )  was a d j u s t e d  t o  g i v e  z e r o  b e a t  f r e q u e n c y  

a t  some p o s i t i o n  o f  t h e  r e f l e c t o r  c o r r e s p o n d in g  t o  a node 

i n  t h e  s t a n d i n g  w ave f o r m .  T h i s  was a c h ie v e d  by  a d j u s t i n g  

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

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

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

p o s i t i o n s  w e re  o b s e r v e d  (s e e  F i g u r e  3 - 1 0 ) .  The r e f l e c t o r  

was moved i n  c lo s e  t o  t h e  c r y s t a l  and th e  p o s i t i o n s  o f  

20  s u c c e s s iv e  z e r o  b e a t  p o s i t i o n s  w e re  r e c o r d e d  on t h e  

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

f r o m  t h e  c r y s t a l  and m o v in g  to w a r d s  i t .  I n  a l l , t h r e e  s e t s  

o f  m e a s u re m e n ts  w e re  r e c o r d e d  and  t h e  r e s u l t s  a v e r a g e d .

Th e  mean d i s t a n c e  b e tw e e n  s u c c e s s iv e  s t a n d i n g  w ave  

p o s i t i o n s , w a s  c a l c u l a t e d  and  t h e  v e l o c i t y  o f  sound 

c a l c u l a t e d  u s in g  e q u a t i o n  ( 3 - 1 5 ) .

3 - 6  MATERIALS /uHD PREPARATION OF SOLUTIONS

( i )  M a t e r i a l s

A l l  m a t e r i a l s  u s e d  w e re  D u rc h a s e d  f ro m  B r i t i s h  D ru g
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H ouses o r  K o c h - L i g h t  and w e re  o f  lan a la R  ’ o r  ' p u r i s s *  

g r a d e s .  T h e s e  w e re  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

D e i o n i s e d  w a t e r  was u s e d .

( i i ) P r e p a r a t i o n  o f  S o l u t i o n s

An a p p r o p r i a t e  v o lu m e  o f  s o l u t i o n  o f  th e  r e q u i r e d  

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

v o lu m e s  o f  t h e  c o m p o n e n ts .  S o l u t i o n  d e n s i t i e s  w e re  

o b t a i n e d  f r o m  t h e  l i t e r a t u r e .



CHAPTER FOUR

ULTRASONIC ABSORPTION MEASUREMENTS 
(RESULTS)



48

4 - 1  INTRODUCTION

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

m e t h y l  c y a n id e  and w a t e r  a t  2 7 3 ,  298  and  308  K and

7 0  MHz h a v e  b e en  r e p o r t e d  b y  B la n d a m e r  e t .  a l . ^ ^  M e a s u r e -

148m e n ts  h a v e  b e e n  made by F o s t e r  o v e r  th e  f r e q u e n c y  

r a n g e  2 0 0  k H z  t o  2 3 0  MHz a t  s e v e r a l  m i x t u r e  c o m p o s i t io n s .  

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

co m p o n en ts  was o b s e r v e d .  The  f r e q u e n c y  r a n g e  2 0 0  t o  

1 5 0 0  k H z  was c o v e r e d  u s i n g  t h e  o r i g i n a l  r e v e r b e r a t i o n  

a p p a r a t u s  d e s c r i b e d  i n  s e c t i o n  3 -  2  T h e s e  m e a s u re m e n ts  

w e re  much l e s s  a c c u r a t e  t h a n  th o s e  made w i t h i n  t h e  r a n g e

1 . 5  t o  2 3 0  MHz f o r  t h e  r e a s o n s  g iv e n  p r e v i o u s l y .

The r e s u l t s ,  e x c l u d i n g  th o s e  o b t a i n e d  o v e r  t h e  r a n g e  

2 0 0  t o  1 0 0 0  k H z ,  w e re  a n a ly s e d  i n  te rm s  o f  o n e ,  two and  

t h r e e  r e l a x a t i o n s  (s e e  C h a p t e r s  2 and 5 ) .  I t  was fo u n d  

t h a t  a t  lo w  m e t h y l  c y a n id e  c o n c e n t r a t i o n s  and h ig h  

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

c o n c e n t r a t i o n s  o f  m e t h y l  c y a n id e  and  lo w  t e m p e r a t u r e s  

tw o ,  a n d  s o m e t im e s  t h r e e ,  r e l a x a t i o n s  w e re  r e q u i r e d .

U l t r a s o n i c  v e l o c i t y  m e a s u re m e n ts  f o r  t h e  s y s te m  

m e t h y l  c y a n id e  + w a t e r  h a v e  n o t  b e e n  r e p o r t e d . T h e  

s y s te m  a c e t o n e  + w a t e r  h a s  lo n g  b e e n  known t o  show a p e a k  

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

a t  a b o u t  0 . 0 8  m o le  f r a c t i o n  a c e t o n e  ( a t  3 0 0  ^2 2 , 3 0 , 1 6 9

2
F u r t h e r ,  t h e  c o m p o s i t io n  a t  w h ic h  i s  a maximum i s

x ^  = 0 . 4  f o r  b o t h  t h e  m e t h y l  c y a n id e  + w a t e r  and a c e to n e
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+ w a t e r  s y s te m s .  F o s t e r  s u g g e s te d  t h a t ,  on t h e  b a s i s  

ox th e  s i m i l a r i t y  b e tw e e n  a c e t o n e  + w a t e r  and m e t h y l  

c y a n id e  + w a t e r ,  i t  m ig h t  b e  e x p e c t e d  t h a t  m e t h y l  c y a n id e  

4- w a t e r  m i x t u r e s  s h o u ld  show a p e a k  sound v e l o c i t y  a t  

a s i m i l a r  c o m p o s i t io n .  The s u g g e s te d  s i m i l a r i t y  b e tw e e n  

t h e s e  tw o s y s tem s  i s  s u b s t a n t i a t e d  b y  a c o m p a r is o n  of 

t h e  c o m p o s i t io n  d e p e n d en c e  o f  t h e  e x c e s s  f u n c t i o n s  o f  

m i x i n g  G^, K ^ , an d  T h e  e x c e s s  G ib b s

f u n c t i o n  o f  m i x i n g , G ^ ,  i s  p o s i t i v e  and  a lm o s t  symm-

35e t r i c a l  f o r  b o t h  s y s te m s .  The e x c e s s  v o lu m e s  o f  m ix in g

V ^ , a r e  n e g a t i v e  and show m in im a  a t  a b o u t  0 . 4  m o le  f r a c t i o n

o f  s o l u t e  f o r  b o t h  s y s te m s .  The e x c e s s  e n t h a l p i e s  o f  

1 72m ix in g  a r e  n o t  i d e n t i c a l .  F o r  a c e to n e  + w a t e r  m i x t u r e s  

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

0 . 5 5  m o le  f r a c t i o n  o f  a c e t o n e ,  and i n  t h e  r e g i o n  o f  t h e  

p e a k  sound a b s o r p t i o n  i s  n e g a t i v e .  M e t h y l  c y a n id e  + w a t e r  

m i x t u r e s , c o n v e r s e l y ,  show a s i m i l a r  s ig n  i n v e r s i o n  a t
g

x ^  = 0 . 1  m o le  f r a c t i o n  o f  m e t h y l  c y a n i d e ,  and K i s  s t r o n g l y

p o s i t i v e  a t  t h e  p e a k  sound a b s o r p t i o n  c o n c e n t r a t i o n  (P S A C ).

The b e h a v io u r  o f  a c e t o n e  + w a t e r  m i x t u r e s  i s  v e r y

7 148s i m i l a r  t o  t h a t  f o r  t  b u t y l  a l c o h o l  + w a t e r  s y s te m .  ’

The r e l a t i v e  p a r t i a l  m o la r  v o lu m e  f o r  m e t h y l

c y a n id e  d o es  n o t ,  when p l o t t e d  as a f u n c t i o n  o f  m o le

f r a c t i o n  o f  m e t h y l  c y a n i d e ,  d i s p l a y  a p ro n o u n c e d  m in im um ,

i n  c o n t r a s t  t o  s i m i l a r  p l o t s  f o r  th e  a l c o h o l  + w a t e r  

148m i x t u r e s .  T h i s  was a l s o  fo u n d  t o  b e  t h e  c a s e  f o r

a c e t o n e  + w a t e r  m i x t u r e s .  H ow ever t h e  d a t a  a v a i l a b l e  

w e re  l e s s  r e l i a b l e  th a n  t h a t  u s e d  f o r  t h e  m e t h y l  c y a n id e
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•f w a t e r  s y s te m .  M i x t u r e s  o f  m e t h y l  c y a n id e  + w a t e r  h a v e

an u p p e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  a t  2 7 2 . 1  -  0 . 2  K

+ 35a t  0 . 3 8  -  0 . 0 2  m o le  f r a c t i o n  o f  m e t h y l  c y a n i d e .  Vv/hercas

m e t h y l  c y a n id e  + w a t e r  d i s p l a y s  UCST b e h a v i o u r ,  a l c o h o l

T w a t e r  m i x t u r e s  h a ve  a te n d e n c y  t o w a r d  LOST b e h a v i o u r .

A UCST i s  c h a r a c t e r i s t i c  o f  a s y s te m  w h e re  t h e  m ix in g  i s

th o u g h t  t o  be  e n t h a l p y  c o n t r o l l e d ,  w h e re a s  w i t h  a  LCST

t h e  m i x i n g  i s  e n t r o p y  c o n t r o l l e d . A c e t o n e  -+■ w a t e r

173m i x t u r e s  do n o t  h a v e  a UCST. H o w e v e r ,  F r a n k  and Q u is t  

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

b e tw e e n  a c e t o n e  and w a t e r . No such h y d r a t e  h as  b een  

r e p o r t e d  f o r  t h e  s y s te m  m e t h y l  c y a n id e  + w a t e r .

I n  an a t t e m p t  t o  i n v e s t i g a t e  t h e  s i m i l a r i t y  b e tw e e n

t h e  s y s te m s  m e t h y l  c y a n id e  + w a t e r  and  a c e to n e  + w a t e r ,

u l t r a s o n i c  a b s o r p t i o n  m e a s u re m e n ts  h a v e  b e e n  made w h ic h

e x t e n d  th o s e  r e p o r t e d  p r e v i o u s l y . T h e

r e s u l t s  h a v e  b e e n  a n a ly s e d  i n  te r m s  o f  t h e  s im p le  m o d e ls

i n v o l v i n g  s o l u t e  + w a t e r  e q u i l i b r i a  o r i g i n a l l y  p r o p o s e d  by  

24A n d r e a e .  I n  a  l a t e r  c h a p t e r  ( C h a p t e r  6 )  t h e  d a t a  a r e  

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

i n  C h a p t e r  5 .

4 - 2  METHYL CYANIDE + WATER

( i ) Sound V e l o c i t y  M e a s u re m e n ts

Sound v e l o c i t i e s  w e r e  m e a s u re d  f o r  t h e  s y s te m  m e t h y l  

c y a n id e  + w a t e r  o v e r  a w id e  r a n g e  o f  m i x t u r e  c o m p o s i t io n s  

a n d  a t  2 7 3 ,  298 and  308  K .  The  a p p a r a t u s  and  t h e r m o s t a t i n g
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s y s te m  was d e s c r i b e d  i n  C h a p t e r  3 -  5. F o r  e a c h  c o m p o s i t io n  

o f  m e t h y l  c y a n id e  -{- w a t e r  t h r e e  m e as u re m en ts  w e r e  made 

and a v e r a g e d .  T h e  e s t i m a t e d  a c c u r a c y  was b e t t e r  th a n  

^^2  p e r  c e n t .  The  r e s u l t s  a r e  t a b u l a t e d  i n  A p p e n d ix

4 - 1 .  The  u l t r a s o n i c  v e l o c i t i e s  f o r  t h e  m e t h y l  c y a n id e  

+ w a t e r  s y s te m  a r e  p l o t t e d  as a f u n c t i o n  o f  m i x t u r e  

c o m p o s i t io n  ( x ^ )  i n  F i g u r e  4 - 1 .  A t  e a c h  t e m p e r a t u r e  a  

maximum v;as o b s e r v e d  i n  t h e  d e p e n d e n c e  o f  t h e  sound  

v e l o c i t y  upon m o le  f r a c t i o n  o f  m e t h y l  c y a n id e  i n  t h e  

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

lo w  t e m p e r a t u r e s ,  b u t  th e  p o s i t i o n  o f  t h e  p e a k  i s ,  w i t h i n  

e x p e r i m e n t a l  e r r o r ,  in d e p e n d e n t  o f  t e m p e r a t u r e .

The maximum i n  t h e  sound v e l o c i t y  o c c u r s  a t  a c o m p o s i­

t i o n  w h ic h  c o r r e s p o n d s  c l o s e l y  w i t h  th e  en d  o f  t h e  * p l a t e a u  

r e g i o n * ,  i . e .  a t  x ^  = 0 . 0 3  -  0 . 0 2  m o le  f r a c t i o n  o f  m e t h y l  

c y a n i d e .

( i i )  U l t r a s o n i c  A b s o r p t i o n  M e a s u re m e n ts

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

c y a n i d e  i n  w a t e r  w e re  m e a s u re d  o v e r  t h e  f r e q u e n c y  r a n g e  

2 0 0  t o  1 5 0 0  kH z  a t  298  -  0 . 1  K a t  c o m p o s i t io n s  c o r r e s p o n d ­

i n g  t o  0 . 1 ,  0 . 3 ,  0 . 4  and 0 . 5  m o le  f r a c t i o n  o f  m e t h y l  

34c y a n i d e .  T h e s e  m e a s u re m e n ts  w e re  made u s i n g  t h e  m o d i f i e d  

r e v e r b e r a t i o n  a p p a r a t u s  d e s c r i b e d  i n  C h a p te r  3 .  The  

a p p a r a t u s  was c a l i b r a t e d  u s i n g  p u r e  d e g a s s e d  w a t e r ,  assum ­

i n g  t h e  u l t r a s o n i c  a b s o r p t i o n  t o  be  21 x  10  n e p e r s  s^  

cm ^ . T h e  m e a s u re d  v a l u e s  o f  t h e  d e c a y  t im e  c o n s t a n t  

d e f i n e d  i n  C h a p t e r  3 a r e  p l o t t e d  a g a i n s t  f r e q u e n c y  i n
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F i g u r e  4 - 2  f o r  t h r e e  m i x t u r e  c o m p o s i t io n s .  W i th  i n c r e a s e

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

c o n s t a n t  d e c r e a s e d  q u i t e  m a r k e d ly  and i t  became i m p o s s i b l e ,

i n  many i n s t a n c e s ,  t o  m e a s u re  t h e s e  a c c u r a t e l y .  V a lu e s

o f  c l o s e  t o  one m i l l i s e c o n d  w e re  r e j e c t e d  s in c e  t h i s

v a l u e  was to o  c lo s e  to  t h e  t i m e  c o n s t a n t  o f  t h e  r e c e i v e r

c i r c u i t .  A c o n s i d e r a b l e  s c a t t e r  was n o t i c e d  ( F i g u r e

4 - 2 )  b u t  t h e  t r e n d  was f o r  t h e  a b s o r p t i o n  t o  i n c r e a s e  on

g o in g  f r o m  0 . 1  t o  0 . 4  m o le  f r a c t i o n  o f  m e t h y l  c y a n i d e .

The p r o b a b l e  e r r o r  w h ic h  c o u ld  be a s s ig n e d  t o  t h e . d a t a

was a b o u t  -  20  p e r  c e n t .  D e s p i t e  t h e  l a r g e  e r r o r ^ t h e

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

as a f u n c t i o n  o f  f r e q u e n c y ,  as  shown f o r  0 . 1  and  0 . 5  m o le

f r a c t i o n  m e t h y l  c y a n id e  i n  F i g u r e  4 - 3 ,  t h e  g e n e r a l  t r e n d

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

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

i n  f r e q u e n c y  o v e r  t h e  r a n g e  2 0 0 - 1 5 0 0  k H z ,  f o r  a m i x t u r e

c o n t a i n i n g  0 . 5  m o le  f r a c t i o n  o f  m e t h y l  c y a n i d e ,  b u t  r e m a in s

a p p r o x i m a t e l y  c o n s t a n t  f o r  0 . 1  m o le  f r a c t i o n  o f  m e t h y l

c y a n i d e .  T h e s e  r e s u l t s  w o u ld  seem , i n  g e n e r a l ,  t o  be

148m a r g i n a l l y  b e t t e r  th a n  th o s e  o b t a i n e d  b y  F o s t e r .  The

r e s u l t s  a r e  t a b u l a t e d  i n  A p p e n d ix  4 - 2 .

4 - 3  ACETONE + WATER

9
( i  ) C o m p o s i t io n  D e p e n d en c e  o f

U l t r a s o n i c  a b s o r p t i o n  m e a s u re m e n ts  w e re  made on 

m i x t u r e s  o f  a c e t o n e  and  w a t e r  o v e r  a w id e  r a n g e  o f  m i x t u r e
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c o m p o s i t io n  and a t  2 6 3 ,  2 7 3 ,  2 03  aund 298 K an d  7 0  M Hz.

The  d a t a  a r e  su m m aris e d  i n  F i g u r e  4 - 4  and a r e  t a b u l a t e d

i n  A p p e n d ix  4 - 3 .  The d a t a  a r e  i n  e x c e l l e n t  a g re e m e n t

w i t h  th e  e a r l y  m e as u re m en ts  o f  W i l l a r d , W i l l i s ^ ^  and  

3B u r t o n .  ^ The p e a k  sound a b s o r p t i o n  c o m p o s i t io n  (PS 'IC )  

was l o c a t e d  a t  0 . 3 8  -  0 . 0 2  m o le  . f r a c t i o n  o f  a c e to n e  a t  

298 K .  M e a s u re m e n ts  made a t  2 63  K showed a PSAC a t  

0 . 3  -  0 . 0 2  m o le  f r a c t i o n  o f  a c e t o n e .  H ow ever b e tw e e n  

273  and 2 98  K t h e  PSAC i s  c o n s t a n t  t o  -  0 . 0 3  m o le  f r a c t i o n  

o f  a c e t o n e .

The a b s o r p t i o n  i n  th e  lo w  m o le  f r a c t i o n  o f  a c e to n e  

r e g i o n  d i s p l a y s  an i n i t i a l  i n s e n s i t i v i t y  t o  a d d ed  a c e to n e  

up t o  a b o u t  0 . 0 7  -  0 . 0 2  m o le  f r a c t i o n  o f  a c e t o n e .  T h e  

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

shown i n  F i g u r e  4 - 5 .  A t  h ig h  m o le  f r a c t i o n s  o f  a c e t o n e ,  

x ^  y 0 . 4 ,  t h e  u l t r a s o n i c  a b s o r p t i o n  s t e a d i l y  f a l l s  t o  t h e  

v a l u e  f o r  p u r e  a c e t o n e .

( i i ) U l t r a s o n i c  A b s o r p t io n  M e a s u re m e n ts  o v e r  t h e  

r a n g e  3 t o  2 3 0  M H z .

M e a s u re m e n ts  o f  t h e  u l t r a s o n i c  a b s o r p t i o n  as  a f u n c t i o n  

o f  f r e q u e n c y  w e re  made a t  2 7 3 ,  283  and 298 K a t  s e v e r a l  

c o m p o s i t io n s  i n  t h e  w a t e r  and  a c e to n e  r i c h  m i x t u r e s .  The  

r e s u l t s  a r e  t a b u l a t e d  i n  A p p e n d ix  4 - 3  and a r e  su m m aris ed  

f o r  0 . 1  an d  0 . 3  m o le  f r a c t i o n s  o f  a c e to n e  i n  F i g u r e s

4 - 6 ,  4 - 7  an d  4 - 8 ,  a t  2 7 3 ,  283  and  298 K r e s p e c t i v e l y .

( i i i )  U l t r a s o n i c  A b s o r p t i o n  M e a s u re m e n ts  o v e r  t h e  

r a n g e  2 0 0  t o  1 5 0 0  k H z .



F i a i R E  4 - 4  U l t r a s o n i c  A b s o r p t io n  o v o r  th e  t r m p o r a t u r o  

r a n g e  263  to  293  K o f  m i x t u r e s  o f  a c e to n e

and w a t e r .
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FIŒ J k E 4 - 5  U l t r a s o n i c  A b s o r p t io n  a t  2 7 3 ,  283  and

208  K f o r  a c o to n o  + u’a t e r  m i x t u r e s  o v o r  

t h e  c o m p o s i t io n  r a n g e  0 . 0 0  t o  0 . 1 8  n o lo  

f r a c t i o n  o f  a c e t o n e .
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F i g u r e  4 - 8  s u m m arises  th e  r e s u l t s  o b t a i n e d  f r o m  

u l t r a s o n i c  a b s o r p t i o n  m e a s u re m e n ts  i n  t h e  f r e q u e n c y  ra n g e  

2 GO t o  1 5 0 0  kH z  a t  298 K ,  an d  c o m p o s i t io n s  o f  0 . 1  an d  0 . 3  

m o le  f r a c t i o n  o f  a c e t o n e .  T h e s e  d a t a  w e r e  o b t a i n e d  u s in g  

a s i m i l a r  t e c h n i q u e  t o  t h a t  d e s c r i b e d  i n  C h a p te r  3 - 2  

and a l s o  i n  th e  p r e v i o u s  s e c t i o n .  The t r a n s d u c e r  s i z e  

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

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

w i t h  d e g a s s e d  w a t e r  a t  a b o u t  4 0 0 - 5 0 0  k H z  ( C h a p t e r  3 ,

F i g u r e  3 - 5  ) was due t o  some f o r m  o f  t r a n s d u c e r  r e s o n a n c e .  

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

p o i n t s ,  b u t  t h e  i n f l e c t i o n  was n o t  c o m p l e t e l y  re m o v e d .

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

t h e  sh ap e  o f  t h e  c o n t a i n i n g  v e s s e l .  P o s s i b l y  i t  i s  some 

fo r m  o f  s p h e re  r e s o n a n c e .  C e r t a i n l y  an o m alo u s  d e p e n d e n c e  

o f" t *u p o n  f r e q u e n c y  c o n t r i b u t e s  to  th e  l a r g e  e x p e r i m e n t a l  

e r r o r  i n  t h e  m e a s u re m e n ts .  The a p p a r a t u s  i s  s t i l l  i n  i t s  

e a r l y  s t a g e s  o f  d e v e lo p m e n t ,  b u t  t h e s e  r e s u l t s  show t h a t  

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

The  d a t a  o b t a i n e d  d o e s ,  h o w e v e r ,  show t h a t  t h e  s y s te m  

a c e t o n e  + w a t e r  may be  d e s c r i b e d  i n  te r m s  o f  tw o  r e l a x a ­

t i o n  f r e q u e n c i e s ,  one a t  a b o u t  2 0 0  k H z  and one a t  a b o u t  

1 0 0  M Hz. The  p r e s e n t  d a t a  a r e  n o t  s u f f i c i e n t l y  a c c u r a t e  

t o  r e n d e r  such  an a n a l y s i s  p o s s i b l e .  I t  w o u ld  a p p e a r  t h a t  

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

p o i n t  t h e  seco n d  r e l a x a t i o n  a t  lo w  f r e q u e n c i e s .  The  

a n a l y s i s  o f  th e  r e s u l t s  i n  te r m s  o f  one r e l a x a t i o n  f r e q u e n c y ,
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e x c l u d i n g  t h e  d a t a  a t  f r e q u e n c i e s  b e lo w  3 M Hz, i s  d is c u s s e d  

i n  C h a p te r  6 .  The r e s u l t s  a r e  t a b u l a t e d  i n  A p p e n d ix  4 - 4 .

( i v )  C o m p o s i t io n  d e p e n d e n c e  o f  (cC/f^) f o r  

A c e t o n y l  A c e to n e  + W a te r  M i x t u r e s

P ro m p te d  by  th e  e a r l y  i n v e s t i g a t i o n s  o f  A n d re a e  

24e t .  a l .  and t h e  n e e d  f o r  a c o m p a r is o n  b e tw e e n  a s im p le  

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

w id e  r a n g e  o f  c o m p o s i t io n s  o f  a c e t o n y l  a c e t o n e  + w a t e r  

w e r e  m e a s u re d  a t  2 7 3 ,  2 83  and 298  K . T h e  r e s u l t i n g  d a t a  

i s  s u m m a ris e d  i n  F i g u r e  4 - 9  and  i s  t a b u l a t e d  i n  A p p e n d ix

4 - 5 .

The g e n e r a l  o u t l i n e  o f  t h e  p l o t  r e s e m b le s  t h a t  f o r

a c e t o n e  + w a t e r .  The a b s o r p t i o n  a t  t h e  PSAC i s  r e m a r k a b ly

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

T h e  s t r i k i n g  f e a t u r e ,  h o w e v e r ,  i s  t h a t  t h e  PSAC o c c u r s

a t  x ^  = 0 . 2 5  -  0 . 0 2  a t  298  K and i s  s l i g h t l y  t e m p e r a t u r e

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

13r e p o r t e d  by  A n d re a e  e t .  a l .  F u r t h e r ,  t h e r e  seems t o  be  

no i n d i c a t i o n  o f  a ' p l a t e a u *  r e g i o n .

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

8 4  MHz.

4 - 4  D ISCUSSION

T h e  u l t r a s o n i c  a b s o r p t i o n  p r o p e r t i e s  o f  t h e  sy s te m s  

a c e t o n e  + w a t e r  an d  m e t h y l  c y a n id e  + w a t e r  may be c o n s id e r e d
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upon c o m p o s i t io n  f o r  m i x t u r e s  o f  

a c e t o n y l a c e t o n e  + w a t e r
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as a r i s i n g  f r o m  th e  r e l a x a t i o n  o f  a s e r i e s  o f  c h e m ic a l  

e q u i l i b r i a .  The r e l a x a t i o n  d a t a  i s  s u m m aris e d  i n  A p p en ­

d i x  6 -  3 , I n  a c c o u n t in g  f o r  t h e  t y p e  o f  b e h a v i o u r ,  many 

24 la g
w o r k e r s  * * h a v e  p r o p o s e d  an e q u i l i b r i u m  o f  t h e  t y p e :

w h e re  m m o le c u le s  o f  t y p e  B (s a y  w a t e r )  a r e  a s s o c i a t e d  

w i t h  one m o le c u le  o f  t y p e  A .  I f  t h e  PSAC i s  due to  

t h e  p e r t u r b a t i o n  o f  an e q u i l i b r i u m  o f  t h i s  n a t u r e ,  th e n  

t h e  p o s i t i o n  o f  t h e  PSAC can  be  e x p l a i n e d  b y  s im p le  a d j u s t ­

m ent o f  m. Thus  x^  = 1 ; w h e re  x ^  i s  t h e  m o le

1 -r m

f r a c t i o n  o f  m o le c u le s  o f  t y p e  A a t  th e  PSAC. I n  t h e  c a s e s  

o f  m e t h y l  c y a n id e  + w a t e r  and a c e t o n e  + w a t e r  x ^  =

0 . 3 8  -  0 , 0 2  and so m = 1 . 6 3  o r  5 / 3 .  T h u s ,  a p r o b a b l e  

e q u i l i b r i u m  w o u ld  be

(M eC N )^  + (H ^ O )^  ^  SMeCN'SHgO

o r  {{CK^)^C=0)^ + ( H ^ 0 ) ^ ; = 1 3  A c e to n e .S H ^ O

I f  x ^  i s  t a k e n  as  0 . 4 ,  t h e n  m = 1 , 5  and t h e  e q u i l i b r i a  

become

2 ( A c e t o n e )  + 3H ^0  P 2 (A c e to n e  ) •  3K^0

an d

2(M eC N ) -*■ SHgO 2 (M e C N )*3 H ^ 0

T h i s  shows t h a t  a c h an g e  i n  t h e  PSAC (s a y  -  0 . 0 2 )  r e s u l t s  

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

F u r t h e r ,  w h i l s t  such  a s im p le  m o d e l a c c o u n ts  a p p r o x i ­

m a t e l y  f o r  t h e  PSAC a t  0 . 3 8 ,  i t  c a n n o t  a c c o u n t  i n  an  

o b v io u s  way f o r  t h e  t e m p e r a t u r e  d ep en d en c e  o r  i n t e n s i t y
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ox t h e  a b s o r p t i o n .  F u r t h e r ,  t h e  m o d e l c a n n o t  a c c o u n t  f o r
2

t h e  o b s e r v e d  s h ap es  o f  t h e  p l o t s  o f  (&6/f ) a g a i n s t  compo­

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

t h i s  s i t u a t i o n ,  n o t a b l y  b y  A n d re a e  c t . a l . ^ ^  w i t h  r e f e r e n c e  

t o  th e  a c e to n e  + w a t e r  s y s te m .

( i ) The  w a t e r - r i c h  r e g i o n

Th e  ‘p l a t e a u *  r e g i o n  f o r  m e t h y l  c y a n id e  + w a t e r

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

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

f o r  m i x t u r e s  o f  a c e to n e  + w a t e r  a n d  o v e r  t h e  t e m p e r a t u r e
*

r a n g e  2 7 3  t o  298  K t h e  ‘p l a t e a u *  l e n g t h s  x ^  i n  t h e s e  

tw o  l i q u i d  s y s te m s  a r e  r o u g h l y  e q u a l .

F o r  aqueo us  s o l u t i o n s  o f  a l c o h o l s  i n  th e  w a t e r  r i c h
7

r e g i o n ,  C l a r k e  h as  n o t e d  t h e  s i m i l a r i t y  b e tw e e n  th e  

c o m p o s i t io n s  o f  t h e  ‘ p l a t e a u *  and  t h e  sound  v e l o c i t y  

maximum. T h i s  o b s e r v a t i o n  h as  b e e n  d is c u s s e d  i n  te rm s  o f
7

an e n h an c e m e n t o f  w a t e r  s t r u c t u r e  by  t h e  a l c o h o l .  An 

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

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

t h e  s o l u t i o n .  The a c e t o n e  + w a t e r  and m e t h y l  c y a n id e  + 

w a t e r  s y s te m s  a l s o  show an i n c r e a s e  i n  t h e  u l t r a s o n i c  

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

T h i s  s t r o n g l y  s u g g e s ts  t h a t  i t  i s  i n  t h i s  r e g i o n  t h a t  

some fo r m  o f  w a t e r  s t r u c t u r e  e n h an ce m en t t a k e s  p l a c e .  The  

i n c r e a s e  i n  t h e  ‘ p l a t e a u *  l e n g t h  w i t h  i n c r e a s e  i n  te m p e r ­

a t u r e ,  h o w e v e r ,  s u g g e s ts  t h a t  m e t h y l  c y a n id e  i n  t h e s e  

r e g i o n s  does  n o t  e n h a n c e  t h e  w a t e r  s t r u c t u r e  ( i . e .  an
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e n h an ce m en t o f  w a t e r - v ; a x e r  i n t e r a c t i o n s ) .  R a t h e r  some 

s h o r t  l i v e d  m e t h y l  c y a n id e  w a t e r  c o m p lex  i s  f o r m e d .

P r e v io u s  s t u d i e s ^ ’ ha v e  e x p l a i n e d  t h e  p r e s e n c e  o f  

a p l a t e a u  r e g i o n  by  i n t r o d u c i n g  a seco n d  e q u i l i b r i u m

The tw o  c o m p le x e s  d i f f e r  i n  s t r u c t u r e  o n l y  and t h i s  

e q u i l i b r i u m  i s  o f  m ost s i g n i f i c a n c e  a t  lo w  s o l u t e  

c o n c e n t r a t i o n s ,  w h e re  w a t e r  s t r u c t u r e  i s  s t i l l  t a k i n g  

a d o m in a n t  r o l e  i n  t h e  l i q u i d  m i x t u r e .  Such a m o d e l  

does  n o t  seem u n r e a s o n a b le  and  i t s  p l a u s i b i l i t y  i s  f u r t h e r  

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

o f  t h e s e  s y s te m s .

T h u s ,  t h e  e n t h a l p i e s  o f  m i x i n g  f o r  t h e  tw o  s y s te m s  a r e  

e x o t h e r m ic  i n  t h e  lo w  s o l u t e  m o le  f r a c t i o n  r e g i o n  ( c o n s i d e r ­

a b l y  so i n  t h e  c a s e  o f  a c e t o n e )  and o n l y  become e n d o t h e r m ie  

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

h a v e  a l s o  shown (s e e  C h a p t e r s  8 and 9 )  t h a t  en h an ce m en t  

o f  w a t e r - w a t e r  i n t e r a c t i o n s  does  n o t  d o m in a te  b u t  r a t h e r  

i t  i s  t h e  w a t e r - s o l u t e  h y d ro g e n  b o n d e d  i n t e r a c t i o n  w h ic h  

i s  s i g n i f i c a n t .  A c e to n e  i n  p a r t i c u l a r  fo rm s  q u i t e  s t r o n g  

h y d ro g e n  b onds  w i t h  w a t e r .

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

t h e  s i t u a t i o n  p o r t r a y e d  i n  th e  s ec o n d  m o d e l and  w i t h  th e  

t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  ‘p l a t e a u *  l e n g t h s  and sound  

v e l o c i t y  p ea lc s . ( s e e  T a b le s  4 - 1  an d  4 - 2 ) .  T h u s ,  i t  

seems t h a t  t h e  ‘p l a t e a u *  r e g i o n s  i n  a c e to n e  + w a t e r  and  

m e t h y l  c y a n id e  + w a t e r ,  w h ic h  a r e  much l e s s  s h a r p l y  d e f i n e d



TABLE 4 - 1

P l a t e a u
*

l e n g t h s  (x ^  ) and sound v e l o c i t y

pealc l o c a t i o n s  -  m e t h y l c y a n id e  -i* w a t e r

Tem p/K P l a t e a u  L e n g th  

(% 2 * )

L o c a t i o n  o f  Sound  

V e l o c i t y  P eak

273 0 . 0 7  -  0 . 0 2 0 . 0 8  -  0 . 0 2

283 - -

298 0 . 0 8  -  0 . 0 2 0 . 0 8  -  0 . 0 2

3 0 8 - 0 . 0 8  -  0 . 0 2

3 2 3 0 . 1 2  -  0 . 0 2

TABLE 4 - 2

P l a t e a u le n g t h s  ) and sound v e l o c i t y

p e a k l o c a t i o n s  -  a c e to n e  + w a t e r

Tem p/K P l a t e a u  L e n g th  

(% 2 * )

L o c a t i o n  o f  Sound  

V e l o c i t y  P eak

27 3 0 . 0 6  -  0 . 0 1 —
283 0 . 0 6  -  0 . 0 1 -

298 0 . 0 7  -  0 . 0 1 0 . 0 9  -  0 . 0 2

3 0 0 — 0 . 0 8  -  0 . 0 2
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t h a n  th o s e  o f  t h e  a l c o h o l  + w a t e r  m i x t u r e s ,  c o r r e s p o n d  

t o  t h e  f o r m a t i o n  o f  a  s o l u t e  + w a t e r  h y d ro g e n  b onded  

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

i n  th e  c a s e  o f  a c e to n e  + w a t e r ,  i s  fo u n d  i n  t h e  i s o l a t i o n
3

o f  an a c e to n e  h y d r a t e  b y  F r a n k  an d  Q u i s t .  T h e s e  w o r k e r s  

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

9 t o  14 w e i g h t  p e r  c e n t  a c e t o n e .  A l l o w i n g  f o r  t h e  

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

c o m p o s i t io n ,  i t  seems t h a t  a c o m p o s i t io n  o f  14  w e ig h t  

p e r  c e n t  a c e to n e  i s  m ost p r o b a b l e -  T h is  c o r r e s p o n d s  t o  

a b o u t  0 . 0 6  m o le  f r a c t i o n  o f  a c e t o n e  and i s  v e r y  s i m i l a r  

t o  t h e  c o m p o s i t io n  a t  th e  end  o f  t h e  ‘ p l a t e a u * .  No su ch  

h y d r a t e  h a s  y e t  b e e n  r e p o r t e d  f o r  m e t h y l  c y a n id e  + w a t e r .

I t  i s  p o s s i b l e  t h a t  t h e  e n t r o p y  te rra  d o m in a te s  i n  t h i s  

r e g i o n .

( i i  ) The m e t h y l  c y a n id e  o r  a c e to n e  r i c h  r e g i o n

T h i s  r e g i o n ,  b e y o n d  x ^  = 0 . 7  m o le  f r a c t i o n  o f  s o l u t e ,  

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

o f  w a t e r .  M e t h y l  c y a n id e  and a c e t o n e  c a n n o t  bo r e g a r d e d  

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

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

w o u ld  be  s t r o n g l y  d i s p l a c e d  to w a r d s  t h e  c o m p le x .  T h e r e  

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

such e q u i l i b r i a  i n  t h i s  r e g i o n .

( i i i )  The  PSAC r e g i o n

The  r e g i o n  l y i n g  b e tw e e n  t h e  w a t e r - r i e h  and a c e t o n e -  

r i c h  r e g i o n s  p r e v i o u s l y  d e s c r i b e d  c o n t a i n s  t h e  maximum
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u l t r a s o n i c  a b s o r p t i o n .  The  l o c a t i o n  o f  th e  a b s o r p t i o n  

m axim uit,  t h e  pealc sound a b s o r p t i o n  c o n c e n t r a t i o n ,  o c c u rs  

a t  = 0 . 3 8  -  0 . 0 2  i t o le  f r a c t i o n  o v e r  t h e  t e m p e r a t u r e  

r a n g e  273  t o  298  K f o r  b o t h  s y s te m s .  T h e  p r e s e n c e  o f  

t h i s  PSAC h as  b e en  p r e v i o u s l y  d e s c r i b e d  i n  te rm s  o f  

s im p le  e q u i l i b r i a .  To g le a n  i n f o r m a t i o n  w h ic h  w i l l  h e lp  

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

d a t a  a r e  r e q u i r e d .  E x a m in a t io n  o f  G ' ,  K an d  v shows 

no d i r e c t  i n d i c a t i o n  o f  w h ic h  p a r a m e t e r  c o u ld  be  r e s p o n s ­

i b l e  f o r  t h e  a p p e a r a n c e  o f  a PSAC and t h i s  i s  a l s o  fo u n d  

t o  be t h e  c a s e  f o r  t h e  a l c o h o l  + w a t e r  m i x t u r e s .  U s u a l l y  

w a t e r  a t t e m p t s  t o  r e t a i n  i t s  own s t r u c t u r e  and  t h e  

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

T h i s  s i t u a t i o n  c a n ,  i n  some c a s e s ,  be  r e s o l v e d  b y  p h a s e  

s e p a r a t i o n ,  t h e  m i x t u r e  e x h i b i t i n g  c r i t i c a l  b e h a v i o u r .

F o r  m e t h y l  c y a n id e  + w a t e r  m i x t u r e s  t h i s  i s  t h e  c a s e  and

t h e  u p p e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  c o m p o s i t io n
35

c o r r e s p o n d s  w e l l  w i t h  t h e  l o c a t i o n  o f  t h e  PSAC. H o w e v e r ,  

f o r  t h e  s y s te m  a c e t o n e  + w a t e r  c r i t i c a l  s o l u t i o n  b e h a v io u r  

h as  n o t  b e en  r e p o r t e d .  The  o n ly  th e rm o d y n a m ic  d i f f e r e n c e  

b e tw e e n  t h e s e  tw o s y s te m s  i s  a p p a r e n t  i n  th e  d e p e n d e n c e  o f
TT

upon m i x t u r e  c o m p o s i t io n .  F o r  a c e t o n e  + w a t e r  m i x t u r e s ,  

w h ic h  d i s p l a y  h y d r a t e  f o r m a t i o n ,  H i s  s t r o n g l y  n e g a t i v e ,  

w h e re a s  f o r  m e t h y l  c y a n id e  t  w a t e r  m i x t u r e s  i s  o n ly  

w e a k ly  n e g a t i v e  i n  t h e  w a t e r  r i c h  r e g i o n  ( 0 . 0  t o  0 . 1  m o le  

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

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

c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  i s  t h a t  &^H s h o u ld  be l e s s
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th a n  z e r o .  As w i l l  be  i l l u s t r a t e d  i n  a l a t e r  a n a l y s i s  

( C h a p t e r  5 and 6 )  t h i s  i s  th e  c as e  f o r  m e t h y l  c y a n id e  + 

w a t e r  m i x t u r e s ,  w h e re a s  i n  th e  c a s e  o f  a c e to n e  + w a t e r  

m i x t u r e s  i s  g r e a t e r  th a n  z e r o  o v e r  m ost o f  t h e  r a n g e

à

up t o  x ^  = 0 . 7  m o le  f r a c t i o n  o f  a c e t o n e .

C o m p a r is o n  o f  t h e  H d e p e n d e n c e  upon  c o n c e n t r a t i o n  

f o r  a c e t o n e  + w a t e r  w i t h  t h a t  f o r  t  b u t y l  a l c o h o l  + w a t e r  

shows a m a rk e d  s i m i l a r i t y .  T h i s  s u g g e s ts  t h a t  t h e  u l t r a ­

s o n ic  b e h a v i o u r  o f  a c e t o n e  i n  w a t e r  l i e s  b e tw e e n  t h a t  o f  

t  b u t y l  a l c o h o l  + w a t e r  and m e t h y l  c y a n id e  + w a t e r ,  b u t  

i s  m ore c l o s e l y  c o m p a r a b le  w i t h  t h e  m e t h y l  c y a n id e  + 

w a t e r  s y s te m .  The im p o r t a n c e  o f  t h e  d o u b le  d i f f e r e n t i a l s  

o f  th e rm o d y n a m ic  f u n c t i o n s  o f  m i x i n g  w i l l  be shovm i n  

C h a p t e r  6 t o  be p a ra m o u n t  i n  d e s c r i b i n g  t h e  d e p e n d e n c e  o f  

u l t r a s o n i c  a b s o r p t i o n  on m i x t u r e  c o m p o s i t io n .

I f  t h e  p e a k  i n  t h e  sound a b s o r p t i o n  o f  m e t h y l  c y a n id e  

+ w a t e r  m i x t u r e s  r e f l e c t s  t h e  c r i t i c a l  b e h a v io u r  and  t h e  

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

d i f f i c u l t  t o  see  how a s im p le  e q u i l i b r i u m  m o d e l can  d e s c r i b e  

t h e  s i t u a t i o n .  I t  w o u ld  be  i n c o r r e c t  t o  s u g g e s t  t h a t  

c o m p le x  f o r m a t i o n  d o e s  n o t  t a k e  p l a c e  a t  lo w  m o le  f r a c t i o n s  

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

f e a t u r e  i n  t h e  PSAC r e g i o n  i s  th e  te n d e n c y  t o w a r d  p h a s e  

s e p a r a t i o n .

Summary

l\/hi 1 s t  t h e r e  a r e  s t r i k i n g  s i m i l a r i t i e s  b e tw e e n  t h e
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s y s te m s  w a t e r  + m e t h y l  c y a n i d e ,  and w a t e r  + a c e to n e
148

as  o r i g i n a l l y  s u g g e s te d  by  F o s t e r ,  t h e r e  a r e  i m p o r t a n t  

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

t i e s  o f  a c e to n e  + w a t e r  and m e t h y l  c y a n id e  + w a t e r  

m i x t u r e s  c a n n o t  be  a c c o u n te d  f o r  c o m p l e t e l y  b y  t h e  use  

o f  s im p le  m o d e ls  such as p r o p o s e d  b y  A n d re a e  e t .  a l .  I n  

p a r t i c u l a r  t h e  d i f f e r e n c e s  b e tw e e n  t h e  s y s te m s  m a n i f e s t  

i n  t h e  b e h a v i o u r  o f  th e  e n t h a l p y  o f  m i x i n g  c a n n o t  be  

a c c o u n te d  f o r .  A l a t e r  a n a l y s i s  (C h a p t e r  6 )  i n  te rm s  o f  

a s p e c tru m  o f  r e l a x a t i o n  t im e s  p i n p o i n t s  t h e  s i m i l a r i t i e s  

and d i f f e r e n c e s  b e tw e e n  t h e s e  s y s te m s .

The s im p le  e q u i l i b r i u m  a p p ro a c h  c a n ,  h o w e v e r ,  go 

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

b e h a v io u r  i n  th e  w a t e r - r i c h  r e g i o n  c lo s e  t o  th e  ' p l a t e a u ' .
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5 - 1  INTRODUCTION

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

o f  sound by  l i q u i d s  and  l i q u i d  m i x t u r e s  i s  c o m p le x .

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

e x p e r i m e n t a l l y  and r e q u i r e  k n o w le d g e  o f  p a r a m e t e r s  w h ic h  

a r e  a t  p r e s e n t  i n a c c e s s i b l e .  C u r r e n t  t h e o r i e s  may be  

d i v i d e d  i n t o  tw o g r o u p s .  Th o se  o f  t h e  f i r s t  g ro u p  assume  

t h a t  a c h e m ic a l  e q u i l i b r i u m  i s  p e r t u r b e d  b y  t h e  sound  

w a v e .  The seco n d  g ro u p  i s  b a s e d  on an a n a l y s i s  o f  l o c a l i s e d  

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

l a t t e r  g ro u p  i s  p r o v i d e d  by  t h e  t h e o r y  o f  Romanov and  

S o l o v y e v . ^

T h e s e  tw o  a p p r o a c h e s ,  t h e  c h e m ic a l  e q u i l i b r i u m  and  

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

t o  t h e  d a t a  r e p o r t e d  i n  C h a p t e r  4 ,  a lo n g  w i t h  o t h e r  d a t a  

t a k e n  f r o m  t h e  l i t e r a t u r e .

T h e r e  i s  an i m p o r t a n t  d i f f e r e n c e  b e tw e e n  th e s e  tw o  

m o d e ls .  The f o r m e r  c o n s id e r s  t h a t  t h e  re s p o n s e  o f  t h e  

s y s te m  t o  a  p e r t u r b a t i o n  can be  c h a r a c t e r i s e d  b y  a s m a l l  

number o f  d i s c r e t e  r e l a x a t i o n  t i m e s .  The l a t t e r  m o d e l  

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

A f u r t h e r  t h e o r y ,  due t o  F ix m a n ^ ^ ^  ’ h a s  b e en

e x a m in e d  i n  l e s s  d e t a i l .  T h i s  t h e o r y  d e s c r i b e s  th e  

a b s o r p t i o n  o f  sound b y  b i n a r y  m i x t u r e s  c lo s e  t o  t h e i r  

c r i t i c a l  p o i n t .



64

5 - 2  THE RELAXATION APPROACH

( i ) O r i g i n  of the R e l a x a t i o n  E q u a t io n s

The p a s s a g e  o f  a sound wave th r o u g h  a f l u i d  i s

a c c o m p a n ie d  b y  l o c a l  c h an g es  i n  vo lu m e  and t e m p e r a t u r e

( i . e .  a d i a b a t i c  c o m p r e s s io n ) .  E x p e r i m e n t a l  o b s e r v a t i o n s

h a v e  shown t h a t  t h e  a t t e n u a t i o n  o f  a sound wave t r a v e l l i n g

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

v i s c o s i t y  e f f e c t s . ^  (F o r  l i q u i d  sys te m s  t h e  a b s o r p t i o n

a r i s i n g  f r o m  h e a t  l o s s  i s  n e g l i g i b l y  s m a l l ) .  The

a d d i t i o n a l  a t t e n u a t i o n  can be d e s c r i b e d  i n  te rm s  o f  a

12v o lu m e  v i s c o s i t y  ( ^  ) .  T h u s ,  L i t o v i t z  and D a v is  w r i t e ,

(“ " 1  =   ( = - )

w h e re  i s  t h e  ' c l a s s i c a l ' ,  o r  s h e a r ,  v i s c o s i t y .

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

t h e  r e s p o n s e  o f  t h e  s y s te m  t o  a chang e  i n  p r e s s u r e  i s  

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

( i s e n t r o p i c )  i s  f r e q u e n c y  d e p e n d e n t .  E q u a t io n  5 - 1  

i s  c o r r e c t  a t  lo w  f r e q u e n c i e s  w h e re  t h e  r a t e  o f  ch an g e  

o f  p r e s s u r e  ( o r  t e m p e r a t u r e )  i s  much lo w e r  t h a n  th e  

l o n g e s t  re s p o n s e  t im e  o f  t h e  l i q u i d  s y s te m .  W i t h  i n c r e a s e  

i n  f  , ( ^ / ^ ^ ) o b s  d e c r e a s e s .  I n  o r d e r  t o  d e s c r i b e  t h e

r a t e  c o n t r o l  by  t h e  s y s te m ,  t h e  mode o f  r e s p o n s e  o f  t h e  

s y s te m  and  i t s  k i n e t i c  p a r a m e t e r s  m u st be  u n d e r s t o o d .

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

m u s t ,  t h e r e f o r e ,  b e  l i n k e d  w i t h  an a n a l y s i s  o f  t h e  v o lu m e
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v i s c o s i t y  c o n t r i b u t i o n .

Many d i f f e r e n t  m o l e c u l a r  m echan ism s f o r  t h e  chang e  

i n  t h e  s ys te m  f o l l o w i n g  a d i b a t i c  c o m p re s s io n  h a v e  b e en  

p r o p o s e d .  For e x a m p le ,  i n  u n a s s o c i a t e d  l i q u i d s  i s o m e r i c  

and v i b r a t i o n a l  r e l a x a t i o n  a r e  s a i d  t o  b e  th e  c a u s e s  

o f  f r e q u e n c y  d e p e n d e n t  vo lu m e  v i s c o s i t y .  I n  a s s o c i a t e d  

l i q u i d s  i s  a s c r i b e d  t o  some fo rm  o f  s t r u c t u r a l  r e l a x ­

a t i o n ,  Two m eth o d s  o f  d e r i v a t i o n  o f  t h e  s t r u c t u r a l  

v o lu m e  v i s c o s i t y  h a v e  b e e n  e x a m in e d .  T h a t  d e s c r i b e d  

i n  s e c t i o n  ( 5 - 3 )  r e l a t e s  t h e  vo lu m e  v i s c o s i t y  t o  

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

a t i o n  d is c u s s e d  i n  t h i s  s e c t i o n  i s  due t o  A n d re a e  and  

175Lamb. T h e y  s u g g e s t  t h a t  t h i s  v i s c o s i t y ,  and h e n ce  t h e

e x c e s s  u l t r a s o n i c  a b s o r p t i o n ,  a r i s e s  f r o m  th e  p e r t u r b a t i o n  

o f  a m o l e c u l a r  e q u i l i b r i u m  due t o  t h e  t e m p e r a t u r e  a l t e r n a ­

t i o n s  i n  a compr e s s i o n a l  w a v e .  Lam b, i n  an  a n a l y t i c a l  

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

e q u a t i o n s  b e lo w .

TL

-V j J / w  ^  .....................

w h e re ;

 ̂ i s  th e  i t h  r e l a x a t i o n  t i m e ,

B i s  a c o n s t a n t  r e p r e s e n t i n g  t h e  h ig h  f r e q u e n c y  

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

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

f o r  t h e  i t h  r e l a x a t i o n  p r o c e s s , J L L , i s  g iv e n  b y :
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U. CO = ^ C. Ç C-)  (5-3)
J ma-jc ^ ^

jjL j t h e  a b s o r p t i o n  p e r  w a v e l e n g t h ,  i s  g iv e n  by

^   ( 5 - 4 )

/^ m ax  a l s o  be  d e r i v e d  t h e r m o d y n a m ic a l l y  f r o m  t h e

e x p r e s s i o n  b e lo w ;

%

u  = %  d S ' i l  « 4 M
p-(nax 2 R T  L /)C p

C t   (5-5)
Oo

w h e re  ;

A  v"^ and  A  h"^ r e p r e s e n t  t h e  s t a n d a r d  vo lu m e  and e n t h a l p y  

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

ode i s  t h e  t h e r m a l  e x p a n s io n  c o e f f i c i e n t  o f  t h e  l i q u i d  and  

/O i t s  d e n s i t y .  C and  C a r e  t h e  e q u i l i b r i u m  and  l i m i t -
P P *

i n g  h ig h  f r e q u e n c y  v a l u e s  o f  t h e  h e a t  c a p a c i t y .  The  

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

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

by p a s s a g e  o f  t h e  sound w a v e .

E q u a t i o n  ( 5 - 5 )  c a n n o t  be  s o lv e d  f o r  b o th  A a n d  

A h  an d  s o ,  i n  th e  a b s e n c e  o f  a d d i t i o n a l  e v i d e n c e ,  one  

o r o t h e r  i s  assumed t o  be d o m in a n t .  F o r  r e a c t i o n s  i n  d i l u t e  

aqueo us  s o l u t i o n  a t  a ro u n d  277 K , A V ^ i s  t h o u g h t  t o  be  

much l a r g e r  th a n  t h e  e n t h a l p y  t e r m .  S e v e r a l  a p p l i c a t i o n s  

o f  t h i s  e q u a t i o n  h a v e  b e e n  r e p o r t e d , ^ ' ^ ^ * ^ ^ ^  b u t  none o f  

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

and t h e  v a l u e s  o f  ̂  c a l c u l a t e d  f r o m  th e rm o d y n a m ic  d a t a .

F u r t h e r ,  A and AH"^ a r  e d i f f i c u l t  p a r a m e t e r s  t o  d e t e r m in e  

e x p e r i m e n t a l l y .
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IVhenever u l t r a s o n i c  a b s o r p t i o n  m e a s u re m e n ts  a r e  

r e p o r t e d  e q u a t i o n  ( 5 - 2 )  has g e n e r a l l y  b e en  u s e d  t o  

d educe  t h e  r e l a x a t i o n  t i m e s .  T h e s e  t im e s  a r e  th e n  a s s ig n e d  

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

i s  f a r  f ro m  s t r a i g h t  f o r w a r d .  The d e r i v e d  A and f ^  v a lu e s  

f o r  many aq u eo u s  s ys te m s  h a v e  shown s i m i l a r  t r e n d s  w h ic h  

may be  c o n s id e r e d  as h i g h l i g h t i n g  t h e  i m p o r t a n t  r o l e  o f  

w a t e r  i n  t h e s e  s y s te m s .

( i i )  C o m p u ter  A n a l y s i s

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

( 5 - 2 )  u s i n g  a l e a s t  s q u a r e s  p ro g ra m  o r i g i n a l l y  w r i t t e n  

b y  D r .  A .  W e in m a n n .^ ^ °  T h is  p r o g r a m ,  w r i t t e n  i n  ALGOL, 

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

l i s t e d  i n  A p p e n d ix  5 - 1 .  T h e  o b s e r v e d  v a l u e s  o f  fcC\ a r e

U L
r e q u i r e d  b y  t h e  p ro g ra m  a t  v a r i o u s  f r e q u e n c i e s  f ,  m a k in g  

N o b s e r v a t i o n s  i n  t o t a l .  I f  F i s  d e f i n e d  as

/ - A \  _  ( A .
I f " )  i f Vobs caL

( 5 - 6 )

th e n  ^  _ Q a t  th e  m in im um .

T h e  p ro g ra m  e s t i m a t e d  v a l u e s  o f  t h e  p a r a m e t e r s ,  t o g e t h e r  

w i t h  u p p e r  and lo w e r  l i m i t s  and ' v a r i a t i o n  l e n g t h s '  and  

r e p e a t e d l y  com p u ted  F w h i l s t  v a r y i n g  one o r  m ore p a r a m e t e r s  

u n t i l  F was a m in im um . The v a l u e s  o f / c a l c ,  f ,  f c ( i )

and  A ( i )  w e re  o u t p u t .  T h i s  p ro g ra m  w a s ,  h o w e v e r ,  fo u n d  t o
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be u n s a t i s f a c t o r y  b e c a u s e  t h e  s q u a re s  o f  t h e  d i f f e r e n c e s

( 4 ]
\  f  j c a l c

i n  t h e  tw o  q u a n t i t i e s —

cbs

w e re  n o t

n o r m a l i s e d .  T h u s ,  l a r g e  v a l u e s  o f
- 2 )  "  ( 4 )
f  Xobs ' f  / c a l c

w e re  g iv e n  g r e a t e r  ' w e i g h t ' by  t h e  p ro g ra m  t h a n  o t h e r  

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

s q u a r e s ;  r e d e f i n i n g  F a s ;

F  =  ( h w .   ( 3 - 7 )

The  p ro g ra m  l i s t e d  i n  t h e  A p p e n d ix  5 - 1  u s e s  t h i s  'w e i g h t e d '

fo r m  o f  t h e  sum o f  t h e  s q u a r e s  o f  th e  d e v i a t i o n s .

A n o t h e r  m eth o d  o f  f i t t i n g  e q u a t i o n  ( 5 - 2 )  t o  t h e

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

i n  C h a p t e r  8 f o r  t h e  a n a l y s i s  o f  s p e c t r a l  b a n d  c o n t o u r s

T h i s  m e th o d  u s e d  t h e  a p p r o x i m a t i o n  t h a t  f o r  any g e n e r a l i s e d

p a r a m e t e r  p a r e f i n e d  o r  ' b e t t e r  ' v a l u e  can b e  o b t a i n e d  
o

177

f r o m  t h e  e q u a t i o n

( 5 - 8 )

w h e r e ^  i s  an a d j u s t a b l e  m i n i m is i n g  p a r a m e t e r  h a v in g  a 

v a l u e  b e tw e e n  1 . 0  and O. The r e l e v a n t  e q u a t i o n s  a r e  

s u m m arised  b e lo w .

L e t
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N

then F I ..........(5-9)

 ( _ )

 < - - )

T h i s  m e th o d  r e d u c e s  t h e  c o m p u t in g  t im e  r e q u i r e d  f o r  d a t a  

a n a l y s i s .  I n  a d d i t i o n  t h e  m i n i m i s a t i o n  i s  im p r o v e d  and  

' f a l s e  m in im a ' a r e  e l i m i n a t e d .

One c r i t i c i s m  o f  t h e  u s e  o f  e q u a t i o n  ( 5 - 2 )  i n  a n a l y s ­

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

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

s t a n d  i n  d y n a m ic  t e r m s .  F u r t h e r ,  t h e  v a l u e s  o f  A ( i )  and  

f ^ ( i )  f o r  t h e  ' i t h  r e l a x a t i o n '  c a n n o t  be endowed w i t h  a  

s im p le  m e a n in g .

5 - 3  THE THEORY OF ROMANOV AND SOLOVYEV

( i ) F l u c t u a t i o n  M o d e l

The t h e o r y  o f  Romanov and S o lo v y e v  a t t e m p t s  t o  e x p l a i n
2

t h e  p r e s e n c e  o f  a maximum i n  t h e  p l o t  o f  ( c ^ f  ) a g a i n s t

t h e  c o n c e n t r a t i o n .  The u s u a l  e x p l a n a t i o n  i s  fo u n d e d  upon

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

175a s s o c i a t e s ,  a l l  h a v i n g  r i g o r o u s l y  d e f i n e d  s t o i c h i o m e t r y .

Vuks and L d s n y a n s k i i^ ^ ^ * ^ ^ ^  d re w  a t t e n t i o n  t o  t h e  

s i m i l a r i t i e s  b e tw e e n  th e  c o n c e n t r a t i o n  d e o e n d e n c e  o f  sound
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a b s o r p t i o n  and l i g h t  s c a t t e r i n g .  T h e y  a c c o u n te d  f o r  t h e  

e x c e æ  sound a b s o r p t i o n  i n  l i q u i d  m i x t u r e s  i n  te rm s  o f  

c o n c e n t r a t i o n  f l u c t u a t i o n s .  The a n a l y s i s  w h ic h  f o l l o w s  

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

as r e g i o n s  o f  v a r i a b l e  c o n c e n t r a t i o n  i n  a c o n t in u o u s  

m ediu m . T h i s  a p p ro a c h  i s  o n l y  r i g o r o u s  f o r  l a r g e  s c a l e  

f l u c t u a t i o n s  b u t  i t  may be c o n s id e r e d  as o f f e r i n g  an  

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

Some sound a b s o r p t i o n  can  be a t t r i b u t e d  t o  h e a t  e x c h a n g e ,  

t h e  Z e n e r - I s a k o v i t c h ^ ^ ^  e f f e c t ,  b u t  a s im p le  e s t im a t e ^ ^ ^  

shows t h a t  t h i s  e f f e c t  i s  s m a l l .  A m ore l i k e l y  m echan ism  

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

( i i )  D e r i v a t i o n  o f  t h e  R o m a n o v -S o lo v y e v  E q u a t io n

The volume occupied by one mole of solution V i s  
divided into elementsdV , sufficiently small that the 
concentration may be considered constant throughout the 
elemental volume. The thermodynamic potential of the 
element is

V. ( 5 - 1 2 )

w h e re  x  i s  t h e  c o n c e n t r a t i o n  i n  t h e  v o lu m e  e le m e n t  ciV, 

and  x ^  i s  t h e  c o n c e n t r a t i o n  o f  t h e  b u l k  s o l u t i o n  i n  m ole  

f r a c t i o n  u n i t s .  (^^C'aÿis t h e  th e rm o d y n a m ic  p o t e n t i a l  p e r  

mole i n  t h e  a b s e n c e  o f  f l u c t u a t i o n s .  F u r t h e r  te r m s  a r e  

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

d e t e r m i n a t i o n  o f  t h e  c o r r e c t i o n  c o e f f i c i e n t s .
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I n t e g r a t i n g  o v e r  t h e  v o lu m e  V  g iv e s  t h e  m o la r  th e rm o ­

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

^   ( 5 - 1 3 )
V

t h a t  i s

G,(=cx-) «  -k  f  .....................

The m o la r  e n t h a l p y  H and m o la r  v o lu m e  V a r e  s i m i l a r l y  

d e r i v e d  as

~  U . C « 0 ( 5 - 1 5 )

2.

....................... ( 5 - 1 6 )

w h e re  a = an d  h = T   ̂ and  vr = “r  -
■ôjg-

n II
T h e s e  q u a n t i t i e s  g , h , vr“ a r e  d e r i v a b l e  f r o m  e x p e r i m e n t a l  

d a t a .  Thus V ,  H and G a r e  d e p e n d e n t  upo n  th e  mean s q u a r e  

f l u c t u a t i o n .

The  p a s s a g e  o f  a sound wave i s  a c c o m p a n ie d  by  v a r i a ­

t i o n s  i n  p r e s s u r e  ( p ) a n d  t e m p e r a t u r e  ( T ) .  T h e se  p and  T 

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

f l u c t u a t i o n s .

( lo t e  t h a t ;  tr" =% and  ̂ )

T h e  r a t e  a t  w h ic h  t h e  nev; d i s t r i b u t i o n  i s  e s t a b l i s h e d  i s  

c o n t r o l l e d  by d i f f u s i v e  p r o c e s s e s .  I t  i s  assumed t h a t
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t h e  r e s t o r a t i o n  o f  t h e  d i s t r i b u t i o n  o f  f l u c t u a t i o n s  

p r o c e e d s  a c c o r d in g  t o  th e  e q u a t i o n

—  = .......... (5-17)

w h e re  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t .

F u r t h e r ,  i t  i s  assum ed t h a t  t h e  r a t e  o f  f o r m a t i o n  o f  a 

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

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

The i n s t a n t a n e o u s  c o n c e n t r a t i o n  d i s t r i b u t i o n  may b e  

r e p r e s e n t e d  as a F o u r i e r  s p e c t ru m

= 2 2  B.C-t) Ci- (f) d )   (5-18)

T h e  a m p l i t u d e s  (B^ ) may be  shown t o  v a r y  as

#  ......................

B ^ i s  t h e  a v e r a g e  v a l u e  o f  a t  a g iv e n  p r e s s u r e  and
T" *

t e m p e r a t u r e ,  and B^ i s  t h e  a m p l i t u d e  o f  t h e  h a r m o n ic  w ave  

v e c t o r  f . The r e l a x a t i o n  t im e  I T  = 1 . I n  any sound
4  ~ 2

w ave  p = p  T = T + & T ,  and^^ Gp % G T ?o

( id ) t  ) ,  t h u s

exp

S B .  = ____
I -t- L ( j j f j

. . ( 5 - 2 0 )

F o r  a s m a l l  v o lu m e  in c r e m e n t  G V
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= — "IT V H - ^  ^   ( 5 - 2 1 )

w h e re  od and 0 a r e  t h e  i n s t a n t a n e o u s  c o e f f i c i e n t s  o f
O) Fca

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

Now <( ^  =  5   ( 5 - 2 2 )

so S < ( x - x p p  =  S E  B 2.

f  F

=  L E B  . S S .  =  % E  B f   ( 5 - 2 3 )
f  +

b u t  g  % I^ ~ p  an d  h e n c e
V o / /

.....................
d

From e q u a t i o n  ( 5 - 2 1 )

M  -V ci w h e re

6 = g  ^ k Z l M É y - J    ( 5 - 2 5 )
F r «  a \ )  1-^ L W Y f

e M e E j y  ( 5 - 2 6 )w  }

   \ V. uo Û A
f  f

By a n a lo g y  SH =  CTp ST - X V  7  S ^   ( 5 - 2 7 )

an d  G p  = C p  t" \  ------ !...........   ( 5 - 2 8 )
' I LUJ-Vr

 ̂ J jp ^

The c o m p le x  a d i a b a t i c  m o d u lu s  K  may b e  e x p r e s s e d  as
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'<. =  K. C T \ ) 7 , " / q  ) ]   ( 5 - 2 9 )

By s u b s t i t u t i n g  f o r  ^  and f r o m  e q u a t i o n s  ( 5 - 2 5 ) ,

( 5 - 2 6 ) ,  ( 5 - 2 7 ) ,  and e x t r a c t i n g  t h e  r e a l  and  im a g i n a r y

p a r t s  o f  t h e  c o m p le x  a d i a b a t i c  m o d u lu s  Romanov a n d  

S o lo v y e v  showed t h a t

/
V b T  d '  (5-30)

l l  !—0» ' GO
■2.

( 5 - 3 1 )

^C 3

and  f r o m  t h e  i m a g i n a r y  p a r t ;

■'1 =  K 0. V b T  /  f  . . . .
2 . C 5 " 7 y  ^

w h e re  i s  t h e  v o lu m e  v i s c o s i t y  c o e f f i c i e n t .  The  

i n s t a n t a n e o u s  q u a n t i t i e s  q/  , , r  may be  r e p l a c e d
®O0 oo

t o  a good a p p r o x i m a t i o n ,  by  t h e i r  e q u i l i b r i u m  v a l u e s

C p , K . Romanov and S o lo v y e v  made u s e  o f  t h e  Debye  

wavenum ber d i s t r i b u x i o n  f u n c t i o n

a C - f ) c i f  =  f i - i f   ( 5 - 3 2 )

i n  o r d e r  t o  c o n v e r t  t h e  su m m atio n  i n  e q u a t i o n  ( 5 - 3 3 )

t o  an i n t e g r a l ;  t h e y  o b t a i n e d

.....................

L (b) “  .................................
"0

an d  X = f  r.i
V d / cj" .



75

f ^  i s  th e  maximum wavenum ber o f  t h e  F o u r i e r  e x p a n s io n

and d e f i n e s  t h e  l i m i t  o f  t h e  m o d e l .  The m o d e l i s  o n ly  

s t r i c t l y  applicable f o r  f «  Ijjj, w h e re  Ji i s  t h e  mean 

d i s t a n c e  b e tw e e n  t h e  m o le c u le s  w i t h  the lo w e r  c o n c e n t r a t i o n  

T a k in g  i n t o  c o n s i d e r a t i o n  t h e  a p p r o x im a t e  n a t u r e  of t h e  

m o d e l we h a v e  s e t  fm  = •

The l i n k  b e tw e e n  t h e  v o lu m e  v i s c o s i

q u a n t i t y  ^  — c>6 c l a s s i c a l  i s ^ ' ^ ^

ity and t h e

2, c y %
( 5 - 3 6 )

f r o m  w h ic h  i t  i s  e a s i l y  shown t h a t

_  CO V  ^

F o l l o w i n g  l û t o v i t ^ & n d  w r i t i n g  f  = and  r e d e f i n i n '

T ^ =  a - V a t i  (=  p ) ;

Co
c o ( i ^ ( a b ) a A

I -V (o’-
+ B ................... (5-37)

r-

CO

( 5 - 3 8 )

w r i t i n c

CO

i c h  =
O ’ 14- ( 5 - 3 9 )
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The i n t e g r a l  I ( i )  has b e e n  e v a l u a t e d  as b e lo w  ; p u t t i n g  

a = C3/2D

....................... ( 5 - 4 0 )

ÛÛ
— 2 f  0>

by p a r t i a l  f r a c t i o n s

t h u s ;  f

X U " )  =  2. CLy
'"sOAA

—  -  2 a  / --------------
JL^ J

Q.̂
Cf

^  1 5 .  _  a ,a  f

X M.

CO

l e t  t h e  i n t e g r a l
/ =  T

......................  ( 5 - 4 1 )

( 5 - 4 2 )

( 5 - 4 3 )

u s in g  p a r t i a l  f r a c t i o n s  J  becom es

T =  4 _

C4
A A A

CûvA’ - J s a ê + O  / ( Â Æ V J f A + i )

«...

w h ic h  may b e  r e w r i t t e n  as

T =  '

V h £ t

f h a X b M M i  / '  1
j ( a i ^ + 7 S i + i )  7  
0 ...

■+jÂ^i.+-0

( 5 - 4 4 )

( 5 - 4 5 )
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o o
w r i t i n g  x "  = and i n t e g r a t i n g  g i v e s ;

, . r  / .  / _ \ \ o o
’==

4- JT X -V- l /
-b

J5~ c lx  ^  f d%
-ac -t-i) -VvTax. 4-0

( 5 - 4 6 )

E u t  (x ^  + X -f 1 )  may be w r i t t e n  as (x  +4^ )  + (::!% )
2 2

an d  (x ^  -  J2  X  -f  1 )  may be w r i t t e n  as  (x  -  ^ ) ^  + ( ^  )
2 2

Th u s  t h e  tw o  i n t e g r a l s  i n  e q u a t i o n  ( 5 - 4 6 )  become s i m i l a r  

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

= - 1 -  to.A 4- c o n ^ t.
4- x.®" / \  V A

T h u s ,  a f t e r  i n t e g r a t i o n ,  t h e  e x p r e s s i o n  f o r  J  i s

T  =  (> 1 4 - J n )  T a t t  _
[_ V '3 ^ x 7 :+ a r '£ ~ f  1 /

( 5 - 4 7 )

The  r e s u l t i n g  e x p r e s s i o n  f o r  may be su m m aris e d  as

f ^f o l l o w s  ;

oL
CO

( 5 - 4 8 )

w h e re

Q. =

and

V c

CO
iX  p

( n o t e  1*0^ =yS^ = i s e n t r o p i c  c o m p r e s s i b i l i t y )
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w h e re  p =

2,^ _  "îr\ I
( a^vA  J2<̂ +

  2* ^WxA ^ A v A  l ]  ^

and a = 60/2D.

( i i i )  The Q u a n t i t y  Q

A q u a n t i t y ,  Q, d e f i n e d  i n  e q u a t i o n  ( 5 - 4 9 )

h  C f Ÿ c
( 5 - 4 9 )

has  b e e n  i d e n t i f i e d  s in c e  i t  c o n t a i n s ,  i n  p r i n c i p l e ,  a l l  

th o s e  q u a n t i t i e s  w h ic h  a r e  i n d e p e n d e n t l y  d e t e r m i n a b l e .

To a c lo s e  a p p r o x im a t io n  a t  a f i x e d  f r e q u e n c y  t h e  q u a n t i t y  

P i s  in d e p e n d e n t  o f  c o m p o s i t io n .  Th u s  t h e  d e p en d en c e  o f  

o i/f  upon  c o m p o s i t io n  s h o u ld  be  r e f l e c t e d  i n  th e  b e h a v io u r  

o f  t h e  q u a n t i t y  Q as a f u n c t i o n  o f  m i x t u r e  c o m p o s i t io n .  I n  

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

w i t h i n  Q w e re  d e t e r m in e d  f r o m  e x p e r i m e n t a l  d a t a .

T h e  c o m p o s i t io n  d e p e n d e n c e  o f  t h e  q u a n t i t i e s  g " ,  h " ,

V " , (Z , C p ,  14^ ,̂ V , c ancyc w e r e  r e q u i r e d .  The  q u a n t i t i e s  

C p , c a n d y o w e re  d i r e c t l y  o b t a i n e d  f r o m  t h e  l i t e r a t u r e .

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

t h e  e q u a t i o n  o f  N ew ton  and L a p l a c e .

=  ( ' / / o c b
( 5 - 5 0 )

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

6 .
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T h e  q u a n t i t i e s  g " ,  h " ,  v ” a n d  V w e r e  o b t a i n e d ,  u s i n g  

t h e  a n a l y s i s  b e lo w ,  f r o m  r e p o r t e d  e x c e s s  v o lu m e ,  e n t h a l p y  

an d  G ib b s  f u n c t i o n  m e a s u re m e n ts .

C o n s id e r  a b i n a r y  m i x t u r e  c o m p r is in g  molz f r a c t i o n s  

x ^  an d  x ^  w i t h  m o la r  f r e e  e n e r g y  G.

Q = - I  q, -t-  (5- 5 1 )

w h e re  G^ and  G ^ a r e  t h e  p a r t i a l  m o la r  f r e e  e n e r g i e s  o f  t h e  

tw o  c o m p o n e n ts .

F o r  a  r e a l  s y s te m ;

q  = Xi Gj, + + XiRTlnx^f^ + x^RTlnXgfg

F o r  an i d e a l  s y s te m ;

+ x ^ R T ln x ^  + x ^ R T ln x .

Eso t h a t  t h e  e x c e s s  m o la r  f r e e  e n e r g y  o f  m ix in g  i s ;

E  G j Q
= ‘r e a l  ‘i d e a l  = x ^ R T l n f  ̂  + x ^ R T ln f ^

F o r  a  r e a l  s y s te m

Gj = x ^ < ^ ^  + ^ 2 ^ 2  + X g R T ln X g  +

T h u s ,  a f t e r  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  x ^ ,

e
& T

( 5 - 5 2 )

S i m i l a r l y ,  i t  can  be  shown f o r  t h e  h e a t s  o f  m i x i n g  and  

v o lu m e s  o f  m ix in g  t h a t ;  ç-

_  M l h !  .  ^

For any general excess function the derivation of
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'b^X^ (=  X " )  p l a c e s  r i g o r o u s  demands on th e  th e rm o d y n a m ic

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

a n a l y s i s  o f  t h e  d a t a  h as  b e e n  a p p l i e d .

The g e n e r a l  e x c e s s  f u n c t i o n  may be  r e p r e s e n t e d  as  

51a p o w e r s e r i e s ,

X =  X . ,  A ; ^ ( i - 2 2 c ( ) ................ ...................... ( 5 - 5 3 )
1 = 0

By d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  x  v/e d e r i v e ,
£

( à - i )  —

( 5 - 5 4 )

y.-=.0

W here d a t a  was n o t  r e p o r t e d  i n  t h e  l i t e r a t u r e  l i q u i d -  

v a p o u r  e q u i l i b r i u m  m e a s u re m e n ts  w e re  u s e d  t o  o b t a i n

181as a f u n c t i o n  o f  c o m p o s i t io n  u s i n g  t h e  m eth o d  o f  B a r k e r . ^  

The m o la r  v o lu m e s  w e re  o b t a i n e d  f r o m  e x c e s s  v o lu m e  m e a s u re ­

m e n ts  u s i n g  th e  e q u a t i o n

V -  7 4 '  ..................

/ ? w  / ( 2 )

w h e re  ^  ( 1 )  and y o  ( 2 )  a r e  t h e  d e n s i t i e s  and and  

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

( i v )  C o m p u te r  A n a l y s i s

(̂ ) The Computation of Q
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An ALGOL c o m p u te r  p ro g ra m  was w r i t t e n  t o  e v a l u a t e  

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

t i o n .  T h e  p r o g r a m ,  t o g e t h e r  w i t h  a summary o f  t h e  i n p u t  

d a t a ,  i s  g iv e n  i n  A p p e n d ix  5 - 2 .  F o r  c a l c u l a t i o n  o f  t h e  

p a r a m e t e r s  v " , h "  and g" as a f u n c t i o n  o f  m i x t u r e  c o m p o s i­

t i o n  t h e  c o n s t a n t s  A^ ( i  = 0 , 1 , 2 ,  n )  h a d  t o  be  e v a l u a t e d

i n  e q u a t i o n  ( 5 - 5 3 ) .  T h i s  was a c c o m p l is h e d  b y  a l e a s t  

s q u a r e s  p r o c e d u r e  as f o l l o w s ;

^  -  X / ( Xca\c)  (5 - 5 6 )

= o f o r  a l l  i  a t  a m in im um .
%A.

1

Now

........................... ( 5 - 5 7 )

Thus  t h e  s e t  o f  n e q u a t i o n s  i n  t h e  n p a r a m e t e r s  A^ may be  

r e p r e s e n t e d  b y

=  o  .................(5 - 5 8 )
f»OlAV3

f o r  i  = 0 , 1 , 2 ,  n .

The  s e t  o f  e q u a t i o n s  so g e n e r a t e d  w e re  s o l v e d  on an

18 ^E l l i o t t  4 1 3 0  c o m p u te r  u s i n g  an ALGOL p ro g ra m  w h ic h  i n c o r ­

p o r a t e d  an E l l i o t t  L i b r a r y  p ro g ra m  f o r  t h e  s o l u t i o n  o f  

a s e r i e s  o f  l i n e a r  e q u a t i o n s  ( o f  e . g .  ( 5 - 5 8 ) ) .  S u c c e s s iv e
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s e r i e s  of e q u a t io n s  w e r e  s o lv e d  f o r  v a l u e s  o f  n i n c r e a s i n g  

f r o m  z e r o  t o  1 0 .  The s e t  o f  p a r a m e t e r s  w h ic h  gave t h e  

' b e s t  f i t '  w e re  th e n  u s e d  i n  t h e  p ro g ra m  t o  e v a l u a t e  Q.

( b )  The R o m a n o v -S o lo v y e v  E q u a t io n

A c o m p u te r  p ro g ra m  was w r i t t e n  i n  ALGOL w h ic h  d e r i v e d  

t h e  v a l u e s  o f  Q, 1 ^ ,  D and B i n  t h e  ' f u l l '  R om anov-  

S o lo v y e v  e q u a t i o n .  (S e e  e q u a t i o n  ( 5 - 4 8 ) ) .

T h e  f r e q u e n c y  d e p e n d e n c e  o f  ( _ ^ )  was f i t t e d  t o

f  ̂e q u a t i o n  ( 5 - 4 8 )  u s i n g  a m o d i f i e d  fo r m  o f  t h e  p ro g ra m  

d e s c r i b e d  i n  s e c t i o n  5 - 2  ( i i ) .  I n i t i a l  a p p r o x im a t e  v a l u e s  

o f  Q, 1 ^ ,  D , and B ( d e f i n e d  p r e v i o u s l y )  w e re  i n p u t  t o  t h e  

p ro g ra m  w h ic h  r e f i n e d  t h e s e  v a l u e s  i n  o r d e r  t o  m in im is e  

t h e  sum o f  t h e  s q u a r e s  o f  t h e  d e v i a t i o n s .  The  o u t p u t  

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

w i t h  a t a b l e  o f  f ,  (0(£/f )^ ^ ^  and (c6/f ) ^  ]=4G t i n g

o f  t h e  p ro g ra m  i s  i n c l u d e d  i n  A p p e n d ix  5 - 3 .

5 - 4  ULTRASONIC ABSORPTION I N  C R IT IC A L  MIXTURES

The th e rm o d y n a m ic  c o n d i t i o n  f o r  c r i t i c a l  m ix in g  i s  t h a t  

g "  = O .^ ^  The R o m a n o v -S o lo v y e v  t r e a t m e n t  r e q u i r e s  t h a t  

^ f ^  i s  i n f i n i t e  a t  th e  c r i t i c a l  p o i n t .  T h i s  i s  i n  a g r e e ­

m en t w i t h  e x p e r i m e n t a l  o b s e r v a t i o n .

H o w e v e r ,  c r i t i c a l  phenom ena c a n n o t  be t r e a t e d  u s i n g  

c o n v e n t i o n a l  f l u c t u a t i o n  t h e o r y ,  s in c e  th e  f l u c t u a t i o n s  

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

According to equation (5-13) a fluctuation in composi-
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t i o n  o r  d e n s i t y  i s  r e f l e c t e d  i n  a  change i n  G. H ow ever  

a t  a c r i t i c a l  p o i n t  t h e r e  i s  l i t t l e  ch an g e  i n  G and t h e  

f l u c t u a t i o n s  become v e r y  l a r g e .  A n o t h e r  a p p ro a c h  t o  t h i s  

p r o b le m  has  b e e n  p r o p o s e d  b y  F ix m a n ^ ^ ^ '^ ^ ^ '^ ^ ^  1 3 9 , 1 7 r

( i ) O u t l i n e  o f  t h e  t h e o r y  o f  F ixm an

The  t r e a t m e n t  p r o p o s e d  b y  F ixm an  d is c u s s e s  u l t r a s o n i c

a b s o r p t i o n  i n  te rm s  o f  a c o u p l in g  b e tw e e n  t h e  f l u c t u a t i n g

a n o m a lo u s h e a t  c a p a c i t y  o f  a s y s te m  c lo s e  t o  a c r i t i c a l

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

th e  sound w a v e .  The l i m i t  o f  a p p l i c a b i l i t y  o f  t h e  t h e o r y

r e q u i r e s  t h a t  T -  T^  | <  1 The  t h e o r y  h a s  c o n n e c t io n s

183w i t h  t h e  O r n s t e i n - Z e r n i k e  t h e o r y  o f  c o r r e l a t i o n  an d  t h e  

1 84D ebye  t h e o r y  o f  l i g h t  s c a t t e r i n g .

I f  tw o  p o i n t s  A and B a r e  s e p a r a t e d  b y  d i s t a n c e  r  

such t h a t  and  r e p r e s e n t  l o c a l  f l u c t u a t i o n s  i n  some

p r o p e r t y  o f  t h e  s y s te m ,  th e n  i s  t h e  a v e r a g e

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

As r  > O ; ^  ̂  ^  b ^ ^  <C ^nd as r ---------y «=o

^  A  d e c r e a s e s .  The e x t e n t  o f  t h i s  d ep en d en c e  i s  

m e a s u re d  b y  a c o r r e l a t i o n  f u n c t i o n  c ( r ) .  c ( r )  = 1 . 0  when  

r  = CO and  c ( r )  = O when r  = O. T h e  v a l u e  o f  r  c o r r e s p o n d ­

i n g  t o  c ( r )  = 0 . 5  i s  c a l l e d  t h e  c o r r e l a t i o n  o r  p e r s i s t e n c e
18U

l e n g t h  L .  D ebye ‘ showed t h a t  f o r  a  f l u i d  a t  c r i t i c a l  

d e n s i t y  and  c r i t i c a l  t e m p e r a t u r e  T ^ ;

( t / t X  -  ' ( 5 - 5 9 )
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The  l e n g t h  1 i s  c h a r a c t e r i s t i c  o f  i n t e r r a o l e c u l a r  i n t e r -

183
a c t i o n s .  The c l a s s i c a l  e q u a t i o n  o f  Or n s t c in  an d  Z e r n i k e  

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

I f  g i s  t h e  G ib b s  f u n c t i o n  p e r  u n i t  vo lu m e  and  n^ th e  

number o f  m o le c u le s  o f  s p e c ie s  i , th e n  t h e  ch an g e  i n  g ,  

f o l l o w i n g  a c o m p o s i t io n  f l u c t u a t i o n ,  i s

~  ( s . ' n . y ” y  (  ( S n J )   ( 5 - 6 0 )

A ssu m in g  no v o lu m e  ch an g e  on m ix in g

S S  =  -  {  (  b  C & S V ^ T ) }   ( 5 - 6 1 )

U s in g  t h e s e  tw o e q u a t i o n s ,  an e x p r e s s i o n  f o r  t h e  a v e r a g e  

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

be d e r i v e d ;

< G S > = 4 '   ( 5 - 6 2 )

o

w h e re  i s  t h e  v o lu m e  f r a c t i o n  o f  s p e c ie s  2 and

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

g ( r )  w i t h  w ave v e c t o r  k .

The f o r m  o f  g ( r )  i s  t a k e n  a s ;

= .  O. ( 5 - 6 3 )

w h e re  h ( r )  = c ( r )  + n J'  c ( r )  h ( r )  d r ,  and  h ( r )  i s  t h e  

t o t a l  ( o r  lo n g  r a n g e )  c o r r e l a t i o n  f u n c t i o n .  n i s  t h e  number
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o f  m o le c u le s  i n  t h e  s y s te m .

A b s o r p t i o n  a r i s e s  f r o m  an o u t - o f - p h a s e  com ponent  

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

e n ce  o f  t h e  h e a t  c a p a c i t y  a r i s e s  o u t  o f  t h e  p r o p e r t i e s  o f  

t h e  F o u r i e r  t r a n s f o r m  o f  g ( r ) .  The re s p o n s e  o f  t h e  s y s te m  

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

c a p a c i t y  p e r  u n i t  vo lu m e  A  i s

( 5 - 6 4 )

t h e n ,  F ix m a n  w r i t e s ;

A ■ô k "-

(4-'vy\c^J
( 5 - 6 5 )

w h e re  h i s  a  d i f f u s i o n  c o e f f i c i e n t ,  and

( 5 - 6 6 )

The  i m a g i n a r y  r o o t  I m ( f )  i s  r e q u i r e d ^ ^ ^ '^ ^ ^ " ^ ^ ^  i n  an  

a n a l y s i s  o f  t h e  sound a b s o r p t i o n .

dL/f  ̂ _  nrC H  H - r n  (  f  )

c f

w h e re

( 5 - 6 7 )

( 5 - 6 8 )

p u t t i n g  U = fT -I e q u a t i o n  ( 5 - 6 7 )  becom es

4 -‘i  =  {H C ' T m  f  ^  4- B' ( 5 - 6 9 )
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w h e re  c i s  t h e  sound v e l o c i t y .  T h i s  e q u a t i o n  i s  s i m p l i -  

f i a b l e  t o ;

c i  , J-
IT  =  ^  r 4- B.......................................... .(5-70)

w h e re  \)/ and a r e  c o n s t a n t s .

( i i )  A p p l i c a t i o n  o f  t h e  F ix m a n  T h e o r y

Many a t t e m p t s  h a v e  b e e n  made t o  e x p l a i n  t h e  sh ap e  o f  

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

A t t e m p t s  t o  a p p ly  t h e  ' ' ' f u l l "  F ixm an  e q u a t i o n  h a v e  

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

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

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

d e f i n e  h and t h e  q u a n t i t y  . K» may be  r e - e x p r e s s e d  as
h T

a f u n c t i o n  o f  Jl, and  %  i s  u s e d  t o  d e t e r m in e  th e  q u a n t i t y

d ,  w h ic h  i n  t u r n  l e a d  t o  a  d e d u c t i o n  o f  I m ( f ) .

 ̂ 1 . _ 1 3 3 , 1 3 5 - 1 3 9  ,S e v e r a l  a u t h o r s ,  i n c l u d i n g  F ix m a n ,  ' n a ve

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

a t t e m p t e d  t o  p r e d i c t  th e  d e p e n d e n c e  o f  {où/f ) upon  f .

T h e s e  t e s t s  show t h e  t h e o r y  t o  be  s a t i s f a c t o r y  i n  a

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

133  135**T39t u r e s .  U n f o r t u n a t e l y ,  t h e  t h e o r y  f a i l s  t o  p r e d i c t  ' 

t h e  o b s e r v e d  d e p e n d e n c e  o f  t h e  sound v e l o c i t y  on f r e q u e n c y .

2
T h e  t h e o r y  does  p r e d i c t  t h a t  ( c V f ^ )  s h o u ld  show a 

maximum a t  some i n t e r m e d i a t e  c o m p o s i t io n ,  b u t  t h e  a g re e m e n t  

b e tw e e n  t h e  o b s e r v e d  and  p r e d i c t e d  c u r v e  i s  u n s a t i s f a c t o r y .
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A p ro g ra m  was w r i t t e n  i n  ALGOL t o  ' f i t *  e q u a t i o n

( 5 - 7 0 ) ,  u s i n g  a l e a s t  s q u a r e s  p r o c e d u r e ,  t o  t h e  e x p e r i -

2
m e n t a l  v a l u e s  o f  ( o y f ^ ) ^ ^ ^  a t  v a r i o u s  v a l u e s  o f  f  f o r  

an a q u eo u s  s o l u t i o n ,  s h o w in g  c r i t i c a l  b e h a v i o u r .

The a n a l y s i s  showed b r o a d  a g re e m e n t  b e tw e e n  t h e

1 ,6 9
e x p e r i m e n t a l  r e s u l t s  and t h e  t h e o r e t i c a l  t r e a t m e n t .
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6 - 1  t  BUTYL ALCOHOL + WATER MIXTURES

R e c e n t l y  much a t t e n t i o n  has  b e e n  d e v o t e d  t o  s t u d i e s  

o f  t h e  p r o p e r t i e s  o f  t  b u t y l  a l c o h o l  and  w a t e r  m i x t u r e s .  

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

t h e  lo w e r  a l c o h o l s  w h ic h  i s  c o m p l e t e l y  m i s c i b l e  w i t h  w a t e r .

7 19C l a r k e  ’ m e a s u re d  t h e  u l t r a s o n i c  a b s o r p t i o n  p r o p ­

e r t i e s  o f  m i x t u r e s  o f  t  b u t y l  a l c o h o l  and  w a t e r  o v e r  a

w id e  r a n g e  o f  c o m p o s i t io n s ,  an d  a t  s e v e r a l  t e m p e r a t u r e s .

22B u r t o n  r e p o r t e d  so und  v e l o c i t y  m e as u re m en ts  a t  v a r i o u s  

c o m p o s i t io n s  and 298 K ,

The  th e rm o d y n a m ic  p r o p e r t i e s  o f  t  b u t y l  a l c o h o l  and  

w a t e r  m i x t u r e s  h a v e  b e e n  e x t e n s i v e l y  e x a m in e d  b y  K e n ta m a a

e t  a l . 185

( i ) C a l c u l a t i o n  o f  Q

The c a l c u l a t i o n  o f  t h e  v a l u e s  o f  t h e  q u a n t i t y  Q,

d e f i n e d  b y  e q u a t i o n  ( 5 - 4 9 ) ,  w e r e  u n d e r t a k e n  as d e s c r i b e d

i n  C h a p t e r  5 .  Sound v e l o c i t y  d a t a ,  t a k e n  f r o m  r e f e r e n c e

2 2  an d  v a l u e s  o f  V ^ ,  H^ and  o b t a i n e d  f r o m  r e f e r e n c e

185  w e r e  u s e d .  T h e  v a l u e s  o f  Q c a l c u l a t e d  a t  s e v e r a l

mole f r a c t i o n s  ( x ^ )  a r e  p l o t t e d  i n  F i g u r e  6 - 1 ,  t o g e t h e r  w i t h

7 19t h e  u l t r a s o n i c  a b s o r p t i o n  m e a s u re m e n ts  o f  C l a r k .  '

F i g u r e  6 - 2  d i s p l a y s  t h e  d e p e n d e n c e  upon t h e  m o le  f r a c t i o n  

o f  t  b u t y l  a l c o h o l  (x^,) o f  t h e  com puted  p a r a m e t e r s  g " , 

v " / V  a n d / C p  w h ic h  h a v e  b e e n  p r e v i o u s l y  d e f i n e d .

Figure 6-3 shows the composition dependence of the
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upon m i x t u r e  c o m p o s i t io n  f o r  tBuOH  

+ v ;a te r  a t  298 K.
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FIOUlvE 6 - 2  C o m p o s i t io n  D ep en d en ce  
o f  t h e  p a r a m e t e r s  g " ,

(iLll) > ( a^^h"/Cp) f o r
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q u a n t i t i e s  g ” , h " ,  v "  w h ic h  w e re  e v a l u a t e d  f r o m  th e  

e x c e s s  f u n c t i o n  m e as u re m en ts  i n  r e f e r e n c e  185  u s in g  

t h e  t e c h n iq u e  d is c u s s e d  i n  C h a p t e r  5 .

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

of où , t h e  c o e f f i c i e n t  o f  e x p a n s io n  an d  C p , t h e  h e a t  

c a p a c i t y  as  a f u n c t i o n  o f  c o m p o s i t io n .  Thus v a l u e s  f o r  

t h e s e  tw o  q u a n t i t i e s  had  t o  b e  e s t i m a t e d .  I t  was fo u n d  

t h a t  t h e  a n a l y s i s  was n o t  s i g n i f i c a n t l y  a f f e c t e d  by  

s m a l l  v a r i a t i o n s  i n  t h e s e  tw o  q u a n t i t i e s .  One f i n a l  

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

The  m a g n i tu d e  o f  Q ( t h e r m )  e v a l u a t e d  i s  c r i t i c a l l y  d e p e n d ­

e n t  upon  t h e  seco n d  d e r i v a t i v e s  o f  t h e  e x c e s s  th e r m o ­

d y n a m ic  f u n c t i o n s  o f  m i x i n g .  Thus  th e s e  d e r i v a t i v e s  c a n n o t  

b e  o b t a i n e d  by  t a k i n g  t a n g e n t s  t o  a p l o t  o f  v e r s u s  x ^  

b u t  m u s t be d e r i v e d  u s i n g  an a n a l y t i c a l  m e th o d  s i m i l a r  t o  

t h a t  d e s c r i b e d  i n  C h a p t e r  5 .

T a b le s  o f  t h e  i n p u t  d a t a  t o  t h e  p ro g ra m  ( e n t i t l e d  

QCALC) an d  t h e  v a l u e s  o f  Q, g ” , h " ,  v " ,  <>^eVCp and  ^ / V  

o u t p u t  b y  t h e  p ro g ra m  a r e  g iv e n  i n  A p p e n d ix  6 - 1 .

( i i )  The  S i g n i f i c a n c e  o f  Q ( t h e r m . )

I n  t h e  l a s t  c h a p t e r  i t  was n o t e d  t h a t  t h e  Q f a c t o r  

c a l c u l a t e d  f r o m  th e rm o d y n a m ic  m e a s u re m e n ts  s h o u ld  b e h a v e  

i n  a m anner s i m i l a r  t o  0̂ /f . A t  l e a s t  t h e  f o r m  o f  a p l o t  

o f  Q ( t h e r m . )  v e r s u s  x ^  s h o u ld  h a v e  a s h ap e  s i m i l a r  t o  

a p l o t  o f  o 6 /f  v e r s u s  x ^ .  F i g u r e  6 - 1  c o n f i r m s  t h i s  p r e ­

d i c t i o n  .
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The q u a n t i t y  Q ( t h e r m . )  i s  r e l a t i v e l y  s m a l l  o v e r  t h e
O

ra n g e  O <  x  <  0 . 0 3 ,  w h e re  i s  o n ly  s l i g h t l y  d i f f e r e n t2̂
f ro m  t h a t  o f  w a t e r  and th e n  r i s e s  s h a r p l y  t o  a maximum  

c lo s e  t o  th e  c o m p o s i t io n  a t  w h ic h  ( / f  ) i s  a maximum  

( a t  x ^  = 0 . 1 . 7 ) .  U n f o r t u n a t e l y  t h e  h ig h  m e l t i n g  p o i n t  o f  

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

b e tw e e n  Q and ( o ^ / f )  t o  h i g h e r  m o le  f r a c t i o n s .  A t  lo w  

a l c o h o l  m o le  f r a c t i o n s  ^ / V  and c-cVCp w o u ld  co m b in e  t o  

y i e l d  a l a r g e  v a l u e  o f  Q ( F i g u r e  6 - 2 )  b u t  t h i s  i s  p r e v e n t e d  

b y  l a r g e  v a l u e s  o f  g " .  As m ore a l c o h o l  i s  a d d ed  g ” 

d e c r e a s e s  and up t o  x ^  = 0 . 1  t h e  vo lu m e  p a r a m e t e r  ( v " /V )  

becomes i n c r e a s i n g l y  m ore i m p o r t a n t .  H o w e v e r ,  i t  s h o u ld  

be n o t e d  t h a t  t h e  e n t h a l p y  te r m  (c^^VVCp) i s  n o t  n e g l i g i b l e .  

The d e c r e a s e  i n  Q ( t h e r m . )  f o l l o w i n g  t h e  maximum a t  a b o u t  

x ^  = 0 . 1 7  a r i s e s  i n i t i a l l y  f r o m  t h e  d e c r e a s e  i n  ( ^ ' / V )  

w h i l e  ( t ie ^ V c p )  r e m a in s  r e l a t i v e l y  c o n s t a n t .

A t  x ^  = 0 . 3 6 5 ,  Q ( t h e r m . )  i s  a lm o s t  z e r o  s in c e  ( ' ^ / V )  

a n d  ( ^ t ^ y C p )  a r e  s m a l l  and  g "  i s  s m a l l  a n d  c h a n g in g  v e r y  

s l o w l y .

2
P r e v i o u s l y  t h e  mole f r a c t i o n  f o r  w h ic h  (oC/f ) c h an g es

r a p i d l y  (x ^  = 0 . 0 4 ) ,  was l i n k e d  w i t h  t h e  minimum i n  t h e

6 35p a r t i a l  m o la r  v o lu m e .   ̂ I t  i s  now c l e a r  t h a t  t h e  t r e n d s  

i n  t h e  v o lu m e  d e p e n d e n t  p a r a m e t e r s  w o u ld  r e q u i r e  r a p i d  

v a r i a t i o n s  i n  th e  a b s o r p t i o n  w h ic h  g "  e s s e n t i a l l y  o f f s e t s ,  

a t  l e a s t  i n i t i a l l y .  The  i n t e n s e  maximum i n  Q ( t h e r m o )  a t  

x ^  = 0 . 1 7  b e a r s  o u t  t h e  p r e v i o u s  c o n c l u s i o n ^ ' t h a t  w a t e r  

i s  an i m p o r t a n t  f e a t u r e  i n  sys te m s  w i t h  i n t e n s e  u l t r a s o n i c
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a b s o r p t i o n s .  T h is  c l e a r l y  d e m o n s t r a t e s  t h a t  t h e  l i n k  

b e tw e e n  u l t r a s o n i c  a b s o r p t i o n  an d  t h e  e x c e s s  th e rm o d y n a m ic  

f u n c t i o n s  o f  m ix in g  i s  a k e y  o n e .^

6 - 2  ACETONE + WATER

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

a c e t o n e  and w a t e r  w ere  p r e s e n t e d  i n  C h a p te r  4 .  The  

v e l o c i t y  o f  sound i n  t h e s e  m i x t u r e s  h as  b e e n  r e p o r t e d  by

B u r t o n . H e a t s  o f  m d x i n g , ^ ^ ^ '^ ^ °  l i q u i d - v a p o u r

1 8 9 - 1 9 2  1 9 3 - 1 9 7e q u i l i b r i u m  and  d e n s i t y  m e a s u re m e n ts  h a v e  b e en

r e p o r t e d  b y  many g ro u p s  o f  w o r k e r s .

*73 1 Q3
F r a n k  and Q u i s t ^  ' h a v e  c h a r a c t e r i s e d  a s o l i d  

h y d r a t e  o f  a c e t o n e  and w a t e r ,  t h e  c o m p o s i t io n  o f  w h ic h ,  

as n o t e d  i n  C h a p te r  4 ,  c o r r e s p o n d s  t o  t h e  e n d  o f  t h e  

p l a t e a u  r e g i o n .

( i ) C a l c u l a t i o n  o f  Q ( t h e r m o )

The c a l c u l a t i o n  o f  v a l u e s  o f  Q ( t h e r m o )  a t  2 93  K was

c a r r i e d  o u t  as d e s c r i b e d  i n  C h a p te r  5 (s e e  A p p e n d ix  6 - 2 ) .

The  e x c e s s  v o lu m e s  o f  m ix in g  w e r e  c a l c u l a t e d  f r o m  th e

1 9 7d e n s i t y  m e a s u re m e n ts  o f  Young and u s e d  t o  e v a l u a t e  v " .

H e a ts  o f  m ix in g  w e re  o b t a i n e d  f r o m  a c o m p i l a t i o n  by  

1 7 2M o b iu s ,  and u s e d  t o  c a l c u l a t e  h " . E x c e s s  f r e e  e n e r g i e s  

o f  m i x i n g  w e re  c a l c u l a t e d  f r o m  th e  l i q u i d - v a p o u r  e q u i l i ­

b r iu m  d a t a  o f  T a y l o r u s i n g  t h e  m eth o d  o f  B a r k e r .

T h e s e  v a l u e s  w e re  u s e d  i n  th e  e v a l u a t i o n  o f  g" as  a f u n c t i o n  

o f  m i x t u r e  c o m p o s i t io n .
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171Sound v e l o c i t y  m e a s u re m e n ts  r e p o r t e d  b y  J a c o b s o n  

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

s io n  c o e f f i c i e n t  2  and  t h e  m o la r  s p e c i f i c  h e a t  C .  Thec  ̂ p

v a l u e s  o f  Q ( t h e r m o )  a t  2 93  K w e re  th e n  com p u ted  a t  v a r i o u s  

moist f r a c t i o n s  o f  a c e to n e  ( x ^ )  an d  a r e  shoxvn i n  F i g u r e  

6 - 4  t o g e t h e r  w i t h  (& ii/f“ ) a t  298  K f o r  c o m p a r is o n .

The p a r a m e t e r s  g " ,  ( v /" /V) and  (c^VJ/Cp) a r e  shown as 

a f u n c t i o n  o f  c o m p o s i t io n  i n  F i g u r e  6 - 5 .

( i i )  The S i g n i f i c a n c e  o f  Q ( t h e r m o )

The  s t r i k i n g  f e a t u r e  o f  F i g u r e  6 - 4  i s  t h e  c lo s e  

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

l e n g t h s  (x ^  = 0 . 0 6 ) .

From F i g u r e  6 - 5  i t  i s  c l e a r  t h a t  i n  t h e  r e g i o n  w h e re  

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

l a r g e ,  ^"/V and d<,L/Cp a r e  q u i t e  o f t e n  s m a l l ,  and th u s  t h e  

p l a t e a u  r e g i o n  i s  a g a in  d o m in a te d  b y  t h e  m a g n i tu d e  o f  g " .

As t h e  c o n c e n t r a t i o n  o f  a c e to n e  i s  i n c r e a s e d  b e y o n d  0 . 0 6  

mole f r a c t i o n , t h e  te r m  ^ V v  shows a d r a m a t ic  i n c r e a s e  and  

t h e  v a l u e  o f  g" becom es v e r y  s m a l l .

F u r t h e r  e x a m i n a t i o n  o f  F i g u r e  6 - 5  r e v e a l s  t h a t  t h e  

t e r m  ^ c .^ /C p ,  a l t h o u g h  i n i t i a l l y  l a r g e ,  i s  o f f s e t  b y  t h e  

te rm s  ^ V v  an d  g " .

Thus  t h e  ’ p l a t e a u  r e g i o n *  w o u ld  seem t o  be  d o m in a te d  

by g " ,  w h i l s t  t h e  r e g i o n  o f  p e a k  sound a b s o r p t i o n ,  and  

t h e  i n i t i a l  r i s e  t o  t h i s  p e a k ,  a r e  d o m in a te d  b y  t h e  vo lu m e  

p a r a m e t e r s  ( ^ ' * / V ) . The c o r r e s p o n d e n c e  b e tw e e n  t h e  p r e d i c t e d
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(x ^  = 0 . 4 6 )  an d  o b s e r v e d  (x ^  = 0 . 3 8 )  p e a k  sound a b s o r p ­

t i o n  c o m p o s i t io n s  i s  n o t  so c lo s e  as i n  t h e  ^ p la t e a u  

r e g i o n * .  T h i s  m ay, h o w e v e r ,  be due i n  p a r t  t o  t h e  a p p r o x ­

i m a t i o n s  u s e d  f o r  and  Cp i n  th e  c a l c u l a t i o n .

T h i s  w o u ld  a g a in  seem t o  s u p p o r t  t h e  c lo s e  l i n k  p r o v ­

i d e d  by  t h e  R o m a j io v -S o lo v y e v  t h e o r y  b e tw e e n  th e rm o d y n a m ic  

o b s e r v a b le s  and u l t r a s o n i c  p a ra ra e te r  s .

( i i i )  A n a l y s i s  i n  te rm s  o f  t h e  D i s c r e t e  R e l a x a t i o n  

A nor each

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

4 - 3  h as  b e e n  a n a ly s e d  u s in g  e q u a t i o n  ( 5 - 2  ) ,  t o r  a s i n g l e  

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

g iv e n  i n  T a b l e  6 - 1 .  C e r t a i n  g e n e r a l  t r e n d s  i n  th e  r e l a x -  

a t i o n a l  b e h a v io u r  a r e  c l e a r .  F i r s t l y ,  t h e  r e l a x a t i o n  

f r e q u e n c y  i n c r e a s e s  w i t h  c o n c e n t r a t i o n  up t o  = 0 . 3  mole  

f r a c t i o n ,  e x c e p t  a t  2 7 3  K .  S e c o n d ly ,  t h e  r e l a x a t i o n  

f r e q u e n c y  i n c r e a s e s  w i t h  d e c r e a s e  i n  t e m p e r a t u r e .  T h e  

r e l a x a t i o n  f r e q u e n c y  i n  g e n e r a l  i s  a ro u n d  a v a l u e  o f  5 0  

t o  7 0  MHz. T h i s  means t h a t  t h e  r e l a x a t i o n  p r o c e s s  g i v i n g  

r i s e  t o  t h e  a b s o r p t i o n  h a s  an a s s o c i a t e d  r e l a x a t i o n  t im e  

l y i n g  i n  t h e  r a n g e  2 ^10**^ t o  Ix  l o ” ^ seconds  .

The r e s u l t s  w e r e  e x a m in e d  i n  te rm s  o f  two r e l a x a t i o n s .  

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

was o b s e r v e d ,  b u t  t h i s  i s  o n ly  t o  b e  e x p e c t e d  i n  v ie w  o f  

t h e  l a r g e r  num ber o f  v a r i a b l e s  ( 5 )  i n v o l v e d  i n  t h e  m i n i m i ­

s a t i o n .  U n t i l  b e t t e r  e x p e r i m e n t a l  a c c u r a c y  can  be o b t a i n e d  

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



TABLE 6 - 1  Relaxation Parameters

298 K 10^  f c  1 ( 3 ^ RMS

2 -1x ^  n e p e r s  s cm Hz n e p e r s  s cm

0 . 1  15 5 33

0 . 3  69 6 0  69 0 . 0 6

0 . 4  34  79 0 . 0 5

283  K l O '^ A  10^  f c  lO^^B RMS

2 -1 2 -1x ^  n e p e r s  s cm riz n e p e r s  s cm

0 . 1  18 59  4 1  0 . 0 7

0 . 3  115  7 0  66  0 . 0 8

0 . 4  103  7 0  S3 0 . 0 8

273  K lO ^^A  lo"^ f c  lO ^^B  RMS

x ^  n e p e r s  s'" cm Hz n e p e r s  s^ cm ^

0 . 1  33  78  59  0 . 0 5

0 . 3  116  67  1 15  0 . 0 7

0 . 4  1 3 4  67  105  0 . 0 8



94

o f  tw o r e l a x a t i o n  p r o c e s s e s  i s  p r o b a b l y  i n v a l i d .  H o w e v e r ,  

i f  a c a g e - l i k e  i n t e r s t i t i a l  m o d e l i s  t o  b e  a c c e p t e d ,  th e n  

two r e l a x a t i o n s  w o u ld  be p r e d i c t e d  a s s o c i a t e d  w i t h  t h e  

e q u i l i b r i a  b e tw e e n  c a v i t i e s  c o n t a i n i n g  z e r o ,  one and  tw o  

m o le c u le s  o f  a c e t o n e .  T h i s  a ss u m e s , h o w e v e r ,  t h a t  t h e s e  

tw o  e q u i l i b r i a  a r e  n o t  c o n c e r t e d  o r  v e r y  f a s t  ( >  a b o u t

6 - 3  METHYL CYANIDE + WATER MIXTURES

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

w a t e r  and m e t h y l  c y a n id e  h a ve  b e e n  r e p o r t e d  a t  2 7 3 ,  298  

and 308  K o v e r  t h e  f r e q u e n c y  r a n g e  1 . 5  t o  2 3 0  MHz by  

F o s t e r . S o u n d  v e l o c i t i e s  h a v e  b e e n  m e a s u r e d ^ '  

a t  2 7 3 ,  298  and 308 K and  a r e  p r e s e n t e d  i n  C h a p te r  4 -  2 . 

M e t h y l  c y a n id e  + w a t e r  m i x t u r e s  show an u p p e r  c r i t i c a l  

s o l u t i o n  t e m p e r a t u r e  a t  2 7 2 . 1 0  -  0 . 2  K a t  a c o m p o s i t io n
.L 35

c o r r e s p o n d in g  t o  0 . 3 8  -  0 . 0 2  mole f r a c t i o n  o f  m e t h y l  c y a n i d e .
2

F o r  t h i s  s ys te m  a p l o t  o f  (o^ /f  ) a g a i n s t  x ^  a t  4 . 5  MHz 

h a s  a p e a k  sound a b s o r p t i o n  c o m p o s i t io n  (PSAC) a t  x ^  =

0 . 4  mol* f r a c t i o n .  The i n t e n s i t y  o f  t h e  a b s o r p t i o n  a t  th e  

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

e x t e n t  th a n  t h e  i n t e n s i t y  a t  t h e  PSAC i n  t  b u t y l  a l c o h o l
7

-r w a t e r  m i x t u r e s ,  a s y s te m  sh o w in g  a te n d e n c y  t o  p h a s e
a 5  5 1

s e p a r a t i o n  b u t  w i t h  a  LCST. ‘ T h e  i n c r e a s e d  s e n s i t i v i '
o

t o  t e m o e r a t u r e  o f  (oC/f^) f o r  m e t h y l  c y a n id e  + w a t e r'm a x .

m i x t u r e s  may vieil be  due t o  t h e  c o m b in ed  e f f e c t s  o f  t h o s e  

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

th o s e  w h ic h  b r i n g  a b o u t  a b s o r p t i o n  i n  m i x t u r e s  c lo s e  t o

:y
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t h e i r  c r i t i c a l  p o i n t .  B a s ed  on th e  a s s u m p t io n  t h a t  t h i s

 ̂ 2 1 , 1 3 8 , 2 0 0 , 2 0 1 ^I S  c o r r e c t ,  t h e r e  a r e  g ro u n d s  ’ ’ ’ f o r  s u g g e s t in g
o

t h a t  c o / f ^  s h o u ld  c o n t i n u a l l y  r i s e  w i t h  d e c r e a s e  i n  f r e q u e n c y  

and n o t  l e v e l  o f f .

( i ) C a l c u l a t i o n  o f  Q ( t h e r m o )

V a lu e s  o f  Q ( t h e r m o )  w e re  c a l c u l a t e d  as d e s c r i b e d  

( e q u a t i o n  5 -4 9 )  u s i n g  th e  e n t h a l p i e s  o f  m ix in g  r e p o r t e d  by  

Morcom a n d  S m i t h , t h e  e x c e s s  vo lum e m e a s u re m e n ts  o f
35

A r m i t a g e  e t  a l ,  and t h e  l i q u i d - v a p o u r  e q u i l i b r i u m  d a t a  

1 7 0o f  V i e r k .  The  l i q u i d - v a p o u r  e q u i l i b r i u m  d a t a  was u s e d
c

t o  com pute  v a l u e s  o f  G^, th e  e x c e s s  G ib b s  f u n c t i o n  o f  

m ix in g  as  a f u n c t i o n  o f  m i x t u r e  c o m p o s i t io n  u s i n g  t h e  

m ethod  o f  B a r k e r . V a l u e s  o f  t h e  m o la r  h e a t  c a p a c i t y  

Cp and  c o e f f i c i e n t  o f  e x p a n s io n  c j^w ere  e s t i m a t e d  f r o m  

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

The co m p u te d  Q ( t h e r m o )  f a c t o r s  a r e  d i s p l a y e d ,  t o g e -  

t h e r  w i t h  ( d / f ^ )  a t  4 . 5  and 7 0  MHz and 2 7 3  an d  298  K i n  

F i g u r e  6 - 6  as  a f u n c t i o n  o f  m i x t u r e  c o m p o s i t io n .  The  

d e p e n d e n c e  o f  t h e  q u a n t i t i e s  ^ V v ,  cA^iVCp and g" upon  

m i x t u r e  c o m p o s i t io n  i s  shovm i n  F i g u r e  6 - 7 .  The  d a t a  i s  

a l s o  p r e s e n t e d  i n  d e t a i l  i n  A p p e n d ix  6 - 3 .

( i i ) A n a l y s i s  i n  te r m s  o f  t h e  C o n c e n t r a t i o n  

F l u c t u a t i o n  M o d e l

A m eth o d  o f  d e r i v i n g  t h e  p a r a m e t e r s  Q, 1 ^ ,  D and B 

f r o m  t h e  R o m a n o v -S o lo v y e v  e q u a t i o n  ( e q u a t i o n  ( 5 - 4 8 ) )  was  

d e s c r i b e d  i n  C h a p t e r  5 - 3 .  T h i s  m eth o d  h as  b e en  e m p lo y e d



FIGURE 6 - 6  C o m p a r is o n  o f  ( a )  Q ( t h c r m o ) ;  ( b )  a t  273  K

and 4 . 5  MHz; ( c )  d / a t  273  K and 7 0  MHz; 
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2
t o  d e r i v e  t h e  p a r a m e t e r s  f r o m  t h e  d e p e n d e n c e  o f  

on f r e q u e n c y  a t  273  K u s in g  an ALGOL p r o g r a m  (RSCF -  see  

A p p e n d ix  5 - 3 ) .  T h e  p ro g ra m  r e q u i r e d  a p r o v i s i o n a l  e s t i m a t e  

o f  t h e  f o u r  p a r a m e t e r s  w h ic h  i t  th e n  r e f i n e d  t o  m in im is e  

t h e  sum o f  th e  s q u a r e s  o f  th e  d e v i a t i o n s .

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

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

m e a n - s q u a r e  d e v i a t i o n )  o f  th e  e x p e r i m e n t a l  p o i n t s  t o  th e

e q u a t i o n .  One r e a s o n  f o r  t h i s  d i f f i c u l t y  was t h e  o c c u r e n c e
2,

o f  t h e  p r o d u c t  and r a t i o .  (D and A ^ / 2 D )  i n  e q u a t i o n

( 5 - 4 8 ) .  T h i s  a ls o  w o u ld  a c c o u n t  f o r  t h e  l a c k  o f  s u c c e s s

i n  d e r i v i n g  t h e  p a r a m e te r s  a t  298  K ,  w h e re  t h e  d i f f e r e n c e
2

b e tw e e n  t h e  lo w  and h ig l i  f r e q u e n c y  v a l u e s  o f  (O j / f  ) i s  

l e s s  t h a n  1 0 0 0  x  1 0  n e p d G .s ^ .c m  . T h e  a n a l y s i s  was  

s u c c e s s f u l ,  h o w e v e r ,  a t  273  K and t h e  d e r i v e d  p a r a m e t e r s  

Q, 1 ^ ,  D a r e  p r e s e n t e d  i n  F i g u r e  6 - 8 .

The d o t t e d  c u r v e s  shown i n  F i g u r e  6 - 9  r e p r e s e n t  t h e  

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

o f  th e  Romanov S o lo v y e v  e q u a t i o n  ( e q u a t i o n  ( 5 - 4 8 ) )  t o  t h e  

d a t a  a t  4 . 5  MHz and  2 7 3  K . ( x ^  = 0 . 1 ;  0 . 3 ;  0 . 5  molQ 

f r a c t i o n  M e C N ).  A t a b l e  o f  t h e  d a t a  o b t a i n e d  a t  e a c h  

c o m p o s i t io n  i s  p r e s e n t e d  i n  A p p e n d ix  6 - 4 .

( i i i )  A n a l y s i s  u s i n g  t h e  D i s c r e t e  R e l a x a t i o n  

E c u a t i o n

The u l t r a s o n i c  a b s o r p t i o n  d a t a  m e a s u re d  o v e r  th e  

r a n g e  1 . 5  t o  2 3 0  MHz w e re  f i t t e d  t o  e q u a t i o n  ( 5 -  2 )  u s i n g  

t h e  new w e i g h t e d  v e r s i o n  o f  th e  r e g r e s s i o n  p ro g ra m  d e s c r i b e d
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i n  C h a p t e r  5 - 2 .  An o r i g i n a l  e s t i m a t e  o f  t h e  v a l u e s  o f  

t h e  p a ra m e te rs  was r e q u i r e d  and t h i s  was o b t a i n e d  f r o m  a 

g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  d a t a .  T h e se  v a l u e s  w ere .  

t h e n  r e f i n e d  t o  c o n s t a n t  minimum r o o t - m e a n - s q u a r e  d e v i a ­

t i o n .  Each p o i n t  was g iv e n  an e q u a l  w e i g h t i n g  such t h a t  

t h e  f i n a l  sum o f  t h e  s q u a re s  o f  t h e  d e v i a t i o n s  ( F )  was  

e q u a l l y  s e n s i t i v e  t o  e a c h  d a t a  p o i n t .  Thus  a p o i n t  

c o r r e s p o n d in g  t o  a l a r g o  ( > 1 0 0 0  x  10  "^^nepers cm ^ )

a b s o r p t i o n  c o u ld  n o t  d o m in a te  t h e  m a g n i tu d e  o f  F .  T h is

148h a d  b e en  t h e  c a s e  i n  a  p r e v i o u s  a n a l y s i s .

The f i t  o b t a i n e d  f o r  a s i n g l e  r e l a x a t i o n  (n  = 1 i n  

e q u a t i o n  ( 5 -  2 ) )  was u n s a t i s f a c t o r y .  S in c e  t h e r e  w e re  

o n l y  n i n e  e x p e r i m e n t a l  p o i n t s ,  any  a n a l y s i s  f o r  more th a n  

two r e l a x a t i o n s  (n  = 2 i n  e q u a t i o n  ( 5 - 2  ) )  i s  i n v a l i d .  

Thus an a n a l y s i s  f o r  two r e l a x a t i o n s  was c a r r i e d  o u t  f o r  

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

t i o n s  ~ 0 . 0 3  -  n o r m a l i s e d ) .  The r e s u l t s  a r e  p r e s e n t e d  i n

A p p e n d ix  6 - 5  and  t h e  v a l u e s  o f  ^  ( 1 )  and ( 2 ) ̂  ̂ ; max  ̂ max '' '

( c f  e q u a t i o n  ( 5 - 3 ) )  a r e  r e p r e s e n t e d  i n  F i g u r e  6 - 1 0 .  B o th  

P " _ _ , , ( l )  an d  jA- ( 2 )  show a pealc a t  x  = 0 . 4  molQ f r a c t i o r
/ i.îicX.rf'C I  Til

w h e re a s  u s i n g  t h e  u n w e ig h t e d  p ro g ra m  no c o r r e l a t i o n  was

. T 148  o b e a r n e d .

The r e l a x a t i o n  f r e q u e n c y  f ^ ( l )  was r e l a t i v e l y  i n ­

s e n s i t i v e  t o  c o m p o s i t io n  ( 1 . 5  t o  6 MHz o v e r  th e  r a n g e  

0 . 1  <  x ^  <  0 . 7  mole f r a c t i o n ) ,  w h e re a s  t h e  r e l a x a t i o n  

f r e q u e n c y  f ^ ( 2 )  i n i t i a l l y  c h an g ed  r a p i d l y  f r o m  145  MHz 

a t  x ^  = 0 . 1  t o  6 0  MHz a t  x ^  = 0 . 2  and t h e r e a f t e r  v a r i e d  

o v e r  t h e  r a n g e  34  t o  5 0  M Hz. The com puted  ^ r e l a x a t i o n ?  

c u r v e s  a r e  c o m p ared  i n  F i g u r e  6 - 9  w i t h  th e  o b s e r v e d
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f r e q u e n c y  d e p e n d e n c e  o f  o ^ / f T h e  t o t a l  a b s o r p t i o n  a t  

298  K was i n s u f f i c i e n t l y  l a r g e  t o  p l a c e  any g r e a t  c o n f i ­

d en ce  on t h e  p a r a m e t e r s  b u t  t h e  shape  o f  t h e  c u r v e  p r o d u c e d  

was c o n s i s t e n t  w i t h  e q u a t i o n  ( 5 -  2 ) .  F i g u r e  6 - 9  com pares  

th e s e  c u r v e s  a t  298  K w i t h  t h e  o b s e r v e d  f r e q u e n c y  d e p e n d e n c e  

o f  ü / f - .

( i v )  D i s c u s s i o n  o f  R e s u l t s  f o r  t h e  S ys te m  M e t h y l  

C y a n id e  -f W a te r  and C o m p a r is o n  w i t h  t  B u t y l  

A l c o h o l  4- W a te r

F o r  t h e  m e t h y l  c y a n id e  h- w a t e r  s y s te m  t h e  m axim a
2

i n  Q ( t h e r m o )  and o6/ f  c o r r e s p o n d  t o  0 . 4  m o l e f r a c t i o n  o f  

m e t h y l  c y a n i d e .  I n  t  b u t y l  a l c o h o l  + w a t e r  m i x t u r e s  

Q ( t h e r m o )  shows l i t t l e  v a r i a t i o n  o v e r  t h e  r a n g e  O ^
O

x^  0 . 0 4 ,  t h e  r a i ig e  f o r  w h ic h  cd/f*" i s  i n s e n s i t i v e  t o  

a d d ed  a l c o h o l .  T h a t  such a r e g i o n  a l s o  e x i s t s  i n  m e t h y l  

c y a n id e  ? w a t e r  m i x t u r e s  i s  n o t  c l e a r  f r o m  t h e  e x p e r im e n ­

t a l  d a t a ,  b u t  t h e  c a l c u l a t e d  v a lu e s  o f  Q ( t h e r m o )  s u g g e s t  

s t r o n g l y  t h a t  s u ch  a r e g i o n  d o es  e x i s t  ( F i g u r e  6 - 6 ) .

E v id e n c e  i n  s u p p o r t  o f  t h e  s u g g e s t io n  t h a t  t h e  th e rm o d y n a m ic  

e x c e s s  f u n c t i o n s  o f  m ix in g  and  t h e  e x c e s s  u l t r a s o n i c  

a b s o r p t i o n  a r e  s t r o n g l y  l i n k e d ^ ^  i s  p r o v i d e d  b y  t h e  c lo s e  

a g re e m e n t  b e tw e e n  th e  v a l u e s  o f  Q c a l c u l a t e d  f r o m  th e r m o ­

d y n a m ic  d a t a  (Q ( t h e r m o ) )  and t h e  v a l u e s  o f  Q d e r i v e d  

f r o m  f i t t i n g  e q u a t i o n  ( 5 - 4 8 )  t o  t h e  e x p e r i m e n t a l  d a t a .

Thus t h e  i m p o r t a n c e  o f  e n t h a l p y  o r  v o lu m e  p a r a m e t e r s  i n  

d e t e r m i n i n g  t h e  a b s o r p t i o n  can b e  a s s e s s e d .  The m a jo r  

p r o b le m  i n  a p p l y i n g  e q u a t i o n  ( 5 - 5  ) h a s  b e en  i n  s e p a r a t i n g  

t h e  te r m s  a n d  . U s u a l l y  one o f  t h e s e  te rm s  i s
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assumed t o  be  z e r o  , i . e .   ̂ = O ’ f o r  c o n f o r m a t i o n a l

is o m e r is m s  and ’Ah ^ = O ’ f o r  e q u i l i b r i a  i n  w a t e r .  For  

MgCX w a t e r  th e  q u a n t i t i e s  ( o-“/ V )  an d  g" r e m a in  f a i r l y  

c o n s t a n t  o v e r  t h e  r e g i o n  0 . 2 0 . 7 .  Thus t h e  m a rke d
9

ch an g es  i n  Q ( t h e r m o ) ,  and c o n s e q u e n t ly  i n  ( c ^ /f*" )  , a r i s e  

f ro m  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  (c^^^VCp). F o r  t  

b u t y l  a l c o h o l  -t- w a t e r  m i x t u r e s  i t  i s  ( 'J‘'V V )  w h ic h  seems t o  

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

d e p e n d e n t  t e r m  d o m in a te s  t h e  a b s o r p t i o n  i n  m e t h y l  c y a n id e  

+ w a t e r  m i x t u r e s  can  b e  l i n k e d  w i t h  th e  p r e s e n c e  o f  an  

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

cas e  f o r  m i x t u r e s  w h e re  e n t h a l p y  o f  m i x i n g ,  A c o n t r o l s  

t h e  s ig n  and  m a g n i tu d e  o f

The  a n a l y s i s  u s in g  e q u a t i o n  ( 5 - 4 8 )  r e v e a l s ,  h o w e v e r ,
g

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

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

e f f i c i e n t  D and an i n t e r a c t i o n  l e n g t h  (s e e  F i g u r e  6 - 8 ) .

The minimum i n  t h e  d i f f u s i o n  c o e f f i c i e n t  c lo s e  t o  

x ^  = 0 . 4  m olt f r a c t i o n  i s  c o n s i s t e n t  w i t h  t h e  m o d e l w h ic h  

r e q u i r e s  t h a t  t h e  lo w e r  t h e  d i f f u s i o n  c o e f f i c i e n t ,  th e  l e s s  

r a p i d  t h e  r e - e s t a b l i s h m e n t  o f  e q u i l i b r i u m ,  an d  th u s  t h e  

g r e a t e r  t h e  c o n t r i b u t i o n  t o  t h e  o u t  o f  p h a s e  com ponent  

o f  t h e  i s e n t r o p i c  m o d u lu s ,  i . e .  t h e  a b s o r p t i o n .  No 

in d e p e n d e n t  m e a s u re m e n ts  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  

m e t h y l  c y a n id e  + w a t e r  m i x t u r e s  h a v e  b e e n  r e p o r t e d ,  b u t
o

( c6 / f ^ )  o f t e n  shows a maximum a t  t h e  c o m p o s i t io n  f o r  w h ic h

t h e  d i f f u s i o n  c o e f f i c i e n t  shows a m inimum f o r  o t h e r

s y s te m s . 1  d e s c r i b e s  t h e  d i s t a n c e  o v e r  w h ic h  t h e
m
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c o m p o s i t io n  f l u c t u a t i o n s  can  c o r r e l a t e  and shows a m a x i ­

mum c lo s e  t o  x^  = 0 . 4  mole f r a c t i o n .

The t r e a t m e n t  o f  Romanov and S o lo v y e v  p r e d i c t s  t h a t
o

Cv/f*' s h o u ld  v a r y  s m o o th ly  w i t h  f r e q u e n c y .  T h is  i s  a 

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

a t i o n  t i m e s .  U n l i k e  th e  t h e r m a l  r e l a x a t i o n  e q u a t i o n ,  t h e  

e q u a t i o n  o f  Romanov and  S o lo v y e v  i s  u n a b le  t o  a c c o u n t  

d i r e c t l y  f o r  more th a n  one ’ r e l a x a t i o n ’ i n  t h e  p l o t  o f  

^ / f '^  a g a i n s t  f r e q u e n c y .  I n  o r d e r  t o  u s e  t h e  t r e a t m e n t  

g iv e n  b y  Romanov and S o lo v y e v  t o  a c c o u n t  f o r  tw o r e l a x ­

a t i o n s ,  t h e  e q u a t i o n  ( 5 - 4 8 )  w o u ld  h a v e  t o  be r e w r i t t e n  as

( Q / E X C N  ^  s '  .......................

H o w e v e r ,  such an e x t e n s i o n  o f  th e  t h e o r y  i s  p r o b a b l y  

u n r e a l i s t i c .

One m e th o d  o f  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  e n v is a g e s  

t h a t  t h e  v ; a t e r - w a t e r  i n t e r a c t i o n s  e n c o u ra g e  th e  m e t h y l  

c y a n id e  m o le c u le s  t o  c l u s t e r  and t h i s  p r o c e s s  may c l e a r l y  

b e  a p p r o x im a t e d  as a s e r i e s  o f  e q u i l i b r i a .  A t  lo w  tem p ­

e r a t u r e s  t h e  w a t e r - w a t e r  i n t e r a c t i o n s  become so s t r o n g  as  

t o  e j e c t  n e a r l y  a l l  t h e  m e t h y l  c y a n id e  i n  t h e  i n t e r s t i c e s ,  

and t h i s  may be  c o n s i d e r e d  as p h a s e  s e p a r a t i o n .  I n  c o n t r a s t ,  

t h e  a l c o h o l s ,  w h ic h  t e n d  to w a rd s  t h e  f o r m a t i o n  o f  h y d r a t e s ,  

a r e  more e a s i l y  accom m odated  a t  lo w e r  t e m p e r a t u r e s  b y  w a t e r .

2
When x ^  = 0 . 5 ,  (c d /f  ) f o r  MeCN -r w a t e r  a p p a r e n t l y  

shows a c o n t i n u a l  r i s e  w i t h  d e c r e a s e  i n  f r e q u e n c y .  T h i s
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3 0r i s e  r e s e m b le s  t h a t  r e q u i r e d  by  t h e  t h e o r y  o f  F ix m a n ,  

P o s s i b l y  t h e  e x p e r i m e n t a l  d a t a  a t  x ^  = 0 . 5  i n d i c a t e s  a  

t r a n s i t i o n  f r o m  s y s te m s  w h e re  t h e  c o m p o s i t io n  f l u c t u a ­

t i o n s  a r e  s m a l l ,  t o  th o s e  w h e re  t h e  f l u c t u a t i o n s  a r e  

l a r g e .  H o w e v e r ,  i t  seems u n l i k e l y  t h a t  t h i s  can  b e  t h e  

c o m p le te  e x p l a n a t i o n  s in c e  t h e  t e m p e r a t u r e  i s  a ro u n d  

25 K f r o m  i t s  c r i t i c a l  t e m p e r a t u r e .

6 - 4  TETRA-ALICYLAFIMOXIUM SALTS 4- WATER

VJhen t e t r a - n - b u t y l a m m o n i u m  b ro m id e  i s  ad d ed  t o  w a t e r ,

t h e  u l t r a s o n i c  a b s o r p t i o n  a t  298  K and 7 0  MHz ch an g es

o n ly  s lo w l y  a t  f i r s t ,  b u t  t h e n  shows a s h a r p  i n c r e a s e  a t

c o n c e n t r a t i o n s  g r e a t e r  t h a n  0 . 8  m o l dm 3 ^ 1 < 8 , 2 0 7  m a rk e d

c o n t r a s t ,  when t e t r a e t h y la m m o n iu m  b ro m id e  i s  added  t o

w a t e r ,  t h e  ch an g e  i n  (cL/f^) i s  much more g r a d u a l ,  and t h e

a b s o r p t i o n  much s m a l l e r .  A queous s o l u t i o n s  o f  a l k y l -

ammonium s a l t s  h a v e  g e n e r a t e d  c o n s i d e r a b l e  i n t e r e s t ^ ^ ^ ' ~ ^ ^

52a n d  F r a n k s  has  i n d i c a t e d  t h e  w id e  v a r i e t y  o f  e x p e r i m e n t a l

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

210r e m a in  p u z z l i n g ,  h o w e v e r .  .A t k in s o n '  has  c o n s i d e r e d  a  

number o f  m o d e ls  b a s e d  upon t h e  c o n c e p t  o f  i o n i c  a s s o c i a ­

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

b e e n  ad d ed  b y  t h e  d i s c o v e r y  t h a t  th e  e x c e s s  a b s o r p t i o n  may

211b e a p r o d u c t  o f  a l l c y l  c h a i n  r e o r g a n i s a t i o n .  A p o s s i b l e

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

r e s u l t s  w i t h  t h e  o b s e r v e d  th e rm o d y n a m ic  b e h a v io u r  h as  b e en  

o b t a i n e d  as a d i r e c t  r e s u l t  o f  a p p l y i n g  t h e  Romanov
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212S o lo v y e v  t r e a t m e n t  t o  t h e s e  s y s t e m s .^

( i  ) A p p l i c a t i o n  o f  t h e  t h e o r y  of Romanov and  S o lo v y e v  

t o  Aoueous E l e c t r o l y t e  S o l u t i o n s

The  a n a l y s i s  o f  t h e  Romanov and S o lo v y e v  e q u a t i o n

d e s c r i b e d  i n  C h a p t e r  ( 5 - 3 )  i s  o n ly  d i r e c t l y  a p p l i c a b l e  t o

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

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

The  m o le  f r a c t i o n  ( x ^ )  o f  a lk y la m m o n iu m  s a l t  i n  a s o l u t i o n

c o n t a i n i n g  m^ m o le s  o f  s a l t  i n  1  k g  o f  s o l v e n t ,  r e l a t i v e

213m o l e c u l a r  mass M^, i s  d e f i n e d  as f o l l o w s

X r = I C T / M . ) " ^   ( 6 - 2 )

= 2  f o r  t e t r a - a l k y l a m m o n i u m  s a l t s .

T h e  a n a l y s i s  i s  s i m p l i f i e d  b y  d e f i n i n g ,  f o r  any g iv e n  

th e rm o d y n a m ic  f u n c t i o n  X ,  t h e  f o l l o w i n g  q u a n t i t i e s :

X ( t o t a l )  f o r  a s o l u t i o n  o f  m o l a l i t y  ra^,

X ( s a l t )  w h ic h  e q u a l s  X ^ t o t a l ) / # ^  and

X ( s o l u t i o n )  w h ic h  e q u a l s  X ( t o t a l )  (2ml, + 1 0 ^ /M ^ )

T h e s e  p r o p e r t i e s  a r e  r e q u i r e d  i n  t h e  a n a l y s i s .  A r e l a t e d

s e r  o f  e x c e s s  f u n c t i o n S X  w e r e  a l s o  u s e d .  The  s t a n d a r d

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

“ 3s t a n d a r d  s t a t e  i s  t h e  h y p o t h e t i c a l  1  m o l dm s o l u t i o n
4-

w i t h  t h e  mean a c t i v i t y  c o e f f i c i e n t   ̂ -  e q u a l  t o  o n e .  The  

s t a n d a r d  s t a t e  f o r  t h e  s o l v e n t  i s  t h e  p u r e  l i q u i d  when  

t h e  o s m o t ic  c o e f f i c i e n t  0  i s  o n e ,  a t  c o n s t a n t  p r e s s u r e  and  

t e m p e r a t u r e ,  an d  t h e  c h e m ic a l  p o t e n t i a l  i s j ^  ^ . The
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p r o b le m  i s  c o n v e n i e n t l y  d i v i d e d  i n t o  tw o  p a r t s ;  ( a )  

r e l a t i n g  t h e  r e q u i r e d  p a r a m e te r s  g ” , h ” , v "  t o  t h e  e x c e s s  

f u n c t i o n s ,  ( b )  c u r v e  f i t t i n g  t h e  e x c e s s  f u n c t i o n s  t o  a  

s u i t a b l e  e q u a t i o n .

C i  bb s Pun c t  i  on s :

G( t o t a l )  = n ^ jA ,  n^jvb^ ...................... ( 6 - 3 )

The c h e m ic a l  p o t e n t i a l  o f  t h e  s o lv e n t j jL ^  may be w r i t t e n  

i n  two w ays  d e f i n e d  b e lo w .  T h is  l e a d s  t o  d u a l  d e f i n i ­

t i o n  f o r  G ( t o t a l ) .  A c h o ic e  o f  t h e  a p p r o p r i a t e  d e f i n i -
TT

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

( t o t a l ) .  B o th  o f  t h e s e  d e f i n i t i o n s  a r e  d e r i v e d  b e lo w .  

T a k i n g  t h e  s o l u t e  as com ponent ( 2 )  and t h e  s o l v e n t  as  

com ponent ( 1 ) ;

F o r  t h e  s o l u t e  : ...................... ( 6 - 4 )

F o r  t h e  R i v e n t  ; -r- R . 7 .......................................................

013
From  t h e  d e f i n i t i o n  o f  t h e  o s m o t ic  c o e f f i c i e n t , ^ ^  0 ;

r , .  '-c. f ,  =. -  z  5 6 ca^ ( m .  I io"g.................... ...................... ( 6 - Ô )

t h u s ;  P.T ( H . l l o ' g .................................

Thus  tw o  d e f i n i t i o n s  f o r  G ( t o t a l )  may be  d e r i v e d ;
%

G ( t o t a l )  = -V . . . .  ( 6 - 8 )

or
10̂

G ( t o t a l )  =

F o r  an i d e a l  m i x t u r e  ( o r  s o l u t i o n )  f ,  = 1 ,  0  = 1 and  

= 1.

(6-9)
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Thus two i d e a l  G ib b s  f u n c t i o n s  can be d e r i v e d .

\C"
G ( i d e a l ,  t o t a l )  = |V|

-  .0.

. . (6-10)

G ( i d e a l , t o t a l ) =
•O'L 221-

\o"
-t- TA, (6- 11)

U s in g  t h e  r e l a t i o n s h i p  t h a t

G ^ ( t o t a l )  = G ( t o t a l )  -  G ( i d e a l , t o t a l )

tw o e x c e s s  f u n c t i o n s  a r e  d e r i v a b l e .

; " ^ ( t o t a l ) =  f  I ^

~  9  ( T p T ^ u t u )

o r

6- 12 )

( 6 - 1 3 )

Gp(total)= { \0^/M.') ZS.T( \ -<P) -f .

R e a r r a n g i n g  e q u a t i o n  ( 6 - 1 4 )  y i e l d s

G ^ ( é p q  , t o b ^ O  =  2 r w ,_ R T  ( i - 9 i

I n  g e n e r a l  p e r  m o l o f  s a l t  i s  g i v e n  b y

= .  2 R - T  ( l - ^ T ' t a

Two d e f i n i t i o n s  o f  G ( t o t a l )  a r e  th u s  a r r i v e d  a t .

G ( t o t a l )  =  E l  [lAf -t-2 g.T JüArA
J 4  "

S  C f ;  .  ̂ trobal)

( 6 - 1 4 )

. ( 6 - 1 5 )

. ( 6 - 1 6 )

. ( 6 - 1 7 )
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1

G ( t o t a l )  = r^  j_l ‘ \o^ J

\

Z.(lTJZv\ , ( 6 - 1 8 )

"  T  (  9^, I

F o r  a  1 : 1  e l e c t r o l y t e  t h e  t o t a l  number o f  m o les  i n  

s o l u t i o n  w i l l  be  ( 2 m  ̂ + 1 0 ~'Aq ) .

Thus  G =  G ib b s  f u n c t i o n  p e r  m o l t o t a l  s o l u t i o n  =

— Q.(d.P."EÜ  . . ( 6 - 1 9 )

( 2 mq -r 1 0 ^ /M ^ )  

s o ,  u s in g  e q u a t i o n  ( 6 - 2 ) w i t h  ^  = 2 ;

E
=  x , | |* . 'P -S -T -2 -^ = ^ E  ' Î  • • ( 6 - 2 0 )

=  =  t  K "  " " 4  +  . . ( Ô - 2 I )

N o t e  t h a t  G ^ ( f ^ , 6  j  ) an d  G ^ (0  +) a r e  b o t h  p e r  mole o f

s o l u t i o n  now .

I f  m i s  s u b s t i t u t e d  f o r  i n  te rm s  o f  a n d  b o th  

e q u a t i o n s  ( 6 - 2 0 ) and  ( 6 - 2 1 ) d i f f e r e n t i a t e d  t w i c e  w i t h  

r e s p e c t  t o  t h e n

r,"_ y G ,  _  R .T  3R T   ̂ f  ( Î  ( r . q h  . . ( 6 - 2 2 )

^ ^2. C'-'==1.')

o r

The  r e l a t i o n s h i p  b e tw e e n  t h e  two d e r i v e d  e x c e s s  f u n c t i o n s  

i s  g iv e n  b y
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'N -  % /  \ uo 'Z ( l ~ ^ 0  ^

Now G ^ ( s o l u t i o n )  = x ^  G ^ ( s a l t )  and i f  G ^ ( s a l t )  = y  t h e n ;

^  ^  So\n^ =  M. i -  ^

an d  ^

ü - f  ^  2 :3  " A
■ô'x.: 'o x ^ ’ '‘  n  ô x j -

2

. . ( 6 - 2 5 )

b u t  3 1  = 1 1  .  f b  =  i l  .  - i ____  . . ( 6 - 2 6 )

3
w h e re  a = 1 0  /M-, and so ;

b x E  C '~ ^ E  ùT.\̂  L(^

o^y ( 6 - 2 7 )

T h i s  c o m b in a t io n  o f  e q u a t i o n s  ( 6 - 2 6 ) ,  ( 6 - 2 5 ) ,  ( 6 - 2 7 )

l e a d s  t o  t h e  r e s u l t

^  f l  . . ( 5 - 2 8 )
0 ' . ->y» \  _ / X k- N

-I

TT
A s i m i l a r  e x p r e s s i o n  c o u ld  h a v e  b e e n  d e r i v e d  u s in g  G 

( f  n ) Ù X- ) s o l u t i o n ) .  H o w e v e r ,  t h e  a v a i l a b l e  d a t a  i n  t h e  

l i t e r a t u r e  p r o v i d e s  v a l u e s  o f  0  a n d Y  ^ as  f u n c t i o n s  o f  

m^ m o l dm"*'^. T h u s ,  f o r  o u r  p u r p o s e s  t h i s  d e f i n i t i o n  i n  

te rm s  o f  0  and  A + i s  m ost u s e f u l .

\\hi and F r i e d m a n , h a v e  shown t h a t  f o r  a g e n e r a l
pelectrolyte the excess function (salt,per mol) may be



.0 7

G x p re s s e a  as

( s a l t ) =   . . . .  ( 6 - 2 9 )

i t
F o r  a 1 : 1  e l e c t r o l y t e  t h e  c o e f f i c i e n t  2 = 0  a n d /w a s  fo u n d  

c o n v e n ie n t  t o  e x t e n d  t h e  e o u a t i o n  t o  t h e  fo r m

1/ E .
X ^ ( s a l t )  = ^  ^ 0 ^ 2. . . . .  ( 6 - 3 0 )

1=1

I f  y  = X ^ ( s a l t )  th e n

—  =  ( A c / 2 . m j )   ̂ . . . .  ( 6 - 3 1 )

and

E .  =  _ &  . . . .  ( 6 - 3 2 )

t d

T h u s  v a lu e s  o f  g ” as a f u n c t i o n  o f  c o m p o s i t io n  can  be  

c a l c u l a t e d  u s i n g  e q u a t i o n  ( 6 - 2 5 )  a f t e r  d e r i v i n g  t h e  

q u a n t i t i e s  b y  and  ^ b* f r o m  e q u a t i o n s  ( 6 - 3 1 )  and  ( 6 - 3 2 )

w h e re  X ^ ( s a l t )  = ( 0 ,  0  s a l t ) .  T h i s  l a t t e r  q u a n t i t y

can  be c a l c u l a t e d  f ro m  e q u a t i o n  ( 6 - 1 6 ) .

E n t h a l p i e s

The  d e r i v a t i o n  o f  e x p r e s s io n s  f o r  t h e  e n t h a l p y

p a r a m e t e r  h "  f o l l o w s  f r o m  a s i m i l a r  a n a l y s i s  t o  t h a t  ab o ve

C o n s id e r  a s o l u t i o n  c o n t a i n i n g  m o l o f  s o l u t e  (co m p o n e n t  
3

2 ) and  1 0  A h  i^iol o f  s o l v e n t  (co m p o n en t 1 ) .

The  r e a l  t o t a l  e n t h a l p y  K =

( l O r / M ^ )  + nq id , . . . . ( 6 - 3 3 )
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The i d e a l  t o t a l  e n t h a l p y  H_. ^ =

. . . .  (6-34)

Now t h e  r e l a t i v e  m o l a l  h e a t  c o n t e n t  0 ^  i s  d e f i n e d  such  

t h a t  th e  r e a l  t o t a l  e n t h a l p y  i s  g iv e n  b y

H = (1 0 '" /M ^ )  P0 -f- 0 ^  . . . .  ( 6 - 3 5 )

t h u s  0 *  i s  i d e n t i f i e d  w i t h  K® .

B u t p f  ( t o t a l )  = K ( r e a l )  -  K ( i d e a l )

= ( 1 0 ^ / M ^ ) ( H .  -  H ° )  + - af')

= ^ -2  [  A  -  ]  . . . .  ( 6 - 3 6 )

L e t  L = I l ( r e a l )  -  H ( i d e a l )  th e n

Ü  = q  -  h ;  ; “  = n ;  -  h “ ; 0 ^  = 0 ,  ̂ -  0 ;

t h u s  0 ^  = ( p e r  m ol o f  s a l t )  . . . . ( 6 - 3 7 )

H e n c e ,

H ( r e a l ,  p e r  m o l s o l u t i o n )  = (1  -  x ^ ) H ^  -4 ^  

an d  s o ,  d i f f e r e n t i a t i n g  t w i c e  w i t h  r e s p e c t  t o  x^

h." = E l  . . . .  ( 6 - 3 8 )
^  2:2" ^ b t c E

T h i s  i s  t h e  r e q u i r e d  fo r m  b e c a u s e  0 ^  i s  known as a f u n c t i o n

o f  m^. T h i s  d e p e n d e n c e  i s  f i t t e d  t o  e q u a t i o n  ( 6 - 3 0 )  a n d

s i n c e ,  _  "6 'Z ’m ,
•N

t h e n ,

Vv =  T i L  = l S _ 3 —  ̂ ( g A  ( " P À "  ’ ’ '

K i — - - o 1ô x A
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Volum es

An a n a l y s i s  f o r  V ( t o t a l )  and v "  s i m i l a r  t o  t h a t  

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

R e a l  Vo lum e = V ( t o t a l )  = ( l C / / M _ ) v i  + - * - " ( 6 - 4 0 )

I d e a l  V o lu m e = V \2 ( t o t a l ) =  ( 1 0 ^ / M ^ ) V *  + . . . . ( 6 - 4 1 ;

The e x c e s s  v o lu m e  i s  g iv e n  b y  ;

V ( t o t a l ) = ( l o V i M ^ )  { \T  -  v °  ) + a i ^ ( q  -  v “ ) . . . . ( 6 - 4 2 )

T h u s  t h e  t o t a l  v o lu m e  may be  e x p r e s s e d  a s ;  

V ( t o t a l ) = ( l o 3 / M ^ )  + V ^ ( t o t a l )  . . . . ( 6 - 4 3 )

V ( p e r  m o l s o l u t i o n )  = x  V + V °  + V ^ ( p e r  m ol s o l u t i o n )
"h -L /p ^

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

r e s p e c t  t o  x ,,  g iv e s

. . . .  ( 6 - 4 4 )1-
Z £

b u t  ^  \  — bV_  ̂ S E n  and u s i n g  t h i s  e x p r e s s i o n

e q u a t i o n  ( 6 - 4 4 )  beco m es;

=  - 1 ^  T i  ( 6 - 4 5 )

Thus  i f  XT' i s  f i t t e d  as a f u n c t i o n  o f  m.  ̂ t o  e q u a t i o n  

( 6 - 3 0 ) ;  t h e n  v a l u e s  o f  v "  a t  v a r i o u s  c o m p o s i t io n s  can be  

d e r i v e d .  The  u s u a l  e x p e r i m e n t a l  v o lu m e  p a r a m e t e r  i s  

0 ^ ,  t h e  a p p a r e n t  m o l a l  v o lu m e .
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^  ~ ^ 1  ^1 b y  d e f i n i t i o n   ( 6 - 4 6 )

V ( t o t a l )  = (10-^/M ^ )  V , + 0 ^  and

V i d ( t o t a l )=  (10~"/iM^) -r m , 0j where  0 j i s  t h e

a p p a r e n t  m o l a l  v o lu m e  a t  i n f i n i t e  d i l u t i o n .

H ence  ( p e r  m o l o f  s o l u t i o n )=  ^  ( 0  -  0 *  ) .  . . ( 6 - 4 7 )
2

Thus v a l u e s  o f  th e  e x c e s s  vo lu m e  o f  m ix in g  p e r  m o l o f

s o l u t i o n  can be  c a l c u l a t e d  f ro m  e q u a t i o n  ( 6 - 4 7 ) .  0
V

t h e  s t a n d a r d  p a r t i a l  m o la r  vo lu m e  o f  t h e  s a l t  i n

s o l u t i o n .

D e n s i t i e s

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

vo lu m e  u s i n g  t h e  e q u a t i o n

yo  ( s o l u t i o n )  = ( 1 0 0 0  + n ,  M j )   ( 6 - 4 8 )

( 1 0 4 / O  4. m., 0 J

w h e re  / o  i s  t h e  d e n s i t y  o f  th e  s o l v e n t  and  M t h e  m o l e c u l a r  
/o

w e i g h t  o f  t h e  s o l u t e .

( i i )  C a l c u l a t i o n  o f  Q ( th e r m o )  f o r  aqueo us  s o l u t i o n s  

o f  t e t r a - n - b u t y l a m m o n i u m  b ro m id e  and t e t r a -  

e th y la m m o n iu m  b ro m id e  a t  298  K «

O s m o t ic  and a c t i v i t y  c o e f f i c i e n t s  r e p o r t e d  b y  

215L in d e n b au m  and Boyd^ w e r e  u s e d  i n  t h e  a n a l y s i s  f o r  g " .
oi 5

E n t h a l p y  d a t a  r e p o r t e d  b y  L in d en b au m ^^  w e re  u s e d  t o  d e r i v e

917
h " .  The v o lu m e  d a t a  o f  Wen and S a i t o ^  w e re  u s e d  t o e e t h e r
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w ix h  v a l u e s  r e p o r t e d  b y  Fran lcs  and  S m ith ^ ^  i n  o r d e r

t o  d e r i v e  v " .

An ALGOL p ro g ra m  f o r  an E l l i o t t  8 0 3  c o m p u te r  e m p lo y e d  

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

C h a p t e r  5 - 3  ( c f  e x c e s s  f u n c t i o n s  o f  b i n a r y  l i q u i d  m i x t u r e s )  

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

( 6 - 3 0 )  as  a f u n c t i o n  o f  s a l t  m o l a l i t y .  The p r o g r a m  i s  

s i m i l a r  t o  t h a t  p r e v i o u s l y  d e s c r i b e d  (A p p e n d ix  6 - 6 ) .

F i g u r e  6 - 1 1  shows th e  f i t t e d  c u r v e  ( s o l i d  l i n e )
T7

o b t a i n e d  u s i n g  t h i s  m e th o d  f o r  t h e  G ( s a l t )  d a t a  o f  t e t r a -  

e th y la m m o n iu m  b ro m id c o  T h e  d e r i v e d  p a r a m e t e r s  a r e  

p r e s e n t e d  i n  A p p e n d ix  6 - 6 .

The v a l u e s  o f  Q ( th e r m o )  as a  f u n c t i o n  o f  c o m p o s i t io n  

w e r e  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 5 - 4 9 )  f o r  e a c h  s a l t  and
g

a r e  shown, t o g e t h e r  w i t h  i n  F i g u r e  6 - 1 2 .  T h e

55t h e r m a l  e x p a n s i v i t i e s  and h e a r  c a p a c i t i e s "  o f  t h e s e  

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

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

was fo u n d  t h a t  t h e  e f f e c t s  o f  s a l t s  upon t h e s e  p a r a m e t e r s  

a r e  v e r y  s m a l l .  The i s e n t r o p i c  c o m p r e s s i b i l i t i e s  w e r e  

c a l c u l a t e d  u s i n g  th e  e q u a r io n  o f  N ew to n  an d  L a p l a c e ,  u s i n g
917

t h e  d e n s i t y  d a t a  o f  Wen and  S a i t o . "

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

p i h ” V  ”g ’S ^  /C p  a n d  / V  i s  shown f o r  t e t r  a e th y la m m o n iu m  

b ro m id e  i n  F i g u r e  6 - 1 3  an d  f o r  t e t r a - n - b u t y l a m m o n i u m  

b ro m id e  i n  F i g u r e  6 - 1 4 .
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(iii) Discussion

The k e y  f e a t u r e  o f  F i g u r e  6 - 1 2  i s  t h e  d r a m a t ic

i n c r e a s e  i n  Q ( th e r m o )  f o r  t e t r a - n - b u t y l a m m o n i u m  b ro m id e

i n  w a t e r  a t  293  K , w h e re  c^ >  0 . 8  m o l dm a t r e n d  a ls o
o

o b s e r v e d  i n  ( c 6 / f ) .  I n  s h a r p  c o n t r a s t ,  Q ( th e r m o )  f o r

t e t r a e t h y la m m o n iu m  b r o m id e  i n  w a t e r  r e m a in s  q u i t e  s m a l l ,
2

as  a l s o  does  (c 6 /f  ) ,  when t h e  s a l t  c o n c e n t r a t i o n  i s  

i n c r e a s e d .

iÂ h * * V * ̂C o m p a r is o n  o f  t h e  p a r a m e t e r  / C p )  and ( / V )  shows

t h a t  t h e  e n t h a l p y  c o n t r o l l e d  te r m  d o m in a te s  t h e  l a r g e  

a b s o r p t i o n  i n  a q u eo u s  s o l u t i o n s  o f  t e t r a - n - b u t y l a m r a o n iu m  

b r o m id e .  I t  w i l l  be  r e c a l l e d  t h a t  h f " ( s a l t ) ( s /)., ) f o r  

t h e  b u ty la m m o n iu m  s a l t  i n  w a t e r  i s  l a r g e  and p o s i t i v e ,  

w h e re a s  K ^ ( s a l t )  f o r  t h e  e th y la m m o n iu m  s a l t  i n  w a t e r  i s

s m a l l  an d  n e g a t i v e .  F o r  t h e  te t r a e t h y la m m o n iu m  s a l t  i n

c6h” v "w a t e r  t h e  p a r a m e t e r s  ( e / C p )  and ( / V )  a re .  o f  t h e  same

o r d e r  o f  m a g n i t u d e .  The lo w  v a l u e s  o f  Q ( th e r m o )  a t  lo w

c o n c e n t r a t i o n s  o f  t h e  b u ty la m m o n iu m  s a l t  can  be  r e l a t e d  t o

t h e  l a r g e  p o s i t i v e  v a l u e  o f  g " .  The p a r a m e t e r  g ” f a l l s

w i t h  i n c r e a s e  i n  s a l t  c o n c e n t r a t i o n  c ^ ,  t h e  f a l l  b e in g

l e s s  m a rk e d  f o r  t h e  e th y la m m o n iu m  s a l t .

6 - 5  UREA -i- WATER MIXTURES

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

w a t e r  s t r u c t u r e  and  i s  f r e q u e n t l y  c i t e d  as a v^ater s t r u c -

2 9 0t u r e  b r e a lc in g  s o l u t e .  ^ N o t  t h e  l e a s t  among such s t u d i e s
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a r e  u l t r a s o n i c  a b s o r p t i o n  m e a s u re m e n ts .  A d d i t i o n  o f  u r e a  

t o  w a t e r  a t  2 73  K b r i n g s  a b o u t  a  d e c r e a s e  i n  o v e r

t h e  r a n g e  O ^ c ^ :^  8 m o l dm

No e v id e n c e  has  b e e n  f o u n d  f o r  a r e l a x a t i o n  o v e r  t h e  

f r e q u e n c y  r a n g e  a ^ f  2 3 0  M H z . ^ F u r t h e r ,  t h e  u l t r a s o n i c  

v e l o c i t y  (m e a s u re d  a t  5 M Hz) i n c r e a s e s  w i t h  i n c r e a s e  i n  

p r e s s u r e ,  c o n c e n t r a t i o n  and  t e m p e r a t u r e . ^ ^

62  2^ 1S u b t r a c t i o n  o f  th e  v i s c o s i t y  c o n t r i b u t i o n  

r e s u l t s  i n  t h e  s t r u c t u r a l  c o n t r i b u t i o n  s h o w in g  a s h a rp  

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

e v e n t u a l l y  l e v e l l i n g  o u t .

T h e s e  t r e n d s  a r e  c o n s i s t e n t  w i t h  t h e  t h e o r y  t h a t  u r e a  

a c t s  as a s t r u c t u r e  b r e a l c c r , a l t h o u g h  t h e  m ech an is m  f o r

2 9 0t h i s  s t r u c t u r e  b r e a lc in g  a c t i o n  i s  n o t  f u l l y  u n d e r s t o o d .

( i ) C a l c u l a t i o n  o f  Q ( th e r m o )  f o r  U r e a  + W a te r

The Q ( th e r m o )  v a l u e s  f o r  u r e a  + w a t e r  m i x t u r e s  w e re  

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

t h e  t e t r a - a l k y l a m m o n i u m  s a l t s  (s e e  s e c t i o n  6 - 4 ) .

S to k e s ^ ^  h a s  p r e s e n t e d  an e x t e n s i v e  c o m p i l a t i o n  o f  

th e rm o d y n a m ic  d a t a  f o r  t h e  s y s te m  u r e a  -f w a t e r ,  a n d  h i s  

d a t a  w e r e  u s e d  i n  t h i s  a n a l y s i s .

F r e e  E n e r g i e s

F o l l o w i n g  t h e  t r e a t m e n t  f o r  t e t r a - a l k y l a m m o n i u m  s a l t s  

an d  d e f i n i n g  t h e  m o l e f r a c t i o n  o f  u r e a  (x  ) a s ;

''2 = ” 2 .......  ( 6 - 4 0 )

ra,, -i- lO-'/M,
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t h e n  G /m o l  = G = -t-Rt t JIa. f

" ^ 0  ’   ̂ ‘
and  d i f f e r e n t i a t i n g  t h i s  e q u a t i o n  t w i c e  w i t h  r e s p e c t  t o

013
X , and e m p lo y in g  t h e  G ib b s-D u h em ^  r e l a t i o n s h i p ,  g iv e s

R - | ) i
( ( ' - - q

i

V ( ' - ^ ' O h

-r -r- -r %
I

j . . . ( 6 - 5 1 )

w h e re  0  i s  t h e  o s m o t ic  c o e f f i c i e n t  and t h e  a c t i v i t y  

c o e f f i c i e n t  o f  t h e  u r e a .

Now S t o k e s ° ^  g iv e s  t h e  r e l a t i o n s h i p  b e tw e e n  t h e  

o s m o t ic  c o e f f i c i e n t s  and  t h e  s a l t  m o l a l i t y  (m ) as

o .ra^ ( 6 - 5 2 )

w h e re  a = 0 . 0 4 2 7 8 3 ,  b + 0 . 1 5  and c = 0 . 0 0 0 4 1 9 8 .

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

G ib b s -D u h c m  r e l a t i o n s h i p

RT
0

Ç i- 'Xy._ ) ^  10 ^  (Q5~3c)g^l0^ IL'q c x F 10̂

.=1 X 3 )w h e re  A=\ ^ ^ (1  -  x ^ )  + b x ^ lO  f

( 6 - 5 3 )

E n t h a l n i e s

The p a r a m e t e r  h " was d e r i v e d  f o l l o w i n g  s e c t i o n  6 - 4

as

....................... ( 6 - 5 4 )
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S to k e s ^ ^  h as  shown t h a t  t h e  d e p e n d e n c e  o f  0̂  upon  

may b e  e x p r e s s e d  b y

0g = -  am + bm ^ -  crn^^ dia^ "  ( 6 - 5 5 )

w h e re  a = 8 5 . 8 7 ,  b = 6 . 8 1 5 ,  c = 0 .4 5 6 9  and  

d = 0 . 0 1 4 7 0 .

T h u s ,  d i f f e r e n t i a t i n g  e q u a t i o n  ( 6 - 5 5 )  and  s u b s t i t u t i n g  t h e  

r e s u l t s  i n t o  e q u a t i o n  ( 6 - 5 4 )  g iv e s

b. =  ^ ^  Q.̂ 110 ^  <2.0. X 2, 10  ̂^

....................... ( 6 - 5 6 )

T h u s  h "  as  a f u n c t i o n  o f  m_ can  be c a l c u l a t e d .

V o lum es

An e q u a t i o n  r e l a t i n g  v "  t o  t h e  a p p a r e n t  m o la r  vo lu m e

0  was d e r i v e d .
V

. r " . ï î ï  .  i t A  ,
.....................

A r e l a t i o n s h i p  h as  b e e n  d e r i v e d  b y  S to k e s ^ ^  c o n n e c t in g  t h e  

a p p a r e n t  m o l a l  v o lu m e  0 ^  w i t h  t h e  m o la r  vo lum e a t  i n f i n i t e  

d i l u t i o n  0 ^  .

A  V   ( 6 - 5 8 )
1 + bn^
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w h e re  0^° = 4 4 . 1 7 ,  a = 0 . 2 1 2  and b = 0 . 1 5 ,  a t  298  K .  

U s in g  e q u a t i o n s  ( 6 - 5 7 )  and  ( 6 - 5 8 )  a r e l a t i o n  f o r  v "  was  

d e r i v e d .

1 7 = •  ^  g  10  ̂ _  d a b  %% \O

f t C i - x O  B C i - x O

_  3.o.te:., \0^ _  a.g.b ca.̂  [ct

A = - C v - X i ) ^

....................... ( 6 - 5 9 )

v /h e re  A = | jM ^ ( 1 -  x ^ )  + b x ^ lO ^ ^ .

Thus  t h e  d e p e n d e n c e  o f  v ” upon c o u ld  be c a l c u l a t e d .

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

r e p o r t e d  b y  S f o k e s ,^ ^  t o g e t h e r  w i t h  t h e  sound v e l o c i t y

62
d a t a  o f  B e a u r e g a r d  an d  B a r r e t t  w o re  u s e d  t o  e v a l u a t e  

Q ( th e r m o )  a t  298  K as a f u n c t i o n  o f  c o m p o s i t io n .  An 

A l g o l  p ro g ra m  f o r  an E l l i o t t  803B  c o m p u te r  was u s e d  and  

a l l  r e l e v a n t  d a t a  i s  g iv e n  i n  A p p e n d ix  6 - 7 .

F i ig u re  6 - 1 5  shows t h e  d e p e n d e n c e  o f  Q ( t h e r m o )  and
2

( d * / f  ) upon m o l a l i t y  o f  u r e a .  F i g u r e  6 - 1 6  d i s p l a y s  t h e

h V **d e p e n d e n c e  o f  t h e  p a r a m e t e r s  g " ,  / C p )  and  ( / V )  upon

m i x t u r e  c o m p o s i t io n ,  a t  298 K .

( i i i )  D i s c u s s i o n  o f  Q ( th e r m o )  f o r  U r e a  + W a te r

C o n s i d e r a t i o n  o f  F i g u r e  6 - 1 5  shows t h a t  o v e r  t h e

— 3r a n g e  Os^m^tsS m ol dm t h e  c a l c u l a t e d  v a l u e  o f  Q ( th e r m o )  

i s  v e r y  s m a l l ,  (c ^ / f^ )  a l s o  shows no i n c r e a s e ,  b u t  r a t h e r
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a g r a d u a l  d e c r e a s e ,  o v e r  t h i s  r e g i o n .  A t  a ro u n d  =

8 m o l dm ^ u r e a  t h e  v a l u e  o f  (O v /f^ ) i s  t e n d i n g  t o  

i n c r e a s e  and t h i s  i s  q u a l i t a t i v e l y  r e f l e c t e d  i n  Q ( t h e r m o ) .  

The r e l a t i v e l y  l a r g e  v a l u e  o f  g"  seems t o  d o m in a te  t h e  

Q f a c t o r  ( F i g u r e  6 - 1 6 )  and a p p e a r s  t o  be r e s p o n s i b l e  f o r  

t h e  l a c k  o f  a b s o r p t i o n  i n  t h e  lo r ;  m o l a r i t y  o f  u r e a  r e g i o n .

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

l i n k  d e v e lo p e d  b e tw e e n  th e rm o d y n a m ic  m e a s u re m e n ts  and  

u l t r a s o n i c  a b s o r p t i o n .

6 - 6  GENERAL D ISCUSSIO N

The r e s u l t s  o f  t h e  a p p l i c a t i o n s  o f  t h e  Romanov -  

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

p a r a m e t e r  Q ( th e r m o )  p r o v i d e s  a u s e f u l  l i n k  b e tw e e n  th e r m o ­

d y n a m ic  and u l t r a s o n i c  m e a s u re m e n ts .  I n  i t s e l f ,  i t  s h o u ld  

be  s t r e s s e d  t h a t  t h e  a b s o l u t e  m a g n i tu d e  o f  Q ( th e r m o )  

i n d i c a t e s  l i t t l e .  I t  does  h o w ever  p r o v i d e  an e x c e l l e n t  

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

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

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

’p l a t e a u  r e g i o n s ’ and PSAC r e g i o n s .

The t r e n d s  i n  t h e  e v a l u a t e d  p a r a m e t e r s  / C p )

V  * *and ( / V )  a r e  a l s o  h e l p f u l  i n  d e c i d i n g  w h ic h  th e r m o ­

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

u l t r a s o n i c  a b s o r p t i o n .  I n  g e n e r a l  i t  w o u ld  a p p e a r  t h a t  

g" c o n t r o l s  t h e  ’ p l a t e a u  r e g i o n ’ , s u g g e s t in g  t h a t  i n  t h i s
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r e g i o n  e n e r g y  c o n s i d e r a t i o n s  a r e  p a r a m o u n t .  The PSAC

Cu h   ̂* Vr e g i o n  may be  e n t h a l p y  ( c /C p  ) o r  vo lu m e  ( / V )

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

e f f e c t s .

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

o f  t h e  u l t r a s o n i c  a b s o r p t i o n  d a t a  a t  2 7 3  K as a f u n c t i o n  

o f  f r e q u e n c y  i s  lo s s  s a t i s f a c t o r y .  The R o m a n o v -S o lo v y e v  

e q u a t i o n  ( 5 - 4 8 )  p ro d u c e s  a s ig m o id  s h ap e d  c u r v e  a n d ,  

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

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

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

I t  may t h e r e f o r e  be c o n c lu d e d  t h a t  t h e  Romanov -  

S o lo v y e v  a p p ro a c h  i s  m ore u s e f u l  th a n  t h e  t h e r m a l  r e l a x a ­

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

o f  t h e  p l o t  o f  ( w / f ^ )  a g a i n s t  x ^ .  I t  does n o t ,  h o w e v e r ,  

l e n d  i t s e l f  to w a r d s  q u a n t i t a t i v e  a p p l i c a t i o n  i n  an a t t e m p t  

t o  a n a ly s e  t h e  s u b t l e  f e a t u r 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  . 

o f  (® V f  ) .  T h i s  i s ,  i n  p a r t ,  due  t o  t h e  d i f f i c u l t y  i n  

d e f i n i n g  v a l u e s  o f  1^^, t h e  i n t e r a c t i o n  l e n g t h .

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

t h e  o r i g i n a l  R o m a n o v -S o lo v y e v  t h e o r y ,  o r  th e  e x t e n s i o n s  

d e v e lo p e d  t h e r e i n ,  t o  m ix t u r e s  i s  th e  s p a r s i t y  o f  th e r m o ­

d y n a m ic  m e a s u re m e n ts  ( p a r t i c u l a r l y  d a t a )  a v a i l a b l e .



CHAPTER SEVEN

VIBRATIONAL SPECTRA OF WATER 

AND

AQUEOUS ELECTROLYTE SOLUTIONS
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7-1 INTRODUCTION

T h e r e  h a v e  b e en  s e v e r a l  r e c e n t  r e v i e w s  o f  t h e  p r o p -

n _  ̂ 3 7 , 2 0 3 , 2 2 2 - 2 2 4e r t i e s  o r  aq u eo u s  e l e c t r o l y t e  s o l u t i o n s ,  ' '

b u t  no c o m p re h e n s iv e  a c c o u n t  i s  a v a i l a b l e  o f  p r o g r e s s  i n

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

t e c h n i q u e s  t o  t h e  s tu d y  o f  t h e s e  s y s te m s .  The  a im  o f  t h i s

c h a p t e r  i s ,  t h e r e f o r e ,  t o  r e v i e w  th e  Raman and i n f r a - r e d

s p e c t r a  o f  w a t e r  and aqueo us s o l u t i o n s  o f  e l e c t r o l y t e s .

W here  r e l e v a n t ,  d e t a i l s  o f  r e c e n t  m o d e ls  f o r  t h e  s t r u c t u r e

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

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

s in c e  t h e s e  a r e  d e a l t  w i t h  i n  many e x c e l l e n t  r e v ie w s  and

p a p e r s . T h e  t h e o r y  and t e c h n iq u e s

o f  Raman and  i n f r a - r e d  s p e c t r o s c o p y  h a v e  b e en  t h e  s u b j e c t

2 3 0o f  an e x c e l l e n t  bo o k  by  H e r z b e r g  and a r e  n o t  r e v ie w e d  

h e r e .

A t  t h e  o u t s e t  i t  m ust be made c l e a r  t h a t  t h e  so c a l l e d  

’ s t r u c t u r e ’ o f  w a t e r  d ep en d s  upon t h e  way i n  w h ic h  i t  i s  

o b s e r v e d .  A p h o to g r a p h  o f  a m o v in g  o b j e c t ,  ta lcen  a t  a 

r a t e  w h ic h  i s  f a s t  c o m p ared  w i t h  th e  r a t e  o f  m o t io n  o f  t h e  

o b j e c t ,  w i l l  r e v e a l  n o t h i n g  o f  t h a t  m o t i o n .  H o w e v e r ,  i f  

t h e  same p h o t o g r a p h  i s  ta lcen a t  a much s lo v ;e r  r a t e  t h e  

m o t io n  o f  t h e  s u b j e c t  i s  r e v e a l e d  i n  th e  b l u r r e d  im ag e  

o b t a i n e d .  A s i m i l a r  s i t u a t i o n  e x i s t s  i n  th e  o b s e r v a t i o n  

o f  m o l e c u l a r  m o t io n  i n  a l i q u i d .  I f  an o b s e r v a t i o n  o f  t h e  

m o le c u le s  w e r e  made w i t h  a ’ c a m e r a ’ , t h r e e  t y p e s  o f  

s t r u c t u r e  w o u ld  be  b r o a d l y  o b s e r v e d .  An ’ i n s t a n t a n e o u s ’
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p h o t o g r a p h  w o u ld  r e v e a l  m o le c u le s  i n  c l e a r l y  d e f i n e d  

p o s i t i o n s .  Such a s t r u c t u r e  i s  d e s c r i b e d  as t h e  I  

( i n s t a n t a n e o u s )  -  s t r u c t u r e .  I f  t h e  p h o to g r a p h  w e re

t a k e n  i n  a t im e  c o r r e s p o n d in g  t o  t h e  t i m e  ta lcen  f o r  a

m o l e c u l a r  v i b r a t i o n  t o  o c c u r ,  ( 1 0  t o  1 0  S) th e n  

a d i f f e r e n t  s t r u c t u r e ,  t h e  V ( v i b r a t i o n a l l y  c o n t r o l l e d )  -  

s t r u c t u r e  w o u ld  be o b s e r v e d .  F i n a l l y ,  i f  t h e  l i q u i d  i s

e x a m in e d  o v e r  a t im e  o f .  t h e  o r d e r  o f  t h a t  t a k e n  f o r

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

-  s t r u c t u r e  w o u ld  be  o b s e r v e d .  T h e s e  t h r e e  b a s i c  s t r u c t ­

u r a l  t y p e s  a r e  i l l u s t r a t e d ^ ^  i n  F i g u r e  7 - 1 .  I n  c o n t r a s t

222t o  th e  n u c l e a r  m a g n e t ic  r e s o n a n c e ^  e x p e r i m e n t ,  t h e  

Raman and i n f r a - r e d  s p e c t r o s c o p i c  t e c h n iq u e s  p r o b e  d i r e c t  

m o l e c u l a r  e n v i r o n m e n t s  ( I - s t r u c t u r e ) w h i l s t  t h e  n . m . r .  

o b s e r v e s  t h e  a v e r a g e  e n v i r o n m e n t  o f  t h e  m a g n e t ic  n u c le u s  

s t u d i e d  ( D - s t r u c t u r e ) .  Thus t h e  v i b r a t i o n a l  t im e  s c a l e  

i s  o f  t h e  o r d e r  o f  1 0  ^S , w h e re a s  th e  n . m . r .  t im e  s c a l e

i s  10  ^ S . I n  p r i n c i p l e  v i b r a t i o n a l  s p e c t r o s c o p y  i s  t h e  

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

and s o l v e n t - s o l u t e  i n t e r a c t i o n s .  H o w e v e r ,  i n  p r a c t i c e ,  

t h e r m a l  d i s o r d e r  i n  th e  l i q u i d  a n d  t h e  n o n - r i g o r o u s  

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

s p e c t r a l  b a n d s  h a v in g  i l l  d e f i n e d  m ax im a .

I n d e e d ,  a m a jo r  d i f f i c u l t y  i n  f o r m u l a t i n g  a s t a t i s ­

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

m ent o f  t h e  v i b r a t i o n a l  s p e c t ru m  o f  w a t e r  o v e r  th e  r e g i o n  

4 0 0 0  t o  O cm t h e  f r e q u e n c i e s  a r e  r e q u i r e d  i n  a

226calculation of the vibrational partition function.



FIGURE 7-1 (from reference 36)
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FIGURE 7 - 2  ( f r o m  r e f e r e n c e  2 5 9 )
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FIGURE 7 - 3  ( f r o m  r e f e r e n c e  2 5 9 )



TABLE 7 - 1

S p e c t r o s c o p ic  s t r e t c h i n g  and b e n d in g  

f r e q u e n c i e s  f o r  m o le c u le

b  ^ 2  ^3

W a te r  ( v a p o u r )  3 6 5 0  1595  3 75 5

L i q u i d  276  K 3 4 4 8  1 6 4 2  3 39 7

L i q u i d  3 4 3  K 3 4 4 8  1 6 4 2  3 43 4

I c e  3 3 6 0  1585  3 2 1 0
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N o t w i t h s t a n d i n g  t h e s e  d i f f i c u l t i e s ,  u s e f u l  i n f o r m a t i o n  

can  be  r e t r i e v e d  f r o m  d e t a i l e d  Raman and i n f r a - r e d  

s p e c t r o s c o p i c  s t u d i e s  o f  w a t e r .

7 - 2  V IBRATIO NAL SPECTRA OF WATER AND DEUTERIUM OXIDE

The i n f r a - r e d  and Raman s p e c t r a  o f  w a t e r  and

d e u t e r iu m  o x id e  a r e  shown i n  F i g u r e s  7 - 2  (a  a n d  b )  and

7 - 3  (a  and b )  r e s p e c t i v e l y .  The m a jo r  r e g i o n  o f  i n t e r e s t

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

2 31  2 3 2t h e  s t r e t c h i n g  f r e q u e n c i e s  ’ an d  t h e i r  a s s ig n m e n ts  

37a r e  g iv e n  i n  T a b l e  7 - 1 .  W h i l s t  t h e  a s s ig n m e n t  o f  t h e  

b an d s  f o r  w a t e r  v a p o u r  i s  n o t  i n  d o u b t ,  t h e r e  i s  some
0 3 2

u n c e r t a i n t y  w i t h  r e g a r d  t o  t h e  l i q u i d  s t a t e .  H o r n ig  e t  a l  

a c c e p t e d  t h a t  ( t h e  s y m m e tr ic  w a t e r  s t r e t c h i n g  mode) 

and ( t h e  a s s y m e t r i c  s t r e t c h i n g  mode -  see  T a b l e  7 - 1 )  

become t r a n s p o s e d  on g o in g  f r o m  t h e  v a p o u r  t o  l i q u i d  s t a t e s .  

O th e r  w o r k e r s  do n o t  a c c e p t  t h a t  t h i s  i s  s o .  The q u e s t i o n  

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

t h e  i n t e n s i t y  e v id e n c e  u s e d  i n  s u p p o r t  o f  th e  a s s ig n m e n ts  

made i n  T a b l e  7 - 1  b y  H o r n ig  an d  h a v e  assum ed t h a t  t h e  

f r e q u e n c i e s  i n  i c e  r e m a in  i n  th e  o r d e r  > V - , .  The b e n d in g  

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

-1The s t u d y  o f  t h e  s t r e t c h i n g  r e g i o n  ( 4 0 0 0  t o  3 0 0 0  cm ) 

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

F i g u r e  7 - 4  shows t h e  i n f r a - r e d  and Raman s p e c t r a  o f  d i l u t e  

s o l u t i o n s  o f  D,^0 i n  H^O and H^O i n  D^O, (Talcen f r o m  r e f ­

e r e n c e  3 6 ) .  The s t r e t c h i n g  v i b r a t i o n s  o f  w a t e r  a r e
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Plot of optical density vs. fi'cqucncy for the ir 
absorption of HOD a t ~2o00 for various temperatures. 
The presence of an isosbestic point a t ~2575 cm “ * 
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Q uanlilra ivc Paman intensities as functions of fre­
quency transferred to horizontal baselines from rncrcury-cxcitcd 
spectra corresponding to a 6.2.1/ solution of D^O in H ;0  at tem­
peratures from  32.2° to 93.G°C. The 435S-A line of mercury and a 
s litw id th  of 15 cm~‘ were employed. The 4916-Â line of mercury 
was removed from the original photoelectric tracings. The dashed 
vertical line near 2570 cm” ‘ refers to the isosbestic frequency (sec 
text fo r dehnition). The in tensity scale is a rb itrary.

FIGURE 7 - 4  I n f r a - r e d  and  Raman S p e c t r a

o f  d i l u t e  HOD i n  H^O, The  s p e c t r a  

o f  HOD i n  D^O a r e  s i m i l a r  ( t a k e n  f r o m  

r e f e r e n c e  3 6 )
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3 6d e c o u p le d  and  i t  i s  p o s s i b l e  t o  s tu d y  th e  OH and  OD

s t r e t c h e s  o f  t h e  HOD fo rm e d  i n  s o l u t i o n .  On a v e r a g e ,

t h e  f i v e  n e a r e s t  n e ig h b o u r s  o f  eac h  OH o s c i l l a t o r  i n

D^O ( s a y )  a r e  d e u t e r a t e d .  Some o f  th e  e a r l y  Raman s t u d i e s

233
o f  w a t e r  w e re  made b y  M a g a t who l a i d  th e  f o u n d a t i o n s  

o f  t h e  i n v e s t i g a t i o n s  r e v ie w e d  h e r e .

234W a l l  and H o r n ig  ‘ made p h o t o e l e c t r i c  Raman s t u d i e s  

o f  HOD i n  D^O and H^O. T h e y  o b s e r v e d  n a r r o w e r  b an d s  th a n  

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

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

F u r t h e r ,  i t  was shown t h a t  t h e  n e a r e s t  n e ig h b o u r  d i s t r i ­

b u t i o n  f u n c t i o n  o b t a i n e d  f r o m  th e  s p e c t r a  was i n  good  

a g re e m e n t  w i t h  p r e v i o u s  X - r a y  d a t a .  A ls o  t h e  b a n d  c o n t o u r s  

w e r e  sm ooth and  t h i s ,  t o g e t h e r  w i t h  t h e  r e l a t i v e l y  s m a l l  

t e m p e r a t u r e  d e p e n d e n c e  l e d  I 7 a l l  and  H o r n ig  t o  c o n c lu d e  t h a t

a c o n t in u o u s  d i s t r i b u t i o n  o f  O O d i s t a n c e s  i s  p r e s e n t

w i t h  one ' p r e f e r r e d '  v a l u e  a t  t h e  b a n d  mæcimum.

235F a l k  and F o r d  c o n f i r m e d  t h e  r e s u l t s  o b t a i n e d  by  

W a l l  and  H o r n i g  a f t e r  an e x h a u s t i v e  i n f r a - r e d  i n v e s t i g a ­

t i o n  o f  HOD i n  D^O and H^O. Thus  th e  c o n c l u s i o n  was d raw n  

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

e x i s t s  i n  w a t e r ,  any d i s c r e t e  s p e c ie s  o f  s p e c i f i c  h y d ro g e n  

bond s t r e n g t h  m ust be r u l e d  o u t ,

2 36  '^37W a l r a f e n  ’ s t u d i e d  t h e  i n t e r m o l e c u l a r  v i b r a t i o n s  

o f  w a t e r  and o b t a i n e d  e v id e n c e  w h ic h  p ro m p te d  an a l t e r n ­

a t i v e  i n t e r p r e t a t i o n .

_ ]
A b an d  a t  1 7 0  cm " was a s s ig n e d  t o  h y d ro g e n  bond
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s t r e t c h i n g  by  W a l r a f e n ,  and a b a n d  a t  6 0  cm t o  h y d ro g e n

b ond  b e n d in g .  F o l l o w i n g  a s tu d y  o f  th e  t e m p e r a t u r e

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

s u g g e s te d  t h a t  h y d ro g e n  bond  b r e a lc in g  o c c u r s .  I n  a Raman

s tu d y  o f  a b r o a d  b a n d  i n  t h e  r e g i o n  3 0 0  t o  1 0 0 0  cm ,

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

fo u n d  s t r o n g  e v id e n c e  f o r  t h e  s i n g l e  s t e p  b re a lc ag e  o f

h y d ro g e n  b o n d s .  T h i s  was tal-cen t o  im p ly  t h a t  d i f f e r e n t

e n e r g y  l e v e l s  c an  b e  assumed f o r  w a t e r  m o le c u le s  f o r m in g

one t o  f o u r  b o n d s .  The  i n f r a - r e d  s p e c t r a  i n  t h e  lo w

f r e q u e n c y  r e g i o n  ( 1 0 0 0  t o  1 0 0  cm ^ ) a r e  l e s s  i n f o r m a t i v e T ^ ^

W a l r a f e n  h a s  a ls o  e x a m in e d ,  by  an a n a lo g u e  c o m p u te r

t e c h n i q u e ,  t h e  w a t e r  OH s t r e t c h i n g  r e g i o n  ( 3 0 0 0  t o  4 0 0 0

cm ) .  He fo u n d  an i s o s b e s t i c  p o i n t  ' ( a  p o i n t  a t

w h ic h  t h e  i n t e n s i t y  i s  n o t  t e m p e r a t u r e  d e p e n d e n t )  a t

3 4 6 0  cm ^ and  ju d g e d  t h i s  b e h a v i o u r ,  t o g e t h e r  w i t h  t h e

r e s u l t s  o f  t h e  c o m p u te r  a n a l y s i s ,  i r r e f u t a b l e  e v id e n c e

f o r  an e q u i l i b r i u m  b e tw e e n  h y d ro g e n  b o n d e d  and  n o n -h y d r o g e n

^ 4 1 — ”̂ 43b o n d e d  w a t e r .  R e c e n t l y  W a l r a f e n ^ ^  ^ h a s  shown t h a t

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

D^O i n  H^O and  H^O i n  D^O show s l i g h t  b u t  d e f i n i t e

a s y m m e tr ie s  on t h e  h ig h  f r e q u e n c y  s id e  o f  t h e  b a n d s  (s e e

F i g u r e  7 - 4  a and  b ) .  F u r t h e r ,  he h a s  o b s e r v e d  an i s o s ­

b e s t i c  p o i n t  i n  a s t u d y  o f  6 . 0  m o l dm~^ D^O i n  H .^0 ( i . e .  

t h e  00  s t r e t c h i n g  b a n d ) .  F r a n c k  and  R o th " " '  h a v e  s t u d i e d  

t h e  i n f r a - r e d  a b s o r p t i o n  s p e c t r a  o f  D^O i n  H^O a r  c o n s t a n t  

d e n s i t y  up t o  673  K and o b s e r v e d  t h a t  a t  h ig h  t e m p e r a t u r e  

t h e  b a n d  becom es a s y m m e t r ic  and s h i f t s  t o  h ig h  f r e q u e n c i e s .
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T h i s  adds f u r t h e r  s u p p o r t  t o  t h e  m o d e l w h ic h  r e q u i r e s  

t h a t  a s im p le  e q u i l i b i r u m  i s  p r e s e n t  i n  s o l u t i o n  b e tw e e n  

h y d ro g e n  b o n d e d  w a t e r  an d  n o n -h y d r o g e n  b o n d e d  w a t e r .  ( I t  

i s  assum ed t h a t  n o n -h y d r o g e n  b o n d ed  w a t e r  r e f e r s  h e r e  t o  

n o n -b o n d e d  OH g r o u p s ) .  I n  s u p p o r t  o f  t h i s  S e n io r  and  

V e r r a l l ^ ^ ' ^  s t u d y i n g  t h e  i n f r a - r e d  s p e c t r a  o f  0 ^ 0  i n  x v a te r ,  

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

r e c o r d e d  s p e c t r a  f ro m  th e s e  s o l u t i o n s  r e v e a l s  an e x t r a  

com ponent i n  t h e  i n f r a - r e d  b a n d .  Th ey  w e re  a b l e  t o  d e r i v e  

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

o f  9 * 5  -  1 . 5  k j  m o l  ̂ i n  good a g re e m e n t  w i t h  t h e  v a l u e  

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

2 46S c h i f f e r ^  c r i t i c i s e d  t h e  m o d e l p ro p o s e d  b y  W a l r a f e n

247a n d , i n  c o n j u n c t i o n  w i t h  H o r n i g ,  d e m o n s t r a t e d  t h e o r e t i ­

c a l l y  t h a t  a c o n t in u u m  m o d e l c o u ld  a c c o u n t  f o r  t h e

o b s e r v e d  a sy m m e try  i n  t h e  Raman s p e c t r a  o f  W a l r a f e n .
047

S c h i f f e r  and H o r n ig ^  p ro p o s e d  t h a t  c o l l i s i o n a l  d i s t o r t i o n  

o c c u r s  i n  l i q u i d  w a t e r  w h ic h  p e r t u r b s  t h e  tw o  bonds  i n  H^O 

d i f f e r e n t l y .  T h e y  c o n c lu d e d  t h a t  e v e n  i f  I V a l r a f e n ' s  

a p p ro a c h  was t a k e n  a t  f a c e  v a l u e ,  i t  r e q u i r e s  a tw o s t a t e  

c o n t in u u m  m o d e l r a t h e r  th a n  a s im p le  tw o  s t a t e  m o d e l .

Wall^"^^ u s in g  a t r e a t m e n t  by  G ordon^^^  a n a ly s e d  t h e

v i b r a t i o n a l  b a n d w id t h s  i n  l i q u i d  w a t e r ,  and drew  a t t e n t i o n

t o  t h e  i m p o r t a n t  p a r t  p l a y e d  b y  h i n d e r e d  r o t a t o r y  an d

t r a n s l a t o r y  m o t io n s  i n  c o n t r i b u t i n g  t o  b a n d w id t h s .  I t

was a l s o  c o n c lu d e d  t h a t  lo n g  t im e  d i f f u s i o n s  a r e  n o t

e v i d e n t  i n  w a t e r .  T h i s  w o u ld  t e n d  t o  s u p p o r t  t h e  a n a l y s i s

247o f  S c h i f f e r  and  H o r n i g .  I t  i s  e v i d e n t  t h a t  t h e r e  i s
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c o n s i d e r a b l e  d is a g r e e m e n t  b e tw e e n  t h e  i n t e r p r e t a t i o n s  o f  

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

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

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

i n  t h e  s t r e t c h i n g  r e g i o n .  T h i s  may be  r e s o l v e d  b y  th e  

e a r l i e r  s u g g e s t io n  t h a t  d i f f e r e n t  m e th o d s  o f  i n v e s t i g a ­

t i o n  ' s e e '  d i f f e r e n t  e f f e c t s .  A l t e r n a t i v e l y  a r a d i c a l l y  

new a p p ro a c h  i s  r e q u i r e d .

234One c r i t i c i s m  w h ic h  has  b e e n  u s e d  b y  a d h e r e n t s  t o

t h e  ' c o n t in u u m ' m o d e l i s  t h a t  t h e  c o n c e n t r a t i o n  o f  D^O

i n  t h e  s o l u t i o n s  e x a m in e d  by  W a l r a f e n  i s  to o  h i g h .  I t  i s

s u g g e s te d  t h a t  t h e  o b s e r v e d  s h o u ld e r  c o u ld  be due t o

2 5 0c o u p le d  OD o s c i l l a t o r s .  A r e c e n t  i n v e s t i g a t i o n  o f  t h e  

i n f r a - r e d  s p e c tru m  o f  a v e r y  d i l u t e  s o l u t i o n  o f  D^O i n  

H^O showed t h a t  96% o f  t h e  D^O a d d ed  was p r e s e n t  as HOD 

and 4% as D^O. A l t h o u g h  n o t  c o n c l u s i v e ,  t h i s  w o u ld  s u g g e s t  

t h a t  such c o u p l in g  i s  u n l i k e l y .

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

e x t e n d s  o v e r  t h e  r a n g e  5 0 0 0  t o  1 1 0 0 0  cm~^, t h e  n e a r  i n f r a ­

r e d .  I n  t h i s  r e g i o n  t h e r e  a r e  a number o f  o v e r t o n e  and  

c o m b in a t io n  ban d s  whose a s s ig n m e n ts  a r e  t h e  s u b j e c t  o f  

c u r r e n t  d e b a t e .  A number o f  d e t a i l e d  i n v e s t i g a t i o n s  o f  

t h i s  r e g i o n  ( 5 0 0 0  t o  1 1 0 0 0  cm ^ ) h a v e  b een  u n d e r t a k e n  -
g c "I OCTO g c g

n o t a b l y  b y  B u i j s  and  C h o p p in ,^  ' ^ Luck  and  W o r le y
?

a n d  K l o t z .

2 51  252  —1B u i j s  and C h o p p in “ ' ^ a s s ig n e d  ban d s  a t  8 6 2 0  cm ,

-1 -18 3 3 0  cm and 8 0 0 0  cm t o  w a t e r  m o le c u le s  f o r m i n g  z e r o ,

one and tw o  h y d ro g e n  bonds r e s p e c t i v e l y .  T h e y  w e r e  a b l e
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t o  c a l c u l a t e  t h e  m o le  f r a c t i o n s  o f  t h e s e  s p e c ie s  p r e s e n t  

i n  w a t e r  and a s i g n i f i c a n t  p r o p o r t i o n  o f  b r o k e n  h y d ro g e n  

bonds was i n f e r r e d  t o  be  p r e s e n t  i n  w a t e r .

253Luck^- c h a l l e n g e d  t h e  a n a l y s i s  o f  B u i j s  and C h o p p in  

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

b o n d e d  w a t e r  m o le c u le s  c o u ld  be d e t e c t e d  e a s i l y  b y  i n f r a ­

r e d  s p e c t r o s c o p y .  F o r  h y d ro g e n  b o n d ed  OH g r o u p s ,  Luck

a s s ig n e d  an a b s o r p t i o n  a t  8 0 0 0  cm ^ t o  th o s e  i n v o l v e d
- 1

i n  l i n e a r  bonds and an a b s o r p t i o n  a t  8 7 0 0  cm t o  th o s e

i n v o l v e d  i n  b e n t  b o n d s .  F o l l o w i n g  an a n a l y s i s  s i m i l a r  t o

t h a t  o f  B u i j s  and C h o p p in ,  Luck  was a l s o  a b l e  t o  c a l c u l a t e

t h e  p e r c e n t a g e  o f  b r o k e n  h y d ro g e n  b o n d s .  The  w id e  ra n g e

o f  e s t i m a t e d  v a l u e s  f o r  th e  p e r c e n t a g e  " b ro k e n  h y d ro g e n  

235b o n d s "  i n  w a t e r  ( T a b l e  7 - 2 )  c l e a r l y  i n d i c a t e s  t h e

255c o n fu s e d  s t a t e  o f  t h e  s u b j e c t .  R e c e n t  a n a ly s e s  a r e  

m o v in g  to w a r d s  th e  i d e a  t h a t  t h e  c o n c e n t r a t i o n  o f  'mono­

m e r ic  w a t e r '  i n  w a t e r  i s  v e r y  s m a l l .

G lew ^^^  s u g g e s te d  t h a t  f o r  d i l u t e  s o l u t i o n s  o f  w a t e r  

i n  o r g a n i c  s o l v e n t s  monomer b a n d s  a r e  o n ly  fo u n d  f o r  

' n o n - i n t e r a c t i n g '  s o l v e n t s ,  and t h u s  i t  i s  u n l i k e l y  t h a t  

i n  w a t e r  t h e r e  can be a h ig h  monomer c o n c e n t r a t i o n .

W o r le y  and K l o t z ^ ^ ^  s t u d i e d  t h e  n e a r  i n f r a - r e d  ( F i g .  7 - 5 )  

s p e c t ru m  o f  OH i n  t h e  o v e r t o n e  r e g i o n  ( 1 . 3 j x t o  1 . 8 ^ )  

u s i n g  6 . 0  m ol dm ^ HOD i n  D^O a g a i n s t  D^O as r e f e r e n c e .

From a s tu d y  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  s p e c t r a

t h e y  w e re  a b l e  t o  i d e n t i f y  two f e a t u r e s ,  one a t  1 .4 1 6

( 7 0 6 2  cm ^ ) a s s ig n e d  t o  n o n -h y d r o g e n  b o n d e d  OH i\nd one  

a t  1 . 5 5 6 ^  (6 4 2 7  cm "̂ ) a s s ig n e d  t o  h y d ro g e n  bo n d ed  OH 

g r o u p s .  I n  a d d i t i o n  t h e y  r e p o r t e d  an i s o s b e s t i c  p o i n t
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TABLE 7 - 2
235

(T a k e n  f r o n  p a p e r  b y  F a l k  and F o rd  )

A u t h o r  T /K  % b r o k e n  H -b o n d s

L i t o v i t z ,  C a r n e v a l e  273  7 1 . 5

E u cken  273  6 6

F o x ,  M a r t i n  273  6 0

Wada 273 5 7 . 5

G o j o t h e i n  and K ro g h  Moe 273 56

C r o s s  e t  a l  299  5 0

N ^nie thy  and  S c h e r a g a  273  4 7

E w e l l  and E y r i n g  273 46

B u i j s  and  C h o p p in  2 73  46

Thomas e t  a l  273  38

C o l d s t e i n  and F e n n e r  273  32

H a l l  273  3 0

P a u l i n g  :^T3 2 8 . 5

D a n f o r d  and  L e v y  298  2 0

F r a n k  and Q u i s t  273  18

D a v is  and  L i t o v i t z  273  18

Nom oto 293  1 7 . 5

P a u l i n g  2 7 3  15

L u ck  2 73  9 - 1 6

W a l r a f e n  273  1 0 . 5

H a g g is  e t  a l  273 9

M a r c h i  and E y r i n g  273  2 . 5

S te v e n s o n  298 0 . 1
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a t  1 . 4 6 8 ^  (7 0 6 2  cm w h ic h  t h e y  c o n s id e r  s t r o n g  e v id e n c e

f o r  a s im p le  e q u i l i b r i u m  b e tw e e n  h y d ro g e n  b o n d e d  and

n o n -h y d r o g e n  b o n d ed  OH g ro u p s  i n  w a t e r .  T h e y  d e f i n e d  a

p a r a m e t e r  R ( = A 6 4 2 7  cm  ̂ ) w h ic h  was o b s e r v e d  t o

( A 7 0 6 2  cm"" )

d e c r e a s e  w i t h  i n c r e a s e  i n  t e m p e r a t u r e .  When s a l t s  w e re

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

R d e c r e a s e d  and t h i s  was ta lcen t o  i n d i c a t e  t h a t  t h e s e

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

d e c r e a s e  i n  R f r o m  t h e  w a t e r  v a l u e  b e in g  t a k e n  as a

257s t r u c t u r e  b r e a k i n g  e f f e c t .  W o o tte n  h as  u s e d  t h i s

t e c h n i q u e  t o  e x a m in e  t h e  e f f e c t s  o f  t  b u t y l  a l c o h o l  and

m e t h y l  c y a n id e  on w a t e r  s t r u c t u r e .  He fo u n d  t h a t  th e

r a t i o  R i n c r e a s e d  when t  b u t y l  a l c o h o l  was ad d ed  and

d e c r e a s e d  when m e t h y l  c y a n id e  was a d d e d . T h i s  h a s  b e e n

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

a l c o h o l  and  a s t r u c t u r e  b r e a lc in g  e f f e c t  by  m e t h y l  c y a n i d e .

258L u ck  and D i t t e r  c o n f i r m e d  th e  f i n d i n g s  o f  W o r le y  

254and  K l o t z  and s t u d i e d  t h e  HOD n e a r  i n f r a - r e d  s p e c tru m  

o v e r  a t e m p e r a t u r e  r a n g e  f r o m  273  t o  6 7 3  K ( F i g u r e  7 - 6 ) .  

Th ey  a s s ig n e d  t h e  b an d  a t  1 . 4 ^ ^ ( 7 0 6 2  cm ) t o  t h e  s eco n d

o v e r t o n e  o f  t h e  s t r e t c h i n g  b a n d ,  and t h e  b a n d  a t  l . ô j ju

( 6 4 2 7  cm t o  a ,

2 3 5 ,2 5 8  v i b r a t i o n s .  *

( 6 4 2 7  cm ^ ) t o  a c o m b in a t io n  o f  t h e  b e n d in g  and s t r e t c h i n g

I n  t h e  f o r e g o i n g  o u t l i n e  o f  d e v e lo p m e n ts  i n  th e  

v i b r a t i o n a l  s p e c t r o s c o p y  o f  w a t e r ,  th e  ways i n  w h ic h  i n f r a ­

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

h a v e  b e en  i n d i c a t e d .  T h i s  a p p ro a c h  can be  e x t e n d e d  b y  an 

e x a m in a t io n  o f  t h e  e f f e c t s  o f  s o l u t e s  upon th e  ty p e s  o f



c i r
cor-vjiiionb,

F I G j RE 7 - 6  ( f r o m  r e f e r e n c e  2 5 8 )
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s p e c t r a  d e s c r i b e d .

7 - 3  V IBRATIO NAL SPECTRA OF ACUEOQS ELECTROLYTE SOLUTIONS

The Raman and i n f r a - r e d  s p e c t r a  o f  w a t e r  may be

r e g a r d e d  as h a v in g  t h r e e  m a jo r  r e g io n s  o f  i n t e r e s t ;
_  1

( i )  th e  lo w  f r e q u e n c y  r e g i o n  ( 1 0 0 0  -  1 0  cm ) ,

( i i )  t h e  h ig h  f r e q u e n c y  r e g i o n  ( 4 0 0 0  -  2 0 0 0  cm ^ ) and

( i i i ) t h e  o v e r t o n e  r e g i o n  (5 0 0 0  t o  1 2 0 0 0  cm ^ ) .  The e f f e c t s  

o f  added  e l e c t r o l y t e s  on th e  Raman and  i n f r a - r e d  s p e c t r a

i n  ea c h  o f  t h e s e  r e g io n s  h a v e  b e e n  e x a m in e d  i n  some 

d e t a i l .  The  r e s u l t s  o f  such e x a m in a t io n s  h a v e  re v e a le d  

much u s e f u l  i n f o r m a t i o n  c o n c e r n i n g  th e  s p e c t r a  and s t r u c ­

t u r e  o f  w a t e r  and t h e  s o l v a t i o n  o f  io n s  i n  s o l u t i o n .

259W a l r a f e n  s t u d i e d  t h e  e f f e c t s  o f  added  e l e c t r o l y t e s  

on t h e  175  cm  ̂ b a n d  i n  t h e  Raman s p e c tru m  o f  w a t e r . He 

c o n c lu d e d  t h a t ;

( i )  a l l  t h e  e l e c t r o l y t e s  s t u d i e d  b r o u g h t  a b o u t  an  

i n t e n s i t y  d e c r e a s e  i n  t h e  175  cm ^ b a n d ,

( i i )  no m a rk e d  c a t i o n i c  e f f e c t s  w e re  p r o d u c e d ,

( i i i )  t h e  l a r g e s t  e f f e c t s  w e re  p r o d u c e d  by  b r o m id e s .  

W a l r a f e n  c o n c lu d e d  t h a t  a  f a l l  i n  t h e  i n t e n s i t y  o f  th e  

175 cm ^ b a n d  can  be  d i r e c t l y  a t t r i b u t e d  t o  a b r e a k i n g  o f

O -H ---------O bonds  b y  t h e  a d d e d  e l e c t r o l y t e s .  I t  was a l s o

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

by b r o m id e s  i n d i c a t e d  t h a t  c e r t a i n  io n s  a r e  v e r y  e f f e c t ­

i v e  a t  b r e a k i n g  O -H — O u n i t s  when f o r m i n g  s t r o n g l y  

h y d r a t e d  a n i o n i c  u n i t s .
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F u r t h e r ,  t h e  f a c t  t h a t  NH^Br and NH ^C l p ro d u c e  a

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

i t  i s  r e c a l l e d  t h a t  i s  known t o  p ro d u c e  l i t t l e4

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

I n  a n o t h e r  s t u d y ,  W a l r a f e n ^ ^ ^  e x a m in e s  th e  Raman 

s p e c t r a  o f  w a t e r  i n  t h e  r e g i o n  2 0 0  t o  1 0 0 0  cm ^ , i . e .  

t h e  r e g i o n  w h e re  t h e  l i b r a t i o n a l  modes o f  w a t e r  a r e  

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

w a t e r  and t h i s  i s  g iv e n  i n  T a b le  7 - 3 .  The s u g g e s t io n  was 

made b y  M a g a t t h a t  t h e  b an d s  a t  4 5 0  and 7 8 0  cm ^ i n  

w a t e r  a r e  due t o  l i b r a t i o n s  o f  w a t e r  m o le c u le s  h y d ro g e n  

b o n d ed  t o  f o u r  n e a r e s t  n e ig h b o u r  w a t e r  m o l e c u l e s .  The  

i n t e n s i t i e s  o f  t h e  v a r i o u s  l i b r a t i o n a l  ban d s  s t u d i e d  w e re  

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

t i o n .  A ls o  m a rk e d  i n t e n s i t y  i n c r e a s e s  w i t h  i n c r e a s i n g  

a n i o n i c  s i z e  w e re  n o t e d .  The  e f f e c t s  o f  c a t i o n s  w e re  

r e l a t i v e l y  s m a l l .  W a l r a f e n  e x p l a i n s  th e  i n t e n s i t y  i n c r e a s e s

i n  te rm s  o f  t h e  c o n c e n t r a t i o n  o f  e l e c t r o s t r i c t e d  w a t e r  i n

263h y d r a t i o n  s h e l l s .  W a l r a f e n ^  i n  a l a t e r  p u b l i c a t i o n ,  

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

i n t e n s i t y  s t u d i e s .  F u r t h e r ,  he s u g g e s te d  t h a t  p r i m a r y  

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

s i t y  on s a l t  c o n c e n t r a t i o n  and t h e  i n s e n s i t i v i t y  o f  t h e  

s p e c t r a  t o  t e m p e r a t u r e  c h a n g e s .  He c o n c lu d e s  t h a t  Raman 

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

and c o n f i r m s  h i s  p r e v i o u s  c o n c lu s io n  t h a t  such e f f e c t s  

a r e  s m a l l e r  th a n  th o s e  o f  a n i o n s .

The far infra-red spectra of a number of electrolytes



TABLE 7 - 3

F r e c u e n c y /c m -1 A s s i  cnment

175 V o
h y d ro g e n  bond s t r e t c h i n g

4 5 0 '^L l h y d ro g e n  b o n d e d  l i b r a t i o n

780 h y d ro g e n  b o n d e d  l i b r a t i o n

1645 b e n d in g

2 1 1 5 A l  + ^2 a^ c o m b in a t io n

3 2 2 5 ~ 2 ^ 1
F e rm i  r e s o n a n c e

3450 A  ^1 s y m m e tr ic  s t r e t c h i n g

3630 A  A a s y m m e tr ic  s t r e t c h i n g

3990 ~ 2 ^1 + c o m b in a t io n
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h a v e  b e e n  r e p o r t e d  by  D r a e g e r t  and  W i l l ia m s ^ ^ '^  i n  th e  

r a n g e  75 t o  6 5 0  cra"^. T h e s e  a u t h o r s  s t u d i e d  t h e  s p e c t r a  

o f  s o l u t i o n s  ( 4  m o l dm “*) o f  e l e c t r o l y t e s  i n  D^O (s e e  

F i g u r e  7 - 7 ) .  T h e y  n o t e  t h a t  th e  s p e c t r a  o f  e ve n  th e  m ost  

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

s o l v e n t  s p e c t r u m .  Two b a n d s  w e re  o b s e r v e d  i n  t h e  s p e c tru m ;

( i )  a b r o a d  i n t e n s e  f e a t u r e  a t t r i b u t a b l e  t o  h i n d e r e d  

r o t a t i o n  o f  w a t e r  m o l e c u l e s ,  and

( i i )  a w eak b a n d  due t o  h i n d e r e d  t r a n s l a t o r y  modes o f  w a t e r .  

The f r e q u e n c i e s ,  i n t e n s i t i e s  and sh ap es  o f  t h e s e  b a n d s  

w e r e  c o m p a re d .  The a n io n s  w e r e  th o u g h t  t o  h a v e  t h e  g r e a t e r  

e f f e c t ,  and  t h e i r  s t r u c t u r e  b r e a k i n g  e f f e c t  was a s s e s s e d

as ;

NO3 " <  C lO g "  <  C 10^~  <  C l "  <  B r "  <  l "

Th e  most i n t e r e s t i n g  c h a n g es  i n  s p e c t r a  o c c u r r e d  f o r  

s o l u t i o n s  o f  sod ium  p e r c h l o r a t e  an d  sod ium  c h l o r a t e  w h e re  

a new f e a t u r e  was o b s e r v e d  a t  a b o u t  6 5 0  cm . T h i s  was  

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

e n t s  w i t h i n  t h e  h i n d e r e d  r o t a t i o n a l  b an d  i n  s o l u t i o n .

I n  summary, t h e  low  f r e q u e n c y  s t u d i e s  d e s c r i b e d  go 

some way to w a r d s  o b t a i n i n g  an i n d i c a t i o n  o f  th e  e f f e c t s  

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

p r e t a t i o n  i s  h i n d e r e d  b y  th e  l a r g e  w i d t h s  and  low  i n t e n s i ­

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

A t  t h i s  s ta g e  i t  i s  a p p r o p r i a t e  t o  e x a m in e  t h e  

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

c i e s  ( 4 0 0 0  t o  2 0 0 0  cm ^ ) o f  t h e  s t r e t c h i n g  modes ( c o u p le d
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and  u n c o u p le d )  o f  th e  w a t e r  m o l e c u l e s .  I n  an i n f r a ­

r e d  and p r o t o n  m a g n e t ic  r e s o n a n c e  ( p . m . r . )  s tu d y  o f

965
a q u eo u s  s a l t  s o l u t i o n s  H artm an"' c o n f i r m e d  t h e  r e s u l t s  

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

t i o n s . ^ ^ ^  H a r tm a n  s t u d i e d  t h e  e f f e c t  o f  ad d ed  e l e c t r o ­

l y t e s  on t h e  u n c o u p le d  OH s t r e t c h  o f  H^O i n  d i l u t e  

s o l u t i o n  i n  D^O. He p l o t t e d  t h e  s h i f t  o f  t h e  b a n d  m a x i ­

mum a g a i n s t  c o n c e n t r a t i o n  and  o b s e r v e d  t h a t ,  i n  g e n e r a l ,  

a s h i f t  to v ja rd s  h i g h e r  f r e q u e n c i e s  v;as b r o u g h t  a b o u t  by  

a l k a l i  h a l i d e s ,  w h e re a s  s a l t s  such as sod ium  a c e t a t e  

p r o d u c e d  a lo w  f r e q u e n c y  s h i f t .  I n  p a r t i c u l a r ,  he  n o t i c e d  

t h a t  a d d i t i o n  o f  sodium  p e r c h l o r a t e  p r o d u c e d  a h ig h  

f r e q u e n c y  f e a t u r e  i n  t h e s e  s p e c t r a .  F u r t h e r  t h e  g r e a t e s t  

s h i f t  was p r o d u c e d  by  sodium  c h l o r a t e .  I n  t h e  s p e c tru m  

o f  sod ium  p e r c h l o r a t e  i n  D^O t h e  h ig h  f r e q u e n c y  b a n d  

was a s s ig n e d  by  H a r tm a n  t o  t h e  we ale C IO ^  - - - H O D  bands  

i n  t h e  " n e g a t i v e  h y d r a t i o n  l a y e r "  o f  t h e  C IO ^  i o n s . ^ ^ ^

An e x h a u s t i v e  Raman s t u d y  o f  a queo us  e l e c t r o l y t e

2 72s o l u t i o n s  was u n d e r t a k e n  b y  W a l l  and  H o r n ig  i n  1 9 6 7 ,  

T h e y  d i s c o v e r e d  t h a t  l a r g e  i n t e n s i t y  and b a n d w id t h  c h an g es  

p r o d u c e d  b y  m e t a l  h a l i d e s  h ad  t h e  o r d e r  :

f " <  H^O <  C l " <  B r " <  l “

S i n g l e  b r o a d  b a n d s  w e re  o b s e r v e d  and f r e q u e n c y  s h i f t s  

o f  th e  m axim a w e re  a lw a y s  s m a l l .  Some o f  t h e i r  r e s u l t s  

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

5 m o le  p e r  c e n t  d e u t e r a t e d  w a t e r  a t  3 0 0  K a r e  shown i n  

F i g u r e  7 - 0  a and b .  On t h e  b a s i s  o f  t h o s e  o b s e r v a t i o n s  

W a l l  and  H o r n ig  c o n c lu d e d  t h a t  t h e r e  i s  no i n d i c a t i o n  o f
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i o n - w a t e r  a s s o c i a t i o n  l o a d i n g  t o  t h e  ch an g es  i n  i n t e n s i t y

and b a n d w id t h ,  as w o u ld  be i m p l i e d  b y  a r i g i d  h y d r a t i o n

m o d e l .  For a s o l u t i o n  of KI c o n t a i n i n g  160D o s c i l l a t o r s

p e r  i o d i d e  i o n ,  s i x  a r e  a f f e c t e d  by  th e  i o n  and  t e n  a r e

r e m o t e .  The  s i x  a f f e c t e d  o s c i l l a t o r s  and s i x  o f  t h e

re m o te  ones h a v e  s c a t t e r i n g  c r o s s  s e c t i o n s  t w i c e  t h a t  o f

273a b u l k  OD o s c i l l a t o r .  Thus t h e  i n t e n s i t y  r a t i o  o f

b u l k  t o  h y d r a t i o n  b a n d  i s  1 6 / 1 2 ,  i t  b e in g  i m p o r t a n t  o n ly

t h a t  t h e y  a r e  o f  c o m p a ra b le  i n t e n s i t y ,  so t h a t  one i s  n o t

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

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

i o d i d e  and t w e l v e  r e m a in  re m o te  th e n  th e  W a l l  and H o r n ig

c a l c u l a t i o n  a b o ve  p r e d i c t s  an i n t e n s i t y  r a t i o  o f  1 8 / 8 ;

th u s  t h e  ' h y d r a t e *  b a n d  c o u ld  be l o s t  u n d e r  t h e  b u l k  b a n d .

In d e e d ,  t h e  f a c t  t h a t  h y d r a t e s  o f  t e t r a a l k y l  h a l i d e s

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

w i t h  e a c h  h a l i d e  i o n ,  l e a d s  one to w a rd s  th e  c o n c l u s i o n  t h a t

i o d i d e  a l s o  has  f o u r  and n o t  s i x  o s c i l l a t o r s  a s s o c i a t e d  

274w i t h  i t .  T h i s  c l e a r l y  d e m o n s t r a t e s  t h e  d a n g e rs  o f

such  c a l c u l a t i o n s .

275K e c k i , D r y j a n s k i  and K o z lo w s k a  h a v e  r e c e n t l y  

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

o f  - te rn a ry  s o l u t i o n s  o f  HOD, N a C lO ^ ,  D^O  and H^O. T h e y  

i n t e r p r e t e d  t h e  s p l i t t i n g s  o f  t h e  OH and  00  s t r e t c h i n g  

c o n t o u r s  o b s e r v e d  i n  te r m s  o f  t h e  b re a k d o w n  o f  w a t e r  

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

h y d r a t e .

'^76W a l r a f e n ^  o b t a i n e d  p h o t o e l e c t r i c  l a s e r  Raman s p e c t r a
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o f  a s e r i e s  o f  t e r n a r y  s o l u t i o n s  o f  KDO, 0 ^ 0 ,  H ^0 and

+ -f +
p e r c h l o r a t e s  { L i  , Na , K ) ,  A d d i t i o n  o f  p e r c h l o r a t e s  

t o  aq u eo u s  s o l u t i o n s  o f  D^O p ro d u c e d  a s p l i t t i n g  o f  t h e  

OD c o n t o u r  ( F i g u r e  7 - 9 ) .  S i m i l a r  e f f e c t s  w e re  o b s e r v e d  

when th e  c o u p le d  s t r e t c h i n g  r e g i o n  o f  w a t e r  was s t u d i e d .  

The Raman i n t e n s i t i e s  o f  th e  h ig h  f r e q u e n c y  com ponents  

i n c r e a s e d  as m ore p e r c h l o r a t e  was ad d ed  i n  a l l  t h e  c a s e s  

s t u d i e d .

T h e  f o l l o w i n g  c o n c lu s io n s  w e re  d raw n  by  W a l r a f e n  

f r o m  t h e s e  s t u d i e s ;

( i )  p e r c h l o r a t e  io n  p r o d u c e s  e x t e n s i v e  d e s t r u c t i o n  o f  

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

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

i n  t e m p e r a t u r e ,

( i i )  p e r c h l o r a t e  does n o t  fo r m  h y d r o g e n  bonds  w i t h  w a t e r  

w h e re a s  C l  and  Br a r e  a b le  t o  fo r m  n e a r l y  l i n e a r  

h y d ro g e n  b o n d s ,

( i i i )  h y d r a t i o n  o f  t h e  c a t i o n s  ( L i ^ ,  Na*^ o r  K*^) does  n o t  

h a v e  a m a rk e d  e f f e c t  upon t h e  OH and  OD s t r e t c h i n g  

v i b r a t i o n s .

The  f i r s t  c o n c l u s i o n  f o l l o w e d  f ro m  e a r l i e r  w o rk  r e p o r t e d  

b y  W a l r a f e n ^ i n  w h ic h  he  i n t e r p r e t e d  t h e  t e m p e r a t u r e  

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

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

e f f e c t  o f  t h e  a d d i t i o n  o f  one m o le  o f  sod ium  p e r c h l o r a t e  

i s  e q u i v a l e n t  t o  a  t e m p e r a t u r e  r i s e  o f  34  K . The  Raman 

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

h y d r a t e  r e q u i r e d  t h e  c o m p a r is o n  o f  p e r c h l o r a t e  s p e c t r a
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w i t h  t h e  s p e c t r a  f r o m  t e r n a r y  s o l u t i o n ^ c o n t a i n i n g  K Br 

o r  K C l .  P r e v io u s  Raman s t u d i o s  s u g g e s t  t h a t  Br and  

C l "  a r e  s t r o n g  s t r u c t u r e  b r e a k e r s  and t h e  l a r g e  i n t e n ­

s i t y  e n h a n c e m e n ts  p ro d u c e d  b y  s a l t s  o f  th e s e  i o n s  i s  

ta k e n  as e v id e n c e  o f  a n i o n i c  h y d r a t i o n . T h e r e  i s  

c l e a r l y  a c o n f l i c t  o f  o p i n i o n  h e r e  b e tw e e n  t h e  c o n c l u ­

s io n s  o f  W a l l  and H o r n ig  and  W a l r a f e n .

277R e c e n t l y  W a l r a f e n  e t  a l  h a v e  s t u d i e d  t h e  s t i m u l ­

a t e d  Raman s p e c t r a  f r o m  H^O, D^O, HDO, and  p e r c h l o r a t e  

s o l u t i o n s .  E x c l u s i v e  s t i m u l a t i o n  o f  e i t h e r  h y d ro g e n  b o n d e d  

o r n o n -h y d r o g e n  b o n d e d  co m ponents  was o b s e r v e d  f o r  t h e  

OH s t r e t c h i n g  v i b r a t i o n s .  I n t e r p r e t a t i o n  o f  t h e s e  s p e c t r a  

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

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

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

and a r e  d is c u s s e d  i n  te rm s  o f  r e f r a c t i v e  in d e x  m o d u l a t i o n .  

S e c o n d ly ,  t h e  r e s u l t s  a r e  i n t e r p r e t e d  as s u g g e s t in g  t h a t  

tw o  s p e c ie s  a t  l e a s t ,  h y d ro g e n  b o n d e d  and n o n -h y d r o g e n  

b o n d e d  w a t e r ,  a r e  p r e s e n t .  T h e se  can  o n l y  be p r e l i m i n a r y  

c o n c l u s i o n s ,  and f u r t h e r  d e v e lo p m e n ts  i n  t h i s  f i e l d  s h o u ld  

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

a w id e  d i s t r i b u t i o n  o f  i o n - w a t e r  e n v i r o n m e n t s  i s  en co u n ­

t e r e d  i n  a q u eo u s  s o l u t i o n s  o f  s a l t s  was a ls o  r e a c h e d  b y  

278Wyss and  F a l k  i n  an i n f r a - r e d  s t u d y  o f  sod ium  c h l o r i d e  - 

HOD s o l u t i o n s .

279B r i n k  and  F a l k  h a v e  made a s y s t e m a t i c  s tu d y  o f  

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

N a C lO ^ 'H ^ O , L iC lO ^ -  SH^O an d  B a ( C IO ^ ) SH^O. The  i n f r a - r e d
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s p e c t r a  o f  t h e  d e u t e r a t e d  and u n d e u t e r a t c d  h y d r a t e s  w e re

2 8 0  281e x a m in e d .  E a r l y  c r y s t a l l o g r a p h i c  d a t a  b y  W est^  ' ^ 

f o r  L i e 1 0 ^ •  SH^O p o i n t s  t o  a w eak h y d ro g e n  b ond  b e tw e e n  

w a t e r  m o le c u le s  and th e  p e r c h l o r a t e  i o n .  T h i s  was c o n f i r m e d  

b y  t h e  h ig h  HOD s t r e t c h i n g  f r e q u e n c i e s  f o r  t h i s  com pound.

B r i n k  and F a l k  a l s o  c o n c lu d e  t h a t  t h e  n e a r  i d e n t i c a l  HDO 

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  h y d r a t e s  s t u d i e d  and  i n  

a q u eo u s  s o l u t i o n s  o f  th o s e  s a l t s  p o i n t s  t o  a w eak  h y d ro g e n  

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

and t h e i r  s o l u t i o n s .  T h e y  e s t i m a t e d  a bon d  e n e r g y  f o r  t h e  

v ; a t e r - p o r c h l o r a t e  i n t e r a c t i o n  o f  a b o u t  8  k j  m ol

OQ 2
A v e r y  r e c e n t  s t u d y  by  B r i n k  and  F a lk " '  o f  t h e  i n f r a ­

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

f l u o r o b o r a t e  goes some way to w a r d s  d e m o n s t r a t in g  t h e  

e x i s t e n c e  o f  w eak s o l v e n t - a n i o n  i n t e r a c t i o n s  i n  t h e s e  

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

OH and OD c o n t o u r s  a d i f f e r e n c e  i n  t h e  l o c a t i o n s  o f  t h e
-1

h ig h  f r e q u e n c y  co m p o n en ts  o f  a b o u t  14 cm , T h e y  c o n c lu d e d  

t h a t  t h e s e  f e a t u r e s  w e re  due t o  o s c i l l a t o r s  s o l v a t i n g  t h e  

p e r c h l o r a t e  and f l u o r o b o r a t e  a n i o n s .  T h e se  c o n c l u s i o n s  

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

Few a t t e m p t s  h a v e  b e e n  made t o  s tu d y  t h e  e f f e c t s  o f  

o r g a n i c  c o - s o l v e n t s  o f  t h e  OH and  OD c o n t o u r s .  W b lr a f e n % ^ ^ '^ ^ ^  

h as  b r i e f l y  e x a m in e d  t h e  e f f e c t s  o f  d i m e t h y l  s u l p h o x i d e ,  

u r e a  and s u c r o s e .

7 - 4  CONCLUSION

The c o n s i d e r a b l e  t h e o r e t i c a l  a d v a n ta g e s  a p p a r e n t l y
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p r o v i d e d  b y  t h e  s tu d y  o f  w a t e r  and aqueo us e l e c t r o l y t e  

s o l u t i o n s  b y  i n f r a - r e d  and Raman s p e c t r o s c o p y  a r e  n o t  

f u l l y  r e a l i s e d  i n  p r a c t i c e .  The e v id e n c e  seems t o  p o i n t  

to w a r d s  a c h o ic e  b e tw e e n  c o n t in u u m  and two s t a t e  m o d e ls ,  

th o u g h  t h e  p r o b le m  o f  w a t e r  s t r u c t u r e  w i l l  p r o b a b l y  be  

f i n a l l y  r e s o l v e d  by  a f u s i o n  o f  i d e a s  d raw n  f r o m  b o th  o f  

t h e s e  i n t e r p r e t a t i o n s .  A t  p r e s e n t  t h e  s u p e r i o r i t y  o f  

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

o f  W a l r a f e n  seems t o  a c c o u n t  f o r  th e  t e m p e r a t u r e  d e p e n d e n c e  

o f  t h e  u n c o u p le d  CD s t r e t c h i n g  c o n t o u r s .

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

c e r t a i n  c o n c l u s i o n s  can be  d r a w n .  A n io n s ,  f o r  i n s t a n c e ,  

w o u ld  seem t o  e x e r t  m ost i n f l u e n c e  on th e  s p e c t r a l  b a n d s  

o b s e r v e d  i n  w a t e r .  The e f f e c t *  o f  c a t i o n s  i s  a p p a r e n t l y  

s ec o n d  o r d e r .  A d e g r e e  o f  c o n f u s i o n  e x i s t s  as  t o  w h e th e r  

a d d i t i o n  o f  an e l e c t r o l y t e  t o  w a t e r  c a u s e s  an i n c r e a s e  i n  

t h e  c o n c e n t r a t i o n  o f  n o n -h y d r o g e n  b o n d e d  w a t e r  ( 0 - H )  

o s c i l l a t o r s ,  o r  w h e th e r  i o n i c  h y d r a t i o n  t a k e s  p l a c e .  T h i s  

now seems t o  h a v e  b e e n  f a i r l y  w e l l  r e s o l v e d  and th e  e v id e n c e  

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

o f  p e r c h l o r a t e s ,  i n  aqueo us  s o l u t i o n s .

Many p r o b le m s  s t i l l  r e m a in  u n r e s o l v e d  and  t h e r e  i s  a

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

w a t e r  l i b r a t i o n a l  m o d es . I t  seems t h a t  t h e  p a c k in g  o f

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

2 22i n  w a t e r .  H e r t z  c o n c lu d e d  t h a t  t h e  c h an g es  b r o u g h t  

a b o u t  by  e l e c t r o l y t e s  i n  aqueous  s o l u t i o n  m ust be v e r y  

d i f f e r e n t  f r o m  t h e  ch an g es  w h ic h  t a k e  p l a c e  on h e a t i n g  o r
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c o o l i n g  w a t e r .  W h i l s t  t h i s  has  an e le m e n t  o f  t r u t h  i n  i t ,  

t h e  r e c e n t  e v id e n c e  o f  W a l r a f e n ,  an d  B r i n k  an d  F a l k ,  

s u g g e s ts  t h a t  such d i f f e r e n c e s  a r e  p e r h a p s  l e s s  m a r k e d .

A f i n a l  q u e s t i o n  w h ic h  r e m a in s ,  as  y e t ,  u n a n s w e re d

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

2 8 4  283s o l v a t i n g  an a n io n  i n  s o l u t i o n s  o f  e l e c t r o l y t e s .  '



CHAPTER EIGHT

INSTRUMENTATION AND EXPERIMENTAL D ETA ILS
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8 - 1  IN TR  ODUCTION

V i b r a t i o n a l  s p e c t r a  o f  a q u eo u s  s o l u t i o n s  w e re  r e c o r d e d  

u s in g  s e v e r a l  i n s t r u m e n t s .  I n  th e  i n f r a - r e d  r e g i o n  

( 6 0 0 - 4 0 0 0  cm "^) t h e  UNICAM SPlO O , f o l l o w e d  more r e c e n t l y  

b y  a UNICAM SP200G , was u s e d .  The n e a r  i n f r a - r e d  r e g i o n  

( 5 0 0 0 - 1 0 0 0 0  cm ^ ) was a d e q u a t e l y  c o v e r e d  u s in g  a BECKI'-IANN 

D K -2A  r e c o r d i n g  s p e c t r o p h o t o m e t e r .  Raman s p e c t r a  w e r e  

o b t a i n e d  u s i n g  tw o  i n s t r u m e n t s ,  t h e  CODERG PH^ and  P H ^ .

I n  b o t h  c a s e s  4 8 8 . 0  nm a r g o n - i o n  l a s e r  e x c i t a t i o n  was  

u s e d .

8 - 2  IN FR A -R ED  INSTRUMENTATION

( i )  UNICAM SPlOO

A t  t h e  o u t s e t  o f  t h i s  i n v e s t i g a t i o n  t h e  o n l y  a v a i l a b l e  

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

N e r n s t  s o u rc e  was a UNICAM SPlO O . The i n s t r u m e n t  r e q u i r e d  

c o n s i d e r a b l e  r e n n o v a t i o n  a f t e r  m ore th a n  tw o  y e a r s  i n ­

a c t i v i t y .  O w ing t o  t h e  l a c k  o f  s a t i s f a c t o r y  t e c h n i c a l  

a s s i s t a n c e  f r o m  UNICAM , e x t e n s i v e  r e p a i r s  h a d  t o  be u n d e r ­

t a k e n  b e f o r e  t h e  m a c h in e  c o u ld  be  u s e d .  One p a r t i c u l a r  

p r o b le m ,  w h ic h  e v e n t u a l l y  p ro m p te d  t h e  a c q u i s i t i o n  o f  

an SP200G , was t h e  s lo w n e s s  and o p e r a t i o n a l  c o m p l e x i t y  

o f  t h e  SPlO O .

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

s y s te m  o f  t h e  SPlOO i s  p r e s e n t e d  i n  F i g u r e  8 - 1 .  T h e  

i n s t r u m e n t  m o n o c h ro m a to r  and p h o to m e te r  s e c t i o n s  w e r e
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lûounted  on tw o s e p a r a t e  g i r d e r s .  The m o n o c h ro m ato r  

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

p h o to m e te r  u n i t  was r e f l e c t e d  b y  m i r r o r  M7 t h r o u g h  a 

m a g n e t i c a l l y  o p e r a t e d  s l i t  m echanism  o n to  M8 , a p a r a b o l i c  

m i r r o r  w h ic h  r e f l e c t e d  a p a r a l l e l  beam o f  l i g h t  o n to  t h e  

s e l e c t e d  g r a t i n g  ( o r ,  when t h e  g r a t i n g s  w e re  n o t  i n  u s e ,  

o n to  p l a n e  m i r r o r  M 9 ) .  The  l i g h t  was d i s p e r s e d  b y  t h e  

g r a t i n g  and t r a v e l l e d  b a c k  a lo n g  a s i m i l a r  p a t h  t o  s t r i k e  

m i r r o r  M IO , m o u n ted  on t h e  r o t a t a b l e  p r i s m  t a b l e  ( s i m i l a r  

t o  t h e  g r a t i n g  t a b l e ) .  M IO  r e f l e c t e d  t h e  l i g h t  th r o u g h  

t h e  s e l e c t e d  p r is m  o n to  a L i t  t r o w  m i r r o r  M i l ,  w h ic h  was  

r o t a t e d  by  t h e  s c a n n in g  m o t o r .  L i g h t  f r o m  M i l  r e t u r n e d  

a lo n g  a s i m i l a r  p a t h  and was p a s s e d  v i a  th e  s l i t s  t o  M 2,  

w hence  i t  e n t e r e d  t h e  P fu n d  c o n d e n s in g  s y s te m  and G o la y  

d e t e c t o r .  The p h o to m e te r  u n i t ,  m o u n ted  i n  f r o n t  o f  t h e  

m o n o c h ro m ato r  b r i d g e ,  o p e r a t e d  on a n u l l  s y s te m  as f o l l o w s .

L i g h t  f ro m  t h e  N e r n s t  s o u rc e  was r e f l e c t e d  b y  M l  t o  

M2, and  t h e n c e  o n to  M 3 , a r o t a t i n g  beam s w i t c h  w h ic h  a l lo w e d  

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

sam p le  c e l l  w e l l .  From t h e  r e f e r e n c e  c e l l  w e l l  t h e  l i g h t  

p a s s e d  th r o u g h  a s t a r w h e e l  (num ber 1 ) (a  r o t a t i n g  s e c t o r e d  

w h e e l )  w h ic h  was moved b y  t h e  b a l a n c i n g  s e r v o  s y s te m  and  

c o n n e c te d  to  t h e  p e n  c a r r i a g e .  An e q u a l i s i n g  s t a r w h e e l  

(num ber 2 ) was p l a c e d  c lo s e  t o  t h e  sam p le  c e l l  and c o n n e c te d  

t o  t h e  100Ç5 t r a n s m i s s i o n  a d ju s t m e n t  c o n t r o l .  The l i g h t  

f r o m  t h e s e  tv;o c e l l  w e l l s  was r e c o m b in e d  by  a M4 r o t a t i n g  

s e c t o r e d  m i r r o r  and f o c u s e d  i n t o  t h e  m o n o c h ro m ato r  v i a  

m i r r o r s  M5 and  M6 . The s i g n a l  f r o m  th e  G o la y  d e t e c t o r
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p a s s e d  th r o u g h  a d i s c r i m i n a t o r  and s e r v o  sys te m  t o  p r o v i d e  

d r i v e  f o r  t h e  b a l a n c i n g  t r a n s m i s s i o n  s t a r w h e e l  (N o .  1 ) .

Two g r a t i n g s  and tw o  p r is m s  w e re  a v a i l a b l e  t o  g i v e  c o v e r ­

age  o f  2 0 0  t o  5 0 0 0  cm  ̂ i n  f o u r  r a n g e s .

The wavenum ber c a l i b r a t i o n  was i n i t i a l l y  fo u n d  t o  

b e  some 3 0 0  cm  ̂ i n  e r r o r .  T h i s  was o n l y  c o r r e c t e d  a f t e r  

r e - a l l i g n m e n t  o f  th e  g r a t i n g s  h ad  b e e n  u n d e r t a k e n .  A n o t h e r  

p r o b le m ,  and one w h ic h  c o u ld  n o t  be  e n t i r e l y  e l i m i n a t e d ,  

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

ch an g e  a s s e m b ly .  The s e l e c t i o n  o f  t h e  a p p r o p r i a t e  cam, 

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

t h a t  some 2 0  r e l a y s  and m ic r o s w i t c h e s  o p e r a t e d  p e r f e c t l y .  

T h i s  c o u ld  n o t  be  e x p e c t e d  o f  an i n s t r u m e n t  w h ic h  was  

a b o u t  12 y e a r s  o l d .  L a ck  o f  r e p la c e m e n t  p a r t s  made t h i s  

f a u l t  i m p o s s i b l e  t o  re m ed y  and r a n g e  i n t e r c h a n g e  was a  

t r u l y  h a z a r d o u s  a f f a i r .

A f i n a l  c r i t i c i s m  o f  t h e  SPlOO c o n c e r n s  t h e  v e r y  

l i m i t e d  s p a c e  a v a i l a b l e  i n  t h e  c e l l  w e l l s .  N e v e r t h e l e s s  

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

t o  be  o p e r a t e d  u n d e r  vacuum or d r y  n i t r o g e n  and  a ls o  

optim um  r e s o l u t i o n  can  bo a c h ie v e d  w i t h  th e  p r i s m - g r a t i n g  

m o n o c h ro m a to r .  H o w e v e r ,  i t  w i l l  h a v e .b e c o m e  c l e a r  f r o m  

p r e v i o u s  comments i n  C h a p t e r  7 t h a t  r e s o l u t i o n  i s  n o t  o f  

p a ra m o u n t  im p o r t a n c e  i n  t h e  w o rk  d e s c r i b e d  h e r e ,  b e c a u s e  

t h e  l a r g e  b an d s  a r e  b r o a d .

( i i )  UNICAM SP200G

T h i s  i n s t r u m e n t ,  o b t a i n e d  i n  Novem ber 1 9 7 0 ,  c o m p r is e s
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t h e  SP200G s p e c t r o m e t e r  t o g e t h e r  w i t h  th e  S P 250  s c a l e  

e x p a n s io n  a c c e s s o r y  and t h e  SP19 f l a t  b e d  s t r i p  c h a r t  

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

r e c o r d e r  i n p u t  t o  p r o v i d e  m a rk e r  ’p i p s ’ on t h e  r e c o r d e r

-1 -1 -1t r a c e  a t  e i t h e r  5 0  cm ( 4 0 0 0  t o  1 3 0 0  cm ) o r  1 0 0  cm

( 2 0 0 0  t o  6 5 0  cm "^) i n t e r v a l s .  The  t r i g g e r  p u l s e s  w e re  

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

s t a c k ,  w h ic h  p r o v i d e d  a s w i t c h i n g  mode a t  p e r i o d i c  i n t e r ­

v a l s .  T h e s e  w e re  d i f f e r e n t i a t e d  u s in g  t h e  s im p le  c i r c u i t  

shown i n  F i g u r e  8 - 2 ,  and  p ro v id ed lja  s e r i e s  o f  m a rk e r  p u ls e s  

o f  a b o u t  1 mV, w h ic h  w e re  a p p l i e d  t o  t h e  r e c o r d e r  i n p u t .

The s p e c t r o m e t e r  e m p lo y e d  a N e r n s t  s o u r c e  and G o la y  

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

m o n o c h ro m ato r  e m p lo y e d  a d i f f r a c t i o n  g r a t i n g  ( 3 0 0 0  and  

6 0 0 0  l i n e s / i n c h )  and t h i s  e l i m i n a t e d  t h e  n e c e s s i t y  f o r  

t h e r m o s t a t i n g .  A r a y  d ia g r a m  o f  t h e  o p t i c a l  s ys te m  i s  

shown i n  F i g u r e  8 - 3 ,  t h e  m a in  f e a t u r e s  o f  w h ic h  a r e  as  

f o l l o w s .

Th e  p h o t o m e t e r ,  a d o u b le  beam t y p e ,  makes u s e  o f  t h e

o p t i c a l  n u l l  m e th o d  f o r  m e a s u re m e n t .  L i g h t  f r o m  t h e  N e r n s t
*

s o u rc e  was s p l i t  i n t o  s e p a r a t e  beams b y  m i r r o r s  M l ,  M l  

and f o c u s e d  th r o u g h  t h e  sam p le  a r e a  b y  m i r r o r s  M 3, M3 .

The r e f e r e n c e  beam was b r o u g h t  t o  a f o c u s  a t  t h e  r e f e r e n c e  

beam a t t e n u a t o r  and  t h e  s a m p le  beam c o n v e r g e d a t  t h e  c e l l  

m o u n t in g .  The  beams w e re  ch o p p ed  b y  a r o t a t i n g  s e c t o r e d  

m i r r o r  a t  15 Hz and f a c i l i t i e s  p r o v i d e d  f o r  s y n c h ro n o u s  

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

t h e  r e f e r e n c e  beam and c o n n e c te d  t o  th e  pen  and d r i v e n  b y
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a s e r v o  m o t o r .  The a t t e n u a t o r  was a r r a n g e d  t o  g i v e  a 

l i n e a r  t r a n s m i s s i o n  s c a l e .  The m o n o c h ro m a to r  was o f  

t h e  L i t t r o w  t y p e .  L i g h t  e n t e r i n g  t h e  m o n o c h ro m a to r ,  

a f t e r  p a s s in g  th r o u g h  a f i l t e r ,  was r e f l e c t e d  b y  m i r r o r  

M9 o n to  M IO , an o f f  a x i s  p a r a b o l o i d  m i r r o r .  T h is  th e n  

p r o d u c e d  a p a r a l l e l  beajn w h ic h  f e l l  o n t o  an d  was d i s p e r s e d  

b y  t h e  s e l e c t e d  g r a t i n g .  The beam r e t u r n e d  a lo n g  a  s i m i l a r  

p a t h  t o  t h e  e x i t  s l i t  an d  i n t o  t h e  P fu n d  c o n d e n s e r  and  

th e n c e  t o  t h e  G o la y  d e t e c t o r .

Th e  r e s o l u t i o n  was b e t t e r  t h a n  2  cm ^ a n d  th e  c a l i b r a t i o n  

w h ic h  was c h e c k e d  w i t h  m e th a n e  a n d  p o l y s t y r e n e ,  was  

a c c u r a t e  t o  -  2  cm” ^ ,  u s i n g  t h e  SP19 r e c o r d e r .

( i i i )  BECKMAN D K -2A

N e a r  i n f r a - r e d  s p e c t r a  w e r e  r e c o r d e d  i n  a l l  c a s e s  

u s in g  t h i s  i n s t r u m e n t ,  w h ic h  was e s s e n t i a l l y  a U V - v i s i b l e  

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

i t s  r a n g e  i n t o  t h e  n e a r  i n f r a - r e d  1 6 0 0  n m ) . The  s o u r c e

was a t u n g s t e n  la m p .

( i v )  SAMPLE HANDLING AND THERMOSTATING

V a r i a b l e  p a t h  l e n g t h  c e l l s  s u p p l i e d  b y  BECKMAN-R.1.1.C. 
and  f i t t e d  w i t h  c a l c i u m  f l u o r i d e  w in d o w s  (CaF^) w e r e  u s e d  

f o r  s i n g l e  beam i n f r a  r e d  m e a s u re m e n ts .  For  d o u b le  beam  

i n f r a  r e d  m e as u re m en t a  v a r i a b l e  p a t h  l e n g t h  c e l l  was u s e d  

i n  c o n j u n c t i o n  w i t h  a  d e m o u n ta b le  c e l l  (T y p e  F H - 0 1 )  

s u p p l i e d  b y  BECKMAN-R. I . I .C. ,  o r  tw o  such d e m o u n ta b le  c e l l s ,  

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



143

T h e r m o s t a t in g  t o  a b o u t  -  2 K was a c h i e v e d  u s in g  

a l a r g e  t a n k  o f  w a t e r  m a i n t a i n e d  a l i t t l e  a b o ve  (o r  

b e lo w  i n  th e  c a s e  o f  t e m p e r a t u r e  l e s s  t h a n  a m b ie n t )  

t h e  d e s i r e d  t e m p e r a t u r e ,  u s in g  a c o n t a c t  th e rm o m e te r  and  

r e l a y  d e v i c e .  W a te r  was c i r c u l a t e d  a ro u n d  a w a t e r  j a c k e t  

t y p e  W J - 2 s u p p l ie d  b y  BECKMAN-R• I . I . C . w h ic h  s u p p o r t e d  

t h e  F H -0 1  c e l l s .  T e m p e r a tu r e s  w e re  m e a s u re d  u s in g  a 

c a l i b r a t e d  c o p p e r - c o n s t a n t a n  th e r m o c o u p le  i n s e r t e d  i n t o  

a r e c e s s  i n  one o f  t h e  c e l l  w in d o w s .  The t h e r m o s t a t i n g  

s y s te m  was n o t  v e r y  s a t i s f a c t o r y  f o r  tw o  r e a s o n s .  F i r s t l y ,  

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

c o o l a n t  was h e a t e d  by  t h e  pump. S e c o n d ly ,  t h e  s m a l l  

p i p e  d ia m e t e r  i n  t h e  w a t e r  j a c k e t  WJ-2 a l l o w e d  o n ly  a lo w  

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

a r o u n d  t h e  j a c k e t  c o u ld  o n ly  be a c h i e v e d  f o l l o w i n g  e x t e n ­

s i v e  r e d e s i g n  o f  t h e  B E C K M A N - R . I . I .C .  j a c k e t .

I n  t h e  n e a r  i n f r a - r e d  r e g i o n  1 Cm s i l i c a  c e l l s  

s i m i l a r  t o  th o s e  e m p lo y e d  i n  U . V .  s p e c t r o p h o t o m e t r y  w e re  

u s e d .  T h ese  w e re  t h e r m o s t a t e d  a t  t h e  d e s i r e d  t e m p e r a t u r e  

by f l u i d  c i r c u l a t e d  th r o u g h  th e  c e l l  m o u n t in g  b l o c k  f ro m  

a Townson and  M e r c e r  t h e r m o s t a t  b a t h .  T e m p e r a tu r e s  w e re  

m e a s u re d  by  means o f  a c o p p e r - c o n s t a n t a n  th e r m o c o u p le  

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

was o f  t h e  o r d e r  o f  - 0 . 5 k .

8 - 3  LASER-RAMAN INSTRUMENTATION

A Raman s p e c t r o m e t e r  m ust h a v e  th e  f o l l o w i n g ; -
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( a )  A s o u r c e  o f  c o h e r e n t  m o n o c h ro m a t ic  l i g h t  o f  

h i g h  i n t e n s i t y  ( h ig h  i n t e n s i t y  s in c e  o f t e n  ram an  s p e c t r a  

a r e  w e a k )  i s  c o n v e n i e n t l y  p r o v i d e d  by  a gas l a s e r ,  o f

t h e  H e -N e  o r  A"*" t y p e s ,  n o w a d a y s ,

( b )  The s am p le  m o u n t in g  a r e a  s h o u ld  p r o v i d e

f a c i l i t i e s  f o r  p l a c i n g  s o l i d ,  l i q u i d  and  g a s e o u s  sam p les  

w i t h i n  t h e  l a s e r  beam c lo s e  t o  t h e  m o n o c h ro m ato r  e n t r a n c e  

s l i t .

( c )  A h ig h  q u a l i t y  m o n o c h ro m ato r  such as a d o u b le  

g r a t i n g  t y p e  i s  e s s e n t i a l  s in c e  th e  Raman s c a t t e r i n g  i s  

o f  low  i n t e n s i t y  c o m p ared  w i t h  t h e  e x c i t i n g  l i n e .  The  

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

t o  c a l i b r a t i o n  a c c u r a c y  a r e ,

( i )  low  s t r a y  l i g h t  p a s s a g e ,

( i i )  o p t i c a l  p r e c i s i o n ,  and

( i i i )  maximum r e s o l u t i o n .

( d )  The d e t e c t o r  i s  u s u a l l y  a v e r y  s e n s i t i v e  

p h o t o m u l t i p l i e r  t u b e .  An im p r o v e d  s i g n a l  t o  n o is e  r a t i o  

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

( e )  A s t a b l e  H . T .  s u p p ly  f o r  t h e  p h o t o m u l t i p l i e r

and a D . C .  a m p l i f i e r  a r e  r e q u i r e d ,  t o g e t h e r  w i t h  a s t r i p

c h a r t  r e c o r d e r  and m o n o c h ro m ato r  s c a n n in g  f a c i l i t i e s .

( i )  THE CODERG PH AND PH , RAMAN SPECTRQMETERS\ /  o ..............  1  ■ — -  — .   — -

The o p t i c a l  s y s te m  and t r a n s f e r  p l a t e  o p t i c s  o f  t h e  

CODERG PJĤ  and  PH^ l a s e r  Raman s p e c t r o m e t e r s  a r e  i l l u s t r a t e d  

i n  F i g u r e  8 - 4 .  The m o n o c h ro m ato r  ( f o c a l  l e n g t h  6 0 0  mm)
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was r i g i d l y  c o n s t r u c t e d  o f  a lu m in iu m  a l l o y .  L i g h t  

s c a t t e r e d  by t h e  s a m p le  e n t e r e d  t h e  s p e c t r o m e t e r  v i a  

t h e  o b j e c t i v e  le n s  ( O ^ ) ,  p a s s e d  th r o u g h  an a p p r o p r i a t e  

f i l t e r  an d  was i n c i d e n t  upon t h e  e n t r a n c e  s l i t  To

e n s u r e  h ig h  r e l i a b i l i t y ,  F^ and  F^ w e re  3 0  mm c o m m u ta b le  

f i x e d  s l i t s ,  whose c u r v a t u r e  l a y  on t h e  ' F a s t i e  c i r c l e ’ . 

T h ese  s l i t s  w e re  m o u n ted  h o r i z o n t a l l y  t o  e l i m i n a t e  b u b b le  

e f f e c t s  i n  l i q u i d  s a m p le s .  The s l i t s  w e re  c a l i b r a t e d  

d i r e c t l y  i n  r e s o l u t i o n  a t  4 8 8 . 0  nm. A f t e r  p a s s in g  s l i t  

F^ t h e  l i g h t  f e l l  upon m i r r o r  M l  w h ic h  r e f l e c t e d  t h i s  

o n to  g r a t i n g  ( 1 2 0 0  g /m m ).  The  beajn o f  l i g h t  u n d e rw e n t  

d i f f r a c t i o n  by t h e  g r a t i n g  and  t h e n  two f u r t h e r  r e f l e c t i o n s  

a t  m i r r o r s  M l  and  M 2. A t  t h i s  s ta g e  an i n t e r m e d i a t e  s l i t  

F^ was i n t e r p o s e d  w h ic h  was a d j u s t e d  u s in g  an e x t e r n a l  

m ic r o m e te r  c o n t r o l .  The l i g h t  n e x t  e n t e r e d  th e  s e c o n d  

h a l f  o f  t h e  d o u b le  g r a t i n g  m o n o c h ro m ato r  and u n d e rw e n t  

f u r t h e r  d i f f r a c t i o n .  The l i g h t  l e f t  th e  m o n o c h ro m a to r  

v i a  t h e  e x i t  s l i t  F^ a n d  s t r u c k  a p l a n e  m i r r o r  MS a f t e r  

f o c u s s i n g  by  le n s  L .  I n  t h e  PH^ ( t h e  e a r l i e r  m o d e l )  t h e  

d e t e c t o r  (PM) was m o u n ted  h o r i z o n t a l l y ,  a s i x t h  m i r r o r  

M6  b e in g  u s e d  t o  r e f l e c t  th e  l i g h t  i n t o  i t .  The PH^ 

has t h e  d e t e c t o r  v e r t i c a l l y  m o u n te d  t o  f a c i l i t a t e  c o o l i n g  

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

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

t o  b e  l i n e a r  i n  w avenum ber by  means o f  a c o s e c a n t  b a r .

The d r i v e  was p r o v i d e d  by  a s t e p  d r i v e  m o t o r .  The  d o u b le  

g r a t i n g  m o n o c h ro m a to r ,  h a v in g  c o u p le d  g r a t i n g s  and  an  

i n t e r m e d i a t e ,  s l i t  h ad  i d e n t i c a l  r e s o l u t i o n  to  a d o u b le
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p a s s  m o n o c h ro m ato r  b u t  a much r e d u c e d  s t r a y  l i g h t  l e v e l .  

Th u s  i t  was b e t t e r  s u i t e d  t o  Raman w o r k .

The d e t e c t o r  was a s p e c i a l l y  s e l e c t e d  h ig h  p e r fo r m a n c e  

p h o t o m u l t i p l i e r  s u p p l i e d  w i t h  a s t a b i l i s e d  v a r i a b l e  h ig h  ' 

t e n s io n  s o u r c e .  The p h o t o t u b e  was a h ig h  q u a l i t y ,  h ig h  

g a i n ,  DC a m p l i f i e r  ( ' v i o ^ ) .  S u i t a b l e  v o l t a g e  f o r  r e c o r d i n g  

was o b t a i n e d  u s i n g  a lo w  g a in  i n t e g r a t e d  c i r c u i t  DC 

a m p l i f i e r  w h ic h  d i d  n o t  i n t r o d u c e  much n o i s e .  A f u r t h e r  

r e d u c t i o n  i n  n o i s e  l e v e l  f o r  v e r y  w eak s i g n a l s  may be  

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

t e c h n i q u e s .

Th e  a m p l i f i e r  i n p u t  i n c o r p o r a t e d  a s e r i e s  o f  s e l e c t ­

a b l e  R e s i s t a n c e - C a p a c i t a n c e  f i l t e r s  w h ic h ,  t o g e t h e r  w i t h  

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

optim um  r e c o r d i n g  c o n d i t i o n s .  C o n t r o l  l i g h t ^ i n d i c a t e d  on 

t h e  PH^ when t h i s  c o n d i t i o n  was f u l f i l l e d .

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

r e c o r d e r  and a m a rk e r  d e v i c e  ( s i m i l a r  t o  t h a t  p r e v i o u s l y  

d e s c r i b e d  f o r  t h e  SP200G) p r o v i d e d  c a l i b r a t i o n  p o i n t s  a t  

5 0  cm ^ i n t e r v a l s .  The m a jo r  f e a t u r e s  o f  t h e  e l e c t r o n i c s  

a r e  s u m m aris ed  i n  F i g u r e  8 - 5 .

The t r a n s f e r  p l a t e  i s  shown i n  p l a n  i n  F i g u r e  8 - 6 .

The  p l a t e  was s u p p o r t e d  b y  a k i n e m a t i c  m o u n t in g  such  

t h a t  t h e  s am p le  a r e a  was o p p o s i t e  t h e  p r o j e c t i o n  o b j e c t i v e  

(O^ F i g u r e  8 - 4 ) .  E s s e n t i a l l y  i t  was an o p t i c a l  b e n ch  

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

m i r r o r s  and  sam p le  h o l d e r s .  The  c o l l i m a t e d  c o h e r e n t  p l a n e  

p o l a r i s e d  l a s e r  beam ( w i t h  t h e  e l e c t r i c  v e c t o r  v e r t i c a l  

w i t h  r e s p e c t  t o  th e  e n t r a n c e  s l i t  o f  t h e  m o n o c h ro m a to r )
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p a s s e d  t h r o u g h  a  h a l f  w ave p l a t e  ( H P ) .  \\fhen t h i s  was

r o t a t e d  b y  4 5 ^  t h e  e l e c t r i c  v e c t o r  o f  t h e  in c o m in g  beam

was r o t a t e d  b y  9 0 ° .  The  beam was th e n  f o c u s s e d  b y  a

c o n v e x  l e n s  ( a l l  l e n s e s  i n v o l v e d  w e re  ' t h i c k  l e n s e s ' )
*

a t  t h e  j u n c t i o n  o f  t h e  m u l t i p a s s  m i r r o r  s y s te m  M,M . The  

beam th e n  d i v e r g e d  u n t i l  i t  s t r u c k  l e n s  L 2  and was b r o u g h t  

t o  a  f o c u s  a t  C ( t h e  c e n t r e  o f  t h e  sam p le  h o l d i n g  a r e a )  

an d  f r o m  t h e r e  d i v e r g e d  t o  r e a c h  m i r r o r  M 2 . A r a y  l e a v i n g  

M2 was a r r a n g e d  (b y  a d ju s t m e n t  o f  M2) t o  t a k e  a s l i g h t l y  

d i f f e r e n t  p a t h  ( i . e .  t h e  f o c i  o f  M2 an d  L2 w e re  n o t  

c o i n c i d e n t  a t  C ) .  T h u s ,  when t h e  r a y  s t r u c k  t h e  m u l t i p a s s  

m i r r o r  s y s te m ,  i t  im p in g e d  on one o f  t h e  p l a n e  m i r r o r s  

M,M and was r e f l e c t e d  b e tw e e n  t h e s e  and b a c k  t o  L 2 .  Thus

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

C and t h e  o p t i c a l  s y s te m .  A c e l l  p l a c e d  a t  C w o u ld  th u s  

h a v e  s e v e r a l  beams o f  l i g h t  p a s s in g  t h r o u g h  i t .  The  m i r r o r  

M^ s e r v e d  t o  r e f l e c t  t h e  s c a t t e r e d  Raman l i g h t  i n t o  t h e  

p r o j e c t i o n  l e n s  O^. The  m u l t i p a s s  s y s te m  h a d  t h e  a d v a n ta g e  

t h a t  m ore s c a t t e r e d  l i g h t  was c o l l e c t e d  b y  t h e  m o n o c h ro m a to r ,  

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

( i i )  ALIGNMENT OF SPECTROPHOTOMETER AND RECORDING OF

THE RAMAN SPECTRUM OF A L IQ U ID  SAMPLE

B r i e f  d e t a i l s  w i l l  be  g iv e n  f o r  t h e  a l ig n m e n t  p r o c e d ­

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

i n s t r u m e n t  f o r  t h e  c a s e  o f  a  l i q u i d  s a m p le  (s a y  H ^ O ) .

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

CODERG O p e r a t i o n  M a n u a l .

( a )  A l i g n i n g  t h e  m u l t i p a s s  o p t i c s
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The l a s e r  was l i n e d  up so t h a t  th e  beam l i e s  a lo n g  

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

p r o v i d e d  by  CODERG f o r  t h i s  p u r p o s e .  I t  i s  assum ed t h a t  

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

( s a y  4 8 8 . 0  nm), t h a t  i s  t h e  wavenum ber c o u n t e r  has  b e e n  

s e t  f o r  z e r o  a t  t h e  e x c i t i n g  l i n e  w av e n u m b e r.

The  m u l t i p a s s  s ys te m  was m ost c o n v e n i e n t l y  a l i g n e d  

b y  p o s i t i o n i n g  t h e  o p t i c a l  co m ponents  as i n d i c a t e d  i n  

F i g u r e  8 - 6 . W i th  a c e l l  c o n t a i n i n g  d i s t i l l e d  w a t e r  i n  

t h e  c e l l  h o l d e r  ( d e s c r i b e d  l a t e r )  and w i t h  m i r r o r  M l  

re m o v e d ,  t h e  t h r e e  s c re w s  a t  t h e  b a c k  o f  t h e  M2 m i r r o r  

m ount w e re  a d j u s t e d  w h i l s t  v i e w i n g  t h e  c e l l  f r o m  above  

( w i t h  t h e  e l e c t r i c  v e c t o r  v e r t i c a l )  u n t i l  a b o u t  6  t o  9 

n a r r o w  beams o f  l i g h t  w e re  v i s i b l e  c r o s s i n g  t h e  c e l l .

W ith  t h e  e l e c t r i c  v e c t o r  h o r i z o n t a l  (HP r o t a t e d  th r o u g h  

4 5 °  f r o m  v e r t i c a l  v e c t o r  p o s i t i o n )  t h e  beams s h o u ld  a l l  

b e  i n  one p l a n e  when t h e  c e l l  i s  v ie w e d  f r o m  t h e  d i r e c t i o n  

o f  m i r r o r  M l .  F u r t h e r  a d ju s t m e n t s  i n  th e  l o c a t i o n s  o f  

t h e  m i r r o r s  and l e n s e s  may be  n e c e s s a r y  an d  t h e  m e th o d  o f  

t r i a l  and  e r r o r  h a d  t o  be  u s e d  t o  o b t a i n  a maximum number  

o f  p a s s e s .

( b ) R e c o r d in g  a S p e c tru m

When t h i s  c o n d i t i o n  h ad  b e en  a c h ie v e d  m i r r o r  M l  was  

r e p l a c e d .  The  lo n g  l e v e r  on t h e  p r o j e c t i o n  o b j e c t i v e  

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

r o t a t i o n  o f  a c o l l e c t i n g  tu b e  m o u n ted  o f f  a x i s )  A m o d e r­

a t e  l a s e r  po w er ( f o r  w a t e r  say  6 0 0  mW) and a s l i t  w i d t h  

o f  a b o u t  2 o r  4 cm ^ w e re  s e l e c t e d .  A b o u t  9 0 0  t o  1 0 0 0  v
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was a p p l i e d  t o  t h e  p h o t o m u l t i p l i e r  (d e p e n d e n t  on P M ) .  The

g a i n  (R )  c o n t r o l  was s e t  t o  maximum and an a p p r o p r i a t e

c o m b in a t io n  o f  t i m e  c o n s t a n t  ( C ) and  s c a n  sp ee d  s e l e c t e d

u n t i l  t h e  i n d i c a t o r  laonps w e re  s im u l t a n e o u s l y  i l l u m i n a t e d .

(For t h e  PH t h e s e  l a t t e r  v a l u e s  w e re  fo u n d  f r o m  t a b l e s  
' o

s u p p l i e d ) .

The  m o n o c h ro m a to r  was s e t  t o  th e  w avenum ber v a l u e  a t  

w h ic h  t h e  d e s i r e d  b a n d  was t o  b e  o b s e r v e d .  The  r e c o r d e r  

p e n  s h o u ld  h a v e  d e f l e c t e d .  I f  i t  d i d  n o t ,  t h e  l a s e r  p o w e r ,  

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

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

r e c o r d e r  a t t e n u a t i o n  w e re  r e d u c e d  u n t i l  th e  d e f l e c t i o n  

c o v e r e d  a good p o r t i o n  o f  t h e  c h a r t .  The  p o s i t i o n  o f  m a x i ­

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

s t o p p in g  t h e  scan  a t  t h a t  p o s i t i o n .  The t h r e e  s c re w s  on 

t h e  m o u n t in g  o f  M l  w e re  a d j u s t e d  t o  m a x im is e  t h i s  d e f l e c t i o n .  

H a v in g  r e a c h e d  t h i s  p o s i t i o n ,  t h e  l e v e r  and k n u r l e d  b r a s s  

r i n g  on t h e  l e n s  0 1  w e re  r o t a t e d  ( im a g e  f o c u s i n g  ; f o c u s e s  

im a g e  o n to  s l i t )  s e p a r a t e l y  u n t i l  maximum d e f l e c t i o n  was 

a g a in  a c h ie v e d  ( d u r i n g  t h e s e  p r o c e s s e s  i t  may h a v e  b e e n  

n e c e s s a r y  t o  r e d u c e  t h e  g a in  o r  l a s e r  po w er s in c e  t h e  

f u n c t i o n  o f  t h i s  p r o c e s s  was t o  f o c u s  t h e  maximum Raman 

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

s l i t  ( F 2 ) was c lo s e d  up u n t i l  t h e  minimum s e t t i n g  was  

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

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

be c a r r i e d  o u t .

The  l a s e r  u s e d  f o r  o u r  s t u d i e s  was t h e  COHERENT 

R AD IA TIO N ARGON IO N  LASER MODEL 52A w i t h  a  maximum o u t p u t
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of 1300 mw at 488 nm,

( i i i )  CELL HOLDER DESIGN AND THERMOSTATING SYSTEM

CODERG do n o t  s u p p ly  a t h e r m o s t a t e d  l i q u i d  c e l l  h o l d e r  

f o r  t h e i r  PH^ o r  PH^ s p e c t r o m e t e r s ,  and  th u s  t h e  d e s ig n  

o f  a  s u i t a b l e  d e v i c e  was u n d e r t a k e n .  C e r t a i n  c r i t e r i a  

f o r  th e  t h e r m o s t a t e d  c e l l  h o l d e r  may be  s e t  o u t  as  i n d i c a t e d  

b e lo w .

F i r s t l y ,  t h e  c e l l  m o u n t in g  s y s te m  m ust b e  s u ch  t h a t  

l i g h t  may p a s s  on a l l  f o u r  s i d e s ;  s e c o n d l y ,  t h e  d im e n s io n s  

w e r e  q u i t e  c r i t i c a l , a n d  f i n a l l y  t h e r m o s t a t i n g  m ust be  such  

t h a t  c o n v e c t i o n  c u r r e n t s  a r e  n o t  s e t  up  i n  t h e  l i q u i d  

s in c e  t h e s e  g i v e  r i s e  t o  l i g h t  s c a t t e r i n g .  The c e l l  i s  

shown i n  d i a g r a m a t i c  fo r m  i n  F i g u r e s  8 - 7 a  and  8 - 7 b .  The  

m a in  f e a t u r e s  a r e  d e s c r i b e d  b e lo w .

The  c e n t r a l  com ponent o f  t h e  c e l l  h o l d e r  was a c o p p e r  

t a n k  ( T )  s e a l e d  and  f i t t e d  w i t h  i n l e t  and  o u t l e t  p i p e s  as  

i l l u s t r a t e d .  T h i s  was s u p p o r t e d  b y  a c o p p e r  r i n g  ( R ) ,  

i n s u l a t e d  f r o m  t h e  a lu m in iu m  m o u n t in g  b l o c k  (MB) b y  a  

T u f n e l  w a s h e r .  The  m o u n t in g  b l o c k  h ad  s t a n d a r d  d im e n s io n s  

f o r  t h e  PH^ an d  PH^ t r a n s f e r  p l a t e s .  The t a n k ,  w h ic h  h a d  

a domed r o o f  f o r  m i n i m i s i n g  t h e  t r a p p i n g  o f  a i r  th u s  

r e d u c i n g  e f f i c i e n c y ,  was s u rm o u n te d  by  t h e  c e l l  h o l d e r  ( H ) .  

T h i s  i s  shown i n  d e t a i l  i n  F i g u r e  8 - 7 a  and c o n s i s t e d  o f  

a c o p p e r  b l o c k  b r a i s e d  t o  t h e  to p  o f  th e  t a n k ,  f i t t e d  w i t h  

f o u r  s id e s  ( t w o  t e n s i o n e d  b y  s p r i n g s )  an d  c u t  as i n d i c a t e d .  

T h i s  w i l l  be  m ore c l e a r l y  v i s i b l e  f r o m  t h e  p l a n  -  F i g u r e  

8*r7b .
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T h e  w h o le  u p p e r  p a r t  o r  j a c k e t  ( J )  o f  t h e  h o l d e r  was  

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

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

e a c h  o t h e r .  T h i s  j a c k e t  was s e a l e d  t o  t h e  b a s e  b y  an " o a ­

r i n g  an d  a c o v e r  f i t t e d  w i t h  tw o  tu b e s  was a l s o  s c re w e d  t o  

t h e  t o p  o f  t h e  j a c k e t  i n c o r p o r a t i n g  an " o " - r i n g  s e a l .  Thus  

t h e  w h o le  u p p e r  j a c k e t  c o u ld  b e  e v a c u a t e d ,  o r  f i l l e d  w i t h  

some d r y  gas f o r  g r e a t e r  e f f i c i e n c y .  F a c i l i t y  was a l s o  

p r o v i d e d  f o r  t h e  i n s e r t i o n  o f  a  th e r m o c o u p le  i n t o  one l im b  

o f  t h e  Raman c e l l .

T h e r m o s t a t in g  f l u i d  f r o m  a c o n t a c t  th e rm o m e te r  c o n ­

t r o l l e d  t a n k  was c o n v e n i e n t l y  f e d  by  a S t u a r t - T u r n e r  pump 

t o  t h e  s m a l l  c e l l  h o l d e r  t a n k  ( T )  f r o m  b e lo w  th e  t r a n s f e r  

p l a t e .  F i g u r e  8 - 7 b  a l s o  shows c e r t a i n  d e t a i l s  n o t  shown 

on F i g u r e  8 - 7 a  w h ic h  c l a r i f y  t h e  c e l l  h o l d e r  c o n s t r u c t i o n .  

O ver t h e  r a n g e  283  K t o  3 7 3  K l i q u i d  t e m p e r a t u r e s  w e re  

s t a b l e  t o  -  0 . 5  K a f t e r  4 0  m i n u t e s .  Due t o  t h e  r e l a t i v e l y
3

l a r g e  v o lu m e  o f  t h e  t a n k  ( ^  5 0  cm ) com pared  t o  t h e  s m a l l
3

v o lu m e  o f  f l u i d  t o  be  t h e r m o s t a t e d  2  cm ) ,  t h e r m o s t a t i n g  

was q u i t e  r a p i d .  The * c e l l ' b e h a v e d  q u i t e  w e l l  a t  lo w  

t e m p e r a t u r e  when c o o le d  n i t r o g e n  was u s e d  as a c o o l a n t  i n  

p l a c e  o f  w a t e r .

( i v )  ADAPTATION OF CODERG PH^ R3R D IG IT A L  OUTPUT AND 

ASSOCIATED BAND DECONVOLUTION PROGRAMS.

( a )  D i g i t a l  O u tp u t  E l e c t r o n i c s

I f  t h e  s p e c t r u m  can  be  r e c o r d e d  d i g i t a l l y ,  t h a t  i s ,  i f  

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

w avenum ber i n t e r v a l s ,  t h e  r e s u l t i n g  i n f o r m a t i o n  w i l l  be
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a v a i l a b l e  f o r  m a t h e m a t i c a l  b a n d  shape  a n a l y s i s .  CODERG 

do n o t  s u p p ly  a s im p le  s y s te m  t o  do t h i s ,  an d  f o r  d i g i t a l  

o u t p u t  t h e  p h o to n  c o u n t in g  a c c e s s o r y  i s  r e q u i r e d .  T h i s  

i s  v e r y  e x p e n s i v e .  H o w e v e r ,  d i g i t i s a t i o n  o f  t h e  s p e c t r a  

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

w h ic h  we h a v e  u s e d .

The  CODERG i n s t r u m e n t s  e m p lo y  s t e p  d r i v e  m o to r s  i n  

t h e i r  s c a n n in g  s y s te m s .  P u ls e s  a r e  s u p p l i e d  b y  an o s c i l l ­

a t o r  an d  b i n a r y  d i v i d e r s  an d  t h e s e  p u l s e s  may r e a d i l y  be  

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

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

o f  t h e  p e n  on t h e  r e c o r d e r  c h a r t .

The  SOLARTRON DATA LOGGER, t o g e t h e r  w i t h  an ADDO 

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

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

p u r p o s e ,  u s i n g  a r e l a y .  The  p u l s e s  r e q u i r e d  f o r  d r i v i n g  

t h e  s t e p  d r i v e  s c a n n in g  m o to r  w e r e  fo u n d  t o  b e  a v a i l a b l e  

a t  p i n s  7 and  9 o f  p l u g  CA12F ( r e f e r e n c e  t o  i n s t r u m e n t  

w i r i n g  d i a g r a m s ) .  The p u l s e  r a t e  o b t a i n e d  was 8  p e r  

cm ^ and  a t  a s c a n n in g  s p e e d  o f  6 0  cm ^ /m in  t h i s  w o u ld  

mean t h a t  one v o l t a g e  r e a d i n g  w o u ld  be  t a k e n  e v e r y  § t h  

o f  a  s e c o n d .  S in c e  t h e  d a t a  lo g g e r  c a n n o t  s a m p le  f a s t e r  

th a n  3 r e a d i n g s  p e r  s e c o n d ,  t h i s  means t h a t  we r e q u i r e  

an e l e c t r o n i c  d e v i c e  t o  d i v i d e  down t h e  p u l s e  r e p e t i t i o n  

f r e q u e n c y .  T h i s  was c o n s t r u c t e d  and  t h e  r e l e v a n t  c i r c u i t  

d ia g r a m s  a r e  shown i n  F i g u r e  8 - 8 . F i g u r e  8 - 8 a shows 

a b l o c k  d ia g r a m  o f  t h e  d e v i c e .  The s i g n a l  f r o m  t h e  

m o to r  i s  f e d  t o  a b u f f e r  a m p l i f i e r .  T h is  h as  a g a in  o f
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a b o u t  1 and  an i n p u t  im pedencG  o f ^ l 4  M i l ,  and so p r o t e c t s  

t h e  i n s t r u m e n t  f ro m  damage due t o  t h e  d r a w in g  o f  e x c e s s ­

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

v i a  a s e l e c t o r  s w i t c h  S I  t o  a b a n k  o f  f i v e  b i n a r y  d i v i d e r  

u n i t s ,  such  t h a t  O t o  5 o f  t h e s e  u n i t s  can  be  i n c o r p o r a t e d  

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

i s  f e d  t o  a  m o n o s ta b le  and th e n c e  t o  a r e l a y  d r i v e  c i r c u i t  

•a n d  r e l a y .  The r e l a y  c o n t a c t s  a r e  c o n n e c te d  t o  t h e  d a t a  

l o g g e r •

F i g u r e s  8 - 8 b and 8 - 8 c show, r e s p e c t i v e l y ,  th e  b u f f e r  

a m p l i f i e r ,  and f i n a l  d i v i d e r  (D 5 )  c i r c u i t s ,  and t h e  mono­

s t a b l e  and r e l a y  d r i v e  c i r c u i t s .  Some f u r t h e r  t e s t  d a t a  

i s  i n c l u d e d  i n  A p p e n d ix  8 - 1  t o g e t h e r  w i t h  c o r r e l a t i o n  

t a b l e s  r e l a t i n g  s e l e c t o r  p o s i t i o n  ( S I ) ,  s c a n n in g  s p e e d ,  

an d  p o i n t s  o u t p u t  p e r  cm

W i t h  t h e  s p e c t r o m e t e r  s e t  up to  r e c o r d  a s p e c t r u m ,  

f o r  w h ic h  a d i g i t a l  r e c o r d  i s  r e q u i r e d ,  t h e  s e l e c t o r  

s w i t c h  S I  was s e t  t o  a  s u i t a b l e  v a l u e  ( s e e  A p p e n d ix  8 - 1  

t o  p r o v i d e  t h e  d e s i r e d  num ber o f  w avenum bers  p e r  p o i n t .

The  r e c o r d e r  a t t e n u a t i o n  was n o t e d  t o g e t h e r  w i t h  th e  

v o l t a g e  c o r r e s p o n d in g  t o  0% an d  100% p e r  d e f l e c t i o n .  T h e  

s p e c t r o m e t e r  was th e n  s w i t c h e d  t o  SCAN and t h e  w a v e n u m b e r ,  

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

o f  t h e  d a t a  l o g g e r  t a k e s  p l a c e ,  was r e c o r d e d .  P o i n t s  

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

w avenum ber i n t e r v a l s ,  u n t i l  th e  s p e c t r o m e t e r  was s w i t c h e d  

t o  STOP SCAN. The d i g i t a l l y  o u t p u t  d a t a  o f  v o l t a g e  on 

r e c o r d e r  v e r s u s  c h o se n  w avenum ber i n t e r v a l  was c o n v e r t e d
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t o  a t a b l e  o f  w avenum ber v e r s u s  p e r c e n t a g e  p en  d e f l e c t i o n  

u s in g  t h e  p ro g ra m  d e s c r i b e d  i n  A p p e n d ix  8 - 2

( b ) C o m p u te r  D e c o n v o lu t io n  o f  Band E n v e lo p e s

O f t e n  i n f r a - r e d  and Raman bands  a r e  c o m p o s i te  f e a t u r e s

i n c o r p o r a t i n g  tw o  o r  more b a n d s ,  p o s s i b l y  on a c u r v e d

’ b a c k g r o u n d * .  T h e  p r o c e s s  o f  o b t a i n i n g  t h e s e  com ponents

i s  c a l l e d  D e c o n v o l u t io n  and  a l e a s t  s q u a r e s  p ro g ra m

177s i m i l a r  t o  t h a t  d e s c r i b e d  b y  S to n e  was w r i t t e n  t o  

p e r f o r m  such d e c o n v o l u t i o n  i n t o  G a u s s ia n  o r  L o r e n t z i a n  

C o m p o n e n ts .  The m eth o d  e m p lo y e d  i s  d e s c r i b e d  b e lo w  and  

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

w i t h  a l i s t i n g  o f  t h e  ALGOL p r o g r a m ,  i n  A p p e n d ix  8 - 2  

I f  t h e  b a n d  sh ap e  r e p r e s e n t e d  b y  i s  some f u n c t i o n ,  s a y  

Gauss o r  L o r e n t z ,  o f  t h e  p a r a m e t e r s  "V ^ , t h e  f r e q u e n c y  

o f  maximum i n t e n s i t y  and AV t h e  h a l f  w i d t h  o f  t h e  b a n d ,

th e n  0^ = ç6 A V ^ )   ( 8 - 1 )

f o r  any b a n d  i .

I f  t h e  c o n to u r  i s  a c o n v o l u t i o n  o f  n b a n d s ,  t h e n
A

+ L  d :  .......................

w h e re  I ^ ( v )  i s  t h e  c o n to u r  i n t e n s i t y  c a l c u l a t e d  a t  

w avenum ber V . I f  we h a v e  TO d a t a  p o i n t s  on t h e  o b s e r v e d  

e x p e r i m e n t a l  c u r v e ,  t h e n  t h e  sum o f  t h e  s q u a re s  o f  t h e

d e v i a t i o n s  F i s  g iv e n  b y
•M 2

F  =  E  ( X C v ) - T  ( V ) ) ( 8 - 3 )

I  ( v )  i s  t h e  e x p e r i m e n t a l l y  o b s e r v e d  i n t e n s i t y  a t  and I  (v) c c

the calculated intensity.
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Band p a r a m e t e r s  f o r  t h e  com ponents  o f  t h e  e n v e lo p e  

a r e  r e q u i r e d  w h ic h  s a t i s f y  t h e  r e l a t i o n

= o (  V I to 3a t 3 ) ................ ....................(8 - 4 )

The s p e c i f i c  p a r a m e t e r s  a r e  now r e p r e s e n t e d  b y  a s e r i e s  

o f  3n + 3 p a r a m e t e r s  p^ ( c a l l e d  g e n e r a l  p a r a m e t e r s ) .  

Suppose we h a v e  a f u n c t i o n

F = f  ( p ^ ,  p ^ ,  P 3  Pi^-P an  f  3 ) .............

E x p a n s io n ,  u s i n g  a T a y l o r  S e r i e s ,  g iv e s

bFsr ^ ^   t- ^   ( 8 - 6 )

so 3 F  =  I T  S k   ( G - 7 )

I f  i t  i s  su p p o sed  t h a t  we c h o se  an i n i t i a l  p a r a m e t e r  p^ , 

t h e n ^  F can be  c a l c u l a t e d  as  f o l l o w s :
o

Ê E  =  Y ' L f —  ( >  -  F ' )
" ^   ( 8 - 8 )ld»\

■bt-: Z L  ^   ( 8 - 9 )
h» I '

T h u s ,  t h e  p r o b le m  has  b e e n  l i n e a r i s e d .

L e t  g b e  a m a t r i x  h a v in g  e le m e n ts  3 F ^ \| i  a n d  H be

a m a t r i x  h a v in g  e le m e n t s  ^F V  i , k -^ S n  + 3 .  E q u a t io n

( 8 - 9 )  may be w r i t t e n  i n  m a t r i x  f o r m .

O % g + H ( p - p ^ )  .......................( 8 - 1 0 )

p and  p °  a r e  v e c t o r s  c o n t a i n i n g  t h e  e le m e n t s  p ^  and  p ^ ^  V k  

Thus e q u a t i o n  ( 8 - 1 0 )  becomes

p % p° - H~^g ....... (8-11)
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S in c e  h” ^ i s  d i f f i c u l t  t o  o b t a i n ,  we a p p r o x im a t e  H b y  

w h e re  i s  a  m a t r i x  f o r  w h ic h  a l l  t h e  o f f  i d a g o n a l  e le m e n ts  

k  7  ̂ i  a r e  z e r o  and IZ i s  a  v a r i a b l e  t o  b e  d is c u s s e d  l a t e r .

T h i s  le a d s  t o  t h e  r e s u l t  t h a t  f o r  any  p a r a m e t e r  w i t h  

i n i t i a l  v a l u e  p ^ °  a " b e t t e r "  v a l u e  o f  p^ can  be o b t a i n e d  

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

^  /•b ’ -F (8- 12 )

^  i s  a "d a m p in g  f a c t o r "  o r  s t e p  l e n g t h  m o d i f i e r  and i s

s e t  i n i t i a l l y  t o T =  1 . 0  and  t h e r e a f t e r  v a r i e d  b y  0 . 5  'Y

u n t i l  a v a l u e  o f  F w h ic h  i s  s m a l l e r  th a n  t h e  v a l u e  o f

F c a l c u l a t e d  u s in g  t h e  p a r a m e t e r s  p ^^  ( i . e .  F ° )  i s  o b t a i n e d .

T h e  "new " p a r a m e t e r s  p^ t a k e  t h e  p l a c e  o f  t h e  p a r a m e t e r s

p ^ °  and  t h e  p r o c e s s  o f  ’ i m p r o v i n g ’ t h e  v a l u e  o f  p^

i s  r e p e a t e d  t o  o b t a i n  a  minimum v a l u e  o f  F .  V a r i o u s  o t h e r

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

f u l l y  d e s c r i b e d  i n  A p p e n d ix  8 - 2 .  I t  i s  c l e a r  t h a t  f o r  t h e

p ro g ra m  s e t s  o f  e q u a t i o n s  g i v i n g  t h e  v a l u e s  o f  ^ F an d
b p ^

2F a r e  r e q u i r e d .  The d e r i v a t i o n  o f  t h e s e  i s  now i n d i c a t e d .

From e q u a t i o n  ( 8 - 3 )  we o b t a i n  by  s u c c e s s iv e  d i f f e r e n t i a t i o n  

t h e  q u a n t i t i e s  r e q u i r e d  f o r  e q u a t i o n  ( 8 - 1 2 ) .
^ P i  b p /

............................ ( S - 1 3 ,
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V F
tA

V A  /  b i c ( 8 - 1 4 )

T h e s e  d e r i v a t i v e  e q u a t i o n s  a r e  a l s o  l i s t e d  i n  A p p e n d ix  8 - 3  

From e q u a t i o n s  ( 8 - 1 3 )  and ( 8 - 1 4 )  i t  r e a d i l y  becom es  

c l e a r  t h a t  we r e q u i r e  e x p r e s s io n s  f o r  t h e  d e r i v a t i v e s

"b A  . <> A '  .

T a k i n g  t h e  c a s e  o f  G a u s s ia n  b a n d  sh ap es  0^ may be  w r i t t e n

= exp ( -((V-ilo ) / ù \ )  );

f o r  L o r e n t z i a n  b an d  sh ap e  0 .  =
1  ^

t

1  + ( ( ^ > - 9 . ° ) / A - 9 . ) ^

( 8 - 1 5 )

( 8 - 1 6 )

F o r  t h e  G a u s s ia n  c a s e  t h e s e  d e r i v a t i v e s  a r e

" k A  =  . e x p ( - a \

"A AN); ^

( 6 S>L 

— —— (3.LL

hro.

: . }  • (  - - K ' ) .......................

( 8 - 1 7 )

( 8 - 1 8 )

( 8 - 1 9 )

J.  (8-20)

X and u i n  t h e  a b o ve  e x p r e s s io n s  r e p r e s e n t  t h e  q u a n t i t i e s

X = ( V - V / ) 2

"  = ( ( U - V / ) / A S ) p ^

A s i m i l a r  s e t  o f  e q u a t i o n s  can be  d e r i v e d  f o r  t h e  c a s e  o f  

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

Thus  t h e  p ro g ra m  o p e r a t e s  b y  t a k i n g  i n i t i a l l y  e s t i m a t e d  

v a l u e s  o f  t h e  s e t  o f  3n + 3 p a r a m e t e r s  (w h e re  n i s  th e
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num ber o f  ban d s  c o m p r is in g  t h e  c o n to u r  s u b j e c t e d  t o  

a n a l y s i s )  and s u c c e s s i v e l y  r e f i n e s  t h e s e .  The c r i t e r i o n  

u s e d  t o  e s t a b l i s h  t h a t  a s a t i s f a c t o r y  ’ f i t ’ o f  t h e  

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

sum o f  t h e  s q u a re s  o f  th e  d e v i a t i o n s  b e  m in im is e d .

Some e x a m p le s  o f  t h e  a p p l i c a t i o n  o f  th e  p ro g ra m  a r e  

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

A LGOL p r o g r a m , c a l l e d  SPECT 1 ,  i s  g iv e n  i n  F i g u r e  8 - 9 .

8 - 4  PREPARATION OF SOLUTIONS AND MATERIALS
W

( i  ) M a t e r i a l s  U sed

W a t e r ,  u s e d  i n  th e  p r e p a r a t i o n  o f  s o l u t i o n s ,  was  

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

p o t a s s iu m  p e r m a n g a n a te  u n d e r  n i t r o g e n . A l l  s o l v e n t s  u s e d  

w e r e  p u r c h a s e d  f r o m  B . D . H .  o r  F is o n s  and w e r e  a n a l y t i c a l  

g r a d e .  T h e s e  s o l v e n t s  v je re  d r i e d  o v e r  m o l e c u l a r  s i e v e  and  

u s e d  d i r e c t l y .  A b sen ce  o f  w a t e r  i n  C H ^C l^  and  m e th a n o l  

was c h e c k e d  b y  r e c o r d i n g  th e  i n f r a - r e d  s p e c t r a  o f  t h e  

s o l v e n t s  and i n  no c a s e  d i d  th e  p e r c e n t a g e  o f  w a t e r  e x c e e d  

0 . 0 5 .  A l l  s a l t s  u s e d  w e re  d r i e d  i n  a vacuum o ven  f o r  

s e v e r a l  d a ys  p r i o r  t o  u s e  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e .  

D e u t e r iu m  o x id e  was p u r c h a s e d  f ro m  K o c h - L ig h t  L t d .  and  was 

s u p p l i e d  a t  9 9 . 7  a tom  p e r  c e n t  D^O, b o t t l e d  u n d e r  n i t r o g e n .  

T h i s  was u s e d  d i r e c t l y .

I n  th e  c a s e  o f  e l e c t r o l y t e s  s t a n d a r d  c o n c e n t r a t e d  

s o l u t i o n s  o f  t h e s e  i n  w a t e r  w e re  p r e p a r e d .  A s t a n d a r d  

s o l u t i o n  o f  D^O i n  w a t e r  was p r e p a r e d .  The c o n c e n t r a t i o n
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o f  t h i s  s o l u t i o n  was so chosen  t h a t  a f t e r  d i l u t i o n  o f  an  

a l i q u o t  o f  t h i s  t o  t h e  f i n a l  v o lu m e  o f  t h e  w o r k in g  s o l u t i o n s ,

t h e  c o n c e n t r a t i o n s  w e re  2% f o r  i n f r a - r e d  s t u d i e s  and

—3 —32 m o l dm o r  6  m o l dm f o r  Raman s t u d i e s . S o l u t i o n s  f o r

i n f r a - r e d  s p e c t r o s c o p y  w e re  p r e p a r e d  i n  s e t s  o f  two
3

1 0  cm g r a d u a t e d  f l a s k s  b y  m i x i n g  s u i t a b l e  a l i q u o t s  o f  

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

D^O ( t o  p r e p a r e  t h e  s a m p le  s o l u t i o n ) .  The  same q u a n t i t y  

o f  e l e c t r o l y t e  was added  t o  t h e  r e f e r e n c e  s o l u t i o n ,  t h e  

D^O b e in g  o m i t t e d ,  and  t h e  s o l u t i o n s  d i l u t e d  t o  t h e  m a r k .

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

e l e c t r o l y t e  s o l u t i o n  was r e p l a c e d  by  an a p p r o p r i a t e  q u a n t i t y  

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

S o l u t i o n s  f o r  Raman s p e c t r o s c o p y  w e re  p r e p a r e d  i n  a 

s i m i l a r  f a s h i o n  t o  t h o s e  o f  t h e  sam p le  s o l u t i o n s  f o r  

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

b e tw e e n  t h r e e  and  f i v e  t im e s  th r o u g h  0,22^  m i l l i p o r e  f i l t e r s  

b e f o r e  t r a n s f e r e n c e  t o  t h e  Raman c e l l .  The p u r p o s e  o f  

t h i s  f i l t r a t i o n  was t o  rem o ve  s u sp e n d e d  d u s t  p a r t i c l e s  

w h ic h  i n c r e a s e  t h e  R a y l e i g h  s c a t t e r i n g  (b a c k g r o u n d  s c a t t ­

e r i n g )  and p ro d u c e  a n o i s y  Raman s p e c t r u m .

Sodium  and Ammonium F l u o r o b o r a t e s , s u p p l i e d  b y  B . D . H . ,  

w e r e  r e c r y s t a l l i s e d  t w i c e  f r o m  w a t e r  t o  rem ove  a l l  i n ­

s o l u b l e  m a t e r i a l .

T e t r a p e n t y la m m o n iu r a p e r c h lo r a t e  was p r e p a r e d  b y  r e a c t i n g  

e q u im o la r  q u a n t i t i e s  o f  t e t r a p e n t y la m m o n iu m  i o d i d e  

and s i l v e r  p e r c h l o r a t e  i n  a c e to n e  s o l u t i o n .  The s i l v e r



1 6 0

i o d i d e  was f i l t e r e d  o f f ,  th e  s o l u t i o n  e v a p o r a t e d  t o  y i e l d  

t h e  c ru d e  p e r c h l o r a t e ,  and  t h i s  l a t t e r  f u r t h e r  r e c r y s t a l l *  

i s e d  f r o m  an a c e t o n e - e t h e r  m i x t u r e .
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9 - 1  WATER, DEUTERIUM OXIDE AND HOD SOLUTIONS

(i) Results

- 1
Raman s p e c t r a  ( 1 0  -  4 0 0 0  cm ) o f  w a t e r  a t  298  K w e re  

r e c o r d e d  ( F i g u r e  9 - 1 )  u s i n g  t h e  C o d e r g PH^ s p e c t r o m e t e r  

as d e s c r i b e d  i n  C h a p t e r  8 . S p e c t r a  f o r  t h e  lo w  f r e q u e n c y  

r e g i o n  a r e  shown i n  F i g u r e  9 - 2  t o g e t h e r  w i t h  e s t i m a t e d  

^ b ackg ro u n d »  an d  d i f f e r e n c e  s p e c t r a .  The r e g i o n  h a v in g  t h e  

m ost i n t e n s e  b a n d s  shown i n  F i g u r e  9 - 1  ( 3 0 0 0  t o  4 0 0 0  cm ^ ) 

i s  shown i n  g r e a t e r  d e t a i l  i n  F i g u r e  9 - 3 .  The b a n d  was  

n o t i c e a b l y  m ore i n t e n s e  t h a n  t h a t  a ro u n d  1 6 4 0  cm w h e re  

a s ec o n d  f e a t u r e  was j u s t  v i s i b l e .  T h e se  b a n d s  h a v e  b e e n  

a s s ig n e d  to ^ ^  t h e  0 - H  s t r e t c h  ( 4 0 0 0  -  3 0 0 0  cm ^ ) ,  t h e  w a t e r  

HOH b e n d  ( 1 6 4 0  cm ̂ ) and  t h e  l i b r a t i o n a l  modes o f  t h e
_ -I

w a t e r  m o le c u le  (O -  7 0 0  cm ■*■).

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

r e g i o n  4 0 0 0  t o  3 0 0 0  cm ^ was r e c o r d e d  b e tw e e n  273  and 3 2 3  K

and a two com ponent g a u s s ia n  d e c o n v o l u t i o n  c a r r i e d  o u t  as

p r e v i o u s l y  d e s c r i b e d  i n  C h a p t e r  8 . The r e s u l t i n g  b an d

p a r a m e t e r s  a r e  d i s p l a y e d  as a f u n c t i o n  o f  t e m p e r a t u r e  i n
_ 1

F i g u r e  9 - 4 .  Raman s p e c t r a  (2 3 0 0  -  2 8 0 0  cm ) o f  6 . 0  m ol

dm ^ D^O i n  H^O w e re  r e c o r d e d  ( F i g u r e  9 - 5 )  as a f u n c t i o n

o f  t e m p e r a t u r e .  F i g u r e  9 - 6  s u m m aris es  t h e  t e m p e r a t u r e

d e p e n d e n c e  o f  V  a t  t h e  b a n d  maximum b e tv ;een  278 and  ^ max

3 6 3  K .  The  c a l c u l a t e d  t e m p e r a t u r e  d e p e n d e n c e  o f

-1 -1
0 . 6  cm K .

Raman s p e c t r a  ( 2 0 0 0  t o  2 8 0 0  cm ^ ) w e re  m e a s u re d  a t
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a -  s p e c t r u n  o f  w a t e r  

b -  s e l e c t e d  'b a c k g r o u n d '  

c -  d i f f e r e n c e  s p e c tru m

lo o 200 3 0 0o 4 0 0 6 0 05 0 0
- 1

F I O J k E  9 - 2

^ / c m

k a n a n  S p ec tru m  o f  W a te r  i n  t h e  

R ange O t o  7 0 0  cm” '^.



FIGLIRE 0-3 R anan S p e c t r u n  o f  W a te r  o v e r  t h e  

r a n g e  3 0 0 0  t o  4 0 0 0  cm ^ .
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1 6 2

s e v e r a l  f i x e d  t e m p e r a t u r e s  and eac h  s p e c tru m  a n a ly s e d  (s e e

C h a p t e r  8 ) i n  te r m s  o f  tw o  g a u s s ia n  c o m p o n e n ts .  The

d e p e n d e n c e  o f  b a n d  p a r a m e t e r s  on t e m p e r a t u r e  i s  a im m a r is e d

i n  F i g u r e  9 - 7 .  F i g u r e  9 - 8  shows th e  i n f r a - r e d  s p e c tru m
-1

r e c o r d e d  o v e r  t h e  r a n g e  2 0 0 0  t o  2 8 0 0  cm o f  a 1 . 0  

m o l dm"^ s o l u t i o n  o f  HOD i n  H^O a t  298  K .

( i i )  D i  scu s s io n

The r e s u l t s  a r e  i n  good a g re e m e n t  w i t h  th o s e  r e p o r t e d  

224b y  W a l r a f e n  f o r  p u r e  w a t e r .  The p r o m in e n t  f e a t u r e s  o f  

t h e  Raman s p e c tru m  shown i n  F i g u r e  9 - 1  a r e  t h e  s t r e t c h  

and  b e n d  r e g i o n s .  I n  a d d i t i o n  o t h e r  b a n d s  a r e  p r e s e n t  a t  

much lo w e r  f r e q u e n c i e s .  A t y p i c a l  b a c k g ro u n d  was o b t a i n e d  

f r o m  t h e  Raman s p e c t r a  o f  c a rb o n  t e t r a c h l o r i d e  ( c u r v e  ( b )  

i n  F i g u r e  9 - 2 )  w h ic h  was i n  t u r n  s u b t r a c t e d  f r o m  c u r v e  ( a )  

( F i g u r e  9 - 2 )  t o  y i e l d  a new c u r v e  ( c ) ,  sh o w in g  b a n d s  a t

a b o u t  7 0 ,  1 7 0  and  4 8 0  cm ^ s i m i l a r  t o  th o s e  r e p o r t e d  b y

 ̂ _ 2 3 6 , 2 3 7 , 2 4 2 , 2 4 3  „ . .  ̂ ^W a l r a f e n .  ' ' * Bands i n  t h i s  lov; f r e q u e n c y  r e g i o n

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

t o  t r a n s l a t o r y  m o l e c u l a r  m odes . N e u t r o n  i n e l a s t i c  s c a t t e r ­

i n g  d a t a ^ ^  adds some s u p p o r t  t o  t h e  a s s ig n m e n t  and  p o s i t i o n  

o f  t h e  h i n d e r e d  t r a n s l a t i o n s  i n  w a t e r  a t  7 0  and  1 7 0  cm "^ .

T u r n in g  t o  t h e  c o u p le d  w a t e r  s t r e t c h i n g  r e g i o n  

( F i g u r e  9 - 3 )  a n a l y s i s  i n  te rm s  o f  tw o g a u s s ia n  c o m p o n e n ts ,  

l e a d s  t o  t h e  t r e n d s  s u m m a ris ed  i n  F i g u r e  9 - 4 .  I t  i s  o f  

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

t h i s  r e g i o n  i s  n o t  m a r k e d .  T h e r e  i s  some e v id e n c e  f o r  a  

b a n d  a t  3 6 2 0  cm  ̂ a s s ig n e d ^ ^  v a r i o u s l y  as t h e  a sy m m e tr ic
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s t r e t c h  an d  as due t o  f r e e  (u n b o u n d e d ) OH g r o u p s .

A t t e m p t s  t o  d e c o n v o lu t e  t h e  e n v e lo p e  i n t o  t h r e e  g a u s s ia n

c o m p o n e n ts  h a v e  f a i l e d  t o  a s s ig n  a m e a n i n g f u l  i n t e n s i t y

t o  a com ponent i n  t h i s  r e g i o n .  P re s u m a b ly  t h e  s c a t t e r i n g

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

286a n a l y s i s  t e c h n iq u e s  such as th o s e  e m p lo y e d  b y  W a l r a f e n .  

T h e r e  seems l i t t l e  d o u b t  t h a t  such a f e a t u r e  does  a p p e a r  

i n  t h e  s t r e t c h i n g  r e g i o n  o f  t h e  Raman s p e c tru m  c lo s e  t o  

3 6 2 0  cm b u t  i t s  p o s i t i o n  and b a n d  shape  a r e  c r i t i c a l l y  

d e p e n d e n t  upon  t h e  b a n d  sh ap e  o f  t h e  m a jo r  com ponent a t  

3 4 5 0  cm I t  i s  c l e a r  t h a t  a b a n d  a t  3 6 2 0  cm ^ m ust be

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

The u n c o u p le d  0 -D  s t r e t c h i n g  v i b r a t i o n  i s  shown a t  

2 8 5 ,  3 0 5 ,  3 2 0  and 3 6 0  K i n  F i g u r e  9 - 5 .  T h r e e  f e a t u r e s  

o f  th e s e  s p e c t r a  a r e  n o t e w o r t h y ;

( i )  an i s o s b e s t i c  p o i n t  ( o r  r e g i o n )  a t  2 5 7 0  cm ^ ,

( i i )  a m a rk e d  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  ban d  

c o n t o u r ,  ( c f  F i g u r e s  9 - 5  and  9 - 6 ) ,  and

( i i i ) a  h i g h  f r e q u e n c y  s h o u ld e r  a t  a b o u t  2 6 6 0  cm 

T h e s e  o b s e r v a t i o n s  c o n f i r m  th e  w o rk  o f  W a l r a f e n . T w o  

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

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

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

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

c i e s  w i t h  i n c r e a s e  i n  t e m p e r a t u r e .  The maximum V  o f ̂ max

t h e  h i g h  f r e q u e n c y  com ponent was in d e p e n d e n t  o f  t e m p e r a t u r e .  

The h a l f - b a n d w i d t h  o f  t h e  h ig h  f r e q u e n c y  com ponent d e c r e a s e d
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w h i l s t  t h a t  o f  t h e  lo w  f r e q u e n c y  com ponent i n 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 .  W ith  i n c r e a s e  i n  t e m p e r a t u r e  

t h e  com ponent a t  2 6 6 0  cm ^ s h a rp e n s  and d e c r e a s e s  i n

i n t e n s i t y  w h i l s t  t h e  com ponent a t  lo w e r  f r e q u e n c y  shows

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

q u e n c y .  O v e r a l l  t h e  c o n t o u r  i n t e n s i t y  i n c r e a s e s  i n  th e  

2 6 6 0  cm ^ r e g i o n  and  f a l l s  i n  t h e  2 5 0 0  cm ^ r e g i o n  w i t h

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

241a g re e m e n t  w i t h  t h e  m e a s u re m e n ts  o f  W a l r a f e n ,  who

a s s ig n s  t h e  2645  -  2 6 6 0  cm ^ com ponent t o  f r e e  (u n b o n d e d )

OD, and t h e  2 5 2 5  com ponent t o  h y d ro g e n  b o n d e d  OD. I f

t h e s e  tw o  s p e c i e s ,  b o n d e d  and  n o n -b o n d e d  OD g r o u p s ,  c h a r a c -

241t e r i s e  a m i x t u r e  m o d e l  f o r  w a t e r ,  W a l r a f e n  h as  c a l ­

c u l a t e d  f r o m  h i s  d a t a  t h a t  f o r  t h e  b r e a lc in g  o f  a

h y d ro g e n  b o n d  i s  11 -  2 k j  m o l ^ . The v a l u e  o f  as

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

8  -  2 . 5  k J  m o l ^ o f  h y d ro g e n  b o n d s .

The i n f r a - r e d  s p e c t r a  o f  s o l u t i o n s  o f  HOD i n  H^O

( F i g u r e  9 - 8 )  do n o t  show any v i s i b l e  i n d i c a t i o n  o f  a

224h i g h  f r e q u e n c y  c o m p o n e n t .  W a l r a f e n  r e c o n c i l e d  t h i s  

o b s e r v a t i o n  w i t h  t h e  Raman d a t a  b y  a s s i g n i n g  a lo w e r  

o s c i l l a t o r  s t r e n g t h  t o  * f r e e *  OD i n  t h e  i n f r a - r e d  t h a n  

i n  t h e  Raman s p e c t r a .  A t  l e a s t  one g ro u p  o f  w o r k e r s ,  

u s i n g  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 s ,  c l a i m  to  h a v e  

o b s e r v e d  an a sy m m e try  i n  t h e  i n f r a - r e d  s p e c t r a  o f  d i l u t e  

D^O s o l u t i o n s  i n  w a t e r .

T h e s e  a s s ig n m e n ts  by  W a l r a f e n  a r e ,  h o w e v e r ,  th e  

s u b j e c t  o f  c o n s i d e r a b l e  c o n t r o v e r s y . ^ ^  I n  t h e  w o rk
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d e s c r i b e d  h e r e ,  i t  was f e l t  t h a t  some o f  t h e s e  d i f f i c u l t i e s

c o u ld  be  r e s o l v e d  f o l l o w i n g  an e x a m in a t io n  o f  t h e  e f f e c t s

on th e  b an d s  o f  v a r i o u s  i n o r g a n i c  and o r g a n i c  s o l u t e s

2 22
w h ic h  w e re  th o u g h t  t o  m o d i f y  t h e  s t r u c t u r e  o f  w a t e r .

9 - 2  INCRG^AHC SOLUTES 

( i  ) R e s u l t s

The e f f e c t s  o f  a w id e  r a n g e  o f  e l e c t r o l y t e s  upon  

t h e  Raman s p e c t r a  o f  d i l u t e  s o l u t i o n s  o f  D^O i n  H^O 

w e re  i n v e s t i g a t e d  (A p p e n d ix  9 - 1 ) .  F i g u r e  9 - 9  shows t h e  

e f f e c t  o f  ad d ed  so d ium  i o d i d e  upon t h e  O-D s t r e t c h i n g  

o s c i l l a t o r ,  and  d r a m a t ic  ch an g es  i n  b a n d s h a p e  and  b an d  

i n t e n s i t y  t o o k  p l a c e  w i t h  i n c r e a s e  i n  s a l t  c o n c e n t r a t i o n .  

A d d i t i o n  o f  p o t a s s iu m  f l u o r i d e  a t  295  and 279  K p ro d u c e d  

an o v e r a l l -  d e c r e a s e  i n  b an d  i n t e n s i t y  and some chang e  

o f  b a n d s h a p e  ( F i g u r e s  9 - 1 0  and  9 - 1 1 ) .  A t h i r d  t y p e  o f  

b e h a v i o u r  was f o u n d  when m agnesium  n i t r a t e  was a d d e d , ( 9 - 1 2 ) 

The b a n d  was b r o a d e n e d ,  p a r t i c u l a r l y  i n  t h e  2 6 5 0  cm  ̂

r e g i o n  and t h e  f e a t u r e  a ro u n d  2 6 5 0  cm  ̂ i n  HOD was  

a p p a r e n t l y  l o s t .  F i g u r e s  9 - 1 3 ,  9 - 1 4  and 9 - 1 5  su m m arise  

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

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

F o r  t h e  s y s te m s  g iv e n  i n  F i g u r e  9 - 1 3 ,  t h e  b an d  s h i f t  

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

t i o n  b u t  a t  h i g h e r  c o n c e n t r a t i o n s  b eg an  t o  l e v e l  o f f .

S a l t s  w i t h  a common a n io n  b u t  d i f f e r e n t  c a t i o n s  showed  

( s e e  F i g u r e  9 - 1 4 )  r e m a r k a b ly  s m a l l  s h i f t s  co m p are d  w i t h
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FIGURE 9 - 9 Ranan S p e c t r a  of s o l u t i o n s  o f  D^O i n  11 ^ 0  

c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  ( i n  

p a r e n t h e s i s )  o f  Sodium I o d i d e  a t  298  K .



FTGJKE 9 - 1 0  Raman S p o c t r a  o f  s o l u t i o n s  o f  D^O i n  H^O

c o n t a i n i n g  P o ta s s iu m  F l u o r i d e  ( c o n c e n t r a t i o n s  

mol dm i n d i c a t e d  i n  p a r e n t h e s i s ) ,  a t  

295  K .
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FIGURE 9 - 1 1 R anan  S p e c t r a  of D^O/Jî^O s o l u t i o n s

c o n t a i n i n g  1 . 0  an d  4 , 0  n o l  cl-;” '' 

o f  P o ta s s iu m  F l u o r i d e  a t  279  K,
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FIGURE 9 - 1 2  Ranan S p e c t r a  o f  M agnesium  n i t r a t e

s o l u t i o n s  i n  D^O/H G a t  c o n c e n t r a t i o n  

o f  3 . 2  and 0 . 8  n o l  dn and 2 9 8  K .



FIG U R E 9 - 1 3 D ep e n d en ce  o f  m a jo r  f r e q u e n c y  maximum on 

c o n c e n t r a t i o n  ( n o l  dm ) o f  a d d ed  s a l t  i n  

D ^O /II^O  s o l u t i o n s  (Ranan S p e c t r a ) .
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F IG ü K E  9 - 1 4 D ep e n d en ce  o f  f r e q u e n c y  o f  n o j o r

com ponent mrixiinum o f  s o l u t i o n s  o f

s a l t  i n  D^O/H^O m i x t u r e s  (Raman S p e c t r a )
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d i f f e r e n t  a n io n s  h a v in g  a comraon c a t i o n  ( F i g u r e  9 - 1 3 ) .

T h e  m o la r  s i n g l e  i o n  s h i f t s  r e l a t i v e  t o  t h a t  f o r  Na"^

( 5  ̂ = 5 cm  ̂ m o l a r e  p l o t t e d  a g a i n s t  c h a r g e  t o  r a d i u s

r a t i o  i n  F i g u r e  9 - 1 6 .  T h e se  * s in g le  ion* q u a n t i t i e s  w e re

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

28 7d a t a .  The sh ap es  o f  th e  c u r v e s  f o r  b o t h  a n io n s  and

c a t i o n s  show a s t r i k i n g  q u a l i t a t i v e  r e s e m b la n c e  t o  s i m i l a r

2 87c u r v e s  r e s u l t i n g  f r o m  n . m . r .  m e a s u re m e n ts .

Raman s p e c t r a  ( F i g u r e  9 - 1 7 )  o v e r  th e  r e g i o n  2 0 0 0  t o  

2 8 0 0  cm ^ f o r  s o l u t i o n s  c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  

o f  sod ium  p e r c h l o r a t e  showed an i m p o r t a n t  new f e a t u r e  i n  

t h e  2 6 3 0  cm ^ r e g i o n .  On l o w e r i n g  t h e  t e m p e r a t u r e  ( s e e  

F i g u r e  9 - 1 8 )  t o  279  K ,  o n ly  a s m a l l  chang e  i n  t h e  p o s i t i o n  

and  i n t e n s i t y  o f  t h i s  new f e a t u r e  was o b s e r v e d .  S i m i l a r  

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

( F i g u r e  9 - 1 9 ) .  M agnes ium  p e r c h l o r a t e  a l s o  showed s i m i l a r  

t r e n d s  ( F i g u r e s  9 - 2 0  an d  9 - 2 1  a t  298  and  275  K ) . The  

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

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

2 m o l dm ^ D^O i n  H O  a t  298  K o v e r  t h e  r a n g e  2300 t o  

2 8 0 0  cm  ̂ a r e  s u m m a ris e d  i n  F i g u r e  9 - 2 2 .

A new a b s o r p t i o n  b an d  was a l s o  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  when p e r c h l o r a t e s  w e re  a d d ed  t o  d i l u t e  D^O i n  

H^O. The e f f e c t s  o f  m e t a l  p e r c h l o r a t e s  upon t h e  Raman 

and i n f r a - r e d  s p e c t r a  o f  p u r e  w a t e r  i n  t h e  OH s t r e t c h  

r e g i o n  ( 3 7 0 0  t o  3 1 0 0  cm ^ ) a r e  s u m m aris ed  f o r  s a t u r a t e d  

s o l u t i o n s  i n  F i g u r e  9 - 2 3  and F i g u r e  9 - 2 4  r e s p e c t i v e l y .

The approximate positions of the infra-red contour maxima



FIG U R E  r - 1 6 C o r r e l a t i o n  b e tw e e n  chang e  t o  
r a d i u s  r a t i o  an d  s a l t  s h i f t s .
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FIG Ur^E o - ] 7 R anan s p e c t r a  o f  D^O/IL^O s o l u t i o n s  

c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s
f n o l  f in \ n f  P r i - r V i  1 n + /^



‘laiRE 9-18 Raman spectra of solutions of Sorliuni
P e r c h l o r a t e  ( 5 . 0  mol cîn ~') i n  D^O/H^O  

s o l u t i o n s  a t  tw o  t e m p é r a t u r e s  295  K and  

279  K .
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F IO JR E  9 - 1 9 R anan S p e c t r a  o f  s o l u t i o n s  o f  

L i t h i u m  P e r c h l o r a t e  a t  s e v e r a l  

c o n c e n t r a t i o n s  (m ol dm ^ ) i n  

D ^O /II^O  a t  298  K .
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FIGURE 9 - 2 0 -  -jR anan S p e c t r a  o f  2 , 0  n o l  dir* 

s o l u t i o n s  o f  M a g n e s iu n  P e r c h l o r a t e  

i n  D^O/II^O a t  298  K and 2 75  K .
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FIGURE 9 - 2 1 Ranan S p e c t r a  o f  D^O/H^O and  D ^ C /  

H^O c o n t a i n i n g  1 , 2  m ol dn ^ o f  

M agnesium  P e r c h l o r a t e  a t  279  K .



FIGURE 9 - 2 2  Ranan S p e c t r a  o f  s e v e r a l  m e t a l  p e r c h l o r a t e s  

i n  2 m ol dm D^O/H^O a t  298 K 

( a )  D,,0 i n  w a t e r ;  ( b )  1 . 6  m ol dm"^ M o ( C lO ^ ) ^ ;

( c )  2 . 6  m ol dm“ ^ Z n ( C lO ^ ) . , ;  ( d )  2 . 0  r.iol dm"^ L iC lO ^ ;
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- 3 3( e )  4 , 0  m ol dm L i C l O , ; 1 . 6  mo1  dm
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FIOÜRE 9 - 2 3 R anan  S p e c t r a  o f  S a t u r a t e d  S o l u t i o n s  
o f  n e t a l  p e r c h l o r a t e s  i n  w a t e r  a t  290 K .
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FIGURE 9 -2 4 I n f r a - r e d  S p e c t r a  o f  S a t u r a t e d  
S o l u t i o n s  o f  m e t a l  p e r c h l o r a t e s  i n  
w a t e r  a t  298  K ,
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a r e  s u m m aris ed  i n  F i g u r e  9 - 2 5 .

An i n t e n s i v e  s e a r c h  was made f o r  o t h e r  e l e c t r o l y t e s  

w h ic h  w o u ld  a l s o  c a u s e  c o n to u r  ch an g es  s i m i l a r  t o  th o s e  

p r o d u c e d  b y  p e r c h l o r a t e s .  Two e l e c t r o l y t e s ,  so d ium  

f l u o r o b o r a t e  and so d ium  c h l o r a t e ,  w e re  c o n s id e r e d  s in c e

t h e y  w e re  known t o  show a n o m alo u s  b e h a v i o u r  i n  t h e  n . m . r .

288s p e c t r a  o f  aqueo us  s o l u t i o n s .  The Raman s p e c t r a  o f  

a q u eo u s  (HOD) s o l u t i o n s  o f  sod ium  f l u o r o b o r a t e  and  sod ium  

p e r c h l o r a t e  a r e  shown i n  F i g u r e  9 - 2 6 .  Two f e a t u r e s  a r c  

o f  p a ra m o u n t  im p o r t a n c e ;

( i )  t h e  h i g h  f r e q u e n c y  c o n to u r  m axim a a r e  n o t  i n

t h e  same p o s i t i o n  b u t  s e p a r a t e d  b y  1 6 - 2  

-1cm , and

( i i )  t h e  p o s i t i o n s  o f  t h e  b r o a d  lo w  f r e q u e n c y  m axim a  

h a v e  b e e n  s h i f t e d ,  b o t h  t o  t h e  same e x t e n t ,  

f r o m  t h e  p o s i t i o n  i n  6 . 0  m o l dm ^ D^O i n  H^O.

The  Raman s p e c t r a  o f  sod ium  c h l o r a t e  - s o l u t i o n s  d i d  n o t  ( F i g  9 - 2 7 )  

d i s p l a y  any  new f e a t u r e s  i n  t h e  b a n d  c o n t o u r ,  b u t  t h e  

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

s h i f t e d  f r o m  t h a t  o f  b u l k  OD. F i g u r e  9 - 2 8  i l l u s t r a t e s  

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

b a n d  a s s ig n e d  t o  w a t e r  H b e n d .  A n a r r o w in g  (o r

s h a r p e n i n g )  o f  t h e  b a n d  was n o t i c e d  a t  a b o u t  1 6 4 0  cm  ̂

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

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

6 . 0  m o l dm"^ MOD i n  D^O, ( F i g u r e  9 - 2 9 ) .

The e f f e c t s  o f  p e r c h l o r a t e  (Na***, Li"*', Mg'""*" a n d  Z n ~ * )  

w e r e  i n v e s t i g a t e d  i n  p u r e  m e t h a n o l .  I n  t h i s  s y s te m  no
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FIGURE 9-26 Raman spectra of 6.0 mol dm - 3
^ 2 °

( a )  4 , 5  m ol dm

( c )  3 . 7  mol dm

i n  H^O c o n t a i n i n g :  
- 3 NaBF
- 3 4 '

N aC lO 4 '

( b )

( d )

- 35 . 0  m ol dm N aC lO

6 . 0  m ol dm 
- 3( c )  B a c k g ro u n d  s c a t t e r i n g ,  4 . 5  mol dm

2 2
N a B F . i n  w a t e r  
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D^O i n  H^O;
w a t e r  
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FIGURE 9 - 2 7  Raman S p e c t r a  o f  s o l u t i o n s  o f

sod ium  c h l o r a t e  a t  v a r i o u s  c o n c e n t r a t i o n s

i n  6 . 0  m ol dm- 3 D^O/H^O a t  298  K .



FIGURE 9 -2 8 Raman S p e c tru m  o f  B e n d in g  r e g io n  o f  l i q u i d

w a t e r  c o n t a i n i n g  ( a )  6 . 0  mol dm

L i e 10^ and ( b )  p u r e  w a t e r  a t  298 K .
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c o u p l in g  o c c u rs  b e tw e e n  th e  OH s t r e t c h i n g  m odes. The  

r e s u l t s  a xe  su m m aris ed  i n  F i g u r e  9 - 3 0 .  F i g u r e  9 - 3 1  

shows t h e  Raman s p e c t ru m  o f  m e th a n o l  and  m e th a n o l  c o n t a i n ­

i n g  6 . 0  m o l dm l i t h i u m  p e r c h l o r a t e .  The  w avenum ber o f  

t h e  m a jo r  co m p o n en ts  a r e  su m m aris ed  i n  F i g u r e  9 - 3 2 .  The  

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

d ic h lo r o m e t h a n e  show two f e a t u r e s ,  one a t  3 6 4 0  a n d  one a t  

3 4 6 0  cm ^ a s s ig n e d  t o  * f r e e *  (u n b o n d e d )  OH o s c i l l a t o r s  and  

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

m e th a n o l  i n  m e t h y le n e  d i c h l o r i d e  c o n t a i n i n g  a d d ed  a l k y l -  

ammonium p e r c h l o r a t e  a r e  shovm i n  F i g u r e  9 - 3 3  and  9 - 3 4 .

( i i ) P i  s c u s s io n  

S a l t s

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

r e p r o d u c e  c l o s e l y  t h e  t r e n d s  o b s e r v e d  b y  H a r tm a n n .

The Raman s p e c t r a  a r e  i n  a c c o r d  w i t h  th o s e  o b s e r v e d  by

2 7 2  2 73W a l l  and H o r n i g .  ' S in c e  no v i b r a t i o n a l  b a n d s  o f

w a t e r  o f  h y d r a t i o n  a r e  r e s o l v e d ,  i t  may be  t h a t  h y d r a t i o n  

o f  i o n s  f o r  lo n g  t im e  i n t e r v a l s  i n  s o l u t i o n  does  n o t  ta lce  

p l a c e .  A l t e r n a t i v e l y  w e l l  d e f i n e d  bands  w h ic h  c o u ld  b e  

a s s ig n e d  t o  w a t e r  o f  h y d r a t i o n  a r e  h id d e n  u n d e r  t h e  b r o a d  

b a n d  e n v e l o p e .  The d a t a  does n o t  l e a d  t o  a c l e a r  c u t  c h o ic e  

b e tw e e n  t h e s e  a l t e r n a t i v e s .  The f a c t  t h a t  tw o  v e r y  s i m i l a r  

s a l t s  ( e . g .  N a l  and K F ) g i v e  c o n t r a d i c t o r y  s p e c t r o s c o p i c  

e f f e c t s  makes i t  p r o b a b l e  t h a t  s im p le  s t r u c t u r a l  i n t e r ­

p r e t a t i o n s  a r e  n o t  v a l i d .

2 7 2  2 73W a l l  an d  H o r n ig  * ^ f a v o u r  t h e  a b se n c e  o f  d i s t i n c t



FIGURE 9 - 3 0  I n f r a - r e d  s p e c t r a  o f  s o l u t i o n s  o f  n o t a i  

p o r c h 3 o r a t e s  i n  p u r e  n e t h a n o l  a t  298  K :  

( a )  3 . 5  m ol dn~^ Z n ( C lO ^ ) ^ ;  ( b )  2 . 5  m ol d n "^  N a C lO ^ ; 

(C )  4 . 0  m o l dm -3  M o C C lO ^ )^ .

M

M g )

3 6 0 0 3 4 0 0 3 2 0 0 3 0 0 0

( e )  1 . 8  m o l dm Zn ( C l O ^ ) ^ ; V lc m '

- 3
( f )  2 . 0  m ol dm Mg ( C I O ^ ) ^ ;  ( g )  p u r e  m e t h a n o l .
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3 6 0 0  

FIGURE 9 - 3 3

3 4 0 0
VfcM-I 3 2 0 0

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

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

( 2 fo) i n  m e th y le n e  d i c h l o r i d e .

MeOH;

 0 . 1 ] mol dr;

0 . 15 n o l  dm

_______  0 . 2 2  n o l  dm

-------------  S o lv e n t

-J)

- 3

- 3
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FIGURE 9 - 3 4  I n f r a - r e d  s p e c t r a  o f  t e t r a - n - p e n t y 1 

p e r c h l o r a t e  Ln d i l u t e  n e t h a n o l  ( 2 %) i n  

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

Me Oil;

 ______  0 . 5 6 7  n o l  dn

——— — — — 0 .1 1 3  n o l  dn

_______ _ S o l v e n t .

- 3

-3
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w a t e r  h y d r a t e s ,  w h i l s t  I l a r t n a n n ^ ^ ^  s u g g e s ts  t h a t  h y d r a t i o n  

does  i n  f a c t  o c c u r ,  p a r t i c u l a r l y  i n  t h e  c a s e  o f  sodium  

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

0 0 4
W a l r a f e n  ^ has  s u g g e s te d  t h a t  th e  h i g h  f r e q u e n c y  

s h o u ld e r  on t h e  OD s t r e t c h i n g  b a n d  i s  due t o  t h e  p r e s e n c e  

o f  ' f r e e *  CD (u n b o n d e d )  o s c i l l a t o r s  i n  t h e  l i q u i d .  He 

c o n c lu d e s  f r o m  t h e  t e m p e r a t u r e  d e p e n d e n c e  and i s o s b e s t i c  

b e h a v i o u r  o f  t h e  Raman s p e c t r a  t h a t  a  s im p le  tw o  s t a t e  

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

d e p e n d e n c e .  I n  a  s t u d y  o f  t h e  e f f e c t s  o f  sod ium  p e r c h l o r ­

a t e  on t h e  OD s t r e t c h i n g  mode o f  w a t e r ,  W a l r a f e n ^ ^ ^  

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

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

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

' f r e e *  OD, an d  t h i s  p r o d u c e s  an i n c r e a s e  i n  i n t e n s i t y  n e a r  

2 6 4 0  cm

P e r c h l o r a t e s ,  C h l o r a t e s  and F l u o r o b o r a t e s

Two t h e o r i e s  h a v e  b e e n  o u t l i n e d  ab o ve  and i n  C h a p t e r  

7 i n  r e g a r d  t o  t h e  e f f e c t s  o f  s a l t s  upon t h e  OD s t r e t c h ­

i n g  r e g i o n  o f  t h e  Raman s p e c tru m  o f  d i l u t e  s o l u t i o n s  o f

276D^O i n  H^O. B r i e f l y ,  one s u g g e s ts  t h a t  a d d i t i o n  o f  

so d ium  p e r c h l o r a t e  in d u c e s  t h e  f o r m a t i o n  o f  n o n -h y d r o g e n  

b o n d e d  OD o s c i l l a t o r s ,  l e a d i n g  t o  i n c r e a s e d  i n t e n s i t y  

a r o u n d  2 6 4 0  cm The seco n d  s u g g e s ts  t h a t  b an d s  c h a r a c t e r '

i s t i c  o f  s o l v a t e d  s p e c ie s  a r e  o b s e r v e d .

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

t h e  2 6 4 0  cm ^ r e g i o n  ( F i g u r e  9 - 2 2 ) .  F u r t h e r ,  t h e  i n c r e a s e
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+ "" J.
was a lw a y s  l o c a t e d  a t  t h e  same f r e q u e n c y  ( -  5  cm ) .

T h i s  i n d i c a t e d  t h a t  t h e  new f e a t u r e  was a p r o p e r t y  

o f  t h e  p e r c h l o r a t e  and n o t  o f  t h e  c a t i o n .  The Raman 

and i n f r a - r e d  s p e c t r a  o f  p e r c h l o r a t e s  i n  w a t e r ,  shown 

i n  F i g u r e s  9 - 2 3  and 9 - 2 4  r e s p e c t i v e l y ,  a l s o  c o n f i r m e d  

t h a t  t h e  i n t e n s i t y  chang e  was due t o  added  p e r c h l o r a t e .

The  same i n c r e a s e  i n  i n t e n s i t y  was p ro d u c e d  b y  e x a c t l y  

h a l f  as  much m agnesium  p e r c h l o r a t e  as  l i t h i u m  o r  sodium  

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

Thus  t h e  t h e o r i e s  o u t l i n e d  a b o ve  (a n d  i n  C h a p te r  7 )  

can  b e  r e - s t a t e d  as f o l l o w s .  G iv e n  t h a t  t h e  'n e w *  f e a t u r e  

i s  due t o  t h e  e f f e c t  o f  p e r  c h l o r a t e , i s  t h e  'n e w *  f e a t u r e  

an i n c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  2 6 4 0  cm ^ b a n d  due t o  

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

o r  i s  t h e  f e a t u r e  a b a n d  due  t o  OD g ro u p s  a t t a c h e d  t o  

( i . e .  h y d r a t i n g )  t h e  p e r c h l o r a t e  io n ?

One a im  o f  t h i s  w o rk  was t h e r e f o r e  t o  f i n d  o t h e r  

e x p e r i m e n t a l  d a t a  w h ic h  w o u ld  h e l p  t o  d i s t i n g u i s h  b e tw e e n  

t h e s e  t h e o r i e s .  A s eco n d  a im ,  b a s e d  on t h e  e x p e c t a t i o n  

t h a t  t h e  p e r c h l o r a t e - h y d r a t e  t h e o r y  was c o r r e c t ,  was t o  

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

I n  p r i n c i p l e ,  s e p a r a t e  b a n d s  w i l l  b e  fo rm e d  f o r  

s o l v e n t  m o le c u le s  b o n d e d  t o  c a t i o n s  and a n i o n s ,  and  f i v e  

m a in  t y p e s  o f  0 -D  (H )  o s c i l l a t o r  can  be  d i s t i n g u i s h e d ,

I ,  I l a ,  I l b ,  I l i a ,  m b .  (T h e  o s c i l l a t o r  u n d e r  c o n s i d e r ­

a t i o n  i s  m a rk e d  * ) .
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H H''

X  -, XA . . . H  O M . . .O "^  M -------- o:

R 'R 'R

l i a  I l b

,0

H. H*
\  * * ,

O. • «H O H .......

X  i  « "■„

I l l a  I l l b

‘O

C l e a r l y  i t  i s  n e c e s s a r y  t o  make c o m p a r is o n s  b e tw e e n  

such e n t i t i e s  as

-(- *  -X-
M . . . O  H and  O— H------O H and  n o t  w i t h  t h e  m ono-

m e r ic  s o l v e n t  m o l e c u l e s .  (F o r  w a t e r  R = K ) . I t  i s  t o  be  

e x p e c t e d  t h a t  t h e  0 -D  (H )  o s c i l l a t o r  w i l l  be  c o n s i d e r a b l y  

a f f e c t e d  when i t s  D ( o r  H) i s  i n v o l v e d  i n  d i f f e r e n t  s o r t s  

o f  h y d ro g e n  b o n d in g  as i n  I ,  l i b ,  and I l i a ,  b u t  w i l l  b e  

much l e s s  a f f e c t e d  when i t s  o x y g e n  a c t s  as  a  h y d ro g e n  

b o n d  a c c e p t o r  as i n  I l l b ,  o r  becom es c o - o r d i n a t e d  t o  

c a t i o n s  as i n  I l a .  T h e s e  s im p le  m o d e ls  w o u ld  i n d i c a t e  

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

t h e  s e n s e  t h a t  t h e y  may s t r e n g t h e n  o r  w eaken  t h e  e x t e n t  

t o  w h ic h  t h e  O-H (D ) h y d r o g e n  ( o r  d e u t e r iu m )  p a r t i c i p a t e s  

i n  h y d ro g e n  b o n d in g  o f  t h e  t y p e  shown i n  l i b .
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I n  a l l  p u r e  s o l v e n t s  t h e r e  i s  a w id e  r a n g e  o f  t y p e s  

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

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

s p e c t r u m  w i l l  be a b r o a d  e n v e lo p e  c o m p r is in g  t h e s e  b a n d s  

a r i s i n g  f r o m  c o m b in a t io n s  o f  I ,  I I  and I I I  t y p e s  o f  

e n v i r o n m e n t .

F o r  m ost s a l t s  t h i s  i s  th e  c as e  and  s e p a r a t e  s p e c ie s  

a r e  n o t  o b s e r v e d  o r  r e s o l v e d .  For p e r c h l o r a t e s  and  

f l u o r o b o r a t e s  t h e r e  i s ,  h o w e v e r ,  c l e a r  e v id e n c e  ( F i g u r e s  

9 - 1 7  and  9 - 2 4 )  f o r  t h e  e x i s t e n c e  o f  s e p a r a t e  s p e c i e s .  As 

i n d i c a t e d  ab o ve  t h i s  c o u ld  b e  c a u s e d  b y  t h e  f o r m a t i o n  o f  

' f r e e *  (non  h y d ro g e n  b o n d e d )  0 -D  (H ) g r o u p s .

H o w e v e r ,  t h e  r e s u l t s  shown i n  F i g u r e s  9 - 3 0  t o  9 - 3 2  

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

C o n s i d e r a t i o n  o f  F i g u r e  9 - 2 6  r e v e a l s  a s m a l l  b u t  d e f i n i t e  

d i f f e r e n c e  (1 6  cm ^) b e tw e e n  t h e  p o s i t i o n  o f  t h e  new b a n d  

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

t h e  f l u o r o b o r a t e .

T h e r e  i s  s t r o n g  e v id e n c e  t h a t  th e  new b an d  fo rm e d  

when t e t r a e t h y l  o r  t e t r a p e n t y la m m o n iu m  p e r c h l o r a t e s  w e re  

ad d ed  t o  d i l u t e  s o l u t i o n s  o f  m e th a n o l  i n  d ic h lo r o m e t h a n e

( F i g u r e s  9 - 3 3  and  9 - 3 4 ) ,  i s  a s s o c i a t e d  w i t h  C I O ^  HOMe

u n i t s .  I n  a p r e v i o u s  s t u d y ^ ^ ^ '^ ^ ^  i t  was shown t h a t  when  

t e t r a - n - b u t y l a m m o n i u m  i o d i d e  i s  added  t o  c a rb o n  t e t r a ­

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

291becom es s o l v a t e d  b y  th e  m e t h a n o l .   ̂ T h e re  i s  a good  

c o r r e l a t i o n  b e tw e e n  t h e  i n f r a - r e d  s p e c t r a  o f  t h e  O-H g ro u p s
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and t h e  u l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  of i o d i d e .  I t  may 

b e assum ed t h a t  t h e  same s i t u a t i o n  a r i s e s  i n  t h i s  p r e s e n t  

s y s te m .  C o n s e q u e n t ly  t h e  new b an d  fo r m e d  f o r  b o t h  s a l t s  

a ro u n d  3 5 4 0  cm  ̂ ( a t  h ig h  c o n c e n t r a t i o n  o f  a lk y la m m o n iu m

s a l t )  has  b e e n  a s s ig n e d  t o  t h e  O -H  i n  t h e  u n i t  0 1 0 ^  ------

H ——  OMe.

I f  p e r c h l o r a t e  i s  a b le  t o  in d u c e  t h e  f o r m a t i o n  o f  

' f r e e *  OD (H )  g r o u p s ,  t h e n  t h e  i n t e n s i t y  o f  t h e  ' f r e e *

OH i n  m e th a n o l  b a n d  a t  3 6 4 0  cm ^ s h o u ld  i n c r e a s e  i n  i n t e n ­

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

T h is  does  n o t  h a p p e n .  The 'n e w * band  fo r m e d  i s  s h i f t e d  

f r o m  t h a t  o f  m o n o m e ric  m e t h a n o l .  The s h i f t  i s  l e s s  th a n  

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

t h e  p e r c h l o r a t e  i o n  i s  a somewhat w e a k e r  a c c e p t o r  t h a n  t h e

o xyg en  atom  o f  m e t h a n o l .  The same c o n c l u s i o n  h a s  b een

29r e a c h e d  i n  n u c l e a r  m a g n e t ic  re s o n a n c e  s t u d i e s .  ^

T h e r e f o r e ,  f o r  p e r c h l o r a t e s  i n  m e th a n o l  t h e r e  i s  no  

e v id e n c e  f o r  t h e  in d u c e d  f o r m a t i o n  o f  f r e e  OH and t h e  new  

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

i o n s .

S in c e  t h e  r e s u l t s  f o r  w a t e r  r e s e m b le  th o s e  f o r  n e t h a n o l ,  

i t  seems l i k e l y  t h a t  t h e  same s i t u a t i o n  a p p l i e s ,  t h e  

p r o x i m i t y  o f  t h e  'n e w *  b an d  t o  t h e  w eak  s h o u ld e r  d e t e c t e d  

i n  p u r e  w a t e r  b e in g  f o r t u i t o u s .  The Raman s p e c t r a  (s e e  

F i g u r e  9 - 2 3 )  f o r  p e r c h l o r a t e s  i n  a q u eo u s  s o l u t i o n  show a

b a n d ,  w h ic h  i s  p r o b a b l y  due t o  s o l v a t e d  p e r c h l o r a t e ,  a t
%

3 5 5 0  cm  ̂ and n o t  3 6 0 0  cm ^ , t h e  s l i g h t  s h o u ld e r  a s s ig n e d  

9 24 276
by W a l r a f e n " '  ' t o  ' f r e e *  O H.
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The p o s i t i o n  o f  t h e  ' p e r c h l o r a t e - s o l v a t c * b a n d  i n  

t h e s e  s p e c t r a  i s  a t  h i g h e r  e n e r g y  th a n  t h e  c o n to u r  m a x i ­

mum o f  p u r e  w a t e r  ( 3 4 5 0  cm ^ ) and  t h i s  i n d i c a t e s  t h a t  t h e  

p e r c h l o r a t e - w a t e r  i n t e r a c t i o n  i s  somewhat w e a k e r  t h a n  t h e  

w a t e r - w a t e r  i n t e r a c t i o n .  The f a c t  t h a t  t h e  f l u o r o b o r a t e -  

s o l v a t e  b a n d  i s  16 cm to v ja rd  t h e  h i g h  e n e r g y  s id e  o f  t h e  

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

w a t e r  i n t e r a c t i o n  i s  wealcer t h a n  t h e  p e r  c h l o r  a t e - w a t e r  

i n t e r a c t i o n ,  th e  o r d e r  b e in g

———D — * O ^  C IO ^  ———D  O ^  O———D * « O .

The s e p a r a t i o n  b e tw e e n  t h e  mean b u l k  OD f r e q u e n c y
. -X- -

V( O ——D O) and  V ( 0 —— D------ C IO ^  ) t h e  p e r c h l o r a t e - s o l v a t e

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

s o l u t i o n s  o f  D^O i n  H_ 0  i s  e q u a l ,  as  now e x p e c t e d ,  t o  t h e  

s e p a r a t i o n  b e tw e e n  t h e  b a n d  o b s e r v e d  i n  p u r e  w a t e r  and  

th e  p e r c h l o r a t e - s o l v a t e  b a n d  (s e e  F i g u r e s  9 - 2 3  and 9 - 2 6 ) .

The  a n a lo g u e  c o m p u te r  a n a l y s i s  r e p o r t e d  b y  W a l r a f e n ^ ^ ^  

p r e d i c t s  t h a t  t h e  h ig h  f r e q u e n c y  s h o u ld e r  i s  c e n t e r e d  on

2645  cm ^ . T h i s  r e q u i r e s  t h a t  t h e  D  O bond i s  s t r o n g e r

when f l u o r o b o r a t e  i s  a d d ed  th a n  i n  t h e  s o l v e n t .  The  

g a u s s ia n  c o m p u te r  a n a l y s i s  d e s c r i b e d  i n  C h a p te r  8  g i v e s  

t h e  h i g h  f r e q u e n c y  com ponent p o s i t i o n  as  2 6 6 0  cm"^ w h ic h  

i s  a t  h i g h e r  f r e q u e n c i e s  th a n  t h e  f l u o r o b o r a t e  and  p e r c h l -  

o r a t e - s o l v a t e  bands  and  i s  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  

o b s e r v a t i o n s .

The  e f f e c t  o f  c a t i o n s  upon t h e  b a n d  n o t  a s s o c i a t e d  

w i t h  th e  p e r c h l o r a t e - s o l v a t e  b a n d  was r e l a t i v e l y  s m a l l .
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T h e  t r e n d s  p r e d i c t e d  i n  F i g u r e  9 - 2 2  a r e  i n  t h e  same sen se

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

2 3 7  238  2Q^m e n ts ,  * * ^ and  r e f l e c t  t h e  e f f e c t  upon h y d ro g e n

b o n d in g  o f  c a t i o n s  b o n d e d  t o  s o l v e n t  m o l e c u l e s .  Sodium

i o n s  h a v e  a s m a l l e r  e f f e c t  t h a n  th e  O D -  O b o n d in g  and

m agnesium  i o n s  i n c r e a s e  t h e  a c i d i t y  o f  t h e  0 -D  g ro u p  and  

h e n c e  t h e  s t r e n g t h  o f  t h e  h y d ro g e n  b o n d ,

A somewhat a n a lo g o u s  s i t u a t i o n  i s  p r o v i d e d  b y  t h e

279s o l i d  h y d r a t e s  s t u d i e d  b y  B r i n k  'and F a l k .  C a t i o n s  s h i f t ,

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

t h e  o r d e r  b e i n g  Na <  Ba a: w a t e r  <  L i  .

I t  may be c o n c lu d e d  t h a t  t h e  r e p la c e m e n t  o f  a  w a t e r  

m o le c u le  h y d ro g e n  b o n d e d  to  t h e  o x yg e n  o f  bji O -H (D )  

o s c i l l a t o r  b y  a c a t i o n  has  o n l y  a m in o r  e f f e c t  upon t h a t  

o s c i l l a t o r .  H o w e v e r ,  a  s i m i l a r  r e p la c e m e n t  o f  a w a t e r  

m o l e c u l e ,  b o u n d  t o  a  h y d r o g e n ,  b y  an a n io n  has  a much 

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

b o r a t e  a  'n e w * b a n d  due t o  t h e  s o l v a t e d  s p e c ie s  i s  o b s e r v e d ,  

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

upo n  t h e  c a t i o n .

I n  t h e  c a s e  o f  s a l t s  such as sodium  i o d i d e  o r  p o t a s s iu m  

c h l o r a t e  ( F i g u r e s  9 - 9  an d  9 - 2 7 )  i t  seems l i k e l y  t h a t  t h e  

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

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

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

t h e  b u l k  s o l v e n t  b a n d  t o  be  r e s o l v e d .  I f  t h i s  i s  t h e  c a s e

i t  m ust b e  c o n c lu d e d  t h a t  t h e  l i m i t i n g  p o s i t i o n  o f  t h e  

p l o t  o f  s h i f t  (cm ^ ) a g a i n s t  c o n c e n t r a t i o n  r e f l e c t s  th< 

p o s i t i o n  o f  t h e  new s o l v a t e d  s p e c ie s  b a n d .  Thus f r o m
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Figure 9-13 the order predicted of X  D  O interaction
w o u ld  be

(OD———I  ) ^ ( O D ———BF^ ) % ( OD— —Br ) ^  (OD— —C l  )%

(OD———C IO ^  ) 4̂  (OD———F ) % (OD———O) .

A b a n d  due t o  t h e  s p e c ie s  (OD 1 ) ,  (OD Br ) and

(OD C l " )  may n o t  be  r e s o l v e d  b e c a u s e  t h e  e x c h a n g e

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

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

s in c e  i n  t h e  p e r c h l o r a t e  and f l u o r o b o r a t e  io n s  t h e

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

s p a c e  t e t r a h e d r a l l y  d is p o s e d  a b o u t  th e  c e n t r a l  a to m ,  th u s

2 72  2 73f a c i l i t a t i n g  h y d ro g e n  b o n d in g .  W a l l  and  H o r n ig ^  * 

s u g g e s t  t h a t  i o n s  i n  s o l u t i o n  a r e  a b le  t o  a f f e c t  a l l  th e  

w a t e r  o s c i l l a t o r s  e q u a l l y  and s h i f t  t h e  w h o le  d i s t r i b u t i o n  

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

w a t e r .  H ow ever i n  v ie w  o f  t h e  s p e c t r o s c o p i c  e v id e n c e  f o r  

h y d r a t i o n  o f  p e r c h l o r a t e  and f l u o r o b o r a t e  i t  w o u ld  n o t  

be u n r e a s o n a b le  t o  e x t e n d  t h i s  m o d e l  t o  o t h e r  i o n s .  One

f i n a l  p i e c e  o f  e v id e n c e  f o r  s o l v a t i o n  o f  p e r c h l o r a t e  was

293  - 3o b t a i n e d  f r o m  a n e a r  i n f r a - r e d  s t u d y  o f  6 . 0  m o l dm

HOD i n  D^O i n  t h e  r e g i o n  s t u d i e d  b y  W o r le y  and K l o t z

(C h a p t e r  7 ) .  The b a n d  a s s ig n e d  t o  ' f r e e *  OH and  t h e

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

g r e a t  

9 - 2 9 1

g r e a t e r  t h a n  2 m o l dm ^ a r e  n o t  c o - i n c i d e n t  (s e e  F i g u r e

S o l v a t i o n  Number f o r  P e r c h l o r a t e  and F l u o r o b o r a t e

An approximate solvation number for perchlorate and
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f l u o r o b o r a t e  was o b t a i n e d  f r o m  t h e  Raman s p e c t r a  r e c o r d e d

282a t  v a r i o u s  c o n c e n t r a t i o n s  o f  s a l t .  B r i n k  and  F a l k ‘S 

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

i n  d i l u t e  D^O i n  H^O. U s in g  t h i s  d a t a  i t  h a s  a l s o  b e en  

p o s s i b l e  t o  d e r i v e  s o l v a t i o n  num bers  f o r  f l u o r o b o r a t e  and  

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

Suppose t h e  low  f r e q u e n c y  b an d  i n  t h e  OD s p e c t r a  

i s  d e n o te d  B and t h e  h ig h  f r e q u e n c y  b a n d  A . A h a s  b e e n

a s s ig n e d  a b o ve  t o  (O  D A ) and B t o  ( O  D O) . As

s a l t  i s  ad d ed  (MA) t h e  i n t e n s i t y  o f  B d e c r e a s e s .  Suppose  

t h e  Raman s c a t t e r i n g  (o r  IR  t r a n s m i t t a n c e )  o f  t h e  u n i t  

( O —— D—— — O) i s  S .

F o r  a  m o le s  o f  w a t e r  th e  i n i t i a l  b a n d  i n t e n s i t y  w o u ld  

b e  I  ( i n i t i a l )  and

I  ( i n i t i a l )  = j (J  ̂ = A v o g a d r o 's  N u m b er)

I f ,  on a d d i t i o n  o f  m o le s  o f  s a l t  M A ,x  b onds  a r e  fo r m e d  

t o  A , th e n  t h e  f i n a l  i n t e n s i t y  w i l l  be  I  ( f i n a l )  and

I  ( f i n a l )  = -  W tv \.3C $

T h u s  I  ( f i n a l )  = R  =  ( —  j / ( l  ( a - m . " ) ) } X  
I  ( i n i t i a l )  ‘ ^  ^ '''

R i s  t h e  r a t i o  o f  t h e  t o t a l  b 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 g ra p h  o f  (& - R )  a g a i n s t  (T0/ 2 ( a - m ) )  s h o u ld  h a v e  g r a d i e n t  

X and s h o u ld  p a s s  th r o u g h  t h e  o r i g i n .

The v a l u e  o f  x  d e r i v e d  i n  t h e  cas e  o f  s od ium  p e r c h ­

l o r a t e  (A p p e n d ix  9 - 2 )  and  f l u o r o b o r a t e  i s  b e tw e e n  4 t o  5 ,  

c l o s e r  t o  4 .

The solvation number of perchlorate and fluoroborate
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( i . e .  t h e  num ber o f  OH (D )  bonds w h ic h  i t  fo r m s  i n  s o l u ­

t i o n )  i s  p r o b a b l y  4 .  The r a t h e r  h i g h e r  v a l u e  may be  due  

t o  a s t a t i s t i c a l  a v e r a g in g  o f  t h e  number o f  w a t e r  m o le c u le s  

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

9 - 3  ORGANIC SOLUTES

( i ) R e s u l t s

The e f f e c t s  o f  ad d ed  o r g a n i c  s o l u t e s  on t h e  O D

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

o f  D^O i n  H^O w e re  s t u d i e d .  E x a m p le s  o f  s p e c t r a  a r e  shown  

i n  F i g u r e s  9 - 3 5  and 9 - 3 6 .  The  s h i f t s  o f  t h e  i n f r a - r e d  

and Raman b an d  m axim a a r e  p l o t t e d  a g a i n s t  m o le  f r a c t i o n  

o f  o r g a n i c  s o l u t e  i n  F i g u r e s  9 - 3 7 ,  9 - 3 8  and 9 - 3 9 ,  f o r  

a c e t o n e  zind t  b u t y l  a l c o h o l  r e s p e c t i v e l y .  F u r t h e r  d a t a  

i s  t a b u l a t e d  i n  A p p e n d ix  9 - 3 .

( i i )  D is c u s s i o n

276W a l r a f e n  h a s  s t u d i e d  t h e  e f f e c t  o f  d i m e t h y l

s u lp h o x id e  (DMSO) upon t h e  0  —  D s t r e t c h i n g  o s c i l l a t o r .
2 9 4

F o l l o w i n g  S a f f o r d  * W a l r a f e n  s u g g e s ts  t h a t  h y d ro g e n  

b o n d in g  b e tw e e n  OD g ro u p s  i n  HDO and  DMSO w o u ld  be  e x p e c t e d  

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

t o  th o s e  o b t a i n e d  when K C l o r  KBr a r e  d i s s o l v e d  i n  t h e  

s o l v e n t ,  i t  was s u g g e s te d ^ ^ ^  t h a t  t h e  o b s e r v e d  b a n d s  can  

be a s s ig n e d  t o  i n t e r a c t i o n s  o f  t h e  t y p e ) S = 0 - — D — O, s in c e  

t h e s e  l a t t e r  s a l t s  a r e  known t o  u n d e rg o  a n i o n i c  h y d r a t i o n .  

(S e e  C h a p t e r  7 ) .  T h e s e  s p e c t r o s c o p i c  o b s e r v a t i o n s  h a v e
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FIGURE 9 - 3 5  Raman s p e c t r a  o b t a i n e d  f ro m  s o l u t i o n s  

o f  a c e to n e  i n  6 . 0  m ol dm~^ D^O i n  U^O 
a t  s e v e r a l  c o n c e n t r a t i o n s  and 298 K ,



FIGURE 9 -3 6 Raman S p e c t r a  o b t a i n e d  f ro m  s o l u t i o n s  

o f  t  b u t a n o l  i n  D^O/H^O ( 6 . 0  m ol d n " ^ )  

a t  298  K , (m o le  f r a c t i o n  o f  t  BuGH as  

i n d i c a t e d ) .
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m o le  f r a c t i o n  o f  a c e t o n e

FIGURE' 9 - 3 7  D ep en d en ce  o f  m a jo r  com ponent f r e q u e n c y  

maximum on m o le  f r a c t i o n  added  

a c e t o n e  a t  290 K .  ( i n  D^O/H^O -  

Raman S p e c t r a ) .
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FIGURE 9 - 3 0

m o le  f r a c t i o n  o f  a c e to n e

D ep en d en ce  o f  m a jo r  com ponent f r e q u e n c y  maximum 

upon m o le  f r a c t i o n  o f  added  a c e t o n e  f o r  s o l u t i o n s  

o f  D^O/H^O a t  298  K .  ( I n f r a - r e d  s p e c t r a ) .
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s o l u t e  ( t  b u t a n o l ) .
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2 0 5
b e e n  c o n f i r in e d .  H o w e v e r ,  t h e  c h an g e s  i n  t h e  s p e c t r a

a r e  so s m a l l  as  t o  b e  u n c o n v in c i n g ,  u n le s s  i t  can  be

c o n s i d e r e d  t h a t  t h e  0  D  O i n t e r a c t i o n  i s  a lm o s t

i d e n t i c a l  w i t h  th e ^ S = 0  D  O i n t e r a c t i o n .

E x t e n s i v e  s t u d i e s  o f  t h e  a l c o h o l  s e r i e s  t  b u t y l -  

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

r e v e a l e d  t h a t  l i t t l e  o r  no s h i f t  i n  OD b an d  p o s i t i o n  

o c c u r s .  H ow ever i t  i s  p r o b a b l e  t h a t  ROH i s  c o n v e r t e d ,  

p a r t i a l l y  a t  l e a s t  t o  ROD, t h i s  m a s k in g  s u b t l e  c h an g es  

w h ic h  ta lce p l a c e  when a l c o h o l  i s  a d d e d .  How ever r e p l a c e ­

m ent o f  an o xyg en  o f  a w a t e r  atom  h y d ro g e n  b o n d e d  t o  an  

OD o s c i l l a t o r  (H ^ O -— D ——O) b y  an a l c o h o l  w o u ld  n o t  be  

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

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

i n  F i g u r e s  9 -3 6  and 9 - 3 9 .

The a f f e c t s  o f  a d d ed  a c e to n e  and d io x a n  h a v e  a l s o  

b e e n  s t u d i e d  i n  t h e  i n f r a - r e d  and Raman, The  Raman s p e c t r a  

o f  t h e  OD s t r e t c h i n g  r e g i o n  f o r  a c e to n e  a r c  shown i n  

F i g u r e  9 - 3 5  f r o m  w h ic h  i t  i s  c l e a r  t h a t  ad d ed  a c e to n e  

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

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

b r e a d t h  o f  t h e  maximum.

A s i m i l a r  s h i f t  o c c u r r e d  when d io x a n  was ad d ed  

(A p p e n d ix  9 - 3 ) .  I t  seems t h a t  i n  t h e s e  c a s e s  t h e  s i t u a t i o n  

i s  much m ore  c l e a r  c u t  t h a n  t h a t  f o r  DMSO. The h ig h  

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

c l e a r l y  n o t  v i s i b l e  i n  t h e  a l c o h o l - w a t e r  m i x t u r e s ( shown  

f o r  t  b u t y l  a l c o h o l  i n  F i g u r e  9 - 3 6 )  i s  b e in g  f o r m e d .  T h i s
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new f e a t u r e  was t e n t a t i v e l y  a s s ig n e d  t o  ( = 0 - — D — - O )

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

r e d  OD o s c i l l a t o r  to w a rd s  h i g h e r  f r e q u e n c i e s  f o r  d io x a n  

was a s s ig n e d  t o  s p e c i f i c  i n t e r a c t i o n  b e tw e e n  OD an d  

d i o x a n .

T h e r e f o r e  a c e t o n e - w a t e r  and  d i o x a n - w a t e r  i n t e r a c t i o n s  

a r e  wealcer t h a n  t h e  w a t e r - w a t e r  i n t e r a c t i o n s .  F u r t h e r ,  

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

s e r i e s  DMSO, a c e t o n e ,  d i o x a n , a n d  i s  a b o u t  e q u i v a l e n t  t o  

t h e  O -— D —  O i n t e r a c t i o n .  The o r d e r  b e in g

( 0 ------D — O) % (DMSO D  O) >  (D IOXAN D  O) >

(ACETONE D  0 )  .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i n f r a - r e d  r e s u l t s  f o r

a c e t o n e  i n  d i l u t e  D^O i n  H^O p r e d i c t  a  ch an g e  i n  s lo p e

o f  t h e  p l o t  o f  )) v e r s u s  c o m p o s i t io n  a t  a b o u t  0 . 4  m o le  ^ max ^

f r a c t i o n  o f  a c e t o n e .  T h is  c o r r e s p o n d s  t o  t h e  pealc sound

a b s o r p t i o n  c o n c e n t r a t i o n  a t  7 0  MHz and 298  K .  The p l o t

o f  t h e  r a t i o  R d e t e r m in e d  f r o m  a n e a r  i n f r a - r e d  s t u d y  o f

a c e t o n e  i n  6 . 0  m o l dm ^ HOD i n  D^O^^^ ( C h a p t e r  7 )  shows

an i n c r e a s e  up t o  0 . 0 7  m o le  f r a c t i o n  o f  a c e t o n e .  T h i s

c o r r e s p o n d s  t o  t h e  c o m p o s i t io n  o f  t h e  a c e to n e  h y d r a t e

173r e p o r t e d  b y  F r a n k  and Q a i s t .

9 - 4  D IL U T E  SOLUTIONS OF WATER I N  ORGANIC PHASES

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

The infra-red spectra of small amounts of water diluted
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i n  o r g a n i c  s o l v e n t s  show two ban d s  due t o  th e  a s y m m e tr ic

( V ^ )  s t r e t c h i n g  v i b r a t i o n  o f  w a t e r  and t h e  s y m m e tr ic  (V ^ )

297v i b r a t i o n .  Some y e a r s  ago Saumagne d e m o n s t r a t e d ,  

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

s p e c ie s  w i t h  o r g a n i c  s o l v e n t s .  I n  t h e  1 : 1  c o m p le x  (HOH------

A ) o b s e r v e d  i n  w a t e r - o r g a n i c  s o l u t e  m i x t u r e s  a t  low  

c o n c e n t r a t i o n s  i n  c a rb o n  t e t r a c h l o r i d e  t h e  sym m etry  o f  th e  

w a t e r  m o le c u le s  i s  l o s t ,  w h e re a s  f o r  t h e  2 : 1  c o m p le x

(A  IIOK A ) i t  i s  r e t a i n e d .  The l a t t e r  c o m p le x  i s

fo r m e d  when w a t e r  i s  d i l u t e d  by  an o r g a n i c  s o l v e n t .  I n  

a d d i t i o n  a r e c e n t  m a t r i x  i s o l a t i o n  s t u d y  b y  T u r s i  and  

N ix o n ^ ^ ^  h a s  y i e l d e d  v a l u e s  o f  and f o r  w a t e r  m o le c u le s

i n  d i f f e r e n t  e n v i r o n m e n t s .  F o r  t h e  d im e r  (HOH OH^) and

t h e  t r im e r  ( H _ 0 - — HOH OH ) v a l u e s  o f  and  (V
^  ^  .L o  cl 3  5

and ) w e re  o b t a i n e d ,f r e e  '

Glew*" h a s  a l s o  r e c e n t l y  d raw n  a t t e n t i o n  t o  t h e  

l i n e a r  c o r r e l a t i o n  w h ic h  e x i s t s  b e tw e e n  t h e  v a l u e s  o f

C^ass^ ^3 ^ '^ free^  p l o t t e d  a g a i n s t  e a c h  o t h e r .  The

r e l a t i o n s h i p  g iv e n  b y  G lew  i s

(3 6 5 7  -  V ^ )  = 0 . 8 3 3 3  (3 7 5 6  -  V ^ ) .

( i i ) D i s c u s s i o n

U s i n g  t h e  d a t a  o f  B e l l a m y 7^^ G le w ,^ ^ ^  S t e v e n s o n ,

30 1  3 0 2G r e in a c h e r  and B a rro w  i n  a d d i t i o n  t o  t h a t  o f

Saum agne, i t  was p o s s i b l e  t o  c o n s t r u c t  t h e  more d e t a i l e d  

p l o t  shown i n  F i g u r e  9 - 4 0 .  The  d a t a  u s e d  i n  t h e  c o n s t r u c ­

t i o n  o f  t h i s  d ia g r a m  i s  r e c o r d e d  i n  A p p e n d ix  9 - 4 .

D a t a  p o i n t s  f o r  i c e  an d  many c r y s t a l  h y d r a t e s  a l s o
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f i t  o n to  t h e  l i n e  f o r  t h e  2 : 1  c o m p le x .  T h e n ,  as  t h e  

e n v i r o n m e n t  o f  w a t e r  becom es m ore i c e - l i k e ,  so t h e  l i n e a r  

r e l a t i o n s h i p  p r e d i c t e d  b y  G lew  b r e a k s  dow n. T h i s  

d ia g r a m  can be  u s e d  t o  p r e d i c t  t h e  e n v i r o n m e n t  o f  any  

g iv e n  w a t e r  m o le c u le  whose s y m m e tr ic  and  a s y m m e tr ic  

s t r e t c h i n g  f r e q u e n c i e s  can  b e  m e a s u re d .  Thus t h e  p e r c h ­

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

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

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

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

w e i g h t  t o  t h e  p r e v i o u s  a s s ig n m e n ts  ( s e c t i o n  9 - 2 ) .

The l o c a t i o n s  o f  t h e  1 : 1  c o m p le x e s  o f  d i o x a n ,  DMSO 

and  a c e to n e  w i t h  w a t e r  show t h a t  t h e  i n t e r a c t i o n  i n  t h e  

D M S O -w ate r  c o m p le x  i s  g r e a t e r  t h a n  i n  d io x a n  and  a c e t o n e .  

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

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

t h e  s t r u c t u r e  o f  aqueo us  s o l u t i o n s .  P a r t i c u l a r  e m p h a s is  

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

a c t i o n s  and t h e  ways i n  w h ic h  th e  e x p e r i m e n t a l  o b s e r v a ­

t i o n s  can r e v e a l  t h i s .  Two b a s i c  t e c h n iq u e s  h a v e  b e en  

e m p lo y e d ,  u l t r a s o n i c  a b s o r p t i o n ,  and v i b r a t i o n a l  s p e c t r o ­

s c o p y .

The fo r m e r  t e c h n i q u e  was u s ed  t o  s tu d y  m e t h y l  c y a n id e  

+ w a t e r ,  and a c e t o n e  + w a t e r  m i x t u r e s  i n  d e t a i l ,  i n c l u d i n g  

i n v e s t i g a t i o n s  a t  lo w  f r e q u e n c i e s  ( 2 0 0  t o  1 5 0 0  k H z ) .

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

a t u r e ,  was u s e d  t o  t e s t  tw o  t h e o r e t i c a l  m o d e ls .  O f  t h e s e  

tw o m o d e ls ,  th e  f i r s t  i n t e r p r e t e d  t h e  u l t r a s o n i c  a b s o r p ­

t i o n  i n  te r m s  o f  s im p le  c h e m ic a l  e q u i l i b r i a ,  w h i l s t  t h e  

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

shown t h a t  t h e  fo r m e r  m o d e l c o u ld  o n ly  a c c o u n t  f o r  t h e  

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

and s im p le  c h e m ic a l  e q u i l i b r i u m  was known t o  b e  p r e s e n t  

i n  t h e  m i x t u r e ;  and th e n  o n l y  q u a l i t a t i v e l y .  T h e  l a t t e r  

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

o f  a d i r e c t  l i n k  b e tw e e n  t h e  th e rm o d y n a m ic  and u l t r a s o n i c  

a b s o r p t i o n  p r o p e r t i e s  o f  s e v e r a l  a q u eo u s  b i n a r y  m i x t u r e s .  

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

u l t r a s o n i c  a b s o r p t i o n  (PLOT A ) i n  aqueo us  e l e c t r o l y t e  

s o l u t i o n s  and a q u eo u s  s o l u t i o n s  o f  u r e a .  I n  a l l  c a s e s  

s t u d i e d  good a g re e m e n t  was fo u n d  b e tw e e n  th e  e x p e r i m e n t a l  

and t h e o r e t i c a l  t r e a t m e n t s  o f  t h e  s ys tem s  s t u d i e d .  I n  

p a r t i c u l a r ,  i t  was p o s s i b l e  t o  h i g h l i g h t  th o s e  th e r m o -
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d y n a m ic  p a r a m e t e r s  w h ic h  c o n t r o l  t h e  a b s o r p t i o n  p r o c e s s  

( e . g .  t h e  e n t h a l p y  f o r  m e t h y l  c y a n id e  + w a t e r .  t h e  

v o lu m e  f o r  a c e t o n e  + w a t e r ) .

Two i m p o r t a n t  r e g i o n s  h a v e  b e en  i d e n t i f i e d  i n  t h e  
o

p l o t  o f  a g a i n s t  m i x t u r e  c o m p o s i t io n  (PLOT A ) .

T h e s e  a r e  t h e  h i g h l y  aqueo us  o r  ' p l a t e a u '  r e g i o n ,  and  

t h e  peadc sound a b s o r p t i o n  r e g i o n  a ro u n d  t h e  PSAC ( C h a p t e r  

2 ).

I n  t h e  h i g h l y  aq u eo u s  r e g i o n ,  w a t e r  accom m odates  t h e  

s o l u t e .  A t  t h e  en d  o f  t h i s  r e g i o n  ( t h e  end o f  t h e  ' p l a t e a u ' )  

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

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

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

t i o n  p r o c e s s .

I n  t h e  s tu d y  o f  t h e  v i b r a t i o n a l  s p e c t r a  o f  aqueo us  

s o l u t i o n s  by  Raman and  i n f r a - r e d  s p e c t r o p h o t o m e t r y ,  t h e  

s t u d i e s  h a v e  b e en  c e n t e r e d  a ro u n d  e l e c t r o l y t e  s o l u t i o n s .

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

w a t e r  ( u s in g  D^O as a c o n v e n i e n t  p r o b e )  h a v e  l e d  t o  

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

a t e  i o n s  t o  be s o l v a t e d  i n  s o l u t i o n .  One v ie w  c o n s id e r s  

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

a n ce  o f  a new f e a t u r e  i n  t h e  Raman s p e c t r a  o f  t h e s e  

s o l u t i o n s .  A seco n d  b e l i e v e s  t h a t  a d d i t i o n  o f  a l k a l i  

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

n o n -h y d r o g e n  b o n d e d  OH (OD) g ro u p s  w h ic h  a r e  r e s p o n s i b l e  

f o r  t h e  new f e a t u r e s  o b s e r v e d .

It has been possible, partly by consideration of
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d a t a  t a k e n  f ro m  t h e  l i t e r a t u r e  r e p o r t i n g  a w a t e r - p e r c h l o r a t e  

i n t e r a c t i o n ,  and p a r t l y  by  d e t a i l e d  e x p e r i m e n t a l  s t u d i e s ,  

t o  show t h a t  t h e  h y d r a t i o n  a p p ro a c h  i s  t h e  c o r r e c t  o n e .  

Sodium  f l u o r o b o r a t e  has b e en  shown to  c a u s e  s i m i l a r  

ch an g es  i n  t h e  s p e c t r a  t o  sodium  p e r c h l o r a t e  and f l u o r o -  

b o r a t e  s o l v a t i o n  i s  i n d i c a t e d .  A s o l v a t i o n  number o f  

f o u r  f o r  t h e  p e r c h l o r a t e  and f l u o r o b o r a t e  io n s  has  b e e n  

d e r i v e d .  S o l u t i o n s  o f  p e r c h l o r a t e s  i n  a n h y d ro u s  m e th a n o l  

d i s p l a y  s i m i l a r  s p e c t r a  t o  aq u eo u s  s o l u t i o n s .  The s tu d y  

o f  m e th a n o l  i n  d i l u t e  s o l u t i o n  i n  d ic h lo r o m e t h a n e  c o n t a i n ­

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

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

t h i s  can be  c o n s id e r e d  as good e v id e n c e  f o r  t h e  s o l v a t i o n  

o f  p e r c h l o r a t e  b y  w a t e r .

I n  a d d i t i o n ,  an i n v e s t i g a t i o n  o f  t h e  c h an g es  i n  t h e  

Raman and  i n f r a - r e d  s p e c t r a  o f  aqueo us  s o l u t i o n s  c o n t a i n ­

in g  o r g a n i c  s o l u t e s  (a n d  D^O as a c o n v e n ie n t  p r o b e )  was  

u n d e r t a k e n .  The  r e s u l t s  o f  t h i s  s t u d y ,  and a p a r a l l e l  

s tu d y  o f  t h e  e f f e c t  o f  o r g a n i c  s o l u t e s  upon t h e  n e a r  i n f r a ­

r e d  s p e c t r a  cf HOD i n  D^O, r e v e a l  s i m i l a r  r e g io n s  o f  

b e h a v io u r  t o  th o s e  c h a r a c t e r i s e d  i n  t h e  u l t r a s o n i c  s t u d i e s .

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

o f  aqueo us  s o l u t i o n s  seem t o  d i v i d e  i n t o  tw o  s e p a r a t e  

r e g i o n s .  I n  t h e  h i g h l y  aqueo us r e g i o n  o f  b i n a r y  l i q u i d  

m i x t u r e s ,  b o t h  t e c h n iq u e s  ( u l t r a s o n i c s  and v i b r a t i o n a l  

s p e c t r o s c o p y )  show e x t r e m a .  S i m i l a r l y ,  e x t r e m a  a r e  a ls o  

p r o v i d e d  b y  b o th  m eth o d s  o f  i n v e s t i g a t i o n  i n  t h e  more  

c o n c e n t r a t e d  m i x t u r e s ,  c lo s e  t o  t h e  u l t r a s o n i c  PSAC. A
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108s im i  l a x  o f  b e h a v io u r  was n o t e d  b y  Hyne i n  a

s t u d y  o f  t h e  e f f e c t s  o f  p r e s s u r e  and t e m p e r a t u r e  on

r e a c t i o n  r a t e s .  Hyne a s s ig n e d  th e s e  e x t r e m a  t o  t h e

' b u t t r e s s i n g *  e f f e c t  o f  a d d ed  c o - s o l v e n t  as  d e m o n s t r a t e d

45p r e v i o u s l y  by F r a n k s  and I v e s ,  He c o n s id e r s  t h a t  t h e  

f i r s t  e x trem u m  ( c f  t h e  end  o f  t h e  u l t r a s o n i c  ' p l a t e a u '  

r e g i o n )  r e p r e s e n t s  t h e  s i t u a t i o n  a t  w h ic h  w a t e r  s t r u c ­

t u r e  i s  a t  a maximum due t o  c o - s o l v e n t  o c c u p y in g  a l l  t h e  

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

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

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

303w a t e r  s t r u c t u r e *  B la n d a m e r  has t a k e n  a somewhat s i m i l a r  

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

r e g i o n  and t h e  e v e n t u a l  ex trem um  a t  h ig h  s o l u t e  c o n c e n ­

t r a t i o n s .  I n  t h i s  m o d e l  t h e  i n i t i a l  i n s e n s i t i v i t y  t o  

ad d ed  s o l u t e ,  as  r e f l e c t e d  i n  t h e  n e a r  i n f r a - r e d  and t h e  

u l t r a s o n i c  a b s o r p t i o n ,  c o r r e s p o n d s  to  t h e  acc o m m o d a tio n  

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

t h e  w a t e r  s t r u c t u r e  i n  much t h e  same way as i n  c l a t h r a t e  

h y d r a t e s .  A t  t h i s  s t a g e ,  e . g .  th e  end o f  t h e  ' p l a t e a u *  

r e g i o n ,  t h e  w a t e r  s t r u c t u r e  i s  a t  a maximum. A d d i t i o n  o f  

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

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

3 03s o l u t e  has  r e a c h e d  a m in im um . B la n d a m e r  s u g g e s te d  t h a t  

t h e  d e g r e e  o f  s t r u c t u r i n g  c a u s e d  by  t h e  a d d i t i o n  o f  an  

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

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

c o n c e n t r a t i o n s  ( t h e  u l t r a s o n i c  PSAC) .  Thus t h e  l a r g e
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u l t r a s o n i c  a b s o r p t i o n  e x h i b i t e d  b y  t  b u t y l a l c o h o l  + w a t e r  

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

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

a l c o h o l  .

C o n s e q u e n t ly ,  t h e  s i t u a t i o n  i s  now one i n  w h ic h  

' e n c l a t h r a t e d ’ s o l u t e ,  r e p r e s e n t e d  b y  (So^H^O) i s  

e s s e n t i a l l y  * d i s o l v e d *  i n  t h e  c o - s o l v e n t  ( S ) .  An e q u i l i ­

b r iu m  may th e n  b e  c o n s id e r e d  t o  b e  e s t a b l i s h e d  as f o l l o w s

S + nH^O  ̂ S ® nH^O

One may s p e c u l a t e  t h a t  t h e  p e a k  sound  a b s o r p t i o n  c o m p o s i­

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

w a t e r  s t r u c t u r e  h as  l e f t  th e  m i x t u r e .

I t  i s  h a r d  t o  t r a n s l a t e  o b s e r v a t i o n s  made on aqueo us  

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

amount o f  s o l u t e  may chang e  t h e  n a t u r e  o f  t h e  s t r u c t u r e .  

The ab o ve  e v id e n c e  ( t h e  i n i t i a l  i n s e n s i t i v i t y  t o  s o l u t e )  

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

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

accom m odate  a s o l u t e  i s  l i m i t e d ,  b u t  o v e r  a s m a l l  i n i t i a l  

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

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

h o w e v e r ,  e v id e n c e  f ro m  th e  n e a r  i n f r a - r e d  r e g i o n  i s  m ore  

r e v e a l i n g .  T h i s  i m p l i e s  an im m e d ia te  s t r u c t u r a l  c h a n g e ,  

i n t e r p r e t e d  as a s t r u c t u r e  m a k in g  o r  s t r u c t u r e  b r e a k i n g  

e f f e c t ,  i n  t h e  s o l v e n t .  T h i s  s i t u a t i o n  i s  n o t  y e t  f u l l y  

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

b e l i e v e d ,  th e n  a rg u m e n ts  c o n c e r n in g  w a t e r  s t r u c t u r e  b a s e d
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upon  i n f o r m a t i o n  o b t a i n e d  f r o m  s t u d i e s  o f  aqueous  

s o l u t i o n s  s h o u ld  be a v o i d e d .

 ̂ I t  was n o t e d  e a r l i e r  (C h a p t e r  9 )  t h a t  t h e  e x t r e m a

i n  t h e  h i g h l y  a q u eo u s  l i q u i d  m i x t u r e s  can be c o r r e l a t e d

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

t h e  a l c o h o l s  and a c e t o n e .  T h i s  i s  o f  c o n s i d e r a b l e  im po i"

108a n c e  and  adds c r e d e n c e  t o  t h e  above  t h e o r i e s  o f  Hyne  

3 03and B la n d a m e r .  T h is  does n o t  i m p l y  t h a t  d e f i n i t e

c l a t h r a t e  h y d r a t e  s t r u c t u r e s  e x i s t  i n  t h e  d y n a m ic  medium  

o f  w a t e r ,  b u t  r a t h e r  t h a t  ' h y d r a t e - l i k e *  s p e c ie s  a r e  

p r e s e n t  h a v in g  a l i f e  t im e  o f  t h e  o r d e r  o f  1 0  s e c o n d ,  

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

on v i b r a t i o n a l  s p e c t r o s c o p i c  t im e  s c a l e s .
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TABLE 4 - 1  Sound Velocity Measurements:
M e t h y l  C y a n id e  + W ate r

M o le  F r a c t i o n  

MeCN ( x  )

-1Sound V e l o c i t y / ( m s   ̂ )

2 7 3 . 2  K 2 9 8 . 2  K 3 0 8 . 2  K

0.000

0 . 0 2 5

0 . 0 5 0

0 .0 7 5

0.100

0 . 1 2 5

0 . 1 5 0

0.200

0 . 3 0 0

0 . 4 0 0

0 . 5 0 0

0 . 6 0 0

0 . 7 0 0

0 . 8 0 0

0 . 9 0 0

1.000

1 495

1468

1 5 1 7

1 5 3 1

1516

1 5 1 0

1 505

1495

1 4 6 3

1 4 3 6

1 4 2 6

1 4 1 4

1 4 0 2

1 3 9 3

1388

1385

1 4 9 0

1 5 1 0

1 5 2 0

1 5 3 0

1518

1515

1505

148 1

1425

1386

1 3 6 4

1338

1 318

1308

1 30 4

1300

1 5 2 0

1 5 2 7

1 53 8

1 5 3 7

1 5 2 7

1 5 1 2

149 9

1 4 8 0

1 4 3 0

1 3 8 7

1 3 3 4

1 30 5

1 2 9 3

1 2 7 0

1 248

1245
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TABLE 4 - 2 Ultrasonic Absorption Measurements
( 2 0 0  t o  1 5 0 0  k H z )

( a )  C a l i b r a t i o n *  d a t a  a t  298 K ; l a r o e  t r a n s d u c e r s

k / s " ^  -  c a l i b r a t i o n  c o n s t a n t s

F r e q u e n c y  k H z  Run 1 Run 2 Run 3 Run 4

2 0 0  39  4 3  3 7  36

2 5 0  4 6  4 0  5 0  57

3 0 0  57  47  51  54

3 5 0  63  44  56  6 0

4 0 0  6 2  5 0  67  69

4 5 0  5 4  5 0  51  55

5 0 0  5 2  48  49

5 5 0  47  45  4 6  46

6 0 0  5 0  4 9  59  4 6 .

6 5 0  59  59 58  54

7 0 0  6 0  63  6 0  53

7 5 0  69 7 0  75 7 0

8C # 72  67 76  79

8 5 0  76  7 4  98 93

9 0 0  89  1 2 0  1 1 2  1 2 0

1 0 0 0  1 0 0  -  -  137

1 1 0 0  154  -  -  -

1 2 0 0  — — — 160

1 3 0 0  — — — 166

1 4 0 0  — — — 1 7 0

1 5 0 0  167  -  -  1 7 0

* P u r e  d e g a s s e d ,  d e i o n i s e d  w a t e r  was u s e d  f o r  c a l i b r a t i o n .
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TABLE 4 - 2  Ultrasonic Absorption Measurements
( 2 0 0  t o  1 5 0 0  k H z )

( b ) C a l i b r a t i o n  d a t a  a t  298 K; s m a l l  t r a n s d u c e r s

F r e q u e n c y  k H z  k / s   ̂ ’’/ s

2 5 0  46  22

3 0 0  , 48  21

3 5 0  51  19

4 0 0  5 0  2 0

4 5 0  21

5 0 0  4^ 21

5 5 0  53  19

6 0 0  59  17

6 5 0  72  14

7 0 0  68 15

7 5 0  74  14

8 0 0  81  12

8 5 0  1 0 0  1 0

9 0 0  1 1 0  9

1000 121 8
1 1 0 0  1 54  6 . 5

1 2 0 0  175  5 . 7

1 3 0 0  1 9 0  5 , 3

1 4 0 0

1500 250 4
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TABLE 4 - 2  Ultrasonic Absorption Measurements
( 2 0 0  t o  1 5 0 0  k H z )

( c ) F o r  m e t h y l  c y a n id e  + w a t e r  m ix t u r e s

F r e q u e n c y  k H z  {06/f^) x  1 0 ^ ^ /n e p e r s  s^ cm ^

0 . 1  m o le  f r a c t i o n  MeCN + H^O a t  298  K

2 0 0  6 6 7  8 7 0

2 5 0  298 5 5 0

3 0 0  85  208

3 5 0  1 17  3 16

4 0 0  67  96

4 5 0  1 3 0  1 4 0

5 0 0  8 6  84

5 5 0  8 0  8 0

6 0 0  78  78

6 5 0  6 0  59

7 0 0  71 71

7 5 0  106  108

8 0 0  89  101

8 5 0  76 69

9 0 0  71 77

9 5 0

1 0 0 0  7 2  61

1 1 0 0  1 2 0  73

1200  -  100
1 3 0 0  -  88

1 4 0 0

1500 198
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TABLE 4 - 2 U l t r a s o n i c  A b s o r p t i o n  M e a s u re m e n ts  

( 2 0 0  t o  1 5 0 0  k H z )

( d )  F o r  m e t h y l  c y a n id e  + w a t e r  m i x t u r e s

F r e q u e n c y  kH z ( ü / f ^ )  X 1 0 ^ ^ / n e p e r s  s^ cm ^

0 . 3  m o le  f r a c t i o n MeCN + H^O a t  2 98  K

2 0 0 1235 711

2 5 0 132 2 9 9 0

3 0 0 635 8 0 8

3 5 0 9 07 9 5 7

4 0 0 9 3 4 6 9 0

4 5 0 789 8 1 9

5 0 0 8 4 5 73 7

5 5 0 82 1 8 2 1

6 0 0 8 9 4 9 9 3

6 5 0 9 1 7 1069

7 0 0 1 6 5 9  ' 125 4

7 5 0 1 6 5 3 1305

8 0 0 1 0 9 3 1141

8 5 0 1088 1264

9 0 0 14 1 3 1111

1 0 0 0 1 0 2 0 96 3
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TABLE 4 - 2  Ultrasonic Absorption Measurements

( e )  For m e th y l

(2 0 0  t o

c y a n id e  + w a t e r

1 5 0 0  k H z )  

m i x t u r e s

F r e q u e n c y  k H z ( Ü / f ~ )  1
1 7

O'" / n e p e r s 2 - 1  s cm

m o le  f r a c t i o n  
0 . 4

m e t h y l c y a n id e  a t  2< 
0 . 5

2 0 0 1 2 3 9
i

2 7 2

2 5 0 7 99 625 4 6 9

3 0 0 9 01 4 18 6 0 2

3 5 0 6 2 7 398 4 6 4

4 0 0 9 5 7 399 4 9 2

4 5 0 7 4 0 5 21 368

5 0 0 6 4 2 535 4 9 7

5 5 0 8 0 4 4 78 6 2 1

6 0 0 1 05 4 4 1 3 5 5 0

6 5 0 8 8 3 4 6 3 4 5 3

7 0 0 1 1 2 3 4 7 3 4 8 5

7 5 0 9 67 65 4 48 8

8 0 0 918 5 0 7 4 5 4

8 5 0 746 7 34 508

9 0 0 5 6 2 5 14 5 1 9

1 0 0 0 7 59 967 4 5 4

1 1 0 0 8 9 0 - 605

1 2 0 0 - 4 0 0 6 0 1

1 3 0 0 - — 7 6 0

1 4 0 0 - - -

1 5 0 0 657 388
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TABLE 4 - 3  Ultrasonic Absorption Measurements
(1  t o  2 3 0  MHz) f o r  A c e to n e  + W a te r  M i x t u r e s

( a )  C o m p o s i t io n  D e p en d en ce  o f  t h e  U l t r a s o n i c  A b s o r p t io n

10"^^( ^ / f ^ ) / n e p e r s  s^  cm ^

M o le  f r a c t i o n  2 63  K 2 73  K 283  K 298  K
a c e to n e

^ 2

0 . 0 0  -  55  35 2 0

0 . 0 2  -  55  34  20

0 . 0 4  -  5 3  35 20

0 . 0 6  -  5 7  36  22

0 . 0 8  -  61  4 2  26

0 . 1 0  124  7 7  51  32

0 . 1 2  -  91  61 4 1

0 . 1 4  -  1 04  69 49

0 . 1 6  -  119  83  57

0 . 1 8  -  131  95 67

0 . 2 0  198  144  1 0 2  74

0 . 3 0  225  179  137  104

0 . 4 0  201  179 143  108

0 . 5 0  1 6 7  145  1 2 2  93

0 . 6 0  1 3 7  99 95 65

0 . 7 0  1 0 2  64 71  4 6

0 . 8 0  68 4 7  4 6  34

0 . 9 0  39  4 6  32  27

1.00 - 44 30 28
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TAB LE 4 - 3  ( b )  U l t r a s o n i c  R e l a x a t i o n  D a t a  (1  t o  2 3 0  MHz)

f o r  A c e to n e  + W a te r  M i x t u r e s ;  a t  273  K

F re q u e n c y  10^"^ ( o ^ / f ^ ) / n e p e r s  s^ cm ^
MHz

0 . 1  m f . 0 , 3  m f .  0 . 4  n f .  0 . 5  m f .

3 113  2 12  308 183

5 86  2 1 0  2 8 2  205

7 8 2  2 42  2 4 0  205

9 9 0  238  243  2 0 1

11 94  248 2 1 0  195

13 93 239 225  192

15 97  234  234  193

17 94  2 24  225 193

19 9 4  238  2 2 7  1 82

21 94  219  218  175

23 1 0 0  219  224  181

25 94 201

27 94

29 — — — —

3 0  85  184  196  1 7 0

7 0  78 1 7 0  177  155

1 1 0  67 154  1 52  1 3 0

1 7 0  64 136  123  107

230 66 118 112 104
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TABLE 4 - 3  (c) Ultrasonic Relaxation Data (1 to 230 MHz)
f o r  A c e to n e  + W a te r  M i x t u r e s ;  a t  2 8 3  K

f r e q u e n c y
>ÎHz

1 0 7 ^ ( d / f ^ ) / n e p e r s  s"' cm ^

0 . 1  m f . 0 . 3  m f . 0o4 m f .

3

5

7

9

11
13

15

17

19

21
23

25

27

29

3 0  

7 0

110

1 7 0

230

114

54

5 7

57

59

61

62

63

56

59

66

5 0

4 6

4 7  

46  

4 0

210

178

1 72

1 72

1 7 0

186

193

182

164

165  

172

1 4 0

136

117

88

69

2 57

1 8 0

2 14

198

178  

182  

1 7 0  

1 9 0  

176  

1 6 7

179  

178

151

141

122
119

80
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TABLE 4 -- 3 ( d ) U l t r a s o n ! c A b s o r p t i o n  D a t a  (1 t o  2 3 0  MHz)

f o r  A c e to n e  + W a te r  M i x t u r e s ; a t  298  K

F r e q u e n c y MHz 1 0 l 7 - > , - 2 » /  2 — 1 (» /i ) / n e p e r  s s cm

0 . 1  m f . 0 . 3  n f . 0 . 4  m f .

3 3 0 2 0 0 156

5 3 0 149 1 5 0

7 35 1 3 0 141

9 4 2 142 1 3 0

11 34 131 1 4 0

13 31 130 1 3 0

15 31 1 2 0 128

17 37 141 . 1 33

19 4 0 130 135

21 38 137 13 2

23 38 124 136

25 38 - 138

27 - - -

29 - - -

3 0 4 0 112 108

7 0 35 103 8 7

1 1 0 32 95 85

1 7 0 31 78 81

2 3 0 3 0 68 83

TABLE 4 -. 3 ( e ) M e a s u re d  'C o r r e c t i o n s  f o r  D i f f r a c t i o n

L o s se s  a t 298  K and  3 ,  5 ,  7 ,  9 MHz

F re q u e n c y MHz 1 0 ^ ^ ( d / f ^ ) / n e p e r s 2 - 1  s cm

3 55  -  5

5 3 0  -  5

7 2 0  -  5

9 5 - 5
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TABLE 4 - 4  Measured Ultrasonic Absorption (200 to
1 5 0 0  k H z )  f o r  A c e to n e  + W a te r  M i x t u r e s  

a t  298  K

1 0 ^ ^ ( ^ / f ^ ) / n e p e r s  s^  cm  ̂

F re q u e n c y  k H z  0 . 1  m f .  0 . 3  n f .

2 5 0  5 0  2 0  295  565

3 0 0  138  138  2 19  2 43

3 5 0  34  25 2 1 0  175

4 0 0  55  5 2  1 9 0  234

4 5 0  3 0  28 1 6 2  167

5 0 0  58 5 2  219  204

5 5 0  61  63 1 9 0

6 0 0  4 5  49  161  162

6 5 0  54  4 6  194

7 0 0  36  4 0  2 1 4  203

7 5 0  4 3  49  151

8 0 0  5 2  62  -  221

8 5 0  -  59  165

9 0 0  -  37  255

1 0 0 0  -  13 246  246

1100 — — — —

1 2 0 0  -  -  259

1 3 0 0  -  67 -

1 4 0 0  — — -» ««

1500 - - 174



200

TABLE 4 - 5  U l t r a s o n i c  A b s o r p t i o n  D a t a  f o r  A c c t o n y la c e t o n e

+ W a te r  a t  7 0  MHz

M o le  f r a c t i o n  1 0 ^ ^ ( c 4 / f ^ ) / n e p e r s  cm ^

a c e t o n y l a c e t o n e

273  K 283  K 298  K

0 . 0 0  -  35 21

0 . 0 5  84  5 4  29

0 . 1 0  161  101  58

0 . 1 5  2 07  138 86

0 . 2 0  2 1 3  157  98

0 . 3 0  1 9 2  147  98

0 . 4 0  165  128 79

0 . 5 0  129  99 65

0 . 6 0  1 03  8 7  53

0 . 7 0  91  64  4 6

0 . 8 0  78 58 4 2

0 . 9 0  75 53  4 0

1 . 0 0  -  5 3
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Ultrasonic Uclaxational Analysis Program

Summary o f  I n p u t  D a ta

M l N

1 N

X(l)
I
I

X(I)
I
I

D ( l )
j
I

D^I)
!
I

D(N)

L ( l )
I
I

L(I)
I
1

L(N)

U ( l )
I
1

U(I)
I
I

U(N)
7 1

/ t i t l e and  d e s c r i p t i on o f  ca l e u l a t i o n  \

M l

N U ( 1 )
!
1
I

N U (M )
1
1
j

N U ( M l )

US(1)
I
I

U S (M )
I
1
I
US(Ml)

WT(1)
I
I

WT(M)
I
I
1WT(Ml)

7 2

N1 N2 N3
7 3

7 4

W here t h e  ab o ve  sy m b o ls  r e p r e s e n t :

M l  = t o t a l  number o f  f r e q u e n c i e s  f o r  w h ic h  t h e  u l t r a s o n i c  

a b s o r p t i o n  was m e a s u re d ,

N = t o t a l  number o f  r e l a x a t i o n  p a r a m e t e r s  X ( I ) .

X ( I )  = r e l a x a t i o n  p a r a m e t e r  I  ( o r i g i n a l  g r a p h i c a l  e s t i m a t e )  

N o t e  t h a t  X ( l )  i s  e q u a l  t o  B and t h e  o r d e r  o f  t h e  

s u b s e o u e n t  p a r a m e t e r s  i s  A . . . ,  f c , . .  .1 ( i )  ( i )



202

D ( I )  = s t e p  l e n g t h  m o d i f i e r ,  u s u a l l y  X ( I ) / 5 .

L ( I )  = lo w e r  l i m i t  o f  v a r i a t i o n  p e r m i t t e d  f o r  X ( I ) .

U ( I )  = u p p e r  l i m i t  o f  v a r i a t i o n  p e r m i t t e d  f o r  X ( I ) .

X U (M ) = M th  m e as u re m en t f r e q u e n c y  a t  w h ic h  t h e

u l t r a s o n i c  a b s o r p t i o n  U S (M ) was d e t e r m in e d .

= a w e i g h t i n g  p a r a m e t e r ,  when V7I(M) i s  s e t  e q u a l  

t o  U S (M ) e a c h  d a t a  p o i n t  i s  g iv e n  e q u a l  w e i g h t i n g  

i n  com pounding  t h e  sum o f  th e  s q u a re s  F .

M l  = o u t p u t  a f t e r  N1 c u r v e  f i t s .

M2 = o u t p u t  a f t e r  N2 m in h u n t s .

N3 = t o t a l  number o f  i t e r a t i o n s  r e q u i r e d .

The  num bers  i n  t h e  a b o ve  d e s c r i p t i o n  o f  t h e  i n p u t  d a t a  

a r e  c o n t r o l  num bers  u s ed  t o  s p e c i f y  t h e  i n p u t  d a t a  f o r m a t .  

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

e a c h  i n t e r a t i o n  t o g e t h e r  w i t h  F ,  t h e  sum o f  t h e  s q u a r e s  

o f  t h e  d e v i a t i o n s .

The p ro g ra m  i n p u t  d a t a  s u m m aris ed  ab o ve  r e f e r s  t o  t h e  

p ro g ra m  l i s t e d  on t a p e  e n t i t l e d  ULTRAS w h ic h  h a s  d y n am ic  

a r r a y s  d e f i n e d  f o r  t h e  d a t a  p o i n t s  an d  t h e  p a r a m e t e r s .  T h e  

l i s t i n g  w h ic h  f o l l o w s  h a s  f i x e d  d im e n s io n  a r r a y s .

The p ro g ra m  l i s t i n g ,  w h ic h  f o l l o w s ,  was w r i t t e n  i n  ALGOL 

f o r  an E l l i o t t  4 1 3 0  c o m m u te r .
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& J 0 3 ;  CHE 131 DW; ULTRASON 1 9 6 9 ;

u L L: U L r 

LI BRARY 
A L b Û L

S L I S T ;

C T : H E ; i O ; ;
RELAXATI ONAL ANALYSI S PROGRAM 1 9 6 9 ;
" B E G I N "
" I NT EGER"  M 1 , S , N , M , N 1 , N 2 , N 3 ;
" B E GI N "
" P R I N T "  L2 ' DAVI D N A D D I N G T O N ' , S A X 5 L I N 5 , ' ' S S O ' 1 9 6 9 ' , ' ' L 2 ' ' ,  
' ' S 3 0 ' U L T R A S O N I C  RELAXAT ICNAL ANALYSI S PROGRAM 0 \ E ' , ' ' L 2 ' ' ;

END" OF T I T L E PR I NT STATEMENT;
BEGI N"
REAL"  "A RRAY" X, D , L , U C i : 2 0 0 3 , Y , U S , N U , W T
I NTEGER" "ARRAY" 11 C1:  2 Û 0 Q ] ;.
I NTEGER" i c ;
I NTEGER" "ARRAY" P C I : 3 ] ;
SWI TCH" S S : = L 1 , L 2 , L 3 , L 4 , l 5;

"PROCEDURE"  SET;
" B E G I N "
" I NT EGER"  M;

I N S T R I N G ( I 1 , I C ) ;
" READ"  Ml  ;
" FOR"  M : = l  " STEP"  1 " U N T I L "  Ml  "DO"  
" B E G I N "
" READ"  N U [ M ] , U S C M ] , W T [ M ] ;
Y [ M ] : = ( U S l MD/ WTCMJ) ;
" E N D " ;
" END"  OF PROCEDURE SET;

"PROCEDURE"  PREPARE;
" B E G I N "
" END"  OF PROCEDURE PREPARE;  '

" REAL "  "PROCEDURE" G ( M , X ) ;
" VALUE"  M, X ;
" ARRAY"  X;
" I NTEGER"  M;
" B E G I N "
" I NT EGE R"  K , I . U , V ;
" REAL " '  DAVE,  FUN;
" REAL "  GG ;
D A V E : = û ;
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V : =  ( ( N - 1 )  " DI  V " 2 )  ;
" B E G I N "
"FOR"  I : = l  " STEP"  1 " U N T I L "  V "DO"
" BEGI N"
U: = 2 * I ;
K : = J +1 ;
FUN:  = ( ( NUl M ] / X [ K j ) * ( N U l, M3 / Xl K j ) + 1 ) ;
DAVE: =DAVE + ( X L J 3 / F U N ) ;
" END" ;    '
" E N D " ;
GG:=DAVE + XC13;
G: = (GG/WTCMj ) ; .
"END"  OF PROCEDURE FUNCTION ENTER CURVE F I T ;

"PROCEDURE" R A P M ( N , X , D , L , U , S ) ;  " I NTEGER"  N , S ;
"ARRAY" X , D, L , U;
" BEGI N"  " SWI TCH"  S S : = S l , S 2 , S 3 , S 4 , S 5 , S 6 , S 7 , S 9 ;
" INTEGER"  I ;
"PROCEDURE" PRH;  " BEGI N"
" P R I N T "  ' ' L 4 ' I N P U T  D A T A ' L 2 ' ' S 3 ' I ' S 7 ' X I ' S 1 0 ' D I ' S l 5 ' L I ' S l 5 ' U I ' L l ' ' ;
"END"  PRH;
"PROCEDURE" P R D ( I ) ;  " VALUE"  I ;  " I NTEGER"  I ;
" BEGI N"  " P R I N T "  D I G I T S ( 3 ) , I , P R E F I X ( '  ' ) , SCALED( 4 ) ,  
X C I 3 , D C I 3 , L C I 3 , U C I 3 ;
"END"  PRD;
"PROCEDURE" R A S ( X , L ) ;  " VALUE"  X;  " ARRAY" X;  " L A B EL "  L ;
"BEG I N" PRH;  "
"BEG I N " "READ"
" P R I N T " L2 ' '
"GO TO" L;
"END " RAS;
5 9 : " READ I ;
" I F " I " LE " 6
" P R I N T " L1Û '
"GO TO" S S C I ] ;
S I  : "READ " N ;
"BEG I N" "R EAD"
" P R I N T " L2 ' '

O ' A W . 19 . 12 . 1 9 6 6  . CCM PROCEDURE AND CONTROLS' ;
3;

"READ"  N;  PRH;  "FOR"  I : = l  " STEP"  1 " U N T I L "  N "DO"  
X C I 3 , D C I 3 , L C I 3 , U C I 3 ;  P R D ( I )  "END"  I ;

; "GO TO" S9;
S2!  R A S ( X , S 9 ) ;
S3:  R A S ( D , S 9 ) ;
S4:  R A S ( L , S 9 ) ;
S5:  R A S ( U , S 9 ) ;  .
5 6 :  PRH;  "FOR"  I : = l  " STEP"  1 " U N T I L "  N "DO"  " B EGI N"  "READ"  X l I 3 > D l I 3 ;  
P R D ( I )  " E N D " ;
" P R I N T "  ' ' L2 ' ' ; "GO TO" S9;  '
S7:  "READ"  S;
"END"  RAPM;
"PROCEDURE" P R I 1 ( J 1 / J 2 , F , K 1 , K 2 ) ;  " VALUE"  J 1 , J 2 , F , K 1 , K 2 ;
" I NTEGER"  J 1 , J 2 , K 1 , X 2 ;  " REAL"  F;
" BEGI N"  " P R I N T "  ' ' L 2 ' I T ' , S A M E L I N E ,  D I G I T S ( 4 ) , ( J 1 + J 2 ) ,
' ' L 1 ' ' , J 1 , '  CUFS ' ,  D I G I T S C 6 ) ,  K l ,  ' FUN E V A L S ' ,
' ' L I ' ' ,  D I G I T S ( 4 ) ,  U2,  ' MINS ' ,  D I G I T S ( 6 ) ,  K 2 , '  FUN E V A L S ' ,
' ' L I ' ' ,  ' F : =  ' ,  S C A L E D ( 9 ) , F;
"END"  P R I l ;
"PROCEDURE" P R I 2 ( N , X , D ) ;  " VALUE"  N , X , D ;  " I NTEGER"  N;  "ARRAY"  X , D ;  
" BEGI N"  " INTEGER"  I ;
" P R I N T "  ' ' L ? ' ' S 2 ' I ' S10 ' X I ' S1 1 ' D I ' L 1 ' ' ;
"FOR"  I : = l  " STEP"  1 " U N T I L "  N "DO"
" BEGI N"  " P R I N T "  D I G I T S ( 3 ) ,  I ,  P R E F I X ( '  ' ) ,  SCALEDC9) ,  X Ï I 3 ,
S C A L E D ( 4 ) ,  DC 13;  " E N D " ;
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"END" ? R I2 ;
" PR OC EH LIRE" R A ? S ( S , M ) ;  " VALUE"  S;  " I NT EGER"  S;  " I NTEGER"  "ARRAY"  N; 
" BEGI N"  " INTEGER"  I ;
"FOR"  l : = l  " STEP"  1 " U N T I L "  S "DO"  "READ"  N C I ] ;
"END"  RAPS;
"PROCEDURE" T E S T ( U I , U 2 , F , K 1 , X 2 , X , D , L ) ;  " VALUE"  J 1 , J 2 , F , K 1 , K 2 , X , D ;

. m2:

" INTE Gr  R " J 1 , J 2 , K1 , K2; "RE AL" F ; RRA Y " X , d ; "LA BEL" L
"BEG I
" I NTE GER" T .  I I SWI T C H " S: = S1 ,  S 2 , S3 >S4 ; "GWN" " IN TE GER"
I :  =  J1 4- U2; " I F"  I =  Û N" "BEG I N" M1 :  - M2 : =0 ; “ G 0 TO " S I
I I  -  p  I I I "GE " N3 " THE I I  I I

t ^ BEG I N "  I •  — "G 0 TO" S I I I  z ND
I : = 3 ;
" I F "  J1 " L E "  Ml  " THEN"  "GO TO" S2;
M 1 : = U 1 ; . 0 : = U 1 - N 1 * ( U 1 " D I V " N 1 ) ;
" I F "  0=0 "THEN"  I : =2;
S2:  " I F "  J2 " L E " M2 "THEN"  "GO TO" S 4 ; M 2 : =  J 2 ;  Q : = J 2 - N 2 * ( J 2 " D I V " N 2 ) ;  
" I F "  0=3 " THEN"  I : =2;
S4:  " I F "  1=3 "THEN"  "GO TO" S3;
S I :  P R I 1 ( J 1 , J 2 , F , K 1 , K 2 ) ;
" I F "  1=0 " THEN"  "GO TO". S3;  P R I 2 ( N , X , D ) ;
" I F "  1=1'  " THEN"  "GO TO" L;
S3 :
"END"  OF TEST;
"PROCEDURE" C C M ( M 1 , Y , X , 0 , L , U , N ) ;  " VALUE"  M 1 , Y , X , D , L , U , N ;
"ARRAY" Y , X , D , L , U ;  " I NTEGER"  M1 , N;
" BEGI N"
" R E A L "  F , F i ;  " I NTEGER"  I , J 1 , J 2 , X 1 , X 2 , V 1 ;  " ARRAY"  X l C l : N ] ;
" SWI TCH"  S S : = S 1 , S 2 % S 3 , S 4 , S 5 , S 6 ;
" REAL"  "PROCEDURE" F U N ( X ) ;  " VALUE"  X;  "ARRAY"  X;
" BEGI N"
" I NTEGER"  M; " REAL"  A , Z ;
Z : = 0  ;
"FOR"  M : = l  " STEP"  1 " U N T I L "  Ml  "DO"
" BEGI N"  A : = Y C M ] - G ( M , X ) ;  Z : = Z + A * A ;
"END"  ;
F u N : = 2 ;
K 2 : = K 2 + i ;
"END"  FUN;
"PROCEDURE" L I M ( X ) ;  "ARRAY"  X;
" BEGI N"
" REAL"  Z , Y ;  " I NTEGER"  I ;  " SWI TCH"  S : = L 1 , L 2 ;
"FOR"  I : = l  " STEP"  1 " U N T I L "  N "DO"
" BEGI N"  2 : = L C I j ; Y : = X C I j ; " I F "  Y>Z " THEN"  "GO TO" L i ;
X i l l  J : = Z ; " G 0 T 0 " L 2 ;
L l :  Z : = U C I ] ;  X C I ] : =  " I F "  Y<Z " THEN"  Y " ELSE"  2 ;
L 2 : " E N D " ;
"END"  OF L I M ;
"PROCEDURE" M I N H U N T ( Y , X , D , L , U , N ) ;  " VALUE"  L , U , N ;
" REAL"  Y;  "ARRAY"  X , D , L , U ;  " I NT EGER"  N;
" BEGI N"
" REAL"  "ARRAY"  P , Q , R , W C l : N ] ;  " REAL"  A , 3 , 0 , 2 ;
" I NTEGER"  I ;  " SWI TCH"  S : = L 1 , L 2 , L 3 , L 4 , L 5 , L 6 ;
" REAL"  "PROCEDURE" L I M I T S ( P ) ;  " VALUE"  P;  " REAL "  P;
" BEGI N"  " REAL"  Z:  " SWI TCH"  S : = L 1 , L 2 ;
2 : = L C I ] ;  " I F "  ? > 2 " THEN"  "GO TO" L l ;
L I M I T S : =2;  "GO TO" L 2 :
L l  : Z : = U C i ; i ;  L I M I T S  := " I F "  P < 2 "THEN"  P " EL SE"  2 ;
L 2 :  "END"  OF L I M I T S ;
"PROCEDURE" S U B ( A , B , M ) ;  " VALUE"  M; "ARRAY"  A , 3 ;  " I NTEGER"  M;
" BEGI N"  "FOR"  l : = l  " STEP"  1 " U N T I L "  N "DO"



" D c G I " REAL " T ;
"GO T0 II SCM] ;

ML •' = D L ] ;
L2 : t : = L I > Wc T] ;

T ; z b' : : ]  +c •r. WL I
L4 : J : =L I V i S(
' • ND
" cr N J " 0 S J H ;
7 • -  V ; c U X , ) ;
"FOR " : : = 1 " s P "
"3EG N II "REA L " A ,

B: =P L I ] ; C:  = Wr j ;
A : = F ÜN ( P)  ;
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" S WI T C H "  S : = L 1 , L 2 , L 5 , L 4 , L 5 ;

" N " DO"

" I F "  A<Z " THEN"  "GO TO" L l ;  
P [ I ] : = L I M I - S ( B - C ) ;  A : = F U N ( P ) ;
" I F "  A<2 "THEN"  "GO Tu"  L 2 ;
P l I j : = B ;  W [ I ] : = 0 . 5 * C ;  "GO TO" L 3 ;
L 2 ;  W [ : ] : = - C ;

1 ; z ; = A ;
L 3 : " E N D " I ;
S U B ( 0 , P , 2 ) ;
A : = F U N ( Q ) ;  " I F "  A " GE"  Z " THEN"  "GO TO" L l ;  
S L ' ( R , 0 , 2 ) ;
B : = F U N ( R ) ;  C : = 5 - 2 * A + Z ;
" I F "  C " L E "  0 "THEN"  "GO TO" L 2 : 
C : = ( Z - 3 ) / ( 2 * C ) ;
S U 3 ( P , 0 , 3 ) ;
Z : = F U N ( P ) ;
" I F "  Z " GE"  A "THEN"  "GO TO" L 2 ;
" I F "  Z " GE"  3 "THEN"  "GO TO" L 2 :
"GO T0"  L l  ;
L 2 : I F "  B< A "
SU3( P / Q , 1 ) ;
Z : = A ; "GO T0"
L3 : C : = 2 ;  SUB(
L4 : SU 9 ( P , R , 3 )
Z : = F UN( P)  ; " IF
3 : =2 ; SUB( 0 , P ,
L5 : SUB( X, Q , 1 )

"HEN" "GO TO" L 5 ;  
GO TO" L 4 ;
0 "  L 6 ;

L l :  S U B ( X , P , 1 ) ;  Y : = Z ;  
L 6 :  S ü Ü ( 0 , W , l ) ;
"END"  OF MINHUNT;
"PROCEDURE o UF(Y , XI , D , N ,M1 , E , S ) ; " VAL
"ARRAY" Y, X1 t D; " I NT EGER " N , M i ;  " L BEL
" 3 E G I Ü "
"REAL " "A RRA Y " F , XCl : N ] , ZC ( N* N +N ) ] ;
" INTEGER" J , K , L , N , 11 , 1 2,  I 3 ; "REA L Il -
"FOR"  I STEP" 1 "UNT I L " N' "DO" XCI
"FOR"  I s T£P" 1 "UNT T 1 " K "DO" ZCI
" FOR"  M s TEP" 1 "UNT I L " Vf 1 "DO
" BEGI N" M • ( M , X ) ; T : =YC X ] - A ;
"FOR"  I " s TEP" 1 " UNT I L " N " D û "
" B E GI N " W : = x c I j ; X L  I J : = W-DC I ] ;
F [  I j  : =G ( N , X) - A;  X C l ] : = W "EN n ••

U I ;
"FOR"  I " s TEP" 1 "UNT I L " N "DO."
" BEGI N" M • I ] ; W : = T * A ; ZC I ] : =ZC I ] + W ;
K • = I'i ”• i ;
"FOR"  J : = I s TEP" 1 "UNT I L " N " DO"
" BEGI N" L • = K J ;  2CL ] :=ZC L ] - A---I r i T .r L U j  ,
I* -V -  11 J ;
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END" M;
"FOR"  : : = !  " STEP"  1 " U N T I L "  N"DO"  
"PEG I N"  K : I :
" F OR"  j : = I  " S T E P "  1 " U N T I L "  N" DO"  
" B E GI N "  L : = N * J ;  2 L L - I 3 : = 2 LK + J ] ;
" E \' G " J  ;

"END"  I ;  .
I 2 : = N - l ;
"FOR" K: ■ " " ST = P" 1 " UNT ! L il T2 "DO"

N" = K: N : = K: - i  ; ' :  =2 r T- K 3 ;
" I F " ABS( W) < E " THEN i> .1GO T 0 S ;
W : = 1 / W ;
"FOR" U : I "S T r  P " 1 "UN N "DO"
" BEGI : -  J ; ZC Z ■7 r L3 ; " END" U ;
ZCK3: = W -• ZC K3 ; ZCI  +K 1 . z 1 ;
"FOR" = 1 "S TEP" "UN TI : " N "DO"
"BEGI N" y . : N ; W : Z X -  K 3;
" F 0 R " J : K S TcP" 1 UNT - IA L. " N DO"
" BEGI N " T3 : z M- j ;  Z [ 13 3 : = ZC 133 - 2 C I - J 3 A ;
"END" J ;
2CL3 : = ZC L 3- Z c K 3 * w ;
"END" L ;
"HNC" K ;
I : =N* N;
W :=ZC I - N 3 ; " I F " AS S ( W) < " THE N " " G0 TO"
ZCN3 : N 3 / w ;
z : I - N j : = ;
"FOR" K : = 2 "S TEP" - 1 "UNT I L " 1 "DC"
" B E GI N " I : = K-  N/ 1 ~L : = K+ 1 ; W: =0 ;
"FOR " J : r I 1 "S TEP" "UN TI L"  ,N "DO" W : = W +
ZCK3: = ZC K J -W ;
" E N D " K ;
"FOR" I : z 1 " ST!EP" 1 " UNT I L " N " DO" XI C I  3:
" END" CU ;

2;  =K : z K2 : = VI = 0 ;
F : = F U N ( X ) ;
S5:  T E S T ( U 1 , U 2 , F , K 1 , K 2 , X , D , S 6 ) ;
S l : K l : = K l + N + i ;
"FOR"  l : = l  " STEP"  1 " U N T I L "  N "DO"  X 1 [ I ] : = X C I ] ;  
C U F ( Y , X l , D , N , M l , l O w - 7 6 , S 2 ) ;
L I M ( X 1 ) ; - F 1 : = F U N ( X 1 ) ;
" I F "  F I  "GE"  F "THEN"  "GO TO" S3;
" I F "  F l  < Ü . 5 - F  "THEN"  "GO TO" S4;
"FOR"  l : = l  " STEP"  1 " U N T I L "  N "DC"  DCl  3 : = Û . 1 2 5 ^DC I J ; 
S 4 : F : = F l ;  "FOR"  J : = l  " STEP"  1 " U N T I L "  N "DO"  X C I 3 : = X l C I 3 ;  
"GO TO" S5;
S2:  V l : = l ;
S3:  M I N H U N T ( F , X , D , L , U , N ) ;  J 2 : = U 2 + i ;  
T E S T ( j l , J 2 , F , K l , K 2 , X , D , S 6 ) ;
" I F "  V1=1 "THEN" "GO TO" S3;
"GO TO" S i ;
So : ;

" BEGI N"  
" I NTEGER"  M; 
" REAL"  OFUNG;
" BEGI N"
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" P R IN T "
D A V I WADDING T0 N ' ,

' L 2 ' ' J

C : = l ;

Û^ S T R Ti N G ( I 1 , I c ) ;
PR IN " ' ' LP ' Th E RE
' S 8 ' X i ' , SAMEL I NE , '
END" ;

N
FOR" y :=1 "ST P " 1

PR IN II / / , \ V
L . / ' S11

END" ;

obGi N
R E A L " RMS,SDE V ;

U N T I L "  N "CO"

R X S : = S Q R T ( F / M l ) ;
S D 5 V : = S G R T ( F / ( % 1  -  1 ) ) ;  '  -
" P R I N T " ' ' L 2 ' ' ,
' R . X . S .  DEVI ATI ON = ' , S A X E L I N E , F R E E P 0 I N T ( 9 ) , 3 M S , ' ' L 2 ' ' ,
' STANDARD DEVI ATI ON = ' , S A M E L I N E , F R E E P 0 I N T ( 9 ) , S D E V , ' ' L 2 ' ' ,
'SUM OF SQUARES OF DEVI ATI ONS = SAMELI NE, FREEPOI  N T ( 9 ) , F;
" E N D " ;
" B E GI N "
" P R I N T "  " L 5 ' T H E  COMPUTED VALUES OF THE F U N C T I O N ' , ' ' L 2 ' ' , S A M E L I N E ,  
' ' S S ' M ' , ' ' S 1 2 ' F R E Q U E N C Y  M H Z ' , ' ' S 1 0 ' A B S O R P T I O N  CALCD ' ,
' ' S l O ' A B S O R P T I O N  EXPTL ' , ' ' L ' ' ;
" E N D " ;
"BEGIN"
" FOR"  M : = l  " STEP"  1 " U N T I L "  Ml  "DO"
" B E GI N "
C F U N C : = U S C M ] * G ( M , X ) ;
" P R I N T "  S A M E L I N E , M , F R E E P 0 I N T ( 9 ) , ' ' S 1 2 ' ' , N U [ M ] ,
' ' S 1 4 ' ' , C F U N C , ' ' S 1 6 ' U S C M ] , /

" E N D " ;
" END"  ;
" END"  OF COMPUTED VALU ES OF THE FUNCTI ON;
"END"  OF C C M ;
L 5 : RAP M( N , X , D , L , U , S ) ;
"GO TO" SSCS] ;
L l : SET; "GO TO" L 5 ;
L 2 : R A P S ( 3 , P ) ;
N i : = p : i : ; N 2 : = P l 2 ] ; N 3 : = P [  3 ]  ; " GO 'TO"  L 5 ;
L 3 :  PREPARE; '
CCM( M1, Y , x , n , L , u , N ) ;
"GO TO" L5 ;
L 4 I
" E N D " ;
" ENÛ" OF PROGRAM;

1060  MC 
2810  CODE 
3870  TOTAL

2RUN;
RcLAXA
DRO

^ V I D  HADDINGTON
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5 - 2  Summary o f  I n p u t  D a t a  t o  P ro g ram  f o r  e v a l u a t i o n  

o f  t h e  p a r a m e t e r  Q.

Summary o f  I n p u t  D a ta

/ t i t l e  o f  c a l c u l a t i o n ,  name o f  sys te m  t o  be s t u d i e d  \

M l  = t o t a l  number o f  c o m p o s i t io n s  a t  w h ic h  Q i s  t o  be

e v a l u a t e d .

N = number o f  p a r a m e t e r s  u s e d  i n  f i t t i n g  e x c e s s  f u n c t i o n s

TEMP = t e m p e r a t u r e  i n  k e l v i n .

P in  = e s t i m a t e d  c o e f f i c i e n t  o f  vo lum e e x p a n s io n .

V I  = m o la r  vo lu m e  o f  p u r e  com ponent 1 ( u s u a l l y  w a t e r ) .

V2 = m o la r  v o lu m e  o f  p u r e  com ponent 2 ( u s u a l l y  o r g a n i c ) .

K = E o l t z m a n  c o n s t a n t .

R = Gas c o n s t a n t ,

MA = m o l e c u l a r  w e ig h t  o f  com ponent 1 .

MB = m o l e c u l a r  w e i g h t  o f  com ponent 2 .

G G (0)

G G ( I )

G G ( N - l )

X 2 ( l )

X 2 (M 1 )

HH ( O )
:
I
H H ( I  )
I
1
H H ( N - l )

C ( l )

é ( M i )

VV(0)
f
I

VV(I)
1
I

W ( N - l )

R H O ( l ) CP(1)

R H O (M l)  CP ( M l )



2 1 0

GG, HH and  VV a r e  t h e  p a r a m e t e r s  i n  t h e  e q u a t i o n  (s e e  

s e c t i o n  5 - 5 3 ) u s e d  f o r  f i t t i n g  t h e  e x c e s s  f u n c t i o n s  cx 

m i x i n g .  X 2 ,  C , RHO and CP a r e  t h e  m o le  f r a c t i o n ,  sound  

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

o f  c o m p o s i t io n  X2 f o r  w h ic h  t h e  p a r a m e t e r  Q i s  t o  be  

c o m p u te d .

The p ro g ra m  w h ic h  f o l l o w s  th e n  o u t p u t s  t h e  v a l u e s  o f  Q, 

a lo n g  w i t h  o t h e r  p a r a m e t e r s  such as g " , h ” , v "  u s e d  i n  t h e  

f o r e g o i n g  d i s c u s s i o n s .  The p ro g ra m  was w r i t t e n  i n  ALGOL 

f o r  an E l l i o t t  4 1 3 0  c o m p u te r .
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: JOB ; CriF 1 - 6  D>:; g c a l c ;

Ü ALGOL; 
L I BRARY
ALGOL

& T I M E ; 2 ; 2 ;

r- CAL c R c V I GEG V RSIO ;
II 3 EG 7

XN "

I NT £ ' j
il li AR R A Y I I L ï : 2 ü O G j ;

I NT c. n h G ;
I NT in GE R" , '-11 , : 1 I ;
REA L " t e n ? , P ri I V 1 , V 2 / K , R , i'l M / I'l Cl !

C 0 MVj EN T"  I S b KT PROC LGURES AFTER

"R EA i_ II " p R0 o UR £ " S U M ( A , K , N )
" I T Ec " N / K ;
"R AL II " ARR A y " ;
" 3 o 1N " I M EG ER " ;
"R EA L " s ; S ; ;
" F 0 R" 7 • z 'j " ST ER " 1 " U N T I L "  N
S : Z S - A r : - J ;
SJ N : = S ;
" 5 ND" RE AL PR 0 CE G UR£ s u m ;

"REA II " PROC URE"  D I XE ( A , N,
" I NT Ll c p " N ;
"REA " X 1 ;
" R - AL " A RRA Y" A ;
"BEG 7N " I N T EGER"  I ;
"REA L " 2 , Z ;
"REA L " ARRA Y" V 1 , V 2 C 0 : N”  1
X2:  = - A ;
Z : =X - A2 ;
"FOR " I : = 0 " S T p o "  1 "UN T I L
"3EG I M
VI C I J ; Z C I J - 7 T
V2CI J : Z I A C I Z T ( I - l ) :
" END II ;
G 1 X h: ; z z SUM(V1 , 1 , N ) -  2 X 1 *X
"END " 0 F REA L PROCEDURE 01 XE

"REA 1 " I. PROC EGURE"  D2XE ( A , N;
" I NTEGER"  N ; 
" REAL"  X I ;
" REAL"  "ARRAY"  A;
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"PEG I N "
" I N T E G c " ■ ;
" REAL " X Z :
" REAL " " AR R A Y " P, p 1 , F 2 C0 : N - 1  ̂ ' \
"FOR " I : = 0 ST E r  " UN T I L " N- 1  " D O "
" P E G I
X 2 : = l -  X ; Z : = X ] - X2;
P C I ] : = ( - r  1 Ar. I J * T I ;
PI C I : • — I A [ * J Z • I ;
P2 C 1 J ; z ( I - ) -AC i J Z - ( I - 2 ;  ;
"END" I ;
D2XE: Z C A 1 > A : S U Ml ( P2 , 1, N ) - 2 * ( S U M ( P
" E N 0 " R E AL PRO Ip = D U R £ D2XE ;

" REAL PR L DuR C 11 VEC ( A1 , |N / X I ) ;

" REAL
G L P 
" >' J ;

*■] ;

" x p A L A RRA Y 11 * ;
"SEGI N" 11 y1 i 1z Hen: ll 7 ; ’
" REAL " A C. 9 Z;
" REAL " " A RRA y " A C A : N - 1
X 2 : = l ; Z : = X1 - X 2 ;
" r 0 " = C " s TEP " 2 " UN T T L " N - l " DÛ"
D C I J  ; _ • r-M l. I ] ■■i’ 2 T I ;

VEC:  = X1 - X2 u i-i ( D , 1 , xi ) ;
" E ND" OF RCZ 1 PROCEDUR c VEC ;

i  L  .  -  J. /  1 TR TNG ( I I , I C )
" R PAD " MJ . 9 I'i ; T EXP , PH I ,  V V2, K ,  F , MA , MB ;
"BEGI N"
" REAL AR RA Y " G u , H H , VV C u : N - l ] , GJ. , u ,
RHO, C , CP , P / T , , 0 C l : M l ] ;
" P R I N T "  ' ' F ' D A V I D  H A D D I N G T O N ' , S A M E L I N E ,  
' ' S 7 0 ' C A L C U L A T I O N  OF Q V A L U E S ' ;
" P R I N T "  ' ' l A ' ' , '  ' ?2 ' ' ;
I C : = l ;  O U T S T R I N S ( I I , IC ) ;
" F O R "  I : = 0  " S T E P "  1 - " U N T I L "  N - 1  " D C "  
" READ"  GCCI  J , H H C I ] , V V [ n ;
" F OR"  M : = 1  " S T E P "  1 " U N T I L "  M l  " DO"  
" READ"  X2CM]  , CCM]  , RHOCM.] , CPCMj ;

"cEG IN "
" F O R " r! : = 1 " S T E p II 1 " U N T I L " M l " D O "  " B E G I N "
C F C M J : = n I X E ( G G , N- , X 2  C M ï ) ;
H F C M ] : = D I X E ( H H , i \ , X 2 C M ] ) ; ■ ■ '
V F C M ] : = r<I X E ( V V , N , X 2 C M ]  ) ;
G C Mi ] : = D2 X E ( G l :  , i \ , X 2 C M J ) ;
ri  C ri  ]  : = 0 2 X P ( .GM , N , X 2 C M ]  ) ;
v c M ]  : = D 2 X E ( V V , N , X 2 C M ]  ) ;

V E C iM ] : z r  Q ( V V , W , X 2 C M ]  ) ;
VM C r! ] : z  ( V E [  l'i J + ( ( 1 - X 2 [ M ] ) % \ / D - ( X 2 C M ] * V 2 ) ) ;
p [ M ] : = ( l . G O w + u 7 / ( n H O [ M ] * C [ M ] * C [ M ] ) ) ;
" E N D " : " E N D " ;
" P E G I N "
"FC.R" ri : - 2 " S T E P "  1 " U N T I L "  M l - 1  " DO"
" D E D I N "
G I C N ] : = C : M j + ( ( R * T E M P ) / ( X 2 C M ] * ( 1 - X 2 [ M ] ) ) ) ;  
C P [ M ] : = C P [ M ] « 4 . 1 G 4 0 ;
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TCM]  : = ( ( VCMC/ VMCr ! ]  ) -  C ( PH I -H [  M ] ) / C ? [ M ]  ) ) :
W L M ] : = ( T L M ] T i ) ;
QCMl  : = I I S -  ( 7 . 14:1 6 t 3 ) *  ( V MCM]  ■ 2 ) ) /
( c c M ] * p r M ] * c i C x ] * c i L N j ) ) ;
"EN'ii" ; " END"  ;
"  B E G I N "
" ? R I N T "
' ' Lo ' t ' ' ERATURE = ' , SAM
" P R I *p"
' ' L'l ' 0 n r P I C I E N T  CF VÛLU
S L, -A l_ \ /. ) , p m : ;
" P r : "
' ' LÔ ' I'-l L AR VOLUME OF CNF
' ' 22 O ' DL AR VOLUME OF TO:
"PR I N " * ' L c ' ' , S A M E L  I i ' l E ,

ri V.' i_ C L A K UEI SMT of ONE
' ' S 2 0 ' ; !OL CUl AR w e i g h T Cl
"PR: " ' F ' ' ;
"PR I NT " • ' LG' MOLE FRA CTl i

: = " T z n " ' " UNT
"PR I : 1" ' ' L ' ' , F R E E P O I NT ( '

, S A M E L I N E , F R E E P O I N T C 4 ) , V I ,

I “ I

o

JU
, S A M c L I N E , S C A L 5 3 ( 9 ) , ' ' S l ü ' ' , V E [ M ] ;  

" P R I N T "  ' ' F ' M O L P  F R A C T I O N ' , SA r -ELI  A E , ' ' S l 4 ' D l G E ' , ' ' S 2 l ' D l n £ ' , ' ' S 2 l ' D i V E ' ;  
" STEP"  i  " U N T I L "  Ml  "CO"  

L ' ' , F R E E P O I N T ( 9 ) , X 2 [ M ] , S A M c L l N E , S C A L E u ( 9 ) , P R E F l X ( ' ' S l O ' ' ) ,
F [ ' • ; ] ;
CLE F 3 A C T I C N ' , S A N E L I N 5 , ' ' 5 : 4 ' 0 2 0 E ' , ' ' S 2 1 ' C 2 H = ' , ' ' S 2 l ' C 2 V E ' ;
TEP" 1 " U N T I L "  Ml  "DC"
, F R E E P O I N T ( 9 ) , X 2 C M ] , S A M E L I N E , S C A L E D ( 9 ) , P R E F I X ( ' ' S l O ' ' ) ,
] ;

P R I N T "  ' ' F ' MGi . E  FR ACT I ON ' ,  SAMEL I NE , "  S l 5  ' VOLUME ( M O L A R ) . ' ,
E S S I n l L I T Y  SETA -  O ' ;

" STEP"  1 " U N T I L "  M l - 1  "DO"
L ' ' , FREEPOI  N T ( 9 ) , X 2 C M 0 , S A M E L I N E ,  ' ' S 1 5 ' ' , V M [ M ] , S C A L E D ( 9 ) ,

! M E ,
CMST2 .  S E C . ' ;
" L> C "

' L ' ' , ' ' S 2 0 ' ' , F R E E P O I N T ( 9 ) , X 2 C M ] , S A M E L I N E , ' ' S 2 Û ' ' ,

' P R  I N T  " ' ' F '
• F O P " = "
• P R  I N T " ' L '
)r CM^, HF r M
• P R I N T " ' F '

' F O R  " M ; r 1 "
' P R I N T " L '

J ,V r
•PR I N'T " ' F '
' S P ' C u M P HES
FDR"  n : z 2
P R I N T " L '
' 9 1 5 ' ' , P [ M ]
P R I N T " F '
' 9 1 2 ' VA LU
F 0 R " M ; z "
P R I N T " L '

d A L E D ( 9 ) , 0 [
E N D •• ;
L N D " ;
END"  CF Q

5ÙÜ- MO
1 4 7 n  CODE
2 0 0 6  TOTAL

SPUN; 
GOALC R 
DRO'
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5 - 3  Summary o f  I n p u t  D a t a  t o  R o m a n o v -S o lo v y e v  C u rv e  

F i t t i n g  P ro g ra m  RSCF.

Summary o f  I n p u t  D a ta

T h i s  p ro g ra m  e m p lo ys  th e  same b a s i c  m i n i m i s a t i o n  

p r o c e d u r e  as ULTRAS, d e t a i l s  o f  w h ic h  w e re  g iv e n  i n

5 - 1 .

N (NoBo i n  t h i s  c a s e  N = 4 )

X(l)

X ( N )

P ( l )

p ( I )

D (N )

L(l)

P ( I )
I

L(N)

U ( l )
I

V(I)
I

U (N )

M l

N U ( 1 ) U S ( 1 )

HU ( M l )  US ( M l )

Y ( l )

Y ( M l )

7

N l

7

7

2
N2

3

4

N3

The  sym b o ls  h a v e  s i m i l a r  s i g n i f i c a n c e  t o  th o s e  u s e d  i n

5 - 1 .  N=4 s in c e  t h e r e  a r e  o n l y  f o u r  p a r a m e t e r s :
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X ( l )  = B

X ( 2 )  = Q

X ( 3 )  = DC

X ( 4 )  = LiM

w h e re  B i s  t h e  h ig h  f r e q u e n c y  r e s i d u a l  a b s o r p t i o n ,  Q 

i s  t h e  c o n s t a n t  d e f i n e d  i n  c h a p t e r  5 ,  DC i s  t h e  d i f f u s i o n  

c o e f f i c i e n t  and  LM i s  t h e  i n t e r a c t i o n  l e n g t h .

M l  i s  a g a in  t h e  t o t a l  number o f  o b s e r v a t i o n s  o f  t h e  

u l t r a s o n i c  a b s o r p t i o n .

Y i s  a w e i g h t i n g  p a r a m e t e r  and i n  a l l  c a s e s  was s e t  

e q u a l  t o  US so t h a t  eac h  d a t a  p o i n t  was g iv e n  e q u a l  

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

The  o u t p u t  l i s t s  t h e  p a r a m e t e r s  e v a l u a t e d  t o g e t h e r  w i t h  

a t a b l e  o f  t h e  com puted  and e x p e r i m e n t a l  u l t r a s o n i c  

a b s o r p t i o n  a t  eac h  m e as u re m en t f r e q u e n c y .

The  p ro g ra m  l i s t i n g  i s  n o t  i n c l u d e d  s in c e  i t  i s  

e s s e n t i a l l y  i d e n t i c a l  t o  ULTRAS. The  PROCEDURE G (M ,X )  

c a l c u l a t e d  v a l u e s  o f  u s i n g  t h e  e q u a t i o n  o f  Romanov

an d  S o lo v y e v  ( C h a p t e r  5 ) .



APPENDIX TO CHAPTER 6
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6 - 1  I n p u t  d a t a  t o  QCALC p ro g ra m  f o r  t h e  s ys te m  

t  b u t y l  a l c o h o l  + w a t e r  a t  298  K .

I n p u t  :

/ t  b u t y l  a l c o h o l  + w a t e r  a t  298  K \

16

6

2 7 3 . 1 6 ( T )

1 . 0 0 x 0 - 3 (Ü )

1 8 . 0 1 6 ( V I )

9 5 . 0 2 0 (V 2 )

1 . 3 8 ^ 0 - 2 3 ( k )

8 . 3 1 4 4 (R )
1 8 . 0 1 6 (MA)

7 4 . 1 2 0 (MB)

G p a r a m e t e r s pp a r a m e t e r  s p a r a m e t e r s

4 0 7 8 .9 1

1 2 3 6 .8 3

1 0 9 0 .1 4

4 1 6 . 2 6

- 3 1 1 . 1 7

- 1 2 2 . 7 0

9 2 . 8 3 7 4 0  

- 3 4 6 6 . 0 8 5 9  

2 4 3 3 .2 8 8 7  

1 1 0 4 .4 4 7 3  

- 9 6 0 8 . 1 4 3 0  

- 9 2 8 9 . 8 3 2 3

- 3 . 0 3 8 5 9 0 8

- 1 3 . 8 5 7 0 0 2

2 8 .5 6 2 5 4 6

6 6 .2 1 0 5 5 4

- 2 2 3 . 1 3 8 6 1

1 3 7 .7 7 9 1 3
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M o le  f r a c t i o n  
t  BuOH

Sound
V e l o c i t y / c m  s

D e n s i t Y ^  
grm cm

• H e a t  C,
J  mi

0 . 0 0 0 0 1 5 0 0 X ic T S 0 .9 9 7 0 7 1 6 0

0 . 0 0 3 5 1505 X 10+3 0 .9 9 4 6 6 1 6 0

0 . 0 1 0 3 1555 X 10+3 0 .9 8 9 3 6 1 6 0

0 . 0 1 7 9 1 575 X 1 0+3 0 .9 8 6 0 9 1 6 0

0 . 0 2 6 5 1 5 9 0 X 10+3 0 . 9 8 1 9 0 1 6 0

0 . 0 3 9 4 1595 X 1 0+ 3 0 . 9 7 5 9 2 1 6 0

0 . 0 5 7 2 1585 X 10+3 0 .9 6 6 6 9 1 6 0

0 . 0 7 4 9 1545 X 10+3 0 .9 5 6 0 8 1 60

0 . 0 9 5 1 1 5 0 0 X 10+3 0 .9 4 4 8 2 1 6 0

0 . 1 3 8 4 1435 X 10+3 0 .9 2 2 6 4 1 6 0

0 . 1 9 7 9 1 385 X 10+3 0 .8 9 7 3 9 1 6 0

0 . 2 7 4 6 1 335 X 10+3 0 .8 7 3 4 1 1 6 0

0 . 3 6 5 3 1 2 8 0 X 1 0+3 0 .8 5 1 0 3 1 6 0

0 .4 9 5 5 1 2 3 0 X 10+3 0 .8 2 7 7 5 1 6 0

0 . 6 8 5 0 1175 X 10+3 0 .8 0 4 1 9 1 6 0

1 . 0 0 0 0 I lO O X 10+3 0 .7 8 0 5 2 1 6 0

K

O u tp u t  D a t a  f ro m  Q-CALC P r o g r a m ; t - b u t y l  a l c o h o l  + w a t e r

M o le  f r a c t i o n  
t  BuOH

Q-FACTOR 
cm^s

0 . 0 0 3 5

0 . 0 1 0 3

0 . 0 1 7 9

0 .0 2 6 5

0 . 0 3 9 4

0 . 0 5 7 2

0 . 0 7 4 9

0 .0 9 5 1

0 . 1 3 8 4

0 . 1 9 7 9

0 .2 7 4 6

0 . 3 6 5 3

0 . 4 9 5 5

0 . 6 8 6 0

4 . 2 4 8 ^ ^ - 2 8

3 . 3 0 4 ^ ^ - 2 7

8 .8 5 9 i o *-27

1 . 6 9 8 i o - 2 6

2 .7 7 6 i o “ 26

4 . 5 5 3 ^ ^ - 2 6

5 . 8 9 8 , Q - 2 6

7 . 0 7 0 ^ 0 - 2 6

8 . 6 7 3 ^ 0 - 2 6

9 . 0 0 8 ^ 0 - 2 6

5 . 8 8 7 ^ 0 - 2 6

2 . 3 9 4 ^ 0 - 2 7

3 . 9 8 7 ^ 0 - 2 6

1 . 8 4 9 ^ 0 - 2 3
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O u tp u t  f ro m  Q - C a l c .  P ro n ram  t - b u t y l  a l c o h o l  + w a t e r

- 4
M o le  f r a c t i o n  /  v "  \  / # h "  \ 10  x  g"e

t  BuOH \ V  /  \  Cp /J mol”^

0 . 0 0 0 0 — — —

0 .0 0 3 5 4- 1 . 3 0 0 - 0 . 7 7 -

0 . 0 1 0 3 *1- 1 . 2 0 0 - 0 . 7 0 2 4 . 0 0

0 .0 1 7 9 + 1 . 0 9 0 - 0 . 6 0 1 4 . 0 0

0.0265 + 1 . 0 3 0 - 0.53 9 . 2 5

0.0394 + 0 . 9 1 0 - 0 . 3 4 6 . 1 0

0.0572 4- 0 . 7 7 5 - 0 . 2 6 4 . 1 0

0 .0 7 4 9 4- 0 . 6 4 0 - 0.18 3 . 1 5

0.0951 4- 0 . 5 2 0 - 0 . 1 3 2 .4 5

0 .1 3 8 4 + 0 . 3 2 0 - 0 . 1 0 1 . 5 0

0 .1 9 7 9 4- 0 . 1 4 0 - 0 . 1 0 1 . 0 0

0 .2 7 4 6 4- 0 . 1 0 0 - 0 . 1 0 0 . 6 5

0.3653 - 0.04 - 0 . 0 6 0 . 5 0

0 .4 9 5 5 - 0 .0 1 5 4- 0 .0 3 5 0 .4 5

0 . 6 8 6 0 4- 0 . 1 6 - 0 . 0 4 0 . 1 0

1.0000
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6 - 2  I n p u t  D a t a  t o  QCALC p ro g ra m  f o r  t h e  

s y s te m  A c e to n e  + W a te r  a t  2 9 3 . 1 5  K

Input ;

/ACETO NE + WATER -  2 9 3 . 1 5  K

21 7

293,15 ( T )

I . O 1 0 - 3 (c^)

1 8 . 0 1 6 ( V I )

7 3 . 4 6 2 (V 2 )

1 . 3 8 i o - 2 3 ( k )

8 . 3 1 (R )

1 8 . 0 1 6 (MA)

5 8 . 0 8 (MB)

G p a r a m e t e r s

3 5 7 0 .1 7 2 5  

- 8 . 6 8 2 1 1 3 2  

- 1 7 4 . 5 6 7 2 2  

- 4 8 . 3 5 1 6 9 8  

0 .1 9 9 5 9 5 7 2  

- 0 . 2 6 8 7 8  2 9 0  

- 0 . 2 5 2 5 6 4 3 0

H p a r a m e t e r s

- 9 8 7 . 6 0 2 8 6 6

4 7 5 6 .2 5 0 2 8 2

- 3 8 6 5 . 2 1 5 4 3 3

2 1 9 6 .5 5 1 5 0 7

9 9 3 6 .2 6 1 9 4 2

1 6 6 5 .5 7 1 5 7 2

- 1 3 7 3 2 . 4 6 6 6 4 7

p a r  a m e te r  s

- 5 . 7 1 8 4 7 4 6

2 .0 0 9 9 5 9 5

- 0 . 7 0 7 9 4 0 1 9

1 .2 5 1 1 1 6 8

- 0 . 6 3 5 7 1 7 1 9

- 1 . 2 5 0 3 2 6 9

1 .5 0 2 5 4 1 3



2 2 0

l e  f r a c t i o n  
a c e to n e

^ 2

Sound
V e l o c i t y

/c m

D e n s i t y  

/g c m  ^

H e a t  C a p a c i t y  

/  J  m o l" ^

0 . 0 0 0 1 .4 8 5 7 ^ 0 + 0 5 0 . 9 9 8 2 6 1 0 0

0 .0 0 7 8 1 .5 0 0 ^ 0 + 0 5 .9 9 5 3 2 1 0 0

0 .0 1 5 1 1 .5 2 0 ^ 0 + 0 5 .9 9 1 8 0 1 0 0

0 . 0 2 4 1 .5 4 0 ^ 0 + 0 5 .9 8 8 5 8 1 0 0

0 . 0 3 4 1 .5 5 0 ^ 0 + 0 5 .9 8 4 6 9 1 0 0

0 . 0 4 0 1 .5 6 0 ^ 0 + 0 5 .9 8 2 4 1 1 0 0

0 . 0 7 0 1 .5 8 0 ^ 0 + 0 5 .9 7 2 6 2 1 0 0

0 . 0 8 3 1 .5 9 0 ^ 0 + 0 5 .9 6 8 3 7 1 0 0

0 . 1 1 9 1 .5 8 5 ^ 0 + 0 5 .9 5 6 6 7 1 0 0

0 . 1 7 9 1 .5 5 0 ^ 0 + 0 5 .9 3 7 1 6 1 0 0

0 . 2 3 6 1 .5 1 0 ^ 0 + 0 5 .9 2 0 5 6 lOO

0 . 3 1 3 1 .4 5 0 ^ 0 + 0 5 .8 9 9 6 9 1 0 0

0 . 4 1 1 1 .3 9 0 ^ 0 + 0 5 .8 7 6 4 7 1 0 0

0 . 5 2 7 1 .3 3 5 ^ 0 + 0 5 . 8 5 3 3 2 1 0 0

0 .7 3 9 1 .2 6 0 ^ 0 + 0 5 .8 2 0 1 5 1 0 0

0 . 8 5 7 1 .2 2 0 ^ 0 + 0 5 .8 0 5 4 4 1 0 0

0 . 8 8 1 1 .2 1 5 ^ 0 + 0 5 .8 0 2 5 9 1 0 0

0 . 9 0 7 1 .2 1 0 ^ 0 + 0 5 .7 9 9 7 4 1 0 0

0 . 9 4 1 1 .2 0 0 ^ 0 + 0 5 .7 9 6 3 1 1 0 0

0 . 9 6 9 1 .1 9 5 ^ 0 + 0 5 .7 9 3 4 9 1 0 0

1 . 0 0 0 1 .1 8 9 8 ^ 0 + 0 5 .7 9 0 6 1 1 0 0



2 2 1

O u tp u t  :

M o le  f r a c t i o n
Ï —  1

‘ K î  h " -
- 41 0  g " 10^3 Q

( c a l c d , t h  
c m d s

^ 2 L V J _ C p  _ J  m o l" ^

0 .0 0 7 8 - 0 . 0 9 8 0 . 6 6 3 3 0 . 8 6 0 . 0 0 3

0 .0 1 5 1 0 . 1 3 7 0 . 5 8 8 1 5 . 7 6 0 . 0 0 4

0 . 0 2 4 0 0 . 3 8 0 0 . 5 0 7 9 . 7 8 0 . 0 0 0 1

0 . 0 3 4 0 0 . 6 0 3 0 . 4 2 6 6 . 7 9 0 . 0 0 4

0 . 0 4 0 0 0 . 7 1 4 0 . 3 8 4 5 . 7 2 0 . 0 2 0

0 . 0 7 0 0 1 . 0 6 3 0 . 2 2 1 3 . 1 1 0 . 5 1 2

0 . 0 8 3 0 1 .1 3 4 0 . 1 7 2 2 . 5 6 1 .0 4 4

0 . 1 1 9 0 1 .1 6 8 0 . 0 8 6 1 . 6 7 3 . 5 4 6

0 . 1 7 9 0 0 . 9 6 2 0 . 0 3 8 0 . 9 8 9 . 1 1 7

0 . 2 3 6 0 0 . 7 0 5 0 . 0 3 4 0 .  66 1 2 . 6 9 6

0 . 3 1 3 0 0 . 4 4 5 0 . 0 3 0 0 . 4 2 1 4 .7 5 1

0 . 4 1 1 0 0 . 2 8 5 0 . 0 0 4 0 . 2 7 2 0 . 5 2 8

0 . 5 2 7 0 0 . 2 1 3 - 0 . 0 1 5 0 . 2 3 2 3 . 7 2 2

0 . 7 3 9 0 0 . 1 0 7 - 0 . 0 1 4 0 . 5 6 1 .6 2 7

0 . 8 5 7 0 0 . 0 6 5 - 0 . 0 7 6 1 . 3 6 0 . 4 4 3

0 . 8 8 1 0 0 . 0 5 3 - 0 . 0 7 8 1 . 7 2 0 .2 5 1

0 . 9 0 7 0 0 . 0 3 5 - 0 . 0 6 5 2 . 3 1 0 . 0 8 3

0 . 9 4 1 0 - 0 . 0 0 6 - 0 . 0 0 6 3 . 8 5 V . s m a l l

0 . 9 6 9 0 - 0 . 0 6 0 0 . 0 9 6 7 . 6 0 V . s m a l l

E s t i m a t e d  v a l u e  of oL = 1 . 0  x  10*"^e

E s t i m a t e d  h e a t  c a p a c i t y  Cp = 1 0 0  J / m o l / K .
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6 - 3  I n p u t  an d  O u tp u t  d a t a  f o r  QCALC p ro g ra m

f o r  t h e  s y s te m  m e t h y l  c y a n id e  + w a t e r  a t  298  K

Input ;

/ M e t h y l  c y a n id e  + w a t e r  a t  2 9 8 . 1 6  K \

21
5

2 9 8 . 1 6  (T )

I . O 1 0 - 3

1 8 . 0 1 6  ( V I )

5 2 . 4 9 5  (V 2 )

1 . 3 8 ^ 0 - 2 3  ( k j

8 . 3 1  (R )

1 8 . 0 1 6  (MA)

4 1 . 0 5  (MB)

G f ( I )  HG(I)  V * ( I )

5 4 9 0 .9 8 5  3 7 4 0 .5 8 1 2  - 1 . 9 8 1 9

- 7 0 5 . 2 7 5 5  - 1 5 3 6 . 9 8 4 4  - 1 . 1 8 1 6

3 7 5 . 5 6 8 5  4 8 5 3 .3 4 3 5  - 1 . 0 2 3 1

- 3 9 3 . 1 6 9 4  - 2 4 6 7 . 2 9 9 2  - 1 . 3 7 4 4

7 1 0 . 9 7 7 2  - 6 1 6 0 . 6 2 1 0  - 0 . 0 0 6 5 2 9
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M o le  f r a c t i o n Sound D e n s i t y H e a t  C a p a c i t y
a c e to n e V e l o c i t y

^ 2 /era  s ^ /  -"3/ g  era /  J  m o l - l  k " ^

0 . 0 0 1 . 4 9 0 i o + 0 5 0 . 9 9 8 2 1 0 0

0 . 0 1 1 .5 0 0 ^ 0 + 0 5 0 . 9 9 3 0 1 0 0

0 . 0 2 1 .5 0 8 1 0 + 0 5 0 .9 8 9 8 1 0 0

0 . 0 3 1 .5 1 3 ^ 0 + 0 5 0 .9 8 8 8 1 0 0

0 . 0 4 1 .5 1 7 ^ 0 + 0 5 0 . 9 8 5 8 . 1 0 0

0 . 0 5 1 .5 2 0 ^ 0 + 0 5 0 .9 7 9 9 1 0 0

0 . 0 6 1 .5 2 2 2 ^ 0 + 0 5 0 .9 7 6 9 1 0 0

0 . 0 7 1 .5 2 4 ^ 0 + 0 5 0 .9 7 4 8 1 0 0

0 . 0 8 1 .5 2 4 ^ 0 + 0 5 0 . 9 7 3 3 1 0 0

0 . 0 9 1 . 5 3 4 .  +05 0 .9 6 6 9 ICO

0 . 1 0 1 .5 2 2 ^ 0 + 0 5 0 . 9 5 6 7 1 0 0

0 . 1 5 1 .5 0 5 ^ 0 + 0 5 0 . 9 4 0 2 ICO

0 . 2 0 1 .4 8 1 ^ 0 + 0 5 0 . 9 2 4 0 1 0 0

0 . 3 0 1 .4 2 5 ^ 0 + 0 5 0 . 8 9 5 6 1 0 0

0 . 4 0 1 .3 8 5 ^ 0 + 0 5 0 . 8 6 4 1 IC O

0 . 5 0 1 .3 6 5 ^ 0 + 0 5 0 .8 4 0 6 1 0 0

0 . 6 0 1 .3 3 8 ^ 0 + 0 5 0 .8 1 7 5 1 0 0

0 . 7 0 1 .3 2 0 ^ 0 + 0 5 0 . 8 1 7 0 1 0 0

0 , 8 0 1 .3 0 8 ^ 0 + 0 5 0 . 8 0 5 5 1 0 0

0 . 9 0 1 .3 0 4 ^ 0 + 0 5 0 . 7 9 4 3 1 0 0

1 . 0 0 1 .3 0 0 ^ 0 + 0 5 0 .7 8 2 9 1 0 0



O u t n u t :
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M o le  f r a c t i o n  

MeCN

Q - f a c t o r
o

/cra^s

1C Q
/ 2 /era s

0.01

0 .02

0 . 0 3

0 . 0 4

0 . 0 5

0 . 0 6

0 . 0 7

0 . 0 8

0 . 0 9

0.10

0 . 1 5

0.20

0 . 3 0

0 . 4 0

0 . 5 0

0 . 6 0

0 . 7 0

0 . 8 0

0 . 9 0

4 .0 2 3 7 7 6 1 2 ^ 0 - 2 8

1 .6 8 3 1 2 1 ^ 0 - 2 7

3 .9 0 9 6 9 9 9 7 ^ 0 - 2 7

7 .0 3 2 2 6 8 5 3 ^ 0 - 2 7

1 . 0 3 2 2 5 2 9 6 ^ 0 - 2 6

1 .4 9 1 2 9 8 8 7 ^ 0 - 2 6

1 .8 6 2 0 6 3 2 9 ^ 0 - 2 6

2 .0 9 9 2 1 3 4 7 ^ 0 - 2 6

2 .0 8 8 0 4 3 6 8 ^ 0 - 2 6

1 .7 5 2 0 8 9 5 1 ^ 0 - 2 6

3 .6 8 6 8 6 8 5 9 ^ 0 - 2 6

8 . 5 6 8 2 9 0 3 1 ^ 0 - 2 5

9 . 6 9 6 0 9 8 6 9 ^ 0 - 2 4

1 .6 8 2 3 3 3 6 7 ^ 0 - 2 3

3 .3 8 8 9 0 8 3 3 ^ 0 - 2 4

1 .8 7 6 5 5 2 7 9 ^ 0 - 2 4

5 .3 7 2 4 4 8 0 4 ^ 0 - 2 5

3 .9 8 1 0 9 9 2 8 ^ 0 - 2 5

1.70632532^0-25

0.1

0.1

0.1
0.1

0.11

0 . 1 5

0 . 1 9

0.21
0.21
0 . 1 8

0 . 3 7

8 . 5 7

9 7 . 0 0

1 6 8 . 2 3

3 3 . 8 9

1 8 . 7 6

5 . 3 7

3 . 9 8

1.71
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M o le  f r a c t i o n "v" - c / K ' n

^ 2 _v- - _

-410 g
X j m o l -1

0 . 0 1 - 0 . 5 9 5 1 1 8 0 5 1 0 .0 1 1 4 4 5 5 3 5 1 2 1 .4 9 9 8

0 . 0 2 - 0 . 5 2 8 6 4 8 7 5 1 - 0 . 0 0 0 2 1 6 2 0 4 9 .3 0 2 1

0 . 0 3 - 0 . 4 6 7 3 3 7 7 3 5 - 0 . 0 1 4 3 3 9 8 5 . 3 5 2 6

0 . 0 4 - 0 . 4 1 0 8 3 7 5 2 6 - 0 . 0 2 5 1 6 2 8 3 .4 5 7 3

0 . 0 5 - 0 . 3 5 8 8 2 6 9 7 5 - 0 . 0 3 4 7 0 4 1 8 2 .3 7 7 9

0 . 0 6 - 0 . 3 1 1 0 0 8 6 1 7 - 0 . 0 4 3 0 3 5 4 1 1 .7 0 1 9

0 . 0 7 - 0 . 2 6 7 1 0 6 3 5 4 - 0 . 0 5 0 2 2 6 3 4 1 .2 5 2 7

0 . 0 8 - 0 . 2 2 6 8 6 3 4 1 5 - 0 . 0 5 6 3 4 5 1 0 . 9 4 2 1

0 . 0 9 - 0 . 1 9 0 0 4 0 5 5 5 - 0 . 0 6 1 4 5 8 1 1 6 0 . 7 2 1 4

0 . 1 0 - 0 . 1 5 6 4 1 4 4 6 0 - 0 . 0 6 5 6 3 0 1 2 0 . 5 6 1 4

0 . 1 5 - 0 . 0 2 9 3 6 8 8 3 1 8 - 0 . 0 7 4 5 2 1 9 5 0 .2 0 4 5

0 . 2 0 + 0 .0 4 4 1 8 6 0 4 6 3 - 0 . 0 6 8 6 2 3 1 0 0 . 1 1 1 7

0 . 3 0 + 0 .0 9 1 9 8 0 4 2 9 9 - 0 . 0 3 6 1 2 6 5 0 . 0 4 1 3

0 . 4 0 + 0 .0 7 7 0 3 0 2 6 8 4 - 0 . 0 0 4 8 8 4 9 4 - 0 . 0 2 1 7

0 . 5 0 + 0 .0 5 5 1 6 6 8 1 8 8 + 0 .0 0 5 3 1 9 1 3 - 0 . 0 3 2 0

0 . 6 0 + 0 .0 6 2 7 4 8 9 9 3 0 - 0 . 0 0 8 3 3 4 3 2 0 . 0 6 5 7

0 . 7 0 + 0 .1 2 4 3 5 2 4 3 1 - 0 . 0 3 1 7 0 3 0 2 0 . 2 9 1 8

0 . 8 0 0 .2 5 6 9 3 2 1 0 5 - 0 . 0 3 3 6 8 2 4 0 . 6 7 6 1

0 . 9 0 0 .4 7 7 0 0 9 2 6 + 0 .0 3 3 7 9 4 5 1 .6 6 6 3
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6 - 4  R e s u l t s  o f  A p p l i c a t i o n  o f  RSCF p ro g ra m  

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

s y s te m  M e t h y l  C y a n id e  + W a te r  a t  2 7 3  K .

M o le  f r a c t i o n  lO ^^B  

M e t h y l  C y a n id e  / n e p e r s  s^cm ^ 

^ 2

I c f ^ Q
/ 2 /c m  s

lO^D j£m/nra R . M . S .

d e v i a t

0 . 1 8 9 . 9 9 3 0 . 0 9 9 5 . 1 8 7 2 .0 9 5 < 0 . 1

0 . 2 6 6 . 1 4 6 1 .0 6 0 4 . 4 8 0 3 . 2 2 1 < 0 . 1

0 . 3 1 3 1 . 6 2 7 1 1 . 6 6 3 3 . 3 5 1 6 . 0 5 3 < 0 . 1

0 . 4 1 3 8 . 2 5 4 1 4 .8 2 8 2 . 7 4 4 6 . 0 0 7 < 0 . 1

0 . 5  * 1 0 4 . 7 1 6 1 6 .1 0 3 5 . 7 0 5 6 . 1 7 2 0 . 1

0 . 6  * 8 3 . 3 7 9 1 4 . 7 2 9 7 . 7 0 9 7 . 5 4 2 0 . 1

0 . 7 5 8 . 4 1 8 2 . 3 9 2 9 . 9 2 8 5 . 7 8 9 < 0 . 1

*  T h e s e  r e s u l t s  w e re  n o t  w e l l  f i t t e d  by  t h e  R o n a n o v -  

S o lo v y e v  e q u a t i o n ,  a n d  i n  a l l  c a s e s  t h i s  seemed t o  be  

c o n n e c te d  w i t h  t h e  l a r g e  a b s o r p t i o n  a t  1 . 5  MHz.
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6 - 5  Reanalysis of Relaxation Data for Methyl Cyanide
+ W a te r M i x t u r e s a t  273  K .

2 R e l a x a t i o n s ; u s i n g  we i q h t e d  v e r s i o n  o f  n r o g r a m ,

(cf r e s u l t s  u s i n a  u n w e i q h te d  v e r s i o n  i n  r e f e r e n c e  1 4 8 )

C o m p o s i t io n 1 0 ~ ^ f c ^
17 fC g X lc T ^

0 . 1 9 0 . 1 9 5 . 8 8 7 5 . 3 6 1 4 5 . 4 2

0 . 2 8 8 2 . 5 5 1 . 5 3 4 4 9 . 6 6 6 0

0 . 3 4 9 6 6 .1 8 4 . 9 9 7 1 3 . 5 4 5 4 . 1 3

0 . 4 1 3 8 6 3 . 2 3 . 1 1 9 5 7 , 2 2 5 0

0 . 5 5 6 2 8 . 2 3 . 4 6 8 8 0 . 1 7 5 1 , 1 6

0 . 6 1 4 4 1 .6 6 . 0 8 8 2 3 . 8 3 3 . 6 0

0 . 7 2 6 9 . 5 2 2 . 8 2 2 2 9 . 6 8 4 9 . 8 0

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

C o m p o s i t io n

^ 2 ' max

0 . 1 0 . 4 8 . 3

0 . 2 1 . 0 2 0 . 2

0 . 3 1 8 . 1 2 8 . 2 5

0 . 4 3 1 . 0 3 4 . 4

0 . 5 1 4 . 0 3 2 . 1

0 . 6 6 . 2 1 9 . 6

0 . 7 0 . 5 8 . 0

0 . 8 - -

0 . 9 - -

^ 2 1 0 "  A ^ fc ^ 1 0 " A ^ fc ^

0 . 1 5 3 0 . 3 1 0 9 6 0

0 . 2 1 3 5 0 2 6 9 8 0

0 . 3 2 4 7 8 0 3 8 6 2 0

0 . 4 4 3 1 1 0 4 7 8 6 0

0 . 5 1 9 4 7 0 4 5 0 3 0

0 . 6 8 7 6 5 2 7 6 8 0

0.7 760 11440
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6 - 6  Application of the Roraanov-Solovyev treatment 
to electrolyte solutions, tetraethylammonium 
bromide and tetra-n-butylammonium bromide.

The modified program used in this analysis is not included, 
it being essentially similar to that in Appendix 5-2.
A program was written to fit the excess function data to 
equation 6-30. This program has not been included but 
is a substantially modified version of a curve analysis 
routine described by Armitage et al. (see reference 182).

(a) tetra-n-butylammonium bromide;

Input data;

22 (number of data points)
7 (number of parameters)
298.15 (temperature /K)
18.016 (molecular weight of solvent)
322.0 (molecular weight of solute)
303.0 (molar volume of solute)
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S a l t
M o l a l i t y

^ 2

Sound
V e l o c i t y

Ic T ^ C /c m

D e n s i t y
, —3 

- 1  / 9  cm

Volum e  
E x p a n s io n  
c o e f f t s / K

H e a t  
Capac: 
/  J  Î

Cn

0 . 1 1 . 5 0 0 0 .9 9 9 2 5 0 . 0 1 2 9 0

0 . 2 1 . 5 0 0 1 .0 0 1 5 0 . 0 1 2 9 0

0 . 3 1 . 5 0 3 1 .0 0 3 7 0 . 0 1 2 9 0

0 . 4 1 . 5 0 7 1 . 0 0 6 0 0 . 0 1 2 9 0

0 . 5 1 . 5 0 9 1 .0 0 8  2 0 . 0 1 2 9 0

0 . 6 1 . 5 1 1 1 .0 1 0 3 0 . 0 1 2 9 0

0 . 7 1 .5 1 4 1 .0 1 2 4 0 . 0 1 2 9 0

0 . 8 1 . 5 2 0 1 .0 1 4 3 0 . 0 1 2 90

0 . 9 1 . 5 2 0 1 . 0 1 6 2 0 . 0 1 2 9 0

1 . 0 1 . 5 2 0 1 . 0 1 8 0 0 . 0 1 2 9 0

1 . 2 1 . 5 2 0 1 . 0 2 1 2 0 . 0 1 2 9 0

1 . 4 1 . 5 2 0 1 . 0 2 4 2 0 . 0 1 2 9 0

1 . 6 1 . 5 2 0 1 .0 2 6 8 0 . 0 1 2 9 0

1 . 8 1 . 5 2 0 1 .0 2 9 2 1 0 . 0 1 2 9 0

2 . 0 1 . 5 2 0 1 .0 3 1 4 0 . 0 1 2 9 0

2 . 5 1 . 5 2 0 1 .0 3 5 7 0 . 0 1 2 9 0

3 . 0 1 . 5 2 0 1 .0 3 6 5 0 . 0 1 2 9 0

3 . 5 1 . 5 2 0 1 . 0 4 1 0 0 . 0 1 2 9 0

4 . 0 1 . 5 2 0 1 .0 4 2 9 0 . 0 1 2 9 0

7 . 0 1 . 5 2 0 1 .0 4 9 1 0 . 0 1 2 9 0

1 0 . 0 1 . 5 2 0 1 .0 5 1 1 0 . 0 1 2 9 0

1 7 . 0 1 . 5 2 0 1 .0 5 3 5 0 . 0 1 2 9 0



2 3 0

Ao

A_

C p ( s a l t )

- 3 9 4 1 . 4 3 3 7 6

6 4 7 .4 6 1 2 1 9

- 5 5 . 6 0 0 5 1 9 0

5 .6 1 0 6 8 0 4 9

- 0 . 2 9 9 0 7 4 7 0 8

- 0 . 0 0 7 9 8 1 0 6 2

- 0 . 0 0 0 0 8 4 4 9 9

H ^ ( s a l t )

- 6 2 1 8 . 8 6 1 8 8

1 8 5 2 2 .4 9 3 7 5

- 3 1 8 6 . 2 6 3 8 5

3 0 3 .8 2 6 9

- 1 4 . 6 3 8 8 2 5

0 .2 7 1 9 4 4

0 .0 0 0 4 9 5 6

( s a l t )

0 .1 1 0 6 2 7 1 1 8  

•O. 2 8 9 7 3 3 7 2 2  

0 .0 5 4 0 4 7 3 0 8  

0 .0 0 5 1 0 5 6 0 0  

0 .0 0 0 2 5 1 3 0 3  

• 0 .0 0 0 0 0 5 0 3 6  

O . 0 0 0 0 0 0 0 0

Mo 1 dm—3

j v " / V  \ j ^ d h " /C p } I c T ^ g "

/6 m ol
-1

l c f ^ Q ( c a l c d )

/cm ^s

0 .0 9 6 8  

0 . 1 8 8 2  

O . 2 746  

0 . 3 5 6 5  

0 . 4 3 4 2  

0 . 5 0 8 0  

0 . 5 7 8 3  

0 . 6 4 5 2  

0 . 7 0 9 1  

0 . 7 7 0 0  

0 . 8 8 0 0  

0 . 9 8 8 3  

1 . 0 8 4  

1 .1 7 3  

1 .2 5 5

- 3 1 . 8 5

-  8 . 5 9

-  3 . 0 7

-  0 . 9 0  

0 . 1 4  

0 . 7 0  

1.02 
1.21
1 . 3 1

1 . 3 7  

1 . 4 0

1 .3 8

1 .3 1  

1 . 2 4  

1 . 1 7

3 8 . 2

4 3 . 3

4 4 . 2

4 3 . 6  

4 2 . 5

4 1 . 0

3 9 . 4

3 7 . 7

3 5 . 9

3 4 . 2

3 0 . 7

2 7 . 3

2 4 . 0

2 0 . 9

1 8 . 0

5 8 . 2

2 7 . 5

1 7 . 7

1 2 . 9

10.1

8 . 2

6 . 9

6 . 0

5 . 2

4 . 7

3 . 8

3 . 2  

2 . 7  

2 . 4  

2.1

0.8

2.2
4 . 8

8 . 9

1 4 . 4  

21.2
2 9 . 4

3 8 . 8

4 8 . 9

5 9 . 7

3 1 . 7

1 0 2 . 4

1 1 9 . 4  

1 3 0 .8  

1 3 5 . 1



2 3 1

( b )  t e t r a - e t h y l a m m o n i u m  b ro m id e

I n p u t  D a t a ;

>2 7 2 9 8 . 1 5 1 8 . 0 1 6 2 1 0 . 2 1 7 3 . 7

)o n c e n -  
: r a t i o n _ ^  
'mol k g "

Sound
V e l o c i t y

1 0 "^ C /c m  s " ^

D e n s i t y

/  —3 / g  cm

E x p a n s io n ^  
c o e f f t / K "

H e a t  Cap  

/  J  m o l

0 . 1 1 . 4 9 5 1 .0 0 0 6 2 5 0 . 0 0 6 1 0 0

0 . 2 1 .4 9 5 1 .0 0 4 1 7 8 0 . 0 0 6 1 0 0

0 . 3 1 . 5 2 0 1 .0 0 7 6 4 2 0 . 0 0 6 1 0 0

0 . 4 1 . 5 2 0 1 .0 1 1 0 5 0 . 0 0 6 1 0 0

0 . 5 1 . 5 2 0 1 .0 0 1 4 3 6 2 0 . 0 0 6 1 0 0

0 . 6 1 . 5 3 0 1 .0 1 7 6 0 6 0 . 0 0 6 1 0 0

0 . 7 1 . 5 4 0 1 .0 2 0 7 8 8 0 . 0 0 6 1 0 0

0 . 8 1 . 5 5 0 1 .0 2 3 9 1 0 0 . 0 0 6 1 0 0

0 . 9 1 . 5 5 0 1 .0 4 6 1 7 5 0 . 0 0 6 1 0 0

1 . 0 1 . 5 5 0 1 .0 2 9 9 8 6 0 . 0 0 6 1 0 0

1 . 2 1 . 5 5 0 1 .0 3 5 8 5 6 0 . 0 0 6 1 0 0

1 . 4 1 . 5 5 0 1 .0 4 1 4 2 3 0 . 0 0 6 1 0 0

1 . 6 1 . 5 5 0 1 .0 4 6 7 9 3 0 . 0 0 6 1 0 0

1 .8 1 . 5 5 0 1 .0 5 1 9 8 2 0 . 0 0 6 1 0 0

2 . 0 1 . 5 5 0 1 .0 5 7 0 0 6 0 . 0 0 6 1 0 0

2 . 5 1 . 5 5 0 1 .0 6 8 6 4 5 0 . 0 0 6 1 0 0

3 . 0 1 . 5 5 0 1 .0 7 9 4 2 3 0 . 0 0 6 1 0 0

3 . 5 1 . 5 5 0 1 .0 8 9 2 4 8 0 . 0 0 6 1 0 0

4 . 0 1 . 5 5 0 1 .0 9 8 1 6 7 0 . 0 0 6 1 0 0

5 . 0 1 . 5 5 0 1 .1 1 3 7 2 2 0 . 0 0 6 1 0 0

7 . 0 1 . 5 5 0 1 .1 3 9 2 4 9 0 . 0 0 6 1 0 0

1 0 . 0 1 . 5 5 0 1 .1 6 5 2 0 3 0 . 0 0 6 1 0 0

K - i



2 3 2

A
(

A.

A,

Â

A,
A

G p ( s a l t )

- 3 6 7 6 . 6 1 7 5 3

3 8 0 .2 3 3 5 0 5

1 8 8 .8 7 0 6 3 2

- 5 4 . 9 0 9 4 2 0 2

8 .3 4 5 2 4 9 3 9

0 .6 0 9 4 2 1 1 7 7 3

0 .0 1 6 8 2 2 9 8 3

f ( s a l t )

- 5 2 5 . 4 4 7 0

- 2 6 5 0 . 5 3 8 9 8

9 1 5 . 2 1 1

- 1 5 5 . 4 8 5 0

1 5 .2 0 1 6 1

- 0 . 7 8 1 9 0

0 . 0 1 6 5 3

( s a l t )

- 0 . 1 2 3 3 6 3 7 8

0 .3 2 8 4 6 9 0 5 4

- 0 . 2 7 8 7 3 2 7 9

0 .1 1 3 0 3 9 8 0 2

- 0 . 0 2 3 7 9 1 1 2 7

0 .0 0 2 3 5 4 3 9 3

- 0 . 0 0 0 0 8 9 2 9 8

O u tp u t  D a t a  f ro m  QCALC.

10""^g” l c f ^ Q ( t h e r m o )  

" 1  (c m f  s )X j m ol

0 . 0 9 8 0

0 . 1 9 2 7

0 . 2 8 4 4

0 . 3 7 3 1

0 .4 5 8 9

0 . 5 4 2 2

0 .6 2 2 9

0 . 7 0 1 2

0 . 7 7 7 2

0 . 8 5 1 1

0 . 9 9 2 6

1 . 1 2 6 0

1 . 2 5 3 0

2 0 . 5  

— 3 . 4  

- 7 . 6  

—8 . 2 

- 7 . 7  

- 6 . 9  

- 6 . 0  

- 5 . 1  

- 4 . 2  

- 3 . 4  

- 2.1 
- 1.2 
- 0 . 5

• 5 . 0 6

■ 4 .3 8

• 3 . 9 0

• 3 .4 8

• 3 . 1 1

• 2 . 7 7

• 2 . 4 6

• 2 . 1 7

• 1 . 9 0

■ 1 .65

• 1.21
' 0 . 8 2

'0 . 4 9

5 8 . 5  

2 7 . 7  

1 7 . 9  

1 3 . 2

1 0 . 5  

8 . 8

7 . 5

6 . 7  

6 . 0

5 . 5

4 . 8  

4 . 3

3 . 9

0 . 9 9

0.01
0 . 2 5

0 . 7 9

1 . 2 9

1 .5 8

1 .6 5

1 . 5 2

1 .2 5

0 . 9 4

0 . 3 4

0 . 0 7

V . s m a l l
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6 - 7  M o d i f i e d  V e r s io n  o f  QCALC p r o g r a m  and  I n p u t  D a ta

f o r t h e  s y s te m  U r e a  + W a te r  a t  298  K .

The m o d i f i e d  v e r s i o n o f  t h e QCALC p ro g ra m  was d e s c r i b e d

i n  C h a p te r 6 - 5 .

I n n u t  D a t a :

12 (number o f  d a t a  p o i n t s )

4 (num ber o f  p a r a m e t e r s )

2 9 0 . 1 5 ( t e m p e r a t u r e )

1 3 . 0 1 6 ( m o l e c u l a r  w e i g h t  o f  s o l v e n t )

6 0 . 0 6 ( m o l e c u l a r  w e i g h t  o f  s o l u t e )

4 4 . 2 (m o la r  ■vo lum e o f  s o l u t e )

C o n c e n ­
t r a t i o n  
o f  U r e a _ ^  
/m o l  k g

Sound  
V e l o c i t y  
/c m  s"

D e n s i t y  E x p a n s io n  
/ g  c a - 3  C o e f f i c i e n t

H e a t  C a p a c i t y
- 1  - 1/ J  m ol K

1 . 0 1 .5 2 2 ^ 0 + 0 5 1 .0 1 3 0 .0 0 1 5 7 5 . 7 3

2 . 0 1 .5 4 4 ^ 0 + 0 5 1 .0 2 6 0 . 0 0 1 5 7 6 . 2 7

3 . 0 1 .5 6 4 ^ 0 + 0 5 1 .0 3 8 0 . 0 0 1 5 7 6 . 5 7

4 . 0 1 .5 8 2 ^ 0 + 0 5 1 . 0 5 0 0 . 0 0 1 5 7 7 . 1 5

5 . 0 1 .5 9 9 ^ 0 + 0 5 1 . 0 6 1 0 . 0 0 1 5 7 7 . 5 3

6 . 0

7 . 0

1 . 6 1 3 , 0 + 0 5

1 .6 2 6 ^ 0 + 0 5

1 . 0 7 0

1 . 0 7 8

0 .0 0 1 5

0 .0 0 1 5

7 8 . 3 7

7 8 . 7 8

8 . 0 1 .6 3 8 ^ 0 + 0 5 1 .0 8 6 0 .0 0 1 5 7 9 . 3 7

9 . 0 1 .6 4 9 1 0 + 0 5 1 . 0 9 4 0 . 0 0 1 5 8 0 . 1 7

1 0 . 0 1 .6 6 0 ^ 0 + 0 5 1 . 1 0 1 0 .0 0 1 5 8 0 . 8 3

1 1 . 0 1 .6 7 0 ^ 0 + 0 5 1 .1 0 8 0 .0 0 1 5 8 1 . 3 3

1 2 . 0 1 .6 7 9 ^ 0 + 0 5 1 . 1 1 4 0 .0 0 1 5 8 2 . 2 6

I C A ( I ) H A ( I ) V A ( I )

0 0 .0 4 2 7 8 3 3 5 9 . 3 0 . 2 1 2
1 0 . 1 5 2 8 . 5 1 0 . 1 5
2 0 .0 0 0 4 1 9 8 1 .9 1 2 0 . 0 0
3 0 . 0 0 0 . 0 6 1 5 1 0 . 0 0
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Output Data from QCALC

Mole fraction Concentration 
of Urea /mol kg"

V "

V
c4'i
Cp

,0 1 7 7

,0 3 4 8

,0 5 1 3

,0 6 7 2

,0 8 2 6

,0 9 7 6

1120
1 2 6 0

1395

1 5 2 7

1 6 5 4

1778

1 . 0 0 0  0 .5 3 6 8 6 ^ 0 - 0 1

2.000 5.20644 0̂-01

3 . 0 0 0  2 . 7 8 1 0 7 ^ 0 - 0 1

4.000 9.69787^0-02
5 . 0 0 0  - 4 . 1 4 6 1 8 ^ 0 - 0 2

6 .0 0 0  - 1 . 4 9 5 5 1 ^ 0 - 0 1

7 . 0 0 0  - 2 . 3 5 6 1 6 ^ 0 - 0 1

8 . 0 0 0  - 3 . 0 5 4 0 8  ^q~ 01

9 . 0 0 0  - 3 . 6 2 9 8 5 ^ 0 - 0 1

1 0 . 0 0  - 4 . 1 1 2 5 9 ^ 0 - 0 1

1 1 . 0 0  - 4 . 5 2 3 6 2 ^ 0 - 0 1

1 2 . 0 0  - 4 , 8 7 8 7 6 ^ 0 - 0 1

1 .4 9 4 0 2 ^ 0 + 0 0

3 .8 8 6 6 8 ^ 0 + 0 0

6 .4 0 4 4 2 ^ 0 + 0 0

9 .0 1 3 1 3 ^ 0 + 0 0

1.17604^0+01

1.45479^0+01

1 .7 5 2 8 5 ^ 0 + 0 1

2.05959^0+01

2 .3 7 2 6 7 0̂ + 0 1

2.70202,0+01

3.05066^0+01

3 .3 9 6 8 5 0̂ + 0 1

Mole fraction Concentration Concentration Q(thermo) 
of Urea /mol kg  ̂ /mol dm ^ /cm s

. 0 1 7 7

.0 3 4 8

.0 5 1 3

.0 6 7 2

.0 8 2 6

.0 9 7 6

.1120

. 1 2 6 0

.1 3 9 5

.1 5 2 7

. 1 6 5 4

.1 7 7 8

1.000

2.000

3 . 0 0 0

4 . 0 0 0

5 . 0 0 0

6.000

7 . 0 0 0

8.000 

9 . 0 0 0

10.00

11.00

12.00

. 9 5 5 6

1 . 8 3 2

2 . 6 3 9

3 . 3 8 6

4 . 0 8 0

4 . 7 1 9

5 . 3 1 3

5 . 8 6 8

6 . 3 9 1

6 . 8 7 9

7 . 3 3 9

7 . 7 6 9

3.28213^0-31

1.42410^0-28

2.34589^0-27

1 .5 4 4 2 8 ^ 0 - 2 6

6 . 4 9 7 4 9 ^ 0 - 2 6

2 .0 5 0 9 7 ^ ,0 - 2 5

5 . 4 4 7 8 8 ^ 0 - 2 5

1 .2 6 3 7 7 ^ 0 - 2 4

2 . 6 4 3 1 5 . 0 - 2 4  

5.13663^0-24

9.42562.0-24 

1 . 6 2 6 7 2 , ^ - 2 3
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8 - 1  B i n a r y  D i v i d e r  I n t e r f a c e  U n i t  f o r  C o d e rg  PH^

Raman S p e c t r o m e t e r

I n p u t  Im p e d a n c e  = ^  14 MO

S e l e c t o r  S w i t c h  
P o s i t i o n  81

F u n c t io n S a m p l in g
I n t e r v a l *

- 1cm

1 d i r e c t 0 . 2 5

2 4 2 0 . 5

3 4 4 1

4 4 8 2

5 4 16 4

6 4 3 2 8

*T o  some e x t e n t  t h e  a c t i o n  o f  t h e  b i n a r y d i v i d e r s  i s

d e p e n d e n t  upon th e  p u l s e f r e q u e n c y  f r o m t h e  s te p  d r i v e

m o t o r .  N o m i n a l l y  f o u r  p u l s e s  a r c  u t i l i s e d  p e r  cm ^ and  

f o r  medium s c a n n in g  s p e e d s  ( 6 0  cm ^ / m in )  t h e  above  t a b l e  

i s  a p p l i c a b l e .  A t  v e r y  h ig h  o r  lo w  s c a n n in g  sp eed s  some 

d i v e r g e n c e  f r o m  t h e  a b o v e  t a b l e  v;as n o t i c e d .
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8 - 2  Summary of Input Data and Controls for Gaussian
and L o r e n t z i a n  S p e c t r a l  Band D e c o n v o l u t io n  P ro g ra m

( a )  D i g i t a l  V o l t m e t e r  O u tp u t  C o n v e r s io n  P ro g ra m

T h i s  p ro g ra m  c o n v e r t s  v o l t a g e  r e a d i n g s  o u t p u t  b y  

t h e  S o l a r t r o n  D a ta  L o g g e r  i n t o  t h e  c o r r e s p o n d in g  p e r c e n t a g e  

r e a d i n g  on th e  r e c o r d e r  s c a l e ,  and o u t p u t s  a t a p e  c o m p r is ­

i n g  s u i t a b l e  i n p u t  d a t a  f o r  SPECT 1 .

I n p u t  d a t a  r e q u i r e d :

N -  number o f  d a t a  p o i n t s .

VFSD -  f u l l  s c a l e  d e f l e c t i o n  v o l t a g e  on r e c o r d e r .

VlOO -  v o l t a g e  c o r r e s p o n d in g  t o  lO O ^ r e a d i n g  on

r e c o r d e r  s c a l e .  ( N . B .  -  a n e g a t i v e  v a l u e  and  

n e g a t i v e  s ig n  m ust be i n c l u d e d ) ,

NUSTART -  w avenum ber c o r r e s p o n d in g  t o  f i r s t  s am p le  p o i n t  

r e c o r d e d  b y  D . V . M .

INC -  s a m p l in g  i n t e r v a l  i n  w av e n u m b e rs .

Th en  f o l l o w s  d i g i t a l  v o l t m e t e r  ( D . V . M . )  r e a d i n g s  on 8 

h o l e  p a p e r  t a p e .

( b )  The p ro g ra m  SPECT 1

T h i s  p ro g ra m  e x e c u t e s  G a u s s ia n  and L o r e n t z i a n  s p e c t r a l

b a n d  c o n t o u r  d e c o n v o l u t i o n  as  d e s c r i b e d  i n  C h a p te r  8 .  (The

p r o g r a m  i s  f i l e d  on m a g n e t ic  t a p e ) .

I n p u t  d a t a  r e q u i r e d :

KURVE -  f o r  G a u s s ia n  a n a l y s i s  s e t  KURVE = 1
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- for Lorentzian analysis set KURVE = O
M -  number o f  d a t a  p o i n t s  t o  be  i n p u t .

N -  num ber o f  b a n d s  c o m p r is in g  e n v e lo p e .

IVRITE -  i f  I'RITE i s  g r e a t e r  t h a n ,  o r  e q u a l  t o ,  one th e n  

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

v a l u e s  i s  o u t p u t .  S e t t i n g  WRITE t o  an y  o t h e r  

v a l u e  s u p p r e s s e s  t h i s  o u t p u t .

TAUMIN -  l i m i t i n g  minimum v a l u e  o f  s t e p  l e n g t h  m o d i f i e r .

ITM AX -  maximum p e r m i t t e d  number o f  i n t e r a c t i o n s .

T IM A X -  maximum p e r m i t t e d  r u n  t im e  i n  m i n u t e s .

a l p h a  

I  ( 1 )I
I
I

I ( N )

BETA

N U M A X (l)
I
I
I

NUMAX(N)

GAMMA 

DELTANU( 1 )

DELTANU(N)

N U ( 1 )
I
I
I
I

NU(M )

I N T ( l )
I
I
I
I

IN T ( M )

S p e c t r a l  e n v e lo p e  d a t a  g e n e r a t e d  

b y  a b o ve  D .V .M .  p ro g ra m  on 

p a p e r  t a p e  (8  b i t ) .

A l p h a ,  B e t a  and  Gamma a r e  th e  c o n s t a n t s  i n  a q u a d r a t i c  

e q u a t i o n  u s e d  t o  f i t  t h e  b a c k g r o u n d .  I  i s  t h e  b an d  

com ponent i n t e n s i t y  a t  NUMAX, t h e  f r e q u e n c y  o f  t h e  

i n t e n s i t y  maximum. DELTANU i s  t h e  h a l f - b a n d  w i d t h .
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- y p T /R  PRnqRAy;
"  :  1 P "  i i ,  i  , . i :

VrOv! . \ T . m ’ , I ' ! J ,  : h ; Sï ART ;
" 'R :A Y "
%.'/rrn,vinn,üUà:ART,iNC;

" F 9 f ' "  I :  = l  " i T h P "  1 - " U :  = T I L "  N " D ü "  " 3 EGI N"  
:l ) ,r'nL i ]  :

C l j / i o o o n ;

i •
•1 U I û i T / 1

" "
4 " R L A i. " V I
0 " Rr  Ai . " It ;

"READ" • 1 •
7 " F - J p .  " î : =

" ?EA: : " r-r
y p - C ' ] :

Où i ' C  I .1 : = ( l
p R L I j :

12 " E M P " ;
l o  ■ , ' ! ! [ ! ]  : = p '
14 "'"OP" I : =
1 5  . T ' C r ] : = MU
1 o " F i i P " I : =
17

"PK î ..!T Il /

PO • •■6RÎ DT Il /

2 1  . ” Fi iP " I : “
22 "PK î iJT
2 0 " F U R " J : r
24 "P. ' MUT
2 0 " - l  i ' V  ;
26 " c N P " :

2 5 6 U i :
24o CODE
5 0 4 TOTAL

" U ' î T î L "  rj " D û "  ■
S E P n i : ; 7 { ô  ) , ' ' L ' ' ,  5 AhEL I NE / MU C I ] , ' ' S 2 ' ' , P 3 C I ] ;

L 6 ' * * % U A T A  OUTPUT TO PAPER T A P E * * * ' :
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& JOB;CHE 151 DW;SPECT i;

& ALGOL;  
L I BRARY - 
ALGOL

& L I S T ;

T I ME;  1 5 ;  15 ;  ■---------------------------- ----------- ---------- --------------------
1 SPECT 1................................................................................................................... ............
2 DECONVOLUTION OF INFRA R E D  A N D  RAMAN SPECTRA ---------------     "

  3 D HADDINGTON 1 969  UNI VERSI TY OF LEI CESTER;  ...................

■ 5 "  " B E GI N "  " I NTEGER"  KURVE;  ' ‘

■ 7 ' — "COMMENT" «SUMMARY OF INPUT DATA*  ' "
8 KURVE-FOR GAUSSIAN ANALYSI S SET KURV£=1 • -
9 "  -FOR LORENTZI AN ANALYSI S SET KURVE=0 ...............................

10 M-NUMBER OF DATA POINTS TO BE INPUT
11 ■ N-NUMBER OF BANDS COMPRISING ENVELOPE
12 W R I T E - I F  WRITE IS GREATER THAN OR EQUAL TO ONE THEN
13 A TABLE OF INPUT AND COMPUTED VALUES OF I NTENSI TY IS
14 OUTPUT,  TOGETHER WITH THE RESPECTI VE DEVI ATI ONS
15 '  I F WRITE t a k e s  ANY OTHER VALUE THEN NO OUTPUT
16 IS OBTAINED
17 ^ T A U M I N - L I M I T I N G  MINIMUM VALUE OF STEP LENGTH MODI FI ER
18 I TMAX-MAXIMUM PERMITTED NUMBER OF I TERATI ONS 1 ’ ' ^
19 TI MAX-MAXI MUM PERMITTED RUN TIME IN MINUTES
20 «DATA FOR BAND ENVELOPE READ FROM PAPER TAPE - --
21 “ ' «FOLLOWED BY I N D I V I D U A L  ESTIMATED BAND PARAMETERS ON CARDS
22 _ _  I NT E NS I T Y ,  NUMAX ,“ HALF-J; [ i yTH , _ / 0 R  _E_ACFr_BAND ;_   -

24 r  —
2  5  " READ"  KURVE;  -------------------------------------------------------------------   '
^  ^  ^  ^  ^  ^  ^  ^  II ^  ^  ^  ^  II     .  I   . »  —  . , .  _  —  « —  -

28 - -  -   -....
' 2 9  ■ " B E GI N "  " I NTEGER"  I , J , K , M , N , N I T , C O U N T , W R I T E , I T M A X ; ............... - --■
30 -  " I NTEGER"  MI NS,  SECS,  TSECS;  -------------  _----------------------- -------
31 " I NTEGER"  T I MAX;  '  ------------------------- --------------------------------------
32 " REAL"  F , F O , T A U , T A U M I N ;  ................... ......................
33 ' “ "COMMENT" «GAUSSIAN ANALYSI S; --------------------------- ----------------- ----- -------
34 - "COMMENT"  INSERT PROCEDURES AFTER THI S CARD; -------------- ------------------
35 .

38 "PROCEDURE" TI ME ( MI NS,  SECS,  TSECS) ;
39 " I NTEGER"  MI NS,  SECS,  TSECS;    ' - - - -
40 " B E GI N "  " I NT EGER"  T l ,  T2 ;  -............................................
41 "CODE"    ■ ....................



2 4 0

43 %LD: LST1
' 44 %LüR: LSO

45 %SUBR: LS2 ‘ ' '
4 6 % J I L S 1 7 7 ;
4 7  -
4 6 M INS : =T1 ; ........
49 S c C S : = T 2 :  ' ..... .. ................... ..
50 T S E C S : = 6 0 « T i  + T2 ; ..................................................... ................. .......... . .....
51 " END"  PROCEDURE T I ME;  ' ...................

5 3
54 " REAL "  "PROCEDURE" I N C A L C ( N U , P , I C , N , M ) ;  .........
55 " I NTEGER"  M, N: ....................................................................... ........  ..............
56 " REAL"  "ARRAY"  N U , P , I C ;  " '     . '

"  57 " B EGI N"  " I NTEGER"  I , J ;  '  ........
58 "FOR"  I : = l  " STEP"  1 " U N T I L "  K "DO"  " B EGI N"  ------ ----------
59  ̂ " REAL"  S;  S : = 0 ;  "  ........................
60 "FOR"  J : = 0  " STEP"  1 " U N T I L "  N- 1  "DO"  ”
61 5 : = S + P [ 4 + 3 * J ] * E X P ( - ( ( N U [ I ] - P [ 5 + 3 * J ] ) T 2 ) / ( P C 6 + 3 * J ] t 2 ) ) ;
62 S : = S + P [ 1 ] + P [ 2 ] * N U C I ] + P [ 3 ] * ( N U [ I ] T 2 ) ;
63 ICC I ] : =S;

65 ’“ ' " E N D "  OF I NCALC;   ............  "* ....
66  '      ..........................

6 7
68 " REAL"  "PROCEDURE" F C A L C ( I I , I C , M ) ;  ..........:-------■.....................
69 " I NTEGER"  M; ................  .......
70 " REAL "  "ARRAY"  I I , I C ;  ......   _ Z l ' X  T L ’ L
71 " B E GI N "  " I NTEGER"  I ;
72 " REAL"  S ; S : = 0 ;  "    ' .............  '— - ...... .............
73 '  " - O R "  I : = l  " STEP"  1 " U N T I L " ' M  "DO"
7 = S + ( ( I I C I j - I C C I ] ) t2)_;_“ _--_-------- ■-----   " ' ...................

r C A L C : = S ;
7 6 "END"  OF FCa LC;  ' ' ' ' "  .      ' "  ........................

78 _..... “ ' X ..........
79 " REAL"  "PROCEDURE" D G I A ( N U , Y , Z ) ; "  ....... ..... ............
80 " REAL"  N U , Y , Z ; .......................................................... ............. ...................
81 " B E G I N "  ...................  '  ~  "  ......... "
82 DGI A:  = ( 2 * ( N U - Y ) / ( Z * Z ) ) * E X P ( - ( ( ( N U - Y ) / Z ) T 2 ) ) ;  '
83 "END"  OF DGI A;  ' ' ' ..............

85     ' ' '  '
86 " REAL"  "PROCEDURE" DG I B ( NU, Y , Z ) ;  ....... ....................  ........................
87 " REAL"  N U , Y , Z ;  ..................... ....................... ......
63 " B E GI N "  '.................................................................................. ....... ................................
39 DGI B:  = ( 2 * ( ( N U - Y ) t 2 ) / ( Z t 3)  ) * E X P ( - ( ( ( N U - Y ) / Z ) ? 2 ) ) ;
90 "END"  OF DGI B;  _ ‘  '
91 ■ . - - -

92 _ - .  -
93
94 " REAL "  "PROCEDURE" D2GI  A ( NU, Y , Z ) ; .............................
95 " REAL "  N U , Y , Z ;
96 " B E G I N "  " REAL"  XX;  XX : = ( ( N U - Y ) t 2 ) ;
97 D 2 G l A : = ( ( 4 * X X / ( Z T 4 ) ) - ( 2 / ( Z f 2 ) ) ) * E X P ( - ( X X / ( Z T 2 ) ) ) ;
98 "END"  OF D2 GI A ;
99

100 :
101 " REAL "  "PROCEDURE" D2GI  3 ( NU, Y , Z ) ;
102 " REAL"  N U , Y , Z ;
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103 " B EGI N"  " REAL"  U;
' l 0 4  U : = ( ( ( N U - Y ) / Z ) f 2 ) ;
105 ' D 2 G I S : = - ( ( ( 2 * U ) / ( Z T 2 ) ) * ( 3 . 0 - 2 . 0 * U ) * E X P ( - U ) ) ;
106 " END"  OF D2GI B ;
10 7
108  " REAL"  "PROCEDURE" S U M P R O D ( R , Q , J , K , M ) ;  ..........
109 " VALUE"  J , K ;
110 "-I iN'TEGER" ' -
111 " REAL"  "ARRAY"  R , Q:
112 " B E GI N "  " I NTEGER"  I ;  " REAL"  S;  S : = 0 ;  " -  -----------------
115 "FOR"  l : = l  " STEP"  1 " U N T I L "  M "DO"   .........     '
114 S : = S + ( ( R C I j t J ) « ( Q C I ] t K ) ) ; .................... ......  ............
115 SUMPR0D: =2* S ;      -  “
116  " END"  OF SUMPROD; • - - ... .......................... .......

118
119 " REAL"  "PROCEDURE" F I R S T D ( I I , I C , N U , A , P , M , N ) ; '
120 " I NTEGER"  M, N;
121 " REAL"  "ARRAY"  I I , I C , N U , A , P ; ........................... .... '
122 " B E GI N "  " I NTEGER"  I , J ;
123  " REAL "  "ARRAY"  0 , R [ 1 : M ] ;  '

125 ■■ "FOR"  l : = l  " STEP"  1 " U N T I L "  M "DO"
126 R [  I ]  : = I I  C I ]  -  I C C I D ;----------------------------------------------------------  --
127 "FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"
128  Q[  I 3 : = - l . 00 ; ■ ' * -   -
129  A [ 1 3 : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ;  T ' " '
150 "FOR"  l : = l  " STEP"  1 " U N T I L "  M "DO"  ----------
131 Q[  I 3 : = - NU [  I 3 ; ' -------- - ------- ------------------
132 AC2 3 : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ; -  • ---- -------------------
133  ' "FOR"  l : = l  " STEP"  1 " U N T I L "  M "DO"
134 QC I 3 : = - ( N U C l 3 ? 2 ) ;
135 A C 3 3 : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ;  ----------------------------------- -----

137 "FOR"  J : = 0  " STEP"  1 " U N T I L "  N- 1  "DO"
138 " B E GI N " ..................................................................................- .........-
139 "FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"
14 0 QCI 3 : = E X P ( - ( ( ( NUC13- P C 5+ 3 « J 3 ) / ( PC6 + 3 « J 3 ) ) t 2)  ) ;
141 ■■ AC4 + 3 * J 3 : = S U M P R 0 D ( R , 0 , 1 , 1 , M ) ; ' ...................... . '
142  A C 4 + 3 * J 3 : = - A C 4 + 3 * J 3 ;
143
144 "FOR"  l : = l  " STEP"  l  " U N T I L "  M "DO"  —
145 QCI 3 : = P [ 4  + 3 * J 3 * D G I A ( N U C I 3 , P C 5  + 3 * J 3 , P C 6  + 3 * J 3 ) ; '
146  A C 5 + 3 * J 3 : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ;  -----------
147  AC5 + 3 * J 3 : = - A C 5  + 3 * J 3 ;  --------- ------- -----------
14 8 . ... --
149  "FOR"  I ; = l  " STEP"  1 " U N T I L "  M " D O " '  “
150 —• 0 C I 3 : = P C 4  + 3 * J 3 * D G I B ( N U C I 3 , P C 5  + 3 * J 3 , P C 6  + 3 * J ] ) ;  '
151 A C 6 + 3 * J 3 : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ; ----------------- ---  ---------
152 AC6 + 3«J 3  : = “ AC6 + 3«J 3  ;  ■.  —-- ----------- -----------
153   ' ...  .......
154 " END"  "END"  OF F I RST D:  -..........-  -   -
155  . . .  -
156
157  " REAL"  "PROCEDURE" S E C O N D D ( N U , I I , I C , P , B , M , N ) ;
153  " I NT EGER"  M, N;
159 " REAL"  " ARRAY"  I I , I C , N U , P , B ;  ---------------
160 " B E G I N "  " I NTEGER"  I , J ;
161 " REAL"  " ARRAY"  R , 0 C 1 : M 3 ;
162



2 4 2

164 B [ 2 ] : = S U M p R 0 u ( N U , N U , l , l , M ) ;  •• — - . . .  .............
165 B [ 3 ] : = S U M P R 0 D ( N U , N U , 2 , 2 , M ) ;     ' .  - -  - ..............  -  - - .........

167 "FOR." j : = 0  " STEP"  1 " U N T I L "  N- 1  "DO"- " B E G I N "  ..............        '
168 ' ■    ---- .-r : -■   - • .
169 ■ " FOR"  l : = l  " STEP"  l  " U N T I L "  M "DO"  " B E G I N "     -- -   - — ..........
170 R [ I ] : = E X P ( - ( ( ( N U C I ] - P [ 5  + 3 * J ] ) / ( P [ 6  + 3 * J ] ) ) T 2 ) ) ; — r'“ “‘     —  . ’ —
171 Q C I 3 : = R C I 0 ;  ' .........................................      .

173 BC4 + 3 * J ] : = S U M P R 0 D ( R , 0 , 1 , 1 , M ) ;  ' "      :-   •

175 " FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"  " B E G I N "   ----- ---------------------- ------ ----------- ---
176 R [ I ] : = P [ 4  + 3 * J ] * D G I A ( N U [ I ] , P C 5  + 3 * J ] , P [ 6  + 3 * J ] ) ;  ------- ------ "— — • — ------- -.--y-:
177' : '  Û C I ] : = R C I 0 ;  ------- -------- •------------------ — ..--------------------

179 3 C5 + 3 « J ]  : = S U M P R 0 D ( R , Q / 1 , 1 , M )  ; ' ' ' ------ — ----------- -̂----------    -
130 ' " FOR"  l : = l  " ST EP"  1 " U N T I L "  M " DO"  " B E G I N " " —  ----- --------------------------- ------ ...
131 R[  I 3 : = ( I I L I ]  - 1 CC I 3 ) ;   ' — ..............  — ---
132 0 [ I 3 : = D 2 G I A ( N U [ I 3 , P [ 5  + 3 * J 3 , P [ 6  + 3 * J 3 ) ;   '   ------  -------  • ..................... ............

18.4 B [ 5  + 3 * J 3  : = 3 [ 5  + 3 * J ] - S U M P R 0 D ( R , 0 , l , l , M )  ;    '----  — ...... —

137 "FOR"  l : = l  " STEP"  1 " U N T I L "  M " DO" '  " B E G I N "  '   ."
;8 R[  13 : = P [ 4  + 3 * J 3 * D G I 8 ( N U [  I 3 , PC5 + 3 * J 3 , P [ 6  + 3 * J 3

190 "END"  ; ■■■*— »• . ;
191 BC 6 + 3 *  J3 : =SUMPROD( R , Q , 1 , 1 , M )  ; ---------------------------------------------- -
192- "FOR." I : = l  " STEP"  1 " U N T I L "  M " DO"  " B E GI N " " "  -   -------
19 3 RCI 3 : = ( I I C I 3 - I C C I 3 )  ;        ”  ' .......    — .......— '------
194 Ql I 3 : = D 2 G I B ( N U C I 3 / P C 5  + 3 * J 3 / P C 6  + 3 * J 3 )  ; —-— ---•  -------- -------------/ —

196 _ B [ 6  + 3 * J 3 : = 3 [ 6  + 3 * J 3 - S U M P R 0 D ( R , 0 , 1 , 1 , M )  ; — — — :—  ------- — -.......... ..........  ...........— '

198 “  "END"  " END"  OF SECONDD;  """"7' '-----------          - -  ■

201""  " REAL"  "PROCEDURE" P R I N T O U T C F , F 0 7 T A U 7 N U V T l l l C : P , K , M , N I T , C O U N T , N , W R I T E ) ;
202 " I NTEGER"  N , N I T , K ) M , C O U N T , W R I T E ;  - r̂r— %%---- . -----
203 " " REAL"  F , F O , T A U ;  ”  " ------------------- — — =  ------------------------------- -----
204 " REAL"  " ARRAY"  NU,  I I , I C , P ;   ------ *“ "•— - ; - - t --------- -------
205 " BEGI N"  " I NT EGER"  I , j ; --------------------- ---------- ------- ---------------- — :-— — - - - - - - -  - : — -  -
206 " REAL"  RMS, SI GMA;  ' "    - —------ — _ —. —   -  • —- r- -............ ............
207 "■ " REAL"  "ARRAY"  DEVCHMj , *  ........... ................. ...............— ~ ' "—      ̂ ' "  - - -

209 "FOR"  I : = l  " STEP"  1 " U N T I L "  M " DO"  ' ~---------------------------------------- -----
210 DE VC I 3 ; = 11 C I 3 -  I CC I 3 ; . “            . . . . _.    —  -

212 RMS:=SORT(  SUMPROD ( D E V , D E V , 1 , 1 , M ) / M ) ; .................................................................. ................... .....
213 S I G M A : = S Q R T ( S U M P R 0 D ( D E V , D E V , 1 , 1 , M ) / ( M - N )  ) ; '  ' '
214 ■
215 " P R I N T "  ' ' F ' ' S 5 5 ' I T E R A T I O N  NUMBER ' , S A M E L I N E , D I G I T S ( 4 ) , C O U N T , ' ' L 5 ' ' ;
216 " P R I N T "  ' ' S l O ' R . M . S .  DEVI AT I ON = ' , SAMELI NE,  FREEPOI NT ( 9 ) , R M S , ' ' L ' ' ,
217 "  S l O' STANDARD DEVI AT I ON SIGMA = ' , SAMELI NE,  FREEPO I NT ( 9 ) , S I GMA , "  L "  ,
‘ 3 ' ' S l O ' V A L U E  OF FO = ' , SAMELI  NE , FREEPOI  N T ( 9 ) , FO, "  L ' ' ,
219 ' ' S l O ' V A L U E  OF F = ' , S AMEL I NE , FREEPO TNT ( 9 ) , F , "  L "  ,
220 ' ' S i n ' F I N A L  VALUE OF STEP LENGTH MODI FI ER ( TAU)  = ' , SAMELI NE,
221 T R E E P 0 I N T ( 9 )  , T AU,  " L  "  ,
222 ' ' S l O ' N I T  = . ' , S A M E L I N E , D I G I T S ( 3 )  , N I T ,  " L 6 " ;



223
224
225
226
227
228
229
230 -  
23:
232
233
234
235
236 ...
237 “  
233
239
240
241
242 ■ 
%3 ' 

>244 
|245
246
247 "■
243 

1249
250
251
252
253
254 
%5 

'256 
f257 ' 
'258 
2̂59 
260 

1261'" 
'%2 
2̂63 " 
%4 
M 5 ''  
266 
267 
%8 '
269
270
271
272
273
274

276
277 " 
276
279
280 
281 
282

243 " - ' '

" P R I N T "  "  L ' PARAMETERS EVALUATED * * * * * * * * * * * * * * * * * * * * * * * * * * * t , '  L 2 ' ' ;

" P R I N T "  ' ' L ' A L P H A  = SAMELI NE,  FREEPO I NT ( 9 ) , P C1 ]  , • - r :• - ............-
' ' S I S ' B E T A  = ' , P C 2 3 ,  - ' '  ................. ....................  ........ ™
' ' S 1 5 ' G A M M A  = ' , PC 3 ]  , ' ' L2 ' ' ; ' ’ ' "      — - '     — ■ ^

"FOR"  J : — 0 " S T F P " l  " U N T I L "  N “  "DO"  - -  ------------ -—  -  — • —   - ■ — • —
" P R I N T "  " L " , P R £ F I X ( " S 1 5 " ) , F R E £ P 0 I N T ( 9 ) ,  - .........  ".................   — ..........................
PC4 + 3 *  J3 , PC5 + 3 *  J3 , PC6 + 3 * J ]  ;  ̂   * ' -■             .

" I F "  WRITE " GE"  1 " THEN"  " B E GI N "     - - '
" P R I N T "  ' ' F ' OOMPUT ED SPECTRAL DATA * * * * * * * * * * * * * * * * * * * * * * * * ' , ' ' L ' ' ;  f

" FOR"  l : = l  " STEP"  1 " U N T I L "  M " DO" -----------  " ------------------------------------  ' ."' .l
" P R I N T "  ' ' L '  ' , S A M E L I N E , F R E E P 0 I N T ( 9 ) , P R E F I X  ( '  ' S l O ' ' )  , -----------------------------------------
NUC I 3 , I I C I ] , ICC 1 3 , DEVCI  3;  "         "      |
"END"; ‘ ' ' ' ' '   "*
" P R I N T " - ' ' L 2 ' I T E R A T I O N  COMPLETED * * * * * * * * * * * * * * * * * * * * * * * * * * * , '  L 2 ' ;  ?

"READ"  M , N V W R I T E , T A U M I N , U M A X ;  ' '
"READ"  T I MAX;  ' ....
T I MAX:  = 6 0 * T I M A X ;  -* “ .......... ---------------------------------
K : = 3 * N  + 3 ;  C O U N T : = 0 ; - -  *'     " --------
" B E GI N "  " REAL "  "ARRAY"  NU , I I , I C , A , BC1 : M3 , P , POC1 : K 3 ;

"COMMENT" INPUT DATA NOW READ;

READER ( 1 )  ;     -■
" FOR"  I : = l  " STEP"  1 " U N T I L " ' M " " D O "
"READ"  NUC I 3,  11 Cl  3 ; ........ ......— - .....
READER;  6 ) ; ------------------------------ ---------- --------
" FOR"  J : = l  " STEP"  1 " U N T I L "  K ' " DO"  
"READ"  P0CJ 3 ;  * ............ . ........ .......

"COMMENT" INPUT DATA NOW PRI NTED OUT;  ~ ^  “ ........
" P R I N T "  ' ' F ' ' S 2 0 ' *  INFRA RED AND RAMAN SPECTRAL BAND F I T T I N G  PROGRAM * '  
' ' L 4 ' D .  HADDINGTON.  * * *  1 9 7 0 . ' ,
' ' L ' U N I V E R S I T Y  OF L E I C E S T E R . ' , ' ' L 5 ' ' ,    —
' ' L 8 ' I N P U T  VALUES OF PARAMETERS * * * * * * * * * * * * * * * * * * * * * * , '  L 2 ' ;    '

" P R I N T "  ' ' L ' A L P H A  = ' ,  SAMEL I NE , FREEPO I NT ( 9 ) , PO C13 , " '   -  -

'  ' S 1 5  'GAMMA = ' ,  P0C33 , '  ' L2 '  '  ;        "        '

"FOR"  J :  = 0 " STEP"  1 " U N T I L "  N- 1  "DO"      '
" P R I N T "  "  L ' ' ,  PREFI X ( ' ' S l 5  "  ) , F R E E P 0 I N T ( 8 ) , S A M E L I N E , -  
P 0 C 4 + 3 * U 3 , ? 0 C 5 + 3 * J 3 , P 0 C 6 + 3 * J 3 ;  ' -

"GOTO" START;  ------" '  ..........      '

"COMMENT" PRINTOUT OBTAINED AT THI S STAGE;

RESTART:  PR I NTOUT<F , FO, TAU, NU, I I , I C , P , K , M , N I T , C O U N T , N , W R I T E ) ;  
T I M E ( M I N S ,  SECS,  TSECS) ;



n
fù
H

H5
( %

97

:9S
99

316
3 17  

1̂18
319
320
321 

|3 2 2  
|3 2 3  
1324 
|3 2 5

326
327 
323
329
3 30
3 31
332
3 3 3  '

334
3 35
3 3 6
3 3 7  
3 3 3
3 3 9
340
341
342
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" PRI NT"  ' ' L 2 '  T I ME:  D I G I T S ( 3 ) , S A M E L I N E ,  •
MI NS, '  MI NS.  ' , S E C S ,  ' . S E C S .  ' , " L 6 " ;  ...............................
" I F "  TSECS " GE"  TI MAX " THEN"  ' —  ■ - • ■ -
"GOTO" L L L ;    •' ■ -
"FOR" j : = l  " STEP"  1 " U N T I L "  K "DO"   ----- ----------------------------- .......
P O [ J ] : = P [ J ] ;  ' — ......... ..... — .....- .......................... •
COUNT:=COUNT + i ;  '..............................................................
" I F "  I TMAX- C0UNT=2 " THEN"    ' ..........

. WRï TE: = i ;  '   . .....................................
" I F "  COUNT " GE"  ITMAX " THEN"  . ................................
"GOTO" l l ; "

"COMMENT" CALCULATI ON OF F I RST  AND SECOND'  DERI VATI VES OF ....
LEAST SQUARES FUNCTI ON;  J ' ]  y — — / '  "-------------------- ---- --------

START : I N C A L C ( N U , P O , I C , N , M ) ;  ’ ' -------------- ------------------------ --
F O : = F C A L C ( I I , I C , M ) ;  '------------------------------------------------------------------------
FIRSTDC I I , I C , N U ,  A , ? 0 , M , N )  ; ---------------------------- -------------- -----
SECONDD ( N U , I I , I C , P O , B , M , N ) ;  “   ■---------------------    - -  -■
T A u : = i . o o o ;  . Z I  . 2 7  " 7  77" "  y .  ' 7 7 ........

’ NI T : = 0 ; L.............................................................. - .... 7

"COMMENT" Va l u e  of  d a m p i n g  f a c t o r  t a u  i s  i n i t i a l l y  s e t
EQUAL TO o n e ;........................................................................ ....

L:  " FOR"  J : = l  " STEP"  1 " U N T I L "  K " D O " y  ......
P [ J ] : = P 0 C J ] - T A U * ( A [ J ] / B C J ] ) ;

"COMMENT" NEW VALUES' OF '  I N I T I AL'  P-ARAMETERS EVAL UAT ED;   .

I NCALC( NU, P,  I C , N , M )  ; " .... ................ ...

N I T : = N I T  + i ; '  ■ J        -  -  :

"COMMENT" PROGRAM NOW ENTERS' TEST'  SUBROUTI NE;  J  ' '  "

" I F "  TAU " L E "  TAUMIN " THEN"  ' " BE GI N"  — .................
" PRI NT"  '  ' L l O ' CALCULATI ON TERM I NATEDy_^ I ^U~L£SS _THAN TAUMI N)  ' ; 
"GOTO" RESTART;      '   ' ................. ...
"END" OF TEST;  — —i TnyTT^— ' - . - - j - r - — -  - r---? .— -  — -..

" I F "  F " GE"  FO ' " THEN" " '  ~ ^        - - .......... .............
"BEGI N"  ■       ' — - -  -  - .................. .. .
TAU: =0 . 5 0 0 * T A U ;  — -------------------'   :--------- -------------- ------- --------
"GOTO" L ;  — - ----------------- :-------------------  —    .. . .. .
"END" OF TEST TW O;"" ...............................     =.............

"COMMENT" I F  F I S LESS THAN FO THEN INTERCHANGE P AND PO
AND r e s t a r t  M I N I M I S A T I O N ; '

"GOTO" RESTART;  ' ' ' ' .............. ..............
LL:  " P R I N T "  " L l O ' C A L C U L A T I O N  TERMINATED * * *  ITMAX REACHED * * * ' ;  
LLL:  " P R I N T "  ' ' L l O ' C A L C U L A T I O N  TERMINATED * * *  MAX.  TI ME REACHED

"END" " END"  ‘



245

343
34 4
3 4 5 " EL SE"
3 4 6
347
348 " B E G I N " "
349 " I NTEGER"
350 " I NTEGER"
3 5 1 " REAL "  F,
3 5 2
3 5 5 "COMMENT"
3 5 4 "COMMENT"
5 5 5
356
3 5 7
3 5  8 "PROCEDUR
359 " I NTEGER"
360 " B E G I N " "
361 "CODE"
362
363 %LD: LST1
364
365
366
367
368
369
370
3 7 1
372
373
374
375
376
377
378
379 
350
381
382
383
384
385
3 8 6
387
388
389
390
391
392
393
394
395
396
397
398
399
400
4 G 1 
4 0 2

«LORENTZI AN A N A L Y S I S ;

%LDR: LS0 - -  -
%SU3R: L$2  ■■ "
% J I L S 1 7 7 ;

M I N S : = T i ;
SEC S: = T 2 ;
T S E C S : = 6 0 * T l + T 2 ;
" END"  PROCEDURE T I ME;

" REAL"  "PROCEDURE" I N C A L C ( N U , P , I C , N , M ) ;  — - 
" I NT EGER"  M, N;  '
" REAL"  "ARRAY"  N U , P , I C ;  --------- -
" B E G I N "  " I NTEGER"  I , J ;
" FUR"  I : = l  " STEP"  1 " U N T I L "  M "DO"  -------------------------------.
" B E G I N "  " REAL"  S;  S : = 0 ;  '
"FOR"  J : = 0  " STEP"  1 " U N T I L "  N- 1  "DO"  ' ------------ -
S : = S  + P [ 4  + 3 * J ] / ( l + ( ( ( N U C I ] - P C 5  + 3 « J j ) / P C 6  + 3«U3 ) t 2)  ) ;  
S:  =S + PC13 + RC23«NUC I ]  + PC3] «NUC I 3*NUC I 3 ; - - - - - - - -  - - - - - -
i c c i 3 ; = S ;
" END"  ; ------ ------ --- ------ -- - -  ---------------  - - r ---------- --------------- --------------- ---------------

" END"  OF I NCALC;  '  - ------- -̂----------  -̂----------------- - ---

" REAL"  " PROCEDURE" ‘ FCALC( I I , I C , M ) ;
" I NT EGER"  M;  ■ •- - - - - -   - - -
" REAL"  " ARRAY"  I I , I C ;  '     '
" B E G I N "  " I NT EGER"  I ;  .........................
" REAL "  s ;  S : = 0 ;  “ ........ ..
"FOR"  l : = l  " STEP"  1 " U N T I L "  M "DO"
S : = S + ( ( I l L i ] - I C C I 3 ) T 2 ) ; .............................
FCA L C: = S ;  ........
"END"  OF FCALC ; ' '  ' ' '--------------

" REAL "  "PROCEDURE" DGI A ( NU, Y , Z ) ;  
" REAL "  N U , Y , Z ;
" B E G I N "  " REAL"  X , A , D 1 ;
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405 X:  = ( ( ( N U - Y ) / Z )  - 2 )  ;
4 04 A : = - 1 / ( ( 1 + X ) t 2 ) ;
405 D i : = - 2 « ( N U - Y ) / ( Z « Z ) ;
406 d g i a : = a « d i ;
407 "END"  o r  DGI A;  .................
4 08  - y  '
409
410 " REAL "  "PROCEDURE" D G I B ( N U , Y , Z ) ; .............................
411 " REAL"  N U , Y , Z ; ......................................................... ............ ........
412 " B E GI N "  " REAL "  X , A , D 2 : --------------------------------------- ---------
413 X : = ( ( ( N U - Y ) / Z ) ? 2 ) ;
414 a : = - 1 / ( ( 1  + X ) t 9 ) ; ----------------------------------------------- ---------------
415 D 2 : = - 2 » ( ( N U - Y ) T 2 ) / ( Z ? 3 ) ;  "
416 DC I B : = A « D 2 ; ' •-----------  -
417 "END"  OF DGI B;  • .......
413 ........... .
419 " REAL "  "PROCEDURE" S U M P R O D ( R , 0 , J , K , M ) : ..........
^20 " VALUE"  J , K ; --------------------------------------------------------- ----------------
421 " I NTEGER"
422 " PEAL "  "ARRAY"  R, Q;
425 " B E GI N "  " I NTEGER" .  I ;  " REAL "  S;  S : = 0 ; “
424 "FOR"  I : = l  " STEP"  1 " U N T I L "  M " DC"  _ "  ' /
425 S : = S + ( ( R [ I ] T j ) * ( O C l ] T K ) ) ;
426  SUMPR0D: =2* S ;  "  “
427 "END"  OF SUMPROD;
428 ......................................
429 .......
430 " REAL"  "PROCEDURE" F I R S T D ( I I , I C , N U , A , P , M , N ) ;
431 " I NTEGER"  M, N;  '  ■ '............
432 " REAL "  "ARRAY" I I , I C , N U , A , P ;  ' •    -"T " 
433 ‘ " B E GI N "  " I NTEGER"  I , U ;  ........
434 " REAL"  "ARRAY"  Q , R [ 1 : M ] ;  '   '

436 "FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"__~y  y "  '
437 R C I ] :  = I l C l 3 - I C C n ;
436 "FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"  ' "  .....
439 Q C I ] : = - l . u 0 ; ......................................... ............................
440 A [ 1 ] : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ;  '  ' -
441 " FUR"  l ;  = l  " STEP"  1 " U N T I L "  M " D O " "   .......... .
442 Q C I ] : = - N U C I ] ; ------------------------------------------------- -----
443 ' A [ 2 ] : = S U M P R 0 0 ( R , 0 , 1 , 1 , M ) ;
444 "FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"  ------
445 Q C I 3 : = - ( N U C l ] t 2 ) ;  " '........................................ .
446 A [ 3 3 : = S U M P R 0 0 ( R , 0 , 1 , 1 , M ) ;  -------------"
4 4 7 ------- --- ---------
448 "FOR"  U: =0  " STEP"  1 " U N T I L "  N- 1  "DO"
449 " B E GI N "
450 " FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"  -- - -
4 51 Q [ I 3 : = 1 / ( 1 + ( ( ( N U [ I 3 - P [ 5 + 3 * J 3 ) / P [ 6 + 3 * J 3 ) T 2 ) ) ;
452 A [ 4 + 3 * J 3 : = S U M P R 0 D ( R , 0 , 1 , 1 , M ) ;
453 A [ 4  + 3 * J 3 :  = - AC4 + 3 * J 3 ;  '
454
455 . " FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"
456 OCI 3 : =PC4 + 3 « J 3 « D G I A ( N U C I  3 , PC5 + 3 « J 3 , P C 6  + 5 « J 3 ) ;
457 A [ 5 + 3 * J 3 : = S U M P R 0 D ( R , Q , 1 , 1 , M ) ;
4 58 A [ 5 + 3 * J ] : = - A L 5 + 3 * J 3 ;
459
460 " FOR"  I : = l  " STEP"  1 " U N T I L "  M "DO"
4 61 0 [ I 3 : = P [ 4 + 3 * J 3 * D G I B ( N U [ I 3 , P C 5 + 3 * J 3 , P [ 6 + 3 * J 3 ) ;
462 A [ 6 + 3 * J 3 : = S U X P R 0 D ( R , Q , 1 , 1 , M ) ;
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Éô A[ 6  + 3 * J ] :  = - AC6 + 3 * J ] ;  ° ■ ............. ........ --------------- ------ -------  -----------  --------

33 " ’“ iMD" "EMD"  OF F I RSTD/  -------- ---------- ----------—’—  — ........ . ........

53 "REAL"  "PROCEDURE" S E C O N D O ( N U , I I , I C , P , B , M , N ) ;       -  \-
159 " I NTEGER"  ML N ; "    "  .....

" REAL"  "ARRAY"  I I , I C , N U , P , B ; ------------°-- -- ---- -----------------   : — -----------   ‘
" BEGI N"  " I NTEGER"  I ,  J ;  '    — - ......- -

\1^ '**R£AL** **âRRAY** R 0 C1 " M3 J ■ - »     — - ..— . — — _ .. —.. - — — —%

75 S ^ 2 ] i = S U M P R 0 D ( N U , N U , l , l , M ) ;  '        '
76 B C 3 ] : = S U M P R 0 D ( N U , N U , 2 , 2 , M ) ;  "  ' -----------  ----------- ...------------------------- -----------
11
78 "FOR" j :  = 0 " STEP"  1 " U N T I L "  N- 1  "DO"  " B E G I N " — -—  ..........  — — -  -----

iSÛ "FOR" I : = l  " STEP"  1 " U N T I L "  M "DO"  " B E GI N "  —  ------------- — ------    —
51 R[ I  ] : = ! / ( !  + ( ( ( N U C I ] - P [ 5  + 3 * J ] ) / P C 6  + 3 * J ] ) T 2 ) ) ; - ------------------  *-----------    '

H  " E N D " i  '  . ........... ---------------— — ........... —  — — y
84 S[4 + 3 * J ]  : =3UMPR0D( R,  Q. 1 / l . M  ) ;  ...................    r ------------------- ------------
85  '     '

66 "FOR" l : = l  " STEP"  1 " U N T I L "  M "DO"  " B E G I N " — ------------ : —--------- ------------ ----------
87 R [ I ] : = P [ 4  + 3 * J ] * D G I A ( N U [ I ] , P C 5  + 3 * J ] , P [ 6  + 3 * J ] ) ;  - - ...........

io9 b N J » . •
BC5 + 3 * J ]  : = S U M P R 0 D ( R , 0 , 1 , 1 , M )  ;  •   "         - - y : ; -

91 "    "7   ,

493 "FOR" l : = l  " STEP"  1 " U N T I L "  M "DO"  " B E GI N "  - - - - - - - - - - - -  y -  -  - ...
494 R [ I ] : = P [ 4  + 3 * J ] * D G I B ( N U [ I ] , P C 5  + 3 * J ] , P [ 6  + 3 * J ] ) ;  — r-.-— - -  -  .....  ......... ...
95 - Û [ I ] : = R C I ] ; --------------------------------    4— -----------------

97 B[6 + 3 * J ] : = S U M P R 0 D ( R , 0 , 1 , 1 , M ) ; .......... ...  .....
495 " -r— .... ......... .
99 "END" " END"  OF SECONDD; ..............................     - ......

31 ■■........................ -....—  4  ̂ ' ' '  ■■■ ' '
32 "REAL"  "PROCEDURE" PRI NTOUT( F , F O , T A U , N U , I I , I C , P , K , M , N I T , COUNT, N , W R I T E ) ; 
3 "  " I NTEGER"  N , N I T , K , M , COUNT, W R I T E ; " "    .......

05 "REAL"  "ARRAY"  NU , I I , I C , P .... .
6 "BEGI N"  " I NTEGER"  I , U ;    - • - t- - —— ^ —:— -— : •.—:— — -   — • - - - — ■ ;—- - ■ • ■

8 - "REAL"  "ARRAY"  D E V C U M ] ; "  ' r  ' /  -------
9  - . -4 .:- ....................................... .........  ...............

II p" Q  Il J  # —  ^  M  ^  ^  ^  p  II ^  - Il ^  ^  J  ^  Il - jyj —  Il Q  ^  Il —    *—  *■ — — —  — . . . . . . . . . . . . . . . . . . .         -.  . —  - . .. . _. • -- — -. '

1 ÛEVC I ]  : = I I C n - I C C I  3 ; '   "----------------------   . ... ------- --------

15 R M S : = S 0 R T ( S U M P R 0 D ( D E V , D E V , 1 , 1 , M ) / M ) ;         '
114 SI GMA: =SQRT( SUMPR0D( DEV, DEV, 1 ,  1 , M ) / ( M " N )  ) ; -......' .....................  . . . .... .........
‘15
16 " PRI NT"  ' ' F ' ' S 5 5 ' I T E R A T I 0 N  NUMBER ' , S A M E L I N E , D I G I T S ( 4 ) , COUNT, ' ' L 5 ' ' ;
17 "PRI NT"  ' ' S l O ' R . M . S .  DEVI AT I ON = ' , S A M E L I N E , F R E E P 0 I N T ( 9 ) , R M S , ' ' L ' ' ,
18 " S I O ' S T A N D A R D  DEVI ATI ON SIGMA = ' , S A M E L I N E ,  F R E E P 0 I N T ( 9 ) , S I G M A , ' ' L ' ' ,
19 " S I O ' V A L U E  OF FO = ' , S AMEL I NE , FREEPO I NT ( 9 ) , FO , "  ü "  ,
20 " S I O ' V A L U E  OF F = ' ,  S AMEL I NE , FREEPO I NT ( 9 ) , F , "  L "  ,
21 " S I O ' F I N A L  VALUE OF STEP LENGTH MODI FI ER ( TAU)  = ' , S A M E L I N E ,
22 F R E E P 0 I N T ( 9 ) , T A U , ' ' L ' ' ,  '
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" S I O ' N I T  = ' ' , S A M E L I N E , D I G I T S ( 3 ) , N I T , ' ' L 6 ' ' ;
"PRINT"  "  L ' p a r a m e t e r s  EVALUATED * * * * * * * * * * * * * * * * * * * * * * * * * * * ' , ' ' L 2 ' ' ;

"PRINT"  ' ' L ' A L P H A  = SAMELI NE,  FREEPOI  N T (9 ) , PC10 ,
" S I S ' B E T A  = ' , P C 2 ] ,
" 5 1 5 ' GAMMA = ' , P [ 3 ] , ' ' L 2 ' ' ;

"FOR" J :  = 0 " STEP"  1 " U N T I L "  N- 1  "DO"    '
"PRINT"  ' ' L ' P R E F I X ( ' ' S l 5 ' ' ) , F R E £ P 0 I N T ( 9 )  , .................
P [ 4 + 3 * J ] , P [ $ + 3 * J ] , P C 6 + 3 * J ] ;

" I F "  WRITE " GE"  1 " THEN"  " B E GI N "  - "
"PRINT"  ' ' F ' COMP UT E D SPECTRAL DATA * * * * * * * * * * * * * * * * * * * * * * * * ' , ' ' L ' ' :

37 
1535 
559
540
541 

1542 
|5 4 3  

544 
|5 4 5  

546 
|5 4 7
548
549
550 

1551
552
553 

1554 
555 

1556 
557 

| 5 5 8
559
560 

| 5 6 1  
5 62  

| 5 6 3
564
565
566 
567̂ '
568
569
570
571
572
573
574
575
576
5 7 7
57 8
5 7 9
580
58 1
5 8 2

"FOR" l : = l  " STEP"  1 " U N T I L "  M "DO"     ‘ .............
"PRINT"  ' ' L ' S A M E L I N E , F R E E P 0 I N T ( 9 ) , P R E F I X ( ' ' S I O ' ' ) ,  ' ...........
NU[13 , I I C I  3 , ICC I 3 , DEVCI  3 ;................................. .................. ........ ..................
"END";
"PRINT"  ' ' L 2 ' I T E R A T I O N  COMPLETED * * * * * * * * * * * * * _ *  * * * * * * * * * * * * * ^  , ' '  L2 ' ' ; 
"END" OF PRI NTOUT;  ' .....

"READ" M , N , W R I T E , T A U M I N , I T M A X ;  ..... ............................
"READ" T I MA x ; ■■ ■ ■ ■
T I MA X : = 6 0 * T I MAX ;  '.................................................................
X: =3*N + 3 ;  C 0 U N T : = 0 ;  _ '  ̂ ^ ' '
"BEGIN"  " REAL"  " ARRAY"  NU , ' I  I", I C, A , BCl  : M3", P . POCl  : K3 ;

"COMMENT" INPUT DATA NOW" READ; "

READER( l ) ;  ■ ■ ................  ....... ...
"FOR" l : = l  " STEP"  1 "U NTIL""_M  '"DO;; 
"READ" NUCI 3 .  I I  Cl  3;  '
READER(6) ;      '
"FOR" j : = l  " STEP"  T  " U N T I L "  K "DO"  
"READ" P0CJ 3 ;

"COMMENT" INPUT DATA NOW PRI NTED OUT;   ..................   ‘ -
" PRI NT"  ' ' F ' ' S 2 0 ' *  INFRA RED AND RAMAN SPECTRAL BAND F I T T I N G  PROGRAM
" L 4 ' D .  HADDINGTON.  * * *  1970 . ' ,   • '
" L ' U N I V E R S I T Y  OF L E I C E S T E R . ' , ' ' L 5 ' ' ,
" L 8 ' I N P U T  VALUES OF PARAMETERS * * * * * * * * * * * * * * * * * * * * * * ' , ' ' L 2 ' ' ;

" PRI NT"  ' ' L ' A L P H A  = ' ,  S AMEL I NE, FREEPÛ I NT ( 9 ) , PO C1 3 , .. ' '  —
" S I S ' B E T A  = ' , P 0 C 2 3 , ................................ ...............  ........... .......... ....... ' .....
' ' S15 ' GAMMA = ' , P 0 C 3 3 , ' ' L 2 ' ' ;     — ---------- - -- . - -

"FOR" j ; = 0  " STEP"  1 " U N T I L "  N- 1  "DO"   “  "
"PRI NT"  ' ' L ' ' , P R E F I X ( ' ' S 1 5 ' ' ) , F R E E P 0 I N T ( 8 ) , S A M E L I N E ,
POC4 + 3 * J 3 , P O C 5  + 3 * J 3 , P O C 6  + 3 * J ] ;  ' 7 “-'JTL • " '

"GOTO" START;  .....................

"COMMENT" PRI NTOUT OBTAI NED AT THI S STAGE;

RESTART:  PR I NTOUT( F , FO, TAU, NU, I I , I C , P , K , M , N I T , C O U N T , N , W R I T E ) ;
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535 TIME ( MI NS,  SECS,  TSECS) ; ....................................................-...........
554 " P R I N T "  ' ' L 2 '  T I ME:  ' ,  D I G I TS ( 5 ) , S AMEL I NE , - * - - -  ■...........-..........

: 555 M I N S , ' MI NS.  ' , S E C S ,  ' SECS.  ' , '  L 6 ' ' ;  - ■ - ....
566 " I F "  TSECS " GE"  TIMAX " THEN" ....................................  - - -  ; . -
587 "GOTO" LLL": '  —     - -
588 "FOR"  j :  = l  " STEP"  1 " U N T I L "  K " DO" '  —  ------—  - - - ...................................
589 P 0 C J ] : = P l J j ; ............... - -.......  ..................................
590 COUNT :=COUNT + l ;  —  - - - - ----------------- -----  - ........- • - ■■ -  - • - ■
591 " I F "  I TMAX-C0UNT = 2 " THEN"  ' .......... ............ ........ ................

593 " I F "  COUNT " GE"  ITMAX " THEN" ---------------    '-----------        -
^ Ç ̂  (I ^  II ^  ^  .•r- - - — - »... * .  •.

596 "COMMENT" CALCULATI ON OF F I RST AND SECOND DERI VATI VES OF      -
597 LEAST SQUARES FUNCTI ON;  --------------  " .........................

599 START:  INCALC ( NU , PO , I C , N , M )  ; '    “ • • • ' -
600 F O : = F C A L C ( I J , I C , M ) ;  "            —
601 F I R S T D ( I I , l C , N U , A , P O , M , N ) ;  ------------------------------------------- -------------- ----------- ----------— —
602 SECONDD ( NUV I I , I C , PO, B , M, N ) ; “          -
603 TAU: =1  . 0 0 0 ;  '-- ----------— "   —    '

605 ' ‘ ' " '    ‘   •
606 "COMMENT" VALUE OF DAMPING FACTOR TAU IS I N I T I A L L Y  S ET  --------  -
607 EQUAL TO ONE;        ' " ...........

609 L :  " FOR"  J : = l  " STEP"  1 " U N T I L "  K "D O """ " ' . '--'---------  "  —
610 PC J ]  ; =POC J ] - T A U * (  AC J 3 / B C J 3  ) ; - - ........... ..........
Oi l
612 "COMMENT" NEW ' VALUES OF I N I T I A L  PARAMETERS EVALUATED;  -  -   - -
olo
614 I NCALC ( NU , P , I C , N , M ) ;  -  — -------------     —-    - —

6l7
613 ■ "COMMENT" PROGRAM NOW ENTERS' TEST SUBROUTINE;— -"" '--------------------------------- ■ —
6i9

621 ~ ~~   .................
622 ' " I F "  TAU " L E "  TAUMIN " THEN"  " B E G I N " ----------------------   '   ' '--------------------

{  623 - " P R I N T "  ' ' L l O ' C A L C U L A T I O N  TERM I NA T E D~ ( T AU LESS THAN T A U M I N ) ' ;  --------
6?4 ’ "GOTO" RFSTART;  '  ■ —r-.— -------r-.——r —;--------------. -------- • —• -•      

04/
^23 " I F "  F "GE"  FO " T H ^ N "   ----     .--.T—z—r - -------— :-r—: . ............. ........

632 "END"  OF TEST TWO; ■ ' ■   • — ‘ " •'   ^ - -— — -.... - .  - — . . . .  . .. . .

635 • "COMMENT" I F  F I S LESS THAN FO THEN INTERCHANGE P AND PO
636 AND r e s t a r t  M I N I M I S A T I O N ;
637 ■ '   '
638 "GOTO" RESTART;
639 L L :  " P R I N T "  ' ' L l O ' C A L C U L A T I O N  TERMINATED * * *  ITMAX REACHED * * * ' ;
640 L L L :  " P R I N T "  ' ' L l O ' C A L C U L A T I O N  TERMINATED * * *  MAX.  TI ME REACHED * ' ;
641
642 " END"  " END"  OF PROGRAM; -= -- — - r r -  ; .

"END";



2 5 0

( c )  The program SPECTPLOTTING

T h is  p ro g ra m  c o n s i s t s  o f  tw o  p r o c e d u r e s  SPECPLOT 

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

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

SPECT 1 .  The l a t t e r  p l o t s  o u t  t h e  c o m p u ted  com ponent  

b a n d  e n v e lo p e s  on t h e  same s c a l e  ( b u t  a  d i f f e r e n t  g r i d )  

as t h e  a b o v e .

I n p u t  d a t a  r e q u i r e d :

M -  t o t a l  number o f  d a t a  s a m p le  p o i n t s  on i n p u t  p a p e r  

t a p e  (8  b i t ) .

N -  t o t a l  number o f  d e r i v e d  G a u s s ia n  p a r a m e t e r s ;  t h r e e  

p e r  b a n d  ( f o r  J  b an d s  N = 3 J ) .

PLOT -  i f  PLOT = 1 t h e n  b o t h  p r o c e d u r e s  a r e  e x e c u t e d ,  

s e x  -  number o f  w avenum bcrs  p e r  i n c h  o f  s c a l e  r e q u i r e d .

A ( l )
I
I
I

^ ( N )

T h i s  i s  f o l l o w e d  by  t h e  8 b i t  p a p e r  t a p e  u s e d  f o r  i n p u t  

t o  SPECT 1 .  ( T h i s  p ro g ra m  l i s i n g  h a s  n o t  b e e n  i n c l u d e d ) .

The a b o ve  p ro g ra m s  w e re  a l l  w r i t t e n  i n  ALGOL f o r  an  

E l l i o t t  4 1 3 0  c o m p u te r .
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8 - 3  A d d i t i o n a l  E q u a t io n s  u s e d  i n  SPECT 1

The v a r i a b l e s  i n  t h e s e  e q u a t i o n s  w e re  d e f i n e d  i n  

C h a p t e r  8 .

L o r e n t z i a n  b a n d s h a p c s ;

0 .  =   1___________________  ( f r o m  e q u a t i o n  8 - 1 6 )

F o r  a L o r e n t z i a n  b a n d s h a p e  t h e  d é r i v â t e s  u s e d

a r e  as f o l l o w s .  I t  was fo u n d  t o  be

u n n e c e s s a r y  t o  u s e  th e  s ec o n d  d e r i v a t i v e s  o f  t h e s e  

tw o  f u n c t i o n s .

2 , 2

i f i  = 2 (  (V  à ' O j ^ )
(1  + ( ( V  -  V . ° ) / A V . ) 2 ) 2
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9 - 1  ( a )  D e p e n d en c e  o f  f r e q u e n c y  o f  m a jo r  com ponent

maximum i n  t h e  Raman s p e c t r a  o f  6 . 0  m o l dm ^ 

HOD i n  H^O on c o n c e n t r a t i o n  o f  ad d ed  s a l t

S a l t  S a l t  C o n c e n t r a t i o n  F r e n u e n c y /c m  ^

/ m o l  dm ^

L i t h i u m  B ro m id e

Sodium  B ro m id e

C a e s iu m  B ro m id e

P o ta s s iu m  B ro m id e

Sodium  C h l o r i d e

H y d r o c h l o r i c  A c id

0 . 0 2 5 2 2

0 . 5 2 5 2 9

3 . 0 2 5 4 7

3 . 5 2545

0 . 0 2 5 2 2

0 . 3 2 5 2 7

0 . 6 2 5 3 1

1 . 2 2 5 3 9

1 .8 2545

2 . 4 25 4 8

0 . 0 2 5 2 2

0 . 5 2 5 3 1

1 . 0 2533
1 . 5 2539

2 . 0 2 5 4 1

0 . 0 2 5 2 2

0 . 3 2525

0 . 6 2528

1 . 2 253 4

1 . 8 2 5 4 0

2 . 4 25 4 6

0 . 0 2 5 2 2

0 . 4 2525

1 . 5 2 5 3 2

2 . 4 2 5 3 7

3 . 2 2539

0 . 0 2 5 2 2

0 . 4 2528



S a l t

2 53

S a l t  C o n c e n t r a t i o n F re q u e n c y ,

H y d r o c h l o r i c  A c i d

- 3/ m o l  dm 

0 . 0 2 52 9

1 . 2 2 53 2

1 . 6 2 5 3 4

Ammonium C h l o r i d e 0 . 0 2 5 2 2

1 . 0 2 5 2 6

2 . 0 2531

4 . 0 2 53 9

M agnesium  C h l o r i d e 0 . 0 2 5 2 2

0 . 4 252 4

0 . 8 2 5 2 2

1 . 2 2 5 2 4

1 . 6 2 5 2 2

C a lc iu m  C h l o r i d e 0 . 0 2 5 2 2

0 . 4 2525

0 . 0 25 2 9
1 . 2 253 1

1 . 6 2533

S t r o n t i u m  C h l o r i d e 0 . 0 2 5 2 2

0 . 2 25 2 5

0 . 4 2528

0 . 6 2 5 3 2

0 . 8 2 5 3 0

Baorium C h l o r i d e 0 . 0 2 5 2 2

0 . 2 2525

0 . 4 2528
0 . 6 2 5 3 1

0 . 8 2 5 3 0

Sodium  I o d i d e 0 . 0 2 5 2 2

0 . 3 2 5 3 0

0 . 6 2 5 3 7

1 . 2 2 54 9
1 . 8 25 5 9
2 . 4 2 5 6 2

-1
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S a l t  S a l t  C o n c e n t r a t i o n  F r e q u e n c v /c m  ^

/ m o l  dm ^

Sodium  F l u o r i d e

S odium  S u lp h a t e

Sodium  C h l o r a t e

Sodium  P e r c h l o r a t e

0 . 0 2 5 2 2

0 . 2 2 5 2 2

0 . 4 2 5 2 4

0 . 6 2 5 2 3

0 . 8 2 52 4

0 . 0 2 5 2 2

0 . 4 2 5 2 2

0 . 8 2 52 5

1 . 2 2 5 2 6

0 . 0 251 9

0 . 5 2 5 2 1

0 . 9 252 3

1 . 8 2 52 7

3 . 6 2 5 3 9

7 . 1 2 5 6 3

0 . 0 2 5 2 2

0 . 4 2 5 2 4

0 . 8 252 7

1 . 2 2528

1 . 6 2 528

2 . 4 2 532

3 . 6 253 4

5 . 0 2 5 3 6
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9 - 1  ( b )  Summary o f  tw o  com ponent G u a s s ia n  d e c o n v o lu ­

t i o n  o f  Raman s p e c t r a  o f  w a t e r  b e tw e e n  

2 8 7  and 3 2 3  K .

Temp. l o '^max S t a n d a r d  
D e v i a t i o n

/ K /c m  ^ /c m  ^ /c m " ^

283 35 3 2 0 4 1 42 2 . 2 1

73 3 4 3 3 178

293 31 3 2 0 4 143 4 . 4 7

71 3 4 3 6 181

3 0 3 29 3 2 0 4 147 2 . 4 7

73 3 4 3 9 183

3 1 3 25 32 0 9 1 27 6 . 6 2

67 3 4 4 5 179

3 2 3 31 3 16 5 1 9 0 2 . 7 5

66 3 3 8 6 179

9 - 1 ( c )  Summaory o f  tw o com ponent G a u s s ia n  d e c o n v o l u -

t i o n  o f  

6 . 0  m o l

Raman 

dm"^ D

s p e c t r a  o f  w a t e r  

gO b e tw e e n  285  K

c o n t a i n i n g  

and 3 6 0  K

Temp. l o ^  max S t a n d a r d
D e v i a t i o n

/Ic /% /c m ”  ̂ /cm  ^ - 1/c m

285 5 0 2 5 1 7 101 1 . 5

7 2665 55

3 0 5 47 2 5 3 2 106 1 . 5

7 2 6 6 7 39

3 2 0 44 2 5 4 3 112 1 . 5

6 2 6 6 4 32

3 6 0 38 2 5 7 0 122 1 . 5

8 2 665 12
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9 - 2  S o l v a t i o n  Num bers f o r  P e r c h l o r a t e  and  F T u o r o b o r a t e *

I n f r a  Red S p e c t r a  ( c a l c u l a t e d  f r o m  d a t a  i n  r e f e r e n c e )

S o l v a t i o n  Number

Sodium  P e r c h l o r a t e - 4 . 5
+

0 . 5

Sodium  F l u o r o b o r a t e - 4 . 7
■f

0 . 5

M agnes ium  P e r c h l o r a t e — 3 . 5
+

0 . 5

Raman S p e c t r a

Sodium  P e r c h l o r a t e - 4 : 4 4-
0 . 5

L i t h i u m  P e r c h l o r a t e - 4 . 7
4-

0 . 5

Sodium  F l u o r o b o r a t e 4 . 4 4-
0 . 5

*T h e s e  s o l v a t i o n  num bers  w e re  c a l c u l a t e d  as o u t l i n e d  i n  

C h a p t e r  9 .  The q u a n t i t y  x ,  d e f i n e d  as t h e  s o l v a t i o n  

num ber o f  t h e  a n i o n ,  was o b t a i n e d  f r o m  a g ra p h  o f  ( 1 - R )  

a g a i n s t  ( m / 2 ( n - m ) ) ,  an e x a m p le  o f  w h ic h  i s  g iv e n  f o r  

so d ium  p e r c h l o r a t e  on t h e  f o l l o w i n g  p a g e .



m

S

o o

( h -  I )
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9 - ( a )  D e p e n d en c e  o f  f r e q u e n c y  o f  t h e  m a jo r

com ponent maximum, i n  t h e  Raman s p e c t r a
- 3 s o l u t i o n s  o f  D^O i n  H^O a to f  6 . 0  m o l dm 

298 K on c o m p o s i t io n  o f  a d d ed  s o l u t e .

C o m p o s i t io n  

/m o l  dm ^

F r e q u e n c y

V / c n " l

A c e t a m i de 0 2 5 2 1

1 2 5 2 1

2 - 2 5 2 0

3 2 5 2 1

4 2 5 1 7

5 2 5 1 7

C o m p o s i t io n F re q u e n c y

/ m o l  dm ^ V / c m “ ^

M e t h a n o l E t h a n o l D . M . S . O .

0  2 5 2 0 2 5 1 9 2 5 1 7

2 2 5 1 7 2 5 2 0 25 1 7

4 2 5 1 7 2 5 2 0 2 5 1 7

6 2 5 1 7 2 5 2 1 2519

8 25 23 2 5 2 6 2 5 2 1

1 0  2 5 2 7 2 5 3 1 -

( b )  D ep en d en ce  o f f r e q u e n c y  o f  t h e b a n d  maximum,

i n  t h e  i n f r a - r e d  s p e c t r a  o f  2% s o l u t i o n s  o f

D^O i n  HgO a t 298 K ,  upon m o le f r a c t i o n

a d d ed  s o l u t e .

C o m p o s i t io n F r e q u e n c y

m o le  f r a c t i o n ^ / c m  ^

D i m e t h y l  S u I p h o x i d e  (DMSO) 0 . 0 0 2 5 2 0

0 . 0 9 2 5 2 0

0 . 3 8 25 3 8

0 . 4 9 2 5 3 8

0 . 7 0 25 3 8
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C o m p o s i t io n  F r e q u e n c y

m o le  f r a c t i o n  V /c m

D io x a n  0 . 0 0  2 5 2 0

0 . 1 0  2 5 3 4

0 . 2 8  2548

0 . 5 4  2 5 7 1

0 . 7 3  2 6 0 6

9 - 4  D a t a  u s e d  i n  t h e  c o m p i l a t i o n  o f  t h e  S aum agne-  

G lew  p l o t  p r e s e n t e d  i n  C h a p t e r  9 .

The d a t a  u s e d  i n  c o m p i l i n g  F i g u r e  9 - 4 0  i s  l i s t e d  i n  

t h e  t a b l e s  b e lo w ,  and  was o b t a i n e d  f r o m  r e f e r e n c e s  g iv e n  

i n  C h a p t e r  9 .

D a t a  f o r  2 : 1  Compl e x e s  and H y d r a t e s

S ystem )
( w a t e r  i n ) / c m - 1 / c m - 1

1 gas 3 7 5 6 3 6 5 7

2 n i t r o g e n  m a t r i x 3 72 5 3 6 2 7

3 p e r f l u o r o b e n z e n e 3 7 1 9 3 6 2 6

4 c a r b o n  t e t r a c h l o r i d e 3 7 0 5 3 6 1 4

5 p e r c h l o r o e t h y l e n e 3 7 0 5 3 6 1 3

6 1 , 1 , 1 - t r i c h l o r o e t h a n e 3 6 9 8 3 6 1 0

7 1 , 2 - d i c h l o r o e t h a n e 3 6 7 0 3 5 9 2

8 e t h y l e n e  o x id e  (EO) 3 6 0 8 3 5 2 8

9 p r o p y l e n e  o x id e  (PO) 3 6 0 2 3 5 2 5

lO  1 , 4  d io x a n e  ( D l ) 3 5 6 5 3 5 0 9

11 t e t r a h y d r o f u r a n  (T H F ) 3 56 5 3 5 0 0

12 N a C lO ^ .  HgO 3 5 9 2 3 5 3 6

13 L i C 1 0 , . 3 H ^ 0  4 2 3 5 6 0 3 5 1 9

14 B a fC lO ^ j^ .S H ^ O 3 5 7 9 3 5 2 9

15 B a f C lO g j^ .H g O 3 5 8 4 3 5 1 8

16 3 5 1 6 3 4 5 6

17 B a f lO j jg T H g O 3 4 4 3 3 3 9 3

18 C a  (B r O ^ )^ 3 5 3 4 3 4 7 1

19 Sr ( B r C L )^ 3 5 1 8 3 4 5 5
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S ystem \)  ( 0  f) ^  1 (^as  )
( w a t e r  i n ) / c m - l / c m - 1

2 0  n i t r o m e t h a n e 3 6 7 0 3 5 8 0

21 n i t r o b e n z e n e 3 6 7 5 3 5 9 0

22  d i m e t h y l p h t h a l a t e 3 6 5 0 3565

23 a c e t o n i t r i l e 3 6 4 0 35 4 5

24 e t h y l  a c e t a t e 3 6 4 0 3 5 5 0

25 m e t h y l a l 3 6 5 0 3 5 7 0

26 a c e to n e 3 6 1 0 3 5 3 0

27  d io x a n e 35 8 5 3 5 2 5

28 e t h y l e t h e r 3 6 0 0 3 5 2 5

29 N . N .  d i m e t h y I f orraam ido 3 5 5 0 3 4 9 0

D a t a  f o r  1 : 1  c o m p le x e s :  w a t e r  + o r g a n i c n h a s c  d i l u t e *

an * i n e r t *  s o l v e n t  ( C C l^ )

System ^  1 (^ a s )
( w a t e r  i n ) / c n - 1 ) c m - l

a C H ^C N /C C l^ 3 6 9 7 3 5 5 5

b H^O/N^ s o l i d  m a t r i x 3 6 9 7 3 5 4 8

c c y c lo h e x a n o n e /C C l^ 3 6 9 5 3 5 5 0

d d io x a n /C C l^ 3 6 9 0 3515

e d . m . s . o . / C C l ^ 3 6 9 0 3 4 5 0

f  p y r i d i n e / C C l ^ 3 6 7 5 3 4 0 0

g n i t r o m e t h a n e 3 7 0 0 3 6 1 0

h n i t r o b e n z e n e 3 7 0 0 3 58 5

i  t r i o x a n 3 6 9 5 3 5 8 0

j  d i m e t h y l p h t h a l a t e 3 6 9 5 3 5 7 5

k  3 , 4 - d im e t h o x y b e n z a ld e h y d e 3 6 9 0 3 5 6 0

1 a c e t o n i t r i l e 3 6 9 0 3 5 5 5

m b u t y r o l a c t o n e 3 6 9 0 3 5 5 0

n e t h y l a c e t a t e 3 6 9 0 3 5 4 5

o m e t h y l a l 3 6 9 0 3 5 2 5

p a c e to n e 3 6 9 0 3 5 2 5

q d io x a n e 3 6 9 0 3 5 2 0

r  t  b u t y l  p e r o x i d e 3 6 9 0 3 5 0 0
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System '
(water in) /cm  ̂ /cm”^

s ethylether 3687 3490
t N,N dimcthylformamide 3688 3490
u pyridazine 3682 3430
V pyridine 3682 3390
w 4-picol ine N-oxide 3680 3350

Data for ices and perchlorate

Ice \)s _ Vi
/cm /cm

I (H-disordered) 3210 3085
II 3314 3194
III 3281 3160
V 3312 3181
I 3330 3230*

* infra-red data, the above are taken from Raman spectral 
data reported by Eisenbcrg and Kauzman.^^

The point marked corresnonds to the values of V ̂ " ass
and '0 obtained from the stimulated Raman soectrafree ^
of 5.0 mol dm ^ sodium perchlorate solutions (3580,3520 cm )̂
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