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HYDROGEN BONDING EQUILIBRIA IN DILUTE SOLUTION.

VAPOR DENSITY AND VAPOR PRESSURE STUDIES

CHAPTER I 

INTRODUCTION

I t  i s  s u r p r i s i n g ,  i n  v iew  o f  th e  many p u b l i c a t i o n s  on hyd rogen  

b o n d in g ,  t h a t  t h e r e  i s  g e n e r a l  a g reem en t  on th e  t y p e s  and e n e r g i e s  o f  

hyd rogen  bonds form ed o n ly  f o r  one s p e c i f i c  c l a s s  o f  compounds : c a r -

boxy l i e  a c i d s .  The p redom inan t  p o ly m e r ic  s p e c i e s  formed by a s s o c i a t i o n  

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

c l i c  d im e r .  The e n th a lp y  of f o r m a t io n  o f  th e  d im er i n  th e  v a p o r  p h ase  

i s  - 1 4 .0  ± 1 . k c a l /m o le  and does  n o t  seem t o  depend s t r o n g l y  on c h a r a c ­

t e r i s t i c s  such  as  t h e  m o le c u la r  w e ig h t  o f  th e  a c id  o r  t h e  ty p e  o f  su b ­

s t i t u e n t s  a t t a c h e d  t o  t h e  c a rb o x y l  g ro u p .

Agreement a b o u t  th e  s e l f - a s s o c i a t i o n  p r o p e r t i e s  o f  c a r b o x y l i c  

a c id s  i s  p r i m a r i l y  due to  th e  f a c t  t h a t  a p p a r e n t l y  o n ly  one p o ly m e r ic  

s p e c i e s  i s  form ed u n d e r  th e  c o n d i t i o n s  o f  th e  e x p e r im e n ts  a n d ,  f u r t h e r ,  

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

a t e d  form b o th  i n  t h e  vapo r  p h a s e  and i n  d i l u t e  s o l u t i o n .  To a  l a r g e  

d e g r e e ,  sy s tem s  in v o lv i n g  o t h e r  t y p e s  o f  hydrogen  bond ing  m o le c u le s  do 

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

I t  i s  common t o  f i n d  sys tem s w here  tw o , t h r e e  o r  more a s s o c i a t e d  s p e c i e s  

a r e  p r e s e n t  and no one s p e c i e s  i s  p red o m in an t .

—1 —
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P lm e n té l  an d  M c C le l la n ,  i n  t h e i r  1960 monograph on th e  hydrogen  

b o n d ,^  commented t h a t  v e ry  few hyd rogen  bonded  sy s tem s  had been  s t u d i e d  

s y s t e m a t i c a l l y ,  t h a t  t h e  s o l v e n t  e f f e c t  on com plexes was n o t  c l e a r  and 

t h a t  o f t e n  s e r i o u s  q u e s t i o n s  a r i s e  c o n c e r n in g  th e  n a tu r e  o f  bonded 

s p e c i e s .  T h is  monograph s t r e s s e d  th e  n eed  f o r  a c c u r a t e  thermodynamic 

v a lu e s  f o r  h y d ro g en  b o n d ing  s y s te m s .

These  a u t h o r s ’ comments a r e  p a r t i c u l a r l y  a p p l i c a b l e  when h y d ro g en  

bo n d ing  sy s te m s  i n v o l v i n g  w a t e r ,  a l c o h o l s  and amines a r e  c o n s id e r e d .  

System s i n v o lv i n g  t h e s e  compounds a r e  somewhat u n u s u a l  i n  com parison  to  

c a r b o x y l i c  a c i d s .  I n  t h e  v a p o r  p h a se  t h e  e x t e n t  o f  a s s o c i a t i o n  i n  t h e s e  

compounds i s  q u i t e  s m a l l ,  u s u a l l y  on t h e  o r d e r  o f  two to  t h r e e  p e r c e n t .  

However, in  s o l u t i o n ,  f o r  w a te r  and m e th a n o l ,  as  th e  c o n c e n t r a t i o n  i s  

i n c r e a s e d  a g g r e g a t e s  o f  t h e s e  compounds b e g in  t o  form and a t  h ig h  con­

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

e x i s t s  i n  an a s s o c i a t e d  form .

Due to  t h e  p a u c i t y  o f  l i t e r a t u r e  d a t a  on th e  r e l a t i v e  p r o to n  do­

n a t i n g  a b i l i t i e s  o f  w a t e r  and m e th a n o l  a s  h y d ro g en  bonding  a c id s  th e  

p r e s e n t  s tu d y  was u n d e r t a k e n  q u a n t i t a t i v e l y  t o  compare th e  hydrogen  

bond ing  r e a c t i o n s  b e tw e en  w a te r  and m e th a n o l  w i th  th e  b a s e  d ie th y la m in e  

i n  s e v e r a l  m ed ia .  A b r i e f  r e v ie w  o f  some p e r t i n e n t  l i t e r a t u r e  c o n c e rn in g  

b o th  p u r e  component a s s o c i a t i o n  and a s s o c i a t i o n  i n  mixed sy s tem s  w i l l  b e  

g iv e n  h e r e .

A s s o c i a t i o n  i n  W ater and W ate r  S o lu t io n s

Many a t t e m p t s  h av e  b e e n  made t o  d e s c r i b e  th e  s t r u c t u r e  o f  l i q u i d  

w a t e r .  T here  i s  l i t t l e  doub t  t h a t  t h e  anom alous p r o p e r t i e s  o f  w a te r  a r e  

due p r i m a r i l y  to  e x t e n s i v e  h y d rogen  b o n d in g .  As y e t ,  no c o m p le te ly
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s a t i s f a c t o r y  s t r u c t u r a l  m odel f o r  l i q u i d  w a te r  h as  b een  d e v e lo p e d .

One problem  c o n c e rn in g  th e  e x t e n t  o f  hydrogen  bonding  i n  l i q u i d  w a te r

i s  a p o i n t  o f  s t r o n g  c o n t e n t i o n :  t h e  q u e s t i o n  a s  t o  w h e th e r  w a t e r

c o n ta in s  d e f i n i t e  s t r u c t u r a l  e n t i t i e s  o r  i s  s im ply  a t h r e e  d im e n s io n a l

2-4ne tw ork  w i th  maximal hyd ro g en  bo n d in g .

R a th e r  t h a n  s tu d y in g  th e  p r o p e r t i e s  o f  w a te r  o r  s o l u t i o n s

where w a te r  i s  t h e  m a jo r  com ponent, C h r i s t i a n  and cow orkers  h a v e  s tu d i e d

5-8s o l u t i o n s  i n  which w a te r  i s  t h e  m in o r  component. The r a t i o n a l e  h e re  

i s  t h a t  one may s t a r t  ou t  by d i s s o l v i n g  w a te r  i n  n o n p o la r  s o l v e n t s  where 

w a te r  behaves  i d e a l l y  and g r a d u a l l y  p r o g r e s s  to  s o lv e n t s  w hich  d i s s o l v e  

more and more w a t e r .  In  t h i s  manner th e  ty p e s  o f  a s s o c i a t e d  s p e c i e s  

which form a s  t h e  w a te r  c o n c e n t r a t i o n  i n c r e a s e s  may be s t u d i e d .

The s o l u t e - i s o p i e s t i c  t e c h n iq u e  d e v e lo p e d  by C h r i s t i a n  e t  a l . ,  

which u t i l i z e s  t i t r a t i o n  o f  sam p les  by th e  K a r l  F i s c h e r  m ethod f o r  

w a te r  a n a l y s i s ,  h a s  been  u s e d  to  s tu d y  s o l u t i o n s  o f  w a te r  i n  c a rb o n  

t e t r a c h l o r i d e ,  t o l u e n e ,  b e n z e n e ,  c y c lo h e x a n e ,  1 ,2  d i c h l o r o e t h a n e  and 

1 , 1 , 2 , 2  t e t r a c h l o r o e t h a n e . Johnson^  found t h a t  w a te r  i s  p r i m a r i l y  

monomeric i n  th e  f i r s t  fo u r  o f  t h e s e  s o l v e n t s  b u t  p a r t i a l l y  a s s o c i a t e s  

to  form e i t h e r  t r i m e r s  o r  t e t r a m e r s  i n  th e  c h l o r i n a t e d  h y d ro c a rb o n s .  

However, a n o th e r  w o rk e r  i n  t h i s  l a b o r a t o r y  found t h a t  w a te r  i s  a p p r o x i -
9

m a te ly  10% a s s o c i a t e d  i n  b e n z en e  by u s in g  th e  same te c h n iq u e .

The a s s o c i a t i o n  o f  w a te r  i n  d i c h l o r o e t h a n e  o r  t e t r a c h l o r o e t h a n e  

was ab o u t  e q u a l ly  w e l l  d e s c r i b e d  by e i t h e r  a m onom er-tr im er o r  by a 

m onom er-te tram er  e q u i l i b r i u m .  However, M a s te r to n  and Gendrano^^ con­

c lu d e d  from a s i m i l a r  s tu d y  o f  w a t e r  i n  d i c h l o r o e t h a n e  t h a t  t h e  a s s o c i a ­

t i o n  cou ld  be  d e s c r i b e d  by monomer-dimer o r  m onom er-tr im er  e q u i l i b r i u m  

b u t  n o t  by m o n o m er- te tram er .
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Vapor p r e s s u r e  s t u d i e s  o f  w a te r  a s s o c i a t i o n  i n  more r e a c t i v e
g

s o l v e n t s  o f  low v o l a t i l i t y  have b e e n  r e p o r t e d  by Jo h n so n  e t  a l .  .

A s s o c i a t i o n  i s  w e l l  d e s c r ib e d  by a monomer-dimer e q u i l i b r i u m  i n  a  few

s o l v e n t s  b u t  t h e  m a j o r i t y  seem t o  be  b e t t e r  d e s c r i b e d  by  a monomer-

t r i m e r  o r  a  m o n o m e r- te t ram e r  e q u i l i b r i u m .  W ith  t h e  e x c l u s i o n  o f  such

s o l v e n t s  a s  n i t r o b e n z e n e ,  i n  w hich  a  m onom er-dim er e q u i l i b r i u m  i s

d e f i n i t e l y  b e t t e r ,  t h e  c o n c lu s io n  has  b e e n  r e a c h e d  t h a t  s o l v e n t s  w i th

a  s i n g l e  b a s i c  s i t e  s t a b i l i z e  t h e  fo rm a t io n  o f  a  c y c l i c  w a te r  t r i m e r .

No c o n c e r t e d  e f f o r t  h a s  been  made to  o b t a i n  v a l u e s  o f  e n t h a l p i e s  and

e n t r o p i e s  f o r  th e  s o l u b i l i t y  and a s s o c i a t i o n  o f  w a t e r  i n  t h e  o r g a n ic

s o l v e n t s  a l t h o u g h  w a t e r  s o l u b i l i t y  by th e  s o l u t e  i s o p i e s t i c  method has

o c c a s i o n a l l y  b e e n  d e te rm in e d  a t  two o r  t h r e e  t e m p e r a t u r e s ,  n o t a b l y  i n

11 9c a rb o n  t e t r a c h l o r i d e  and b e n z e n e .  The e n t h a l p y  f o r  f o r m a t io n  o f  a

w a te r  t r i m e r  h a s  b e e n  r e p o r t e d  a s  r o u g h ly  - 1 5 .0  k c a l / m o l e  i n  1 ,2

d i c h l o r o e t h a n e  from m easurem ents  a t  1 0  and  2 5 ° .^

I n f r a r e d  s p e c t r o s c o p y ,  w hich  i s  p r o b a b ly  t h e  m ost f r e q u e n t l y

u sed  m ethod f o r  s tu d y in g  hydrogen  b o n d ing  s y s t e m s ,  h a s  b een  u se d  ve ry

l i t t l e  f o r  s tu d y i n g  d i l u t e  s o l u t i o n s  o f  w a te r  i n  o r g a n i c  s o l v e n t s  due

to  th e  e x p e r i m e n t a l  d i f f i c u l t i e s  i n v o lv e d .  One s tu d y  o f  t h e  i n f r a r e d

12
s p e c t r a  o f  w a t e r  i n  d i c h l o r o e t h a n e  h as  r e c e n t l y  b e e n  r e p o r t e d .

A s s o c i a t i o n  o f  A lc o h o ls  

Q u i te  a  l a r g e  body o f  l i t e r a t u r e  e x i s t s  c o n c e r n in g  t h e  s e l f ­

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

i n  s o l u t i o n  i n  o r g a n i c  s o l v e n t s . ^  A lc o h o l  a s s o c i a t i o n  i n  t h e  vap o r  

phase  i s  g e n e r a l l y  th o u g h t  to  f o l lo w  th e  m o n o m e r -d im e r - te t r a m e r  e q u i ­

l i b r iu m  p ro p o s e d  by W e ltn e r  and P i t z e r  a s  a  r e s u l t  o f  t h e i r  h e a t



- 5 -

c a p a c i t y  s t u d i e s  on m e th a n o l  v a p o r .  '  Heat c a p a c i t y  d a t a  f o r  o t h e r  a l c o ­

h o l s  seem to  be s a t i s f a c t o r i l y  e x p la in e d  by t h i s  model a c c o r d in g  to  

14Berman, I n  t h i s  r e f e r e n c e  Berman a s s e r t s  t h a t  PVT ( p r e s s u r e - v o lu m e -  

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

c i a t e d  s p e c i e s  o t h e r  th a n  a  d im e r .  However, r e c e n t  p r e c i s e  PVT d a t a  on 

m e th a n o l  v a p o r  ta k e n  i n  t h i s  l a b o r a t o r y  by Mr. S u t to n  B. Farnham  i n d i ­

c a t e  t h a t  n o t  o n ly  i s  th e  PVT m ethod s e n s i t i v e  to  s p e c i e s  o t h e r  th a n  

d im e rs  b u t  t h a t  t h e r e  i s  l i t t l e  n e c e s s i t y  t o  assume t h e  p r e s e n c e  o f  a

m e a s u r a b le  q u a n t i t y  o f  m e th a n o l  d im er i n  t h e  v a p o r  p h a se  a t  room te m p e ra -  

15t u r e .

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

h a s  b e e n  s t u d i e d  by s e v e r a l  t e c h n i q u e s .  P ro b a b ly  th e  m ost  w id e ly  u sed  

m ethod h as  b een  i n f r a r e d  s p e c t r o s c o p y ,  b o th  i n  th e  fu n d a m e n ta l  h y d ro x y l  

s t r e t c h i n g  r e g i o n  and i n  t h e  f i r s t  o v e r to n e  r e g i o n . T h e  s o l v e n t  

w h ich  i s  m ost commonly employed i s  ca rbon  t e t r a c h l o r i d e .  O th e r  m ethods

w hich  have  b e e n  used  a r e  n u c l e a r  m a g n e t ic  r e s o n a n c e  (NMR) v a p o r

25-27 _  . 2 8 ,2 9  . ^ „ 3 0 ,3 1p r e s s u r e ,  u l t r a s o n i c s ,  and  d i e l e c t r i c  m easu rem en ts .

A lthough  i t  i s  g e n e r a l l y  a c c e p te d  t h a t ,  a t  a l c o h o l  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  a  few t e n t h s  m o la r ,  a l c o h o l s  a r e  h i g h l y  a s s o c i a t e d  

i n  n o n p o la r  s o l v e n t s  t h e r e  has  been  much c o n t r o v e r s y  o v e r  th e  ty p e s  o f  

p o ly m e r ic  s p e c i e s  p r e s e n t  i n  t h e  low er c o n c e n t r a t i o n  r e g i o n .  One p a r t i ­

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

d im e r ,  i s  d i s c u s s e d  a t  some l e n g t h  in  a lm o s t  a l l  r e p o r t s  c o n c e r n in g  

a l c o h o l  a s s o c i a t i o n .  T h is  s p e c i e s  was p ro p o se d  from t h e  i n f r a r e d  s p e c t r a  

o f  m e th a n o l  su spended  in  s o l i d  n i t r o g e n  a t  20 K (m a t r ix  i s o l a t i o n  m e th o d ) . 

O th e r  r e s u l t s  i n t e r p r e t e d  a s  s u p p o r t i n g  th e  p r e s e n c e  o f  t h i s  s p e c i e s  in
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33s o l u t i o n  i n  c a rb o n  t e t r a c h l o r i d e  a r e  th o se  o f  L id d e l  and Becker who 

s t u d i e d  t h e  t e m p e r a t u r e  dependence  o f  th e  a b s o rb a n c e  of th e  peak  a t  

c a .  3500 cm i n  t h e  fu n d am e n ta l  h y d ro x y l  s t r e t c h i n g  r e g i o n .  L id d e l  

and B ecker o b t a i n e d  a AH o f  - ( 9 . 2  ± 2 .5 )  k c a l /m o le  f o r  m e th a n o l  a s ­

suming t h a t  t h e  p e a k  a t  c a .  3500 cm ^ was due  to  a  d im e r ic  s p e c i e s  and 

t h a t  no a s s o c i a t e d  s p e c i e s  a b s o rb  a t  th e  monomer p e a k  a t  c a .  3600 cm 

The e n th a lp y  v a l u e s  o b t a in e d  f o r  e th a n o l  and t - b u t a n o l  d im ers  w ere  con­

s i d e r a b l y  s m a l l e r  i n  m ag n i tu d e .

The c y c l i c  d im e r  has  been  a c c e p te d  a s  n o t  o n ly  an e x i s t i n g  

s p e c i e s  b u t  a l s o  a s  an  im p o r ta n t  one by some a u th o r s  ( f o r  exam ple ,

3 1 ,3 4 ) .  The e x i s t e n c e  o f  t h i s  s p e c i e s  h a s  b e e n  v i g o r o u s l y  a t t a c k e d

35r e c e n t l y  by F l e t c h e r  and H e l l e r .  These a u t h o r s  c o n te n d  t h a t  many

w o rk e rs  assum e t h e  p r e s e n c e  o f  a  c y c l i c  d im er  i n  a l c o h o l  a s s o c i a t i o n

d a t a  when i n  f a c t  c a r e f u l  a n a l y s i s  o f  t h e  d a t a  may show no d e t e c t a b l e

d im e r ,  e i t h e r  c y c l i c  o r  l i n e a r .  I n  a  l a t e r  p u b l i c a t i o n  th e s e  a u th o r s

co n c lu d e  t h a t  v e r y  s m a l l  q u a n t i t i e s  o f  an a c y c l i c  d im er can be  s e e n

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

T h e re  i s  no  g e n e r a l  a g reem en t  as  t o  w h ich  p o ly m e r ic  e n t i t i e s

a r e  im p o r ta n t  i n  a l c o h o l  s o l u t i o n s .  A s s o c i a t i o n  m odels u s u a l l y  te n d  to

be o f  th e  ty p e  w here  one o r  more s m a l l e r  p o ly m e rs  (d im e r ,  t r i m e r  o r

t e t r a m e r )  may be i m p o r t a n t  w i t h  a  v a r i e t y  o f  l a r g e r  u n s p e c i f i e d  p o lym ers

e x i s t i n g  i n  e i t h e r  c y c l i c  o r  l i n e a r  form. A model o f  t h i s  ty p e  was

37p ro b a b ly  f i r s t  p r o p o se d  by Mecke who assumed t h a t  a u n iq u e  e q u i l i b r i u m  

c o n s t a n t  e x i s t e d  f o r  a d im er  and t h a t  s u c c e s s i v e  a d d i t i o n s  o f  monomers 

to  a  g row ing  p o ly m e r  had  t h e  same e q u i l i b r i u m  c o n s t a n t .
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M odels w h ich  employ o n ly  one o r  two d i s t i n c t  a s s o c i a t e d  s p e c i e s

35h a v e  b e e n  p r o p o s e d .  F l e t c h e r  and H e l l e r  c o n c lu d e d  from a s tu d y  o f  

1 - o c t a n o l  a s s o c i a t i o n  i n  n -d e c a n e  i n  t h e  i n f r a r e d  o v e r to n e  r e g i o n  t h a t  

a m o n o m e r- te t ram e r  m odel p ro v id e d  t h e  b e s t  f i t  o f  t h e  d a t a  f o r  s o l u ­

t i o n s  from 10~^ m o la r  t o  p u re  1 - o c t a n o l .  They f u r t h e r  c o n c lu d e d  t h a t  

two ty p e s  o f  t e t r a m e r s  w ere  p r e s e n t ,  l i n e a r  and c y c l i c ,  and s t a t e d  

t h a t  t e t r a m e r s  w ere  th e  p red o m in an t  a s s o c i a t e d  s p e c i e s  i n  a l c o h o l  s o l u ­

t i o n s  i n  n o n p o la r  s o l v e n t s .

Amine A s s o c i a t i o n

A l l  e v id e n c e  seems to  i n d i c a t e  t h a t  p r im a ry  and s e c o n d a ry  amines

a r e  on ly  s l i g h t l y  a s s o c i a t e d  i n  t h e  v a p o r  p h ase  o r  i n  n o n p o la r  s o l v e n t s .  

38Lam bert and S t ro n g  m easured  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t s  f o r  a s e r i e s  

o f  sev en  a m in e s ,  i n c l u d i n g  ammonia and th e  p r i m a r y , s e c o n d a ry  and t e r t i ­

a r y  m e th y l -  and e t h y l - a m i n e s . A AH o f  - 3 . 3  k c a l / m o l e  was o b ta in e d  f o r  

t h e  d ie th y la m in e  d im er  i n  v a p o r  p h a s e .

S e v e r a l  r e c e n t  r e p o r t s  have  c o n c e rn e d  th e  a s s o c i a t i o n  o f  amines

i n  n o n p o la r  s o l v e n t s  as m easu red  by t h e  IMR t e c h n i q u e .  Murphy and 

39D av is  have  m ea su red  c h em ica l  s h i f t s  f o r  s e v e r a l  amines i n  c y c lo h ex an e

a s  a f u n c t i o n  o f  t e m p e ra tu re  and c o n c e n t r a t i o n .  They r e p o r t e d  e q u i l i -

40b r iu m  c o n s t a n t s  f o r  d im er  f o r m a t io n .  S p r in g e r  and Meek have  r e p o r t e d

a t e t r a m e r  c o n s t a n t  f o r  d ie th y la m in e  i n  c y c lo h e x a n e  o f  1 .7 5  x  10 ^ (M ^ ) .

Feeney  and S u t c l i f f e ^ ^  have r e p o r t e d  a  t e t r a m e r  c o n s t a n t  o f  2 .5  x 10 ^ (M

f o r  d ie th y la m in e  i n  CC l^ , a l s o  from NMR m ea su rem e n ts .

The s e l f - a s s o c i a t i o n  o f  m e t h y l - ,  e t h y l -  and  n - p ro p y la m in e s  h a s

42
b e e n  s t u d i e d  by v a p o r  p r e s s u r e  m easu rem en ts  i n  h y d ro c a rb o n  s o l v e n t s .  

A g a in ,  th e  r e s u l t s  i n d i c a t e  s m a l l  d e g re e s  o f  a s s o c i a t i o n  a t  low concen ­

t r a t i o n s  .
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Water-Amine  Complexes in  O rg a n ic  S o lv e n ts  

P ro b a b ly  the  on ly  e q u i l i b r i u m  c o n s t a n t s  f o r  h y d rogen  bonding 

be tw e en  w a te r  and a l i p h a t i c  am ines i n  o r g a n i c  s o l v e n t s  h av e  been  r e ­

p o r t e d  by G r e g o r y . T h i s  s tu d y  r e p o r t e d  e q u i l i b r i u m  c o n s t a n t s  fo r  

1 :1  complexes o f  w a te r  w i th  c y c lo h e x y la m in e , N m e th y l -  and N,N d i -  

m e th y lc y c lo h e x y la m in e s  i n  b enzene  a t  25 and 35° u s in g  th e  s o l u t e  i s o ­

p i e s t i c  t e c h n iq u e  m en tioned  p r e v i o u s l y .  E q u i l i b r iu m  c o n s ta n t s  f o r  

th e  1 : 1  com plexes o f  w a te r  w i th  t r i e t h y l a m i n e  w ere  a l s o  d e te rm in e d  i n  

t o l u e n e ,  b enzene  and cyc lohexane  a t  2 5 ° .  D i e l e c t r i c  s t u d i e s  were a l s o  

made o f  s o l u t i o n s  o f  w a te r  and am ines  i n  b enzene  a t  2 5 ° .

S t u d ie s  of s e v e r a l  ty p e s  have  b e e n  done i n  w hich  w a te r  i s  com-

p le x e d  w i th  weak b a s e s  i n  o r g a n ic  s o l v e n t s .  M ohr, W ilk  and  Barrow r e -

44p o r t e d  t h e  i n f r a r e d  s p e c t r a  o f  m ix t u r e s  o f  s e v e r a l  b a s e s  w i th  w a te r .

In  sy s te m s  w here  weak b a s e s  were p r e s e n t  t h e  s p e c t r a  i n d i c a t e d  th e

f o rm a t io n  o f  a  b r id g e d  s p e c i e s  i n v o l v i n g  two m o le c u le s  o f  b a se  bonded

to  one w a te r  m o le c u le .  One o f  t h e s e  s y s te m s ,  w a te r  and p y r id i n e  d i s -

45s o lv e d  i n  C C l^ ,has  been  s tu d i e d  by  s e v e r a l  w o r k e r s .  S id e ro v  r e p o r t e d

461 :1  and 2 :1  h y d r a t e s  in  th e  p y r i d i n e - w a t e r  sy s te m . Jo h n so n  e t  a l .  

s t u d i e d  m ix tu r e s  of w a te r  and p y r i d i n e  i n  s e v e r a l  o r g a n ic  s o l v e n t s ,  i n ­

c lu d in g  CCl^, and fo u n d ,  in  a d d i t i o n  to  a 1 : 1  com plex , t h e  b r id g e d  

s p e c i e s  and a l s o  a complex w hich  in v o lv e d  e i t h e r  two o r  t h r e e  m o le c u le s  

o f  w a te r  w i th  one p y r id i n e  m o le c u le .  E q u i l i b r i u m  c o n s t a n t s  were o b ta in e d

f o r  t h e s e  s p e c i e s .  An i n f r a r e d  s tu d y  o f  t h e  w a t e r - p y r i d i n e  system  i n

47CCl^ a t  s e v e r a l  t e m p e ra tu re s  has  been  r e p o r t e d .  E q u i l ib r iu m  c o n s t a n t s  

and e n t h a l p i e s  f o r  th e  1 : 1  complex and th e  b r id g e d  s p e c i e s  were d e te rm in e d  

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



- 9 -

A lcohol-A m ine  Complexes

E n t h a lp i e s  f o r  complex fo rm a t io n  i n  th e  v ap o r  p h a s e  i n  am ine-  

a l c o h o l  m ix tu re s  have  b e e n  r e p o r t e d  f o r  t h r e e  s y s te m s .  C ra c c o  and 

Huyskens^^ g iv e  a  v a lu e  o f  - 8 . 9  k c a l /m o le  f o r  t h e  n - b u t a n o l - n - b u t y l -

49
amine complex from  a  v a p o r  d e n s i t y  s tu d y .  C la g u e ,  G o v i l  and  B e r n s t e i n ,  

from an NMR s tu d y  on v a p o r  m i x t u r e s ,  o b ta in e d  - ( 5 . 8  ± 0 . 7 )  k c a l /m o le  f o r  

th e  m e t h a n o l - t r im e th y la m in e  complex. H irano  and Kozima^^ h a v e  s t u d i e d  

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

i n  s o l u t i o n s  u s in g  i n f r a r e d  s p e c t r o s c o p y .  They c a l c u l a t e d  an  e n th a lp y  

o f  fo rm a t io n  o f  - 8 . 2  k c a l /m o le  f o r  th e  v ap o r  p h a se  com plex .

S e v e ra l  a l c o h o l - a m in e  sy s tem s  have b e e n  s t u d i e d  i n  s o l u t i o n  by 

i n f r a r e d  s p e c t r o s c o p y .^ ^  The s o lv e n t  used  i n  t h e s e  s t u d i e s  h a s  com­

monly been  CCl^ d e s p i t e  t h e  f a c t  t h a t  many w o rk e rs  have  i n d i c a t e d  t h a t  

a p r e c i p i t a t e  form s when a l i p h a t i c  amines such  as d i e t h y l -  and  t r i e t h y l -  

am ines a re  added  to  t h i s  s o l v e n t .  Some a u th o r s  have  n o t  m e n t io n e d  th e  

a p p e a ra n c e  o f  t h i s  p r e c i p i t a t e ,  o t h e r s  have n o t  th o u g h t  t h i s  to  b e  a 

s e r i o u s  problem  and s t i l l  o t h e r s  have d e c l in e d  t o  use  a l i p h a t i c  amines 

i n  t h i s  s o l v e n t  b e c a u s e  o f  t h e  p r e c i p i t a t e  fo rm a t io n .  P y r i d i n e  i s  one 

commonly u sed  am ine  w h ich  a p p a r e n t l y  does n o t  form a  p r e c i p i t a t e  i n

The common t e c h n i q u e  i n  t h e s e  i n f r a r e d  s t u d i e s  h a s  b e e n  u.o use  

v e r y  low c o n c e n t r a t i o n s  o f  a l c o h o l s .  There  a r e  two p r im a ry  r e a s o n s  why 

low c o n c e n t r a t i o n s  a r e  u s e d ;  t h e  n e c e s s i t y  f o r  s e l f - a s s o c i a t i o n  c o r r e c ­

t i o n s  f o r  t h e  a l c o h o l  i s  o b v i a t e d  and , to  some e x t e n t ,  t h e  f o r m a t io n  o f  

l a r g e r  complexes w h ich  w ou ld  a b so rb  i n  th e  same r e g i o n  a s  t h e  1 : 1  com­

p l e x  i s  p r e v e n te d .



Z e e g e rs -H u y sk e n s  has  r e p o r t e d  1 :1  e q u i l i b r i u m  c o n s t a n t s 5 2 , 5 1

from  i n f r a r e d  d a t a  i n  CCI, f o r  s e v e r a l  a l c o h o l - a m in e  sy s te m s  a t  one 

t e m p e r a t u r e .  Kolbe and P r a c e ju s ^ ^  have d e te rm in e d  e n t h a l p i e s  o f  f o r ­

m a t io n  o f  s e v e r a l  a l c o h o l - a m in e  complexes i n  t o l u e n e  from  i n f r a r e d  

s p e c t r a l  d a t a .  G ram stad^^  h a s  r e p o r te d  e q u i l i b r i u m  c o n s t a n t s  and e n ­

t h a l p i e s  from  IR d a t a  f o r  1 :1  complexes o f  p h e n o l  and  m e th a n o l  w i th  

s e v e r a l  t e r t i a r y  a l i p h a t i c  a m in e s . He a l s o  fo u n d ,f ro m  r e f r a c t i v e  

in d e x  m e a s u re m e n ts ,  t h a t  p e n ta c h lo r o p h e n o l  forms com plexes  o f  v a ry in g  

s t o i c h i o m e t r y  w i th  t e r t i a r y  am ines i n  CCl^. The com plexes  in v o lv e  o n e ,  

two and t h r e e  m o le c u le s  o f  t h e  s u b s t i t u t e d  p h e n o l  p e r  amine m o le c u le .  

M easurem en ts  on t h e  s y s te m s  p h e n o l - t e r t i a r y  am ines by t h e  r e f r a c t i v e  

in d e x  t e c h n i q u e  d i d  n o t  show complexes o t h e r  t h a n  th e  1 : 1 .

L a m b er ts  and Z eegers-H uyskens^^  r e p o r t e d  e n t h a l p i e s  o f  form a­

t i o n  f o r  1 :1  com plexes  o f  a l c o h o l s  and a l i p h a t i c  am ines  i n  CCl^. A 

c a l o r i m e t r i c  m ethod  was u sed  t o  o b ta in  t h e  e n t h a l p i e s .

The t a b l e  be low  sum m arizes some r e s u l t s  o f  p r e v i o u s  s t u d i e s  on 

1 : 1  complex f o r m a t i o n  be tw een  a l i p h a t i c  amines and a l i p h a t i c  a l c o h o l s .

System S o lv e n t M ethod -A H (k c a l /m o le ) R e f .

M e t h a n o l - t r i e t h y l a m i n e CCI4 IR 6 . 0 50

M e t h a n o l - t r i e t h y l a m i n e Toluene IR 5 .2 54

M e t h a n o l - t r i e t h y l a m i n e CCI4 IR 3 .8 55

E t h a n o l - d i e t h y l a m i n e CCI4 C a l o r i m e t r i c 5 .0 56

E t h a n o l - t r i e t h y l a m i n e CCI4 C a l o r i m e t r i c 4 .8 56

E t h a n o l - n - b u t y l a m in e Cyclohexane C a l o r i m e t r i c 7 .2 56

The v a lu e s  p r e s e n t e d  i n  t h i s  t a b l e  a r e  i n  a c c o rd  w i th  P im e n te l  and M c C l e l l a n 's
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comments on t h e  i n d e t e r m i n a t e  n a t u r e  o f  s o l v e n t  e f f e c t s  on h y d ro g en  b o n d ­

in g  s y s te m s .  T o lu e n e ,  b e in g  a  more r e a c t i v e  s o l v e n t ,  sh o u ld  r e t a r d  t h e  

f o r m a t io n  o f  t h e  m e t h a n o l - t r i e t h y lam in e  complex b u t  th e  v a lu e  o f  -AH from 

r e f e r e n c e  54 i n d i c a t e s  t h a t  t h e  complex i s  s t a b i l i z e d  in  t o lu e n e  r e l a t i v e  

to  C C l^ .^^  R e f e re n c e  50 i n d i c a t e s  a  h i g h e r  AH i n  CCl^ th a n  i n  t o lu e n e  

b u t  i s  i n  p o o r  ag reem en t  w i t h  r e f e r e n c e  55 .  A lso ,  t h e  -AH v a l u e s  f o r  

e th a n o l - a m in e  com plexes  i n  CCl^ a r e  v e ry  l i t t l e  d i f f e r e n t  from th e  -AH 

v a lu e  i n  t o l u e n e  and t h e r e  i s  a c o n s i d e r a b l e  d i f f e r e n c e  b e tw e en  t h e  -AH 

v a l u e s  f o r  t h e  m e th a n o l -  and e th a n o l - a m in e  complexes in  CCl^ o b t a i n e d  by 

two d i f f e r e n t  m e th o d s .  The e n t h a l p y  o f  fo rm a t io n  o f  th e  m e th a n o l -  and 

e t h a n o l - p y r i d i n e  com plexes h a s  b e e n  r e p o r t e d  by B ecker^^  to  be - 3 . 9  and

u. - 3 . 7  k c a l / m o l e ,  r e s p e c t i v e l y ,  i n  CCl^ from  IR work.

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

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

tw een  m o le c u le s  c a p a b le  o f  fo rm ing  h y d ro g en  b o n d s .  Vapor p r e s s u r e  and 

v a p o r  d e n s i t y  m ethods f i r s t  u se d  by C h r i s t i a n ,  Taha and L ing^^  have  

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

p a ra m e te r s  c h a r a c t e r i s t i c  o f  th e  i n t e r a c t i o n s  be tw een  w a te r  and d i e t h y l ­

amine and b e tw e en  m e th a n o l  and d i e t h y l a m in e  i n  s e v e r a l  m edia  i n  t h e  

te m p e r a tu r e  r a n g e  25 t o  4 5 ° .  The d i s t r i b u t i o n  and s e l f - a s s o c i a t i o n  o f  

w a t e r ,  m e th a n o l  and d i e t h y l a m in e  i n  th e  t h r e e  s l i g h t l y  v o l a t i l e  s o l v e n t s  

n - h e x a d e c a n e , d ip h e n y lm e th a n e  and b e n z y l  e t h e r  h as  b een  s t u d i e d  a s  a 

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

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

am in e .  The 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  a r e  compared w i th  r e l a t i o n s  

p r o p o se d  by C h r i s t i a n  e t  a l . ^ ^ ’^^ f o r  c o r r e l a t i o n  o f  s o l v e n t  e f f e c t s  on 

com plex f o r m a t io n .



CHAPTER I I

OBJECTIVES

The o b j e c t i v e s  o f  t h i s  r e s e a r c h  w ere :

1 .  To o b t a i n  e n t h a l p i e s  and e n t r o p i e s  o f  f o r m a t io n  o f  t h e  

1 :1  Complexes w a t e r - d i e t h y l a m in e  and m e t h a n o l - d i e t h y l -  

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

2. To d e s c r i b e  t h e  therm odynam ics o f  s e l f - a s s o c i a t i o n  o f  

b o th  w a t e r  and m e th a n o l  and com plexes  o f  w a t e r  and 

m e th a n o l  w i th  t h e  b a s e  d i e th y la m in e  i n  low v a p o r  p r e s ­

s u r e  o r g a n i c  s o l v e n t s  o f  v a ry in g  r e a c t i v i t y .
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CHAPTER I I I  

EXPERIMENTAL 

C hem icals

M eth an o l  was p u rch a se d  from M a l in k ro d t  Chem ical Company as  

r e a g e n t  g ra d e  ( p u r i t y  >99%) and was f r a c t i o n a l l y  d i s t i l l e d  from mag­

nesium  m e th o x id e  i n  a  30 p l a t e  O ldershaw  Column to  remove t r a c e s  o f  

w a t e r .  The d i e th y la m in e  was p u rc h a s e d  from J .  T. B aker Chem ical 

Company and c e r t i f i e d  t o  have  p u r i t y  g r e a t e r  th a n  99.3%. T h is  amine 

was f r a c t i o n a l l y  d i s t i l l e d  over  f r e s h  ba rium  ox ide  t o  remove t r a c e s  

o f  w a te r .

The low v a p o r  p r e s s u r e  s o l v e n t s  used  were p u rc h a s e d  as 

p r a c t i c a l  g r a d e  and somewhat more e l a b o r a t e  p ro c e d u re s  w ere  fo l lo w e d  

t o  p u r i f y  them . n-H exadecane was p u rc h a s e d  from M atheson , Coleman 

and B e l l  C hem ica l  Company and was f i r s t  t r e a t e d  w i th  c o n c e n t r a t e d  

s u l f u r i c  a c i d ,  w ashed, p a s s e d  th ro u g h  a  column o f  a c t i v a t e d  a lu m in a  

and f i n a l l y  d i s t i l l e d  i n  a 12 p l a t e  O ldershaw  Column u n d e r  10 mm a i r  

p r e s s u r e .  The f r a c t i o n  c o l l e c t e d  l a d  a  b o i l i n g  p o i n t  o f  150° a t  

t h i s  p r e s s u r e .  T h is  p r o d u c t  showed no im p u r i ty  peaks  when p a s s e d  

th ro u g h  a  g a s  ch rom a tog raph . D ip h en y lm e th an e ,  a l s o  a  M atheson , 

Coleman and B e l l  p r o d u c t ,  was i n i t i a l l y  p u r i f i e d  by r e p e a t e d  f r a c ­

t i o n a l  f r e e z i n g  and th e n  d i s t i l l e d  u n d e r  10 mm a i r  p r e s s u r e .  The
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b o i l i n g  p o i n t  was 123° a t  t h i s  p r e s s u r e .  T h is  p ro d u c t  a l s o  showed no 

i m p u r i t y  p e a k s  when exam ined on a  gas  ch ro m a to g ra p h .  The t h i r d  s o l v e n t ,  

b e n z y l  e t h e r ,  was c o n s id e r a b ly  more d i f f i c u l t  t o  p u r i f y  t h a n  th e  f i r s t  

two. T h is  s o l v e n t  was o b t a in e d  from two s o u r c e s ,  Eastman Chemical 

Company and M atheson , Coleman and B e l l .  The e t h e r  was d i s t i l l e d  under  

t h e  same c o n d i t i o n s  a s  th e  f i r s t  two s o l v e n t s  ( 1 2  p l a t e  co lum n, 1 0  mm 

p r e s s u r e )  b u t  th e  gas c h ro m a to g ra p h ic  a n a l y s i s  showed an i m p u r i ty  o f  

= 0 .3  mole p e r  c e n t .  E x am in a tio n  o f  t h e  l i t e r a t u r e  i n d i c a t e d  t h a t  

t h e  e t h e r  n o t  o n ly  shows th e  e x p e c te d  b e h a v io r  i n  form ing p e ro x id e s  

b u t  a l s o  r e a d i l y  o x i d i z e s  t o  b e n z a ld e h y d e  and th e n  to  b e n z o ic  a c id  on 

s t a n d i n g .  To m in im ize  t h i s  p r o c e s s  sam p les  w ere  d i s t i l l e d  s h o r t l y  

b e f o r e  u s e ,  t h e n  w ere f r o z e n  and p r o t e c t e d  from  l i g h t .  F i n a l l y ,  a 

p r o c e s s  o f  f r a c t i o n a l  m e l t i n g  was employed im m e d ia te ly  p r i o r  t o  sample 

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

N o n e t h e l e s s ,  an i n o r d i n a t e  amount o f  w ork  was n e c e s s a r y  to  

o b t a i n  t h e  d a t a  r e p o r t e d  i n  th e  a p p e n d ix  f o r  t h i s  s o l v e n t .  The i n i t i a l  

v a p o r  p r e s s u r e  s t u d i e s  o f  w a te r  and m e th a n o l  i n  t h i s  s o l v e n t  were 

m arred  by t h e  a p p e a ra n c e  o f  c o lo r e d  d e p o s i t s  on th e  w a l l s  o f  th e  ap ­

p a r a t u s  above th e  s o l u t i o n .  T h is  phenomenon g e n e r a l l y  o c c u r r e d  about 

24 t o  36 h o u r s  a f t e r  a  seq u en ce  o f  ru n s  was s t a r t e d .  S e v e r a l  s e t s  of 

d a t a  f o r  b o t h  m eth a n o l  and w a te r  a t  each  t e m p e r a tu r e  w ere  ta k e n  i n  

which t h e s e  d e p o s i t s  o c c u r r e d .  The d e p o s i t s  d i d  n o t  seem to  have 

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

d e p o s i t s  a p p e a r e d  a g re e d  f a i r l y  w e l l  w i th  t h o s e  made a f t e r w a r d .

F i n a l l y ,  a f t e r  p u r i f i c a t i o n  o f  a sam ple  o f  e t h e r  from M atheson , 

Coleman and B e l l ,  d a t a  w ere o b t a in e d  f o r  w a t e r  and m e th a n o l  i n  th e
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e t h e r ,  u s in g  th e  same a p p a r a t u s ,  w hich  showed no c o n ta m in a t io n .  The 

q u a l i t a t i v e  a s p e c t s  o f  t h e s e  d a t a  were i d e n t i c a l  w i th  t h o s e  ta k e n  

w here  c o n ta m in a t io n  d id  o c c u r  and th e  v a lu e s  o f  t h e  d i s t r i b u t i o n  and 

a s s o c i a t i o n  c o n s t a n t s  w ere  s i m i l a r .

A l l  th e  d a t a  r e p o r t e d  i n  t h e  Appendix f o r  s i n g l e  and m ixed 

v a p o r  p r e s s u r e  sy s te m s  u s i n g  t h i s  e t h e r  as t h e  s o l v e n t  w ere  o b t a i n e d  

w i t h  t h e  sam ple w h ich  showed no c o n ta m in a t io n .  T h is  f i n a l  d i s t i l l a ­

t i o n  p r o d u c t  was k e p t  c o n t i n u o u s ly  u n d e r  vacuum and n o t  exp o sed  t o  

l i g h t  e x c e p t  f o r  s h o r t  p e r i o d s  o f  t im e  when sam ples  w ere  w ith d ra w n  

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

C o n s id e r in g  t h e  d i f f i c u l t i e s  e x p e r ie n c e d  w i th  t h i s  e t h e r  i t  i s  

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

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

l e s s  a c c u r a t e  t h a n  t h o s e  d e r i v e d  from d a t a  i n  th e  o t h e r  two s o l v e n t s .

T em p era tu re  C o n t r o l  and P r e s s u r e  M easurement 

M easurem ents  w ere  t a k e n  on a l l  sy s tem s  a t  t h r e e  t e m p e r a t u r e s ,

25 , 35 and 4 5° .  C o n s ta n t  t e m p e r a t u r e  b a th s  f o r  a l l  sy s te m s  c o n s i s t e d  

o f  20 g a l l o n  aq u a r iu m s  u t i l i z i n g  w a te r  as  t h e  b a th  medium. T e m p era tu re s  

w ere  c o n t r o l l e d  th ro u g h  t h e  u se  o f  m ercu ry  c o n t a c t  t h e r m o r e g u la t o r s  

c o n t r o l l i n g  Model E2 E l e c t r o n i c  R e lay s  from Lux S c i e n t i f i c  Company.

300 w a t t  l i g h t  b u l b s ,  p a i n t e d  b l a c k ,  were u se d  as  c o n t r o l  h e a t e r s .

When n e c e s s a r y ,  c o o l i n g  was p ro v id e d  by c i r c u l a t i n g  l i q u i d  

from an e x t e r n a l  r e f r i g e r a t e d  b a t h  th ro u g h  a  c o p p e r  c o i l  i n  th e  w a te r  

b a t h .  Good c i r c u l a t i o n  i n  t h e  w a te r  b a th  was a s s u r e d  by  u t i l i z i n g  

two pumps w i th  a  t o t a l  c a p a c i t y  o f  b e t t e r  t h a n  600 g a l / h r .  B a th  tem p e ra ­

t u r e s  w ere  m easu red  by one d e g re e  therm om ete rs  (marked a t  0 . 0 1  d e g re e  i n ­

t e r v a l s )  a t  25 and 35° and by a  0 t o  50 d e g re e  th e rm o m ete r  (marked a t  0 .1
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d e g r e e  i n t e r v a l s )  a t  4 5 ° .  The b a th  t e m p e ra tu re  was c o n t r o l l e d  t o  b e t t e r  

t h a n  ± 0 .0 1  d e g re e  a t  25 and 3 5 ° .  C o n t r o l  p r e c i s i o n  p ro b a b ly  a p p ro a c h e d  

± .0 2  d e g r e e  a t  45° a l th o u g h  changes o f  t h i s  m ag n itu d e  c o u ld  n o t  be  

o b s e r v e d  on th e  therm om eter .

The b a s i c  t y p e s  o f  a p p a ra tu s  u s e d  i n  t h i s  s tu d y  have  been  

d e s c r i b e d  p r e v i o u s l y . P r e s s u r e  m easurem ents  were made by two 

d i f f e r e n t  m ethods .  D ie th y la m in e  d i s t r i b u t i o n ,  w a t e r  d i s t r i b u t i o n  and 

a lc o b o l - a m in e  and w a te r - a m in e  d a ta  i n  d ip h e n y lm e th a n e  (DPM) w ere  t a k e n  

u s in g  c lo s e d - e n d  m ercury  m anom eters. A G a e r tn e r  M911 C a th e to m e te r  

( w i th  50 p a r t  v e r n i e r )  was u se d  to  m easu re  th e  d i f f e r e n c e  i n  m ercu ry  

l e v e l s .  The c a th e to m e te r  c o u ld  be r e a d  to  ± 0 .0 1  mm. A Texas I n s t r u m e n t s  

Fused  Q u a r tz  P r e c i s i o n  P r e s s u r e  Gage was u sed  f o r  p r e s s u r e  m easu rem en ts  

f o r  a l l  d a t a  o t h e r  th a n  th o s e  m en tio n ed  above. T h is  i n s t r u m e n t  employs 

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

to  a  f u s e d  q u a r t z  Bourdon t u b e .  The minimum r e s o l u t i o n  o f  t h e  i n s t r u ­

m ent u s e d  i n  t h i s  s tu d y  was 0 .003  mm a b s o l u t e .

PVT and Vapor D e n s i ty  System s

The PVT system  was composed o f  two Pyrex  f l a s k s  (w i th  a p p r o x i ­

m ate  vo lum es o f  2 .0  and 0 .6  l i t e r s )  c o n n e c te d  th ro u g h  a  M a n o s ta t  

T e f lo n  n e e d le  v a lv e  (A 7 8 -4 2 5 -0 1 ) . C o n n e c t io n  o f  th e  s m a l l  f l a s k  t o  

t h e  T I p r e s s u r e  gage was th ro u g h  a 1 mm i . d .  P y rex  c a p i l l a r y .  The 

f i r s t  s t e p  in  e x p e r im e n ta l  p ro c e d u re  was t h e  a d d i t i o n  o f  a  sam ple  

th ro u g h  a  m e rc u ry -c o v e re d  s i n t e r e d  g l a s s  d i s c  o f  f i n e  p o r o s i t y .  Once 

a d e s i r e d  p r e s s u r e  had b een  o b ta in e d  i n  b o th  f l a s k s  th e  v a lv e  was 

c l o s e d  and  th e  sm a l l  b u lb  a t t a c h e d  t o  t h e  T I gage  was e v a c u a te d  th ro u g h  

a D e lm ar  s to p c o c k  f o r  a s h o r t  p e r i o d  o f  t im e .  A f t e r  c l o s i n g  th e
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o u t l e t  v a lv e  and  when e q u i l i b r i u m  was e s t a b l i s h e d  i n  t h i s  s i d e  o f  th e  

sy s tem  th e  c o n n e c t in g  n e e d le  v a lv e  was opened and th e  p r e s s u r e  i n  b o th  

f l a s k s  a l lo w e d  t o  r e a c h  e q u i l i b r i u m .  The m easured  q u a n t i t i e s  P p , th e  

f i n a l  e q u i l i b r i u m  p r e s s u r e  i n  th e  t o t a l  sy s te m , P ^ , t h e  i n i t i a l  p r e s s u r e  

i n  th e  l a r g e  f l a s k ,  and Pg, th e  r e s i d u a l  p r e s s u r e  i n  t h e  s m a l l  f l a s k ,  

t o g e t h e r  w i th  t h e  volume r a t i o  (R^) o f  th e  l a r g e  f l a s k  t o  t h e  t o t a l  

sy s tem  were u s e d  i n  a  l e a s t  s q u a re s  t r e a tm e n t  o f  t h e  v a p o r  s y s te m .

The volume r a t i o  (R^) was d e te rm in e d  w i th  d ry  n i t r o g e n .  The e q u i l i ­

b r ium  p r e s s u r e  i n  b o th  f l a s k s  (P^) becomes th e  i n i t i a l  p r e s s u r e  i n  t h e  

l a r g e  f l a s k  (P^) f o r  t h e  n e x t  e x p a n s io n  and i n  t h i s  m anner a  s e r i e s  o f  

s t e p w is e  p r e s s u r e  m easurem ents  from h ig h  p r e s s u r e  to  low a r e  made.

The v a p o r  d e n s i t y  sy s te m  was s i m i l a r  t o  t h a t  d e s c r i b e d  by 

58C h r i s t i a n ,  e t  a l .  I t  c o n s i s t e d  o f  a t h r e e  l i t e r  P y re x  f l a s k  w i th  a 

Delmar s to p c o c k  f o r  e v a c u a t io n .  The m ercury  co v e red  s i n t e r e d  g l a s s  

d i s c  was a t t a c h e d  t o  t h e  sy s tem  by a  24 /40  fem ale  g round  j o i n t  s e a t e d  

on a  24/40  m ale  j o i n t  i n  a m ercu ry  w e l l .  T e f lo n  s l e e v e s  w ere  u sed  on 

g round  j o i n t s  t o  p r e v e n t  f r e e z i n g .  P r e s s u r e  m easurem ents  w ere  made 

w i th  th e  TI gage  r a t h e r  t h a n  w i th  a  m ercu ry  manom eter.

Th is  v a p o r  d e n s i t y  sy s tem  o f f e i s  a r a p i d  and c o n v e n ie n t  method 

o f  d e te r m in in g  th e  1 :1  fo rm a t io n  c o n s t a n t  f o r  sys tem s o f  two i n t e r a c t i n g  

v a p o rs  which a r e  n o t  h i g h l y  a s s o c i a t e d .  The p r o c e d u re  may b e  d e s c r i b e d  

u s in g  th e  m e th a n o l - d ie th y la m in e  sys tem  a s  an  exam ple. I n c re m e n ts  o f  

m e th an o l  w ere  d e l i v e r e d  to  t h e  e v a c u a te d  sy s tem  th ro u g h  t h e  m e rc u ry -  

c o v e re d  d i s c  u s in g  an  RGI P r e c i s i o n  M ic rom e ter  B u re t  o f  0 .2 5  ml volum e. 

When a  l i q u i d  sam ple had  v a p o r i z e d  th ro u g h  th e  d i s c  t h e  e q u i l i b r i u m  

p r e s s u r e  was m easured and t h e  p r o c e s s  r e p e a t e d  from f i v e  t o  t e n  t im e s .



—18“

When t h i s  " c a l i b r a t i o n "  ru n  was com ple ted  th e  sys tem  was re e v a c u a te d  

to  a p r e s s u r e  l e s s  th a n  0 .0 2  t o r r  and a l a r g e  in c re m e n t  o f  d i e t h y l ­

amine (DEA) was a d d e d ,  from a  p r e v i o u s ly  d e g a sse d  l i q u i d  sample a t t a c h e d  

to  t h e  f l a s k  by  a  F i s c h e r - P o r t e r  T e f lo n  n e e d le  v a lv e  (7 9 5 -0 0 5 ) ,  to  g iv e  

a p r e s s u r e  o f  50-100 t o r r .  Then t h e  p ro c e s s  o f  add ing  in c re m e n ts  o f  

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

m e th a n o l  i n  t h e  sy s te m  was k e p t  low to  av o id  t h e  n e c e s s i t y  f o r  s e l f ­

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

m e th a n o l  u sed  a t  25° was ro u g h ly  30 t o r r .  The m easured  q u a n t i t i e s  f o r  

t h i s  sy s tem  a r e  t h e  p r e s s u r e  o f  m ethano l  a s  a  f u n c t i o n  of t h e  volume 

o f  m e th a n o l  a d d e d ,  n ^ ,  th e  fo rm a l ,  o r  i d e a l  g a s  p r e s s u r e ,  o f  d i e t h y l ­

amine i n  th e  s y s te m  w hich  i s  c a l c u l a t e d  from t h e  i n i t i a l  p r e s s u r e  o f  

amine u s in g  t h e  a s s o c i a t i o n  c o n s t a n t  from th e  PVT s tu d y  o f  DEA, and P.  ̂

th e  t o t a l  p r e s s u r e  o f  amine p lu s  m e th a n o l  a t  p o i n t s  c o r re s p o n d in g  t o  

th e  e x a c t  amount o f  m e th a n o l  added i n  th e  c a l i b r a t i o n  r u n .  The a n a ly ­

s i s  p r e s e n t e d  i n  th e  n e x t  c h a p te r  i s  b a sed  on t h e s e  t h r e e  p r e s s u r e s .

Vapor P r e s s u r e  Systems 

The b a s i c  a p p a r a tu s  u se d  i n  th e  vapo r  p r e s s u r e  s t u d i e s  con­

s i s t e d  o f  two P y rex  f l a s k s  w i th  a combined volume of a b o u t  800 cc  w hich  

was d e te rm in e d  a c c u r a t e l y  by w e ig h t  u s in g  l i q u i d  w a te r .  The s m a l l e r  

f l a s k  was c o n n e c te d  t o  th e  TI gage by  a  1 mm i . d .  Pyrex  c a p i l l a r y  

wrapped w i th  a  s i l i c o n e  r u b b e r  h e a t i n g  t a p e  f rom  th e  TI c a p s u le  t o  a  

s h o r t  d i s t a n c e  be low  th e  w a t e r  s u r f a c e  i n  th e  t h e r m o s t a t t e d  b a t h .  The 

h e a t in g  t a p e  was k e p t  a t  a  t e m p e ra tu re  ro u g h ly  e q u i v a l e n t  to  th e  c a p s u le  

t e m p e ra tu re  (4 5 ° )  t o  p r e v e n t  c o n d e n s a t io n  i n  t h e  c o n n e c t in g  tu b e  a t  

b a th  t e m p e r a tu r e s  above 2 5° .
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The l a r g e r  f l a s k ,  w h ich  c o n ta i n e d  th e  n o n - v o l a t i l e  s o l v e n t ,  

was j o i n e d  t o  t h e  s m a l l e r  th ro u g h  a  F i s c h e r - P o r t e r  T e f lo n  n e e d le  

v a lv e  (6 9 5 -0 0 5 ) .  The l a r g e  f l a s k  had  a  m ale  24 /40  m e rc u ry -c u p  j o i n t  

f o r  a t t a c h i n g  th e  m e rc u ry -c o v e re d  s i n t e r e d  g l a s s  d i s c  f o r  sample a d d i ­

t i o n  o f  e i t h e r  m e th a n o l  o r  w a t e r  u s in g  t h e  0 .2 5  ml m i c r o b u r e t .  The 

s m a l l  f l a s k  had  a t t a c h e d  t o  i t  th ro u g h  a  F i s c h e r - P o r t e r  T e f lo n  n e e d le  

v a lv e  (795-005) a  r e s e r v o i r  o f  l i q u i d  d i e t h y l a m in e .

P r i o r  to  commencing a  s e t  o f  e x p e r im e n t s  a  volume r a n g in g  

from  a bou t  100 t o  250 cc o f  t h e  p a r t i c u l a r  s o l v e n t  was w e ighed  i n t o  

t h e  a p p a r a t u s .  The s y s te m  was th e n  e v a c u a te d  a t  room te m p e r a tu r e  to  

a p r e s s u r e  a p p ro a c h in g  t h e  v a p o r  p r e s s u r e  o f  t h e  s o l v e n t  and th e  

p r e s s u r e  was m o n i to re d  f o r  s e v e r a l  h o u r s  t o  check  f o r  l e a k s .

The v a p o r  p r e s s u r e s  o f  t h e  t h r e e  s o l v e n t s  u sed  w ere  s u f f i c i e n t l y  

low so  t h a t  no R a o u l t ' s  Law c o r r e c t i o n s  w ere  n e c e s s a r y  a t  t h e  tem pera ­

t u r e s  employed. Both n -h e x a d e c a n e  (HX) and b e n z y l  e t h e r  (BZE) have

v a p o r  p r e s s u r e s  below 0 .0 1  t o r r  a t  2 5 ° .  D ipheny lm e thane  (DPM) h as  a

v a p o r  p r e s s u r e  somewhat h i g h e r  a t  room te m p e r a tu r e  (= 0 .0 1 5  t o r r ) .

In  o r d e r  to  m in im ize  t h e  number o f  sam ple  c h an g es  employed one 

sam ple  o f  a  s o l v e n t  m ig h t  be u s e d  f o r  v a p o r  p r e s s u r e  d a t a  on two s i n g l e  

v o l a t i l e  component sy s te m s  su c h  as  w a t e r  and m e th a n o l .  A no the r  sam ple  

o f  th e  same s o l v e n t  would  be u se d  f o r  d i e th y la m in e  (DEA) d i s t r i b u t i o n  

and  th e  s tu d y  o f  th e  two v o l a t i l e  component sy s te m s  water-DEA and 

methanol-DEA.

When one s o l v e n t  sam ple  i s  u se d  f o r  s e v e r a l  r u n s  i t  i s  n e c e s s a r y

t o  i n s u r e  t h a t  no a p p r e c i a b l e  amount o f  s o l v e n t  i s  pumped away i n  th e

e v a c u a t io n  p r o c e s s  a t  th e  end o f  a  r u n  a t  one t e m p e r a t u r e .  One
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p r e c a u t i o n  ta k e n  was to  a v o id  pumping on th e  sys tem  a t  t e m p e ra tu re s  

h i g h e r  t h a n  2 5° .  The sy s te m  was e v a c u a te d  a t  25° and th e n  th e  b a th  

t e m p e r a tu r e  was r a i s e d  to  35° o r  4 5 ° .  When th e  run  a t  th e  h ig h e r  

t e m p e r a tu r e  was com ple ted  th e  b a th  was c o o le d  to  25° b e f o r e  pumping 

o u t  th e  sy s te m . Due to  t h e  e x t r e m e ly  low v a p o r  p r e s s u r e s  o f  HX and 

BZE a t  25 °  t h e r e  was l i t t l e  f e a r  t h a t  s i g n i f i c a n t  q u a n t i t i e s  o f  t h e s e  

s o l v e n t s  would  b e  pumped i n t o  th e  c o ld  t r a p  a t t a c h e d  t o  t h e  vacuum 

pump. T here  was some q u e s t i o n  as  t o  w h e th e r  DPM, w i th  i t s  h i g h e r  

v a p o r  p r e s s u r e  a t  2 5 ° ,  would  b e  l o s t  from th e  sy s tem . F o r t u n a t e l y ,  

DPM has a  v e ry  s t r o n g  c h a r a c t e r i s t i c  o d o r  w hich  e n a b le s  t h e  d e t e c t i o n  

o f  v e ry  s m a l l  q u a n t i t i e s  o f  t h i s  compound. I n s p e c t i o n  o f  t h e  co ld  

t r a p  a f t e r  each  pumpdown a t  25° f a i l e d  t o  show th e  p r e s e n c e  o f  de­

t e c t a b l e  q u a n t i t i e s  o f  DPM and i n  t h e  c a s e  o f  th e  o t h e r  two s o l v e n t s  

f a i l e d  t o  show any  l i q u i d  m a t e r i a l  n o t  s o l u b l e  i n  w a te r .  A f u r t h e r  

p r e c a u t i o n  ta k e n  was t o  s t a g g e r  t h e  se q u e n c e  o f  r u n s ,  s t a r t i n g  a t  25° 

w i t h  one ru n  and th e n  c o n c lu d in g  t h e  w ork a f t e r  t a k in g  d a t a  a t  35° 

and 45° w i th  a r u n  a t  2 5 ° .  T h is  p r o c e s s  f a i l e d  t o  show s y s t e m a t i c  

e r r o r s  w hich  c o u ld  be  a s c r i b e d  t o  l o s s  o f  s o l v e n t .

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

m en ts  o f  t h i s  ty p e  sh o u ld  b e  d i s c u s s e d .  To sp e ed  e q u i l i b r i u m  i n  

t h e s e  sy s te m s  i t  i s  a d v a n ta g e o u s  t o  a g i t a t e  th e  s o l u t i o n  by  some 

m eans. I n  t h e  sy s te m s  p r e s e n t e d  h e r e  t h i s  was done by p l a c i n g  a 

m a g n e t ic  s t i r r i n g  b a r  i n  t h e  s o l u t i o n  and d r i v i n g  i t  by  a  s u b m e r s ib le  

m a g n e t ic  s t i r r e r  (TRI-R I n s t r u m e n t s )  m ounted u n d e rn e a th  t h e  s o l u t i o n  

f l a s k  i n  t h e  w a te r  b a t h .  I n i t i a l l y ,  s t i r r i n g  b a r s  c o a te d  w i t h  T e f lo n  

w e re  u se d  f o r  t h i s  p u rp o s e .  These  s t i r r i n g  b a r s  were co m m erc ia l ly  

p ro d u ce d  and p resu m ab ly  "vacuum t e s t e d . "  However, i t  was found  t h a t
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i n  s e v e r a l  c i r c u m s ta n c e s  c o n ta m in a t io n  o f  th e  s o l u t i o n  was e v i d e n t .  In  

one c a s e ,  a DPM s o l u t i o n ,  u n d e r  vacuum, was l e f t  s i t t i n g  f o r  s e v e r a l  

days  and a  l a r g e  brown d e p o s i t  formed on t h e  b o tto m  o f  t h e  s o l u t i o n  

f l a s k  a ro u n d  th e  s t i r r i n g  b a r .  C o n ta m in a t io n  i n  t h i s  c a se  was p r o ­

b a b ly  enhanced  b e c a u s e  th e  b a r  had  b een  c le a n e d  w i th  a  s t r o n g  o x i d i z i n g  

a g e n t  p r i o r  t o  p l a c i n g  i t  i n  th e  s o l u t i o n .  S i m i l a r  p rob lem s c a u se d  

th e  r e j e c t i o n  o f  a  c o n s id e r a b l e  amount o f  e x p e r im e n ta l  d a t a .

T h is  p ro b le m  may b e  p a r t i a l l y  a v o id e d  by u s in g  P y rex  s e a l e d  

s t i r r i n g  b a r s .  However, t h e s e  b a r s  a r e  n o t  i n f r e q u e n t l y  b r o k e n  and 

t h i s  p r e s e n t s  a  w orse  c o n ta m in a t io n  p ro b le m . A compromise was e f f e c t e d  

by e n c l o s i n g  a  P y re x  c o v e re d  s t i r r i n g  b a r  i n  h e a t - s h r i n k a b l e  T e f lo n  

t u b in g  t o  s o f t e n  c o n ta c t  be tw een  th e  b a r  and th e  g l a s s  f l a s k .  P r i m a r i l y  

t h i s  ty p e  o f  b a r  was u sed  i n  th e  two v o l a t i l e  component v a p o r  p r e s s u r e  

e x p e r i m e n t s .

S i n g l e  V o l a t i l e  Component Vapor P r e s s u r e  S tu d ie s  

A l l  t h e  s i n g l e  component s t u d i e s  w i t h  th e  e x c e p t io n  o f  DEA and 

w a t e r  d i s t r i b u t i o n s  i n  DPM w ere  done u s in g  th e  a p p a r a tu s  d e s c r i b e d  

p r e v i o u s l y .  DEA and w a te r  d i s t r i b u t i o n s  i n  DPM w ere  done u s in g  an 

a p p a r a t u s  w hich  was v e ry  s i m i l a r .  The o n ly  d i f f e r e n c e  was t h a t  c l o s e d -  

end m erc u ry  m anom eters  w ere  used  to  m ea su re  p r e s s u r e  and t h i s  n e c e s s i ­

t a t e d  c o r r e c t i o n s  t o  th e  t o t a l  sy s tem  volume due t o  m ercury  d i s p la c e m e n t  

w i t h  i n c r e a s i n g  o r  d e c r e a s in g  p r e s s u r e .

Samples o f  w a te r  o r  m e th a n o l  w ere  added t o  th e  e v a c u a te d  s o l v e n t  

s y s te m s  a t  25, 35 and 45° th ro u g h  th e  m ercu ry  c o v e re d  s i n t e r e d  g l a s s  

d i s c  a t t a c h e d  t o  t h e  l a r g e  f l a s k .  The s to p c o c k  be tw een  th e  two f l a s k s  

was a lw a y s  k e p t  open  i n  t h e  w a te r  o r  m e th a n o l  w ork . The m ic r o b u r e t
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was c a l i b r a t e d  by a d d ing  sam p les  to  an e v a cu a ted  w e ig h in g  b o t t l e  

th ro u g h  a s i m i l a r  d i s c .  By knowing th e  w e igh t  o f  s o l u t e  a d d e d ,  mea­

s u r i n g  th e  e q u i l i b r i u m  v a p o r  p r e s s u r e  above th e  s o l u t i o n  and knowing 

b o th  v a p o r  and s o l u t i o n  volum es i t  was p o s s i b l e  t o  c a l c u l a t e  t h e  s o l u t e  

c o n c e n t r a t i o n  a t  any p o i n t .  S e p a ra te  b u r e t s  w ere  used  f o r  w a t e r  and 

m e th a n o l  a n d ,  when n o t  i n  u s e ,  th e s e  b u r e t s  w ere k e p t  i n  chambers 

t h e r m o s t a t t e d  a t  2 5 ° .  A d r y in g  tube  was a t t a c h e d  to  th e  m e th a n o l  b u r e t  

h o l d e r .

A d i f f e r e n t  p ro c e d u r e  was used  f o r  amine d i s t r i b u t i o n  s i n c e ,  

due to  t h e  h ig h  v o l a t i l i t y  o f  th e  am ine , i t  was im p o s s ib l e  to  make 

a c c u r a t e  a d d i t i o n s  w i t h  a b u r e t .  To overcome t h i s  prob lem  t h e  amine 

was added t o  th e  sy s te m  w i t h  t h e  use  o f  th e  l i q u i d  sam ple a t t a c h m e n t  

m en tioned  p r e v i o u s l y .  The s to p c o c k  c o n n e c t in g  t h e  l a r g e  and sm a l l  

f l a s k s  was c lo s e d  a f t e r  e v a c u a t io n  o f  th e  sy s tem . At t h i s  p o i n t  th e  

p r e s s u r e  i n  th e  e n t i r e  sy s tem  was v e ry  low (abou t  0 .0 2  0 .0 6  t o r r

g e n e r a l l y ) .  The TI gage was r e s e t  t o  i n d i c a t e  a  p r e s s u r e  o f  z e ro .

Then th e  s to p c o c k  c o n n e c t in g  t h e  sm a l l  f l a s k  to  t h e  p r e v i o u s l y  d e g a sse d  

l i q u i d  sam ple  o f  DEA was opened . A f t e r  a s u i t a b l e  p r e s s u r e  o f  amine had 

b u i l t  up i n  th e  s m a l l  f l a s k  t h e  s to p c o c k  was c lo s e d  and th e  e q u i l i b r i u m  

p r e s s u r e  m easu red .  At t h i s  p o i n t ,  th e  v a lv e  c o n n e c t in g  t h e  s m a l l  f l a s k  

and th e  l a r g e r ,  s o l v e n t  c o n t a i n i n g ,  f l a s k  was opened . When e q u i l i b r i u m  

was a t t a i n e d  be tw een  s o l u t i o n  and v a p o r  th e  p r e s s u r e  was r e a d ,  th e  

c o n n e c t in g  s to p c o c k  c lo s e d  and th e  p r o c e s s  r e p e a t e d .  The number o f  

m oles o f  DEA i n t r o d u c e d  i n t o  t h e  sys tem  was c a l c u l a t e d  from t h e  i n i t i a l  

and f i n a l  p r e s s u r e s  i n  t h e  s m a l l  f l a s k  u s in g  t h e  known a s s o c i a t i o n  con­

s t a n t  f o r  t h e  v a p o r  and t h e  volume o f  th e  sm a l l  f l a s k .
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From t h e  m easu rem en ts  f o r  s i n g l e  component d i s t r i b u t i o n  th e  

t o t a l  number o f  m oles  added t o  th e  system  and th e  v a p o r  p r e s s u r e  above 

t h e  s o l u t i o n  a r e  known. By knowing th e  v a p o r  volume above th e  s o l u t i o n  

th e  number o f  m o les  i n  t h e  v a p o r  may be  c a l c u l a t e d  and s u b t r a c t i o n  o f  

t h i s  q u a n t i t y  from  th e  t o t a l  number o f  m oles o f  am ine , w a te r  o r  m ethano l  

added g iv e s  t h e  number o f  m oles  i n  s o l u t i o n .

The m o la r  c o n c e n t r a t i o n  o f  th e  s o l u t e  may, i n  some c a s e s ,  s im p ly  

be  c a l c u l a t e d  by d i v i d i n g  th e  number o f  m oles i n  s o l u t i o n  by t h e  s o l ­

v e n t  volume. I f  s o l u t i o n  c o n c e n t r a t i o n s  become l a r g e  enough c o r r e c ­

t i o n s  m ust be  made f o r  t h e  m o la r  volumes o f  t h e  s o l u t e s .  I n  some i n ­

s t a n c e s  t h e s e  c o r r e c t i o n s  a r e  n e g l i g i b l e  (w a te r  i n  HX and i n  DPM) b u t

i n  o t h e r  sy s tem s  th e y  a r e  o c c a s i o n a l l y  l a r g e  enough to  change th e  

s o l u t i o n  volume by  two p e r  c e n t  o r  s o .  At t h e  c o n c e n t r a t i o n s  employed 

i t  was s u f f i c i e n t  t o  assume t h a t  th e  m o la r  volume o f  th e  s o l u t e  was 

e q u a l  to  i t s  m o le c u la r  w e ig h t  d iv id e d  by i t s  d e n s i t y .  E xam ina tion  of 

p u b l i s h e d  m o la r  volume d a ta  i n d i c a t e d  t h a t  t h i s  was a  v e ry  s a t i s f a c t o r y  

c o r r e c t i o n  a t  t h e  c o n c e n t r a t i o n  ran g e s  employed i n  t h i s  s tu d y .

Two V o l a t i l e  Component Systems

A lthough  t h e  d a t a  o b ta in e d  were n o t  so  e a s i l y  i n t e r p r e t e d  th e  

e x p e r im e n ta l  p r o c e d u r e s  f o l lo w e d  i n  t h e  sy s te m s  w i t h  two v o l a t i l e  com­

p o n e n ts  in v o lv e d  c  s im p le  co m b in a t io n  o f  t h o s e  p r e v i o u s l y  d i s c u s s e d .  

B r i e f l y ,  DEA was added from t h e  l i q u i d  a d d i t i o n  f l a s k  as  d e s c r ib e d  

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

was re a c h e d  i n  t h e  i n i t i a l l y  e v a c u a te d  s o l v e n t  s y s te m .  A f t e r  a t t a i n ­

m ent o f  e q u i l i b r i u m  in c re m e n ts  o f  e i t h e r  w a t e r  o r  m e th an o l  w ere added 

th ro u g h  th e  d i s c .  When e q u i l i b r i u m  was e s t a b l i s h e d  f o r  an in c re m e n t
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the  t o t a l  p r e s s u r e  was m easured  and th e n  th e  n e x t  in c re m e n t  was added . 

At each  t e m p e r a tu r e  g e n e r a l l y  two d i f f e r e n t  amine c o n c e n t r a t i o n s  were 

u sed .  The e x p e r im e n ta l  d a t a  c o n s i s t e d  o f  s e t s  o f  t o t a l  p r e s s u r e ,  added 

moles o f  amine and added moles o f  w a te r  o r  m e th a n o l .

E q u i l i b r iu m  in  V a p o r - S o lu t io n  System s 

T he re  a r e  s e v e r a l  f a c t o r s  g o v e rn in g  t h e  sp e ed  a t  which e q u i ­

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

ment o f  t h e  s y s te m ,  i n  two r e s p e c t s ,  i s  q u i t e  i m p o r t a n t .  Both t h e  s u r ­

fa c e  a r e a  o f  t h e  s o l v e n t  and th e  r a t e  o f  a g i t a t i o n  o f  t h e  s o l v e n t  o r  

s o l u t i o n  a r e  q u i t e  i m p o r ta n t .  The r a t i o  o f  s u r f a c e  d ia m e te r  to  d e p th  

o f  s o l u t i o n  was g e n e r a l l y  l a r g e r  t h a n  a f a c t o r  o f  two and s t i r r i n g  was 

r a p i d  enough t o  p roduce  a v o r te x  e x te n d in g  a b o u t  3 /4  o f  th e  d i s t a n c e  to  

the  f l a s k  b o t to m  e f f e c t i v e l y  i n c r e a s i n g  t h e  a v a i l a b l e  s u r f a c e  a r e a .

I t  was g e n e r a l l y  found t h a t  i n  s i n g l e  com ponent d i s t r i b u t i o n  

s t u d i e s  e q u i l i b r i u m  was re a c h e d  i n  a p p ro x im a te ly  20 m in u te s  a t  2 5 ° .

At h ig h  s o l u t e  p r e s s u r e s  e q u i l i b r i u m  i s  somewhat s lo w e r  due t o  t h e  

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

t i o n  o f  a  s m a l l  f r a c t i o n  o f  th e  l i q u i d  added th ro u g h  t h e  d i s c .

I n  th e  two v o l a t i l e  component d i s t r i b u t i o n  s t u d i e s  i t  m igh t  

have b e e n  e x p e c te d  t h a t  e q u i l i b r i u m  would b e  s i g n i f i c a n t l y  s lo w e r .  

However, t h i s  was n o t  g e n e r a l l y  t h e  c a s e .  One r e a s o n  f o r  t h i s  i s  t h a t  

th e  amine p r e s s u r e  was q u i t e  low i n  a l l  s y s te m s .  A n o th e r  r e a s o n  i s  

t h a t  t h e  v a p o r  c o n c e n t r a t i o n s  o f  e i t h e r  w a t e r  o r  m e th a n o l  w ere n o t  a s  

h ig h  i n  t h e  mixed sy s te m s  as i n  th e  s i n g l e  component d i s t r i b u t i o n  

s y s te m s .  I t  was n o t i c e d  t h a t ,  i n  t h e  c a se  o f  t h e  w a te r - a m in e  s y s te m s ,  

e q u i l i b r i u m  became a p p r e c i a b l y  s lo w e r  when th e  t o t a l  v a p o r  p r e s s u r e
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o f  th e  sy s te m  ex c ee d e d  th e  v ap o r  p r e s s u r e  of w a te r  a t  t h a t  t e m p e r a tu r e .  

T h is  e f f e c t  was n o t  n o t i c e d  w i th  m e th a n o l  s i n c e  v e ry  s u b s t a n t i a l  con­

c e n t r a t i o n s  o f  m e th a n o l  c o u ld  b e  re a c h e d  w i t h o u t  a p p ro a c h in g  a t o t a l  

p r e s s u r e  e q u i v a l e n t  to  th e  m eth an o l  v a p o r  p r e s s u r e  a t  t h e  sy s tem  

t e m p e r a tu r e .



CHAPTER IV 

DATA TREATMENT AND RESULTS 

Vapor P hase  D a ta  

D ie th y la m in e  A s s o c i a t i o n

I f  t h e  a s su m p t io n  i s  made t h a t  a l l  d e v i a t i o n s  from th e  i d e a l  g a s  

law i n  v a p o rs  o f  c o m p o unds .capab le  o f  fo rm in g  h y d ro g en  bonds can be e x ­

p l a i n e d  on t h e  b a s i s  o f  t h e  fo rm a t io n  o f  s p e c i f i c  m o le c u la r  complexes 

t h e  t o t a l  p r e s s u r e  o f  t h e  v a p o rs  may b e  r e p r e s e n t e d  as a  sum o f  th e  p a r ­

t i a l  p r e s s u r e s  o f  t h e  assumed s p e c i e s

w here  p . ,  P. , P. , e t c .  a r e  p r e s s u r e s  o f  monomer, d im e r , t r i m e r ,  e t c . .  
2 3

The fo rm a l  p r e s s u r e  o r  t h a t  p r e s s u r e  t h e  v a p o r s  w ould  e x e r t  i f  th ey  b e ­

h a v e d  i d e a l l y  may b e  r e p r e s e n t e d  as

w here  11̂  i s  f o rm a l  p r e s s u r e  which i s  e q u i v a l e n t  t o  th e  t o t a l  m oles o f  

A i n  th e  s y s te m  t im es  (RT/V) and th e  s u c c e s s i v e  K 's  a r e  e q u i l ib r iu m

—26—
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c o n s t a n t s  d e f i n e d  by

K = — ^  (3)

"  <Pa>"

U sing  t h e s e  e q u a t i o n s  and assuming a s  a f i r s t  a p p ro x im a t io n  

t h a t  th e  o n ly  a s s o c i a t e d  s p e c i e s  i s  a d imer th e  PVT d a t a  f o r  d i e t h y l ­

amine were a n a ly z e d .  The t h r e e  m easured  p r e s s u r e s  a r e  e x p r e s s e d  as

-  ?A +  K2 ?A

where th e  p^  v a lu e s  a r e  n o t  i d e n t i c a l .  The s e t  o f  fo rm a l  p r e s s u r e  ex­

p r e s s i o n s  a r e

"s  -  Pa +  (5)

Up = Pa +

A lso ,  i f  th e  s e t  o f  e q u a t i o n s  (5) w i th  th e  c o r r e c t  v a l u e  o f  i s  

a good r e p r e s e n t a t i o n  o f  t h e  d a t a ,  th en  th e  fo l lo w in g  r e l a t i o n s h i p  h o ld s

Hp 1 -  Rv
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w here  i s  t h e  volume r a t i o  (VL/VT) o f  t h e  l a r g e  b u lb  volume to  th e

t o t a l  s y s te m  volum e.

To d e te rm in e  w h e th e r  th e  s e t s  o f  e q u a t i o n s  4 and 5 a r e  a  good

r e p r e s e n t a t i o n  o f  t h e  PVT d a t a  an o p t im iz i n g  p r o c e d u r e  was u se d .  An

i n i t i a l  v a l u e  o f  K„ was assumed; t h i s  v a l u e  was used  w i t h  P and PZ r b

t o  c a l c u l a t e  v a lu e s  o f  p ^ .  These p^ v a l u e s  w i th  t h e  assumed v a lu e

w ere  u sed  to  c a l c u l a t e  v a lu e s  o f  11̂  and ITg. The c a l c u l a t e d  n v a lu e s

w ere  u se d  w i th  th e  volume r a t i o  i n  e q u a t i o n  6 t o  c a l c u l a t e  a v a lu e  of 

n ^ .  The c a l c u l a t e d  v a lu e  o f  and t h e  assumed v a lu e  o f  w ere  u sed  

t o  c a l c u l a t e  a  p^  v a lu e  which was f i n a l l y  u t i l i z e d  w i th  th e  v a lu e

t o  c a l c u l a t e  a v a lu e  of P^. T h is  P^ v a lu e  was th e n  compared w i th  th e

o b s e rv e d  v a l u e .  was s y s t e m a t i c a l l y  changed  u n t i l  th e  minimum i n  

r o o t  mean s q u a re  d e v i a t i o n  (RMSD) was r e a c h e d .  RMSD i s  d e f in e d  as

2RMSD = ( Z (P. -  P .C a l )  / n  -  p) (7)
i = l  ^ ^

w here  n i s  t h e  number o f  e x p e r im e n ta l  p o i n t s  and p i s  th e  number o f  

p a r a m e t e r s  (one i n  t h e  p r e s e n t  c a s e ) .

The a s su m p tio n  o f  a d i m e r i z a t i o n  e q u i l i b r i u m  a p p e a re d  to  r e ­

p r e s e n t  t h e  PVT d a t a  f o r  DEA w i t h i n  e x p e r i m e n t a l  e r r o r  which made un­

n e c e s s a r y  t h e  u se  o f  a d d i t i o n a l  p a r a m e t e r s .  E q u i l i b r iu m  c o n s ta n t s  and 

RMSD’s  f o r  d im er  f o rm a t io n  a t  25, 35 and 45° a r e  p r e s e n t e d  i n  T ab le  1.

W ater and M ethano l A s s o c i a t i o n  w i t h  D ie th y la m in e  

The a s su m p tio n  t h a t  a l l  d e v i a t i o n  from  t h e  i d e a l  gas law i s  

due t o  com plex  f o rm a t io n  was a l s o  a p p l i e d  i n  d e a l i n g  w i t h  m ix tu re s  o f  

m e th a n o l  and  w a te r  w i th  d i e th y la m in e .  The two m ix tu r e s  were t r e a t e d
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TABLE 1

Vapor P hase  A s s o c i a t i o n  C o n s ta n ts  f o r  D ie th y la m in e  and 1 :1  Complexes 

o f  W ater and M ethanol w i th  D ie th y la m in e *

T(°C) K ^ C to r r"^ )  K ^ ^ ( to r r " ^ )  K ^ ^ ( t o r r ‘ ^)

(DEA) 2  H2 O-DEA MeOH-DEA

25 (0 .8 0 ± 0 .0 1 )  X 10"4 (4 .2 4 + 0 .0 9 )  x lO"^ ( 7 .3 0 ± 0 .0 5 )  x lO"^

35 ( 0 .6 4 ± 0 .0 1 )  X 10 4 (2 .9 3 ± 0 .0 5 )  x lO"^ (4 .9 2 ± 0 .0 3 )  x 10“ ^

45 ( 0 .5 3 ± 0 .0 1 )  X 10"4 (2 .0 9 + 0 .0 4 )  x lO"^ ( 3 .3 5 ± 0 .0 2 )  x 10 ^

*See l a s t  s e c t i o n  i n  t h i s  c h a p te r  f o r  a n o t e  on e r r o r  c a l c u l a t i o n s ,  e t c .
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i d e n t i c a l l y  so  o n ly  th e  e x p r e s s io n s  f o r  t h e  water-DEA m ix tu re  w i l l  he 

p r e s e n t e d .  The fo rm a l  p r e s s u r e  o f  w a te r  i n  t h e  sy s tem  i s  e x p re s s e d  a s

w here  no s e l f - a s s o c i a t i o n  o f  w a t e r  i s  c o n s i d e r e d .  The fo rm a l  p r e s s u r e  

o f  am ine  i n  t h e  sys tem  i s

%A = ?A +  *  ‘S jA % '’a

and t h e  t o t a l  p r e s s u r e  i n  th e  sy s te m  i s

T hese  e q u a t i o n s  a r e  s o lv e d  by e x p r e s s in g  a s  a  f u n c t i o n  o f  p^ and 

f rom  e q u a t i o n  ( 8 ) .  S u b s t i t u t i o n  i s  made f o r  p^ i n  e q u a t io n  (9) t o  

o b t a i n  a  c u b ic  i n  monomer amine p r e s s u r e  ( p ^ ) . U s in g  an  assumed v a lu e  

o f  th e  p o ly n o m ia l  i s  s o lv e d  n u m e r i c a l ly  f o r  a  p ^  v a lu e ;  t h i s  v a lu e

i s  s u b s t i t u t e d  i n t o  (8) t o  c a l c u l a t e  a  p^  v a l u e .  T hese  v a lu e s  o f  p^ and 

Py w i t h  t h e  assum ed a r e  u sed  t o  c a l c u l a t e  a  v a lu e  a c c o r d in g  to  

( 1 0 ) .  The p r o c e s s  i s  c o n t in u e d  u n t i l  a v a l u e  i s  o b ta in e d  which p r o ­

d u ces  a  minimum RMSD.

The a s su m p t io n  t h a t  on ly  t h e  one t o  one com plexes  o f  water-DEA 

and m ethanol-DEA form u n d e r  t h e  c o n d i t i o n s  o f  t h e  e x p e r im e n ts  was s u f f i ­

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

e q u i l i b r i u m  c o n s t a n t s ,  t h e i r  s t a n d a r d  e r r o r s  and t h e  RMSD's f o r  t h e  

f i t s  a t  25, 35 and 45° a r e  p r e s e n t e d  i n  T a b le  1.
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The e n th a lp y  and  e n t r o p y  c h an g es  f o r  t h e s e  a s s o c i a t i o n  r e a c ­

t i o n s  may b e  d e te rm in e d  from  t h e  e x p r e s s io n

AG° = -RTlnK = AH° -  TAS° (11)
a

w here  i s  th e  e q u i l i b r i u m  c o n s t a n t  f o r  th e  r e a c t i o n  ( i t  i s  assumed 

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

th e  e q u i l i b r i u m  c o n s t a n t  e x p r e s s i o n  i s  n e g l i g i b l e )  and  AH° and AS° a r e  

assumed t o  be  i n v a r i a n t  o v e r  t h e  te m p e ra tu re  ra n g e  i n v o lv e d .  The l e a s t  

s q u a re s  v a lu e s  o f  AH° and AS° f o r  t h e  DEA d im er and t h e  1 to  1 com plexes 

o f  water-DEA and m ethanol-DEA a r e  g iv e n  i n  T a b le  2 .  V an ’ t  Hoff p l o t s  

f o r  t h e  e q u i l i b r i u m  c o n s t a n t s  a r e  g iv e n  i n  F ig u r e  1.

Vapor P r e s s u r e  Data

S i n g l e  Component D i s t r i b u t i o n  D a ta  

The d i s t r i b u t i o n  o f  a  v o l a t i l e  s o l u t e  b e tw een  th e  v a p o r  phase  

and a  n o n - v o l a t i l e  s o l v e n t  may be  m a th e m a t ic a l l y  d e s c r i b e d  as f o l l o w s .

I f  no a s s o c i a t i o n  o c c u r s  i n  e i t h e r  p h a s e  N e r n s t ' s  d i s t r i b u t i o n  law  i s  

e x p r e s s e d  as

c s

^ = A
S Vwhere C i s  t h e  m o la r  c o n c e n t r a t i o n  o f  s o l u t e  B i n  s o l u t i o n  and  C„ i s

xJ o

th e  m o la r  c o n c e n t r a t i o n  o f  th e  s o l u t e  i n  th e  v a p o r  p h a s e  which i s  s im ply  

th e  p r e s s u r e  o f  B d i v id e d  by t h e  p r o d u c t  of t h e  g as  c o n s t a n t  and th e  

t e m p e r a tu r e  i n  °K (P g /R T ) . I f  a g g r e g a t e s  o f  t h e  s o l u t e  form i n  s o l u t i o n
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TABLE 2

Thermodynamic P a ra m e te r s  f o r  t h e  Vapor P h a se  A s s o c ia t io n  

o f  D ie th y la m in e  and t h e  A s s o c i a t i o n  o f  W ater 

and M ethanol w i t h  D ie th y la m in e

(D ie th y la m in e )^

AHg = - ( 3 .8 2 ± 0 .0 6 )  k c a l /m o le

AS° = - ( 1 8 .4 ± 0 .2 )  eu

W a te r -D ie th y lam in e

AH°i = -C 6 .6 3 ± 0 .0 5 )  k c a l / m o l e

AS°i = - ( 2 4 . 5 1 0 . 2 )  eu

M e th a n o l-D ie th y la m in e

AH°i = - ( 7 .3 1 + 0 .0 2 )  k c a l /m o le

AS°^ = - ( 2 5 .7 1 0 .1 )  eu

A s t a n d a r d  s t a t e  o f  one a tm o sp h e re  i s  u s e d  h e r e .
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1 .5  —

log
(K

Methanol-DEA 1 :1

Water-DEA 1 :1

DEA dimer

1.1 ----

0 .9  -----

3 .3 3 .43 .0 3 .1 3 .2 3 .5

t"^ X 10  ̂ (°k“^)

F ig u r e  1. V a n ' t  Hoff p l o t s  fo r  t h e  vapo r  p h ase  s e l f - a s s o c i a t i o n  
o f  d i e t h y la m in e  and th e  1 :1  complexes o f  w a t e r  and 
m e th a n o l  w i t h  d ie th y la m in e .
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t h e  fo rm a l  o r  a n a l y t i c a l  c o n c e n t r a t i o n  may b e  e x p r e s s e d ,  assum ing t h a t  

th e  a c t i v i t y  c o e f f i c i e n t  o f  each s p e c i e s  i s  u n i t y ,  as

w here C , C„ , C , e t c . ,  a r e  c o n c e n t r a t i o n s  o f  monomer, d im e r ,  t r i m e r ,B Bg B3

e t c . .  By i n t r o d u c i n g  fo rm a t io n  c o n s t a n t s  d e f i n e d  as

e q u a t i o n  13 may b e  t r a n s fo r m e d  to

There  i s  r a r e l y  any c o n v e n ie n t  method o f  d i r e c t l y  d e te r m in in g  t h e  monomer 

c o n c e n t r a t i o n  Cg i n  s o l u t i o n .  However, i f  p a r a m e te r s  a r e  known to  d e s ­

c r i b e  t h e  v a p o r  p h ase  a s s o c i a t i o n  o r  e q u a l l y ,  i f  t h i s  i s  n e g l i g i b l e ,  th e n  

e q u a t i o n  (12) may be  u s e d  t o  good e f f e c t  by e x p r e s s in g  Cg i n  s o l u t i o n  as 

KgCg^. W ith  t h i s  s u b s t i t u t i o n  e q u a t io n  15 becomes

"  V i  *  ' ( IS )

W ith m easu red  v a lu e s  o f  f^  and one may assume any f u n c t i o n a l  

dependence  o f  fg  on Cg^ a c c o rd in g  t o  (16) and by  u s in g  a com puter p r o ­

gram f o r  p o ly n o m ia l  r e g r e s s i o n  d e te rm in e  t h e  goodness  o f  f i t  o f  th e  

assumed form i n  term s o f  th e  RMSD, th e  l e a s t  s q u a r e s  v a lu e s  o f  Kg and 

th e  e q u i l i b r i u m  c o n s t a n t s  and t h e i r  s t a n d a r d  e r r o r s .
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A com puter p rog ram  was w r i t t e n  t o  f i t  v a p o r  p r e s s u r e  d a t a  t o  

e q u a t i o n  (16) to  f o u r  t e r m s .  T h is  program  was c a p a b le  o f  f i t t i n g  

e q u a t i o n s  i n  th e  form  o f  (1 6 ) ,  u s in g  any d e s i r e d  e x p o n en t  f o r  a  p a r ­

t i c u l a r  te rm . The i n v e r s e  m a t r ix  s o l u t i o n ^ ^  was used t o  s o lv e  

t h e  no rm al e q u a t io n s  s i n c e  e v a l u a t i o n  o f  t h e  d i a g o n a l  t e r m s  o f  th e  

i n v e r s e  m a t r ix  e n a b le s  t h e  c a l c u l a t i o n  o f  t h e  e r r o r s  i n  t h e  c o e f f i c i e n t s .  

I n s t a b i l i t y  problem s w ere  av o id e d  by u s in g  D oub le  P r e c i s i o n  s t o r a g e .

I n  f i t t i n g  d a t a  t o  e q u a t io n  (16) one lo o k s  f o r  a  f u n c t i o n a l  

form w hich  g iv e s  th e  s m a l l e s t  s t a n d a r d  d e v i a t i o n  betw een o b s e rv e d  and 

c a l c u l a t e d  fg  v a l u e s .  However, t h e r e  a r e  o t h e r  r e s t r i c t i o n s  on t h i s  

p r o c e s s  due to  t h e  f a c t  t h a t  th e  c o e f f i c i e n t s  o f  th e  p o ly n o m ia l  a re  

r e l a t e d  t o  e q u i l i b r i u m  c o n s t a n t s .  I f  a p a r t i c u l a r  f u n c t i o n a l  form has  

a  te rm  w i t h  a n e g a t i v e  c o e f f i c i e n t  th e n  t h i s  t e rm  i s  d i s c a r d e d  b e c a u se  

a  n e g a t i v e  e q u i l i b r i u m  c o n s t a n t  has  no p h y s i c a l  s i g n i f i c a n c e .  In  

a d d i t i o n ,  i f  s e t s  o f  d a t a  a r e  tak e n  a t  s e v e r a l  t e m p e r a tu r e s  a p l o t  o f  

th e  l o g a r i th m  o f  th e  e q u i l i b r i u m  c o n s t a n t s  v e r s u s  r e c i p r o c a l  t e m p e ra tu re  

( v a n ' t  H o ff  p l o t )  s h o u ld  b e  l i n e a r .  T hus , t h e r e  a re  s e v e r a l  c r i t e r i a  

by w hich  th e  " b e s t  f i t "  o f  a  p a r t i c u l a r  s e t  o f  d a t a  i s  ju d g e d .

D ie th y la m in e  D i s t r i b u t i o n

D i s t r i b u t i o n  and  a s s o c i a t i o n  c o n s t a n t s  f o r  DEA i n  t h e  t h r e e  

s o l v e n t s  n -h ex ad ecan e  (HX), d ip h en y lm e th a n e  (DPM) and b e n z y l  e t h e r  

(BZE, a r e  p r e s e n te d  i n  T a b le  3. As e x p e c te d  from  p r e v io u s  r e p o r t s  v e ry  

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

l e v e l s  employed i n  t h i s  s t u d y .  A m onom er-only  f i t  was r e a s o n a b ly  good 

f o r  t h e s e  system s b u t  s i g n i f i c a n t  im provement i n  th e  f i t  was n o t i c e d  

when a  s e c o n d - o r d e r  te rm  was added f o r  DEA i n  HX and BZE. The d a t a
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TABLE 3

D i s t r i b u t i o n  and A s s o c ia t io n  C o n s ta n ts  f o r  D ie th y la m in e  

i n  T h re e  N o n - V o la t i l e  S o lv e n t s  a t  25 ,  35 and 45°

T (°C ) %D KgCM'l) RMSD(M)

n-H exadecane

25 2 0 6 .1 + 0 .8 0 .2 5 1 1 0 .0 1 4 0 .0 0 0 4

35 1 5 7 .0 1 0 .1 0 .1 2 4 1 0 .0 0 3 0 .0 0 0 1

45 1 1 3 .6 1 0 .1 0 .1 2 3 1 0 .0 0 3 0 .0 0 0 1

D ipheny lm ethane

25 2 8 8 .5 1 0 .5 - 0 .0 0 1 1

35 2 0 4 .1 1 0 .4 - 0 .0 0 1 0

45 1 4 8 .1 1 0 .3 - 0 .0007

Benzyl E t h e r

25 2 7 6 .6 1 0 .5 0 .1 2 1 1 0 .0 0 3 0 .0003

35 1 9 9 .1 1 0 .3 0 .0 6 6 1 0 .0 0 3 0 .0 0 0 4

45 1 3 9 .8 1 0 .1 0 .0 8 3 1 0 .0 0 1 0 .0 0 0 2
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s c a t t e r  was somewhat w orse  f o r  DEA i n  DPM and no im provem ent r e s u l t e d  

from a  monomer-dimer f i t  f o r  t h e s e  d a t a .  The d im er  e q u i l i b r i u m  con­

s t a n t s  a r e  q u i t e  s m a l l  and  do n o t  show good t e m p e r a tu r e  d ependence .

No im provem ent i n  th e  f i t  was g a in e d  by add ing  o t h e r  te rm s  o r  r e p l a c i n g  

th e  d im e r  term  w i t h  a t r i m e r  o r  t e t r a m e r .  F ig u re  2 shows th e  v a n ' t  

H off  p l o t s  o f  Kp f o r  DEA d i s t r i b u t i o n  betw een th e  v a p o r  phase  and each 

s o l v e n t .  T ab le  4 g iv e s  t h e  l e a s t  s q u a re s  v a lu e s  o f  AE° and AS° f o r  th e  

t h r e e  s y s te m s .

W ater D i s t r i b u t i o n  and A s s o c i a t i o n  

T a b le  5 g iv e s  RMSD v a lu e s  f o r  s e v e r a l  f i t s  f o r  w a t e r  d i s t r i b u ­

t i o n  b e tw e en  th e  v ap o r  p h a s e  and each  s o l v e n t .  I n  HX w a t e r  a p p e a re d  

t o  b e  monomeric a t  a l l  t h r e e  t e m p e ra tu re s  and no im provem ent i n  t h e  

f i t  was o b ta in e d  by i n c l u d i n g  te rm s  h i g h e r  t h a n  th e  monomer i n  e q u a t io n  

(1 6 ) .  F o r  w a te r  i n  b o th  DPM and BZE s u b s t a n t i a l  im provem ents  i n  RMSD 

w ere  o b t a i n e d  by i n c l u d in g  a s s o c i a t e d  s p e c i e s  i n  t h e  f i t .  The assump­

t i o n s  o f  a  monomer-dimer (1 -2 )  e q u i l i b r i u m  i n  DPM and a monomer-dimer- 

t r i m e r  (1 -2 -3 )  e q u i l i b r i u m  i n  BZE a p p e a r  t o  p r o v id e  th e  b e s t  f i t s .

T a b le  6 g iv e s  t h e  l e a s t  s q u a r e s  v a lu e s  o f  t h e  d i s t r i b u t i o n  and a s s o c i a ­

t i o n  c o n s t a n t s  f o r  w a te r  i n  th e  t h r e e  s o l v e n t s .  F ig u r e  3 shows th e  

t e m p e r a t u r e  dependence  o f  i n  t h e s e  s o l v e n t s .  T a b le  7 g iv e s  t h e  

l e a s t  s q u a r e s  v a lu e s  o f  t h e  therm odynam ic p a ra m e te r s  f o r  w a te r  i n  th e  

t h r e e  s o l v e n t s .

M ethano l  D i s t r i b u t i o n  and A s s o c i a t i o n  

Among th e  t h r e e  s i n g l e  component d i s t r i b u t i o n  sy s te m s  th e  

m e t h a n o l - s o lv e n t  sy s tem s  w ere  q u i t e  u n u su a l  i n  t h a t  i n  c o n c e n t r a t i o n
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2 .4

log

O  n-Hexadecane

□  D iphenylm ethane
2 . 0 -----

A  Benzyl E th e r

1 .9

3 .43 .33 .0 3 .53 .1 3 .2

T"  ̂ X 10^ (°K"^)

F i g u r e  2. V a n ' t  H off  p l o t s  f o r  d i s t r i b u t i o n  o f  d ie th y la m in e  
b e tw een  th e  v a p o r  p h a se  and t h r e e  n o n - v o l a t i l e  
s o l v e n t s .
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TABLE 4

Thermodynamic P a r a m e te r s  f o r  D i s t r i b u t i o n  of D ie th y la m in e  

i n  T hree  N o n - V o la t i l e  S o lv e n ts

n-H exadecane

AE° = - ( 5 .6 0 ± 0 .0 4 )  k c a l /m o le

AS° = - ( 1 0 ,2 ± 0 .1 )  eu

D ipheny lm ethane

AE° = - ( 6 .2 ? ± 0 .0 1 )  k c a l /m o le

AS° = - ( 1 1 .8 1 ± 0 .0 2 )  eu

B enzy l E th e r

AE° = - ( 6 .4 3 ± 0 .0 3 )  k c a l /m o le

AS° = - (1 2 .3 5 + 0 .1 0 )  eu

Based on s t a n d a r d  s t a t e  o f  one mole p e r  l i t e r .
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TABLl' 5

RMSD's f o r  S e v e r a l  L e a s t  S q u a res  F i t s  o f  Water i n  

Three N o n - V o la t i l e  S o lv e n ts  a t  2 5 ,  35 and 45°

Hexadecane

F i t  25° 35° 45°

RMSD(M) X 10“̂

1 0.20  0.22  0.20

D ip h en y lm e th an e  

25° 35° 45°

RMSD(M) X 10^

1 2 .1 6  4 .67  5 .6 9

1-2 0 .9 3  0 .9 3  1 .0 1

1-3  1 .0 0  1 .0 0  1 .6 1

1-4  1 .1 3  1 .3 0  2 .1 3

1 -2 -3  0 .94*  0 .9 0  0 .93*

1 -2 -4  0 .9 4 *  0 .8 8  0 .9 5 *

1 -3 -4  0 .9 5 *  0 .96*  1 .16*

B enzy l  E th e r

25° 35° 45°

RMSD(M) X 10^

1-2 1 .6 7  2 .96  2 .0 9

1-3  1 .8 6  2 .43  2 .8 1

1-4  4 .2 6  5 .8 5  6 .3 2

1 -2 -3  0 .6 3  0 .9 3  0 .2 5

1 -2 -4  0 .7 5  0 .9 0  0 .3 8

1 -3 -4  0 .5 5 *  1 .28*  0 .8 0 *

*These f i t s  gave a  n e g a t i v e  p a ra m e te r  ( u s u a l l y  t h e  h i g h e s t -  
o r d e r  t e r m ) .
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TABLE 6

D i s t r i b u t i o n  and A s s o c i a t i o n  C o n s ta n ts  f o r  W ater  i n

T hree N o n - V o la t i l e S o lv e n ts  a t  2 5 ,  35 and 45°

T(°C) Kg(M 1) K^(M

n -H exadecane

25 2 .147+ 0 .007 - -

35 1 .865+ 0 .003 - -

45 1 .708+ 0 .002 - -

D ip h e n y lm e th a n e

25 2 0 .6 6 1 0 .1 0 1 .8 4 1 0 .1 5 -

35 1 6 .4 0 1 0 .0 5 1 .5 3 1 0 .0 6 -

45 1 3 .2 5 1 0 .0 3 1 .1 7 1 0 .0 4 -

B enzy l  E t h e r

25 72 .44 1 0 .1 7 0 .5 5 1 0 .0 4 2 .7 9 1 0 .2 3

35 5 1 .2 2 1 0 .1 3 0 .4 6 1 0 .0 4 2 .5 1 1 0 .1 6

45 3 7 .0 2 1 0 .0 3 0 .5 0 1 0 .0 1 1 .5 6 1 0 .0 4
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2 . 2

1.8

1 .4

1.0

0 . 6

. 2

O n-H exadecane
.0

□  Diphenylm e th a n e  

A B enzy l  E th e r

3 .0 3 .1 3 .2 3 .3 3 .4 3 .5

F ig u r e  3. V a n ' t  H off p l o t s  f o r  d i s t r i b u t i o n  o f  w a te r  be tw een  
th e  v a p o r  p h a se  and t h r e e  n o n - v o l a t i l e  s o l v e n t s .
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TABLE 7

Thermodynamic P a ra m e te r s  f o r  D i s t r i b u t i o n  and A s s o c i a t i o n  o f  

W ater  i n  Three  N o n - V o l a t i l e  S o lv e n ts

n-H exadecane

AE° = - ( 2 .1 3 ± 0 .0 3 )  k c a l /m o le

AS° = - ( 7 .6 4 1 0 .1 0 )  eu

D ipheny lm ethane  

AE° = - ( 4 .1 7 1 0 .0 2 )  k c a l /m o le  AH° = - ( 4 .2 5 1 0 .1 8 )  k c a l /m o le

AS° = - ( 9 .9 5 1 0 .0 4 )  eu  AS^ = - ( 1 3 . 0 1 0 . 6 )  eu

B enzy l E th e r

AE° = - ( 6 .3 3 1 0 .0 1 )  k c a l /m o le  AH° = - 2 . 0  k c a l /m o le  

AS° = - ( 1 4 .7 0 1 0 .0 2 )  eu

AH  ̂ = - ( 5 . 5 1 0 . 3 )  k c a l / m o l e

AS° = - ( 1 6 .3 1 0 .8 )  eu

S ta n d a r d  s t a t e  i s  one mole p e r  l i t e r .
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ranges  r e a d i l y  o b t a i n a b l e  a v e ry  h ig h  d e g re e  o f  a s s o c i a t i o n  was ob­

s e rv e d .  A p l o t  o f  s o l u t e  vapo r  p r e s s u r e  v e r s u s  fo rm a l  c o n c e n t r a t i o n  

f o r  e i t h e r  t h e  DEA o r  th e  w a te r  sy s te m s  shows l i t t l e  o r  no c u r v a t u r e  

b ecau se  ( 1 ) am ines a r e  o n ly  v e ry  s l i g h t l y  a s s o c i a t e d  up t o  much h ig h e r  

c o n c e n t r a t i o n  l e v e l s  th a n  th o s e  used  h e r e  and ( 2 ) t h e  s o l u b i l i t y  o f  

w a te r  i n  s o l v e n t s  o f  th e  ty p e s  used  h e r e  i s  so  s m a l l  a s  t o  p r e c lu d e  

s u b s t a n t i a l  c o n c e n t r a t i o n s  o f  a s s o c i a t e d  s p e c i e s .  F ig u re  4 shows th e  

v a p o r  p r e s s u r e  o f  m e th an o l  above s o l u t i o n s  o f  m e th a n o l  i n  n -h ex ad ecan e  

as a  f u n c t i o n  o f  m ethano l  c o n c e n t r a t i o n  a t  t h r e e  t e m p e r a t u r e s .  (A 

few p o i n t s  w ere  s e l e c t e d  random ly from th e  l a r g e  number o f  d a t a  p o i n t s  

f o r  th e  m e th a n o l-n -h e x a d e c a n e  sy s tem  i n  th e  A p p e n d ix .)  The ex trem e  

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

i n  t h i s  s o l v e n t .

T a b le  8  p r e s e n t s  RMSD’s f o r  numerous f i t s  o f  th e  m eth an o l  

v a p o r  p r e s s u r e  d a t a  i n  th e  t h r e e  s o l v e n t s .  What i s  r e a d i l y  o b v io u s  

from th e  RMSD's f o r  th e  methanol-HX sy s tem  i s  t h a t  one t h r e e  p a ra m e te r  

f i t  i s  o u t s t a n d i n g ,  t h e  1 -3 -8  f i t .  Only  two f i t s  h a v e  no n e g a t i v e  

p a ra m e te r s  and lo w e r  RMSD's. These a r e  th e  1 - 2 - 4 - 9  and 1 - 3 - 4 - 9 .  

However, th e  d im e r  and t r i m e r  c o n s t a n t s  i n  t h e s e  two f i t s  do n o t  have  

good te m p e ra tu re  dependence .

The RMSD's f o r  f i t s  i n  t h e  two more r e a c t i v e  s o l v e n t s ,  DPM 

and BZE, p r e s e n t  a s l i g h t l y  d i f f e r e n t  p i c t u r e .  F o r  t h r e e  p a ra m e te r  

f i t s  a s h a r p  minimum i s  shown f o r  1 - 3 -8  and 1 - 3 -9  f i t s .  When fo u r  

p a r a m e te r  f i t s  a r e  c o n s id e r e d  th e  two f i t s  1 - 2 - 3 - 8  and 1 -2 -4 -9  

a p p e a r  t o  p r o v id e  s i g n i f i c a n t  im provem ents o v e r  th e  t h r e e  p a ra m e te r  

f i t s .
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F ig u r e  4 . V apor p r e s s u r e  o f  m e th a n o l  v e r s u s  fo rm a l  c o n c e n t r a t i o n  
o f  m e th a n o l  i n  n -h ex a d e c an e  a t  2 5 ,  35 and 45 . P o i n t s  
a r e  e x p e r i m e n t a l ;  l i n e s  a r e  c a l c u l a t e d  on th e  b a s i s  o f  
t h e  1 - 3 -8  m odel .
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TABLE 8

C om parison  o f  RMSD's f o r  S e v e r a l  F i t s  o f  Vapor P r e s s u r e  D a ta

f o r  M e th a n o l i n  T h re e  N o n -V o la t i l e S o lv e n ts  a t  2 5 , 35 and 45°

n -H exadecane

F i t 25° 35° 45°

RMSD''s(M ) X 10^

1 - 2 1 0 0 . 0 * 126 .0* 84 .6

1 -3 70 .0 8 7 .3 5 5 .2

1-4 45 .2 5 6 .8 32 .0

1—2—4 27.1* 34 .5* 2 0 . 0 *

1 - 3 -4 2 1 . 8 * 27 .4 * 1 6 .3

1—3—6 1 0 . 2 * 12 .9* 7 .2

1 —2 — 8 4 .7 5 .1 6 . 2

1—3—8 2 .3 2 .7 1 . 8

1 -4 -8 4 .0 5 .3 4 .0

1 -2 -9 9 .4 1 0 . 6 1 0 .3

1 -3 -9 3 .9 3 .5 3 .6

1 —2 —3— 8 2 .4 ( - 2 ) 2 .7 1 . 8 C-2 )

1 —2 —4 — 8 2 .6(K 2= 3.4) 3 .0 (K 2= 3 .0 ) 2 .0 (K 2 = 1 .4 )

1—3—4— 8 2 .4 ( - 4 ) 2 .5 ( - 4 ) 1 . 8

1 - 2 -3 - 9 1 .9  ( -2 ) 1 .5 ( - 2 ) 1 . 9 ( - 2 )

1 - 2 - 4 - 9 1 .7 (K 2= 0.86) 1 .5 (K 2= 1 .14 ) 1 .5 (K 2 = 0 .7 5 )

1—3 -4 -9 1 .7 (K g= 22 .4) 1 .4 (% 3= 21 .5) 1 .5 (K 2 = 1 0 .7 )

Diphenylm e thane

25° 35° 45°

RMSD' s(M) X 10^

1—2—4 4 8 .8 ( - 2 ) 4 0 .5 ( - 2 ) 3 5 . K - 2 )

1 -3 -6 21 .3 1 8 .7 1 7 .3

1 - 2 - 8 17 .5 2 0 .3 22 .9

1 -3 —8 6 . 2 5 .1 5 .7

1—4—8 20 .5 2 3 .6 2 6 .0

* i n d i c a t e s  one  o r  more n e g a t iv e  p a r a m e t e r s ;  ( -n )  i n d i c a t e s  t h a t  was 
n e g a t i v e  i n  t h a t  f i t .
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TABLE 8  -  c o n t in u e d

D lpheny lm e thane

25° 3 5 °  45°

RMSD’s(M) X 10^

1 -2 -9  2 7 .4  3 0 .0  3 2 .6

1 -3 -9  4 .5  2 .9  4 .7

1—4—9 1 7 .7  — -

1 - 2 - 3 - 8  4 .6  1 .8  2 .2

1 - 2 - 4 - 8  5 . 7  3 .5  2 .1

1—3—4— 8  4 . 4 ( —4) 1 . 9 ( —4) 3 . 4 ( —4)

1 - 2 - 3 - 9  4 . 4 ( - 2 )  3 . 0 ( - 2 )  4 .7

1 - 2 - 4 - 9  4 .2  1 .8  1 .4

1 - 3 - 4 - 9  -  2 .9  4 .7

B enzyl E t h e r

25° 3 5 °  45°

RMSD's(M) X 10^

1-3  1 0 8 .4  7 5 .0  70 .3

1 -4  4 4 .2  5 5 .7  5 9 .3

1 -2 -3  6 5 .0C -2 )  4 8 .8 C -2 )  4 8 .4 ( - 2 )

1 -3 -6  2 2 .0  1 9 .3  19 .9

1 -4 -6  4 4 .4  ( - 6 ) 4 4 . 0 ( - 6 ) 4 5 . 6 ( - 6 )

1 -2 -8  3 9 .8  4 0 .5  4 2 .6

1 - 3 -8  9 . 8  1 1 .6  1 2 .4

1 -4 -8  4 5 . 1 ( - 8 ) 4 8 . 0 ( - 8 )  4 9 . 9 ( - 8 )

1 -2 -9  5 2 .4  5 1 .4  5 3 .0

1 -3 -9  7 . 4  1 0 .1  1 0 .4

1 -4 -9  4 5 .2 ( - 9 )  4 9 . 4 ( - 9 )  5 1 .4 ( - 9 )

1 - 2 - 3 - 8  3 . 1  5 .0  5 .0

1 - 2 - 4 - 8  2 .4  1 .8  4 .2

1 - 3 - 4 - 8  5 . 4  ( -4 )  7 . 8 ( -4 )  7 .5 ( - 4 )

1 - 2 - 3 - 9  6 . 2  7 .7  6 .7

1 - 2 -4 - 9  1 . 2  2 .2  3 .5

1 - 3 -4 - 9  7 . 1 ( - 4 )  9 . 3 ( - 4 )  8 . 6 ( -4 )
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From c o n s id e r in g  a l l  t h e s e  f i t s  and n e g l e c t i n g  th o s e  f i t s  w i th  

a n e g a t i v e  c o n s t a n t  i t  a p p e a r s  t h a t  t h e r e  i s  a  c h o ic e  be tw een  two f i t s :  

t h e  1 - 2 -4 -9  which c o n s i s t e n t l y  h a s  a  somewhat lo w e r  RMSD b u t  h as  p oo r  

t e m p e ra tu re  dependence  f o r  th e  d im e r  c o n s t a n t  i n  HX and th e  1 - 2 -3 - 8  f i t  

w hich  l o s e s  a  dim er c o n s t a n t  i n  HX b u t  t h e  r e s u l t i n g  1 -3 -8  f i t  in  HX 

and th e  1 - 2 - 3 - 8  f i t s  i n  DPM and BZE have e x c e l l e n t  t e m p e r a tu r e  dependence  

f o r  a l l  c o n s t a n t s .

On t h e  b a s i s  o f  RMSD a lo n e  th e  1 -2 -4 -9  f i t  i s  th e  b e s t  o v e r a l l  

f i t  b u t  t h e r e  a r e  c e r t a i n  i n d i c a t i o n s  t h a t  a t r i m e r  i s  an im p o r ta n t  

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

An a d d i t i o n a l  f i t t i n g  t e c h n iq u e  w hich  was u sed  on a l l  th e  m e th a n o l  

d a t a  was t o  c o n s id e r  th e  f i r s t  t e n  te rm s  i n  e q u a t i o n  (1 6 ) .  A G au ss ian  

e l i m i n a t i o n  p ro c e d u re ^ ^  was u se d  t o  o b t a i n  th e  l e a s t  s q u a re s  s o l u t i o n  

to  t h i s  t e n t h  o r d e r  e q u a t i o n .  A s e r i e s  o f  t e n  c o e f f i c i e n t s  w ere  ob­

t a i n e d  and i n  each  i n s t a n c e  t h e  t r i m e r  and o c ta m e r  c o n s t a n t s  were p o s i ­

t i v e  and th e  t e t r a m e r  and th e  n i n t h - o r d e r  e q u i l i b r i u m  c o n s t a n t s  were 

n e g a t i v e .  The program  was ru n  u s in g  Double P r e c i s i o n  a r i t h m e t i c  to  m i n i ­

m ize  th e  p rob lem  o f  r o u n d o f f  e r r o r  i n  t h e  e l i m i n a t i o n  p r o c e d u r e .

A ls o ,  th e  f o u r  p a ra m e te r  p rogram  m e n t io n e d  p r e v i o u s l y  was ex ­

te n d e d  to  f i v e  p a ra m e te r s  by t h e  a d d i t i o n  o f  a  g e n e r a l i z e d  m a t r ix  i n v e r ­

s i o n  s u b r o u t i n e .  To check th e  a c c u ra c y  o f  t h e  p r o c e d u r e  t h e  i n p u t  d a t a

2 6m a t r ix  whose e le m en ts  ranged  i n  v a lu e  from  1 0  t o  1 0  was m u l t i p l i e d  by 

th e  i n v e r s e  o b ta in e d  by th e  s u b r o u t i n e  to  s e e  i f  a  c lo s e  a p p ro x im a t io n  

o f  th e  i d e n t i t y  m a t r ix  was o b t a i n e d .  Double P r e c i s i o n  a r i t h m e t i c  was

a l s o  used  h e r e .  The o f f - d i a g o n a l  e l e m e n t s ,  w hich  sh o u ld  be  z e ro  i d e a l l y ,

-9  -1 6  -1 2ranged  i n  v a lu e  from 1 0  t o  1 0  w i t h  t h e  g r e a t  m a j o r i t y  i n  th e  1 0
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r e g i o n  i n d i c a t i n g  t h a t  ro u n d o f f  e r r o r  was n o t  a s e v e r e  p ro b le m .

Two f i v e  p a ra m e te r  f i t s  w ere t r i e d  on a l l  m e th a n o l  d i s t r i b u t i o n  

d a t a .  The f i r s t  f o u r  te rm s  were common ( 1 - 2 - 3 - 4 )  and  th e  l a s t  te rm  

was e i t h e r  8  o r  9 .  T a b le  9 l i s t s  th e  v a lu e s  o f  a l l  p o s i t i v e  c o n s t a n t s  

and t h e i r  e r r o r s  f o r  t h e  two f iv e  p a ra m e te r  f i t s  o f  t h e  m e th a n o l  d i s ­

t r i b u t i o n  d a t a .  The f i t s  of th e  d a t a  f o r  th e  HX s y s te m  gave  th e  m ost 

u n e q u iv o c a l  r e s u l t s .  A t each t e m p e r a tu r e ,  f o r  t h e  1 - 2 - 3 - 4 - B  f i t ,  b o th  

d im er  and t e t r a m e r  c o e f f i c i e n t s  were n e g a t i v e .  F o r  t h e  1 - 2 - 3 - 4 - 9  f i t  

o f  th e  HX d a t a  th e  d im e r  c o e f f i c i e n t s  a t  25 and 35° w e re  n e g a t i v e  and 

t h e  d im er  c o e f f i c i e n t  a t  45° had a  s t a n d a r d  e r r o r  o f  ±92 p e r  c e n t .  In  

te rm s o f  th e  number o f  o b s e r v a t io n s  t h e  HX d a t a  c o n t a i n  more th a n  h a l f  

t h e  t o t a l  number o f  d a t a  p o i n t s  t a k e n  on a l l  t h r e e  m e th a n o l  d i s t r i b u t i o n  

s y s te m s .  A ls o ,  a t  th e  same a c t i v i t y  o f  m e th a n o l  o v e r  t h e  s o l u t i o n ,  a 

much l a r g e r  f r a c t i o n  o f  t h e  t o t a l  m e th an o l  i s  a s s o c i a t e d  i n  t h i s  s o l v e n t .  

F o r  t h e s e  two r e a s o n s  t h i s  s e t  o f  d a t a  s h o u ld  p r o b a b ly  b e  g iv e n  g r e a t e s t  

w e ig h t  i n  th e  p r o c e s s  o f  d e te rm in in g  a  p a r t i c u l a r  a s s o c i a t i o n  m odel.

The f i v e  p a ra m e te r  f i t s  f o r  t h e  o t h e r  two a l c o h o l - s o l v e n t  s y s ­

tems a r e  l e s s  c l e a r - c u t .  Of th e  s i x  f i v e  p a ra m e te r  f i t s  w i t h  t h e  8  

term  p r e s e n t  a l l  b u t  one have  v a lu e s  o f  t r i m e r  c o n s t a n t s  w h ich  would 

make th e  t r i m e r  a  c o n s id e r a b ly  more im p o r ta n t  s p e c i e s  th a n  th e  t e t r a m e r .  

F iv e  o f  t h e  s i x  f i v e  p a ra m e te r  f i t s  f o r  m e th a n o l  i n  d ip h en y lm e  th an e  

i n d i c a t e  t h a t  th e  t r i m e r  term  i s  more im p o r ta n t  t h a n  th e  t e t r a m e r  te rm  

s i n c e  a t  a  g iv e n  monomer c o n c e n t r a t i o n  (C^.) o f  0 . 1  m o la r  t h e  v a lu e  

has  to  be l a r g e r  th a n  th e  v a lu e  by a lm o s t  a  f a c t o r  o f  e i g h t  i n  o r d e r  

f o r  t h e  t r i m e r  and t e t r a m e r  term s to  b e  e q u i v a l e n t .

U n f o r tu n a t e l y ,  no un e q u iv o c a l  d e c i s i o n  can  b e  made from th e  

e v id e n c e  o f  t h e s e  f i t s  a s  to  which f i t  ( 1 -3 -8  and 1 - 2 - 3 - 8  o r  1 - 2 -4 - 9 )



-5 0 -

TABLE 9

Com parison o f  Two F iv e  P a r a m e te r  F i t s  o f  M ethano l Vapor P r e s s u r e  D a ta  

f o r  T h re e  M e th a n o l - N o n - v o l a t i l e  S o lv e n t  Systems

T(°C) n KgCM'l) KgCM'Z)

n-H exadecane

25 8 n e g .* 2 0 4 .1 4 1 . neg . (9 .2 1 1 .7 )1 0
9 neg . 4 0 .1 2 7 . 1065 .1295 . (1 .7 1 0 .3 )1 0

35° 8 neg. 1 2 1 .1 2 5 . neg . ( 1 . 1 1 0 . 2 ) 1 0

9 neg . 3 7 .1 1 4 . 252 .196 . ( 1 .5 1 0 .2 )1 0

45° 8 neg . 3 5 .1 1 1 . n e g . ( 1 . 8 1 .3 )1 0 ^
9 0 .6 1 ± 0 .5 6 2 .1 8 . 2 2 6 . 1 6 0 . ( 1 . 6 1 . 3 ) 1 0 '

D lpheny lm ethane

25° 8 neg . 4 .9  1 1 .4 neg . 859 .1149 .
9 neg . 1 . 8  1 1 . 0 4 .9 1 2 .0 2605.1442 .

35° 8 0 .1 6 ± 0 .0 8 2 .9  1 0 .4 neg . 28 0 .121 .
9 0 .4 8 ± 0 .0 7 0 .9 6 1 0 .3 0 4 .0 1 0 .6 718 .148 .

45° 8 0 .4 5 ± 0 .0 6 0 .9  1 0 .2 1 .5 1 0 .4 9 0 .1 6 .
9 0 .6 5 1 0 .0 5 neg . 4 .0 1 0 .3 195 .1 1 1 .

B enzy l E th e r

25° 8 0 .4 3 1 0 .0 3 0 .4 9 1 0 .0 8 0 .7 0 1 0 .0 9 5 .4 1 0 .3
9 0 .5 5 1 0 .0 3 0 . 0 6 1 0 . 0 6 1 .3 9 1 0 .0 8 8 .0 1 0 .4

35° 8 0 .4 9 1 0 .0 3 0 .0 9 1 0 .0 9 0 .8 8 1 0 .1 0 2 .3 1 .2
9 0 .5 6 1 0 .0 4 n e g . 1 .2 3 1 0 .1 2 3 .1 1 .3

45° 8 0 .3 5 1 0 .0 6 0 .2 6 1 0 .1 4 0 .4 4 1 0 .1 4 1 . 1 1 0 . 2

9 0 .3 9 1 0 .0 5 0 . 1 0 1 0 . 1 1 0 .6 5 1 0 .1 2 1 .3 1 0 .2

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

a  t r i m e r  te rm  as opposed  t o  e i t h e r  a d im e r  o r  t e t r a m e r  te rm . The 

1 - 3 - 8  and 1 - 2 - 3 - 8  f i t s  a re  t h e r e f o r e  p ro p o se d  as  t h e  m ost s a t i s f a c t o r y  

f o r  th e  m e th a n o l  d i s t r i b u t i o n  d a t a .  E v id e n ce  w i l l  b e  g iv e n  l a t e r  t o  

s u p p o r t  th e  p r e m is e  t h a t  th e  f i t  i n c l u d i n g  a t r i m e r  term  i s  l i k e l y  to  

b e  more w id e ly  a p p l i c a b l e  f o r  a l c o h o l  a s s o c i a t i o n  d a t a .

T a b le  10 p r e s e n t s  t h e  v a lu e s  o f  d i s t r i b u t i o n  and a s s o c i a t i o n  

c o n s t a n t s  f o r  m e th a n o l  i n  t h e  t h r e e  s o l v e n t s .  F ig u r e  5 shows v a n ' t  

H o ff  p l o t s  f o r  Kg f o r  m e th a n o l  i n  th e  t h r e e  s o l v e n t s .  The l e a s t  s q u a re s  

v a l u e s  o f  t h e  therm odynam ic p a r a m e te r s  d e r i v e d  from th e  t e m p e ra tu re  

dependence  o f  t h e  c o n s t a n t s  i n  T ab le  10 a r e  g iv e n  i n  T a b le  11.

A lthough  m e th a n o l  i s  n o t  h i g h ly  a s s o c i a t e d  i n  t h e  vapor  p h a se  

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

l a t e  monomer p r e s s u r e  from t h e  o b se rv e d  m e th a n o l  p r e s s u r e s  i n  o r d e r  to  

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

may be  n o te d  th a t^  a s su m p t io n  o f  any r e a s o n a b le  a s s o c i a t i o n  model i n  

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

a r c h y  o f  f i t s  f o r  t h e  v a p o r  p r e s s u r e  d a t a .  The PVT work^^ m en tioned  

p r e v i o u s l y  was i n i t i a l l y  f i t  by  th e  cus tom ary  1 - 2 -4  m odel f o r  m e th a n o l  

v a p o r  a s s o c i a t i o n  w i t h  th e  s u r p r i s i n g  r e s u l t  o f  a  n e g a t i v e  dim er con­

s t a n t  a t  15° . When i t  became a p p a re n t  t h a t  th e  1 - 3 - 8  f i t  f o r  m e th a n o l  

i n  n -h e x a d e c a n e  was h i g h l y  s a t i s f a c t o r y  t h e  m e th a n o l  PVT d a t a  w ere f i t  

b y  t h i s  model and t h e  r e s u l t  was t h a t  t h e  1 -3 -8  m odel p ro v id e d  a  b e t t e r  

f i t  o f  th e  PVT d a t a  f o r  m e th a n o l  vapo r  t h a n  any p r e v i o u s l y  p roposed  model 

f o r  t h e  a s s o c i a t i o n  o f  m e th a n o l  i n  th e  v a p o r  p h a s e .  A c c o rd in g ly ,  th e  

v a l u e s  o f  e n th a l p y  and e n t r o p y  o b ta in e d  f o r  t r i m e r  and oc tam er  fo rm a t io n
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TABLE 10

D i s t r i b u t i o n  and A s s o c i a t i o n  C o n s ta n ts  f o r  M e th a n o l  in  T hree  

N o n - v o l a t i l e  S o lv e n ts  a t  2 5 ,  35 and 45°

T(°C) KgCM'l) KgCM'Z) Kg(M-^)

n -H exadecane

25 8 .2 4 9 + 0 .0 2 5 - 8 3 .8 + 1 .6 (1 .8010 .05 )10®

35 7 .0 7 0 + 0 .0 2 9 - 4 2 .6 1 1 .1 ( 1 .8 4 1 0 .0 7 )1 0 ^

45 6 .0 6 3 + 0 .0 1 3 - 2 5 .4 1 0 .4 (2 .2710 .05 )10®

D lpheny lm ethane

25 5 1 .9 2 + 0 .4 7 0 .32± 0 .07 3 .0 5 1 0 .2 4 1 0 0 7 .1 8 4 .

35 3 8 .5 2 ± 0 .1 4 0 .27 + 0 .0 2 2 .4 1 1 0 .0 7 2 9 1 .6 1 1 0 .0

45 2 9 .7 3 + 0 .1 0 0 . 2 2 ±0 . 0 2 1 .7 3 1 0 .0 5 83 .51  2 .9

B enzy l E th e r

25 11 2 .5 8 ± 0 .4 3 0 .1 9 9 ± 0 .0 1 6 1 .0 5 1 0 .0 3 4 .9 5 1 0 .2 0

35 78 .5 0 + 0 .4 7 0 .1 8 3 + 0 .0 2 4 0 .8 3 0 1 0 .0 4 1 2 .3 4 1 0 .1 7

45 5 6 .3 9 ± 0 .3 0 0 .1 6 4 1 0 .0 1 9 0 .6 6 3 1 0 .0 3 0 1 .1 1 1 0 .0 8
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1 . 6 __

lo g

O n-H exadecane

□  D lpheny lm ethane

A  Benzyl E th e r

0.0

F ig u re  5 . Van’ t  H off  p l o t s  f o r  t h e  d i s t r i b u t i o n  o f  m e th a n o l  
be tw een  th e  v a p o r  p h a se  and t h r e e  n o n - v o l a t i l e  
s o l v e n t s .
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TABLE 11

Thermodynamic P a ra m e te r s  f o r  D i s t r i b u t i o n  and A s s o c i a t i o n  o f  

M ethano l in  Three  N o n - v o l a t i l e  S o lv e n ts

H exadecane

AE- = -  

AS° = -

( 2 .9 0 1 0 .0 1 )  k c a l /m o le  AH° = - (1 1 .2 7 1 0 .0 9 )  k c a l /m o le

(7 .5 3 1 0 .0 3 )  e . u .  

o

AS" = - ( 2 9 .0 1 0 .3 )  eu 

AHg = - ( 4 1 .2 3 1 0 .0 8 )  k c a l /m o le  

ASg = - ( 1 0 0 .5 1 0 .3 )  e . u .

DiphenyIme th a n e

AE- = -  

. 0

( 5 .2 6 1 0 .0 2 )  k c a l /m o le  AH^ = - (3 .4 0 + 0 .3 3 )  k c a l /m o le

ASp = - ( 1 1 . 7 8  1 0 .0 7 )  eu AS" = - ( 1 3 .7 1 1 .0 )  eu

AHg = -  

,o

( 5 .3 3 1 0 .1 0 )  k c a l /m o le  AHg = - ( 2 3 .4 5 1 0 .1 4 )  k c a l /m o le

AS: = - ( 1 5 .6 1 0 .3 )  eu ASg = - ( 6 4 .5 1 0 .5 )  eu

B enzyl E th e r

AEd = -  

,0

( 6 .5 2 1 0 .0 1 )  k c a l /m o le  AH^ = - ( 1 .8 6 1 0 .2 5 )  k c a l /m o le

AS" = - (1 4 .4 7 1 0 .0 4 )  eu ASg = - ( 9 . 5 1 0 . 8 )  eu

AHg = -  

, 0

( 4 .3 5 1 0 .1 0 )  k c a l /m o le  AH° = - (1 4 .1 1 1 0 .1 4 )  k c a l /m o le

AS: = - ( 1 4 .5 1 0 .3 )  eu ASg = - ( 4 4 .1 1 0 .5 )  eu

S ta n d a r d  s t a t e  i s  one m o l e / l i t a r .
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of m e th a n o l  i n  t h e  v a p o r  p h ase  from th e  PVT s tu d y  o f  m eth an o l  v a p o r  

w ere u sed  t o  c a l c u l a t e  e q u i l i b r i u m  c o n s t a n t s  f o r  v a p o r  a s s o c i a t i o n  f o r  

th e  p u rp o se  o f  o b t a i n i n g  monomer m e th a n o l  p r e s s u r e  from th e  o b se rv e d  

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

m ethane and b e n z y l  e t h e r .  The v a lu e s  o f  t h e  therm odynam ic  p a ra m e te r s  

o b ta in e d  from  t h e  1 -3 -8  f i t  o f  t h e  PVT d a ta ^ ^  f o r  m e th a n o l  v a p o r  and 

u sed  i n  t h e  p r e s e n t  w ork  to  c a l c u l a t e  monomer m e th a n o l  p r e s s u r e  f o r  

u se  as  d e f i n e d  i n  e q u a t io n s  (12) and (16) a r e  p r e s e n t e d  i n  T ab le  12.

TABLE 12

E n th a lp y  and E n tro p y  V a lues  f o r  M e th a n o l  T r im e r  and 

Octamer F o rm a t io n  i n  th e  V apor P h ase^^

AH° = - ( 1 2 .5 3 ± 0 .1 2 ) k c a l /m o le  AS° = - ( 4 4 . 2 ± 0 .4 )e u

AHg = - ( 6 7 .8 4 ± 0 .2 8 ) k c a l /m o le  AS° = - ( 2 1 6 . 9 ± 0 .9 )e u

S ta n d a r d  s t a t e  i s  one a tm o sp h e re .

Vapor P r e s s u r e  D a ta  f o r  Two V o l a t i l e  Components 

The m ethod  o f  d a t a  a n a l y s i s  f o r  t h e s e  sy s te m s  was somewhat more 

in v o lv e d  th a n  t h a t  f o r  t h e  s i n g l e  component d i s t r i b u t i o n  sy s tem s  s in c e  

no q u a n t i t y  v e r y  d i r e c t l y  r e l a t e d  to  a  monomer c o n c e n t r a t i o n  i n  s o l u ­

t i o n  co u ld  b e  m e a s u re d .  The t h r e e  m easu red  q u a n t i t i e s  f o r  t h e s e  sy s tem s 

a r e  P ^ , t o t a l  p r e s s u r e ,  N^, m oles o f  DEA a d d e d ,  and o r  N^, th e  m oles  

o f  w a te r  o r  m e th a n o l  a d d e d .  The m ethod o f  a n a l y s i s  w i l l  b e  p r e s e n t e d  

u s in g  th e  water-DEA sy s te m  as an exam ple .

The o b s e r v a b l e s ,  P ^ ,  and may b e  c o n v e r t e d  t o  a m o la r  con­

c e n t r a t i o n  s c a l e .  T h is  i s  r e a d i l y  done f o r  P„ by d i v i d i n g  by th e  p r o d u c t
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o f  th e  gas  c o n s t a n t  and t h e  a b s o l u t e  t e m p e ra tu re  (RT) when i s  e x ­

p r e s s e d  i n  t o r r  and th e  u n i t s  o f  R a r e  l i t e r - t o r r / d e g r e e - m o l e .  

may, from  t h e  r e s u l t s  o f  t h e  v a p o r  d e n s i t y  s tu d y ,  b e  e x p re s s e d  a s

? !  -  PA +  +  ^WA ( 1 7 )

where p ^  and  p ^  a r e  monomer p r e s s u r e s  o f  DEA and w a t e r  and P^^ i s  th e  

p r e s s u r e  o f  t h e  com plex . D i v i s i o n  b y  RT g iv e s

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

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

t h e  amine d im er  p r e s s u r e  i s  n e g l i g i b l e .  The i n t r o d u c t i o n  o f  t h e  v a p o r  

p h a se  a s s o c i a t i o n  c o n s t a n t  (K^^) i n  m o la r  u n i t s  g iv e s

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

At any p o i n t  i t  i s  n o t  p o s s i b l e  t o  employ a  c o n v e n t i o n a l  con­

c e n t r a t i o n  s c a l e  f o r  t h e  two s o l u t e s  b e c a u se  each  s i n g l e  component i s  

d i s t r i b u t e d  b e tw e en  th e  v a p o r  and s o l u t i o n  p h a ses  and  th e  q u a n t i t y  o f  

one component i n  s o l u t i o n  a t  a  c e r t a i n  p o i n t  i s  n o t  s u s c e p t i b l e  t o  

m easu rem en t.  What can b e  done i s  t o  d e f i n e  a  h y p o t h e t i c a l  c o n c e n t r a t i o n  

which assum es t h a t  a l l  o f  a component i s  p r e s e n t  i n  s o l u t i o n  and th e n  

add  th e  n e c e s s a r y  term s t o  a c c o u n t  f o r  th e  vapo r  p h a s e  q u a n t i t i e s .
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T h ls  h y p o t h e t i c a l  c o n c e n t r a t i o n  w i l l  b e  sym bo lized  by f* .  As an example

a s i n g l e  v o l a t i l e  component sy s te m  may be used  t o  i l l u s t r a t e  t h e  meaning

o f  t h i s  d e f i n i t i o n  where no a s s o c i a t i o n  i s  c o n s id e r e d  in  e i t h e r  p h a s e .  

T V  SL e t  Ng, Ng and Ng be t h e  t o t a l  moles o f  component B p r e s e n t  i n  

t h e  s y s te m ,  t h e  number o f  m oles  o f  B i n  th e  v a p o r  phase  and  t h e  number 

o f  m o les  i n  s o l u t i o n ,  r e s p e c t i v e l y .  The cus tom ary  m o la r  c o n c e n t r a t i o n  

s c a l e  i s

( 2 ° )

w here  Vg i s  t h e  s o l u t i o n  volum e, 

f*  i s  e x p r e s s e d  as

f *  = ( 2 1 )

T S VFrom t h i s  e q u a t i o n  and u s in g  t h e  f a c t  t h a t  Ng = Ng +  Ng

f<B° +  V  S " b'^£* = -  c /  + ^  (22)

S Vw here  Cg i s  t h e  m o la r  c o n c e n t r a t i o n  o f  B i n  s o l u t i o n .  Ng i s  e q u a l  to

Cg^V^, t h e  v a p o r  c o n c e n t r a t i o n  t im e s  t h e  v a p o r  vo lum e. U t i l i z i n g  th e

S Vd i s t r i b u t i o n  e x p r e s s i o n  = Cg /Cg ) e q u a t io n  23 may be o b t a i n e d .

f* .  c = + 's 'V y
B Vs

f »  = c /  +  c /  ÿ  (23)
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i s  th e  r a t i o  o f  t h e  v a p o r  volume t o  t h e  s o l u t i o n  volume.

In  t h i s  manner a  fo rm a l  c o n c e n t r a t i o n  e x p r e s s io n  may b e  w r i t t e n  

f o r  e a c h  component i n  t h e  mixed system . The fo rm a l  amine c o n c e n t r a t i o n  

i s  e x p r e s s e d  as

and f o r  w a te r

w here  o n ly  a  1 : 1  complex i s  assumed in s o l u t i o n ,  and a r e  d i s t r i b u ­

t i o n  c o n s t a n t s  f o r  monomers o f  amine and  w a t e r ,  i s  t h e  v a p o r  p h ase
g

a s s o c i a t i o n  c o n s t a n t  ( i n  m o la r  u n i t s )  f o r  th e  1 : 1  complex and i s  th e  

unknown e q u i l i b r i u m  c o n s t a n t  i n  s o l u t i o n .  and a r e  monomer con­

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

E q u a t io n  (24) c o n ta i n s  t h e  only n e c e s s a r y  s e l f - a s s o c i a t i o n  te rm  

f o r  t h e  am ine . I n  s o l v e n t s  w here  w a te r  a s s o c i a t e s  w i th  i t s e l f ,  and f o r

a l l  s o l v e n t s  f o r  m e th a n o l ,  te rm s  must b e  added  t o  a c c o u n t  f o r  t h e  s e l f -

2 3a s s o c i a t i o n .  F o r  th e  w a te r - a m in e  system  i n  BZE t h e  te rm  (2X^0^ +  SK^C^)

m ust be  added t o  e q u a t i o n  (2 5 ) ;  th e  w a te r -a m in e  sy s tem  i n  DPM r e q u i r e s

2
o n ly  a d d i t i o n  o f  2X^0^. For t h e  mixed s y s te m ,  methanol-DEA i n  DPM, 

e q u a t i o n  (25) w ould  t a k e  t h e  form

^  4 -  +  4 . %  +  2 K j C 2  +  4. S K j C ^  ( 2 «
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where o n ly  a  one t o  one complex o f  methanol-DEA I s  assum ed. I f  com­

p le x e s  a r e  form ed w hich  i n c o r p o r a t e  more t h a n  one m o le c u le  o f  e i t h e r  

amine o r  w a te r  o r  m e th a n o l  o t h e r  te rm s  m ust be  added t o  e q u a t io n s  (24)

and ( 2 5 ) .  F o r  exam ple  i f  a complex i n v o lv i n g  two m o le c u le s  o f  w a te r  to

S 2
one o f  amine i s  form ed t h e  te rm  K^l^w^A b e  added t o  e q u a t io n  (24)

S 2and tw ic e  t h i s  te rm  ( 2 K2 2 ^C^C^) must be  added t o  e q u a t io n  (2 5 ) .  In  t h i s  

way s e t s  o f  e q u a t i o n s  a r e  c o n s t r u c t e d  t o  a c c o u n t  f o r  complex fo rm a t io n  

and s e l f - a s s o c i a t i o n  i n  s o l u t i o n .

The s o l u t i o n  o f  e q u a t io n s  (1 9 ) ,  (24) and (25) i s  accom plished  

i n  t h e  f o l lo w in g  m anner .  E q u a t io n  (19) i s  r e a r r a n g e d  to

and, by i n t r o d u c i n g  t h e  d i s t r i b u t i o n  c o n s ta n t  f o r  each  monomer,

4

1 + .V

o r

c% -  C /K
Cy = --------------V--------------  (28)

+ KwACA/KwKA

an e x p r e s s io n  f o r  C^, t h e  monomer c o n c e n t r a t i o n  i n  s o l u t i o n ,  i s  o b ta in e d  

i n  te rm s  o f  t h e  t o t a l  v a p o r  phase  c o n c e n t r a t i o n ,  th e  monomer amine con­

c e n t r a t i o n  i n  s o l u t i o n  and  known c o n s t a n t s .  T h is  e x p r e s s io n  f o r  i s  

s u b s t i t u t e d  i n t o  e q u a t i o n  (24) and when f r a c t i o n s  a r e  c l e a r e d  th e  r e s u l t  

i s  a po ly n o m ia l  i n  te rm s  o f  C^, t h e  monomer am ine c o n c e n t r a t i o n ,  known 

c o n s t a n t s ,  and t h e  unknown s o l u t i o n  e q u i l i b r i u m  c o n s t a n t ( s ) .
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An o p t im iz i n g  p r o c e d u re  was u s e d  to  o b t a i n  t h e  b e s t  v a lu e  o f

S S
An i n i t i a l  g u e s s  o f  i s  made and t h i s  v a lu e  i s  u se d  t o  o b t a i n

a v a lu e  o f  C^, v i a  an  i t e r a t i v e  p r o c e s s ,  from t h e  p o ly n o m ia l  i n  C^.
5

T h is  v a lu e  and t h e  assumed a r e  s u b s t i t u t e d  i n t o  e q u a t i o n  (28)

S
to  c a l c u l a t e  a v a l u e .  The v a lu e s  o f  C^, C^, and a r e  t h e n  used  

t o  c a l c u l a t e  an f*  v a lu e  w hich  i s  compared w i t h  t h e  m easu red  f * .  The 

p r o c e s s  i s  c o n t in u e d  u n t i l  t h e  v a lu e  o f  w h ich  m in im iz e s  t h e  RMSD 

be tw een  a l l  v a lu e s  o f  f*  and f * ( c a l c d . )  i s  o b t a i n e d .  E s s e n t i a l l y  th e  

same p r o c e s s  i s  c a r r i e d  o u t  when l a r g e r  com plexes t h a n  t h e  one to  one 

a r e  p r e s e n t .  I n  t h e s e  c a s e s  one s e e k s  to  f i n d  t h e  v a l u e s  o f  two o r  

more e q u i l i b r i u m  c o n s t a n t s  w hich  p ro d u ce  a  minimum i n  the .  RMSD.

The l e a s t  s q u a r e s  v a lu e s  o f  e q u i l i b r i u m  c o n s t a n t s  f o r  complex 

f o rm a t io n  be tw een  w a t e r  and DEA i n  e a c h  s o l v e n t  a r e  p r e s e n t e d  i n  T ab le  

13. The a s su m p t io n  o f  o n ly  a  1 :1  complex i n  HX and DPM was s u f f i c i e n t  

to  e x p l a i n  th e  d a t a .  However, i n  BZE th e  d a t a  c l e a r l y  i n d i c a t e d  th e  

fo rm a t io n  o f  a com plex i n c o r p o r a t i n g  more th a n  one  w a t e r  m o le c u le .  A 

two p a ra m e te r  f i t  o f  th e  d a t a  r e s u l t e d  i n  a c o n s i d e r a b l e  d e c r e a s e  i n  

RMSD o v e r  t h e  one p a ra m e te r  f i t .  The RMSD's f o r  t h e  1 : 1  complex f i t  

w ere  a l l  a lm o s t  an o r d e r  o f  m ag n itu d e  l a r g e r  t h a n  th e  RMSD's f o r  th e  

two p a ra m e te r  f i t  w h ich  assum ed th e  a d d i t i o n a l  p r e s e n c e  o f  t h e  s p e c i e s  

( w a t e r ) 2 - ( a m i n e ) I t  may be n o t i c e d  from  th e  t a b l e  t h a t  t h e  c o n s t a n t s  

f o r  th e  w a te r - a m in e  complexes in  BZE a t  35° a r e  somewhat o u t  o f  l i n e  

w i th  t h e  c o n s t a n t s  a t  25 and 4 5 ° .  To b e  s p e c i f i c  t h e  v a lu e  a p p e a rs  

t o  be  to o  low and t h e  K2 ĵ  v a lu e  to o  h i g h .  P a r t  o f  t h i s  d i f f i c u l t y  i s  

due to  th e  s u b s t a n t i a l  e r r o r s  in  th e  s m a l l  d im e r  and t r i m e r  c o n s t a n t s  

f o r  w a te r  a s s o c i a t i o n  i n  t h i s  s o lv e n t  s i n c e  s m a l l  changes  i n  t h e s e
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TABLE 13

A s s o c i a t i o n  C o n s t a n t s  f o r  t h e  1 : 1  Complexes W a te r -D ie th y la m in e  

i n  T h ree  N o n - v o l a t i l e  S o lv e n ts  a t  2 5 ,  35 and 45°

T(°C) RMSD(M)

25 10 .97+ 0 .12

n-H exadecane

0 .00005

35 8 .05+ 0 .09 0 .00005

45 5 .72+ 0 .04 0 .00003

25 8 .52+ 0 .06

D lp h en y lm e th an e

0 .0003

35 6 .9 3+ 0 .04 0 .0003

45 5 .28+ 0 .05 0 .0003

25 2 .81+ 0 .07

B enzy l  E th e r  

9 .7 1 0 .6 0 .0004

35 1 .9 4+ 0 .02 8 . 1 +0 . 1 0 . 0 0 0 2

45 1 .93+ 0 .03 4 .4 1 0 .2 0 . 0 0 0 2
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c o n s t a n t s  d i r e c t l y  a f f e c t  t h e  v a lu e s  o f  t h e  complex c o n s t a n t s  and 

^ 2 1 '  V a n ' t  H o ff  p l o t s  f o r  i n  each  s o l v e n t  a re  g iv e n  i n  F ig u r e  6 .

T a b le  14 l i s t s  t h e  c o r r e s p o n d in g  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  

m e th a n o l-a m in e  sy s te m s  i n  t h e  t h r e e  s o l v e n t s .  In  e a ch  c a s e  t h e  1 :1  f i t s  

w ere  q u i t e  p o o r  b u t  t h e  a d d i t i o n  o f  a  second  complex s p e c i e s  i n v o lv i n g  

two m e th a n o l  m o le c u le s  t o  one amine p ro v id e d  a  s a t i s f a c t o r y  f i t  o f  a l l  

t h e  d a t a .  F i g u r e  7 p r e s e n t s  v a n ' t  H off  p l o t s  o f  f o r  t h e  m e th a n o l-  

amine s y s te m  i n  e a ch  s o l v e n t .  T ab le  15 com pares t h e  e n th a l p y  and e n t r o p y  

o f  f o r m a t io n  o f  t h e  m e th a n o l  and w a te r  1 :1  com plexes w i t h  DEA i n  e ach  

s o l v e n t .  F ig u r e  8  g iv e s  v a n ' t  H off  p l o t s  f o r  f o r  t h e  m e th a n o l-a m in e  

com plexes  i n  e a ch  s o l v e n t  and  th e  w a te r -a m in e  complex i n  BZE. T a b le  16 

g iv e s  t h e  l e a s t  s q u a r e s  v a lu e s  o f  t h e  therm odynam ic p a r a m e te r s  f o r  t h e  

f o r m a t io n  o f  t h e s e  2 : 1  co m p lex es .

Comments on N o t a t i o n  and E r r o r s  i n  P a ra m e te r s  

The e q u i l i b r i u m  c o n s t a n t s  f o r  1 :1  complex f o rm a t io n  a r e ,  f o r  

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

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

t i o n s h i p s .  I n  T a b le s  and i n  t h e  D i s c u s s io n  t h e  c o n s t a n t s  a r e  d e n o te d  

by w h ere  i t  w i l l  be  c l e a r l y  i n d i c a t e d  w hich  1 : 1  complex i s  b e in g  

d i s c u s s e d .  i s  used  c o n s i s t e n t l y  f o r  t h e  h i g h e r  o r d e r  com plexes  o f

m e th a n o l  and w a t e r  w i th  d i e t h y l a m in e .  The symbol M i s  u se d  i n  t a b l e s  t o  

d e n o te  m o l a r i t y .  When u s e d  as a  s u b s c r i p t ,  o r  f ^ ,  e t c .  , M i s  t a k e n  

t o  mean m e th a n o l .

The e r r o r s  l i s t e d  w i th  t h e  l e a s t  s q u a re s  v a lu e s  o f  p a r a m e te r s  

a r e  a l l  one s igm a  v a l u e s .  P a ra m e te r  e r r o r s  w ere  d e te rm in e d  f o r  s i n g l e  

component d i s t r i b u t i o n  d a t a  from th e  d i a g o n a l  te rm s  o f  t h e  i n v e r s e
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1.2

1.0

0.8

log

0 . 6

0 .4

O  n-H exadecane  

O D lpheny lm ethane  

A B enzy l  E th e r

0 . 2

0.0

3 .0 3 .1 3 .2 3 .3 3 .4 3 .5

F ig u re  6 . V a n ' t  H off  p l o t s  f o r  1 :1  com plex fo rm a t io n  betw een 
w a te r  and d ie th y la m in e  i n  t h r e e  n o n - v o l a t i l e  s o l ­
v e n t s  .
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TABLE 14

A s s o c i a t i o n  C o n s ta n ts  f o r  M e th a n o l-D ie th y la m in e  1 :1  and 2 :1  

Complexes i n  T hree  N o n - v o l a t i l e  S o lv e n t s  a t  2 5 ,  35 and 45°

T(°C) RMSD (M)

n-H exadecane

25 8 .76+ 0 .44 2 9 9 .1+ 11 .5 0 .0004

35 6 .67± 0 .21 1 3 9 .6± 5 .2 0.0004

45 5 .45± 0 .12 6 9 . 2± 2 .5 0.0003

D ipheny lm ethane

25 4 .78+ 0 .28 2 2 . 7± 2 .4 0 . 0 0 1 0

35 4 .06± 0 .05 1 4 .9 5 ± 0 .3 6 0 . 0 0 0 2

45 3 .26+ 0 .04 7 .6 0 + 0 .3 4 0 . 0 0 0 2

B enzy l  E th e r

25 2.75+ 0 .12 7 .1 + 0 .4 0 .0018

35 2 .34+ 0 .05 4 .6 ± 0 .2 0.0009

45 2 .03+ 0 .06 2 . 8 + 0 . 2 0 . 0 0 1 2
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1.0

lo g

0 .4

O  n -H exadecane  

□  D ipheny lm ethane  

y \  B enzy l  E th e r

0.0
3 .0 3 .4 3 .53 .1 3 .33 .2

T” ^ X 10^ (°K h

F ig u re  7. V a n ' t  H off p l o t s  f o r  1 :1  complex f o r m a t io n  be tw een  
m eth an o l  and d i e t h y lam in e  i n  t h r e e  n o n - v o l a t i l e  
s o l v e n t s .
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TABLE 15

Thermodynamic P a r a m e te r s  f o r  th e  One t o  One Complexes o f  W ater 

and  M ethano l  w i t h  D ie th y la m in e  i n  T h ree  N o n - v o l a t i l e  S o lv e n t s

Water-DEA Methanol-DEA

n-H exadecane

AH°^ = - ( 6 .1 3 ± 0 .0 4 )  k c a l /m o le  = - ( 4 .4 8 ± 0 .0 9 )  k c a l / m o l e

AS°i = - ( 1 5 . 8 ± 0 . 1 )  eu AS°^ = 0 ( 1 0 . 7 ± 0 .3) eu

D ipheny lm ethane

AH 2 2  = - ( 4 . 5 0 ± 0 .0 5 )  k c a l /m o le  AH° 2  = - ( 3 .5 8 ± 0 .0 9 )  k c a l / m o l e

AS° 2  = - ( 1 0 . 8 ± 0 . 2 )  eu  AS° 2  = - ( 8 . 9 ± 0 . 3 )  eu

B enzy l E th e r

[ ° 2  = - ( 3 . 5 6 ± 0 .2 6 )  k c a l /m o le )  AH° 2  = - ( 2 .8 6 ± 0 .0 8 )  k c a l / m o l e

AS° 2  = - ( 1 0 . 0 1 0 . 8 )  e u  AS° 2  = - ( 7 . 6 1 0 . 3 )  eu

S ta n d a rd  s t a t e  i s  one m ole p e r  l i t e r .

A H °
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O n -H exadecane  (MeOH)

□  D ip h e n y lm e th a n e  (MeOH) 

A B e n z y l  E th e r  (MeOH)

O  B e n z y l  E th e r  (W ater)

2.6  -----

og

1. 0

0 . 6  ___

0. 2

3 .3 3 .43 .2 3 .53 .0 3 .1

T“  ̂ X 10^ (° k“^)

F ig u r e  8 . V a n ' t  H o ff  p l o t s  f o r  two to  one com plexes o f  
m e th a n o l  and w a te r  w i th  d i e t h y la m in e  i n  t h r e e  
n o n - v o l a t i l e  s o l v e n t s .
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TABLE 16

Thermodynamic P a r a m e te r s  f o r  Two to  One Complexes o f  W ater and 

M ethano l w i t h  D ie th y la m in e  i n  T hree  S o lv e n ts

(M e th a n o l) 2 “DEA (W a te r) 2 ~DEA

n-H exadecane 

AH°^ = - ( 1 3 . 80±0 .09) k c a l /m o le  

AS2 1  = - ( 3 5 .0 + 0 .3 )  eu

D iphenylm ethane  

AHg^ = - ( 1 0 .2 3 + 0 .2 5 )  k c a l /m o le  

AS°i = - ( 2 8 .0 1 0 .8 )  eu

B enzy l  E th e r

AH°i = -  (8 .7 1 1 0 .1 3 )  k c a l /m o le  AH®̂  = - ( 7 . 5 1 0 . 4 )  k c a l /m o le

AS°. = - ( 2 5 .3 1 0 .4 )  eu  AS®  ̂ = - ( 2 0 .6 1 1 .4 )  eu

S ta n d a r d  s t a t e  i s  one mole p e r  l i t e r .
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m a t r ix  m e n t io n e d  e a r l i e r .  I n  mixed sys tem s e r r o r s  i n  one and two 

p a ra m e te r  f i t s  w e re  d e te rm in e d  from th e  b e h a v io r  o f  c o n to u r  l i n e s  

around t h e  minimum i n



CHAPTER V

DISCUSSION AND CONCLUSIONS

The d i s c u s s io n  o f  th e  r e s u l t s  o f  t h i s  s tu d y  i s  d iv id e d  i n to  

f i v e  m ajo r s e c t i o n s .  I n  th e  f i r s t  s e c t i o n  th e  r e s u l t s  o f th e  PVT and 

v a p o r  d e n s i ty  s tu d i e s  w i l l  b e  d i s c u s s e d .  A co m p ariso n  o f  th e  r e s u l t s  

o f  th e  d i s t r i b u t i o n  and a s s o c i a t i o n  s tu d i e s  f o r  d ie th y la m in e ,  w a te r  

and m eth a n o l in  th e  s o lv e n t s  n -h e x a d e c a n e , d ip h en y lm e th a n e  and b e n z y l  

e t h e r  w i l l  b e  g iv e n  i n  th e  second  s e c t i o n .  The t h i r d  s e c t i o n  w i l l  

com pare th e  r e s u l t s  o f  m easu rem en ts on com plex fo rm a tio n  in  th e  s o l ­

v e n t  sy stem s in v o lv in g  two v o l a t i l e  com ponents. A com p ariso n  o f  th e  

p a ra m e te rs  d e s c r i p t i v e  o f 1 : 1  com plex fo rm a tio n  w i th  th e  r e l a t i o n s  

p ro p o se d  by C h r i s t i a n  e t  a l .  to  c o r r e l a t e  s o lv e n t  e f f e c t s  on complex 

fo rm a tio n  w i l l  be  p r e s e n te d  in  th e  f o u r th  s e c t i o n .  A s h o r t  summary 

and some p ro p o s a ls  f o r  f u tu r e  w ork w i l l  co n c lu d e  t h i s  c h a p te r .

V apor P hase  A s s o c ia t io n  

The r e s u l t s  o f  th e  PVT s tu d y  on d ie th y la m in e  v a p o r  i n d i c a t e  

t h a t  v e ry  l i t t l e  a s s o c i a t i o n  o c c u rs  i n  th e  v a p o rs  o f  t h i s  compound 

a t  room te m p e ra tu re .  At 25° and a  DBA p r e s s u r e  o f  100 t o r r  th e  

p r e s s u r e  o f  th e  assum ed a s s o c i a te d  s p e c i e s ,  a  d im e r , i s  l e s s  th a n  0 . 8  

t o r r .  The sm a ll e n th a lp y  o f  a s s o c i a t i o n  r e p o r te d  i n  t h i s  work 

( - 3 .8 2  k c a l/m o le )  i s  com parab le  to  th e  v a lu e  o f - 3 .3  k c a l/m o le  d e te rm in e d

-7 0 -
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38by Lam bert and S tro n g  from  se c o n d  v i r i a l  c o e f f i c i e n t  m easu rem en ts . 

Only q u a l i t a t i v e  com parison  o f  th e s e  e n th a l p ie s  s h o u ld  be  made s in c e  

Lam bert and S tro n g  c o n s id e r  p a r t  o f  th e  n o n - i d e a l i t y  in  DEA v ap o r to  

be due to  n o n s p e c i f ic  i n t e r a c t i o n s  and t h e i r  r e p o r te d  AH v a lu e  i s  

b ased  on a  " c o r r e c t e d "  a s s o c i a t i o n  c o n s ta n t .  A m ore d i s c o r d a n t  en ­

th a lp y  v a lu e  o f  - 5 .8  k c a l/m o le  f o r  d im er fo rm a tio n  i n  n -b u ty la m in e  

vapo r was d e te rm in e d  by C racco  and H uyskens^^ from  v a p o r  d e n s i ty  

m ea su rem e n ts .

T a b le  17 p r e s e n ts  e q u i l ib r iu m  c o n s ta n ts  f o r  th e  1 :1  v ap o r 

phase  com plexes o f  water-DEA and m ethanol-D EA  a t  25° c o n v e r te d  from  

th e  o r i g i n a l  u n i t s  o f  t o r r  ^ t o  m o la r  u n i t s  and v a lu e s  o f  AE°^ f o r  th e  

com plex f o rm a tio n  r e a c t io n s  a t  2 5 ° . T hese c o n v e rs io n s  w i l l  f a c i l i t a t e  

com parison  i n  t h e  r e s t  o f  t h i s  c h a p te r .

TABLE 17

E q u i lib r iu m  C o n s ta n ts  in  M olar U n i t s  and AE° V alues 

f o r  Vapor P h a se  Complex F o rm a tio n  a t  25°

System  K^^(M AE°^ k c a l/m o le

Water-DEA 7 .9 0  - 6 .0 4  (AH°^ = - 6 .6 3 )

Methanol-DEA 1 3 .6  - 6 .7 2  (AH°^ = - 7 .3 1 )

The v a lu e  r e p o r te d  i n  t h i s  s tu d y  i s  a p p a r e n t ly  th e  f i r s t

e n th a lp y  f o r  a h y d rogen  bonded  com plex o f  w a te r  in  t h e  v a p o r  p h a s e . 

B a c a r e l la  e t  a l . ^ ^  have d e te rm in e d  a seco n d  v i r i a l  c o e f f i c i e n t  o f
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-7 5 0 0  m l/m ole  f o r  t h e  i n t e r a c t i o n  o f  w a te r  w i th  d io x a n e  a t  2 5 ° . T h is  

c o e f f i c i e n t  i s  e q u iv a l e n t  to  an  e q u i l ib r iu m  c o n s ta n t  o f  a b o u t 7 . 5  M  ̂

w h ich  com pares f a v o r a b ly  w ith  th e  c o n s ta n t  o f  7 .9  M ^ f o r  th e  w ater-DEA 

v a p o r  com plex d e te rm in e d  i n  th e  p r e s e n t  s tu d y .

AH° v a lu e s  h a v e  b een  r e p o r te d  f o r  t h r e e  a lc o h o l-a m in e  1 :1  com­

p le x e s  i n  th e  v a p o r  p h a s e . C racco  and H uyskens g iv e  - 8 .9  k c a l /m o le  f o r  

th e  AH° o f fo rm a tio n  o f  th e  n - b u ta n o l -n - b u ty la m in e  com plex from  v a p o r  

d e n s i t y  s t u d i e s . C l a g u e ,  G o v il and B e r n s te in ^ ^  o b ta in e d  a AH° v a lu e  

o f  ( - 5 .8 1 0 .7 )  k c a l /m o le  f o r  th e  m e th a n o l- tr im e th y la m in e  v a p o r  com plex 

from  NMR m easu rem en ts . H iran o  and Kozim a^^ r e p o r t  a  AH° o f  - 8 . 2  

k c a l /m o le  f o r  th e  m e th a n o l- t r i e th y la m in e  com plex from  IR s t u d i e s  on 

v a p o r  m ix tu re s .  C om parison  o f  th e  above AH° v a lu e s  w i th  th e  AH°^ v a lu e  

o b ta in e d  in  th e  p r e s e n t  s tu d y  ( -7 .3 1  k c a l /m o le )  f o r  th e  m ethanol-D EA  

v a p o r  com plex i n d i c a t e s  t h a t  no g e n e r a l  a g reem en t can b e  re a c h e d  on 

th e  e n th a lp y  o f  fo rm a tio n  o f  an a lc o h o l-a m in e  h y d ro g en  bond i n  th e  

v a p o r  p h a s e .

D i s t r i b u t i o n  and A s s o c ia t io n  R e s u l ts  f o r  

D ie th y la m in e , W ater and  M ethano l

D ie th y la m in e  D i s t r i b u t i o n  and  A s s o c ia t io n  

The r e s u l t s  o f  th e  d i s t r i b u t i o n  o f  DEA be tw een  th e  v a p o r  p h ase  

and t h e  th r e e  s o lv e n t s  i n d i c a t e  t h a t ,  a t  th e  c o n c e n t r a t io n s  em ployed  

i n  t h i s  s tu d y ,  no s i g n i f i c a n t  a s s o c i a t i o n  i s  p r e s e n t  i n  s o l u t i o n .  

A s s o c ia t io n  o f  DEA a p p e a rs  to  b e  l im i t e d  to  one o r  two p e r  c e n t  i n  HX 

and BZE. I t  i s  som ew hat s u r p r i s i n g  t h a t  a s s o c i a t i o n  was n o t  d e te c te d  

i n  DPM w hereas i n  BZE— a m ore r e a c t i v e  s o lv e n t  w hich  w ould  b e  e x p e c te d
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to  r e t a r d  po lym er f o rm a tio n — some a s s o c i a t i o n  i s  d e te c te d .  T h is  d i s ­

c re p a n c y  i s  p ro b a b ly  due to  th e  f a c t  t h a t  a  c o n s id e ra b ly  h ig h e r  am ine 

c o n c e n t r a t io n  l e v e l  was a t t a in e d  in  BZE th a n  i n  DPM. A ls o ,  th e  d a ta

f o r  th e  DEA-DPM sy s te m  a re  l e s s  p r e c i s e  th a n  th e  d a ta  f o r  th e  o th e r

43D E A -so lven t s y s te m s . G regory d id  n o t  d e t e c t  a s s o c i a t i o n  i n  s e v e r a l  

am ine sy s tem s s tu d ie d  by p a r t i t i o n i n g  th e  am ines be tw een  w a te r  and

o r g a n ic  solv%  

o r g a n ic

do no

u se d  1

s tu d y .

The 1

c o n c e n t r a t io n s  up to  0 .5  m o la r  i n  th e

d e te rm in e d  from  th e  p r e s e n t  s tu d y  

’. r a t u r e  dependence  to  e n a b le  th e  

l'.s f o r  DEA. Amine c o n c e n t r a t io n s  

[ e n th a lp ie s  have b e e n  d e te rm in e d  

l a r g e r  th a n  th o se  u se d  i n  th e  p re s e n t  

i.e a s s o c i a t i o n  w hich have  b een  r e -  

T'mole p e r  b o n d ? ^ '4 0 ,4 1  

^ùnergy o f  s o l u t i o n  o f  one m ole o f  a 

s o l u t e  from  th e  i d e a l  g as  phase  t o  th e  i n f i n i t e l y  d i l u t e  s o lu t i o n )  f o r  

DEA d i s t r i b u t i o n  b e tw e e n  th e  th r e e  s o lv e n t s  and th e  v a p o r  p h a se  r e f l e c t  

th e  f a c t  t h a t  th e  am ine hydrogen  i s  a v e ry  weak a c id  i n  th e  h y d rogen  

b o n d in g  s e n s e .  AE° f o r  DEA in  DPM i s  n o t  much l a r g e r  i n  a b s o lu te  v a lu e  

th a n  AE^ f o r  DEA i n  HX. The l a t t e r  s o l v e n t ,  n -h e x a d e c a n e , i s  one o f  the  

m ost n e a r ly  i n e r t  s o lv e n t s  a v a i l a b l e .  In  t h i s  s e n se  an  i n e r t  s o lv e n t  

i s  one w hich  h a s  no f u n c t io n a l  group s u b s t i t u e n t s  (0 , F , C l ,  B r , NOg, e t c . )  

o r  a ro m a tic  r in g s  to  i n t e r a c t  s t r o n g ly  w i th  a s o l u t e .  I t  h a s  b e e n  reco g ­

n iz e d  f o r  some tim e^  t h a t  s o lv e n ts  p o s s e s s in g  an  a ro m a tic  r i n g ,  such  as 

b e n z e n e  o r  DPM, a re  n o t  i n e r t  s o lv e n ts  i n  th e  hyd rogen  b o n d in g  s e n s e .
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t o  r e t a r d  po lym er fo rm a tio n — some a s s o c i a t i o n  i s  d e t e c te d .  T h is  d i s ­

c re p a n c y  i s  p ro b a b ly  due to  th e  f a c t  t h a t  a  c o n s id e r a b ly  h ig h e r  am ine 

c o n c e n t r a t io n  l e v e l  was a t t a i n e d  i n  BZE th a n  i n  DPM. A ls o , th e  d a ta

f o r  th e  DEA-DPM sy stem  a r e  l e s s  p r e c i s e  th a n  th e  d a ta  f o r  th e  o th e r

43D E A -so lven t s y s te m s . G rego ry  d id  n o t  d e t e c t  a s s o c i a t i o n  i n  s e v e r a l  

am ine sy s tem s s tu d i e d  by  p a r t i t i o n i n g  th e  am ines b e tw een  w a te r  and 

o r g a n ic  s o lv e n t s  u s in g  am ine c o n c e n t r a t io n s  up to  0 .5  m o la r  i n  th e  

o r g a n ic  p h a s e .

The e q u i l ib r iu m  c o n s ta n ts  d e te rm in e d  from  th e  p r e s e n t  s tu d y

do n o t  show s u f f i c i e n t l y  good te m p e ra tu re  dependence  to  e n a b le  th e

c a l c u l a t i o n  o f  a s s o c i a t i o n  e n th a lp ie s  f o r  DEA. Amine c o n c e n t r a t io n s

u se d  i n  work from  w h ich  a s s o c i a t i o n  e n th a l p i e s  have  b e e n  d e te rm in ed

a r e  a t  l e a s t  an  o r d e r  o f  m ag n itu d e  l a r g e r  th a n  th o s e  u s e d  i n  th e  p r e s e n t

s tu d y .  The e n th a lp y  v a lu e s  f o r  amine a s s o c i a t i o n  w hich  have b een  r e -

39 40 41p o r te d  v a ry  from  - 0 . 6  t o  - 2 . 0  k c a l/m o le  p e r  b ond . ’ ’

The v a lu e s  o f  AE° ( th e  e n e rg y  o f  s o lu t i o n  o f  one m ole o f a

s o l u t e  from  th e  i d e a l  gas  p h ase  to  th e  i n f i n i t e l y  d i l u t e  s o lu t io n )  f o r

DEA d i s t r i b u t i o n  b e tw e e n  th e  th r e e  s o lv e n t s  and th e  v a p o r  p h a se  r e f l e c t  

th e  f a c t  t h a t  th e  am ine h y d ro g en  i s  a  v e ry  weak a c id  i n  th e  hydrogen  

b o n d in g  s e n s e .  AE° f o r  DEA i n  DPM i s  n o t  much l a r g e r  i n  a b s o lu te  v a lu e  

th a n  AE^ f o r  DEA i n  HX. The l a t t e r  s o lv e n t ,  n -h e x a d e c a n e , i s  one o f  th e  

m ost n e a r ly  i n e r t  s o lv e n t s  a v a i l a b l e .  I n  t h i s  s e n s e  an  i n e r t  s o lv e n t  

i s  one w hich  h a s  no f u n c t i o n a l  group s u b s t i t u e n t s  (0 , F , C l, B r, NOg, e t c . )  

o r  a ro m a tic  r i n g s  to  i n t e r a c t  s t r o n g ly  w ith  a  s o l u t e .  I t  h a s  b een  re c o g ­

n iz e d  f o r  some tim e^  t h a t  s o lv e n ts  p o s s e s s in g  an  a ro m a tic  r i n g ,  such  as 

b e n z en e  o r  DPM, a r e  n o t  i n e r t  s o lv e n ts  i n  th e  h y d ro g en  b o n d in g  s e n s e .
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P r o to n  d o n a tin g  m o le c u le s  su c h  as a lc o h o l s  i n t e r a c t  s t r o n g ly  w ith  s o l ­

v e n ts  p o s s e s s in g  an  a ro m a tic  r i n g .  The s m a ll  d i f f e r e n c e  i n  A E ^'s on 

g o in g  from  HX to  DPM shows th e  p re s e n c e  o f  o n ly  v e ry  weak i n t e r a c t i o n s  

b e tw e en  th e  am ine hydrogen  and th e  a ro m a tic  r i n g .  When th e  am ine i s  

d i s s o lv e d  i n  th e  even m ore b a s ic  s o lv e n t  BZE th e r e  i s  v i r t u a l l y  no 

change  i n  AE° compared to  th e  v a lu e  f o r  DEA i n  DPM. T h is  r e in f o r c e s  

th e  b e l i e f  t h a t  th e  amine hyd rogen  i s  a  v e ry  weak d o n o r .

W ater D i s t r i b u t i o n  and A s s o c ia t io n  

The w a te r  d i s t r i b u t i o n  d a ta  p r e s e n te d  i n  t h i s  w ork r e f l e c t  

th e  v e ry  h ig h  p r e c i s io n  w hich  i s  o b t a in a b le  u s in g  th e  m e rc u ry -c o v e re d  

s i n t e r e d  g l a s s  d i s c  i n l e t  v a lv e  i n  c o n ju n c t io n  w ith  an a c c u r a te  m ic ro ­

b u r e t  to  add sam p les  o f  a v a p o r iz a b le  l i q u i d  to  a  vacuum sy s te m . I n i ­

t i a l l y ,  some o f  th e  RMSD v a lu e s  i n  T a b le  5 f o r  t h e  l e a s t  s q u a re s  f i t s  

f o r  d i s t r i b u t i o n  o f  w a te r  in  th e  t h r e e  low v a p o r  p r e s s u r e  s o lv e n t s  w ere  

v iew ed  w ith  s k e p tic is m . The RMSD's f o r  w a te r  i n  HX a r e  a l l  on th e  

o r d e r  o f  2 x  10 ^ M. C a l ib r a t i o n  o f  th e  m ic ro b u re t  was done w ith  th e  

a id  o f  a s i n g l e  pan  b a la n c e  w hich  h ad  a  p r e c i s io n  o f  ± 0 .1  mg. I t  was 

e v id e n t  from  r e p l i c a t e  sam ple  a d d i t io n s  to  th e  e v a c u a te d  w e ig h in g  b o t t l e  

t h a t  th e  p r e c i s i o n  o f sam ple  a d d i t i o n  w as b e t t e r  th a n  th e  p r e c i s io n  o f  

th e  b a la n c e .  I n  f a c t ,  th e  s ta n d a r d  d e v ia t io n  i n  w e ig h t  f o r  a  s e r i e s  

o f  sam p les  w as e s t im a te d  a s  a b o u t 0 .0 5  mg o f  w a te r .  I f  th e  e r r o r  in  

w a te r  c o n c e n t r a t io n  a t  any p o in t  i n  th e  w ater-H X  sy s te m s  i s  ta k e n  as  

e q u a l  to  th e  RMSD then  th e  c a l c u l a t e d  u n c e r t a i n t y  in  m il l ig ra m s  o f  w a te r  

i s  a b o u t 0 .0 7  f o r  a 200 cc  volum e o f  s o l u t i o n .  T hese c a l c u l a t i o n s  i n d i ­

c a t e  t h a t  t h e  w a te r  d i s t r i b u t i o n  d a ta  u s in g  HX as th e  s o lv e n t  a r e  n e a r  

th e  l i m i t  o f  p r e c i s io n  o f  th e  m ethod .
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The d i s t r i b u t i o n  d a ta  f o r  th e  sy s tem  water-DPM a r e  o f  good p r e ­

c i s i o n  b u t  th e  RMSD v a lu e s  a r e  c o n s id e r a b ly  h ig h e r  th a n  th o s e  f o r  th e  

d a ta  on th e  w ater-H X  sy s te m . T here  i s  l i t t l e  d i f f e r e n c e  i n  th e  r e l a ­

t i v e  p r e c i s io n  o f  t h e  d a ta  f o r  th e  two sy s tem s b u t  com p ariso n  on an 

a b s o lu te  s c a l e  i s  d i s a p p o in t in g .  No r e a d i l y  o b v io u s e x p la n a t io n  f o r  

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

m easu rem en ts on th e  water-DPM  sy s te m , made by m ea su rin g  th e  h e ig h t  

d i f f e r e n c e  o f  two m ercu ry  colum ns w ith  a c a th e to m e te r , a r e  v e ry  p o s s ib ly  

s u b je c t  to  l a r g e r  random  e r r o r s  th a n  th e  T I gage  m easurem ents on th e  

w ater-H X  sy s te m .

The RMSD v a lu e s  i n  T a b le  5 f o r  th e  w ater-B ZE sy s te m  a r e  g e n e r a l ly  

lo w er th a n  th o s e  f o r  th e  water-DPM  sy s te m . At 45° th e  RMSD v a lu e  f o r  

th e  1 -2 -3  f i t  f o r  w a te r  i n  BZE i s  co m p arab le  to  th e  RMSD v a lu e s  f o r  

th e  w ater-H X  sy s te m  even th o u g h  th e  w a te r  c o n c e n t r a t io n  i n  BZE i s  

ro u g h ly  40 tim e s  as l a r g e  a s  th e  w a te r  c o n c e n t r a t io n  i n  HX.

The AE° v a lu e s  f o r  w a te r  in  t h e  s o lv e n t s  HX, DPM and BZE, u n l ik e  

th e  AE° v a lu e s  f o r  DEA, i n c r e a s e  v e ry  m ark ed ly  from  th e  f i r s t  s o lv e n t  

HX to  th e  t h i r d ,  BZE, i n d i c a t i n g  th e  i n c r e a s i n g  i n t e r a c t i o n  o f  w a te r  

w i th  th e  s o lv e n t  as th e  e l e c t r o n  dono r p r o p e r t i e s  o f  th e  s o lv e n t  become 

m ore p ro n o u n ced .

The e v id e n c e  t h a t  an  a p p r e c ia b le  am ount o f  th e  t o t a l  w a te r  p r e ­

s e n t  in  DPM e x i s t s  i n  com plexed form  was somewhat s u r p r i s i n g .  A p re v io u s  

r e p o r t  from  t h i s  l a b o r a to r y ^ ^  i n d ic a te d  t h a t  s e l f - a s s o c i a t i o n  o f  w a te r  

i n  DPM a t  25° was n e g l i g i b l e .  A n o th e r w o rk er i n  t h i s  l a b o r a to r y ,  a ls o  

u s in g  th e  v a p o r p r e s s u r e  te c h n iq u e ,  h a s  c o n firm e d  t h a t  w a te r  a p p a re n tly  

a s s o c i a t e s  i n  DPM a t  25° and t h a t  ro u g h ly  10 p e r  c e n t o f  th e  w a te r  p r e s e n t
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i n  DPM a t  u n i t  w a te r  a c t i v i t y  c o n s i s t s  o f  p o ly m e ric  s p e c i e s . T h e  

m easu red  monomer d i s t r i b u t i o n  c o n s ta n t  f o r  w a te r  i n  DPM a g re e s  v e ry  

w e l l  w ith  th e  v a lu e  r e p o r t e d  i n  th e  p r e s e n t  s tu d y  (K^ = 2 0 . 6 8  com pared 

t o  t h i s  w o rk . T a b le  6 , = 2 0 .6 6 ) .

A s s o c ia t io n  o f  w a te r  i n  BZE i s  much b e t t e r  d e s c r ib e d  by assum ing 

th e  p re s e n c e  o f  two a s s o c i a t e d  s p e c ie s  th a n  by any one o f  t h e  f i t s  1 - 2 ,

1 -3  o r  1 -4 . The 1 -2  i s  th e  b e s t  s i n g l e  a s s o c ia te d  s p e c ie s  f i t ;  th e  1-3  

i s  somewhat w orse  and th e  1 -4  f i t  i s  c o n s id e ra b ly  p o o re r  th a n  e i t h e r .

The te m p e ra tu re  dependence  o f  th e  d im er and t r im e r  c o n s ta n t s  f o r  w a te r  

i n  BZE i s  n o t  v e ry  goo d . I t  i s  i r o n i c  t h a t  th e  w a te r  d i s t r i b u t i o n  d a ta  

m en tio n e d  p r e v io u s ly ,  w hich  w ere  ta k e n  i n  th e  p re s e n c e  o f  c o lo r e d  de­

p o s i t s  on th e  w a l ls  o f  th e  sam p le  f l a s k ,  showed q u i t e  good te m p e ra tu re  

dependence  (AH° = - 1 .8  and AH° = - 5 .5  k c a l /m o le ) .

M ethano l D i s t r i b u t i o n  and  A s s o c ia t io n  

The AE^ v a lu e s  f o r  m e th a n o l i n  HX, DPM and BZE show th e  same 

t r e n d  t h a t  th e  AE^ v a lu e s  f o r  w a te r  i n  th e s e  s o lv e n ts  show— a  c o n s id e ra b le  

i n c r e a s e  i n  th e  m ag n itu d e  o f  AE° a s  th e  s o lv e n t  becom es m ore r e a c t i v e .

The m odel p ro p o se d  by  t h i s  a u th o r  to  e x p la in  some d e v ia t io n s  

from  i d e a l i t y  w hich  e x i s t  i n  m e th a n o l- s o lv e n t  sy stem s i s  somewhat un­

u s u a l .  No p r e v io u s ly  p ro p o se d  a s s o c i a t i o n  m odels f o r  a lc o h o ls  have c o r ­

r e l a t e d  a s s o c i a t i o n  d a ta  so  w e l l  o v e r  su ch  a  w ide a c t i v i t y  ra n g e  in  th e

low c o n c e n t r a t io n  r e g io n .  E x cep t f o r  r e c e n t l y  p ro p o se d  1 -4  m odel o f

35F le tc h e r  and H e l l e r ,  a t te m p ts  to  d e s c r ib e  th e  therm odynam ics o f  h y d ro ­

gen  bond ing  in  a lc o h o l - s o lv e n t  sy s tem s u s u a l ly  in v o lv e  d e s c r i p t i o n  o f  

a s s o c i a t i o n  in  th e  low c o n c e n t r a t io n  r e g io n  by a  m onom er-n-m er e q u i l i ­

b riu m  o r  a  d e te r m in a t io n  o f  a c t i v i t y  c o e f f i c i e n t s  f o r  s o lu t i o n s



-7 7 -

th ro u g h o u t a  c o n c e n t r a t io n  ran g e  from 0  t o  1  m ole f r a c t i o n  o f  th e  

a lc o h o l .

F l e tc h e r  and H e l le r  p ro p o sed  a  m o n o m e r-te tram e r (1 -4 )  e q u i ­

l ib r iu m  to  e x p la in  i n f r a r e d  s p e c t r a  in  t h e  o v e r to n e  r e g io n  f o r  m ix tu re s  

o f  1 - o c t a n o l  i n  n -d e c a n e  o v e r  th e  e n t i r e  c o m p o s itio n  ra n g e  to  p u re  

a lc o h o l .  M easurem ents w e re  made a t  te m p e ra tu re s  b e tw e en  5 and 100° 

and e n th a lp ie s  o f  fo rm a tio n  o f  l i n e a r  an d  c y c l i c  t e t r a m e r s  o f  - 1 6 .5  

and -2 0 .3  k c a l /m o le ,  r e s p e c t i v e l y ,  w ere c a l c u l a t e d .  F l e tc h e r  and 

H e l le r  con c lu d ed  t h a t  th e  p red o m in an t a lc o h o l-  p o ly m er i n  n o n -p o la r  

s o lv e n ts  was a  t e t r a m e r  ev en  though t h e i r  a t te m p t  t o  p ro v e  te t r a m e r

predom inance by  f i t s  o f  o th e r  w o rk e rs ' a lc o h o l  d a ta  m et w i th  l im i te d  

35s u c c e s s .

33L id d e l  and B ecker g iv e  e n th a lp y  v a lu e s  f o r  d im er fo rm a tio n  

f o r  m e th a n o l, e th a n o l  and t - b u t a n o l  in  CCl^ from  IR s t u d i e s  o f  th e  

fu n d am en ta l h y d ro x y l s t r e t c h i n g  re g io n  f o r  d i l u t e  s o lu t i o n s  o f  th e s e  

a lc o h o ls .  The AH  ̂ v a lu e s  o b ta in e d  w ere - ( 9 .2 ± 2 .5 ) ,  - ( 7 .2 ± 1 .6 )  and 

- ( 4 .8 + 1 .1 )  k c a l /m o le ,  r e s p e c t i v e l y ,  f o r  m e th a n o l, e th a n o l  and t - b u ta n o l .  

The a ssu m p tio n  was made t h a t  th e s e  d im ers  w ere c y c l i c  w i th  two hydrogen 

b o n d s .

26W olff and H oppel r e c e n t ly  r e p o r te d  v a p o r  p r e s s u r e  m easu re ­

m ents f o r  th e  sy s te m  m ethano 1 -n -h e x a n e  th ro u g h o u t th e  c o m p o s itio n  

range  a t  te m p e ra tu re s  b e tw een  35 and 7 5 ° . The v a p o r  p r e s s u r e  m easured 

in  th e s e  sy stem s i s  n o t t h a t  due to  m eth an o l o n ly ,  a s  i s  e s s e n t i a l l y  

th e  c a s e  i n  th e  p r e s e n t  s tu d y ,  s in c e  n -h ex a n e  h a s  a  v a p o r  p r e s s u r e  

ro u g h ly  com parab le  to  m eth an o l i n  th e  te m p e ra tu re  ra n g e  35° to  7 5 ° . 

These a u th o rs  f i t  t h e i r  v a p o r  p r e s s u r e  d a ta  w ith  an e q u a t io n  u se d  by
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R e d lic h  and  K is te r ^ ^  in  w h ic h  th e  lo g a r i th m  o f  th e  a c t i v i t y  c o e f f i c i e n t

o f  a  com ponent i s  e x p re s s e d  by  a  s e r i e s  e x p a n s io n  in  te rm s  in v o lv in g

th e  m ole f r a c t i o n  o f  t h a t  com ponen t. In  o r d e r  to  o b ta in  r e a s o n a b le

ag reem en t i t  was n e c e s s a ry  f o r  W olf and Ho.ppel to  u se  11 te rm s i n  th e

e x p a n s io n  f o r  th e  35° d a t a .  A s o lv a t io n  e n e rg y  o f  - 2 .6  k c a l /m o le  was

r e p o r t e d  f o r  m e th an o l i n  n -h e x a n e ;  t h i s  v a lu e  i s  co m p arab le  to  th e

AE^ v a lu e  o f  - ( 2 .9 0 ± .0 1 )  k c a l /m o le  o b ta in e d  i n  th e  p r e s e n t  s tu d y  f o r

26m e th a n o l i n  HX. W olff and  H oppel c a lc u la t e d  an  a v e ra g e  h y d ro g en  bond 

e n e rg y  o f  m eth an o l p o ly m e rs  i n  n -h e x a n e  o f  - 5 .8  k c a l /m o le .  An a v e ra g e  

v a lu e  o f  en e rg y  p e r  bond fro m  th e  p r e s e n t  s tu d y  w ould b e  a b o u t - 5 .3  

k c a l /m o le  f o r  m e th a n o l i n  HX.

The th r e e  r e f e r e n c e s  d i s c u s s e d  above a r e  p e rh a p s  t y p i c a l  o f  

a p p ro a c h e s  used  i n  s t u d i e s  o f  a l c o h o l - s o lv e n t  sy s te m s . I t  was th o u g h t 

by  t h i s  a u th o r  t h a t  p e rh a p s  a  m ore m e a n in g fu l com p ariso n  o f  a s s o c i a t i o n  

i n  d i f f e r e n t  a lc o h o l  sy s te m s  c o u ld  b e  o b ta in e d  i f  th e  a s s o c i a t i v e  p ro ­

p e r t i e s  o f  d i f f e r e n t  a l c o h o l s  c o u ld  b e  com pared on th e  b a s i s  o f  one 

a s s o c i a t i o n  m odel. Such an  a s s o c i a t i o n  m odel w ould n o t  o n ly  have  t o  b e  

a d e q u a te  f o r  c o r r e l a t i n g  d a t a  o f  th e  same ty p e  f o r  s e v e r a l  a lc o h o ls  b u t 

w ould  a l s o  have t o  b e  i n  a c c o rd  w ith  d i f f e r e n t  ty p e s  o f  d a ta  su ch  a s  

v a p o r  p r e s s u r e ,  i n f r a r e d  s p e c t r a l  (IR ) and n u c le a r  m a g n e tic  re so n a n c e  

(NMR) d a ta  fo r  th e  same a l c o h o l .  S in c e  th e  1 -3 -8  m odel was c a p a b le  o f 

f i t t i n g  th e  v ap o r p r e s s u r e  d a ta  f o r  m eth an o l i n  n -h e x a d e c a n e  to  a  h ig h  

d e g re e  o f  p r e c i s io n  th e  d e c i s i o n  was made to  t r y  to  e x te n d  t h i s  m odel 

to  t r e a tm e n t  o f  IR  and NMR d a ta  f o r  a lc o h o l  s o lu t i o n s .

A p p l ic a t io n  o f  th e  1 -3 -8  M odel to  IR D a ta  

C opies o f  IR  d a ta  f o r  m e th a n o l,  e th a n o l  and t - b u t a n o l  s o lu t i o n s
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i n  CCl^ w ere  g r a c i o u s ly  p ro v id e d  by  D r. E. D. B e c k e r. T hese  d a ta  form ed

33th e  b a s i s  f o r  th e  a r t i c l e  by  L id d e l  and B ecker. The s p e c t r a  w ere 

re c o rd e d  i n  th e  fu n d a m e n ta l h y d ro x y l s t r e t c h i n g  r e g io n  th ro u g h  th e  

te m p e ra tu re  ra n g e  - 1 0  to  4 5 ° . Form al c o n c e n t r a t io n s  o f  th e  a lc o h o ls  

w ere v a r i e d  from  0  t o  0 . 2  m o la r  f o r  m e th an o l and e th a n o l  and from  0  to  

1 . 0  m o la r  f o r  t - b u t a n o l .

I n  o r d e r  to  f i t  IR d a ta  f o r  a lc o h o l  s o lu t i o n s  i t  i s  n e c e s s a ry  

to  make some r e a s o n a b le  a ssu m p tio n s  a b o u t th e  s t r u c t u r e s  o f  th e  assum ed 

a s s o c i a te d  s p e c ie s  p r e s e n t .  F o r th e  1 -3 -8  m odel th e  f i r s t  a s su m p tio n  i s  

t h a t  th e  t r i m e r  i s  l i n e a r  w i th  two h y d ro g en  b o n d s . T h is  may be  j u s t i ­

f i e d  by  th e  f a c t  t h a t ,  f o r  a g iv e n  h y d ro g en  bond A -H ...B , t h e r e  i s  g e n e r a l  

ag reem en t t h a t  th e  bond  i s  s t r o n g e s t  when th e  AHB a n g le  i s  180 d e g r e e s .^  

The e l e c t r o s t a t i c  m odel o f  th e  h y d ro g en  bond p r e d i c t s  a  l a r g e  d e c re a s e  

i n  th e  h y d ro g en  bond e n e rg y  a s  th e  AHB a n g le  d e v ia t e s  from  180 d e g r e e s .

I f  a  c y c l i c  t r im e r  i s  c o n s id e r e d , th e  AHB a n g le  d e v ia t e s  a lm o s t 50 

d e g re e s  from  l i n e a r i t y .

The s t r u c t u r e  o f  th e  assum ed s p e c i e s ,  th e  o c ta m e r , c o u ld  e i t h e r  

be  a  c h a in  o r  l i n e a r  s t r u c t u r e  o r a  c y c l i c  o n e . A c y c l i c  s p e c ie s  w ould  

have  e ig h t  h y d ro g en  bonds w h ich  w ould b e  l i n e a r .  I f  th e  o c tam er i s  

assum ed to  b e  l i n e a r  one m ig h t e x p e c t t h e  p re s e n c e  o f  s u b s t a n t i a l  con­

c e n t r a t i o n s  o f  c h a in  po lym ers w i th  l e s s  than  e i g h t  a lc o h o l  u n i t s .  The 

p re s e n c e  o f  a l a r g e  c y c l i c  s p e c ie s  o f  u n iq u e  s t a b i l i t y  w ould  a r b i t r a t e  

f o r  d e c re a s e d  im p o r ta n c e  o f  c h a in  p o ly m ers  w i th  n e a r ly  th e  same number 

o f  monomer u n i t s .

A s h o r t  d i s c u s s io n  o f  q u a l i t a t i v e  c h a r a c t e r i s t i c s  o f  IR s p e c t r a  

i n  th e  fu n d a m e n ta l OH s t r e t c h i n g  r e g io n  i s  n e c e s s a ry  b e f o r e  p r e s e n t in g  

th e  p ro c e d u re  u se d  t o  a n a ly z e  L id d e l  and  B e c k e r 's  d a ta .
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The i n f r a r e d  s p e c t r a  o f many a lc o h o l  s o lu t io n s  i n  CCl^ i n  

th e  r e g io n  3700-3300 cm ^ a r e  q u i t e  s i m i l a r .  T hree  a b s o r p t io n  b a n d s , 

v a ry in g  i n  sh a p e  and i n t e n s i t y  a s  a lc o h o l  c o n c e n t r a t io n  i n c r e a s e s ,  

commonly a p p e a r .  The a b s o r p t io n  peak  n e a r  3600 cm i s  a s s ig n e d  to  

monom eric m o le c u le s ,  th e  p e a k  n e a r  3500 cm h as  o r d in a r i l y  b e e n  

assum ed to  e x h i b i t  a p p ro x im a te  d im er d ependence  and th e  peak n e a r  

3300 cm ^ i s  c o n s id e re d  t o  b e  due to  i n t e r i o r  h y d ro x y l g ro u p s  i n  l a r g e  

po lym ers  ( f u t u r e  r e f e r e n c e  w i l l  assum e f o r  co n v en ien ce  t h a t  th e  peaks 

o c c u r  a t  3 6 0 0 , 3500, and 3300 cm ^ ) . The e x te n t  o f  i n t e r f e r e n c e  o f  

th e  " d a n g l in g "  o r  nonbonded OH o f  l i n e a r  po lym ers a t  th e  monomer peak  

h a s  o f t e n  b e e n  d is c u s s e d  b u t  few a u th o r s  have  c o n s id e re d  t h i s  to  be 

a  s e r io u s  p ro b lem . The w ork o f  Sm ith  and C r e i tz ^ ^  in d ic a te d  t h a t  d i s ­

c e r n i b l e  i n t e r f e r e n c e  a t  th e  monomer p e a k  o c c u rs .  Coburn and G runw ald^^

made a  c o r r e c t i o n  f o r  t h i s  e f f e c t  in  t h e i r  w ork w ith  e th a n o l  i n  CCl^.

72A r e c e n t  a r t i c l e  by  B ellam y and Pace s t r o n g l y  s u p p o r ts  th e  v iew  t h a t

th e  end OH i n  l i n e a r  p o ly m e rs  i s  v i r t u a l l y  i n d i s t i n g u i s h a b l e  from  th e

monomer OH. The r e s u l t s  o f  d i f f e r e n c e  s p e c t r a  o b ta in e d  by B ellam y and

Pace i n d i c a t e  t h a t  a b s o r p t io n  by th e  end OH i n  l i n e a r  m eth an o l p o ly m ers  
- 1

o c c u rs  o n ly  5 cm from  th e  monomer a b s o r p t io n  in  CCl^.

By assum ing  t h a t  th e  end OH i n  l i n e a r  po lym ers a b so rb s  a t  th e  

monomer f re q u e n c y  an  a n a ly s i s  o f  IR d a ta  i n  th e  fu n d am en ta l r e g io n  i s  

r e a d i l y  p e rfo rm e d . The l i n e a r  t r im e r  below  h a s  th r e e  OH a b s o rp t io n s  

w h ich  a r e  assum ed to  b e  d i f f e r e n t .  OH(I) h a s  a l r e a d y  b een  a s s ig n e d  as

R R R
I  I  I

H-----0 -----H---- 0——H------0

(I )  ( II)  ( I I I )
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a b s o rb in g  a t  th e  monomer f re q u e n c y . O H (II) s h o u ld  b e  com parab le  to  an

OH group in  th e  i n t e r i o r  o f  a  c y c l i c  po lym er and  sh o u ld  ab so rb  a t

3300 cm I f  i t  i s  assum ed t h a t  a l l  po lym ers  h ig h e r  th a n  t r i m e r  a r e

c y c l i c  and  a b so rb  o n ly  a t  3300 cm ^ th e n  one OH i s  l e f t ,  O H ( I I I ) , and

one m a jo r  peak  i s  u n a s s ig n e d . W ith t h e  a s s ig n m e n t o f  O H (III) a s  th e
- 1

bond r e s p o n s ib le  f o r  th e  3500 cm p e a k  i t  was p o s s ib l e  to  d e te rm in e  

th e  a p p l i c a b i l i t y  o f  th e  1 - 3 -8  m odel t o  IR d a ta  f o r  a lc o h o l  s o lu t i o n s  

i n  th e  3700 -  3300 cm ^ r e g io n .  I t  may b e  n o te d  h e re  t h a t  th e  assum p­

t io n s  made above le a d  to  a s s ig n m e n ts  s i m i l a r  t o  th o s e  made by S m ith  and 

Creitz.^^

The a b so rb a n c e  p e r  u n i t  l e n g th  a t  th e  m onom eric f re q u e n c y , 

^3600’ b e  e x p re s s e d  as

w here i t  i s  assum ed t h a t  t h e  r a t i o  o f a b s o r p t i v i t i e s  (E^/E^) f o r  OH(I) 

and m onom eric OH i s  u n i ty  and  i s  monomer m e th a n o l ( a lc o h o l)  co n cen ­

t r a t i o n .  S in c e  th e  a b s o r p t i v i t y  o f  OH ( I )  s h o u ld  be  e n la rg e d  i n  c o m p ari­

son  to  an  OH n o t  a c t in g  a s  a  donor i t  m igh t b e  e x p e c te d  t h a t  t h e  r a t i o  

o f  a b s o r p t i v i t i e s  above w ould  be somewhat l a r g e r  th a n  u n i ty  b u t  th e  

a ssu m p tio n  i s  p ro b a b ly  im proved  by th e  f a c t  t h a t  OH(I) a b s o rb s  a t  s l i g h t l y  

low er f re q u e n c y  th a n  th e  monomer. The fo rm a l a lc o h o l  c o n c e n t r a t io n  i s  

e x p re s s e d  a s ;

■ S i + + SKgC^ (30)
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The s o l u t i o n  o f  e q u a t io n s  (2 9 ) and (30 ) i s  acco m p lish ed  by u se  o f  th e  

two p a ra m e te r  optimum s e e k in g  program  m en tio n ed  e a r l i e r .  U sing  m easured  

v a lu e s  o f  and  and i n i t i a l  e s t im a te s  o f  and  Kg, e q u a tio n

(29) i s  s o lv e d  by an i t e r a t i o n  m ethod to  g iv e  a  monomer c o n c e n t r a t io n  

w hich i s  u sed  w ith  Kg and Kg to  c a l c u l a t e  an f ^  v a lu e  a c c o rd in g  to  

e q u a tio n  ( 3 0 ) .  T h is  p ro c e s s  i s  r e p e a te d  f o r  e a c h  o f  th e  d a ta  p o in ts  

and Kg and Kg a re  changed  s y s t e m a t i c a l l y  u n t i l  th e  minimum i n  RMSD i s  

re a c h e d .

F o r d a ta  a t  each  o f se v e n  te m p e ra tu re s  b e tw een  -1 0  and 4 5 ° ,

1 -3 -8  and 1 -2 -8  f i t s  w ere t r i e d  on L id d e l  and B e c k e r 's  d a t a .  I t  was 

found t h a t  th e  1 -3 -8  f i t  was g e n e r a l ly  b e t t e r  f o r  a l l  t h r e e  a lc o h o ls — 

i n d ic a t i n g  t h a t  th e  IR  d a ta  a re  m ore n e a r ly  i n  a c c o rd  w ith  th e  p re s e n c e  

o f  a l i n e a r  t r im e r  r a t h e r  th a n  a  l i n e a r  d im er when th e  a ssu m p tio n  i s  

made t h a t  a  c y c l i c  o c tam er i s  th e  o n ly  o th e r  a s s o c i a te d  s p e c ie s  p r e s e n t .  

The te m p e ra tu re  dependence  o f  b o th  t r im e r  and o c ta m er c o n s ta n ts  was 

q u i te  good w ith  th e  e x c e p t io n  o f  th e  t r im e r  c o n s ta n t  f o r  m e th an o l in  

CCl^ a t  2 5 ° . RMSD's and e q u i l ib r iu m  c o n s ta n ts  f o r  th e  1 -3 -8  f i t s  o f 

L id d e l  and B e c k e r 's  IR  d a ta  f o r  m e th a n o l, e th a n o l  and t - b u t a n o l  i n  

CCl^ a r e  p r e s e n te d  i n  T ab le  18.

I t  sh o u ld  b e  n o te d  t h a t ,  a lth o u g h  good te m p e ra tu re  dependence

was o b ta in e d  f o r  Kg and Kg from  1 -3 -8  f i t s  o f th e s e  IR d a ta  f o r  a lc o h o l

s o lu t io n s  i n  CC].^, a  f a c t o r  i s  p r e s e n t  w hich m ig h t m ark ed ly  a f f e c t  th e

c a l c u l a t e d  AH's. The m o lar a b s o r p t iv i t y  (E^) o f  a lc o h o ls  i n  CCl^ h a s

33b een  shown to  change w ith  te m p e ra tu re .  In  assum ing  ( e q u a t io n  (2 9 ))

t h a t  E ^ /E ° i s  c o n s ta n t  i t  i s  assum ed t h a t  t h i s  r a t i o  does n o t change 

w ith  te m p e ra tu re .  The r a t i o  p ro b a b ly  does change s l i g h t l y  w ith



TABLE 18

RMSD's an d  E q u i l ib r iu m  C o n s ta n ts f o r  1 - 3 -8  F i t s o f  L id d e l 33
and B e c k e r 's  IR  D a ta

TEMPERATURE -1 0  0 5 1 0 15 25 35 45

M eth an o l

RMSD(M) 0 .0 0 4 8 0 .0 0 4 7 0 .0 0 4 2 0 .0 0 5 2  0 .0 0 1 0  0 .0 0 1 7  0 .0 0 0 5

KgCM'Z) ( 3 .2 1 0 .4 )1 0 ^ (1 .7 1 0 .2 )1 0 % 7 1 .1 1 0 . 5 1 .1 1 3 . 6 .2 1 0 .5  5 .4 1 0 .5  1 .2 1 0 .1

( 1 .6 1 0 .3 )1 0 * ( 9 .4 1 1 .6 )1 0 ^ ( 4 .7 1 0 .5 )1 0 ^ (9 .7 1 2 .3 )1 0 ^  (1 .2 4 1 0 .0 2 )1 0 ^  ( 7 .6 1 1 .6 )1 0 ^  (2 .5 + 0 .1 )1 0 ^

E th a n o l

RMSD(M)

K jC M -b

0 .0 0 8 0

(3 .1 1 0 .6 )1 0 %

( 2 . 2 ±0 . 6 ) 1 0 *

0 .0 0 6 6

(1 .3 1 0 .3 )1 0 %

( 1 . 0 1 0 . 2 ) 1 0 ®

0 .0 0 5 6

8 5 .1 1 5 .

(2 .6 1 0 .5 )1 0 ?

0 .0 0 4 6

3 3 .1 6 .

( 1 . 6 1 0 . 2 ) 1 0 ®

0 .0 0 4 1

1 6 .1 3 .

(1 .4 1 0 .2 )1 0 ^

0 .0 0 3 7

6 .7 1 1 .5

( 1 .5 1 0 .5 )1 0 *

0 .0 0 3 3

2 .8 1 1 .0

(3 .5 1 1 .9 )1 0 ®

t - B u ta n o l

RMSD(M) 0 .0 0 4 8 0 .0 0 3 5 0 . 0 0 2 2 0 .0 0 1 6 0 .0 0 2 4 0 .0 0 2 7 0 .0 0 3 3

K3 (m“ %) (5 .9 1 0 .1 )1 0 % (2 .2 2 1 0 .0 5 )1 0 % (1 .3410 .02)10% 5 7 .2 1 0 .8 2 5 .7 1 0 .7 1 4 .0 1 0 .6 8 .9 1 0 .7

KgCM -b (1 .5 9 1 .0 8 )1 0 * (5 .1 1 0 .2 )1 0 ? (9 .7 1 0 .3 )1 0 ® ( 6 . 0 1 0 . 1 ) 1 0 ^ ( 4 .2 1 0 .2 )1 0 ^ (4 .5 1 0 .3 )1 0 ® (6 .1 1 0 .5 )1 0 %

E r r o r s  a r e 1  one s ig m a  v a lu e .

w
I
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te m p e ra tu re  and m ore r e f i n e d  a n a ly s e s  o f  IR d a ta  f o r  a lc o h o ls  in  CCl^ 

sh o u ld  a t te m p t  to  a c c o u n t  f o r  t h i s  f a c t o r .

F l e tc h e r  and  H e l l e r ’ s s p e c t r a l  d a ta ^ ^  f o r  1 - o c ta n o l  i n  n -d ecan e  

w ere  a l s o  u se d  t o  t e s t  th e  1 -3 -8  m odel. T hese a u th o r s  assum ed t h a t  no 

o v e r la p  o f  nonbonded  OH's o c c u rre d  a t  th e  monomer peak  i n  th e  f i r s t  o v e r ­

to n e  r e g io n .  I t  i s  n o t  c e r t a i n  t h a t  th e  no o v e r la p  a s su m p tio n  used by 

F le tc h e r  and H e l l e r  i s  v a l i d .  However, s in c e  i n t e n s i t i e s  o f  a b s o rp t io n  

bands a r e  v e ry  m a rk e d ly  re d u c e d  i n  th e  o v e r to n e  r e g io n  com pared to  th e  

fu n d am e n ta l r e g i o n ,  i t  i s  p o s s ib l e  t h a t  i n t e r f e r e n c e  by  th e  end OH i n  

c h a in  p o ly m ers  i s  l e s s  n o t i c e a b le  i n  th e  o v e r to n e  r e g io n .  F u r th e r  s t u d i e s  

on t h i s  p o in t  w o u ld  b e  q u i t e  v a lu a b le .

I f  th e  c o n d i t io n  o f  no o v e r la p  a t  th e  monomer p e a k  i n  th e  o v e r ­

to n e  i s  a c c e p te d  th e n  F l e tc h e r  and H e l l e r ’ s d a ta  may b e  f i t  i n  th e  

fo llo w in g  form

w here t h e  c o e f f i c i e n t s  C^, Cg, • . . a r e  f u n c t io n s  o f  e q u il ib r iu m  

c o n s ta n ts  and monomer a b s o r p t i v i t y ,  a^ i s  th e  a b so rb a n c e  a t  th e  monomer 

peak  and f^  i s  fo rm a l  1 - o c ta n o l  c o n c e n t r a t io n .  A r e l a t i v e  w e ig h tin g  

p ro c e d u re  was u s e d  by F l e tc h e r  and H e l le r  i n  f i t t i n g  t h e i r  d a ta  to  a 

s i x t h - o r d e r  e q u a t io n  d e f in e d  by  e q u a tio n  (3 1 ) .  They fo u n d  t h a t  th e  b e s t  

f i t s  w e re  1 -2 -4  a n d  1 -3 -4  and co n c lu d e d  t h a t  a  1 -4  f i t  was s a t i s f a c t o r y  

s in c e  t h e  d im er c o n s ta n t  i n  th e  1 -2 -4  f i t  d id  n o t  have  good te m p e ra tu re  

depen d en ce .

The 1 -3 -8  f i t  o f  F l e t c h e r  and H e l l e r ’s  1 - o c ta n o l  d a ta  had p o s i ­

t i v e  c o n s ta n t s  w h ich  showed good te m p e ra tu re  d e p e n d en c e . The r e l a t i v e
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s ta n d a r d  d e v ia t io n s  o f  th e  1 - 3 -8 ,  1 - 2 -4 ,  1 -3 -4  and  1 -4  f i t s  w ere  com­

p a r a b l e .  The b e s t  f i t  f o r  th e  1 -o c c a n o l IR d a t a  c a n n o t b e  d e te rm in e d ; 

th e  d a ta  a t  5 and 15° in c lu d e d  num erous p o in ts  w i th  d e v ia t io n s  a s  l a r g e  

a s  ±15% f o r  t h e s e  f i t s .  I t  may b e  co n c lu d ed  t h a t —w ith  th e  n e a r  e q u i­

v a le n c e  o f  a l l  t h e s e  f i t s  and  w ith  th e  p re s e n c e  o f  num erous d a ta  p o in ts  

o f  s u b s t a n t i a l  e r r o r — one c a n n o t .d e f i n i t e l y  s t a t e  t h a t  any p a r t i c u l a r  

a s s o c i a t i o n  m odel i s  b e s t  f o r  th e s e  d a ta .

A p p l ic a t io n  o f  t h e  1 -3 -8  M odel to  NMR D a ta  f o r  A lc o h o l 

S o l u t i o n s . A ssum ptions s i m i l a r  to  th o s e  made i n  f i t t i n g  L id d e l  and 

B e c k e r 's  IR  d a ta  a r e  made i n  t e s t i n g  th e  1 -3 -8  m odel on NMR d a ta  f o r  

a lc o h o l  s o lu t i o n s  i n  CCl^. I t  i s  assum ed t h a t  th e  c h e m ic a l s h i f t  f o r  

th e  nonbonded p r o to n  o f  OH (I) i n  th e  l i n e a r  t r i m e r  i s  th e  same a s  t h a t  

f o r  th e  monomer p ro to n  ( 6 ^ ) .  The c h e m ica l s h i f t  f o r  th e  O H (II) p ro to n  

i s  assum ed to  b e  th e  same a s  t h a t  f o r  p ro to n s  i n  th e  i n t e r i o r  o f  th e  

c y c l i c  po lym er ( 6 g) and th e  p ro to n  o f  O H (III) i s  assum ed to  h av e  a 

u n iq u e  s h i f t  o f  5^ . T hese a ssu m p tio n s  le a d  t o  th e  e x p re s s io n

«obs '  +  ( « 1  + « 3  +  (32)

w here  i s  th e  o b se rv e d  c h e m ica l s h i f t .  By u s in g  th e  e q u i l ib r iu m

c o n s ta n t s  from  th e  1 -3 -8  f i t s  o f  L id d e l and B e c k e r 's  d a ta  i t  was p o s s ib le  

t o  c a l c u l a t e  v a lu e s  o f  and  th e n  f i t  e q u a t io n  (32) as a  t h r e e  p a ra m e te r  

p rob lem  u s in g  th e  m a tr ix  in v e r s io n  l e a s t  s q u a re s  p rogram  m en tio n ed  

e a r l i e r .

S e v e ra l  s e t s  o f  p u b l is h e d  NMR d a ta  f o r  m e th a n o l,  e th a n o l  and 

t - b u t a n o l  s o lu t i o n s  i n  CCl^ w ere a n a ly z e d  by f i t t i n g  th e  d a ta  to  e q u a tio n  

(3 2 ) .  Some d e g re e  o f  a m b ig u ity  was p r e s e n t  i n  th e  r e s u l t s  o f  th e  f i t s .
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21 23Two s e t s  o f  d a ta  * f i t  by e q u a t io n  (32) g av e  a  6 ^ v a lu e  somewhat 

o u t s id e  th e  e x p e c te d  ran g e  i n  c o n t r a s t  to  th e  good v a lu e s  o f  6 ^ and 

6 g o b ta in e d .  P a r t  o f  th e  d i f f i c u l t y  i s  p e rh a p s  due to  th e  m inor im­

p o r ta n c e  o f  i n  t h e  f i t .  How ever, two s e t s  o f  d a ta  on t - b u t a n o l  in

CCl^ a t  2 1 °  show q u i t e  d i f f e r e n t  d ep endence  o f  c h e m ica l s h i f t  on co n -

21 23 23c e n t r a t i o n .  ’ The NMR d a ta  o f D a v is , P i t z e r  and Rao do n o t have

th e  same q u a l i t a t i v e  dependence  o f  c h e m ic a l s h i f t  on a lc o h o l  co n cen -

21t r a t i o n  t h a t  e i t h e r  S aunders and  H y n e 's  d a ta  o r  B e c k e r, L id d e l  o r

22 22 S h o o le r y 's  d a ta  d o . A v e ry  good f i t  o f  th e  l a t t e r  a u th o r s ’ d a ta

f o r  e th a n o l  i n  CCl^ a t  27° was o b ta in e d . The l e a s t  s q u a re s  v a lu e s  o f

6 ^ ,  and 6 g f o r  th e s e  27° d a t a  a r e  p r e s e n te d  i n  t h e  t a b l e  be low .

TABLE 19

C a lc u la te d  C hem ical S h i f t s *  f o r  E th a n o l i n  CCI, a t  27°4

6 ^ = -0 .4 1 ± 0 .0 7  ppm

6 g = 1 .6 0 ± 0 .8 0  ppm

6 g = 4 .2 0 ± 0 .0 5  ppm

* S h i f t s  a r e  r e f e r e n c e d  t o  m e th y l g roup  re s o n a n c e  o f  e th a n o l .

The u n e x p e c te d  r e s u l t  o f  th e  1 -3 -8  f i t  o f  th e  NMR d a ta  f o r  

e th a n o l  was t h a t ,  b y  u s in g  Kg and Kg from  IR d a ta  f o r  e th a n o l  s o lu t i o n s  

o f  0 .2  M o r  l e s s  i n  CCl^, i t  w as p o s s ib l e  to  f i t  c h e m ic a l s h i f t  d a ta  

f o r  s o lu t i o n s  from  I n f i n i t e  d i l u t i o n  a l l  th e  way to  p u re  e th a n o l  a t  

27° (17M ). F ig u re  9 p r e s e n ts  a  com parison  o f  e x p e r im e n ta l  c h em ica l



4 .0

3 . 0

6 (ppm)

2 . 0

1.0

0 . 0

- 0 . 5

0 1 3 5 7 9 11 13 1715

I
0 0

I

fgtoH (moles/liter)

F ig u re  9 . C h em ica l s h i f t  v e r s u s  fo rm a l e th a n o l  c o n c e n t r a t i o n  i n  CCI, a t  27 . P o in t s  a r e  
e x p e r i m e n t a l . 2 2  L in e  i s  c a l c u l a t e d  w i th  K„ = 1 1 .6  ( M “ 2 ) , v = 1 q5(M "7) and  th e  
c h e m ic a l  s h i f t s  i n  T a b le  18 .
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s h i f t s  and s h i f t s  c a l c u l a t e d  on th e  b a s i s  o f  th e  1 -3 -8  m odel. I t  sh o u ld  

be p o in te d  o u t  t h a t ,  i n  e f f e c t ,  f i v e  p a ra m e te rs  a r e  u sed  i n  f i t t i n g  th e  

c h e m ica l s h i f t  d a t a .  However, th e  r e s u l t  i s  q u i t e  s a t i s f a c t o r y  i n  view  

o f th e  a p p a re n t  c o m p a t ib i l i t y  o f th e  i n d iv i d u a l  s e t s  o f  IR  and NMR d a ta .  

A lso , any  f i t  o f  NMR d a ta  f o r  h y d ro g en  b o n d in g  sy s te m s  m ust in v o lv e  two 

p a ra m e te rs  f o r  e a c h  s p e c ie s  o th e r  th a n  th e  m onomer.

S o lv e n t e f f e c t  on m eth a n o l a s s o c i a t i o n . The 1 -3 -8  m odel p ro ­

posed  f o r  a lc o h o l  s o lu t i o n s  i n  i n e r t  s o lv e n t s  m u st b e  m o d if ie d  f o r  

m e th a n o l s o lu t i o n s  i n  th e  m ore r e a c t i v e  s o lv e n t s  DPM and BZE. I n  p a r t i ­

c u l a r ,  a  s m a ll  b u t  d i s t i n g u i s h a b le  amount o f  m e th a n o l d im er a p p e a rs  to  

be p r e s e n t .  P re v io u s  m en tio n  was made o f  t h e  w e ll-d o c u m e n te d  f a c t  t h a t  

s p e c i f i c  i n t e r a c t i o n s  o c c u r betw een h y d ro x y l g ro u p s  and a ro m a tic  r i n g s .  

I t  was n o t ic e d  a l s o  t h a t  w a te r  a p p a r e n t ly  fo rm s d im e r ic  s p e c ie s  i n  DPM 

and BZE. A t t h i s  p o in t  th e  h y p o th e s is  w i l l  b e  fo rw a rd e d  t h a t  th e  ap­

p e a ra n c e  o f  a  d im e r ic  a lc o h o l  s p e c ie s  in  DPM ( c o n t r a s t e d  to  th e  a p p a re n t 

n e g l i g ib l e  q u a n t i t y  o f  m e th a n o l d im er i n  HX) i s  due t o  s t a b i l i z a t i o n  o f  

th e  d im er by  s p e c i f i c  i n t e r a c t i o n  w ith  th e  s o l v e n t ,  i . e . ,  a  t r i m e r i c  

s p e c ie s  composed o f  a  d im e r - s o lv e n t  com plex. I t  i s  p ro p o se d  t h a t  b o th  

a lc o h o l  and w a te r  d im ers  i n  th e  s o lv e n t s  DPM and BZE a r e  s t a b i l i z e d  in  

t h i s  m an n er. E v id e n c e  a s  t o  th e  f e a s i b i l i t y  o f  t h i s  a rran g em en t w i l l  be 

d is c u s s e d  i n  c o n s id e r a t io n  o f  th e  m ethanol-D EA  and water-DEA com plexes.

The e n th a l p i e s  f o r  m e th a n o l t r im e r  and  o c ta m er fo rm a tio n  i n  th e  

th r e e  s o lv e n t s  HX, DPM and BZE v e ry  d i r e c t l y  r e f l e c t  th e  e f f e c t  o f  i n ­

c re a s in g  s o lv e n t  r e a c t i v i t y  on h e a t s  o f  fo rm a tio n  o f  p o ly m e ric  s p e c ie s .  

The v a lu e s  o f  -AH^ f o r  t r i m e r  fo rm a tio n  a r e  1 1 .3 ,  5 .5  and 4 .4  k c a l/m o le  

in  HX, DPM and BZE, r e s p e c t i v e l y .  V a lu es  o f  -AHg f o r  o c tam er fo rm a tio n .
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4 2 .1 ,  2 3 .4  and  1 4 .1  k c a l/m o le  i n  HX, DPM and BZE, r e s p e c t i v e l y ,  show 

an  even m ore p ro n o u n ced  s o lv e n t  e f f e c t .

P l a u s i b i l i t y  o f  p ro p o sed  s t r u c t u r e s  f o r  t r im e r  and o c tam er o f  

m e th a n o l . I t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  upon th e  t r e n d s  t h a t  sh o u ld  

b e  shown by  v a lu e s  o f  e n e rg ie s  o f  v a p o r i z a t i o n  from  s o lu t io n  f o r  p o ly ­

m e r ic  s p e c ie s  o f  d i f f e r e n t  s t r u c t u r e  a s  th e  s o lv e n t  becomes a  m ore e f ­

f e c t i v e  e l e c t r o n  d o n o r. A c y c l i c  p o ly m e r ic  a lc o h o l  s p e c ie s  h as  a l l  

a c i d i c  h y d ro g en s  in v o lv e d  i n  b o n d in g  a n d , i n  a d d i t i o n ,  th e  p r o j e c t i n g  

a l k y l  g ro u p s o f  th e  a lc o h o l  h a v e  a  s h i e l d in g  e f f e c t  w hich m akes th e  

s o lv e n t  a p p ro a c h  m ore d i f f i c u l t .  I n  e f f e c t ,  i t  may be  s a id  t h a t  th e  

c y c l i c  s p e c ie s  c r e a t e s  a  ro u g h ly  s p h e r i c a l  c a v i ty  i n  th e  s o lv e n t .

The l i n e a r  po lym er h as  one a c i d i c  h y d ro g e n  n o t  t i e d  up and th e  c h a in  

c o n f i g u r a t io n  i s  m ore open  to  i n t e r a c t i o n  w ith  th e  s o lv e n t .  Based 

on th e s e  c o n s id e r a t io n s  i t  w ould b e  e x p e c te d  t h a t  th e  en erg y  o f  v a p o r i ­

z a t i o n  from  s o l u t i o n  f o r  a  l i n e a r  p o ly m e r  w ould  be  m ore a f f e c t e d  by an 

in c r e a s e  i n  s o lv e n t  b a s i c i t y .

The therm odynam ic  c y c le  b e lo w  r e p r e s e n t s  th e  p ro c e s s e s  in v o lv e d  

i n  fo rm a tio n  o f  a  p o ly m e r ic  s p e c i e s , c o n ta in in g  n monomer u n i t s , i n  

b o th  v a p o r  and s o l u t i o n  p h a s e s .

AEad

'(ACab)
b'

v a p o r
AE

s o l u t i o n dc 

c

"^bc

i s  th e  e n e rg y  ch an g e  f o r  fo rm a tio n  o f  th e  polym er from  n monomer u n i t s  

i n  th e  v a p o r p h a s e ;  AE^^ i s  th e  e n e rg y  change f o r  th e  c o rre sp o n d in g
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p r o c e s s  i n  s o l u t i o n ;  i s  t h e  en e rg y  change f o r  s o l u t i o n  o f  one mono­

m er from  th e  v a p o r  p h a se  and  AE^^ i s  th e  energy  o f  s o l u t i o n  o f  th e  

p o lym er ( e q u iv a le n t  i n  m a g n itu d e  b u t  o p p o s i te  i n  s ig n  to  th e  h e a t  o f  

v a p o r i z a t i o n ) . AE^^ i s  v e ry  c lo s e l y  e q u iv a le n t  t o  AH° f o r  po lym er fo rm a­

t i o n  i n  s o l u t i o n  s in c e  th e  PV te rm  i n  s o lu t io n  i s  n e g l i g i b l e .

The la w s  o f  therm odynam ics r e q u i r e  th a t  th e  e n e rg y  changes i n ­

v o lv e d  i n  th e  p a th  abc e q u a l  th o s e  in v o lv e d  in  th e  p a th  a d c  and t h i s  

g iv e s

= “ . d  + “ dc ” 3)

so  t h a t  th e  e n e rg y  o f  s o l u t i o n  (o r  v a p o r iz a t io n )  o f  th e  p o ly m er e q u a ls  

n  t im e s  th e  e n e rg y  o f  d i s t r i b u t i o n  o f  th e  monomer p lu s  t h e  e n e rg y  o f  

f o rm a tio n  o f  t h e  p o ly m er i n  s o lu t i o n  m inus th e  e n e rg y  o f  fo rm a tio n  o f  

th e  po lym er i n  th e  v a p o r  p h a s e .  N ote t h a t  i t  i s  n o t  n e c e s s a ry  to  h av e  

a  v a lu e  f o r  t h e  v a p o r  p h a s e  po lym er fo rm a tio n  e n e rg y  i n  o r d e r  to  c a l ­

c u l a t e  th e  change i n  e n e rg y  o f  s o lu t i o n  o r  v a p o r iz a t io n  o f  th e  po lym er 

from  s o lu t i o n  a s  th e  s o lv e n t  i s  changed s in c e  t h e  v a p o r p h a se  e n e rg y  o f  

fo rm a tio n  i s  a lw ays a  c o n s t a n t .  By e v a lu a t in g  th e  l e f t  hand  s id e  o f 

e q u a t io n  (33) a  q u a n t i t y  i s  o b ta in e d  w hich  by i t s  change i n  v a lu e  as  th e  

s o lv e n t  i s  changed  r e f l e c t s  e x a c t ly  th e  change i n  th e  e n e rg y  o f  s o l u t i o n  

o r  v a p o r i z a t i o n  from  s o l u t i o n  o f  th e  m eth an o l p o ly m e r. T a b le  20 summar­

i z e s  t h i s  v a lu e  f o r  b o th  m e th a n o l t r im e r  and o c ta m er f o r  e a ch  o f  th e  

s o lv e n t s  HX, DPM and BZE. The t a b l e  in d ic a te s  t h a t  th e  d i f f e r e n c e s  i n  

t h e  sums change i n  th e  way t h a t  w ould b e  e x p e c te d  i f  th e  m eth a n o l 

t r i m e r  i s  l i n e a r  and th e  o c ta m e r  i s  c y c l i c .  The f i r s t  d i f f e r e n c e  f o r
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TABLE 20

Sums o f  Monomer D i s t r i b u t i o n  and Polym er F o rm a tio n  E n e rg ie s  

f o r  M ethano l in  T h ree  S o lv e n ts  

S o lv e n t  T r im e r ( k c a l /m o le )  D if fe re n c e  O c ta m e r(k c a l/m o le )  D if fe r e n c e  

-(3xA E ° + AE°) - ( 8 xAE° +  AE°)

HX 2 0 .0  6 4 .5

1.1 1.0

DPM 2 1 .1  6 5 .5

2.8 0.8

BZE 2 3 .9  6 6 .3

th e  t r im e r  ( 1 .1  k c a l )  i n d i c a t e s  in c r e a s in g  i n t e r a c t i o n  o f  th e  end OH 

w ith  th e  m ore b a s i c  s o lv e n t ;  th e  seco n d  d i f f e r e n c e ,  from  DPM to  BZE shows 

a  l a r g e r  i n t e r a c t i o n  w ith  th e  e th e r  l in k a g e  i n  BZE. I n  c o n t r a s t ,  b o th  

d i f f e r e n c e s  f o r  th e  oc tam er a re  v e ry  n e a r ly  c o n s ta n t  a s  th e  s o lv e n t  b e ­

comes m ore b a s i c .

I f  th e  r e l a t i v e  am ounts of t o t a l  m eth an o l p r e s e n t  a s  t r im e r  and 

o c ta m er on th e  b a s i s  o f  th e  1 -3 -8  f i t  f o r  m e th an o l i n  HX a r e  compared 

i t  i s  s e e n  t h a t  th e  o c tam er i s  a  c o n s id e r a b ly  m ore im p o r ta n t  s p e c ie s ,  

a c c o u n tin g  f o r  m ore th a n  60% o f  th e  t o t a l  m e th an o l p r e s e n t  i n  HX a t

0 .2  M a t  2 5 ° . The s i t u a t i o n  may b e  q u a l i t a t i v e l y  d e s c r ib e d  by sa y in g

t h a t  s m a ll  c o n c e n t r a t io n s  o f  r e a c t iv e  s p e c i e s ,  monomers and t r i m e r s ,

a r e  p r e s e n t  w i th  a  l a r g e  q u a n ti ty  o f  end p ro d u c t— th e  o c ta m er.

73P a u l in g  h a s  p ro p o se d  an  i n t e r e s t i n g  c o n je c tu r e  on th e  s t a t e  o f
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a g g re g a t lo n  I n  l i q u i d  a lc o h o l s .  I t  i s  g e n e r a l l y  a c c e p te d  t h a t  s im p le  

a lc o h o ls  a s s o c i a t e  i n  th e  s o l i d  s t a t e  to  form lo n g  c h a in s .^  However, 

i t  i s  a p p a re n t  t h a t  few h y d ro g en  bonds a r e  b ro k e n  on m e l t in g  s in c e  

a lc o h o ls  h a v e  s m a l l  h e a ts  o f  f u s io n .  I f  a lc o h o ls  e x i s t e d  i n  th e  l i q u i d  

s t a t e  a s  lo n g  c h a in s  a  p ronounced  h e a t  e f f e c t  sh o u ld  b e  e v id e n t  upon 

m e l t in g .  To a c c o u n t f o r  th e  f a c t  t h a t  th e  h e a ts  o f  f u s io n  o f  two iso m e ric  

com pounds, e th a n o l  and d im e th y l e th e r  a r e  l i t t l e  d i f f e r e n t ,  P a u lin g  

s u g g e s ts  t h a t  l i q u i d  a lc o h o ls  may c o n s i s t  l a r g e ly  o f  r in g  polym ers 

s in c e  t r a n s i t i o n  from  c h a in s  i n  th e  s o l i d  to  c y c l i c  a g g re g a te s  i n  th e  

l i q u i d  w ould  n o t  in v o lv e  th e  r u p tu r e  o f  hyd rogen  b o n d s . The v a p o r p r e s ­

s u re  d a ta  f o r  m e th a n o l from  th e  p re s e n t  s tu d y  a r e  q u a l i t a t i v e l y  in  

a c c o rd  w ith  P a u l i n g 's  h y p o th e s is  s in c e  a s  th e  m eth a n o l c o n c e n t r a t io n  

i s  in c r e a s e d  an e v e r  l a r g e r  f r a c t i o n  o f  th e  a lc o h o l  a p p e a rs  to  e x i s t  

i n  l a r g e  a g g r e g a te s .

Q u a l i f i c a t i o n s  o f  a lc o h o l  a s s o c i a t i o n  m o d e ls . T here  a re  s e v e r a l  

a t t r i b u t e s  w h ich  a s u c c e s s f u l  a lc o h o l  a s s o c i a t i o n  m odel sh o u ld  p o s s e s s .  

Only two d i s t i n c t  ty p e s  o f  m odels e x i s t ;  one i n  w hich a llo w a n c e  i s  made 

f o r  a l l  p o s s ib l e  p o ly m e r ic  s p e c ie s  i n  a s t a t i s t i c a l  f a s h io n  and one f o r  

w hich th e  a s su m p tio n  i s  made t h a t  o n ly  a  few a s s o c i a te d  s p e c ie s  o c c u r  

to  any e x t e n t  i n  a lc o h o l  s y s te m s . In  p ro p o s in g  th e  l a t t e r  ty p e  o f  

m odel an  a t te m p t  i s  made to  d e f in e  a m a th e m a tic a l  r e l a t i o n s h i p  w hich 

r e p r e s e n t s  e x p e r im e n ta l  d a ta  to  a h ig h  d e g re e  o f  p r e c i s io n  an d , i n  

a d d i t i o n ,  c o n ta in s  a  minimum number o f  a d ju s t a b le  p a ra m e te r s .  On a  

p u r e ly  p ra g m a tic  b a s i s  th e  m odel need n o t  have  any r e l a t i o n  to  th e  

a c tu a l  p h y s ic a l  s i t u a t i o n  as  long  as  i t  p r e d i c t s  and c o r r e l a t e s  e x p e r i ­

m e n ta l o b s e r v a t io n s  w i th in  a c c e p ta b le  e r r o r  l i m i t s .  H ow ever, a g e n e ra l
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ten d en cy  i s  to  a s c r ib e  some d e g re e  o f  c o rre sp o n d e n c e  b e tw een  th e  

assum ed s t r u c t u r e s  o f  t h e  m odel and th e  e x i s t i n g  s t r u c t u r e s .

Once h a v in g  assum ed an  a s s o c i a t i o n  m o d el, i t  i s  d e s i r a b l e  to  

t e s t  th e  m odel on sy s te m s  o th e r  th a n  t h a t  from  w hich  th e  m odel was 

d ev e lo p e d . I f  a  m odel d e v e lo p e d  on th e  b a s i s  o f  one ty p e  o f  d a ta  

on a  p a r t i c u l a r  a lc o h o l  sy s tem  can  b e  shown a p p l i c a b l e  f o r  c o r r e l a ­

t i o n s  o f  d i f f e r e n t  ty p e s  o f  d a ta  f o r  a lc o h o ls  o f  v a ry in g  m o le c u la r  

s t r u c t u r e  th e n  a  more c o h e re n t  p i c t u r e  o f  a lc o h o l  a s s o c i a t i o n  may be  

d ev e lo p ed  to  a id  u n d e rs ta n d in g  o f  th e  e f f e c t s  o f v a r io u s  f a c t o r s  i n f l u ­

e n c in g  h y d ro g en  bond fo rm a tio n  i n  a lc o h o l  s y s te m s .

The d ev e lo p m en t o f  an  a s s o c i a t i o n  m odel f o r  a lc o h o l s  in v o lv in g  

o n ly  one o r  tw o d i s t i n c t  a s s o c i a te d  s p e c ie s  i s  n o t s im p le .  On th e  b a s i s  

o f  s p e c i f i c  ty p e s  o f  d a t a ,  v e ry  d i f f e r e n t  p r o p o s a ls  h av e  b een  made con­

c e rn in g  th e  im p o r ta n t  a s s o c i a te d  s p e c ie s  i n  s i m i l a r  o r  i d e n t i c a l  a lc o h o l -

s o lv e n t  s y s te m s . P e rh a p s  th e  m ost r e c e n t  exam ple i s  th e  1 -4  m odel p ro -

35p o sed  by F l e t c h e r  and H e l l e r .  These a u th o r s  c o n c lu d e d  from  a  s tu d y

o f  th e  i n f r a r e d  s p e c t r a  o f  1 - o c ta n o l  s o lu t i o n s  i n  n -d e c a n e  t h a t  te t r a m e r s

a re  th e  p red o m in an t a s s o c i a t e d  s p e c ie s  i n  a lc o h o l  s o l u t i o n s  i n  n o n -p o la r

s o lv e n t s .  An a tte m p t was made t o  e x te n d  t h i s  a s s o c i a t i o n  m odel to  o th e r

a lc o h o l  s o l u t i o n s .  H ow ever, o th e r  a u th o rs  have  fo u n d  t h a t  i f  a s s o c i a t i o n

i s  t o  be d e s c r ib e d  by  a s su m p tio n  o f  a m onom er-n-m er e q u i l ib r iu m  th en

a rao n o m er-trim er e q u i l ib r iu m  p ro v id e s  a  b e t t e r  f i t  o f  s p e c t r a l  d a ta .

For exam ple, S au n d ers  and Hyne o b ta in e d  good f i t s  o f  NMR d a ta  f o r  b o th

74p h en o l and t - b u t a n o l  i n  CCl^ w ith  a  1 -3  m o d e l. S to re k  and' K riegsm ann 

have  r e c e n t ly  c o n firm e d  th e  s u p e r i o r i t y  o f  th e  1 -3  m odel i n  f i t t i n g  NMR 

d a ta  fo r  t - b u t a n o l  i n  CCl^. A ls o , F le tc h e r  and H e l l e r ' s  f i t  o f  o th e r
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w o r k e r s ' IR  d a t a  f o r  p h en o l i n  CCl^ to  a 1 -3 -4  m odel r e s u l t e d  i n  show ing

t h a t  th e  t r im e r  i s  a  c o n s id e ra b ly  m ore im p o r ta n t  s p e c i e s  th a n  th e  t e t r a -  

35
m er i n  t h a t  f i t .

The 1 - 3 -8  m odel p ro p o se d  i n  th e  p r e s e n t  s tu d y  h a s  b e e n  s u c c e s s ­

f u l l y  a p p l i e d  to  d a ta  o f  s e v e r a l  ty p e s  f o r  a lc o h o l  s y s te m s . I t  has 

b e e n  c a p a b le  o f  c o r r e l a t i n g  PVT d a ta  f o r  m e th a n o l v a p o r . T h e  1 -3 -8  

m odel h a s  b e e n  u se d  to  f i t  i n f r a r e d  s p e c t r a l  d a ta  f o r  1 - o c ta n o l  in  

n -d e c a n e  i n  th e  o v e r to n e  re g io n  and i n f r a r e d  s p e c t r a l  d a ta  from  th e  

fu n d a m e n ta l h y d ro x y l  s t r e t c h i n g  r e g io n  f o r  s o lu t i o n s  o f  m e th a n o l, 

e th a n o l  and t - b u t a n o l  i n  CCl^. Good te m p e ra tu re  d ependence  was o b ta in e d  

f o r  t r im e r  and  o c ta m e r  e q u i l ib r iu m  c o n s ta n t s  from  i n f r a r e d  d a ta .  The 

e f f e c t  o f  s t e r i c  h in d ra n c e  to  a s s o c i a t i o n  f o r  t - b u t a n o l  i s  r e f l e c t e d  

i n  th e  m a g n itu d e s  o f  th e  t r im e r  and o c ta m er c o n s ta n ts  f o r  t h i s  a lc o h o l  

com pared to  t r i m e r  and  o c tam er c o n s ta n t s  f o r  m e th a n o l and e th a n o l  i n  

T a b le  18 . T hese  e q u i l ib r iu m  c o n s ta n t s  i n d i c a t e  t h a t  th e  t r im e r  i s  

c o n s id e r a b ly  m ore im p o r ta n t  i n  t - b u t a n o l  s o lu t i o n s  and t h a t  th e  o c tam er 

i s  l e s s  im p o r ta n t .  A lthough  p r e v io u s ly  r e p o r t e d  NMR m easurem en ts f o r  

a lc o h o l  s o l u t i o n s  a r e  n o t  h ig h ly  c o n s i s t e n t  th e  1 -3 -8  m odel o f f e r s  some 

p ro m ise  o f  a  q u a n t i t a t i v e  e x p la n a t io n  o f  th e  o b se rv e d  c h e m ic a l s h i f t  

d a t a  f o r  a lc o h o l  s o lu t i o n s  i n  n o n - p o la r  s o lv e n t s .

In  c o n c lu d in g  t h i s  s e c t i o n  a  n o te  o f  c a u t io n  m ust b e  sounded . 

A lth o u g h  th e  1 -3 -8  m odel p ro p o se d  i n  th e  p r e s e n t  w ork to  c o r r e l a t e  

a s s o c i a t i o n  d a ta  f o r  a lc o h o ls  i n  n o n - p o la r  s o lv e n t s  a p p e a rs  to  be more 

g e n e r a l l y  a p p l i c a b l e  to  s e v e r a l  ty p e s  o f  d a ta  f o r  a  num ber o f  a lc o h o ls  

th a n  any p ro p o se d  p r e v io u s ly  th e  c o r r e c tn e s s  o f  th e  m odel c a n n o t be 

ta k e n  as  h a v in g  b e e n  e s t a b l i s h e d .  R e a so n a b le  a s su m p tio n s  a b o u t th e
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s t r u c t u r e s  o f  t h e  t r im e r  an d  o c ta m er have  b e e n  shown to  b e  i n  r e l a t i v e l y  

good a g re e m e n t w i th  e x p e r im e n ta l  r e s u l t s  b u t  t h i s  ag reem en t can  o n ly  

add some m easu re  o f  p l a u s i b i l i t y  to  th e  m odel and i t s  s t r u c t u r e s .

W ater and  M eth an o l Com plexes w i th  D ie th y la m in e  i n  S o lu t io n

W a te r-D ie th y lam in e  1 :1  Com plexes 

The o n ly  p r e v io u s ly  r e p o r te d  e n th a lp ie s  and e q u i l ib r iu m  c o n ­

s t a n t s  f o r  w a t e r - a l i p h a t i c  am ine com plexes i n  h y d ro c a rb o n  s o lv e n t s  a re  

th o s e  g iv e n  by  G r e g o r y . H e  d e te rm in e d  e q u i l ib r iu m  c o n s ta n ts  a t  25 

and  35° f o r  th e  1 :1  com plexes o f w a te r  w ith  c y c lo h e x y la m in e , N -m eth y l-  

c y c lo h e x y la m in e  and  N ,N -d im e th y lcy c lo h ex y la m in e  i n  b e n z e n e . The e n ­

th a lp y  o f  f o rm a tio n  o f  th e  w ater-D EA  com plex i n  DPM o b ta in e d  i n  t h e  

p r e s e n t  s tu d y  ( - 4 .5  k c a l /m o le )  i s  i n  ag reem en t w ith  th e  a v e ra g e  o f  

G re g o ry 's  v a lu e s  f o r  th e  w a te r -c y c lo h e x y la m in e  com plexes ( - 4 .8  k c a l/m o le )  

i n  th e  s i m i l a r  s o lv e n t  b e n z e n e . The e q u i l ib r iu m  c o n s ta n ts  f o r  th e  

w ater-D EA  com plex  a t  25° i n  HX and DPM a re  s i g n i f i c a n t l y  l a r g e r  th a n  th e  

v a lu e s  o b ta in e d  by  G reg o ry  f o r  th e  w a te r - t r i e th y la m in e  com plex i n  c y c lo -  

hex an e  and to lu e n e  a t  2 5 ° . No a p p a re n t  re a s o n  i s  known f o r  t h i s  d i s ­

c re p a n c y . I t  i s  n o te d  t h a t  th e  v a lu e  o f  w a te r  s o l u b i l i t y  i n  c y c lo h e x a n e  

u se d  by G rego ry  was 0 .0 0 3 0  M. Jo h n so n  e t  a l . ^  o b ta in e d  a  v a lu e  o f  

0 .0 0 2 4  M f o r  w a te r  s o l u b i l i t y  i n  c y c lo h e x a n e . Use o f  th e  l a t t e r  v a lu e  

f o r  w a te r  s o l u b i l i t y  w ould  i n c r e a s e  G re g o ry 's  v a lu e  f o r  th e  w a te r -  

t r i e th y l a m i n e  c o n s ta n t  ( 7 .0  M ^) i n  c y c lo h e x a n e  by 20 p e r  c e n t  w hich  

w ou ld  g iv e  c l o s e r  a g reem en t w ith  th e  v a lu e  o b ta in e d  i n  t h i s  s tu d y  f o r  

th e  w ater-D EA  c o n s ta n t  (1 1 .0  M ^) i n  HX. H ow ever, t h e r e  i s ,  as y e t ,  

n o t  s u f f i c i e n t  in f o r m a t io n  a v a i l a b l e  on th e  v a r ia n c e  o f  e q u i l ib r iu m
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c o n s t a n t s  w i th  s u b s t i t u t i o n  a t  th e  amine n i t r o g e n  to  say w h e th e r  th e  

e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  d i e t h y l -  and  t r i e  th y  lam ine -wa t e r  com­

p le x e s  s h o u ld  h a v e  n e a r l y  e q u a l  v a lu e s  i n  s i m i l a r  s o lv e n t s .

M e th a n o l -D ie th y la m in e  1 : 1  Complexes 

The e n th a l p y  v a lu e s  f o r  th e  methanol-DEA 1 :1  complex i n  HX,

DPM and BZE a r e  n o t  i n  v e ry  good ag reem en t  w i t h  t h e  e n th a lp y  v a lu e s  

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

Only one AH° v a l u e , f o r  t h e  sy s tem  m e t h a n o l - t r i e  thy  lam ine  i n  CCl^, 

o f  - 3 . 8  k c a l / m o l e  i s  i n  r e a s o n a b le  ag reem en t  w i t h  th e  v a lu e s  f o r

methanol-DEA l i s t e d  i n  t h e  p r e s e n t  s tu d y .  E x cep t  f o r  t h e  two a l c o h o l -  

amine sy s tem s  i n  t o l u e n e  and c y c lo h ex an e  a l l  t h e  va lues  l i s t e d  i n  t h e  

t a b l e  in  t h e  I n t r o d u c t i o n  w ere  c a l c u l a t e d  from d a t a  o b ta in e d  from 

a lc o h o l - a m in e  s o l u t i o n s  i n  CCl^. The w e l l-d o c u m e n ted  f a c t  t h a t  p r e c i ­

p i t a t e s  fo rm  i n  am ine-C C l^  s o l u t i o n s  i n t r o d u c e s  t h e  p o s s i b i l i t y  o f  

l a r g e  s y s t e m a t i c  e r r o r s  i n  e n th a lp y  m easurem ents  s in c e  t h i s  p r e c i p i ­

t a t i o n  r e a c t i o n  m ig h t  w e l l  b e  d r a s t i c a l l y  a f f e c t e d  by t e m p e r a tu r e  

changes .  I t  h a s  a l s o  b e e n  n o te d  t h a t  t h e  s tu d y  o f  i n t e r m o l e c u l a r  

OH ...N  bonds  t o  am ines  by i n f r a r e d  s p e c t r o s c o p y  i s  p lagued  by th e  

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

M ethano l and  W ater  2 :1  Complexes w i th  D ie th y la m in e  

B e fo re  c o n s i d e r i n g  t h e  i m p l i c a t i o n s  o f  t h e  v a lu e s  o f  therm o­

dynamic p a r a m e te r s  f o r  t h e  2 :1  complexes found  i n  th i s  s t u d y  a  s h o r t  

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

A t o p i c  w h ich  h a s  b e e n  o f  i n c r e a s i n g  i n t e r e s t  i n  r e c e n t  y e a r s  

h a s  been  t h a t  o f  s o l v e n t  e f f e c t s  on i n f r a r e d  s t r e t c h i n g  f r e q u e n c ie s . ^ ^
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Many o f  th e  sy s tem s  i n v e s t i g a t e d  h a v e  in v o lv e d  b o th  s o l u t e s  and s o l ­

v e n t s  c a p a b le  o f  e n t e r i n g  i n t o  h y d rogen  b o n d in g  r e a c t i o n s .  A ttem p ts  

h ave  b e e n  made to  c o r r e l a t e  th e  f r e q u e n c y  s h i f t s  on t h e  b a s i s  o f  non­

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

t r i c  p r o p e r t i e s  o f  th e  s o l u t i o n s .  T h is  a p p ro a c h  h as  n o t  been  o u t -

76 77s t a n d i n g l y  s u c c e s s f u l .  W hetse l  and  K a g a r i s e  s t u d i e d  th e  c a rb o n y l

s t r e t c h i n g  b a n d s  o f  a c e to n e  and c y c lo h e x a n o n e  i n  m ix tu re s  o f  p - c r e s o l

and c y c lo h e x a n e .  These a u th o r s  found  t h a t  th e  o b s e rv e d  f re q u e n c y  s h i f t s

c o u ld  b e  e x p la in e d  by assum ing th e  f o r m a t io n  o f  1 :1  and 2 :1  p - c r e s o l -

k e to n e  complexes a t  m o d era te  c o n c e n t r a t i o n s  o f  p - c r e s o l .  H ig h e r  o r d e r

com plexes  w ere  p o s s i b l y  formed a t  i n c r e a s e d  p - c r e s o l  c o n c e n t r a t i o n s .

W h e tse l  and K a g a r is e  were a b le  to  d e te r m in e  e q u i l i b r i u m  c o n s t a n t s  f o r

t h e  1 : 1  and 2 :1  com plexes ;  th e  v a lu e s  f o r  t h e  p - c r e s o l - a c e t o n e  system

a t  30° w ere  1 2 .8  M ^ f o r  and 480M ^ f o r  T he re  a r e  two p o s s i b l e

c o n f i g u r a t i o n s  f o r  th e  2 :1  complex; one w here  b o th  p - c r e s o l  m o le c u le s

a r e  bonded t o  t h e  c a rb o n y l  and one w here  t h e  second  p - c r e s o l  i s  bonded

t o  t h e  f i r s t  p - c r e s o l  w hich  i s  bonded  t o  t h e  c r r b o n y l .  W hetse l  and

K a g a r i s e  c o n c lu d e d  t h a t  due to  t h e  s m a l l  f r e q u e n c y  s h i f t  o b se rv e d  f o r

t h e  c a rb o n y l  a b s o r p t i o n ,  th e  se co n d  s t r u c t u r e  was more p l a u s i b l e .

72Bellamy and Pace have  p ro p o s e d  t h a t  d im ers  o f  a l c o h o l s  and 

p h e n o ls  have  c h a in  r a t h e r  th a n  c y c l i c  s t r u c t u r e s .  T h is  p r o p o s i t i o n  

i s  th o u g h t  to  a c co u n t  f o r  two p e r p l e x in g  p ro b le m s  w hich  a r i s e  i n  con­

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

lems c o n c e rn s  t h e  s e p a r a t i o n  o f  t h e  OH f r e q u e n c ie s  n e a r  3500 cm and 

3300 cm ^ o f  a l c o h o l  s o l u t i o n s  i n  CCl^. As m en t io n e d  p r e v i o u s ly  th e  

f i r s t  o f  t h e s e  f r e q u e n c ie s  i s  c u s to m a r i ly  a s s ig n e d  t o  a b s o r p t io n  by
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Many o f  t h e  s y s te m s  i n v e s t i g a t e d  h a v e  in v o lv e d  b o th  s o l u t e s  and s o l ­

v e n t s  c a p a b l e  o f  e n t e r i n g  i n t o  h y d rogen  bond ing  r e a c t i o n s .  A ttem pts  

h a v e  b e e n  made t o  c o r r e l a t e  th e  f re q u e n c y  s h i f t s  on t h e  b a s i s  o f  non­

s p e c i f i c  i n t e r a c t i o n s  by r e l a t i n g  f re q u e n c y  s h i f t s  to  th e  b u lk  d i e l e c ­

t r i c  p r o p e r t i e s  o f  t h e  s o l u t i o n s .  T h is  a p p ro a c h  h as  n o t  b e e n  o u t ­

s t a n d i n g l y  s u c c e s s f u l . W h e t s e l  and K a g a r i s e ^ ^  s t u d i e d  th e  c a rb o n y l  

s t r e t c h i n g  b a n d s  o f  a c e to n e  and c y c lo h e x a n o n e  i n  m ix tu re s  o f  p - c r e s o l  

and c y c lo h e x a n e .  T hese  a u th o r s  found  thp*~ t h e  o b s e rv e d  f re q u e n c y  s h i f t s

c o u ld  b e  e x p l a i n e d  by assum ing tjj 

k e to n e  com plexes  a t  m o d e ra te  

com plexes  w ere  p o s s i b l y  forr^

W h e ts e l  and K a g a r i s e  w ere  av 

t h e  1 :1  and 2 : 1  com plexes ;  

a t  30° w e re  1 2 .8  M ^ f o r  K 

c o n f i g u r a t i o n s  f o r  t h e  2 :1  

a r e  bonded  t o  t h e  c a r b o n y l  a? 

t o  t h e  f i r s t  p - c r e s o l  w h ich  i s  

K a g a r i s e  c o n c lu d e d  t h a t  due t o  t h e  ^

^ a n d  2 :1  p - c r e s o l -  

JL. H ig h e r  o r d e r  

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

c o n s ta n ts  f o r  

s to n e  sy s tem  

re  two p o s s i b l e  

o l  m o le c u le s  

e s o l  i s  bonded 

W hetse l  and 

y s h i f t  o b se rv e d  f o r

th e  c a r b o n y l  a b s o r p t i o n ,  t h e  se co n d  s t r u c t u r e  was more p l a u s i b l e .

72B ellam y and  P ace  have  p ro p o se d  t h a t  d im ers  o f  a l c o h o l s  and 

p h e n o ls  h a v e  c h a in  r a t h e r  th an  c y c l i c  s t r u c t u r e s .  T h is  p r o p o s i t i o n  

i s  th o u g h t  t o  a c c o u n t  f o r  two p e r p l e x i n g  p ro b lem s  w hich  a r i s e  i n  con­

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

lems c o n c e rn s  t h e  s e p a r a t i o n  o f  t h e  OH f r e q u e n c i e s  n e a r  3500 cm and 

3300 cm ^ o f  a l c o h o l  s o l u t i o n s  i n  CCl^. As m en t io n e d  p r e v i o u s l y  t h e  

f i r s t  o f  t h e s e  f r e q u e n c i e s  i s  c u s to m a r i ly  a s s i g n e d  t o  a b s o r p t io n  by
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an  a lc o h o l  d im er and  th e  second  t o  a b s o r p t io n  by p o ly m e r ic  a l c o h o l

s p e c i e s .  The f a c t  t h a t  t h e  d im er  band  i s  s e p a r a te d  from  th e  monomer 

-1  -1b and  ( a t  = 3600 cm ) by 100 cm and t h a t  th e  polym er band  i s  s e p a ­

r a t e d  from t h e  monomer b and  by 300 cm ^ i n d i c a t e s  t h a t  t h e  hydrogen  

bonds  a r e  much s t r o n g e r  i n  t h e  po lym er  th a n  th e  bonds l i n k i n g  th e  

d im er  a c c o rd in g  t o  w hat i s  known a s  t h e  B adger-B auer r u l e .  This  

r u l e  p ro p o se s  t h a t  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  be tw e en  f re q u e n c y  

s h i f t  and e n th a lp y  o f  bond f o r m a t io n  so  t h a t  i f  a  l a r g e r  f re q u e n c y  

s h i f t  i s  n o t i c e d  f o r  one s p e c i e s  t h a n  a n o th e r  th e n  t h e  bonds i n  t h e  

f i r s t  a r e  s t r o n g e r .  The B a d g e r -B a u e r  r u l e  has  been  shown a p p l i c a b l e  

i n  some c a s e s  b u t  t h e r e  a r e  s e v e r a l  i n s t a n c e s  in  w hich  i t  c l e a r l y  

g i v e s  t h e  wrong p r e d i c t i o n .

Bellamy an d  Pace  p ro p o s e  t h a t  d im ers  a re  n o t  c y c l i c  w i th  two 

weak bonds b u t  a r e  o p e n - c h a in  s t r u c t u r e s  and a re  l i n k e d  by a hydrogen  

bond o f  o r d in a r y  s t r e n g t h  w h i l e  a l c o h o l  polym ers a r e  c y c l i c  and have

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

78t o  t h e  " c o o p e r a t i v e  e f f e c t "  p ro p o se d  by F rank  and Wen c o n c e rn in g  

hydrogen  bonding  i n  w a t e r .  T h is  e f f e c t  may be  i l l u s t r a t e d  by c o n s id e r in g  

t h e  r e a c t i o n  o f  two a l c o h o l  m o le c u le s  t o  form a d im e r .  I n  th e  p r o c e s s  

o f  fo rm ing  t h e  h y d ro g en  bond i n  t h e  d im er  p i c t u r e d  be low  a  s h i f t  o f

R
a /  c /  a b +1

R— 0 + R— 0 —> R— 0— H .. .  .0— H

e l e c t r o n  d e n s i t y  t a k e s  p l a c e  i n  t h e  d i r e c t i o n  i n d i c a t e d  by th e  a rro w s ,
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The n e t  e f f e c t  o f  t h i s  s h i f t  i s  to  r e n d e r  h y d ro g en  atom (d) more

a c i d i c  and oxygen atom (a )  more b a s i c  i n  t h e  s e n s e  o f  t h e  e l e c t r o n

d e n s i t y  now p r e s e n t  a t  t h e s e  p o s i t i o n s  compared t o  th e  f r e e  m o le c u le s .

The d im er  i s  now more s u s c e p t i b l e  to  a t t a c k  a t  e i t h e r  p o s i t i o n .  A

t h i r d  a l c o h o l  m o le c u le  can  a t t a c h  i t s e l f  a t  e i t h e r  (a) o r  ( d ) .  In

t h i s  f a s h i o n  a  po lym er i s  formed and Bellam y and  Pace e x p e c t  t h a t

c y c l i c  po lym ers  a r e  form ed s i n c e  i n  th e  c y c l i c  c o n f i g u r a t i o n  a l l  OH

g ro u p s  a r e  p a r t i c i p a t i n g  i n  t h e  c o o p e r a t iv e  p r o c e s s .

79B ellam y , Morgan and Pace  c o n s id e r  t h e  second  p rob lem  c o n c e rn in g

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

i n  t h e  OH f re q u e n c y  o c c u r r in g  i n  s o l u t i o n s  o f  p h e n o l  i n  e t h e r  upon

80a d d i t i o n  o f  c h lo ro fo rm  t o  t h e  s o l u t i o n  had  b e e n  r e p o r t e d .  Bellamy 

e t  a l .  found  t h a t  t h i s  e f f e c t  c o u ld  be r a t i o n a l i z e d  ve ry  r e a d i l y  on 

t h e  b a s i s  o f  t h e  p r e v i o u s  s u g g e s t io n  t h a t  a l c o h o l  d im ers w ere  o f  e n ­

h a n c ed  r e a c t i v i t y .  The OH f re q u e n c y  o f  t h e  complex formed be tw een  an 

a l c o h o l  m o le c u le  and an  e t h e r  s h o u ld  be s e n s i t i v e  to  th e  a d d i t i o n  o f

.0— H... .0.
/  \ .R'

a  p r o to n  dono r  l i k e  c h lo ro fo rm  s in c e  th e  oxygen atom (a) becomes more 

b a s i c  upon f o rm a t io n  o f  t h e  a l c o h o l - e t h e r  com plex . The d e c r e a s e  in  

t h e  OH s t r e t c h i n g  f r e q u e n c y  upon a d d i t i o n  o f  c h lo ro fo rm  may th e n  be 

e x p la i n e d  by t h e  f o r m a t io n  o f  t h e  c h lo r o f o r m - a l c o h o l - e t h e r  t e r n a r y  

com plex . I n  s i t u a t i o n s  w here an  a lc o h o l  d im er  i s  p r e s e n t  Bellamy 

e t  a l .  e x p e c t  t h a t  t h e  OH s t r e t c h i n g  f re q u e n c y  w ould  be s e n s i t i v e  to  

a d d i t i o n  o f  e i t h e r  a  p r o to n  donor o r  a p r o to n  a c c e p t o r  s i n c e  th e  d im er 

h a s  i n c r e a s e d  r e a c t i v i t y  a t  b o th  an a c i d i c  and a  b a s i c  s i t e .



-1 0 0 -

T ab le  21 compares t h e  v a lu e s  o f  -AH° o b t a i n e d  i n  t h e  p r e s e n t  

s tu d y  f o r  fo rm a t io n  o f  1 : 1  and 2 :1  com plexes o f  m e th a n o l  and w a te r  

w i th  d i e th y la m in e  in  t h e  n o n - v o l a t i l e  s o l v e n t s .

TABLE 21

Com parison o f  and  f o r  M ethano l  and W ate r  Complexes

w i th  D ie th y la m in e  i n  T h ree  N o n - v o l a t i l e  S o lv e n t s

S o lv e n t System -  H ° ^ (k c a l /m o le ) -  H ° ^ (k c a l /m o le )

HX Methanol-DEA 4 .4 8 1 3 .8 0

DPM Methanol-DEA 3 .5 8 1 0 .23

BZE Methanol-DEA 2 .8 6 8 .7 1

BZE Water-DEA 3 .5 6 7 .5

The m ost p l a u s i b l e  s t r u c t u r e s  f o r  t h e  1 :1  com plexes w i t h  DEA a r e  p i c t u r e d  

be low .

Methanol-DEA Water-DEA

CH_ E t  H E t^  /  \  /
0— H —H 0— H------ N— H

E t  ^ E t

In  a n a lo g y  w i t h  t h e s e  s t r u c t u r e s  t h e  p ro p o se d  s t r u c t u r e s  f o r  t h e  2 :1  com­

p l e x e s  o f  m e th a n o l  and w a t e r  w i t h  th e  amine a r e :

(M e th a n o l) 2 -DEA (W a te r ) 2 ~DEA

E t
CH. CH. E t Hv H /

\  I /  \  I  /0— H——0— H—— 0— H-----0— H-----Nf—H

E t ' \ : t
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Ass uming t h a t  t h e  p r e c e d in g  2 :1  s t r u c t u r e s  a r e  c o r r e c t  t h e  e n th a lp y  

v a lu e s  i n  T a b le  21 may b e  t a k e n  as  t h e  m ost d i r e c t  p r o o f  p r e s e n t l y  

a v a i l a b l e  o f  t h e  im p o r ta n c e  o f  th e  c o o p e r a t i v e  e f f e c t  i n  p rom oting  

polym er f o r m a t io n  i n  h y d ro g en  bond ing  s y s te m s .  C om parison  of th e  

e n th a lp y  v a l u e s  f o r  th e  methanol:DEA 1 :1  and 2 :1  com plexes  i n d i c a t e s  

a s u b s t a n t i a l  i n c r e a s e  i n  s t a b i l i z a t i o n  o f  t h e  h e t e r o - t r i m e r  over  

th e  1 :1  com plex . The r a t i o s  o f  a r e  a lw ays  s i g n i f i c a n t l y

l a r g e r  th a n  2 e v en  i f  a s u b s t a n t i a l  m arg in  o f  e r r o r  i s  a l lo w e d  f o r .

Even i n  t h e  more r e a c t i v e  s o l v e n t s  DPM and BZE, i n  w h ich  t h e  1 :1  

complex h a s  t o  compete w i t h  t h e  s o l v e n t  f o r  th e  se c o n d  m e th a n o l  monomer, 

t h e r e  i s  s t i l l  t h e  m arked therm odynam ic p r e f e r e n c e  f o r  t h e  2 :1  m e th a n o l-  

DEA complex.

The c o n t r a s t  be tw een  th e  l a r g e  enhancem ent o f  t h e  methanol-DEA 

2 :1  complex i n  BZE and t h e  much s m a l l e r  i n c r e a s e  i n  -AH^^ f o r  th e  

water-DEA 2 :1  complex i n  BZE, compared t o  t h e  r e s p e c t i v e  -AH^^ v a lu e s ,  

i s  s u r p r i s i n g .  T h e re  i s  a  s l i g h t  p rob lem  w i t h  t h e  t e m p e r a tu r e  depen­

dence  o f  and  f o r  t h e  water-DEA s y s te m  i n  BZE b u t  i t  i s  b e l i e v e d  

t h a t  t h e  r a t i o  -AH^^Z-AH^^ from t h e s e  d a t a  i s  q u a l i t a t i v e l y  c o r r e c t .

A p r o b a b le  r e a s o n  f o r  t h e  s m a l l  enhancem ent o f  t h e  r a t i o  -AH°2 ^/-AH°^ 

f o r  t h e  water-DEA sy s te m  i n  BZE r e l a t i v e  to  t h e  m ethanol-DEA e n th a lp y  

r a t i o  may be  s u g g e s t e d .  The p ro p o se d  s t r u c t u r e  f o r  t h e  2 :1  m e th a n o l-  

DEA and water-DEA com plexes  i s

B B(b) E t

0— H-----0— H----N— H
(a )  \

E t
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w here  B i s  e i t h e r  a  m e th y l  g ro u p  o r  a  h yd rogen  a tom . I t  i s  g e n e r a l l y  

e s t a b l i s h e d  t h a t  t h e  e l e c t r o n  w i th d ra w in g  te n d e n c y  o f  a  h y d ro g e n  atom 

i s  s l i g h t l y  l a r g e r  t h a n  t h a t  o f  a  m e th y l  g ro u p .  T h is  a u t h o r  p ro p o se s  

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

a s  th e  1 :1  complex i s  formed i s  l e s s  e f f e c t i v e  i n  p ro m o t in g  t h e  b a s i c  

n a t u r e  o f  oxygen atom  (a)  i n  t h e  1 :1  water-DEA complex r e l a t i v e  t o  

t h e  methanol-DEA 1 : 1  com plex. Even though  i s  l a r g e r  f o r  th e

water-DEA 1 :1  com plex th a n  f o r  t h e  methanol-DEA 1 :1  com plex i n  BZE and 

t h e  o t h e r  two s o l v e n t s  as w e l l , t h e  b l e e d i n g  away o f  e l e c t r o n  d e n s i t y  a t  

oxygen atom (a )  by  h y d ro g en  atom  (b) t e n d s  to  l i m i t  t h e  s t a b i l i t y  ob­

t a i n e d  by a d d i t i o n  o f  a  s e c o n d  w a t e r  m o le c u le  t o  t h e  1 :1  water:DEA 

complex w h ereas  i n  t h e  methanol-DEA 1 :1  complex t h e  e l e c t r o n  d e n s i t y  a t  

oxygen atom (a )  i s  d i s s i p a t e d  by  s u b s t i t u e n t  g roup  (b) t o  a  much s m a l le r  

d e g re e .

I t  may b e  n o t e d  t h a t  t h e  p ro p o se d  s t r u c t u r e s  f o r  t h e  2 :1  com­

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

t h e  methanol-DEA 2 :1  complex c o u ld  be  formed by a h y d ro g e n  bond be tw een  

t h e  amine h y d ro g en  and  th e  oxygen  o f  t h e  second  m e th a n o l  m o le c u le .  This  

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

F i r s t ,  i t  h a s  b e e n  i n d i c a t e d  t h a t  amine h yd rogens  a r e  q u i t e  p o o r  hydrogen  

bond a c c e p t o r s  a n d ,  e v e n  a l l o w i n g  f o r  a n  i n c r e a s e d  a c i d i t y  f o r  t h e  amine 

hyd rogen  due t o  t h e  c o o p e r a t i v e  e f f e c t ,  i t  i s  u n l i k e l y  t h a t  t h e  en e rg y  

o f  an amine h y d r o g e n - a l c o h o l  oxygen bond would b e  even  a s  l a r g e  a s  th e  

AH°^ f o r  1 :1  complex f o r m a t io n .

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

h a s  a l r e a d y  b e e n  d i s c u s s e d .  A g a in ,  a  l a r g e  d e v i a t i o n  from  l i n e a r i t y  in
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t h e  h y d ro g en  bonds  would occu r  and i t  i s  u n l i k e l y  t h a t  the  fo rm a t io n  o f  

a weak t h i r d  bond w ould compensate f o r  e n e rg y  l o s s  due to  d i s t o r t i o n  o f  

two s t r o n g  b o n d s .  A s i m i l a r  a rgum ent i s  a p p l i c a b l e  f o r  th e  2 :1  water:DEA 

complex.

The e n t h a l p i e s  f o r  2 :1  complex f o rm a t io n  r e p o r t e d  i n  t h i s  s tu d y  

a p p e a r  t o  b e  t h e  f i r s t  v a lu e s  f o r  t h e  h e a t  o f  fo rm a t io n  o f  h e t e r o ­

hyd rogen  bonded  com plexes i n v o lv in g  more t h a n  one donor  o r  a c c e p t o r  

m o le c u le .  The a p p a r e n t l y  l a r g e  i n c r e a s e  i n  complex s t a b i l i t y  due to  t h e  

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

e t  a l .  on s o l v e n t  e f f e c t s  i n  a l c o h o l  s y s te m s .  T h is  a u th o r  i s  i n  d i s -

72ag reem en t  w i t h  two o p in io n s  by Bellam y e t  a l .  t h a t  1) a p p r e c ia b l e  

q u a n t i t i e s  o f  a l c o h o l  dim ers e x i s t  i n  n o n - p o la r  s o l v e n t s  and t h a t  2) a l ­

c o h o l  s p e c i e s  h i g h e r  th a n  th e  d im er have  c y c l i c  s t r u c t u r e s .  The s t r o n g  

e f f e c t  shown i n  t h e  v a lu e s  f o r  t h e  methanol-DEA complexes from t h e

p r e s e n t  w ork would  i n d i c a t e  t h a t  t h e  f o r m a t io n  o f  t r i m e r i c  a l c o h o l  

s p e c i e s  i s  g r e a t l y  f a v o re d  o v e r  t h e  f o r m a t i o n  o f  d im e r ic  s p e c i e s .

The v a p o r  p r e s s u r e  d a t a  f o r  m e th a n o l  in  HX i n d i c a t e  t h a t ,  w i t h i n  

t h e  p r e c i s i o n  o f  t h e  m easu rem en ts , a  m e th a n o l  d im e r  does n o t  a p p e a r  i n  

m e a su ra b le  q u a n t i t i e s  i n  t h i s  sy s tem . I n  t h e  s o l v e n t s  DPM and BZE, 

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

q u a n t i t i e s  o f  m e th a n o l  dim ers a r e  a p p a r e n t l y  p r e s e n t .

The r e s u l t s  o b ta in e d  by  B ellam y e t  a l .  i n  mixed s o lv e n t  sy s te m s  

s u p p o r t  t h e i r  h y p o t h e s i s  t h a t  t e r n a r y  com plexes (p ro to n  d o n o r - a l c o h o l -  

b a s i c  s o l v e n t )  fo rm . Complexes o f  t h i s  ty p e  must h av e  c h a in  c o n f i g u r a ­

t i o n s  and t h e  m arked f re q u e n c y  s h i f t s  p rom oted  by a d d i t i o n  o f  th e  weak 

p r o to n  d o n o r  c h lo ro fo rm  to  a l c o h o l - b a s i c  s o l v e n t  m ix tu re s  s u p p o r t  th e
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a p p a r e n t l y  s t r o n g  e f f e c t  due to  t h e  s h i f t  o f  e l e c t r o n  d e n s i t y  a long  

t h e  bonded c h a in .

O th e r  r e s u l t s  from t h e  p r e s e n t  s tu d y  p resum ably  due t o  th e  

c o o p e r a t i v e  e f f e c t  may be  m e n t io n e d .  The -AH° v a lu e s  f o r  fo rm a t io n  

o f  w a te r  and m e th a n o l  d im ers  i n  DPM (4 .2 5  and 3 .40  k c a l / m o l e ,  r e ­

s p e c t i v e l y )  a re  s u r p r i s i n g l y  l a r g e  compared t o  th e  v a l u e s  f o r

1 : 1  com plexes  o f  w a t e r  and m e th a n o l  w i t h  DEA i n  th e  same s o l v e n t  (4 .5  

and  3 .6  k c a l / m o l e ,  r e s p e c t i v e l y )  s i n c e  as a  g e n e r a l  r u l e  h e t e r o ­

h y d rogen  bonded com plexes a r e  e x p e c te d  to  have  a p p r e c i a b l y  l a r g e r  v a lu e s  

f o r  -AH° p e r  bond t h a n  f o r  s i m i l a r  s e l f - a s s o c i a t e d  com plexes .  The n e a r  

e q u a l i t y  o f  th e  -AH°^ and -AH^ v a lu e s  can be  r a t i o n a l i z e d  on th e  b a s i s  

o f  d im e r - s o lv e n t  com plexes o f  w a t e r  and m e th a n o l  d im ers  w i t h  th e  a r o ­

m a t ic  r i n g .  A lso ,  r e c e n t  u n p u b l i s h e d  work i n  t h i s  l a b o r a t o r y ^ ^  i n d i ­

c a t e s  t h a t  i n  m ix tu r e s  o f  f l u o r i n a t e d  a l c o h o l s  and m e th a n o l  i n  n -  

h e x a d e c a n e  th e  p red o m in a n t  a s s o c i a t e d  s p e c i e s  i s  a h e t e r o - t r i m e r ;  1 :1  

com plexes  o f  th e  a l c o h o l s  a r e  p r e s e n t  i n  a lm o s t  i n d é t e c t a b l e  am ounts. 

T h is  i s  f u r t h e r  i n d i c a t i o n  o f  t h e  i n s t a b i l i t y  o f  a l c o h o l  d im ers  i n  t h e  

a b se n c e  o f  s o l v e n t s  w i th  b a s i c  s i t e s .

R e l a t i o n s  f o r  P r e d i c t i n g  S o lv e n t  E f f e c t s  on A s s o c i a t i o n

C h r i s t i a n  e t  h av e  d e v e lo p e d  r e l a t i o n s h i p s  t o  p r e ­

d i c t  t h e  e f f e c t  o f  changes  i n  s o l v e n t  r e a c t i v i t y  on m o le c u la r  complex 

f o r m a t io n .  For a  d o n o r - a c c e p t o r  r e a c t i o n  (A + D AD) o c c u r r in g  i n  

b o th  t h e  vapor  p h a s e  and i n  a  s o l v e n t  a  d im e n s io n le s s  p a r a m e t e r ,  a ,  

i s  d e f i n e d  as  t h e  r a t i o  o f  t h e  e n e rg y  o f  s o l u t i o n  o f  t h e  complex AD 

t o  th e  sum o f  t h e  e n e r g i e s  o f  s o l u t i o n  o f  t h e  monomers A and D
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4 E °  A Eg

w here  A E °  i s  t h e  e n e rg y  change f o r  t r a n s f e r  o f  one m ole  from th e  

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

g e n e r a l  t h a t  a w i l l  h a v e  a  v a lu e  l e s s  t h a n  u n i t y  s in c e  t h e  r e a c t i v e  

s i t e s  i n  t h e  monomers a r e  u n a b le  d i r e c t l y  t o  c o n ta c t  t h e  s o l v e n t  a f t e r  

t h e  complex i s  fo rm ed . In  a s e n s e ,  i t  may b e  s t a t e d  t h a t  a  r e p r e s e n t s  

t h e  f r a c t i o n  o f  s o l v a t i o n  e ne rgy  r e t a i n e d  by th e  monomers on fo rm ing  

t h e  com plex.

I f  a  i s  s t r i c t l y  in d e p e n d e n t  o f  t e m p e ra tu re  a  s i m i l a r  r e l a t i o n  

may b e  o b t a i n e d  i n  te rm s  o f  t h e  f r e e  e n e r g i e s  o f  s o l u t i o n

. _________
AG“  +  A G °A D

w here  a '  s h o u ld  e q u a l  a i f  th e  te m p e ra tu re  in d e p e n d e n t  r e s t r i c t i o n  i s  m e t .  

I t  i s  e x p e c te d  t h a t  i n  t h e  absence  o f  s t r o n g  s p e c i f i c  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  a  and a '  w i l l  n o t  b e  s t r o n g l y  d ep en d en t  on e i t h e r  tem pera ­

t u r e  o r  c h o ic e  o f  s o l v e n t .

T a b le  22 g i v e s  v a lu e s  o f  - A E °  and - A G °  ( a t  25°) o b t a i n e d  from 

t h e  p r e s e n t  s tu d y  o f  water-DEA and methanol-DEA complexes i n  t h e  vap o r  

p h a s e  and i n  s o l u t i o n  i n  n o n - v o l a t i l e  s o l v e n t s .  With r e f e r e n c e  t o  th e  

p r e v i o u s l y  m e n t io n e d  thermodynamic c y c le  ( f o r  m e th a n o l  a s s o c i a t i o n )  i t  

i s  n o t e d  t h a t  A E °  and A G °  f o r  t r a n s f e r  o f  one mole o f  a  1 : 1  complex 

(water-DEA o r  methanol-DEA) a r e  o b t a in e d  from u se  o f  th e  e x p e r i m e n t a l l y  

m easu red  A E °  and A G °  f o r  complex f o rm a t io n  i n  t h e  v ap o r  p h a s e ,  monomer
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TABLE 22

F ree  E n e r g ie s  and  E n e r g ie s  o f  D i s t r i b u t i o n  o f  Monomers 

and 1 :1  Complexes be tw een  th e  Vapor P h a s e  and 

T hree  N o n - v o l a t i l e  S o lv e n ts  a t  25°

S o lu te  -AG°gg k c a l /m o le  -AE°gg k c a l /m o le

n-H exadecane

Water 0 .4 5 2 .13

M ethanol 1 .2 5 2 .90

D ie th y la m in e 3 .1 6 5 .60

HgO-DEA 3 .8 0 7 .80

MeOH-DEA 4.1 5 6 .2 8

D iphenylm ethane

Water 1 .7 9 4 .17

M ethanol 2 .3 4 5 .26

D ie thy lam ine 3 .3 6 6 .29

HgO-DEA 5 .2 0 8 .92

MeOH-DEA 5 .0 8 8 .4 1

B enzyl E th e r

Water 2 .5 4 6 .3 3

M ethanol 2 .8 0 6 .5 2

D ie th y la m in e 3 .3 3 6 .4 3

HgO-DEA 5 .2 6 10 .18

MeOH-DEA 5.1 9 9 .0 9

A l l  q u a n t i t i e s i n t a b l e  r e f e r r e d  t o  s t a n d a r d s t a t e  o f  one
m o l e / l i t e r .
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d i s t r i b u t i o n  b e tw e en  v a p o r  and s o l u t i o n  and e n e rg y  o f  fo rm a t io n  o f  th e  

1 :1  com plexes  i n  s o l u t i o n .  A s t a n d a r d  s t a t e  o f  one m ole p e r  l i t e r  i d e a l  

d i l u t e  s o l u t i o n  i s  u se d ;  v a l u e s  i n  t h e  v a p o r  p h a s e  a re  c o n v e r te d

t o  v a l u e s  by  s u b t r a c t i n g  RT and v a l u e s  i n  s o l u t i o n  a r e  v i r t u a l l y

i d e n t i c a l  t o  v a lu e s  s i n c e  th e  PV term  i n  s o l u t i o n  i s  n e g l i g i b l e .

The c a l c u l a t e d  v a lu e s  o f  a  and a '  f o r  t h e  1 :1  complexes o f  w a t e r  

and m e th a n o l  w i t h  DEA a r e  p r e s e n t e d  i n  T a b le  23 . I t  i s  a p p a re n t  t h a t  

b o th  a  and  a '  v a lu e s  d e c r e a s e  i n  m ag n itu d e  a s  t h e  s o l v e n t  becomes more 

r e a c t i v e .  The a v a lu e s  f o r  t h e  methanol-DEA 1 : 1  complex a r e  more 

n e a r l y  c o n s t a n t  th a n  th e  o t h e r  a  and a '  v a l u e s .  A d e c r e a s e  i n  v a lu e s  o f  

th e  p a r a m e te r  a  (and a ' )  a s  t h e  s o l v e n t  becomes more r e a c t i v e  h a s  b e e n  

n o te d  p r e v i o u s l y  by S te v e n s ^ \n d  Van D u y n ^ ^ n  s t u d i e s  on c a r b o x y l i c  a c id  

d i m e r i z a t i o n  i n  o r g a n i c  s o l v e n t s .  The c y c l e s  o f  therm odynam ic v a lu e s  

r e p o r t e d  h e r e  a r e  th e  f i r s t  t o  h a v e  been  o b t a i n e d  f o r  w a te r - a m in e  and 

a lc o h o l - a m in e  com plexes . R e l a t i o n s  may be o b t a i n e d  from  e q u a t i o n  (35) 

which e n a b le  t h e  c a l c u l a t i o n  o f  an a '  v a lu e  from  th e  s lo p e  o f  a  l o g - l o g  

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

s t a n t s  f o r  t h e  monomers o b t a i n e d  by d e te r m in in g  d i s t r i b u t i o n  c o n s t a n t s  

and a s s o c i a t i o n  c o n s t a n t s  a t  one t e m p e ra tu re  f o r  a  s e r i e s  o f  s o l v e n t s .  

Johnson  e t  a l . ^ ^  d e te rm in e d  1 : 1  a s s o c i a t i o n  c o n s t a n t s  a t  25° f o r  th e  

w a t e r - p y r i d i n e  complex i n  s e v e r a l  o r g a n i c  s o l v e n t s  and o b ta in e d  an o'* 

v a lu e  o f  0 .7 1 .

C h r i s t i a n  and G rundnes^^  h av e  p ro p o se d  a  r e l a t i o n s h i p  t o  c o r r e l a t e  

th e  e n e rg y  a n d  f r e e  e n e rg y  o f  s o l u t i o n  o f  m o le c u le s  in v o lv e d  i n  complex 

f o r m a t io n .  From c o n s i d e r a t i o n  o f  t h e  e n e rg y  and  f r e e  energy  r e l a t i o n s h i p s  

f o r  s o l u t i o n  o f  s e v e r a l  n o n - p o l a r  g a s e s  i n  o r g a n i c  s o l v e n t s  t h e  r e l a t i o n
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TABLE 23

a  and a '  v a lu e s  f o r  th e  W a te r -D ie th y la m in e  and M e th a n o l-D ie th y la m in e  

1 :1  Complexes i n  T hree  N o n - v o l a t i l e  S o l v e n t s

W a te r-D ie th y la m in e  1 :1  Complex

S o lv e n t a a '

HX 1.01 1 .0 5

DPM 0.85 1 .0 1

BZE 0.80 0 .9 0

M e th a n o l-D ie th y la m in e  1 : 1  Complex

S o lv e n t  a a '

HX 0 .7 4  0 .9 3

DPM 0 .7 3  0 .8 9

BZE 0 .7 0  0 .8 5
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AG? = 8AE° + 0 .7 5  RT (36)
v^s v^s

was p r o p o s e d .  The p a ra m e te r  8 has  a  v a lu e  o f  a p p ro x im a te ly  0 .6  f o r  

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

t h i s  e x p r e s s i o n  may b e  u s e f u l  f o r  r e l a t i n g  therm odynam ic d a t a  f o r  

d o n o r ,  a c c e p t o r  and complex m o le c u le s  i n  a  v a r i e t y  o f  s o l v e n t s  p r o ­

v id e d  t h a t  s t r o n g  s p e c i f i c  s o l u t e - s o l v e n t  i n t e r a c t i o n s  do n o t  o c c u r .  

F ig u r e  10 p r e s e n t s  a  p l o t  o f  -AG° v e r s u s  -AE° f o r  t h e  monomeric m ole­

c u le s  and 1 : 1  com plexes s t u d i e d  i n  th e  p r e s e n t  w ork . V alues  o f  -AG° 

and -AE° a r e  u s e d  from T ab le  22.

The d a s h e d  l i n e  i n  F ig u re  10 i s  t h e  e x p e c te d  l i n e  w i t h  a s lo p e  

o f  a b o u t  0 .6  f o r  s o l u t i o n  o f  g a s e s  w h ich  do n o t  i n t e r a c t  s t r o n g l y  

w i th  th e  s o l v e n t .  As m igh t  have  been  e x p e c te d  from  th e  t r e n d  e x p re s s e d  

i n  T ab le  23 b y  t h e  a  and a '  v a lu e s  t h e r e  i s  th e  a p p e a ra n c e  o f  what a re  

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

w a te r  and m e th a n o l  monomer d i s t r i b u t i o n  i n  t h e  t h r e e  s o lv e n t s  i n c r e a s ­

in g ly  d i v e r g e  from  t h e  l i n e  as  th e  s o l v e n t  r e a c t i v i t y  i s  i n c r e a s e d .

The -AE° v a l u e s  f o r  w a t e r  and m eth a n o l  i n c r e a s e  more r a p i d l y  th a n  th e  

-AG° v a lu e s  a s  t h e  s o l v e n t  becomes more b a s i c .  The p o i n t s  f o r  DEA l i e  

ve ry  n e a r  t h e  l i n e  and a g re e  w i th  th e  p r e v i o u s  s u g g e s t i o n  t h a t  l i t t l e  

s p e c i f i c  s o l u t e - s o l v e n t  i n t e r a c t i o n  i s  p r e s e n t  i n  s o l u t i o n s  o f  DEA i n  

HX, DPM and BZE. A f a i r  amount o f  s c a t t e r  i s  e v id e n t  i n  th e  p o i n t s  

f o r  t h e  1 :1  co m p le x es .  T h is  i s  p a r t i a l l y  to  be e x p e c te d  s i n c e  th e  

v a lu e s  o f  AE° and AG° a r e  c a l c u l a t e d  from  f o u r  s e p a r a t e  v a lu e s  of 

e n e rg y  and  f r e e  e n e rg y ,  r e s p e c t i v e l y .



1 HgO-HX
2 HgO-DPM

3 HgO-BZE

4 MeOH-HX

5 MeOH-DPM

6 MeOH-BZE

7 DEA-HX

8 DEA-DPM

9 DEA-BZE

10 H^O-DEA-HX

11 HgO-DEA-DPN

12 HgO-DEA-BZE

1 3  MeOH-DEA-HX

14 MeOH-DEA-DPM

15 MeOH-DEA-BZE

-AE ( k c a l /m o le ) -  -  — 1 . 0

10.0 8 . 0 6 .0  5 .0  4 .0 3 .0  2 .0  1 .0 0.0

1.0

-AG^(k c a l )

3 .0

1 0 ,
■ 1 3

12 5 .0

Dashed l i n e  h a s  s l o p e  o f  0 .6

01

F ig u r e  1 0 .  P l o t  o f  -AG ° v e r s u s  -A E ° f o r  d i s t r i b u t i o n  o f  m onom ers and  1 : 1

com plexes  b e tw e e n  t h e  v a p o r  p h a s e  and t h r e e  n o n - v o l a t i l e  s o l v e n t s .
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A c o m p a r iso n  o f  v a p o r  p h ase  a s s o c i a t i o n  c o n s t a n t s  and 

f o r  th e  1 :1  com plexes o f  w a t e r  and m e th a n o l  w i t h  DEA (T a b le  17) w i t h  

t h e  c o r r e s p o n d in g  q u a n t i t i e s  i n  s o l u t i o n  (T ab le  15) i s  i n t e r e s t i n g .  

S in c e  w a te r  i s  g e n e r a l l y  c o n s id e r e d  a b e t t e r  a c id  th a n  m e th a n o l  i t  

m ig h t  have  b e e n  e x p e c t e d  t h a t  b o th  and -AE^^ f o r  t h e  water-DEA 

v a p o r  complex would b e  l a r g e r  th a n  t h e  and -AE°^ f o r  t h e  m e th a n o l-  

DEA v a p o r  com plex . However, th e  e x p e r im e n ta l  r e s u l t  i s  t h a t  i n  t h e  

v a p o r  p h a se  m e th a n o l  a p p a r e n t l y  form s a  s t r o n g e r  bond w i t h  DEA th a n  

d o e s  w a t e r .  When t h e  and -AE°^ v a lu e s  a r e  compared i n  s o l u t i o n  

t h e  s i t u a t i o n  i s  r e v e r s e d — w a te r  u n i f o r m ly  a p p e a r s  to  form a  s t r o n g e r  

bond  w i th  DEA th an  m e th a n o l  does ( 1 : 1  complexes o n l y ) .  Not o n ly  a r e  

t h e  and -AE°^ v a l u e s  f o r  th e  water-DEA complex i n  s o l u t i o n  l a r g e r  

t h a n  th e  and -AE°^ f o r  methanol-DEA b u t  t h e y  a r e  a l s o  i n  t h e  two 

l e a s t  r e a c t i v e  s o l v e n t s  u n e x p e c te d ly  l a r g e  compared t o  t h e  and 

-A E ° i  v a lu e s  f o r  th e  water-DEA complex i n  t h e  v a p o r  p h a s e .

(water-DEA a t  25°) i n  HX (1 1 .0  M"^) and a l s o  i n  DPM ( 8 .5  M~^) i s  

l a r g e r  t h a n  t h e  v a p o r  p h a s e  o f  7 .9  M -AE°^ (water-DEA) i s  

s l i g h t l y  l a r g e r  i n  HX (6 .1 3  k c a l /m o le )  th a n  i n  v a p o r  (6 .0 7  k c a l /m o le )  

and  becomes s m a l l e r  ( 4 .5  k c a l /m o le )  i n  DPM. The r e s u l t  o f  t h e s e  com­

p a r i s o n s  w ou ld  i n d i c a t e  t h e  e x i s t e n c e  o f  some f a c t o r  l e a d i n g  t o  t h e  

s t a b i l i z a t i o n  o f  t h e  water-DEA 1 :1  complex i n  s o l u t i o n ,  r e l a t i v e  t o  

t h e  v a p o r  p h a s e .  D i e l e c t r i c  s t u d i e s  on w a t e r - a l i p h a t i c  amine complexes 

i n  o r g a n ic  s o l v e n t s  h av e  i n d i c a t e d  t h a t  th e  com plexes have  much l a r g e r  

d i p o l e  moments t h a n  w ould  b e  e x p e c te d  assum ing v e c t o r  a d d i t i v i t y  o f  

t h e  d i p o le  moments o f  w a t e r  and t h e  am ine. The p o s s i b i l i t y  e x i s t s ,  

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

43
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s o l v e n t s  i s  r e s p o n s i b l e  f o r  t h e  anom alous s t a b i l i z a t i o n  o f  t h e  w a t e r -

DEA com plex. S i m i l a r  d i p o le  enhancem en t  h a s  been  r e p o r t e d  f o r  a l c o h o l -

83amine complexes in  o r g a n i c  s o l v e n t s  b u t  t h e r e  i s  a p p a r e n t l y  no m arked 

e f f e c t  i n  t h e  c a se  o f  t h e  m ethanol-DEA com plexes .  Grundnes and 

C h r i s t i a n ® ^  h av e  found  t h a t  t h e  h i g h l y  p o l a r  c h a rg e  t r a n s f e r  complex 

(CHg) 2 N.S 0 2  i s  s t a b i l i z e d  i n  h e p ta n e  and c h l o r i n a t e d  h y d ro c a rb o n s  r e l a ­

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

The r e l a t i o n s  p ro p o sed  b y  C h r i s t i a n  e t  a l .  a p p e a r  to  b e  v a l u a b l e  

a s  f i r s t  a p p ro x im a t io n s  i n  c o r r e l a t i n g  th e  therm odynam ic p r o p e r t i e s  o f  

hy d ro g en  b o n d in g  s y s te m s .  C om parison  o f  e x p e r i m e n t a l l y  d e te rm in e d  

e n e rg y  and f r e e  e n e rg y  v a lu e s  on  th e  b a s i s  o f  th e  a  and 3 r e l a t i o n s  

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

on  complex f o rm a t io n .  These  r e l a t i o n s  s h o u ld  be  f u r t h e r  t e s t e d  on 

sy s te m s  f o r  w hich  a c c u r a t e  s o l v a t i o n  e n e r g i e s  and f r e e  e n e r g i e s  may be  

o b ta in e d  f o r  t h e  s p e c i e s  in v o lv e d  i n  complex fo rm a t io n  r e a c t i o n s .  

S p e c i f i c  e f f e c t s  o f  d o n o r - a c c e p t o r  i n t e r a c t i o n s  be tw een  p o l a r  s o l v e n t s  

and p o l a r  s o l u t e s  d e s e r v e  f u r t h e r  s tu d y .

Summary and P r o p o s a l s  f o r  F u tu re  Work 

E q u i l i b r iu m  c o n s t a n t s ,  e n t h a l p i e s  and  e n t r o p i e s  have  b e e n  d e t e r ­

m ined  f o r  d ie th y la m in e  s e l f - a s s o c i a t i o n ,  t h e  1 :1  complex o f  w a t e r  w i th  

d i e th y la m in e  and th e  1 :1  complex o f  m e th a n o l  w i th  d i e th y la m in e  i n  t h e  

v a p o r  p h a s e .  The e n t h a l p y  f o r  t h e  w a t e r - d i e t h y lam ine  complex a p p e a r s  

t o  b e  th e  f i r s t  r e p o r t e d  e n t h a l p y  f o r  a h y d ro g en  bonded  complex o f  

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

D i s t r i b u t i o n  and a s s o c i a t i o n  e q u i l i b r i u m  c o n s t a n t s  f o r  m e th a n o l ,  

w a t e r  and d i e th y la m in e  p a r t i t i o n e d  b e tw e en  t h e  v a p o r  p h a s e  and t h r e e
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n o n - v o l a t i l e  s o l v e n t s  have been  d e te r m in e d  a t  25 , 35 and 4 5° .  E n t h a l p i e s  

and e n t r o p i e s  o f  a s s o c i a t e d  s p e c i e s  a r e  r e p o r t e d .  A new a s s o c i a t i o n  model 

f o r  a l c o h o l s  i s  p ro p o se d  and t e s t e d  on r e a d i l y  a v a i l a b l e  d a ta  f o r  a l c o h o l -  

s o l v e n t  s y s te m s  w i th  e x c e l l e n t  r e s u l t s .

The s tu d y  o f  t h r e e  component sy s te m s  w here  two v o l a t i l e  components 

a r e  p a r t i t i o n e d  be tw een  th e  v a p o r  p h a s e  a n d  a  n o n - v o l a t i l e  s o l v e n t  h as  

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

t h e  1 :1  com plexes  m e th a n o l - d ie th y la m in e  and  w a t e r - d i e t h y l a m in e  i n  n - h e x a -  

d e c a n e ,  d ip h e n y lm e th a n e  and b e n z y l  e t h e r .  A ls o ,  e n t h a l p i e s  and e n t r o p i e s  

o f  f o r m a t i o n  o f  2 :1  complexes o f  m e th a n o l  w i t h  d i e th y la m in e  i n  e a ch  o f  

th e  s o l v e n t s  n - h e x a d e c a n e , d ip h en y lm e th a n e  and b e n z y l  e t h e r  have  been  

d e te r m in e d .  E n th a lp y  and e n t r o p y  o f  f o r m a t io n  f o r  t h e  2 :1  complex w a t e r -  

d i e t h y l a m in e  i n  b e n z y l  e t h e r  a r e  r e p o r t e d .  These therm odynam ic d a t a  f o r  

t h e  2 :1  h y d ro g e n  bonded complexes o f  w a te r  and m e th a n o l  g iv e  t h e  f i r s t  

q u a n t i t a t i v e  e v id e n c e  b e a r in g  on t h e  s u p p o s i t i o n  t h a t  hydrogen  bonds a r e  

s t r o n g e r  i n  l a r g e r  p o ly m ers .

The e x t e n s i v e  therm odynam ic d a t a  i n  t h i s  w ork  a r e  u sed  t o  t e s t  

r e l a t i o n s  p r o p o s e d  by C h r i s t i a n  e t  a l .  and d e v i a t e  from th e  p ro p o se d  

r e l a t i o n s  i n  su c h  a  manner as  to  i n d i c a t e  s t r o n g  s p e c i f i c  s o l u t e - s o l v e n t  

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

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

a r e a  o f  h y d ro g e n  bond ing  and s p e c i f i c a l l y  c o n c e rn in g  th e  r e s u l t s  o f  t h i s  

s tu d y  a r e :

1 .  M easurem ent o f  e q u i l i b r i u m  c o n s t a n t s  and e n t h a l p i e s  f o r  t h e  

1 : 1  a s s o c i a t i o n  o f  w a t e r  w i th  s e v e r a l  e l e c t r o n  donors  b o th  

i n  t h e  v a p o r  p h a se  and i n  s o l u t i o n s .
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2 . F u r t h e r  a p p l i c a t i o n  o f  t h e  a l c o h o l  a s s o c i a t i o n  model p r o ­

po se d  h e r e  t o  d a t a  of s e v e r a l  t y p e s  f o r  a l c o h o l - s o l v e n t  

s y s te m s  f o r  a l c o h o l s  o f  v a r y in g  m o le c u la r  w e ig h t  and 

s t r u c t u r e .

3. Use o f  s o l v e n t s  which d i s s o l v e  a p p r e c i a b l e  q u a n t i t i e s  o f  

w a t e r  i n  an  a t t e m p t  t o  d e te rm in e  therm odynam ic  p a ra m e te rs  

f o r  2 : 1  w a t e r - b a s e  complexes t o  f u r t h e r  a s s e s s  t h e  im por­

t a n c e  o f  t h e  c o o p e r a t iv e  e f f e c t  i n  f o rm a t io n  o f  w a te r  

p o ly m e r s .



APPENDIX

PRESENTATION OF EXPERIMENTAL DATA

The p r im a ry  d a t a  c o l l e c t e d  i n  t h i s  work a r e  t a b u l a t e d  h e r e .

A few w ords o f  e x p l a n a t i o n  a r e  n e c e s s a r y  i n  o r d e r  t o  f a c i l i t a t e  any 

f u t u r e  u se  o f  t h e s e  d a t a .

Whenever th e  sym bols II o r  P a r e  u se d  th e y  i n d i c a t e  e i t h e r  a 

fo rm a l  o r  a  m easured  p r e s s u r e ,  r e s p e c t i v e l y .  These  p r e s s u r e s  a r e  

e x p re s s e d  i n  t o r r .  The volume r a t i o  f o r  th e  PVT a p p a r a tu s  w i t h  which 

t h e  PVT d a t a  f o r  d i e th y la m in e  w ere  o b t a in e d  was 0 .71837  a t  2 5 °  and 

0 .77572  a t  35 and 45 ° .

A l l  symbols u s e d  a r e  d e f in e d  i n  th e  t e x t .  S u b s c r i p t s  on 

sym bols (11^, P ^ ,  f^ )  i n d i c a t e  compounds; A f o r  d i e t h y l a m in e ,  M f o r  

m e th a n o l  and W f o r  w a t e r .  I n  t h e  sy s tem s  w here two v o l a t i l e  components 

a r e  p r e s e n t  i t  may be em phasized  t h a t  f*  r e f e r s  t o  t h e  t o t a l  m o les  of 

a  component p r e s e n t  d i v i d e d  by t h e  s o l u t i o n  volume w hereas  f  i s  t h e  

fo rm a l  c o n c e n t r a t i o n  i n  s o l u t i o n  o n ly  f o r  s i n g l e  v o l a t i l e  component 

v a p o r - s o l u t i o n  s y s te m s .

R e fe re n c e  59 d i s c u s s e s  i n  some d e t a i l  t h e  ty p e s  o f  m easurem ents  

employed i n  t h i s  s t u d y .

-1 1 5 -
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TABLE 24

PVT D a ta  f o r  D ie th y la m in e  Vapor a t  25°

Pg " l
P ^ ( c a l c d .  )

86 .54 0 .1 5 120.12 120.10
62 .42 0 .4 4 86 .5 4 86.56
44 .99 0 .3 9 62 .42 62.40
32 .43 0 .3 0 44 .99 44 .98
23 .51 0 .7 1 32 .4 3 32.42
17 .08 0 .6 4 23 .51 23.51
12 .35 0 .2 9 17 .08 17.07

8 .8 7 0 .0 0 12 .35 12.34
111 .53 0 .2 2 154.64 154.67

80 .33 0 .0 6 111.53 111 .53
57 .84 0 .1 0 80 .33 80.33
41 .66 0 .2 5 5 7 .8 4 57.82
29 .98 0 .1 5 41 .64 41.64
21 .76 0 .7 8 29 .97 29.97
15.77 0 .4 9 21 .76 21.76
11 .63 1 .0 3 15 .78 15.78
81 .25 0 .2 6 112.73 112 .73
58 .6 2 0 .4 9 81.26 81.26
42 .32 0 .6 1 58 .60 58.60
30.59 0 .5 8 42 .32 42.32
22 .16 0 .6 6 30.59 30.57
16.06 0 .4 9 22.16 22.15
11.70 0 .5 5 16 .06 16.07

8 .5 4 0 .4 6 11 .70 11.70
113 .30 0 .5 5 156.96 156 .98

81 .70 0 .4 2 113.30 113 .29
58 .93 0 .4 8 81 .70 81.70
42 .51 0 .4 6 58 .9 3 58.91
30.71 0 .5 5 42 .5 1 42.49
22.20 0 .4 7 30 .71 30.70
16.16 0 .7 5 22 .20 22.20
11.77 0 .5 2 16 .16 16.17

8 .59 0 .4 8 11 .77 11.76
6 .27 0 .3 7 8 .59 8 .58
4 .6 1 0 .3 7 6 .27 6.27

79.67 0 .2 9 110.55 110 .53
57 .53 0 .6 6 79.67 79.68
41 .47 0 .3 8 57 .53 57 .50
29 .93 0 .4 2 41 .47 41 .46
21 .64 0 .4 8 29 .93 29.91
15 .68 0 .4 8 21 .64 21.63
11 .40 0 .4 3 15 .6 8 15.69

8 .3 2 0 .4 9 11 .40 11.39
6 .0 8 0 .3 6 8 .3 2 8 .31
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TABLE 25

PVT Data fo r  D ieth y lam in e Vapor a t 35°

Ps ?L
P j^ (c a lc d .)

1 2 3 .0 3 0 .3 0 1 5 8 .1 7 158 .18
9 5 .6 6 0 .3 4 1 2 3 .0 3 123.02
7 4 .3 3 0 .2 0 9 5 .6 6 9 5 .64
5 7 .7 7 0 .2 7 7 4 .3 3 74.32
4 4 .9 3 0 .4 1 5 7 .7 7 57 .76
3 4 .9 2 0 .2 7 4 4 .9 3 44 .91
2 7 .1 6 0 .3 3 3 4 .9 2 34 .91
2 1 .1 7 0 .4 0 2 7 .1 6 27.16
1 6 .5 3 0 .5 0 2 1 .1 7 21 .16
1 2 .9 0 0 .3 5 1 6 .5 3 16 .53

1 25 .39 0 .4 2 1 6 1 .1 6 161 .18
9 7 .4 9 0 .3 3 1 2 5 .3 9 125.36
7 5 .7 8 0 .2 9 9 7 .4 9 9 7 .47
5 8 .9 1 0 .3 1 7 5 .7 8 75.77
4 5 .7 9 0 .3 4 5 8 .9 1 58 .89
3 5 .5 8 0 .2 1 4 5 .7 9 4 5 .78
2 7 .6 4 0 .1 9 3 5 .5 8 35.57
2 1 .5 0 0 .2 6 2 7 .6 4 27 .63
1 6 .7 5 0 .3 2 2 1 .5 0 21.49
1 3 .09 0 .3 9 1 6 .7 5 16 .75

1 2 6 .7 4 0 .3 3 1 62 .89 162.93
9 8 .5 1 0 .2 4 1 2 6 .7 4 126.70
76 .59 0 .3 3 9 8 .5 1 98 .50
5 9 .5 4 0 .3 3 7 6 .5 9 76.58
4 6 .3 2 0 .4 7 5 9 .5 4 59 .52
3 6 .0 1 0 .2 9 4 6 .3 2 46 .31
2 8 .05 0 .5 1 3 6 .0 1 36 .00
2 1 .8 4 0 .3 5 2 8 .0 5 28 .04
1 7 .0 3 0 .4 0 2 1 .8 4 21 .83
1 3 .2 8 0 .2 8 1 7 .0 3 17 .03

1 1 9 .3 2 0 .3 6 1 5 3 .3 6 153 .40
9 2 .7 7 0 .3 4 1 1 9 .3 2 119.30
7 2 .1 3 0 .3 9 9 2 .7 7 92 .76
5 6 .0 7 0 .3 1 7 2 .1 3 72.12
4 3 .6 0 0 .4 0 5 6 .0 7 56 .05
3 3 .9 1 0 .3 7 4 3 .6 0 43 .59
2 6 .4 2 0 .4 8 3 3 .9 1 33 .90
2 0 .5 8 0 .3 8 2 6 .4 2 26 .41
1 6 .0 6 0 .4 5 2 0 .5 8 20.57
1 2 .5 4 0 .3 3 1 6 .0 6 16 .07

1 2 5 .8 3 0 .3 6 1 6 1 .7 2 161.76
9 7 .8 3 0 .3 7 1 2 5 .8 3 125 .80
7 6 .05 0 .3 0 9 7 .8 3 97 .82
5 9 .1 4 0 .3 6 7 6 .0 5 76.05
4 5 .9 7 0 .3 3 5 9 .1 4 59 .12
3 5 .75 0 .3 5 4 5 .9 7 4 5 .95
2 7 .7 9 0 .2 7 3 5 .7 5 35 .73
2 1 .6 4 0 .3 4 2 7 .7 9 27 .78
1 6 .8 5 0 .3 3 2 1 .6 4 21 .62
1 3 .16 0 .3 7 1 6 .8 5 16 .86
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TABLE 26

PVT Data fo r  D ieth y lam in e  Vapor a t  45°

?L
P ^ C c a lc d . )

1 20 .30 0 .35 154 .66 154 .71
9 3 .5 7 0.58 120 .30 120.29
72 .69 0 .21 9 3 .57 93 .55
5 6 .5 1 0 .34 72 .69 72.69
4 3 .9 8 0.55 5 6 .5 1 56.49
3 4 .2 2 0 .43 4 3 .98 43 .97
2 6 .6 2 0.34 3 4 .22 34 .20
2 0 .7 4 0.37 2 6 .62 26 .62
1 6 .1 9 0.49 2 0 .74 20 .73
1 2 .6 4 0 .34 16 .19 16 .20

122 .18 0.33 157 .11 157 .13
9 4 .9 8 0 .35 122 .18 122 .16
7 3 .79 0 .20 9 4 .9 8 94 .96
5 7 .3 5 0 .30 73 .79 73 .78
4 4 .6 6 0.69 57 .35 57 .34
3 4 .7 4 0 .44 4 4 .6 6 44 .64
2 7 .0 2 0 .28 34 .74 34 .73
2 1 .0 2 0.26 2 7 .0 2 27 .01
1 6 .4 6 0.69 21 .02 21 .02
1 2 .8 4 0.30 1 6 .46 16 .47

107 .72 0 .38 138 .54 138 .53
8 3 .7 7 0.52 107 .72 107 .71
6 5 .19 0 .60 83 .77 8 3 .78
5 0 .7 0 0 .51 65 .19 65 .16
3 9 .50 0 .70 50 .70 50 .70
3 0 .8 2 0.74 39 .50 39.49
2 4 .05 0.67 30 .82 30 .80
1 8 .7 5 0 .41 2 4 .05 24 .05
1 4 .6 6 0.49 1 8 .75 18 .76
1 1 .4 4 0.27 1 4 .66 14 .67

108 .87 0 .68 1 39 .94 139 .93
8 4 .7 6 0 .93 108 .87 108 .85
6 5 .9 6 0.59 8 4 .76 8 4 .78
5 1 ,4 2 1.05 6 5 .96 65 .94
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TABLE 27

Vapor D e n s ity  Data fo r  the System W ater-D iethylam ine a t  25^

h "w P ^ X c a lc d .)

5 9 .8 3 3 .1 5 6 2 .6 3 6 2 .6 2

5 9 .8 3 4 .7 6 6 4 .1 8 64 .18

5 9 .8 3 6 .3 5 6 5 .7 3 65 .74

59 .8 3 7 .9 5 67 .29 6 7 .3 0

5 9 .8 3 9 .5 4 6 8 .8 4 6 8 .8 6

5 7 .5 8 1 .5 5 5 8 .8 5 5 8 .8 3

5 7 .5 8 3 .15 6 0 .4 0 6 0 .39

5 7 .5 8 4 .7 5 6 1 .9 6 61 .96

5 7 .5 8 6 .3 5 6 3 .5 1 6 3 .5 2

5 7 .5 8 7 .95 6 5 .0 7 6 5 .0 8

85 .85 3 .1 5 8 8 .3 1 8 8 .32

85 .85 4 .7 6 8 9 .8 4 89 .86

6 3 .61 1 .5 4 6 4 .8 1 64 .79

6 3 .6 1 3 .1 3 6 6 .3 6 6 6 .3 4

63 .61 4 .7 3 6 7 .9 1 6 7 .90

63 .61 6 .3 3 6 9 .4 7 6 9 .46

6 3 .6 1 7 .9 2 7 1 .02 7 1 .01

63 .61 9 .5 2 72 .57 7 2 .56

6 3 .6 1 1 1 .1 0 7 4 .1 1 74 .11
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TABLE 28

Vapor D e n s ity  Data f o r  th e  System  W ater-D iethylam ine a t  35

P ^ C c a lcd .)

86 .72 6 .5 3 9 2 .6 6 92 .63

86 .72 9 .8 4 9 5 .87 95 .85

86.72 1 3 .1 3 9 9 .0 8 99 .06

86 .72 1 6 .4 2 102 .29 102.27

97 .01 3 .2 2 9 9 .5 8 99 .55

9 7 .01 6 .5 2 102 .77 102.77

9 7 .01 9 .8 1 1 05 .98 105.98

9 7 .01 1 3 .1 1 1 09 .17 109 .18

9 7 .01 1 6 .3 9 112 .37 112 .38

68.79 6 .5 3 7 4 .9 2 74.90

68.79 9 .8 2 78 .16 78.13

68.79 1 3 .1 2 81 .39 81 .36

68.79 1 6 .4 1 8 4 .6 1 8 4 .58

89.47 3 .26 9 2 .1 6 92 .15

89.47 6 .57 9 5 .3 6 9 5 .38

89.47 9 .8 6 9 8 .5 7 98.59

89 .47 1 3 .1 5 10 1 .7 8 101.80

89 .47 1 6 .4 5 104 .99 105 .01

74.72 3 .26 77 ,56 77.56

74.72 6 .5 7 8 0 .7 8 80 .81

74 .73 9 .8 6 8 4 .0 0 84 .03

74 .73 1 3 .1 5 8 7 .2 3 87.25

74.73 1 6 .4 3 9 0 .4 4 90 .47
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TABLE 29

Vapor D e n s ity  Data fo r  th e  System  W ater-D iethylam ine a t  45

n. 'W
P ^ C c a lc d . )

9 8 .3 9 6 .7 3 104 .49 1 0 4 .4 8

9 8 .3 9 1 0 .1 4 107 .83 10 7 .8 2

9 8 .3 9 1 3 .5 4 111 .17 11 1 .1 6

9 8 .3 9 1 6 .94 114 .50 11 4 .4 9

1 1 1 .6 0 3 .3 4 114 .23 11 4 .2 2

11 1 .6 0 6 .7 5 117 .55 1 1 7 .5 6

1 1 1 .6 0 10 .16 120 .88 12 0 .8 9

1 1 1 .6 0 13 .56 124 .20 1 2 4 .2 2

1 1 1 .6 0 16 .96 127 .54 1 2 7 .5 4

8 7 .0 6 6 .7 4 9 3 .3 2 9 3 .2 9

8 7 .0 6 10 .15 9 6 .6 6 9 6 .6 4

8 7 .0 6 13 .55 100 .00 9 9 .9 8

8 7 .0 6 16 .95 103 .34 10 3 .3 2

1 0 5 .2 8 3 .33 108 .00 10 7 .9 7

1 0 5 .2 8 6 .75 111 .34 11 1 .3 2

1 0 5 .2 8 1 0 .16 114.67 11 4 .6 5

1 0 5 .2 8 13 .57 1 18 .00 117 .99

1 0 5 .2 8 16 .97 121 .34 12 1 .3 2

1 2 2 .8 6 3 .34 125 .35 12 5 .3 4

1 2 2 .8 6 6 .76 128 .66 12 8 .6 7

1 2 2 .8 6 10 .17 131 .97 13 2 .0 0

1 2 2 .8 6 1 3 .5 8 135 .29 1 3 5 .3 2

1 2 2 .8 6 16 .98 138 .60 1 3 8 .6 4
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TABLE 30

V apor D e n s i ty  D a ta  f o r  th e  System M e th a n o l -D ie th y lam ine  a t  25°

P ^ C c a lc d . )

52 .25 3 .42 55 .33 5 5 .33
52.25 6 .83 58 .64 58 .62
52.25 10 .25 61 .93 61 .92
52.25 13 .65 65.23 65.20
52.25 17 .06 68 .51 68.49
52.25 20 .45 71.77 71.75
52.25 23 .84 75 .04 75.03
52 .25 27 .24 78.31 78.31
52.25 30 .63 81 .57 81.58
52.25 3 4 .03 84 .82 84.86
52.54 3 .4 2 55 .64 55.62
52 .54 6 .8 4 58 .96 58.91
52.54 10 .25 62 .24 62.21
52 .54 13 .65 65 .53 65.49
52.54 17 .06 68 .80 68.77
52 .54 20 .45 72.06 72.04
52 .54 2 3 .8 4 75.33 75.31
52 .54 27 .24 78 .58 78.59
52 .54 30 .64 81 .86 81.87
52 .54 3 4 .02 85 .12 85 .14
53.09 3 .4 2 56.17 56.16
53.09 6 .8 3 59 .48 59.45
53.09 1 0 .25 62.77 62.74
53.09 1 3 .65 66 .06 66.02
53.09 1 7 .06 69 .33 69 .31
53.09 20 .45 72.59 72.57
53.09 2 3 .8 4 75.85 75.84
53.09 2 7 .2 4 79.10 79.12
53.09 3 0 .64 82 .36 82.40
53.09 3 4 .02 85 .62 85.67
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TABLE 31

Vapor D e n s i ty  D a ta  f o r  t h e  System M e th a n o l-D ie th y la m in e  a t  35°

" a
P ^ ( c a l c d . )

6 8 .9 8 3 .5 4 7 2 .1 2 72.12
6 8 .9 8 7 .0 8 7 5 .56 75 .54
6 8 .9 8 10 .61 7 9 .0 1 7 8 .96
6 8 .9 8 14 .16 8 2 .4 0 82 .39
6 8 .9 8 17 .70 8 5 .8 2 8 5 .82
6 8 .9 8 2 1 .24 8 9 .2 6 89 .25
6 8 .9 8 24 .79 9 2 .6 7 9 2 .6 8
6 8 .9 8 28 .32 9 6 .0 9 9 6 .1 0
6 8 .9 8 31 .85 9 9 .5 1 9 9 .5 2
6 8 .9 8 35.36 1 0 2 .9 2 102.92
7 1 .3 9 3 .5 5 7 4 .5 2 74 .50
71 .39 7 .1 0 7 7 .9 5 77 .94
7 1 .3 9 1 0 .64 8 1 .4 0 81 .36
7 1 .39 14 .20 8 4 .8 3 8 4 .80
7 1 .3 9 17 .70 8 8 .2 6 88.19
7 8 .2 0 3 .5 4 8 1 .2 1 8 1 .24
7 8 .2 0 7 .0 8 8 4 .6 4 8 4 .65
7 8 .2 0 10 .61 8 8 .0 5 88 .05
7 8 .2 0 14 .16 9 1 .4 6 9 1 .4 7
7 8 .2 0 17 .70 9 4 .8 8 9 4 .89
7 8 .2 0 2 1 .24 9 8 .3 1 9 8 .3 0
7 8 .2 0 24 .79 1 0 1 .7 1 101.72
7 8 .2 0 28 .32 10 5 .1 2 105.12
7 8 .2 0 31.85 1 0 8 .5 1 108.53
7 8 .2 0 35 .36 1 1 1 .9 2 111 .92
5 5 .9 3 3 .5 5 5 9 .1 9 5 9 .19
5 5 .9 3 7 .10 6 2 .6 3 62 .65
5 5 .9 3 1 0 .64 6 6 .0 9 6 6 .10
5 5 .9 3 1 4 .20 6 9 .5 4 69 .56
7 3 .4 4 3 .5 3 7 6 .5 4 76 .51
7 3 .4 4 7 .0 9 7 9 .9 8 79 .95
7 3 .4 4 10 .64 8 3 .4 0 8 3 .38
7 3 .4 4 14 .19 8 6 .8 3 8 6 .81
7 3 .4 4 17 .73 9 0 .2 5 9 0 .2 3
7 3 .4 4 21 .27 9 3 .6 5 9 3 .65
7 3 .4 4 24 .83 9 7 .0 6 97 .09
7 3 .4 4 28 .37 10 0 .4 7 100 .51
7 3 .4 4 31 .90 1 0 3 .8 8 103 .92
7 3 .4 4 35 .43 1 0 7 .2 9 107 ,33
6 4 .3 7 3 .5 3 6 7 .5 5 6 7 .5 3
6 4 .3 7 7 .0 9 7 1 .0 0 7 0 .98
6 4 .3 7 10 .64 7 4 .4 4 7 4 .42
6 4 .3 7 14 .19 7 7 .8 8 77 .87
6 4 .3 7 17 .73 8 1 .3 5 8 1 .3 1
6 4 .3 7 21.27 8 4 .7 8 8 4 .7 4
6 4 .3 7 24 .83 8 8 .2 2 8 8 .19
6 4 .3 7 28 .37 9 1 .6 3 9 1 .6 3
6 4 .3 7 31 .90 9 5 .0 5 9 5 .05
6 4 .3 7 35 .43 9 8 .4 9 9 8 .4 8
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TABLE 32

Vapor D en sity  Data fo r  th e  System M eth an o l-D ieth y lam in e a t  45°

" a
P ^ ( c a l c d . )

70.17 3 .67 73 .51 73 .50
70.17 7 .33 77 .08 77 .08
70.17 1 0 .98 80 .68 80.64
70.17 14 .62 84.24 84.21
70.17 18 .27 87 .78 87 .77
70.17 21 .90 91 .35 91 .32
70.17 25 .54 94 .88 94 .88
70.17 29 .17 98 .42 98 .43
70.17 32 .80 101.97 101 .98
70.17 36 .44 105.52 105 .53
73.75 3 .6 7 77.05 77.05
73.75 7 .3 3 80 .63 80 .62
73.75 10 .97 84 .21 84 .18
73.75 14 .62 87.79 87.74
73.75 18 .27 91 .31 91 .30
73.75 21 .90 94.86 94.85
73.75 2 5 .54 98 .40 98 .41
73.75 29 .17 101.94 101.95
73.75 32 .81 105.49 105.50
73.75 36 .43 109.04 109.04
62.59 3 .67 65.99 65 .98
62.59 7 .33 69.57 69 .56
62.59 10 .97 73.15 73.13
62.59 1 4 .62 76.71 76.70
62.59 18 .27 80.27 80 .28
62.59 21 .90 83.85 83.84
62.59 25 .54 87 .40 87.41
62.59 29 .17 90 .96 90 .97
62.59 3 2 .81 94 .51 94 .53
62.59 36 .43 98 .08 98 .09



-1 2 5 -

TABLE 33

Vapor P ressu re  Data fo r  D iethylam ine in  n-Hexadecane a t  25°

' a
f ^ ( c a l c d . )

1 .1 7 0.0124 0 .0131

2 .2 8 0.0251 0.0256

3 .3 8 0.0379 0 .0381

4 .4 6 0.0509 0.0507

5 .5 7 0.0635 0.0636

6 .6 2 0.0758 0 .0760

7 .6 7 0.0885 0.0886

8 .7 0 0.1010 0.1011

9 .7 2 0.1136 0.1135

1 0 .65 0.1260 0.1250

11 .76 0.1388 0.1388

1 2 .8 1 0.1521 0.1520

13 .76 0.1641 0.1641

1 4 .7 4 0.1765 0.1767

1 5 .68 0.1887 0.1889
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TABLE 34

Vapor P r e ssu r e  Data fo r  D ieth y lam in e in  n-H exadecane a t  35°

' a
f ^ C c a l c d . )

2 .2 5 0 .0187 0 .0 1 8 5

3 .7 4 0 .0310 0 .0 3 0 8

5 .2 8 0 .0437 0 .0 4 3 6

6 .7 5 0 .0560 0 .0 5 5 9

8 .2 5 0 .0686 0 .0 6 8 6

9 .7 6 0 .0813 0 .0 8 1 3

1 1 .22 0 .0938 0 .0 9 3 8

12 .56 0 .1052 0 .1 0 5 3

1 3 .9 6 0 .1172 0 .1 1 7 4

1 5 .3 2 0 .1290 0 .1 2 9 1

1 6 .7 1 0 .1411 0 .1 4 1 2

1 8 .0 6 0 .1530 0 .1 5 3 0

1 9 .5 8 0 .1664 0 .1 6 6 4

2 0 .92 0 .1 7 8 3 0-.1783

2 2 .27 0 .1902 0 .1 9 0 2



-1 2 7 -

TABLE 35

Vapor P ressu re  Data fo r  D ieth y lam in e  in  n-Hexadecane a t  45°

^A f ^ ( c a l c d . )

2 .2 7 0 .0 1 3 2 0.0130

4 .5 5 0 .0 2 6 4 0.0262

6 .76 0 .0 3 9 1 0 .0391

8 .97 0 .0 5 2 1 0.0520

11.86 0 .0 6 9 1 0.0690

13.99 0 .0 8 1 6 0.0817

16 .58 0 .0 9 7 0 0 .0971

1 8 .64 0 .1 0 9 4 0.1095

2 0 .72 0 .1 2 2 2 0 .1221

2 2 .77 0 .1 3 4 6 0.1345

25 .07 0 .1 4 8 6 0.1486

2 7 .12 0 .1 6 1 2 0.1612

2 9 .22 0 .1 7 4 1 0 .1741

32 .02 0 .1 9 1 6 0.1916

3 4 .25 0 .2 0 5 6 0.2055
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TABLE 36

Vapor P ressu re  D ata fo r  Water in  n-H exadecane a t  25^

’W W f^Ccalcd. )

2 .4 3 0.00029 0 .0 0 0 2 8

4 .9 2 0.00057 0 .0 0 0 5 7

7 .3 3 0.00085 0 .0 0 0 8 5

9 .8 0 0.00114 0 .0 0 1 1 3

1 2 .2 3 0.00142 0 .0 0 1 4 2

1 4 .6 2 0.00171 0 .0 0 1 6 9

1 7 .0 8 0 .00200 0 .0 0 1 9 8

1 9 .4 1 0.00230 0 .0 0 2 2 5

2 .4 9 0 .00028 0 .0 0 0 2 9

4 .9 8 0.00056 0 .0 0 0 5 8

7 .4 2 0 .00084 0 .0 0 0 8 6

9 .8 4 0 .00113 0 .0 0 1 1 4

1 2 .2 5 0.00142 0 .0 0 1 4 2

1 4 .7 2 0.00170 0 .0 0 1 7 0

1 7 .2 2 0.00198 0 .00199

1 9 .6 0 0 .00227 0 .0 0 2 2 7

2 .4 0 0 .00029 0 .0 0 0 2 8

4 .9 0 0.00057 0 .0 0 0 5 7

7 .3 7 0 .00085 0 .0 0 0 8 5

9 .9 7 0.00112 0 .0 0 1 1 5

1 2 .3 6 0 .00141 0 .0 0 1 4 3

1 4 .8 0 0 .00170 0 .0 0 1 7 1

1 7 .3 6 0.00197 0 .0 0 2 0 1
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TABLE 37

Vapor P r e ssu re  D ata fo r  Water in  n-H exadecane a t 35""

W W f ^ C c a lc d . )

5 .3 5 0.00052 0.00052

9 .6 6 0.00094 0.00094

1 3 .9 4 0.00135 0.00136

1 8 .24 0.00177 0.00178

22 .52 0.00219 0 .00219

26 .76 0 .00261 0.00261

31 .05 0.00303 0.00302

35 .27 0.00345 0.00343

38 .36 0.00378 0.00373

3 .1 6 0.00032 0.00031

7 .4 6 0.00073 0.00073

1 1 .7 8 0.00115 0.00115

16 .09 0.00156 0 .00157

20.39 0.00198 0.00198

24 .64 0.00240 0 .00240

2 8 .91 0.00282 0.00281

3 3 .1 8 0.00324 0.00323

38 .36 0.00379 0 .00373

4 .2 8 0.00042 0 .00042

8 .6 3 0.00083 . 0 .00084

1 2 .9 8 0.00124 0.00126

17 .29 0.00166 0.00168

21 .62 0.00207 0 .00210

25 .91 0.00249 0.00252

30 .20 0.00290 0 .00294

34.47 0.00332 0.00336

38.59 0.00375 0.00376
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TABLE 38

Vapor P r e ssu re  Data fo r  Water in  n-Hexadecane a t  45

"w f ^ ( c a l c d . )

5 .7 5 0 .00050 0 .0 0050

13 .8 1 0 .00119 0 .00119

20 .7 5 0.00179 0 .00179

2 7 .6 4 0 .00238 0 .00239

34 .5 6 0 .00298 0 .00299

4 1 .4 6 0.00357 0 .00358

4 8 .2 8 0 .00418 0 .00417

5 5 .0 8 0.00478 0 .0 0476

5 .7 7 0.00050 0 .0 0050

1 1 .6 0 0.00099 0 .00100

1 7 .3 7 0 .00148 0 .00150

2 3 .1 4 0 .00198 0 .00200

28 .97 0.00247 0.00250

3 4 .7 0 0.00297 0 .00300

4 0 .3 9 0.00347 0.00349

4 6 .1 1 0.00397 0 .0 0398

5 1 .7 6 0.00447 0 .00447

5 7 .3 9 0 .00498 0 .00497

8 .6 0 0 .00075 0 .00074

1 4 .4 1 0 .00124 0 .00124

2 0 .1 5 0 .00174 0 .00174

2 5 .9 1 0 .00223 0 .00224

3 1 .6 5 0.00273 0 .00273

3 7 .6 4 0 .00320 0 .00325

4 3 .0 8 0 .00373 0 .00372

4 8 .7 5 0 .00424 0 .00421

5 4 .4 0 0.00475 0 .00470
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TABLE 39

Vapor P ressu re  Data fo r  M ethanol in  n-H exadecane a t 25°

f j^ C ca lcd .)

3 .5 3 0 .0016 0 .0016
8 .7 6 0 .0039 0 .0039

1 3 .9 0 0 .0 0 6 3 0.0062
1 8 .9 8 0 .0087 0 .0086
2 3 .99 0 .0111 0 .0110
2 8 .8 8 0 .0135 0 .0133
3 3 .6 8 0 .0159 0 .0158
3 8 .36 0 .0 1 8 3 0 .0183
4 2 .8 9 0 .0207 0 .0208
4 7 .2 1 0 .0232 0 .0233
5 1 .3 5 0 .0257 0 .0258

5 .2 9 0 .0023 0 .0023
1 0 .5 1 0 .0047 0.0047
15 .59 0 .0071 0 .0070
2 0 .65 0 .0095 0.0094
2 5 .59 0 .0119 0.0117
3 0 .4 8 0 .0143 0 .0141
3 5 .2 1 0 .0167 0.0166
39 .82 0 .0 1 9 1 0.0190
4 4 .2 6 0 .0216 0.0215
4 8 .5 3 0 .0240 0 .0241
5 2 .5 9 0 .0265 0 .0266
5 6 .4 3 0 .0290 0 .0291
6 0 .0 8 0 .0316 0.0317
6 3 .5 0 0 .0341 0.0342
6 6 .6 8 0 .0367 0 .0368
6 9 .6 8 0 .0 3 9 3 0.0394
7 4 .2 2 0 .0437 0.0437
7 8 .2 8 0 .0481 0 .0480
8 1 .9 3 0 .0526 0 .0524
8 5 .1 4 0 .0571 0 .0568
8 8 .1 0 0 .0617 0 .0613
9 0 .7 9 0 .0 6 6 3 0.0659

7 .0 8 0 .0031 0 .0031
1 2 .25 0 .0055 0 .0055
2 0 .7 4 0 .0095 0.0094
2 8 .9 8 0 .0135 0 .0134
3 6 .93 0 .0175 0.0175
4 4 .4 2 0 .0215 0.0216
5 1 .4 0 0 .0257 0 .0258
5 7 .8 4 0 .0298 0 .0301
6 3 .6 4 0 .0 3 4 1 0 .0344
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M M f j^ (ca lcd . )

68 .84  
7 3 .48
77 .63  
81 .32
84 .64  
87 .66  
90 .37
92 .82  
95 .08  
97 .12  
99 .02

100.79
102 .44
103 .95
105 .38  
106 .72  
107 .98
109 .17  
110 .28
111.35
112.36
113 .32  

17 .34
33 .82  
50 .10  
62 .58
71.75  
79 .95
87 .76  
92 .92
9 6 .84  

100 .57
103 .17  
106 .06  
108 .60  
110.86 
112.89  
114 .54
116 .38  
117 .94
119.32  
120 .61

0 .0 3 8 4
0 .0 4 2 8
0 .0 4 7 3
0 .0 5 1 7
0 .0 5 6 2
0 .0 6 0 8
0 .0 6 5 3
0 .0699
0 .0 7 4 6
0 .0 7 9 2
0 .0839
0 .0 8 8 6
0 .0 9 3 3
0 .0 9 8 0
0 .1 0 2 7
0 .1 0 7 4
0.1121
0 .1 1 6 9
0 .1 2 1 6
0 .1 2 6 3
0 .1 3 1 1
0 .1 3 5 8
0 .0079
0 .0159
0 .0 2 4 8
0 .0 3 3 2
0 .0 4 1 0
0 .0499
0 .0607
0 .0 6 9 9
0 .0 7 8 3
0 .0 8 7 6
0 .0 9 6 1
0 .1 0 5 5
0 .1 1 5 0
0 .1 2 4 5
0 .1 3 4 0
0 .1425
0 .1 5 3 0
0 .1 6 2 5
0 .1 7 2 1
0 .1 8 1 6

0 .0 3 8 6
0 .0 4 2 9
0 .0 4 7 3
0 .0 5 1 6
0 .0 5 6 0
0 .0 6 0 6
0 .0 6 5 1
0 .0 6 9 7
0 .0 7 4 4
0 .0 7 9 0
0 .0 8 3 7
0 .0 8 8 4
0 .0 9 3 3
0 .0 9 8 0
0 .1 0 2 8
0 .1 0 7 6
0 .1 1 2 4
0 .1 1 7 2
0.1220
0 .1 2 6 8
0 .1 3 1 6
0 .1 3 6 4
0 .0 0 7 8
0 .0159
0 .0 2 5 0
0 .0 3 3 5
0 .0 4 1 3
0 .0499
0 .0 6 0 7
0 .0 6 9 9
0 .0 7 8 3
0 .0 8 8 0
0 .0 9 5 5
0 .1 0 5 2
0 .1 1 4 9
0 .1 2 4 6
0 .1 3 4 2
0 .1 4 2 7
0 .1 5 3 1
0 .1 6 2 6
0 .1 7 1 7
0 .1 8 0 7
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TABLE 40

Vapor P ressu re  Data fo r  M ethanol in  n-H exadecane a t  IS*"

^M f ^ C c a l c d . )

2 0 .3 8 0 .0 0 7 6 0 .0076
4 0 .0 9 0 .0 1 5 2 0 .0152
5 8 .8 8 0 .0 2 2 9 0 .0229
7 6 .3 3 0 .0 3 0 8 0 .0309
9 2 .1 7 0 .0 3 8 8 0 .0390

106 .09 0 .0 4 7 0 0 .0 4 7 2
118 .19 0 .0 5 5 4 0 .0555
128 .53 0 .0639 0.0639
137 .35 0 .0 7 2 7 0 .0725
144 .99 0 .0815 0 .0813
1 51 .58 0 .0905 0 .0902
157 .32 0 .0995 0 .0993
162 .42 0 .1 0 8 6 0 .1085
1 66 .94 0 .1 1 7 8 0 .1178
1 70 .98 0 .1 2 7 0 0 .1271
1 74 .64 0 .1 3 6 2 0 .1366
177 .96 0 .1455 0 .1460
180 .95 0 .1 5 4 7 0 .1553
188 .65 0 .1 8 2 7 0 .1831
190 .83 0 .1 9 2 1 0 .1922
1 92 .90 0 .2 0 1 4 0 .2014
194 .79 0 .2 1 0 8 0 .2 1 0 2
196 .67 0 .2 2 0 2 0 .2195

6 .1 8 0 .0 0 2 3 0 .0023
1 2 .3 1 0 .0 0 4 5 0 .0045
1 8 .35 0 .0 0 6 8 0 .0068
24 .37 0 .0 0 9 1 0 .0091
3 0 .33 0 .0 1 1 4 0 .0113
4 9 .6 2 0 .0 1 9 0 0 .0190
67 .75 0 .0 2 6 8 0.0269
84 .43 0 .0347 0 .0349
99 .29 0 .0429 0 .0431

112 .29 0 .0 5 1 2 0 .0513
123 .43 0 .0 5 9 6 0 .0596
132 .98 0 .0 6 8 3 0 .0681
141 .22 0 .0 7 7 1 0 .0 7 6 8
148 .32 0 .0 8 6 0 0 .0856
154 .46 0 .0 9 5 0 0 .0946
159 .88 0 .1 0 4 0 0 .1037
164 .65 0 .1 1 3 2 0 .1129
168 .93 0 .1 2 2 4 0 .1223
172 .76 0 .1316 0 .1316
176 .24 0 .1 4 0 8 0 .1410
179 .39 0 .1 5 0 1 0 .1503
182 .29 0 .1 5 9 4 0 .1597
1 84 .97 0 .1 6 8 7 0 .1 6 9 1
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TABLE 41

Vapor P ressu re  D ata fo r  M ethanol in  n-Hexadecane a t  45°

f ^ C c a l c d . )

2 3 .5 7 0 .0072 0 .0 0 7 2
46 .5 6 0 .0145 0 .0 1 4 4
68 .8 9 0.0219 0 .0 2 1 7
9 0 .3 6 0 .0293 0 .0 2 9 2

110 .8 7 0 .0369 0 .0 3 6 8
1 3 0 .1 7 0 .0445 0 .0445
1 4 8 .1 3 0 .0523 0 .0 5 2 4
1 64 .5 6 0 .0602 0 .0603
1 7 9 .5 5 0 .0682 0 .0 6 8 4
193 .0 2 0 .0764 0 .0765
2 0 5 .1 8 0 .0847 0 .0 8 4 8
216 .0 0 0 .0932 0 .0 9 3 1
225 .76 0 .1017 0 .1 0 1 6
2 3 4 .5 3 0 .1103 0 .1 1 0 2
2 4 2 .5 1 0 .1 1 9 1 0 .1189
2 49 .7 3 0 .1278 0 .1 2 7 8
2 56 .3 1 0 .1367 0 .1367
2 6 2 .3 1 0 .1456 0 .1457
267 .8 6 0 .1545 0 .1549
272 .9 5 0 .1635 0 .1 6 4 0

11 .8 2 0 .0036 0 .0036
37 .47 0 .0116 0 .0116
5 7 .8 0 0 .0182 0 .0181
79 .7 4 0 .0256 0 .0254

1 0 0 .7 3 0 .0 3 3 1 0 .0330
120 .6 7 0 .0407 0 .0406
1 3 9 .2 5 0 .0484 0 .0484
1 56 .4 9 0 .0562 0 .0563
1 7 2 .1 8 0 .0642 0 .0643
186 .39 0 .0723 0 .0724
1 9 9 .1 6 0.0805 0 .0806
2 1 0 .6 0 0.0889 0 .0 8 8 8
2 20 .8 9 0.0974 0 .0972
230 .1 5 0 .1060 0 .1 0 5 8
238 .5 2 0.1147 0 .1144
246 .19 0.1234 0 .1233
253 .0 8 0 .1323 0 .1322
2 59 .3 0 0.1412 0 .1411
2 6 5 .1 8 0 .1501 0 .1504
2 7 0 .1 1 0 .1591 0 .1588
2 75 .0 5 0 .1681 0 .1680
279 .57 0 .1771 0 .1770
2 8 3 .7 4 0 .1862 0 .1860
2 8 7 .8 8 0 .1952 0 .1956
2 9 1 .2 7 0 .2044 0 .2040
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TABLE 42

V apor P r e s s u r e  Data  f o r  D ie th y la m in e  i n  D ipheny lm ethane  a t  25°

^A f ^ C c a lc d . )

0 .9 0 0 .0149 0 .0140

1 .7 8 0 .0297 0 .0276

2 .9 6 0 .0475 0 .0459

4 .0 0 0 .0641 0 .0621

6 .4 3 0 .0995 0 .0998

7 .4 5 0 .1158 0 .1156

8 .5 5 0 .1315 0 .1327

9 .4 5 0 .1463 0 .1466

1 0 .5 5 0 .1631 0 .1637

1 1 .7 8 0 .1821 0 .1828

1 2 .69 0 .1960 0.1969

1 3 .7 0 0 .2123 0 .2126

1 4 .6 8 0 .2287 0 .2278

1 5 .9 2 0.2477 0 .2470

1 6 .8 7 0 .2618 0 .2618
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TABLE 43

Vapor P r e s s u r e  D a ta  f o r  D ie th y la m in e  in  D ipheny lm ethane  a t  SS*’

' a
f ^ ( c a l c d . )

1 .23 0 .0128 0 .0 1 3 1

2.64 0 .0281 0 .0 2 8 0

3.94 0.0415 0 .0 4 1 8

5.44 0.0577 0 .0 5 7 8

6.83 0 .0720 0 .0 7 2 5

8.30 0 .0882 0 .0 8 8 1

9 .82 0 .1030 0 .1 0 4 3

11.09 0 .1166 0 .1 1 7 8

12.83 0 .1348 0 .1 3 6 2

13.72 0 .1449 0 .1 4 5 7

15.26 0 .1622 0 .1 6 2 0

16.27 0 .1741 0 .1 7 2 8

17.63 0 .1877 0 .1 8 7 2

18.75 0 .2006 0 .1 9 9 1
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TABLE 44

Vapor P r e ssu re  Data fo r  D ie th y la m in e  in  D iphenylm ethane a t 45°

....................
f ^ C c a l c d . )

1 .5 0 0 .0116 0 .0112

3 .8 2 0 .0282 0 .0 2 8 5

5 .7 2 0 .0 4 1 8 0 .0427

7 .7 7 0 .0 5 7 1 0 .0 5 8 0

9 .6 1 0 .0709 0 .0 7 1 7

1 1 .4 1 0 .0 8 4 3 0 .0 8 5 1

1 3 .5 8 0 .1005 0 .1 0 1 3

1 4 .8 1 0 .1106 0 .1105

1 7 .1 8 0 .1 2 8 5 0 .1 2 8 2

1 8 .3 7 0 .1375 0 .1 3 7 1

2 1 .2 4 0 .1 5 8 8 0 .1585

2 4 .5 6 0 .1 8 4 1 0 .1 8 3 3
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TABLE 45

Vapor P ressu re  D ata fo r  W ater in  D iphenylm ethane a t  25 o

^W f^ X c a lc d . )

1 .8 1 0 .0 0 2 1 0.0020
3 .6 5 0 .0 0 4 2 0 .0041
5 .5 5 0 .0 0 6 3 0 .0063
7 .4 0 0 .0 0 8 4 0 .0085
9 .2 0 0 .0 1 0 5 0.0106

1 0 .9 4 0 .0 1 2 7 0.0127
1 2 .7 0 0 .0 1 4 8 0 .0148
1 4 .4 9 0 .0 1 6 9 0 .0171
1 6 .1 1 0 .0 1 9 1 0 .0191
1 7 .8 0 0 .0 2 1 3 0 .0212

1 .9 5 0 .0 0 2 1 0 .0022
3 .8 2 0 .0 0 4 2 0 .0043
5 .6 9 0 .0 0 6 3 0 .0065
7 .4 9 0 .0 0 8 5 0 .0086
9 .2 4 0 .0 1 0 6 0.0107

1 1 .0 0 0 .0 1 2 8 0 .0128
1 2 .7 4 0 .0 1 4 9 0.0149

3 .7 4 0 .0 0 4 2 0.0042
7 .3 1 0 .0 0 8 5 0 .0084
9 .1 4 0 .0 1 0 6 0.0105

1 0 .9 7 0 .0 1 2 7 0.0127
1 2 .7 3 0 .0 1 4 9 0.0149
1 4 .4 7 0 .0 1 7 0 0 .0170
1 6 .3 9 0 .0 1 9 2 0 .0194

1 .8 6 0 .0 0 2 1 0 .0021
5 .5 1 0 .0 0 6 4 0 .0063
7 .4 3 0 .0 0 8 5 0 .0085
9 .1 8 0 .0 1 0 6 0 .0106

1 0 .9 2 0 .0 1 2 8 0 .0127
1 2 .7 1 0 .0 1 4 9 0 .0149
1 4 .3 8 0 .0 1 7 1 0 .0169
1 6 .17 0 .0 1 9 2 0 .0191
1 7 .8 8 0 .0 2 1 4 0 .0213
1 9 .6 4 0 .0 2 3 5 0 .0236
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TABLE 46

V apor P r e s s u r e  D a ta  f o r  W ater i n  D ipheny lm ethane  a t  35°

f
w

f ^ C c a l c d . )

4 .6 3 0 .0 0 3 9 0 .0 0 4 0
9 .0 1 0 .0079 0 .0 0 7 9

13 .47 0 .0 1 1 9 0 .0119
17 .85 0 .0 1 5 9 0 .0165
22 .12 0 .0199 0 .0199
26 .33 0 .0 2 4 0 0 .0 2 4 0
3 0 .52 0 .0 2 8 0 0 .0 2 8 1
3 4 .66 0 .0 3 2 2 0 .0 3 3 3
36 .73 0 .0 3 4 2 0 .0 3 4 4
40 .59 0 .0 3 8 4 0 .0 3 8 3

2 .30 0 .0 0 2 0 0 .0 0 2 0
6 .9 0 0 .0 0 5 9 0 .0 0 6 0

11 .26 0 .0099 0 .0099
1 5 .65 0 .0139 0 .0139
19 .95 0 .0179 0 .0 1 7 9
24 .20 0 .0 2 2 0 0 .0220
28 .42 0 .0 2 6 0 0 .0 2 6 0
32 .64 0 .0 3 0 1 0 .0 3 0 2
36 .70 0 .0 3 4 2 0 .0 3 4 3
40 .57 0 .0 3 8 4 0 .0 3 8 3

3 .36 0 .0 0 3 0 0 .0029
7.99 0 .0069 0 .0 0 7 0

12 .27 0 .0 1 0 9 0 .0 1 0 8
1 6 .5 8 0 .0 1 5 0 0 .0 1 4 8
20 .97 0 .0189 0 .0 1 8 8
25 .23 0 .0 2 3 0 0 .0230
29 .39 0 .0 2 7 0 0 .0 2 7 0
33 .48 0 .0 3 1 1 0 .0310
36 .56 0 .0 3 4 2 0 .0342
4 0 .44 0 .0 3 8 4 0 .0 3 8 2
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TABLE 47

Vapor P r e ssu r e  D ata fo r  Water in  Diphenylm ethane a t  45°

Pw fw f ^ ( c a l c d . )

5 .5 7 0.0036 0 .0 0 3 7
1 6 .3 3 0.0110 0 .0 1 1 2
2 1 .3 8 0.0148 0 .0 1 4 8
2 6 .6 0 0.0185 0 .0 1 8 5
3 1 .6 8 0.0223 0 .0 2 2 2
3 6 .8 5 0.0260 0 .0 2 6 0
4 6 .8 8 0.0336 0 .0 3 3 6
5 6 .7 5 0.0412 0 .0 4 1 3
6 1 .6 2 0.0450 0 .0 4 5 1
6 6 .3 8 0.0489 0 .0 4 9 0
1 0 .8 6 0.0073 0 .0 0 7 4
1 8 .8 1 0.0129 0 .0 1 2 9
2 3 .9 9 0.0166 0 .0 1 6 6
2 9 .1 5 0.0204 0 .0 2 0 4
3 4 .2 6 0.0241 0 .0 2 4 1
3 9 .3 0 0.0279 0 .0 2 7 9
4 4 .3 9 0.0317 0 .0 3 1 7
4 9 .3 6 0.0355 0 .0 3 5 5
5 4 .2 5 0.0393 0 .0 3 9 3
5 9 .1 6 0.0431 0 .0 4 3 2
6 3 .9 4 0.0470 0 .0 4 7 0

5 .7 0 0.0036 0 .0 0 3 8
8 .4 0 0.0054 0 .0 0 5 7

1 3 .4 7 0.0092 0 .0 0 9 2
2 0 .0 3 0.0139 0 .0 1 3 8
2 5 .2 0 0.0176 0 .0 1 7 5
3 0 .3 8 0.0213 0 .0 2 1 2
3 5 .5 2 0.0251 0 .0 2 5 0
4 0 .5 5 0.0289 0 .0 2 8 8
4 5 .5 5 0.0327 0 .0 3 2 6
5 1 .7 2 0.0374 0 .0 3 7 3
6 0 .2 6 0.0441 0 .0 4 4 0
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TABLE 48

Vapor P r e ssu r e  Data fo r  M ethanol in  D iphenylm ethane a t 25°

f ^ ( c a l c d . )

7 .5 7 0 .0216 0.0215

1 4 .8 3 0 .0 4 3 3 0 .0431

2 1 .69 0 .0 6 5 0 0.0649

2 8 .1 3 0 .0869 0.0869

3 4 .1 4 0 .1089 0 .1090

3 9 .7 2 0 .1 3 1 0 0.1312

4 4 .9 1 0 .1 5 3 2 0.1537

4 9 .6 6 0 .1 7 5 6 0.1760

5 4 .0 2 0 .1 9 8 0 0 .1983

5 8 .0 2 0 .2 2 0 5 0.2207

6 1 .6 8 0 .2 4 3 1 0 .2431

6 5 .0 4 0 .2 6 5 7 0 .2657

6 8 .1 3 0 .2 8 8 4 0 .2885

7 0 .9 4 0 .3 1 1 1 0.3114

7 3 .5 1 0 .3339 0.3342

7 5 .8 4 0 .3 5 6 8 0 .3570

7 7 .99 0 .3 7 9 6 0.3799

7 9 .9 1 0 .4025 0.4022

7 .6 0 0 .0 2 1 6 0.0216

2 1 .6 7 0 .0 6 5 0 0.0648

3 4 .09 0 .1089 0.1088

4 4 .8 9 0 .1 5 3 2 0.1535

5 3 .8 8 0 .1980 0.1975

6 1 .5 7 0 .2 4 3 1 0 .2424

6 8 .0 1 0 .2 8 8 4 0 .2876

7 3 .40 0 .3 3 4 0 0.3333

7 7 .9 4 0 .3 7 9 6 0 .3794

8 1 .7 7 0 .4 2 5 4 0.4255

8 5 .0 2 0 .4 7 1 2 0 .4713

8 7 .8 8 0 .5169 0.5177

9 0 .3 7 0 .5626 0.5635

9 2 .4 8 0 .6 0 8 3 0 .6071
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TA15LE 49

Vapor P ressu re  Data fo r  M ethanol In D iphenylm ethane a t  35°

f j ^ ( c a l c d . )

10.19 0 .0206 0 .0 2 0 7

19.96 0 .0413 0 .0 4 1 3

29 .31 0 .0622 0 .0 6 2 1

38.19 0 .0831 0 .0 8 3 0

46 .63 0 .1042 0 .1 0 4 1

54.59 0 .1254 0 .1 2 5 4

62.09 0 .1467 0 .1 4 6 8

69.16 0 .1 6 8 1 0 .1 6 8 4

75.61 0 .1897 0 .1 8 9 5

81.86 0 .2 1 1 3 0 .2 1 1 4

87 .57 0 .2 3 3 1 0 .2 3 2 9

9 3 .04 0 .2549 0 .2 5 4 9

98 .10 0 .2767 0 .2 7 6 8

102.83 0 .2987 0 .2 9 8 8

107 .18 0 .3 2 0 8 0 .3 2 0 6

111 .31 0 .3 4 2 8 0 .3 4 2 8

115 .13 0 .3650 0 .3 6 5 0

118.68 0 .3872 013870

122.02 0 .4094 0 .4 0 9 4

125 .11 0 .4317 0 .4 3 1 6

130.76 0 .4763 0 .4 7 6 4

135.73 0 .5209 0 .5 2 1 2

140.10 0 .5656 0 .5 6 5 6

144.05 0 .6103 0 .6 1 0 6

147.53 0 .6549 0 .6 5 4 5
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TABLE 50

Vapor P r e ssu re  Data fo r  M ethanol in  D iphenylm ethane a t  45 o

^M fj^ C ca lcd .)

1 3 .17 0.0196 0 .0199

2 5 .8 3 0 .0393 0.0397

3 8 .0 3 0 .0591 0 .0594

4 9 .7 6 0.0791 0 .0791

61 .02 0 .0992 0 .0990

71 .87 0 .1193 0 .1192

82 .25 0 .1396 0 .1395

9 2 .1 6 0 .1600 0 .1599

101 .52 0.1806 0 .1803

110 .51 0 .2012 0 .2010

119 .08 0.2219 0.2219

127 .23 0.2427 0 .2428

134 .92 0.2636 0 .2637

142 .21 0.2847 0 .2847

149 .22 0.3057 0 .3060

155 .76 0.3269 0 .3271

161 .96 0.3482 0 .3483

167 .84 0 .3695 0 .3696

173 .41 0.3909 0 .3910

178.67 0 .4123 0 .4125

188 .21 0 .4554 0 .4549

196 .88 0.4986 0 .4982

204 .68 0.5419 0 .5418

211 .66 0.5853 0 .5852

218 .01 0 .6288 0 .6289

223 .76 0.6722 0 .6725

228.96 0.7157 0 .7156
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TABLE 51

Vapor P r e ssu re  Data fo r  D ieth ylam in e in  B en zyl Ether a t  25°

fA f ^ ( c a l c d . )

1 .5 3 0.0239 0.0228

3 .1 1 0.0474 0.0469

4 .6 7 0.0707 0.0706

6 .1 8 0.0939 0.0939

7.69 0.1174 0.1176

9 .1 3 0.1401 0.1403

1 0 .5 8 0.1633 0.1634

1 2 .0 3 0.1865 0.1866

13 .45 0.2097 0.2098

1 4 .8 7 0.2330 0.2330

1 6 .27 0.2563 0.2562

17 .67 0.2797 0.2797

1 9 .0 6 0.3031 0,3030

2 0 .42 0.3261 0.3261

2 1 .8 2 0.3501 0.3501
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TABLE 52

Vapor P ressu re  D ata fo r  D ieth y lam in e  in  B enzyl Ether a t  35°

^A f ^ ( c a l c d . )

2 .39 0 .0 2 5 5 0.0249

4 .84 0 .0 5 1 2 0.0505

7 .26 0 .0 7 6 5 0.0760

9 .70 O. 0 O2 I 0 .1018

12.11 0 .1 2 7 6 0.1275

14.78 0 .1 5 6 0 0.1562

17.20 0 .1 8 2 2 0.1823

19.47 0 .2 0 6 9 0.2071

21.74 0 .2 3 1 7 0.2319

23.97 0 .2 5 6 2 0.2565

26.20 0 .2 8 1 0 0.2812

28.42 0 .3 0 5 7 0.3059

30.57 0 .3 3 0 0 0.3300

32.67 0 .3 5 3 6 0.3535

34.74 0 .3 7 7 3 0.3770
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table 53

Vapor P r e s s u r e  D a ta  f o r  D ie th y la m in e  i n  B enzy l E th e r  a t  45°

?A fA f ^ ( c a l c d . )

3 .8 7 0 .0266 0 .0261

7 .7 7 0 .0556 0 .0553

1 3 .4 3 0 .0962 0 .0961

16 .17 0 .1163 0 .1161

1 9 .6 2 0 .1414 0 .1414

22 .79 0.1649 0 .1649

26 .07 0 .1893 0 .1894

2 9 .4 8 0.2149 0 .2150

33 .16 0 .2427 0 .2428

3 6 .2 3 0 .2662 0 .2663

39 .17 0 .2887 0 .2 8 8 8

4 2 .1 5 0.3117 0 .3118

4 5 .56 0 .3383 0 .3 3 8 3

4 8 .35 0 .3603 0 .3602

5 1 .3 0 0 .3835 0 .3833
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TABLE 54

Vapor P ressu re  Data fo r  Water in  B enzyl E ther a t  25^

Pw f y ( c a l c d . )

1 .2 5 0 .00507 0.00489

2 .5 5 0.01011 0 .01004

3 .8 2 0 .01517 0 .01517

5 .0 7 0 .0 2 0 2 4 0 .02024

6 .3 1 0 .02530 0 .02536

8 .7 1 0 .0 3 5 4 6 0 .03554

1 1 .0 3 0 .04565 0.04569

1 3 .2 8 0 .05585 0.05585

1 5 .4 6 0 .06608 0 .06605

1 7 .5 6 0 .07 6 3 3 0 .07624

1 .2 5 0 .00506 0 .00491

3 .1 9 0 .0 1 2 6 4 0 .01260

4 .4 4 0 .01770 0 .01769

5 .6 9 0 .02277 0 .02279

6 .9 1 0 .02784 0 .02789

9 .2 8 0 .03801 0 .03801

1 1 .5 9 0 .04820 0 .04820

1 3 .8 3 0 .05841 0 .05839

1 6 .0 0 0 .06864 0 .06863

1 7 .0 6 0 .07376 0 .07378

1 8 .0 9 0 .07889 0 .07888

1 9 .1 1 0 .08403 0 .08401

20.12 0 .08917 0 .0 8 9 1 8

21.10 0 .0 9 4 3 1 0 .09434

2 2 .07 0 .09946 0 .0 9 9 4 8
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TABLE 55

Vapor P r e ssu re  Data fo r  Water in  B enzyl E ther a t  35^

Pw & f ^ ( c a l c d .  )

2 .69 0 .00728 0.00722

4 .4 9 0 .01213 0.01210

6 .27 0 .01699 0.01699

8 .0 3 0 .02185 0 .02190

11.47 0 .03160 0.03163

14 .81 0 .04138 0.04137

18.07 0.05119 0 .05113

21.24 0 .06102 0.06092

24.33 0 .07087 0.07076

27.34 0 .08076 0.08064

30.26 0 .09067 0 .09053

33.10 0 .10060 0.10051

35.85 0 .11056 0.11047

38.53 0 .1 2 0 5 4 0.12049

41 .11 0 .13055 0 .13044

1 .7 8 0 .00486 0.00477

3 .60 0 .00970 0.00969

5.39 0 .01455 0.01459

7.17 0 .01941 0.01949

10.62 0 .02916 0.02922

14.00 0 .03893 0.03897

17.28 0 .04873 0.04874

20.48 0 .05855 0.05852

23.62 0 .06839 0.06844

26.49 0.07777 0.07781

29.46 0 .08767 0.08780

32.34 0 .09749 0.09782

35.10 0 .10754 0.10772

37.77 0 .11753 0.11761

40.37 0 .1 2 7 5 3 0.12756
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TABLE 56

Vapor P r e s s u r e  D a ta  f o r  W ater i n  Benzyl E th e r  a t  45*'

‘W W f ^ ( c a l c d . )

4 .8 9 0 .00924 0 .00921

9 .7 2 0 .01850 0.01849

1 4 .4 6 0 .02778 0 .02780

1 9 .1 2 0 .03708 0.03715

23 .63 0.04643 0.04643

28 .07 0 .05581 0 .05578

32 .42 0 .06521 0 .06518

3 6 .6 8 0 .07463 0 .07462

4 0 .8 4 0.08409 0 .08408

4 4 .9 1 0.09357 0.09355

7 .3 1 0.01387 0 .01383

12 .09 0 .02314 0.02312

1 6 .7 8 0.03243 0 .03243

2 1 .3 8 0.04176 0 .04177

25 .87 0 .05111 0 .05113

30 .27 0 .06050 0 .06051

3 4 .56 0 .06991 0.06990

3 8 .79 0.07935 0 .07937

4 2 .9 0 0.08882 0 .08883

4 6 .9 2 0.09832 0 .09834

50 .85 0.10784 0 .10786

5 4 .6 8 0.11739 0.11737

5 8 .4 4 0,12697 0 .12697

6 2 .1 1 0.13657 0 .13657
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TABLE 57

Vapor P r e s s u r e  D a ta  f o r  M ethano l  i n  B enzy l  E t h e r  a t  25°

f j^ C c a lcd .)

7 .50 0 .0 4 5 8 0 .0465

1 4 .38 0 .0917 0 .0921

20 .69 0 .1376 0 .1376

26 .45 0 .1835 0 .1832

31 .73 0 .2295 0 .2290

36 .57 0 .2754 0 .2750

4 1 .01 0 .3212 0 .3211

4 5 .08 0 .3671 0 .3670

4 8 .83 0 .4 1 2 8 0 .4130

5 2 .28 0 .4585 0 .4589

55 .46 0 .5041 0 .5044

58 .39 0 .5496 0 .5499

6 1 .10 0 .5951 0 .5950

63 .65 0 .6404 0 .6406

65.99 0 .6856 0 .6857

68 .16 0 .7307 0 .7305

70 .20 0 .7757 0 .7755

72 .10 0 .8205 0 .8205

73 .87 0 .8652 0 .8651

75 .53 0 .9098 0 .9098

7 7 .08 0 .9543 0 .9539

78 .56 0 .9986 0 .9986

79 .95 1 .0428 1 .0431

81 .25 1 .0869 1 .0871
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TABLE 58

Vapor P fes^ gu ce  Data fo r  M ethanol in  B enzyl E thèr a t  35o

% fj^C ca lcd .)

10.82 0 .0444 0 .0451

20.88 0 .0889 0 .0895

30,22 0 .1335 0 .1337

38.88 0 .1 7 8 1 0.1779

47.58 0 .2 2 7 3 0.2269

55.04 0 .2 7 2 0 0.2715

61.91 0 .3168 0.3164

68,28 0 .3615 0.3614

74,18 0 .4062 0.4063

79.55 0 .4509 0.4509

84.28 0 .4956 0.4959

89.55 0 .5402 0.5406

93,99 0 .5847 0 .5851

98,16 0 .6291 0.6297

101,98 0 .6735 0.6734

112,22 0 .8061 0.8058

118,02 0 .8940 0.8931

123,25 0 .9814 0.9813

127,90 1 .0684 1.0690
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TABLE 59

Vapor P r e ssu re  Data fo r  M ethanol in  B en zy l E ther a t  45°

^M & f j^ ( c a lc d .  )

1 5 .0 3 0.0428 0 .0435

2 9 .17 0.0857 0 .0863

4 2 .4 7 0.1287 0 .1289

5 4 .9 7 0.1719 0 .1717

6 6 .6 7 0.2151 0 .2147

7 7 .66 0.2584 0.2579

8 8 .0 1 0.3018 0 .3015

9 7 .6 6 0.3452 0 .3451

1 0 6 .6 7 0.3887 0.3885

1 1 5 .2 3 0 .4321 0 .4325

1 3 0 .6 2 0 .5191 0 .5194

1 4 4 .3 4 0.6059 0 .6069

15 6 .3 2 0.6926 0 .6926

16 7 .0 3 0.7791 0 .7784

1 7 6 .6 7 0.8652 0 .8646

1 81 .17 0.9082 0 .9083

1 8 5 .3 3 0.9511 0 .9509

1 8 9 .3 6 0 .9938 0 .9943

1 9 6 .6 8 1.0791 1 .0793

2 00 .05 1.1216 1.1215
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TABLE 60

Vapor P r essu re  Data fo r  the System W ater-D ieth y lam ine

in  n-Hexadecane a t  25°

*VS V V f ^ * ( c a l c d . )

7 .6 1 2 .922 0 .06356 0 .0 0 0 8 3 0 .00075

1 0 .08 2.922 0 .06356 0 .00166 0.00161

12 .57 2.922 0.06356 0 .0 0 2 5 0 0 .00248

15 .01 2 .922 0 .06356 0 .0 0 3 3 3 0.00334

17 .43 2.921 0 .06355 0 .00416 0.00418

19 .79 2 .921 0.06355 0 .00499 0.00501

22 .13 2.921 0 .06355 0 .0 0 5 8 3 0.00582

24 .41 2.921 0.06355 0 .0 0 6 6 6 0.00662

6 .5 8 2.927 0 .04946 0 .0 0 0 8 3 0.00076

9 .2 2 2.927 0 .04946 0 .00167 0.00165

1 1 .83 2.927 0 .04946 0 .0 0 2 5 0 0.00252

1 4 .41 2 .927 0.04946 0 .0 0 3 3 3 0.00338

17 .00 2.927 0 .04946 0 .00417 0 .00424

1 9 .58 2.927 0.04946 0 .0 0 5 0 0 0.00510

22 .08 2.927 0.04945 0 .0 0 5 8 3 0.00593

13.97 2.912 0 .08763 0 .00249 0.00246

16 .22 2.912 0 .08762 0 .00332 0.00331

18 .45 2.912 0 .08762 0 .00415 0 .00415

20 .62 2.912 0 .08762 0 .0 0 4 9 8 0.00496

2 2 .82 2.911 0 .08762 0 .00581 0.00579

2 4 .91 2.911 0 .08762 0 .0 0 6 6 4 0 .00658
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TABLE 61

Vapor P r e ssu r e  Data for  th e  System  W ater-D iethylam ine

in  n-Hexadecane a t 35°

%VS V f ^ * ( c a l c d . )

13 .67 2 .8 8 0 0.07814 0 .00 1 3 7 0.00139

1 8 .14 2 .8 8 0 0.07814 0 .0 0 2 7 4 0.00276

22 .67 2 .8 8 0 0.07814 0 .0 0 4 1 2 0.00414

27.17 2 .8 8 0 0.07814 0 .0 0 5 4 9 0 .00552

31 .63 2 .8 8 0 0.07814 0 .0 0 6 8 6 0.00688

36.05 2 .8 8 0 0.07814 0 .0 0 8 2 3 0.00823

40 .43 2 .8 8 0 0.07814 0 .0 0 9 6 1 0.00956

44 .71 2 .8 8 0 0.07814 0 .0 1 0 9 8 0.01086

9 .15 2 .8 9 1 0.05290 0 .0 0 0 8 3 0.00084

1 3 .98 2 .8 9 1 0.05290 0 .0 0 2 2 0 0.00223

18 .86 2 .8 9 1 0.05290 0 .0 0 3 5 8 0.00363

23 .74 2 .8 9 1 0.05290 0 .00495 0.00504

28 .48 2 .8 9 1 0.05289 0 .0 0 6 3 3 0.00640

33 .21 2 .8 9 1 0.05289 0 .0 0 7 7 1 0.00776

37.96 2 .8 9 1 0.05289 0 .0 0 9 0 8 0.00912

42 .61 2 .8 9 1 0.05289 0 .0 1 0 4 6 0.01045
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TABLE 62

Vapor P ressu re  D ata fo r  the System W ater-D iethylam ine

in  n-Hexadecane a t  45°

P p V V f ^ * ( c a l c d . )

20 .18 2 .840 0 .09153 0.00136 0 .0 0 1 3 4

25 .20 2.840 0.09153 0 .00272 0 .0 0 2 7 1

30 .20 2 .840 0 .09153 0.00407 0 .00408

35 .26 2 .840 0.09152 0 .00543 0 .00547

4 0 .2 8 2 .840 0.09152 0 .00679 0 .0 0 6 8 4

45 .18 2 .840 0.09152 0 .00815 0 .00817

50 .09 2 .840 0.09152 0 .0 0 9 5 1 0 .0 0 9 5 1

55 .02 2 .840 0 .09152 0 .01086 0 .1085

59 .90 2 .840 0.09152 0 .01222 0 ,01219

64 .78 2 .840 0 .09152 0 .01358 0 .0 1 3 5 1

14 .40 2 .855 0 .05432 0 .00136 0 .00135

19 .82 2 .855 0 .05432 0 .00273 0 .00274

25.26 2 .855 0 .05432 0 .00409 0 .00413

30 .51 2 .855 0 .05432 0 .00545 0 .0 0 5 5 1

35.90 2 .855 0 .05432 0.00682 0 .00686

41.19 2 .855 0 .05432 0 .00818 0 .00822

46 .50 2 .855 0 .05431 0 .00954 0 .00957

51.79 2 .855 0 .05431 0 .01091 0 .01093

57 .02 2 .855 0 .05431 0 .01227 0 .01227

62 .24 2 .855 0 .05431 0 .01363 0 .01360
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TABLE 63

Vapor P r e ssu re  Data fo r  th e  System M eth an o l-D ieth y lam in e

in  n-Hexadecane a t  25°

" t ®VS V V f ^ * ( c a l c d . )

1 1 .56 2 .922 0.05985 0 .0061 0 .0 0 5 6

1 8 .0 2 2 .922 0.05984 0.0122 0 .0 1 1 8

2 4 .19 2 .921 0 .05983 0.0183 0 .0 1 8 1

3 0 .05 2 .920 0.05982 0 .0244 0 .0 2 4 5

35 .58 2 .919 0 .05980 0.0305 0 .0 3 0 8

4 0 .8 0 2 .918 0.05979 0.0366 0 .0 3 7 1

45 .66 2.917 0 .05978 0.0427 0 .0 4 3 1

5 0 .2 3 2 .917 0 .05977 0 .0488 0 .0 4 9 0

54 .49 2 .916 0.05975 0.0549 0 .0 5 4 6

58 .46 2.915 0 .05974 0.0610 0 .0 6 0 1

18 .55 2.909 0.08900 0.0122 0 .0 1 1 5

23.85 2 .909 0 .08898 0 .0183 0 .0 1 7 8

28 .88 2 .908 0.08896 0 .0244 0 .0 2 4 2

33 .64 2.907 0.08894 0.0304 0 .0 3 0 5

38 .16 2.906 0.08892 0.0365 0 .0369

42 .42 2 .905 0 .08890 0.0426 0 .0 4 3 1

46 .42 2 .904 0 .08888 0.0487 0 .0 4 9 1

5 0 .1 8 2.903 0.08886 0.0547 0 .0 5 4 9

5 3 .71 2.903 0.08884 0.0608 0 .0 6 0 5
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TABLE 64

Vapor P r e ssu r e  Data fo r  th e  System M ethan ol-D iethy lam ine

in  n-Hexadecane a t  35°

V V f j^ * ( c a l c d . )

2 5 .9 8 2 .8 7 2 0 .09562 0 .0121 0.0119

3 3 .05 2 .8 7 1 0 .09560 0 .0181 0 .0180

3 9 .90 2 .8 7 0 0 .09558 0 .0241 0.0243

4 6 .5 0 2 .869 0 .09556 0 .0301 0.0305

5 2 .86 2 .8 6 8 0 .09554 0 .0362 0.0367

58 .95 2 .8 6 8 0.09552 0 .0422 0 .0428

64 .81 2 .867 0 .09550 0 .0482 0.0489

70 .37 2 .8 6 6 0 .09548 0 .0542 0.0548

75 .71 2 .8 6 5 0 .09546 0 .0602 0.0606

8 5 .72 2 .8 6 3 0 .09541 0 .0722 0.0718

2 8 .63 2 .8 5 3 0 .14069 0 .0120 0.0115

34 .55 2 .8 5 2 0 .14066 0 .0180 0.0175

4 0 .42 2 .8 5 1 0 .14063 0 .0240 0.0236

4 6 .02 2 .8 5 1 0 .14060 0 .0300 0.0298

5 1 .43 2 .8 5 0 0 .14057 0 .0360 0 .0360

56 .62 2 .849 0 .14054 0 .0420 0 .0421

6 1 .60 2 .8 4 8 0 .14051 0 .0480 0 .0481

6 6 .33 2 .847 0 .14048 0 .0540 0.0540

70 .93 2 .8 4 6 0.14045 0 .0599 0.0598

79 .54 2 .8 4 5 0.14039 0 .0719 0 .0711
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TABLE 65

Vapor P r e ssu r e  Data fo r  the System M eth an o l-D ieth y lam in e

in  n-Hexadecane a t  45°

*VS V V f ^ * ( c a l c d . )

32 .31 2 .8 4 6 0.07379 0 .0120 0 .0 1 1 8

42 .11 2 .8 4 5 0 .07378 0 .0180 0 .0 1 7 8

51 .78 2 .8 4 4 0.07376 0 .0240 0 .0 2 3 9

61 .32 2 .8 4 4 0.07375 0.0299 0 .0 3 0 1

70.49 2 .8 4 3 0 .07373 0.0359 0 .0 3 6 2

79.49 2 .8 4 2 0.07372 0 .0419 0 .0 4 2 3

88.25 2 .8 4 1 0 .07370 0 .0479 0 .0 4 8 3

96 .69 2 .8 4 1 0.07369 0 .0539 0 .0 5 4 3

104.88 2 .8 4 0 0 .07367 0 .0598 0 .0 6 0 2

120.45 2 .8 3 8 0 .07364 0 .0718 0 .0 7 1 7

40 .66 2 .8 1 3 0 .15234 0 .0119 0 .0 1 1 4

48 .42 2 .8 1 3 0 .15231 0 .0178 0 .0 1 7 4

56 .02 2 .8 1 2 0 .15228 0 .0238 0 .0 2 3 5

63.49 2 .8 1 1 0.15225 0 .0297 0 .0 2 9 6

70.76 2 .8 1 1 0 .15222 0 .0356 0 .0 3 5 7

77 .78 2 .8 1 0 0.15219 0 .0416 0 .0 4 1 7

84.65 2 .8 0 9 0.15216 0.0475 0 .0 4 7 7

97 .77 2 .8 0 7 0.15209 0 .0593 0 .0 5 9 6

110.09 2 .8 0 5 0 .15203 0 .0712 0 .0 7 1 1

121 .71 2 .8 0 4 0.15197 0.0830 0 .0 8 2 3
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TABLE 66

Vapor P r e ssu re  Data fo r  the System W ater-D iethylam ine

in  D iphenylm ethane a t  25°

f * ( c a l c d . )

1 2 .5 0 6 .7 5 1 0 .0946 0 .0162 0 .0160
1 4 .6 8 6 .7 5 3 0 .0946 0 .0216 0 .0213
1 7 .0 4 6 .7 5 5 0 .0946 0 .0271 0 .0270
1 9 .3 5 6 .757 0 .0946 0 .0325 0 .0325
2 1 .5 8 6 .759 0 .0946 0 .0379 0 .0378

7 .9 4 6 .7 6 4 0 .0694 0 .0082 0 .0078
9 .7 6 6 .7 6 6 0 .0694 0 .0122 0 .0118

1 1 .7 8 6 .7 6 8 0 .0694 0 .0163 0 .0162
1 3 .7 0 6 .7 7 0 0 .0694 0 .0204 0 .0204
1 5 .6 4 6 .772 0 .0694 0 .0244 0 .0246
1 7 .5 2 6 .7 7 3 0 .0694 0 .0285 0 .0287
1 9 .4 3 6 .7 7 5 0 .0694 0 .0326 0 .0329

7 .0 6 6 .9 6 8 0 .0509 0 .0084 0 .0078
9 .3 1 6 .9 7 0 0 .0509 0 .0125 0 .0123

1 1 .4 5 6 .9 7 2 0 .0509 0 .0167 0 .0166
1 3 .6 1 6 .975 0 .0509 0 .0209 0 .0210
1 5 .7 9 6 .9 7 7 0.0509 0 .0251 0 .0254
1 7 .8 4 6 .9 7 9 0 .0509 0 .0293 0 .0295
1 9 .8 4 6 .9 8 1 0 .0509 0 .0334 0 .0336
2 1 .8 3 6 .9 8 3 0 .0509 0 .0376 0 .0377

8 .3 5 6 .9 8 4 0 .0798 0 .0083 0 .0077
1 0 .2 9 6 .9 5 0 0 .0798 0 .0125 0 .0122
1 2 .2 2 6 .9 5 2 0 .0798 0 .0167 0 .0166
1 4 .1 4 6 .9 5 4 0 .0798 0 .0208 0 .0210
1 6 .0 2 6 .9 5 6 0 .0798 0 .0250 0 .0253
1 7 .8 6 6 .9 5 8 0 .0798 0 .0292 0 .0294
1 9 .7 0 6 .959 0 .0798 0 .0333 0 .0336
2 2 .1 6 6 .9 6 2 0 .0798 0 .0389 0 .0372
1 0 .1 9 6 .9 2 8 0 .1091 0 .0097 0 .0088
1 1 .9 1 6 .9 3 0 0 .1091 0 .0138 0 .0132
1 3 .6 2 6 .9 3 2 0 .1091 0 .0180 0 .0176
1 5 .8 9 6 .9 3 4 0 .1091 0 .0235 0.0235
1 8 .1 8 6 .9 3 6 0 .1091 0 .0291 0 .0293
1 9 .7 4 6 .9 3 8 0 .1091 0 .0332 0 .0332
2 1 .8 9 6 .9 4 0 0 .1091 0 .0388 0 .0387
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TABLE 67

Vapor P r e s s u r e  D a ta  f o r  t h e  System W a te r -D ie th y la m in e  

i n  D ipheny lm ethane  a t  35°

Pt %VS % f * ( c a l c d . )

11 .88 6 .907 0 .0 5 8 4 0.0111 0 .0105
1 5 .48 6 .9 1 0 0 .0 5 8 4 0.0166 0 .0162
1 9 .04 6 .914 0 .0 5 8 4 0.0221 0 .0219
22 .50 6 .918 0 .0 5 8 4 0.0276 0 .0275
26 .02 6 .921 0 .0 5 8 4 0.0332 0 .0 3 3 1
29 .42 6 .925 0 .0 5 8 4 0.0387 0 .0386
3 6 .13 6 .931 0 .0 5 8 4 0.0497 0 .0495
39 .59 6 .935 0 .0 5 8 4 0.0553 0 .0552
16 .91 6 .893 0 .0849 0.0165 0 .0 1 6 2
20 .13 6 .896 0 .0 8 4 9 0.0220 0 .0219
2 6 .61 6 .902 0 .0 8 4 9 0 .0331 0 .0332
2 9 .74 6 .906 0 .0849 0 .0386 0 .0387
32 .91 6.909 0 .0849 0 .0441 0 .0 4 4 3
36 .03 6 .912 0 .0 8 4 9 0.0496 0 .0 4 9 8
39 .05 6 .915 0 .0 8 4 9 0 .0551 0 .0 5 5 1
42 .05 6 .918 0 .0 8 4 9 0.0606 0 .0604
1 5 .02 6 .876 0 .1055 0.0110 0 .0 1 0 3
18 .07 6 .879 0 .1 0 5 5 0.0165 0 .0 1 6 1
21 .18 6 .882 0 .1 0 5 5 0 .0221 0 .0 2 2 0
2 4 .21 6 .884 0 .1 0 5 5 0.0275 0 .0276
15 .75 6 .910 0 .0 6 0 1 0.0166 0 .0165
19 .18 6 .913 0 .0 6 0 1 0 .0221 0 .0220
22 .75 6 .917 0 .0 6 0 1 0.0276 0 .0 2 7 8
2 9 .54 6 .924 0 .0 6 0 1 0.0387 0 .0 3 8 8
33 .09 5.927 0 .0 6 0 1 0.0442 0 .0 4 4 6
36 .42 6 .931 0 .0 6 0 1 0.0497 0 .0 5 0 1
39 .62 6 .934 0 .0 6 0 1 0.0552 0 .0 5 5 3
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TABLE 68

Vapor P ressu re  Data fo r  the System W ater-D iethylam ine

in  Diphenylm ethane a t  45°

*VS
f * ( c a l c d . )

11 .57 6 .6 5 5 0 .0588 0.0053 0 .0050
15 .76 6 .6 5 9 0 .0588 0.0107 0 .0102
2 0 .16 6 .6 6 3 0 .0588 0.0160 0.0156
24 .57 6 .667 0 .0588 0.0214 0 .0211
29 .05 6 .6 7 1 0 .0588 0.0267 0 .0267
3 3 .31 6 .6 7 6 0 .0588 0.0321 0 .0321
37 .60 6 .680 0 .0588 0 .0374 0 .0374
41 .95 6 .6 8 4 0 .0588 0 .0428 0 .0429
46 .21 6 .6 8 8 0 .0588 0 .0481 0 .0481
5 0 .4 1 6 .6 9 2 0 .0588 0.0535 0.0537
1 0 .64 6 .846 0 .0517 0.0055 0 .0049
15 .13 5 .8 5 1 0 .0517 0.0110 0 .0104
1 9 .68 6 .8 5 5 0.0517 0.0165 0.0159
24 .25 6 .8 6 0 0.0517 0.0219 0.0215
28 .83 6 .8 6 5 0 .0517 0.0274 0 .0272
33 .36 6 .8 6 9 0 .0517 0.0329 0 .0328
37 .87 6 .8 7 4 0.0517 0 .0384 0 .0383
42 .26 6 .8 7 8 0 .0517 0.0439 0 .0439
46 .62 6 .8 8 2 0 .0517 0.0494 0 .0494
51 .01 6 .887 0 .0517 0 .0548 0.0549
55 .36 6 .8 9 1 0.0517 0.0603 0 .0604
59 .63 6 .895 0 .0517 0.0658 0 .0658
6 3 .8 1 6 .9 0 0 0.0517 0.0713 0.0712
67 .98 6 .9 0 4 0 .0517 0.0768 0 .0765
1 7 .38 6 .8 2 3 0 .0928 0 .0082 0 .0076
21 .37 6 .8 2 7 0 .0928 0.0137 0 .0131
25 .44 6 .8 3 1 0 .0928 0.0191 0.0187
29 .53 6 .8 3 5 0 .0928 0.0246 0 .0243
33 .64 6 .839 0 .0928 0.0300 0 .0299
37.79 6 .8 4 3 0 .0928 0.0355 0.0357
41.77 6 .8 4 7 0 .0928 0.0410 0 .0411
45 .88 6 .8 5 1 0 .0928 0 .0464 0 .0468
49 .85 6 .8 5 5 0 .0928 0.0519 0 .0523
53 .80 6 .8 5 9 0 .0928 0.0573 0 .0578
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TABLE 69

Vapor P r e ssu r e  Data fo r  th e  System  M eth an o l-D ieth y lam ine

in  D iphenylm ethane a t  25°

V V f j^ * ( c a lc d . )

6 .8 8 6 .7 9 0 0 .06199 0 .0120 0 .0126

9 .6 6 6 .790 0 .06196 0 .0239 0 .0246

1 2 .44 6 .7 9 0 0 .06193 0 .0359 0 .0368

15 .15 6 .790 0 .06191 0 ,0 4 7 8 0 .0490

1 7 .83 6 .789 0 .06188 0 .0597 0 .0619

20 .43 6 .789 0 .06185 0 .0716 0 .0733

2 3 .0 4 6 . / 8 8 0 .06183 0 .0835 0 .0856

2 5 .43 6 .7 8 8 0 .06180 0 .0954 0 .0971

27 .75 6 .687 0 .06177 0 .1 0 7 3 0 .1084

30 .13 6 .787 0 .06175 0 .1 1 9 1 0 .1203

10.99 6 .775 0 .09868 0 .0 2 3 8 0.0235

13 .20 6 .7 7 4 0 .09864 0 .0357 0 .0348

15 .53 6 .772 0 .0 9 8 6 0 0 .0476 0.0469

17 .82 6 .7 7 1 0 .09855 0 .0595 0 .0589

20 .01 6 .770 0 .09851 0 .0713 0 .0706

22 .24 6 .769 0 .09847 0 .0832 0 .0826

24 .4 1 6 .7 6 7 0 ,09842 0 .0950 0 .0945

26 .52 6 .7 6 6 0 .09838 0 .1069 0 .1061

28 .60 6 .7 6 5 0 .09834 0 .1187 0 .1178

30 .57 6 .7 6 4 0 .09830 0 .1305 0 .1289
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TABLE 70

Vapor P ressu re  Data fo r  th e  System  M ethan ol-D iethylam lne

in  D iphenylm ethane a t  35°

Pt Y f ^ * ( c a l c d . )

1 3 .4 3 6 .7 4 1 0 .0 6 0 8 6 0 .0237 0.0237

1 7 .2 4 6 .7 4 2 0 .0 6 0 8 3 0 .0356 0 .0354

2 1 .05 6 .7 4 3 0 .0 6 0 8 0 0 .0 4 7 4 0 .0473

2 4 .8 4 6 .7 4 4 0 .0 6 0 7 8 0 .0 5 9 2 0 .0593

2 8 .5 2 6 .7 4 4 0 .0 6 0 7 5 0 .0 7 1 1 0 .0711

3 2 .0 8 6 .7 4 5 0 .0 6 0 7 2 0 .0829 0 .0828

35 .69 6 .7 4 6 0 .0 6 0 7 0 0 .0947 0 .0947

3 9 .1 1 6 .7 4 6 0 .0 6 0 6 7 0 .1064 0 .1063

4 2 .5 4 6 .7 4 6 0 .0 6 0 6 4 0 .1182 0 .1180

4 9 .1 9 6 .7 4 6 0 .06059 0 .1417 0 .1414

1 5 .5 7 6 .7 2 0 0 .0 9 3 5 3 0 .0236 0.0236

1 8 .89 6 .7 2 0 0 .09349 0 .0355 0 .0351

22 .29 6 .7 2 1 0 .09345 0 .0473 0.0469

2 5 .7 6 6 .7 2 1 0 .0 9 3 4 1 0 .0 5 9 1 0 .0592

2 9 .0 9 6 .7 2 1 0 .09337 0 .0709 0 .0711

3 2 .3 3 6 .7 2 2 0 .09333 0 .0827 0 .0828

3 5 .6 0 6 .7 2 2 0 .09329 0 .0945 0 .0948

38 .72 6 .7 2 2 0 .0 9 3 2 4 0 .1062 0 .1064

4 2 .4 4 6 .7 2 2 0 .09320 0 .1203 0 .1204

48 .89 6 .7 2 2 0 .09311 0 .1437 0 .1437
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TABLE 71

Vapor P r e ssu r e  Data fo r  the System M eth an ol-D ieth y  lam ine

in  Diphenylm ethane a t 45°

*VS V V f ^ * ( c a l c d .  )

1 8 .37 6 .6 9 4 0 .05947 0.0235 0 .0 2 3 7

2 3 .5 8 6 .6 9 6 0.05944 0.0353 0 .0 3 5 4

2 8 .7 5 6 .6 9 8 0.05941 0.0471 0 .0 4 7 0

33 .86 6 .7 0 0 0.05939 0 .0588 0 .0587

3 8 .98 6 .7 0 2 0.05936 0 .0705 0 .0 7 0 6

4 3 .9 8 6 .7 0 4 0.05930 0.0823 0.0,823

4 8 .8 8 6 .7 0 6 0.05931 0.0940 0 .0 9 3 9

5 3 .8 4 6 .7 0 8 0 .05928 0.1057 0 .1 0 5 8

5 8 .7 1 6 .7 0 9 0.05926 0 .1174 0 .1 1 7 6

6 7 .99 6 .7 1 2 0.05920 0.1408 0 .1 4 0 7

20 .83 6 .6 7 8 0.08554 0.0235 0 .0 2 3 4

25 .62 6 .6 8 0 0.08550 0.0352 0 .0349

30 .45 6 .6 8 1 0.08546 0 .0469 0 .0 4 6 6

35 .48 6 .6 8 3 0.08542 0.0587 0 .0589

4 0 .2 2 6 .6 8 5 0.08539 0 .0704 0 .0 7 0 6

4 4 .87 6 .6 8 6 0.08535 0 .0821 0 .0 8 2 2

49 .49 6 .6 8 8 0 .08531 0 .0938 0 .0 9 3 9

5 4 .0 5 6 .6 8 9 0 .08527 0 .1055 0 .1 0 5 5

5 8 .7 7 6 .6 9 3 0 .08524 0.1172 0 .1 1 7 7

6 7 .30 6 .6 9 3 0.08516 0.1405 0 .1 4 0 1



-1 6 5 -

TABLE 72

Vapor P ressu re  Data f o r  th e  System  W ater-D iethylam ine

in  B en zyl Ether a t  25°

\ s V V
f ^ * ( c a l c d . )

9 .4 6 6 .768 0 .1 2 0 3 4 0 .0110 0 .0105

1 2 .13 6 .766 0 .1 2 0 3 0 0.0275 0 .0273

14 .70 6 .764 0 .1 2 0 2 7 0.0439 0 .0441

1 7 .15 6 .762 0 .1 2 0 2 3 0 .0604 0 .0607

1 9 .51 6 .760 0 .1 2 0 2 0 0 .0768 0 .0773

21.77 6 .757 0 .1 2 0 1 7 0 .0933 0 .0937

23 .93 6 .755 0 .1 2 0 1 3 0 .1097 0 .1099

2 4 .62 6 .7 5 4 0 .1 2 0 1 2 0 .1152 0 .1152

2 5 .31 6 .7 5 4 0 .1 2 0 1 1 0.1206 0 .1206

25.99 6 .7 5 3 0 .1 2 0 1 0 0 .1261 0 .1 2 5 8

7 .7 4 6 .805 0 .0 7 4 5 6 0 .0166 0 .0 1 5 8

1 0 .71 6 .8 0 3 0 .0 7 4 5 4 0 .0331 0 .0325

13 .57 6 .8 0 1 0 .07452 0 .0497 0 .0493

16 .32 6 .799 0 .07450 0 .0662 0 .0 6 6 1

18 .93 6 .796 0 .07 4 4 8 0.0827 0 .0827

2 1 .43 6 .7 9 4 0 ,0 7 4 4 6 0 .0992 0 .0992

2 3 .80 6 .792 0 .0 7 4 4 4 0 .1157 0 .1154
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TABLE 73

Vapor P ressu re  Data fo r  the System W ater-D iethylam ine

in  Benzyl Ether a t 35°

" t V V ( c a l c d . )

16 ,8 2 6.689 0.13952 0 .0163 0 .0164

20 .6 4 6.687 0.13948 0 .0326 0 .0324

2 4 .3 4 6.685 0.13945 0 .0489 0 .0487

2 7 .9 1 6 .683 0 .13941 0 .0652 0 .0 6 5 1

3 1 .36 6.681 0.13937 0 .0815 0 .0 8 1 6

34 .67 6.679 0.13933 0 .0978 0 .0 9 7 9

37 .87 6.677 0.13930 0 .1140 0 .1 1 4 3

4 0 .9 4 6.675 0.13926 0 .1303 0 .1 3 0 5

4 3 .9 2 6.672 0.13922 0 .1465 0 .1 4 6 6

4 6 .75 6.670 0.13918 0 .1627 0 .1625

1 2 .8 1 6.729 0.09075 0 .0164 0 .0 1 6 4

17 .0 2 6.727 0.09072 0 .0328 0 .0326

2 1 .10 6.725 0.09070 0 .0492 0 .0 4 9 0

25.05 6.723 0.09067 0 .0655 0 .0654

28 .88 6 .721 0.09065 0 .0819 0 .0821

32 .46 6.719 0.09062 0 .0983 0 .0982

3 5 .9 8 6.717 0.09060 0 .1146 0 .1146

39 .38 6.715 0.09057 0.1309 0 .1310

4 2 .6 1 6 .713 0.09055 0 .1473 0 .1 4 7 1
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TABLE 74

Vapor P ressu re  Data fo r  th e  System  W ater-D iethylam ine

in  B enzyl E ther a t 45°

*VS V V f ^ * ( c a l c d . )

2 2 .05 6 .6 4 1 0 .12279 0 .0162 0 .0 1 5 8

2 7 .76 6 .639 0 .12276 0 .0325 0 .0322

3 3 .3 2 6 .637 0 .12273 0 .0487 0 .0486

3 8 .7 1 6 .635 0 .12269 0 .0649 0 .0650

43 .9 5 6 .633 0 .12266 0 .0811 0 .0 8 1 4

4 8 .9 4 6 .631 0 .12263 0 .0 9 7 3 0 .0973

5 3 .9 2 6 .629 0 .12260 0 .1134 0 .1137

5 8 .69 6 .627 0 .12256 0 .1296 0 .1297

6 3 .3 2 6 .625 0 .12253 0 .1457 0 .1457

6 7 .7 8 6 .623 0 .12250 0 .1619 0 .1615

1 8 .7 4 6 .652 0 .11112 0 .0108 0 .0106

2 4 .5 8 6 .650 0.11109 0 .0271 0 .0269

3 0 .2 9 6 .6 4 8 0 .11106 0 .0433 0 .0 4 3 3

35 .69 6 .646 0 .11103 0 .0595 0 .0592

4 1 .1 1 6 .644 0 .11100 0 .0757 0 .0756

4 6 .3 5 6 .642 0 .11098 0 .0919 0 .0 9 2 0

5 1 .4 3 6 .640 0 .11095 0 .1081 0 .1082

5 6 .39 6 .6 3 8 0 .11092 0 .1242 0 .1 2 4 4

6 1 .1 5 6 .636 0 .11089 0 .1404 0 .1405

6 5 .7 2 6 .634 0 .11086 0 .1566 0 .1563
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TABLE 75

Vapor P ressu re  D ata f o r  th e  System M eth an o l-D ieth y lam ine

in  B enzyl E ther a t  25°

Pp %VS V V f ^ * ( c a l c d . )

9 .0 5 6 .791 0 .0 8 0 9 4 0 .0 3 6 4 0.0326

1 3 .2 4 6.780 0 .0 8 0 8 2 0 .0727 0 .0698

1 7 .2 6 6.769 0 .0 8 0 7 1 0 .1089 0.1067

2 1 .10 6 .758 0 .0 8 0 5 9 0 .1450 0 .1434

2 4 .77 6.747 0 .0 8 0 4 8 0 .1 8 1 1 0 .1798

28 .2 7 Ü. 736 0 .0 8 0 3 6 0 .2 1 7 0 0 .2160

31 .6 0 6.725 0 .0 8 0 2 5 0 .2 5 2 8 0.2517

34 .77 6 .714 0 .0 8 0 1 4 0 .2 8 8 4 0 .2872

37 .79 6 .703 0 .0 8 0 0 2 0 .3 2 4 0 0 .3223

4 0 .67 6 .692 0 .0 7 9 9 1 0 .3595 0 .3572

1 1 .5 6 6.756 0 .1 2 3 4 2 0 .0 3 6 3 0 .0353

1 5 .2 4 6 .745 0 .1 2 3 2 4 0 .0 7 2 4 0 .0725

1 8 .7 5 6 .734 0 .12307 0 .1085 0 .1092

22 .15 6 .723 0 .12 2 8 9 0 .1 4 4 4 0 .1457

2 5 .4 3 6.712 0 .1 2 2 7 2 0 .1802 0 .1821

2 8 .60 6 .701 0 .1 2 2 5 4 0 .2 1 6 0 0 .2181

3 1 .6 3 6 .690 0 .1 2 2 3 7 0 .2 5 1 6 0.2536

34 .52 6.679 0 .1 2 2 2 0 0 .2872 0.2886

3 7 .3 1 6 .668 0 .1 2 2 0 2 0 .3226 0.3232

40 .00 6 .657 0 .1 2 1 8 5 0 .3580 0 .3578
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TABLE 76

Vapor P r e ssu r e  D ata fo r  th e  System M ethan ol-D iethylam ine

in  B enzyl E ther a t  35°

V ( c a l c d . )

1 7 ,2 8 6 .6 8 8 0 .12984 0.0359 0 .0341

22 .89 6 .6 7 8 0 .12966 0 .0718 0 .0708

28 .3 4 6 .667 0 .12948 0.1075 0 .1073

33 .57 6 .656 0.12930 0 .1431 0 .1435

38 .6 4 6 .6 4 5 0 .12911 0.1787 0 .1795

4 3 .5 1 6 .635 0 .12893 0 .2141 0 .2 1 5 0

4 8 .2 1 6 .6 2 4 0 .12875 0.2495 0 .2503

5 2 .7 1 6 .6 1 3 0 .12857 0 .2847 0 .2852

57 .0 3 6 .6 0 3 0 .12839 0 .3198 0 .3196

61 .2 1 6 .5 9 2 0 .12821 0.3549 0 .3 5 3 8

1 3 .9 6 6 .7 0 7 0 .11186 0 .0240 0 .0222

1 9 .8 4 6 .6 9 6 0 .11170 0 .0600 0 .0587

25 .5 8 6 .6 8 5 0 .11155 0 .0958 0 .0 9 5 3

31 .13 6 .6 7 5 0 .11139 0 .1315 0 .1317

36 .45 6 .6 6 4 0 .11123 0 .1672 0 .1677

41 .56 6 .6 5 3 0 .11108 0.2027 0 .2033

4 6 .4 7 6 .6 4 2 0 .11092 0 .2381 0 .2387

51 .1 8 6 .6 3 2 0 .11077 0 .2734 0 .2737

55 .7 0 6 .6 2 1 0 .11061 0 .3087 0 .3 0 8 4

6 0 .0 1 6 .6 1 0 0 .11045 0.3439 0 .3426
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TABLE 77

Vapor P r e s s u r e  D a ta  f o r  t h e  System  M eth a n o l-D ie th y la m in e  

i n  Benzyl E th e r  a t  45°

V V ( c a l c d . )

24 .40 6 .616 0 .14691 0.0237 0 .0213

29.76 6.609 0.14677 0.0474 0 .0454

35.10 6 .602 0 :14664 0.0711 0.0697

39.83 6 .596 0 .14652 0.0923 0 .0916

45 .11 6.589 0 .14638 0.1159 0 .1163

50.55 6.582 0 .14624 0.1418 0 .1421

55.48 6 .575 0 .14610 0.1652 0 .1659

60.31 6 .568 0 .14600 0.1887 0 .1895

65.00 6 .561 0 .14583 0.2120 0 .2129

69.60 6 .554 0 .14570 0.2354 0 .2362

74.08 6.547 0 .14557 0.2587 0 .2593

78.47 6.540 0 .14543 0.2819 0 .2822

82.74 6 .533 0 .14530 0.3052 0 .3 0 5 0

86.89 6.526 0 .14516 0.3283 0 .3275

91.01 6 .519 0 .14503 0.3515 0 .3503
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