
This dissertation has been 64—10,753
m icrofilm ed exactly as received

LIN, Chii, 1937- 
THE DETERMINATION OF HETERO-ASSOCIA
TION CONSTANTS BY A NEW VAPOR DENSITY 
METHOD.

The U niversity of Oklahoma, Ph.D„ 1964 
C hem istry, physical

University Microfilms, Inc., Ann Arbor, Michigan



THE UNIVERSITY OP OEIAHOm 

GRADUATE COLLEGE

THE DETERMINATION OF HETERO-ASSOCIATION CONSTANTS 

BY A NEW VAPOR DENSITY METHOD

A DISSERTATION 

SUBMITTED TO THE. GRADUATE FACULTY 

i n  p a r t i a l  f u l f i l l m e n t  o f  th e  r e q u ire m e n t  f o r  th e

d e g re e  o f  

DOCTOR OF PHILOSOPHY

BY 

CHII LIN 

Norman, Oklahoma 

1964



THE DETSHî^INATION OF HBTERO-ASSOCIATlON-CONSTANTS 

BY A NEW VAPOR DENSITY METHOD

APPROVED BY

DISSERTATION COMMITffEE



ACKNOWIEDGEMENT

The a u th o r* s  d eep  f e e l i n g  o f  g r a t i t u d e  to w ard  

Dr* S h e r r i 1 D* C h r i s t i a n  c a n  n o t  be  a p t l y  e x p re s s e d .

Dr* C h r i s t i a n a s  p a t i e n t  a d v ic e ,  h e lp  and  encou ragem en t 

d u r in g  th e  c o u rs e  o f t h i s  r e s e a r c h  h a s  b e en  s i n c e r e ly  

a p p r e c ia te d  an d  w i l l  n o t  be  f o r g o t te n *  The a u th o r  a l s o  

w is h e s  t o  e ^ ^ r e s s  h e r  g r a t i t u d e  to  D r . H a ro ld  E* A ffsp ru n g  

f o r  h i s  d i s c u s s io n s  an d  a d v ic e *

The a u th o r  i s  g r a t e f u l  to  th e  U n iv e r s i ty  o f  Oklahoma 

f o r  f i n a n c i a l  s u p p o r t  b y  m eans o f  a  te a c h in g  a s s i s t a n t s h i p  

d u r in g  th e  academ ic  y e a r  1962-1963* The a u th o r  w ould a l s o  

l i k e  to  e x p re s s  h e r  a p p r e c i a t i o n  to  th e  P e tro le u m  R e se a rc h  

o f A m erican  C hem ical S o c ie ty  f o r  f i n a n c i a l  a s s i s t a n c e  from  

Summer o f  1963 to  th e  t e r m in a t io n  o f  th e  r e s e a r c h *

I n  a d d i t i o n ,  th e  a u th o r  w ish e s  to  e x p re s s  h e r  a p p r e c i 

a t i o n  f o r  th e  com puter tim e  d o n a te d  by  th e  U n iv e r s i ty  o f  

Oklahoma Ciomputer L a b o ra to ry #

iii



TABLE OP CONTENTS

Page

LIST OP TABLES ...............................................................................  v

LIST OP ILLUSTRATIONS .................................................................v i i i

C h a p te r

I ,  INTRODUCTION ..................................................................  1

I I .  OBJECTIVES .............   9

I I I ,  MATERIALS  ..................................................................  11

IV , EXPERIMENTAL INVESTIGATION...................................  13

V. EXPERIMENTAL RESULTS  .......................................   16

V I, METHOD OP CALCULATION .............................   51

V I I ,  DISCUSSION AND CONCLUSION ...................................  62

1 ,  DISCUSSION OP ERRORS ........... ...............  . . .  62

2 ,  TRIPLUOROACETIC ACID-ACETIC ACID SYSTEM 61̂ .

3 ,  ETHYIENEDIAMINE-WATER SYSTEM ...................  66

1̂ ., TRIPLUOROACETIC ACID-WATER SYSTEM...........  66

5 ,  TRIPLUOROACETIC ACID-DIOXANE SYSTEM . . .  6?

6 ,  SUMMARY ..................................................................... 69

7 ,  EXTENSION OF THE IffiTHOD.............  ?1

BIBLIOGRAPHY.........................     73

APPENDIX  ......................................................................................... 76

iv



LIST OF TABLES

T a b le  '  Page

1 .  E q u il ib r iu m  C o n s ta n ts  and  O th e r T h erm o d ^am ic  
C o n s ta n ts  f o r  Some A s s o c ia te d  O rg a n ic  A c id s  . • 7

2 .  T o ta l  V apor P r e s s u re  o f T r i f l u o r o a c e t i c  A cid  
- A c e t ic  A cid  System  a t  2 0 ®C w ith . I n i t i a l
A c e t ic  A cid  P r e s s u re  o f 1 .1 1  mm. ........................  l 8

3 .  T o ta l  V apor P r e s s u r e  o f T r i f l u o r o a c e t i c  A c id
- A c e t ic  A c id ,S y s tem  a t  2 0 ®C w i th  I n i t i a l
A c e t ic  A c id  P re s s u r e  o f 2 ,6 1  ram ................   19

i|.« T o ta l  V apor P r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id
- A c e t ic  A c id  System  a t  20®G w i t h  I n i t i a l  
A c e t ic  A c id  P re s s u r e  o f 3*22 ram  .............20

5 .  T o ta l  V apor P re s s u re , o f T r i f  l u o r o a c e t i c  A c id
- A c e t ic  A c id  System  a t  20®G w i th  I n i t i a l
A c e t ic  A c id  P re s s u re  o f 3*79 ram 21

6 .  T o ta l  V apor P r e s s u r e  o f T r i f l u o r o a c e t i c  A c id
- A c e t ic  A c id  System  a t  20®C w i th  I n i t i a l
A c e t ic  A c id  P re s s u re  o f if..20 ram . . . . . . . . . . . .  22

7* T o ta l  V apor P r e s s u re  o f  T r i f  l u o r o a c e t i c  A c id
- A c e t ic  A c id  System  a t  20®G w i th  I n i t i a l  
A c e t ic  A cid  P r e s s u re  o f 6 .if.8 ram . . . . . . . . . . . . .  23

8 .  T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id
- A c e t ic  A c id  System  a t  20®G w i th  I n i t i a l
A c e t ic  A cid  P r e s s u re  o f  6.if.9 mm . . . . . . . . . . . . .  2if.

9 .  T o ta l  V apor P r e s s u re  o f T r i f l u o r o a c e t i c  A c id
- A c e t ic  A c id  System  a t  20®G w i th  I n i t i a l
A c e t ic  A cid  P r e s s u re  o f  5*16 ram . . . . . . . . . . . .  25

1 0 . T o ta l  V apor P r e s s u re  o f E th y le n e  d iam in e  -
W ater System  à t  20 ®G w ith  I n i t i a l  W ater 
P r e s s u r e  o f  1.61f. ram . . . . . . . . . . . . . . . a . . . . . . .  26



T able Page

1 1 . T o ta l  V apo r P re s s u re  o f  E th y le n e  d ia m in e -  
W ate r System  a t  2 0 ‘*0 w i th  I n i t i a l  W ater 
P r e s s u r e  o f  0 .^ 6  mm  ................     27

1 2 . T o ta l  V apor P re s s u re  o f  E th y le n e  d iam in e -  
W ate r S ystem  à t  2 0 ‘*C w i th  I n i t i a l  W ater • 
P r e s s u r e  o f  O.Sl}. mm  ....................  28

1 3 . T o ta l  V ap o r P re s s u re  o f  E th y le n e d ia m in e -
W ater S ystem  a t  20"C w i th  I n i t i a l  W ater 
P r e s s u r e  o£ 1 .5 5  ana  .......................  29

14 .  T o ta l  V apor P re s s u re  o f  E th y le n e  d iam in e  -
W ate r S ystem  a t  2 0 "C w i th  I h i t i a l  W ater 
P r e s s u r e  o f  2 .0 7  mm 30

1 5 . T o ta l  V apor P r e s s u r e  o f  T r i f  l u o r o a c e t i c
A c id -W a te r  System  a t  20"G w i th  I n i t i a l  
W ate r P r e s s u r e  o f  0 .9 7  mm . . . . . . . . . . . . .  31

1 6 . T o ta l  V ap o r P re s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -W a te r  System  a t  20*0 w i th  I n i t i a l  
W a te r  P r e s s u r e  o f 1 .9 3  mm  ..............  32

17 .  T o ta l  V apo r P re s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -W a te r  System  a t  20*0 w i th  I n i t i a l  
W ate r P r e s s u r e  o f  2 .6 5  mm  ......................... 33

1 8 . T o ta l  V apo r P re s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -W a te r  System  a t  20*0 w i th  I n i t i a l  
W ate r P r e s s u r e  o f  2 .8 9  mm . . . . . . . . . . . . . . .  3 ^

1 9 . T o ta l  V apor P re s s u re  o f  T r i f l u o r o a c e t i c  
A c id -W ate r  System  a t  20*0 w i th  I n i t i a l  
W a te r  P r e s s u re  o f  3»W  mm . . . .  .  .  . . . . .  35

2 0 . T o ta l  V apor P re s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -W a te r  System  a t  20*0 w i th  I n i t i a l  
W ate r P r e s s u r e  o f  3*86 mm 36

2 1 . T o ta l  V apor P re s s u re  o f  T r i f l u o r o a c e t i c  
A c id -W a te r  System  a t  20*0 w i t h  I n i t i a l  
W ater P r e s s u r e  o f  5 .2 9  mm . . . . . . . . . . . . . . .  37

2 2 . T o ta l  V apor P re s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -W a te r  System  a t  20*0 w i t h  I n i t i a l  
W ate r P r e s s u r e  o f  6*26 mm . . . . . . . . . . . . . .  38

v i



Table Page
2 3 . T o ta l  V ap o r P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id  

-D ioxane  System  a t  lj.O®C w i th  I n i t i a l  T r i -  
f l u o r o a c e t i c  A c id  P r e s s u r e  o f  2 .1 7  inm • . • • • • •  39

2i]-. T o ta l  V ap o r P r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id  
-D ioxane  System  a t  lj.O°C w i th  I n i t i a l  T r i -  
f l u o r o a c e t i c  A c id  P r e s s u re  o f  2 .4 5  3nm • • • • • • •  1̂ 0

25* T o ta l  V ap o r P r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id  
-D ioxane  System  a t  ij.O“C w i th  i h i i t i a l  T r i -  
f l u o r o a c e t i c  A c id  P r e s s u re  o f  3» 70 mm • • • • • •  ij-l

2 6 . T o ta l  V ap o r P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id  
-D io x an e  System  a t  Ij.O®C w i th  I n i t i a l  T r i -
f l u o r o a c e t i c  A c id  P r e s s u r e  o f  3 087 mm . . . . .  1̂ 2

2 7 .  T o ta l  V ap o r P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id  
-D ioxane  System  a t  Ij.O° C w i th  I n i t i a l  T r i -  .
f l u o r o a c e t i c  A c id  P re s s u re  o f  3 # %  . . . . . .  I4.3

2 8 .  T o ta l  V ap o r P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id  
-D ioxane  System  a t  w i th  I n i t i a l  T r i -
f l u o r o a c e t i c  A c id  P r e s s u re  o f  2 .7 3  mm . . . . . .  l+ij.

2 9 . T o ta l  V ap o r P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id  
-D io x an e  System  a t  i^O'C w i th  I n i t i a l  T r i -
f l u o r o a c e t i c  A c id  P r e s s u r e  o f  3*68 mm . . . . . .

3 0 .  T o ta l  V ap o r P r e s s u re  o f  T r i f  l u o r o a c e t i c  A c id  
-D io x an e  System  a t  1^0° C w i th  I n i t i a l  T r i -
f l u o r o a c e t i c  A c id  P r e s s u re  o f  ij..82 mm . . . . . .  i}.6

3 1 .  Summary o f  R e s u l ts  o f  T r i f l u o r o a c e t i c  A c id -  
A c e t ic  A c id , E th y le n e d ia m in e -W a te r , T r i f  l u o 
r o a c e t i c  A c id -W a te r , and  T r i f l u o r o a c e t i c  
A c id -D io x an e  Systern  ................     61

vii



LIST.OP ILLUSTRATIONS

F ig u re  Page
lo  V apor D e n s i ty  A p p a ra tu s   ..............  l5

2 .  T o ta l  V apor P re s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -A c e tic  A c id  System  a t  20®C . . . . . . . . . . . .  ij-7

3 .  T o ta l  V apor P r e s s u re  o f  E th y le n e  d iam in e  -
W ater S ystem  a t  20"C      lj.8

I4.. T o ta l  V apor P re s s u re  o f  T r i f  l u o r o a c e t i c
A c id -W ate r  S ystem  a t  20®C . .  . . . . . . . . . . . .  . .  lj.9

5 .  T o ta l  V apo r P r e s s u re  o f  T r i f  l u o r o a c e t i c  
A c id -D io x a n e  System  a t  1^0°C  ..........  ^0

6 .  V a r i a t i o n  o f  S ta n d a rd  D e v ia tio n  w i th  V a lu e  o f  
E q u i l ib r iu m  C o n s ta n t o f  One-One Complex i n  
T r i f  l u o r o a c e t i c  A c id -A c e tic  A c id  System  a t
20*0       53

7 .  V a r i a t i o n  o f  S ta n d a rd  D e v ia t io n  w i th  V a lu e  o f  
E q u i l ib r iu m  C o n s ta n t o f  Two-Two Complex i n  
E th y le n e d ia m in e -W a te r  System  a t  20"C . . . . . . . .  51j-

8 .  V a r i a t i o n  o f  S ta n d a rd  D e v ia t io n  w i th  V alue  o f  
E q u i l ib r iu m  C o n s ta n t o f. One-One Complex i n  
E th y le n e d ia m in e -W a te r  System   ..............  55

9 .  V a r i a t i o n  o f  S ta n d a rd  D e v ia t io n  w i th  V a lu e  o f  
Two E q u i l ib r iu m  C o n s ta n ts  of Two-Two Complex 
and  One-One Complex i n  E th y le n e d ia m in e -W a te r  
System  a t  2 0 'C  ...........................     56

1 0 . V a r i a t i o n  o f  S ta n d a rd  D e v ia t io n  w i th  V a lu e  o f  
E q u i l ib r iu m  C o n s ta n t o f  One-Two Complex i n
T r i f  l u o r o a c e t i c  A c id -W ate r System  a t  20* C . . .  57

1 1 . V a r i a t i o n  o f  S ta n d a rd  D e v ia t io n  w i th  V a lu e  o f  
E q u i l ib r iu m  C o n s ta n t  o f  Two-One Craaplex i n  T r i -
f l u o r o a c e t i c  A c id -D io x an e  System  a t  1 .̂0°C . . . .  58

viii



Figure Page
12# V a r ia t io n  o f  S ta n d a rd  D e v ia t io n  w i th  V alue  

o f  E q u i l ib r iu m  C o n s ta n t  o f  One-One Complex 
i n  T r i f  l u o r o a c e t i c  A c id -D io x an e  System  a t  
1̂ 0 "C .................................     59

13# V a r i a t i o n  o f  S ta n d a rd  D e v ia t io n  w i th  V alue 
o f  Two E q u il ib r iu m  C o n s ta n ts  o f  Two-One 
Complex and  One-(Me Complex in  T r i f  l u o r o 
a c e t i c  A c id -D io x an e  System  a t  i|.0 “C .  . . .  60

ix



THE DETERMINATION OF HETERO-ASSOCIATION CONSTANTS 

BY A NEW VAPOR DENSITY METHOD

CHAPTER I  

INTRODUCTION

I n  r e c e n t  y e a r s ,  i t  h a s  become w e l l  known t h a t  an  a tom  

o f  h y d ro g en  may be  a t t r a c t e d  by  two e le c t r o n e g a t iv e  atom s 

i n s t e a d  o f  one* T h a t i s ,  i n  a d d i t i o n  to  a  r e l a t i v e l y  s t r o n g  

p r im a ry  b o n d , a  h y d ro g en  atom  may be in v o lv e d  in  a  w e a k e r , 

l a r g e l y  e l e c t r o s t a t i c  h y d ro g en  bond* The h y d ro g en  bond p la y s  

a  v e ry  c o n sp ic u o u s  r o l e  i n  human l i f e ,  f o r  i t  i s  r e s p o n s ib l e  

i n  p a r t  f o r  th e  a d h e re n c e  o f  d i r t  to  o u r  s k in ,  th e  s t r u c t u r e  

o f  p r o t e i n s ,  th e  a c t i o n  o f  g lu e s  an d  a d h e s iv e s ,  th e  r i g i d i t y  

o f  many s y n t h e t i c  p o ly m e rs , su ch  a s  p o ly a m id e s , an d  many 

o th e r  b i o l o g i c a l  phenom ena,
1

The h y d ro g e n  bond was f i r s t  m e n tio n e d  by  Moore and  W inm il, 

th e n  b y  P f e i f f e r T  The im p o rta n c e  o f  th e  h y d ro g en  bond an d
3i t s  e x te n s iv e  o c c u r re n c e  was r e c o g n iz e d  by  L a tim e r  and  R odebush , 

who u s e d  t h i s  c o n c e p t t o  d is c u s s  th e  h ig h ly  a s s o c i a t e d  l i q u i d s  

su c h  a s  w a te r  and  h y d ro g en  f l u o r i d e ,  w i th  t h e i r  a b n o rm a lly  

h ig h  d i e l e c t r i c  c o n s t a n t ,  th e  s m a ll  e x t e n t  o f  i o n i z a t i o n  o f  

ammonium h y d ro x id e ,  an d  th e  fo rm a t io n  o f  doub le  m o le c u le s

1



b y  a c e t i c  a c i d .  They p ro p o se d  t h a t  h y d ro g e n  s h o u ld  be 

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

c o v a le n t  c h a r a c t e r  be tw een  two s t r u c t u r e s *  I n  fo rm ic  a c id  

f o r  ex am p le , th e  re so n a n c e  fo im s  c o u ld  be w r i t t e n

^ 0  H— — M— O
C - H   ------ H—C ^C—H

— H - - o ^  / - y —

A f t e r  th e  d ev e lo p m en t o f  th e  q u a n tu n -m e c h a n ic a l  th e o ry  

o f  v a le n c e ,  i t  was re c o g n iz e d  t h a t  a h y d ro g e n  atom  w i th  o n ly  

one s t a b l e  o r b i t a l  can  n o t  fo rm  more th a n  one p u re  c o v a le n t  

b o n d , th u s  r u l i n g  o u t  th e  d i v a l e n t  id e a  o f  L a tim e r and 

R o d eb u sh . A lso  t h e i r  a s su m p tio n  t h a t  re s o n a n c e  s t a b i l i z e s  

th e  s t r u c t u r e  i s  r u l e d  o u t b y  th e  f a c t  t h a t  re s o n a n c e  does 

n o t  p ro v id e  s i g n i f i c a n t  s t a b i l i s a t i o n  e n e rg y  u n le s s  th e  p r o to n
4-

i s  m idway b e tw een  th e  two o x y g e n s . T h ere  i s  am ple s t r u c t u r a l  

e v id e n c e  t h a t  th e  h y d ro g en  i s  n o t  l o c a t e d  h a l f  way betw een  

th e  two e l e c t r o n e g a t iv e  e le m e n ts  i n  m o st h y d ro g en  b o n d s , ^ ' ^
/O

A t th e  p r e s e n t ,  i t  i s  g e n e r a l l y  su p p o se d  t h a t  t h e r e  a re  

th r e e  d i s t i n c t  c o n t r i b u t i o n s  to  th e  t o t a l  e n e rg y  o f  th e  

h y d ro g en  bond and  t h a t  a l l  th r e e  a r e  o f  th e  same o r d e r  o f  

m a g n itu d e . F i r s t ,  th e  e l e c t r o s t a t i c  e n e rg y  i s  due to  th e  

a t t r a c t i o n  b e tw een  th e  ’b a r e ’ p r o to n ,  w i th  i t s  e x tre m e ly  

s m a ll  a to m ic  r a d i u s ,  and  a c o v a l e n t ly  bonded  e l e c t r o n e g a t iv e  

a to m . F o llo w in g  th e  io n ic  c o n c e p t o f  th e  h y d ro g en  b o n d , i t  

m ig h t be e x p e c te d  t h a t  th e  s t r e n g t h  o f  th e  bond s h o u ld  

i n c r e a s e  w i th  in c r e a s e  i n  th e  e l e c t r o n e g a t i v i t y  s c a l e ,  we 

m ig h t e x p e c t  t h a t  f l u o r i n e ,  o x y g en , n i t r o g e n ,  and  c h lo r in e



w ould p o s s e s s  t h i s  a b i l i t y  to  a n  e x te n t  d e c r e a s in g  i n  t h i s  

o rd e r#  I t  i s  fo u n d  e m p i r ic a l l y  t h a t  f l u o r i n e  fo rm s v e ry  

s t r o n g  h y d ro g e n  b o n d , oxygen w eaker o n e s , and  n i t r o g e n  s t i l l  

w eaker ones# A lth o u g h  i t  h a s  p r a c t i c a l l y  th e  same e l e c t r o 

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

dency  to  fo rm  h y d ro g en  b o n d s , a n d  t h i s  may be a t t r i b u t e d  to  

i t s  l a r g e  s i z e  ( r e l a t i v e  to  n i t r o g e n )  w h ic h  c a u se s  i t s  e l e c t r o 

s t a t i c  i n t e r a c t i o n  to  be w eak er th a n  t h a t  o f  n i t r o g e n #  The 

Second c o n t r i b u t i o n  to  h y d ro g en  bond e n e rg y  i s  t h e  d e l o c a l i 

z a t io n  en erg y #  T here  i s  am ple ev id en ce  t h a t  th e  e f f e c t  o f  

hyd rogen  b o n d in g  on th e  i n t e n s i t y  o f  IR a b s o r p t io n  c o r r e s 

p o n d in g  to  th e  -0«-—H- o r  -N H - s t r e t c h  i s  many f o l d  i n  e x c e s s

o f  t h a t  e x p la in a b le  by  th e  e l e c t r o s t a t i c  m odelJ The

ab sen c e  o f  c o r r e l a t i o n  be tw een  hydrogen  bond s t r e n g t h  and
6,/-»

d ip o le  moment o f  th e  b a se  h a s  le d  to  th e  i n t r o d u c t i o n  o f  

th e  c o n c e p t o f  th e  de l o c a l i z a t i o n  en erg y #  I t  assum ed t h a t  

i n  th e  f o r m a t io n  o f  a  h y d ro g en  bond in  th e  -0 -E . # # 0 -  c a s e ,  

f o r  ex am p le , b o th  th e  h y d ro g en  e le c t r o n s  and  th e  f a r  oxygen 

e le c t r o n s  i n  - 0 - E . .# 0 -  a r e  a t  l e a s t  p a r t l y  d e lo c a l iz e d #  T h ir d ,  

th e r e  i s  r e p u l s iv e  e n e rg y  o f  i n t e r a c t i o n  b e tw een  th e  two 

e l e c t r o n e g a t iv e  atom s# B oth  th e  e l e c t r o s t a t i c  an d  d e l o 

c a l i z a t i o n  f o r c e  w ould  te n d  to  s h o r te n  th e  t o t a l  l e n g t h  o f  

th e  h y d ro g en  bond# I t  i s  th e r e f o r e  e v id e n t  t h a t  t h e r e  m ust 

be some r e p u l s i v e  f o r c e  w h ich  p re d o m in a te s  when th e  atom s 

a p p ro a c h  to o  c l o s e l y  to g e th e r#  I t  i s  p ro b a b le  t h a t  a  f o u r t h  

c o n t r i b u t i o n  i . e .  th e  d i s p e r s i o n  e n e rg y , s h o u ld  a l s o  be



c o n s id e r e d .  T h is  e f f e c t  may be a t t r i b u t e d  to  th e  h ig h  

p o l a r i z a b i l i t y  o f  u n sh a re d  p a i r s  o f  e l e c t r o n s ,  a s  f o r  ezm nple 

th o s e  on b o th  oxygens i n  w a te r .  E s t im a te d  e n e rg y  c o n t r i b u 

t io n s  to  a  h y d ro g en  bond i n  ic e  a r e  l i s t e d  be low

Type o f  e n e rg y  k c a l /m o le

E l e c t r o s t a t i c  +6

Del o c a l i z a t i o n  +8

R e p u ls iv e

D is p e r s io n  +3

T o ta l  ( t h e o r e t i c a l )  + 8 ,6

E x p e r im e n ta l  v a lu e  + 6 ,1

H ydrogen b o n d in g  o c c u rs  in  a l l  t h r e e  p h a se s  o f  m a t t e r ,  

b u t  i t  i s  l e s s  im p o r ta n t  a t  h ig h  te m p e ra tu re s  and  l e s s  common 

i n  th e  g a s  p h a s e . Up to  th e  p r e s e n t ,  r e l a t i v e l y  few  s tu d i e s  

have  b een  made o f  th e  hy d ro g en  bond in  th e  v a p o r  p h a s e .  Most 

o f  th e s e  s t u d i e s  o f  v a p o r p h a se  hy d ro g en  b o n d in g  have  in v o lv e d  

th e  d e te r m in a t io n  o f  s e l f - a s s o c i a t i o n  c o n s ta n ts  o f  th e  lo w er 

o rg a n ic  a c id s  ( C , -C ^) and  o f  th e  h a lo g e n  s u b s t i t u t e d  a c i d s .  

U n t i l  now, th e  h e te ro -h y d ro g e n  bond in  th e  v a p o r  p h a se  h a s  

b e en  s t u d i e d  o n ly  by  C h r i s t i a n  and  Hanse n who i n v e s t i g a t e d  

t r i f l u o r o a c e t i c  a c i d - a c e t i c  a c id  sy stem  and  p r o p io n ic  a c id -  

p e n t  a f  lu o r o p ro p lo n ic  a c id  sy s te m  a t  2 ^ 'c ,  In  view, o f  th e  

s i m p l i c i t y  o f  v a p o r  r e a c t i o n s ,  a s  opposed to  r e a c t i o n s  on 

co n d en sed  p h a s e s ,  i t  i s  d e s i r a b l e  t h a t  f u r t h e r  s t u d i e s  be 

made o f  h y d ro g en  b o n d in g  i n  th e  v a p o r p h a s e .



Vapor, d e n s i ty  m easurem ent i s  one o f  s e v e r a l  m ethods f o r  

s tu d y in g  h y d ro g en  b o n d in g  in  th e  v a p o r  p h a s e .  The i d e a l  g a s  

law  s t a t e s  t h a t  FV = RT • • • • « • • • • • • • • ( I )

w here P i s  th e  t o t a l  p r e s s u r e  m e a su re d , V i s  th e  t o t a l  volum e 

o f  th e  sy s te m , W i s  th e  t o t a l  am ount o f  sam ple i n  th e  v a p o r  

p h a s e , M i s  th e  m o le c u la r  w e ig h t o f  th e  sam p le , T i s  th e  

o p e r a t in g  te m p e ra tu re  o f  th e  sy s te m , R i s  th e  g as  c o n s t a n t .

The v a p o r  d e n s i ty  o f  an i d e a l  g as  i s  and  i f  M, T ,

V a re  c o n s t a n t ,  P i s  p r o p o r t io n a l  to  W f o r  a  s p e c i f i c  s p e c ie s  

a t  a  d e f i n i t e  te m p e ra tu re  and  volum e * H ow ever, i f  p o ly m e r i

z a t i o n  o c c u r s ,  M, th e  m o le c u la r  w e ig h t ,  w i l l  g r a d u a l ly  

i n c r e a s e  fro m  th e  v a lu e  o f  monomer t o  th e  maximum v a lu e  o f  

th e  p o ly m e r . The m easu red  p r e s s u r e  i s  th u s  lo w e r th a n  t h a t  

c a l c u l a t e d  b y  e q u a t io n  , (1 )  w here  M i s  assum ed to  be th e  monomer 

v a lu e .  H ence from  v a p o r  d e n s i ty  and  v a p o r  p r e s s u r e  m e a su re 

m e n ts , q u a l i t a t i v e  and  q u a n t i t a t i v e  in f o r m a t io n  w i l l  be 

o b ta in e d  f o r  a  compound u n d e rg o in g  h y d ro g e n  bond fo rm a t io n  

i n  th e  v a p o r  p h a s e ,

A , S , C o o lid g e  f i r s t  s t u d i e d  th e  v a p o r  d e n s i ty  o f  fo rm ic
*7 /Ô  jQ

a c i d .  F o llo w in g  t h i s ,  P .  H, M acD oguall, L. H, Sim m on,h , I .  R i t t e r ,  

B , ¥ ,  Jo h n s o n , L , K , N ash, M, D , T ay lo r^°  J ,  B ru ton^ ' R . E , L u n d in ,^ ^
2.Z  23

P i  E , H a r r i s  and  M, Templeman r e p o r t e d  on th e  s e l f - a s s o c i a t i o n  

o f  s e v e r a l  o f  th e  o rg a n ic  a c i d s .

The ty p e  o f a p p a ra tu s  w h ich  th e  p re c e d in g  w o rk e rs  u s e d  

i n  v a p o r  d e n s i ty  m easurem ent a r e  d e s c r ib e d  b r i e f l y  b e lo w .

The a p p a ra tu s  u se d  by  Jo h n so n  an d  Nash i s  th e  s i l i c a  v a p o r



density balance,

A i s  th e  sam ple  b u lb -  c o o le d  i n  a d ry  i c e  b a th ,  B i s  th e  

s i l i c a  b a la n c e ,  C i s  th e  p o i n t e r ,  and  th e  w hole sy s te m  i s  

c a l i b r a t e d  w i th  i d e a l  v a p o rs  o f  known d e n s i t y .

The ty p e  o f  a p p a r a tu s  u s e d  by  m ost o f  th e  o th e r  i n v e s t i 

g a to r s  i s  shown i n  th e  f o l lo w in g  d ia g ra m :

A i s  th e  sam ple  b u lb ,  c o o le d  w i th  a  d ry  i c e  b a th ,  B i s  th e  

c o n d e n s a t io n  b u lb .  The sam ple  i s  v a p o r iz e d  from  th e  b u lb  

A to  th e  sy s tem  u n d e r  th e  vacuum , th e  p r e s s u r e  i s  r e a d ,  th e n  

v a p o r  i s  co n d en sed  and  c o l l e c t e d  i n  th e  b u lb  B and  t i t r a t e d  

w i th  s t a n d a r d  a l k a l i .

B e s id e s  v a p o r  d e n s i ty  m e a su re m e n ts , th e r e  a r e  s e v e r a l  

o t h e r  m eth o d s u se d  in  s tu d y in g  h y d ro g en  bonds i n  th e  v ap o r 

p h a s e ,  R, N, B adger^  R , C, Hermaiff G-, N, Barrow^ R, E , 

K a g a r is e ^  have s t u d i e d  s e l f - a s s o c i a t i o n  w i th  IR  s p e c t r a .
Z&

L , G, B onner and  L , S , K, S m ith  w i th  Raman s p e c t r a .  ' R. N, 

P u so n , É . A. Jo n es and  I ,  R . . Lawson^ have  u se d  b o th  IR and



30
Raman s p e c t r a ,  I .  E . Coop, N. R. D av id so n  and  L. E . S u t to n  

have a p p l i e d  d i e l e c t r i c  p o l a r i z a t i o n  m easu rem en ts and J .  K a r l  

and L , Brockw ay have u s e d  e l e c t r o n  d i f f r a c t i o n .

The d im e r iz a t io n  c o n s ta n ts  and  o t h e r  therm odynam ic d a ta  

f o r  some a c id s  w h ich  have been  s t u d i e d  a re  l i s t e d  in  T ab le  1 ,

T able  1

E q u i l ib r iu m  C o n s ta n ts  and Therm odynam ic F u n c t io n s  f o r  
th e  D im e r iz a t io n  o f  C a rb o x y lic  A c id s

ACID
(̂60*C

( a t m ) ' ( k c a l ) ( k c a l ) ( e , u , )

T r i f l u o r o a c e t i c  A c id 0 ,135 1 4 ,0 5 0 415 3 6 .8

Form ic A c id 0 ,182 1 4 ,1 1 0 686 3 6 ,0

A c e tic  A c id 0,557 1 5 ,2 7 0 1570 3 6 ,7

P r o p io n ic  A c id 0,4.95 1 5 ,1 7 5 1 5 9 4 . 3 6 ,4

B u ty r ic  A c id 0,625 1 3 ,9 0 0 - -

H e p ta n o ic  A c id 0 ,607 1 3 ,4 0 0 - -

T r im e th y la c e t ic  A c id 0 ,910 1 4 ,0 3 0 — -

From th e  r e s u l t s  r e p o r t e d  f o r  d i f f e r e n t  a c id s  w i th  th e  v a r io u s  

m e th o d s, a g e n e r a l  id e a  can  be o b ta in e d  o f  th e  hom o-hydrogen 

bond s t r e n g t h  i n  a  s e r i e s  o f a c id s  w i th  v a ry in g  c h a in  l e n g th  

and s u b s t i t u e n t s .  The c h a in  l e n g th  an d  b ra n c h in g  o f  th e  g ro u p  

a t t a c h e d  to  th e  c a rb o x y l ic  group  has no  a p p r e c ia b le  e f f e c t  

on th e  h e a t  o f  d im e r iz a t io n .  B o th  oxygen on— gr oup a re  

s u b je c te d  to  th e  in d u c t iv e  e f f e c t  of s t r o n g l y  e le c t r o n e g a t iv e
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s u b s t i t u e n t s .  T hus,, th e  r e d u c t io n  o f  th e  n e g a t iv e  c h a rg e  

on oxygen te n d  to  red u c e  th e  s t r e n g t h  o f  a  h y d ro g en -b o n d  

i n  w h ich  t h i s  oxygen a c t s  a s  th e  e l e c t r o n  d o n o r . How ever, 

th e  r e d u c t io n  o f  th e  e f f e c t i v e  n e g a t iv e  ch a rg e  on th e  

h y d ro x y l oxygen w i l l  a ls o  in c r e a s e  th e  p o l a r i t y  o f  th e  

h y d ro x y l group and  in c r e a s e  th e  e f f e c t i v e  p o s i t i v e  c h a rg e  

o f  th e  h y d ro g en  a to m . Hence i n  th e  h o m o -a s s o c ia te d  d im e r , 

th e  w eakened b a s i c i t y  o f  th e  c a rb o n y l  oxygen a p p e a rs  to  be 

l a r g e l y  com pensated  by  an  in c r e a s e  i n  th e  p o l a r i t y  o f  th e  

h y d ro x y l group  w i th  w hich  i t  i n t e r a c t s .

A t p r e s e n t ,  r e l a t i v e l y  l i t t l e  i s  known a b o u t h e te r o 

h y d ro g en  b o n d in g . I t  sh o u ld  be i n t e r e s t i n g  and  w o rth w h ile  

to  s tu d y  th e  h e te ro -h y d ro g e n  bond i n  th e  v a p o r  p h a se  u s in g  

sy s te m s in  w h ich  few  a s s o c i a t e d  s p e c ie s  a r e  p r e s e n t .  I n  

s t u d i e s  o f  th e  v a p o r  p h a s e , m ore d i r e c t  in f o rm a t io n  a b o u t 

h y d ro g en  bond ing  can  be o b ta in e d ,  s i n c e , t h e r e  a r e  no s o lv e n t  

e f f e c t s  in v o lv e d  a s  th e r e  a r e  i n  a l l  s o l u t i o n  s t u d i e s .  The 

s o lv e n t  e f f e c t  h a s  n o t  been  s u c e s s f u l l y  a c c o u n te d  f o r  and  

l e a d s  t o  g r e a t  c o m p lic a t io n s  i n  t r e a t i n g  e x p e r im e n ta l  r e s u l t s .

I n  t h i s  r e s e a r c h  a  new g r e a s e - f r e e  v a p o r  d e n s i ty  a p p a ra tu s  

h a s  b e e n  in v e n te d  and  a p p l i e d  to  th e  s tu d y  o f  h e te ro -h y d ro g e n  

b o n d in g  in  th e  v a p o r  p h a s e .  F o u r b i n a r y  s y s te m s , in v o lv in g  

m ixed v a p o rs  o f  w a te r ,  d io x a n e , e th y le n e d ia m in e ,  a c e t i c  a c id  . 

and  t r i f l u o r o a c e t i c  a c id  a r e  r e p o r t e d .  B oth  h e t e r o -  and  homo

a s s o c i a t i o n  c o n s ta n t s  have  b e e n  r e p o r t e d  f o r  th e s e  sy s tem s*



CHATTER I I
V . '

OBJECTIVES

T he--p rim ary  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 e re :

1 ,  To develop., an  a c c u r a te  and r e a s o n a b ly  f a s t  m ethod  

f o r  d e te r m in a t io n  o f  th e  v a p o r  d e n s i ty  and  v a p o r  p r e s s u r e  

o f  m ix tu r e s  o f  v o l a t i l e  o rg a n ic  s u b s ta n c e s  i n  th e  v a p o r  

p h a s e .  In  d e a l in g  w i th  o rg a n ic  l i q u i d s ,  -two d i f f i c u l t i e s  

a r i s e :  f i r s t ,  t h e s e  l i q u i d s  a r e  r e a d i l y  a b so rb e d  by s to p c o c k  

g re a s e  ; s e c o n d , th e s e  l i q u i d s  a re  v e r y  h y g r o s c o p ic .  I t  

was d e s i r e d  to  b u i l d  an a p p a r a tu s  i n  w h ic h  no g r e a s e  i s  

in v o lv e d  an d  to  d e v e lo p  a  te c h n iq u e  f o r  ..adding a c c u r a t e l y  

known q u a n t i t i e s  o f  d ry  sa m p le s .

2* To d e te rm in e  th e  m o st p ro b a b le  fo rm u la s  o f  th é  

a s s o c i a t e d  s p e c ie s  w hich a re  p r e s e n t  i n  th e  v a p o r  p h ase  

o f  th e  f o l lo w in g  v a p o r  m ix -tu re s :

(1 )  t r i f l u o r o a c e t i c  a c i d - a c e t i ç  a c id

(2 )  e th y le n e d ia m in e -w a te r

(3 )  t r i f l u o r o a c e t i c  a c id - w a te r

(Ij.) t r i f  l u o r o a c e t i c  a c id -d io x a n e

and  to  d e te rm in e  th e  v a lu e  o f t h e i r  c o r re s p o n d in g  e q u i

l ib r iu m  c o n s t a n t s .
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3« To a t te m p t  t o  i n f e r  p ro b a b le  s t r u c t u r e s  o f  th e  

com plex s p e c ie s  e x i s t i n g  in  th e  v a p o r  p h a se  f o r  th e  above- 

m entioned . sy s tem s*



CHUTER III

MâOlERIALS - •

The t r i f  l u o r o a c e t i c  a c id  and  p -d io x a n e  u s e d  i n  t h i s

r e s e a r c h  w ere o b ta in e d  fro m  th e  Ma t h e 8on Coleman & B e l l

Company, Norwood, O h io . E th y le n e d ia m in e  was o b ta in e d  fro m

E astm an  O rg an ic  C hem ica ls  Company, R o c h e s te r ,  N , Y. an d

a c e t i c  a c id  fro m  B aker an d  Adamson G e n e ra l C h em ica l Conq)any,

New Y ork , N. Y* A l l  th e  r e a g e n t  w ere e i t h e r  a n a l y t i c a l

r e a g e n ts  o r  C. P . r e a g e n t s .  W ater was o b ta in e d  fro m  th e

d i s t i l l e d  w a te r  s u p p ly  a t  th e  c h e m is try  l a b o r a t o r y  a t  th e

U n iv e r s i ty  o f  Oklahom a, A l l  th e  compounds e x c e p t  w a te r

Were f u r t h e r  p u r i f i e d  by d o u b le  d i s t i l l a t i o n  th ro u g h  a  30
• »

p l a t e  O ldershaw  colum n a t  r e f l u x  r a t i o s  i n  e x c e s s  o f  l O r l .  

The o rg a n ic  compounds w ere shaken  w e l l  w i th  a n h y d ro u s  P^O^ 

b e fo r e  d i s t i l l a t i o n .  A f t e r  p u r i f i c a t i o n ,  a c e t i c  a c id  and  

e th y le n e d ia m in e  w ere  s to r e d  i n  ^  H -shaped  tu b e  c o n ta in in g  

anhy d ro u s PgO^ i n  one s id e  o f  th e  t u b e ,  D ioxane was s t o r e d  

i n  a  b e a k e r  i n  a d e s i c c a t o r  c o n ta in in g  an h y d ro u s  P^O^. The 

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

w ork , c o r r e c t e d  to  760 ram, w e re :  .. .

11
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S u b s ta n c e B o i l in g  P o in t  C‘C)

t r i f l u o r o a c e t i c  a c id 7 2 .3  - 7 2 ,5

a c e t i c  a c id 1 1 8 ,0 1 1 8 .3

e th y le n e d ia m in o 1 1 6 .1 116.1].

p -d io x a n e lO l.ij. - 1 0 1 ,6

A l l  b o i l i n g  p o in t s  a r e  w i th in  + 0 ,3  C o f  th e  b e s t  a v & lia b le  

l i t e r a t u r e  v a lu e s .



CHâPTER IV 

EXPERIMENTAL INVESTIGATION

The new g r e a s e - f r e e  v a p o r  d e n s i ty  m easu rem en t a p p a r a tu s  

h a s  b e e n  d e s c r ib e d  b y  C h r i s t i a n ,  A ff s p ru n g , and  Lin* In  

t h i s  w o rk , a  few. m o d if ic a t io n s  o f  th e  o r i g i n a l  a p p a ra tu s  

h av e  b e e n  m ade. The a p p a ra tu s  i s  shown in  F ig u re  1 .

A i s  a  3 - l i t e r  ro u n d  b o tto m  f l a s k ,  B i s  a  f i n e  o r  

medium s i n t e r e d - g l a s s  d i s c  s e a le d  w i th  m e rc u ry  above * C_ i s  

a  ^  2 5 /1 5  b a l l - j o i n t ,  th e  o u te r  p a r t  o f  w h ic h  i s  r i n g - s e a l e d  

to  th e  f l a s k .  T h is  b a l l - j o i n t  i s  s e a le d  w i th  m erc u ry  in  

th e  tu b e  D. The d i s c  tu b e  can e a s i l y  be rem oved from  th e  

sy s te m  f o r  c le a n in g  o r  re p la c e m e n t#  E i s  a  3  7 /2 5  b a l l -  

j o in t*  I t s  o u te r  p a r t  i s  r i n g - s e a l e d  to  th e  i n s i d e  o f  th e  

25 inm g a l s s  tu b e  P  an d  th e  i n n e r  p a r t  i s  s e a le d  to  a  6 mm 

g l a s s  ro d  G, whose end  j u s t  f i t s  i n s i d e  a  ru b b e r  tu b e  P .

T h is  r u b b e r  tu b e  i s  u s e d  to  move th e  r o d  u p  an d  down th ro u g h  

th e  tu b e  G f o r  o p e n in g  and  c lo s in g  th e  b a l l - j o i n t  E# 0 i s  

a  t e f l o n - p l u g  s to p c o c k *  H i s  a  m ercu ry  l e v e l i n g  b u lb  u se d  

to  s e a l  th e  b a l l - j o i n t  E* I  i s  a m anom ete r, ^  i s  th e  tem 

p e r a t u r e  c o n t r o l  and  s t i r r i n g  sy s te m , K i s  th e  th e rm o m e te r 

an d  L i s  th e  cons t a n  t - te n ç > e ra tu re  w a te r  b a th *  The w hole

13
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sy s te m  can  be e v a c u a te d  th ro u g h  M, by  d r a i n i n g  a l l  th e  

m e rc u ry  i n to  th e  l e v e l i n g  b u lb  and  r a i s i n g  th e  r o d . G to  

open  th e  b a l l - j o i n t  E , A f t e r  e v a c u a t io n ,  th e  ro d  G i s  

lo w e re d  to  c lo s e  th e  b a l l - j o i n t  B and  th e  j o i n t  i s  s e a le d  

w i th  m ercury*

The known p r e s s u r e  o f  a  g iv e n  v a p o r  i s  f i r s t  in tro d u c e d  

i n t o  sy s tem  th ro u g h  th e  s i n t e r e d - g l a s s  d i s c  B, u s in g  a  R oger 

G ilm on t 2 m l m ic ro m e te r  b u r e t .  T hen , sam p le s  o f  a  seco n d  

v a p o r  a r e  added  in to  th e  sy s te m  s t e p  b y  s t e p  by in t r o d u c in g  

known vo lum es o f  th e  l i q u i d  w i th  th e  same b u r e t .  A f t e r  e ach  

a d d i t i o n ,  th e  t i p  o f th e  b u r e t  i s  im m ersed  i n  th e  m ercu ry  

j u s t  above th e  d i s c  i n  tu b e  D u s in g  a clam p on th e  f ra m e .

I t  sh o u ld  be n o te d  t h a t  i t  i s  d i f f i c u l t  t o  a c c u r a t e l y  add  

a low m o le c u la r  w e ig h t v a p o r ,  su c h  a s  w a te r ,  to  th e  a p p a r a tu s ,  

s in c e  a  s m a ll  in c re m e n t o f  a low m o le c u la r  w e ig h t l i q u i d  w i l l  

p ro d u c e  a  l a r g e  change i n  th e  p r e s s u r e  o f  th e  v a p o r ,  . C o n se q u e n tly , 

i n  sy s te m s w h ich  in v o lv e  w a te r ,  i t  i s  d e s i r a b l e  to  add a sam ple 

o f  w a te r  f i r s t ,  t o  m easure  th e  p r e s s u r e  and  th e n  to  add a c c u 

r a t e l y  known volum es o f th e  seco n d  com pound.



Va

Fig, 1 ,— —Vapor Density Apparatus



CHâPTER V 

EXPERIMENTAL RESULT

The fo l lo w in g  f o u r  sy s te m s w ere s t u d i e d :

1 , t r i f l u o r o a c e t i c  a c i d - a c e t i c  a c id

2 .  e th y le n e d ia m in e -w a te r

3« t r i f l u o r o a c e t i c  a c id - w a te r  

ij., t r i f  l u o r o a c e t i c  a c id -d io x a n e  

The sy s te m s 1 , 2 ,  and  ij. w ere s t u d i e d  a t  20 “C, b u t  sy s te m  3 

was s tu d i e d  a t  ij-O'C, s in c e  a t  20*0 th e  s a t u r a t e d  v a p o r  

p r e s s u r e  o f  th e  sy s te m  was to o  low to  p e rm it  a c c u r a te  

m e a su re m e n ts .

The e x p e r im e n ta l  an d  c a l c u l a t e d  t o t a l  v a p o r  p r e s s u r e  

d a ta  f o r  t r i f l u o r o a c e t i c  a c i d - a c e t i c  a c i d  sy s te m , e th y le n e -  

d ia m in e -w a te r  sy s te m , t r i f l u o r o a c e t i c  a c id - w a te r  sy s te m  and 

t r i f  l u o r o a c e t i c  a c id -d io x a n e  sy s te m  a r e  g iv e n  i n  T ab les 2 

th ro u g h  30» F ig u r e s  3 th ro u g h  6 a re  th e  t o t a l  v a p o r  p r e s s u r e  

p l o t s .  The s o l i d  l i n e s  a r e  c a l c u l a t e d  by m ethods d e s c r ib e d  

i n  C h a p te r  VI and  a l l  th e  p o i n t s  a r e  e x p e r im e n ta l#

The sym bol7Tused in  p l o t s ,  t a b l e s  and  e q u a t io n s  i s  

d e f in e d  by  th e  e q u a t io n

7T =  -y =  CfRT

16



17

w here  v  i s  th e  vol-ume o f  l i q u i d  added  to  th e  v a p o r  d e n s i ty  

a p p a r a tu s ,  i s  th e  d e n s i ty  o f  l i q u i d  a d d e d , M i s  th e  fo rm u la  

w e ig h t  o f  l i q u i d  a d d e d , T i s  th e  o p e r a t in g  te m p e r a tu r e ,  V 

i s  th e  t o t a l  volum e o f  th e  v a p o r  d e n s i ty  sy s te m  an d  i s  

th e  fo rm a l  c o n c e n t r a t i o n  o f  a  g iv e n  compound in  v a p o r  d e n s i ty  

a p p a r a t u s ,  n  i s  g iv e n  th e  name " fo rm a l  p r e s s u r e "  by  a n a lo g y  

to  th e  te rm  " fo rm a l  c o n c e n tr a t io n "  commonly u se d  in  s o l u t io n  

s t u d i e s .  Both7T and th e  t o t a l  p r e s s u r e  P ^ , a re  e x p re s s e d  i n  

mm o f Eg u n i t s .  The a b b r e v ia t io n  EDA i s  u s e d  f o r  e th y l e n e -  

d ia m in e , TEA f o r  t r i f l u o r o a c e t i c  a c i d ,  HAc f o r  a c e t i c  a c i d ,  

and  E f o r  th e  s t a n d a r d  d e v ia t io n  o f  e x p e r im e n ta l  p r e s s u r e s  

fro m  com puted p r e s s u r e s .

The o n ly  e x p e r im e n ta l  p o in t s  w h ich  w ere  u s e d  f o r  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  c o n s ta n t s  w ere th o s e  f o r  w h ic h  

th e  p r e s s u r e  was l e s s  th a n  t h a t  a t  th e  s t a r r e d  p o in t  i n  

e a c h  T a b le ,  T hese  w ere known to  be u n s a t u r a t e d ,  w hereas 

th e  f o l lo w in g  p o i n t s  w ere  in  r e g io n s  in  w h ich  c o n d e n s a t io n  

may have o c c u r r e d .  I n  th e  t r i f l u o r o a c e t i c  a c i d - a c e t i c  a c id  

sy s te m , th e  ru n s  i n  T ab le  3 and  9 a r e  e x c lu d e d  from  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  c o n s t a n t s ,  b e c a u se  o f  th e  l a r g e  

d is c r e p a n c y  b e tw ee n  th e s e  v a lu e s  an d  o th e r  r e s u l t s .  I f  th e  

two ru n s  a re  in c lu d e d  in  c a l c u l a t i n g  a s s o c i a t i o n  c o n s t a n t s ,  

th e  r e s u l t i n g  s ta n d a r d  d e v ia t io n  i s  0 ,l6 ij. mm, w hereas i t  i s  

o n ly  0 ,0 9 9  mm i f  th e  two ru n s  a re  e x c lu d e d .
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T ab le  2

T o ta l  V apor ̂ f r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id -A c e tic  A cid  
System  a t  20*0 w ith . I n i t i a l  A c e t ic  A c id  P r e s s u r e  o f  1 .1 1  ram

T̂ TPA
(m l)

^HAc
(mm)

^TPA
(mm)

exp
?T

(ram)

c a l
Pi

(mm)

0 .0 5 1 .7 5 3 .9 4 3 .4 0 3 .4 7

0 .1 0 1 .7 5 7 ,8 7 3 .8 6 3 .9 0

0 .1 5 1 .7 3 1 1 .6 0 8 .2 0 8 .2 1

0 .2 0 1 .7 3 I 3 . 7I4. 1 0 .3 6 1 0 .4 7

0 .2 5 1 .7 3 1 9 .6 7 1 2 .8 1 1 2 .6 9

* 0 .3 0 1 .7 3 2 3 .6 1 1 3 .1 1 -

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

0 .if5 1 .7 3 3 3 .4 0 2 1 .8 3 -
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T ab le  3

T o ta l  V apor P r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id -A c e tic  A c id  
System  a t  2 0 “C w i th  I n i t i a l  A c e tic  A cid  P r e s s u r e  o f  2 « 6 l  mm

’̂ TPA
(m l)

^  m e  
(mm)

^TPA
(mm)

ezp
^T

(mm)

c a l
Pi

(mm)

0 .0 5 3 .9 4 ■ 4 .7 8 -

0 .1 0 7 .8 7 7 .4 9 -

0 .1 5 1 1 .8 0 9 .9 6 -

0 .2 0 koij.6 1 5 .7 4  ■ 1 2 .3 5

0 .2 5 4*46 1 9 .6 7 1 4 .5 9 -

0 .3 0 2 3 .6 1 1 6 .8 1 -

0 .3 5 4 .4 6 2 7 .5 4 1 9 .1 0 -

o .k o 4 .4 6 3 1 .4 8 2 1 .2 6 -
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Table Ij.

T o ta l  V apor P r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c ld -A c e tic  A c id  
S ystem  a t  20*0 w i th  I n i t i a l  A c e t ic  A c id  P re s s u re  o f  3 ,2 2  mm

"^TPA
(m l)

^HAc
(mm)

^OT’A
(mm)

exp
^T

(mm)

c a l

(ram)

0 ,0 5 5 .5 6 3 .9 4 5 .5 8 5 .2 5

0 ,1 0 5 .5 6 7 .8 7 7 .6 2 7 .5 3

0 ,1 5 5 .5 6 1 1 .8 0 9 ,9 3 9 .8 8

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

0 ,2 5 5 .5 6 1 9 .6 7 1 4 .5 8 1 4 .4 0

■ 0 ,3 0 5 .5 6 2 3 .6 1 1 6 ,8 7 -

0 ,3 5 5 .5 6 2 7 .5 4 1 9 ,0 0 -

0.1|0 5 .5 6 3 1 .4 8 2 1 ,2 4 -

0 ,4 5 5 .5 6 3 5 .4 0 2 3 .5 2
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T ab le  5

T o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -A c e tic  A c id  
System  a t  2 0 *C w i th  I n i t i a l  A c e t ic  A c id  P r e s s u r e  o f  3 .7 9  mm

"^TPA
(m l)

. "^BAc 
(mm)

^TPA 
. (mm)

exT>
^T

(mm)

c a l
i*T

(ram)

0 .0 2 6061 3 .9 4 5 .7 3 5 .7 9

0 .1 0 6 .6 1 7 .8 7 6 .0 0 8 .0 0

0 .1 2 6 .6 1 1 1 .8 0 1 0 .3 2 10 .33

0 .2 0 6*61 1 5 .7 4 1 2 .6 3 1 2 .6 2

0 .2 2 6 .6 1 1 9 .6 7 1 4 .8 6 . 14 .87

 ̂ 0 .3 0 6 .6 1 2 3 .6 1 1 7 .0 9 -

0 .3 5 6 .6 1 2 7 .5 4 1 9 .2 9

0 .4 0 ,6 .6 1 3 1 .4 8 2 1 .6 2 -
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T ab le  6

. T o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -A c e tic  A c id  
S ystem  a t  20°G w ith . I n i t i a l  A c e t ic  A c id  P r e s s u r e  o f  ij..20 mm

T̂ TPA
(m l)

HAc
(mm)

^TPA
(mm)

exp

( S )  ■

c a l
^T

(mm)

0 .0 5 7 .3 6 3 .9 k 6 ,1 9 6 .1 9

0 .1 0 7 .3 6 7 .8 7 8 .3 5 .. 8 ,3 5

0 .1 5 7 .3 6 1 1 ,8 0 1 0 .6 6 1 0 .6 6

0 ,2 0 7 .3 6 1 5 .7 k 1 3 .0 k 1 2 .9 6

0 ,2 5 7 .3 6 1 9 .6 7 1 5 .3 6 1 5 .2 1

: 0 ,3 0 7 .3 6 2 3 .6 1 1 7 . 6k -

0 ,3 5 7 .3 6 2 7 .5 k 1 9 .8 9 -

0 ,4 0 7 .3 6 3 1 .k 8 2 2 ,2 6
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T able  ?

T o ta l  V apor P r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id -A c e tic  A c id  
System  a t  20*0 w ith . I n i t i a l  A c e t ic  A c id  P r e s s u r e  o f  6,1^8 ma

^TFA
(m l)

HAc
(ram)

"^TPA.
(ram)

exp
p j

(ram)

c a l
^T

(ram)

0 .0 5 1 1 ,6 5 3 . 9I4. 8 ,3 0 8 .4 5

OolO 1 1 ,6 5 7 .87 1 0 .2 9 1 0 .4 9

0 .1 5 1 1 .6 5 11.'80 1 2 .4 8 1 2 .6 3

0 .2 0 1 1 .6 5 1 5 .7 4 . 1 4 .9 0 1 4 .8 8

0 .2 5 1 1 .6 5 19.67 1 7 .2 5 1 7 .1 3

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

0 .3 5 1 1 .6 5 2 7 .5 4 2 1 .7 9

0 .4 0 1 1 .6 5 31 .48 • 2 4 ,0 5 -
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T ab le  8

T o ta l  V apo r P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -A c e tic  A cid  
System  a t  20*0 w i th  I n i t i a l  A c e t ic  A c id  P r e s s u r e  o f  6 .^ 9  mm

'^TPA
(m l)

^  HAc 
(ram)

■^TPA
(ram)

exp

(ram)

c a l
^T

(ram)

0 .0 5 1 1 .6 5 3 .9 4 8 .3 4 8 .4 5

0 .1 0 1 1 .6 5 7 .8 7 1 0 .3 4 1 0 .4 9

0 .1 5 1 1 .6 5 1 1 .8 0 1 2 .5 9 1 2 .6 3

0 .2 0 1 1 .6 5 1 5 .7 4 1 4 .78 1 4 .8 8

0 .2 5 1 1 .6 5 1 9 .6 7 1 7 .1 6 1 7 .1 3

0 .3 0 1 1 .6 5 2 3 .6 1 1 9 .3 8 -

0 .3 5 1 1 .6 5 2 7 .5 4 2 1 .5 8 -

0 .^ 0 1 1 .6 5 3 1 .4 8 2 3 .6 6 —
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T ab le  9

T o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -A c e tic  A c id  
System  a t  20*C w i th  I n i t i a l  A c e t ic  A cid  P r e s s u r e  o f 5 * l6  mn

7 tpa
(m l)

^  HAc 
(mm)

^TPA
(mm)

exp
^T

(mm)

c a l
Pi

(ram)

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

0 .1 0 9 .1 5 7 .8 7 9 .6 5 -

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

0 .2 0 9 .1 5 1 5 .7 9 1 4 .38 -

0 .2 5 9 .1 5 1 9 .6 7 1 6 .7 8 -

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

O.ifO 9 .1 5 3 1 .4 8 2 1 .1 6 -
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Table 10
T o ta l  V apor P r e s s u r e  o f  E th y le n e d la m in e -W ater System  a t  

20*0 w i th  I n i t i a l  W ater P r e s s u r e  o f  1 .6 ^  ram

^EDA
(m l)

^.HgO
(mm)

■^eda

(ram)

. exp 

(ram)

c a l

(ram)

0 .0 1 1 .6 4 0 .8 9 2 .1 7 2 .1 8

0 .0 2 1 .6 4 1 .7 9 2 .7 2 2 .6 4

0 .0 3 1 .6 4 2 .6 8 3 .2 3 3 .1 7

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

0 .0 5 1 .6 4 4 .4 6 4 .2 5 4 .3 9

*• 0 .0 6 1 .6 4 5 .3 6 4 .7 2 -

0 .0 7 1 .6 4 6 ,2 4 5 .1 8 -

0 .08 1 .6 4 7 .1 3 5 .7 0 -
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Table 11
T o ta l  V apor P re s s i i r e  o f  B th y le n e d l  am ine -W ater System  a t  

20*0 w i th  I n i t i a l  W ater P r e s s u r e  o f  0*56 mm

(m l) (mm)
^EDA

(mm)

exp

(mm)

c a l
Prp

(mm)

0 .0 1 0 .5 6 0 .8 9 1 .2 8 1 .3 4

0 .0 2 0 .5 6 1 .7 9 2 .0 1 2 .0 8

0 .0 3 0 .5 6 2 .6 8 - 2 .8 0 2 .8 1

O.Olj. 0 .5 6 3 .5 7 3 .5 7 3 .5 4

0 .0 5 0 .5 6 lj-.46 4 .3 0 4 .2 6

0 .0 6 0 .5 6 5 .3 6 5 .0 6 4 .9 9

0 .0 7 0 .5 6 6 .2 4 5 .6 3 5 .6 9

0 .0 8 0 .5 6 7 .1 3 6 .2 1 -

0 .0 9 0 .5 6 8 .0 3 6 .7 4 -

0 .1 0 0 .5 6 8 .9 2 7 .2 2 -

0 .1 1 0 .5 6 9 .8 2 7 .5 1 -
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Table 12

Total Vapor Pressure of Ethylenediamine-Water System at 
20*0 with Initial Water Pressure of 0,8ij. mm

'^EDA
(m l)

^  HgO
(ram)

EDA
(ram)

exp

(ram)

c a l
.

(mm)

Ô .01 0 .8 4 0 .8 9 1 .4 2 1 .5 6

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

0 .0 3 0 .8 4 2 .6 8 2 .9 7 2 .9 1

0 .0 4 0 .8 4 3 .5 7 3 .7 7 3 .6 1

0 .0 5 0 .8 4 4 .4 6 4 .i i4 4 .3 1

0 .0 6 0 ,8 4 5 .3 6 5 .0 8 5 .0 3

0 .0 7 0 .8 4 6 .2 4 5 .6 8 5 .7 1

0 .0 8 0 .8 4 7 .1 3 6 .2 8  ■ ■ -

0 .0 9 0 .8 4 8 .0 3 6 .7 6 -

0 .1 0 0 .8 4 8 .9 2 7 .2 9 —
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T ab le  13

T o ta l  V apor P r e s s u re  o f  E th y le n e d ia m in e -W a te r  System  a t  
20*0 w i th  I n i t i a l  W ater P r e s s u r e  o f  1*55 nm

^EDA
(m l) (mm)

”̂ EDA
(mm)

exp
^T

(mm)

c a l
?T

(mm)

0 .0 2 1 .5 5 1 .7 9 2 .5 9 2 ,6 0

0 .0 3 1 .5 5 2 ,6 8 3 .2 8 3 .1 4

0 .0 5 1 .5 5 4 .4 6 4 .3 6 4 .3 9

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

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

0 .1 1 1 .5 5 9 .8 2 6 .7 8  ■
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T a b le  li|.

T o ta l  V apor P r e s s u r e  o f  E th y le n e d ia m in e -W a te r  System  a t  
2 0 "C W ith  I n i t i a l  W ater P r e s s u r e  o f  2 .0 ?  mm

"̂ EDA
(m l)

^SgO
(ram)

^EDA
(mm)

ezp

(ram)

c a l
Prp

(ram)

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

0 .0 2 2 .0 7 1 .7 9 2 .8 5 _ _2.89

0 .0 3 2 .0 7 ■ 2 .6 8 3 .3 9 3 .3 3

0 .0 4 2 .0 7 3 .5 7 3 .8 7 3 .8 6

0 .0 5  ■ 2 .0 7 4 .4 6 4 .3 1 4 . 1*5

0 .0 6 2 .0 7 5 .3 6 4 .7 7 -

0 .0 7 2 .0 7 6 .2 4 5 .0 9 -

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

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

0 .1 0 2 .0 7 8 .9 2 6 .2 1 -

0 .1 1 2 .0 7 9 .8 2 6 .4 3 —

0 .1 2 2 .0 7 1 0 .7 0 6 .5 8 —
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T able  l5

T o ta l  V apor P re s s u re  o f  T r i f  l u o r o a c e t i c  A c id -W ate r  a t
2 0 “C w ith I n i t i a l  W ater P r e s s u r e  o f 0 .9 7  mm

’®’tpa
(m l) (mm)

7T
TPA

(mm)

exp
^T

(mm)

c a l

(mm)

0 .0 5 0 .9 7 3 .9 4 3 .8 6 3 .7 4

0 .1 5 0 ,9 7 1 1 .8 0 8 .6 4 8 .4 0

0 .2 0 0 .9 7 -1 5 .7 4 1 1 .0 1 1 0 .6 4

* 0 .3 0 0 .9 7 2 3 .6 1 1 5 .5 3 -

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

0 .5 0 0 .9 7 3 9 .3 5 2 4 .4 2 -
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T ab le  16

T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id -W ate r S ystem  
a t  2 0 “C w i th  I n i t i a l  W ate r P r e s s u re  o f  l ,9 3 ™ i

"^TPA
(m l)

"^EgO
(mm)

"^TPA
(aim)

ezp
' t

(mm)

c a l
^T

(mm)

0 .0 5 1 .9 3 3 .9 4 4 .5 8 4 .6 1

0 .1 0 1 .9 3 7 .8 7 6 .8 5 6 .9 7

0 .1 5 1 .9 3 1 1 .8 0 9 .0 5 9 .2 3

0 .2 0 1 .9 3 1 5 .7 k 11 .10 1 1 .4 6

0 .2 5 1 .9 3 1 9 .6 7 13 .21 -

0 .3 0 1 .9 3 2 3 .6 1 1 5 .3 4 -

0 .4 0 1 .9 3 3 1 .4 8 19 .37 -

0 .5 0 1 .9 3 3 9 .3 5 2 3 .4 2  ' -
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T ab le  1?

T o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -W ate r System  
a t  2 0 “C w i th  I n i t i a l  W ate r P r e s s u r e  o f 2 ,6 5  mm

^TPA
(m i) (ram)

■^TPA
(ram)

exp
^T

(mm)

c a l
Pt

(ram)

0 .0 5 2 .6 5 3 .9 4 5 .2 1 5 .2 6

0 .1 0 2 .6 5 - 7 .8 7  • 7 .6 0 7 .5 9

0 .1 5 2 .6 5 1 1 .8 0 9 .8 8 9 .8 4

*  0 .2 0 2 .6 5 15.71]- 1 2 .3 0 -

0 .2 5 2 .6 5 1 9 .6 7 1 4 .3 7 -

0 .3 0 2 .6 5 2 3 .6 1 1 6 .7 8 -

'  0 .4 0 2 .6 5 3 1 .48 2 1 .0 4 -

0 .5 0 2 .6 5 3 9 .3 5 2 4 .1 5 —
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T ab le  l8

T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id -W ater System  
a t  20°C w i th  I n i t i a l  W ate r P r e s s u re  o f  2 .8 9  mm

’®’tfa

(m l)
^HgO
(mm)

. "^TPA 
(mm)

esp
?T

(ram)

c a l

(ram)

0 .0 5 2 .8 9 3 .9 4 5 .6 0 5 .4 8

0 .1 0 2 .8 9 7 .8 7 7 .9 2 7 .7 9

0 .1 5 2 .8 9 1 1 .8 0 1 0 .0 1 ■ 1 0 .0 3

0 .2 0 2 .8 9 1 5 .7 4 12 .2 9 -

0 .2 5 2 .8 9 1 9 .6 7 1 4 .2 8 -

0 .3 0 2 .8 9 2 3 .6 1 1 6 .5 3  , -

0.i].0 2 .8 9 3 1 .4 8 2 0 .7 4 - ,

0 .5 0 2 .8 9 3 9 .3 5 2 4 .9 0 —
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Table 19

T o ta l  V apor P r e s s u re  o f  T r i f  l u o r o a c e t i c  A c id -W ate r System  
a t  2 0 "C w i th  I n i t i a l  W ater P r e s s u re  o f  3«i}-3 mm

"^TPA 
(m l) ■ (ram)

■^TPA
(ram)

exp
,

(mm)

c a l
Pq,

(mm)

0 .0 5 3 .4 3 3 .9 4 - ' 6 .0 4 5 .9 5

0 .1 0 3 .4 3 7 .8 ? 8 .3 6 8 .2 4

0 .1 5 3 .4 3 1 1 ,8 0 1 0 .5 0 10 .47

' 0 .2 0 3 .4 3 1 5 .7 4 1 2 .6 0 -

0 .2 5 3 .4 3 1 9 .6 7 1 4 .8 5 -

0 .3 0 3 .4 3  . 2 3 .6 1 16 .98 -

0 .^ 0 3 .4 3 3 1 .4 8 2 1 .1 3 -

0 .5 0 3 .4 3 3 9 .3 5 2 5 .0 5 -
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Table 20
T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A ç id -W ate r System  

a t  20*0 w i th  . I n i t i a l  W ater P r e s s u r e  of 3 .8 6  ram

"̂ tpa  .

(m l)
^EgO

(ram)
■^TPA
(mm)

63p

(ram)

■ c a l
'  .^ T

(ram)

0 .0 5 3 .8 6 3 .9 4 _ 6 .3 0 6 .3 2

0 .1 0 3 .8 6 7 .8 7 8 .4 7 8 .5 9

0 .1 5 3 .8 6 1 1 .8 0 1 0 .6 5 1 0 .8 1

0 .2 0 3 .8 6  . 1 5 .7 4 1 2 .7 7 -

0 .2 5 3 .8 6 1 9 .6 7 1 4 .6 6 -

0 .3 0 3 .8 6 2 3 .6 1 1 6 .6 9 -

O.ij.0 3 .8 6 3 1 .4 8 2 0 .5 4 -

0 .5 0 3 .8 6 3 9 .3 5 2 4 .3 6 -
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Table 21
Total Vapor Pressure of Trifluoroacetic Acid-Water System 

at 2 0 ° C with In itia l Water Pressure of 5 «29 mm

"^TPA
(m l) (mm)

^TPA
(mm)

e s p
■

(ram) .

c a l

(mm)

0 .0 5 5 .2 9 3 .9 4 7 .7 0 7 .5 3

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

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

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

0 .2 5 5 .2 9 1 9 .6 7 1 5 .2 0 -

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

0.i}.0 5 .2 9 3 1 .4 8 2 0 .2 4 -

0 .5 0 5 .2 9 3 9 .3 5 2 3 .7 0 -
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T ab le  22

? o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -W ate r System  
a t  20*C w i th  I n i t i a l  W ater P re s s u re  o f  6 .2 6  mm

^TPA
(m l) (mm)

^TPA
(mm)

exp

" t

(mm)

c a l
^T

(mm)

0 .0 5 6 .2 6 3 . 9 h 8 .3 9 8 .3 9

0 .1 0 6 .2 6 7 .8 7 1 0 .2 3 1 0 .4 6

* 0 .1 5 6 .2 6 1 1 .8 0 11 .79 -

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

0 .2 5 6 .2 6 1 9 .6 7 1 5 .0 0 -

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

0 .4 0 6 .2 6 3 1 .4 8 1 9 .8 1 -

0 .5 0 6 .2 6 3 9 .3 5 2 3 .1 1 -
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T ab le  23

T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id -D io x an e  S ystem  
a t  w i th  I n i t i a l  T r i f  l u o r o a c e t i c  A c id  P r e s s u r e  o f  2 .T 7  mm

ez3) c a l
) P
T T

(m l) (mm) (mm) (mm) (mm)
^ d io x a n e  ^  TPA ^ d io x a n e  ^T ^T

0 .0 2 2 .5 0 1 .5 1 3 .5 3 3 .4 8

0 .0 4 2 .5 0 3 .0 2 4 .8 3 - 4 .8 2

0 .0 5 2 .5 0 3 .78 5 .5 6  . 5 .5 1

0 .0 7 2 .5 0 5 .2 9 6 .8 9 6 .8 9

*  0 .0 9 2 .5 0 6 .8 0 8 .2 8 -

0 .1 2 2 .5 0 9 .0 7 1 0 .4 2 -
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T ab le  21;.

T o ta l  V apor f r e s s u r e  o f  T r i f  l u o r o a c e t i c  A c id -D ioxane  System  
a t  %0'C w i th  I n i t i a l  T r i f  l u o r o a c e t i c  A c id  P re s s u re  o f  2»i{.5 inm

^ d io x a n e
(m l)

TPA
(ram)

^ d io x a n e
(ram)

exp

(mm)

c a l
Pi

(mm)

0 .0 2 2 .8 8 1 ,2 1 3 ,7 3 3 ,7 2

0 .0 4 2 .8 8 3 .0 2 2 ,0 8 2 ,0 8

0 .0 6 2 .8 8 4 ,2 3 6 ,4 1 6 ,4 4

0 .0 7 2 .8 8 2 ,2 9 7 ,1 6 7 .1 2

0 .0 8 2 .8 8 6 .0 4 7 ,8 4 7 .8 1

0 .1 0 2 .8 8 7 ,2 2 9 .3 4

0 .1 2 2 .8 8 9 .0 7 1 0 .6 9 -
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T ab le  25

Total Vapor Pressure of Trifluoroacetic Acid-Dioxane System
a t  %0 °C w i th I n i t i a l T r i f l u o r o a c e t i c A cid  P re s s u re o f 3 .7 0

^ d io x a n e
(m l)

^TPA
(mm)

’^ d io x an e
(mm)

exp
? !

(mm)

c a l

(mm)

0 .0 2 1 .2 1 4 .9 2 4 .9 3

0 ,0 k 4 .2 6 3 .0 2 6 .1 4 6 .1 9

0 .0 6 4 .2 6 4 .2 3 7 .4 3 7 .4 8

* 0 .0 8 4 .2 6 6 .0 4 8 .7 4 -

0 .1 0 4 .2 6 7 .2 2 9 .9 0 -
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T ab le  26•

T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id -D io x an e  System  
a t  4 0 *C w i th  I n i t i a l  T r i f l u o r o a c e t i c  A cid  P re s s u re  o f  3 .8 ?  mm

^ d io x a n e
(m l)

"^TPA
(mm)

^ d io x a n e
(mm)

exp
^T

(ram)

c a l

^T
(ram)

0 .0 2 4 .8 0 i o 5 i $ .0 4 . 5 .0 9

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

0 .0 4 4 .8 0 3 .0 2 6 .3 6 6 .3 5

0 .0 6 4 .8 0 4 .5 3 7 .5 1 -

0 .0 8 4 .8 0 6 . 0k 8 .6 2 -
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T ab le  2?

T o ta l  V apor P r e s s u re  o f  T r i f l u o r o a c e t i c  A c id -D io x an e  S ystem  
a t  w i th  I n i t i a l  T r i f l u o r o a c e t i c  A c id  P r e s s u r e  o f 3 » l4

^ d io x a n e
(m l)

"^TFA
(mm)

^ d io x a n e
(mm)

exp

(™ T

c a l
?T

(mm)

0 .0 1 3 .8 0 0 .7 6 3 .7 0 3 .7 7

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

0 .0 4 3 .8 0 3 .0 2 5 .6 7 5 .6 9

0 .0 6 3 .8 0 4 .5 3 7 .0 1 7 .0 1

0 ,0 8 3 .8 0 6 .0 4 8 .3 2 8 .3 5
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T ab le  28

Total Vapor Pressure of Trifluoroc-cetic Acid-Dioxane System 
at with In itial Trifluoroacetic Acid Pressure o f  2*73

^dioxane
(ml)

^TPA
(imn)

^dioxane
(mm)

exp
Pi

(mm)

cal

■
(mm)

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

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

0 .0 4 3 .2 4 3 .0 2 5 .3 9 5 .3 2

0 .0 6 3 .2 4 4 .5 3 6 .6 5 6 . 6 6 -

0 .0 8 3 .2 4 6 .0 4 8 .0 5 8 .0 2

0 .0 9 3 .2 4 6 .8 0 8 .6 9 -
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T ab le  29

T o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -D ioxane  S ystem  
a t  w i th  I n i t i a l  T r i f l u o r o a c e t i c  A c id  P r e s s u r e  o f 3 .6 8  ram

^ d io x a n e  
(m l) .

^T P A
(ram)

^ d io x a i ie
(mm)

exp
^T

(ram)

c a l

(ram)

0 .0 1 if .5 5 0 .7 6 4 .3 1 4 .3 1

0 .0 3 4 . # 2 .2 7 2 .6 0 2 .2 2

0 .0 4 i ; .5 5 3 .0 2 6 .1 7 6 .1 9

0 .0 5 4 .5 2 3 .7 8 6 .8 5 6 .8 3

0 .0 6 4 .5 5 4 .2 3 7 .5 2 7 .4 8

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

0 .0 8 4 .5 2 6 .8 0 9 .4 0 -
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T ab le  30

T o ta l  V apor P r e s s u r e  o f  T r i f l u o r o a c e t i c  A c id -D io x an e  System  
a t  w i th  I n i t i a l  T r i f  l u o r o a c e t i c  A c id  P r e s s u r e  o f  i{.*82 mm

^ d io x a n e
(m l)

TPA
(#m)

"^dioxane
(mm)

exp

(mm)

c a l
Pt

(mm)

0 .0 1 6 .1 4 0 ,7 6 5 .4 7 5 .4 1

0 .0 2 6 .1 4 1 .5 1 6 .0 9 6 .0 0

0 .0 3 6 .1 4 2 .2 7 6 .7 3 6 ,6 0

■ 0 .0 5 6 .1 4 3 .7 8 7 .9 6 -

0 .0 6 6 .1 4 4 .5 3 8 .2 0 -

0 .0 7 6 .1 4 5 .2 9 8 .4 9 -

0 .0 8 6 .1 4 6 .0 4 8 .6 9 -
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JETHOD OF GALCUIATION

In  t h i s  r e s e a r c h  th e  IBM lij-lO com puter was u se d  in  

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

o f  th e  m ix tu re  i n  th e  v a p o r  p h a s e , b a s e d  on e ^ e r i i n e n t a l  

v a lu e s  ofTT, an d  7%̂and  an assum ed s e t  o f  a s s o i c a t i o n  c o n s ta n ts *  

The d im e r iz a t io n  c o n s ta n t s  o f  p u re  a c e t i c  a c id  a t  20*0 w ere  

o b ta in e d  b y  th e  m ethod  d e s c r ib e d  i n  A ppendix  0 ; D im e r iz a t io n  

c o n s ta n t s  o f  t r i f l u o r o a c e t i c  a c id  and  e th y le n e d ia m in e  a t  20*0 

w ere o b ta in e d  u s in g  e x p e r im e n ta l  m ethods d e s c r ib e d  in  t h i s  

r e s e a r c h .  The d im e r iz a t io n  c o n s ta n t  o f  t r i f l u o r o a c e t i c  a c id  

a t  was c a l c u l a t e d  by  i n t e r p o l a t i n g  v a lu e s  o f  th e

d im e r iz a t io n  c o n s ta n t  a t  .v a r io u s  te m p e ra tu re s  o b ta in e d  b y
32

D r. A ffs p ru n g  and i n  t h i s  r e s e a r c h *

In  e a c h  sy s te m , th e  v a lu e  o f  e ac h  e q u i l ib r iu m  c o n s ta n t  

r e p o r te d  i s  t h a t  w h ic h  le a d s  to  th e  s m a l l e s t  s t a n d a r d  d e v ia 

t i o n ;  i . e .  th e  c o n s ta n t  i s  o b ta in e d  by  p l o t t i n g  th e  s ta n d a r d  

d e v ia t io n  v e r s u s  assum ed v a lu e s  o f  th e  e q u i l ib r iu m  c o n s ta n t*  

I n  th e  c a s e s  w here 2 c o n s ta n t s  a r e  v a r i e d ,  c o n to u r  l i n e s  f o r  

th e  s ta n d a r d  d e v ia t i o n  a r e  p l o t t e d  a s  f u n c t io n s  o f  th e  K 

v a lu e s ,

51
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The d e t a i l e d  IBM lij.10 co m p u ter p rog ram , ■which, was 

d e v e lo p e d  by  D r. 8 . D* C h r i s t i a n ,  i s  a t ta c h e d  i n  A.ppendix 

B.

F ig u r e s  6 th ro u g h  13 i l l u s t r a t e  th e  v a r i a i  on o f 

s ta n d a r d  d e v ia t i o n  w i th  th e  e q u i l ib r iu m  c o n s ta n t  p l o t s .

A. summary o f  th e  r e s u l t s  f o r  th e  f o u r  sy s tem s i s  g iv e n  

i n  T ab le  31=
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CHAPTER V II

DISCUSSION AND CONCLUSION

1 .  DISCUSSION OP ERRORS

The l e a s t  p r e c i s e  m easurm ent i n  t h i s  s tu d y  was t h a t  

o f  th e  volum e o f th e  l i q u i d  sam ples*  Sam ples w ere added 

th ro u g h  th e  s i n t e r e d - g l a s s  d i s c  u s in g  a 2 m l m ic ro m e te r  

b u r e t  w i th  th e  t i p  o f  b u r e t  to u c h in g  th e  d i s c .  The e x p e c te d  

e r r o r . i n  p r e s s u r e ,  p e r  g iv e n  volum e o f  l i q u i d  a d d ed , v a r i e s  

i n v e r s e l y  w i th  th e  m o le c u la r  w e ig h t o f  th e  v a p o rs  o f  s p e c ie s  

a d d e d . T hus, w h i le  w a te r  c o u ld  n o t  be  added  w i th  p r e c i s i o n  

w i th  th e  b u r e t ,  compounds h a v in g  v a p o r  m o le c u la r  w e ig h t g r e a t e r  

th a n  a b o u t 60 c o u ld  be m a n ip u la te d  w i th  c o n s id e r a b le  a c c u ra c y .  

The b u r e t  was c a l i b r a t e d  w i th  l i q u i d s  w h ich  gave i d e a l  v a p o rs  

su c h  a s  c a rb o n  t e t r a c h l o r i d e ,  b en zen e  and  c y c lo h e x a n e . The 

a v e ra g e  e r r o r  i n  th e  t o t a l  volum e o f  sam ple added  was a b o u t 

+ 0 .0 0 1 5  m l. The e r r o r  in  r e a d in g  th e  m anom eter was a b o u t 

+ 0*01 mm E g. The p r e s s u r e  was i n  e a c h  c a se  c o r r e c te d  f o r  

th e  v a r i a t i o n  o f  th e  d e n s i ty  o f  th e  m erc u ry  w i th  th e  tem 

p e r a t u r e .  The e r r o r  i n  th e  b a th  te m p e ra tu re  was a b o u t + 0 .1 * 0 .

P o r  e a c h  o f  th e  sy s tem s an e s t im a te  was made o f  th e  e r r o r
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i n  p r e s s u r e ,  P , w h ich  w ou ld  a r i s e  due to  th e  supposed  e r r o r

i n  volum e o f  th e  sam ple added* The m ethod  o f  e s t im a t io n

i s  i l l u s t r a t e d  f o r  th e  TPA-Hàc system * I n  t h i s  sy s tem  th e

f o l lo w in g  e q u a t io n s  w ere  in v o lv e d  i n  c a l c u l a t i n g  th e  e r r o r

i n  th e  t o t a l  c a l c u l a t e d  p r e s s u r e s é 
fvRT

^     '

^  TFA “  ^TPA ^ (T F A )  ^TFA ^TFA.HAc^TFA^HAc£

’^HAc = Pg^g + ^(HAc)g^HAc ^TFA. SAc^TPA^mc • * • • ^3)

^ t o t a l  ^  ^TPA ^HAc ^(TPA)^ ^TPA ^(HAc)g^SAc

^TPA.HAc^TPA^EAc ..................................

w here P ^^^  and  P^^^ a r e  th e  monomer p r e s s u r e s  o f  th e  TPA 

and  HAc r e s p e c t i v e l y ;  and  a r e  th e  d im e r i 

z a t i o n  c o n s ta n t s  f o r  p u re  TPA and HAC, r e s p e c t i v e l y .  

i s  th e  e q u i l ib r iu m  c o n s ta n t  f o r  th e  one to  one complex*

D i f f e r e n t i a t i n g  e q u a t io n s  ( 1 ) ,  (2 )  and  (ij.), we have 
PR

= -------  (vdT + Tdv) .......... ............................  (5 )
M7

^^TPA ”  ^T P A  ^ (T P A )^  ^TPA^TPA ^S?FA. HAc^EAc^TPA

“  ^ T P A   ̂ ^  ^ (T P A )g^T P A  ^TPA.HAc^HAc^ 6)

dP -  TPA)g^^TFA^^TPA S pA*HAc^HAc*̂ ^TPA

“  ^^TPA ( ^ ^(TPA>2.^TPA ■*' ^PA .H A .o^EA c\ .....................

Prom e q u a t io n s  ( $ ) ,  ( 6 ) ,  and  ( 7 ) ,  we h a v e , a p p ro x im a te ly , f o r  

a  t y p i c a l  d a ta  p o i n t .
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v^T) ( 1 + ^ (T F A ) .^ IF A  +

M7 ( 1 + ^ ( tp a ) 2 ^ T P A  *  ^ A 'H A c ^ S A c )
1 .43 * 6 2 3 0 0   ̂

= "1 1 4 x 3 0 3 0  [ 293*( t 0 .0 0 1 5 )  + 0.2% (+ 0 .1 )}  X

( 1 + 2 * 0 .4 6 x 1 .5  + 14""0.5) j  

^ ( 1 + 4 x 0 .4 6 x 1 .5  + 0 .5  )

= [+ 0 .1 2  + ( + 0 .005^k 0 .8 7     (8 )

= + 0 .1 1  mm.

The e r r o r s  o f t h r e e  o th e r  sy s te m s w ere c a l c u l a t e d  by  th e  

same p ro c e d u re  and  w e re , f o r  t y p i c a l  d a ta  p o i n t s ,

^TPA-HjO = [ ± 0 -1 2  + ( ± 0 .0 0 8 ) ] ,0 .7 0

= + 0 .0 9  mm.

W H j O  = c ;  0 .1 3 4  + ( t 0 -0 1 2 ))"  0 .9 1

= + 0.12 ram

^ IP A -d io x a n e  = C Î  0 .1 1  + ( -  O.OOI6 ) ) ,  1 .0  
= + 0 ,1 1  mm

I n  e q u a t io n  ( 8 ) ,  th e  v a lu e  o f  + 0 .1 2  may be i d e n t i f i e d  

a s  th e  c o n t r i b u t i o n  due to  in a c c u r a c y  i n  th e  sam ple  volum e 

( a v ) ,  w h i le  40.005 i s  due t o  th e  e r r o r  i n  te m p e ra tu re  (A T ), 

and  0 .8 7  i s  th e  p r o p o r t i o n a l i t y  c o n s t a n t .  I t  i s  s e e n  t h a t  

th e  m a jo r  e r r o r  a r i s e s  from  th e  e r r o r  i n  a v .  The c a l c u l a t e d  

e r r o r  i s  c o n s i s t e n t  w i th  th e  a c t u a l  e r r o r  o b ta in e d  f o r  a l l  

th e  sy s te m s  e x p e c t  th e  TPA-EgO sy s te m , w h ich  h as a  s l i g h t l y  

h ig h e r  v a lu e  o f  s ta n d a r d  d e v ia t i o n  i n  p r e s s u r e  th a n  p r e d i c t e d .

2 .  TRIPLUOROACETIC ACID-ACETIC ACID SYSTEM
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The h e te ro -h y d ro g e n  bonded s p e c ie s  i s  b e l i e v e d  to  be

th e  one to  one com plex . V apor d i n s i t y  d a ta  c o u ld  b e s t  be
- 1  ■

f i t t e d  b y  a ssu m in g  a  v a lu e  o f  l i^.,0 mm f o r  th e  e q u i l ib r iu m  

c o n s ta n t  f o r  th e  r e a c t i o n

CP3COOH +  CUsCOOH =  CPjCOOH ^CH aCpOH 

The h o m o -d im e r iz a tio n  c o n s ta n t  f o r  t r i f l u o r o a c e t i o  a c id
—I —f

and  o f  a c e t i c  a c i d  w ere ta k e n  to  be  Oolj.56 mm ,  and 3*15  mm ,

r e s p e c t i v e l y ,  a t  2 0 * 0 . T h is  i n d i c a t e s  t h a t  th e  c ro s s  d im e r

TPA«HA.c i s  v e ry  much f a v o r e d  o v e r e i t h e r  o f  th e  h o m o -d im ers .

One m ig h t p r e d i c t  t h a t  th e  h e t e r o - d im e r i z a t io n  c o n s ta n t

w ould  be g r e a t e r  th a n  th e  g e o m e tr ic  mean o f  th e  h o m o -d im e ri-

z a t i o n  c o n s ta n t  b y  a  f a c t o r  o f  tw o , s in c e  th e  sym m etry

num ber o f  th e  h e te r o - d im e r  i s  u n i t y  and  th e  sym m etry num ber
33

o f  e a c h  o f  th e  hom o-d im ers i s  2 ,  H ow ever, th e  f a c t  t h a t  

th e  h e t e r o - d im e r i z a t io n  c o n s ta n t  h a s  b een  fo u n d  to  be 

s e v e r a l  t im e s  g r e a t e r  th a n  t h i s  p r e d i c t e d  v a lu e  h as  n o t  b een  

s a t i s f a c t o r i l y  e x p la in e d .

The s t r u c t u r e  o f t h i s  com plex i s  v e r y  l i ÿ e l y  th e  c y c l i c

fo rm :

......

The r e s u l t s  r e p o r t e d  h e re  s u p p o r t  th e  w ork o f  H ansen  

and  C h r i s t i a n ,  who r e p o r t e d  t h a t  th e  h e te r o - d im e r  fo rm ed  

i n  p r e f e r e n c e  to  hom o-dim er i n  th e  v a p o r  p h a se  sy s tem s a c e t i c  

a c i d - t r i f l u o r o a c e t i c  a c i d ,  p ro p io n ic  a c i d - p e n t a f l u o r o -  

p r o p io n ic  a c id  and  n - b u t y r i c - h e p t a f  lu o r o _ n - b u ty r i c  a c i d .
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A lso  A f f s p ru n g , C h r i s t i a n  and M eln ick  n o te d  t h i s  e f f e c t  

i n  s tu d y in g  th e  h e te r o - d im e r i z a t io n  o f  a c e t i c  a c id  an d  

t r i c h l o r o a c e t i c  a c id  i n  c a rb o n  t e t r a c h l o r i d e  s o lu t io n *
3B

K o h le r  e t . a l *  have  d e te rm in e d  c a l o r i m e t r i c a l l y  t h a t  th e  

r e a c t i o n

1 /2  (CH3COOH) + 1 /2  (CP3 COOH) =  CHgCOOH-CPsCOOH

o c c u rs  e x o th e r m ic a l ly  i n  d i l u t e  s o l u t i o n  i n  GGl^and t h a t  

th e  m ix in g  o f  l i q u i d  a c e t i c  a c id  and  l i q u i d  t r i f l u o r o -  

a c e t i c  a c id  i s  s t r o n g l y  e x o th e rm ic *

3* ETHYIEWEDIAMINE-WATER SYSTEM

The h e te ro -h y d ro g e n  bond ing  s p e c ie s  a r e  p o s t u l a t e d  

t o  be th e  one to  one com plex an d  th e  two t o  two com plex*

The e q u i l ib r iu m  c o n s ta n t  f o r  th e  com plex  EDA.EgO was c a l 

c u l a t e d  t o  be 0 ,0 8  m £'  an d  f o r  th e  com plex (SDA)^ » ( ^ 2^)2 * 

0*125 The d im e r iz a t io n  c o n s ta n t  o f  p u re  EDA was

fo u n d  to  be a p p ro x im a te ly  0*03 irmT'at. 20°G ,

The one to  one com plex s t r u c t u r e  may b e  th e  fo l lo w in g
H H H H H M 
I \ /  \ /  I

— o — o — /y — ^
/ '

" /-I —  o —t-f
w here  two b a s i c  n i t r o g e n s  in  EDA bond w i th  th e  two h y d ro g en s  

o f  w a te r  to  fo rm  a 7 -m em bered c y c l i c  r in g *

I t  i s  d i f f i c u l t  to  p ro p o se  a s i n g l e  m o st p l a u s i b l e  

s t r ù ô t o r e  f o r  th e  com plex (EDA)^ .  P e rh a p s  a  c y c l ic

d im e r o f  EDA i s  "cem en ted  to g e th e r "  b y  two w a te r  m o le c u le s  

a t t a c h e d  th ro u g h  h y d ro g en s  to  th e  b a s ic  n i t r o g e n s ,  

ij.* TRIPnJOROAGETIG AGID-WATER SYSTEM
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The. h e te ro -h y d ro g e n  bonded s p e c ie s  i s  m ost p ro b a b ly  

th e  com plex (TPA)*(H2 0 ]̂ , f o r  w h ich  th e  e q u i l ib r iu m  c o n s ta n t  

was c a l c u l a t e d  t o  be 0 .0 1 0  mm^^ The s t r u c t u r e  assum ed f o r  

t h i s  s p e c ie s  i s  th e  c y c l ic  8-m em bered r i n g .
Y 

— o

O ‘ ■ " — — — o

T h is  s t r u c t u r e  h a s  th r e e  h y d ro g e n  bonds o f  w h ich  th e  

bond be tw een  th e  a c id  hydrogen  and  th e  w a te r  oxygen i s  

p ro b a b ly  th e  s t r o n g e s t .  S in c e  w a te r  does n o t  s e l f - a s s o 

c i a t e  a p p r e c ia b ly  a t  t h i s  te m p e r a tu r e ,  th e  f o rm a t io n  

o f a h y d ra te d  s p e c ie s  w i th  two w a te r  m o le c u le s  m ust be 

a r e s u l t  o f  th e  g r e a t  a c i d i t y  o f  TP A . I t  i s  n o te w o rth y  

t h a t  a c e t i c  a c id  does n o t  a p p e a r  to  h y d ra te  i n  th e  v a p o r  

p h a se  u n d e r  s i m i l a r  c o n d i t io n s  o f  p r e s s u r e  and  te m p e ra tu re *  

5 .  TRXPIUOROACETIC ACID-DIOXAKE SYSTEM

The h e te ro -h y d ro g e n  bonded s p e c ie s  a r e  a p p a r e n t ly  

th e  one to  one com plex  an d  a com plex  in v o lv in g  one d io x an e  

and  two TPA m o le c u le s .  The c a l c u l a t e d  b e s t  v a lu e s  o f  th e  

e q u i l ib r iu m  c o n s ta n ts /w e r e  0 ,0 9  m m 'fo r th e  one to  one 

com plex and 0 ,0 0 6  ram f o r  th e  one to  two com plex .

The h y d r a te  s t r u c t u r e s  assum ed to  be m ost l i k e l y  a r e :
H  H H  H

F , C ---  C ----  o — H  0 '^O ̂ ^ c . —  cr
H h' H
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and

F 3 C —

H H H H 
\ /  \ /

<:::>H Vy /4
c r .

A r e l a t i o n  b e tw een  th e  two e q u i l ib r iu m  c o n s ta n t s  K,, 

an d  K,2 , w here  K,,  i s  th e  e q u i l ib r iu m  c o n s ta n t  f o r  th e  

r e a c t io n

GP3COOH ■+ d io x an e  = CPgCOOS'dloxane 

and  K ,2 i s  th e  e q u i l ib r iu m  c o n s ta n t  f o r  th e  r e a c t i o n  

2CP3 COOH + d io x an e  = (GP^GOOS)^.d io x an e  

can  be p r e d i c t e d  t h e o r e t i c a l l y ,  assum ing  t h a t  th e  two s i t e s  

f o r  h y d ro g en  bond fo rm a t io n  a r e  e q u iv a le n t  and  t h a t  t h e r e  

i s  no in f lu e n c e  o f  one o f th e  h y d ro g en  bonds on th e  f o r 

m a tio n  o f a seco n d  h y d ro g en  b o n d . I t  may be  assum ed t h a t  

th e  one t o  one com plex form s th ro u g h

GP3 COOH + ^  CP,COOS.

and  th e  one to  two com plex th ro u g h

û' %  + . . ( 1 )

X  — c
C P,C O O H .... /  > +  CP,COOH

H H H H

H M rl H

CPsCOOE..o^ >HOOCP,C

. . . . ( 2 )
w here i s  th e  r a t e  c o n s ta n t  f o r  th e  fo rw a rd  r e a c t i o n ,  

and  i s  th e  r a t e  c o n s ta n t  f o r  th e  r e v e r s e  r e a c t i o n .  The 

e q u i l ib r iu m  c o n s ta n t  i n  each  c a se  i s
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a l s o

^(T F A )^ . ( d i o x a n e ) ^  ...........( 3 )
p  X P

TPA * d io x an e

S in ce  i n  th e  fo rw a rd  r e a c t i o n  o f e q u a t io n  ( 1 ) ,  th e re  

a r e  two s i t e s  f o r  TPA to  a t t a c h ,  w h ile  i n  r e a c t i o n  ( 2 ) ,  

o n ly  one s i t e  i s  a v a i l a b l e ,  we m ig h t assum e t h a t  

k , = 2ka . . . . . .  (ij-)

S i m i l a r l y  f o r  th e  r e v e r s e  r e a c t i o n s  o f  (1 )  and  ( 2 ) ,  we 

p r e d i c t

k '  = 2k ',    (5 )

D iv id in g  (!{.) ' by ( 5 ) ,  we have

^  o r  E , = WCa

S u b s t i t u t i n g  t h i s  r e l a t i o n  in to  (3)> one o b ta in s

K .  = ^
I t  may be n o te d  in  P ig u re  13 t h a t  th e  c o n to u r  c u rv e s  f o r  

th e  e r r o r  f u n c t i o n  f o r  t h i s  sy s te m  a r e  su c h  t h a t  K ,^ c an n o t 

b e  a c c u r a t e l y  d e te rm in e d .  In  f a c t ,  a ssu m in g  t h a t  K , z  = 

a s  p r e d i c t e d  a b o v e , th e  c a l c u l a t e d  c o n s ta n t s  become 

K,i = 0 .1 0 3  m m'and E / 2 = 0 ,0026  ram% an d  th e  e r r o r  f u n c t io n  

i s  changed  o n ly  from  O.O828 to  0 ,0 8 3 1 . I t  seem s p l a u s ib l e  

t h a t  th e  s e q u e n t i a l  h y d r a t io n  scheme i s  th e  c o r r e c t  one 

f o r  t h i s  s y s te m ,

6 ,  SUMMARY

V apor d e n s i ty  d a ta  have b een  r e p o r t e d  and  a n a ly z e d
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for four binary systems? trifluoroacetic acid-acetic acid, 

ethylenediamine-water, trifluoroacetic acid-water and 

trifluoroacetic acid-dioxane. In a ll these systems, there 

is  definite•indication of the formation of hetero-hydrogen 

bonds. Homo- and hetero- association constants have been 

reported for these systems, -In this study, an attempt 

was made to determine which hetero-species exist by..de

termining which set of assumed species led to the smallest 

standard deviation for each system. It would not be 

possible to conclude with certainty that the species 

reported_are the correct species. It can only be said 

that these species are the most plausible, based on the 

data available. Since each system has been studied at 

only.one temperature, the strength of the hydrogen bonds 

can not be calculated. However, this research represents 

basic work in a new area which should be followed by a 

more detailed study 'Of the hetero-hydrogen bonding in 

these four systems and other systems as well. Prom the 

results of this study, i t  appears that systems in which 

vapor phase association occurs are likely to be those 

in which the formation of cyclic hydrogen-bonded species 

is possible. Since the number of the systems in which 

extensive hydrogen bond formation occurs in the vapor 

phase is much less than the number which exhibits hy

drogen bond formation in solution, i t  w ill be desirable 

in the future to investigate the vapor phase behavior of
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nintierous sy s tem s i n  which, th e  p o s s i b i l i t y  o f  th e  f o r 

m a tio n  o f  c y c l ic  h y d ro g en  bonds e x i s t s *

7 . EXTENSION OP THE METHOD

The r e l i a b i l i t y  o f  th e  v a p o r  d e n s i ty  a p p a ra tu s
26

in v e n te d  in  th e  c o u rs e  o f  t h i s  r e s e a r c h  h a s  b een  v e r i f i e d .  

I t  h a s  p ro v e d  to  be  much s im p le r  and m ore r a p id  th a n  con

v e n t i o n a l  m ethods and  th e  r e p r o d u c i b i l i t y  o f  r e s u l t s  com

p a r e s  f a v o r a b ly  w i th  e a r l i e r  m ethods.. The m ethod i s  i d e a ly  

s u i t e d  f o r  th e  s tu d y  o f  h e t e r o - a s s o c i a t i o n #

The m erc u ry  s e a l  vacuum  u n i t  E i n  F ig u re  1 can  be 

r e p la c e d  by a t e f l o n  vacuum  s to p c o c k , th u s  m aking th e  

o p e r a t io n  even  s im p le r#  F la s k s  o f  c a p a c i ty  g r e a t e r  th a n  3 

l i t e r s  may be u s e d  to  in c r e a s e  th e  a c c u ra c y  o f  th e  m ea su re 

m en ts to  th e  p o i n t  w here even low  m o le c u la r  w e ig h t v a p o rs ,  

su c h  a s  w a te r ,  may be a d d ed  w i th  a cc u ra c y #

One o f  th e  s id e  a p p l i c a t i o n s  o f  t h i s  a p p a ra tu s  w h ich  

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

o f th e  v a p o r p h a s e  d im e r iz a t io n  c o n s t a n t  from  p r e s s u r e -  

te m p e ra tu re  d a ta  a lo n e .  The d e t a i l e d  r e p o r t  o f  t h i s  m ethod  

i s  in c lu d e d  a s  A ppend ix  C, w h ich  i s  a  p r e - p r i n t  o f  an 

a r t i c l e  to  a p p e a r  i n  th e  J o u r n a l  o f  th e  C hem ical S o c ie ty ,  

The h e a t  o f  a s s o c i a t i o n  o f  th e  r e a c t i o n s  i n v e s t i g a t e d  

c a n  be o b ta in e d  by  o p e r a t in g  a t  s e v e r a l  d i f f e r e n t  tem 

p e r a t u r e s ,  I t  sh o u ld  be e s p e c i a l l y  i n t e r e s t i n g  to  s tu d y  

th e  b e h a v io r  o f  v a p o r  p h a se  h y d r a te s  u s in g  t h i s  te c h n iq u e #  

U sing  t h i s  a p p a r a tu s  th e  v a p o r  p r e s s u r e  o f  a  p u re
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l i q u i d  o r  th e  dew p o i n t  p r e s s u r e  o f  a  m ix tu re  may be d e 

te rm in e d , I t  h a s  been” d e m o n s tra te d  t h a t  th e  dew p o i n t  

c u rv e  f o r  a  b in a r y  sy s te m  may be u t i l i z e d  i n  th e  c a l c u l a -
36 37

t i o n  o f  th e  a c t i v i t i e s  and  a c t i v i t y  c o e f f i c i e n t #
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APPENDIX A

Vapor Density Apparatus

V apor density experiments, as porformtxi 
in the undergraduate physical chemistry laboratory, are 
frequently inaccurate-and time-consuming. The re
quirements that a known mass of vapor be contained 
in a  known volume at known temperature and pressure, 
in the absence of stopcock grease, are quite demanding 
on the skill of the student and the quality of the 
apparatus.

We have devised a vapor density method, suitable 
for instructional or "research use, that is both rapid and 
capable of considerable accuracy. The method has 
been tested on several vapors of known molecular 
weight.

A p p ara tu s  an d  M ethod

The apparatus is sketched in Figure 1. In preparing 
for a run, the 1-liter flask F is evacuated through tube 
B while the mercury in the tube is maintained at a 
level slightly below the sintered-glass disc A. The 
mercury level may be adjusted by manipulating the 
Teflon-plug stopcock C (not greased) and the three-way 
stopcock D, thereby either forcing mercury into or 
out of the reservoir E. When the pressure in F  has 
been reduced to a sufficiently low value (as indicated 
by the closed-end manometer ilf), the mercury level in 
B is raised to a height about 1 cm above the disc A. 
Stopcock C is securely closed, air is allowed into tube B. 
and the standard taper cap (r is removed.

VAC.

VAC. AIR

RIN6
SEAL

M

A run may now bo modo by introducing a known 
volume of a volatile liquid through the disc A, using a 
graduated volumetric pipet.* After the addition of 
each increment of liquid, the pressure and temperature 
are measured. With liquids such as benzene, cyclo- 
hexane and carbon tetrachloride, a total volume of 
several tenths of a ml may be introduced at room 
temperature before saturation is reached. Upon 
completion of a set of measurements, the mercury 
level in B is lowered, and flask F is again evacuated. 
For non-associating vapors, it is not necessary to evac
uate the system to zero pressure, since a correction 
can be made for the pressure of residual gases or vapors 
in the system at the start of the experiment.

ResuiN

The results of a series of runs on benzene, carbon 
tetrachloride and cyclohexane vapors are shown in 
Figure 2. The total pressure increment, Ap, resulting

' This is accomplished by filling the pipet to a given mark, wip
ing the tip to remove adhering liquid, and inserting the tip of the 
pipet through the mercury until it contacts the cfisc. Since the 
pressure inside the flask F is less than the pressure in the pipet, 
liquid will be sucked through the disc. When a sufficient volume 
has been added, the pipet is withdrawn and the final liquid level 
is noted. Occasionally a small amount of liquid mercury enters 
the pipet as it is withdrawn—this must be drained before the 
final liquid level is meastnred. A 0.1 ml graduated pipet was used 
in all the experiments described here.

40
•n*IO^ (MOLE)

60

Hgw* 1.
Figura 2. Benzene, corbbn letracMerida, and eydohexane vapor» q ' 
23.6 ±  0.2* C, Una represent» least squares fit of data.Vapor density apparatus.

[Reprinted from Journal of Chemical Education, Vol. 40, Page 323, June, 1963.]
Copyright, 1963, by Division of Chemical Education, American Chemicai Society, and reprinted by permission of the copyright owner
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from the cumulative addition of n moles of liquid at 
23.6 ±  0.2°C is plotted versus n. From the plot it 
can be seen that nearly the same curve is defined by 
data for each of the liquids. By a least squares method, 
values of the slope m  in the equation

mLp ( 1)

were calculated for each vapor, as well as <r, the stand
ard deviation in », assuming all the error to reside 
in the n values. Also calculated were the values of 
m and the standard deviation in n for all points con
sidered collectively. These constants and the values of 
the system volume, V, calculated from the ideal gas 
equation, are reported in Table 1. Examination of the

Table 1. Curve Param eters fo r Equation (1)

m X 10*
(mole mm a X 10* V

System H g-q (mole) (ml)
Benzene 0.6060 0.12 1122
Carbon tetrachloride 0.6008 0.22 1112
Cyclohexane
All systems together

0.6028 0.14 1117
0.6035 0.19 1116

table reveals that the standard deviation in n is nearly 
the same for all points collectively as for each system 
by itself. The slopes, m, lie in the range m =  0.603.5 X 
10“  ̂ ±  0.003 X 10“ '* mole mm Hg“\  which cor
responds to a net uncertainty in the system volume of 
about ±  6 ml. The standard deviation in »  corresponds 
to a standard deviation in the volume of liquid added 
through the pipet of about 0.002 ml.

It should be noted that the system volume actually 
varies slightly as the mercury level in the manometer 
changes, and a correction for this can be made if 
necessary. However, if several vapors are to be

studied over a common range of pressure, it is adequate 
to calibrate the System using vapors of known molecular 
weight in the same pressure range.

Discussion

Several advantages of this apparatus recommend it 
for use in studying vapors at pressures less than one 
atmosphere. First, no greased parts need be used in 
the entire apparatus. Second, liquid mixtures of 
known composition may be investigated as easily 
as pure liquid compounds. Third, it is possible to 
thermostat the entire apparatus below the sintcrcd- 
glass disc A.  This is particularly important in studies 
of the vapor densities of associating compounds, as 
for example carboxylic acids. In such experiments it is 
desirable to vary the temperature while a known mass 
of vapor is present in the system. Further, calibration 
is simple—a sample of a known liquid is first introduced 
and measured, whereupon an unknown sample may 
be added immediately without evacuating the system.

Provided the system is adequately thcrmostated, 
vapor pressures of pure liquids or dew-point pressures 
of mixtures may be determined. Successive incre
ments of the liquid or liquid mixture are added as 
before until condensation occurs. The vapor pressure 
or dew-point pressure is identified as the pressure at 
which a break occurs in the Ap versus »  curve. It 
has been demonstrated that the dew-point curve for a 
binary system may be utilized in the calculation of 
activities and activity coefficients*-’; hence the present 
apparatus might be applied in studying liquid-vapor 
equilibria.

* C h b ï s t i a n ,  s . D., j . C h e m . E d u c . ,  39, 521 (1962).
* C h r i s t i a n ,  S. D., N b p a b k o ,  E., A p to p r o n g ,  H., E., a n d  

G i b b a r d ,  F., J . Phys. 'Chem., 65,1048 (1961).
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AFPSnXCX B

IBM l ia o  PROQSAM FOR OOMPUTHIQ THE TOTAL PRESSURES PARTIAL PR£SSURES(px»Pt} 

and error functions from formal pressures iTCxfT^ji) FOR THE SPECIES IM THE

VAPOR PHASE MIXTURE 

,1

8*D* Christian 
Department of Chemietry, University of Oklahoma

1 . THEORT

The program w ill lake a set of K (egiilihriom  constants) and using

data points P^, TTg,* 7^* calculated p^and p» for each data set^ by 

simultaneous solution of T«i Px, Pa) and7% • ‘Hi Px«Pa)<

Then i t  w ill calculates

œç cal a 
, •  ^T )Standard deviation ^

(No* of points «• No* of parameters)

2 , INPUT

CARD 1.........................* .II XJ IPTS IPAR

AH numbers are integers of 1ype 13* Both H  mad JJ most have the value 

3* IPTS i s  the number of sets of points ("TTx,")!]̂ , P^) and IPAR is  the



79

to ta l ntoaber of K paraneters used in  the f i t ;  a#g# i f  XI ■ 3#
i - l , J ^

JJ " 3# IPTS "27* and IPAR ■ U* Card 1 would read

00300302700U

column 1 ........... ••••12

CARD 2 .............. «SELTl DELT2 FACT DELT3 CODE

column 1-10  11*^0 21-30 31"U0 ûl«^0

DELTl, a F10«0 number, i s  the allowable error in the function 
àxp calg exp ca l a

(tTx --rCi) ♦ (TCa *rCa ) used in  computing p% and pa* ThLa

function should have the value zero for correct values of p% and Pa*

and DELTl has been chisen as 0*0000001 in  th is research#

FACT is  a F10#0 number used todetermine the maximum number of itera tim

cycles to be used in  calculating p i and pa  ̂ I f  FACT ■ x* the number

of cycles w ill be 10/x« FACT was chosen as 2*0 in  th is work#

DELT2, DELT3 and CODE are arbitrary Fl0«0 constants which may be used

as code numberŝ  I f  COOÊ FACT* the calculated px* Pa snd P̂  values

aid the esqperimental 7^*7^ and values w ill be printed after each

calculation of px and pa for a given data point#

CARD 3 •••••••••.•#Data are entered on cords 3 to 3 * IPTS # 1* inclusive

Fld#0 numbers . The approximate px and p% values entered need not be 

very accurate#

Pm n i 'T Q  Pa PaT (approx) (approx)
• • ♦ # #

• . « • • •

• # • # #
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Thé next 3 carda have K Talues (note " 0̂  K«x " 1)» *nd

i f  a given xused in  the f ittin g  proceaa, i t  ia  entarad

aa zero#

K#o Ï-OX Fob Kc3

Kxa K%3

Sax Kax Kb3
> 2

CABO 3 IPTS 4" 3 •«•••••• The next 3 carda can he a set of K*a different

from the above set and the program v i l l  atop when a ll  the cards have

read and data processed# -

OUTPUT

I f  GODEĴ TACT, the priaiter w ill print IPTS lin es with the vaines

DELTl DELT2 FACT DELT3 CODS

Px Pa . ITx *n-a Pt T̂
(ca l) (cal) (exp) (mqp) (exp) (cal)

• # ' # • • #

• # # • • •

• • # • # #

For each se t of data points, the standard deviation w ill be printed

Standard Deviation «
J

exp cal 8 
( P i  -  )

No# of points •  He# of parameter 

Following th is  a l l  the I*s w ill be printed along with CODE
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Hou Kca CODE

Kao Kia Kx3 CODE

Kg Kax Kaa Kaa CODE

Ihen *11 th is had been printed, the program i s  r^eated using the next 

set of K s as Input, I f  C0DE<1CX)«0Q, or going back to the beginning 

to read in an entire se t of Input constants and data i f  OODE.̂ 00,00# 

Program u l l l  stop on a read statement when a l l  data have been used#

• A
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IDENTED-00103 S D CHRISTIAN 

40KFORTRANRUN 
BOP

CURVE FIT FOR VAPOR DENSITY DATA 
DIMENSION PX(IOO)* P I IX ( IO O )*  P I 2 X ( 1 0 0 ) $

I P K l O O i *  P 2 ( 1 0 0 ) #  C (7 * 7 )
19 READ 1 ,  I I ,  J J »  IP T S ,  IPAR
20 READ 2* DELTl,  DELT2, FACT, DELT3, CODE 

PRINT 2 ,  DELTl,  DELT2, FACT, 0ELT3,  CODE
21 DO 22 1 * 1 ,  IPTS
22 READ 2 ,  P X ( I ) ,  P I 1 X I Î ) ,  P I 2 X ( X ) ,  P i t  I ) ,  P 2 ( X»
23 DO 24 1 * 1 ,  I I
24 READ 2 ,  C ( I , 1 ) ,  C ( I , 2 ) ,  C t l , 3 ) ,  C ( I , 4 ) ,  C ( I , 5 )
25 IP » 0
26 PERR=0 '

216 IP =IP+1
CYCLE*0.0

219 KK=1
GO TO 410

220 ERRl-ERR
221 P10LD =P1(IP)

P20LD=P2(IP)
222 P 1 ( I P ) = P 1 ( I P ) + ( ( P I 1 X ( I P ) - P I 1 ) * P I 2 2 -  

1 ( P I 2 X ( I P ) - P I 2 ) * P I 1 2 ) / ( P I 1 1 * P I 2 2 -  
2 P I 1 2 * P I 2 1 )

P 2 ( I P ) = P 2 ( I P ) + ( ( P I 2 X { I P ) “ P I 2 ) * P I l i -  
1 ( P I 1 X ( I P ) - P I 1 ) * P I 2 1 ) / ( P I 1 1 * P I 2 2 -  
2 P I 1 2 * P I 2 1 )

P i t I P ) = ( P 1 ( Ï P ) * * 2 ) * * 0 . 5  
P 2 ( I P ) = ( P 2 ( I P ) * * 2 ) * * 0 , 5

223 KK*2
GO TO 410

232  IF  (ERR-DELT1 ) 2 3 4 , 2 3 4 , 2 3 3
233 CYCLE=CYCLE+FACT 

PRINT 7 ,  ERR
I F {CYCLE-10.0)  2 1 9 , 2 1 9 , 2 3 4

2 3 4  PERR=PERR+(PX(IP)~P)**2
PRINT 6 ,  P l ( I P ) , P 2 ( I P ) ,  P I I X ( X P ) ,

1 P I 2 X ( I P ) ,  P X t I P ) ,  P
235 I F « I P - I P T S ) 2 1 6 , 2 3 6 , 2 3 6
236  EPAR=FLOATF(IPAR)
237 EPTS=FLOATF(IPTS)
238 STDD « SORTFtPERR/tEPTS-EPAR>)
276 PRINT 7 ,  STDD
278 DO 279 1 * 1 ,1 1
279 PRINT 6 ,  C ( I , 1 ) ,  C ( I , 2 ) ,  C ( I , 3 ) ,

1C( I , 4 ) ,  C ( I , 5 ) ,  CODE
280  I F ( C 0 D E - 1 0 0 . 0 ) 2 3 , 2 3 , 1 9  
41 0  P I l = P l ( I P ) + 2 . 0 * C t 3 , l ) *

1 P 1 ( I P ) * * 2  + C ( 2 , 2 ) * P 1 ( I P ) * P 2 ( I P ) +
2 2 . * C ( 3 , 2 ) * P 1 ( I P ) * * 2  * P 2 ( I P ) + 2 . * C ( 3 , 3 ) * P 1 ( I P ) * * 2  
3 * P 2 ( I P ) * * 2  + C ( 2 , 3 ) * P 1 ( I P ) * P 2 ( I P ) * * 2  

P I 2 = P 2 ( I P ) + 2 . 0 * C ( i , 3 ) * P 2 ( I P ) * * 2 i  
1 + C ( 2 , 2 ) * P 1 ( I P ) * P 2 ( I P ) +
2 C ( 3 , 2 ) * P 1 ( I P ) * * 2  * P 2 ( I P ) + 2 . * C ( 3 , 3 ) * P 1 ( X P ) * * 2  * P 2 ( I P ) * * 2
3 2 . * C ( 2 , 3 ) * P 1 ( I P ) * P 2 ( X P ) * * 2  

P I 1 1 * 1 . + 4 . * C ( 3 , 1 ) * P 1 ( I P ) + C ( 2 , 2 ) * P 2 ( I P > +  
1 4 . * C ( 3 , 2 ) * P 1 ( I P ) * P 2 ( X P > + 4 . * C ( 3 , 3 ) * P 1 ( X P ) * P 2 ( I P 1 * * 2  
2 + C ( 2 , 3 ) * P 2 ( I P ) * * 2  

P I 1 2 = C ( 2 , 2 ) * P 1 ( I P ) +
1 2 . * C ( 3 , 2 ) * P 1 ( I P ) * * 2  + 4 . * C ( 3 , 3 1 * P 1 ( I P ) * * 2  * P 2 (X P )+
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2 2 . * C ( 2 , 3 ) * P 1 ( I P ) * P 2 ( I P )

P I 2 1 = C ( 2 , 2 ) * P 2 ( I P ) +
1 2 . * C ( 3 , 2 ) * P 1 ( I P ) * P 2 ( I P ) + 4 . * C ( 3 , 3 ) * P 1 ( I P ) * P 2 ( I P ) * * 2
2 + 2 . * C ( 2 , 3 ) * P 2 ( I P ) * * 2

P I 2 2 = 1 . + 4 . * C ( 1 , 3 ) * P 2 ( I P ) + C ( 2 , 2 ) * P 1 ( I P ) +
1 C ( 3 , 2 ) * P 1 ( I P ) * * 2  + 4 . * C ( 3 , 3 ) * P 1 ( I P ) * * 2  
2 * P 2 ( I P ) + 4 . * C ( 2 , 3 ) * P 1 ( I P ) * P 2 ( I P )

425 P = P 2 ( I P ) + P 1 ( I P ) + C ( 3 , 1 ) * P 1 ( I P ) * * 2  + C ( 3 , 2 ) * P 1 ( I P )
. 1**2 * P 2 ( I P ) + C ( 2 # 2 ) * P 1 ( I P ) * P 2 ( I P > + C ( 3 * 3 ) * P 1 ( I P )

2**2 * P 2 ( I P ) * * 2  + C ( 2 , 3 ) * P 1 ( I P ) * P 2 ( I P ) * * 2  + < ( 1 # 3 ) * P 2 ( I P ) * * 2
426 E R R = ( P I 1 - P I 1 X { I P ) ) * * 2  +

1 ( P I 2 - P I 2 X < I P ) ) * * 2
427 60 TO ( 2 2 0 , 2 3 2 ) , KK

1 FORMAT (4 1 3 )
2 FORMAT ( 5 F 1 0 . 0 )
6 FORMAT(6E13,6)
7 FORMAT ( E 1 3 . 6 )

END
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APPENDIX C

DETERMINATION OP VAPOR PHASE DIMERIZATION CONSTANTS PROM
PRESSURE-TEMPERATURE DATA

By Sherril D. Christian, Harold E. Aff sprung and
Chii Lin

Measurements of vapor density, pressure and temperature 

frequently are used in determining association constant; how

ever, in most vapor density experiments, the relative error in thé 

measured density is considerably greater than the relative errors 

in temperature and pressure. We have devised a scheme for calcu

lating dimerization constants and enthalpies of dimerization from 

measurement of the variation of the pressure, p, with absolute 

temperature, T, for a given volume of gas. Density measurements 

are not required. The technique is illustrated with data for acetic

acid, obtained using a vapor density apparatus described pre- 
I

viously,

Por species which dimerize, but undergo no higher polymeri

zation, the equilibrium constant for the dimerization reaction 

may be written

(M - M_)M
E _ A exp, ( - Î̂ RT) = m m

where A is  related to the entropy of dimerization, AH is the

enthalpy of dimerization, M is the average molecular weight of

the vapor and M is the molecular weight of the monomer of the 
m

associating species. It is assumed that ah and A are constant 

over a range of temperatures and that the monomeric and dimeric
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s p e c ie s  i n d i v i d u a l l y  obey th e  i d e a l  g as  l a w . , I f  v a p o r  d e n s i ty  

i s  c o n s t a n t ,  M may be r e p la c e d  by  a T /p ,  w here a  i s  a  c o n s ta n t  

o f  p r o p o r t i o n a l i t y .  Upon m aking  t h i s  s u b s t i t u t i o n  and  m u l

t i p l y i n g  b y  T , e q u a t io n  (1 )  becomes

(aT /p  -  M ) (T /p )N  (ax  -  M )xM
AT e x p .( -^ ^ /R T )  = -------------------^  (2 )

(2Î<^ -  a T /p )  (2M^ -  a x )

w here x i s  d e f in e d  a s  T /p , and  b o th  T and  x a re  m e a su ra a b le  

q u a n t i t i e s .

T ak in g  lo g a r i th m s  o f  b o th  s id e s  o f  e q u a t io n  (2 ) and  d i f f e r 

e n t i a t i n g  w i t h  r e s p e c t  to  l / T ,  one o b ta in s

O a x / } ^ . 2 )
-(AB/R + T)  ----------------------------------------. ----------

(ax/M ^ -  l ) (2 -a x /M ^ )  d ( l /T )

N ote t h a t  ■û^/r + T i s  virtusQ Ly c o n s ta n t  o v e r  a c o n s id e r a b le  

r a n g e  o f t e m p e r a tu r e s ,  p ro v id e d  t h a t  -^ H /R » T . ( I n  th e  c a se  o f  

a c e t i c  a c i d  v a p o r s ,  ^ E /R H ^ 2 ^ )

I n  e q u a t io n  ( 3 ) ,  v a lu e s  o f  d l n x /d ( l / T )  a re  d i r e c t l y  d e te rm in 

a b le  from  p v s .  T m ea su re m e n ts , and  th e  f u n c t io n

( 3 a x /M^ -  2 ) ^

(  ax/M ^ -  1 ) ( 2 -  ax/M ^

depends o n ly  on th e  p a ra m e te r  a x / l ^ .  P lo t s  o f  f (ax /M ^ ) v s .  

ax/M ^ and  d ( l / T ) / d l n x  v s .  x  may be c o n s t r u c te d  on th e  same 

lo g - lo g  g r a p h ;  a n d , i f  k^H/R + T i s  c o n s t a n t ,  e q u a t io n  (3 )  

r e q u i r e s  t h a t  th e  two c u rv e s  be i d e n t i c a l  i n  sh a p e  b u t  t r a n s l a t e d  

w i th  r e s p e c t  to  e a c h  other©  The d is p la c e m e n t o f  th e  a b s c i s s a s
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sh o u ld  e q u a l  lo g  (a/M ^) and  th e  d is p la c e m e n t  o f  th e  r o d in a t e s  

sh o u ld  be lo g  ( ->ûH/R -  T ) .  T hus, b o th  a  and  may be 

d e te rm in e d  by  t r a n s l a t i n g  one o f  th e  c u rv e s  so  t h a t  i t  c o in c id e s  

a s  n e a r ly  a s  p o s s ib l e  w i th  th e  o th e r*

The m ethod  o f  c u r v e - f i t t i n g  i s  i l l u s t r a t e d  w ith  th e  a id  o f  

th e  F ig u r e .  A s t a n d a r d  c u rv e  o f  f (a x /M ^ )  v s .  a z / l ^  (on  a  lo g -  

lo g  s c a le )  i s  p l o t t e d  a s  th e  s o l i d  l in e *  V a lu e s  o f  d ( l / T ) / d l n z  

(d e te rm in e d  from  a l e a s t  s q u a re s  q u a r t i c  f i t  o f  In x  v s .  l / T  

d a ta )  a re  p l o t t e d  v s .  x  on th e  same g ra p h , f o r  a c e t i c  a c id  v a p o rs  a t
O

p r e s s u r e s  and te m p e ra tu re s  r a n g in g  from  a b o u t 5 inm., 15 to  9 mm.,

85* The v a lu e s  o f  th e  p a ra m e te r s  d e te rm in e d  by  t r a n s l a t i n g  th e

d ( l / T ) / d l n x  c u rv e  t o  f o r c e  i t  to  f i t  a s  n e a r l y  a s  p o s s ib l e  th e

s ta n d a r d  f (a x /î!^ )  c u rv e  a r e :

o  —I
a = 2 .0 6  mm* gm* K m ole and  = 15*6  k c a l /m o le .

From  th è s e  v a lu e s ,  th e  c o n s ta n t s  i n  e q u a t io n  (1 ) may be e v a lu a te d *

The fo l lo w in g  e x p re s s io n  may th e r e b y  be o b ta in e d  f o r  th e  e q u i l i 

b riu m  c o n s ta n t :

log^QK(mm7’ ) = - 1 1 .1 4  + 3410/T

Thus r e s u l t  may be com pared to  th e  e x p re s s io n s
f 2.

 ̂ ~  - 1 1 .7 8 9  + 3590/T  o b ta in e d  by  M acDougall 

( f o r  te m p e ra tu re s  and  p r e s s u r e s  r a n g in g  from  25 to  ij-O^and 3 to  23 mm.) 

and

logioE (m m . ) = -1 0 .9 3 1  + 3347/T  r e p o r t e d  by T a y lo r  ( f o r
o o

te m p e ra tu re s  and p r e s s u r e s  r a n g in g  from  50  t o  150 and  I 3 t o  3 4  mm).
0 -I

A t 300  K o u r r e s u l t  l e a d s  to  K = l . ? 0  mm a s  com pared to  v a lu e s
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Standard f (a x y ^ )  vs* ax/^^ curve and d (l/T )/d inx  

vs. X curve fo r  ace tic  a d d  vapoi^
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o f  1 .5 1  Bm"’ an d  1 .7 1  mm * c a l c u l a t e d  from  th e  d a ta  o f  M acD ougall 

and  T a y lo r ,  r e s p e c t i v e l y .

I t  i s  som ewhat d i f f i c u l t  to  r e l a t e  e r r o r s  in  th e  m easu red  

P ,T  v a lu e s  t o  e r r o r s  in  th e  c a l c u l a t e d  v a lu e s  o f  and  E . P o r  th e  

ru n  i n d i c a t e d  i n  the^ f i g u r e ,  th e  a v e ra g e  d e v ia t i o n  o f  p v a lu e s  

fro m  v a lu e s  c a l c u l a t e d  u s in g  th e  l e a s t  s q u a re s  q u a r t i c  e q u a t io n  i s  

0 . 0 7  mm. Prom  a  c o m p a rls io n  o f  s lo p e s  o b ta in e d  g r a p h i c a l l y  w i th  

th o s e  o b ta in e d  by  d i f f e r e n t i a t i n g  c u b ic  and  q u a r t i c  pow er s e r i e s  

e x p r e s s io n s  r e p r e s e n t in g  th e  d a t a ,  we e s t im a te  t h a t ,  e x c e p t  f o r  

p o i n t s  n e a r  th e  e x t r e m i t ie s  o f  th e  ra n g e  o f  x ,  th e  a p p ro x im a te  e r r o r  

i n  d ( l / T ) / d l n x  i s  everyw here l e s s  th an  ^  x  10 E . T h is  c o r r e s 

p onds to  a  maximum u n c e r t a i n t y  i n  o f  a b o u t  0 ,7  k c a l .  Ju d g in g  

fro m  th e  r e p r o d u c i b i l i t y  o f  v a lu e s  o f  H and  a o b ta in e d  from  r e p e a te d  

a t te m p ts  to  b r i n g  the  t h e o r e t i c a l  an d  e x p e r im e n ta l  c u rv e s  i n t o

c o in c id e n c e ,  th e  c u rv e -m a tc h in g  p r o c e s s  a p p e a rs  to  in t r o d u c e
o —I

a n  u n c e r t a i n t y  i n  E a t  3 OO K o f  l e s s  th a n  0 ,1  mm ,  The t a i l i n g

o f f  o f  th e  com puted  c u rv e  a t  l a r g e  v a lu e s  o f  x  (s e e  f i g u r e )  i s  

a n  a r t i f a c t  o f  th e  m ethod o f  c u r v e - f i t t i n g ,  and  c a u s e s  l i t t l e  

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

v a t i v e  c u rv e .

T h is  work was su p p o rte d  by  th e  P e tro le u m  R e se a rc h  Fund o f  

th e  A m erican  C hem ical S o c ie ty ,
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