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THE HYDROGEN BONDING OF PHENOL IN ORGANIC SOLVENTS: THE USE 

OF ACTIVITY DATA TO EVALUATE ASSOCIATION MODELS

CHAPTER I

INTRODUCTION

Hydrogen bonding has been g r e a t  o f  in t e r e s t  f o r  s e v e r a l  decades.

Thousands o f  papers on v a r io u s  a s p e c ts  o f  hydrogen bonding h ave been

1 2 1-5p u b lish ed  ’ s in c e  th e  b eg in n in g  o f  t h is  c e n tu r y . S evera l books

d evoted  s o l e l y  to  hydrogen bonding have appeared . Numerous rev iew  

a r t i c l e s   ̂ a l s o  have been p u b lish ed  to d is c u s s  b oth  th e  experim en ta l 

and t h e o r e t ic a l  a s p e c ts  o f  hydrogen bond ing . The im portant r o le  o f  

hydrogen bonding in  l i v i n g  system s has been  r e co g n iz e d  in  r e c e n t  y e a r s .

The fundam ental r o le  o f  the hydrogen bond in  th e  s tr u c tu r e  and fu n c tio n  

o f  DNA and p r o te in s  i s  a ls o  w e ll  known.

Hydrogen bonding i s  an in te r m ed ia te  range in te r m o le c u la r  in te r ­

a c t io n .  P im en tel and M cClellan^ in  th e ir  famous book gave hydrogen  

bonding the fo llo w in g  " o p era tio n a l d e f in it io n " :

"A H bond e x i s t s  between a fu n c t io n a l  group A-H and an atom or a 

group o f  atoms B in  same or a d i f f e r e n t  m o lecu le  when

(a) th e r e  i s  ev id en ce  o f  bond form ation  ( a s s o c ia t io n  or  c h e la t io n ) ,

(b) th e r e  i s  ev id en ce  th a t  t h is  new bond l in k in g  A-H and B s p e c i­

f i c a l l y  in v o lv e s  th e  hydrogen atom a lrea d y  bonded to A."

— 1 —
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V arlous te c h n iq u e s . In c lu d in g  sp e c tr o sc o p ic  and n o n -sp e c tr o sc o p ic  m ethods, 

have been develop ed  to  d e te c t  and study hydrogen bond ing. Comprehensive 

trea tm en ts  o f  th e se  tech n iq u es  are  g iv en  in  r e fe r e n c e s  1 to  3 .

The s e l f - a s s o c i a t i o n  o f  phenol in  o rg a n ic  s o lv e n t s  has been a 

major s u b je c t  fo r  many authors in  e lu c id a t in g  th e  p r o p e r t ie s  o f  hydrogen  

bonding. In s p i t e  o f  numerous s tu d ie s  which have been  made o f  th e  s e l f ­

a s s o c ia t io n  o f  p h e n o l, th ere  i s  s t i l l  c o n s id e r a b le  d isagreem en t regard in g  

th e  n a tu re  o f  m o lecu la r  a g g r e g a te s  o f  phenol which e x i s t  in  o rg a n ic  

s o lv e n t s .  Many in v e s t ig a t o r s  have in te r p r e te d  t h e ir  exp erim en ta l r e s u l t s  

in  terms o f  a monomer-dimer e q u ilib r iu m , w h ile  o th e r s  have shown th a t th e  

monomer-trim er model p ro v id es  a b e t te r  f i t  fo r  exp er im en ta l d a ta . R ec e n tly , 

m odels in v o lv in g  more than one a s s o c ia te d  s p e c ie s  have been proposed by 

s e v e r a l  a u th o r s . A h i s t o r i c a l  rev iew  o f  th e  work on s e l f - a s s o c ia t i o n  o f  

phenol i s  g iv en  h ere :

The c o l l i g a t i v e  tech n iq u e  was one o f  th e  e a r l i e s t  m ethods used fo r  

d e te c t in g  hydrogen b on d in g . The abnorm ally h ig h  m o lecu lar  w e ig h ts  which  

were found w ith  p o la r  s o lu t e s  were o f te n  a t tr ib u t e d  to  s e l f - a s s o c ia t i o n .

In 1893, Auwer,^^ u s in g  th e  fr e e z in g -p o in t  m ethod, found a m o lecu lar  

w eigh t o f  145 gram s/m ole fo r  phenol in  a benzene s o lu t io n  c o n ta in in g  3

grams o f  phenol per 1000 grams o f  benzene. A summary o f  e a r ly  c r y o sc o p ic

6 6 18 data fo r  phenol was g iv e n  by L a s s e t t r e .  I t  has been  noted  * th a t th e

in te r p r e ta t io n  o f  c r y o sc o p ic  data i s  su b je c t  to  doubt b ecau se  th e  h igh

m olecu lar  w eigh t deduced may n o t be due to  th e  a s s o c ia t io n  o f  phenol

but to th e  se p a r a tio n  o f  a s o l id  s o lu t io n  in s te a d  o f  th e  pure s o l id

s o lv e n t .  A lso , th e  c r y o sc o p ic  techn iqu e does n o t perm it a stu d y  to  be

made over a tem perature ran ge , and the m o lecu lar  w e ig h t i s  n o t determ ined
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19under Isotherm al c o n d it io n s .  T his tech n iq u e i s  th e r e fo r e  n ot a very

popular to o l in  stu d y in g  hydrogen bond ing. A r e c e n t  cry o sco p ic  stu dy

o f  a s s o c ia t io n  o f  p h e n o lic  compounds in  benzene was pub lished  by

20Vanderborgh, e t  a l .  The exp erim en ta l r e s u l t s  were in te r p r e te d  in

term s o f  m onom er-dim er-trim er eq u ilib r iu m .

The p a r t i t io n  method has been  used e x te n s iv e ly  in  s tu d ie s  o f

hydrogen bonding o f  phenol s in c e  th e  b eg in n in g  o f  t h is  cen tu ry .

21Ruthmund and W ilsmore found in  1902 th a t  th e  d is t r ib u t io n  r a t io  o f

phenol between benzene and w ater in c r e a s e s  w ith  in c r e a se d  c o n c e n tr a tio n

o f  p h en o l, in d ic a t in g  th a t  s e l f - a s s o c ia t i o n  o f  phenol occurs In  th e

22benzene phase. In 1908 H irobe s tu d ie d  th e  p a r t i t io n  o f  phenol betw een

chlorob en zene and w ater and reached the c o n c lu s io n  th a t  in  ch lorob en zene

th e r e  e x i s t s  a  m onomer-trimer e q u ilib r iu m , w h ile  in  th e  water phase o n ly

23the phenol monomer i s  p r e s e n t .  P h i l ip  and C lark a ls o  rep orted  from

t h e ir  p a r t i t io n  s tu d ie s  th a t  a t  phenol c o n c e n tr a t io n s  l e s s  than about

2 . 8  grams per l i t e r  o f  benzene s o lu t io n ,  th e  a s s o c ia t io n  o f  phenol i s

n e g l ig i b le .  In the more co n cen tra ted  s o lu t io n s ,  th ey  conclu ded , a

monomer-dimer e q u ilib r iu m  e x i s t s .  They a ls o  noted  th a t  th e  a d d it io n

o f  phenol g r e a t ly  in c r e a s e s  th e  amount o f  w ater in  th e  benzene p h ase .

24
In 1926 Endo examined th e  p a r t i t io n  o f  phenol betw een benzene and

w ater and in te r p r e te d  th e  exp erim en ta l data  in  terms o f  a  monomer-trimer

e q u ilib r iu m  (o n ly  monomer phenol in  th e  w ater phase was assumed when th e

c o n c e n tr a tio n  o f  phenol in  the w ater phase was l e s s  than 0 .24  M .) . A

—2tr im e r iz a t io n  co n sta n t o f  1 .07  M was c a lc u la te d  fo r  phenol i n  benzene  

a t  25°C. Endo a ls o  c a r r ie d  o u t  a c r y o sc o p ic  stu d y  o f  phenol i n  w ater  

a t  c o n c e n tr a t io n s  la r g e r  than 0 .2 4  M and rep orted  th e  a s s o c ia t io n  c o n sta n t
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_2
o f  phenol in  w ater (a ls o  assum ing monomer-trimer eq u ilib r iu m ) to  be 0 .5  M

0 ?5a t  0 C. In 1934 P h i lb r ic k ” undertook an e x te n s iv e  d is t r ib u t io n  s tu d y

o f  phenol betw een w a ter  and s e v e r a l o r g a n ic  s o lv e n t s  a t  25°C. The concen­

tr a t io n s  o f  phenol in  th e  w ater phase were co n fin ed  to l e s s  than 0 . 1  M. 

R e su lts  o f  th e s e  in v e s t ig a t io n s  in d ic a te  th a t  in  th e s e  organ ic  s o lv e n t s  

th e  phenol appears to  be p r e se n t  e x c lu s iv e ly  in  s in g le  and double m ole­

c u le s .  The d im e r iz a t io n  c o n sta n ts  o f  phenol in  to lu e n e , ch lorob en zen e ,

-1  -1benzene and n itr o b e n z e n e  were e s tim a te d  to  be 0 .8 4 3  M , 0 .6 4 8  M ,

-1  -10 .576  M , and 0 .1 9 6  M , r e s p e c t iv e ly .  However, P h ilb r ic k  was u n ab le  to

o b ta in  an a s s o c ia t io n  c o n sta n t fo r  phenol in  carbon t e t r a c h lo r id e  from

exp erim en ta l d a ta . The d i f f e r e n c e s  in  th e  a s s o c ia t io n  co n sta n ts  in  v a r io u s

s o lv e n t s  was a t tr ib u te d  to  be d i f f e r e n t  d egree  o f  s o lv a t io n  o f  phenol mon-

2Ôom et. Badger and Greenough m easured th e  p a r t i t io n  o f  phenol betw een

w ater and carbon t e t r a c h lo r id e  and re p o r te d  th a t th e  s e l f - a s s o c ia t i o n  o f

phenol in  carbon t e t r a c h lo r id e  i s  g r e a t ly  promoted by th e  p resen ce  o f  w a ter .

- 1  -1The d im e r iz a t io n  c o n s ta n ts  were e s tim a ted  to  be 7 .7  M and 1 .29  M a t

28°C fo r  w a te r -s a tu r a te d  carbon t e t r a c h lo r id e  s o lu t io n  and anhydrous carbon

t e t r a c h lo r id e  s o lu t io n ,  r e s p e c t iv e ly .  They concluded  from p a r t i t io n  and

27in fr a r e d  s p e c tr o s c o p ic  s tu d ie s  th a t th e  predom inant s p e c ie s  in  w et carbon

te tr a c h lo r id e  i s  a "hem ihydrate dim er". More r e c e n t ly ,  Johnson, C h r is t ia n ,  

28and A ffsp ru n g  c a r r ie d  o u t e x te n s iv e  s tu d ie s  on th e  s e l f - a s s o c ia t i o n  

and h y d ra tio n  o f  p henol in  o r g a n ic  s o lv e n t s .  By com bining th e  p a r t i t io n  

data  w ith  w ater  s o l u b i l i t y  data  they conclu ded  th a t  th e  tr im er  i s  a lm ost  

c e r t a in ly  one o f  th e  m ajor s p e c ie s  in  d i lu t e  carbon te t r a c h lo r id e  s o lu ­

t io n  and th a t  the dim er does n o t appear to  be an im portant s p e c i e s .

They re p o r te d  a t r im e r iz a t io n  c o n sta n t o f  4 .1  M  ̂ f o r  phenol in  carbon
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te tr a c h lo r id e  a t  25°C . They a l s o  performed a s im ila r  study^^ o f  the  

h y d ra tio n  and s e l f - a s s o c i a t i o n  o f  phenol in  ben zen e, 1 , 1 , 2 , 2 - t e t r a c h lo r o -  

eth an e and 1 , 2- d ic h lo r o e th a n e , u s in g  p a r t i t io n ,  w ater s o l u b i l i t y ,  and 

in fr a r e d  te c h n iq u es . R e su lts  o f th e se  exp erim en ta l data  a r e  c o n s is t e n t  

w ith  th e  assum ption th a t  the predom inant a s s o c ia te d  s o lu t e  s p e c ie s  

p r e se n t  in  th e  th r e e  s o lv e n t s  are th e  c y c l i c  a g g r e g a te s , P^, PgW, PW ,̂ 

and W ,̂ where P and W r e p r e se n t  monomeric u n it s  o f  phenol and w a te r , r e s ­

p e c t iv e ly .  The s e l f - a s s o c i a t i o n  c o n sta n ts  o f  phenol ( t r im e r iz a t io n )  

were c a lc u la te d  to  b e  0 .002  M 0 .4 7 7  M and 0 .2 6 3  M  ̂ f o r  1 ,2 -d ic h ­

lo r o e th a n e , 1 , 1 , 2 , 2 - te t r a c h lo r o e th a n e , and b en zen e , r e s p e c t iv e ly .

30W oolley , e t  a l . ,  a l s o  examined th e  d i s t r ib u t io n  o f  phenol betw een

w ater and carbon t e t r a c h lo r id e .  R e s u lts  have shown th a t  th e  tr im er  i s  the

m ajor a s s o c ia te d  s p e c ie s  in  carbon te t r a c h lo r id e  sa tu r a te d  w ith  w a te r .

_2
A tr im e r iz a t io n  c o n s ta n t  o f  14 .9  M was determ ined fo r  w et carbon t e t r a ­

c h lo r id e . A lthough th e  p a r t i t io n  method i s  a co n v en ien t tec h n iq u e  in  

stu d y in g  hydrogen b on d in g , th e  in te r p r e ta t io n  o f  exp er im en ta l d a ta  i s

a lw ays com p licated  by th e  p resen ce  o f  w ater in  th e  o r g a n ic  p h a se .

19Using a u n iq u e ap p aratu s, L a s s e ttr e  and D ick in son  determ ined  

the c o n c e n tr a tio n  o f  phenol i n  benzene and th e  c o n c e n tr a t io n  o f  naph­

th a le n e  in  benzene fo r  s o lu t io n s  hav ing  the same benzene vapor p r e s su r e .

The h ig h e r  form al c o n c e n tr a t io n  o f  th e  phenol s o lu t io n ,  compared to  th e  

n aph th alene s o lu t io n  a t  e q u ilib r iu m , was a t tr ib u te d  to th e  p o ly m e r iza tio n  

o f  p h e n o l. They proposed  th a t  a monomer-dimer eq u ilib r iu m  e x i s t s  in  

benzene s o lu t io n  and th ey  rep o r ted  d im e r iz a t io n  c o n s ta n ts  o f  0 .5 7  M ^

and 0 .4 1 6  M  ̂ a t  25°C and 50°C , r e s p e c t iv e ly .  The h e a t  o f  form ation

31 32 33d er iv ed  from th e se  K v a lu e s  i s  -2 ,400± 300  c a l /m o le .  Bono, ’ D e lv a l l e ,
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34
and C h ev a lley  determ ined the vapor p ressu re  lo w er in g  o f  phenol-carbon  

t e t r a c h lo r id e  s o lu t io n s  and in te r p r e te d  th e ir  d ata  in  term s o f  th e  s e l f ­

a s s o c ia t io n  o f  p h en o l. However, no a s s o c ia t io n  c o n s ta n ts  were d er iv ed .

A d i f f e r e n t i a l  vapor p ressu re  tech n iq u e  has been  used  by C oetzee and 

35Mei-Shun Lok to stu d y  th e  s e l f - a s s o c ia t i o n  o f  c e r t a in  a c id s  and bases  

in  s e v e r a l  nonhydrogen bonding s o lv e n t s .  A d im e r iz a t io n  c o n sta n t o f 40 M  ̂

fo r  phenol in  1 ,2 -d ich .loroeth an e  a t  37°C was e s tim a te d  from experim en ta l 

data (c o n c e n tr a t io n  range from 0 .0 2  to  0 .1  M).

S in c e  th e  developm ent o f  s o lu t io n  in fr a r e d  tech n iq u es in  e a r ly  1930 ' s ,  

in fr a r e d  sp e c tr o sc o p y  has been one o f  th e  most popular methods used in

s tu d y in g  hydrogen bond ing. The e v id e n c e  o f  hydrogen bonding can be d i r e c t ly

36ob served  from in fr a r e d  sp e c tr a . Gordy and N ie ls o n , and Errera and 

37
M o lle t ,  in  in v e s t ig a t in g  the in fr a r e d  sp e c tr a  o f  some compounds con­

ta in in g  th e  h yd roxy l group, observed a sharp a b so r p tio n  band and a much 

broader band a t  lo n g e r  w avelength s in  th e  fundam ental 0-H s tr e tc h in g  

r e g io n . They a s s ig n e d  the l a t t e r  as an " a sso c ia ted "  band, which dim in­

ish e d  on d i lu t io n  o f  th e  s o lu t io n  or in c r e a se  in  th e  tem p eratu re . Fox 

38and M artin  rep o r ted  in  1937 some s tu d ie s  on phenol in  o r g a n ic  s o lv e n ts

u s in g  th e  in fr a r e d  method and came to  th e  c o n c lu s io n  th a t  a t  m oderate

c o n c e n tr a t io n s  an e q u ilib r iu m  i s  s e t  up betw een s in g le  and double

( a s s o c ia te d )  phenol m o le c u le s . They were a b le  to  o b ta in  an e x t in c t io n

c o e f f i c i e n t  fo r  monomer phenol in  carbon t e t r a c h lo r id e  a t  the f r e e  OH

s tr e t c h in g  band freq u en cy , but f a i l e d  to  e s t im a te  an a s s o c ia t io n

39 40c o n s ta n t . Kempter and Mecke ’ examined the s e l f - a s s o c ia t i o n  o f  phenol 

u sin g  th e  f r e e  OH s tr e tc h in g  frequency in  the secon d  o v e r to n e  r e g io n  and 

su g g e s te d  th a t  com plexes o f  a l l  o rd ers  were p o s s ib le  and th a t  a l l  the
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e q u ilib r iu m  c o n s ta n ts  fo r  the s u c e s s iv e  a s s o c ia t io n  o f  com plexes were the

same ( +  Ph = (Ph)^^^; n = 1 ,2 ,3 , ' " '  ) .  T h eir  exp erim en ta l data

appeared be c o n s is t e n t  w ith  t h i s  p r o p o sa l. A d i s s o c ia t io n  co n sta n t o f

0 .4 4 3  M was determ ined fo r  phenol in  carbon te t r a c h lo r id e  a t  25°C. Wulf 

41
and Jones a l s o  examined phenol in  the second o v er to n e  r e g io n  and rep orted  

a phenol d em er iza tio n  c o n sta n t o f  1 . 8  M  ̂ in  carbon te tr a c h lo r id e  s o lu ­

t io n  a t  25°C, w hich i s  in  good agreem ent w ith  th e  r e s u l t  o f  Kempter and

42Mecke. In  1951 C o g g esh a ll and S a ie r  in v e s t ig a te d  phenol s o lu t io n  in  

th e  fundam ental h yd roxy l s t r e t c h in g  r e g io n  and found th a t  a b e t t e r  agree­

ment betw een th eo ry  and experim ent was o b ta in ed  i f  two e q u ilib r iu m  con­

s ta n ts  were u sed , one f o r  th e  form ation  o f  dim er and one fo r  th e  forma­

t io n  o f  h ig h e r  polym er by s u c c e s s iv e  a d d it io n  o f  monomer to d im er. The

-1  -1form ation  c o n s ta n ts  o f  1 .4  M and 2 .9 5  M w ere d e r iv e d  from t h e ir  

exp er im en ta l data  fo r  d im e r iz a t io n  and h ig h e r  p o ly m e r iza tio n  a t  25°C 

in  carbon t e t r a c h lo r id e  s o lu t io n .  M occia and C alifano^ ^  determ ined the  

d im e r iz a t io n  c o n s ta n t  f o r  phenol in  carbon t e t r a c h lo r id e  s o lu t io n  by 

m easuring th e  in te g r a te d  i n t e n s i t i e s  o f  th e  h yd roxy l v ib r a t io n  absorp­

t io n .  A v a lu e  o f  1 .2 5  M  ̂ was o b ta in ed  fo r  phenol in  carbon t e t r a c h lo r id e .

44However, u n p u b lish ed  in fr a r e d  r e s u l t s  by Rea in d ic a te d  th a t  tr im ers are

th e  most im portant a s s o c ia te d  s p e c ie s  o f  phenol in  carbon te tr a c h lo r id e

45s o lu t io n .  In  1961, M aguire and West measured th e  f i r s t  o v er to n e  o f  th e  

f r e e  hydroxyl s tr e tc h ir -^  v ib r a t io n  and rep o rted  th a t  th e  dimer i s  th e  

predom inant a s s o c ia t e d  s p e c ie s  fo r  phenol in  carbon te tr a c h lo r id e  a t  room 

tem perature. P o lym eric  forms a r is e  on ly  a t  phenol c o n c e n tr a t io n s  above 

about 0 .2  M a t  30°C . A c y c l i c  dimer-monomer e q u ilib r iu m  was proposed  

fo r  phenol in  carbon t e t r a c h lo r id e .  D im er iza tio n  c o n s ta n ts  fo r  se v e r a l
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tem peratures in  th e  range -1 7 .5 °C  to 45°C were c a lc u la te d  by assum ing  

th a t dimers do n o t c o n tr ib u te  to  th e  f r e e  OH peak. The va lu es o f  A H ,  A Ü ,  

and AS fo r  phenol d im e r iz a t io n  in  carbon te tr a c h lo r id e  were e stim a ted  to  

be -5 .1 2 ± 0 -1  K ca l/m o le , -1 ,1 9  K ca l/m ole  (a t  303° K) and -1 3 .0  eu /m ole (a t  

303° K), r e s p e c t iv e ly .  More r e c e n t ly ,  W hetsel and Lady^^ made a compre­

h en siv e  stu dy  o f  th e  s e l f - a s s o c i a t i o n  o f  phenol by m easuring th e  i n t e n s i t i e s  

o f  th e  f i r s t  o v erto n e  0-H s t r e t c h in g  band o f  phenol a s a fu n c tio n  o f  con­

c e n tr a t io n  and tem p eratu re. They found th a t a model req u ir in g  an e q u i l ib ­

rium co n sta n t fo r  d im e r iz a t io n  and another fo r  the step w ise  form ation  o f  

h ig h er  m ultim ers p rov id ed  th e  b e s t  f i t  fo r  th e  f i r s t  overtone d a ta . They 

a ls o  made c o r r e c t io n s  f o r  th e  end OH group a b s o r p t iv ity  of polym ers by 

computer i t e r a t io n  and conclu ded  th a t  end OH group in te r fe r e n c e  i s  n eg­

l i g i b l e  in  cycloh exan e s o lu t io n  and r e la t iv e l y  weak in  carbon te t r a c h lo r id e  

s o lu t io n .  They su g g e s te d  th a t  p h en ol forms both  l in e a r  and c y c l i c  dim ers  

and th a t h ig h er  polym ers probably e x i s t  a s th ree  dim ensional a g g r e g a te s .

A summary o f  t h e ir  s p e c tr a l  and thermodynamic r e s u l t s  are l i s t e d  in  T ab les  

27 and 28 .

U l t r a v io le t  sp e c tr o sc o p y , though n o t as pow erfu l and popular as  

in fra red  sp e c tr o sc o p y , has a l s o  been  used  to study hydrogen bond ing.

A b lu e  s h i f t e d  band fo r  phenol in  o rg a n ic  s o lv e n t s ,  upon form ation  o f  

hydrogen bonds, has been  ob served  by s e v e r a l  in v e s t ig a to r s .  meas­

ured the UV sp e c tr a  o f  p h en ol in  v a r io u s  organ ic  s o lv e n ts  a t  s e v e r a l  con­

c e n tr a t io n  and su g g e ste d  a c y c l i c  dimer-monomer eq u ilib riu m  fo r  phenol 

(co n ce n tr a tio n  range from 5%10 ^ M to  5 .7  M). The v a lu e s  o f  d im e r iz a t io n

c o n sta n ts  o f  phenol in  n -h exan e a t  27°C and in  carbon te tr a c h lo r id e  a t

-1  -1
room tem perature w ere rou gh ly  e s tim a te d  to  be 4 .5  M and 3 .6  M
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49r e s p e c t iv e ly .  Dearden, a f t e r  stu d y in g  th e  UV spectrum  o f phenol in

cyc loh exan e , found th a t  the exp erim en ta l d a ta  could  be in te r p r e te d  in

terms o f  monomer-dimer, monomer-trimer or  monomer-polymer e q u i l ib r ia .

-1  -2He rep orted  th e  v a lu e s  o f  1 .28 M , 5 .4  N , and 1 .4 5  M fo r  d im e r iz a t io n ,  

tr im e r iz a t io n  and p o ly m e r iza tio n  a t  25°C.

N uclear m agnetic resonance a ls o  has been  em ployed to in v e s t ig a t e  

hydrogen bonding s in c e  th e  1950’s .  The chem ical s h i f t  o f  th e  OH p roton  

to  a h ig h er  f i e l d  was observed  w ith  e i t h e r  an in c r e a s e  in  tem perature or  

a d i lu t io n  o f  th e  s o lu t io n .  T h is chem ical s h i f t  to  a  h ig h er  f i e l d  was 

a t tr ib u te d  to  th e  b reak in g  o f  hydrogen bonds e ith e r  by d i lu t io n  or by h e a t­

in g . In 1956, H uggins, e t  a l . ,^ ^  examined th e  s e l f - a s s o c ia t i o n  o f  phenol 

in  carbon t e t r a c h lo r id e  s o lu t io n  by m easuring the ch em ica l s h i f t  o f  th e  OH 

proton  as a fu n c t io n  o f  c o n c e n tr a tio n  and tem p eratu re. They found th a t a t

low  c o n c e n tr a t io n s  o n ly  monomers and dim ers a re  im p o rta n t. A d im e r iza tio n

- 1  oc o n sta n t o f  0 .6 5 ± 0 .3  M was o b ta in ed  fo r  phenol a t  25 C from th e  l im it in g

s lo p e  o f  a p lo t  o f  apparent chem ical s h i f t  v s .  mole f r a c t io n  o f  phenol 

(th e  lo w e s t  c o n c e n tr a t io n  was about 0 .0 1  m ole f r a c t io n ) .  The h e a t  o f  fo r ­

m ation was rep o rted  to be -4 .3 5  K cal/m ole a t  25°C. L a te r , Saunders and 

Hyne^^ reexam ined th e  PMR sp e c tr a  o f  phenol in  carbon t e t r a c h lo r id e  s o lu ­

t io n  a t  much low er c o n c e n tr a t io n  (0 .0 1  M) and concluded th a t th e  monomer-

trim er model p ro v id es  th e  b e s t  f i t  o f  t h e ir  chem ical s h i f t  d a ta . However,

52
B ecker, c r i t i c i z i n g  th e  Saunders and Hyne paper, p o in te d  o u t th a t  th e  model 

c o n ta in in g  o n ly  one a s s o c ia te d  s p e c ie s  i s  inadequate to  e x p la in  th e  in fr a ­

red  e v id e n c e . He a ls o  found th a t  Saunders and H yne's d a ta  c o u ld  be f i t t e d

w e l l  by assum ing th e  p resen ce  o f  dimers in  a d d it io n  to  h ig h er  p o lym ers.

53M artin and Q u iloeu t a l s o  made an PMR stu d y  on th e  s e l f - a s s o c i a t i o n  o f
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phenol In carbon tetrachloride and chloroform and suggested that the

a s s o c ia t io n  c o n s ta n ts  fo r  th e  form ation  o f  s u c c e s s iv e  phenol polym ers

54are a l l  th e  same. Rao, e t  a l . ,  in te r p r e te d  t h e ir  PMR d a ta  in  term s o f  a

monomer-dimer-polymer eq u ilb riu m  in  carbon te tr a c h lo r id e  s o lu t io n ,  but

no thermodynamic param eters w ere d e r iv e d . A hlf and P la tth au s^ ^  have

measured th e  hydroxyl p roton  chem ical s h i f t s  fo r  ph en ol and some am ides.

They con clu d ed , in  agreem ent w ith  Saunders and Hyne, th a t phenol e x h ib it s

predom inantly a m onom er-trim er e q u ilib r iu m  in  th e  c o n c e n tr a t io n  range

0 .015  M to  4 .5  M. The tr im e r iz a t io n  v a lu e s  o f  4 9 .3  M 1 2 .5 5  M 

- 2  -23 .6 7  M and 1 .3 2  M w ere ob ta in ed  fo r  phenol in  carbon t e t r a c h lo r id e  

s o lu t io n  a t  - 1 1 .5 °  C, 1 0 .0 °  C, 3 1 .0 °  C and 5 2 .0 °  C, r e s p e c t iv e ly .  The

and AS  ̂ v a lu e s  o b ta in e d  from a v a n ' t  Hoff p lo t  w ere - 9 .7 ± 0 .8  K cal/m ole  

and -29±2  eu /m o le , r e s p e c t iv e ly .  R e c e n t ly , D ale and Gramstad^^*^^ 

have s tu d ie d  th e  s e l f - a s s o c i a t i o n  o f  p henol in  carbon t e t r a c h lo r id e  and 

cyc loh exan e  by PMR in  th e  c o n c e n tr a t io n  range 0 .0 0 4 - 0 .4 .M and found th a t  

th e  r e s u l t s  ob ta in ed  can b e  accounted  fo r  in  term s o f  a m onom er-trim er  

model f o r  phenol s e l f - a s s o c i a t i o n .  The form ation  c o n s ta n ts  th ey  o b ta in ed  

are:

Tem perature (°C) (M in  CCl^ K̂  (M in  C yclohexane

20 4 .4  1 7 .0

35 2 .4  4 .4

50 1 .3  1 .6

58More r e c e n t ly ,  B ogachev, e t  a l . ,  m easured the h yd roxy l p roton  chem ical 

s h i f t s  f o r  phenol in  cy c lo h e x a n e , m eth y leyeloh exan e  and carbon t e t r a ­

c h lo r id e  s o lu t io n s  and conclu ded  th a t  a m onomer-trimer e q u ilib r iu m  model 

provided  th e  b e s t  f i t  f o r  t h e ir  exp er im en ta l data  w ith in  th e  e n t ir e
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tem perature range (2 0 ° -8 0 ° )  and throughout a w ide c o n c e n tr a t io n  ran ge. 

However, a t  low  phenol c o n c e n tr a t io n s , from 1 to 3 mole%, th e  monomer- 

dimer e q u ilib r iu m  was ob served  in  cy c lo h ex a n e , m eth y lcy c lo h ex a n e , and 

carbon te tr a c h lo r id e  s o lu t io n s .  They su g g ested  th a t th e  a s s o c ia te d  s p e ­

c ie s  i n  th e se  s o lv e n t s  can be assumed to  be m ainly c y c l i c  tr im e r s . They 

a ls o  conclu ded  th a t  th e  v a lu e s  o f  K, AH and AS fo r  l in e a r  tr im ers  are  th e  

same a s  fo r  c y c l i c  tr im e r s , w h ile  th e  chem ical s h i f t  o f  th e  l in e a r  tr im er

i s  1 .5  tim es la r g e r  than th a t  o f  th e  c y c l i c  tr im er . Most r e c e n t ly ,

59 13Nakashim a, e t  a l . ,  measured C ch em ica l s h i f t s  o f  phenol (C l) in  carbon  

t e t r a c h lo r id e  s o lu t io n  and a s s e r te d  th a t  th e  monomer-dimer m odel a ccou n ts  

s a t i s f a c t o r i l y  f o r  th e  phenol a s s o c ia t io n  d a ta . The c a lc u la t e d  v a lu e s  

o f  th e  d im e r iz a t io n  c o n s ta n ts  a re :

a tu r e  (°K) (M o la lity

321 0 .694

311 0 .699

300 0 .901

290 1 .5 2

279 2 .5 0

269 4 .4 4

258 9 .0 9

A h igh  v a lu e  o f  th e  en th a lp y  o f  d im e r iz a t io n  ( - 8 .3  K ca l/m o le) was d er iv ed

from th e  v a n 't  H off p lo t  o f  K2 «

The c a lo r im e tr ic  method has a l s o  been  used  to i n v e s t ig a t e  th e
24

s e l f - a s s o c i a t i o n  o f  p h e n o l. In  1970, W oolley , e t  a l . ,  s tu d ie d  th e  

s e l f - a s s o c i a t i o n  o f  phenol in  carbon t e t r a c h lo r id e  s o lu t io n  a t  25°C 

u s in g  th e  p a r t i t io n  method a s  w e l l  a s c a lo r im e tr ic  te c h n iq u e s .
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By d eterm in in g  h e a ts  o f  d i lu t io n  o f  p h en ol in  anhydrous carbon t e t r a c h l ­

o r id e ,  th e y  concluded th a t t r im e r iz a t io n  i s  th e  p r in c ip a l  a s s o c ia t io n  

r e a c t io n . The b e s t  v a lu e s  o f  and AĤ  were c a lc u la te d  to  be 5 .6  M  ̂

and -8 .5 4  K cal/m ole a t  25° C. L a te r , W oolley and H epler extended t h e ir  

c a lo r im e tr ic  measurements to  ph en ol in  cyc loh exan e  and b en zen e. A fter  

f i t t i n g  t h e ir  exp erim en ta l data  w ith  v a r io u s  a s s o c ia t io n  m od els, they  

found th a t  th e  monomer-trimer m odel p ro v id es  a good f i t  o f  t h e ir  exper­

im en ta l d a ta  f o r  s o lu t io n s  o f  phenol in  c y c lo h ex a n e , w hereas fo r  s o lu t io n s  

o f  phenol in  benzene the monomer-dimer model g iv e s  good f i t s .  They a ls o  

showed th a t  t h e ir  exp erim en ta l d a ta  can b e  in te r p r e te d  in  terms o f  

m onom er-dim er-trim er fo r  both  s o lu t io n s  a s  w e l l .  However, th ey  found  

th a t  the apparent m olar e n th a lp ie s  fo r  phenol c a lc u la te d  u s in g  th e  K and 

AH v a lu e s  r e p o r ted  by W hetsel and Lady a re  in c o n s is t e n t  w ith  th o se  o f  

c a lo r im e tr ic  m easurem ents. They a t t r ib u t e d  th e  d isc r e p a n c ie s  to  p o s s ib le  

la r g e  e r r o r s  in  AH v a lu e s  d e r iv e d  from n ear-IR  d a ta . Most r e c e n t ly ,

K oh ler , e t  a l . ,^ ^  have s tu d ie d  th e  s e l f - a s s o c ia t i o n  o f  phenol w ith  

therm odynam ic, d i e l e c t r i c  and NMR m ethods. The r e s u l t s  are  in te r p r e te d  

in  terms o f  c o m p e titiv e  a s s o c ia t io n  to  n o n -p o la r  c y c l i c  a s s o c ia t e  

(tr im e r  o r  tetram er) and to  p o la r  ch a in  a s s o c ia t e s .

The p r o p e r t ie s  o f  phenol in  a p r o t ic  s o lv e n t s  have a ls o  been  

s tu d ie d  w ith  o th e r  techn iques^  ^ such  a s  d i e l e c t r i c  r e l a x a t i o n , u l t r a s o n i c  

a b so rp tio n ^ ^ ’ ^  ̂ and chrom atography.^^ However, few  form ation  c o n sta n ts  

have been d e r iv e d  from th e se  m ethods. R e c e n t ly , advances in  in s tr u ­

m en ta tion  and exp erim en ta l technique^^ have made i t  p o s s ib le  to  ob serve  

hydrogen bond s tr e tc h in g  fr e q u e n c ie s  in  fa r  in fr a r e d  r e g io n  (10-300 cm~^).

A stro n g  broad a b so rp tio n  band c e n te r e d  a t  177 cm  ̂ has been a ss ig n e d  to
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the s tr e tc h in g  mode o f  th e  hydrogen bond o f  phenol s o lu t io n s .

From the above l i t e r a t u r e  rev iew , i t  i s  c le a r  th a t  l i t t l e  a g r e e ­

ment has been reached  regard in g  th e  natu re  o f  the m o lecu la r  aggrega te  o f  

phenol in  s o lu t io n s .  For exam ple, th e  r e c e n t  r e s u l t s  o f  c a lo r im e tr ic  

d ata  are in co m p a tib le  w ith  th e  m onom er-dim er-stepw ise-n-m er m odel, w hich  

p rov id es a s a t i s f a c t o r y  e x p la n a tio n  fo r  in fr a r e d  d a ta . And r e ce n t NMR 

s tu d ie s  tend to  in t e r p r e t  exp erim en ta l data  in  terms o f  o n ly  one a s s o ­

c ia te d  s p e c ie s  in  c o n tr a s t  to  IR e v id e n c e , which shows th a t  a t  l e a s t  

two a s s o c ia te d  s p e c ie s  o f  d i f f e r e n t  ord ers are  p r e sen t in  s o lu t io n s .  

Furtherm ore, th e  assum p tion  th a t  th e  dimer i s  the f i r s t  m ajor a s s o c ia te d  

s p e c ie s  has been o b je c te d  to  by some wor ke r s . ^^’^ ^ T h e y  have  

argued th a t  th e  f i r s t  im portant a s s o c ia te d  sp e c ie s  appears to  be th e  tr im e r .

The s t a b i l i t y  o f  tr im er  h as been  a t tr ib u te d  to  the c o o p e r a tiv e  e f f e c t

68in  hydrogen bonding o f  l in e a r  tr im ers or  to  the form ation  o f  c y c l i c  

28 29
tr im e r s , * which a r e  assumed to  be e n e r g e t ic a l ly  fa v o re d . Most s tu d ­

i e s  o f  phenol hydrogen bonding have used  o n ly  one exp er im en ta l te c h n iq u e .

I t  should  be v ery  in s t r u c t iv e  to  combine data  o f  s e v e r a l  ty p es  fo r  th e  

same p h e n o l-so lv e n t  sy stem s over  th e  same co n ce n tr a tio n  and tem perature  

ran ge. In  the c a se  o f  th e  v o l a t i l e  a l ip h a t ic  a lc o h o ls  m ethanol and t e r t -  

butanol,^^*^® a com b ination  o f  in fr a r e d  and NMR s p e c tr a l  data  and vapor  

p ressu re  r e s u l t s  p r o v id e s  e v id en ce  th a t  tr im ers and la r g e r  polym ers a re  

p resen t in  s o lu t io n s  in  carbon te tr a c h lo r id e  and hydrocarbon s o lv e n t s ,  

even  a t  c o n c e n tr a t io n s  w e l l  below  u n it  m o la r ity .

I t  should  b e  w orth  e x p lo r in g  w hether vapor p r e ssu r e  methods can  

be used to  e v a lu a te  a l t e r n a t iv e  m odels fo r  th e  a s s o c ia t io n  o f  p h en o l. 

Although phenol i s  n o t  v o l a t i l e  enough to  perm it u se  o f  c o n v e n tio n a l
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vapor p ressu re  tec h n iq u es , th e  s tr o n g  a b s o r p t iv ity  o f  phenol vapor in  th e  

u l t r a v io le t  r e g io n  makes i t  p o s s ib le  t o  m easure phenol vapor absorbances  

above s o l id  phenol and s o lu t io n s  o f  ph en ol in  v a r io u s  o rg a n ic  s o lv e n t s .

The absorbance sh ou ld  serv e  a s  an in d ic a to r  o f  th e  p a r t ia l  p r e ssu r e  or  

a c t i v i t y  o f  phenol in  s o lu t io n s .  The f a c t  th a t  such w id e ly  d i f f e r e n t  

r e s u l t s  have been  o b ta in ed  w ith  d i f f e r e n t  tech n iq u es makes i t  d e s ir a b le  

to  develop  an a c t i v i t y  method fo r  a s s e s s in g  th e  v a l id i t y  o f  o th e r  in d i­

v id u a l methods fo r  stu d y in g  th e  s e l f - a s s o c i a t i o n  o f  p h en o l. From the  

v iew p o in t o f  s o lu t io n  therm odynam ics, any a s s o c ia t io n  model fo r  phenol 

s o lu t io n s  d er iv ed  from v a r io u s  ex p er im en ta l tech n iq u es sh ou ld  be c o n s is ­

t e n t  w ith  r e l i a b l e  a c t i v i t y  r e s u l t s ;  i . e . ,  th e  v a lu e s  o f  th e  c o n c e n tr a tio n  

o f  phenol monomer o b ta in ed  from v a r io u s  tech n iq u es  should  vary  l in e a r ly  

w ith  th e  thermodynamic a c t i v i t y .



CHAPTER I I  

OBJECTIVES AND APPROACH

The o b j e c t iv e s  o f  t h i s  r e se a r c h  were to  d ev e lo p  and apply  a new 

te c h n iq u e  to  in v e s t ig a t e  th e  s e l f - a s s o c i a t i o n  o f  phenol in  org a n ic  s o lv e n t s .  

The tec h n iq u e  in v o lv e s  d eterm in in g  th e  a c t i v i t y  and c o n c e n tr a t io n s  o f  p h en o l 

a t  v a r io u s  tem peratures from absorbance m easurem ents on phenol vapor in  

e q u ilib r iu m  w ith  phenol s o lu t i o n s .  In th e  c o n c e n tr a t io n  range below  1 M, 

i t  was co n sid er e d  reason ab le  to  a t t r ib u t e  d e v ia t io n s  o f  a c t i v i t y  d a ta  from  

H en ry 's law to  th e  form ation  o f  s p e c i f i c  hydrogen-bonded com p lexes. M odels 

o f  a s s o c ia t io n  and th e  thermodynamic param eters were to  be in fe r r e d  from  

th e  a c t i v i t y  d a ta . I t  was p lanned to  compare r e s u l t s  from t h i s  new 

te c h n iq u e  w ith  th o se  o b ta in ed  by o th e r  te c h n iq u e s , e s p e c ia l ly  th e  n ea r-IR  

m ethod.
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CHAPTER I I I  

EXPERIMENTAL 

C hem icals

Phenol (from  M a llin ck ro d t, A n a ly t ic a l  R eagent) was p u r i f ie d  by 

su b lim in g  i t  i n  vacuo a t  room tem peratu re. Phenol vapor was condensed  

on th e  w a ll  o f  th e  f la s k  by immersing th e  f la s k  in  a  dry ic e -a c e to n e  

m ix tu re . The pure phenol o b ta in ed  was s to r e d  in  a d e s ic c a t o r  over  

D r ie r i t e  (anhydrous CaSO^) and k ep t i n  th e  dark to p r o te c t  i t  from  

p o s s ib le  d ecom p osition .

C yclohexane was purchased  from Eastman Co. a s  t e c h n ic a l  grade  

and p u r if ie d  by  d i s t i l l a t i o n  through a  3 0 -p la te  Oldershaw Column. A 

c o n s ta n t  r e f lu x  r a t io  o f  10:1  was m ain ta in ed  during th e  d i s t i l l a t i o n  

p r o c e ss  by a F le x o p u lse  c y c le  tim er w hich c o n tr o l le d  a s o le n o id -o p e r a te d  

v a lv e  co n ta in ed  In  the column head . Only th e  m idd le  f r a c t io n  o f  the  

d i s t i l l a t e  was c o l le c t e d  and t h is  had a b o i l in g  p o in t  range o f  l e s s  than  

0 .1 °C . The p u r i f ie d  s o lv e n t  was s to r e d  in  th e  d e s ic c a to r  o v e r  D r ie r i t e .  

Carbon t e t r a c h lo r id e  (F is h e r  Co. c e r t i f i e d  ACS) was d i s t i l l e d  from PgO  ̂

in  th e  same way a s  cyc loh exan e  and s to r e d  o ver  a dry in g  a g en t (L inde 4& 

m o lecu lar  s ie v e )  in  a three-^foot g la s s  column.

Instrum ent. S p e c tr a l C e l ls  and Temperature C on tro l

—16—
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A s in g le -b e a m  Beckman Model DU-2 sp ectrophotom eter equipped w ith  

a te m p e r a tu r e -r e g u la te d  c e l l  h o ld e r  was used  in  th e  s p e c tr a l  m easurem ents. 

S i l i c a  c y l in d r ic a l  c e l l s  (Beckman, 22 mm d iam eter) w ith  p a th le n g th s  o f  

10 cm, 5 cm, and 2 cm w ere used  in  absorbance measurements o f  the vapor o f  

s o l i d  phenol a t  v a r io u s  tem peratu res in  ord er  to  ob ta in  an e m p ir ica l 

r e la t io n  betw een  vapor absorbance and vapor c o n c e n tr a t io n . In  order to  

m easure th e  ab sorb an ces o f  phenol vapor over  s o lu t io n s ,  in d e n ta t io n s  w ere  

made in  th e  bottom  o f  a  10 cm c e l l  ( s e e  F ig u re  1) so  th a t  about 1 ml o f  

s o lu t io n  c o u ld  be p la c ed  in  th e  c e l l  w ith o u t contam inanting th e  c e l l  

windows. S p e c ia l  c a r e  was tak en  in  making th e  in d e n ta t io n s  to  ensure  

th a t  th e  c e l l  windows were s t i l l  p a r a l le l  to  each o th er  and th a t  th e  c e l l  

p a th len g th  w as n o t  changed. The h e ig h ts  o f  th e  in d e n ta t io n s  w ere a ls o  

c a r e f u l ly  c o n t r o l le d  so  th a t  th ey  would n o t i n t e r f e r e  w ith  p assage  o f  

th e  l i g h t  beam.

The p r e c is e  c o n tr o l  o f  c e l l  tem perature was im portant f o r  the  

experim ent s in c e  even  s l i g h t  tem perature f lu c t u a t io n s  in  th e  phenol 

s o lu t io n  (o r  s o l i d )  in  th e  c e l l  would s i g n i f i c a n t l y  change th e  vapor  

p r e ssu re  o f  t h e  sam p le. In t h i s  work a  tem p era tu re -reg u la ted  c e l l  h o ld er  

was used  to  c o n tr o l  th e  c e l l  tem perature during th e  s p e c tr a l  m easurem ents. 

The tem peratu re o f  th e  c e l l  h o ld e r  was c o n tr o l le d  by c ir c u la t in g  w ater  

from an a u x i l ia r y  th erm o sta tted  c ir c u la to r  (Lauda/Brinkman c ir c u la t o r ,  

model K -2 /R ), w ith  w hich  th e  tem perature can b e  a d ju sted  from  _-iP°C to  

+150° C. The \tem perature o f  c ir c u la t in g  w ater  was c o n tr o l le d  to  w ith in  

0 .0 3 °  C in  th e  exp er im en ta l tem perature ra n g e . The tem perature o f  th e  

s o lu t io n  in  th e  c e l l  was c a lib r a te d  by u se  o f  a sm a ll therm ocouple probe  

(B a ile y  Instrum ent Co. #8506-75) which cou ld  be immersed in  th e  s o lu t io n .
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The tem perature was m onitored  u s in g  a d i g i t a l  therm om eter (B a ile y  In s tr u ­

m ent I n c . Model BAT-8), which in d ic a t e s  tem p eratu res to  0 .1 ° C . Through­

o u t  th e  e n t ir e  exp erim en t, i t  was ob served  th a t  th e  d i f f e r e n c e  in  temper­

a tu r e  between th e  c ir c u la t in g  w ater and th e  c e l l  was 0 .1°C  o r  l e s s .  From 

th e  experim en tal d a ta , i t  appears th a t  th e  tem perature o f  a s o lu t io n  (or  

s o l i d )  in  the c e l l  was c o n tr o l le d  to  w ith in  0 .1 ° C . In  c a s e  o f  experim en­

t a l  tem peratures h ig h e r  than room tem perature an a d d it io n a l  d e v ic e  was 

u sed  to  p revent th e  co n d en sa tio n  o f  vapor on th e  c e l l  w indow s, w hich would 

ca u se  e r r a t ic  absorbance r e a d in g s . A nichrom e h e a t in g  w ir e ,  c o n tr o lle d  by  

a  powers t a t ,  was a tta c h e d  to  th e  c e l l  windows to  warm them a  few d egrees  

above th e  experim en tal tem p eratu re . The e f f e c t  o f  warming up c e l l  windows 

on th e  tem perature o f  s o lu t io n s  (or  s o l i d s )  in  th e  c e l l  was a lm ost n e g l i ­

g i b l e  excep t fo r  th e  2 cm c e l l .

E xperim ental P roced ures

Phenol s o lu t io n s  up to  about 1 M w ere made up g r a v im e tr ic a l ly  in  

b o th  carbon t e t r a c h lo r id e  and c y c lo h ex a n e . A s to c k  s o lu t io n  was f i r s t  

prepared  by d is s o lv in g  th e  w eighed phenol in  th e  s o lv e n t  in  a  vo lu m etr ic  

f l a s k  h e ld  in  a w ater  b ath  a t  20°C and d i lu t in g  th e  s o lu t io n  to th e  mark 

on th e  f la s k .  Then a l iq u o t s  o f  th e  s to c k  s o lu t io n  were added to  w eighed  

volum es o f  s o lv e n ts  in  v o lu m e tr ic  f l a s k s .  The e x a c t  c o n c e n tr a t io n  o f  

each  s o lu t io n  was c a lc u la te d  from th e  known c o n c e n tr a t io n  o f  th e  s to c k  

s o lu t io n  and th e  w e ig h ts  and d e n s i t i e s  o f  th e  s o lv e n t  and s to c k  s o lu t io n .

A l l  s o lu t io n s  w ere s to r e d  in  th e  dark and s e a le d  w ith  p a r a film  to  p reven t  

p o s s ib le  decom p osition  and ev a p o r a tio n . In  ord er  to  reduce th e  p r o b a b il­

i t y  o f  d is s o lu t io n  o f  t r a c e s  o f  w ater  from th e  a i r  in to  s o lu t i o n ,  p a r t ic u la r
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ca re  was taken in  th e  p rep aration  o f  the s o lu t i o n s . A l l  s o lu t io n  concen­

t r a t io n s  a r e  rep orted  a s  m o la r ity  (M).

B ecause th e  Beer-Lam bert law i s  n o t fo llo w e d  by p h en o l vapor e x cep t  

a t  very  s m a ll s p e c tr a l  s l i t - w id t h s ,  th e  r e la t io n  between c o n c e n tr a t io n  (or  

vapor p r e ssu r e )  and vapor absorbance has to b e  determ ined by an e m p ir ic a l  

m ethod. G e n e r a lly , th ere  are  two reason s fo r  d e v ia t io n s  from th e  B eer-  

Lambert law ; one i s  r e la te d  to  m olecu lar p r o p e r t ie s  o f  th e  su b sta n c es  

in v e s t ig a t e d ,  th e  o th e r  a r is e s  b ecau se  o f  in stru m en ta l l i m i t a t io n s .  In  

t h is  work, th e  phenol vapor undergoing UV measurements h a s a  p ressu re  

l e s s  than 1 to r r  over  th e  exp erim en ta l tem perature ran ge . I t  i s  u n lik e ly ^ ^  

th a t  s i g n i f i c a n t  q u a n t i t ie s  o f  a s s o c ia te d  phenol are p r e se n t  in  th e  

vapor phase under such  c ir c u m sta n c e s . Thus, d e v ia t io n s  from  th e  B eer -  

Lambert law  due to chem ical changes o f  phenol vapor can probab ly  be  

r u le d  o u t . The reason  fo r  such  d e v ia t io n  can be a t tr ib u te d  to  th e  l im i ­

t a t io n s  o f  th e  s p e c tr a l  in strum ent u sed . S t r i c t l y  sp e a k in g , th e  B e e r -  

Lambert law  shou ld  h o ld  r ig o r o u s ly  o n ly  fo r  t r u ly  m onochrom atic r a d ia ­

t io n .  Such c o n d it io n s  are  n ot r e a l iz a b le  b ecau se  o f  th e  f i n i t e  s l i t  

w idth  o f  th e  monochromators, which i s  n e c e ssa r y  fo r  in str u m e n ta l r e a so n s . 

However, i t  i s  p o s s ib le  to  determ ine e m p ir ic a l ly  th e  a c tu a l  r e la t io n ­

sh ip  betw een th e  absorbance and th e  c o n c e n tr a t io n  fo r  any p a r t ic u la r  

s e t  o f  in stru m en t c o n d it io n s .  Such a c a l ib r a t io n  curve sh o u ld  be s u i t ­

a b le  fo r  u se  in  q u a n t ita t iv e  s p e c tr a l  a n a ly s i s ,  provided  th e  c o n d it io n s  

o f  a n a ly s is  once s e le c t e d  are k ep t c o n s ta n t . In t h is  work, th e  vapor  

o f  pure s o l i d  phenol was used to  o b ta in  a  standard  cu rve « An optimum 

s l i t  w idth  o f  0 .2  mm, which i s  equal to  s p e c tr a l  s l i t  w id th s  o f  0 .5 4  nm 

a t  275 nm, 0 .4 8  nm a t  268 nm, and 0 .4 6  nm a t  262 nm, was m ain ta in ed
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throughout the w hole work s o  th a t  a  r e l i a b l e  absorbance c o u ld  be read  

even a t  low  vapor p r e s su r e , w ith  in stru m en t n o is e  a t  a  low  l e v e l .

A lthough a sm a lle r  s l i t  w id th  In c r e a se s  th e  a b s o r p t iv i ty  o f  phenol vapor, 

i t  a lso  In c r e a se s  th e  in stru m en t n o i s e .  A good standard  cu rve may be  

ob ta in ed  p rovid ed  th a t  c o n c e n tr a t io n s  (o r  vapor p r e ssu r e s )  and absorbances  

can be m easured w ith  h ig h  p r e c is io n  throughout th e  w hole c o n c e n tr a t io n  

(or  vapor p r e ssu r e )  ra n g e . B ecause th e  vapor p r e ssu re  o f  s o l i d  phenol 

i s  sm a ll, i t  i s  d i f f i c u l t  to  determ ine i t  w ith  h ig h  accu racy  a t  ambient 

tem p eratu res. Furtherm ore, th e  p r e c is e  r e la t io n  betw een vapor p ressu re  

and tem perature and th e  e x a c t  c e l l  tem perature have to  b e  known. However, 

what we a r e  in t e r e s t e d  in  i n  t h i s  work i s  th e  a c t i v i t y  d a ta , i . e . ,  th e  

r a t io  o f  vapor p r e ssu re  o f  phenol s o lu t io n  to  th a t  o f  s o l i d  phenol a t  th e  

same tem p eratu re. T h er e fo re , i f  a  v a r ia b le  p a th len g th  c e l l  (1 cm -  20 cm) 

or a s e t  o f  c e l l s  w ith  p a th le n g th  from 1 cm to  20 cm ( th e  m ore, th e  b e t te r )  

were a v a i la b le ,  th e  dependence o f  th e  vapor absorbance o f  s o l i d  phenol 

on th e  c e l l  p a th len g th  c o u ld  be determ ined a c c u r a te ly  a t  each  tem perature, 

and know ledge o f  th e  r e la t io n  betw een th e  vapor p r e ssu r e  o f  s o l i d  phenol 

and tem perature would be u n n ec e ssa ry . Thus a c t i v i t y  co u ld  b e  exp ressed  

in  term s o f  th e  r a t io  o f  c e l l  p a th le n g th s  w ith  h ig h  a c c u r a cy . U nfortun­

a t e l y ,  o n ly  a s e t  o f  c e l l s  w ith  p a th le n g th s  o f  2 cm, 5 cm, and 10 cm were 

a v a i la b le  in  th e  p r e se n t  s tu d y . There i s  no way to  f i t  a curve (vapor  

absorbance v s .  c e l l  p a th le n g th ) p r e c is e ly  w ith  o n ly  th r ee  p o in t s .  There­

f o r e ,  i t  h a s been n e c e ss a r y  to m easure th e  vapor absorbance o f  s o l i d  phenol 

w ith  th e se  th r ee  c e l l s  a t  s e v e r a l  tem peratu res in  order to  o b ta in  enough 

p o in ts  fo r  f i t t i n g .  T h is c a l ib r a t io n  r e q u ir e s  know ledge o f  th e  v a r ia t io n  

o f  vapor p r e ssu r e  w ith  tem p era tu re . The d e t a i l e d  data trea tm en t w i l l
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be d is c u s s e d  In  th e  n e x t ch a p te r .

The th r ee  in t e n s e  peaks o f  phenol vapor a t  about 2 7 5 .1  nm, 268 .2  nm, 

and 2 6 2 .6  nm were chosen  fo r  absorbance m easurem ents. In  ord er to  check on 

th e  p o s s ib le  co n d en sa tio n  o f  phenol vapor o r  s o lv e n t  vapor on th e  c e l l  

windows, th e  absorbance data  a t  360 nm, 320 nm, 300 nm, and 290 nm were 

a ls o  tak en  a lon g  w ith  d a ta  a t  th e  th r e e  p eak s. Any fo g g in g  o f  th e  c e l l  

windows co u ld  be d e te c te d  by o b se r v a tio n  o f  abnorm ally h ig h  absorbances a t  

th e se  w a v e le n g th s . B ecause th e  phenol vapor absorbance peaks a re  so  sharp, 

i t  was n e c e ssa r y  to  move th e  w avelength  c o n tr o l knob s l i g h t l y  in  th e  v ic in ­

i t y  o f  th e  peaks d u rin g  absorbance measurements u n t i l  a  maximum absorbance  

was o b ta in e d . A sm a ll w avelength  change (about 0 .5  to  1 nm) was observed  

fo r  th e  maximum absorbance peaks when th e  in stru m en t was in  o p e r a tio n  for  

a lo n g  p e r io d  o f  t im e . T his i s  probably due to  a s l i g h t  tem perature  

change in  th e  mono chrom ator. A l l  absorbances w ere determ ined p o in t  by 

p o in t  a t  th e  th r e e  peaks fo r  both  th e  s o lu t io n s  and s o l i d  p h en o l.

In  p r a c t ic a l  o p e r a t io n , th e  absorbance o f  a  c le a n  empty c e l l  v s .  

a i r  was determ ined  a t  w avelen g th s o f  275 .1  nm, 268 .2  nm, and 2 6 2 .6  nm as 

w e l l  a s  a t  w a v e len g th s o f  360 nm, 320 nm, 300 nm, and 290 nm. Then a sm all 

c r y s t a l  o f  p u r i f ie d  s o l i d  phenol was p la ced  in  th e  bottom  o f  th e  c e l l .

The c e l l  was sto p p ered  w ith  a s p e c ia l  u n it  (F ig u re  lb ) and evacu ated  to 

a c c e le r a t e  th e  e q u ilib r iu m  betw een s o l id  and vapor and to  p rev en t fo g g in g . 

Then th e  c e l l  was p o s it io n e d  in  th e  tem p era tu re -reg u la ted  c e l l  h o ld e r  

and a p e r io d  o f  30 -  40 m inutes was a llow ed  f o r  e q u ilib r iu m  to  b e  a t ta in e d . 

The vapor absorbance o f  s o l i d  phenol was o b ta in ed  by s u b tr a c t in g  th e  

absorbance o f  th e  empty c e l l  from th e  absorbance o f  th e  c e l l  w ith  

p h en o l. I t  was ob serv ed  th a t  th e  vapor absorbance o f  s o l i d  phenol a t
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360 nm was o n ly  on th e  ord er o f  0 .0 0 1  and was l e s s  than 0 .0 1  a t  290 nm 

when th e  c e l l  windows w ere n o t  contam inated by co n d en sa tio n  o f  th e  phenol 

v a p o r . The e x a c t  tem peratu re o f  phenol in  th e  c e l l  was m onitored  by a 

therm ocouple probe a s  p r e v io u s ly  d escrib ed .

The p roced u res fo r  m easuring th e  absorbance o f  phenol vapor above 

th e  s o lu t io n s  w ere s im i la r  to  th o se  fo r  s o l id  p h e n o l, e x c e p t  f o r  evacua­

t io n  o f  th e  c e l l .  The s p e c ia l  10 cm c e l l  shown in  F igu re  la  was u sed . 

A fte r  th e  absorbance o f  th e  empty c e l l  had b een  m easured, e x a c t ly  1 ml 

o f  p h en o l s o lu t io n  was d e l iv e r e d  w ith  a 1 ml p ip e t t e  in to  th e  c e l l  p o s i ­

t io n e d  in  th e  te m p e r a tu re -re g u la ted  c e l l  h o ld e r . Then th e  c e l l  was s to p ­

pered  in  th e  u su a l w ay. A p e r io d  o f  20 m inutes was a llo w ed  f o r  e q u i l ib ­

rium to  b e  e s t a b l i s h e d  b e fo r e  absorbance data was ta k e n . In  o rd er  to  

c o r r e c t  fo r  th e  vapor absorbance o f  so lv en t above th e  s o lu t io n ,  th e  vapor  

absorbance o f  pure s o lv e n t  a t  each  experim ental tem perature was a l s o  meas­

ured in  th e  same way a s  f o r  th e  s o lu t io n s .  The absorbance o f  p h en ol vapor  

was o b ta in e d  by  s u b tr a c t in g  th e  vapor absorbance o f  pure s o lv e n t  a t  th e  

same tem perature and th e  absorbance o f  the empty c e l l  from th e  vapor  

absorbance above th e  s o lu t io n .  Here th e  reason ab le  assum p tion  was made 

th a t  th e  absorbance due to  th e  s o lv e n t  vapor above phenol s o lu t io n  i s  

eq u a l to  th a t  o f  pure s o lv e n t .  The vapor absorbance o f  pure cyc loh exan e  

a t  t h e  th r e e  peaks was e s tim a te d  to  be about 0 .0 0 4  a t  3 7 .7 °C , w hereas 

th e  vapor ab sorb an ces o f  pure carbon te tr a c h lo r id e  a t  37 .8°C  w ere about 

0 .0 0 3 ,  0 .0 0 5 , and 0 .0 0 7  a t  2 7 5 .1  nm, 268.2 nm, and 2 6 2 .6  nm, r e s p e c t iv e ly .  

At low er  tem p eratu res th e s e  absorbances d ecrease  s u b s t a n t ia l ly .

In  o rd er  to  compare d i r e c t ly  th e se  r e s u l t s  o f  th e  n ea r -IR  data  o f  

W hetsel and Lady, t h i s  work was perform ed over  tem perature and concen­
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t r a t io n  ranges s im i la r  to  th o s e  o f  th e  n ear-IR  s tu d y . The absorbance  

measurements w ere made a t  1 1 .8 5 , 2 0 .7 ,  2 9 .1 ,  and 37.8°C  f o r  carbon t e t r a ­

c h lo r id e  s o lu t io n s  and a t  1 3 .3 ,  2 2 .2 ,  3 2 .2 ,  and 37.7°C  fo r  cycloh exan e  

s o lu t io n s .  The vapor absorbance data fo r  s o l i d  phenol a t  v a r io u s  temper­

a tu res  and a t  th r e e  w a v e len g th s  a r e  rep o r ted  in  T ables 1 to  3 ,  w h ile  th e  

absorbances o f  p henol vapor above th e  s o lu t io n s  are  g iv e n  in  T ab les 4 to  

11, a lon g  w ith  th e  d e r iv e d  a c t i v i t y  d a ta .
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TABLE 1

VAPOR ABSORBANCE DATA FOR SOLID PHENOL AT 275 .1  nm AT VARIOUS 

TEMPERATURES IN 10 cm, 5 cm, AND 2 cm CELLS

Temperature (°C) Absorbance

10 cm 5 cm 2 cm

3 7 .9  .9120  .5390

3 5 .0  .7520  . -

3 2 .2  .6370  .3770  .1800

2 9 .5  .5375  .31 8 0  .1470

2 2 .2  .3315  .1910  .0840

2 1 .6 5  .3180  .1840  .0810

2 0 .7  .2975  .1680  .0765

1 8 .4  .25 3 0  .1420  .0625

1 6 .2  .2130  .1185  .0515

1 3 .3  .1700  .0945  .0400

1 1 .8 5  .1510  .0830  .0350
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TABLE 2

VAPOR ABSORBANCE DATA FOR SOLID PHENOL AT 2 6 8 .2  nm AT VARIOUS 

TEMPERATURES IN 10 cm, 5 cm and 2 cm CELLS

Temperature (°C) Absorbance

10 cm 5 cm 2 cm

3 7 .9  1 .0100  .5520

3 5 .0  .8165

3 2 .2  .6710 .3680  .1575

2 9 .5  .5545 .3020  .1270

2 2 .2  .3140 .1665 .0680

21 .6 5  .3025 .1600  .0670

2 0 .7  .2770 .1450  .0615

18 .4  .2310 .1190  .0505

16 .2  .1880 .0975 .0400

13 .3  .1460 .0765 .0310

11.85  .1270 .0660  .0270
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lABLE 3

VAPOR ABSORBANCE DATA FOR SOLID PHENOL AT 2 6 2 .6  nm AT VARIOUS 

TEMPERATURES IN 10 cm, 5 cm, AMD 2 cm CELLS

Temperature (°C) Absorbance

10 cm 5 cm 2 cm

37.9V .7240  .3775

3 5 .0  .5720

32 .2  .4610  .2455 .1015

29 .5  .3760  .2000 .0875

2 2 .2  .2050  .1040 .0410

21 .6 5  .1965 .1035 .0405

2 0 .7  .1820  .0925 .0360

18 .4  .1485 .0745 .0315

16 .2  .1195 .0610 .0250

13 .3  .0930  .0475 .0200

11 .85  .0810 .0410 -0170
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TABLE 4

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL IN CARBON 

TETRACHLORIDE SOLUTIONS AI 37 .8°C  AT THREE PEAKS

Formal Con­ 275. 1 nm 268. 2 nm 2 6 2 . 6 nm Averaged a*

c e n tr a t io n  (M) A a A a A a 2X 3X

1 .02413 .5650 .5312 .5680 .5139 .3870 .5143 .5141 .5198

.85347 .5390 .4983 .5390 .4834 .3660 .4839 .4839 .4886

.73151 .5195 .4741 .5165 .4600 .3525 .4644 .4622 .4662

.64008 .5030 .4539 .4960 .4388 .3360 .4406 .4397 .4444

.56892 .4890 .4369 .4830 .4255 .3255 .4256 .4256 .4294

.51206 .4785 .4243 .4700 .4122 .3160 .4121 .4121 .4161

.45521 .4580 .4001 .4500 .3921 .3025 .3929 .3925 .3950

.38405 .4400 .3792 .4360 .3780 .2860 .3696 .3738 .3756

.34141 .4155 .3514 .3985 .3410 .2665 .3423 .3417 .3449

.29262 .3930 .3264 .3745 .3176 .2510 .3207 .3192 .3216

.23661 .3610 .2918 .3395 .2842 .2260 .2863 .2853 .2874

.17082 .3075 .2369 .2820 .2307 .1860 .2323 .2315 .2333

.13389 .2645 .1954 .2390 .1920 .1575 .1945 .1933 .1940

.09319 .2100 .1465 .1835 .1439 .1195 .1453 .1446 .1452

.06695 .1640 .1085 .14 0 5 .1080 .0920 .1105 .1093 .1090

.05951 .1500 .0975 .1270 .0970 .0820 .0981 .0975 .0975

.05021 .1290 .0817 .1075 .0813 .0700 .0832 .0823 .0821

.04463 .1175 .0733 .0970 .0730 .0630 .0747 .0738 .0737

.03825 .1030 .0630 .0845 .0632 .0550 .0649 .0641 .0637

.03090 .0860 .0514 .0690 .0512 .0440 .0517 .0514 .0514

.02232 .0640 .0371 .0510 .0375 - - .0375 .0373

.01217 .0355 .0197 .0280 .0203 .0175 .0202 .0203 .0201

.02736 .0750 .0441 .0600 .0443 .0390 .0457 .0450 .0447

.01785 .0510 .0290 .0400 .0292 .0250 .0291 .0291 .0291

* In  T ab les 4 to  11 a c t i v i t y  data  (a ) have b een  averaged  f o r  th e  data  
a t  w ave len g th s (2 6 8 .2  nm and 2 6 2 .6  m) and a t  a l l  th r e e  w avelen gth s  
( s e e  page 45)
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TABLE 5

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL IN CARBON 

TETRACHLORIDE SOLUTIONS AT 2 9 .1 °C ‘AT THREE PEAKS

Formal Con­ 275 .1  nm 268. 2 nm 262 . 6 nm Averaged a

c e n tr a t io n (M) A a A a A a 2X 3X

1.02819 .3510 .5877 .3330 .5808 .2200 .5811 .5810 .5833

.85686 .3390 .5616 .3190 .5538 .2100 .5527 .5533 .5560

.73441 .3250 .5316 .3050 .5262 .2010 .5273 .5268 .5284

.64262 .3195 .5200 .2970 .5107 .1960 .5132 .5120 .5147

.57117 .3140 .5085 .2910 .4992 .1910 .4992 .4992 .5023

.51410 .3025 .4846 .2790 .4763 .1825 .4755 .4759 .4788

.45702 .2895 .45 8 0 .2660 .4516 .1740 .4519 .4517 .4538

.38557 .2750 .4290 .2510 .4235 .1640 .4242 .4239 .4256

.34276 .2660 .4112 .2420 .4067 .1575 .4064 .4065 .4081

.29378 .2530 .38 6 0 .2290 .3827 .1490 .3831 .3829 .3839

.23731 .2325 .3472 .2070 .3427 .1350 .3465 .3446 .3455

.17150 .2000 .2882 .1740 .2838 .1125 .2849 .2843 .2856

.13443 .1745 .2441 .1495 .2410 .0965 .2427 .2418 .2426

.09356 .1395 .1870 .1180 .1874 .0755 .1881 .1877 .1875

.06721 .1085 .1397 .0900 .1409 .0570 .1407 .1408 .1404

.05975 .1000 .1273 .0830 .1295 .0530 .1306 .1301 .1291

.05041 .0870 .1088 .0710 .1101 .0450 .1105 .1103 .1098

.04480 .0785 .0970 .0640 .0989 .0410 .1005 .0997 .0988

.03840 .0690 .0841 .0560 .0862 .0350 .0855 .0859 .0853

.03102 .0565 .0676 .0450 .0689 .0285 .0694 .0691 .0686

.02241 .0440 .0517 .0350 .0533 .0215 .0522 .0527 .0524

.01222 .0245 .0279 .0190 .0287 .0120 .0290 .0288 .0285
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TABLE 6

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL IN CARBON 

TETRACHLORIDE SOLUTIONS AT 20.7°C  AT THREE PEAKS

Formal Con­ 275 .1  nm 268..2 nm 2 6 2 . 6 nm Averaged a

c e n tr a t io n  (M) A a A a A a 2X 3X

1.03327 .2145 .6673 .1895 .6612 .1220 .6590 .6601 .6525

.86109 .2065 .6368 .1810 .6291 .1165 .6279 .6285 .6312

.73804 .2000 .6123 .1755 .6085 .1125 .6053 .6069 .6087

.64580 .1955 .5954 .1695 .5861 .1085 .5827 .5844 .5881

.57399 .1905 .5769 .1660 .5730 .1060 .5689 .5708 .5728

.51664 .1850 .5585 .1600 .5508 .1030 .5518 .5513 .5537

.45928 .1790 .5349 .1550 .5323 .0995 .5323 .5323 .5331

.38748 .1725 .5115 .1485 .5084 .0945 .5044 .5064 .5081

.34446 .1675 .4938 .1430 .4883 .0920 .4905 .4894 .4909

.29524 .1590 .4639 .1355 .4610 .0865 .4600 .4605 .4616

.23849 .1490 .4295 .1260 .4268 .0800 .4242 .4255 .4268

.17218 .1270 .3560 .1055 .3538 .0675 .3559 .3548 .3552

.13496 .1115 .3063 .0920 .3064 .0585 .3071 .3068 .3066

.09393 .0915 .2446 .0745 .2459 .0470 .2454 .2456 .2453

.06754 .0715 .1858 .0575 .1881 .0370 .1922 .1902 .1887

.06004 .0660 .1702 .0530 .1730 .0330 .1711 .1721 .1714

.05066 .0570 .1451 .0455 .1479 .0285 .1474 .1477 .1468

.04503 .0520 .1313 .0415 .1347 .0260 .1343 .1345 .1334

.03859 .0455 .1138 .0360 .1165 .0225 .1160 .1163 .1155

.03117 .0380 .0940 .0295 .0950 .0190 .0978 .0964 .0956

.02252 .0285 .0694 .0220 .0706 .0130 .0667 .0686 .0689

.01228 .0155 .0370 .0115 .0367 .0070 .0358 .0363 .0365
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TABLE 7

VAPOR ABSORBANCE AND DERIVED ACTIVITY • DATA FOR PHENOL IN CARBON

TETRACHLORIDE SOLUTIONS AT 11 .85°C AT THREE PEAKS

)rmal Con- 275. 1 nm 2 6 8 .2 nm 262 . 6 nm Averaged a

in tr a t io n  (M) A a A a A a 2X 3X

,0414 .1195 .7707 .0990 .7687 .0630 .7700 .7694 .7698

,86787 .1165 .7484 .0955 .7403 .0600 .7323 .7363 .7403

,74384 .1135 .7263 .0935 .7240 .0585 .7135 .7187 .7213

,65088 .1095 .6970 .0900 .6957 .0565 .6884 .6921 .6937

,57851 .1070 .6788 .0880 .6795 .0550 .6697 .6746 .6760

,52070 .1050 .6643 .0855 .6594 .0540 .6572 .6583 .6603

,46287 .1020 .6427 .0830 .6393 .0530 .6447 .6420 .6422

,39053 .0975 .6106 .0795 .6113 .0495 .6011 .6062 .6077

,347)7 .0950 .5929 .0 7 7 0 . .5913 .0480 .5825 .5869 .5889

,29756 .0910 .5648 .0730 .5594 .0460 .5577 .5585 .5606

,24036 .0855 .5266 .0690 .5277 .0430 .5205 .5241 .5249

,17353 .0735 .4451 .0585 .4449 .0360 .4343 .4396 .4414

,13602 .0650 .3888 .0510 .3864 .0320 .3853 .3858 .3868

09467 .0535 .3146 .0420 .3167 .0265 .3182 .3174 .3165

06801 .0430 .2489 .0335 .2514 .0210 .2514 .2514 .2506

,06045 .0395 .2274 .0305 .2286 .0195 .2333 .2310 .2298

,05100 .0350 .2001 .0270 .2020 .0170 .2031 .2026 .2017

,04534 .0320 .1821 .0245 .1830 .0155 .1851 .1841 .1834

,03886 .0290 .1643 .0220 .1641 .0140 .1670 .1656 .1651

,03139 .0235 .1320 .0185 .1377 .0120 .1430 .1404 .1376

,02267 .0165 .0916 .0125 .0928 .0080 .0940 .0940 .0932



-32-

TABLE 8

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL 

IN CYCLOHEXANE SOLUTIONS AT 37.7°C  AT THREE PEAKS

'ormal Con­ 2 7 5 . 1 nm 268. 2 nm 262. 6 nm Averaged a

cen tra tion  (M) A a A a A a 2 X 3 X

,92258 .7740 .8221 .8180 .7964 .5680 .7884 .7924 .8023

.80690 .7525 .7911 .7960 .7711 .5550 .7689 .7700 .7770

.73313 .7435 .7776 .7820 .7551 .5445 .7532 .7541 .7620

.66187 .7335 .7641 .7670 .7380 .5345 .7382 .7381 .7468

.58882 .7225 .7485 .7570 .7267 .5280 .7284 .7275 .7345

.51569 .7045 .7232 .7350 .7018 .5090 .6999 .7008 .7083

.46175 .6920 .7058 .7190 .6838 .5005 .6872 .6855 .6923

.40346 .6765 .6843 .7015 .6642 .4845 .6632 .6637 .6706

.36694 .6640 .6672 .6870 .6480 .4735 .6468 .6474 .6540

.33127 .6500 .6481 .6720 .6313 .4630 .6311 .6312 .6368

.29501 .6330 .6251 .6510 .6082 .4480 .6088 .6085 .6140

.25810 .6115 .5964 .6230 .5775 .4275 .5784 .5779 .5841

.22100 .5900 .5680 .5995 .5520 .4090 .5510 .5515 .5570

.18430 .5575 .5259 .5625 .5123 .3835 .5135 .5129 .5172

.16657 .5375 .5005 .5400 .4885 .3685 .4915 .4900 .4935

.14752 .5170 .4749 .5160 .4632 .3495 .4639 .4635 . .4673

.12983 .4940 .4466 .4885 .4347 .3305 .4363 .4355 .4392

.11090 .4580 .4034 .4480 .3933 .3015 .3947 .3940 .3971

.09243 .4210 .3605 .4075 .3527 .2720 .3529 .3528 .3554

.07430 .3720 .3061 .3535 .2992 .2340 .2998 .2995 .3017

.05556 .3105 .2419 .2870 .2372 .1905 .2403 .2387 .2398

.03682 .2320 .1671 .2065 .1649 .1355 .1672 .1661 .1664

.01834 .1315 .0842 .1110 .0848 .0720 .0864 .0856 .0851

.04607 .2770 .2089 .2510 .2044 .1660 .2074 .2059 .2069

.02764 .1870 .1281 .1630 .1276 .1060 .1296 .1284 .1283

.01229 .0935 .0569 .0765 .0574 .04 9 0 .0582 .0578 .0575

.00670 .0540 .0311 .0440 .0325 .0280 .0329 .0327 .0322

.00351 .0285 .0158 .0220 .0160 .0140 .0163 .0162 .0161
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TABLE 9

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL 

IN CYCLOHEXANE SOLUTIONS AT 32 .2°C  AT IHREE PEAKS

annal Con- 275 .1  am 268 .2  nm 262 .6  nm Averaged a

t r a t io n  (M) A a A a A a 2X 3X

.92631 .5890 .8986 .6010 .8779 .4090 .8737 .8758 .8834

.80935 .5750 .8697 .5870 .8540 .3990 .8504 .8522 .8580

.66455 .5555 .8300 .5610 .8099 .3825 .8119 .8109 .8173

.59120 .5495 .8178 .5555 .8006 .3765 .7980 .7993 .8055

.51725 .5375 .7937 .5420 .7779 .3670 .7759 .7769 .7825

.46315 .5280 .7748 .5290 .7562 .3580 .7551 .7557 .7620

.73610 .5680 .8554 .5765 .8361 .3930 .8364 .8363 .8426

.40468 .5110 .7413 .5125 .7288 .3460 .7275 .7281 .7325

.36805 .5025 .7247 .5030 .7131 .3395 .7126 .7128 .7168

.33261 .4950 .7101 .4930 .6967 .3330 .6976 .6972 .7015

.29590 .4850 .6909 .4825 .6795 .3240 .6771 .6783 .6825

.25889 .4680 .6585 .4615 .6454 .3105 .6463 .6458 .6501

.22167 .4535 .6313 .4455 .6193 .2980 .6180 .6186 .6229

.18486 .4295 .5871 .4195 .5782 .2810 .5797 .5790 .5817

.16707 .4180 .5663 .4045 .5546 .2705 .5562 .5554 .5590

.14796 .4000 .5342 .3865 .5264 .2565 .5250 .5257 .5285

.13008 .3860 .5096 .3690 .4994 .2450 .4996 .4995 .5029

.11123 .3620 .4683 .3420 .4581 .2265 .4589 .4585 .4618

.09271 .3330 .4199 .3115 .4123 .2050 .4122 .4122 .4148

.07445 .2990 .3653 .2750 .3587 .1805 .3596 .3592 .3612

.05573 .2500 .2910 .2255 .2880 .1470 .2890 .2885 .2893

.03693 .1870 .2032 .1625 .2017 .1050 .2028 .2023 .2026

.01839 .1070 .1052 .089 .1066 .0575 .1087 .1076 .1068

.04621 .2205 .2487 .1965 .2478 .1265 .2466 .2472 .2474

.02773 .1510 .1572 .1285 .1570 .0820 .1568 .1569 .1570

.01232 .0745 .0701 .0605 .0714 .0385 .0721 .0718 .0712

.00672 .0425 ,0381 .0340 .0396 .0215 .0399 .0398 .0392

.00352 .0230 .02 0 0 .0185 .0213 .0115 .0212 .0213 .0209
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TABLE 10

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL 

IN CYCLOHEXANE SOLUTIONS AT 22.2°C  AT THREE PEAKS

Formal Con­ 275. 1 nm 2 6 8 . 2 nm 262. 6 nm Averaged a

c e n tr a t io n  (M) A a A a A a 2%. 3X

.81264 .3290 .9999 .3085 .9866 .2020 .9814 .9840 .9893

.73909 .3240 .9803 .3040 .9705 .1990 .9658 .9681 .9722

.66725 .3185 .9588 .2980 .9491 .1950 .9450 .9470 .9510

.59360 .3135 .9394 ,2920 .9277 .1910 .9242 .9259 .9304

.51988 .3100 .9259 .2890 .9170 .1885 .9112 .9141 .9180

.46551 .3025 .8971 .2820 .8923 .1840 .8880 .8901 .8925

.40674 .2960 .8724 .2735 .8624 .1780 .8571 .8597 .8640

.36992 .2905 .8517 .2685 .8448 .1745 .8391 .8419 .8452

.33396 .2885 .8442 .2665 .8379 .1730 .8314 .8347 .8378

.29710 .2800 .8126 .2575 .8065 .1670 .8008 .8036 .8066

.25994 .2730 .7868 .2500 .7805 .1620 .7752 .7778 .7808

.22257 .2650 .7576 .2405 .7479 .1560 .7447 .7463 .7501

.18543 .2520 .7110 .2270 .7018 .1475 .7017 .7018 .7048

.16758 .2460 .6897 .2220 .6848 .1430 .6791 .6819 .6845

.14857 .2385 .6635 .2125 .6528 .1370 .6490 .6509 .6551

.13061 .2270 .6238 .2015 .6160 .1305 .6165 .6163 .6189

.11158 .2175 .5916 .1925 .5861 .1235 .5817 .5839 .5865

.09299 .1995 .5319 .1750 .5318 .1120 .5249 .5284 .5295

.07468 .1850 .4851 .1605 .4815 .1020 .4760 .4787 .4808

.05584 .1570 .3982 .1335 .3954 .0855 .3961 .3957 .3966

.03704 .1230 .2989 .1020 .2975 .0640 .2935 .2955 .2966

.01845 .0700 .1582 .0555 .1581 .0350 .1583 .1582 .1582

.04635 .1450 .3624 .1220 .3594 .0775 .3577 .3585 .3 5 9 8

.02781 .1000 .2357 .0825 .2383 .0515 .2348 .2366 .2363

.01236 .0490 .1074 .0385 .1087 .0245 .1079 .1083 .1080

.00674 .0280 .0594 .0215 .0602 .0135 .0604 .0603 .0600
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lABLE II

VAPOR ABSORBANCE AND DERIVED ACTIVITY DATA FOR PHENOL 

IN CYCLOHEXANE SOLUTIONS AT I3 .3°C  AT THREE PEAKS

iraa l Con- 275. 1 nm 268..2 nm 262. 6 nm Averaged a

•n tr a tio n  (m) A a A a A a 2% 3%

.29954 .1640 .9708 .1400 .9627 .0895 .9612 .9619 .9649

.26207 .1600 .9426 .1360 .9334 .0870 .9333 .9334 .9364

.22440 .1555 .9111 .1315 .9006 .0835 .8943 .8975 .9020

.18695 .1515 .8833 .1275 .8715 .0810 .8665 .8690 .8738

.16895 .1470 .8523 .1250 .8533 .0785 .8388 .8461 .8481

.14963 .1430 .8250 .1200 .8172 .0760 .8112 .8142 .8178

.13155 .1375 .7878 .1155 .7849 .0730 .7781 .7815 .7836

.11238 .1320 .7510 .1095 .7419 .0690 .7341 .7380 .7423

.09366 .1245 .7015 .1030 .6956 .0650 .6902 .6929 .6958

.07522 .1155 .6432 .0945 .6355 .0600 .6356 .6356 .6382

.05624 .1010 .5517 .0825 .5514 .0520 .5488 .5501 .5506

.03731 .0820 .4363 .0655 .4340 .0410 .4304 .4322 .4336

.01857 .0485 .2457 .0385 .2515 .0240 .2498 .2507 .2490

.04669 .0930 .5024 .0750 .4994 .0470 .4948 .4971 .4989

.02801 .0660 .3432 .0530 .3489 .0330 .3452 .3471 .3458

.01245 .0335 .1659 .0260 .1687 .0160 .1659 .1673 .1668

.00679 .0185 .0895 .0150 .0967 .0085 .0878 .0922 .0913



CHAPTER IV

DATA TREATMENT AND RESULTS

Two fundam ental assu m p tion s w ere made In d ata  trea tm en t: (1 ) Henry’s  

law  I s  obeyed by each o f  the in d iv id u a l  phenol s p e c ie s  In  s o lu t io n ;  (2) The

Id e a l g a s  law  la  obeyed by p h en ol v a p o r s . H ere, th e  a c t i v i t y  o f  phenol

s o lu t io n s  was d e fin e d  a s:

P
a -  —  (1)

P

where p° I s  th e  vapor p r e ssu r e  o f  s o l i d  phenol a t  o n e  tem p eratu re , p I s  

th e  phenol vapor p ressu re  above p h en o l s o lu t io n  a t  th e  same tem perature.

I f  th e  Beer-Lam bert law  I s  obeyed  by p h en o l v a p o r , absorbance can be 

ex p ressed  as

A » tiC  (2)

where e I s  e x t in c t io n  c o e f f i c i e n t ,  £ I s  c e l l  p a th len g th  In  cm, and C I s

th e  c o n c e n tr a t io n  o f  phenol vapor In  m o l e / l l t e r  (M ). I f  phenol vapor 

behaves a s  an Id e a l g a s , we can  w r it e

pV “ nRT

or p -  CRT (3)

From e q u a tio n  ( 1 ) ,  ( 2 ) ,  and ( 3 ) ,  a c t i v i t y  can be e x p r e sse d  In  term s of

—36—
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absorbance .

p w

•  f ... *•

(4)

where A° i s  th e  vapor absorbance o f  s o l i d  phenol a t  one tem p eratu re , A i s  

th e  vapor absorbance o f  phenol above s o lu t io n  a t  same tem perature w ith  

same c e l l  p a th le n g th . So in  th e  c a se  where th e  Beer-Lam bert law  i s  obeyed 

by ph en ol v a p o r , th e  a c t i v i t y  o f  phenol s o lu t io n s  can be d i r e c t ly  d e te r ­

mined from th e  r a t io  o f  vapor absorbances (A/A°) w ith  h igh  a cc u r a cy . As 

m entioned in  Chapter I I I ,  phenol vapor d oes n ot fo l lo w  th e  Beer-Lambert 

law  and th e  e m p ir ic a l r e la t io n  betw een absorbance and c o n c e n tr a t io n  (or  

vapor p r e ssu r e )  had to  be d eterm in ed . B e fo r e  th e  vapor absorbance d ata  

in  T ab les 1 to  3 can be t r e a te d , a  c o r r e la t io n  o f  vapor p r e ssu re  o f  s o l id  

p henol w ith  tem perature has to  b e  known. The f i r s t  low -tem perature vapor 

p r e ssu r e  m easurem ents fo r  p h en o ls  were rep o r ted  by B a lson .^ *  R e c e n tly , 

B iddiscom be and M artin^^ have m easured th e  vapor p r e ssu re s  o f  l iq u id  m- 

c r e s o l  and s o l i d  p h en o l, o-and p -  c r e s o l  in  th e  tem perature range 0-40°C  

w ith  more advanced te c h n iq u e s . The p u r ity  o f  phenol used was rep o rted  

to  be 9 9 .9 6 ± 0 .0 2  mole%. Both th e  gas s a tu r a t io n  tech n iq u e  and diaphragm  

manometer m ethods were employed fo r  vapor p r e ssu re  m easurem ents. In  th e  

gas s a tu r a t io n  p roced u re, th e  p r e ssu re  i s  c a lc u la te d  from th e  w e ig h t o f  

phenol e v a p o r a te d , assum ing th e r e  i s  no a s s o c ia t io n  in  th e  vapor p h a se .

The secon d  method d ir e c t ly  m easures th e  vapor p r e ssu r e  u s in g  a diaphragm  

manometer. Ihe exp er im en ta l d a ta  o b ta in ed  have been f i t t e d  t o  th e  A n toine



—38-

eq u ation :

P° = A -  + \ ' 7 3 ) -  (5 )

where p° ( in  to r r )  i s  the vapor p r e ssu r e  o f  pure s o l i d  phenol a t  t  C.

The two p aram eters, A and B, w ere o b ta in ed  by B iddiscom be and M artin ; 

they rep orted  th e  l e a s t  sq u ares v a lu e s  A=11.56 and B=3586, which can  be  

used to  o b ta in  c a lc u la te d  v a lu e s  o f  p^ w hich sh o u ld  b e  a ccu ra te  to  w ith in  

1 %. (T h is assum es th a t  o n ly  random e r r o r s  o f  measurement a re  p r e se n t  in

th e  rep o rted  p r e ssu r e  v a lu e s . )  The fo llo w in g  eq u a tio n  i s  proposed to  f i t  

th e  p r e s e n t  absorbance d ata  a s  a fu n c t io n  o f  p r e ssu r e  and tem perature:

2 3— - —  = oA +  8A +  yA (6)

where A i s  th e  vapor absorbance o f  s o l i d  p h en o l a t  tem perature T (K e lv in ) ,

£ i s  th e  c e l l  p a th len g th  ( in  cm ), and p° i s  th e  vapor p ressu re  o f  s o l i d  

phenol ( in  to r r )  a t  tem perature T, c a lc u la te d  from  Equation ( 5 ) .  a ,  8 , and 

Y are th e  a d ju s ta b le  param eters to  b e  found; we assume th a t  th e se  c o n s ta n ts  

do n o t change w ith  tem p eratu re . A m o d ified  w e ig h ted  l in e a r  l e a s t  sq u ares  

method proposed by C h r is t ia n , e t  a l . ,^ ^  has been  used  to o b ta in  th e s e  param­

e t e r s .  The a lg o r ith m  o f  t h i s  method i s  b r i e f l y  d e sc r ib e d  a s  fo llo w s :

In th e  l in e a r  l e a s t  sq u ares m ethod, th e  sum o f  th e  w eigh ted  squared  

r e s id u a ls  (S) n
S -  Z 

i = l
(7)

i s  m inim ized w ith  r e s p e c t  to  th e  f i t t i n g  param eters ( o , 6 , y)» H ere, th e  

r e s id u a l  f o r  th e  ^ th  p o in t  i s

^  -  oA  ̂ -  6AJ -  yA  ̂ (8)
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and the weight is

W .  =

4 °  I + “i  + + y V i
h i  1 1 i

(9)

Now eq u a tio n  (7 ) can be e x p r e sse d  as

n
S -  I  

i»l p ± £ i Aj

( 10)

In  ord inary  l e a s t  sq u ares tr e a tm e n ts , th e  v a ia t io n  o f  w ith  a ,g ,y  in  

d i f f e r e n t ia t in g  S to  o b ta in  3 S /3 d , 3 S /3 S , and 3S/3y h as been  ig n o red  and 

th e  fo llo w in g  normal e q u a tio n s  a r e  o b ta in e d :

2 3 4
% % % a

_  3 r. .4 „  5 2^ i h
% IWiAi % 6 % (11)

o „
4 5 6 , 3^1 h

ZŴ A ZŴ A, ZW_,A, Y ZW^A^-V —i  1 1 i i  i i  i

order to c a lc u la t e a , 6 ,y v a lu e s , th e m atr ix  a t  th e  l e f t  hand s id e  i s

in v e r te d  and an i t e r a t i v e  p rocedure i s  u sed  to  ob ta in - th e  b e s t  v a lu e s  o f  th e  

param eters. However, C h r is t ia n , e t  a l . ,^ ^  have argued th a t  th e  param eters  

(a ,6 ,Y )  in  th e  denom inator o f  e q u a tio n  (10) should  b e  tak en  in to  accou n t  

i n  th e  d i f f e r e n t i a t i o n  o f  S . U sing t h i s  method th e  normal e q u a tio n s  

ob ta in ed  appear a s:
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2 2 ^ 2  ZW.A,- ZWfo.  r /  1 1  1 1

™ i 4

™ i 4

™ i 4  - 4

™ i 4

™ i 4

™ i 4

rw .A *- ZW^ah R? 
11 1 1

a

B m

Y

EW,A.
p°

i l  T,

“ A
3 P l* l

(12)

The a ,B , and y v a lu e s  o b ta in ed  from  e q u a tio n  (11) a re  used  to  c a lc u la t e  th e  

R  ̂ v a lu e s  o f  eq u a tio n  ( 1 2 ) .  I t  may be n o te d  th a t  th e  o n ly  d if fe r e n c e  

betw een eq u a tio n s  (11 ) and (12) i s  in  th e  p r in c ip a l  d iagon a l term s o f  th e  

3x3 m a tr ix  on th e  l e f t  hand s id e .

In f i t t i n g  eq u a tio n  ( 6 ) ,  th e  e r r o r s  in  measured absorbances are  

assumed to  be 0 .0 0 2  fo r  a l l  p o in ts  and e r r o r s  in  th e  l e f t  hand s id e  o f  

eq u a tio n  (6 ) a r e  assumed to  be one p e r c e n t . The b e s t  l e a s t  squares  

v a lu e s  o f  a , g , y a t  th r e e  w avelen g th s o b ta in e d  u s in g  th e  method o f  C h r is t ia n ,  

e t  a l . ,  (e q u a tio n  (1 2 ))  a r e  g iv en  in  T ab le 1 2 . The r e s u l t s  o b ta in ed  u s in g  th e  

r e g u la r  l in e a r  l e a s t  squares method (e q u a tio n  (1 1 ))  are  a ls o  in c lu d ed  in  th e  

Table 12 f o r  com p arison . L i t t l e  d i f f e r e n c e  in  v a lu e s  o f  param eters and th e  

goodness o f  f i t t i n g  i s  observed  betw een two m ethods.  T h is in d ic a te s  th a t  

c o n tr ib u t io n s  a r i s in g  from th e a d d it io n a l  s u b tr a c t iv e  term s in  th e  d ia g ­

onal e lem en ts a re  n e a r ly  n e g l ig ib le  in  t h i s  c a s e .  The p lo t s  o f  absorbance  

v s .  p°&/T are  g iv e n  in  F ig u res  2 to  4 .  .C urves are c a lc u la te d  from  the p ara ­

m eters (u s in g  th e  method o f  C h r is t ia n , e t  a l . ) ;  p o in ts  a r e  exp erim en ta l 

d a ta . For c l a r i t y ,  some p o in ts  a t  low  ab sorb an ces a re  n o t  p lo t t e d .  The 

good f i t  a s  shown in  F ig u res  2 to  4 can j u s t i f y  our assum ption th a t  the  

a , 6 , and y  v a lu e s  do n o t  change w ith  tem p eratu re .

Now, th e  a c t i v i t y  (a ) o f  p h en o l s o lu t io n  may be exp ressed  a s:
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TABLE 12

r fiS L  2 3
LEAST SQUARES PARAMETER FOR -  oA + 6A +  yA

AT 2 7 5 .1  am, 268.2am , AND 2 6 2 .6  am

2
A t 275.1am; X

a = 0 .0178+ 0 .0002  
(0 .0 1 7 8 + 0 .0 0 0 2 )

6 = 0 .0299+ 0 .0012
(0 .0 2 9 9 ± 0 .0 0 1 2 ) 25.87

A t 2 6 8 .2  am:

Y = -0 .0 0 8 6 + 0 .0 0 1 4  
( -0 .0 0 8 5 i0 .0 0 1 4 )

(25.87)

a » 0 .0243+ 0 .0002  
(0 .0243+ 0 .0002 )

8 «  0 .0136± 0 .0008  12.26
(0 .0 1 3 6 ± 0 .0 0 0 8 ) (12 .27 )

Y «  -0 .0 0 3 8 1 0 .0 0 0 8  
(-0 .0 0 3 8 + 0 .0 0 0 8 )

A t 2 6 2 .6  am:

a »  0 .039110 .0003  
(0 .0 3 9 1 1 0 .0 0 0 3 )

g = 0 .0206+ 0 .0020  12.59
(0 .0 2 0 8 1 0 .0 0 2 0 ) (12 .59 )

Y -  -0 .0 1 2 2 1 0 .0 0 2 6  
( -0 .0 1 2 4 1 0 .0 0 2 6 )

N ote: V alu es l a  p a rea th ese  were o b ta in ed  u s in g  th e  con v en tio n a l l e a s t  

sq u ares method.
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F igu re 2 .  P lo t s  o f  Vapor Absorbance o f  S o lid  Phenol (A) v s . a t

275 .1  nm ( l i n e  i s  c a lc u la te d  from a , 8 , andy v a lu e s )
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1.00  —
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F igure 3 . P lo t s  o f  Vapor Absorbance o f  S o lid  P henol (A) v s .  —  a t

2 68 .2  nm ( l i n e  i s  c a lc u la te d  from a ,  6 , and y v a lu e s )
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0 .4 0
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0 .0 30.020.010.0
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P 9

F ig u re  4 . P lo ts  o f  Vapor Absorbance o f  S o lid  P henol (A) — — a t

262 .6  nm ( l i n e  i s  c a lc u la te d  from o ,  6 , and y v a lu e s ) .
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a ”
oA +  BA  ̂ +  yA^

where th e  vap or p r e s s u c e (p ° )o f  s o l i d  p h en ol i s  c a lc u la te d  d ir e c t ly  from equa­

t io n  ( 5 ) .  The d e r iv e d  a c t i v i t y  d a ta  o f  phenol s o lu t io n s  a t  th r e e  wave­

le n g th s  a t  v a r io u s  tem peratures a re  g iv e n  in  T ab les 4 to  11 . A lso  

in c lu d ed  in  T a b les  4 to  11 a r e  th e  averaged  a c t i v i t i e s  from data  

a t  th r e e  w a v e len g th s  and data  a t  two w a v e len g th s (2 6 8 .2  nm and 2 6 2 .6  

nm ). I t  i s  n o te d  th a t  th e  d e r iv e d  a c t i v i t y  d ata  a t  2 6 8 .2  nm and 2 6 2 .6  

nm are  in  good agreem ent fo r  a l l  s o lu t i o n s . The d er iv ed  a c t i v i t y  data  

a t  2 7 5 .1  nm a r e  a l s o  in  r ea so n a b le  agreem ent w ith  th o se  a t  2 6 8 .2  nm or

2 6 2 .6  nm, e x c e p t  a t  h ig h  absorbances (ab ove 0 . 5 ) ,  a t  w hich d i f f e r e n c e s  

in  d e r iv e d  a c t i v i t y  d a ta  (betw een th a t  a t  275 .1  nm and th a t  a t  2 6 8 .2  

nm o r  2 6 2 .6  nm) a r e  about 3 to  4 p e r c e n t . The averaged  a c t i v i t y  d ata  

from r e s u l t s  o b ta in e d  a t  a l l  th r e e  w avelen gth s a r e  used in  model f i t t i n g .

The changes in  phenol c o n c e n tr a t io n  due to  th e  tem perature v a r ia t io n  

and th e  e v a p o r a tio n  o f  s o lv e n t  and s o lu t e  from 1 ml s o lu t io n  sh ou ld  be  

c o r r e c te d  f o r .  The change o f  c o n c e n tr a t io n  w ith  tem perature can b e  e s t i ­

mated from th e  tem perature c o e f f i c i e n t s  o f  exp an sion  o f  th e  pure s o lv e n ts  

(1 .2 4 x 1 0   ̂ deg  ̂ fo r  001^ ,1 .1 * 1 0   ̂ deg  ̂ f o r  cyc loh exan e  ) .  In  c o r r e c t in g  

fo r  th e  amount o f  s o lv e n t  evaporated  from 1 ml s o lu t io n ,  i t  has been  

assumed th a t  th e  s o lv e n t  vapor p r e ssu re  above th e  s o lu t io n  i s  ap p roxim ately  equal

to  th e  vapor p r e s s u r e  o f  pure s o lv e n t ,  th e  v a lu e s  o f  which a t  v a r io u s

72tem peratures may b e  o b ta in ed  from th e  l i t e r a t u r e .  We fu r th e r  as stone 

th a t  s o lv e n t  vapor behaves a s  an id e a l  g a s . The w e ig h t o f  s o lv e n t s
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evaporated  from th e  s o lu t io n s  can be c a lc u la te d  from th e  volume o f  the  

c e l l  and th e  vapor p ressu re  o f  s o lv e n t  a t  a g iv e n  tem perature w ith  th e  

id e a l  gas e q u a t io n . The c o r r e c t io n  fo r  th e  evap ora tion  o f  cycloh exan e  

from 1 ml o f  s o lu t io n  a t  37.7°C  i s  about 2 .2  p ercen t and f o r  carbon t e t r a ­

c h lo r id e  a t  37.8°C  i s  about 2 .3  p e r c e n t.

The c o r r e c t io n  fo r  th e  e v a p o ra tio n  o f  s o lu t e  from 1 m l o f  s o lu t io n  

in  the c e l l  was determ ined  p o in t  by p o in t  in  th e  same way a s  fo r  th e  s o l ­

v e n t . From th e  p h en o l vapor absorbance data above th e  s o lu t io n ,  th e  vapor 

p r e ssu re  can  b e  c a lc u la te d  from eq u ation  ( 6 ) .  I t  should b e  p o in ted  out 

th a t  th e  c o r r e c t io n  f o r  s o lu te  ev a p o ra tio n  a t  low  tem peratures (13.3°C  

and 11.85°C ) i s  l e s s  than 0 .2  p e r c en t fo r  a l l  s o lu t io n s  and may be neg­

l e c t e d .  A t th e  h ig h e s t  tem perature, th e  c o r r e c t io n  f o r  s o lu t e  evap oration  

i s  no more than  0 .7  p e r c e n t . The c o n c e n tr a t io n s  o f  p h en ol s o lu t io n s  are  

a l l  c o r r e c te d  to  w ith in  0 .2  p e r c e n t. The form al co n ce n tr a tio n s  o f  phenol 

s o lu t io n s  l i s t e d  in  Table 4 to 11 have a lrea d y  been c o r r e c te d  f o r  temper­

a tu re  change and e v a p o r a tio n  o f  s o lv e n t  and s o lu t e .

A sso c ia t io n  M odels fo r  Phenol

In th e  p reced in g  s e c t io n ,  th e  assum ptions were made th a t  H enry's law  

i s  obeyed by th e  p h en o l monomer and th a t  the id e a l  gas law  i s  obeyed by 

phenol vapor; i . e . ,  th e  s e l f - a s s o c ia t i o n  o f  phenol in  th e  vapor phase i s  

n e l g i g i b l e .  H ere, we fu r th e r  assume th a t  a l l  d e v ia tio n s  from H en ry's law  

a re  a t t r ib u t a b le  to  th e  form ation  o f  s p e c i f i c  m olecu lar  com plexes by hydro­

gen  b on d in g . From th e  above assu m p tion s, a l in e a r  r e la t io n s h ip  o f  monomer 

c o n c e n tr a t io n  (C^) o f  phenol w ith  th e  a c t i v i t y  (a ) or vapor p ressu re  (p) 

o f  phenol can be e s ta b l is h e d  as fo llo w s :
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K ■ -------       (14)

where i s  a c o n sta n t r e la te d  to H enry's law c o n s ta n t , p° i s  the s o l id  

phenol vapor p r e ssu r e . In th e  l im i t  o f  very  d i lu t e  s o lu t io n s ,  on ly  mono­

mer phenol e x i s t s  in  s o lu t io n s .  So K can be ex p ressed  as

A

where i s  th e  form al c o n c e n tr a tio n  (M) o f  phenol s o lu t io n .  From equa­

t io n  ( 1 5 ) ,  Kp v a lu e s  may be ob ta in ed  from the l im it in g  s lo p e  in  p lo t t in g  

a c t i v i t y  v s .  form al co n ce n tr a tio n  a t  low  c o n c e n tr a tio n  ra n g e . I f  th e  

Kp v a lu e  i s  known, th e  monomer c o n cen tra tio n  o f  phenol in  each  s o lu t io n  

can b e  o b ta in ed  from the Kp v a lu e  and a c t i v i t y  d a ta  by eq u a tio n  (1 4 ) .

U s u a lly , H enry's law  co n sta n t i s  d e fin ed  as

\     (16)

where p i s  vapor p ressu re  o f  s o lu t e ,  X i s  th e  m ole f r a c t io n  o f  s o lu t e .  

For d i lu t e  s o lu t io n s ,  th e  r e la t io n  o f  m o la r ity  (M) w ith  m ole f r a c t io n  

may b e w r it te n  as

f . p°x 1000
lim  ----- —   -------------------- (17)

f,->- 0 X M°A-

where p° and M° are  d e n s ity  (gram/ml) and m olecu lar  w e ig h t o f  s o lv e n t s ,  

r e s p e c t iv e ly .  From eq u ation s (1 5 ) , ( 1 6 ) ,  and ( 1 7 ) ,  can be expressed
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in  terms o f  K a s  
P

1000
K = K  X p °  X ------------- X p °  (18)

 ̂ V MO

I f  v a lu e s  a t  s e v e r a l  tem peratures a re  known, th e  en th a lp y  and 

entropy changes fo r  the r e a c t io n  P(monomer in  s o lu t io n )  = P (g a s) can 

be exp ressed  a s:

 ̂ \  AH°
*  (19)

d T RT^

AH° -  AG°
AS° = — ------------------ (20)

where AG° = -  RT &n K

AH° i s  th e  m olar en th a lp y  o f  v a p o r iz a t io n  o f  monomeric phenol 

from s o lu t io n  o r , in  o th e r  w ords, th e  n e g a t iv e  o f  th e  m olar en th a lp y  o f  

tr a n s fe r  o f  monomeric (gaseou s) phenol in to  s o lv e n t  a t  i n f i n i t e  d i lu t io n .  

AH° i s  assumed to  be in v a r ia n t  over  th e  tem peratu re range in v o lv e d .

In p r in c ip l e ,  K (or  K ) v a lu e s  may be o b ta in e d  from th e  l im it in g
p  X

s lo p e  o f  a p lo t  o f  a c t i v i t y  v s .  form al c o n c e n tr a t io n  a t  low  c o n c e n tr a tio n  

range. However, a t  such low  c o n c e n tr a t io n , th e  m easured phenol vapor  

absorbances above s o lu t io n s ,  from which a c t i v i t i e s  a re  to  be o b ta in ed , 

become so  sm a ll th a t  the l im it in g  s lo p e  i s  d i f f i c u l t  to  determ ined w ith  

high  a c c u r a cy , e s p e c ia l ly  a t  low tem p eratu re . In  s p i t e  o f  t h i s  d i f f i c u l t y ,  

p lo t s  o f  a / f ^  v s .  f^  have been made fo r  th e  low  c o n c e n tr a t io n  range (F ig ­



-49-

ures (5 ) and ( 6 ) ) .  These p lo ts  show t h a t  a t  h ig h  tem perature th e  

v a lu e s  may b e  e s t im a te d  w ith  re a so n a b le  a ccu ra cy  by e x tr a p o la t in g  th e  

l im it in g  curve to  zero  c o n c e n tr a t io n . The v a lu e s  w ere estim a ted  to  

be 1 .67  M  ̂ fo r  carbon te tr a c h lo r id e  s o lu t io n  a t  37 .8°C  and 4 .7 2  M  ̂

f o r  cy c lo h ex a n e  s o lu t io n  a t  3 7 .7 °C . The stan d ard  e r r o r s  in  such  

e x tr a p o la t io n s  a r e  probably l e s s  than two p e r c e n t . Except a t  11.85°C  fo r  

carbon t e t r a c h lo r id e  s o lu t io n  and 13.3°C  fo r  c y c lo h ex a n e  s o lu t io n ,  th e  

v a lu e s  a l s o  can be e s tim a ted  a t  the o th e r  tem p era tu res  w ith  f a i r  r e -  

l i a b l i t y  from F ig u r e s  5 and 6 . A nother method fo r  o b ta in in g  i s  

to  c o n s id er  t h i s  c o n s ta n t  as an a d ju s ta b le  param eter in  m o d e l- f i t t in g .  

This procedure w i l l  be d isc u sse d  in  d e t a i l  l a t e r .

In  c o n s id e r in g  th e  ev id en ce  o f  IR s p e c tr a ,  i t  has been su g g e s te d  

th a t th e  phenol a s s o c ia t io n  m odels l im it e d  to  d im e r iz a t io n  and /or t r i -  

m e r iz a t io n  can b e  r e j e c t e d  as p h y s ic a l ly  u n r e a l i s t i c ,  even  a t  co n cen tra ­

t io n  o f  0 .2  M. But we th in k  i t  i s  in s t r u c t iv e  to  f i t  th e  a c t i v i t y  d ata  

w ith  th e  proposed m odels l im it e d  to one or  two a s s o c ia t e d  s p e c ie s  a s  w e l l  

a s  th e  more r e a l i s t i c  m odels o f  m ultim er s p e c ie s .

For the monomer-dimer m odel, we can w r ite  th e  e q u ilib r iim i a s

2 P = ?2

and e q u ilib r iu m  c o n s ta n t  (K^) a s

Co
K ,  ^  (21)

4

where i s  monomer c o n c e n tr a t io n , C2 i s  dim er c o n c e n tr a t io n . The form al 

c o n c e n tr a t io n  o f  p h en o l can be e x p r e sse d  as
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I S .0

13 .31 1 . 0

9 .0 0
8 .9 5

22.2

7 .0 0

5 .9 5
32 .2

5 .0 0
37 .7

4 .7 2

3 .0 0
ÔTT50 .0 5

F igu re  5 . P lo t s  o f  a/f^^ v s .  in  th e  Low C on cen tration  Range fo r  P henol 

in  C yclohexane S o lu t io n s  a t  3 7 .7 ,  3 2 .2 , 2 2 .2  and 13 .3°C .
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4 .0

1 1 .85

2 0 .7

2 .3 5
2 9 .1

2.0

3 7 .81 .67

0 .150 .0 5
fA

F igu re 6 . P lo t s  o f  a / f  v s .  f  in  the Low C on cen tra tio n  Range fo r  Phenol in

Carbon T e tr a ch lo r id e  S o lu tio n  a t  3 7 .8 ,  2 9 .1 ,  2 0 .7  and 11.85 G.
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+ 2:2 (22)

Combing e q u a tio n s  (21) and (2 2 ) , we f in d

(23)

However, th e  monomer c o n c e n tr a tio n  can be e stim a ted  from th e a c t i v i t y  

and Kp v a lu e s  by

C = —  (24)
K

P

From eq u a tio n s  (23) and (2 4 ) , we o b ta in

a a
f .  = (----- ) + 2 K, (----- r  (25)

K K
P P

S im ila r ly , fo r  the monomer-trlmer model th e  form al c o n c e n tr a t io n  can 

be ex p ressed  a s:

and fo r  th e  m onom er-dlm er-trlm er m odel, we can w r ite

For th e  m ultim er a s s o c ia t io n  m odels, the chem ical e q u ilib r iu m  may be 

ex p ressed  a s

n P = Pn (n = 2 ,3 ,4 ,5  ............. )

and th e  e q u ilib r iu m  c o n sta n ts  as
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K ^ = — ^  ( n = l ,  2 , 3 , 4  ) (28)

where i s  th e  c o n c e n tr a t io n  o f  n-m er, i s  e q u ilib r iu m  co n sta n t fo r  

the e q u ilib r iu m  betw een monomer and n-m er. And th e  form al c o n c e n tr a t io n  

o f  phenol s o lu t io n  can be rep resen ted  as th e  sum o f  c o n c e n tr a t io n  o f  

monomer and polym ers

f .  = C_ + 2C. + 3C- + 4C. + .............+  nC (29)A M 2 3 4 n

Combining eq u a tio n s  (28 ) and (2 9 ) , we can w r ite

+ 4K^C^ + . . . . +  nK^cj; (30)

The above e q u a tio n  can be exp ressed  in  terms o f  a c t i v i t y  as

^A = +^^3^"#")^ + . - • • • +  (31)
P P P P

O b v io u sly , i f  s e v e r a l  term s a re  req u ired  in  f i t t i n g  data  to  eq u ation  ( 3 1 ) ,  

i t  w i l l  b e  d i f f i c u l t  to  determ ine r e l i a b le  v a lu e s  o f  th e  req u ired  para­

m eters from a g iv en  s e t  o f  d a ta . I t  i s  th e r e fo r e  n e c e ssa r y  to  make some 

s im p lify in g  a ssu m p tio n s. C oggeshall and Saier^ ^  have used two e q u ilib r iu m  

c o n s ta n ts  fo r  polymer form ation ; a unique e q u ilib r iu m  c o n s ta n t  fo r  th e  

form ation  o f  dimer and a c o n sta n t f o r  th e  fo rm a tio n  o f  a l l  h ig h e r  polym ers  

in  s te p w is e  f a s h io n . Assuming dimer to be th e  f i r s t  im portant a s s o c ia te d  

s p e c ie s ,  t h e ir  model le a d s  to :

2 P = ?2

K, -  (32 )

4

and +  P “ (n = 3 ,4 ,5 ,  " ' )
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C„
---------------   (3 3 )

(C*) (C n -l)

I t  i s  assumed th a t i s  i d e n t i c a l  fo r  a l l  v a lu e s  o f  n g r e a te r  than 2 .  The

r e la t io n  o f  K in  e q u a tio n  (2 8 ) w ith  K., and K can  b e  w r i t t e n  a s:  n z  <»

( n>2 )

Now th e  eq u ation  (31) can be r e p r ese n te d  as

+  3K 2K „(-|-)^  + • • • • +  (34)
P P P P

o r  f^  = ( - | - )  + K 2 (-§ - )^ (  2 + 3 K „ ( - |- )  + • • • • +  n K ^ '^ ( - |- ) “ -2 )  (35)

E quation (35) nay be transform ed in to  c lo s e d  form w ith  some s im p le  

m athem atical o p e r a tio n s :

-  K . C j - »

'  W - K j t - ) ) '
P

68However, Tucker and Becker have p rov ided  some e v id e n c e  t h a t  tr im ers  

r a th e r  than d im ers, a r e  th e  s m a l le s t  s e l f -  a s s o c ia te d  s p e c ie s  o f  impor­

ta n ce  in  s o lu t io n s  o f  t e r t -b u ta n o l  in  n -h exad ecan e , u s in g  vapor p r e s s u r e ,  

IR, and PMR m ethods. In  such a c a s e ,  eq u a tio n  (35) may be changed to

“ (" i" ) + 3 ^ 3 +  4K gK^(-g-)^ + • • • +  (37 )
P P P P

where  ̂ ( n>3 ) .  U sin g  s im ila r  m athem atical o p e r a t io n s , eq u a t­
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io n  (37) i s  transform ed in to  th e  c lo s e d  form:

.  . . . .  ■ -  " - ' t "

E quations ( 3 6 ) ,  (38 ) a s  w e l l  a s  eq u ation s (2 5 ) , ( 2 6 ) ,  (27) can be

an a lyzed  by l e a s t  sq u ares m ethod. A m od ified  v e r s io n  o f  a n o n - l in e a r  l e a s t

73sq u ares program d evelop ed  by Marquardt was used  to  o b ta in  th e  b e s t  v a l ­

u es  o f  a s s o c ia t io n  c o n s ta n ts  o r  v a lu e s .  The a lg o r ith m  o f  th e  Marquardt 

program i s  b ased  on a maximum neighborhood m ethod, and th e  program perform s 

an optimum in t e r p o la t io n  b etw een  the Taylor s e r ie s  method and th e  g r a d ie n t  

m ethod. Thus th e  program n o t o n ly  has a b i l i t y  to  converge from an i n i t i a l  

g u ess  v a lu e  w hich may be o u t s id e  th e  reg io n  o f  convergence o f  o th e r  m ethods 

( e . g .  th e  g r a d ie n t  m eth od ), b u t a ls o  i t  can c lo s e  in  on th e  converged  

v a lu e s  r a p id ly  a f t e r  th e  v i c i n i t y  o f  th e  converged v a lu e s  h as been  reach ed  

( th e  T aylor s e r i e s  method ) .  S in ce  exp erim en ta l e r ro r s  in  a c t i v i t y  a re  

g r e a te r  than th o se  o f  form al c o n c e n tr a t io n , i t  i s  p re fe r r ed  to  f i t  a c t i v i ­

ty  a s  a fu n c t io n  o f  form al c o n c e n tr a t io n . Thus, d e v ia t io n s  in  a c t i v i t y ,  

in s te a d  o f  form al c o n c e n tr a t io n , are m inim ized in  seek in g  th e  b e s t  l e a s t  

sq u ares v a lu e s  o f  a s s o c ia t io n  c o n s ta n ts  and K^. The Newton-Raphson method^^ 

has been u sed  to  o b ta in  th e  c a lc u la te d  a c t i v i t y  d ata  corresp on d in g  to  th e  

v a lu e s  o f  form al c o n c e n tr a t io n  and param eters. The ro o t mean sq u are d e v i­

a t io n ,  RMSD, which i s  m in im ized  i s  d e fin e d  as

_ V  „

n — p
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where and g ^ c a lc . r e s p e c t iv e ly ,  th e  observed  and c a lc u la te d

v a lu e s  o f  a c t i v i t i e s  fo r  the ^ th  data p o in t;  n i s  th e  t o t a l  number o f  

p o in ts ;  and p i s  th e  number o f  a d ju sta b le  p aram eters. The a d ju s ta b le  

param eters fo r  a s p e c i f i c  model were s y s te m a t ic a l ly  v a r ie d  in  a search  

fo r  a minimum in  th e  RMSD fo r  a g iven  d ata  s e t .  The standard erro rs  in  

the a s s o c ia t io n  c o n s ta n ts  a t  th e  minimum RMSD w ere taken a s  the uncer­

t a in t i e s  in  th e se  p aram eters.

The a c t i v i t y  data have been tre a te d  in  two ways in  the l e a s t  

squares model f i t t i n g .  (1 ) The v a lu e s , w hich were ob ta in ed  from the  

p lo t s  o f  v s .  f^ ,  were kept con stan t and o n ly  th e  a s s o c ia t io n  c o n sta n ts

were c o n sid ered  a s  a d ju s ta b le  param eters. T h is was t e s t e d  a t  the two 

h ig h e s t  tem p era tu res . The a s s o c ia t io n  c o n s ta n ts  and RMSD r e s u lt in g  from  

such f i t t i n g  a re  g iv e n  in  T ables 13 and 14 . The a n a ly s is  shows th a t  

th e  1-3-™ model has th e  b e s t  f i t  fo r  both  carbon te tr a c h lo r id e  and 

cycloh exan e s o lu t io n s .  The RMSD v a lu es  fo r  t h i s  model a re  w ith in  th e  

exp er im en ta l e r r o r s ,  whereas th e  1 -2 , 1 -3 ,  and 1 -2 -3  m odels provide  

s ig n i f i c a n t l y  p oorer  f i t s  fo r  the a c t i v i t y  d a ta . A p h y s ic a l ly  u n r e a l is t ic  

n e g a t iv e  dimer c o n sta n t was ob ta in ed  fo r  th e  1 -2 -3  m odel. The 1 -2 -»  

model does n o t f i t  as w e l l  as th e  l-3-«° model e x c e p t  a t  29.1°C  fo r  carbon  

t e t r a c h lo r id e  s o lu t io n ,  where the RMSD v a lu e s  o f  the l-2-«> and 1-3-°° 

m odels are  com parable. (2 ) The v a lu es  a re  co n s id er e d  a s  a d ju sta b le  

param eters a lo n g  w ith  th e  a s s o c ia t io n  c o n s ta n ts  in  model f i t t i n g .  S in c e  

th e  1-3-00 and th e  1 -2 -»  m odels seemed to  be more p h y s ic a l ly  r e a l i s t i c ,  

th e se  two m odels were te s t e d  w ith  the a c t i v i t y  d ata  over th e  whole range  

o f tem p era tu res. The 1 -2 , 1 -3 , and 1 -2 -3  m odels were f i t t e d  on ly  a t  one  

or two tem p eratu res fo r  th e  purpose of com parison . T ab les 15 and 16 g iv e



TABLE 13

Model

RMSD AND ASSOCIATION CONSTANT VALUES FOR PHENOL IN CARBON TETRACHLORIDE 

(Kp v a lu e s  a re  d e r iv e d  from l im i t in g  in t e r c e p t s  and k ep t c o n s ta n t)

T em perature( C) KgCM- 1 )
RMSD

1 —3 —co 3 7 .8

2 9 .1

1 .67

2 .3 5

2 .6 3 + 0 .0 9

5 .7 6 + 0 .2 5

1 .8 1 = 0 .0 5

2 .1 1 + 0 .0 8

0 .0 0 2 5 7 9

0 .0 0 3 8 9 3

1 - 2 -  « 3 7 . 8 

2 9 .1

1 .6 7

2 .3 5

0 .5 4 + 0 .0 3

0 .9 4 ± 0 .0 3

2 .3 3 ± 0 .0 5

2 .8 2 ± 0 .0 4

0 .0 0 4 5 7 6

0 .0 0 3 9 2 0
ICn
I

1 -2 -3 2 9 .1 2 .3 5 - 1 .6 5 + 0 .3 7  1 8 .8  ± 1 .3 0.01201

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

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



TABLE 14

RMSD AÎÎD ASSOCIATION CONSTANT VALUES FOR PHENOL IN CYCLOHEXANE 

(Kp v a lu e s  a re  d e r iv e d  from  l im i t in g  in t e r c e p t s  and k ep t c o n s ta n t)

Model T em perature( C) KgCM"!) K (̂M -2 ) RMSD

1—3— 3 7 .7

3 2 .2

4 .7 2

5 .9 5

7 .8 8 ± 0 .1 1

1 2 .9 + 0 .3

4 .2 7 ± 0 .0 2

4 .8 4 ± 0 .0 4

0 .0 0 2 1 4 8

0 .0 0 3 6 8 1

1— 2 — 3 7 .7

3 2 .2

4 .7 2

5 .9 5

0 .9 5 + 0 .0 4

1 .3 3 ± 0 .0 6

4 .7 8 1 0 .0 5

5 .4 7 1 0 .0 6

0 .0 0 7 2 4 9

0 .0 0 9 2 6 4
I

Ul
00

I

1 -2 -3 3 2 .2 5 .9 5 -7 .3 0 1 1 .1 0 9417 0 .0 3 2 2 5

1-3 3 2 .2 5 .9 5 55+3 0 .0 5 4 7 5

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



TABLE 15

RMSD, ASSOCIATION CONSTANT, AND HENRY'S LAW CONSTANT VALUES FOR PHENOL IN CARBON TETRACHLORIDE 

(Kp i s  c o n s id e r e d  a s  an in d ep en d en t param eter in  m odel f i t t i n g )

Model T em perature(°C ) K ^ (torr/X ) KgCM'l) KgCM'Z) K„(H-‘ ) RMSD

1 -3 —» 3 7 .8 1 .6 7 + 0 .0 2 1 7 .9 ± 0 .2 - 2 .5 8 ± 0 .1 9 1 .7 9 1 0 .0 5 0 .0 0 2 4 1

2 9 .1 2 .2 4 + 0 .0 3 1 1 .3 ± 0 .1 - 4 .3 8 1 0 .3 2 2 .1 8 1 0 .0 5 0 .0 0 2 9 3
2 0 .7 3 .0 6 + 0 .0 3 7 .1 2 ± 0 .0 7 - 6 .2 5 1 0 .3 7 2 .9 6 1 0 .0 4 0 .0 0 2 8 4
11 .85 4 .2 8 + 0 .0 6 4 .2 0 ± 0 .0 6 - 1 0 .2 1 0 .9 3 .6 6 1 0 .0 7 0 .0 0 5 0 0

1 —2—00 3 7 .8 1 .8 1 + 0 .0 3 1 9 .4 ± 0 .3 0 .7 9 ± 0 .0 7 — 2 .3 4 1 0 .0 4 0 .0 0 3 1 3
2 9 .1 2 .4 9 + 0 .0 4 1 2 .5 ± 0 .2 1 .2 0 + 0 .0 9 - 2 .8 7 1 0 .0 4 0 .0 0 3 0 9
2 0 .7 3 .4 2 + 0 .0 6 7 .9 5 ± 0 .1 3 1 .4 6 ± 0 .1 1 - 3 .7 3 1 0 .0 5 0 .0 0 3 5 9
1 1 .8 5 4 .9 1 + 0 .0 9 4 .8 2 + 0 .0 9 2 .1 4 + 0 .1 6 - 4 .5 8 1 0 .0 6 0 .0 0 4 1 2

1 -2 -3 2 9 .1 1 .7 3 + 0 .1 0 - 2 .5 2 ± 0 .1 7 1 0 .2 + 1 .2 — 0 .0 0 8 5 5
2 0 .7 2 .0 8 + 0 .1 6 -3 .5 2 + 0 .1 8 14+2 0 .0 1 2 6 9

1-3 2 9 .1 2 .7 0 + 0 .1 7 — 2215 — 0 .0 1 5 1 3
2 0 .7 3 .9 7 + 0 .4 0 - 4912 - 0 .0 2 2 7 9

1-2 2 9 .1 10+7 105+1.5x10^ - — 0 .0 3 1 8 8
2 0 .7 17+20 256+6.5x10^ - — 0 .0 4 4 3 3

IUl
VO

I

* X r e p r e s e n ts  m ole f r a c t io n



TABLE 16

RMSD, ASSOCIATION CONSTANT, AND HENRY'S LAW CONSTANT VALUES FOR PHENOL IN CYCLOHEXANE 

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

Model T em perature( C) Kp(M -l) K ^ (torr /X ) RMSD

1 - 3 - 0

1 - 2 -0

3 7 .7

3 2 .2

22 . 2  

1 3 .3

3 7 .7

3 2 .2

22.2  

1 3 .3

4 .7 2 ± 0 .0 3

5 .9 0 ± 0 .0 6

9 .0 0 + 0 .0 9

1 3 .9 7 + 0 .1 2

5 .3 0 + 0 .0 8  

6 . 6 6 ± 0 .16  

1 0 .3 8 + 0 .1 4  

1 5 .4 9 + 0 .3 1

4 4 .8 1 0 .3  

3 5 .0 + 0 .3  

2 1 . 6+0 . 2  

1 4 .2 + 0 .1

4 9 .7 1 0 .8

3 9 .5 1 0 .9  

2 4 .9 1 0 .5

1 5 .8 1 0 .3

1 .4 7 1 0 .1 0

2 .0 7 1 0 .1 9

3 .4 1 1 0 .2 8

3 .5 4 1 0 .1 6

7 .8 3 1 0 .2 8

1 2 .3 1 0 .7

2 6 .0 1 1 .4

4 5 .6 1 2 .6

4 .2 7 1 0 .0 2

4 .8 3 1 0 .0 4

6 .6 2 1 0 .0 6

9 .7 3 1 0 .0 9

5 .0 8 1 0 .0 6

5 .8 8 1 0 .1 0  

8 .1 8 1 0 .1 4

1 1 .8 0 1 0 .1 6

0 .0 0 2 1 9

0 .0 0 3 7 0

0 .0 0 3 9 9

0 .0 0 3 2 1

0 .0 0 4 1 5

0 .0 0 6 5 0

0 .0 0 5 9 7

0 .0 0 5 3 3

I<T>01

1-3 3 2 .2

22.2

1012

1814

3 1 411 .8x10

105918 .5x10 '

0 .0 4 3 3 6

0 .0 5 4 9 0

1-2 2 2 . 2 85135 1 9 5 6 l2 x lo r 0 .1 1 0 0

* X r e p r e s e n ts  m ole f r a c t io n
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th e  r e s u l t s  o f  t h is  l e a s t  squares f i t t i n g .  The r e s u l t s  c le a r ly  in d ic a te

th a t  in  g en era l th e  1 -3 -“ model p ro v id es  the b e s t  f i t  fo r  th e  a c t i v i t y  data

f o r  b oth  s o lu t io n s .  I t  i s  a ls o  encouragin g to f in d  th a t  th e  b e s t  l e a s t

sq u ares v a lu e s  o f  K o b ta in ed  fo r  th e  1 -3 -“ model a t  37.8°C  and 37.7°C  are
P

in  e x c e l le n t  agreem ent w ith  th e  v a lu e s  e x tr a p o la te d  from th e  p lo t s  o f  a / f ^  

v s .  f^  in  F ig u res  5 and 6 . A lthough th e  EMSD v a lu e s  o f  th e  1 -2 -“  model a t  

37 .8°C  ( in  CCl^) and 37 .7°C  ( in  cy c loh exan e) are  n o t u nreasonab ly  la r g e ,  

th e  Kp v a lu e s  from the 1 -2 -“  model a r e  in  c o n s id er a b le  d isagreem en t w ith  

th o se  from th e p l o t s .  The 1 -2 , 1 -3 ,  and 1 -2 -3  m odels a l l  p rov id e  a poor 

f i t  o f  th e  a c t i v i t y  d a ta . Ihe c a lc u la te d  a c t i v i t y  data  and d er ived  mono­

mer c o n c e n tr a t io n s  o f  phenol s o lu t io n s  f o r  th e  1 -3 -“  and 1 -2 -“  model f i t s  

a re  g iv e n  in  T able 17 to  Table 2 4 . The p lo t s  o f  ob served  and c a lc u la te d  

a c t i v i t y  data v s .  form al phenol c o n c e n tr a t io n  are  p resen ted  in  F igu res  

8a and 8b . For c la r i t y ,  some p o in ts  a t  low  c o n c e n tr a tio n  a re  o m itte d .

A lso  in c lu d ed  in  T ables 15 and 16 are  th e  b e s t  l e a s t  squares v a lu e s  

o f  H enry's law  c o n sta n ts  (K ) c a lc u la te d  from K v a lu e s  by eq u ation  (1 8 ) .
X p

From eq u ation s (19) and (2 0 ) ,  th e  m olar e n th a lp ie s  (-AE^) and e n tr o p ie s  

(-AS^) o f  t r a n s fe r  o f gaseous phenol can b e  o b ta in ed  fo r  carbon t e t r a c h lo ­

r id e  and cycloh exan e s o lu t io n s  by a l in e a r  l e a s t  sq u ares method and are  

g iv e n  in  Table 2 5 . The v a n 't  H off p lo t s  o f  a re  a ls o  g iv en  in  F igu re 7 .

Hie u su a l v a n 't  H off eq u ation  a s  shown in  eq u a tio n  (19) has been  

used  by some au th ors to  o b ta in  e n th a lp ie s  fo r  a s s o c ia t io n  r e a c t io n s  w ith o u t

c o n s id e r in g  th e  c o n cen tra tio n  u n it s  o f  th e  s o lu t io n .  However, i t  has been  

30
n o ted  th a t th e  v a lu es  o f  a s s o c ia t io n  c o n sta n ts  ex p ressed  in  terms o f  

d i f f e r e n t  c o n c e n tr a tio n  u n it s  le a d  to  d i f f e r in g  v a lu e s  o f  th e  en th a lp y  o f  

a s s o c ia t io n .  The c o r r e c t  way to  u se  th e  v a n 't  H off eq u a tio n  i s  fo r  th e
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standard s t a t e s  on w hich the a s s o c ia t io n  c o n sta n t i s  based  to be indepen­

d ent o f  tem perature (su ch  as m o la l ity  and m ole f r a c t i o n ) . I f  m o la r ity  

u n it s  are  employed (a s  in  m ost hydrogen bonding s t u d i e s ) , the fo llo w in g  

form o f the v a n 't  H off eq u ation  should be u se d .

2 d £n K 2
AH = RT (--------------- - ) + RT  ̂ (1 -  n) a (40)

where i s  ex p ressed  in  terms o f  m o la r ity , a i s  th e  c o e f f i c i e n t  o f  th er ­

mal expansion  o f  th e  s o lv e n t  and n i s  number o f  monomers a s s o c ia te d . For 

carbon te t r a c h lo r id e  s o lu t io n  w ith  n=3 (tr im e r ) a t  25°C, RT  ̂ (1 -n ) a =

-430  c a l/m o le  (a= 1 .23  x 10 ) ,  w h ile  fo r  cyc lo h ex a n e  s o lu t io n ,  RT ( l-n )a =

-380  c a l/m o le  ( a = l . l  x 10 ) .  So th e  d i f f e r e n c e  i n  en th a lp y  o f  tr im e r i-  

z a t io n  d er iv ed  from eq u a tio n  (40 ) and eq u ation  (1 9 ) i s  about 0 .4  K cal/m ole. 

For con ven ien ce  in  com parison, both  v a lu e s  o f  AH2 , AHg, and AH  ̂ derived  

from co n v en tio n a l v a n ' t  H off eq u a tio n  and eq u a tio n  (40) fo r  th e  1-3-®° 

model and th e  1-2-®° model are g iv en  in  T able 2 5 .
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7 .5 0

C yclohexane

#  CCI

6 .5 0

5 .5 0

4 .5 0

3 .5 0

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

-~r- X 10
3 .4 0 3 .5 0

F igu re 7 .
V an 't H off P lo t s  o f  th e  Tem perature Dependence o f  H en ry's Law C onstants ( K v a lu e s  

a re  d er iv ed  from th e l-3-<» m odel) f o r  P henol i n . C yclohexane and CCl^.
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0 .4 0
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F ig u r e  8 a . P lo t s  o f  P henol A c t iv i t y ( a )  v s .  Formal C o n c e n tr a tio n (f^ )  in  Carbon T e tr a c h lo r id e  a t  V ariou s  

Tem peratures ( l i n e s  a r e  c a lc u la t e d  ) .
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13.3"C 22.2TC

0 .8 0
32.2"C

31.TC

0 .6 0

0 .4 0
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22.2TC
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0.20 0 .4 0 0 .6 0 0 .8 0
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F ig u re  8b . P lo t s  o f  P henol A c t iv i t y ( a )  v s .  Formal Conee n tr â t io n ( f^ )  in  Cyclohexane  

a t  V arious Tem peratures ( l i n e s  are  c a lc u la t e d ) .
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TABLE 17

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR 

PHENOL IN CARBON TETRACHLORIDE AT 37.8°C

fA

1
c a lc .a

— 3  -  CO
c a lc .

M̂

1
c a lc .a

-  2  -  CO

S . ' "

1 .02413 .5165 .3087 .5129 .2829

.85347 .4906 .2932 .4898 .2702

.73151 .4681 .2798 .4689 .2587

.64008 .4481 .2678 .4497 .2481

.56892 .4301 .2570 .4321 .2384

.51206 .4137 .2472 .4157 .2293

.45521 .3951 .2361 .3968 .2189

.38405 .3676 .2197 .3685 .2033

.34141 .3484 .2082 .3485 .1922

.29262 .3228 .1929 .3218 .1775

.23661 .2873 .1717 .2849 .1572

.17082 .2336 .1396 .2303 .1270

.13389 .1956 .1169 .1927 .1063

.09319 .1453 .0868 .1442 .0795

.06695 .1079 .0645 .1085 .0599

.05951 .0967 .0578 .0977 .0539

.05021 .0823 .0492 .0838 .0462

.04463 .0735 .0439 .0752 .0415

.03825 .0632 .0378 .0651 .0359

.03090 .0513 .0307 .0533 .0294

.02232 .0372 .0222 .0390 .0215

.01217 .0203 .0122 .0216 .0119

.02736 .0455 .0272 .0474 .0262

.01785 .0298 .0178 .0314 .0173
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TABLE 18

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR 

PHENOL IN CARBON TETRACHLORIDE AT 29.1°C

1 - 3  -  ® 1 _ 2 -  CO

^A
c a lc .a p c a lc .

S i
c a lc .a

1 .02819 .5840 .2604 .5800 .2331

.85686 .5569 .2483 .5558 .2234

.73441 .5333 .2378 .5340 .2146

.64262 .5124 .2285 .5141 .2066

.57117 .4936 .2201 .4958 .1993

.51410 .4766 .2125 .4789 .1925

.45702 .4572 .2039 .4594 .1846

.38557 .4288 .1912 .4302 .1729

.34276 .4087 .1822 .4094 .1645

.29378 .3821 .1704 .3815 .1534

.23731 .3447 .1537 .3425 .1376

.17150 .2875 .1282 .2835 .1140

.13443 .2455 .1095 .2415 .0971

.09356 .1873 .0835 .1851 .0744

.06721 .1417 .0632 .1418 .0570

.05975 .1275 .0569 .1284 .0516

.05041 .1091 .0487 .1109 .0446

.04480 .0977 .0436 .0999 .0402

.03840 .0844 .0376 .0870 .0350

.03102 .0686 .0306 .0716 .0288

.02241 .0499 .0223 .0528 .0212

.01222 .0274 .0122 .0295 .0119
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TABLE 19

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR

PHENOL IN CARBON TETRACHLORIDE AT 20.7°C

1 -  3  - 00 1 - 2 - cs

c a lc .a „ c a lc . c a l c .a

1.03327 .6589 .2154 .6542 .1916

.86109 .6332 .2070 .6314 .1849

.73804 .6106 .1996 .6106 .1788

.64580 .5903 .1930 .5919 .1732

.57399 .5719 .1870 .5740 .1681

.51664 .5551 .1815 .5576 .1633

.45928 .5359 .1752 .5385 .1577

.38748 .5073 .1659 .5096 .1492

.34446 .4870 .1592 .4887 .1431

.29524 .4596 .1503 .4603 .1348

.23849 .4207 .1375 .4195 .1228

.17218 .3592 .1174 .3554 .1041

.13496 .3125 .1022 .3079 .0901

.09393 .2448 .0800 .2412 .0706

.06754 .1889 ,0617 .1878 .0550

.06004 .1709 .0559 .1708 .0500

.05066 .1471 .0481 .1484 .0434

.04503 .1322 .0432 .1342 .0393

.03859 .1145 .0374 .1174 .0343

.03117 .0935 .0306 .0969 .0284

.02252 .0682 .0223 .0719 .0211

.01228 .0375 .0122 .0404 .0118
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TABLE 20

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR 

PHENOL IN CARBON TETRACHLORIDE AT 11.85°C

1 - 3 - 0 0 1 - 2 - 0

fA c a lc .a p c a l c . _ c a lc .a r  caj

1 .04140 .7707 .1802 .7656 .1560

.86787 .7432 .1738 .7410 .1510

.74384 .7189 .1681 .7188 .1464

.65088 .6972 .1630 .6984 .1423

.57851 .6774 .1584 .6796 .1384

.52070 .6594 .1542 .6620 .1349

.46289 .6388 .1494 .6417 .1307

.39053 .6081 .1422 .6109 .1245

.34717 .5862 .1371 .5886 .1199

.29756 .5569 .1302 .5583 .1137

.24036 .5150 .1204 .5145 .1048

.17353 .4483 .1048 .4448 .0906

.13602 .3970 .0928 .3918 .0798

.09467 .3202 .0749 .3151 .0642

.06801 .2532 .0592 .2506 .0511

.06045 .2309 .0540 .2298 .0468

.05100 .2007 .0469 .2015 .0410

.04534 .1814 .0424 .1834 .0374

.03886 .1582 .0370 .1615 .0329

.03139 .1230 .0304 .1347 .0274

.02267 .0953 .0223 .1009 .0206
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TABLE 21

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR

PHENOL IN CYCLOHEXANE AT 37.7°C

1 - 3  -CO 1 - 2 - 0 0

f ^ c a lc . p c a lc . ^ c a lc . p ca]

-92258 .7959 .1688 .7910 .1513

.80609 .7779 .1650 .7749 .1482

-73313 .7647 .1622 .7630 .1459

.66187 .7499 .1591 .7495 .1433

.58882 .7324 .1553 .7331 .1402

.51569 .7117 .1509 .7135 .1365

.46175 .6936 .1471 .6962 .1331

.40346 .6707 .1422 .6737 .1289

.36694 .6539 .1387 .6571 .1257

.33127 .6353 .1347 .6384 .1221

.29501 .6134 .1301 .6161 .1178

.25810 .5871 .1245 .5892 .1127

.22100 .5553 .1178 .5561 .1064

.18430 .5162 .1095 .5154 .0986

.16657 .4936 .1047 .4919 .0941

.14752 .4658 .0988 .4631 .0886

.12982 .4 /5 9 .0925 .4324 .0827

.11090 .3985 .0845 .3944 .0754

.09243 .3551 .0753 .3511 .0671

.07430 .3041 .0645 .3014 .0577

.05556 .2412 .0512 .2413 .0461

.03682 .1674 .0355 .1709 .0327

.01834 .0857 .0182 .0906 .0173

.04607 .2052 .0435 .2070 .0395

.02764 .1277 .0271 .1324 .0253

.01229 .0577 .0122 .0619 .0118

.00670 .0316 .0067 .0343 .0066

.00351 .0165 .0035 .0182 .0035



-71-

TABLE 22

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR

PHENOL IN CYCLOHEXANE AT 32 .2  C

1 - 3  -  00 1 - 2 - 0 0

fA
c a lc .a „ c a lc .

S i
c a lc .a

.92631 .8764 .1482 .8686 .1304

.80935 .8550 .1448 .8512 .1278

.73610 .8406 .1424 .8384 .1259

.66455 .8247 .1397 .8239 .1237

.59120 .8059 .1365 .8064 .1211

.51725 .7835 .1327 .7854 .1179

.46315 .7643 .1295 .7671 .1152

.40468 .7400 .1254 .7435 .1116

.36805 -7223 .1224 .7261 .1090

.33261 .7030 .1191 .7067 .1061

.29590 .6799 .1152 .6834 .1026

.25889 .6526 .1106 .6556 .0984

.22167 .6197 .1050 .6125 .0933

.18486 .5796 .0982 .5797 .0870

.16707 .5565 .0943 .5555 .0834

.14796 .5281 .0895 .5258 .0789

.13008 .4973 .0842 .4938 .0741

.11123 .4590 .0778 .4545 .0682

.09271 .4139 .0701 .4089 .0614

.07445 .3597 .0609 .3554 .0533

.05573 .2910 .0493 .2893 .0434

.03693 .2061 .0349 .2089 .0314

.01839 .1071 .0181 .1132 .0170

.04621 .2501 .0424 .2506 .0376

.02773 .1586 .0269 .1636 .0246

.01232 .0723 .0122 .0779 .0117

.00672 .0396 .0067 .0435 .0065

.00352 .0208 .0035 .0231 .0035
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TABLE 23

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR

PHENOL IN CYCLOHEXANE AT 22.2°C

1 - 3  -CO 1 - 2  - ®

fA _ c a lc .a r  c a lc .
S i

_ c a lc .a

.81264 .9855 .1096 .9794 .0943

.73909 .9709 .1080 .9664 .0931

.66725 .9546 .1061 .9518 .0917

.59360 .9354 .1040 .9343 .0900

.51988 .9127 .1015 .9134 .0880

.46551 .8932 .0993 .8951 .0862

.40674 .8685 .0966 .8716 .0840

.36992 .8506 .0946 .8542 .0823

.33396 .8307 .0924 .8348 .0804

.29710 .8074 .0898 .8116 .0782

.25994 .7798 .0867 .7839 .0755

.22257 .7465 .0830 .7500 .0723

.18543 .7058 .0785 .7079 .0682

.16758 .6824 .0759 .6835 .0658

.14857 .6539 .0727 .6537 .0630

.13061 .6226 .0692 .6209 .0598

.11158 .5832 .0649 .5797 .0558

.09299 .5363 .0597 .5311 .0512

.07468 .4785 .0532 .4722 .0455

.05584 .4012 .0446 .3958 .0381

.03704 .2974 .0331 .2971 .0286

.01845 .1612 .0179 .1684 .0162

.04635 .3527 .0392 .3493 .0336

.02781 .2340 .0260 .2377 .0229

.01236 .1098 .0122 .1177 .0113

.00674 .0604 .0067 .0668 .0064
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TABLE 24

THE CALCULATED ACTIVITY AND MONOMER CONCENTRATION FOR

PHENOL IN CYCLOHEXANE AT 13.3°C

1 - 3  - « 1 — 2 — ®

^A
c a l c .a r c a l c .  

%
c a lc .a r c a lc .

.29954 .9642 .0690 .9592 .0619

.26207 .9382 .0672 .9357 .0604

.22440 .9066 .0649 .9065 .0585

.18695 .8673 .0621 .8693 .0561

.16895 .8446 .0605 .8474 .0547

.14963 .8164 .0585 .8197 .0529

.13155 .7854 .0562 .7887 .0509

.11238 .7458 .0534 .7486 .0483

.09366 .6979 .0500 .6993 .0451

.07522 .6373 .0456 .6364 .0411

.05624 .5527 .0396 .5489 .0354

.03731 .4301 .0308 .4257 .0275

.01857 .2459 .0176 .2486 .0161

.04669 .4971 .0356 .4924 .0318

.02801 .3480 .0249 .3461 .0223

.01245 .1698 .0122 .1753 .0113

.00679 .0942 .0067 .1000 .0065

.00356 .0496 .0036 .0537 .0035



TABLE 25

THERMODYNAMIC PARAMETERS FOR SOLUTION AND ASSOCIATION OF PHENOL 

IN CARBON TETRACHLORIDE AND CYCLOHEXANE

CARBON TETRACHLORIDE CYCLOHEXANE

J.-3-00 model 1- 2 -0» model 1 -3 -“  m odel 1 -2 -“  m odel

-AH^(Kcal/mole)

-A S^C e.u ./m ole)

- 9 .8 ± 0 .1

-3 7 .3 ± 0 .1

- 9 .5 ± 0 .1

- 3 6 .3 + 0 .1

- 8 .4 + 0 .1  

- 3 4 .5 + 0 .4

- 8 .3 + 0 .1 

- 3 4 .5 + 0 .3

AHgCKcal/mole)

A S gX e.u ./m ole)

- 6 . 3 ± 2 . 3 
( - 6 . 1)

- 2 0 .1 ± 7 .5

-7 .2 + 1 .7  
( - 7 .0 )

- 2 1 .6 + 5 .6

AH2(Ecal/mole)

A S g (e .u ./m o le )

- 9 .5 + 0 .5  
( - 9 .1 )

- 2 7 .4 ± 1 .8

- 1 3 .4 ± 0 .7
( - 1 3 .0 )

- 3 7 .7 1 2 .2

AH (K ca l/m o le )

AS ( e . u . / m o l e )

- 5 .2 1 0 .4
( - 5 . 0 )

- 1 5 . 0 ^ 0 . 4

- 5 .0 1 0 .5
( - 4 . 8 )

- 1 3 .6 1 0 .6

- 6 .0 1 0 .4
( - 5 . 8 )

- I 5 . 9 I 1 . 3

-6 .310.2
( - 6 . 1)

- 1 6 .4 ± 0 .7

a Thermodynamic q u a n t i t i e s  fo r  t r a n s f e r  from 1 atm I d e a l  gas to  u n i t  m ole f r a c t io n  I d e a l  d i lu t e  
s o lu t io n  s t a t e .

b Thermodynamic q u a n t i t i e s  fo r  r e a c t io n s  f o r  th e  u n it  m o la r ity  I d e a l  d i l u t e  s o lu t io n  sta n d a rd  s t a t e  
(o b ta in e d  from E q u a tio n (4 0 )) . V a lu es In  ()  a r e  w ith o u t  c o r r e c t io n  fo r  therm al e x p a n sio n  o f  s o lv e n t s



CHAPTER V

DISCUSSION AND CONCLUSION

The E m p irica l R e la tio n  o f  th e  Vapor Absorbance o f  

S o lid  Phenol v s .  C on cen tra tio n

B ecause th e  Beer-Lambert law  I s  n o t obeyed by phenol vap or, an 

em p ir ica l e q u a tio n  (6) has been used  to  o b ta in  th e  r e la t io n  o f  vapor  

absorbance v s .  vapor c o n c e n tr a t io n . The q u a n tity  p °/T  (= nV ^R) on  th e  

l e f t  hand s id e  o f  eq u ation  (6 ) a c t u a l ly  corresp on d s to  a  g iv en  co n cen t­

r a t io n  o f  p h e n o l. The p r e c is io n  o f  thermodynamic r e s u l t s  o f  t h is  work 

depends n o t  o n ly  on good vapor absorbance m easurem ents above phenol 

s o lu t io n s ,  b u t a l s o  on good f i t t i n g  o f  e q u a tio n  ( 6 ) ,  from  which a l l  

a c t i v i t y  d a ta  o f  s o lu t io n s  are  d e r iv e d . I t  may b e  in s t r u c t iv e  to  d isc u ss

the v a l i d i t y  o f  eq u ation  (6 ) b e fo r e  any thermodynamic r e s u l t s  are
2

m en tion ed . In  th e  l e a s t  squares m ethod, th e  x v a lu e s  have been used

2
a s  an I n d ic a t io n  o f  th e  goodness o f  f i t t i n g .  A sm a ller  x v a lu e  rep re ­

s e n ts  a b e t t e r  f i t t i n g  when the e r r o r s  a s s ig n e d  to  th e  measured q u a n t it ie s
2

are  th e  sam e. T able 12 g iv e s  th e  x v a lu e s  f o r  f i t t i n g  eq u ation  (6)
2

a t  th r ee  w a v e le n g th s . These v a lu e s  a r e  com parable to  th e  exp ected  x 

v a lu e  ( 2 6 .3 ) .  The Table a l s o  shows th a t  th e  absorbance data  a t  2 6 8 .2  nm 

and 2 6 2 .6  nm p rovid ed  a b e t t e r  f i t  o f  eq u a tio n  (6 ) than th a t  a t  2 75 .1  nm,
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2
b ecau se  x v a lu e s  a t  2 6 8 .2  nm and 2 6 2 .6  nm a r e  o n ly  o n e -h a lf  o f  th a t  a t

275 .1  nm and th a t  o f  the expected  v a lu e .  The r e l a t i v e  goodness o f  f i t t i n g  

i s  a ls o  dem onstrated in  F igu res 2 to  4 ,  where th e  p o in ts  a re  experim en ta l 

and th e  l i n e s  a r e  c a lc u la te d  from th e  a .  8 . Y v a lu e s .  Another c r i t e r io n  

to  u se  in  ju d g in g  th e  goodness o f  f i t t i n g  i s  to  compare th e  a c t i v i t y

d a ta  d e r iv e d  f o r  each s o lu t io n  a t  th e  th r e e  w a v e le n g th s . T ables 4  to  

11 in d ic a t e  th a t  th e  d er iv ed  a c t i v i t y  d ata  a t  th e  th r e e  w avelen gth s are  

g e n e r a lly  in  good agreem ent except f o r  a few  p o in t s  o f  h ig h  absorbance  

(above 0 . 5 ) ,  a t  w hich a s iz a b le  d i f f e r e n c e  (3% to  4%) in  d er ived  a c t i v i t y  

d a ta  i s  observed  betw een th a t  from th e  2 7 5 .1  nm d ata  and th a t  from the

2 6 8 .2  nm or  26 2 .6  nm d a ta . However, th e  d e r iv e d  a c t i v i t y  data  a t  268 .2  nm 

and a t  2 6 2 .6  nm a r e  in  e x c e l le n t  agreem ent throughout th e  w hole absorb­

ance ra n g e . The r e l a t i v e l y  la r g e  d e v ia t io n  in  a c t i v i t y  d a ta  d er ived

from h ig h  absorbances probably can be a t t r ib u t e d  to  th e  f a c t  th a t  the  

275 .1  nm band i s  narrow er than th e  o th e r  two b an d s, and th e r e fo r e  d e v i­

a t io n s  from l i n e a r i t y  in  th e  absorbance v s .  c o n c e n tr a t io n  p lo t  a t  275 .1  nm 

a r e  more pronounced a t  th e  f ix e d  s l i t  w id th  ( 0 .2  mm) u sed  in  t h i s  s tu d y . 

The d if f e r e n c e  in  th e  averaged a c t i v i t y  d a ta  betw een th o s e  o f  two wave­

le n g th s  (2 6 8 .2  nm and 2 6 2 .6  nm) and th o se  o f  th r e e  w avelen g th s a t  h igh  

absorbance p o in ts  i s  alw ays l e s s  than one p e r c e n t . T h eir  e f f e c t  on th e  

model f i t t i n g  i s  th u s v ery  s l i g h t  and w i l l  b e  d is c u s s e d  l a t e r  ( s e e  T ab les  

31 and 3 2 ) .  In  t h i s  work th e  averaged a c t i v i t y  d ata  a t  th r e e  w avelen gth s  

a r e  used  to  in fe r  a l l  thermodynamic p aram eters. The d is c u s s io n  le a d s  

us to  th e  c o n c lu s io n  t h a t ,  in  s p i t e  o f  th e  d i f f i c u l t y  a r is in g  from d e v i­

a t io n s  from th e  Beer-Lam bert law  and th e  l im it e d  a v a i l a b i l i t y  o f  o p t ic a l  

c e l l s ,  a good e m p ir ic a l c o r r e la t io n  o f  ph en ol vapor absorbance w ith  th e
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phenol vap or c o n c e n tr a t io n  has b een  d eterm in ed , from which i t  i s  p o s s i ­

b le  to d e r iv e  a c t i v i t y  data and o th e r  thermodynamic q u a n t it ie s  w ith  

c o n s id e r a b le  a c c u r a cy .

H enry’s  law c o n s ta n ts ,  K or  K
 :___________________  X p

In  a d d it io n  to  th e  p r e c is e  m easurem ents o f  a c t i v i t y  d a ta , th e  accu­

r a te  d eterm in a tio n  o f  H enry's law  c o n s ta n ts  a t  v a r io u s  tem peratures i s  

o f  primary im portance in  t h is  w ork, b eca u se  th e  c o n c e n tr a tio n s  o f  phenol 

monomer in  s o lu t io n  are  c a lc u la te d  from v a lu e s  and a c t i v i t y  d a ta . So 

fa r  no o r  v a lu e s  fo r  phenol in  carbon te tr a c h lo r id e  or  cycloh exan e  

s o lu t io n  have been  r e p o r te d . The o n ly  q u a n tity  r e la te d  to or i s  

th e  molar en th a lp y  o f  tr a n sfe r  o f  monomeric (g a seo u s) phenol in to  s o lv e n ts  

(cy c lo h e x a n e , carbon t e t r a c h lo r id e ,  and b en zene) a t  i n f i n i t e  d i lu t io n  

which was c a lc u la t e d  by W oolley and H epler^^ from e n th a lp ie s  o f  s o lu t io n  

o f  phenol and th e  en th a lp y  o f  su b lim a tio n  o f  p h en o l. The e n th a lp ie s  o f  

t r a n s fe r  o f  gaseou s phenol (-AH^) were e s tim a te d  to be - 8 .8  and -1 0 .1  

K cal/m ole f o r  cycloh exan e and carbon t e t r a c h lo r id e  s o lu t io n s ,  r e s p e c t iv e ly .  

However, no correspond ing  e n tr o p ie s  or f r e e  e n e r g ie s  o f  tr a n s fe r  o f  g a se ­

ous phenol were d e r iv e d , so  i t  was n ot p o s s ib le  to c a lc u la t e  H enry's law  

c o n sta n ts  from p rev io u s  thermodynamic d a ta . As has been m en tioned , H enry's  

law c o n s ta n ts  may b e  d ir e c t ly  e s tim a te d  from th e  l im it in g  s lo p e s  o f  p lo t s  

o f  a c t i v i t y  v s .  c o n c e n tr a tio n  in  th e  d i l u t e  s o lu t io n  range. But o n ly  a t  

h igh  tem peratu res can  th e  v a lu e s  be e s tim a te d  w ith  good a ccu ra cy . A nother  

method u sed  in  t h i s  work was to  c o n s id e r  K  ̂ a s  an a d ju s ta b le  param eter 

to  be found by f i t t i n g  a l l  o f  th e  a c t i v i t y  d ata  ( s e e  Tables 15 and 1 6 ) .
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A th ir d  a l t e r n a t iv e  i s  to  c a lc u la t e  th e  v a lu e s  a t  v a r io u s  tem peratures  

u sin g  th e  e n th a lp ie s  o f tr a n s fe r  o f  gaseous p henol o f  W oolley  and Hepler^^ 

and one v a lu e  a t  h igh  tem perature from t h i s  work (a t  37.7°C  fo r  c y c lo ­

hexane, a t  37 .8°C  fo r  C C I,). The K and K v a lu e s  th u s ob ta in ed  are4 p X

g iv e n  in  Table 26 a lon g  w ith  th e  d er iv ed  a s s o c ia t io n  c o n s ta n ts  fo r  th e

1 -2 -“  and the 1 -3 -“  m o d els . I t  i s  n oted  th a t  th e  K v a lu e s  d er ived  from
P

th e  1 -3 -“ model a r e  in  r e a so n a b le  agreem ent w ith  th o s e  o f  th e  p lo t s  in  

F ig u r e s  5 and 6 ex cep t a t  13.3°C  fo r  cyc loh exan e  s o lu t io n  and a t  11.85°C  

fo r  carbon t e t r a c h lo r id e  s o lu t io n ;  a t  th e s e  two tem p era tu res , th e  d ata  

p o in ts  a re  to o  s c a t t e r e d  to  e v a lu a te  th e  v a lu e s  from th e p lo t s  

However, th e  v a lu e s  d e r iv e d  from th e  1 -2 -“ model a r e  in co m p a tib le  

w ith  th o se  from  th e  p lo t s  a t  a l l  tem p era tu res . The v a lu e s  o b ta in ed  

as a d ju s ta b le  param eters fo r  th e  1 -2 -“ model and th e  1 - 3 - “ model are  

g iv e n  in  T able 15 and Table 16 . These r e s u l t s  show th a t  th e  v a lu e s  

d e r iv e d  from th e  1 -3 -“ m odel a t  37.7°C  ( fo r  cy c lo h ex a n e) and 37.8°C  ( fo r  

CCl^) a r e  in  e x c e l le n t  agreem ent w ith  th o se  o f  th e  p l o t s .  The v a lu e s  

d e r iv e d  from th e  1 -3 -“ model a t  2 9 .1 °C , 20 .7°C  (CCl^) and 3 2 .2 °C , 22.2°C  

(cy c lo h ex a n e) a r e  a l s o  com p atib le  w ith  th o se  o f  th e  p lo t s  and th o se  c a l ­

c u la te d  from th e  e n th a lp ie s  o f  tr a n s fe r  o f  gaseou s phenol ( s e e  Table 2 6 ) .  

However, th e  v a lu e s  o b ta in ed  as a d ju s ta b le  param eters from th e  1 -2 -“ 

model a re  in co m p a tib le  w ith  th o se  o f  th e  p lo t s  and th o s e  c a lc u la te d  from  

th e  e n th a lp ie s  o f  t r a n s fe r  o f  gaseous p h e n o l. F ig u re  7 shows th e  v a n 't  

H off p lo t s  o f  K ^derived from th e  1 -3 -“  model f o r  cy c lo h ex a n e  and carbon  

t e t r a c h lo r id e  s o lu t io n s .  The l e a s t  sq u ares v a lu e s  o f  e n th a lp ie s  and 

e n tr o p ie s  o f  t r a n s f e r  o f  gaseou s phenol fo r  b o th  s o lv e n t s  a r e  g iv en  in  

T able 2 5 . As compared to  - 1 0 .1  K cal/m ole and - 8 .8  K ca l/m o le  f o r  t r a n s fe r



TABLE 26

RMSD, ASSOCIATION CONSTANT VALUES FOR PHENOL SOLUTIONS OBTAINED USING THE VALUES DERIVED 

FROM AH OF WOOLLEY AND HEPLER AND ONE VALUE OF K FROM THE PLOTS OF THIS WORK■X. p

Model T em perature( C) K ^ (to r r /X )*  KgCw'l) 

IN CCI,

KgCMT )̂ K (m"^) RMSD

1 — 3 —00 2 9 .1

2 0 .7

1 1 .8 5

2 .22

2 .9 6

4 .1 0

11.2
6 .9 0

4 .0 3

4 .0 7 ± 0 .14 

5 .2 2 ± 0 .1 8  

8 .1 0 + 0 .3 8

2 .1 9 + 0 .0 5

2 .9 6 + 0 .0 5

3 .6 4 + 0 .0 7

0 .0 0 2 9 4 1

0 .0 0 3 5 2 3

0 .0 0 5 8 6 8

1 — 2 —0 2 9 .1

2 0 .7

1 1 .8 5

2 . 2 2

2 .9 6

4 .1 0

. 0 .7 2 + 0 .0 4 , 

0 .8 0 + 0 .0 6  

1 .0 4 ± 0 .0 8

2 .7 6 ± 0 .0 6

3 .4 8 + 0 .0 7

4 .2 2 ± 0 .0 9

0 .0 0 6 0 7 9

0 .0 0 8 2 9 6

0 .0 1 1 3 0

I
VO
I

IN CYCLOHEXANE

1 — 3 —00 3 2 .2
2 2 . 2  

13.3

5 .8 5
8 .8 5

13.1

3 4 .7
2 1 . 2

13.3

1 1 .7 + 0 .2

2 4 .1 + 0 .5

3 1 . 1+1.5

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

9 . 67+0 .18

0 .0 0 3 7 0 7
0 .0 0 4 1 1 1

0.006859

1 - 2-00 3 2 .2

22.2  

1 3 .3

5 .8 5

8 .8 5  

1 3 .1

1 .2 4 + 0 .0 4

1 .9 2 + 0 .0 9

1 .6 5 + 0 .1 5

5 .4 1 ± 0 .0 7

7 .3 1 + 0 .0 9

1 0 .8 6 + 0 .2 4

0.01012
0 .0 1 1 7 5

0 .0 1 3 8 7

* X r e p r e s e n ts  m ole f r a c t io n
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o f  g a seo u s phenol in to  carbon t e t r a c h lo r id e  and cy c lo h ex a n e , r e s p e c t iv e ly ,  

o b ta in e d  by W oolley and H epler,^^  the v a lu e s  o f  - 9 .8  K ca l/m ole  fo r  carbon  

t e t r a c h lo r id e  and - 8 .4  K cal/m ole fo r  cyc loh exan e  in  t h is  work a re  o n ly  

ab o u t 3% and 4.5% d i f f e r e n t .  The AH v a lu e s  o b ta in ed  from th e  1 -2 -»  model
X

in  carbon te t r a c h lo r id e  and cyc loh exan e  s o lu t io n s  (9 .5  K ca l/m ole  and 

8 .3  K ca l/m o le) a r e  a ls o  com parable to th o se  o b ta in ed  from W oolley  and 

K ep le r . However, th e se  l a t t e r  AH v a lu e s  a r e  d er iv ed  from K v a lu e s  whichX p

do n o t  a g r e e  w ith  th e  l im it in g  in te r c e p t s  o f  p lo t s  in  F ig u res  5 and 6 .

I t  sh ou ld  be noted  th a t  AĤ  v a lu e s  o f  W oolley and H epler do n o t  p e r ta in

to  any a s s o c ia t io n  m odel.

T ab les 15 and 16 a ls o  g iv e  some K  ̂ v a lu e s  d er iv ed  as a d ju s ta b le

param eters fo r  th e  1 -2 , 1 -3 , and 1 -2 -3  m odels f i t t i n g .  These v a lu e s  can

b e  r e j e c t e d  im m ediately  a s  b e in g  u n rea so n b le , and they  r e s u l t  in  poor

f i t t i n g  and u n r e a l i s t i c  a s s o c ia t io n  c o n s ta n ts .

The sm a ller  m agnitude o f  th e  en th a lp y  o f  tr a n s fe r  o f  gaseou s phenol

in t o  cy c lo h ex a n e  p ro v id es  stron g  e v id en ce  th a t  cycloh exan e i s  more n e a r ly

58 77an in e r t  s o lv e n t  than carbon t e t r a c h lo r id e .  I t  has been su g g e s te d  ’ 

t h a t  carbon t e t r a c h lo r id e  may form weak hydrogen bonds w ith  a lc o h o ls .  

H owever, i t  seems more r ea so n a b le  sim ply  to  s t a t e  th a t  s o lu t e - s o lv e n t  

i n t e r a c t i o n s ,  in c lu d in g  both s p e c i f i c  and n o n s p e c if ic  e f f e c t s , a r e  

s tr o n g e r  fo r  carbon t e t r a c h lo r id e  s o lu t io n s .

The S e l f - A s s o c ia t io n  Models

The r e s u l t s  o f  model f i t t i n g  w i l l  b e  d isc u sse d  as f o l lo w s :  F i r s t ,  

th e  f i t t i n g  o f  th e  a c t i v i t y  data  o f  t h i s  work w ith  v a r io u s  a s s o c ia t io n  

m od els w i l l  be tr e a te d  w ith o u t r e fe r r in g  to  th e  r e s u l t s  o f  o th e r
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tec h n iq u es  . The b e s t  model fo r  th e  phenol a s s o c ia t io n  in  cyc loh exan e  and 

carbon t e t r a c h lo r id e  w ill  be determ ined s o l e l y  from f i t t i n g  th e  a c t i v ­

i t y  d a ta . Second, the r e s u l t s  o f  t h is  work w i l l  be compared w ith  the  

r e s u l t s  o b ta in ed  by other te c h n iq u e s , such as IR, NMR., c a lo r im e tr y , d i s ­

tr ib u t io n  method and to ta l  vapor p r e ssu re  m ethod. I h ir d , th e  p o s s ib le  

s tr u c tu r e  o f  a s s o c ia te d  s p e c ie s  in  cyc loh exan e  and carbon t e t r a c h lo r id e  

w i l l  be d is c u s s e d . Fourth, th e  e f f e c t  o f  erro rs  in  exp er im en ta l d ata  

on th e  r e s u l t s  w i l l  be an a ly zed .

(1 ) T ab les 15 and 16 p r e se n t  th e  a s s o c ia t io n  c o n s ta n ts  and th e

RMSD v a lu e s  o b ta in ed  for v a r io u s  m odels when K i s  co n sid ered  as an
P

a d ju s ta b le  p aram eter. Here a t  l e a s t  two c r i t e r i a  can be used  to  d e te r ­

m ine th e  goodness o f  f i t t i n g  f o r  a model : (A) the RMSD v a lu e s  fo r  a f i t  

sh ou ld  be sm a ll and w ith in  th e  exp er im en ta l e r r o r s ;  (B) th e  b e s t  l e a s t  

sq u ares v a lu e s  o f  obtained  a s  an a d ju s ta b le  param eter sh ou ld  be con­

s i s t e n t  w ith  th o se  o f  the p lo t s  in  F ig u res  5 and 6 . Only a m odel f u l ­

f i l l i n g  th e se  two c r i t e r ia  w i l l  be co n sid ered  s a t i s f a c t o r y .

T able 15 shows that th e  a c t i v i t y  data o f  carbon t e t r a c h lo r id e  

s o lu t io n s  a t  3 7 .8 ,  2 9 .1 , and 20 .7°C  are  b e s t  f i t  by th e  1 -3 -“  m odel. 

T h eir RMSD v a lu e s  are  a l l  w ith in  exp er im en ta l e r r o r s . However, th e  

1 - 2 - “ model gave th e  best f i t  o f  th e  a c t i v i t y  d ata  a t  11 .85°C . I t  a ls o  

shows th a t  th e  m odels lim ite d  to  dim er an d /or  trim er gave poor f i t s  o f  

th e  a c t i v i t y  d a ta . The 1 -2 -3  m odel even gave n e g a t iv e  v a lu e s  o f  , 

w hich i s  p h y s ic a l ly  u n r e a l i s t ic .  So th e  1 -2 , 1 -3 , and 1 -2 -3  m odels are  

n o t s e r io u s ly  considered  a s  p o s s ib le  m odels fo r  phenol s o lu t io n s .  

A lthough i t  seem s th a t  the 1 - 3 - “ m odel i s  f i t t e d  somewhat b e t t e r  than  

th e  1 -2 -“  m odel, th e  RMSD v a lu e s  o f  th e  two m odels are  com parable w ith
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each o th er  and g e n e r a lly  w ith in  th e  experim ental e r r o r s . T h erefore , i t

i s  d i f f i c u l t  to  ju d ge which model i s  p refered  ju s t  from a s t a t i s t i c a l

treatm ent o f  d a ta . However, when the l e a s t  squares v a lu e s  o f  fo r

th e  1-3-® model are compared w ith  th ose  fo r  the 1 -2 -“  m odel, a s ig n i f i c a n t

d if fe r e n c e  in  the K v a lu e s  a r i s e s  between the two m od els . ( I t  sh ou ld  be
P

noted  th a t , fo r  th e  same s o lu t io n s  a t  th e  same tem peratu re, th e  H enry's

law c o n sta n ts  a re  d e f i n i t e  thermodynamic q u a n t i t ie s ,  a lth ou gh  d i f f e r e n t

m odels a p p lie d  to th e  same s e t  o f  data may y ie ld  d i f f e r e n t  c a lc u la te d

v a lu e s  o f  th e se  c o n s ta n t s .)  When the l e a s t  squares v a lu e s  o f  fo r

th e  1 -2 -“ and th e  1 -3 -“  m odels a re  compared w ith th o se  from th e p lo t s  in

F igu re 6 , i t  can be se en  th a t th e  K v a lu e s  o f the 1 - 3 - “ model a t  th e  th ree
P

h ig h e s t  tem peratures a re  com p atib le  w ith  th o se  from th e  p l o t s ,  w h ile  the  

v a lu e s  from th e 1 - 2 - “  model a re  s ig n i f ic a n t ly  d i f f e r e n t  from th o se  

o f  the p l o t s .  At 1 1 .8 5 °C , no com parison can be made becau se  o f  s c a t t e r  

in  the p l o t s .  Some r e s u l t s  o f  model f i t t i n g  fo r  data  a t  37.8°C  u s in g  the  

Kp v a lu e  from th e p lo t  a r e  g iv e n  in  Table 13 . These r e s u l t s  show th a t  

th e  RMSD v a lu e  o f  th e  1 - 2 - “ model i s  80% la r g e r  than th a t o f  th e  1 -3 -“ 

m odel. The p reced in g  d is c u s s io n  le a d s  us to  the c o n c lu s io n  th a t  th e  

1 -3 -“ model i s  b e s t  fo r  carbon te tr a c h lo r id e  s o lu t io n s .  The v a n 't  

H off p lo ts  o f  Kg and fo r  th e  1 -3 -“ model are g iv en  in  F ig u res  9 and 

10. The l e a s t  squares v a lu e s  o f  - 9 .5  K cal/m ole and - 5 .2  K cal/m ole were 

o b ta in ed  fo r  AHg and AH^, r e s p e c t iv e ly  (T able 2 5 ) .

Table 16 p r e s e n ts  the r e s u l t s  o f  th e  model f i t t i n g  fo r  cycloh exan e  

s o lu t io n .  I t  shows th a t  the 1 -3 -“  model f i t s  the a c t i v i t y  data b e t t e r  

than th e  1 -2 -“  model a t  a l l  tem p eratu res. The RMSD v a lu e s  fo r  th e  1 -2 -“ 

model are  60% to 80% la r g e r  than th o se  o f  th e  1 -3 -“ m odel. Table 16 a lso
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8 . 0

7 .0

.0

.0

.0

.0

C yclohexane

.0 CCI

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

F igu re 9 .  V a n 't  H off P lo t s  o f  th e  Temperature Dependence o f  th e  Trimer 

A s s o c ia t io n  C onstants(K ^) fo r  Phenol in  C yclohexane and CCl^
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3 .0

2 . 0

Q  C yclohexane

CCI

3-30 ^  X 1q33 .2 0 3 .4 0 3 .5 0

F ig u re  10 . V an 't H off P lo t s  o f  th e  Temperature Dependence o f  th e  K^( 1-3- 

m odel) fo r  Phenol in  C yclohexane and CCl^.
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in d ic a t e s  th a t the RMSD v a lu e s  o f  th e  1 -2 -“  model are  la r g e r  than the  

exp erim en ta l e r r o r s . We can con clu d e  from  the RMSD v a lu e s  th a t  th e  

1 -3 -“ model i s  s t a t i s t i c a l l y  a b e t t e r  m odel. F urther exam ining th e  

v a lu e s ,  we f in d  th a t th e  v a lu e s  o f  th e  1 -3 -“ model are  in  good a gree­

ment w ith  th o se  o f  the p l o t s ,  w h ile  th e  K v a lu e s  o f  th e  1 -2 -“ model are
P

n o t .  The r e s u lt s  o f  m o d e l- f i t t in g  u s in g  th e  v a lu e s  o f  th e  p lo t s  a t

3 7 .7  and 32.2°C  a ls o  in d ic a t e  th a t  th e  RMSD v a lu e s  o f  th e  1 -2 -“  model

are  la r g e r  than th o se  o f  th e  1 -3 -“  model by a fa c t o r  o f  2 .5 .  The v a n 't

H off p lo t s  o f  and fo r  th e  1 -3 -“ m odel a re  shown in  F ig u res  9 and

10. The v a lu e s  o f  and vary  w ith  tem perature in  a  r e g u la r  manner.

The b e s t  l e a s t  squares v a lu e s  o f  AH_ and AH f o r  th e  1 -3 -“  model in3 “

cyc loh exan e  s o lu t io n s  a re  e s tim a te d  to  be - 1 3 .4  K cal/m ole  and - 6 .0  

K ca l/m o le , r e s p e c t iv e ly .

The r e s u l t s  o f  model f i t t i n g  o f  a c t i v i t y  d ata  le a d  us to  th e  con­

c lu s io n  th a t  th e  s o lu t io n s  o f  phenol fo r  both  carbon t e t r a c h lo r id e  and 

cyc loh exan e  up to  about 1 M a re  b e s t  in te r p r e te d  in  term s o f  th e  1 -3 -“  

m odel.

I t  may be in s t r u c t iv e  to  f i t  th e  a c t i v i t y  data w ith  th e  1 -2 -“ and 

th e  1 -3 -“  m odels u sin g  th e  K v a lu e s  c a lc u la te d  from th e  AH v a lu e s
p  X

o b ta in ed  by W oolley and H ep ler ,an d  one K ^value(at 37 .7°C  fo r  cycloh exan e

and 37.8°C  fo r  carbon t e t r a c h lo r id e ) fr o m  th e  p lo t s  (F ig u res  5 and 6) in

t h i s  work. Table 26 g iv e s  th e  r e s u l t s  o f  such f i t t i n g .  I t  a l s o  shows

from th e  RMSD v a lu e s  th a t  th e  1 -3 -“  model p ro v id es  th e  b e t t e r  f i t  fo r

both  s o lu t io n s .  As compared to T ab les 15 and 16 , i t  was ob served  th a t

a  sm a ll d if fe r e n c e  in  K v a lu e s  betw een  two methods c a u ses  b ig  d e v ia t io n s
P

in  th e  v a lu es  from th e  model f i t t i n g ,  e s p e c ia l ly  a t  11.85°C fo r  carbon
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t e t r a c h lo r id e  s o lu t io n  and 13.3^C f o r  cycloh exan e s o lu t io n .  For exam ple, 

about a 4% d if f e r e n c e  in  the v a lu e s  (4 .1 0  v s .  4 .2 8 )  a t  11.85°C  fo r  car­

bon te tr a c h lo r id e  s o lu t io n  produces a  20% d e v ia t io n  in  the v a lu e s  (8 .1  

v s .  1 0 .2 ) ,  w h ile  fo r  phenol in  cyc loh exan e  a t  13 .3 °C , a  6.5% d if f e r e n c e  

in  th e  v a lu e s  (1 3 .1  v s .  1 3 .97 ) makes about a 30% d e v ia t io n  in  th e  

v a lu e  (3 1 .1  v s .  4 5 .6 ) .  C onsidering  th e  s tro n g  dependence o f  th e  v a lu e  

on th e  Kp v a lu e  in  model f i t t i n g ,  i t  i s  apparent th a t  a  r e l i a b le  K v a lu e  

i s  v e r y  im portant in  t h is  work. The v a lu e s  o b ta in ed  as an a d ju s ta b le  

param eters vary w ith  tem perature in  a  r e g u la r  manner; th e  stan dard  er ro r s  

in  AH are o n ly  about 1% fo r  both  s o lu t i o n s .  Furtherm ore, th e  K_ and K*• j  00

v a lu e s  d er ived  a l s o  vary r e g u la r ly  w ith  tem p eratu re . The standard  er ro r s  

in  AĤ  are  about 5% fo r  both s o lu t io n s .  A sm all change in  th e  v a lu e  o f  

Kp has no marked e f f e c t  on th e  corresp on d in g  v a lu e . A lthough th e  

e n th a lp ie s  o f  t r a n s fe r  o f  gaseous phenol (-AH^) o b ta in ed  by W oolley and 

H epler are o n ly  3 -  4.5% d i f f e r e n t  from th o se  o f  t h i s  work, th e  

v a lu e s  c a lc u la te d  from th e se  AĤ  a t  low  tem peratu res (11 .85°C  and 13.3°C ) 

are 4 - 6 %  d i f f e r e n t  from the l e a s t  sq u a res v a lu e s  o f  (T ab les 15 and 

1 6 ). Furtherm ore, th e  tem perature dependence o f  v a lu e s  o b ta in ed  from  

th e se  Kp v a lu e s  (T able 26) i s  n o t a s  s a t i s f a c t o r y  a s  th a t  o f  v a lu e s  

d e r iv ed  from the l e a s t  squares f i t s  (T a b les  15 and 1 6 ) .  There i s  no e v i ­

dence to  show w hether the AĤ  v a lu e s  o f  t h i s  work a r e  b e t t e r  or w orse than 

th o se  o f  W oolley and H ep ler , b u t we do th in k  th e  stan dard  e r r o r s  in  AH
X

o b ta in ed  by W oolley  and H epler should  be a t  l e a s t  2%. T h erefore , th e  

d er iv ed  v a lu e s  a t  low tem perature may be in  e r ro r  by more than 3% and 

the d er iv ed  v a lu e s  (ob ta in ed  from th e  p r e se n t  d ata  u s in g  th e se  

v a lu e s )  cou ld  be 15% in  e r r o r . C on sid er in g  the good b eh a v io r  o f  th e  K ,
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K^, and v a lu e s  o b ta in ed  by th ree-param eter f i t t i n g  w ith  tem perature, 

the u se  o f  AH o b ta in ed  by W oolley and H ep ler, and one K v a lu e  o f  t h isX p

work appears not to  be a p r a c t ic a l  way to  c a lc u la t e  th e  v a lu e s  a t  

v a r io u s  tem p eratu res.

(2 ) Ihe r e s u l t s  o f  t h i s  work are  q u a l i t a t iv e ly  c o n s is t e n t  w ith

the IR s p e c tr a l  ev id en ce  w hich in d ic a t e s  th a t more than one a s s o c ia te d

s p e c ie s  i s  p resen t in  phenol s o lu t io n s  in  carbon t e t r a c h lo r id e  and

cyclohexane s o lv e n t s .  The p rev io u s IR data on th e  s e l f - a s s o c ia t i o n  o f

phenol were in te r p r e te d  in  terms o f  th e  l-2-«° m odel, w ith  e i t h e r  one

form ation  con stan t^ ^ ’^^ o r  two form ation  c o n s t a n t s . H o w e v e r ,  the

p resen t resea rch  g iv e s  no support to  th e  assum ption made in  p rev io u s

in fr a r e d  s tu d ie s  ( e . g .  th e  near-IR  stu d y  o f  W hetsel and Lady and th e

IR -fundam ental stu d y  o f  C oggesh a ll and S a ie r )  th a t  th e  phenol dimer i s

p resen t in  s ig n i f i c a n t  amounts in  o r g a n ic  s o lu t io n s .  A ccording to  th e

a c t i v i t y  r e s u l t s ,  the f i r s t  im portant a s s o c ia te d  s p e c ie s  appears to  be

the tr im er . A s im ila r  o b se r v a tio n  was a ls o  rep orted  by Tucker and Becker

fo r  the a s s o c ia t io n  o f  t e r t -b u ta n o l  in  n-C^^Hg^ (and n-C^^D^^) com bining

68the r e s u l t s  o f  th e  vapor p r e ssu r e , IR, and PMR te c h n iq u e s . In  order  

to  make a com prehensive com parison o f  th e  r e s u l t s  o f  t h is  work w ith  th o se  

o f  th e  near-IR  stu dy  o f  W hetsel and Lady, the n ear-IR  absorbance d ata  

were t e s t e d  w ith  th e  l-3-«> model (w ith o u t end OH group c o r r e c t io n )  . The 

r e s u lt s  are  l i s t e d  in  T ab les 27 and 28 a long  w ith  th e  r e s u l t s  o f  th e  

1 -2 -“ , 1 -2 , 1 -3 , and 1 -2 -3  model f i t t i n g  ob ta in ed  by W hetsel and Lady.

I t  i s  in t e r e s t in g  to  n o te  th a t  th e  1 -3 -“  model f i t t i n g  o f  n ear-IR  absor­

bance d ata  i s  g e n e r a lly  b e t t e r  than th e  1 -2 -“  m odel. T able 27 c le a r ly  

shows from th e  RMSD v a lu e s  th a t th e  absorbance d a ta  f o r  carbon t e t r a c h lo r id e



TABLE 27

Model

RMSD AND ASSOCIATION CONSTANT VALUES FOR PHENOL IN CARBON TETRACHLORIDE OBTAINED USING 

NEAR-IR DATA OF WHETSEL AND LADY (WITHOUT END GROUP CORRECTION)

- 1.

THE

T em perature( C) e ( l l t e r /m o le - c m ) KgCM K (M 'l) RMSD

1—3—0

1—2—0

1—2—3

1-3

1-2

4 6 .0 3 .4 2 7 - 2 .3 1 ± 0 .0 5 1 .1 9 1 0 .0 3 0 .0 0 3 5 5
3 7 .8 3 .4 4 7 - 3 .0 1 + 0 .0 4 1 .6 0 1 0 .0 2 0 .0 0 2 9 1
2 9 .1 3 .4 5 3 - 4 .5 2 ± 0 .0 5 2 .0 3 1 0 .0 1 0 .0 0 2 5 7
2 0 .7 3 .4 5 3 - 7 .2 5 ± 0 .0 6 2 .4 9 1 0 .0 1 0 .0 0 2 4 5
11 .9 3 .4 6 2 - 1 1 .0 2 + 0 .0 8 3 .3 3 1 0 .0 1 0 .0 0 2 3 9

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

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

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

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

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

2 0 .7 5 .7 5 0 .0 6 1 0

N ote: The a s s o c ia t io n  c o n s ta n ts  f o r  th e  l--2-<», 1 - 2 - 3 ,  1-3  and 1 -2  m odels w ere o b ta in e d  by 
Lady, w h ile  th o se  fo r  th e  l-3-«> model w ere o b ta in e d  by th e  p r e s e n t  a u th o r 's  f i t t i n g

I0000
I

W h etsel and 
o f  t h e ir  d a ta .



TABLE 28

RMSD AND ASSOCIATION CONSTANT VALUES FOR PHENOL IN CYCLOHEXANE OBTAINED USING THE

Model

NEAR-IR DATA OF WHETSEL AND LADY (WITHOUT END GROUP CORRECTION)

T em perature( C) e ( l l te r /m o le -c r a ) KgCM-1 ) Kg(M"2) RMSD

1— 3 —00 6 8 .5 4 .4 7 - 2 .4 3 + 0 .0 4 1 .8 6 ± 0 .0 2 0 .0 0 3 7 9
5 9 .5 4 .5 6 - 3 .1 7 + 0 .0 6 2 .3 7 1 0 .0 2 0 .0 0 5 8 1
5 0 .0 4 .6 7 - 6 .0 5 ± 0 .0 7 2 .5 6 + 0 .0 2 0 .0 0 1 6 3
4 0 .8 4 .7 9 - 7 .5 6 + 0 .0 7 3 .7 6 + 0 .0 1 0 .0 0 2 7 2
3 2 .3 4 .8 7 - 1 2 .6 + 0 .3 4 .8 8 1 0 .0 1 0 .0 0 2 4 7
2 2 .2 5 .0 0 - 2 6 .2 + 0 .3 6 .1 8 1 0 .0 2 0 .0 0 3 0 5
1 3 .3 5 .1 0 - 5 3 .3 + 1 .1 8 .1 1 1 0 .0 8 0 .0 0 1 2 0

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

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

1-3 2 2 .2 - 1 24 .9 - 0 .0 3 5 0

1-2 2 2 .2 1 7 .3 5 - - 0 .0 5 8 4
N ote: The a s s o c ia t io n c o n s ta n ts  f o r  th e  1 - 2 - “ , 1 - 3 ,  1 - 2 -3 , and 1-2  m odels w ere o b ta in e d  by W hetsel

VO
I

L a d y , w h i l e  t h o s e  f o r  t h e  1 - 3 - “  m o d e l w e r e  o b t a in e d  b y  t h e  p r e s e n t  a u t h o r ' s  f i t t i n g  o f  t h e i r  d a t a .
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s o lu t io n s  a r e  b e t te r  f i t  by th e  l-3-<“ model ex cep t a t  a tem perature o f  

4 6 .0 °C . S im ila r ly ,  th e  l-3-«> model fo r  cycloh exan e s o lu t io n  i s  a ls o  f i t ­

ted  b e t t e r  than the 1 -2 -“  model ex cep t a t  6 8 .5 °C , 59 .5 °C , and 3 2 .3 °C . 

However, th e  RMSD v a lu e s  fo r  th e  two m odels are comparable ( e s p e c ia l ly  

fo r  cy c lo h ex a n e  s o lu t io n s )  and w ith in  th e  exp erim en ta l e r r o r s .  I t  i s  

hard to  judge which model i s  p re fered  s o l e l y  from near-IR  d a ta . However, 

th e  r e s u l t s  o f  a c t i v i t y  data p resen ted  in  th e  p reced in g  s e c t io n  g iv e  

s tr o n g  e v id e n c e  th a t  tr im ers  r a th er  than dim ers are th e  m ost im portant 

lo w e s t  m o lecu la r  w e ig h t a g g reg a te  in  both  s o lu t io n s .  The p resen ce  o f  

ph en ol dim ers in  s o lu t io n s  a t  am bient tem perature has been  assumed r a th er  

than e x p e r im e n ta lly  proven  by p rev io u s w ork ers.

I t  i s  i n s t r u c t iv e  to  make a  q u a n t ita t iv e  com parison o f  th e  r e s u l t s

o b ta in ed  by a p p ly in g  th e  1 -3 -“ model to  both  a c t i v i t y  d ata  and n ear-IR

-2  - Iabsorbance d a ta . The v a lu e s  o f  12.34  M and 4 .8 3  M f o r  K_ and K3 “

d e r iv e d  from a c t i v i t y  d a ta  fo r  cyc loh exan e  s o lu t io n  a t  32.2°C a r e  in

-2  -1e x c e l l e n t  agreem ent w ith  v a lu e s  o f  12.64 M and 4 .8 8  M o b ta in ed  from  

n ear-IR  d ata  a t  3 2 .3 °C . The K_ and K v a lu e s  a t  37.7°C  and 22.2°C  (T able  

16) o b ta in e d  in  t h is  work are  a l s o  in  good agreem ent w ith  th o se  o b ta in ed  

from th e  n ea r-IR  data  a t  40 .8°C  and 2 2 .2 ° C (T able 2 8 ) . However, a s i g n i f ­

ic a n t  d i f f e r e n c e  in  and a t  13.3°C (about 16%) i s  ob served  betw een  

th e  two te c h n iq u e s . For phenol in  carbon t e t r a c h lo r id e  s o lu t io n ,  th e  

v a lu e s  o f  and d e r iv e d  from th e  a c t i v i t y  data are  in  rea so n a b le  a g r e e ­

ment w ith  th o s e  from th e  near-IR  data a t  a l l  fou r  tem peratures (T ab les 15 

and 2 7 ) .  The en th a lp y  o f  tr im e r iz a t io n  (AH^) o f  - 9 .5  K cal/m ole  fo r  phenol 

in  carbon t e t r a c h lo r id e  s o lu t io n  i s  in  good agreem ent w ith  th e  v a lu e  o f  

- 9 .3  K ca l/m ole  d er iv ed  from the near-IR  d ata  (T able 2 9 ) .  The en th a lp y



TABLE 29

THERMODYNAMIC PARAMETERS FOR ASSOCIATION OF PHENOL OBTAINED USING THE 

NEAR-IR DATA OF WHETSEL AND LADY (WITHOUT END GROUP CORRECTION)

CARBON TETRACHLORIDE

1-3-0° model 1- 2-00 model

CYCLOHEXANE

l _ 3_a> m odel 1—2—oo model

AH2 (K ca l/m o le )  

A S gX e.u ./m o le)

( - 6 . 1±0 . 2 ) “

( -2 0 .2 + 0 .7 )*

( - 5 .6 3 + 0 .2 ) '

( - 1 7 .4 ± 0 .7 ) '

A H ^(K cal/m ole) 

A S ^ (e ,u ,/m o le )

- 9 .3 + 0 .3  

-2 6 .3 + 0 .9

-1 1 .3 ± 0 .5

■ 30.0+1.7

v t .

A H ^(K cal/m ole)

A S _ (e .u ./m o le )

- 5 .2 ± 0 .2

-1 5 .2 + 0 .7

( -4 .0 7 + 0 .0 6 ) ' - 5 .5 + 0 .3  

- 1 4 .2 ± 0 .8

( -5 .2 2 + 0 .1 3 ) '  

( -1 3  7 ± 0 .4 )*( - 1 1 .7 + 0 .2 ) "

a: Thermodynamic q u a n t i t i e s  o b ta in e d  by W h etse l and Lady w ith o u t  c o r r e c t io n  fo r  therm al ex p a n sio n  o f

s o lv e n t s ,  w h ile  th o se  fo r  th e  1-3-°° m odel w ere o b ta in e d  by th e  p r e s e n t  a u th o r 's  f i t t i n g  o f  t h e ir  d a ta . 

N o te :A ll  therm al q u a n t i t i e s  a re  b ased  on th e  u n i t  m o la r ity  id e a l  d i l u t e  s o lu t io n  stan d ard  s t a t e .
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o f  form ation  fo r  h ig h e r  polym ers (AH^) d er iv ed  from  b oth  tech n iq u es has  

th e  same v a lu e  o f  - 5 .2  K ca l/m o le . E x c e l le n t  agreem ent o f  th e  v a lu e s  o f  

AS- and AS_ a re  a l s o  observed  fo r  carbon t e t r a c h lo r id e  s o lu t io n .  For
J  oo

phenol in  cyc loh exan e  s o lu t io n ,  an en th a lp y  o f  t r im e r iz a t io n  o f  -1 3 .4  

K cal/m ole was o b ta in ed  in  t h is  work, w h ile  a v a lu e  o f  - 1 1 .3  K cal/m ole was 

d erived  from n ear-IR  data ; t h i s  i s  th e  la r g e s t  d iscr e p a n c y  betw een r e s u l t s  

from th e two s t u d ie s .  The en thalp y  o f  form ation  o f  - 6 .0  K cal/m ole  o f  t h is  

work fo r  h ig h e r  polym er (AH^) in  cycloh exan e s o lu t io n  i s  com parable w ith  

th e  v a lu e  o f  - 5 .3  K cal/m ole d er iv ed  from th e  n ea r -IR  d a ta . I t  i s  in t e r ­

e s t in g  to  n o te  th a t  th e  v a lu e s  o f  Kg and K  ̂ d e r iv e d  from a c t i v i t y  data  

fo r  th e  1-2-®  model a re  n o t in  as good agreem ent w ith  th o s e  o f  th e  near-IR  

d a ta , e s p e c i a l ly  i n  th e  ca se  o f  cycloh exan e s o lu t io n s .

One o f  th e  im portant q u a n t i t ie s  d er iv ed  from t h i s  work which can  

be d i r e c t ly  compared w ith  th o se  o f  th e  n ear-IR  d a ta  i s  th e  monomer phenol 

c o n c e n tr a t io n . A l l  a s s o c ia t io n  m odels which h ave  been used  to  d e sc r ib e  

phenol p o ly m e r iz a t io n  sh ou ld  be r e d u c ib le , d i r e c t ly  o r  i n d i r e c t ly ,  to 

monomer v e r su s  t o t a l  c o n c e n tr a tio n  c u r v e s . The c o n c e n tr a t io n  o f  phenol 

monomer d e r iv e d  from th e  near-IR  absorbance d ata  i s  independent o f  the  

a s s o c ia t io n  m odel. I t s  v a lu e  i s  d i r e c t ly  determ ined  from th e  a b s o r p t iv ity  

o f  very  d i l u t e  s o lu t io n s  (o n ly  phenol monomer e x i s t s  in  s u f f i c i e n t l y  

d i lu t e  s o lu t i o n ) .  T h e o r e t ic a l ly ,  th e  monomer c o n c e n tr a t io n  a ls o  can be  

d ir e c t ly  determ in ed  from th e  a c t i v i t y  d ata  and H en ry's law  c o n sta n t (K^) 

in  t h is  w ork. A c tu a lly , s in c e  i t  i s  d i f f i c u l t  to  o b ta in  th e  p r e c is e  

v a lu e  o f  th e  H en ry's law co n sta n t from th e  l im it in g  in te r c e p t s  o f  p lo t s  

o f  a / f ^  v s .  f^  fo r  d i lu t e  s o lu t io n s  ( e s p e c ia l ly  a t  low  tem p era tu re), the  

H enry's la w  c o n s ta n ts  o f  t h i s  work have to  be c o n s id e r e d  a s  param eters
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to  b e  in fe r r e d  from  f i t t i n g  data  to  th e  v a r io u s  a s s o c ia t io n  m od els. T ab les  

17 to  24 l i s t  c a lc u la t e d  a c t i v i t i e s  and monomer c o n c e n tr a t io n s  o f  phenol 

a s  a fu n c tio n  o f  phenol c o n c e n tr a t io n  fo r  th e  1 - 2 - “ and 1 -3 -“  m odels.

These r e s u l t s  show th a t  th e  monomer c o n c e n tr a tio n s  d e r iv e d  from th e  1 -2 -“ 

m odel a r e  s i g n i f i c a n t l y  sm a lle r  than th o se  from th e 1 -3 -“  m odel. F igu res  

11 to  18 p r e sen t th e  p lo t s  o f  the form al c o n c e n tr a tio n  o f  phenol v s .  th e  

monomer c o n c e n tr a t io n  determ ined from t h is  work, near-IR  m easurem ents, 

and o th er  te c h n iq u e s . In  th e  low c o n c e n tr a tio n  range th e  monomer concen­

t r a t io n s  o f  phenol o b ta in ed  from th e  near-IR  d a ta  are in  good agreem ent 

w ith  th o se  d e r iv e d  from th e  1 -3 -“  model o f  t h i s  work, b u t in  d isagreem ent 

w ith  th o se  d e r iv e d  from th e  1 -2 -“  m odel. However, a t  h ig h e r  c o n c e n tr a t io n s  

a sm a ll d i f f e r e n c e  in  d e r iv e d  monomer c o n c e n tr a tio n  betw een  th e  two in d e ­

pendent tech n iq u es  ( th e  1 - 3 - “  model f i t  o f  t h i s  work) was observed  a t  tem­

p e r a tu r e s  o f  1 1 .8 5 , 2 0 .7 ,  and 29.1°C  fo r  carbon te t r a c h lo r id e  s o lu t io n  and 

a t  tem peratures o f  1 3 .3  and 22.2°C  fo r  cyc loh exan e  s o lu t io n .  At th o se  tem­

p e r a tu r e s , th e  monomer c o n c e n tr a t io n s  o f  phenol d er ived  from  th e  n ear-IR

d a ta  are  s l i g h t l y  h ig h e r  than th o se  from a c t i v i t y  d a ta . A s im i l ia r  phenom-

68enon was a ls o  o b serv ed  by Tucker and Becker in  t h e ir  com parison o f  monomer 

c o n c e n tr a t io n s  o f  t e r t -b u ta n o l  in  hexadecane d er iv ed  from  fundam ental in fr a ­

red  data and vapor p r e ssu r e  data  a s  fu n c tio n s  o f  form al t e r t -b u ta n o l  concen­

t r a t io n .  They a t t r ib u t e d  th e  h ig h e r  monomer c o n c e n tr a t io n s  measured by th e  

fundam ental-IR  method to  th e  absorbance o f  th e  end h yd roxy l group o f  l i n ­

ea r  tr im ers a t  th e  monomer band. The p r esen t work th u s may be in te r p r e te d  

a s  g iv in g  e v id en ce  th a t  th e  end hydroxyl group in te r f e r e n c e  i s  o f  some 

im portance in  p h en o l s o lu t i o n s .  However, th e  m agnitude o f  th e  i n t e r f e r ­

en c e  fo r  phenol s o lu t io n s  ( in  th e  o v erto n e  r e g io n )  i s  sm a lle r  than
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Figuré II. Phenol Monomer Concentration (C^)as a Function of Formal Concentration (f^) in
Cyclohexane (37.7°C for this work).
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Figure 12. Phenol Monomer Concentration(Cj^) as a Function of Formal Concentration(f^) in
Cyclohexane (32.2°C for this work)
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Figure 13. Phenol Monomer Concentration (Ĉ )̂ as a Function of Formal Concentration (f^) in
Cyclohexane (22.2°C for this work).
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Figure 15. Phenol Monomer Concentration(Cj^) as a Function of Formal Concentration(f^) in Carbon
Tetrachloride (37.8^C for this work).



0 .3 0

X  o
0 . 20

•  1 -  2  -CO t h i s  w ork  

O 1 - 3 ~ ®  t h i s  w ork

^ I fh e ts e l  and Lady a t  29 .1°C

d a t a  a t  2 7 °C (N a k a a h lm a , e t  a l . )  
* * ' C a lo r im e t r y  d a t a  a t  2 5 ° C ( W o o l le y ,e t

0.10

0 . 20 0 . 4 0 0 . 6 0 0 . 8 0 1 .0 0
fa/M )
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in  th e  ca se  o f  te r t -b u ta n o l  ( in  th e  fundam ental r e g io n ) . T h is may be an 

argument fo r  sa y in g  th a t  a s i g n i f i c a n t  p o r tio n  o f  th e  phenol tr im er o r  

o th er  polym ers e x i s t s  in  c y c l i c  form s; how ever, th e  e x te n t  o f  o v er la p  

between monomer and polymer bands may be r e l a t i v e l y  sm a lle r  in  th e  o v er ­

tone r e g io n . A t 37.8°C  fo r  carbon te t r a c h lo r id e  s o lu t io n  and a t  32.2°C  

fo r  cyc loh exan e  s o lu t io n ,  th e  monomer c o n c e n tr a t io n s  o f  phenol d er iv ed  

from th e two tec h n iq u es  are  alm ost id e n t ic a l  w ith in  th e  exp erim en ta l 

e r r o r s . T h erefore , th e  p r esen t r e se a r c h  su p p orts  th e  c o n c lu s io n  o f  

W hetsel and Lady th a t  th e  end-group in te r fe r e n c e  i s  r e l a t i v e l y  weak in  

both  s o lu t io n s .  The above d is c u s s io n  can le a d  to  th e  c o n c lu s io n  th a t  the  

c o n c e n tr a tio n s  o f  phenol monomer d e r iv e d  from t h i s  work and th o se  o f  

W hetsel and Lady are  upper l im it in g  v a lu e s .

In  m ost o f  th e  NMR s tu d ie s  o f  th e  s e l f - a s s o c ia t i o n  o f  p h en o l, th e  

data have been  in te r p r e te d  in  term s o f  one a s s o c ia te d  s p e c ie s ,  e . g . ,  dimer 

o r  tr im er . H uggins, e t  a l . ,^ ^  and Nakashima, e t  a l . ,^ ^  found th a t  th e  

monomer-dimer model can account s a t i s f a c t o r i l y  f o r  th e  p h en o l a s s o c ia t io n

d ata . However, Saunders and Hyne,^^ A h lf and P la tth a u s ,^ ^  D ale  and Gram-

57 58s ta d , and B ogachev, e t  a l . ,  argued th a t a  model c o n ta in in g  a monomer-

trim er eq u ilib r iu m  p rovided  the b e s t  f i t  o f  t h e ir  NMR d a ta . A lthough Rao, 

e t  a l . , in te r p r e te d  th e ir  PMR d ata  o f  phenol in  carbon t e t r a c h lo r id e  in  

terms o f m onomer-dim er-polym er, no thermodynamic param eters w ere rep orted . 

The b e s t  way to  compare th e  r e s u l t s  o f  NMR measurements w ith  th o se  o f  a c t iv ­

i t y  d ata  i s  to  compare th e  monomer c o n c e n tr a t io n  o f  phenol a s  a  fu n c tio n  of 

phenol form al c o n c e n tr a t io n . Some o f  the monomer c o n c e n tr a t io n  v s .  formal 

c o n c e n tr a tio n  r e s u l t s  deduced from th e  a s s o c ia t io n  c o n s ta n ts  o f  Nakashima, 

e t  a l . ,  and D a le  and Gramstad, are  a l s o  p lo t t e d  in  F ig u re  11 through Figure
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18. I t  shou ld  n oted  t h a t ,  e x c ep t in  the low c o n c e n tr a t io n  ran ge, the NMR 

data  le a d  to a c a lc u la t e d  phenol monomer c o n c e n tr a t io n  w hich  in c r e a se s  

much too r a p id ly  w ith  t o t a l  phenol c o n c e n tr a tio n  to be c o n s is t e n t  w ith  

the a c t i v i t y  or IR m easurem ents. I t  should  be em phasized th a t  the monomer 

c o n c e n tr a tio n s  o f  phenol sh ou ld  be th e  same w ith in  exp er im en ta l erro rs  

fo r  a g iv e n  s o lu t io n  a t  a g iv e n  tem perature r e g a r d le s s  o f  w hich techn iqu e  

i s  u sed . Ihere a r e  g e n e r a lly  two d i s t i n c t  d isa d v a n ta g es o f  NMR m easure­

ments fo r  c a lc u la t io n s  o f  a s s o c ia t io n  c o n sta n ts ;  (1) no m easurable q u a n tity  

d ir e c t ly  r e la te d  to  th e  monomer c o n cen tra tio n  may be o b ta in ed  from NMR 

d ata; (2 ) a lm ost tw_c . a s  many param eters are req u ired  fo r  NMR data in  

model f i t t i n g  a s  compared to IR or vapor p ressu re  te c h n iq u e s .

F ig u re  16 a l s o  shows th e  p lo t  o f  the c o n c e n tr a t io n  o f  phenol mono­

mer v s .  form al p h en ol c o n c e n tr a t io n  d er ived  from th e c a lo r im e tr ic  r e s u l t s  

o f  W oolley , e t  a l .^ ^  As in  th e  ca se  o f  the NMR p l o t ,  th e  monomer concen­

t r a t io n  in c r e a s e s  too  r a p id ly  w ith  form al phenol c o n c e n tr a t io n . The d i s ­

advantages o f  o b ta in in g  a s s o c ia t io n  c o n sta n ts  from  c a lo r im e tr ic  data are  

s im ila r  to  th o se  o f  NMR d a ta . However, th e  c o n c e n tr a t io n s  o f  phenol
27 28

monomer d er iv ed  from p a r t it io n -w a te r  s o lu b i l i t y  d a ta  ’ and from t o t a l

34vapor p ressu re  m easurem ents on phenol-carbon t e t r a c h lo r id e  s o lu t io n s  

are in  rea so n a b le  agreem ent w ith  th o se  from a c t i v i t y  m easurem ents.

The marked d is c r e p a n c ie s  among th e  curves d er ived  from v a r io u s  

tech n iq u es a s  shown in  F ig u res  11 to 18 c le a r ly  in d ic a t e  th a t  n ot a l l  o f  

the r e s u l t s  o b ta in ed  a r e  m ea n in g fu l. In v iew  o f  th e  d ir e c t  r e la t io n  

between thermodynamic a c t i v i t y  v a lu e s  and the c o n c e n tr a t io n s  o f  phenol 

monomer in  s o lu t io n ,  i t  i s  e s s e n t ia l  th a t  any a s s o c ia t io n  model fo r  phenol 

s o lu t io n s  be c o n s is t e n t  w ith  r e l i a b le  a c t i v i t y  r e s u l t s .  T h is r e s t r ic t io n
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a r is e s  from the b a s ic  a ssu m p tion , made in  a l l  s p e c tr a l  and c l a s s i c a l  s tu d ie s  

o f  phenol a s s o c ia t io n ,  th a t  H en ry's law  i s  obeyed by each  o f  th e  in d iv id u a l  

phenol s p e c ie s .  Under t h i s  a ssu m p tion , v a lu e s  o f  th e  c o n c e n tr a t io n  o f  

phenol monomer o b ta in ed  from v a r io u s  a s s o c ia t io n  m odels should v ary  l i n ­

e a r ly  w ith  the thermodynamic a c t i v i t y .  The c o n c e n tr a t io n  o f  monomer phenol 

c a lc u la te d  from th e  n ear-IR  d ata  g e n e r a lly  v a r ie s  n e a r ly  l in e a r ly  w ith  

th e  a c t i v i t y  v a lu e s ,  a lth ou gh  a t  h ig h e r  phenol c o n c e n tr a t io n s  th e  n ear-IR  

r e s u lt s  le a d  to  somewhat h ig h e r  monomer c o n c e n tr a t io n s  (probably due to  

th e  end-OH-group a b so r p tio n  o f  p o ly m ers). In any c a s e ,  monomer c o n c e n tr a ­

t io n s  d er ived  from a c t i v i t y  d ata  o r  n ear-IR  d ata  shou ld  r e p r ese n t upper  

l im it in g  v a lu e s ;  o th e r  s p e c tr a l  and thermo dynamic r e s u l t s  should  b e  ex p ec ted  

to  y ie ld  monomer c o n c e n tr a t io n s  no la r g e r  than th e s e .

The above d is c u s s io n  le a d s  us to  th e  c o n c lu s io n  th a t  phenol a s s o c i ­

a t io n  m odels l im it e d  to  d im e r iz a t io n  an d /or  tr im e r iz a t io n  can b e  r e je c te d  

as b e in g  p h y s ic a l ly  u n r e a l i s t i c  e x c e p t  in  q u ite  r e s t r ic t e d  ranges o f  phenol 

c o n c e n tr a tio n . A fte r  a c a r e fu l  num erical a n a ly s is  o f  th e  near-IR  d a ta  o f  

W hetsel and Lady and c o n s id e r a t io n  o f  th e  p r e se n t  a c t i v i t y  r e s u l t s ,  we 

b e l ie v e  th a t  th e  1 -3 -“ model i s  th e  b e s t  model proposed to d ate  f o r  r e p r e ­

se n tin g  th e  a s s o c ia t io n  o f  phenol in  carbon t e t r a c h lo r id e  and c y c lo h e x a n e .

(3 ) P o s s ib le  S tr u c tu r e s  o f  th e  A sso c ia te d  S p e c ie s :  The a c t i v i t y  

method u sed  in  t h is  work, l i k e  o th e r  vapor p r e ssu re  m ethods, g iv e s  no 

d ir e c t  s tr u c tu r a l  in fo r m a tio n . However, by comparing th e  c o n c e n tr a t io n s  

o f  phenol monomer d e r iv e d  from  t h i s  work w ith  th o se  o f  th e  n ear-IR  m ethod, 

th e  p o s s ib le  s tr u c tu r e  o f  th e  tr im er  o r  h ig h er  polym ers may be s u g g e s te d .

The h ig h e r  monomer c o n c e n tr a t io n  d e r iv e d  from n ear-IR  data  probably in d i ­

c a te s  th a t  end-OH-group a b so r p tio n  by th e  l in e a r  tr im er or  h ig h er  polym ers
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o ccu rs  a t  the monomer band. There are  s t i l l  arguments^^ as to  whether  

the end OH groups and f r e e  OH groups absorb a t  th e  same frequency and 

w ith  th e  same i n t e n s i t y ,  or w hether the end OH groups o n ly  s l i g h t l y  in t e r ­

f e r e  a t  th e  freq u en cy  o f  th e  monomer band. W hetsel and Lady have e s tim a te d  

th a t  th e  a b s o r p t iv i t i e s  o f  the end OH group a t  th e  f r e e  OH frequ en cy in  

th e  o v e r to n e  are l e s s  than 30% o f  th e  f r e e  OH group a b s o r p t iv i t i e s .  There 

i s  s t i l l  no unambiguous way to  determ ine the f r a c t io n  o f  l in e a r  trim er in  

s o lu t io n  u s in g  th e  a b s o r p t iv ity  d a ta . The r e s u l t s  o f  t h i s  work seem to 

in d ic a t e  th a t  both  c y c l i c  and l in e a r  trim er a re  p r e se n t  in  s o lu t io n s .  The 

la r g e r  en th a lp y  o f  t r im e r iz a t io n  fo r  phenol in  cy c lo h ex a n e  o b ta in ed  in  

t h i s  work ( -1 3 .4  K ca l/m ole  v s .  - 6 .0  K cal/m ole  f o r  K^) m ight b e  e x p la in ed  

by th e  f a c t  th a t  a s u b s t a n t ia l  f r a c t io n  o f  c y c l i c  tr im ers  e x i s t s .

(4 ) Error A n a ly s is :  In order to a s s e s s  th e  r e l i a b i l i t y  o f  exper­

im en ta l r e s u l t s ,  i t  i s  d e s ir a b le  to  a n a ly ze  th e  e f f e c t s  o f  e r ro rs  in  a c t i v ­

i t y  d ata  on th e  a s s o c ia t io n  c o n sta n ts  and H enry’ s  law  c o n s ta n ts . A lthough  

th e  RMSD v a lu e s  o f  model f i t t i n g  are  ex p ressed  in  term s o f  a c t i v i t y ,  which  

i s  n o t  d i r e c t ly  m easured, the dependence o f  a c t i v i t y  on d ir e c t ly  measured 

q u a n t i t ie s  (phenol vapor absorbances) can b e  e s t im a te d  a t  v a r io u s  temper­

a t u r e s .  For exam ple, fo r  carbon t e t r a c h lo r id e  s o lu t io n ,  an e r ro r  o f  0 .005  

in  a c t i v i t y  a t  11.85°C  corresponds to  an error  o f  ab ou t 0 .001  in  averaged  

absorbance a t  the th r e e  w a v e len g th s, w h ile  an e r ro r  o f  0 .003  in  a c t i v i t y  a t  

37.8°C  i s  equal to  an erro r  o f  0 .0035  in  averaged  ab sorbance. S im ila r  r e l a ­

t io n s  a t  o th e r  tem peratures may be deduced from th e r e s u l t s  in  T ab le 4 to  

Table 11 . Except fo r  th e  low  c o n c e n tr a tio n  s o lu t io n s ,  observed  a c t i v i t y  

v a lu e s  alw ays d i f f e r  by l e s s  than 1% from c a lc u la te d  v a lu e s  l i s t e d  in  

Table 17 to  Table 2 4 . TXfo s e t s  o f  s y n th e t ic  d a ta  have been used  to study
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the e f f e c t  o f  e r r o r s  in  a c t i v i t y  on the a s s o c ia t io n  co n sta n ts  and Henry's 

law co n sta n t fo r  th e  1 -3 -"  m odel. Such r e s u l t s  a re  g iv e n  in  Table 30. 

Random, norm ally d is t r ib u t e d  e r ro r s  (a= 0 .003 ) were in trod u ced  in to  a l l  

a c t i v i t y  v a lu e s  in  ord er  to s im u la te  a s e t  o f  measured a c t i v i t i e s  w ith  

e r r o r s . T his produced standard  e r r o r s  o f  1.1%, 7%, and 1.5% fo r  K^, K^, 

and K^, r e s p e c t iv e ly ,  fo r  th e  f i r s t  s e t  o f  d a ta . Random, norm ally d i s ­

tr ib u te d  erro rs  (a = 0 .0 0 4 ) r e s u lt e d  in  standard  e r r o r s  o f  1.2% in  K^, 7%

in  K_, and 1.0% in  K fo r  th e  second s e t  o f  d a ta . The standard errors  
3 “

o f  f i t  o f  t h is  work fo r  th e  1 -3 -"  model are  ap p rox im ately  the same s iz e  

as th o se  d erived  from th e s y n t h e t ic  d a ta . T h ere fo re , th e  standard errors  

o f  th e  experim en ta l v a lu e s  o f  K^, K^, and can probably  be estim a ted  to  

be w ith in  ±1.5%, ±10%, and ±2.0%, r e s p e c t iv e ly .

F in a l ly ,  i t  may be in s t r u c t iv e  to compare th e  thermodynamic para­

m eters d er ived  from th e averaged  a c t i v i t y  d ata  a t  th e  th r e e  w avelengths  

(T ables 15 and 16) w ith  th o se  d er ived  from th e  averaged  a c t i v i t y  data a t  

268.2  nm and 262 .6  nm (T ab les 31 and 3 2 ) .  T h is com parison shows th a t  

the d if f e r e n c e s  in  a s s o c ia t io n  c o n sta n ts  and thermo dynamic param eters 

d erived  from the d i f f e r e n t  two s e t s  o f  a c t i v i t y  data  a re  w ith in  th e  

standard erro rs  m entioned above.

Summary

A new tech n iq u e  has been  d evelop ed  to  in v e s t ig a t e  the s e l f - a s s o c i ­

a tio n  o f  phenol in  o rg a n ic  s o lu t io n s .  By u t i l i z i n g  t h i s  tech n iq u e , the  

a c t iv i t y  o f  phenol in  cyc loh exan e  and carbon t e t r a c h lo r id e  s o lu t io n s  a t  

v a r io u s tem peratures was determ ined from absorbance measurements in  the  

u l t r a v io le t  reg ion  on phenol vapor above th e  s o lu t io n .  D e v ia tio n s  o f
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TABLE 30

ERROR STUDY FOR THE I - 3 - “  MODEL USING SYNTHETIC DATA

F i r s t  Data S e t  (20 P o in ts )

K Standard Error

S y n th e t ic  Data 3 .0 6 6 .2 5 2 .9 6  0 .0 0 0

Random Error o f  

0 .0 0 3  in  A c t iv i t y 3 .0 6 0 ± 0 .0 3 4  6 .2 8 ± 0 .4 3  2 .9 6 ± 0 .0 5  0 .0 0 3 0 3

Second D ata S e t (24 P o in t s )

K K., Standard Error

S y n th e t ic  Data- 9 .0 2 6 .1 6 .6 2 0. 0

Random Error o f

0 .0 0 4  in  A c t iv i t y  8 .9 8 ± 0 .1 1  2 5 .9 ± 1 .5 0  6 .6 0 ± 0 .0 6  0 .00389



TABLE 31

RMSD, ASSOCIATION CONSTANT AND HENRY'S LAW CONSTANT VALUES FOR PHENOL IN CARBON TETRACHLORIDE

AND CYCLOHEXANE OBTAINED USING AVERAGED ACTIVITY DATA AT 2 6 8 .2  nm AND 2 6 2 .6  nm 

(K I s  c o n s id e r e d  a s  an a d ju s ta b le  param eter in  m odel f i t t i n g )

Model

1-3 -

T em perature( C)

3 7 .8

2 9 .1

2 0 .7

11 .8 5

1 .6 7 + 0 .0 2

2 .2 6 ± 0 .0 3

3 .0 8 + 0 .0 3

4 .3 2 + 0 .0 7

In  Carbon T e tr a c h lo r id e

2 . 6 6 ±0 .21 2 . 66±0 21 

4 .6 5 ± 0 .3 3  

6 .5 3 + 0 .3 9  
10 . 8+ 1.0

K (M"b

1 .8 1 ± 0 .0 5

2 .1 8 1 0 .0 5

2 .9 9 + 0 .0 4

3 .6 8 ± 0 .0 8

RMSD

0 .0 0 2 6 4

0 .0 0 2 8 2

0 .0 0 2 8 8

0 .0 0 5 4 2

1— 2 - 3 7 .8

2 9 .1

2 0 .7

11 .8 5

1 .8 1 ± 0 .0 3
2 .5 1 + 0 .0 4

3 .4 5 ± 0 .0 6

4 .9 8 + 0 .0 1

0 .7 9 1 0 .0 7

1 .2 6 + 0 .0 9

1 .5 1 1 0 .1 1

2 . 2610.18

2 .3 4 1 0 .0 4  

2 .9 0 ± 0 .0 4

3 .7 8 1 0 .0 5  

4 .7 2 1 0 .0 7

0 .0 0 3 1 3

0 .0 0 2 9 2

0 .0 0 3 6 5

0 .0 0 4 4 6

0
CD
1

In  C yclohexane
1 — 3 —0

1 - 2 -0 0

3 7 .7

3 2 .2

22.2  

1 3 .3

3 7 .7

3 2 .2

2 2 . 2  

1 3 .3

4 .7 0 1 0 .0 3

5 .8 9 1 0 .0 5

8 .9 9 1 0 .0 9

1 4 .0 7 1 0 .1 3

5 .2 2 1 0 .0 8

6 .6 6 1 0 .1 5

1 0 .3 9 1 0 .2 2

1 5 .6 5 1 0 .3 2

1 .4 9 1 0 .0 9

2 .0 1 1 0 .1 8

3 .4 6 1 0 .2 6

3 .7 3 1 0 .3 3

8 .0 1 1 0 .2 9

1 2 .5 1 0 .6

2 6 .5 1 1 .4

4 8 .4 1 2 .8

4 .3 1 1 0 .0 2

4 .8 6 1 0 .0 4

6 .6 4 1 0 .0 5

9 .7 5 1 0 .1 0

5 .1 3 1 0 .0 5

5 .9 2 1 0 .1 0  

8 .2 2 1 0 .1 3

1 1 .9 0 1 0 .1 6

0 .0 0 2 1 9

0 .0 0 3 4 7

0 .0 0 3 8 8

0 .0 0 3 2 6

0 .0 0 3 9 3

0 .0 0 6 0 9

0 .0 0 5 7 4

0 .0 0 5 2 7



TABLE 32

THERMODYNAMIC PARAMETERS FOR SOLUTION AND ASSOCIATION OF PHENOL OBTAINED 

USING THE AVERAGED ACTIVITY DATA AT 2 6 8 .2  nm AND 2 6 2 .6  nm

-AH ^(K cal/m ole)

-A S ^ ije .u ./in o le)

IN CARBON TETRACHLORIDE 

1- 3-00 m odel 1—2 -«> model

- 9 .4 ± 0 .5  

- 3 6 . O i l .6

- 9 .4 + 0 .1  

-3 6 .1 + 0 .2

IN CYCLOHEXANE 

l - 3 _«o model 

- 8 .3 1 0 .1  

" 3 4 .3 + 0 .4

1- 2 -"  model 

- 8 . 2 1 0 . 1  

- 3 4 .3 1 0 .3

AH2 (K ca l/m o le )  

A S ^ C e.u ./m ole)

-6 .810.8

- 2 1 .4 1 2 .7

- 7 .5 1 1 .5

-2 2 .4 1 5 .1
0
VO1

AH3 (K ca l/m o le )  

A S ^ ^ eru ./m ole)

-9 .610.7

- 2 7 .6 1 2 .4

-1 3 .6 1 0 .5

-3 8 .3 1 1 .7

AH ^(K cal/m ole)

A S ^ (e .u ./m o le )

- 5 .2 1 0 .5

- 1 5 .0 1 1 .7

- 5 .0 1 0 .2

- 1 3 .7 1 0 .7

- 6 .0 1 0 .4

- 1 5 .7 1 1 .4

- 6 .3 1 0 .3

-1 6 .3 1 0 .8

a: Thermodynamic q u a n t i t i e s  fo r  t r a n s f e r  from 1 atm id e a l  gas to  u n it  m ole f r a c t io n  id e a l  
d i l u t e  s o lu t io n  s t a t e .

b: Thermodynamic q u a n t i t i e s  f o r  r e a c t io n s  fo r  th e  u n it  m o la r ity  id e a l  d i l u t e  s o lu t io n  
sta n d a rd  s t a t e ( o b t a in e d  from E q u ation  ( 4 0 ) ) .
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a c t i v i t y  d a ta  from H enry's law  were a t tr ib u te d  to th e  form ation  o f  s p e c i f i c  

hydrogen-bonded com p lexes. A n o n - lin e a r  l e a s t  squares program was employed 

to f i t  the a c t i v i t y  d ata  w ith  v a r io u s  a s s o c ia t io n  m od els . The H enry's 

law c o n s ta n ts  and a s s o c ia t io n  c o n sta n ts  fo r  v a r io u s  m odels have been  

in fe r r e d  a s  th e  r e s u l t s  o f  d a ta  a n a ly s is .

The r e s u l t s  o f  t h is  stu d y  in d ic a t e  th a t  a model w ith  a unique a s s o ­

c ia t io n  c o n s ta n t  fo r  t r im e r iz a t io n  and another fo r  th e  s u c c e s s iv e  a s s o c i ­

a t io n  to h ig h e r  polym ers (m onom er-trim er-stepw ise-n -m ers) provided  the  

b e s t  f i t  f o r  th e  a c t i v i t y  d a ta  o f  phenol s o lu t io n s .  The im portance o f  

the dimer a s  th e  f i r s t  a s s o c ia te d  s p e c ie s  i s  n o t supp orted  by th e  a c t i v i t y  

d a ta . A c a r e f u l  num erical a n a ly s is  o f  the n ear-IR  d a ta  o f  W hetsel and 

Lady a ls o  in d ic a t e s  th a t  th e  m onom er-trim er-step w ise-n -m ers model in  g en era l  

i s  b e t t e r  f i t t e d  than the m onom er-dim er-stepw ise-n-m ers m odel. The a s s o ­

c ia t io n  c o n s ta n ts  d e r iv e d  from both  experim en ta l tec h n iq u es  fo r  th e  monomer- 

tr im e r -s te p w ise -n -m e r s  model are  co m p a tib le . The c o n c e n tr a t io n s  o f  phenol 

monomer o b ta in ed  from the a c t i v i t y  data are  a ls o  in  good agreem ent w ith

th o se  o f  th e  near-IR  d ata  o f  W hetsel and Lady, b u t in c o m p a tib le  w ith  th o se  

13o f PMR, C NMR and c a lo r im e tr y  d a ta . The l a t t e r  le a d  to  c o n c e n tr a tio n s  

o f  c a lc u la te d  phenol monomer which in c r e a s e  too  r a p id ly  w ith  form al phenol 

c o n c e n tr a t io n  to be c o n s is t e n t  w ith  the a c t i v i t y  m easurem ents. The m odels 

l im ite d  to dim er a n d /o r  tr im er  are n o t adequate to  f i t  a c t i v i t y  d a ta . The 

a c t i v i t y  r e s u l t s  confirm  th a t  end hydroxyl group in te r f e r e n c e  i s  p r e sen t  

in  phenol s o lu t io n s ,  b u t o n ly  to  a sm all e x te n t .

By s tu d y in g  th e  tem perature dependence o f  a s s o c ia t io n  c o n s ta n ts ,  

th e  e n th a lp ie s  and e n tr o p ie s  o f  th e  a s s o c ia t io n  r e a c t io n s  were determ ined . 

The e n th a lp ie s  and e n tr o p ie s  o f  t r a n s fe r  o f  gaseous (monomeric) phenol
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in to  s o lv e n t s  a t  i n f i n i t e  d i lu t io n  were a l s o  o b ta in ed  from th e  v a n ’ t  Hoff 

p lo t s  o f  H en ry 's  law c o n s ta n ts .
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