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CHAPTER I

INTRODUCTION

As e a r ly  as th e  l a t e  n in e te e n th  c e n tu ry ,  th e  r a t e s  and e q u i l ­

i b r i a  o f  c e r t a i n  r e a c t io n s  w ere found to  b e  changed a s  th e  m edia  w ere 

changed . The f a i l u r e  o f  th e  assu m p tio n  t h a t  s o lv e n ts  a re  i n e r t  in  th e  

r e a c t io n  sy stem s le d  to  v a r io u s  a t te m p ts  to  e x p la in  th e  o b se rv ed  s o lv e n t  

e f f e c t s .  B ulk p r o p e r t i e s  o f  s o lv e n t s ,  such  a s  th e  v i s c o s i t y  and th e  

d i e l e c t r i c  c o n s ta n t ,  w ere c o n s id e re d  in  r e l a t i o n  to  th e  in f lu e n c e  o f 

s o lv e n ts  on th e  r e a c t io n  sy s te m s . Soper and W illiam s^  s u g g e s te d  t h a t  

p o la r  s o lv e n ts  a c c e le r a te  r e a c t io n s  p ro d u c in g  p o la r  p ro d u c ts  and have

th e  o p p o s ite  e f f e c t  when th e  r e s u l t a n t s  a r e  l e s s  p o la r  th a n  th e  r e a c t -

2 3a n t s .  In  f a c t ,  e a r ly  ex p e rim en ts  ’ showed th a t  s o lv e n ts  o f  h ig h  d ie ­

l e c t r i c  c o n s ta n t  fa v o r  r e a c t io n s  in  some c a s e s  and r e t a r d  r e a c t io n s  in  

o th e r  c a s e s .  D avies and co w o rk ers^ ’^ a tte m p te d  to  show t h a t  th e  f r e e  

en e rg y  and th e  e n th a lp y  o f  d im e r iz a t io n  o f  f a t t y  a c id s  v a ry  l i n e a r l y  

w ith  th e  in v e r s e  o f  th e  d i e l e c t r i c  c o n s ta n t o f  th e  s o lv e n t .  F ranzen  

and co w o rk ers^ ’ ^ a l s o  found th e  l i n e a r  r e l a t i o n s h ip  to  b e  obeyed in  th e  

in te ra m id e  hydrogen-bonded  complex fo rm a tio n  betw een N -m ethy lace tam ide
g

and K -cap ro lac tam  and H irano  and Kozima r e p o r te d  such  a  r e l a t i o n  in  

th e  ca se  o f  th e  m o le c u la r  com plex fo rm a tio n  r e a c t io n  betw een t r i e t h y l -
9

am ine and m e th y l a lc o h o l .  N o rr is h  and Sm ith p ro p o sed  th a t  s o lv e n t

—1—
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m olecu les  rob th e  r e a c ta n t s  o f  t h e i r  c r i t i c a l  en erg y  in  d e a c t iv a t in g  

c o l l i s i o n s  in  th e  fo rm a tio n  o f  a  m o le c u la r  com plex betw een t r im e th y l -  

amine and m-and p - n i t r o b e n z y l  c h o lo r id e  in  benzene s o lu t i o n ,  r e s p e c ­

t i v e l y .

m- o r  p-NOgCgH^CHgCl + (CH^)gN -> m- o r  p-NOgCgH^CHgCl'NCCHg)^

In  th e  ex p e rim en ts  o f  Cox^^ and Hawkins^^ on th e  m o le c u la r  complex

fo rm a tio n  r e a c t io n s  o f  th e  s ty s te m s

CfHcNHL + p-BrC.H,COCH„ C,H.NHC,H,COCH-HBr 6 5 2  6 4  3 6 5  6 4  3

CcHgN +  C-H_Br C.H.N-C„H.Br 5 5  3 5  5 5  3 5

th e  f a c t  t h a t  th e  o b serv ed  r a t e  c o n s ta n ts  in  th e  v ap o r p h a s e ,  i n  th e

s o lv e n t  carbon  t e t r a c h l o r i d e ,  and in  th e  s o lv e n t  hexane a re  o f  th e  same

o rd e r  o f  m agnitude showed th a t  th e  e f f e c t  i s  n o t due to  d e a c t iv a t io n  by

12s o lv e n t  m o le c u le s . However, th e  r a t i o  o f th e  o b se rv ed  r a t e  c o n s ta n ts

to  th e  c a lc u la te d  r a t e  c o n s ta n ts  o f  h y p o th e t ic a l  gas r e a c t io n s  hav ing

a g iv en  a c t iv a t io n  energy  was found to  b e  g r e a t e r  w ith  p o la r  s o lv e n ts

13-15th a n  w ith  n o n p o la r  s o lv e n t s .  The v i s c o s i ty  o f  th e  s o lv e n ts  was

th o u g h t to  p la y  an im p o rta n t r o le  in  m o le c u la r  complex fo rm a tio n  r e ­

a c t io n s .  A lthough  th e  freq u en cy  o f  c o l l i s i o n  betw een  r e a c ta n t  m o lecu les  

w i l l  n o t  be  in f lu e n c e d  much by th e  v i s c o s i t y  o f  th e  m ed ia , c o l l i s io n s  

betw een s o lu te  and s o lv e n t  m o lecu le s  may be in c re a s e d  by an in c re a s e  in  

th e  v i s c o s i t y  o f  th e  s o lv e n t s .

Buchow ski, e t  a l . , ^ ^  and Huong, e t  a l . showed e x p e r im e n ta lly  

th e  r e l a t io n s h ip

l°S lO  t  (1 )

i s  a p p ro x im a te ly  fo llo w ed  in  th e  complex fo rm a tio n  r e a c t io n s
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CH CH

C.H, ,-C=C-H + 0=C( ±  C.H.,-C=C-H • 0=C.
5 CM3 *  :  "  CH3

h + Vs" î  2̂ • C5H5*
w here i s  th e  e q u i l ib r iu m  c o n s ta n t  in  £ /m o le , 6^ th e  s o l u b i l i t y  p a r a ­

m e te r  in  c a l  cm and a  and b a re  c o n s ta n ts  dependent o n ly  on th e

p r o p e r t i e s  o f  th e  e l e c t r o n  donor and a c c e p to r .  S im ila r  r e l a t i o n s  i n ­

v o lv in g  s o l u b i l i t y  p a ra m e te rs  have been  d is c u s s e d  p re v io u s ly  by
18  10 20 21 22

H ild e b ra n d  and S c o t t ,  S c a tc h a rd , F lo ry ,  * and H uggins.

The io n i z a t io n  p o t e n t i a l s  o f  s o lv e n ts  ap p ea r to  in f lu e n c e

v a lu e s  o f  e q u i l ib r iu m  c o n s ta n ts  o f  c h a r g e - t r a n s f e r  complex fo rm a tio n

r e a c t io n s .  E q u ilib r iu m  c o n s ta n ts  o f  com plexes betw een n a p h th a le n e  and

23s - tr im e th y Ib e n z e n e  and betw een 1 ,3 ,5 - t r i n i t r o b e n z e n e  and h ex am eth y l-

24b en ze n e , p en tam eth y Ib en zen e , d u re n e , m e s i ty le n e ,  o r  benzene d e c re a se  

in  th e  o rd e r  o f  s o lv e n ts  c -h ex an e  > n -h ex an e  > carbon  t e t r a c h l o r id e  >

CS2 > ch lo ro fo rm  w hich i s  th e  o r d e r  o f  d e c re a s in g  io n i z a t io n  p o t e n t i a l s  

o f  s o lv e n t s .  D ecrease  o f  th e  e q u i l ib r iu m  c o n s ta n t  in  th e  s o lv e n t  c h lo ro ­

form  has been  a t t r i b u t e d  to  c o m p e tit iv e  com plex fo rm a tio n  betw een th e

e le c t r o n  donor and s o lv e n t ;  a  w eaker s o lv e n t-d o n o r  i n t e r a c t io n  i s

24th o u g h t to  o c c u r  in  CCl^.

The p o s s i b i l i t y  o f  weak com plex fo rm a tio n  betw een th e  s o lv e n t  

and th e  r e a c t in g  s p e c ie s  was p ro p o sed  to  e x p la in  s o lv e n t e f f e c t s ,  and 

th e  i n t e r a c t io n  betw een s o lu te  and s o lv e n t  m o lecu le s  has been  s tu d ie d .

In e a r l i e r  s tu d i e s ,  s o lv e n ts  l i k e  hyd ro carb o n s and e th e r s  w ere c a l le d  

th e  "slow " s o lv e n ts  and s o lv e n ts  l i k e  a lc o h o ls  and k e to n es  th e  " f a s t "  

s o lv e n ts  a c c o rd in g  to  th e  s o lv e n t  in f lu e n c e  on s p e c i f i c  chem ica l
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e f f e c t s ,  such as  in  th e  fo rm a tio n  o f t e t r a e t h y l  ammonium io d id e  m ole- 

25c u l e s .

(CgHg) N + CgHg I  J  (CgHg) N I  
3 4

I t  was concluded  th a t  th e  i n t e r a c t i o n  betw een s o lu te  and s o lv e n t  m ole­

c u le s  i s  l e a s t  in  th e  a l i p h a t i c  hyd ro carb o n  s o lv e n ts  and g r e a t e s t  in  

th e  a ro m a tic  a lc o h o ls .  In  d e a l in g  w ith  c h e m ic a lly  a c t i v e  s o lv e n t s ,  th e  

fo llo w in g  two m odels have b een  t r i e d  in  t r e a t i n g  e q u i l ib r iu m  d a ta  f o r  

e l e c t r o n  d o n o r^ a c c e p to r  m o le c u la r  com plex fo rm a tio n .

The e q u i l ib r iu m  betw een th e  e l e c t r o n  donor and a c c e p to r  m ole­

c u le s  and th e  p ro d u c t c h a r g e - t r a n s f e r  com plexes was s tu d ie d  w ith  a

26model in  w hich com ponents a re  s o lv a te d  and th e  s o lv a te d  com ponents 

a re  in  e q u i l ib r iu m  in  th e  fo llo w in g  m anner:

AS^ + D J  ADS  ̂ +  qS (2)

w here A, D, and AD a re  th e  e l e c t r o n  a c c e p to r ,  th e  e l e c t r o n  d o n o r, and 

th e  a d d u c t, r e s p e c t iv e l y ,  S d en o tes  th e  s o lv e n t ,  a  and b a re  th e  number

o f s o lv e n t  m o lecu le s  a t ta c h e d  to  com ponents, and q i s  th e  number o f  f r e e

s o lv e n t  m o lecu le s  in v o lv e d  in  th e  e q u i l i b r i a .  H ere , f o r  s im p l i c i t y ,  D

27 28i s  n o t c o n s id e re d  to  b e  s p e c i f i c a l l y  s o lv a te d .  A no ther m odel * i s

th a t  A, D, and AD a re  each  assumed to  b e  in  e q u i l ib r iu m  w ith  s o lv a te d

s p e c ie s  and th a t  th e  e q u i l ib r iu m  r e a c t io n  can  b e  w r i t t e n  as

AS + DS ±  ADS. + Sq (3)a  m b

w here th e  r e la t io n s h ip  among a ,  m, b and q m ust be q = a  + m -  b .

29Benson e x p la in s  th e  change o f  k i n e t i c  r a t e  c o n s ta n ts  f o r  

s o lu t io n  r e a c t io n s  by em ploying th e  t r a n s i t i o n  s t a t e  th e o ry  in  combin­

a t io n  w ith  th e  f r e e  volume model o f  a  l i q u i d .
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The aim s o f  th e  p r e s e n t  r e s e a r c h  a re  to  develop  a  s u i t a b l e  

m odel f o r  p r e d ic t in g  th e  e f f e c t s  o f  s o lv e n ts  on th e  e q u i l ib r iu m  con­

s t a n t s  o f  c h a r g e - t r a n s f e r  o r  hydrogen-bonded m o le c u la r  com plex fo rm a tio n  

r e a c t io n s  in  n o n p o la r  s o lv e n ts  and to  e lu c id a te  th e  s in g u la r  b e h a v io r  

o f  n o n p o la r  s o lu te s  in  aqueous s o lu t io n s  by r e l a t i n g  th e s e  an o m alie s  to  

th e  ab n o rm a lly  o r ie n te d  la y e r  o f w a te r  m o lecu le s  around th e  s o lu te  

m o le c u le .



CHAPTER II

ENERGIES AND FREE ENERGIES OF SOLVATION AND THEIR EFFECTS ON 

MOLECULAR COMPLEX FORMATION EQUILIBRIUM CONSTANTS

36The fo llo w in g  s o lv a t io n  c y c le  I s  u s e f u l  In  s tu d y in g  th e  In ­

f lu e n c e  o f  s o lv e n ts  on e q u i l ib r iu m  c o n s ta n ts  o f th e  m o le c u la r  com plex 

fo rm a tio n  betw een an  e l e c t r o n  donor (D) and an e l e c t r o n  A ccep to r (A) 

m o lecu le :

D(v) + A(v) > DA(v)

D (s) + A (s) dA(s )

A E°(s)

w here v  and s In  p a r e n th e s is  d en o te  th e  v ap o r p h ase  and th e  s o lv e n t  

p h a s e , r e s p e c t iv e l y .  The c y c le  r e l a t e s  e n e rg ie s  and f r e e  e n e rg ie s  o f  

s o lv a t io n  to  e n e rg ie s  and f r e e  e n e rg ie s  o f  th e  com plex fo rm a tio n  r e ­

a c t io n .  F or exam ple , th e  r e l a t i o n s  betw een  th e  s o lu t io n  p h ase  and gas 

p hase  therm odynam ic q u a n t i t i e s  f o r  th e  com plex r e a c t io n  a r e :

A G ° ( S )  -  A G ° ( V )  +  ( 4 )

AE°(a) -  AE°(v) +  (5)

w here AG°(s) and AG°(v) a re  s ta n d a rd  f r e e  en e rg y  changes o f  th e  r e a c t io n

— 6 —
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in  th e  s o lu t io n  phase  and in  th e  gaseous p h a se , r e s p e c t iv e l y .  The 

s ta n d a rd  s t a t e s  adop ted  h e re  a r e  th o se  o f  th e  u n i t  m o la r i ty  o f  id e a l  

gas f o r  gaseous s p e c ie s  and th e  u n i t  m o la r i ty  o f  id e a l  d i l u t e  s o lu te  

s t a t e s  in  th e  s o lv e n t p h a se . T h e re fo re  ^ r e p r e s e n ts  th e  f r e e  energy

change o f th e  p ro c e s s  in  w hich one mole o f  th e  s p e c ie s  i  i s  t r a n s f e r r e d  

from  th e  s t a t e  o f  1 m o la r id e a l  gas to  th e  s t a t e  o f  one m o lar id e a l  

i n f i n i t e l y  d i l u t e  s o lu t io n  in  th e  s o lv e n t .  L ik e w ise , A E°(s) and AE°(v) 

a r e  th e  s ta n d a rd  i n t e r n a l  en ergy  changes f o r  th e  s o lu t io n  phase  r e a c t io n  

and f o r  th e  gaseous p h ase  r e a c t io n ,  r e s p e c t iv e ly  and ^ r e p r e s e n ts  

th e  i n t e r n a l  en ergy  change when one mole o f  th e  s p e c ie s  i  i s  t r a n s ­

f e r r e d  from th e  id e a l  gas to  th e  i d e a l  i n f i n i t e l y  d i l u t e  s o lu t io n  in  

th e  s o lv e n t .  The f i v e  e q u i l ib r iu m  c o n s ta n ts  in v o lv e d  in  th e  s o lv a t io n  

c y c le  a re  w r i t t e n

= [DA(v)l /  [D (v)] [A (v)l (6)c

= [D A(s)] /  [D (s )]  [A (s)]  (7)c

0 = [D (s)]  /  [D (v)] (8)

Kjj ^  = [A (s)]  /  [A (v)] (9)

Kg = [D A (s)] /  [D A (v)] (10)

where K and K a r e  th e  com plex fo rm a tio n  e q u i l ib r iu m  c o n s ta n t  in  
c c

th e  gaseous ph ase  and in  th e  s o lu t io n  p h a s e , r e s p e c t iv e l y ,  d en o tes  

th e  d i s t r i b u t i o n  c o n s ta n t  o f  th e  r e s p e c t iv e  s p e c ie s  betw een th e  gaseous 

phase and in  th e  s o lv e n t , and th e  b ra c k e t  d en o te s  th e  m o lar c o n c e n tr a t io n  

o f th e  in d iv id u a l  s p e c ie s .  (The s y s te m a tic  change o f  ^ v a lu e s  f o r  

v a r io u s  s o lu te s  in  a  g iv e n  s o lv e n t  i s  d is c u s s e d  in  th e  A ppendix I . )
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The s u b s t i t u t i o n  o f  th e  r e l a t io n s h ip s

AG°(v) = -RT&nKc (11)

AG°(s) = -RTJlnK (v) c (12)

-
-RT£nKg^g (13)

^ 8 ,  A “ (14)

and

êSs,DA = (15)

in to  e q u a tio n  4 le a d s  to

K^(=> = K ^ ( '')  [K„^Da /(*=D.d ' S , a) )  (16)

The f a c t o r  ^  v a r i e s  from  s o lv e n t  to  s o lv e n t

and i t  w i l l  d e te rm in e  changes in  th e  e q u i l ib r iu m  c o n s ta n ts  in  th e  

s o lv e n t p hase  as  compared to  th e  gaseous p h a se . To p r e d ic t  th e  v a lu e  

Kg Kg C h r i s t i a n ,  e t  d e v ise d  p a ra m e te rs  d e­

s ig n a te d  as a and a '  w hich w ere d e f in e d  as

o
r \ A

(17)^ 8  .DA

4 5 s,A  +

ol' ------------------------------------------------------------------ (18)

ssS.A + asS.D

r e s p e c t iv e ly ,  and th e y  a tte m p te d  to  av o id  th e  n e c e s s i t y  o f  o b ta in in g

e x p e rim e n ta l in fo rm a tio n  ab o u t g^  and g ^  s in c e  th e s e  v a lu e s  a re

n o t 80 e a s i l y  o b ta in a b le  a s  th o se  o f  AE^ g , and g .

30 32In  weak m o le c u la r  com plexes * a and a '  w ere p r e d ic te d  to  be

36n e a r ly  e q u a l ,  b u t  l e s s  th a n  u n i ty ,  and t h i s  h a s  g e n e r a l ly  been
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31-33o b se rv ed  e m p ir ic a l ly ,  a l th o u g h  s tro n g  c h a r g e - t r a n s f e r  com plexes

l i k e  t r im e th y lam ine -SO^ and t r i p h e n y l a r s i n e 'I g  g iv e  a and a ’ v a lu e s

30 32 39la r g e r  th a n  u n i ty .  * ’ The o c c u rre n c e  o f  a  and a v a lu e s  l a r g e r

th a n  u n i ty  i s  a t t r i b u t e d  to  th e  e x t r a  d ip o le  moment p roduced  in  th e

complex compared to  th e  v e c t o r i a l  sum o f  th e  d ip o le  moments o f  th e

component m o le c u le s ; th e  l a r g e  d ip o le  moment o f  th e  com plex more th a n

com pensates f o r  th e  e f f e c t  o f  th e  sq u eez in g  ou t s o lv e n t  as  th e  com plex

30 32form s from  th e  s o lv a te d  monomers. ’ a and a '  v a lu e s  rem ain  n e a r ly  

th e  same f o r  a  g iv en  com plex fo rm a tio n  r e a c t io n  in  a  s e r i e s  o f  

d i f f e r e n t  s o lv e n t s .  A t e s t  o f  th e  co n stan cy  o f  a and a '  can be  d e v ise d  

by th e  fo llo w in g  a n a ly s i s .  C om bination o f  e q u a tio n  4 and  r e l a t i o n s h ip s

K . m  "  4 $ : . A +

and

AG° = -RTAnK^ (20)

w here K i s  an e q u i l ib r iu m  c o n s ta n t  r e s u l t s  in  th e  r e l a t i o n

K ^(s) .  (21)

E q u a tio n  21 p r e d ic t s  th a t  p l o t t i n g  o f  lo g ^^  vs lo g ^ g  (K^ D ^

f o r  v a r io u s  s o lv e n ts  w i l l  g iv e  a s t r a i g h t  l i n e  w ith  a  s lo p e  o f  a ’ - l  and

an in t e r c e p t  o f  log^g  . In  F ig u re s  1 , 2 , and 3 th e  n e a r -c o n s ta n c y

o f a '  i s  shown by  th e  l i n e a r i t y  o f  p lo t s  o f log^g  w ith  lo g ^^

(Kg g  Kg a)*  T h e re fo re , know ledge o f  a ' , K g  g ,  and Kg ^  w i l l  e n a b le

p r e d ic t io n  o f  K v a lu e s  from  K v a lu e s ,  th u s  m aking i t  p o s s ib le  c c

to  av o id  th e  r a th e r  d i f f i c u l t  p ro c e d u re s  f o r  o b ta in in g  th e  g ^  and 

v a lu e s  from  e q u i l ib r iu m  d a ta .v»s,DA
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2.0

^°®10 ^ , A  % ,D

Figure 1: C o r r e la t io n  o f  fo rm a tio n  c o n s ta n t  w ith  d i s t r i b u t i o n  c o n s ta n ts  
o f  donor and a c c e p to r  f o r  r e a c t io n s  p y r id in e  + w a te r  = 
p y r id in e 'w a te r  and p y r id in e  + io d in e  = p y r id in e * io d in e  a t  25°C.
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o
6

GOO

m e th a n o l‘DEA w a te r* DEA

0.5 _

^°®10S , A  *y,D

F ig u re  2; C o r r e la t io n  o f  fo rm a tio n  c o n s ta n t  w ith  d i s t r i b u t i o n  c o n s ta n ts  
o f  donor and a c c e p to r  f o r  r e a c t io n s  m e thano l + d ie th y la m in e  = 
m e thano l «d ie  th y  lam ine ^ d  w a te r  + d ie th y la m in e  = w ater*  
d ie th y la m in e  a t  2 5 °C .^
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i

S00o«H

F ig u re  3:

*S),D

C o r re la t io n  o f  fo rm a tio n  c o n s ta n t  w ith  d i s t r i b u t i o n  c o n s ta n ts^ ^ ^  
o f  donor and a c c e p to r  f o r  th e  r e a c t io n  2 TFA = (TFA)^ a t  25°C.
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LEGEND FOR FIGURES 1-3

F ig u re  l a .  1 ,  cyc lohexane  ( r e f e r e n c e  s o lv e n t ) ;  2 , carbon  t e t r a c h l o r i d e ;

3 , to lu e n e ;  4 , b en ze n e ; 5 , 1 ,2 -d ic h lo r e th a n e .

F ig u re  l b .  1 , sq u a lan e  ( r e f e r e n c e  s o lv e n t ) ;  2 , i - o c t a n e ;  3 ,  h ex an e ;

4 , h e p ta n e ; 5 , cy c lo h ex an e ; 6 , t e t r a c h lo r o e th y le n e ;

7, carbon  t e t r a c h l o r i d e ;  8 , carbon  d i s u l f i d e .

F ig u re  2 . 1 , hexadecane ( r e fe re n c e  s o lv e n t ) ;  2 , d ip h en y lm eth an e ;

3 , b e n z y le th e r .

F ig u re  3 . 1 ,  cyclohexane ( r e f e r e n c e  s o lv e n t ) ;  2 , carbon  t e t r a c h l o r i d e ;

3 ,  b en zen e ; 4 , d ic h lo ro e th a n e .

The v a lu e s  o f  log^^Kj, ^  ^  a re  n o rm a liz e d  to  u n i ty  f o r

r e f e r e n c e  s o lv e n ts  in  F ig u re s  2 and 3: in  F ig u re  1 th e

v a lu e s  o f ^  ^  a re  n o rm a lize d  to  u n i ty  f o r  r e f e r e n c e

s o lv e n t s .
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a'  may be o b ta in e d  from e i t h e r  e x p e r im e n ta l v a lu e s  o r c a lc u ­

l a t e d  v a lu e s .  F i r s t ,  i f  a* i s  assumed to  be c o n s ta n t ,  i t s  v a lu e  can be 

d e te rm in e d  from two s e t s  o f  e x p e rim e n ta l v a lu e s  o f  and

^  f o r  two d i f f e r e n t  s o lv e n t s ,  r e s p e c t iv e l y .  S econd ly , w ith  th e  

assu m p tio n  o f  th e  e q u a l i ty  o f  a '  and a,  w hich i s  o r d in a r i ly  re a so n a b ly

good, ^ (and hence a) can b e  c a lc u la te d  by th e  method o f S te v e n s ,

31 32 40e t  a l . ,  '  ’ w hich u se s  a s in ç l e  q u a s i - l a t t i c e  model o f s o lu t io n

in c o rp o r a t in g  in t e r a c t io n  energy  p a ram e te rs  f o r  each  d e s ig n a te d  s o lu t e -  

s o lv e n t  c o n ta c t s i t e .  The c a lc u la te d  p a ra m e te rs  may be  used  to  o b ta in  

AE° ^ v a lu e s  f o r  a w ide v a r i e ty  o f  system s h av in g  th e  same ty p e s  o f  

c o n ta c t  s i t e s .  However, t h i s  method i s  n o t good f o r  system s in  w hich 

s o lv e n ts  a re  a c t iv e  o r  th e  com plexes form ed a t t a i n  s i g n i f i c a n t  a d d i­

t i o n a l  d ip o le  moment d u r in g  th e  fo rm a tio n  p r o c e s s .  E x p erim en ta l v a lu e s  

o f  a and a '  a re  g iv en  in  T ab le 1.

S ince th e  n in e te e n  t h i r t i e s ,  v a r io u s  e m p ir ic a l  l i n e a r  r e l a t i o n ­

s h ip s  betw een th e  e n tro p y  o f  v a p o r iz a t io n  and th e  e n th a lp y  o f  v a p o r i ­

z a t io n  has been p roposed  and d is c u s s e d  in  te rm s o f  v a r io u s  ty p e s  o f

37 67 32 34s o lu te s  b e h a v io r . ’ C h r is t i a n  and Grundnes ’ ob serv ed  t h a t  a

c o n v e n ie n t l i n e a r  r e l a t i o n  e x i s t s  betw een AG° . and AE° , f o r  v a r io u sv ^ , i  v » s , i

s o lu te s  in  m ost u n a s s o c ia te d  s o lv e n ts ;

AG° ,  = g AE° , + 300 c a l/m o le  (22)v > s , i  s v » s , i

w here g^ v a lu e s  v a ry  s l i g h t l y  from s o lv e n t to  s o lv e n t ,  b u t c e n te r  around 

0 .6 .  I n t e r e s t i n g ly  enough, th e  i n t e r s e c t i o n  p o in t  i s  in  a l l  c a se s  very  

n e a r ly  300 c a l .  Examples o f  th e  l i n e a r i t y  a r e  shown in  F igues 4 , 5 , and 

6 (N ote t h a t  e q u a tio n  22 i s  n o t v a l id  f o r  w a te r  as  th e  s o l v e n t ) . T h ere -
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TABLE 1

EXPERIMENTAL VALUES OF a AND a '  FOR TYPICAL 

MOLECULAR COMPLEXES AT 25°C^29

Complex S o lv en t a a '

(CF^C00H)2 cyclohexane 0 .72 0 .5 5

(CF2C00H)2 0 .5 9 0 .5 5

(CF2C00H)2 benzene 0 .4 3 0 .3 9

(CF2C00H)2 1 , 2-d ic h lo r o e th a n e 0 .4 8 0 .3 9

p y rid in e* H 20 a - 0 .7 1

diethylam ine"H ^O hexadecane 1 .01 1 .0 5

diethylam ine"H ^O d ipheny lm ethane 0 .8 5 1 .0 1

d ie th y la m in e  *H20 b e n z y l e th e r 0 .8 0 0 .9 0

d ie th y la m in e •CH^OH hexadecane 0 .7 4 0 .9 3

d ie th y la m in e • CH^OH diphen y lm eth an e 0 .7 3 0 .8 9

d ie th y la m in e •CH^OH b e n z y l e th e r 0 .7 0 0 .8 5

b e n z e n e * I2 CCI4 1 .0 0 .8

d ie th y l  e t h e r *12 h e p ta n e 1 .0 0 .8 8

p y r id in e * l2 a - 0 .9 3

tr im e th y la m in e •SO2 h e p ta n e 1 .3 0 1 .2 1

tr im e th y la m in e • SO2 ch lo ro fo rm 1 .4 3 1 .4 4

t  rim e thy lam ine*S 02 d ic h lo ro m e th an e 1 .6 2 1 .5 1

m -F-phenol*
d im e th y la u fo x id e b 0 .5 8 -

m -F-phenol"
e t h y la c e ta te b 0 .4 5
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TABLE 1 C ontinued

Complex S o lv en t a a '

m -F-phenol • 
p y r id in e b 0 .6 1 —

m -F-phenol • 
t r i e t h y lam ine b 0. 68 -

TCNE • t r ip h e n y le n e c - 0 .65

a .  S e v e ra l n o n p o la r  and s l i g h t l y  p o la r  s o lv e n t s .

b .  E s tim a te d  from  e n th a lp y  d a ta  f o r  s e v e r a l  n o n -p o la r  and s l i g h t l y  
p o la r  s o lv e n t s ;  gas phase  d a ta  n o t  a v a i l a b l e .

c . E s tim a te d  from  f r e e  en e rg y  d a ta  f o r  s e v e r a l  n o n -p o la r  and s l i g h t l y  
p o la r  s o lv e n t s ;  gas phase  d a ta  n o t  a v a i l a b l e .
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S o lv e n t: h ep tan e
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F ig u re  4: C o r r e la t io n  o f  e n e rg ie s  and f r e e  e n e rg ie s  o f t r a n s f e r  o f  s o lu te s  
from  gas to  s o lv e n ts  h e p ta n e  and cyclohexane a t  25°C.
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S o lv e n t: carbon  t e t r a c h l o r id e
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F ig u re  5: C o r r e la t io n  o f e n e rg ie s  and f r e e  e n e rg ie s  o f  t r a n s f e r  o f
s o lu te s  from  gas to  s o lv e n ts  carb o n  t e t r a c h l o r i d e  and 
ch lo ro fo rm  a t  25°C.
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F ig u re  6 : C o r r e la t io n  o f  e n e rg ie s  and f r e e  e n e rg ie s  o f t r a n s f e r  o f
s o lu te s  from  gas to  w a te r  25°C.



-20-

LEGEND FOR FIGURES 4-6

I ,  He; 2 , Ne; 3, Ar; 4 , K r; 5 , Xe; 6 , H^; 7 , N^: 8 , 0 ^ ; 9 , CH^; 10 , CgH^;

I I ,  CF^; 12, SFg; 13 , 00%; 1 4 ,0 ^ 3 ^ ; 15 , C^Fg; 16 , c-C^Fg; 17 , CClF^;

18 , NO; 19 , CgHg; 20, c-CgH^; 21 , n-C^H^g; 22 , CgH^; 23 , CO; 24 , 80%;

25 , CgHg: 26 , Rn; 27 , (CHg)gN; 28 , HgO; 29 , I ^ ;  30 , CHClg; 31 , CHClgCHg; 

32, CHClgCHgCl; 33, CClgCHgCl; 34, CClgCHg; 35 , CHgClCHgCl; 36 , CgH^;

37, CCl^; 38, CgH^CHg; 39, C^^Hg; 40 , (CgHs)2 ; 41 , CgHg(l-CgHy);

42 , m-CgH^CCHg)^; 43, p-CgH^CCHgig; 44, CgHgCgHg; 45 , CgH^Cl; 46 , 
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S ta n d a rd  s t a t e s  o f  s o lu te s  a r e  1 m o la r , id e a l  d i l u t e  s o lu t io n  f o r  v ap o r 
and condensed p h a s e s .
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f o r e  i t  i s  p o s s ib le  t h a t  AG° . f o r  th e  s o lv a t io n  p ro c e s s  can be in f e r r e dv-»-s, i

from th e  co rre sp o n d in g  ^ f o r  p r a c t i c a l  p u rp o ses  by e q u a tio n  2 2 .

E q u a tio n  22 le a d s  to  e x p la n a t io n  o f  why a and a ’ v a lu e s  a re  

n e a r ly  th e  same. When th e  e x p re s s io n s  f o r  AG° ^ from  e q u a tio n  22 a re  

s u b s t i t u t e d  in  th e  ex' e x p re s s io n  one o b ta in s

,0

a v ^ .D A

. . .  _

^ , D  + K . A  +  ^ s , D  + # ^ A

Thus, s in c e  a  few hundred  c a l o r i e s  a r e  o r d in a r i l y  n e g l ig ib l e  compared

w ith  th e  u s u a l  m agn itude o f  s e v e r a l  k i l o c a l o r i e s  f o r  th e  ^ v a lu e s

f o r  com plexing s p e c ie s ,  a and a '  sh o u ld  b e  n e a r ly  e q u a l .

The p re c e d in g  r e l a t i o n s h ip s  show th e  u t i l i t y  o f  th e  in p o r ta n t

t r a n s f e r  e n e rg ie s  and f r e e  e n e rg ie s  ^ and AG° in  p r e d ic t in g

s o lv e n t  e f f e c t s .  I t  would seem d e s i r a b l e ,  t h e r e f o r e ,  to  a t te m p t to

develop  t h e o r e t i c a l  m ethods f o r  p r e d ic t in g  th e s e  q u a n t i t i e s .  The n e x t

c h a p te r  in t ro d u c e s  a  model d ev e lo p ed  in  th e  c o u rse  o f  t h i s  r e s e a r c h  f o r

c a l c u la t in g  ^ and ^ f o r  p o la r  as w e ll  as  n o n p o la r  s o l u t e s .



CHAPTER III

152THE NONPOLAR ANALOG MODEL

As e x te n s iv e  therm odynam ic and s p e c t r a l  in fo rm a tio n  ab o u t m ole­

c u la r  com plexes h a s  become a v a i l a b l e ,  numerous in v e s t ig a t o r s  have n o te d  

th e  im p o r ta n t r o l e  p la y ed  by  s o lv e n ts  in  m od ify ing  th e  p h y s ic a l  and 

ch em ica l p r o p e r t i e s  o f  c o m p l e x e s . 45 ,49 know ledge has p ro v id ed

th e  in c e n t iv e  f o r  a t te m p ts  to  o b ta in  a c c u ra te  e x p e r im e n ta l r e s u l t s

f o r  e l e c t r o n  d o n o r-a c c e p to r  (EDA) com plexes in  th e  v ap o r phase, 

w here th e  c o m p lic a tin g  e f f e c t s  o f  s o lv e n ts  a re  a b s e n t ,  and f o r  w hich

t h e o r e t i c a l  t r e a tm e n ts  o f  th e  s t r u c t u r e  and en e rg y  o f  com plexes a re  

becom ing f e a s i b l e .  U n fo r tu n a te ly ,  l i m i t a t i o n s  on th e  v o l a t i l i t y  and 

s t a b i l i t y  o f  EDA com plexes and th e  u n iq u e  e x p e r im e n ta l p roblem s c o n n e c t­

ed w ith  i n v e s t ig a t io n s  o f  a s s o c ia t in g  g ases  have r e s t r i c t e d  th e  number 

and r e l i a b i l i t y  o f  s tu d ie s  o f  gaseous compl exes . 4 6 , 4 9

T here  a r e  two p rim ary  r e a s o n s ,  th e r e f o r e ,  why m ethods f o r  p r e ­

d ic t in g  th e  e f f e c t s  o f  m edia on com plex fo rm a tio n  r e a c t io n s  a r e  p o te n ­

t i a l l y  v a lu a b le :  1) com parison  w ith  th e o ry  w i l l  be f a c i l i t a t e d  i f

r e l i a b l e  te c h n iq u e s  ev o lv e  f o r  c o n v e r t in g  therm odynam ic in fo rm a tio n  

abou t com plex fo rm a tio n  in  condensed ph ases  in to  in fo rm a tio n  ab o u t th e  

c o rre sp o n d in g  gaseous sy stem ; and 2) an u n d e rs ta n d in g  o f  th e  r o l e  o f  

s o lv e n ts  in  a l t e r i n g  p r o p e r t i e s  o f  com plexes w i l l  be  e s s e n t i a l  in  f u tu r e  

a t te m p ts  to  p ro v id e  a  m o le c u la r  e x p la n a tio n  o f  b io l o g ic a l  and i n d u s t r i a l

-22-
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system s in  w hich EDA com plexes a r e  im p o r ta n t .

A ttem p ts to  t r e a t  th e  in f lu e n c e  o f s o lv e n ts  on th e  e n e r g e t ic s  

o f  complex fo rm a tio n  have g e n e ra l ly  f a l l e n  in to  two c l a s s e s —m ethods in  

w hich th e  s o lv e n t  i s  t r e a t e d  a s  a  chem ica l r e a c t a n t ,  w hich forms d i s ­

c r e te  com plexes w ith  donor (D ), a c c e p to r  (A) o r  th e  ad d u c t (DA) 

and te c h n iq u e s  f o r  i n f e r r i n g  th e  e f f e c t s  o f  n o n - s p e c i f ic  s o lv e n t - s o lu te  

i n t e r a c t i o n s . A l t h o u g h  i t  i s  c l e a r  th a t  s p e c i f i c  complex­

es  betw een s o lv e n t  and s o lu te  can b e  im p o rta n t in  condensed phase  

system s o f  a s s o c ia t in g  s o lu t e s ,  th e r e  ap p e a rs  to  be  no u n iq u e  way to  

d e te rm in e  s to ic h io m e tr ie s  and s p e c i f i c  therm odynam ic c o n s ta n ts  f o r  th e  

s o lv e n t - s o lu te  com plexes w hich a re  presum ed to  e x i s t  in  d i l u t e  s o lu t io n .

P ro g re s s  h as  been  made in  p r e d ic t in g  e n e rg ie s  and f r e e  e n e rg ie s  

o f  t r a n s f e r  r e a c t io n s  o f  th e  ty p e .

i  ( id e a l  gas a t  u n i t  m o la r i ty )  = i  ( id e a l  d i l u t e  s o lu t io n  In  (23)
s o lv e n t  2  a t  u n i t  m o la r i ty )

f o r  p o la r  s o lu te s  in v o lv e d  in  r e p r e s e n ta t iv e  m o le c u la r  com plex fo rm a tio n

reactions.45*34 ,52 ,53

The g e n e ra l  p rob lem  o f d ev e lo p in g  a  th e o ry  o f  n o n e le c t r o ly te

54s o lu t io n s  in v o lv in g  p o la r  conqionents rem ains u n so lv e d . A tte n ç ts  

have been made to  compare p r o p e r t i e s  o f  s o lu t io n s  o f p o la r  s o lu te s  w ith  

th o se  o f  homomorphic n o n p o la r  s o lu t e s .  Bondi and Simkin^^ in tro d u c e d  

th e  concep t o f  homomorph, w here th e  h y d ro x y l group o f  a lc o h o ls  was 

re p la c e d  by th e  m ethy l group w h ile  m a in ta in in g  t o t a l  d i s p e r s io n  fo rc e s  

to  rem ain  same, to  e v a lu a te  th e  hydrogen-bond c o n t r ib u t io n  o f  th e  h e a t  

o f  v a p o r iz a t io n  o f  l i q u i d  a l i p h a t i c  a lc o h o ls .  In  t h e i r  hydrogen-bond  

s tu d y  by g a s - l iq u id  p a r t i t i o n  ch rom atography . M a r tire  and R ie d le^ ^
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em ployed a re fe re n c e  s o lv e n t  w hich has i d e n t i c a l  m olar volume and p o la r -  

i z a b i l i t y  as  e l e c t r o n  d o n a tin g  s o lv e n ts  to  d i f f e r e n t i a t e  th e  therm o­

dynam ic p r o p e r t i e s  s tem in g  from  th e  com plexes formed betw een th e  s o lv e n ts  

and th e  s o lu te s .  E s tim a te s  have been  made o f  th e  s e p a ra te  c o n t r ib u t io n s  

o f  d i s p e r s iv e  and in d u c t iv e  i n t e r a c t io n s  to  th e  s o l u b i l i t y  p a ra m e te rs  o f

p o la r  l i q u i d s ,  and th e s e  p a ra m e te rs  have found some u t i l i t y  in  t r e a tm e n ts

57 58o f  b in a ry  m ix tu re s  o f  p o la r  and n o n p o la r  compounds. ’ However, i t  i s  

a p p a re n t th a t  th e  t o t a l  e f f e c t  o f  in t e r a c t io n s  betw een p o la r  and n o n p o la r  

m o le c u le s , th ro u g h o u t a  w ide ran g e  o f  c o n c e n tr a t io n s ,  canno t b e  r i g o r ­

o u s ly  acco u n ted  f o r  in  te rm s o f  a  s in g le  in d u c tio n  en erg y  d e n s i ty  p a r a -

54m e te r  w hich i s  c o n c e n tr a t io n  in d e p e n d e n t.

The t r a n s f e r  r e a c t io n s  (e q u a tio n  23) f o r  th e  com ponents p a r t i c i ­

p a t in g  in  a m o le c u la r  com plex fo rm a tio n  r e a c t io n  p e r t a in  to  th e  form a­

t io n  o f  i n f i n i t e l y  d i l u t e  s o lu t io n s  o f  p o la r  s o lu te s  in  a  g iv en  s o lv e n t .  

F o r p u rp o ses  o f  th e  p r e s e n t  d is c u s s io n ,  w i l l  b e  ta k en  to  be  non­

p o la r .  S o lu te  m o lecu les  a re  in  c o n ta c t  o n ly  w ith  s o lv e n t m o le c u le s , and 

th e  s o lv e n t - s o lu te  i n t e r a c t io n s  in v o lv e  o n ly  n o n s p e c if ic  d is p e r s io n  and 

in d u c t io n  f o r c e s .  T h e re fo re , i t  shou ld  b e  much s im p le r  to  develop  

a d eq u a te  th e o r i e s  f o r  p r e d ic t in g  t r a n s f e r  e n e rg ie s  and f r e e  e n e rg ie s  o f 

p o la r  s o lu te s  th a n  to  fo rm u la te  th e o r ie s  o f  pu re  p o la r  l i q u id s  and o f  

c o n c e n tra te d  s o lu t io n s  o f  p o la r  and n o n p o la r  m o le c u le s , in  w hich o r ie n ­

t a t i o n  energy  and e n tro p y  e f f e c t s  m ust be  c o n s id e re d .

A g e n e ra l  model f o r  d i l u t e  s o lu t io n s  o f p o la r  compounds d i s ­

s o lv e d  in  n o n p o la r  m edia i s  p ro p o sed . The model in v o lv e s  u se  o f  

a  n o n p o la r  an a lo g  (NPA) o f  th e  p o la r  s o lu t e  (P) in  p la c e  o f  th e  p o la r  

s o lu t e  in  c a lc u la t in g  p r o p e r t i e s  o f  th e  s o lu t io n s ;  th e  NPA m o lecu le  i s
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chosen  to  have th e  same m o le c u la r  volum e and th e  same t o t a l  i n t e r ­

a c t io n  energy  w ith  th e  su rro u n d in g  s o lv e n t  m o lecu le s  as does In  

t h i s  m odel, th e  NPA m o lecu le  must have  a  v a lu e  o f  m o le c u la r  p o l a r i z -  

a b i l i t y ,  '^NPA, la r g e  enough to  i n t e r a c t  a s  s t r o n g ly  w ith  th e  s o lv e n t  

as  does 2 » f o r  w hich b o th  d i s p e r s io n  and in d u c t iv e  i n t e r a c t io n s  a re

im p o r ta n t .  I t  i s  assum ed th a t  n o t  o n ly  AE° b u t a l s o  AG° AS° „■' V^SjP V>S,P V»8 ,P

and o th e r  therm odynam ic c o n s ta n ts  w i l l  be  th e  same as  th e  c o rre sp o n d in g  

t r a n s f e r  q u a n t i t i e s  f o r  th e  NPA m o le c u le . No a tte m p t i s  made to  

u t i l i z e  o r  p r e d ic t  p r o p e r t i e s  o f  th e  p u re  p o la r  component in  t h i s  

t r e a tm e n t .  The t h e o r e t i c a l  b a s i s  f o r  th e  NPA m odel and m ethods f o r

a p p ly in g  i t  to  p r e d ic t  th e  e f f e c t s  o f  s o lv e n ts  on m o le c u la r  complex

fo rm a tio n  e q u i l i b r i a  a r e  p re s e n te d  h e r e .

T h e o r e t ic a l  B a s is  f o r  th e  N onpo lar A nalog Model 

When an i s o l a t e d  p o la r  m o lecu le  i s  d is s o lv e d  in  a  n o n -p o la r  

medium th e re  a re  s e v e r a l  k in d s  o f  in te r m o le c u la r  i n t e r a c t i o n s  w hich 

o ccu r betw een th e  s o lu te  and s o lv e n t  m o le c u le s . These in c lu d e  th e  

s h o r t  ran g e  r e p u ls iv e  f o r c e s ,  and a t t r a c t i v e  fo rc e s  such as th e  

d ip o le - in d u c e d  i n t e r a c t i o n  and d i s p e r s iv e  f o r c e s  o f  th e  van  d e r  W aals 

ty p e .^ ^ * ^ ^  The p o t e n t i a l  en erg y  o f  i n t e r a c t i o n  betw een  th e  p o la r  

m o lecu le  2  and th e  s o lv e n t  m o le c u le s  2  a s  a  r e s u l t  o f  th e  d ip o le -  

induced  d ip o le  f o r c e s  i s

% s  -  -  i  y ,  ' (24)

H ere R i s  th e  r e a c t io n  f i e l d  a t  th e  p o la r  m o lecu le  r e s u l t i n g  fromApS

th e  p o la r i z a t i o n  o f  th e  s o lv e n t  m o lecu le s  by th e  e l e c t r i c  moment o f
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th e  s o lu te  m o le c u le , At t h i s  p o in t  one may adop t th e  d i e l e c t r i c

c a v i ty  model o f  a  s o lu t io n  in  w hich th e  s o lu te  m o lecu le  i s  assumed to  

s i t  a t  th e  c e n te r  o f  a  c a v i ty  whose w a lls  c o n s is t  o f  a  continuum  w ith  

d i e l e c t r i c  p r o p e r t i e s  i d e n t i c a l  w ith  th e  b u lk  p u re  s o lv e n t .  The r e a c t io n  

f i e l d  i s  th en  p r o p o r t io n a l  to  th e  e l e c t r i c  moment ; th e  c o e f f i c i e n t  o f 

p r o p o r t i o n a l i t y  i s  g iv e n  in  s e v e r a l  s ta n d a rd  t e x t s  on d i e l e c t r i c  

59th e o ry .  S in ce  a  n u m e ric a l v a lu e  o f  th e  p o t e n t i a l  en erg y  o f  i n t e r ­

a c t io n  i s  n o t r e q u ire d  h e r e ,  th e  r e a c t io n  f i e l d  w i l l  in s te a d  be  w r i t t e n  

a s  a  summation o v e r  th e  c o n t r ib u t io n s  o f  each  s o lv e n t - s o lu te  p a i r ,

V (d ip )  .  -  1  S (25)

= h p s i

w here l^pg! I s  th e  m agnitude o f  th e  v e c to r  d is ta n c e  betw een a  s o lv e n t

m o lecu le  and th e  p o la r  m o le c u le , i s  th e  m o le c u la r  p o l i z a b i l i t y  o f  a

s o lv e n t  m o le c u le , and f  i s  an o r i e n t a t i o n  f a c t o r  w hich a c c o u n ts  f o rps

th e  a n is o tro p y  o f  th e  i n t e r a c t i o n s .  The d i s p e r s iv e  i n t e r a c t i o n  may be 

w r i t t e n  as

V (d ls p )  -  -  f  Ip c 2 - i - ë  (26)
» P = h p p l

w here I  and I  a r e  th e  io n i z a t io n  p o t e n t i a l s  o f  th e  s o lu te  and s o l v e n t , 
P G

r e s p e c t iv e ly ,  and i s  th e  m o le c u la r  p o l a r l z a b i l i t y  o f  th e  s o l u t e .

The NPA m olecu le  has no perm anent d ip o le  moment; i t  i n t e r a c t s

w ith  th e  s o lv e n t  m o lecu le s  s o le ly  th ro u g h  d i s p e r s iv e  f o r c e s .

However, th e  m agn itude o f  t h i s  i n t e r a c t i o n  m ust be l a r g e  enough so  t h a t



-27-
th e  t o t a l  energy  o f  i n t e r a c t i o n  o f  th e  NPA m o lecu le  w ith  th e  s o lv e n t

e q u a ls  th e  t o t a l  energy  o f  i n t e r a c t i o n  o f th e  o r i g i n a l  p o la r  m o lecu le  

w ith  th e  s o lv e n t  ( th e  sum o f  e q u a tio n s  25 and 2 6 ):

H y p o th e t ic a l ly ,  th e  en e rg y  com pensation  r e q u ire d  by e q u a t io n  28 may b e  

c o n s id e re d  to  o c c u r  in  th e  fo llo w in g  way. Im agine t h a t  th e  e l e c t r i c  

moment, y ,  o f  th e  p o la r  m o lecu le  i s  " sw itch ed  o f f "  and t h a t  concom it­

a n t ly  th e  m o le c u la r  p o l a r l z a b i l i t y  a n d /o r  io n i z a t io n  p o t e n t i a l  o f  jP

a re  in c rem en ted  to  th e  new v a lu e s  a.— , and I _ . ,  w hich a r e  chosen  toNPA NPA

e n su re  e q u iv a le n c e  o f  th e  NPA-s o lv e n t  and P j-so lv en t i n t e r a c t i o n  e n e rg ie s .  

S in ce  a l l  o f  th e  te rm s in  th e  sums in  e q u a tio n  28 have th e  same d i s ­

ta n c e  dependence, th e y  can be  eq u a ted  te rm  by te rm  so  t h a t  f o r  each  

s o lu te - s o lv e n t  i n t e r a c t i o n

2 ^NPA V a  + Ig  °  2 ^p “ s ^ps -  2 Ip  "p Ip  +

As an exam ple o f  how th e  com pensation  may be e f f e c t e d ,  c o n s id e r  a  s i t u ­

a t io n  in  w hich th e  s o lv e n t  p o l a r l z a b i l i t y  i s  s p h e r ic a l  and w here th e  

energy  e q u a l i ty  r e q u ir e d  by e q u a tio n  28 i s  to  be ach iev ed  by v a ry in g  

o n ly  th e  m o le c u la r  p o l a r l z a b i l i t y  o f  th e  s o l u t e ,  w h ile  le a v in g  th e  

i o n i z a t io n  p o t e n t i a l  I n v a r i a n t .  Then, e q u a tio n  29 may b e  so lv e d  f o r

V a y ie ld
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V a  =  “ p  + 1  V r '  " p  « o >
P  S

w here h as  been ta k e n  to  be  e q u a l to  u n i ty .

N ote th a t  any o th e r  com bination  o f  v a lu e s  o f  and w hich s a t i s f yNPA NPA ^

e q u a tio n  29 may b e  chosen f o r  th e  hypo t h e t i c a l  s o lu te  m o lecu le  NPA.

The c r u c i a l  q u e s tio n  h e re  co n ce rn s  th e  change in  Â ° ^ in  t r a n s ­

form ing th e  p o la r  s o lu te  in to  th e  NPA a n a lo g . To examine t h i s  q u e s t io n ,  

th e  s im p le  c e l l  model o f  a  l i q u id  in tro d u c e d  by L ennard -Jo n es and 

D evonsh ire^^*^^ w i l l  b e  ad op ted  to  d e s c r ib e  th e  therm odynam ics o f th e  

p o la r  m o lecu le  NPA m o lecu le  t r a n s fo rm a tio n  in  s o lu t io n .  In  t h i s  t r e a t ­

m en t, each  s o lu te  and s o lv e n t  m o lecu le  o ccu p ie s  a  " c e l l " ;  th e  dynam ics 

o f  an in d iv id u a l  s o lu te  m o le c u le , w hich i s  su rro u n d ed  e n t i r e l y  by 

s o lv e n t  m o le c u le s , i s  t r e a t e d  as in d ep en d en t o f  th e  dynam ics o f  a l l  

o th e r  m o le c u le s . The H elm holtz f r e e  energy  o f th e  s o lu te  m o lecu le  in  

th e  c e l l  i s

H ere , N i s  th e  number o f  c e l l s  in  a  volume V o f  th e  l i q u i d ,  v  = V/N, k 

i s  th e  Boltzman c o n s ta n t ,  and

A -  -----    (32)
(2irmkT)

w here m i s  th e  mass o f  th e  s o lu te  and h i s  P la n c k ’s c o n s ta n t .  In  

e q u a tio n  31 v ^ (v ,T ) i s  th e  e f f e c t iv e  volume o f  th e  c e l l  in  w hich th e
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s o lu te  m o lecu le  can move.

v i v ,  T) = /
* c e l l

(33)

and

Y (r) = $ ( r )  -  * (0 ) (34)

w here $ ( r )  i s  th e  p o t e n t i a l  energy  o f  i n t e r a c t i o n  o f  th e  s o lu t e  m o lecu le  

w hich i s  a t  some d is ta n c e  r  from  th e  c e n te r  o f  th e  c e l l .  From th e  

d e f i n i t i o n  S = -  ( '^ ) y  th e  e n tro p y  o f  th e  s o lu te  in  th e  c e l l  d e f in e d  

by n e ig h b o rin g  s o lv e n t  m o lecu le s  i s

^f® f  NkT ®^f S = > m Z n - f - ^  ( ^ )  (35)
A' f  V

In  th e  c e l l  model o f  a  l i q u id  th e r e  i s  ^  change in  th e  en tro p y  

o f  th e  system  as  th e  p o la r  s o lu te  m olecu le  i s  changed to  th e  NPA m ole­

c u le ;  t h i s  fo llo w s  from  in s p e c t io n  o f  e q u a tio n s  33-35 and 29 . The 

e n tro p y  o f  th e  s o lu te  m o lecu le  i s  a  fu n c t io n  o f  th e  volum e o f  th e  c e l l  

and th e  f r e e  energy  of i n t e r a c t i o n ,  ^ ( r ) .  The n o n -p o la r  a n a lo g  h as  b een  

chosen  so as to  have th e  same m o le c u la r  volume and th e  same f r e e  energy  

o f  i n t e r a c t io n  w ith  th e  s o lv e n t a s  th e  p o la r  s o lu te  m o le c u le . T his 

im p lie s  t h a t  th e  volume o f th e  c e l l  and th e  e f f e c t i v e  c e l l  volum e w i l l  

rem ain  unchanged. The e n tro p y  o f  th e  rem ain in g  m o lecu le s  in  th e  

s o lv e n t  i s  unchanged s in c e  th e  cage c o n ta in in g  th e  NPA m o lecu le  i n t e r ­

a c ts  w ith  th e  r e s t  o f  th e  system  in  e x a c t ly  th e  same manner as does th e  

p o la r  m o lecu le . There i s  no n e t  o rd e r in g  e f f e c t  o f  th e  p o la r  m o lecu le
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on th e  n o n -p o la r  s o lv e n t  s in c e  d ip o le - in d u c e d  d ip o le  p o t e n t i a l  e n e rg ie s  

o f i n t e r a c t io n  a re  alw ays a t  th e  minimum o f  th e  i n t e r a c t i o n  c o n f ig u ra ­

t i o n ;  in  o th e r  w ords th e  induced  d ip o le s  o f  th e  in d iv id u a l  s o lv e n t  m ole­

c u le s  alw ays l i e  in  th e  d i r e c t i o n  o f  th e  d ip o le  o f  th e  p o la r  s o lu te  

m o lecu le  and in s ta n ta n e o u s ly  fo llo w s  th e  v a r io u s  o r i e n t a t i o n s  o f  th e  

s o lu te  m o lecu le  (n e g le c t in g  r e t a r d a t i o n  e f f e c t s ) .

O b v io u s ly , more e l a b o r a te  c e l l  t h e o r i e s  ( in  w hich th e  p o t e n t i a l  

energy  o f  i n t e r a c t i o n  betw een s o lu te  and s o lv e n t  i s  ta k e n  to  b e  non- 

s p h e r ic a l )  w i l l  a l s o  be  c o n s i s te n t  w ith  th e  NPA m odel, p ro v id e d  th e  com­

p e n s a tio n  o f  s o lu te - s o lv e n t  i n t e r a c t i o n  en erg y  te rm s i s  p ro p e r ly  accom­

p l i s h e d .  E q u a tio n  29 m ust b e  s a t i s f i e d  f o r  each  volum e e lem en t o f  th e  

NPA and 2  m o le c u le s , w hich f o r  conven ience  may be ta k e n  to  hav e  i d e n t i c a l  

m o le c u la r  g e o m e tr ie s . In  p la c e  o f  each  d ip o la r  c o n t r ib u t io n  g iv e n  by 

e q u a tio n  25 th e r e  w i l l  be an e q u iv a le n t  energy  term  g iv e n  by e q u a tio n  27 

fo r  th e  n o n p o la r  a n a lo g  m o le c u le . No m a tte r  how co m p lica ted  th e  p o la r  

s o lu te  may b e ,  th e  e lem en ts  o f  i n t e r a c t i o n  o f  2  w ith  2  be  mapped in  

a o n e - to -o n e  way in to  e q u iv a le n t  NPA-S i n t e r a c t i o n s ,  a l l  o f  w hich a re  

o f  th e  d is p e r s iv e  ty p e .  The e q u a l i ty  o f  a l l  therm odynam ic fu n c t io n s  

f o r  th e  t r a n s f e r  r e a c t io n s  2  ( i d e a l  g as) ->■ 2  ( id e a l  d i l u t e  s o lu t io n  in  

S) and NPA ( id e a l  g as) NPA ( id e a l  d i l u t e  s o lu t io n  in  2 )  i s  th u s  en ­

s u re d .

A p p lic a tio n  o f  th e  N onpolar Analog Model in  P r e d ic t in g  

Thermodynamic P r o p e r t i e s  o f P o la r  S o lu te s

The NPA model does n o t  by i t s e l f  p ro v id e  a  b a s i s  f o r  p r e d ic t in g  

therm odynam ic p r o p e r t i e s  f o r  th e  t r a n s f e r  r e a c t io n s  (e q u a tio n  23) fo r
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p o la r  s o lu t e s .  However, to  th e  e x te n t  th a t  th e  model a p p l ie s  i t  p e rm its  

th e  u se  o f  th e o r i e s  and p r o p e r t i e s  o f  n o n p o la r  l i q u id s  and l i q u i d  mix­

tu r e s  in  p r e d ic t in g  p r o p e r t i e s  o f  d i l u t e  s o lu t io n s  o f  p o la r  s o lu te s  in  

n o n p o la r  s o lv e n t s .  The model i s  b ased  on th e  assu m p tio n  t h a t

AG° _ i s  u n iq u e ly  d e te rm in e d  by AE° „  and th e  m o le c u la r  volume (more V^S , P AM'S , P

c o r r e c t l y ,  th e  m o le c u la r  geom etry) o f P . U sing th e  n o n p o la r  an a lo g  

c o n c e p t.

v ^ s ,P  ^ v 5 s ,P ’ ^ # s ,N P A  (v+s,NPA' \p A ^

w here

v + s,P  " vSs,NPA ^P " ^NPA

The NPA model may be  m ost s im p ly  t e s t e d  by com paring e x p e r i ­

m e n ta l v a lu e s  o f  AG° . and AE° . f o r  v a r io u s  s o lu te s  i  ( p o la r  and n o n - 
A M S ,i  v » s , i

p o la r )  o f  com parable  m o le c u la r  volume d is s o lv e d  i n  a  g iv e n  s o lv e n t .

The l i n e a r  c o r r e l a t i o n s h ip  betw een Â °  ^ and AG° ^ o f th e  e q u a tio n  22 

d e m o n s tra te s  th e  f e a s i b i l i t y  o f  r e p la c in g  2  by i t s  n o n p o la r  a n a lo g  in  

therm odynam ic c a l c u l a t i o n s ;  i t  i s  a l s o  shown t h a t  m od era te  v a r i a t i o n  in  

m o le c u la r  volume does n o t  s t r o n g ly  in f lu e n c e  th e  m agn itude o f  ^ 

c o rre sp o n d in g  to  a  g iv en  v a lu e  o f  A c tu a l ly ,  th e r e  i s  a  re a s o n ­

a b ly  c lo s e  c o r r e l a t i o n  betw een ^ and th e  m o le c u la r  volum e o f  r e ­

l a t e d  s o l u t e s ;  h e n c e , th e  e f f e c t  o f  v a r i a t i o n  in  s o lu te  volum e i s  l a r g e ­

ly  h id d e n  in  th e  AG° , v s .  AE° . c o r r e l a t i o n s .  T h e re fo re ,  th e  m o le c u la r  v*-8 , i  v ^ s , i

volume o f th e  p u re  2  in s te a d  o f  i t s  a c tu a l  p a r t i a l  volume in  th e  d i l u t e  

s o lu t io n s  i s  u sed  f o r  th e  m o le c u la r  volum e o f th e  NPA m o le c u le s  w ith o u t
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c a u s in g  s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  in  th e  c a lc u la te d  ^ v a lu e s

by t h i s  model from  th e  e x p e r im e n ta l AE^ . v a lu e s .v-»-s, i

At a  more fu n dam en ta l l e v e l ,  i t  would be  d e s i r a b le  to  develop  

th e o r i e s  f o r  p r e d ic t in g  ^  and ^ from  m o le c u la r  p a ra m e te rs  o f 

th e  2 )  ^  and NPA m o le c u le s . In  t h i s  deve lo p m en t, i t  i s  co n v en ien t to  

r e f e r  to  th e  fo llo w in g  c o n c e p tu a l d iag ram  o f  th e  energy  o f  2  NPA 

in  v a r io u s  s t a t e s  :

^ P   NPA
g ---------    g

P   NPA8 ---------    s
00I --

The s t a t e s  P and NPA r e f e r  to  i d e a l  gaseous s t a t e s ;  P and NPA r e f e r  
g g s s

to  d i l u t e  s o lu t io n  s t a t e s  i n  th e  n o n p o la r  s o lv e n t ;  and P^ and NPA^

r e p r e s e n t  p u re  l i q u i d  2  an.d NPA. G aseous s ta n d a rd  s t a t e s  a re  ta k e n  to  

be th e  u n i t  m o la r i ty  i d e a l  gas and th e  i n f i n i t e l y  d i l u t e ,  u n i t  m o la r i ty  

s t a t e  i s  u sed  f o r  a l l  s o lu te s  i n  condensed p h a se . N ote t h a t  th e  

en e rg y  o f  P^ w i l l  o r d in a r i l y  be  c o n s id e ra b ly  low er th a n  th a t  o f  NPA^

and th a t  th e  en erg y  change f o r  th e  t r a n s f e r  P^ P^ w i l l  be co rre sp o n d ­

in g ly  g r e a t e r  th a n  t h a t  f o r  th e  t r a n s f e r  NPA^ -*■ NPA  ̂; th e  re a so n  f o r  

t h i s  i s  th a t  in  th e  p u re  l i q u i d  s t a t e ,  2  m o lecu le s  i n t e r a c t  r e l a t i v e l y  

s t r o n g ly  w ith  each  o th e r  th ro u g h  o r i e n t a t i o n  f o r c e s ,  w hich a r e  a b se n t

in  l i q u id  NPA and in  th e  s t a t e s  P and NPA . The model fo rc e s  P and   s s g

NPAg to  be  a t  th e  same l e v e l  o f  en e rg y  (and by assu m p tio n , f r e e  e n e r g y ) ;
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s lm l la r y ly ,  and NPA^ have th e  same energy  (an d , p resum ab ly , f r e e  

e n e rg y ) .

Given th e  energy  l e v e l  d iagram  above, th e  NPA model r e q u i r e s

th a t

v+ s,P  ~ ^ s ,N P A  &PA “ ^NPAs g

o r

v 5 s ,P  (^NPA ^ A ^  “ (^NPA ^ P A ^  
s SL g ^

and s im i la r l y

vSs,p ^Spa “ ^NPÂ  ” ^Spa S pas Z g Z

E q u a tio n s  38 and 39 may be r e w r i t t e n

d i l  vap

^ . P - “ ®A  -  (4°)

and
d i l  vap

vSs,P " '̂ N̂PA “ ^̂ NPA

d i l  vap
w here and a r e ,  r e s p e c t iv e ly ,  th e  en ergy  o f  t r a n s f e r  of

NPA from p u re  l i q u id  NPA in to  th e  i n f i n i t e l y  d i l u t e  s o lu t io n  s t a t e  in
q d i l

s o lv e n t  ^  and th e  en erg y  o f v a p o r iz a t io n  o f  l i q u i d  NPA, and and
ovap

AGĵ PA a re  th e  co rre sp o n d in g  f r e e  en erg y  ch an g es.

S e v e ra l c u r r e n t  th e o r ie s  o f s o lu t io n  p ro v id e  means f o r  r e l a t i n g  
d i l  vap

AE^PA and to  p a ra m e te rs  c h a r a c t e r i s t i c  o f  th e  NPA and ^  m o le -

54c u le a .  For exam ple, s o l u b i l i t y  p a ra m e te r  th e o ry  p r e d ic t s  t h a t

'^ S pA “ *̂ NPÂ  (42)
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and

gVap 2 -
"  ^NPA ^P

where 6^ and 5 ^ ^  a re  th e  s o l u b i l i t y  p a ram e te rs  o f  ^  and NPA, r e s p e c t iv e ­

l y ,  and w here f o r  conven ience  we n e g le c t  volume changes on m ix ing  NPA
g d i l  vap

w ith  The e x p re s s io n s  f o r  and in  e q u a tio n s  42 and 43

may be  s u b s t i t u t e d  in to  e q u a t io n  40 , w hich may be  re a r ra n g e d  to  g iv e

^NPA 2 ” v + s ,p /^ S ^ p ) ' (44)

Thus, i t  i s  p o s s ib le  to  i n f e r  th e  s o l u b i l i t y  p a ra m e te r  o f  th e  n o n p o la r  

an a lo g  o f  a g iven  p o la r  s o lu te  from  th e  s o l u b i l i t y  p a ra m e te r  o f  th e  

s o lv e n t  and th e  en erg y  o f  t r a n s f e r  o f  2  from  th e  id e a l  gaseous s t a t e  

in t o  th e  i n f i n i t i e l y  d i l u t e  s t a t e  in  The f r e e  energy  o f  t r a n s f e r  

o f NPA from v apo r to  th e  i n f i n i t e l y  d i l u t e  s t a t e  in  s o lv e n t  ^  may th e n  

be r e l a t e d  to  and th e  v ap o r p r e s s u re  o f  p u re  l i q u i d  NPA •

E q u a tio n  39 may be r e w r i t t e n

w here th e  f i r s t  te rm  on th e  r i g h t  r e p r e s e n ts  th e  f r e e  energy  change f o r  

c o n v e r t in g  NPA v ap o r a t  u n i t  m o la r i ty  in to  p u re  l i q u id  NPA u n d er i t s  

own v ap o r p r e s s u r e ;  th e  second te rm  i s  th e  f r e e  energy  o f  t r a n s f e r  o f  

NPA from  th e  pu re  l i q u id  s t a t e  to  th e  id e a l  d i l u t e  s o lu t io n  o f  ^  (u s in g  

th e  u n i t  mole f r a c t io n  s ta n d a rd  s t a t e )  and th e  l a s t  te rm  i s  th e  f r e e  

en erg y  change f o r  c o n v e r t in g  from th e  mole f r a c t io n  s ta n d a rd  s t a t e  f o r  

th e  s o lu te  to  th e  u n i t  m o la r i ty  s ta n d a rd  s t a t e .
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In  o rd e r  to  app ly  e q u a tio n  45 to  c a l c u la te  AG° ^ i t  i s  n e c e s s a ry  

to  o b ta in  th e  v ap o r p r e s s u re  o f  p u re  l i q u i d  NPA, e i t h e r  from  a th e o ry  

o f  p u re  l i q u id s  o r  from e x p e r im e n ta l m easurem ents on a c tu a l  n o n p o la r  

l i q u id s  h av in g  a p p ro x im a te ly  th e  r e q u ir e d  h e a t  o f  v a p o r iz a t io n  and m ole­

c u la r  geom etry . F o r tu n a te ly ,  th e  v ap o r p r e s s u re s  o f  p u re  low m o le c u la r

w e ig h t n o n p o la r  l i q u id s  a t  25° v a ry  s y s te m a t ic a l ly  w ith  t h e i r  e n e rg ie s  

fi Q
o f  v a p o r iz a t io n .  F ig u re  7 i s  a p lo t  o f th e  lo g a r i th m  o f v a p o r p r e s s u re  

oVaP 1 .15
a g a in s t  (AEg^g ) '  f o r  a number o f  common n o n p o la r  l i q u id s  (e x c lu d in g  

f lu o r o c a r b o n s ) ; th e  s o l id  cu rv e  r e p r e s e n t s  th e  l e a s t  sq u a re s  e q u a tio n

lo g ^ o P ° ( to r r ,  298°K) = -1 .0 3 8 x 1 0 “^ (AE°gg^)^*^^ +  4 .889 (46)

w hich may b e  u sed  to  c a l c u la te  v ap o r p r e s s u re s  o f  th e s e  l i q u i d s , w ith  a  

s ta n d a rd  e r r o r  o f  abou t 9%.^^ (P r e d ic t io n  o f  v ap o r p r e s s u r e s  o f  non­

p o la r  l i q u id s  a t  d i f f e r e n t  te m p e ra tu re s  i s  d is c u s s e d  in  th e  A ppendix I I . )
qVap 2 -

By em ploying 4E^p^ = and e q u a tio n  46 i t  i s  p o s s ib le  to  o b ta in

a r e l i a b l e  v a lu e  P ^ ^  to  u se  in  e q u a t io n  45 .

A nother th e o ry  o f  s o lu t io n s  w hich may be m elded w ith  th e  NPA 

model i s  th e  a v e r a g e - p o te n t ia l  c e l l  model th e o ry  o f  P r ig o g in e ,^ ^  w hich 

ex ten d s  th e  theorem  o f  c o rre sp o n d in g  s t a t e s  to  m ix tu re s .  In  th e  

P r ig o g in e  r e f in e d  a v e r a g e - p o te n t ia l  c e l l  m odel, e x c e ss  therm odynam ic 

fu n c t io n s  f o r  b in a ry  m ix tu re s  a re  e x p re s se d  in  te rm s o f  p a ra m e te rs  a 

and p d e f in e d  a s

o -  —  (47)

" a
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,3* * M

( t o r r )

vap 1 .15
(AE° ‘) (cal/mole)l'15

F ig u re  7: C o r r e la t io n  o f v ap o r p r e s s u re  and energy  o f v a p o r iz a t io n  a t  25 C.
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LEGEND FOR FIGURE 7

1 , b u ta n e ; 2 , n e o p e n ta n e ; 3 , is o p e n ta n e ;  4 , p e n ta n e ; 5 ,  c y c lo p e n ta n e ;

6 , 1 -h ex en e ; 7 , h ex an e ; 8 , m e th y lc y c lo p e n ta n e ; 9 , carbon  t e t r a c h l o r i d e ;  

10 , cy c lo h ex an e ; 11 , b en zen e ; 12 , I s o o c ta n e ;  13 , m e th y lc y c lo h e x a n e ;

14 , h e p ta n e ; 15 , to lu e n e ;  16, 1 -o c te n e ;  17 , o c ta n e ; 18 , e th y lb e n z e n e ;

19 , p -x y le n e ; 20 , m -x y len e ; 21 , o -x y le n e ; 2 2 ,s ty le n e ;  23 , p ro p y lb en z en e ; 

24 , m e s l ty le n e .

V alues o f  v ap o r p r e s s u r e  a re  from  r e f e r e n c e  128.
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and

p =

* *
w here y  and e a re  th e  d is ta n c e  o f  s e p a ra t io n  and i n t e r n a l  energy  s c a le  

f a c to r s  in  th e  u n iv e r s a l  p o t e n t i a l  f u n c t io n ,  r e s p e c t iv e ly ,  and th e  sub­

s c r i p t s  A and B deno te  p u re  components A and B, r e s p e c t iv e ly .  H ere , A 

i s  ta k e n  to  be th e  r e fe re n c e  com penent. When on ly  d is p e r s io n  fo rc e s

o p e ra te  betw een th e  two components (which i s  th e  ca se  when th e  s o lu te
d i l  d i l

i s  th e  NPA m o le c u le ) , AE and AG may be e x p re sse d  as

[- I  h“ + f  c -  i  (4c; -  c; )1 0  ̂ + (.-ml + 9tc )
^A A A A

(49)

and

4G = [ -  ^  H^ + (4C -  + (“ 9H° -  ^  RT) -  -|- RT op
^A A

(50)

w here H° i s  th e  c o n f ig u r a t io n a l  e n th a lp y , and a re  c o n f ig u r a t io n a l

m olar h e a t  c a p a c i t i e s  a t  c o n s ta n t  p r e s s u re  and volum e, r e s p e c t iv e l y ,  and

C  and C' a r e  th e  f i r s t  d e r iv a t iv e s  o f  th e  c o n f ig u r a t io n a l  m olar h e a t  
P ^  o ^ i l  ^ d i l

c a p a c i t ie s  w ith  r e s p e c t  to  T. The AE and AG e x p re s s io n s  g iv en  

above a r e ,  s t r i c t l y  sp e a k in g , v a l id  on ly  a t  ze ro  p r e s s u r e .  However a t  

a p p l ic a t io n s  in v o lv in g  p re s s u re s  n o t g r e a te r  th an  one a tm o sp h ere , th e  

p re s s u re  dependence o f  energy  o r  f r e e  en erg y  may o r d in a r i ly  be ig n o re d . 

The p a ra m e te r  p sh o u ld  be e v a lu a te d  from th e  c r i t i c a l  volum es o f  A and 

B, b u t f o r  th e  p r e s e n t  c a lc u la t io n s  i t  i s  s a t i s f a c t o r y  to  e s t im a te  p
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from  th e  m olar volum es o f  A and B a t  298°K.

The r e l a t i o n s

and

«vap *
AH = 0 .678  Z E^/RT (51)

Eg = E* (1 + a)  (52)

w here Z i s  th e  number o f  th e  n e a r e s t  n e ig h b o rs  su rro u n d in g  a  c e l l ,  may 

be com bined w ith  e q u a tio n s  40 and 41 to  g iv e

1  + i  Cp. -  i  4 a + ( - S  +*̂ A A A A

vap

~ ^ A  (53)

and

K . p  -  T  + + i  -  % ) :  4 a +  (-»%  - 4 < = '

-  I V a (54)
oVap

w here AH i s  th e  e n th a lp y  o f  v a p o r iz a t io n .  H ere Z f o r  th e  p u re  r e f e r ­

ence component A i s  assumed to  be  th e  same as f o r  th e  p u re  NPA m o le c u le s .

To r e l a t e  AE° ^ and AG° , o may be c a lc u la te d  from  th ev+8 ,P v+s ,P NPA '

e q u a t io n  53 f o r  a  g iven  v a lu e  o f  p and a  chosen  v a lu e  o f  p , whereupon 

^NPA P may be  s u b s t i t u t e d  in to  th e  e q u a tio n  54 to  c a l c u l a t e  Ag^ p .

The p a ra m e te r  p may be e v a lu a te d  from m o le c u la r  volum es o f  th e  s o lu te

and th e  s o lv e n t .  An a l t e r n a t i v e  p ro ced u re  i s  to  c o n s tru c t  a  s e t  o f



TABLE 2
d i l d i l

THEMODYNAMIC PROPERTIES USED IN CALCULATION OF AE and AG

ACCORDING TO PRIGOGINE'S REFINED AVERAGE POTENTIAL MODEL. t=25 C

S o lv en t A

y a p

K
C

Pa
C

^A
c'

Pa
C*

^A

(c a l/m o le ) (c a l /m o le ) (c a l/m o le -°K ) (c a l/m o le -°K ) (ca l/m o le -°K ^ ) (c a l/m o le -°K ^ )

h e p ta n e 8735 -8143 1 4 .3 4 .1 0 -0 .0 1 7 9 -0 .0 2 9 6

benzene 8090 -7498 1 4 .8 4 .9 8 -0 .0 4 8 -0 .0 3 8

c a r b o n te t r a - 7753 -7161 13 .6 3 .83 -0 .0 0 9 -0 .0 0 9
c h lo r id e

ch lo ro fo rm 7304 -6712 13 .5 4 .4 7 -0 .0 0 2 4 -0 .0 1 1 9

d ie th y le th e r 6508 -5916 1 5 .6 4 .4 7 -6 .8 * 1 0 “ ^ -4-2 .1 * 1 0  ^

a c e to n e 7666 -7074 1 4 .8 5 .70 -0 .0 2 2 0 -0 .0 2 1 6

I
01
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p lo t s  o f  AG° p v s .  AE° p by a p p ly in g  e q u a tio n s  53 and 54 w ith  a r b i t r a r i l y  

chosen  a v a lu e s  and a  f ix e d  v a lu e  o f  p . Knowing p , f o r  a  g iv e n  s o lu te  

and s o lv e n t ,  Ag^ p i s  e s t im a te d  from  th e  cu rv e  co rre sp o n d in g  m ost n e a r ly  

to  th e  c o r r e c t  p v a lu e .  F ig u re s  8 , 9 , and 10 show s ta n d a rd  p v s .

A^° p cu rv es  f o r  d i f f e r e n t  p v a lu e s  f o r  th e  s o lv e n ts  h e p ta n e , b en ze n e , 

c a r b o n te t r a c h lo r id e ,  ch lorofo irm , a c e to n e ,  and e th e r .  As i s  shown f o r  

th e  s o lv e n t  h e p ta n e  in  F ig u re  8, w here a com parison  i s  made betw een  c a lc u ­

l a t e d  ^ v a lu e s  b ased  upon th e  av e ra g e  p o t e n t i a l  model o f  P r ig o g in e  and 

upon th e  s o l u b i l i t y  p a ra m e te r  th e o ry ,  th e  p r e d ic t io n s  b a sed  on th e  two 

th e o r i e s  a r e  seen  to  be  n e a r ly  th e  sam e. M oreover, th e  r e s u l t s  in  F ig u re s  

8 , 9 , and 10 a re  in  r e a s o n a b le  agreem ent w ith  t r a n s f e r  f r e e  en erg y  v a lu e s  

c a lc u la te d  from  th e  e m p ir ic a l  e q u a t io n  22. Them odynam ic p r o p e r t i e s  used  

f o r  c a l c u la t io n  by  P r ig o g in e 's  th e o ry  a r e  l i s t e d  in  T ab le  2.

In  a p p ly in g  e q u a tio n s  49 and 50 i t  m ust be  remembered t h a t  th e  

th e o ry  i s  a p p ic a lb e  on ly  f o r  sm a ll v a lu e s  o f p .^ ^  For h e p ta n e  as th e  

s o lv e n t ,  th e  c a lc u la te d  i n t e r c e p t  (A ^  p c o rre sp o n d in g  to  p = 0) 

e q u a ls  241 c a l .  from  e q u a t io n  45 and 284 c a l .  from  e q u a t io n  54 , u s in g  

p = -0 .2 7  and p h y s ic a l  p r o p e r t i e s  o f  h e p ta n e  a t  298°K. The v a lu e  p =

-0 .2 7  i s  com puted u s in g  a  s o lu t e  m o la r volum e in te rm e d ia te  betw een th o s e  

o f  Ar and K r, f o r  w hich ^ j^g p ^ an e  n e a r ly  z e ro  a t  298°K.

Column 5 o f  T ab le  3 l i s t s  v a lu e s  o f -AG°„ c a lc u la te d  u s in gv+s ,P

e q u a t io n s  4 3 -4 6 , w hich a r e  b ased  on th e  NPA m odel and s o l u b i l i t y  p a ra ­

m e te r  th e o ry .  Column 4 g iv e  v a lu e s  c a lc u la te d  w ith  th e  q u a s i -

31 32 40l a t t i c e  model o f  S te v e n s , e t  a l . ,  * * w hich u t i l i z e s  en e rg y  p a r a ­

m e te rs  c h a r a c t e r i s t i c  o f  i n t e r a c t i o n s  betw een s p e c i f i c  a to m ic  and su b - 

m o le c u la r  g roups o f  th e  s o lu te  and s o lv e n t  m o le c u le s . In  th e  6 th  

column a r e  l i s t e d  v a lu e s  o f  ^ G ° p  com puted from  e q u a t io n s  4 3 -4 6 , u s in g
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S o lv e n t: benzene

AE (Kcal/mole) v+s,P-7 -6 -5 -4 -3-10 -2

c a lc u la te d p=-0.3
e x p e r im e n ta l p=-0.2 - 2

-3
(Kcal/mole)

-4

-5

-6

S o lv e n t:  h e p ta n e

(Kcal/mole) 
5 -4 -3

AE
-8 -7

p=»-0.3
p=0.0
p=-0.2 -2 AG

-3 (Kcal/mole)
p = -0 .

-4

p=0 -5

F ig u re  8 : S tan d a rd  AG° p v s .  AE° cu rv es  f o r  d i f f e r e n t  p v a lu e s  f o r

s o lv e n ts  benzene and h e p ta n e  a t  25 C.
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LEGEND FOR FIGURE 8

F ig u re  8a : P o in ts  o  a re  c a lc u la te d  from  th e  av erag e  p o t e n t i a l  c e l l

model f o r  some s o lu te s  u s in g  p ro p e r  p v a lu e s :  p o in ts  X

a re  e x p e r im e n ta l.

1 , c y c lo p e n ta n e ; 2 , cy c lo h ex an e ; 3 , is o o c ta n e ;

4 , h e p ta n e .

F ig u re  8b: P o in ts  O a re  c a lc u la te d  from  th e  s o l u b i l i t y  p a ram e te r

th e o ry  f o r  h y p o th e t ic a l  s o lu te s  whose m o le c u la r  s iz e s  

c o rre sp o n  to  p=0: p o in ts  X a r e  c a lc u la te d  i n  th e  same

way u s in g  p= -0 . 2 .

1 , AE° = -2  Kca /m o le ; 2 , AE° = -4  K ca l/m o le ;
v ^ S  )  J r  V ^ S  ÿ Jr

3, AE° = -6  K ca l/m o le ; 4 , AE° ^ -  -7  K ca l/m o le . v+ s,P  v+ s,P
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S o lv e n t: ch lo ro fo rm
p=-0

AE (K cal/m ole)
V - + S  , P

—8___—7___—6___— 5-10 -9 -3

p = -0 .3

p= -0 . 2

(K cal/m ole)
-4

-5
p=0

S o lv e n t: carbon  t e t r a c h l o r id e

AE (K cal/m ole) v-)-s, P -5___-4-9 -8 -7 -6-10 -2

p= -0 . 3

- - 2

(K cal/m ole)p=-0

p=0

F ig u re  9: S tan d a rd  AG° p v s .  p cu rv es  f o r  d i f f e r e n t  p v a lu e s  fo r

s o lv e n ts  ch lo ro fo rm  and carbon  t e t r a c h l o r id e  a t  25°C.
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S o lv e n t: e th y le th e r

AE (K cal/m ole) v->s,P
-8 -7 -6 -5 -4 -3 -2-10

-2

-3
(K cal/m ole)

p=-0.1 --4

p=>0 --5

S o lv e n t: ace to n e

AE^ p (K cal/m ole)

-5___-4
p=-0

-10 -9 -8 -7 -2

-2

p=-0.2
(K cal/m ole)

- —4

-5p=0

F ig u re  10: S tan d a rd  AG° v s .  AE° cu rv es  f o r  d i f f e r e n t  p v a lu e s  f o r’ V+8,r V+S,r Q

s o lv e n ts  d ie th y le t h e r  and a c e to n e  a t  25 C.



TABLE 3
EXPERIMENTAL AND CALCULATED TRANSFER ENERGIES AND FREE ENERGIES 

OF POLAR SOLUTES FROM VAPOR INTO NONPOLAR SOLVENT. t=25°C

S o lu te (P ) S o lv e n t(^ )  ̂ ^ J ^ p C e x p t l . ) ^ % ( c a l c d . )  = ;A G °p (c a lc d .)d ^ G ° p ( e x p t l . )

(K ca l/m o le ) (K cal/m o le) (K ca l/m o le ) (K cal/m o le) (K cal/m o le)

«2° HXD 1 .98^3 2 .60 0 .7 2 0 .87 0.4533

m ethano l HXD 2.75^3 2 .8 0 1 .1 6 1 .19 1.2533

d le th y la m ln e HXD 5.45^3 (5 .4 5 )= 2 .6 6 (2 .6 6 ) 3 .1633

d ie th y lam ine "Eg0 HXD 7.50^3 6 .80 3 .93 3 .49 3 .8 o33

d ie th y à lm in e • 
m ethano l HXD 5.98^3 7 .00 2 .89 3 .57 4 .1533

«2° DPM 4.02^3 5 .5 7 1 .89 2 .19 1 .79^3

m ethano l DPM 5 .1 1 ^3 4 .7 8 2 .7 9 2 .62 2.3433

d le th y la m ln e DPM 6.1433 (6 .1 4 )= 3 .2 7 (3 .2 7 ) 3 .3533

d le th y la m ln e • 
HgO DPM 8.6233 8 .26 4 .8 8 4 .6 3 5 .2 q33

d le th y la m ln e • 
m ethano l DPM 8 .1 i 33 7 .46 4 .4 0 4 .3 8 5.0833

I

I



TABLE 3 continued

S o lu te (P ) S o lv en t ^ ° p ( e x p t l . ) ^ G ° p (c a lc d .) ‘= ^ G ° p ( c a lc d . ) '^  ^ G ° p ( e x p t l . )

(K ca l/m o le ) (K ca l/m o le ) (K ca l/m o le ) (K ca l/m o le ) (K ca l/m o le )

t r im e th y lam ine HPT 4 .6 0 ^ ° 2 .60 2 . 57:0

SO2 HPT 3 .60^0 1 .9 8 1 . 40:0

tr im e th y la m in e • 
SO2 HPT 10 .10^0 5 .9 2 5 .1 5 :0

cFgCooa CHX 2 .1 ^1 1 .4 3 2 .0 4 :1

CFgCOOE c c \ 3 .2 ^1 1 .8 9 2 .50 :1

CFgCOOH ^6=6
5 . 0^1 3 .09 3 .7 5 :1

(CFgC00H)2 CHX 3 . 0^1 1 .3 2 2 .03:1

(CF2C00H>2 CCI4 3 . 8^1 1 .89 2 .79 :1

(CF2C00H)2 % 4 . 3^1 2 .3 0 2 .93 :1

^HXD=hexadecane, DPM =diphenylm ethane, H PT=heptane, CHX=cyclohexane; 

^ C a lc u la te d  from  th e  l a t t i c e  m odel o f  S te v e n s , e t  a l . ;

I

I

'C a lc u la te d  from  e x p e r im e n ta l p v a lu e s ,  u s in g  th e  NPA m odel and s o l u b i l i t y  p a ra m e te r  th e o ry ;



TABLE 3 continued

"^C alcu la ted  from  p v a lu e s  d e r iv e d  from  th e  l a t t i c e  m odel, u s in g  th e  NPA m ethod in  c o n ju n c tio n  w ith

s o l u b i l i t y  p a ra m e te r  th e o ry ;  

e_ . ^E x p e rim en ta l Ag^ p f o r  d le th y la m ln e  u sed  in  c a l c u l a t i n g  l a t t i c e  p a ra m e te rs  f o r  N***HXD and N***DPM 

i n t e r a c t i o n  e n e rg y .

I■p-
00

I
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th e  c a lc u la te d  v a lu e s  o f AE° „  l i s t e d  in  column 4 . Both s e t s  o f  c a lc u -v ^ s ,P

l a te d  AG° „ v a lu e s  a re  in  re a s o n a b le  agreem ent w ith  th e  e x p e rim e n ta l v > s,P

r e s u l t s ,  and th e r e  i s  a p p a re n tly  n e a r ly  random d e v ia t io n  on th e  o rd e r  

o f  s e v e r a l  te n th s  K cal betw een th e  e x p e rim e n ta l and c a lc u la te d  f r e e  

en erg y  v a lu e s .  In  F ig u re  11 , th e  c a lc u la te d  p v a lu e s  a lo n g  w ith  

th e  e x p e rim e n ta l v a lu e s  a re  p lo t t e d  a g a in s t  AE° p from  th e  d a ta  o f T able 

3 .

A r e l a t e d  u s e f u l  a p p l ic a t io n  o f th e  n o n p o la r  an a lo g  model i s

th e  c a l c u la t io n  o f  l i m i t i n g  a c t i v i t y  c o e f f i c i e n t s  o f  p o la r  s o lu te s

(2 ) i n  n o n p o la r  s o lv e n t s ,  b a sed  on th e  pu re  l i q u id  2  s ta n d a rd  s t a t e .

AG° _ f o r  th e  u n i t  m o la r i ty  s o lu te  s t a t e  in  S may be c a lc u la te d  f o r  v> s,P  —

p o la r  s o lu te s  from  th e  v a lu e  o f  p f o r  a  g iv e n  s o lu te  (v id e  s u p ra ) .  

But th e  mole f r a c t i o n  o f  2  ( in  2 )  in  e q u i l ib r iu m  w ith  2  v apo r a t  th e  

v ap o r p r e s s u re  o f  p u re  l i q u id  P may be  c a lc u la te d  from  th e  e q u a t io n .

P° V

p ro v id e d  P° ( th e  v ap o r p r e s s u r e  o f  p u re  l i q u id  2 )  i s  known. S in ce  th e  

a c t i v i t y  o f  2  i s  u n i ty  u n d er th e s e  c o n d i t io n s ,  th e  l i m i t in g  a c t i v i t y  

c o e f f i c i e n t  o f P in  S can b e  c a lc u la te d  from

By u s in g  th e  c a lc u la te d  v a lu e  Ag^ h 0 "  "1890 c a l  f o r  w a te r  d is s o lv e d

in  d ipheny lm ethane (se e  T ab le  3 ) and th e  known vapor p r e s s u re  o f  H^O

a t  25° (2 3 ,7  T o rr)  one may c a l c u la te  th e  v a lu e  y„ n ~ 192 , w hereas th e
^ 2°



ILnO
I

-10 -9  -8
AE° (K cal/m o le) 

-7  " ^ ' ^ 6  -5 -4 -3 -2 -1
1 1 1 1 1 1 " " 1" "" 1 1 1

0  - e x p e r im e n ta l

0
1

A

A  — c a l c u la te d G A # ' A

A  

15 â

Û ' S
□ A  

11

S '̂ A
A  7 

9
13

G

4
A

5 0

0

2
0

—

14
| 1 6

a

A
a

Q
A  ”  
B B

—

19

A -

- 1

-2

(Kcal/m oi

-5

- 6

F ig u re  11; C o r r e la t io n  o f  en e rg y  and f r e e  en e rg y  o f  t r a n s f e r  o f  p o la r  s o lu te s  i n t o  i n f i n i t e l y  
d i l u t e  s o lu t i o n  in  n o n p o la r  s o lv e n ts  a t  25°C.
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LEGEND FOR FIGURE 11

I ,  w a te r  (W) In  hexadecane (HXD); 2 ,  t r l f l u o r o a c e t l c  a c id  (TFA) in  

cyc lo h ex an e  (CHX); 3 , m ethano l (M) in  HXD; 4 ,  (TFA) 2 in  CHX; 5 , TFA

in  CCl^; 6 , SOg in  h e p ta n e  (HPT); 7 , (TFA) 2 in  CCl^; 8 , W in  d ip h e n y l­

m ethane (DPM); 9 , (TFA) 2 in  CgH^; 10 , t r im e th y  lam ine (TMA) in  HPT;

I I ,  TFA i n  CgHg; 1 2 , M in  DPM; 13 , d ie th y la m in e  (DEA) in  HXD; 1 4 , M*DEA 

in  HXD; 15 , DEA in  DPM; 16 , W*DEA i n  HXD; 1 7 , M'DEA in  DPM; 1 8 , W*DEA

in  DPM; 19 , TMA*S02 i n  HPT.

S ta n d a rd  s t a t e s  o f  s o lu te s  a r e  1 m o la r , i d e a l  d i l u t e  s o lu t io n  f o r  v ap o r 
and condensed  p h a se s .
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e x p e r im e n ta l v a lu e  i s  Yrt n “  227.

O th e r , more e l a b o r a te  th e o r i e s  o f  n o n p o la r  b in a ry  m ix tu re s

(such  as th e  r e c e n t  th e o ry  o f  F lo ry ,^ ^  w hich em ploys a  red u ced

p a r t i t i o n  f u n c t io n ,  fo rm u la te d  in  te rm s o f  segm ent volum es and segm ent
d i l  d i l

i n t e r a c t i o n  e n e rg ie s )  may be u t i l i z e d  to  c a l c u la t e  AE and AG

in  te rm s o f m o le c u la r  p a ra m e te rs  o f  th e  s o lv e n t  and th e  n o n p o la r  an a lo g
^ d i l  ^ d i l

o f  However, s in c e  th e  d i f f e r e n c e  betw een AE and AG o b ta in e d  

from  v a r io u s  s t a t i s t i c a l  th e o r i e s  a re  s m a ll compared w ith  u n c e r t a i n t i e s

in  th e s e  q u a n t i t i e s  f o r  m ost p o la r  s o l u t e s ,  th e  r e l a t i o n s  w hich can be

d e r iv e d  f o r  u t i l i z i n g  th e s e  t h e o r i e s  w ith  th e  NPA m odel a r e  n o t  p u rsu ed  

f u r t h e r  h e re .



CHAPTER IV

APPLICATION OF THE NONPOLAR ANALOG MODEL FOR PREDICTION 

OF THE EFFECTS OF SOLVENTS ON FREE ENERGIES 

OF FORMATION OF MOLECULAR COMPLEXES^^^

A p p lic a t io n s  o f th e  n o n p o la r  an a lo g  model method f o r  c a l c u la t in g  

AG° . from  AE° , f o r  component i  w hich p a r t i c i p a t e s  in  com plex fo rm a tio n
V ^ s . i  AT>-S,i r  r

r e a c t io n s  sh o u ld  b e  u s e f u l  i n  p r e d ic t in g  m edia e f f e c t s  on th e  complex 

fo rm a tio n  c o n s ta n t s ,  o r  on f r e e  e n e rg ie s  o f  fo rm a tio n  o f  m o le c u la r  

com plexes. By s u b s t i t u t i n g  w ith  th e  r e l a t i o n

th e  e q u a t io n  16 may b e  re a r ra n g e d  to  g iv e

jr(v)

Kc

Thus th e  r a t i o  o f  com plex fo rm a tio n  c o n s ta n ts  in  th e  gas p hase  and th e  

s o lv e n t p h ase  may th e r e f o r e  be p r e d ic te d  by c a l c u la t in g  AG° ^ w ith  

employment o f  th e  n o n p o la r  an a lo g  m odel. By a p p ly in g  th e  same r e a c t io n  

to  a n o th e r  s o lv e n t  system  th e  r a t i o  o f  complex fo rm a tio n  c o n s ta n ts  in  

two d i f f e r e n t  m edia may b e  p r e d ic te d .
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The r e s u l t s  o f  a p p l ic a t io n  o f  th e  n o n p o la r  an a lo g  model method

to  a c tu a l  e l e c t r o n  d o n o r-a c c e p to r  com plex fo rm a tio n  r e a c t io n s  a re  g iv en

in  T ab le  4 . The p r e d ic te d  v a lu e s  o f  changes in  AG° f o r  complex fo rm a tio n

re a c t io n s  g e n e ra l ly  a g re e  w ith  e x p e rim e n ta l v a lu e s  to  w ith in  a  few

hundred  c a l o r i e s ,  a lth o u g h  f o r  m e th an o l• d ie th y la m in e  fo rm a tio n  r e a c t io n

in  d ip h en y lm eth an e , th e  d isc re p a n c y  i s  abou t 1 K ca l. The agreem ent i s

p ro b a b ly  s a t i s f a c t o r y ,  c o n s id e r in g  th e  f a c t  t h a t  s e v e r a l  ex p e rim e n ta l

AE° . v a lu e s ,  each o f  w hich i s  u n c e r ta in  by s e v e r a l  te n th s  o f  a  k i l o -  v ^ s , i

c a l o r i e ,  a re  in v o lv e d  in  c a lc u la t in g  a  s in g le  AG°(s) v a lu e . As was 

d is c u s s e d  in  c h a p te r  I I ,  when th e  q u a s i - l a t t i c e  m odel m ethod i s  employ­

ed f o r  c a lc u la t io n  o f  ^ f o r  th e  complex DA, no energy  o f  s t a b i l i z ­

a t io n  i s  in tro d u c e d  to  acc o u n t f o r  th e  i n t e r a c t i o n  betw een th e  ex ce ss  

d ip o le  moment o f  th e  com plex and th e  s o lv e n t .  One w ould , th e r e f o r e ,  

ex p ec t th e  l a t t i c e  model to  le a d  to  v a lu e s  o f  AG°(s) s m a lle r  th an  

e x p e r im e n ta l v a lu e s  b eca u se  o f  th e  com plex d ip o le - s o lv e n t  i n t e r a c t i o n ;  

th e  e f f e c t  i s  a p p a re n t ly  m ost im p o rta n t in  th e  c a se  o f  m e th a n o l .d ie th y l­

am ine in  d ip h en y lm eth an e , w here th e  c a lc u la te d  -A G °(s) i s  about 1 K cal 

l e s s  th a n  th e  o b se rv e d  v a lu e .  I t  i s  known t h a t  com plexes o f  a l i p h a t i c  

am ines w ith  w a te r  and a lc o h o ls  p o s se ss  d ip o le  moments w hich a re  

s i g n i f i c a n t l y  g r e a t e r  th a n  th e  v e x to r  sum o f th e  d ip o le  moments o f th e  

monomers. A lso , th e  p o s s i b i l i t y  e x i s t s  t h a t  r e t a r d a t i o n  e f f e c t s  a re  

n o t  i n s i g n i f i c a n t  in  system s w here h ig h ly  p o la r  m o le c u le s , w ith  exposed 

n - e le c t r o n  p a i r s ,  i n t e r a c t  w ith  an a ra o m a tic  s o lv e n t .



TABLE 4
EFFECTS OF MEDIA ON MOLECULAR COMPLEX FORMATION EQUILIBRIA: COMPARISON OF EXPERIMENTAL AND

CALCULATED GIBBS FREE ENERGY VALUES FOR FORMATION OF COMPLEXES FROM MONOMERS. t=25°C

Complex Medium^ -AG° ( c a l c d .) ^ -AG° (c a lc d .)C -AG° ( e x p t l . )
(K ca l/m o le ) (K cal/m ole) (K ca l/m o le )

D iethylam ine"HgO v a p o r

D ie th y la m in e •H^O HXD 1 .7 7

D ie th y lam i nerBgO DEM 0 .9 4

CHgOH'HgO v ap o r

CH^OH'HgO HXD 0 .6 1

CHgOH'HgO DPM - 0 .1 2

T rim e th y lam in e • SO^ v ap o r

T rim ethy la m in e •SOg HPT 4 .7 4

(CFgC00H)2 v a p o r

(CFgC00H)2 CHX 3 .5 7

(CFgC00H)2 % 1 .2 3

(CFgC00H)2 CCI4 3 .2 2

^HXD=hexade c a n e , D PM =diphenyIm ethane, HPT=hep t a n e ,  CHX= cy c lo h e x a n e ;

^ C a lc u la te d  from  th e l a t t i c e  model o f S te v e n s , e t  a l ;

1 .1 8

0 .3 9

1 .2 6

0 .0 3

1.22
1 .4 1

1 .2 7  

1 .5 4

1 .2 8  

0 .9 2  

3 .40  

4 .5 8

5 .1 1

3 .1 2  

0 .5 7  

2 .9 6

33

33

33

33

33

33

30

30

31 

31 

31 

31

ILnLn
I

" C a lc u la te d  from  e x p e r im e n ta l p ,  u s in g  th e  NPA m ethod and s o l u b i l i t y  p a ra m e te r  th e o ry .



CHAPTER V

THERMODYNAMIC PROPERTIES OF DILUTE SOLUTION ----- ORIENTATION

EFFECTS IN DILUTE AQUEOUS SOLUTION

Nonaqueous S o lu tio n s

The s im p le  l a t t i c e  model o f  d i l u t e  b in a ry  s o lu t io n s  by S te v e n s , 

31 32 40e t  a l . ,  ’ ’ w here th e  s o lu t e  and th e  s o lv e n t  m o lecu le s  I n t e r a c t  v i a

s p e c i f i c  I n t e r a c t i o n  s i t e s ,  was re a so n a b ly  s u c c e s s f u l  In  c a l c u la t in g  th e  

I n t e r n a l  energy  o f  v a p o r iz a t io n  o f  a  s o lu t e  from  th e  l i q u id  s o lv e n t  by 

u t i l i z i n g  a  c e r t a in  number o f  I n t e r a c t i o n  s i t e s  and t h e i r  r e s p e c t iv e  

e m p ir ic a l  I n t e r a c t i o n  energy  p a ra m e te r s .  E a r l i e r ,  Langm ulr^^ had  u sed  

th e  s u r f a c e  en erg y  o f  th e  g ro u p s , th e  group c o n ta c t  a r e a s ,  and e m p ir ic a l  

m ix tu re  energy  to  c a l c u la te  th e  en erg y  o f  t r a n s f e r  o f  a s o lu te  from  th e  

l i q u i d  p hase  to  th e  v ap o r In  th e  b in a ry  s o lu t i o n .  In  h i s  t r e a tm e n t any 

p a r t i c u l a r  group In  a  la r g e  o rg a n ic  m o lecu le  was assumed to  b e  c h a r a c te r ­

i s t i c  o f  t h a t  g ro u p . In d ep en d en t o f  th e  n a tu r e  o f  th e  r e s t  o f  th e  m ole­

c u le .

C o n s id e r th e  fo llo w in g  m odel f o r  v a p o r iz in g  a s o lu t e :  The

s o lu te  m o lecu le  (£) may be  c o n s id e re d  to  e x i s t  w ith in  a  c a v i ty  In  th e  

s o lv e n t ( ^ ) , and s o lu te  m o lecu le s  (P) a re  In  c o n ta c t  o n ly  w ith  th e  

s o lv e n t  m o lecu les  w hich su rro u n d  them . The s o lu te  m olecu le  lo c a te d  

I n s id e  th e  c a v i ty  and th e  a d ja c e n t  s o lv e n t  m o lecu le s  a re  assum ed to
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i n t e r a c t  w ith  each  o th e r  u n ifo rm ly  a lo n g  th e  s u r f a c e  o f  th e  c a v i ty ;  

s p e c i f i c  i n t e r a c t i o n  s i t e s  w ith  d i f f e r e n t  e n e rg ie s  a re  n o t assum ed to  

e x i s t  a s  in  th e  l a t t i c e  m odel.

The volume o f  th e  c a v i ty  i s  ta k e n  to  be e q u a l to  th e  m o lar 

volume o f  th e  p u re  s o l u t e ,  and th e  s o lu te  m o lecu le s  a re  assum ed to  be 

s p h e r ic a l .  The m olar energy  o f  v a p o r ia t io n  o f  th e  s o lu te  from  th e  

i n f i n i t e l y  d i l u t e  s o lu t i o n ,  , may be c a lc u la te d  by u s in g  th e  c y c le

i l l u s t r a t e d  i n  Scheme 1 .

S o lv e n t(S )

h o le )

S o lv e n t(S )

+ v ap o r)

Scheme 1

S o lv e n t(S ) + .^ (v a p o r)

In  s te p  I ,  th e  s o lu te  m o le c u le , w hich  i s  su rro u n d ed  by th e  s o lv e n t  m ole­

c u le s ,  i s  removed from  th e  s o lv e n t  p h ase  to  become v a p o r iz e d ,  le a v in g  a 

h o le  (empty c a v i ty )  b e h in d  in  th e  b u lk  s o lv e n t .  In  s te p  I I ,  th e  h o le  

c o l la p s e s ,  le a v in g  th e  p u re  l i q u i d  s o lv e n t .

The m o lar en ergy  change accom panying s te p  I  may be w r i t t e n  as

AE: nAp Kps (59)
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w here n I s  A vogadro 's  num ber, i s  th e  m o le c u la r  s u r f a c e  a r e a  o f  th e

s p h e r ic a l  c a v i ty  occup ied  by th e  s o lu te  m o le c u le , and Ç i s  th eps

av e ra g e  i n t e r f a c i a l  en e rg y  p e r  u n i t  s u r f a c e  a r e a  betw een th e  s o lu te  and 

th e  s o lv e n t  m o lecu le s .

The m olar energy  change accom panying s te p  I I  may be w r i t t e n  as

< 1  '  -  i  " S  ( 3= « «

w here i s  th e  i n t e r f a c i a l  energy  p e r  u n i t  s u r f a c e  a r e a  betw een two 

s o lv e n t  m o le c u le s . The f a c t o r  1 /2  acc o u n ts  f o r  th e  f a c t  t h a t  when th e  

s u r f a c e  c o l la p s e s  th e  i n t e r f a c i a l  a re a  form ed i s  one h a l f  o f  th e  o r ig i n a l  

c a v i ty  s u r f a c e  a r e a ,  b e c a u se  i t  ta k e s  two o p posing  s u r f a c e s  to  make an 

in t e r f a c e .

Ç may b e  r e l a t e d  to  th e  m olar en erg y  o f  v a p o r iz a t io n  o f  th e
vap

p u re  l i q u i d  s o lv e n t ( ^ ) , AEg , by

qVap ,
“ s -  I  «S3

w here A i s  th e  m o le c u la r  s u r f a c e  a re a  o f  th e  s o lv e n t m o lecu le , s

L ik ew ise , , th e  i n t e r f a c i a l  en erg y  p e r  u n i t  a r e a  betw een two

s o lu te  m o le c u le s , may be r e l a t e d  to  th e  m o lar en erg y  o f  v a p o r iz a t io n  o f
o^ap

th e  p u re  l i q u id  s o lu te  ( P ) , AEp , by

o^ap ,

= I  S p

T h e re fo re , th e  m o lar en erg y  o f  v a p o r iz a t io n  o f th e  s o lu te  2  from  

th e  l i q u id  s o lv e n t ^ E ° p ,  may be  e x p re s se d  as
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'  " S  (Sps ■ i  ( 33 ) (S3)

To evalu lte  Ç , one may u se  o b se rv ed  v a lu e s  o f  AE° th e  m o lar p s ’ v ? p ,S ’

en ergy  o f  v a p o r iz a t io n  o f  m o lecu les  S_ ( ta k e n  as  s o lu te )  from  d i l u t e

s o lu t io n  In  2  ( ta k e n  as  s o lv e n t ) .  Based upon th e  c y c le  o f  Scheme 1 ,

-AE°„ may be e x p re s se d  as  v->p,S

-■ ^ °S  = ((ps -  I  (pp) (*4)

by an a lo g y  w ith  e q u a tio n  63.

S o lv in g  e q u a tio n  64 w ith  r e s p e c t  to  and u se  o f  from  

e q u a t io n  62 le a d s  to  th e  r e l a t i o n
vap 

s P

S u b s t i tu t io n  o f  e q u a tio n  65 I n to  e q u a tio n  63 a lo n g  w ith  

e q u a tio n  61 y ie ld s

— vap

s . ?  = ABp -v ^ p .s

where A and A a re  th e  m o lar s u r fa c e  a r e a  o f  th e  s o lu te  and th e  s o lv e n t ,  
P 8

r e s p e c t iv e ly .

The c o rre sp o n d in g  f r e e  energ y  r e l a t i o n ,  o b ta in e d  s im i l a r l y ,

w i l l  th e n  be _
vap A- vap

s %  -  <  - ^ ( | g ^ . s  +  “ s ) (67)
s
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w here AG° d en o te s  th e  s ta n d a rd  m olar f r e e  energy  change w ith  th e  s ta n d a rd  

s t a t e s  o f  u n i t  m o la r i ty  o f  th e  i d e a l  s o lu t io n  in  th e  l i q u id  phase  and 

u n i t  m o la r i ty  o f  th e  i d e a l  gas in  th e  v ap o r p h a se , r e s p e c t iv e ly .

E q u a tio n  66 w i l l  e n a b le  u s  to  p r e d ic t  th e  energy  o f  v a p o r iz a t io n  

o f  a  s o lu te  (P) in  th e  d i l u t e  s o lu t io n  w here ^  i s  th e  s o lv e n t from th e  

co rre sp o n d in g  en erg y  from  th e  sy stem  o f  ^  as th e  s o lu te  i n  th e  d i l u t e  

s o lu t io n  w ith  2  a s  th e  s o lv e n t .  Based upon th e  l im i t e d  number o f  pub­

l i s h e d  e x p e r im e n ta l d a ta  a v a i l a b l e ,  c a lc u la te d  v a lu e s  o f  from

e q u a tio n  66 and o f from  e q u a tio n  67 a re  ta b u la te d  a lo n g  w ith  ex ­

p e r im e n ta l  v a lu e s  in  T ab les  5 and 6 . C a lc u la te d  and e x p e r im e n ta l 

r e s u l t s  a re  in  good g e n e ra l  ag reem en t, c o n s id e r in g  th e  u n c e r t a in t i e s  

in v o lv e d  in  th e  e x p e r im e n ta l v a lu e s  and th e  assu m p tio n s  made th a t  a l l  

th e  s p e c ie s  a re  s p h e r ic a l  in  sh a p e . D e v ia tio n s  w hich o c c u rs  in  th e  

sy s te m s , such as a  p o la r  s o lu te  in  a  n o n p o la r  s o lv e n t  and v i c e .v e r s a  

o r  a p o la r  s o lu te  in  a  p o la r  s o lv e n t  i s  a t t r i b u t e d  to  f a i l u r e  o f  th e  

assum ption  th a t  i n t e r a c t i o n  en e rg y  p e r  u n i t  a re a  betw een a s in g le

P m o lecu le  and th e  b u lk  S , Ç , i s  same as th a t  betw een a  s in g le  S — — p s  —

m o lecu le  and th e  b u lk  2» 5 • C o m p lica tio n s  a re  caused  by p o la r  andsp

p a r t i c u l a r l y  hydrogen  bonded m o le c u le s . The p ro p o sed  model ig n o re s  

th e  o r i e n t a t i o n  e f f e c t  w hich comes in to  e x is te n c e  when n o n p o la r  

s o lu te s  d is s o lv e  in  p o la r  s o lv e n t s ,  a lth o u g h  th e re  i s  no o rd e r in g  

e f f e c t  to  be c o n s id e re d  in  th e  system  w here p o la r  s o lu te s  a re  su rro u n d ed  

by n o n p o la r  s o lv e n ts .

For convenience t h i s  model w i l l  be r e f e r r e d  to  a s  th e  I n t e r ­

f a c i a l  Energy m odel.
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TABLE 5

CALCULATED VALUES OF ENERGY OF SOLUTION FROM VAPOR PHASE. 

t=25°C UNLESS OTHERWISE NOTED

System AE^ d i l u t i o n ^ | ! p  C ca lcd .) (ex p t:
(P + S) (c a l/m o le ) (c a l /m o le ) (c a l/m o le )

% 4  +  OCI4
180 6728 6770^3

CCI4 + CgH^^ 290 7004 6950^3

C6*12 +  CCI4 144 7164 7176^4

CCI4 + CgHi, 140 7110 7226^5

%  +  CCI4 113 7394 7397GG

CCI4 + CgHg 123 7120 711786

96^6 +  CgHlZ 745 6776 6765®^

(=6»12 +  % 2 840 6466 6480®^

^6^6 ^7^16 741 6636 6769®^

1227 7108 6923^7

^6^6 ‘̂ ‘ ^6^11^2“ 5 1044 7063 6466®®

612 7648 8460®®

C6*6 +  ° - % ( C * 3 ) 2 232 7353 7278®*

o-CgH^CCH,), +  CgHg 193 9473 9596®*

^6*6 +  2 253 7353 7257®*

m-CgH4 (CHg)2  + C^Hg 195 9293 9414®*

V e  + P - % (C H 3 > 2 196 7400 7314®*

(CH^)^CO + C^HgCN -80 7152 7154*®
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00
massXg

panuf^uoo ç aiSV I 

-£9~



—64-

TABLE 5 continued

System

00
AE° d i l u t i o n ^ E ° p  ( c a lc d .) ( e x p t l . :

(P +  S) (c a l/m o le ) (c a l/m o le ) (c a l/m o le )

c-CgHi2 +  CgHgOH 949 4730 6371^26

% 0H +  c-CgH^2 1717 9006 7919I 26

400 6492 6580^22

o-CgH4(CH3)2 + n-CgH i4 460 9413 9330^22

CrHrN + CCI, 5 5 4 -10 8733 9070^27

CCl^ + C3H3N 370 7251 6870^27

CCI4 + CgHgCHg 350 7254 7190^27

C6H5CH3 +  CCI4 -15 8436 8505^27
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TABLE 6

CALCULATED VALUES OF FREE ENERGY OF SOLUTION FROM THE VAPOR PHASEt

t=25 C UNLESS OTHERWISE INDICATED

System
00

Zl
( c a lc d .) -^G°p ( e x p t l . )

(P + S) (c a l/m o le ) (c a l/m o le )

CH-OH + CCI, 3 4 15.874 1930 3200^°*
CCl^ + CHgOH 7.498 1451 3715^°*

c ^ [ , .c i  + CgHa 1.029 5501 5753107

" 6^6 + CgHgCl 1 .088 4906 4422IO7

CCl^ + C2C1^(70°C) 1 .004 4006 3934^°®

CgCl^ + CC1^(70°C) 1 .005 4905 4970^°®

C-C3H10 + CCI4 1.057 3795 3809^09

CCI4 + C-C5H10 1 .057 4394 4379IO9

"-C6%14 +  CgHg 2.065 3321 385ollO

C6%6 + "-C6%14 1 .723 4404 3999IIO

CCI4 + C^HgCHgCSSOc) 1 .032 4173 4072I I I

CgHgCHg + CC1^(35°C) 1 .033 4803 4906^11

2,2,4-C3Hg(CH2)g + CC1^(40°C) 1 .331 3901 4362^12

CCI4 + 2,2,4-C3H g(CH 2)g(40°C) 1 .166 4246 3913I I 2

1 .047 4686 4334^13

m-CgH^CCH,), + CgHg 1.047 5533 5972^^3

CS^ + c c i^ 1.219 4200 3597I I 4

c c i^  +  cs^ 1 .445 3610 4447^^4

CeH6+ % 0H 1.583 2366 4528^15
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TABLE 6 continued

System 
(P + S)

-AG „  ( c a l c d . )

(c a l/m o le )

( e x p t l . )

( c a l/m o le )

CgHgOH + CgHg 16.608 5063 3422^15

‘̂ “S^IO  CgCl^ 1.346 3684 3581^^^

C2 CI4  + c-CgH^o 1.346 5207 5 3 1 5 IIG

n-C^Hi2  + CgHg 2.059 2735 3130^17

^6 ^ 6  + ’""^5^12 1.938 4331 4 OO5 I I 7

1.548 3444 2944^17

^6 ^ 6  ■*■ ^"^5^10 1.671 3734 4212^17

=-<6 * 1 2  + CgHg 1.855 3957 4 1 7 4 I I 7

(=6*6 + =-C6*12 1.616 4340 4151^^^

*-C7*16 + CaH* 2.228 3894 4513^17

^6 * 6  + *-^7*16 1.557 3432 3 9 9 1 I I 7

3-CgHi,(CH,) + C,Hg 2.117 3667 4352^17

C6*6 + 3-C6*13(C*3) 1.675 4440 3953^^^

2 ,4 -C gaio (ca ,)2  + CgHg 2.790 3491 3 9 2 7 I I 7

CaH* + 2,4_CsHio(CH,)2 2.006 4346 3834^^^

2,2,3-C^H2(CH3)3 + CgH^ 2.250 3392 4031^7

CgHg + 2,2,3-G^H^(CH3)3 1.651 4375 3 9 6 4 I I 7

=-2 6 *1 1 ( 0 *3 ) + =6*6 1.681 4112 4673^^7

26*6 + =-2 6 *1 1 ( 2 *3 ) 1.654 4482 4042^^7

= - 2 6 * 1 4  + 2 6 H5 CH3 1.773 3613 3831^^^

2 6 *5 2 * 3  + =-26*14 1.678 4948 4730^1^



62SE 9T**Z + ^(^HD)^hS - * ‘ Z‘ Z

*TE* E89*T

ZTT*8: s EES* 9*6'T

ZTT*80* 89SE 6Z£*T (^H D )S^D -3 +
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flT^OGE E6Z* Z6 6 -T ^(^HO) V d-Z ‘ Z +

^ IltS Z E Z*lLZ 869 *Z + ^(^HD)®H^D-Z‘Z

fllCZGC 6IE* 9 * 6 -T (^ hd)^ ^ dS - z + V d

z n t z s E Z86Z *£S*Z ^H^O + (^ H D )^ V o -Z

££0S OT£'T ^(^HD)^hS - * ‘ Z‘ Z + ^ H o V o

66£E S8 8 -T + ^(^HO)^h S - * ‘ Z‘Z

£TlOG8t TOTS T9*'T

, , ,£ 6 9 * Z6E* **E'T + (^HO)^^H^O-o

, „ 0G8* 060S *9Z'T

,„ 9 6 S * *£Z* 809 'T ^HO^H^D +

,,,698* £S6* 9£S'T (^HD)^hS - o +  ^HoS^D

,„E86E T88E TTS'T

, , , 0*8* Z06* £89 'T + ^HO^H^O

,, ,9 5 T * *60* 06S-T ^HoS^D +

,„E89* EOOS *E8 *T (^ H D )^ V o -E  + ^ H o V o

,, ,* £ £ £ 69EE 899 'T + (^ H O )^ V o -E
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m938Àg
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TABLE 6 continued

System
(P + s)

^ G ° p  ( c a lc d .)  

(c a l/m o le )
( e x p t l . )

(c a l/m o le )

<=6‘*6 + 2.2,4-C5H,(CH3>3 1.709 4450 3868^17

CgHg + CHgOH 7.87 1040 3 7 9 5 1 2 3

CHgOH + CgHg 15.3 4394 2769^23

c-CgHi2  + CĤ OH 10.17 316 3448^24

CH,OH + c -C aH i, 11.70 4153 250^^4

CHClg + CCl^ 1.188 4028 3971^25

CCl^ + CHClg 1.188 4455 4 3 9 5 I 2 5

t  S ta n d a rd  s t a t e s  a re  u n i t  m o la r i ty ,  i d e a l  d i l u t e  s o lu t io n  f o r  v ap o r and 
l i q u i d  p h a s e s .
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Aqueous S o lu tio n s

Aqueous s o lu t io n s  have  lo n g  b een  c o n s id e re d  to  b e  p e c u l i a r  

37 38 78them odynam ica lly . ’ ’ The p e c u l i a r i t i e s ,  such  as e x c e s s iv e ly

n e g a t iv e  e n tro p y  changes f o r  th e  t r a n s f e r  o f  s o lu te s  from  th e  v ap o r 

ph ase  in to  w a te r ,  v e ry  low s o l u b i l i t y  o f  th e  n o n p o la r  o r th e  s l i g h t l y  

p o la r  s o lu te s  and th e  abno rm ally  h ig h  p a r t i a l  m o lar h e a t  c a p a c i t i e s  

o f  s o lu te s  in  th e  aqueous s o lu t i o n s ,  have  seemed to  many in v e s t ig a t o r s  

to  b e  r e l a t e d  to  th e  p e c u l ia r  therm odynam ic p r o p e r t i e s  o f th e  p u re  

l i q u i d  w a te r .  Indeed , l i q u i d  w a te r  e x h i b i t s  numerous p r o p e r t i e s  v e ry  

d i f f e r e n t  f ro m fh o se  o f  o rd in a ry  o rg a n ic  s o lv e n ts  and h y d r id e  compounds 

o f  th e  o th e r  members o f  th e  oxygen fa m ily . W ater has a  maximum d e n s i ty  

a t  4°C, and la r g e  v a lu e s  o f  th e  d i e l e c t r i c  c o n s ta n t ,  h e a t  c a p a c i ty ,  

v i s c o s i t y ,  m e lt in g  p o in t ,  b o i l in g  p o in t ,  h e a t  o f  f u s io n ,  h e a t  o f 

v a p o r iz a t io n ,  th e rm a l c o n d u c t iv i ty ,  and c r i t i c a l  te m p e ra tu re . These 

un iq u e  p r o p e r t i e s  have been  a t t r i b u t e d  to  th e  s t r u c tu r e d n e s s  o f  th e  

p u re  l i q u i d  w a te r  and th e  e x i s t e n s e  o f  e x te n s iv e  hydrogen-bonded 

n e tw o rk s .

1 . The S t r u c tu r e  o f  L iq u id  W ater

The f i r s t  m a jo r work r e p o r te d  on th e  s t r u c t u r e  o f  l i q u i d  

w a te r  i s  th e  one by B ern a l and Fow ler^^ in  1933. By c o n s id e r in g  X -ray  

d i f f r a c t i o n  r e s u l t s ,  th e y  p roposed  a  model in  w hich w a te r  m o lecu le s  

a re  h e ld  to g e th e r  in  d i f f e r e n t  ways a t  th r e e  d i f f e r e n t  te m p e ra tu re  

re g io n s . Below 200°C th e  in te rm o le c u la r  a rran g em en ts  w ere p o s tu la te d  

as  fo u r -c o o rd in a te d  t e t r a h e d r a l  ones b u t  w ith  s l i g h t  d i f f e r e n c e  a t
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te m p e ra tu re s  above and below  4°C.

In  th e  i n t e r s t i t i a l  m o d e l ,n o n - h y d r o g e n - b o n d e d  monomeric 

w a te r  m o lecu le s  occupy th e  c a v i t i e s  e n c lo se d  by th e  l a t t i c e s ;  th e  c l a t h -
72

r a t e  model assumes th a t  aqueous system s a re  q u a s i - c r y s t a l l i n e ,  and 

th a t  monomeric w a te r  m o lecu le s  a re  lo c a te d  as  g u e s t m o le c u le s , w hich 

a re  n o t  hydrogen-bonded , in  cages c o n s is t in g  o f many w a te r  m o lecu le s  

p e r  u n i t .

F ran k ^^ ’ ^^ p o s tu la te d  t h a t  l i q u id  w a te r  c o n s i s t s  o f  a  c o n tin u ­

ous d i s t r i b u t i o n  o f  th re e -d im e n s io n a l ly  hydrogen-bonded  c l u s t e r s  o f  th e  

c l a t h r a t e  s t r u c t u r e s  o f  v a r io u s  s i z e  c o n s i s te n t ly  f l i c k e r in g  "on" and 

" o f f " .  The l i f e - t i m e  o f  c l u s t e r s  i s  s h o r t  as i s  shown by th e  d i e l e c t r i c  

r e l a x a t io n  tim e on th e  o rd e r  o f  10 s e c . ,  b u t  s t i l l  long  in  com parison 

w ith  th e  m o le c u la r  v ib r a t io n  tim e  w hich i s  100 to  1000 tim es s h o r te r .

Based upon th e  F ra n k 's  m odel o f  m ix tu re s  o f c l u s t e r s ,  H a g le r , 

e t  a l . , ^ ^  a p p l ie d  a  m o d ified  s i g n i f i c a t n  s t r u c t u r e  th e o ry  to  t h e i r  

s t a t i s t i c a l  tre a tm e n t f o r  0 , 1 , 2 , 3 , o r  4 c o o rd in a te d  c l u s t e r s  o f a l l  

p o s s ib le  s i z e s .  T h e ir  c a lc u la t io n  in d ic a te d  th a t  th e  s i z e  o f  m ost 

c l u s t e r s  i s  n o t more th a n  60 o r  70 m o lecu le s  and t h a t  th e  median 

c l u s t e r  s i z e  o f  th e  d i s t r i b u t i o n  i s  ab o u t 11 a t  0°C and d e c re a s e s  w ith  

in c r e a s in g  te m p e ra tu re . T h is  m odel acc o u n ts  f o r  many o f th e  p r o p e r t i e s  

o f  w a te r ,  such as th e  maximum in  th e  d e n s i ty  and th e  d e c re a se  i n  th e  

i n t e n s i t y  o f  in te rm o le c u la r  v ib r a t io n  a s  te m p e ra tu re  in c r e a s e s .

The s ig n i f i c a n t  s t r u c t u r e  th e o ry  was a p p lie d  by Jh o n , e t  a l . , ^ ^  

to  th e  model o f l i q u id  w a te r  in  w hich two s p e c ie s  o f  s o l i d - l i k e  w a te r  

m o lecu les  a re  in  e q u i l ib r iu m , th a t  i s ,  c a g e - l ik e  c l u s t e r s  o f  i c e - I - l i k e  

s t r u c t u r e  and a  d e n se r  i c e - I I I - l i k e  s t r u c t u r e .  T h is model p o s tu la te s
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t h a t  m ost o f  th e  i c e - I - l i k e  s t r u c t u r e  deform s in to  a  d e n se r  i c e - I I I - l i k e  

s t r u c t u r e  upon m e l t in g ,  and th e  volum e d e c re a se  c o n tin u e s  u n t i l  th e  

te m p e ra tu re  re a c h e s  4°C, a t  w hich p o in t  m ost o f  th e  i c e - I - l i k e  s t r u c t u r e  

has been  d e s tro y e d .  Above 4°C, w a te r  b e g in s  to  behave as  a  no rm al

l i q u id .

In  c o n t r a s t  to  th e s e  m ix tu re  m odels o f  th e  w a te r  s t r u c t u r e ,  a

co n tin u o u s  m odel o f  w a te r  s t r u c t u r e  was p roposed  by P o p le .^ ^  In  t h i s  

model w a te r  m o lecu le s  e x p e r ie n c e  d i s t o r t i o n  o f  hydrogen  b o n d s, w hich a re  

b e n t  b u t n o t  b ro k e n , as th e  te m p e ra tu re  r i s e s .  At th e  m e lt in g  p o in t  o f 

ic e  a  breakdow n o f  th e  lo n g -ra n g e  o rd e r  o c c u r s .  A f te r  f u s io n  th e  fo u r  

hydrogen  bonds from  one m o lecu le  o f  w a te r  a r e  re g a rd e d  to  be  a b le  to  

bend in d e p e n d e n tly  b e c a u se  o f  th e  r e s u l t i n g  ru p tu re  o f  th e  lo n g -ra n g e  

o rd e r  o f  th e  l a t t i c e .

Thus, a lth o u g h  d i s t i n c t  s c h o o ls  o f  th o u g h t c o n tin u e  to  e x i s t ,  

a t  p r e s e n t  th e r e  seems to  b e  no g e n e r a l ly  a c c e p te d  m odel f o r  th e  s t r u c t ­

u re  o f  l i q u i d  w a te r .

2 . O r ie n ta t io n  E f f e c ts

37 78E a r l i e r ,  ’ ab n o rm a lly  n e g a t iv e  v a lu e s  o f th e  e n tro p y  o f

s o lu t io n  i n  th e  aqueous m ed ia  w ere a t t r i b u t e d  to  fo rm a tio n  o f  a  c a v i ty ,

w hich r e s u l t s  i n  a  lo s s  o f  d e g re e s  o f  freedom  o f th e  t o t a l  sy s te m ,

s o lu te  p lu s  s o lv e n t .  F o llo w in g  th e  p ro p o s a l  o f  th e  co n cep t o f  ic e b e rg  

38fo rm a tio n , in  w hich th e  w a te r  m o lecu le s  a re  assum ed to  b u i ld  a  m icro ­

s c o p ic  " ic e b e rg "  around each  s o lu te  m o le c u le , much r e s e a r c h  h as  been  

done in  an a t te m p t to  e l u c id a t e  th e  p e c u l i a r  s t r u c t u r e  o f  d i l u t e  aqueous 

s o lu t i o n s .  In  p a r t i c u l a r ,  th e  h y d ro p h o b ic  bonding  c o n c e p t^ ^ ’^^ h as  been
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advanced to  e x p la in  b io c h e m ic a l p ro c e s s e s  in  te rm s o f  th e  presum ed 

in c re a s e d  o rd e r  o f  w a te r  m o lecu le s  su rro u n d in g  th e  n o n p o la r  g roups o f 

s o lu t e s .  I n  o rd e r  to  u n d e rs ta n d  th e  o r ig in  and th e  r e a l i t y  o f  th e  

h y d ro p h o b ic  bond , th e  p rob lem  o f  m o le c u la r  i n t e r a c t io n s  in v o lv ed  in

aqueous s o lu t io n s  m ust f i r s t  b e  so lv e d .

81Herman a p p l ie d  th e  s i g n i f i c a n t  s t r u c t u r e  th e o ry  o f  th e  l i q u id  

to  aqueous s o lu t io n s  by u s in g  a  m odel in  w hich w a te r  m o lecu le s  su rro u n d ­

in g  th e  s o lu te  m o le c u le s  have in c re a s e d  o rd e r  and th e  f i r s t  l a y e r  w a te r  

m o lecu le s  a re  in  an asym m etric  e l e c t r i c  f i e l d  w hich does n o t e x i s t  in  

th e  p u re  b u lk  w a te r .  However, v a lu e s  o f  th e  h e a t  c a p a c i ty  c a lc u la te d  

in  t h i s  way a re  to o  low .

Nemethy and S ch erag a ,8 2  em ploying th e  co n cep t o f  th e  ic e b e rg  

fo rm a tio n , concluded  t h a t  s o lu te  m o lecu le s  a re  su rro u n d ed  by 4 -h y d ro g en - 

bonded w a te r  c l u s t e r s ,  w hich a re  e n e r g e t i c a l ly  m ost fa v o ra b le  o f  th e  

f iv e  d i s t r i b u t e d  en e rg y  l e v e l s .

T h e o rie s  th u s  f a r  p ro p o sed  f o r  th e  abnorm al b e h a v io r  o f  aqueous 

s o lu t io n s  do n o t  a g re e  w e l l  w ith  e x p e r im e n ta l o b s e rv a tio n s  and each  

s t a t i s t i c a l  th e o ry  h as  in v o lv e d  d o u b tfu l assum ptions in e v i t a b l e  in  

fo rm u la tin g  and c a l c u l a t i n g  p a r t i t i o n  f u n c t io n s .

As a  way to  av o id  d i f f i c u l t i e s  a r i s i n g  from  fo rm u la tin g  th e  

p a r t i t i o n  f u n c t io n s ,  l e t  u s  now c o n s id e r  a more c l a s s i c a l  m odel o f  

aqueous s o lu t io n s  in  w hich a l l  th e  f a c to r s  ca u s in g  a b n o rm a lity ,  w h a tev e r 

t l i e i r  o r ig in  and s ig n i f i c a n c e ,  a r e  c o n v e n ie n tly  combined in  th e  te rm  

" o r i e n t a t io n  en erg y "  t h a t  a r i s e s  b ecau se  o f  th e  fo rm a tio n  o f  an abnorm­

a l l y  s t r u c tu r e d  l a y e r  o f  w a te r  m o lecu les  around th e  f o r e ig n  s o lu t e .

The therm odynam ic model p roposed  h e re  f o r  c o n s id e r in g  th e
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v a p o r iz a t io n  o f  a  s o lu te  from th e  d i l u t e  aqueous s o lu t io n  may b e  s e p a r ­

a te d  i n t o  th r e e  s te p s  i l l u s t r a t e d  in  Scheme 2 below :

b u lk  water(W ) + P (v ap o r)+ P (vapo r)b u lk  water(W )
step II

holi lo le

abno rm ally  s t r u c tu r e d  
w a te r  la y e r

b u lk  w a te r + P^(vapor)

b u lk  w a te r  (W)
Scheme 2

V a p o r iz a tio n  i s  im agined  to  o ccu r in  such  a  way th a t  th e  s o lu te  m o lecu le , 

2 , w hich i s  su rro u n d ed  by th e  w a te r  m o lecu le s  w ith  a d i f f e r e n t  s t r u c t u r e  

from th a t  o f  b u lk  w a te r ,  i s  f i r s t  t o m  c o m p le te ly  f r e e  from  i t s  i n t e r ­

a c t io n s  w ith  th e  w a te r  m o lecu le s  to  become v a p o r , le a v in g  a  h o le  and 

th e  ab n o rm ally  o r ie n te d  la y e r s  o f  th e  w a te r  m o lecu le s  ( s te p  I ) . N ext, 

th e  ab n o rm a lly  o rd e re d  w a te r  m o lecu le s  r e o r i e n t  to  p r o p e r t i e s  o f  b u lk  

w a te r  ( s te p  I I ) , and f i n a l l y  th e  h o le  c o l la p s e s  w ith  fo rm a tio n  o f  

norm al w a te r -w a te r  c o n ta c ts  and s t r u c t u r e  ( s te p  I I I ) .

By u s in g  th e  I n t e r f a c i a l  Energy  model w hich was d is c u s s e d  e a r l ­

i e r ,  a l l  o f  th e  changes o f  e n e rg ie s  and f r e e  e n e rg ie s  o c c u r r in g  in  

Scheme 2 may be  e x p re s se d  in  th e  same manner a s  in  th e  nonaqueous 

s o lu t io n s  e x c e p t f o r  th e  therm odynam ic changes in v o lv e d  in  s te p  I I .
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N ote t h a t  s te p s  I  and I I I  o f  Scheme 2 a re  e n t i r e l y  analogous to  s te p s  

I  and I I  o f  Scheme 1 f o r  nonaqueous s o lu t i o n s .

S tep  I I  and th e  energy  and f r e e  en erg y  changes in v o lv e d  th e r e in  

a re  c o n s id e re d  to  b e  s o le ly  r e s p o n s ib le  f o r  th e  abnorm al b e h a v io r  o f 

aqueous s o lu t i o n s .  We d e s ig n a te  th e  en erg y  o f  s te p  I I  a s  th e  o r i e n t a t i o n  

e n e rg y , ^ ^ Q j-^ en ta tio n ’ su g g e s t t h a t  i t  ought to  b e  a  d i r e c t  m easure 

o f  th e  e f f e c t  o f  s o lv e n t  o r i e n t a t i o n  in  d i l u t e  aqueous s o lu t io n s .

The e n e rg ie s  in v o lv e d  in  s te p s  ( I )  and ( I I I )  w i l l  be g iv en  by 

e x a c t ly  th e  same r e l a t i o n s  as th o s e  u sed  in  th e  ca se  o f  th e  nonaqueous 

s o lu t io n s .  Hence, th e  m o lar energy  o f  s o lu t io n  o f  a  s o lu te  2  from  th e  

v ap o r p h ase  to  p u re  l i q u id  w a te r ,  -AE° may b e  w r i t t e n  asjlr

^ a q , P  ^ ^ ^ I  ^ ^ I I I  ^ ^ o r ie n ta t io n

vap A vap

v&aq,P ^  ( ^ , W  *  ) + ^ ^ ^ r ie n ta t io n  (69)
w

— g V a p
w here A^, ^  and AE^ d en o te  th e  m o lar s u r f a c e  a r e a  o f  p u re  l i q u id

w a te r  o f  th e  s p h e r ic a l  sh a p e , th e  m olar energy  o f  s o lu t io n  o f  w a te r  

from th e  v ap o r p h ase  to  l i q u i d  ]P, and th e  m o la r energy  o f  v a p o r iz a t io n  

o f  w a te r ,  9912 c a l/m o le  a t  25°C, r e s p e c t iv e l y .  H ere , ^ O r i e n t a t i o n  

th e  o r i e n t a t i o n  en erg y  f o r  one mole o f  th e  s o lu t e  2  d is s o lv e d  in  w a te r .  

R earrangem ent o f  e q u a tio n  69 g iv e s

- O r i e n t a t i o n  '  O q  .P + ‘  f  ' O  .W *
w

By a n a lo g y , th e  co rre sp o n d in g  f r e e  en erg y  r e l a t i o n s  a re
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vap A vap

v^aq ,P  "  ^  (v ^ ,W   ̂ ^ ^ o r ie n ta t io n

vap A vap

■ ^ ^ o r ie n ta tio n  "  v ^aq ,P  ^®P ~ ^  ^v§p,W ^
Aw

vap
w here AG AG AĜ _ and AG . . d en o te  th e  m olar f r e ev^aq ,P  v ^ ,W  W o r ie n t a t i o n

en erg y  o f s o lu t io n  o f  ^  from th e  v ap o r p hase  to  p u re  l i q u id  w a te r ,  th e  

m olar f r e e  energy  o f  s o lu t io n  o f  th e  w a te r  from th e  v apo r phase  to  l i q u id  

]P, th e  m o lar f r e e  energy  o f v a p o r iz a t io n  o f  w a te r ,  6326 c a l/m o le  

a t  25°C, and th e  m olar o r i e n t a t i o n  f r e e  energy  in v o lv e d  in  s te p  I I ,  

r e s p e c t iv e ly .

In  F lg u rn  12 th e  c a lc u la te d  A E °p ig ^ ;a tie n  * C l e n t a t i o n

a r e  p lo t t e d  a g a in s t  th e  m olar s u r f a c e  a r e a  o f  th e  s o lu te s  w ith  b o th  

th e  s o lu te  and w a te r  m o lecu le s  t r e a t e d  as b e in g  s p h e r ic a l .  These p lo t s

show t h a t  b o th  AE° .  ̂ , and AG° . ^ a re  c lo s e ly  c o r r e la te do r i e n t a t i o n  o r i e n t a t i o n

w ith  th e  m o lar s u r f a c e  a r e a r s ,  and an ap p ro x im a te ly  l i n e a r  r e l a t i o n  i s  

o b se rv ed .

In  F ig u re  13 , AGÇ^i^^cncion ' '^ o r i e n ta t io n

s o lu te s  f o r  w hich e x p e r im e n ta l d a ta  a re  a v a i la b le  a re  p lo t t e d  a g a in s t

each  o th e r .  These r e s u l t s  a r e  e m p ir ic a l ly  w e ll  r e p re s e n te d  by th e

e q u a t io n .

^ ^ o r ie n ta t io n  2  ̂ ^ ^ o r ie n ta t io n ^

S u b s t i tu t io n  o f  e q u a tio n  73 in t o  e q u a tio n  71 and c a n c e l l a t io n  o f th e  

^ ^ o r ie n ta t io n  in  th e  r e s u l t i n g  e q u a tio n  and in  e q u a t io n  69 le a d  to
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20000 __

15000

I____ I
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M olar s u r fa c e  a r e a  (cm )

F ig u re  12: C o rre l  a t io n s  o f  o r i e n t a t i o n  en e rg y  and o r i e n t a t i o n  f r e e  energ y
w ith  m olar s u r f a c e  a r e a  o f  s o lu te s  a t  25°C.
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LEGEND FOR FIGURE 12

1 , CHgClCHgCl; 2 , CHCl^; 3 , CHClgCH^; 4 , C^H^; 5 , CHCI2CH2C I; 6 , CCl^; 

7 , CCl^CH^; 8 , CgH^Cl; 9 , CgH^CH^; 1 0 , CClgCHgCl; 11 , o-C^H^Clg;

12, C^H^CgH^; 13, m-C^H^(CHg)^; 14 , c-C^H^q ; 15, CH^CICHCICH^;

16 , c -h e x e n e ; 17, CgH^Br; 18 , c -h ex a n e ; 19 , o-CgH^Clg; 20 , c-C^HgCH^; 

21 , c-CgH^^CH^; 22 , 23 , 24 , C^H^C^Hg; 25 , n-CgHj^g;

26 , 2 ,2 ,4-C 2H g(C H g)g.

S ta n d a rd  s t a t e s  o f  s o lu te s  a re  1 m o la r , i d e a l  d i l u t e  s o lu t io n  f o r  v apo r 
and condensed  p h a se s .
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1 , m-GgH^(CH3) 2 ; 2 , C^H^CgH^; 3 , CCl^; 4 , CCl^CH^;

5 , CgH^CH^; 6 , o-CgH^Cl^; 7 , CClgCHgCl; 8 , C^H^;

9 , CHCl^CH^; 1 0 , C^H^Cl; 11 , CHCl^; 1 2 f  CHClgCHgCl; 

13 , CHgClCHgCl.
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F ig u re  13: C o r r e la t io n  o f  o r i e n t a t i o n  en erg y  and o r i e n t a t i o n  f r e e  en erg y  a t  25°C,
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vap vap vap

'^ 4 iq ,p  + -  2ACp ) -  =T (AB% -  +

vap vap
AE^ -  2AG° ) (74)

Now, i t  i s  c o n v e n ie n t to  u se  th e  e m p ir ic a l  l i n e a r  r e l a t i o n s  d e s c r ib e d
o vap

p re v io u s ly  f o r  e x p re s s in g  ^  and -AGp a s  a  fu n c t io n  o f th e  c o r r e s ­

ponding e n e rg ie s  o f  t r a n s f e r .  These e x p re s s io n s  a re

= *P + 300 (75)

vap vap
-AGp = -  gp AEp + 300 c a l/m o le  (76)

w here g_ i s  th e  s lo p e  o f  a  p lo t  o f  AG° v s .  AE° f o r  P a s  th e  s o lv e n t  (seeP v^s \H-S —

C hap ter 2 ) .  When e q u a tio n s  75 and 76 a re  s u b s t i t u t e d  i n t o  e q u a tio n  74 

one o b ta in s

, vap A.
# a q . P  -  2 ' K q . P  + (1 -2  Bp> + 600 -  ^  (1 -2  8, )

w

^ p  ^  -  3340] c a l/m o le  (77)

E quation  77 p ro v id e s  a  way to  i n f e r  p and th e re fro m  th e  p a r t i t i o n

c o e f f i c i e n t  o f  a  s o lu te  betw een  th e  l i q u id  w a te r  p h ase  and th e  v ap o r

phase from th e  i n t e r n a l  e n e rg ie s  in v o lv e d . The com parison  o f  th e  c a l ­

c u la te d  v a lu e s  o f  p by e q u a tio n  77 and th e  e x p e r im e n ta l v a lu e s

f o r  some o f  s o lu te s  whose d a ta  a re  a v a i la b le  in  g iv en  in  T ab le  7 . 

D if fe re n c e s  g e n e ra l ly  l i e  w ith in  1 K cal/m o le , w hich i s  q u i t e  s a t i s f a c t o r y ,



TABLE 7
DATA FOR CALCULATION OF FREE ENERGY OF SOLUTION FROM THE VAPOR PHASE 

AND CALCULATED VALUES OF FREE ENERGY OF SOLUTION AT 25°C.

S o lu te  P 4SL.p
( c a l /m o le )

vap

(c a l/m o le ) (c a l /m o le )
K . . P  (c a lc d .)  

(c a l /m o le )
&Saq.P

( c a l /m o le )

CCI, 0 .6 5  102 -5460

CgHg 0 .6 5  9 6 .3  -6950

CgH^CHg 0 .6 4  1 0 9 .2  -7710

CgHgCgHg 0 .6 3  1 1 9 .6  -9029

m-CgH^(CH^)^ 0 .6 4  120 -9124

CgH^Gl 0 .6 3  1 0 5 .8  -5833

o-CgH^Clg 0 .6 2  1 1 3 .1  -7148

CCl^CH^Cl 0 .6 3  1 1 0 .7  -9165

CClgHCHgCl 0 .6 4  9 9 .4  -8349

CCl^CH^ 0 .6 6  1 0 4 .3  -7875

CHgClCH^Cl 0 .6 6  8 9 .3  -7447

CHCl^CH^ 0 .6 5  9 3 .3  -8131

CHCl^ 0 .6 6  9 0 .3  -8202

7240

7510

8490

9500

9610

9578

11742

9490

8800

7233

7594

6692

6772

-2209

-3382

-3352

-3085

-2933

-3203

-4765

-3862

-4450

-3145

-4595

—4008

-3991

597

-929

-794

-878

-1055

133

-942

-1622

-1972

-1120
-2124

-1766

-824

123

-890

-883

-796

-842

-533

-1604

-907

-1951

-255

-1769

—842

-1091

97

98 

98 

98

98

99

100 
101 
102 
102 
102 
102 
103

I0001
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c o n s id e r in g  th e  i n e v i t a b l e  la r g e  u n c e r t a in ty  o f th e  m easured e n e r g ie s .  

Improvem ents co u ld  p ro b a b ly  b e  a c h ie v e d  by r e f in i n g  c e r t a i n  assum ptions 

on th e  m ethod, such  a s  ta k in g  b o th  th e  s o lu te  (2 ) m o lecu le s  and th e  

w a te r  (W) m o lecu le s  a s  b e in g  s p h e r ic a l .  However, th e  g e n e ra l ' agreem ent 

o f  e x p e r im e n ta l r e s u l t s  w ith  v a lu e s  p r e d ic te d  from  e q u a tio n  77 a rg u es  

f o r  th e  v a l i d i t y  o f  th e  s im p le  therm odynam ic model p re s e n te d  h e re .  

R earrangem ent o f  e q u a tio n  77 g iv e s

vap A
& 5a,.P  = -  (1 -2  6p> -  600 4. ^  [ (1 -2  6, )

w

-3340] c a l/m o le  (78)

A gain , u t i l i z a t i o n  o f  r e l a t i o n s h ip s
oVap

vap AGp + 3 0 0  
AEp =  g----------- c a l/m o le  (79)

  c a l /m o le  (80)
„ —  .. -  300

tra n s fo rm s  e q u a t io n  78 to

vap AG_r + 300 . A AG° „  -  300

# a q , P  2(AGp + 8 A
r  W

^ ^ G °  -  2840) c a l/m o le  (81)

E q u a tio n  81 e n a b le s  us to  i n f e r  th e  energy  o f  s o lu t io n  o f  a  

s o lu te  from  th e  v ap o r p h ase  to  th e  l i q u i d  w a te r ,  p ,  from  th e

m easured f r e e  energy  changes w hich a r e  r e l a t e d  to  th e  s o l u b i l i t y  o f  

th e  s o lu te  2  in  th e  aqueous s o lu t io n  and t h a t  o f  w a te r  in  2  s o lu t io n .
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Thus, p v a lu e s  can b e  c a l c u la te d  from  e q u a tio n  81 and in fo rm a tio n

ab o u t th e  o r i e n t a t i o n  e n e rg y , ^^Q j-^g j^tation’ be  o b ta in e d  f o r  an ex ­

te n d e d  number o f  s o lu te s  in  aqueous s o lu t i o n s ,  f o r  w hich e x p e rim e n ta l 

en e rg y  d a ta  a r e  la c k in g .

L et us now c o n s id e r  th e  i n t e r e s t i n g  p o s s i b i l i t y  t h a t  th e  ab­

n o rm a lly  o r ie n te d  w a te r  m o lecu le s  s u rro u n d in g  th e  s o lu te  m o lecu le  

have  th e  i c e - I - l i k e  s t r u c t u r e  ( t h i s  i s  n o t ,  o f  c o u rs e ,  an e s s e n t i a l  

f e a t u r e  o f  th e  model and e q u a tio n s  d ev e lo p ed  to  t h i s  p o i n t . ) .  S in ce  

th e  en erg y  o f  fu s io n  o f  ic e  does n o t  change a p p re c a b ly  w ith  te m p e ra tu re ,  

th e  v a lu e  1436 c a l/m o le  a t  0°C i s  ta k e n  as  th e  m o lar energy  o f  fu s io n  

a t  25°C. Then, th e  o r i e n t a t i o n  en e rg y  i s  a t t r i b u t e d  to  th e  t r a n s ­

fo rm a tio n  o f  th e  s t r u c t u r e  o f  th e  l i q u i d  w a te r  m o lecu le s  su rro u n d in g  

th e  s o lu t e  m o lecu le  from  th e  norm al s t r u c t u r e  in to  th e  i c e - I - l i k e  

s t r u c t u r e .  H ence, th e  number o f  th e  " f ro z e n "  w a te r  m o lecu le s  su rro u n d ­

in g  th e  s o lu te  m o lecu le  w i l l  b e  i n f e r r e d  from  th e  c a lc u la te d  ^^Q j-^gn ta tion  

by th e  r e l a t i o n .

The number o f  th e  w a te r  m o lecu le s  f ro z e n  p e r  s o lu te  m o lecu le  (n)

^ ^ o r ie n ta t i o n
-1436 (c a l/m o le )

The m o la r o r i e n t a t i o n  e n tro p y , ^ ^ Q ^ ie n ta tio n *  be c a lc u la te d  by th e

r e l a t i o n

^ ^ o r ie n ta t io n  ^ ^ o r ie n ta t i o n  ^ ^ ^ o r ie n ta t io n

W ith th e  u se  o f  e q u a tio n  73 and th e  p ro b a b ly  good a p p ro x im a tio n  t h a t
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“ o r i e n t a t i o n  '  “ o r i e n t a t i o n ’ “ o r i e n t a t i o n

“ : r i e n t a t i o n 4 ^ ^ " % # ^  c a i/°K -m o le  (84)

The c a l c u la te d  v a lu e s  o f  A E Ç ^^^ntation’ “ o r i e n t a t i o n ’ 

number o f  th e  w a te r  m o lecu le s  f ro z e n  p e r  m o lecu le  o f  s o lu te  ( n ) , 

and th e  s u r f a c e  a r e a  o f  th e  s o lu te  m o lecu les  d iv id e d  by th e  number o f  

th e  f ro z e n  w a te r  m o lecu le s  (which i s  eq u a l to  th e  i n t e r f a c i a l  a r e a  o f  

th e  s o lu te  fa c in g  one m o lecu le  o f  th e  f ro z e n  w a te r ) a r e  shown in  T ab le  8 .

The f a c t  th a t  th e  m o le c u la r  c ro s s  s e c t io n  o f  s p h e r ic a l  w a te r  

i s  1 1 . and th e  s u r f a c e  a re a  o f  th e  s o lu te  m o lecu le  f a c in g  one 

f ro z e n  w a te r  m o lecu le  i s  ap p ro x im a te ly  c o n s ta n t  ( lO isS ^  f o r  a l l  th e  

t e s t e d  s o lu te s  and in  m ost c a s e s  lO tlA ^) i s  q u i te  rem a rk ab le  and le a d s  

to  th e  fo llo w in g  t e n t a t i v e  c o n c lu s io n s  re g a rd in g  th e  n a tu r e  o f  d i l u t e  

aqueous s o lu t io n s  o f  n o n p o la r  s o lu t e s .  The s o lu te  m o lecu le s  a re  

su rro u n d ed  by th e  i c e - I - l i k e  s t r u c tu r e d  w a te r  m o le c u le s , packed t i g h t l y ,  

w ith  e n e rg ie s  and geom etry  ap p ro x im atin g  th o s e  o f  i c e .  T h is  model 

r e q u i r e s  th a t  o n ly  th e  f i r s t  la y e r  o f  th e  w a te r  m o lecu le s  su rro u n d in g  

th e  s o lu te s  i s  a f f e c t e d  upon in t ro d u c in g  a  fo re ig n  n o n p o la r  o r  s l i g h t l y  

p o la r  s o lu te  i n t o  p u re  l i q u i d  w a te r .  Of c o u rs e , i t  w ould be  p o s s ib le  

to  a llo w  f o r  d i s t r i b u t i o n  o f  th e  o rd e re d  w a te r  m o lecu le s  th ro u g h o u t 

more th a n  th e  c o n ta c t  l a y e r ,  b u t  th e  s im p le  n a tu r e  o f  th e  c o n c lu s io n s  

reac h ed  h e re  i s  c e r t a in l y  a p p e a lin g .

L im ited  a v a i l a b l e  d a ta  and w ide d is c re p a n c y  among e x i s t in g  

d a ta  make m easurem ents o f  th e  r e c ip r o c a l  s o l u b i l i t i e s  o f  w a te r  i n  o rg a n ic  

s o lv e n ts  and o rg a n ic  s o lv e n ts  in  w a te r ,  r e s p e c t iv e l y ,  d e s i r a b l e  f o r  

f u r t h e r  t e s t  o f  th e  p ro p o sed  I n t e r f a c i a l  Energy m odel.



TABLE 8
CALCULATED VALUES OF ORIENTATION ENERGY, ORIENTATION ENTROPY, THE NUMBER OF ORDERED WATER 

MOLECULES IN CONTACT WITH ONE MOLECULE, AND AVERAGE AREA PER MOLECULE OF WATER AT 25°C

S o lu te s -AE°o r i e n t a t i o n ^ ^ o r ie n ta t i o n -AE°, o r i e n t a t i o n .
S u rfa c e  A rea

A rea P e r  M olecu le  
o f  W ater

(c a l/m o le ) ( e .u . /m o le ) ■ -  1436 )

CCl^ 22858 3 8 .4 1 5 .9 144 9

% 17994 30 .2 1 2 .5 136 11

C6H5CH3 21948 3 6 .8 1 5 .3 153 10

m-C6H^(CH3)2 24392 40 .9 1 7 .0 168 10

C6H5CI 19043 32 .0 1 3 .3 148 11

33837 5 6 .8 2 3 .6 197 8

21696 36 .4 1 5 .0 159 10

21563 36 .2 15 .0 157 10

CeHsBr 20862 35 .0 1 4 .5 151 10

11-C 7H3L6 30430 5 1 .1 2 1 .2 190 9

28765 4 8 .3 2 0 .0 176 9

34671 5 8 .2 2 4 .1 203 8

I00
I



TABLE 8 Continued

Solutes -AE°orientation ^^orientation -AE° . . . ., o r ie n ta t io n ^ Surface Area
Area Per Molecule 

of Water

(cal/mole) (e.u./mole)
Ùrl ) 

1436 ) ( f )

2,2,4-CgH g(CH 3)2 33206 5 5 .7 2 3 .1 205 9

C-C5H1O 21896 36 .7 1 5 .2 141 9

°-C6*12 24442 4 1 .0 1 7 .0 155 9

C-CgHgCCHg) 24857 4 1 .7 1 7 .3 158 9

c-CeHiiCCHs) 27269 4 5 .8 1 9 .0 172 9

20703 3 4 .7 1 4 .4 148 10

CeHsSzHs 23392 3 9 .3 1 6 .3 168 10

CCl^CH^Cl 184371 3 0 .9 1 2 .8 155 12

CHClgCHgCl 15838 2 6 .6 1 1 .0 140 13

CC1 3 CH3 20406 32.2 14 .2 146 10

CHgClCHgCl 13458 22 .6 9 .4 135 13

CHCI2 CH3 16148 2 7 .1 1 1 .2 131 12

CH2 CICHCICH3 16648 2 7 .9 1 1 .6 144 12

CHCI3 15515 26 .0 1 0 .8 126 12

I
00UiI



—86-

Developm ent o f  th e  I n t e r f a c i a l  Energy model to  a  more e l a b o r a te  

d eg ree  sh o u ld  enhance o u r know ledge o f  aqueous s o lu t io n s  and p ro v id e  a 

b a s i s  f o r  u n d e rs ta n d in g  t h e i r  abnorm al therm odynam ic p r o p e r t i e s .  Need­

l e s s  to  s a y , th e  model sh o u ld  be  d ev eloped  to  p r e d ic t  th e  im p o rtan ce  o f  

s o - c a l l e d  h y d ro p h o b ic  b ond ing  in  b io l o g ic a l  sy stem .



B r ie f  Summary

The e f f e c t  o f  s o lv e n ts  on e le c t ro n -d o n o r - a c c e p to r  complex 

fo rm a tio n  r e a c t io n s  has  b een  s tu d ie d  th e rm o d y n am ica lly .

The n o n p o la r  a n a lo g  model i s  exam ined t h e o r e t i c a l l y  and m ethods 

a re  dev elo p ed  f o r  u s in g  i t  to  p r e d ic t  therm odynam ic p r o p e r t i e s  o f  th e  

t r a n s f e r  o f  d o n o r, a c c e p to r ,  com plex m o lecu le s  from  th e  gas p h ase  in to  

d i l u t e  s o lu t io n s  i n  n o n p o la r  s o lv e n t s .  The g e n e ra l  problem  o f  i n ­

f e r r in g  f r e e  e n e rg ie s  o f  t r a n s f e r  o f  p o la r  s o lu te s  from  e x p e rim e n ta l 

v a lu e s  o f  i n t e r n a l  e n e rg ie s  o f  t r a n s f e r  i s  c o n s id e re d . Thermodynamic 

r e s u l t s  c a lc u la te d  by u s in g  th e  NPA m odel, in  c o n ju n c tio n  w ith  s o lu ­

b i l i t y  p a ra m e te r  th e o ry  and th e  P r ig o g in e  r e f in e d  a v e r a g e - p o te n t ia l  

c e l l  model th e o ry ,  a re  com pared w ith  e x p e r im e n ta l r e s u l t s  f o r  p o la r  

com ponents in v o lv e d  in  s e v e r a l  m o le c u la r  com plex fo rm a tio n  e q u i l i b r i a .  

For in d iv id u a l  s o l u t e s ,  in c lu d in g  com plexes, c a lc u la te d  and e x p e r i ­

m en ta l f r e e  e n e rg ie s  o f  t r a n s f e r  in to  h ex ad ecan e , d ip h en y lm eth an e , 

h e p ta n e , c y c lo h ex an e , c a r b o n te t r a c h lo r id e ,  and benzene g e n e r a l ly  a g re e  

to  w i th in  0 .1  to  0 .7  K ca l/m o le . A p p lic a t io n  o f th e  n o n p o la r  an a lo g  

model h as  been  made f o r  th e  p r e d ic t io n  o f  s o lv e n t  e f f e c t s  on m o le c u la r  

complex fo rm a tio n  c o n s ta n t s .  Such e f f e c t s  a r e  n o t  w e ll  u n d e rs to o d , and 

th e  te c h n iq u e s  p re s e n te d  h e re  sh o u ld  be q u i t e  g e n e ra l ly  a p p l ic a b le  in  

p r e d ic t in g  them .

E n e rg ie s  and f r e e  e n e rg ie s  o f  t r a n s f e r  o f  s o lu te s  from  th e
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v ap o r to  th e  l iq u id  s o lv e n t  phase  to  form  d i l u t e  s o lu t io n s  a re  c a lc u ­

l a t e d  in  te rm s o f i n t e r f a c i a l  e n e rg ie s  and s u r fa c e  a r e a s .  The i n t e r ­

f a c i a l  energy  model has been  a p p lie d  to  d i l u t e  aqueous s o lu t io n s  to  s tu d y  

th e  o r i e n t a t i o n  e f f e c t  o f  ab n o rm ally  s t r u c tu r e d  w a te r  m o lecu le s  su rro u n d ­

in g  s o lu te  m o le c lu e s . The c a lc u la te d  o r i e n t a t i o n  e n e rg ie s  w hich a re  a 

d i r e c t  m easure o f  a b n o rm a lity  o f  d i l u t e  aqueous s o lu t i o n s ,  le a d  to  

t e n t a t i v e  c o n c lu s io n s  ab o u t th e  p ic tu r e  o f s o lu te  m o lecu les  d is s o lv e d  

in  w a te r  in  d i l u t e  aqueous s o lu t io n :  The s o lu te  m o lecu le s  a re  su rrounded

by w a te r  m o lecu le s  o f  th e  i c e - I - l i k e  s t r u c t u r e ,  packed t i g h t l y ;  and th e

85abnorm al o r i e n t a t i o n  l im i te d  p r im a r i ly  to  th e  f i r s t  l a y e r  around th e  

s o lu te  m o le c u le s .



APPENDIX I

DISTRIBUTION OF SOLUTES BETWEEN THE GAS PHASE 

AND NONPOLAR SOLVENTS^^^

F req u en t u se  h as  been  made o f  e m p ir ic a l  l i n e a r  r e l a t i o n s  among

th e  therm odynam ic v a r ia b le s  p e r ta in in g  to  th e  t r a n s f e r  o f s o lu te s  from

one p h ase  to  a n o th e r .  For exam ple, B e ll^ ^^  and B arc lay  and B u tle r^ ^

showed t h a t  th e  e n tro p y  o f  v a p o r iz a t io n  o f g a se s  from  d i l u t e  s o lu t io n

in  n o n p o la r  and m o d e ra te ly  p o la r  s o lv e n ts  v a r ie s  l i n e a r l y  w ith  th e

118e n th a lp y  o f  v a p o r iz a t io n .  More r e c e n t ly ,  H ild e b ra n d , e t  a l . ,  have 

d em o n stra ted  th e  l i n e a r i t y  o f  th e  en tro p y  o f  v a p o r iz a t io n  o f  g ases  in  

n o n p o la r  s o lv e n ts  w ith  th e  lo g a ri th m  o f  t h e i r  s o l u b i l i t i e s  o r  t h e i r  

f r e e  e n e rg ie s  o f s o lu t io n .  R esearch  from  t h i s  la b o ra to ry  h as  i n d i ­

c a te d  th e  u t i l i t y  o f l i n e a r  r e l a t i o n s  betw een th e  f r e e  energy  and 

energy  o f  t r a n s f e r  o f  s o lu te s  from  one phase to  a n o th e r  in  p r e d ic t in g  

th e  e f f e c t s  o f  s o lv e n ts  on m o le c u la r  complex fo rm a tio n  e q u i l i b r i a .  The 

fo llo w in g  i s  a  d e s c r ip t io n  o f  a c o n v en ien t m ethod f o r  u s in g  l i n e a r  r e ­

l a t i o n s  o f  th e s e  ty p e s  in  p r e d ic t in g  th e  s o l u b i l i t i e s  o f g ases  and v ap o rs  

o v e r a  w ide ran g e  o f  te m p e ra tu re s .

METHOD OF CALCULATION

C o nsider th e  d i s t r i b u t i o n  o f a  s o lu te  ( i )  betw een th e  v ap o r 

p hase  (V) and a  n o n p o la r  s o lv e n t  (S ) .  In  th e  d i l u t e  s o lu t io n  r e g io n ,
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w here i  obeys th e  id e a l  gas e q u a t io n  in  th e  v apo r phase  and H en ry 's  

law  in  th e  condensed p h a se , th e  p a r t i t i o n  c o e f f i c i e n t  f o r  i  i s  c o n s ta n t 

( a t  c o n s ta n t  te m p e ra tu re )  and d e f in e d  by

= [ i ( s ) ] / [ i ( v ) l  ( 1)

w here [ i ( s ) ]  and [ i ( v ) ]  a r e  th e  e q u i l ib r iu m  m o lar c o n c e n tra t io n s  o f  

i  in  ^  and V, r e s p e c t iv e ly .  We assume t h a t  th e  vapor p r e s s u re  o f th e

s o lv e n t i s  n o t  g r e a t  enough to  cause  th e  f u g a c i ty  o f  th e  gas to  d i f f e r

s i g n i f i c a n t l y  from  i t s  p a r t i a l  p r e s s u r e ,  c a lc u la te d  from  D a l to n 's  law  

and th e  i d e a l  gas e q u a t io n . U sing th e  u n i t  m o la r i ty  id e a l  d i l u t e  

s o lu t io n  s ta n d a rd  s t a t e s  f o r  i  ( in  b o th  p h a s e s ) , e x p re s s io n s  may be  

d e r iv e d  to  r e l a t e  th e  i n t e r n a l  en erg y  and G ibbs f r e e  en erg y  o f  t r a n s f e r

o f  s o lu te s  from  V to  S. Thus,

and

A5°_1 -  RT‘ (d taK ^_ i/dT ) + aeRT" (3)

w here a^ i s  th e  c o e f f i c i e n t  o f  th e rm a l ex p an sio n  o f  th e  p u re  s o lv e n t .

N ote t h a t  K . may be c a lc u la te d  from th e  p a r t i a l  p r e s s u re  o f  th e  
D, 1

s o lu te  (p^) and i t s  mole f r a c t i o n  in  th e  condensed p hase  (x^) by th e  

r e l a t i o n

w here i s  th e  m olar volume o f  th e  s o lv e n t .  E q u a tio n s  1 -4  ap p ly  a l s o
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to  th e  p u re  s o lv e n t  i t s e l f ,  w here = 1 , [S ( s ) ]  = 1/V^ and [S (v )]  = 

p°/R T . The v ap o r p r e s s u re  o f  p u re  s o lv e n t  (p °) i s  assumed to  b e  sm a ll 

enough so th a t  th e  v a p o rs  o f  th e  s o lv e n t  may be t r e a t e d  a s  i d e a l .

One re a so n  f o r  c a s t in g  th e  therm odynam ic e q u a tio n s  i n  th e  some­

w hat u n fa m il ia r  form s g iv e n  h e r e  (e q u a tio n s  1 -4 ) i s  th e  s im p l ic i ty  o f 

th e  l i n e a r  f r e e  e n e r g y - in te r n a l  energy  r e l a t i o n s  w hich can b e  d e r iv e d  

f o r  s o lu te s  i f  th e  u n i t  m o la r i ty  s t a t e s  a r e  u se d . F ig u re  4 in  C hap ter 

I I  shows a p l o t  o f  ^ v s .  ^ a t  25° f o r  a  number o f  s o lu te s  in  

c y c lo h ex an e , in c lu d in g  th e  p o in t  (x) w hich p e r t a in s  to  th e  t r a n s f e r  o f  

th e  s o lv e n t  from  v ap o r to  condensed p h a s e . The in t e r c e p t  a t  i  ~ ® 

i s  ap p ro x im a te ly  ^ °  ^ = 300 c a l/m o le  w hich co rre sp o n d e s  to  an e n tro p h y  

o f  t r a n s f e r  o f  abou t -3  e n tro p y  u n i t s .  T hus, th e  t r a n s f e r  o f  a  s o lu te  

w hich d is s o lv e s  in  th e  s o lv e n t  w ith  no change in  p a r t i a l  m o lar i n t e r n a l  

en e rg y  o ccu rs  w ith  an e n tro p y  change o f  ab o u t -3 R /2 . A lthough i t  m ight 

b e  i n t e r e s t i n g  to  s p e c u la te  ab o u t th e  o r i g i n  o f  t h i s  e n tro p y  te rm , i t

i s  more u s e f u l  in  r e l a t i o n  to  th e  p r e s e n t  d is c u s s io n  to  n o te  t h a t  v e ry

n e a r ly  th e  same in t e r c e p t  v a lu e  ( v i s . , AG° = 300 c a l/m o re  a t  AE° . =
V ”^ S  ^  X  V ^ S  ^  X

0 ) o b ta in s  f o r  a l l  o f  th e  n o n p o la r  s o lv e n ts  f o r  w hich p lo t s  o f  ^ °  ^ v s .

AE° , have been  c o n s tru c te d .  T hus, th e  s im p le  e q u a t io n  v ^ s , i

AG° = g AE° , + 300 c a l/m o le  (5)v + a , i  s v ^ s , i

w here i s  a  c o n s ta n t  c h a r a c t e r i s t i c  o f  th e  s o lv e n t  a lo n e ,  sum m arizes 

a  la r g e  amount o f  in fo rm a tio n  abo u t th e  t r a n s f e r  o f  s o lu te s  in to  non­

p o la r  m edia a t  2 5 ° . V alues o f  g^ a r e  n e a r ly  e q u a l to  0 .6 0  f o r  many 

common o rg a n ic  s o lv e n t s ,  e x c lu d in g  f lu r o c a r b o n s . F o r exam ple , g^ =

0 .5 9 , 0 .6 3 , 0 .6 5 ,  0 .6 5  and 0 .5 1 ,  r e s p e c t iv e l y ,  f o r  th e  s o lv e n ts  h e p ta n e .
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b en zen e , cy c lo h ex an e , carbon t e t r a c h l o r i d e ,  and p e r f lu o ro h e p ta n e .  I t  

sh o u ld  be em phasized th a t  once th e  i n t e r c e p t  v a lu e  (300 c a l/m o le )  has  

been  a c c e p te d  as  c o r r e c t  f o r  n o n p o la r  s o lv e n ts  in  g e n e r a l ,  no f i t t i n g  

p a ra m e te rs  a re  r e q u ir e d  in  draw ing  l i n e s  such  a s  t h a t  w hich c o r r e l a t e s  

t r a n s f e r  f r e e  e n e rg ie s  and e n e rg ie s  (d is p la y e d  a s  in  F ig u re  5) o r  in  

c a l c u la t in g  v a lu e s  o f  0^ to  u se  in  e q u a t io n  5 . 0^ i s  c a lc u la te d  by

u s in g  e q u a tio n  5 w ith  e x p e r im e n ta l v a lu e s  o f  th e  t r a n s f e r  energy  and 

f r e e  en erg y  o f  th e  p u re  s o lv e n t  a t  25 ° .

118 119H ild e b ra n d , e t  a l . , ’ have o b se rv ed  t h a t  th e  e x is te n c e

o f  l i n e a r  c o r r e l a t i o n  o f  e n tro p y  o f  s o lu t io n  w ith  -R  log^gX^ in d ic a te s  

th e  f e a s i b i l i t y  o f  p r e d ic t in g  th e  te m p e ra tu re  dependence o f  th e  s o lu ­

b i l i t y  o f  a  gas in  a  g iv e n  s o lv e n t  from  th e  v a lu e  o f  i t s  s o l u b i l i t y  a t  

a  s in g le  te m p e ra tu re .  The s im p le  form  o f  e q u a t io n  5 , and i t s  a p p a re n t 

g e n e r a l i t y ,  p e rm it p r e d ic t io n s  o f  t h i s  ty p e  to  b e  made in  a  s t r a i g h t ­

fo rw ard  way, u s in g  o n ly  c o n s ta n ts  d e r iv a b le  from  e x p e r im e n ta l ly  known 

p r o p e r t i e s  o f  th e  s o lv e n t .  We s t a r t  w ith  th e  o b s e rv a tio n  th a t  log^^gK^ ^ 

commonly v a r i e s  l i n e a r l y  w ith  T ^ o v er a  r e l a t i v e l y  w ide ran g e  o f temp­

e r a t u r e ,  w here i  r e p r e s e n t s  e i t h e r  th e  s o lv e n t  o r  any s o lu te  d i s t r i b u t e d  

betw een v ap o r and condensed p h a se . N ex t, we n o te  t h a t  i f  t h i s  l i n e a r  

r e l a t i o n  h o ld s  e x a c t ly ,  e q u a t io n  3 r e q u i r e s  t h a t  ^ -  a^RT^ w i l l  be 

s t r i c t l y  c o n s ta n t .  E q u a tio n  3 may th e n  be w r i t t e n  in  th e  in t e g r a te d  

form

'4 5 ° .1  -  .  298 +
î n K j _ l --------------

w here th e  b ra c k e te d  te rm s i s  to  b e  e v a lu a te d  a t  a  g iv en  te m p e ra tu re ,  in
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t h l s  ca se  25°C.

W hether ^ in c r e a s e s  o r  d e c re a se s  w ith  in c r e a s in g  te m p e ra tu re

dep ends, th e r e f o r e ,  on w h e th e r ^ -  a^RT^ i s  n e g a t iv e  o r  p o s i t i v e  a t

o *25 C. T here w i l l  e x i s t  a  c r i t i c a l  v a lu e  o f  ^ (s a y , K^) tow ard  w hich

^ w i l l  t r e n d  as T in c r e a s e s .  T hat i s ,  i f  ^ a t  25°C i s  l e s s  th a n

Kjj, Kp i  w i l l  in c re a s e  w ith  in c r e a s in g  te m p e ra tu re ,  w hereas i f  ^ >
*

Kg, Kg ^ w i l l  d e c re a s e . C om bination o f  e q u a tio n s  2 , 5 and 6 le a d s  to
*

an e x p re s s io n  from  w hich Kg may b e  c a lc u la te d  e x p l i c i t l y .  T hus, i f  

%D,i -

and

= a RT^ (e v a lu a te d  a t  298°K) = (AG° . -  300 c a l /m o le ) /3  , v + s , i  s v + s , i  s

-R(298.16°K)&nK^ = 300 c a l/m o le  + a^B gR (298.16°K )^,

K* = exp [^^O O -Çal/m ole _ ^ g (298 .16°K )] (7)
(298.16°K )R  ® ®

F or c y c lo h e x a n e , th e  c r i t i c a l  v a lu e  o f  th e  p a r t i t i o n  c o e f f i c i e n t  i s  c a l -  
*

c u la te d  to  be  Kg = 0 .4 7 ,  u s in g  v a lu e s  o f  a^ and 6^ f o r  th e  s o lv e n t .

In  p r e d ic t in g  s o l u b i l i t i e s  o r  p a r t i t i o n  c o e f f i c i e n t s  o f  s o lu te s

as a f u n c t io n  o f  T , i t  i s  u s e f u l  to  in v e n t a  h y p o th e t ic a l  te m p e ra tu re  

*T , c h a r a c t e r i s t i c  o f  th e  s o lv e n t ,  a t  w hich th e  log^gKg ^ v s .  1/T  cu rv es
*

w i l l  a l l  i n t e r s e c t  and a t  w hich Kg ^ w i l l  e q u a l Kg. T hat a u n iq u e  
c

i n t e r s e t i o n  p o in t  w i l l  e x i s t  can b e  shown by a) com bining e q u a t io n  5 , 2 

and 7 to  o b ta in
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to  K„ ,  ( a t  298°K) -  -  M  S ^ J s S iS . .
R (298.16°K ) R(298.16°K )

&n x f  = -300 , c a l/m o le  _ ^ g (298 .16°K ), 
R (298.16°K ) ® ®

K ( a t  298°K) -8
an -----   -  a  R (298.16°K )^] ( 8)

K R(298.16°K ) ^ s , l  s

and b ) by com paring e q u a t io n  8 w ith  th e  d e f i n i t e  form  o f  e q u a tio n  6
*  *

w hich i s  o b ta in e d  by s e t t i n g  K p ^ = K p a t T = T  :

t o  ' ' ' I " -  .  -  ( - ^  1 ) r K . i  -
298.16°K  T R

(9)

E q u a tio n  8 and 9 can b o th  b e  v a l id  o n ly  i f  1 /2 9 8 .16°K -  1 /T  = 0 ^ /2 9 8 .16°K

o r

T* = 2 9 8 .1 6 °K /(1  -  Bg). (10)

Thus no m a t te r  w hich s o lu te  i s  ch o sen , th e  te m p e ra tu re  a t  w hich ^
*

e x t r a p o la te s  to  th e  v a lu e  w i l l  b e  th e  sam e, v i z . ,  t h a t  g iv en  by

e q u a tio n  10 . In  o th e r  w o rd s, i f  a^ and 3^ a re  known f o r  a  g iv en  s o lv e n t ,  
*  *

v a lu e s  o f  and T may b e  c a lc u la te d  from e q u a tio n  7 and 10 . Then, on 

a  p l o t  o f  log^^Kp ^ v s .  1 /T , th e  s in g le  p o in t( lo g ^ g K ^ , 1 /T  ) may be 

lo c a te d ,  and a  fa m ily  o f  s t r a i g h t  l i n e s  may be drawn r a d ia t in g  from  

th e  p o in t .  Under th e  assu m p tio n s  o f  th e  p r e s e n t  d e r iv a t io n ,  th e s e  l i n e s  

r e p r e s e n t  p o s s ib le  p a r t i t i o n  c o e f f i c i e n t  cu rv es  f o r  s o lu te s  in  th e  g iv en
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s o lv e n t .  d a ta  f o r  th e  pure s o lv e n t sh o u ld  a l s o  f i t  on a  s in g le
* *

s t r a i g h t  l i n e  drawn from th e  f ix e d  p o in t  (log^^K ^^l/T  ) .

RESULTS

F ig u re  14 d is p la y s  p a r t i t i o n  c o e f f i c i e n t  d a ta  f o r  s e v e r a l  s o lu te s

in  cy c lo h ex an e . The s o l id  l i n e s  a re  cu rv es  w hich can be used  to  p r e d ic t

th e  v a r i a t i o n  o f K o r  th e  s o l u b i l i t y  o f  s o lu te  i  w ith  te m p e ra tu re .
D ,i

The c a lc u la te d  cu rv es  a re  seen  to  p ro v id e  a r e l i a b l e  p r e d ic t io n  o f  th e

dependence o f  K on T f o r  m ost o f  th e s e  s o lu te s .  D ata f o r  th e  s o lv e n t  
D, 1

i t s e l f  in d i c a te  t h a t  o n ly  in  th e  v i c i n i t y  o f  th e  c r i t i c a l  p o in t  does 

d e p a r tu re  from  l i n e a r i t y  become p ronounced . S im ila r  d a ta  and p re d ic te d  

cu rv es  a re  g iv en  in  F ig u re  15 f o r  s o lu te s  in  th e  s o lv e n t  carbon  t e t r a ­

c h lo r id e .  A gain , th e  r e s u l t s  show th a t  e v a lu a t io n  o f  th e  c o o rd in a te s  

o f  th e  s in g le  p o in t ,( lo g ^ g K ^ ,1 /T  ) ,  p e rm its  th e  a c c u ra te  p r e d ic t io n  o f  

p a r t i t i o n  c o e f f i c i e n t  cu rves f o r  a w ide v a r i e ty  o f  s o lu te s  i n  CCl^.
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“ X 10^

F ig u re  14: V a r ia t io n  o f  ^ w ith  te m p e ra tu re  in  th e  cy c lo h ex an e
s o lv e n t .  ’
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APPENDIX II

A METHOD FOR PREDICTING VAPOR PRESSURES

1 SAOF NONPOLAR LIQUIDS

I t  was o b served  th a t  th e  v apo r p re s s u re s  a t  25°C o f  numerous 

n o n p o la r  l iq u id s  can be r e l a t e d  to  t h e i r  e n e rg ie s  o f  v a p o r iz a t io n  by th e  

e m p ir ic a l  e x p re s s io n

_, vap  ̂  ̂c
logiQP^gg = 4 .889  -  1 .038  x 10 ^ (AE°gg (1)

gVap
w here th e  e q u i l ib r iu m  v ap o r p re s s u re  in  T o rr  and AEggg i s  th e

m olar i n t e r n a l  en e rg y  o f  v a p o r iz a t io n  in  th e  l i q u id  i n  c a l/m o le  a t

T his r e l a t i o n ,  used  in  c o n ju n c tio n  w ith  h e a t  o f  d i l u t i o n  

d a ta  and v a r io u s  th e o r ie s  o f  n o n p o la r  l i q u id  m ix tu r e s , has been v a lu a b le  

in  p r e d ic t in g  f r e e  e n e rg ie s  o f  t r a n s f e r  o f s o lu te s  (b o th  p o la r  and non­

p o la r )  from  d i l u t e  s o lu t io n  in  n o n p o la r  s o lv e n ts  to  th e  v ap o r p h ase .

C o n s id e rin g  th e  s im p le  form  o f e q u a tio n  1 , we th o u g h t i t  would 

be  w o rth w h ile  to  exam ine i t s  a p p l i c a b i l i t y  (w ith  m o d ified  e m p ir ic a l  con­

s t a n t s )  to  l i q u id s  a t  te m p e ra tu re s  o th e r  th a n  25°C. The fo llo w in g  

d e s c r ip t io n  o u t l in e s  th e  developm ent o f  an e q u a tio n  w hich can b e  used  

to  p r e d ic t  v ap o r p re s s u re s  o f  a  n o n p o la r  l i q u id  th ro u g h o u t a  range  o f  

te m p e ra tu re s  from knowledge o f  th e  energy  o f  v a p o r iz a t io n  o f th e  l i q u id  

a t  on ly  one te m p e ra tu re  ( o r ,  a l t e r n a t i v e l y ,  from th e  known v ap o r

-99-
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p r e s s u r e  a t  a s in g le  te m p e ra tu re ) .^ ^

DEVELOPMENT OF THE VAPOR PRESSURE EQUATION

E q u a tio n  1 may be changed in t o  a  form w hich e x p re s se s  th e  m o lar

e n tro p y  o f  v a p o r iz a t io n  o f  a  n o n p o la r l i q u id  as  a  fu n c tio n  o f  th e

m olar volume o f  th e  v ap o r in  e q u i l ib r iu m  w ith  th e  l iq u id  (V ^^p)• H ence,

120i t  i s  r e l a t e d  to  th e  f a m i l i a r  H ild eb ran d  R u le , w hich s t a t e s  t h a t  th e  

e n t ro p ie s  o f  v a p o r iz a t io n  o f  a l l  norm al l i q u id s  w i l l  be  ap p ro x im a te ly  

th e  same i f  th e  l i q u id s  a re  compared a t  e q u a l m o lar volum es o f  s a tu r a t e d  

v a p o r. Assuming th e  P^qq may be  r e l a t e d  to  V by th e  i d e a l  gas/,yo Vâp

e q u a tio n  and n e g le c t in g  th e  volume o f  th e  l i q u id  in  com parison w ith  t h a t

o f  th e  v a p o r , we may c o n v e rt e q u a tio n  1 in to

(AS^*P -  R j l ' l S  = 8 .52  + 13 .7 4  l ° g ^ o \ a p  (%)

w here i s  e x p re sse d  in  e n tro p y  u n i t s  p e r  m ole and V i s  in  l i t e r s / m o l e .
^vap

In  d e r iv in g  e q u a tio n  2 , th e  re a s o n a b le  assum ption  i s  made th a t  AE =

TAS^^^ -  RT. An im m ediate t e s t  o f  e q u a t io n  2 i s  p ro v id ed  by s u b s t i t u t i n g

in to  i t  by th e  v a lu e  V = 4 9 .5  1 /m o le , from w hich AS^^^ i s  c a lc u la te dvap

to  b e  22 .2  eu /m o le ; t h i s  r e s u l t  a g re e s  w e ll  w ith  th e  o b s e rv a tio n  by

121Hermsen and P ra u s n i tz  th a t  th e  e n tro p y  o f v a p o r iz a t io n  e q u a ls  2 2 .4  

t  0 .4  eu /m o le  f o r  some 20 n o n p o la r  l i q u id s  a t  V^^^ = 4 9 .5  1 /m o le . How­

e v e r ,  th e  s i g n i f i c a n t  r e s u l t  h e re  i s  th a t  to  th e  e x te n t  t h a t  b o th  

e q u a tio n  1 and th e  H ild eb ran d  R ules a p p ly ,  th e  n u m e ric a l c o n s ta n ts  in  

e q u a tio n  2 sh o u ld  n o t  depend upon te m p e ra tu re .  T h e re fo re , i t  sh o u ld  be 

p o s s ib le  to  p r e d ic t  V (and h ence  th e  v ap o r p re s s u re )  from  AS^^^ 

a lo n e , o r  a l t e r n a t i v e l y ,  from AE a t  th e  g iv en  te m p e ra tu re . In  many
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c a s e s ,  o f c o u rse , th e  en tro p y  and energy  o f v a p o r iz a t io n  w i l l  n o t be 

known a c c u ra te ly  a t  te m p e ra tu re s  o f  i n t e r e s t ;  th u s ,  th e  u t i l i t y  o f 

e q u a tio n  2 f o r  p r e d ic t in g  e q u i l ib r iu m  v apo r volum es and v ap o r p re s s u re s  

w i l l  be somewhat l im i te d .

Use o f  C lapeyron  e q u a tio n  to g e th e r  w ith  e q u a tio n  2 le a d s  to  a 

v ap o r p r e s s u re  e q u a tio n  w hich can be  a p p lie d  even when in fo rm a tio n  about 

th e  te m p e ra tu re  dependence o f  th e  energy  o r  e n tro p y  o f  v a p o r iz a t io n  i s  

la c k in g .  E quation  2 may be w r i t t e n

(AE° = 8 .52  + 13 .74  lo g j^ g ^ ap  "  8 .52  + 13 .74  log^^(R T /P °)

(3)

and d i f f e r e n t i a t e d  to  g iv e

o ^ ^ P _ 1 .1 5
d [(AE /T ) ] = 13 .74  d lo g ^ q (T /P °) (4)

But one form o f th e  C la u s iu s-C la p e y ro n  e q u a tio n  i s

vap „
2 .303 d lo g ^^P °/d T  = AE /RT + 1/T

o r
vap „

2 .303  d log^Q (T /P°) = -(AE° /RT^) dT (5)

w here i t  i s  a g a in  assumed t h a t  th e  v ap o r i s  id e a l  and t h a t  th e  l iq u id

volume i s  n e g l ig ib l e .  Combining e q u a tio n s  4 and 5 , we have

vap ,

   -(1 3 .7 4 /2 .3 0 3 R T ) dTvap 
(AE° /T)
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w hich upon in t e g r a t i o n ,  and w ith  s u b s t i t u t i o n  o f  n u m e ric a l c o n s ta n ts ,  

becomes

o^ap . c

(AE /T ) = -0 .9 0 2  log^qT + c o n s t .

o r
vap  ̂_ vap  ̂_

(AE° /T ) '^ >  = (AE° -  0 .9 0 2  log^Q (T /T^g^) (6)

oVap
E q u a tio n  6 p e rm its  c a l c u la t io n  o f  AE as a  f u n c t io n  o f  th e  a b s o lu te

o™P
te m p e ra tu re , T, g iv en  th e  v a lu e  o f  AE a t  a s in g le  r e f e r e n c e  tem p era­

t u r e .  U sing 25°C a s  th e  r e f e r e n c e  te m p e ra tu re ,  e q u a t io n s  6 and 3 may 

be combined to  g iv e

V 3 p  1 c 7 A7
[(AE°gg /2 9 8 .1 6 ) '^ ^  -  0 .9 0 2  l o g ^ o ( T /2 9 8 .1 6 ) ] ' '* '  = 8 .52  + 13 .74

log^Q (R T/P°) (7)

E q u a tio n  7 can  b e  u sed  to  p r e d ic t  v ap o r p r e s s u re s  o f  a  n o n p o la r  l i q u id
oVap

a t  v a r io u s  te m p e ra tu re s  , g iv e n  o n ly  AEggg . M oreover, s in c e  e q u a tio n
oVap ^

1 p ro v id e s  a  way to  c a l c u la te  AEggg from  1*298* e q u a t io n  7 can b e  u sed  

to  p r e d i c t  P° from  th e  m easured v ap o r p r e s s u r e  a t  a  s in g le  te m p e ra tu re .

APPLICATIONS AND OPTIMIZATION OF EMPIRICAL CONSTANTS

T ab le  9 in c lu d e s  e x p e r im e n ta l v a lu e s  o f  th e  v ap o r p r e s s u re  and

te m p e ra tu re  f o r  25 n o n p o la r  l i q u i d s ,  o b ta in e d  from  r e f e r e n c e s  128 and 130.
c a lc

Column 5 l i s t s  c a lc u la te d  v a lu e s  o f  v ap o r p r e s s u r e ,  P , o b ta in e d  u s in g
oVap

e q u a tio n  7, w ith  v a lu e s  o f  AEggg c a lc u la te d  u s in g  e q u a t io n  1 and e x p e r i ­

m en ta l v a lu e s  o f  Pggg. V alues in  p a re n th e s e s  in  Column 5 a r e  p e rc e n t
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d e v la t lo n s  o f c a lc u la te d  from  e x p e rim e n ta l p r e s s u r e s .  The r o o t  mean 

sq u a re  d e v ia t io n  o f th e  lo g a r i th m  o f th e  c a lc u la te d  p re s s u e s  i s  0 .0 4 4 9 , 

compared to  a d e v ia t io n  o f  0 .0412 in  th e  lo g a r i th m  o f  v apo r p re s s u re s  

f o r  th e  same l i q u id s  a t  25°C, c a lc u la te d  u s in g  e q u a t io n  1 .

A s l i g h t  im provem ent in  f i t t i n g  th e  v ap o r p re s s u re  d a ta  in  

T ab le  9 can be  a c h ie v e d  by t r e a t i n g  th e  n u m e ric a l c o n s ta n ts  in  e q u a t io n  

1 a s  v a r i a b le  p a ra m e te r s .  T hus, i f  e q u a tio n  1 i s  g e n e ra l iz e d  to

vap T _ c

^°®10^298 “ ^ " ^^^^298  ̂ (G)

e q u a tio n  2 becomes

(9)
298.16^"^^ b 2 9 8 .1 6 ^ ' ^ b

and 7 becomes

(1 .1 5 / .1 5 )Tvap .15 lo g .
[ (A E°  / 2 9 8 . 1 6 ) ' 1 S  _ -: ------------ 1 Q -A98.;.1 6 _  j

1 .15  R(298.16)-*—^^b

a -  log^Q<298.16 R) logj^^(RT/P°)

2 9 8 .1 6 ^ * ^ \  298 .16^'l^b

vap
S o lv in g  e q u a tio n  8 f o r  AEggg , and s u b s t i t u t i n g  in t o  e q u a tio n  10 g iv e s  

th e  r e s u l t

log^Q ?° = a  + log^Q (T /298 .16 ) -  [ ( a  -  log^Q P°gg) (* 1 5 /1 .1 5 )

lo g ._ (T /2 9 8 .1 6 )  ( 1 .1 5 / .1 5 )
-  ( .1 5 /1 .1 5 )   -----------] (11)

107298 .16
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TABLE 9

EXPERIMENTAL AND CALCULATED VALUES OF VAPOR PRESSURE 

AND TEMPERATURE FOR NONPOLAR LIQUIDS.

exp
Method t Method I I  

c a lc u la te d
Compound T( K)

^298 P^ ( t o r r )  P° t o r r ) t o r r )

benzene 353.26 760 711 .8 -6.3% ) 719.8 -5.3% )
95.135

299.24 100 99.9 - . 1%) 99 .9 - . 1%)

to lu e n e 383.78 760 721.6 -5.1% ) 731.2 -3.8% )
28.44

325.10 100 9 9 .1 -.9% ) 99 .4 - . 6%)

e th y l  benzene 409 .34 760 715.8 -5.8% ) 725.6 -4.5% )
9.50

347.27 100 98 .1 -1.9% ) 98 .5 -1.5% )

o -x y len e 417.57 760 713 .8 - 6 . 1%) 723.5 -4.8% )
6 .60

354.47 100 97.9 - 2 . 1%) 98 .3 -1.7% )

m -xylene 412.26 760 711.8 -6.4% ) 721.5 -5.1% )
8.29

349 .98 100 98 .0 - 2 . 0%) 9 8 .4 - 1 . 6%)

p -x y len e 411.51 760 721.3 -5.1% ) 731.2 -3.8% )
8.76

349.09 100 98 .8 - 1 . 2%) 99 .2 - . 8%)

p ro p y l 432.38 760 708.8 -6.7% ) 718 .1 5.5%)
benzene 3 .37

367.20 100 96 .6 -3.4% ) 96.9 -3.1% )

m e s ity le n e 437.85 760 716.6 -5.7% ) 726.0 -4.8% )
2.683

372.05 100 9 8 .3 -1.7% ) 9 8 .7 -1.3% )

s ty re n e 418.35 760 688.0 -9.5% ) 697 .1 -8.3% )
5 .983

355.53 100 94 .7 -5.3% ) 95 .1 -4.9% )

p en tan e 309.23 760 748.5 (-1.5% ) 751.0 - 1 . 2%)
512.50

260.66 100 104.4 (+4.4%) 103 .2 +3.2%)
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Table 9 - continued

Method I t Method I I

Compound T(°K)
e x p e r im e n ta l

?298

e x p e rim e n ta l

?298

c a lc u la te d  
P° ( t o r r )

c a lc u la te d  
P° ( t o r r )

iso p e n ta n e 301.01 760 757.6 -.3% ) 758.3 - . 22%)
688.0

253.00 100 103.0 +3.0%) 101.5 +1.5%)

n eo p en tan e 282.66 760 774.6 +1.9%) 770.0 +1.3%)
1286.0

236.85 100 104 .3 +4.3%) 101 .7 +1.7%)

hexane 341.90 760 727.0 -4.3% ) 734.1 -3.4% )
151.25

288.97 100 100.7 +.7%) 100.5 +.5%)

h ep tan e 371.58 760 709.6 - 6 . 6%) 718.6 -5.4% )
45.72

317.93 100 111.9 +11.9%) 112 .3 +12.3%)

o c tan e 398.82 760 688.4 -9.4% ) 697.6 - 8 . 2%)
14 .03

338.86 100 95.9 -4.1% ) 9 6 .3 -3.7% )

is o o c ta n e 372.39 760 765.7 +.75%) 775 .8 +2 . 1%)
49 .37

313.82 100 100.9 + .9%) 101 .1 +1 . 1%)

c y c lo p en ta n e 322.42 760 740.2 - 2 . 6%) 745.0 - 2 . 0%)
317.44

271.85 100 101 .8 +1 . 8%) 101 .1 +1 . 1%)

cyclohexane 353.89 760 739.2 -2.7% ) 747.7 - 1 . 6%)
97 .5 8

298.70 100 100.0 0%) 100.0 0%)

m e th y lc y c lo - 374.09 760 768.2 +1 . 1%) 778 .3 2.4%)
hexane 46 .33

315 .23 100 101.1 +1 . 1%) 101 .3 +1.3%)

me th y c y c lo ­ 345.00 760 740.0 - 2 . 6%) 747.5 - 1 . 6%)
p en tan e 137 .50

291.02 100 100.1 + .1%) 100 .0 0%)

1-h ex en e 336.64 760 732.3 -3.6% ) 739.0 - 2 . 8%)
186 .0

284.26 100 101.0 +1 . 0%) 100.6 + . 6%)

1-o c te n e 394.44 760 700.3 -7.9% ) 709.8 - 6 . 6%)
17 .38

334.78 100 97 .0 -3.0% ) 9 7 .4 - 2 . 6%)



-106-

TABLE 9 - continued

Compound
e x p e rim e n ta l 

T(°K) Pggg ( to r r )
e x p e r im e n ta l 

P jg g  ( t o r r )

t
Method I  
c a lc u la te d  
P° ( t o r r )

t
Method I I  
c a lc u la te d  

( t o r r )

propane 231 .08
7096.0

760 1064.3(+40% ) 1017.8(+34% )

193.52 100 170.1(+70.1% ) 157.1(+57.1% )

b u ta n e 272.66
1823.0

760 806.6(+6.1% ) 797.9(+5.0% )

228.98 100 114.7(+14.7% ) 11 1 . 1 (+1 1 . 1%)

c a r b o n te t r a -
c h lo r id e

349.70
115.25

760 7 41 .7 (-2 .4% ) 7 4 9 .8 (-1.3% )

295 .04 100 100.3(+ .3% ) 100.3(+ .3% )

RMSD in  log^_ c a lc
Pt ............................ .... .03815

^ In  Method I  th e  unm odified  c o n s ta n ts  a  = 4.889 
u sed  to  c a l c u la te  p ° .

and b = 1 .038
—4

X  10 w ere

^ In  Method I I  
em ployed.

th e  m o d ified  v a lu e s o f a = 4.940 and b = 1 .051  x -410 w ere
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w here R e q u a ls  1 .987  c a l  m ole ^ deg L e a s t sq u a re s  v a lu e s  o f  th e

c o n s ta n ts  a  and b w ere o b ta in e d  by m in im iz in g  th e  combined sum o f 

sq u a re s  o f  d e v ia t io n s  o f  c a lc u la te d  from  e x p e r im e n ta l v a lu e s  o f  logj^QP°, 

in c lu d in g  b o th  th e  p o in t s  r e p re s e n te d  in  T ab le  9 and th e  v ap o r p r e s s u re  

d a ta  a t  25°C. The c a l c u la te d  v a lu e s  o f  Pggg w ere o b ta in e d  from  e q u a tio n
o^ap 228

8 , u s in g  e x p e r im e n ta l AEggg v a lu e s  and chosen  v a lu e s  o f  th e  p a r a ­

m e te rs  a  and b ;  v ap o r p r e s s u re s  a t  o th e r  te m p e ra tu re s  ( e x h ib i te d  in  

T ab le  9) were c a lc u la te d  from  e q u a tio n  11 . The v ap o r p r e s s u re s  a t  

25°C w ere a s s ig n e d  s t a t i s t i c a l  w e ig h ts  o f  2 ( r e l a t i v e  to  v a lu e s  o f  

v ap o r p r e s s u re  a t  o th e r  te m p e ra tu re s )  in  g e n e ra t in g  th e  combined sum 

o f  sq u a re s  o f  r e s i d u a l s .  An a b s o lu te  minimum in  th e  sum o f  sq u a re s

o f  r e s id u a l s  was lo c a te d  by n o n lin e a r  l e a s t  sq u a re s  a n a ly s i s ;  th e  l e a s t

-4sq u a re s  v a lu e s  o f  th e  p a ra m e te rs  a re  a  = 4 .9 4 0  and b = 1 .051  x  10

The c a lc u la te d  v a p o r p r e s s u re  (and % d e v ia t io n )  v a lu e s  in  column 6 in

T ab le  9 w ere computed u s in g  th e s e  c o n s ta n t s .  The r o o t  mean sq u a re
^ c a l c .

d e v ia t io n  in  th e  lo g a r i th m  o f  th e  P v a lu e s  g iv en  in  T ab le  9

(o b ta in e d  w ith  th e  r e f in e d  c o n s ta n ts  a  and b) h a s  been  reduced  to

0.0382 (o r  8 . 8% in  P °) and th e  c o rre sp o n d in g  ro o t  mean sq u a re  d e v ia t io n  

in  th e  lo g  o f  th e  c a lc u la te d  v ap o r p r e s s u r e s  a t  25° i s  0 .0 4 4 4 , o n ly  

s l i g h t l y  g r e a t e r  th a n  t h a t  o b ta in e d  from  th e  unm o d ified  e q u a t io n  1 .

Some o f  th e  l a r g e s t  r e l a t i v e  e r r o r s  o ccu r f o r  system s l i k e  p ropane 

and b u ta n e ,  f o r  w hich th e  id e a l  gas ap p ro x im a tio n  i s  r e l a t i v e l y  p o o r. 

O m ittin g  th e s e  sy stem s from  th e  a n a ly s i s  does n o t  m a te r i a l ly  change th e  

l e a s t  sq u a re s  v a lu e s  o f  a  and b , a lth o u g h  i t  does d e c re a se  th e  ro o t  

mean sq u a re  d e v ia t io n s .  I t  may b e  w o rth w h ile  u l t im a te ly  to  ex ten d  

th e  p r e s e n t  tr e a tm e n t  by u s in g  f u g a c i ty  in  p la c e  o f  p r e s s u re  and
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c o r r e c t in g  f o r  th e  volume o f  th e  l i q u id  in  th e  therm odynam ic r e l a t i o n s  

a p p l ie d  to  v a p o r iz a t io n .  However, th e  e q u a tio n s  g iv en  h e re  a r e  s im p le  

in  form  and r e q u ir e  a  minimum o f  e x p e r im e n ta l in fo rm a tio n  in  t h e i r  

a p p l i c a t io n ;  i t  i s  d o u b tfu l  t h a t  th e  a n t i c ip a te d  im provem ent in  p r e d ic te d  

v ap o r p r e s s u re s  w i l l  b e  s u f f i c i e n t  to  w a rra n t in t ro d u c in g  c o r r e c t io n  

te rm s to  acco u n t f o r  v ap o r p h ase  n o n id e a l i ty  and th e  l i q u i d  volum e.

I t  sh o u ld  a l s o  b e  m entioned  th a t  th e  exponent i n  e q u a tio n s  1 ,

8 and r e l a t e d  e x p re s s io n s  may be v a r ie d  o v er a  c o n s id e ra b le  ran g e  

(1 .1 5  t  0 .1 0 ) w ith o u t s i g n i f i c a n t l y  m od ify in g  v a lu e s  o f  th e  p r e d ic te d  

v ap o r p r e s s u r e s .  The l e a s t  sq u a re s  c o n s ta n ts  a  and b a r e  o f  co u rse  

changed when a  d i f f e r e n t  exponent i s  u se d , b u t  th e  goodness o f  f i t  i s  

on ly  s l i g h t l y  w orsened .
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