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A b s tra c t

THE SIGNIFICANCE OF THE ENERGY-VOLUME RELATIONSHIP
E = -a/V m

IN THEORIES OF FLUIDS AND FLUID MIXTURES

A rlen e  G. P o l l i n  

A d v ise r: P ro fe s s o r  V o jtech  F r ie d

A th e o ry  o f  l iq u id  m ix tu re s  i s  d eveloped  which i s  a b le  to  

p r e d ic t  th e  ex cess  e n th a lp y  o f  b in a ry  l i q u i d  m ix tu re s  a c c u ra te ly  

from  v o lu m e tr ic  d a ta .  The t re a tm e n t i s  a  m o d if ic a tio n  o f  th e  

m ethodology developed  by F lo r y  and cow orkers, in  w hich th e  van 

d e r  W aals energy-volum e r e l a t i o n s h ip  i s  re p la c e d  by th e  more 

g e n e ra l  e x p re ss io n  E = - a /V m, The exponent m in  t h i s  e x p re ss io n  

i s  p o s tu la te d  to  be a  fu n dam en ta l p ro p e r ty  o f  each l i q u id  component 

and th e  v a lu e  o f  m f o r  a  b in a ry  l iq u id  m ix tu re  assumed to  be a  

volume f r a c t i o n  averaged  f u n c t io n  o f  th e  v a lu e s  f o r  th e  in d iv id u a l  

com ponents. The m ix tu re  i s  t r e a t e d  a s  composed o f  two pseudo­

com ponents whose p r o p e r t ie s  a r e  n o t q u i t e  th e  same a s  th o se  o f  th e  

pu re  components from  which th e y  a re  d e r iv e d .

The th e o ry  i s  s u c c e s s f u l ly  a p p lie d  to  f i f t y  b in a ry  m ix tu re s  

o f  sev en teen  n o n -p o la r  and w eakly  p o la r  l i q u id s  and to  te n  b in a ry  

m ix tu re s  o f  f o u r  p o la r  l i q u i d s .  The c a lc u la te d  e x c e ss  e n th a lp y  

i s  found to  be s e n s i t iv e  to  v a lu e s  o f  th e  ex cess  volume and to  p u re

iii



component v a lu e s  o f  th e  th e rm a l ex p ansion  and th e rm a l p re s s u re  

c o e f f i c i e n t s .  The co m p o sitio n  dependence o f  th e  ex cess  e n th a lp y  

p r e d ic t io n s  i s  used  in  a  s e m i-e m p ir ic a l p ro ced u re  to  c a lc u la te  

th e  ex cess  f r e e  energy .
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- 1 -

I. INTRODUCTION

The purpose of this thesis is to develop a theory of 
liquid mixtures which is able to predict accurately the excess 
enthalpy of binary solutions of nonelectrolytes. An attempt is 
made to extend these predictions to the excess free energy. The 
proposed theory stresses the importance of the exponent m in the 
liquid cohesive energy - volume relation in the behavior of 
fluids and fluid mixtures.

The thesis is divided into three major parts. The first 
part (Chapter II) surveys the methods by which liquid mixtures 
can be treated and presents the theoretical foundations for the 
current treatment. The theory is described and developed in the 
second part (Chapters III, IV and V), and is successfully applied 
in the last part (Chapters VI and VII) to fifty binary mixtures 
of non-polar and weakly polar liquids and ten binary mixtures 
containing polar liquids.
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H . THEORETICAL FOUNDATION'S '

I n t e r e s t  in  p r e d ic t in g  th e  p r o p e r t i e s  o f  l i q u id  m ix tu re s  

from  th e  p r o p e r t i e s  o f  t h e i r  c o n s t i tu e n ts  d a te s  from th e  tu r n  o f 

th e  c e n tu ry . Many o f  th e  th e o r ie s  and m ethods on which such  

p r e d ic t io n s  a re  based  r e l a t e  to  th e  van d e r  Waals e q u a tio n  o f  

s t a t e  ( l ) ,

( P + a /V s ) (  V -  b )  = RT (1)

to  th e  energy-volum e r e la t io n s h ip  a s s o c ia te d  w ith  it>

E = -  a/V (2)

and to  th e  assum ption  o f  ze ro  volume change on m ixing.

IE-1 { T reatm en t o f  van L a a r and Lorenz

The van d e r  W aals e q u a tio n  o f  s t a t e  can be a p p lie d  to  

g aseo u s and l iq u id  m ix tu res  (2 ) by c o n s id e r in g  th e  m ix tu re  a s  a  

s im p le  e q u iv a le n t  f l u i d  in  which th e  m ix tu re  c o n s ta n ts  a  and b 

a re  com position  d ependen t a v e rag e s  r e l a t e d  to  th e  pu re  component 

c o n s ta n ts  by

2 0 2 (3)a  = a 1x1 + 2Xlx2a12 + a2x2

and
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b GO

In  E q u a tio n  (3 ) , a^g  i s  a  m easure o f  th e  i n t e r a c t io n s  between

m o lecu les  1 and 2 in  th e  m ix tu re  (1 -2  i n t e r a c t i o n s ) ,  th e  

i n t e r a c t i o n s  between m olecu les o f  ty p e  1 ( l - l  i n t e r a c t i o n s ) ,

The in te r a c t io n s  betw een l ik e  m o le c u le s  in  th e  m ix tu re  a re  i d e n t i c a l  

w ith  s im i la r  i n t e r a c t io n s  in  th e  r e s p e c t iv e  p u re  l iq u id s .  I f  th e

Use o f  t h i s  com bina tion  r u le  i s  th e r e f o r e  e q u iv a le n t  to  

assum ing  th a t  th e  volume a c tu a l ly  occupied  by a  mole o f ty p e  1 

o r  ty p e  2 m o lecu les , b^ o r  bg, i s  th e  same in  th e  m ix ture  a s  in  

th e  p u re  components.

Based on th e  van d e r  W aals e q u a tio n  o f s t a t e  and th e  

m ix tu re  r u le s  g iv en  in  E q u a tio n s  (3 ) and (6 ) ,  van  L aar d eveloped  

( ^ i 5t&)  a- r e l a t i o n  f o r  th e  m olar e n th a lp y  o f  m ixing  o f  b in a ry

m ix tu re s  o f  unexpanded l i q u i d s ,

and ag th e  in t e r a c t io n s  o f m o lecu les  o f  type  2 (2 -2  i n t e r a c t io n s ) .

L o re n tz  com bination  r u l e  (3) i s  u sed  to  r e p r e s e n t  * 1 2 ’

(5 )

E q u a tio n  (^-) becomes

(6)

rM
(7)



Using the Berthelot (7) combination rule,

1/a  *“ f a s  k **•
12 ( a 1a2 ) /s  (8)

to  e s tim a te  th e  m agnitude o f th e  1-2  i n te r a c t io n  in  th e  m ix tu re , 

E q u a tio n  (? )  becomes

V 2 V 2 a 'AH = -------------------

Xl l3l  +  X2l32 L U1

Xk

2 .
(9 )

where x^ and x^ a re  th e  mole f r a c t i o n s  o f  components 1 and 2

r e s p e c t iv e ly .  A lthough E q u a tio n  (9 ) e x p re sse s  th e  e n th a lp y

o f m ixing in  te rm s o f  pure  component p r o p e r t i e s  o n ly , i t  p e rm its  

MAH to  he ze ro  i f  and o n ly  i f

S ince  acco rd in g  to  th e  van d e r  W aals e q u a tio n  o f  s t a t e ,  a /b 2 i s  

p r o p o r t io n a l  to  th e  c r i t i c a l  p re s s u re ,  o n ly  l iq u id s  t h a t  have 

th e  same c r i t i c a l  p re s s u re  sh o u ld  mix w ith  no change in  e n th a lp y . 

By re p la c in g  b^ and bg by th e  m olar volum es o f  components 1 and 2 , 

van L aa r and Lorenz (8 ) were a b le  to  p r e d ic t  ze ro  e n th a lp ie s  o f  

m ixing o f  l i q u id s  f o r  w hich th e  c r i t i c a l  p re s s u re s  are. .n o t th e  

same. Van L aa r i n s i s t e d  (9) t h a t  a l l  m ixing e f f e c t s  were due on ly
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t o  d i f f e r e n c e s  in  van  d e r  Waals fo r c e s .

31-2; S o lu b i l i ty  Theory

In  1931 > S c a tch a rd  (10) in tro d u c e d  th e  co n cep t o f  ex cess  

p r o p e r t ie s  f o r  th e  d i f f e r e n c e s  between th e  b e h a v io r  o f  r e a l  and 

id e a l  s o lu t io n s .  S in ce  id e a l  s o lu t io n s  a re  form ed w ith o u t volume 

o r  e n th a lp y  changes, th e  m olar ex cess  volum e, V®, and m olar ex cess  

e n th a lp y , H^, a re  r e s p e c t iv e ly  i d e n t i c a l  to  th e  m olar volume o f

m ixing and m olar e n th a lp y  o f m ix ing . The m olar ex ce ss  G ibbs f r e e

E Menergy , G , i s  th e  m o la r f r e e  energy  o f  m ix ing , AG , l e s s  th e

f r e e  energy  o f m ixing o f  an i d e a l  s o lu t io n ,

G® = AGM — (R T x ^ fn x ^  + RTxg-Knx^) ( l l )

In  a d d it io n  to  o r ig in a t in g  th e  te rm in o lo g y  used  to  

d e s c r ib e  l i q u id  m ix tu re s , S ca tch a rd  developed  (1 0 ,1 1 ,1 2 ,1 3 )  a  

sim ple and w idely  a p p l ie d  t h e o r e t i c a l  t r e a tm e n t,  c a l le d  s o lu ­

b i l i t y  p a ra m e te r th e o ry .  The t re a tm e n t in c o rp o ra te s  some o f 

H ild e b ra n d 's  id e a s  (14 ) on th e  im portance o f  th e  energ y  o f 

v a p o r iz a t io n  p e r  u n i t  volume, w hich H ildeb rand  c a l le d  th e  cohesive  

energy d e n s i ty .

S ca tch a rd  assumed th a t  th e  energy  o f  two m olecu les  in  a  

l iq u id  i s  a  fu n c tio n  o n ly  o f  t h e i r  r e l a t i v e  o r i e n ta t io n  and 

in te rm o le c u la r  d i s ta n c e ,  t h a t  th e  m o lecu les a r e  random ly d i s t r i ­

bu ted  in  th e  s o lu t io n ,  and t h a t  th e r e  i s  no volume change on 

m ixing. He ex p ressed  th e  m olar co h es iv e  en erg y , E^, o f  a  m ix tu re  

a s



The m olar co h es iv e  e n e r g ie s ,  and Eg, o f  th e  p u re  com ponents a re

E.'1 (13)

and

E,'2 (140

S ca tch a rd  assumed t h a t  th e  v ap o rs  o f  each component "behave 

id e a l ly  and equated  E^ and Eg w ith  th e  n e g a tiv e  o f  th e  r e s p e c t iv e  

p u re  component e n e rg ie s  o f  v a p o r iz a t io n ;  c ^  and Cgg a re  th e n  

th e  co h es iv e  energy  d e n s i t i e s .  E q u a tio n  (12) i s  s t r u c t u r a l l y  

analogous to  th e  van  L aar-L orenz  e q u a tio n ,

a lth o u g h  u n lik e  th e  c o n s ta n ts  in  E q u a tio n  (15)» th e  c o n s ta n ts  

in  E q u a tio n  (12) a re  n o t r e l a t e d  to  th e  van d e r  W aals e q u a tio n  

o f s t a t e .

(15)

The ex ce ss  energy , g iv en  "by
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th e n  becomes

E® -  (x i vi  + X2V2 ^ C11 + c22 “ 2g12^ ^1^2

where 0^ and ^  a re  id e a l  volume f r a c t i o n s ,

d* 1 1
= — — 7  <1 8 )

X1V1 x2 2

and

J  X2V2
X1V1 + X2V2

(19)

I f  th e  B e r th e lo t  g eo m etric  mean i s  in tro d u c e d  f o r  c^g,

E q u a tio n  (17) can be w r i t t e n  a s

EE = (X;LVi + x2V2 ) ( 6 x -  62 )2 0 ^ 2 I (20)

where 6 , th e  s o l u b i l i t y  p a ra m e te r , has been in tro d u c e d  f o r  

th e  sq u are  r o o t  o f  th e  co h es iv e  en erg y  d e n s i ty ,

/aevV /b
6 = P M  (21)

and AeT i s  th e  energy  o f  v a p o r iz a t io n  to  th e  id e a l  g as  s t a t e .  

L ike th e  van L a a r -L o re n z  m o d if ic a t io n  o f E q u a tio n  (9 ) i  E q u a tio n
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(20) p e rm its  o n ly  p o s i t iv e  o r  ae ro  v a lu e s  f o r  th e  ex ce ss  

e n e rg y .

H ildeb rand  and Wood (15) s im u lta n e o u s ly  and in d ep en ­

d e n t ly  o b ta in e d  E q u a tio n  (20) by assum ing sup erim p o sab le  m ix tu re  

and p u re  component p o t e n t i a l  f u n c t io n s  and in te g r a t in g  th e  i n t e r -  

m o le c u la r  p a i r  p o te n t i a l  e n e rg ie s  u s in g  a  s p h e r ic a l ly  sym m etrica l 

r a d i a l  d i s t r i b u t i o n  f u n c t io n .  T h e ir  d e r iv a t io n ,  c a l l e d  r e g u la r  

s o lu t io n  th e o ry , u t i l i z e s  H ild e b ra n d 's  (16) d e f i n i t i o n  o f  a  r e g u la r  

s o lu t io n —one in  which th e r e  i s  "no e n tro p y  change when a  sm all 

amount o f one o f  i t s  com ponents i s  t r a n s f e r r e d  from  an id e a l  s o lu ­

t io n  o f th e  same co m p o sitio n , th e  t o t a l  volume rem ain in g  unchanged ."

S ince  th e  ex ce ss  e n tro p y  o f a  r e g u la r  s o lu t io n  i s  zero  

hy d e f i n i t i o n ,  i t s  ex ce ss  e n th a lp y  and e x c e ss  f r e e  en erg y  a re  

e q u a l. T h is  e q u a l i ty  i s  r a r e ly  observed  e x p e r im e n ta lly  and 

th e  p r e d ic t io n s  o f  s o l u b i l i t y  and r e g u la r  s o lu t io n  th e o r i e s  u s u a l ly  

a g ree  more c lo s e ly  w ith  ex p e rim en ta l v a lu e s  o f  th e  e x c e ss  f r e e  

en erg y  th a n  w ith  e x p e r im e n ta l v a lu e s  o f  th e  ex ce ss  e n th a lp y . 

M ix tu res  c o n ta in in g  n o n -p o la r  components w hich a re  n e i t h e r  too  

a l ik e  n o r  to o  d i s s i m i l a r ,  so t h a t  5^- i s  n e i th e r  sm a ll n o r  

l a r g e ,  most c lo s e ly  conform to  s o l u b i l i t y  th e o ry  p r e d ic t io n s .

W hile th e  d i f f e r e n c e  between th e  e x c e ss  e n th a lp y  and 

ex ce ss  energy  b o th  m easured a t  c o n s ta n t volume o r  b o th  measured 

a t  c o n s ta n t  p re s s u re  i s  sm a ll, th e  d i f f e r e n c e  between one o f  

th e s e  fu n c t io n s  a t  c o n s ta n t  volume and th e  o th e r  a t  c o n s ta n t  

p re s s u re  i s  f r e q u e n t ly  a s  la r g e  a s  e i t h e r  o f  th e  f u n c t io n s  

th em se lv es . S ince  r e a l  l i q u id s  seldom  a c tu a l ly  mix w ith o u t



volume change a t  c o n s ta n t  p re s su re  ( V V  0 ) .  i t  i s  r e a l i s t i c  

to  compare th e  p r e d ic t io n s  o f  s o l u b i l i t y  th e o ry  w ith  therm o­

dynam ic p r o p e r t i e s  c o n s tra in e d  to  c o n s ta n t  volum e. F o r  s u i t a b ly  

m atched com ponents, s o l u b i l i t y  th eo ry  h a s  been  found (1 ? ) to  p re d ic t  

th e  q u a l i t a t i v e  co m p o sitio n  dependence o f  th e  excess en erg y  

a t  c o n s ta n t  volume, eF , c o r r e c t ly  lo c a t in g  th e  maximum v a lu e  o f 

n e a r  h ig h  c o n c e n tra t io n s  o f  th e  l i g h t e r  com ponent.

In  s p i te  o f  i t s  l im i t a t i o n s ,  th e  g e n e r a l  s im p l ic i ty  

and s t r a ig h tfo rw a rd  a p p l ic a t io n  o f th e  s o l u b i l i t y  p a ra m e te r  concept 

have su p p o rted  s u s ta in e d  i n t e r e s t  in  i t .  R e c e n tly , s e v e r a l  

r e s e a rc h e r s  have re -exam ined  ways o f e v a lu a t in g  s o l u b i l i t y  p a ra ­

m e te rs . Konstam and F e a i r h e l l e r  (18) in v e s t ig a te d  th e  r e l a t io n s h ip  

betw een 6 and ch em ica l s t r u c tu r e ,  F ed o rs  (1 9 ,2 0 ) p roposed  a  

group method, and B a rto n , H olland  and McCormick (21) a  s e l f -  

c o n s i s t e n t  method to  e v a lu a te  6 . B agley e t  a l . (22) su g g e s te d  a  way 

to  in c lu d e  in  6 th e  e f f e c t  o f  changes in  th e  e f f e c t iv e  num ber o f 

e x te r n a l  d e g re e s  o f  freedom  accompanying in c re a s e d  r o t a t i o n a l  

h in d ra n c e  in  th e  l i q u id  s t a t e ,  W heeler and Sm ith (23) 

d e r iv e d  th e  S ca tch a rd  -  H ild eb ran d  e q u a tio n  by c o n s id e r in g  

p r o b a b i l i ty  w e ig h tin g  f u n c t io n s  f o r  c l u s t e r s  o f  m o lecu la r p a i r s  

i n  th e  l i q u id .  Thomsen (24) h as  shown t h a t  d e v ia t io n s  from  th e  

g eo m etric  mean r u le  change th e  ex cess  p ro p e r ty  p r e d ic t io n s  o f  

s o l u b i l i t y  th e o ry  by 170 jo u le s /m o le . Many tre a tm e n ts  (2 4 ,2 5 ,2 6 , 

2 7 ,2 8 ) ,  th e r e f o r e ,  have c o n ce n tra te d  on ways by which th e  r e s t r i c t i o n  

to  th e  g eom etric  mean r u l e  can be re la x e d . Some have a l s o  inc luded  

c o r r e c t io n s  f o r  n o n -ze ro  ex cess  volum es. Reed (2?) p ro p o sed  use
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o f  p a r t i a l  m o la r volumes and a  new approx im ate  com bination  

r u l e ,  and Thomsen (2 4 ,2 5 ,2 6 ) p roposed  In c o rp o ra t in g  ex p e rim en ta l 

v a lu e s  o f th e  e x c e ss  volume I n to  th e  e x p re ss io n  f o r  th e  ex ce ss  

e n th a lp y  th ro u g h  use  o f  volume f r a c t io n s  d e f in e d  by

x .V .i  i

x.V . + x  .V. + V̂* 
i i  J J

(22)

U sing  a  c o r r e l a t i v e  method based  on th e  a n a ly s i s  o f  gaseous 

m ix tu re s  to  o b ta in  geom etric  mean r u le  c o r r e c t io n s ,  Thomsen 

was a b le  to  p r e d i c t  ex cess  e n th a lp ie s  which a g re e  w e ll w ith  

experim en t f o r  m ix tu res  which do n o t  c o n ta in  a ro m a tic  m o lecu les . 

H -3 t S t a t i s t i c a l  M echanical B a s is  f o r  L iq u id  M ixture T h e o rie s  

S t a t i s t i c a l  m echanical m odels o f  th e  l i q u id  s t a t e  and 

o f  l iq u id  m ix tu re s  were f i r s t  in tro d u c e d  in  th e  mid 1930 ' s .

These models a r e  based on th e  c a n o n ic a l p a r t i t i o n  fu n c t io n ,  Z,

2 = 2  ex p (-E  /k T )  (23)
r

and on the relationship of the partition function to macro­
scopic thermodynamic properties,

A = -  k  T J6n Z (24)

and
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(25)

I f  th e  en erg y  o f  each quantum s t a t e  can he ex p ressed  a s  th e  

sum o f  c o n tr ib u t io n s  due to  d i f f e r e n t  d e g re e s  o f  freedom , 

th e  p a r t i t i o n  fu n c tio n  may he f a c to r e d  in to  th e  p ro d u c t o f  

s e v e ra l  te rm s . F o r d is c u s s io n s  o f  th e  thermodynamic p r o p e r t i e s  

o f  m ix tu re s , i t  i s  u s u a l ly  s u f f i c i e n t  to  s e p a ra te  Z in to  th e  

p ro d u c t o f  two te rm s,

Zi n t ' Zt r a n s  ^

Zint rePresen’ks contributions from rotations and vibrations;
Z, represents contributions due to the relative positions trans ^
o f  th e  m o lecu les  and th e  r e l a t i v e  m otion o f  t h e i r  c e n te r s  o f  

m ass. E q u a tio n  (26) i s  u s u a l ly  v a l id  f o r  s p h e r ic a l ,  non­

p o la r  m o lecu le s ; i t  i s  in a p p l ic a b le  to  p o la r  m o lecu les and to  

m o lecu les  w ith  s tro n g  o r i e n t a t i o n a l  f o r c e s ,  s in c e  th e  r o t a t i o n  

o f  a  d ip o le  i s  in f lu e n c e d  by th e  p o s i t io n  o f  i t s  n e ig h b o rs .

If the translational partition function can be expressed 
in the classical approximation as

^trans = S ‘' • ■ -d^ (2?)

and the Hamiltonian for the motion of the molecules written 
as
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(28)

+ V i
where p^ i s  th e  momentum o f  th e  i  m olecu le , N i s  th e  number

o f  m o lecu les and U (r)  i s  th e  p o t e n t i a l  energy  o f  th e  system , th en

Z, i s  r e s o lv e d  In to  two te rm s . The f i r s t  term  i s  due to  t r a n s
th e  k in e t i c  en erg y  o f  th e  m o lecu les ; th e  second i s  due to  

t h e i r  m utual p o t e n t i a l  e n e rg y . The k in e t i c  energy  term  i s

i s  c a l le d  th e  c o n f ig u a t io n a l  p a r t i t i o n  fu n c tio n . S in ce  v i r t u a l l y

p a r t i t i o n  fu n c t io n  i s  in v a r ie n t  on m ix ing , th e  ta s k  o f  l iq u id  

m ix tu re  t h e o r i s t s  in v o lv e s  f in d in g  a  re a so n ab le  ap p ro x im atio n  f o r  th e  

c o n f ig u r a t io n a l ' energy  o f  th e  m o lecu les  and a  l e s s  complex form  

f o r  th e  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c t io n .

I l - k i  L a t t i c e  T h e o rie s

g u r a t io n a l  p a r t i t i o n  fu n c tio n  c o n s is t s  o f  th e  l a t t i c e  th e o r ie s .  

The most com plete o f  th e s e  were in tro d u c e d  and ex tended  by 

Guggenheim (29 ,30)*  In  th e  s im ple  l a t t i c e  th e o ry  m odel,

]
[(2TfmkT) and i s  u s u a l ly  in c o rp o ra te d  in to  th e  i n t e r n a l

p a r t i t i o n  f u n c t io n .  The term  due to  th e  c o n f ig u ra t io n a l

p o te n t i a l  en erg y  o f th e  m o lecu les ,

Q exp(-U /kT ) d r ^ - 'd r j j (29)

a l l  t h e o r ie s  o f  l iq u id  m ix tu re s  assume t h a t  th e  i n t e r n a l

The f i r s t  group o f  th e o r ie s  which r e l i e s  on th e  c o n f i-
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m o le c u la r  m otion  in  th e  l i q u id  i s  re g a rd ed  a s  o s c i l l a t i o n s  

o f  th e  m o lecu les  ab o u t e q u il ib r iu m  p o s i t io n s  on a  r e g u la r  

a r r a y .  The p a r t i t i o n  fu n c t io n  i s  d iv id e d  in to  i n t e r n a l  and 

t r a n s l a t i o n a l  te rm s; th e  i n t e r n a l  p a r t  i s  assumed in d ep en d en t 

o f  volum e. The c o n f ig u r a t io n a l  p a r t  o f  th e  t r a n s l a t i o n a l  term  

i s  in  tu r n  su b d iv id e d  in to  two in d ep en d en t f a c t o r s ,

«  =  W S r i *  (3 0 )

C^latt c o rre sp o n d s  to  c o n t r ib u t io n s  due to  th e  r e s t  en erg y  o f  

th e  m o lecu les  in  t h e i r  e q u il ib r iu m  p o s i t io n s  and co rre sp o n d s

to  c o n tr ib u t io n s  due to  o s c i l l a t i o n s  o f  th e  m o lecu les  abou t 

th e s e  e q u il ib r iu m  p o s i t io n s .  ^  depends on th e  co m position  

o f  th e  system  w h ile  i s  in d ep en d en t o f co m p o sitio n . The

l a t t i c e  i s  r i g i d ,  und erg o es  no volume change on m ix ing , and h a s  

a  n e g l ig ib le  c o e f f i c i e n t  o f  th e rm a l ex p an sio n . Each m olecu le  

o ccu p ie s  one l a t t i c e  p o s i t io n .  Guggenheim c a l le d  m ix tu re s  

which can be d e sc r ib e d  by th e se  ap p ro x im a tio n s  s t r i c t l y  r e g u la r .

I f  a  m ix tu re  c o n s i s t s  o f  m o lecu les o f  1 and Ng 

m olecu les  o f  2 , each m o lecu le  w ith  z n e a r e s t  n e ig h b o rs , a l l  

s i tu a te d  on l a t t i c e  s i t e s ,  th e  t o t a l  numbers o f  1 -1 , 1-2  and 

2 -2  c lo s e s t  p a i r s  a r e  r e l a t e d  by

zN1 = 2NU + N12 (31)

and
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2 = 2N,22 + N12 (32)

The energy  o f  th e  l a t t i c e  can be w r i t t e n ,

El a t t  ~ Nl l ^ l l  + ^12^12 + N22^22 (33)

where |ij^ ?  ^22 ^XZ a re  ^n‘t era 'c't'^ori e n e rg ie s  o f  n e a r e s t  

n e ig h b o r 1 -1 , 2 -2  and. 1-2 p a i r s  r e s p e c t iv e ly ,  and a r e  a  fu n c t io n  

o n ly  o f  th e  d is ta n c e  between th e  i j  p a i r .  By com bining E q u a tio n s  

( 3 l ) i  (32) and (3 3 )i th e  e x p re ss io n  f o r  th e  l a t t i c e  en ergy  becomes

S ince  th e  in te rm o le c u la r  d is ta n c e  in  th e  p u re  and mixed 

l i q u id s  i s  assumed to  be i d e n t i c a l ,  and s in c e  [i,. . i s  a  f u n c t i  

o n ly  o f  t h i s  d is ta n c e ,  th e  f i r s t  and second te rm s in  E q u a tio n  

(3*0 a re  th e  l a t t i c e  e n e rg ie s  o f  pu re  components 1 and 2 . I f  

w i s  d e f in e d  a s  th e  l a t t i c e  en erg y  ga ined  on c r e a t io n  o f  a  

1 -2  p a i r ,

E.l a t t
.1
2

w ^12 " ^ 1 1  + ^22 ̂ (35)

th e n  E q u a tio n  (26) becomes

E.l a t t (36)
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The l a t t i c e  p a r t i t i o n  fu n c t io n  f o r  th e  m ix tu re  can conse­

q u e n t ly  he w r i t t e n  as

“latt “ „2 e C W t a )  exp[-(Eu  + E22 + Nlzw)/kT] (37) 
12

o r

Q la t t  = ex p C -C ^ ! + E22 2 g tN ^ N g .N ^ )  exp(-N 12w/kT) (38)
W12

where th e  com binatory  p a r t  o f  th e  p a r t i t i o n  f u n c t io n ,  g(N^,N2 ,N^2 ) ,

i s  th e  number o f  com b in a tio n s  o f  m o lecu les  r e s u l t i n g  in

^12 Pa i r s * A m ajo r d i f f i c u l t y  in  t h i s  and o th e r  t re a tm e n ts

i s  th e  e x p l i c i t  e v a lu a tio n  o f s(N^,N2 ,N^2 ) .

A pply ing  th e  s t a t i s t i c a l  m echan ica l r e l a t i o n  between

th e  p a r t i t i o n  fu n c tio n  and th e  H elm holtz  f r e e  en erg y  to  th e

m ix tu re  and to  each p u re  component, th e  H elm holtz f r e e  energy  
Mo f  m ixing , A A , i s ,

4AM -  - k T i n [  S g(M1 ,H2 ,N12) exp (-N ^ tr/k T )] (39)

N12

I f  th e  exchange en erg y , w, i s  z e ro , th e  e x p o n e n tia l  term  i s  

u n i ty ,  and th e  c o m b in a to r ia l term  sum red u ces  to  th e  c l a s s i c a l  

p e rm u ta tio n  e x p re s s io n ,



The f r e e  energy  o f m ixing  i s  th e n  eq u a l to  t h a t  o f  an i d e a l  

s o lu t io n ,

.,M t _  . N!AA - -kT Zn
W

and th e  e x c e ss  f r e e  e n e rg y  i s  z e ro . I f  th e  somewhat c o n t r a ­

d ic to r y  app rox im ation  t h a t  random m ixing o c c u rs  in  s p i t e  o f  a  

n o n -ze ro  in te rc h an g e  e n e rg y  i s  made (G uggenheim 's z e ro th  

a p p ro x im a tio n ) , th e  sum i n  E q u a tio n  (39) i s  re p la ce d  "by a  

s in g le  te rm , so t h a t ,

M N! *
4A = - k T 'en + ni 2 w

*
where i s  th e  number o f  1-2  p a i r s  form ed in  random m ix in g . 

-*
^12 can ev a l ua’̂ ed- l 'rom p r o b a b i l i ty  th e o ry  in  term s o f  th e  

numbers o f  m olecu les o f  com ponents 1 and 2 ,

*  g » iK2
N1Z

Wl  + N2

so t h a t  th e  m olar ex ce ss  e n th a lp y  i s

ZWX̂ Xg



F o r  n on -zero  v a lu e s  o f  w, some amount o f  p r e f e r e n t i a l  

o rd e r in g  m ust o ccu r in  th e  m o lecu la r d i s t r i b u t i o n . F o w ler 

and Guggenheim (31 i32) a tte m p ted  to  ta k e  t h i s  o rd e r in g  in to  

acco u n t by f i r s t  c o n s id e r in g  th e  v a lu e  o f  gfN^jNgtN^g) f o r  

n o n - in te r a c t in g  p a i r s  and th e n  in tro d u c in g  a  c o r r e c t io n  f a c t o r  

to  reduce  th e  h ig h  v a lu e  f o r  g ( N ^ caus e^ ^  th e  assum ption  

o f  n o n - in te r a c t io n .  They e v a lu a te d  t h i s  c o r r e c t io n  f a c t o r  

by a  n o rm a liz a tio n  p ro c e s s  in v o lv in g  th e  random d i s t r i b u t i o n .

The r e l a t i o n s h ip  th e y  d e r iv e d  i s  o f  th e  same form  a s  t h a t  

o b ta in e d  i f  one im agines a  sim ple  chem ical e q u ilib r iu m  among 

th e  ty p e s  o f p a i r s  p r e s e n t ,

1-1 + 2 -2  2 (1 -2 )  (^5) 

h av in g  an e q u il ib r iu m  c o n s ta n t  e x p re s s io n ,

N12

N11N22
= ^  exp ( - 2w/kT) (W )

The exchange energy  r e p la c e s  th e  f r e e  en erg y  change u sed  

in  th e  e q u il ib r iu m  e x p re s s io n  f o r  an a c tu a l  r e a c t io n ;  from  

th e  s i m i l a r i t y ,  however, th e  method i s  c a l l e d  th e  q u a s i-c h e m ic a l 

ap p ro x im a tio n . The q u a s i-c h e m ic a l t re a tm e n t o u t l in e d  above 

te n d s  to  g iv e  to o  few  c o n f ig u ra t io n s  f o r  o rd e re d  m ix tu re s .

An a l t e r n a t e  method, w hich y ie ld s  c lo s e r  agreem ent w ith  e x a c t
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t r e a tm e n ts  o f  two d im e n s io n a l l a t t i c e s  (33) was developed  

■fay P r ig o g in e , S a ro le a  and Van Hove (3 4 ) . O th e r t r e a tm e n ts  o f  

th e  o r d e r - d i s o r d e r  problem  f o r  q u a s i - l a t t i c e s  have been 

d ev elo p ed  try Rushbrooke (35) and by Kirkwood (3 6 ) .

A number o f  in v e s t ig a to r s  (37*38,39*40,4:1. ,4 2 ) have 

ex tended  th e  l a t t i c e  method to  c h a in  m o lecu les , c a l l e d  r-m e rs , 

by assum ing t h a t  a  m olecu le  c o n ta in in g  r  segm ents o ccu p ie s  

r  l a t t i c e  s i t e s .  Chang (37) in v e s t ig a te d  th e  c o n f ig u r a t io n a l  

f r e e  en erg y  in  m ix tu re s  o f  monomers ( r = l )  and d im e rs  ( r  = 2 ) 

and M il le r  (4 0 ,4 l )  in v e s t ig a te d  th e  c o n f ig u r a t io n a l  f r e e  energy  

f i r s t  in  m ix tu res  o f  monomers and t r im e r s  and th e n  in  m ix tu res  

o f  monomers and open r-m ers .

The f r a c t i o n  o f l a t t i c e  s i t e s  occupied  by r -m e rs , 0 ^ , 

g iv e n  by

U, + rN 1 r

where H i s  th e  num ber o f  r-m ers  in  th e  mixed l a t t i c e ,  i s  r

f r e q u e n t ly  used  in s te a d  o f mole f r a c t i o n s  in  t h e o r e t i c a l  

t re a tm e n ts  o f  c h a in  m o lecu les . Even w ith  s im p le  a lk a n e s , how­

e v e r ,  th e  cho ice  o f  e lem en ts  to  u se  a s  l a t t i c e  p o in t s  i s  

am biguous. Van d e r  W aals and Hermans (43) have su g g es ted  

c h o o sin g  a  m ix tu re  o f  CH  ̂ and CHg-CHg e lem en ts  w h ile  Tompa (44) 

h as  su g g ested  u s in g  a  m ix tu re  o f  CH^-CHg and CHg-CHg e lem en ts . 

R-mers may be t r e a te d  by a n a lo g ie s  o f  th e  z e ro th

(4?)



and f i r s t  o rd e r  ap p ro x im atio n s  d is c u s s e d  f o r  monomers. Guggen­

heim (45) found t h a t  th e  f i r s t  o rd e r  e x p re s s io n s  reduce  to  the  

z e ro th  o rd e r  e x p re s s io n s  "both when o n ly  th e  le a d in g  term s a re  

r e ta in e d  in  an a p p ro p r ia te  T ay lo r s e r i e s  ex p ansion  and when th e  

l a t t i c e  c o o rd in a tio n  number app ro ach es  i n f i n i t y .

In  194-2, Huggins (39) d e r iv e d  an e x p re ss io n  f o r  th e  

f r e e  energy  o f  m ixing o f  polym ers which c o n ta in s  a  complex 

c o r r e c t io n  f a c t o r  f o r  th e  p o s s ib le  b a c k -c o i l in g  o f  th e  r-m ers  

on th e m se lv e s . I f  t h i s  c o r r e c t io n  i s  n e g le c te d  and th e  c o o rd i­

n a t io n  number o f  th e  l a t t i c e  app ro ach es  i n f i n i t y ,  th e  en tro p y  

p a r t  o f  t h i s  e x p re s s io n  red u ces  to  an e x p re s s io n  in d ep en d en tly  

d e r iv e d  by F lo ry  (38) f o r  th e  m o lar e n tro p y  o f  m ixing  o f  polym ers,

= -  R (x ^ X n ^  + X gX n^g) (4-8)

where and JZfg a re  th e  r^-mer f r a c t i o n s  d e f in e d  by E q u a tio n  (4 ? ), 

The F lo ry -H u g g in s  e x p re s s io n , E q u a tio n  (4 8 ), i s  s a id  (46) to  

g iv e  an u p p e r l im i t  and th e  id e a l  e x p re s s io n  a  lo w er l i m i t  

f o r  th e  c o m b in a to r ia l e n tro p y . In a  re c e n t  tre a tm e n t o f  th e  

c o m b in a to r ia l e n tro p y  problem , H uggins (47) used  a  s tep w ise  

p ro ced u re  to  o b ta in  e x p re s s io n s  f o r  th e  c o m b in a to r ia l en tro p y  

o f  m ix ing . He f i r s t  d e r iv e d  a  r e l a t i o n  f o r  th e  c o m b in a to ria l 

e n tro p y  o f  r i g i d ,  random ly d i s t r i b u t e d  m o lecu le s , and th en  

in tro d u ce d  su c c e ss iv e  a d d i t iv e  te rm s  to  acco u n t f o r  m o lecu lar
r

flexibility and preferential ordering. Evaluation of the 
latter two contributions involves four parameters obtained from
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e x c e ss  e n th a lp y  and ex ce ss  volume d a ta .  L ic h te n th a le r ,  Abrams 

and P r a u s n i tz  (48) d e r iv e d  a  form  f o r  th e  c o m b in a to r ia l  e n tro p y  

in te rm e d ia te  betw een th e  id e a l  and th e  p o ly m eric , a p p l ic a b le  

to  m ix tu re s  in  which th e  m o lecu les  have s i g n i f i c a n t  d i f f e r e n c e s  

in  s iz e  and sh ap e . T h e ir  e x p re s s io n  c o n ta in s  th e  F lo ry -H ugg ins 

e x p re s s io n  a s  th e  le a d in g  term  and in c lu d e s  a  c o r r e c t io n  f o r  

m o le c u la r  b u lk in e s s  w hich i s  e v a lu a te d  from  bond le n g th  and 

bond a n g le  d a ta .  Donohue and P r a u s n i tz  (49) have proposed  

a  d i f f e r e n t  m o d if ic a t io n  o f th e  F lo ry -H u g g in s  l a t t i c e  tre a tm e n t,  

which a ls o  r e q u ir e s  bond le n g th  and bond a n g le  d a ta  to  e v a lu a te  

th e  n e c e s sa ry  p a ra m e te rs  and y i e ld s  in te rm e d ia te  r e s u l t s .

R efinem ents o f  ex cess  e n th a lp y  c a lc u la t io n s  from  th e  

b a s ic  l a t t i c e  th e o ry  have a lso  been num erous. Guggenheim (50 ) 

h a s  su g g es te d  u s in g  th e  q u a s i-c h e m ic a l e q u il ib r iu m  e x p re s s io n  

to  d e f in e  th e  exchange en erg y , so t h a t  w th e n  becomes a  fu n c t io n  

o f  te m p e ra tu re , a s  w e ll a s  a  f u n c t io n  o f th e  number o f  1- 1 , 1-2 

and 2 -2  p a i r s .  Guggenheim and McGlashan (51) in c lu d ed  c o n s i­

d e r a t io n  o f  n e x t n e a r e s t  n e ig h b o rs  in  a  q u a s i-c h e m ic a l tre a tm e n t,  

co n c lu d in g  t h a t  th e  e f f e c t  on m easurab le  p h y s ic a l  q u a n t i t i e s  

i s  n e g l ig ib le .  Much e a r l i e r  L en n ard -Jo n es  and In g le s  (52) found  

t h a t  a l l  n o n -n e a re s t  i n t e r a c t io n s  c o n tr ib u te  no more th an  2 Cffo 

to  th e  t o t a l  a t t r a c t i v e  p o t e n t i a l  energ y  in  l i q u i d s .  F u r th e r  

m o d if ic a t io n s  o f  l a t t i c e  th e o ry  were su g g es ted  by M atsen and

W atsen ( 5 3 ) i M atsen and Walkey (54) and F ra n k e l (55 )•

H -5 ; Conform al S o lu t io n  Theory

The m ost g e n e ra l  c r i t i c i s m  o f l a t t i c e  th e o r ie s  i s  t h a t
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th e y  a re  based  on an u n r e a l i s t i c  p i c tu r e  o f  lo n g  range  o rd e r  

in  th e  l i q u id  s t a t e .  In  1951» L onguet-H igg ins (56) p u b lish e d  

a  th e o ry  o f  s o lu t io n s  n o t  a s s o c ia te d  w ith  any p a r t i c u l a r  model.

The tre a tm e n t i s  c a l le d  confo rm al s o lu t io n  th e o ry  and i s  a  

p e r tu r b a t io n  approach  b a se d  on th e  theorem  o f  c o rre sp o n d in g  

s t a t e s  (57)• The b a s ic  assu m p tio n s  o f  conform al s o lu t io n  th e o ry  

a re  s im i la r  to  th o se  o f  co rre sp o n d in g  s t a t e s  th e o ry . The 

i n t e r n a l  e n e rg ie s  o f  th e  m o lecu les  a r e  assumed in d ep en d en t o f  

env iro n m en t, so t h a t  th e  i n t e r n a l  p a r t i t i o n  f u n c t io n  can be 

f a c to r e d  o u t o f  th e  t o t a l  p a r t i t i o n  fu n c t io n j  th e  t r a n s l a ­

t i o n a l  p a r t i t i o n  fu n c t io n  i s  e x p re sse d  in  i t s  c l a s s i c a l  form .

The t o t a l  in te rm o le c u la r  en erg y , U, i s  approx im ated  a s  th e  

sum o f  a l l  p o s s ib le  p a irw is e  i n t e r a c t i o n s ,  each  a  fu n c t io n  o n ly  

o f  d is ta n c e ,

U = 2  u . . ( r )  (49)
i < j  1J

where r  i s  th e  d is ta n c e  betw een m o lecu le s  i  and j  in  a  g iven  

c o n f ig u ra t io n .  R igo rous a p p l ic a t io n  o f  th e  a ssu m p tio n s  l i m i t  

th e  tre a tm e n t to  m ix tu re s  o f  s p h e r ic a l ,  n o n -p o la r  m o lecu les  

f o r  which quantum e f f e c t s  a re  u n im p o rtan t.

The m utual p o t e n t i a l  energy  o f  two m o lecu les  i  and j  

s e p a ra te d  by a  d is ta n c e  r  i s  g iv en  in  conform al th e o ry  by

(50)
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In  E quation  (5 0 ) , u00(r ) i s  th e  m utual p o te n t ia l ,  en e rg y  o f

two m olecu les o f  a  re fe re n c e  s p e c ie s  s e p a ra te d  by d is ta n c e  r ;

f . . and g . . a r e  c o n s ta n ts  d ep en d en t on th e  n a tu re  o f  m o lecu les

i  and j  and a re  r e la te d  to  th e  en erg y  and d is ta n c e  p a ra m e te rs ,

u and <r , o f  th e  r e f e re n c e  s p e c ie s  by oo o o ’

f . - <51)

and

Si j
a .  . / a  i j  ' oo (52)

E quation  (50) i s  c lo s e ly  r e l a t e d  to  th e  co rre sp o n d in g  s t a t e s  

e x p re ss io n ,

€ ( r )  = € * ^ ( r / r * )  (53)

where $  i s  u n iv e r s a l  f u n c t io n  used  in  co n d u ctio n  w ith  c h a ra c -
* *

t e r i s t i c  re d u c in g  p a ra m e te rs , € and r  , f o r  en erg y  and d is ta n c e  

r e s p e c t iv e ly .  The r e fe re n c e  s p e c ie s  in  conform al th e o ry  m ust 

be chosen su ch  th a t  f . .  and g . . a re  c lo s e  to  u n i ty ,  so t h a t  

( f - l )  and ( g - l )  w i l l  be s m a ll. T h is  req u ire m e n t l i m i t s  th e  

tre a tm e n t t o  m ix tu res  o f  v e ry  s im i l a r  m o lecu les , f o r  which one 

o f  th e  pure  components can se rv e  a s  th e  r e f e re n c e .  The th e o ry  

h a s  been m o d ified  f o r  a p p l i c a t io n  to  m ix tu re s  o f l e s s  s im i la r  

m o lecu les (58 ) t y  u s in g  co m p o sitio n  d ependen t r e f e r e n c e s ,  such
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th a t  u  — > -u .. and cr — >-cr.. when x . — ► 1 , and ii — >■ u . .oo 11 oo 11 1 oo JJ
and ct — ► a  . .  when x  . — ► 1.

oo JJ  3
The c o n f ig u ra t io n a l  p a r t i t i o n  f u n c t io n s ,  Q and Qq , o f 

a  l iq u id  and re fe re n c e  l i q u i d  a re  r e l a t e d  (57) by th e  e x p re s s io n ,

Q(T,V) = g_3NQQ( T / f ,  ^ V )  (5*0

The r e l a t i o n s h i p  "between th e  H elm holtz f r e e  e n e rg ie s  o f  th e

two l i q u i d s ,  o b ta in ed  by a p p ly in g  E q u a tio n  (24) to  E q u a tio n  (5 4 ),

i s

A(T,V) = A0 ( T / f ,  g3V) + E T ^ n g  (55)

A(T,V) can  be expanded in  a  T ay lo r s e r i e s  in  powers o f  ( f - l )  

and ( g - l )  t o  g iv e , a f t e r  a p p ro p r ia te  s u b s t i t u t i o n ,

A(T,V) -  Aq (T,V) = Eo ( f - l )  + 3(RT -  PQV ) ( g - l )  (56)

The c o rre sp o n d in g  e x p re s s io n  f o r  a  m ix tu re  o f  m o lecu les  i  and j  

i s

A(T,V) -  A0 (T,V) = S x ^ ^ f f ^ - l )  + 3(ET -  P0V )(g i d - l ) ]  (57)
i i  J

The e x c e s s  G ibbs f r e e  e n e rg y , o b ta in e d  by ap p ly in g  E q u a tio n s  

(57) and (5 6 ) to  th e  m ix tu re  and pure components and r e l a t i n g
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■r
th e  H elm holtz  and G ibbs f r e e  e n e rg ie s  i s  th e n ,

(58)

3(RT - PV0)(2g. . -  S l i  -  g j J ) ]

I f  th e  L o ren tz  com bina tion  r u le  i s  u sed  to  approxim ate  g . .,

th e  th r e e  ex cess  f u n c t io n s ,  GE , and a re

GE = E 2  x . x . d . .  (59)
° i< j  1 3 3

H® = (E -  T ^ P - )  2  x . x . d . .  (60)
0 1 i< j  3

= ^ ^  2  x . x . d . .  (6l )
BP 1<y 1 3 U

where

d . . «  2f .  . -  f . . -  f  . .  (62)
i j  i j  n  j j

The c o n f ig u ra t io n a l  en erg y , E^,. o f  th e  re fe re n c e  f l u i d  i s  u s u a l ly

approx im ated  by th e  l a t e n t  energy  o f  v a p o r iz a t io n  to  th e  id e a l

gas  s t a t e .  E x p e rim en ta l d a ta  f o r  one e x c e s s  fu n c t io n  a re

used  to  e v a lu a te  d . . and th e  o th e r  e x c e s s  fu n c t io n s  fu n c t io n s
i j

a re  c a lc u la te d  from  t h i s  v a lu e . L onguet-H igg ins (56) fou n d , 

how ever, t h a t  v a lu e s  o f  computed f o r  th e  same m ix tu re  from
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d i f f e r e n t  ex ce ss  f u n t io n s  d i f f e r  by a s  much a s  a  f a c t o r  o f

two. F o r th e  same m ix tu re s , W aelbroeck (59) c a lc u la te d  s t i l l

o th e r  v a lu e s  f o r  d . . from  v i r i a l  c o e f f i c i e n t  m easurem ents.
i j

In  t h i s  f i r s t  o r d e r  ap p ro x im a tio n , a l l  th e  ex ce ss  

fu n c t io n s  must have th e  same s ig n  and be m u tu a lly  p ro p o r­

t i o n a l .  Brown and L onguet-H igg ins (60) have shown t h a t  r e te n t io n  

o f  second o rd e r  te rm s in  th e  expansion  p e rm its  th e  ex ce ss  

f u n c t io n s  to  have o p p o s ite  s ig n s  b u t r e q u i r e s  re c o u rse  to  

a  more s p e c i f ic  s t a t i s t i c a l  model o f  th e  l iq u id  s t a t e . The 

p r o p o r t io n a l i ty  o f  th e  e x c e s s  fu n c t io n s  r e s u l t in g  from  th e  

f i r s t  o rd e r  ap p ro x im a tio n , however, s u g g e s ts  t h a t  no th e o ry  

which in c lu d e s  on ly  th e  e q u iv a le n t o f  f i r s t  o rd e r  te rm s can 

a c c u ra te ly  p r e d ic t  th e  m agnitude and s ig n  o f  a l l  th e  ex ce ss  

f u n c t io n s .  In  s p i te  o f  t h i s  l im i t a t i o n ,  K reg lew ski (58) h as  

r e c e n t ly  a p p lie d  conform al s o lu t io n  th e o ry  to  th e  c a lc u la t io n  

o f  s e v e ra l  ty p e s  o f  m ix tu re  p r o p e r t ie s  f o r  an e x te n s iv e  number 

o f  d i s s im i l a r  system s. P erhaps th e  m ajo r im portance o f  conform al 

s o lu t io n  th e o ry  i s  t h a t  i t  has se rv ed  a s  an im petus to  th e  

fo rm u la tio n  o f  o th e r  th e o r i e s  based  on th e  theorem  o f  c o r r e s ­

ponding s t a t e s  and to  p e r tu r b a t io n  tre a tm e n ts  o f  c o l l e c t io n s  

o f h a rd  sp h e res  (61 ,62)

IE-6 i C e l l  T h e o rie s

A p h y s ic a l  model o f  th e  l iq u id  s t a t e  i s  a  c e n t r a l  

f e a tu r e  in  th e  c e l l  th e o ry  f i r s t  p roposed  by E y rin g  and H irsc h - 

f e l d e r  (6 3 ,6 4 ) and a p p lie d  to  th e  i n t e r p r e t a t i o n  o f  l i q u id  

p r o p e r t ie s  th rough  in te rm o le c u la r  f o r c e s  by L en n ard -Jo n es  and
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and D evonsh ire  ( 65) .  The c e l l  in  which each  m olecule i s  im agined 

co n fin ed  i s  a  s p h e r ic a l  cage composed o f  i t s  n e a r e s t  n e ig h b o rs .

In  th e  mean p o te n t i a l  c e l l  th e o ry  m odel, th e  f o r c e  a c t in g  

on a  m olecule in  i t s  cage i s  approx im ated  by a  mean f i e l d  o f 

s p h e r ic a l  symmetry; th e  f i e l d  i s  a  fu n c t io n  on ly  o f th e  d is ta n c e  

o f  th e  m olecu le  from  th e  c e n te r  o f  i t s  c e l l .  The c e l l  p a r t i t i o n  

f u n c t io n ,  q , f o r  a  m olecule w ith  mean in t e r a c t io n  en erg y  (i.(r) I s  

g iv e n  by

q = ^ n j^ e l l  e x p [ - [ p . ( r )  -  | i ( 0 ) ] / k T } r 2 d r  (63)

and th e  c o n f ig u r a t io n a l  p a r t i t i o n  fu n c t io n  f o r  N m o lecu les  i s  

g iv en  by

Q = q.N e x p [-N |l(0 ) /k T ]  (64)

N [i(o)/kT i s  th e  en erg y  o f  th e  l i q u i d  when a l l  m o lecu les a re  

a t  t h e i r  c e l l  c e n te r s  and |J.(o) i s  th e  mean in te r a c t io n  en erg y  

o f  each  m o lecu le  a t  i t s  c e l l  c e n te r .

F o r h a rd  sp h e re s , th e  cage has a  r a d iu s  ( a - d )  where 

a  i s  th e  av erage  d is ta n c e  betw een th e  c e n te r  m olecule and i t s  

n e a r e s t  n e ig h b o rs  and d i s  th e  m o le c u la r  d ia m e te r . The a c c e s ib le  

o r  f r e e  volume p e r  m o lecu le , can be w r i t t e n ,

vf “ )3 (65)
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where-v, the total volume per molecule, and -v̂ , the volume per 
molecule in an unexpanded liquid, have replaced a and d, 
and where X is a geometric constant dependent on the nearest 
neighbor arrangement. Because the mean potential for hard 
spheres is either zero or infinite, the exponential expression 
in Equation (63) is unity, and the hard sphere cell partition 
function becomes identical with the expression for the free 
volume. The configurational partition function is then

If the molecules are point particles, the free volume is equal 
to the total volume, so that the configurational partition 
function becomes

The difference between Equation ( 67) and the partition function 
for an ideal gas,

(66)

(67)

ft = (e v )» (68)

is called the communal entropy difference ( 63 , 6^) and is attri­
buted to the artificial confinement of each molecule to a given 
region in the liquid. Communal entropy can be formally
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in c lu d ed  in  c e l l  th e o ry  t r e a tm e n ts  by c o n s id e r in g  empty and 

m u lt ip ly  o ccu p ied  c e l l s  (66 , 67 , 68) .

Use o f  a  more r e a l i s t i c  p o t e n t i a l  fu n c t io n  th an  t h a t  

a s s o c ia te d  w ith  h a rd  s p h e re s , such  a s  th e  L en n ard -Jo n es  6-12 

p o te n t i a l  (69 ) ,  le a d s  ( 65) to  a  complex e x p re s s io n  f o r  [ i( r )  

w hich s t r o n g ly  depends on th e  volume p e r  m o lecu le . Approxim ate 

n u m erica l m ethods must be used  to  e v a lu a te  th e  i n t e g r a l  in  

E q u a tio n  (63) and th e  therm odyam ic f u n c t io n s  d e r iv e d  from  i t ,

P r ig o g in e  and M athot (70) d eveloped  a  m a jo r s im p l i f i ­

c a t io n  o f th e  mean p o t e n t i a l  model, c a l le d  th e  smoothed p o t e n t i a l  

c e l l  model, by re p re s e n t in g  th e  p o t e n t i a l  a s  a  w e ll w ith  i n f i n i t e  

w a lls  and a  f l a t  f l o o r .  The c e l l  p a r t i t i o n  f u n c t io n  th e n  h a s  

th e  same form  a s  o b ta in e d  f o r  a  c o l le c t io n  o f  h a rd  sp h e re s , and 

o n ly  th e  v a lu e  o f th e  c o n s ta n t  p o t e n t i a l  w ith in  th e  c e l l  i s  

a d d i t io n a l ly  needed to  s p e c ify  th e  c o n f ig u r a t io n a l  p a r t i t i o n  

f u n c t io n .

S e v e ra l  in v e s t ig a to r s  ( ? 0 ,7 1 ,72 ,73*7^) have ex tended  

th e  d i f f e r e n t  form s o f  c e l l  th e o ry  to  m ix tu re s . The e x te n s io n s  

b eg in  ty  c o n s id e r in g  s e p a ra te  mean p o te n t i a l s ,  (Jq(r ) 311(1 

a c t in g  on ty p e  1 and ty p e  2 m o lecu les  in  th e  m ix tu re , each 

w ith  co rre sp o n d in g  e f f e c t iv e  c e l l  p a r t i t i o n  f u n c t io n s ,  q^ and 

qg. Assuming a  random m ixing c o m b in a to r ia l te rm , th e  m ix tu re  

c o n f ig u r a t io n a l  p a r t i t i o n  fu n c t io n  i s
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Cell partition functions, q ^  and qgg, and mean potentials,
| i ^ ( r )  and |ig g ( r ) ,  a re  u sed  to  e x p re s s  th e  c o n f ig u ra t io n a l  

p a r t i t i o n  fu n c t io n s  o f  pu re  unmixed com ponents 1 and 2 . The 

tre a tm e n t e x p l i c i t l y  d i s t in g u is h e s  "between th e  mean p o t e n t i a l s  

ex p e rien ced  "by each  ty p e  o f  m olecule in  th e  mixed and unmixed 

en v iro n m en ts . The ex ce ss  f r e e  energy ,

AE = X 1 [ 1 0 ^ ( 0 )  -  H u ( o ) ]  -  kTXn (q1/ q 11)} +

(70)

Xg -  1+22( 0 ) ]  ” kT J!n ^22^

and ex ce ss  energy ,

_  d i n f q . / q . . )
-  ^n (0) ]  -  kT8  aT ■ ' } +

(71)
B ^n (q 9A o o )

*2 C !D i2 (0 ) -  ̂ 2 2 ^ ° ^  ■ kT 3 9T--------- 5

fo llo w  from  th e  s t r a ig h tfo rw a rd  a p p l ic a t io n  o f  E q u a tio n s  (24) 

and (25 ) to  th e  th r e e  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c t io n s  

in v o lv e d . A d d itio n a l in fo rm a tio n  and ap p ro x im a tio n s  a re  

needed to  o b ta in  n u m e ric a l v a lu e s  f o r  th e se  ex ce ss  p r o p e r t i e s .

P r ig o g in e  and M athot (70 ) a p p l ie d  c e l l  th e o ry  to  

m ix tu res  o f  e q u a l s iz e d  m o lecu les , u s in g  an av erag e  m ix tu re
Hr

c h a r a c t e r i s t i c  en erg y , < €  > , d e f in e d  in  te rm s o f  th e  av erag e
* *

c h a r a c t e r i s t i c  e n e r g ie s ,  and < € g > ,  f o r  m o lecu les  1 and
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2 in the mixture,

< € * >  = x i < € * > + x2< £ 2 >

They r e l a t e d  th e  averag e  c h a r a c t e r i s t i c  energ y  o f  each  m olecule 

in  th e  m ix tu re  to  c h a r a c t e r i s t i c  e n e rg ie s  a s s o c ia te d  w ith  

d i s t i n c t  i n t e r a c t io n s  "between l i k e  and u n lik e  m o le c u le s ,

< € 1 >  x l €l l  + x2€12

and

<€2> x2€22 + x1€12 (7*0

I n te r a c t io n s  betw een l i k e  m o lecu le s  in  th e  m ix tu re  a r e  assumed 

c h a r a c te r iz e d  t r y  th e  same i n t e r a c t i o n  c o n s ta n ts  a s  th e y  a re  in  

each pure  l i q u i d .  W ith th e se  d e f i n i t i o n s ,  E q u a tio n  (7 2) 
becomes

* 2 * „ * 2 *  (7 *5')< 6  > x 1€11 + 2x1x2e i2  + x2e22

A lthough E q u a tio n  (75) lo o k s s i m i l a r  to  th e  van d e r  W aals 

a v e rag in g  e x p re s s io n , E q u a tio n  ( 3 ) ,  th e  d im ension  o f th e  

q u a n t i ty  averag ed  in  E qu a tio n  (75 ) i s  en erg y , w h ile  th e  

d im ension  o f  th e  q u a n t i ty  av erag ed  in  E q u a tio n  (3 ) i s  

energ y  • volum e. In  s p i te  o f  th e  d im en s io n a l d i f f e r e n c e ,  bo th
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av erag es  e n a b le  th e  m ix tu re  to  be t r e a t e d  a s  a  s in g le  e f f e c t iv e  

f l u i d  a c t i n g  w ith  an e f f e c t iv e  c h a r a c t e r i s t i c  energy .

l ik e  th e  mean p o te n t i a l s  [ i^ ^ (r)  and (ig^Cr) in  th e  pure  com­

p o n en ts , can  be ex p ressed  u s in g  th e  L en n ard -Jo n es  6-12 p o t e n t i a l ,  

and th e  n e c e s s a ry  i n t e g r a l s  n u m e ric a lly  e v a lu a te d  in  te rm s  o f  

th e  average  c h a r a c t e r i s t i c  e n e rg ie s .  The ex ce ss  fu n c t io n s  can 

th en  be o b ta in e d  by s y s te m a tic  a p p l ic a t io n  o f  th e  a p p ro p r ia te  

s t a t i s t i c a l  m echanical r e l a t i o n s  to  mixed and unmixed com ponents.

S a ls b e rg  and Kirkwood (? 2 ,7 3 ) a p p lie d  th e  mean p o t e n t i a l  

model to  s e v e r a l  m ix tu res  o f  po lyatom ic  m o lecu les  o f  u n eq u al 

s iz e ,  in c lu d in g  in  t h e i r  c a lc u la t io n s  an o r d e r - d i s o id e r  c o r r e c t io n  

to  random m ix in g . In  s p i t e  o f  th e  co m p lex ity  o f  th e  c a lc u la t io n s ,  

s im u ltan eo u s agreem ent o f  th e  ex cess  fu n c t io n s  i s  p o o r, and th e  

agreem ent o f  th e  ex cess  e n tro p y  w ith  e x p e rim en t i s  n o t im proved 

even i f  th e  m ix tu re  energy  and d is ta n c e  c o n s ta n ts  a re  c a lc u ­

la te d  from  ex ce ss  e n th a lp y  and volume d a t a .  The m ixing p r o p e r t i e s  

were found to  be ex trem ely  s e n s i t iv e  to  th e  nu m erica l v a lu e s  

o f  th e  L en n ard -Jo n es  p a ra m e te rs  chosen f o r  th e  pure com ponents.

fu n c tio n s  o f  th e  c h a r a c t e r i s t i c  energy  p a ra m e te rs  have been  

o b ta in ed  (75 ) "by ap p ly in g  th e  smoothed p o t e n t i a l  c e l l  m odel 

to  m ix tu res  o f  m olecu les h av in g  th e  same c h a r a c t e r i s t i c  volum e, 

V . The e x p re s s io n s  a re

The mean p o te n t i a l s  ( i^ ( r )  and Cr ) in  th e  m ix tu re ,

S im p le r  e x p re s s io n s  f o r  th e  ex ce ss  p r o p e r t ie s  a s

1
(76)

v
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AE = G® = " 1 - ^ X 2  ^ 1 2 '  ^ €11 + e2 2 ^  " - 5 .3 k T ^  (?7 )

E® = H® = - 1 *i|4xi x2 ^ 1 2 “ ^ 611 + S2 2 ^  + 5 .3 k T ^  (78)

W hile th e  p a ra m e te rs  in  E q u a tio n s  (76) -  (78 ) can be e v a lu a te d  

f o r  s p e c i f i c  g a se s  and g aseo u s m ix tu re s  from  v i r i a l  c o e f f i c i e n t  

d a ta ,  th e  r e s t r i c t i o n  to  m o lecu les  o f  th e  same s iz e  makes th e  

s e t  o f  e q u a tio n s  more v a lu a b le  in  com parative  s tu d ie s  on th e  

e f f e c t  o f  c h a r a c t e r i s t i c  i n t e r a c t io n  en erg y  d i f f e r e n c e s  on th e  

ex ce ss  p r o p e r t ie s .

H -7 i The Average P o te n t i a l  Model

P r ig o g in e , B ellem ans and E n g lert-C h w o les  (76) fo rm u la ted  

th e  av erage  p o t e n t i a l  model (APM) from  c e l l  and confo rm al s o lu t io n  

th e o r i e s ;  th e  model h a s  been w ide ly  a p p lie d  in  th e  s tu d y  o f  m ix tu re s  

o f  s im p le  m o lecu le s . In  th e  crude  v e r s io n  o f  th e  APM,. i t  i s  

assumed t h a t  th e  av erag e  in t e r a c t io n  en erg y  in  th e  m ix tu re , < € ( r )  > ,  

can be ex p re ssed  by an e q u a tio n  h av in g  th e  same form  a s  i s  

used  to  e x p re ss  th e  average  c h a r a c t e r i s t i c  energ y  c o n s ta n t  

in  c e l l  th e o ry , so t h a t

< € ( r ) >  = x ^ E ^ C r)  + 2xi x 2€12^r  ̂ + x 2€2 2 ^

^11 ^ 2 2 ^  ^ 1 2 ^  a re  ^n ^e i ‘a c ^ on e n e rg ie s  a s s o ­

c ia te d  w ith  th e  i n t e r a c t io n  o f  th e  d i f f e r e n t  ty p e s  o f  m olecu les
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p r e s e n t  in  th e  m ix tu re . As in  E q u a tio n  (75) » th e  qu an tity - 

averaged  in  E q u a tio n  (79) h as  th e  d im en sio n s  o f  en erg y . In  th e  

r e f in e d  v e rs io n  o f th e  APM, th e  a v e ra g in g  p ro c e ss  i s  a p p lie d  

s e p a r a te ly  to  each  type  o f  m olecule p r e s e n t  in  th e  m ix tu re  

u s in g  th e  form  a s s o c ia te d  w ith  th e  m ix tu re - in f lu e n c e d  c h a ra c ­

t e r i s t i c  e n e rg ie s  o f  each m o lecu le  in  c e l l  th e o ry , so t h a t

S c o t t  (77) su g g es ted  p a r a l l e l  a v e ra g in g  te c h n iq u e s  and i n t r o ­

duced  th e  n o m en c la tu re , o n e - f lu id  th e o ry , f o r  t r e a tm e n ts  w hich, 

l i k e  th e  c rude  v e rs io n  o f  th e  APM, c o n s id e r  th e  m ix tu re  a s  

a  s in g le  e q u iv a le n t  f l u i d  and tw o - f lu id  th e o ry  f o r  t re a tm e n ts  

w hich , l i k e  th e  r e f in e d  v e r s io n  o f  th e  APM, c o n s id e r  th e  

m ix tu re  composed o f  two p s e u d o f lu id s  w ith  in d ep en d en t i n t e r a c t io n  

c o n s ta n ts .  S c o t t  was among th e  f i r s t  to  ad v o ca te  t h a t  e m p ir ic a l  

e q u a tio n s  o f  s t a t e  based on p u re  component p r o p e r t i e s  be 

a p p l ie d  to  m ix tu re s  and t h a t  c h a r a c t e r i s t i c  re d u c in g  p a ra m e te rs  

be o b ta in e d  from  pure  component co h es iv e  e n e rg ie s  and l iq u id  

m o la r volum es.

In  th e  av erage  p o t e n t i a l  m odel, th e  co rre sp o n d in g  

s t a t e s  r e l a t i o n ,  E q u a tio n  (53) > i s  a p p lie d  s e p a r a te ly  to  each

(80)

and

(81)



o f  th e  term s In  E q u a tio n  (79) o r  in  E q u a tio n s  (80) and ( 8 l ) .  

In  th e  crude v e r s io n ,  th e  r e s u l t i n g  e x p re s s io n  i s

I f  th e  m o lecu les  a re  o f  th e  same s i z e ,  so t h a t  j^ (r) i s  th e

same in  each te rm  o f  E q u a tio n  (8 2 ) , th e  averag e  c h a r a c t e r i s t i c  

e n e rg y  in  th e  APM, < €  > , becomes i d e n t i c a l  to  th e  av erage  

c h a r a c t e r i s t i c  en erg y  used  in  c e l l  th e o ry . I f  th e  m o lecu les  

a re  o f  d i f f e r e n t  s i z e s ,  $  m ust f i r s t  be ex p ressed  by an 

a p p ro p r ia te  two p a ram ete r in v e r s e  p o t e n t i a l  fu n c t io n  and th e n  

s u b s t i t u t e d  f o r  each  term  in  E q u a tio n  (82) .  F o r  an (m~n)  

p o t e n t i a l ,  th e  i d e n t i f i c a t i o n s ,

can e v e n tu a l ly  be made. E q u a tio n s  (83) and (W ) were l a t e r  

named th e  o n e - f lu id  random m ix tu re  ap p ro x im a tio n s . The r e l a ­

t io n s h ip  o f th e  u n lik e  (1 -2 ) c h a r a c t e r i s t i c  c o n s ta n ts  f o r  

e n e rg y  and volume to  th e  l i k e  ( l - l  and 2 -2 ) c h a r a c t e r i s t i c  

c o n s ta n ts  m ust be approx im ated  by an a p p ro p r ia te  com bination

and

< r  >
*



r u le  o r  o b ta in e d  e m p ir ic a l ly  from m ix tu re  d a ta .

U sing  th e  a p p ro p r ia te  c h a r a c t e r i s t i c  c o n s ta n ts ,  

th e  co rresp o n d in g  s t a t e s  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c t io n ,

Q = [ r * 3q (T ,V )]N

i s  then  a p p lie d  to  each pure  component, and th e  e x te n s io n  

o f E quation  (85) f o r  a  m ix tu re  in  which th e  m olecu les a re  

randomly d i s t r i b u t e d ,

(N + N )! f , _  , 1»1+N:
a  -  — i ----- —  < r  >',q (< T > ,< V > )

W 1 L -I
2

W

i s  a p p lie d  to  th e  m ix tu re  in  th e  crude  v e rs io n . The reduced 

v a r ia b le s  f o r  th e  m ix tu re , < T >  and < V > ,  a re  d e fin e d  by

kT
< T >  = *

<e  >

and

V
< V >  = * 3 < r  >J

w ith  analogous d e f in i t i o n s  f o r  th e  reduced  v a r ia b le s  o f 

each pure  component.

The c o n f ig u ra t io n a l  thermodynamic p r o p e r t ie s  o f  a l l  

th re e  f l u i d s  ( th e  m ix tu re  e q u iv a le n t f l u i d  and each pure
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component) a re  o b ta in e d  in  te rm s o f  u n iv e r s a l  f u n c t io n s  o f  

t h e i r  reduced  v a r ia b le s  by a p p l ic a t io n  o f  th e  a p p ro p r ia te  

s t a t i s t i c a l  m echan ical r e l a t i o n s  to  E q u a tio n s  (85) and (8 6 ) .

The e x c e s s  p r o p e r t i e s  can th en  be e x p re ssed  in  term s o f  th e  

d i f f e r e n c e s  o f  th e  reduced  v a r i a b le s  o f  th e  m ix tu re  and th e  

c o n s t i tu e n t  pu re  com ponents, and e v a lu a te d  e x p l i c i t l y  by 

com parison w ith  a  r e fe re n c e  f o r  which th e  thermodynamic p r o p e r t i e s  

a s  f u n c t io n s  o f  reduced  v a r ia b le s  a re  known. T h is  com parison 

may be made g ra p h ic a l ly  o r  by fo rm a l expansion  o f  th e  therm o­

dynamic fu n c t io n s  o f  th e  th r e e  f l u i d s  in  powers o f  th e  ap p ro ­

p r i a t e  reduced  v a r ia b le  a b o u t th e  reduced  fu n c t io n s  o f  th e  

r e f e re n c e .  The f i r s t  o rd e r  e x p re s s io n s  r e s u l t i n g  from  a p p l i ­

c a t io n  o f  e i t h e r  th e  c rude  o r  th e  r e f in e d  v e r s io n  o f th e  APM a re  

e q u iv a le n t  to  th o se  o b ta in e d  from  conform al s o lu t io n  th e o ry .

The average  p o t e n t i a l  model h a s  been a p p lie d  w ith  m oderate 

su c c e ss  to  many m ix tu re s  o f  sim p le  m o lecu les  (7 5 i 78 ,79)*

The tw o - f lu id  v e rs io n  o f  th e  APM d i f f e r s  from  th e  o n e - f lu id  

v e r s io n  in ' t h a t  th e  two—f l u i d  version ., r e l a t e s . th e  e x c e s s  therm o­

dynam ic p r o p e r t i e s  to  changes in  th e  reduced  v a r ia b le s  o f  each  

p u re  component r e s u l t i n g  from  th e  t r a n s i t i o n  from  th e  env ironm ent 

o f  th e  p u re  s t a t e  to  th e  new env ironm ent o f  th e  m ix tu re . In  

g e n e r a l ,  when p u re  component 1 becomes pseudocom ponent 1 , i t s  

m o le c u la r  p r o p e r t i e s  a r e  a l t e r e d  by th e  new env ironm en t, 

a c q u ir in g  some o f  th e  c h a r a c t e r i s t i c s  o f  component 2 . Upon becoming 

pseudocom ponent 2 , p u re  component 2 s im i la r ly  a q u ir e s  some 

o f th e  c h a r a c t e r i s t i c s  o f  p u re  component 1 .



HE—8; Excess P r o p e r t i e s  and C h a r a c te r i s t i c  C o n stan ts

The p u re  component c h a r a c t e r i s t i c  en e rg y  and volume 

p a ram ete rs  n e c e s s a ry  in  th e  t h e o r i e s  d is c u s s e d  above to  ob­

t a i n  num erical v a lu e s  f o r  th e  ex cess  p r o p e r t i e s  can be deduced 

from  a v a r ie ty  o f  ex p e rim en ta l d a ta .  Types o f  d a ta  w hich a re  

o f  use in c lu d e  second  v i r i a l  c o e f f i c i e n t s ,  g a s  phase v i s c o s i t i e s ,  

c r i t i c a l  c o n s ta n ts ,  e n th a lp ie s  o f  v a p o r iz a t io n  and volume 

changes as  f u n c t io n s  o f  te m p e ra tu re . F o r v e ry  l i g h t  m o le c u le s , 

th e  methods a r e  q u i t e  a c c u ra te ;  f o r  h e a v ie r  m o lecu les , many 

o f  them a re  f a r  l e s s  so.

S a ls b e rg  and Kirkwood (73) have shown t h a t  th e  e x c e s s  

fu n c t io n s  a re  v e ry  s e n s i t iv e  t o  th e  n u m e ric a l v a lu e s  chosen  

f o r  th e  pure com ponent energy  in te r a c t io n  c o n s ta n ts ;  th e  e x c e ss  

fu n c tio n s  a re  even  more s e n s i t i v e  to  th e  v a lu e s  o f  th e  u n l ik e  

in te r a c t io n  c o n s ta n ts ,  w hich, u n t i l  r e c e n t ly ,  were in v a r ia b ly  

c a lc u la te d  from  th e  B e r th e lo t  and th e  L o re n tz  com bination  r u l e s .  

Even though th e  g eom etric  mean r u le  i s  q u a l i t a t i v e l y  c o r r e c t ,  

sm a ll d e v ia t io n s  from  i t  r e s u l t  in  la rg e  d i f f e r e n c e s  in  th e  

e x ce ss  f u n c t io n s .  As noted  e a r l i e r ,  Thomsen (2k)  has demon­

s t r a t e d  t h a t  l a r g e  e r r o r s  a r e  in tro d u ce d  i n to  s o l u b i l i t y  

th e o ry  c a lc u la t io n s  by g eo m etric  mean r u le  d e v ia t io n s .  S in g e r  

and S in g e r (80) have s tu d ie d  th e  e f f e c t  o f  b o th  geo m etric  and 

a r i th m e tic  mean r u l e  d e v ia t io n s  on th e  e x c e s s  p r o p e r t ie s  o f  

model L en n ard -Jo n es  f l u i d s .  R e p re s e n ta tiv e  c a lc u la t io n s  show 

t h a t  a  d e c re a se  i n  th e  u n lik e  energy  i n t e r a c t i o n  p a ra m e te r  o f



a b o u t 1% c au ses  in c re a s e s  in  and o f ab o u t 30  and 50 jo u le s

p e r  mole and a  d e c re a se  in  o f  a b o u t 0 ,06 cxtP p e r  m ole. Ĝ*

i s  a ls o  s e n s i t iv e  to  changes in  th e  u n l ik e  d is ta n c e  p a ram e te r,

a lth o u g h  Ĥ* i s  r e l a t i v e l y  in s e n s i t iv e  to  t h i s  p a ram ete r.

A n a ly s is  o f  g aseous m ix tu re  v i r i a l  c o e f f i c i e n t s  and

l iq u id  m ix tu re  e x c e ss  f u n c t io n s  shows th a t  th e  c h a r a c t e r i s t i c
*

energ y  p a ram e te r f o r  u n lik e  i n t e r a c t io n s ,  i s  alw ays low er

th a n  p re d ic te d  by th e  g eo m etric  mean r u le  (8 1 ,8 2 ,8 3 ,8 4 ) . The 

d i f f e r e n c e  ra n g e s  from  a b o u t 1% f o r  a rg o n -k ry p to n  i n t e r a c t io n s  

to  3~5% f o r  th e  i n t e r a c t io n s  betw een d i f f e r e n t  n o n -p o la r

po ly a to m ic  m o le c u le s . Because o f  th e  p a t te r n  o f  d e v ia t io n ,
-  .  * * * 

K reglew ski (85) h a s  su g g ested  e q u a tin g  and when i s

much l e s s  th a n  Ggg. P r a u s n i tz  and Gunn (86) have su g g es ted

an e m p ir ic a l  co m bina tion  r u le  based  on pu re  component c r i t i c a l

volum es, and E c k e r t ,  Renon and P r a u s n i tz  ( 87) a  com bina tion  r u le

based  on m ix tu re  v i r i a l  c o e f f i c i e n t s .

Because o f  th e  s e n s i t i v i t y  o f  m ix tu re  p r o p e r t i e s  to

th e  u n lik e  in t e r a c t io n  c o n s ta n ts ,  Rowlinson (88) h as  concluded

t h a t  1-2  f o r c e s  d e te rm in ed  from  th e  average  o f  1-1 and 2 -2

f o r c e s  a re  in a d eq u a te  f o r  th e  d e t a i l e d  d e s c r ip t io n  o f  sim ple

m ix tu re s  and f o r  th e  crude d e s c r ip t io n  o f  complex m ix tu re s ,

and h as  su g g ested  t h a t  such f o r c e s  be d e term ined  from  observed

m ix tu re  p r o p e r t i e s .

1 - 9 i Van d e r  W aals C om bination R u les

In  th e  m idd le  o f  th e  1960*s ,  th e re  was a  renew al o f

i n t e r e s t  in  th e o r i e s  o f  m ix tu res  based  on th e  van d e r  tfa a ls
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e q u a tio n  o f  s t a t e  and l a t e r  g e n e r a l i z a t io n s . The im petus was 

a  p u b l ic a t io n  try L e lan d , R ow linson and S a th e r  (8 9 ) .  U sing

92 , 93) which in d ic a te d  t h a t  th e  p a i r  d i s t r i b u t i o n  f u n c t io n  i s  

p r im a r i ly  d e te rm in ed  by r e p u ls iv e  f o r c e s ,  th e s e  i n v e s t ig a to r s  

ad ap ted  th e  P ercu s-Y ev ick  (9^) i n t e g r a l  e q u a tio n  f o r  m ix tu re s  

o f  hard  sp h e re s  and u s in g  a  p e r tu r b a t io n  m ethod, a p p lie d  i t  

to  m ix tu re s  o f  r e a l  m o lecu les  h av ing  conform al p o t e n t i a l s .  

They in tro d u c e d  co m bina tion  r u l e s  to  o b ta in  c h a r a c t e r i s t i c
ft ft

en erg y , € , and volum e, V = r  , p a ra m e te rs  f o r  m ix tu re s  

which resem ble  th e  q u a d ra t ic  fo rm s o r i g i n a l l y  su g g es te d  by 

van d e r  W aals f o r  a  and b ,

U n lik e  E q u a tio n  ( 75 ) ,  E q u a tio n  ( 89) q u a d r a t i c a l ly  av e rag es  

te rm s w ith  th e  d im ension  e n e rg y ‘volume, th e  same d im ension  

a s  in  E q u a tio n  (3 ) .  These a v e rag in g  r u l e s  f o r  th e  c h a rac ­

t e r i s t i c  p a ra m e te rs  d i f f e r  s u b s t a n t i a l l y  from  th o s e  which

av erag e  p o t e n t i a l  model [^Equations ( 83) and (84-)]] ; th e  l a t t e r  

te n d  to  o v e re s tim a te  p o s i t iv e  c o n tr ib u t io n s  to  th e  ex cess

a s  t h e i r  j u s t i f i c a t i o n  s e v e r a l  s tu d ie s  on p u re  l i q u id s  ( 90 , 91 ,

and

V (90)

r e s u l t  from  th e  a p p l ic a t io n  o f  a  (m -  n ) p o t e n t i a l  to  th e



fu n c t io n s  caused  "by m o le c u la r  s iz e  d i f f e r e n c e s .  E q u a tio n s  (89) 

and ( 90) a re  c a l le d  th e  o n e - f lu id  van d e r  W aals com bination  r u l e s .  

L eland  e t .  a l . (95) ex tended  t h e i r  p e r tu r b a t io n  te c h n iq u e  to  

a  tw o - f lu id  tre a tm e n t,  d e f in in g  tw o - f lu id  van d e r  W aals 

c h a r a c t e r i s t i c  p a ra m e te rs  f o r  pseudocom ponent 1 by

w ith  s im i la r  r e l a t i o n s  f o r  th e  c h a r a c t e r i s t i c  p a ra m e te rs  

o f  pseudocom ponent 2 . The one- and tw o -f lu id  m ix tu re  r u le s  

a re  s im i la r  i f  th e  m o lecu les  a re  ap p ro x im a te ly  e q u a l in  s iz e .

These two p a p e rs  a re  among th e  f i r s t  m a jo r t h e o r e t i c a l  t r e a t ­

m ents in  which th e  m agnitude o f  th e  u n l ik e  energy  in te r a c t io n  

p a ra m e te r i s  r o u t in e ly  e v a lu a te d  from  one o f  th e  ex cess  

fu n c t io n s  a s  w e ll a s  from  th e  g eo m etric  mean r u l e ,  a lth o u g h  

th e  L o ren tz  a r i th m e t ic  mean r u le  i s  r e ta in e d  f o r  th e  1 -2  

volume p a ra m e te r. Both th e  o n e- and tw o - f lu id  v e r s io n s  o f  

th e  L e lan d , Row linson and S a th e r  model y ie ld  b e t t e r  agreem ent

f o r  th e  rem ain ing  ex ce ss  fu n c t io n s  i f  3*s  e m p ir ic a l ly  
Ed e te rm in ed  from  G ; th e  r e s u l t s  o f  th e  tw o -f lu id  v e r s io n  a re  

s l i g h t l y  more a c c u ra te .  M o d if ic a tio n  o f  th e  p ro ced u re  by th e  

in t r o d u c t io n  o f  shape f a c t o r s  f o r  m o lecu les  t h a t  a r e  n o t conform al 

w ith  th e  r e f e re n c e  s p e c ie s  d id  n o t f u r t h e r  improve -the  r e s u l t s .

(91)

and

(92)
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The In tr o d u c t io n  o f  th e  van d e r  W aals com hina tion  r u l e s  

g e n e ra te d  renew ed i n t e r e s t  in  th e  o r i g i n a l  van d e r  W aals 

e q u a tio n  o f  s t a t e  and in  g e n e r a l iz a t io n s  o f  th e  form ,

P/pRT = f ( p )  - a. p /m  (93)

The r e p u ls iv e  te rra  in  E q u a tio n  ( 9 3 ) i f ( p ) i can e i t h e r  he a  

fu n c t io n  o f  d e n s i ty ,  a s  in  th e  van d e r  W aals e q u a tio n  o f  s t a t e ,  

o r  can he an  ap p ro x im a tio n  to  th e  r e p u ls iv e  term  in  th e  e q u a tio n  

o f  s t a t e  o f  a  c o l l e c t io n  o f  h a rd  s p h e re s . The a t t r a c t i v e  

te rm  in  g e n e ra l iz e d  van d e r  W aals e q u a tio n s  o f  s t a t e  i s  

a lw ays in v e r s e ly  p r o p o r t io n a l  to  volum e.

Many in v e s t ig a to r s  have a p p lie d  th e  one- and tw o- 

f l u i d  van d e r  W aals com hina tion  r u l e s ,  in  c o n ju n c tio n  w ith  th e  

o r i g i n a l  and g e n e ra l iz e d  van d e r  W aals e q u a tio n s  o f  s t a t e  to  v a r io u s  

ty p e s  o f  l i q u id  m ix tu re s . McGlashan ( 96) a p p lie d  th e  o r ig i n a l  

van d e r  W aals e q u a tio n  o f  s t a t e  to  b in a ry  m ix tu re s  o f  sim ple 

m o lecu les  u s in g  th e  o n e - f lu id  ap p ro x im a tio n . He found t h a t  u se  o f 

v a lu e s  o f  a  and h  f o r  th e  p u re  com ponents c a lc u la te d  from  

c r i t i c a l  d a t a ,  v a lu e s  o f  c a lc u la te d  from  th e  L o ren tz  

ap p ro x im a tio n , and v a lu e s  o f  c a lc u la te d  from  ex ce ss  e n th a lp y  

d a ta ,  gave r e s u l t s  f o r  th e  o th e r  e x c e s s  p r o p e r t ie s  c lo se  to  

th o s e  c a lc u la te d  by L e la n d , Row linson and S a th e r  ( 85) by t h e i r  

more e la b o r a te  m ethod. M cG lashan 's t re a tm e n t  d i f f e r s  from  t h a t  

o f  van L a a r and Lorenz (8 ) b o th  by th e  use  o f  ex cess  e n th a lp y  

d a ta  and by th e  c a lc u la t io n  o f  th e  volume o f  th e  m ix tu re
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d i r e c t l y  from  th e  e q u a tio n  o f s t a t e  u s in g  th e  m ix tu re  v a lu e s  

o f  a  and la. S c o t t  and Konynenberg (97) d i r e c t l y  a p p lie d  

E q u a tio n  ( l )  to  m ix tu re s  o f  ch a in  h y d ro ca rb o n s. They a p p ro x i­

mated van d e r  W aals a  f o r  pu re  l i q u id  p a r a f f in s  by th e  p ro d u c t 

o f  th e  m o lar volume and energy  o f  v a p o r iz a t io n  and ex p ressed  

th e  r e s u l t s  a n a l y t i c a l l y  a s  a  f u n c t io n  o f  carbon number! th ey  

c a lc u la te d  b f o r  each  p u re  l i q u id  d i r e c t l y  from  th e  e q u a tio n  

o f  s t a t e  and s im i la r ly  e x p re ssed  th e  r e s u l t s  a s  a  fu n c t io n  o f 

carbon  num ber. The m ix tu re  p a ra m e te rs  were th e n  de term in ed  

by a p p l ic a t io n  o f  th e  p r in c ip le  o f  cong ruence , w hich r e l a t e s  

th e  p r o p e r t i e s  o f  l i q u i d  p a r a f f in i c  m ix tu re s  to  an e f f e c t iv e  

carbon  number, d e f in e d  by th e  mole f r a c t i o n  av erag e  o f  th e  

carbon  num bers o f  th e  p u re  com ponents. The form  o f  o b ta in e d  

in  t h i s  t r e a tm e n t i s  i d e n t i c a l  to  t h a t  o b ta in e d  by van  L aa r 

and L orenz w ith  a  and b e x p re ssed  in  te rm s  o f  ca rb o n  number.

The p r e d ic t io n s  su p p o rt e a r l i e r  c o n c lu s io n s  (9 8 ,9 9 )  t h a t  

when used  in  a s s o c ia t io n  w ith  h e a ts  o f  v a p o r iz a t io n ,  th e  

p r in c ip l e  o f  congruence te n d s  to  y ie ld  low v a lu e s  f o r  ex cess  

e n th a lp ie s .

U sing th e  van d e r  W aals com bina tion  r u l e s ,  Marsh,

McGlashan and W arr (100) c a lc u la te d  th e  ex cess  p r o p e r t i e s  o f

m ix tu re s  o f  s im p le  m o lecu les  from  s e v e r a l  d i f f e r e n t  e q u a tio n s

Eo f  s t a t e .  They found t h a t  even i f  G was used to  d e te rm in e  

th e  c h a r a c t e r i s t i c  en erg y  o f  th e  u n l ik e  i n t e r a c t io n s ,  none 

o f  th e  e q u a tio n s  o f  s t a t e  y ie ld e d  q u a n t i t a t i v e  p r e d ic t io n s  f o r  V®. 

Use o f  th e  tw o - f lu id  com bina tion  r u l e s  gave b e t t e r  agreem ent



th an  d id  th e  o n e - f lu id  com hina tion  r u le s  and each  o f  th e  

e q u a tio n s  o f  s t a t e  t e s t e d  p r e d ic te d  th e  e x c e ss  p r o p e r t ie s  

more a c c u ra te ly  th a n  d id  th e  o r i g i n a l  van d e r  W aals e q u a tio n  o f  s t a t e .  

Marsh (101) and D espande and P a t te r s o n  (102) a p p lie d  s e v e r a l  

g e n e ra l iz e d  van d e r  W aals e q u a tio n s  to  m ix tu re s  o f  l a r g e ,  bulky  

m o le c u le s . They found  t h a t  m odera te  a d ju s tm e n ts  to  th e  g e o m etric  

mean r u le  were i n s u f f i c i e n t  to  b r in g  th e o ry  and experim en t in to  

b e t t e r  acco rd  f o r  th e s e  m ix tu re s  and t h a t  b o th  o n e- and tw o - f lu id  

van d e r  W aals m ix tu re  p r e s c r i p t io n s  p re d ic te d  v e ry  la rg e  volume 

c o n tr a c t io n s  f o r  o c ta m e th y lc y c lo te tr a s i lo x a n e  m ix tu re s , a lth o u g h  

no such c o n tr a c t io n s  a re  e x p e r im e n ta lly  o b se rv ed . Monte C arlo  

c a lc u la t io n s  su g g es t (80, 103) t h a t  t h i s  f a l s e  c o n tr a c t io n  

i s  due to  a  ten d en cy  o f  th e  van d e r  W aals com bination  r u l e s  

to  o v e re s tim a te  n e g a tiv e  c o n t r ib u t io n s  to  due to  s iz e  

d i f f e r e n c e s .  K reg lew sk i (1 0 ^ ,105) p roposed  u s in g  an e m p ir ic a l  

a d ju s tm en t f a c t o r  to  c a lc u la te  th e  ex cess  p r o p e r t ie s  o f  m ix tu re s  

o f  s im p le , g lo b u la r  and ch a in  m o lecu les  when th e  components d i f f e r  

g r e a t ly  in  s iz e .  He combined a  h a rd  sp h ere  e q u a tio n  o f  s t a t e  

w ith  a  tem p e ra tu re -d ep e n d e n t van d e r  W aals a t t r a c t i v e  te rm , 

c a lc u la te d  s iz e  p a ra m e te rs  from  m o la r volum es and used m ix tu re  

c r i t i c a l  c o n s ta n ts  a s  th e  b a s i s  f o r  mixed i n t e r a c t io n  com bina tion  

r u l e s .  W illiam son and S c o t t  (106) compared th e  van d e r  W aals 

t re a tm e n t o f  n -a lk a n e  m ix tu re s  to  l a t t i c e  t r e a tm e n ts  and 

B oublik  and Benson (107) exam ined th e  e f f e c t  o f  use  o f  a  sq u a re  w e ll 

p o te n t ia l ,  on th e  ex cess  p r o p e r t i e s  o f  m ix tu re s  o f  n o n -p o la r  

m o lecu le s .
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H -lO i M ixture T h eo rie s  B ased on M o d if ic a t io n s  o f th e  C e l l  

P a r t i t i o n  F u n c tio n

In  a d d i t io n  to  i t s  u se  in  p e r tu r b a t io n  ap p ro a ch e s , 

th e  van d e r  W aals a t t r a c t i v e  p o t e n t i a l  h a s  been used 

e x te n s iv e ly  w ith  many o f  th e  m o d if ic a t io n s  o f  E y rin g  and 

H i r s c h f e ld e r 's  (64) o r i g i n a l  c e l l  p a r t i t i o n  f u n c t io n ,  which 

can be w r i t te n  f o r  A vogodro1 s  number o f  m o le c u le s , , a s

q = [ A ( v ^ -  - / ^ ) 3] N° exp (aEv/ rt) (9*0

where AEV i s  th e  m olar e n e rg y  o f  v a p o r iz a t io n .

Tohks (108) d e r iv e d  a  p a r t i t i o n  fu n c tio n  o f  e s s e n t i a l l y  

th e  same form  a s  t h a t  in  E q u a tio n  (94) w ith o u t r e f e r e n c e  to  

th e  c e l l  fo rm alism . He f i r s t  o b ta in e d  th e  p a r t i t i o n  fu n c t io n  

o f  a  one-d im en sio n a l f l u i d  o f  in c o m p re ss ib le  m o lecu les and 

th e n  extended th e  p a r t i t i o n  fu n c tio n  to  th re e -d im e n s io n a l 

m o lecu les . A lthough th e  o n e -d im en sio n a l tre a tm e n t i s  e x a c t ,  

th e  e x te n s io n  to  th r e e  d im en sio n s  i s  n o t .  Tonka' d e r iv a t io n  

i s  a d d i t io n a l ly  im p o rtan t s in c e  i t  in tr o d u c e s  n a tu r a l l y  th e  

f a c t o r  l/N ! w hich a p p ea rs  in  E q u a tio n  (29) and becomes th e  

e x p o n e n tia l  e , i n  c o n t r a s t  to  th e  sim ple c e l l  th e o ry  tre a tm e n t 

in  which t h i s  f a c t o r  does n o t  i n i t i a l l y  a p p ea r.

P r ig o g in e , T ra p p e n ie rs  and M athot (109,110) a p p l ie d  

th e  c e l l  method to  th e  t r e a tm e n t  o f  homogeneous r -m e rs  by 

d iv id in g  th e  d e g re e s  o f  freedom  o f each  r-m e r  in to  i n t e r n a l



and e x te r n a l  c a te g o r ie s ;  o n ly  th e  e x te r n a l  d e g re e s  o f  freedom  

depend on th e  In te rm o le c u la r  f o r c e s  and e n t e r  th e  c o n f ig u r a t io n a l  

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

Q -  «coml:,[?s (T1v ) ]3aHexp(-Eo /Kr) (95)

The segm ent p a r t i t i o n  f u n c t io n  i n  E q u a tio n  (95)> 1  (T ,v ) ,s

i s  r e l a t e d  to  th e  c e l l  p a r t i t i o n  f u n c t io n ,  q ( T ,v ) ,  by

q.(T ,v) = [cls(t ,v )] 30 (96 )

where 3C i s  th e  num ber o f  e x t e r n a l  d e g re e s  o f  freedom  p e r  

m o le c u le . QCOJI1-b i-s  th e  co m bina to ry  p a r t i t i o n  f u n c t io n .

In s te a d  o f  em ploying th e  smoothed p o t e n t i a l  o r  mean p o t e n t i a l  

m odels, P r ig o g in e , B ellem ans and C o lin -n a a r  ( i l l )  in s te a d  in tro d u c e d  

a  th r e e -p a ra m e te r  c o rre sp o n d in g  s t a t e s  app roach  w hich  can be 

ex ten d ed  to  s o lu t io n s  th ro u g h  a d a p ta t io n  o f  th e  av e rag e  

p o t e n t i a l  m odel.

T h e ir  red u ced  p a r t i t i o n  f u n c t io n  f o r  a  c o l l e c t i o n  o f  

N r-m e rs  h a s  th e  fo rm ,

«  ’  (9 7 )

w here /  i s  a  u n iv e r s a l  p o t e n t i a l  f u n c t io n  and v i s  th e  reduced  

volum e p e r  e lem en t. I f  jzf(T,v) i s  e x p re sse d  by th e  L ennard - 

Jo n es  (6 -1 2 ) p o t e n t i a l ,  th e  c h a r a c t e r i s t i c  c o n s ta n ts  o f



-46-

th e  pseudocom ponents in  th e  m ix tu re  can "be o b ta in e d  from  

th e  L en n ard -Jones p a ra m e te rs  o f  th e  p u re  com ponents and a p p ro p r ia te  

ap p ro x im a tio n s  f o r  th e  u n lik e  i n t e r a c t io n  p a ra m e te rs  by a p p l i ­

c a t io n  o f  com bination  r u l e s  s im i la r  to  th o se  o b ta in e d  in  

th e  av erag e  p o te n t i a l  m odel. E x p re s s io n s  f o r  th e  therm odynam ic 

fu n c t io n s  a re  th e n  o b ta in e d  d i r e c t l y  from  th e  p a r t i t i o n  fu n c t io n .  

J a n in i  and M atire  (112) have r e c e n t ly  d e r iv e d  a n a ly t i c a l  

e x p re s s io n s  f o r  th e  e x c e ss  fu n c t io n s  o f  ch a in  m o lecu les  by e x te n ­

s io n  and s im p l i f i c a t io n  o f  P r ig o g in e * s  o r ig i n a l  e q u a tio n s . T h e ir  

method r e q u i r e s  a c c u ra te  d a ta  f o r  th e  e n th a lp y  and volume d e r i ­

v a t iv e s  o f  th e  pu re  com ponents. The e f f e c t iv e  number o f  e x te r n a l  

d e g re e s  o f  freedom  p e r  m olecu le  in  th e  m ix tu re  i s  t r e a te d  a s  

an a d ju s ta b le  p a ra m e te r and i s  d e te rm in ed  e m p ir ic a l ly  from  

a c t i v i t y  c o e f f i c i e n t s  a t  i n f i n i t e  d i l u t i o n  o b ta in e d  from  g a s -  

l iq u id  chrom otagraphy.

P erh ap s th e  m ost w id e ly  a p p lie d  m o d if ic a tio n  o f  

P r ig o g in e * s  work i s  th e  method dev elo p ed  by F lo ry  and cow orkers 

(113»11^'»H 5 » 116,117)» who combined th e  van d e r  W aals a t t r a c t i v e  

en erg y  and P r ig o g in e * s  c o n ce p ts  o f  e x te r n a l  d e g re e s  o f  freedom  

and c o n ta c t  betw een n e ig h b o rin g  segm ents w ith  th e  E y rin g  and 

H ir s c h f e ld e r  -  Tonks p a r t i t i o n  f u n c t io n .  We w i l l  l a t e r  d is c u s s  

s e v e ra l  a s p e c ts  o f  t h i s  th e o ry  in  c o n ju n c tio n  w ith  o u r p roposed  

m o d if ic a t io n s .

The fo rm alism  in v o lv e s  d iv id in g  th e  m o lecu le s  in to  

homogeneous segm ents o f  e q u a l s i z e ,  a lth o u g h  a  s p e c ia l  t re a tm e n t 

l im ite d  to  n -a lk a n e s  (1 1 3 » H 6 ,1 1 7 ) in v o lv e s  h e te ro g en eo u s



segm ents. The t o t a l  c o n f ig u r a t io n a l  en e rg y  i s  assumed to  a r i s e  on ly  

from  th e  p a irw ise  c o n ta c ts  o f  th e  segm ents. The c h a r a c t e r i s t i c  

p a ra m e te rs  o f  th e  pure  com ponents a re  o b ta in e d  from  l iq u id  

m olar volum es, th e rm a l ex p an sio n  c o e f f i c i e n t s  and th e rm a l 

p re s s u re  c o e f f i c i e n t s .

The th e o ry  i s  a p p lie d  to  m ix tu re s  th ro u g h  an e m p ir ic a l ly  

de te rm in ed  c o n ta c t  i n t e r a c t io n  p a ra m e te r , somewhat an a lo g o u s

to  G uggenheim 's exchange i n t e r a c t io n  p a ra m e te r, w, b u t w ith  

th e  d im ensions o f energ y  d e n s i ty .  T here a re  a lm o s t a s  many 

m ethods o f  com puting X ^  a s  th e re  a re  in v e s t ig a to r s  c o r r e la t in g  

t h e i r  d a ta  in  te rm s o f  F l o r y 's  t r e a tm e n t ,  sh o u ld  be in d e ­

pen d en t o f  c o n c e n tra t io n ;  w h ile  i t  i s  n e a r ly  c o n c e n tra t io n  in d e ­

p enden t f o r  some m ix tu re s , i t  i s  s t r o n g ly  co m p o sitio n  dependen t 

f o r  o th e r s .  I t  i s  u s u a l ly  (118) c a lc u la te d  e i t h e r  from  th e  

eq u im o la r v a lu e  o f  one e x c e ss  f u n c t io n  o r  by m in im izing  th e  

i n t e g r a l ,

U (X12^ = C ^o b serv ed  “ ^ ^ 1 2 ^ c a lc u la te d  ^ ^ 8 )

where X^ i s  one o f  th e  ex ce ss  p r o p e r t i e s .

T h e o r e t ic a l ly ,  th e  ch o ice  o f  th e  e x c e ss  f u n c t io n  from  

which X^g i s  e v a lu a te d  shou ld  be u n im p o rtan t; t h i s  i s  n o t  th e  

c ase . An a d d i t io n a l  e m p ir ic a l  p a ra m e te r , i s  u s u a l ly  needed 

to  c o r r e la t e  Second Law ex cess  f u n c t io n s  (117)• E n th a lp y  i s  

more s e n s i t iv e  to  th e  n u m erica l v a lu e  o f  th a n  i s  volum e, so 

t h a t  th e  agreem ent o f  p re d ic te d  e x c e s s  e n th a lp y  w ith  ex p erim en t
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u s in g  an e x c e s s  volum e'-based i s  f a r  p o o re r  th a n  th e  e x c e ss  

volume p r e d ic t io n  "based on ex ce ss  e n th a lp y  d a ta .  E xcess volum e, 

how ever, i s  th e  e x p e r im e n ta lly  more a c c e s s ib le  f u n c t io n ,  and 

e x c e ss  e n th a lp y  (and e x c e ss  f r e e  en erg y ) p r e d ic t io n s  p ra g m a tic a l ly  

m ost im p o r ta n t. The t r e a tm e n t co n fin ed  to  m ix tu re s  o f  n -a lk a n e s  

u s e s  a .co m p o s ite  v a lu e  o f r e l a t e d  to  th e  s t r e n g th  o f  th e  

i n t e r a c t io n s  betw een d i f f e r e n t  ty p e s  o f  segm ents.

The th e o ry  p ro d u ces , somewhat a s  an a r t i f a c t ,  te m p e ra tu re  

d ep en d en t c h a r a c t e r i s t i c  p a ra m e te rs . P a t te r s o n  and B ard in  (119) 

e x p lo re d  p o s s ib le  c a u se s  o f th e  v a r i a t i o n  o f  th e s e  c h a r a c t e r i s t i c  

p a ra m e te rs  w ith  te m p e ra tu re  f o r  c h a in  l i q u id s .  They found 

t h a t  th e  th r e e  p a ra m e te r c o rre sp o n d in g  s t a t e s  p r in c ip le  i s  

obeyed and concluded t h a t  th e  te m p e ra tu re  dependence i s  due 

n o t  to  th e  f a i l u r e  o f  th e  p r in c ip le  o f  co rre sp o n d in g  s t a t e s ,  

b u t to  th e  inadequacy  o f  t h e o r e t i c a l  e q u a tio n s  o f  s t a t e  based  on 

c e l l - l i k e  p a r t i t i o n  fu n c t io n s .

P a t te r s o n  and B ard in  (119) a ls o  examined th e  s p e c ia l  

t r e a tm e n t co n fin ed  to  n -a lk a n e s  in  w hich bo th  th e  p u re  com ponents 

and t h e i r  m ix tu re s  a re  c o n s id e re d  to  be m ix tu re s  o f  end and m iddle 

segm en ts . They found t h a t  in  o r d e r  to  o b ta in  re a so n a b le  v a lu e s  

f o r  H^, an u n u su a lly  weak m ethy l-m ethy lene  i n t e r a c t io n  m ust 

be p o s tu la te d .  W ith a  s t r o n g e r  m ethy l-m ethy lene  in t e r a c t io n ,  

th e  th e o ry  p r e d ic t s  n e g a tiv e  r a t h e r  th a n  p o s i t iv e  v a lu e s  f o r

They i n t e r p r e t  t h e i r  own e x te n s iv e  r e s u l t s  on th e  e n th a lp y  

o f  m ixing  o f  norm al and h ig h ly  b ranched a lk a n e s  (12 0 ,1 2 1 ,1 2 2 ) 

in  te rm s  o f  B o r th o r e l 's  c o r r e l a t io n  o f m o le c u la r  o r i e n t a t i o n s



t re a tm e n t ( 123) which a t t r i b u t e s  th e  o r ig i n  o f  th e  ex cess  

e n th a lp y  to  changes in  o r i e n t a t i o n a l  o rd e r  and f r e e  volume on 

m ix in g . The r e la t io n s h ip  o f  F l o r y 's  n -a lk a n e  th e o ry  to  o th e r  

s im p le  segm ent th e o r ie s  h a s  been exam ined by C ru ickshank  and 

H icks (12*0.

F i s h e r  and L eland  (125) d eveloped  a  tre a tm e n t o f  l i q u id s  

e x p l i c i t l y  based  on te m p e ra tu re  d ep en d en t c h a r a c t e r i s t i c  

p a ra m e te rs ; o th e r  in v e s t ig a to r s  have t r i e d  to  e l im in a te  th e  

te m p e ra tu re  dependence o f  F l o r y 's  c h a r a c t e r i s t i c  p a ra m e te rs  

and a t  th e  same tim e  a s s u re  s t r i c t  ad h eren ce  to  th e  p r in c ip le  

o f  c o rre sp o n d in g  s t a t e s .  One such method (126) in v o lv e s  

u s in g  n -o c ta n e  a s  a  r e fe re n c e  l i q u i d .  The c h a r a c t e r i s t i c  p a ra ­

m e te rs  o f  n -o c ta n e  a re  computed a s  su g g es ted  by F lo ry ;  th e  

c h a r a c t e r i s t i c  p a ra m e te rs  o f  a l l  o th e r  a lk a n e s  a re  th e n  d e term in ed  

from  se m i-e m p ir ic a l r e l a t io n s h ip s  to  th e  re fe re n c e  ( 127) .

Fang and Wiehe (128) have su g g es te d  t h a t  te m p e ra tu re  in d ep en d en t 

c h a r a c t e r i s t i c  volum es be o b ta in e d  by r e l a t i n g  th e  c r i t i c a l  

volum es o f  v a r io u s  l iq u id s  to  th e  c r i t i c a l  volume o f  a rg o n . 

B h a tn ag a r and Sharma (129) u sed  an e m p ir ic a l  method and c r i t i c a l  

c o n s ta n ts  d a ta  to  o b ta in  te m p e ra tu re  in d ep en d en t v a lu e s  f o r  

a l l  th e  c h a r a c t e r i s t i c  p a ra m e te rs , w hich th e y  th en  u sed  in  a  c e l l -  

ty p e  p a r t i t i o n  fu n c t io n  w hich in c o rp o ra te s  h e a t  c a p a c i ty  d a ta  

to  r e p re s e n t  in te rm o le c u la r  en ergy  changes.

An e a r l i e r  approach  w hich b u i ld s  on th e  id e a s  o f  P rig o g in e  

and F lo ry  and a ls o  u se s  h e a t  c a p a c ity  d a ta  was in tro d u c e d  by 

Renon, E c k e r t and P r a u s n i tz  (l3 0 )*  M odifying a  p ro p o sa l-b y



W ertheim (131) t h a t  th e  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c t io n  

he f a c to re d  in to  two te rm s , one a  f u n c t io n  o f  te m p e ra tu re  and 

volume and th e  o th e r  a  fu n c t io n  o f  te m p e ra tu re  o n ly , th e y  

su g g ested  in s te a d  u s in g  th e  fu n c t io n a l  fo rm ,

Q, = [v^fj^fgCTjj^expCu^ECvJ/kT) (99)

# — —v
where U i s  a  c h a r a c t e r i s t i c  energy . I f  0 = 1 , f ^ ( v )  = (V /3 -  1)

and f^ fT ) = 0 , E qu a tio n  (99) red u ces  to  th e  p a r t i t i o n  fu n c tio n
_  — 1/  _  

o f  E y rin g  and H ir s c h fe ld e r ;  i f  f ^ ( v ) =  (V '3 - 1 )  and f g ( T ) = 0 ,

i t  red u ces  to  p a r t i t i o n  fu n c tio n  used  by P r ig o g in e , and i f  in

a d d i t io n ,  th e  energy-volum e dependence i s  o f  th e  van d e r  Waals

form , E ( v )  = - c o n s ta n t /V  , E q u a tio n  (99) becomes F l o r y 's  p a r t i t i o n

f u n c t io n .  S in ce  th e  c o n f ig u ra t io n a l  h e a t  c a p a c ity  a t  c o n s ta n t

volume m ust be zero  i f  f g ( T ) = 0 ,  R enon, E c k e r t  and P ra u s n i tz

assumed th e  f u n c t io n a l  fo rm s,

f A(v) = (v1/3 - 1) (100)

f„ (T )  = exp(a /3T 3) (101)

and

E(V) = -1 /V (102)

f o r  th e  te rm s  in  E q u a tio n  (99)* The m agnitude o f  th e  c o n s ta n t a  

was approxim ated  from  ex p e rim en ta l h e a t  c a p a c ity  d a ta  a s  0 .4 .
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The c h a r a c t e r i s t i c  p a ram e te rs  a r e  o b ta in e d  from  te m p e ra tu re , 

volume and en erg y  o f  v a p o r iz a t io n  d a ta  under c o n d it io n s  when 

( 3 Zrfl/  3 ,6nT ) = 0 .^ ,  E c k e r t , Renon and P r a u s n i tz  (8?) a p p lie d  

t h i s  p a r t i t i o n  f u n c t io n  to  b in a ry  m ix tu res  of. s im p le  l i q u id s  

u s in g  S c o t t ’s  tw o -f lu id  ap p ro x im a tio n . They found  t h a t  th e  

c a lc u la te d  e x c e ss  p r o p e r t ie s  a r e  v e ry  s e n s i t iv e  to  th e  m agnitude 

o f  th e  en erg y  p a ra m ete r f o r  i n t e r a c t io n s  betw een th e  u n lik e  

m o lecu les and th e r e f o r e  in v e s t ig a te d  th e  e f f e c t  o f  a r b i t r a r y  

com b in a tio n s  o f  m o le c u la r  p a ra m e te rs  on th e  e x c e s s  p r o p e r t i e s  

o f  model l i q u i d  m ix tu re s ,

W innick and P r a u s n i tz  (132) used  a  s e m i-e m p ir ic a l modi­

f i c a t i o n  o f  th e  above p a r t i t i o n  f u n c t io n  in  o rd e r  to  ex tend  i t  

to  l a r g e r  and more complex m o le c u le s . They in c lu d e  in  fg (T ) a l l  

te m p e ra tu re  e f f e c t s  n o t  a lre a d y  ta k e n  in to  a c c o u n t, and d e te rm in ed  

fg (T )  e m p ir ic a l ly  f o r  each  su b s ta n c e  by e q u a tin g  g a s  and l i q u id  

f r e e  en ergy  e x p re s s io n s ;  th e  e q u a tio n  o f  s t a t e  o b ta in e d  from  

E q u a tio n  (99) i s  i t s e l f  in d ep en d en t o f  th e  form  o f  ^ ( T ) *  

m o d if ic a t io n  was ex tended  to  m ix tu re s  (133) u s in g  an e m p ir ic a l  con­

s t a n t  f o r  th e  energy  p a ra m e te r a s s o c ia te d  w ith  th e  i n t e r a c t io n  o f 

u n l ik e  m o lecu les  and an a d a p ta t io n  o f  th e  m ixing r u le s  p roposed  

by E c k e r t ,  Renon and P r a u s n i tz  ( 87) ,  While th e  r e s u l t s  a re  

re a so n a b ly  good f o r  s im ple  m ix tu re s , th ey  a r e  o n ly  f a i r  f o r  more 

complex o n e s . W innick (13^) a p p l ie d  t h i s  p a r t i t i o n  f u n c t io n  to  

p o la r  m o lecu les  ty  add in g  to  th e  van d e r  W aals a t t r a c t i v e  te rm  

a  reduced  d i p o l a r  energy  r e l a t e d  to  th e  c a n o n ic a l ly  averaged  

energy  o f a  p a i r  o f  d ip o le s .  In  ex ten d in g  t h i s  l a t t e r  t re a tm e n t to
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m ix tu re s  ( 135) he assumed t h a t  th e  u n lik e  d ip o le  and induced  

d ip o le  in t e r a c t io n s  outw eigh g eo m etric  mean r u le  d e v ia t io n s .

One e m p ir ic a l  m ix tu re  p a ra m ete r i s  needed f o r  each m ix tu re ; i f  

an ex ce ss  e n th a lp y  m easurem ent i s  used  to  d e te rm in e  t h i s  p a ra m e te r , 

th e  p re d ic te d  ex ce ss  e n th a lp y  and ex cess  volume com position  c u rv es  

q u a l i t a t i v e l y  a g re e  w ith  ex p erim en t.

31-11: Volume Dependence o f th e  L iq u id  C ohesive Energy

P a t te r s o n ,  B h a ttac h a ry y a  and P ic k e r  (136) compared th e  

form  o f th e  c h a r a c t e r i s t i c  p a ra m e te rs  r e s u l t i n g  from  th e  

L en n ard -Jo n es  (m -  n) l iq u id  c o n f ig u ra t io n a l  energy  dependence 

u sed  "by P r ig o g in e ,

® = C -nV -m/3 + mV“n / 3 ]  (103)

w ith  th e  (3 -  00 ) van d e r  W aals form  used by F lo ry . A pplying th e  

p r in c ip le  o f  c o rre sp o n d in g  s t a t e s ,  P a t te r s o n  and B ard in  (119) 

found  t h a t  e x p e r im e n ta l n -a lk a n e  d a ta  cou ld  be more r e a d i ly  

s h i f t e d  on to  th e  reduced  p ro p e r ty  cu rv es  produced by a  ( 3  -  00 ) 

p o t e n t i a l  th a n  on to  th o se  produced by ( 6 -  °° ) o r  ( 6 - 1 2 )  

p o t e n t i a l s .

The f i r s t  ex p e rim en ta l in v e s t ig a t io n s  on th e  b e s t  

way to  r e p r e s e n t  th e  volume dependence o f  th e  averag e  c o n fig u ­

r a t i o n a l  energ y  in  l i q u i d s  o v e r a  m oderate tem p e ra tu re  i n t e r v a l  

w ere conducted by H ild eb ran d  and h i s  c o lle a g u e s  ( l3 7 tl3 8 ,1 3 9 » 1 4 0 ) , 

a lth o u g h  some o f  th e  c o n c lu s io n s  in  th e s e  e a r ly  p a p e rs  were 

amended in  th e  l a t e r  monographs (1 4 1 ,1 4 2 ,1 4 3 ).
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The e x p re ss io n  f o r  th e  i n t e r n a l  p r e s s u r e ,  Pi = (SE/BV)^, i s  

c a l le d  th e  thermodynamic e q u a tio n  o f  s t a t e ,  and can "be o b ta in e d  

s t r a ig h tfo rw a rd ly  from  th e  combined f i r s t  and second law s and 

th e  a p p ro p r ia te  E u l e r 's  i d e n t i t y ,

(3E/3V)t  = T(ap/3T)y -  P (104)

E q u a tio n  (104) r e l a t e s  th e  i n t e r n a l  p re s s u re  to  a  sim ple  e x p e r i ­

m en ta l q u a n t i ty ,  th e  th e rm a l p re s s u re  c o e f f i c i e n t ,  (3P /3T)V> The

c o n tr ib u t io n  o f  th e  e x te r n a l  p re s s u re  to  (dE/dV )^ i s  u s u a l ly

n e g l ig ib le  a t  low p re s s u re .

I f  th e  volume dependence o f  th e  c o n f ig u r a t io n a l  energy  

can be re p re se n te d  by th e  van d e r  W aals e x p re s s io n , th e n

(3E/3V )t  = a/V 2 (105)

and th e  p ro d u c t V^dE/SV)^, shou ld  be c o n s ta n t o v e r  a  re a so n a b le  

te m p e ra tu re  in t e v a l .  I f  th e  a v e rag e  c o n f ig u r a t io n a l  energy  

shou ld  be re p re se n te d  more g e n e r a l ly  a s

E = -  a/V m (106)

th e n  th e  p ro d u c t V ^ ^ fd E /d v )^  sh o u ld  in s te a d  be c o n s ta n t .  E a r ly  

in v e s t ig a t io n s  showed t h a t  m i s  e q u a l to  o r  g r e a t e r  th a n  one 

f o r  n o n -p o la r  l iq u id s .

E q u a tio n  (106) can be d i f f e r e n t i a t e d  and re a rra n g e d  to



yield

(aE/3V)T = - mE/V (107)

I f  th e  l i q u i d  i s  s u f f i c i e n t l y  expanded so t h a t  th e  e f f e c t  o f  th e  

r e p u ls iv e  f o r c e s  i s  u n im p o rta n t, th e  a v e rag e  c o n f ig u ra t io n a l  en erg y  

can he approx im ated  by th e  n e g a tiv e  o f  th e  energy  needed to  overcome 

a l l  a t t r a c t i v e  f o r c e s  and v a p o r iz e  th e  f l u i d  to  th e  id e a l  g as , 

so t h a t

(3 E /a v )T = mAEV/ v  (108)

where AEV i s  th e  l a t e n t  energy  o f  v a p o r iz a t io n .  One way to  

e s t a b l i s h  v a lu e s  o f  m, th e n ,  i s  from  th e  r a t i o  o f  th e  i n t e r n a l  

p re s s u re  to  th e  co h esiv e  energy  d e n s i ty .  A pplying t h i s  method 

to  H ild e b ra n d 's  o r ig i n a l  d a ta  (l^-O) r e s u l t s  in  v a lu e s  o f  1 .1 0 ,

1 .0 8  and 1 .0 5  f o r  th e  energy-volum e ex p o n en ts  in  carbon  t e t r a ­

c h lo r id e ,  h ep tan e  and benzene.

E y rin g  and H ir s c h f e ld e r  (6^) used  E q u a tio n  (106) 

i n i t i a l l y  in  t h e i r  c e l l  p a r t i t i o n  fu n c t io n ,  b u t l a t e r  in tro d u c e d  

th e  s im p lic a t io n  m = l .  They d e r iv e d  e x p re s s io n s  f o r a ,  th e  

th e rm a l ex p an s io n  c o e f i c i e n t ,  and 8 , th e  is o th e rm a l c o m p r e s s ib i l i ty ,  

in  te rm s o f  m and th e  en erg y  o f  v a p o r iz a t io n .  They n o ted  t h a t  

a lth o u g h  th e  th e rm a l p re s s u re  c o e f f i c i e n t ,  y = (dP/BT)y, i s  

therm odynam ically  e q u iv a le n t  to  a / 8 ,  v a lu e s  o f  m d e te rm in ed  from  

e x p e r im e n ta l m easurem ents o f  a  and 8 d i f f e r  from  th o se  d e te rm in ed  

from  th e  d i r e c t  m easurm ent o f  (dp /3T )y  due to  th e  s e n s i t i v i t y  o f
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m to  sm a ll u n c e r t a in t i e s  in  th e  ex p e rim en ta l q u a n t i t i e s .

S e v e ra l a tte m p ts  have been  made to  e s t im a te  m t h e o r e t i c a l l y .  

Benson (1^4) a p p lie d  th e  smoothed p o te n t i a l  model o f  th e  l iq u id  

s t a t e ,  assumed i s o t r o p ic  ex p an sio n  o f  th e  l i q u id  w ith  te m p e ra tu re , 

and found t h a t  th e  c o n f ig u r a t io n a l  energy  reduced  to  a  fu n c t io n  

o n ly  o f  d e n s i ty .  I f  th e  in te rm o le c u la r  f o r c e s  can be re p re s e n te d  

by a  p o ly n o m ia l, th en  t h i s  fu n c t io n  i s

E = - B ^ 2 -  3z p8^  ~ B3 P-10/ 3 + B ^  (109)

where p i s  th e  d e n s i ty  o f  th e  f l u i d  and th e  B ^ 's  a re  c o n s ta n ts .

I f  E q u a tio n  (109) i s  approx im ated  by

E = -Apx / 3 (110)

th e n  th e  energy  o f  v a p o r iz a t io n  can be w r i t t e n

- T '22 > <uu

S in c e  Benson found  t h a t  o n ly  v a lu e s  o f  x betw een 5 and 6 le d  to  

c o n s ta n t  v a lu e s  f o r  A, v a lu e s  o f  th e  exponent i n  E q u a t io n .(110) 

sho u ld  range  from  5 /3  "to 2 . S n id e r  (1^5) a p p lie d  a  v a r i e n t  o f 

th e  h a rd  co re  model o f  l i q u id s  and examined th e  v a lu e s  o f  m in  

th e  f i n i t e  a t t r a c t i v e  o u te r  p o t e n t i a l  which m ust be added to  a  

p e r f e c t l y  r e p u ls iv e  in n e r  c o re . He found t h a t  th e  p o t e n t i a l  

energ y  p e r  m olecule i s  dom inated  by a  term  w hich i s  a  fu n c t io n
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o f  d e n s i ty  o n ly  and concluded  t h a t  m sh o u ld  he c lo s e  to  o r  eq u al 

to  u n i ty .

E x p e rim en ta l m easurem ents o f  (dP /dT )y  in  th e  1 9 5 0 's  

and 1960 ' s  confirm ed  th e  im p lic a t io n  o f  e a r l i e r  d a ta  t h a t  m > l 

f o r  n o n -p o la r  l i q u id s .  B enninga and S c o t t  (146) m easured th e  

th e rm a l p re s s u re  c o e f f i c i e n t  o f  CCl^ o v e r  a  wide te m p e ra tu re  in t e r v a l  

and used  th e  d a ta  to  compute th e  i n t e r n a l  p re s s u re .  They expressed  

b o th  th e  i n t e r n a l  p re s s u re  and th e  co h es iv e  energy  d e n s i ty  a n a ly ­

t i c a l l y  a s  fu n c t io n s  o f  te m p e ra tu re  and found t h a t  t h e i r  r a t i o  

h as  th e  te m p e ra tu re  in d ep en d en t v a lu e  m = 1 .0 9 . Sm ith  and H ildebrand  

(1^7) s im i la r ly  m easured (SP/dT)^ f o r  n -h ep tan e  and s e v e r a l  

f lu o r in a t e d  h y d ro ca rb o n s. They found t h a t  th e  in te rn a l ,  p re s s u re  

i s  a  f u n c t io n  o n ly  o f volume and t h a t  th e  v a lu e  o f  th e  exponent 

in  t h e ■energy-volum e r e l a t i o n  in c re a s e s  w ith  m o lecu la r s i z e  and 

f lu o r in e  c o n te n t . Ross and H ild eb ran d  (148) found t h a t  v a lu e s  

o f  m o b ta in e d  from  tn C d E /d V )^ /3 tn V ]  a re  c o n s id e ra b ly  h ig h e r  

th an  th o se  o b ta in e d  from  th e  r a t i o  o f  th e  i n t e r n a l  p r e s s u re  to  

co h es iv e  energy  d e n s i ty .  T h is  e f f e c t  was a ls o  observed  by 

Dunlap and S c o t t  (149) who a t t r i b u t e d  i t  to  sm all d e v ia t io n s  

o f  (d 3P/STs )y  from  z e ro . The t h e o r e t i c a l  s tu d y  o f F r ie d  and 

S c h n e ie r  (150) o f  th e  c o h es iv e  energy  o f  n -a lk a n e s  and o th e r  non­

p o la r  m o lecu les  a s  a  fu n c t io n  o f  te m p e ra tu re  d em o n stra ted  t h a t  

m i s  r e l a t i v e l y  c o n s ta n t  in  th e  reduced  te m p e ra tu re  ran g e  0 .6  -  0 .7 . 

The av erag e  v a lu e  o f m t h a t  th e y  o b ta in e d  f o r  n -a lk a n e s  by 

c o n s id e r in g  th e  d i f f e r e n t i a l  form o f th e  lo g a rith m  o f  E q u a tio n  

( 106) a g re e s  w ith  th e  h ig h e r  v a lu e  f o r  n -hexane found  by
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Dunlap and S c o t t  (1^9) try t h e i r  g r a p h ic a l  method.

B ia n c h i, Agahio and T u tu rro  (151) s tu d ie d  th e  in t e r n a l  

p re s su re  a s  a  fu n c tio n  o f  te m p e ra tu re  under bo th  c o n s ta n t  volume 

and c o n s ta n t  p re s s u re  c o n d it io n s . The sm all n e g a tiv e  v a lu e s  found f o r  

(B ^ n P i /a T )y  in d ic a te  t h a t  th e  l i q u i d  in te rm o le c u la r  energy  i s  n o t  

s t r i c t l y  a  fu n c t io n  o f volume o n ly ; exam ination  o f  t h e i r  v a lu es  

f o r  (9 X n F ^ /d T jj, , w hich i s  r e l a t e d  to  m try

(3 £ n P . = -  ( m - l ) a  ( 1 1 2 )1 ir

in d ic a te s  t h a t  m f o r  th e  th r e e  l i q u id s  s tu d ie d  i s  s l i g h t l y  g r e a te r  

th a n  one.

R ecen t rev iew s (152,153) have s t r e s s e d  th e  im portance 

o f  th e  i n t e r n a l  p re s s u re  and th e  c o h es iv e  energy d e n s i t y  in  

s o lu t io n  phenomena. Dack (153) o b ta in e d  e x p re ss io n s  f o r  th e  

in t e r n a l  p r e s s u r e ,

Pi  = " 1 ? pZj^ f  *3l > ( r ) / a r ] [ > g ( r ) / a T ]  d r  (113)
» n

and th e  co h es iv e  en erg y ,

NI r^u (
J n

E = 2ttpNI i r u ( r ) g ( r )  d r  ( l l ^ )

^o

in  te rm s o f  th e  p a i r  p o t e n t i a l  f u n c t io n ,  u ( r ) ,  and th e  r a d i a l  

d i s t r i b u t i o n  f u n c t io n ,  g ( r ) .  The i n t e r n a l  p re s su re  i s  

a s s o c ia te d  w ith  th o se  in te rm o le c u la r  fo r c e s  which do n o t  vary



r a p id ly  w ith  d is ta n c e  w h ile  th e  co h esiv e  en e rg y  i s  a s s o c ia te d  

w ith  a l l  th e  in te rm o le c u la r  f o r c e s  in  th e  l i q u i d  s t a t e ;  th e  

i n t e r n a l  p re s s u re  approaches th e  cohesive  en e rg y  when r e p u ls iv e  

and d is p e r s iv e  f o r c e s  a re  dom inan t and i s  s i g n i f i c a n t l y  lo w er 

th a n  th e  co h es iv e  energy  d e n s i ty  when s tro n g  o r i e n t a t i o n a l  f o r c e s  

a re  p re s e n t .

f o r  th e  ex ce ss  volume and e x c e s s  e n th a lp y  s o le ly  in  te rm s o f  

i n t e r n a l  p re s s u re  d i f f e r e n c e s ,

Agreement w ith  experim en t i s  p o o r , s in ce  th e  r e s u l t s  a re  v e ry  

s e n s i t iv e  to  sm a ll e r r o r s  in  th e  i n te r n a l  p r e s s u re  d a ta .  B e t te r  

agreem ent was o b ta in e d  f o r  th e  ex ce ss  e n th a lp y  i f  ex p e rim en ta l

ex p e rim en ta l m ix tu re  i n t e r n a l  p re s s u re  d a t a  o r  i f  th e  ex cess  

volume i s  used to  compute th e  m ix tu re  i n t e r n a l  p re s su re  from  

E q u a tio n  (115) and th e se  two q u a n t i t i e s  u sed  to g e th e r  in  E q u a tio n

B ag ley , N elson and S c ig l ia n o  (15^) d e r iv e d  e x p re s s io n s

(115)

and

(116)

m ix tu re  v o lu m e tric  d a ta  i s  u sed  in  E q u a tio n  ( l l 6 )  a long  w ith

IE-12; T h eo rie s  Based on l /V 111 R e la tio n s h ip s

K reg lew sk i (155) s tu d ie d  th e  e f f e c t  o f  m o lecu la r s iz e



and s i z e  d i f f e r e n c e s  on th e  c o n f ig u r a t io n a l  p r o p e r t i e s  o f  l iq u id  

m ix tu re s  "by a n a ly z in g  H ild e b ra n d ' s  v a lu e s  (141 ,142 ,143) th e  

i n t e r n a l  p re s su re -c o h e s iv e  energ y  d e n s i ty  r a t i o .  He found t h a t  

th e  r e la t io n s h ip  "between m and l i q u i d  m olar volume could  he 

approxim ated  by th e  e x p re ss io n ,

m = 0 ,2 6 2 ( v  -  V (117)

where Vq e q u a ls  30 cm /m ole o r  th e  approx im ate  s iz e  o f  a  m ethyl

group and V i s  th e  m o la r volume a t  a  reduced  tem p e ra tu re  T/T = 0 .6 .c

F o r m o lecu les  which approach  th e  s iz e  o f  a  m ethy l group m — > 0 

and th e  c o n f ig u r a t io n a l  energy and co rre sp o n d in g  re d u c tio n  

p a ra m e te rs  become indep en d en t b o th  o f  volume and o f  m o le c u la r  

s i z e .  F o r  very  la r g e  m o lecu les , E q u a tio n  (117) becomes a p p ro x i­

m a te ly

m = ^ V 1/3 * (118)

so t h a t  th e  c o n f ig u ra t io n a l  en e rg y  i s

E = - | Ev V1/3+ c o n s ta n t (U 9 )

and th e  energy  re d u c tio n  p a ra m e te rs  sh o u ld  be volume d ep en d en t.

T h is  a n a ly s is  h a s  caused K reg lew sk i to  conclude t h a t  th e re  sh o u ld  

be an a b ru p t change in  th e  p r o p e r t i e s  o f  l iq u id s  and t h e i r  

m ix tu re s  when th e  s iz e  o f  one o f  th e  components p a s s e s  th ro u g h
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Vq and t h a t  th e  a d d u c tio n s  p a ra m e te rs  f o r  m ix tu re s  o f  sm all 

m olecu les sh o u ld  he more s e n s i t i v e  to  s i z e  d i f f e r e n c e s  th a n  th o se  

f o r  m ix tu re s  o f  la r g e  m o le c u le s .

Fang and Wiehe (1,56) c o n s tru c te d  a  s e m i-e m p ir ic a l 

p a r t i t i o n  fu n c t io n ,  s im i la r  to  th o se  u sed  in  c o n ju n c tio n  w ith  a  

van d e r  W aals a t t r a c t i v e  te rm , h u t w ith  th e  energy-volum e r e l a ­

t io n s h ip  in  E q u a tio n  ( 1 0 6 )  in s te a d ,  which th e y  a p p lie d  to  monomeric 

and p o ly m eric  l i q u i d s .  I t s  form  i s  g iv e n  hy

Q = Qcoral:)[ h f ( v ) ] 3GV Wexp(Ns€/kTVm) ( 1 2 0 )

*
The c h a r a c t e r i s t i c  volum e, *V , o f  each  l i q u id  i s  d e te rm in ed  

from  i t s  c r i t i c a l  volume and th e  c r i t i c a l  volume o f  a rg o n ; th e  f o u r  

o th e r  m o le c u la r  c o n s ta n ts ,  h , C, m and s€ a re  c a lc u la te d  so a s  

to  g iv e  "best s im u ltan eo u s  agreem ent w ith  ex p erim en t o f  e x p re s s io n s  

f o r  th e  l i q u i d  m olar volum e, th e rm a l p re s s u re  c o e f f i c i e n t ,  v ap o r 

p re s su re  and h e a t  o f  v a p o r iz a t io n .  The v a lu e s  o f  m o b ta in e d  from  

t h i s  p ro c e d u re  range from  0 .?6  f o r  neopen tane  to  1 ,6 7  f o r  a c e ty le n e . 

A ttem pts to  ex tend  th e  a p p l ic a t io n  o f  th e  p a r t i t i o n  f u n c t io n  to  

m ix tu res  p roved  u n s u c c e s s fu l .

A more s u c c e s s fu l  approach  t h a t  in c lu d e d  n o n - in te g r a l  

powers o f  volume in  th e  a t t r a c t i v e  energ y  term  i s  based on th e  

group i n t e r a c t i o n  method ( 1 5 7 > 1 5 8 , 1 5 9 ) • Group i n t e r a c t i o n  m ethods 

assume t h a t  th e  i n t e r a c t io n s  energy  betw een m o lecu le s  can  be 

re p re se n te d  a s  th e  sum o f  c o n t r ib u t io n s  from  p a i r s  o f  i n t e r a c t in g  

g ro u p s, each  p a i r  a c t in g  in d e p e n d e n tly  o f  a l l  o th e r s  p r e s e n t ,
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The m agnitude o f  each  c o n t r ib u t io n  i s  assumed to  depend o n ly  on th e  

group  c o n c e n tra t io n , th e  group c ro s s  s e c t io n  and th e  group in t e r a c t io n  

c o e f f i c i e n t .  The p a r t i t i o n  fu n c t io n  developed  hy L ee, Greenfcorn 

and Chao (160) f o r  p o la r  and n o n -p o la r  m o lecu les  com bines c e l l  

and q u a s i - l a t t i c e  th e o r ie s  and lo o k s  l i k e  F lo r y ' s  p a r t i t i o n  

f u n c t io n  e x p re ssed  in  te rm s  o f  g ro u p s ,

where r ^ ,  c^ , and ^  a re  th e  number o f  g ro u p s o f  ty p e  i  p e r

m o lecu le , th e  number o f  e x te r n a l  d e g re e s  o f  freedom  p e r  g ro u p , 

group c h a r a c t e r i s t i c  volume and group  g eo m etric  c o n s ta n t  r e s p e c ­

t i v e l y .  The i n t e r a c t io n  en erg y , betw een g ro u p s i  and j  i s

w r i t t e n  a s

where V. . i s  an energy  i n t e r a c t i o n  c o n s ta n t  f o r  g ro u p s i  and j  

and V i s  th e  volume o f  a  base  g roup . The exp o n en t m = l , l 5  wasJJ
chosen f o r  E q u a tio n  (122) because  o f  th e  la r g e  number o f  norm al 

and branched  a lk a n e s  w ith  i n t e r n a l  p re s s u re -c o h e s iv e  en ergy  

d e n s i ty  r a t i o s  n e a r  t h i s  v a lu e  ( l 6 l ) .  The en e rg y  o f  a  hydrogen 

bond was re p re se n te d  "by ad d in g  an a d d i t io n a l  a t t r a c t i v e  te rm ,

^  ~ ^comb (n a K ) riCiiy /3 - D 3roH ( 121)

(122)

(123)
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to  th e  i n t e r a c t io n  en erg y . The number o f  i n t e r a c t io n s ,  1L ^ , 

betw een th e  d i f f e r e n t  g roups i s  d e te rm in ed  from  Guggenheim 's 

q u a s i-c h e m ic a l r e l a t i o n .  The c o re  volum es, energy  i n t e r a c t i o n  

p a ra m e te rs  and number o f  e x te r n a l  d e g re e s  o f  freedom  f o r  m ethyl 

and m ethy lene g ro u p s a re  d e te rm in ed  from  m olar volum es, e n th a lp ie s  

o f  v a p o r iz a t io n  and th e rm a l ex p an s io n  c o e f f i c i e n t s  o f  p u re  

n -a lk a n e s ; th e  i n t e r a c t io n  p r o p e r t i e s  o f  h y d ro x y l g ro u p s a re  

th e n  o b ta in e d  from  s im i l a r  d a ta  f o r  n -a lk a n o ls .  No d i s t i n c t i o n  

i s  made betw een th e  i n t e r a c t io n  e n e rg ie s  o f  m ethyl and m ethylene 

g ro u p s , a lth o u g h  th e  two groups a r e  a ss ig n e d  d i f f e r e n t  c o o rd in a tio n  

num bers. The tre a tm e n t was ex ten d ed  to  b ranched  a lk a n e s  (162) 

u s in g  a  T a y lo r  s e r i e s  ex p an sio n  and to  m ix tu re s  o f  n -a lc o h o ls  and 

m ix tu re s  o f  n -a lk a n e s  w ith  n -a lc o h o ls  ( I 63) by in c lu d in g  an e m p ir ic a l  

o r i e n t a t i o n  f a c t o r  c a lc u la te d  from  ex cess  e n th a lp y  d a ta .  The 

l a s t  p a p e r  in  th e  s e r i e s  (16^) t r e a t e d  pure  k e to n es  and m ix tu re s  

o f  k e to n es  and a lk a n e s .

Brontow and Lu ( 165) o b ta in e d  c h a r a c t e r i s t i c  p a ra m e te rs  

f o r  norm al a lc o h o ls  by d iv id in g  th e  m o lecu les  in to  segm ents, 

r e l a t i n g  th e  segm ents to  g raph  p o in t s  and co u n tin g  what th e y  

te rm  i n t e r e s t i n g  w alks on g ra p h s . U sing  E q u a tio n  (106) to  

e x p re ss  th e  c o n f ig u r a t io n a l  en erg y , th e y  d e r iv e d  e x p re s s io n s  

f o r  th e  e x c e ss  p r o p e r t i e s  in  te rm s o f  i n t e r a c t in g  p a i r s  o f  w a lk s.

They s t r e s s e d  th e  need f o r  v e ry  a c c u ra te  p u re  component d a ta  

s in c e  th e  c o n f ig u r a t io n a l  e n e r g ie s  in v o lv ed  a re  much l a r g e r  

th a n  th e  ex ce ss  en erg y .



IE-13i Semi-empirical Correlation Methods
None o f  th e  m o le c u la r  approaches d is c u s s e d  so f a r  g iv e s  

a  t o t a l l y  s a t i s f a c t o r y  a c c o u n t o f  th e  e x c e ss  p r o p e r t i e s  o f  l i q u id  

m ix tu re s  even  i f  some d a t a  on th e  m ix tu re  i t s e l f  i s  in c o rp o ra te d . 

E m p ir ic a l fu n c t io n s ,  such a s  th e  R e d l ic h -K is te r  e x p re s s io n  (1 6 6 ) , 

can  he used  to  r e p re s e n t  th e  c o n c e n tra t io n  dependence o f  one 

e x c e ss  p ro p e r ty ,  h u t th e  l e a s t  sq u a re s  c o n s ta n ts  f o r  one type 

o f  d a ta  a re  u n re la te d  to  th e  c o n s ta n ts  f o r  o th e r  ty p e s  o f  d a ta ,  

so t h a t  one ex cess  f u n c t io n  canno t he p re d ic te d  from  a n o th e r .

The W ilson e q u a tio n  (1 6 7 ) , a  tw o -p a ram ete r s e m i-e m p ir ic a l e q u a tio n  

hased  on th e  con cep t o f  l o c a l  mole f r a c t i o n s ,  i s  p a r t i c u l a r l y  

u s e f u l  f o r  th e  c o r r e la t io n  o f v a p o r - l iq u id  e q u il ib r iu m  and 

e x c e ss  f r e e  energ y  d a ta .  A lthough e x p re s s io n s  f o r  th e  ex cess  

e n th a lp y  can he o b ta in e d  from  th e  te m p e ra tu re  dependence o f th e  

W ilson  p a ra m e te rs , th e  ag reem en t w ith  ex p erim en t i s  p o o r (1 6 8 ).

The W ilson e q u a tio n  has b een  used to  p ro v id e  an a n a ly t i c a l  form  

f o r  th e  c a lc u la t io n  o f g ro u p  ex cess  e n th a lp ie s  (169) and in  a  

c o r r e la t io n  scheme hased on a  m o d if ic a tio n  o f  th e  conform al 

s o lu t io n  fo rm alism  (1 7 0 ,1 7 1 ) .

F r ie d  and Lieberm ann (172 ,173) have r e c e n t ly  m od ified  

th e  W ilson e q u a tio n  by in tro d u c in g  a  m o le c u la r  s iz e  c o n tr ib u t io n  

te rm  and a  method f o r  e s t im a t in g  th e  te m p e ra tu re  dependence o f  

th e  p a ra m e te rs . T h is new e q u a tio n  p e rm its  th e  c a lc u la t io n  o f  

th e  ex cess  f r e e  energy from  iso th e rm a l ex ce ss  e n th a lp y  d a ta  w ith  

im proved accu racy  and so p ro v id e s  a  way to  avo id  s p e c i f i c a t io n  

o f  th e  com binatory  term  i n  p a r t i t i o n  f u n c t io n s  which p r e d ic t  

F i r s t  Law p r o p e r t i e s  a c c u r a te ly .



I I I .  PURE FLUID RELATIONS

The t r e a tm e n t o f  l iq u id  m ix tu re s  we p ropose  d i f f e r s  

in  s e v e ra l  im p o r ta n t ways from th e  m ethodology d ev e lo p ed  by 

F lo ry  and cow orkers (113-117)* I n i t i a l l y ,  we assume th e  n e c e s s i ty  o f  

re p la c in g  th e  van d e r  W aals energy-volum e r e l a t i o n s h ip  by th e  

more g e n e ra l  e x p re s s io n  a s  g iv en  by E q u a tio n  (1 0 6 ). We p o s tu la te  

t h a t  th e  exponent m in  t h i s  e x p re ss io n  i s  a  fu n d am en ta l p ro p e r ty  

o f  each  l iq u id  .com ponent and th a t  th e  v a lu e  o f m f o r  a  b in a ry  

l iq u id  m ix tu re  i s  a  s u i ta b ly  averaged  f u n c t io n  o f  th e  v a lu e s  

f o r  th e  in d iv id u a l  com ponents.

The p r e s e n t  tre a tm e n t i s  an e x te n s io n  o f  work i n i t i a l l y  

u n d e rta k en  by Hsu ( l ? ^ ) , who a s s o c ia te d  a  s in g le  common v a lu e  

o f  m w ith  a l l  members o f  a  group o f  s i m i l a r  l i q u id s  and t h e i r  

m ix tu re s . W hile H su’ s  tre a tm e n t g iv e s  good agreem ent between 

ex p e rim en ta l ex ce ss  e n th a lp ie s  and e x c e s s  e n th a lp ie s  c a lc u la te d  

from  ex cess  volume d a ta  f o r  c e r ta in  g ro u p s  o f l i q u i d  m ix tu re s , 

th e  method u l t im a te ly  im p lie s  t h a t  th e  same v a lu e  o f  m should  

be a s s o c ia te d  w ith  a l l  l iq u id s  o f  a l l  g ro u p s .

I I I - l i  The C o n f ig u ra t io n a l  P a r t i t i o n  F u n c tio n  and E q u a tio n  

o f S ta te

We b eg in  by em ploying th e  F r ig o g in e  fo rm a lism , in  which 

each m olecu le  i s  c o n s id e re d  d iv id e d  i n t o  r  homogeneous segm ents, 

each w ith  Jc e x te r n a l  d e g re e s  o f  freed o m . I t  i s  assum ed th a t  

o n ly  th e  e x te r n a l  d e g re e s  o f  freedom  a r e  a f f e c te d  by th e  en v i­

ronm ent; i n t e r a c t i o n s  w ith  o th e r  m o le c u le s  le av e  th e  in t e r n a l
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d e g re e s  o f  freedom  unchanged. The segm ents i n t e r a c t  w ith  each 

o th e r  th ro u g h  c o n ta c t  s i t e s  d i s t r i b u t e d  o v e r th e  m o le c u la r  s u r fa c e ;  

th e re  a re  s such c o n ta c t  s i t e s  p e r  segm ent. No d i s t i n c t i o n  i s  

made betw een th e  i n t e r a c t io n  o f  segm ents be lo n g in g  to  th e  same 

m olecule and th e  i n t e r a c t io n  o f  segm ents lo c a te d  on d i f f e r e n t  

m o lecu les .

The P r ig o g in e  m o d if ic a tio n  o f  th e  E y rin g  and H ir s c h fe ld e r  -  

Tonks c o n f ig u ra t io n a l  p a r t i t i o n  f u n c t io n  f o r  N m o lecu les can 

be w r i t t e n  a s

Q = Qcomb(XV* )rNC(^ '  l ) 3rN°ex p (-E o /k T ) (124)

^comb coml3in a 'to iy  p a r t  o f  th e  p a r t i t i o n  f u n c t io n  and

need n o t  be s p e c if ie d  f o r  tre a tm e n ts  o f  e i t h e r  th e  PVT p r o p e r t ie s  

o r  energy  r e l a t i o n s  o f  f l u i d s .  T onks' g eom etric  c o n s ta n t ,  

s im i la r ly  need n o t be s p e c i f ie d .  The reduced  volum e, v, i s  

d e f in e d  by

where V is the total fluid volume per segment and v is the core
o r  occup ied  volume p e r  segm ent. The t o t a l  f l u i d  volume p e r

*
m o lecu le , v ,  and co re  volume p e r  m o lecu le , 'V' , a re  r e l a t e d  to  th e  

r e s p e c t iv e  q u a n t i t i e s  p e r  segm ent try

•v = v r (126 )
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ancL

V = r  *  (12?)

*
The m olar and co re  m o lar volum es, V and V , can  lie ex p ressed  by

V = (128)

and
* * ( 1291)V = N V  o

where I s  A vogodro 's  number o f  m o lecu les . E x p re s s io n s  f o r  

th e  reduced  volume an alogous to  E q u a tio n  (125) can be w r i t t e n  

u s in g  m o lecu la r and m o lar volum es. A ll th r e e  e x p re s s io n s ,

v = V  = V (130)

a re  e q u iv a le n t  and can be used  in te rc h a n g e a b ly .

The av e rag e  c o n f ig u r a t io n a l  energy  o f  th e  system , Eq , 

i s  ex p ressed  in  te rm s o f  th e  in t e r a c t io n  o f  p a i r s  o f  n e ig h b o rin g  

c o n ta c t  s i t e s .  U sing  E q u a tio n  (106) a s  th e  model f o r  th e  form  

o f  th e  energy-volum e r e l a t i o n ,  th e  a t t r a c t i v e  energ y  o f  i n t e r a c t io n  

o f two such s i t e s  i s  V/ vm , o f  two segm ents i s  s ^ / v m and o f  two 

m o lecu les  i s  r s  ̂  / v™ , so t h a t  th e  average  c o n f ig u r a t io n a l  energy  

o f  th e  N m olecu les i s

Eo = -  Nrsi? /2 v m (131)



-67-

where th e  f a c t o r  2 c o r r e c t s  f o r  th e  d u p l ic a te  c o u n tin g  o f  th e  

c o n t r ib u t io n  from  each  p a i r .  I f ' N  = No , E q u a tio n  (131) r e p r e s e n ts  

th e  m o lar i n t e r a c t io n  energy  o f  th e  l i q u i d .  I f  m = l ,  th e s e  

r e l a t i o n s  reduce  to  form s re s se m b lin g  th e  van  d e r  W aals a t t r a c t i v e  

e n e rg y . A lthough F lo ry  b r i e f l y  co n s id e red  v a lu e s  o f  m / l ,  he 

f e l t  t h a t  th e y  produced no im provem ent in  th e  r e p r e s e n ta t io n  o f 

th e  PVT p r o p e r t i e s  o f  pu re  f l u i d s  and so chose a t t r a c t i v e  e n e rg ie s  

o f  th e  van d e r  W aals form  in s te a d .  E x p re ss in g  th e  av erage  

c o n f ig u r a t io n a l  en erg y  by E q u a tio n  (1 3 1 ), th e  p a r t i t i o n  f u n c t io n  

f o r  N m o lecu les  becomes

In  o rd e r  to  o b ta in  th e  e q u a tio n  o f  s t a t e ,  th e  n a tu r a l  

lo g a r ith m  o f  th e  p a r t i t i o n  f u n c t io n  i s  d i f f e r e n t i a t e d  w ith  

r e s p e c t  to  th e  t o t a l  volum e, Vjj = N rv, o f  th e  N m o le c u le s . The 

c o m b in a to r ia l  te rm  and th e  co re  volume p e r  segm ent a re  assumed 

in d ep en d en t o f  volum e, so t h a t  E q u a tio n  (132) becomes

S in c e , from  th e  c h a in  r u l e  and th e  d e f i n i t i o n  o f  reduced  volum e,

Q = Qc o m b ^ v* )lNC^ "  O ^ e x p ^ r s ^ v V l ? )  (132)

2kTV

mNrsT?
—^ -(a v /a v N)T (132)

(3V/SVN) T = 1 /N r (133)

and
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( 3 V / 3 V n ) t  = i /  Nrv* (13*0

E q u a tio n  (132) becomes

— 2/
cV /3 msy

(9 Z n  Q/dV^)^ = \ - x t  , *  “ in + 1, m (1 3 5 )
a  1 (v  '3 -  l )  v 2v kT

A pplying th e  s t a t i s t i c a l  m ech an ica l r e l a t io n s h ip  betw een p re s s u re  

and th e  p a r t i t i o n  f u n c t io n ,

P = kT(d£nQ /3V N) T (136)

th e  e q u a tio n  o f  s t a t e  i s

— _s/
kTcV /3 ms rj

p  =   _ ( 13?)
(V /s -  l ) v  2v

E q u a tio n  (137) i s  e x p re ssed  in  te rm s o f  th e  p r o p e r t i e s

o f  e x p l i c i t  segm ents; i t  can be p u t  in to  reduced  form  by d e f in in g
-x* #

th e  c h a r a c t e r i s t i c  p r e s s u r e ,  P , and c h a r a c t e r i s t i c  p r e s s u r e ,  T ,

ty

P* = s i7 /2 v * m +1 (138)

and

T* = S , / 2 v * ” ok (139)



and using the reduced variables, P,

P = P /P
* (140)

and T,

(141)

The c h a r a c t e r i s t i c  p a ra m e te rs  a re  i n t e r r e l a t e d  ty

•*
(142)P V ckT

1 I I - 2 ;  T em perature Dependence o f  th e  C h a r a c te r i s t i c  P a ram eters  

When e v a lu a te d  from  pure  component d a ta  and th e  red u ced  

e q u a tio n  o f s t a t e  a t  zero  p re s s u re ,  t h e  c h a r a c t e r i s t i c  p a ra m ete rs  

show a  sm all h u t  d e f i n i t e  dependence on te m p e ra tu re . D if f e re n ­

t i a t i n g  E q u a tio n  (104) w ith  r e s p e c t  to  te m p e ra tu re ,

shows t h a t  th e  i n t e r n a l  p r e s s u r e ,  and th e re fo re  p e rh a p s  th e  c o n f ig u ra -

S in ce  th e rm a l p re s s u re  c o e f f i c i e n t s  g e n e r a l ly  d e c re a s e  w ith  

te m p e ra tu re , th e  te m p e ra tu re  dependence o f  th e  c h a r a c t e r i s t i c  

p a ra m e te rs  m igh t he due to  th e  la c k  o f  an e x p l i c i t  tem p e ra tu re  

dependence in  th e  e x p re s s io n  f o r  th e  c o n f ig u r a t io n a l  energy.

O C s E /a v y a T ^  = (a2p/aT2)v (143)

t i o n a l  energy , i s  p u re ly  a  fu n c tio n  o f  volume

B e rt h e lo t  (2 6 l)  fo rm u la ted  an  eq u a tio n  o f  s t a t e ,  g iv e n
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(P + a/TV^) (V -  b) = RT (144)

which re s se m b le s  th e  van  d e r  W aals e q u a tio n  o f  s t a t e  b u t which 

im p lie s  an  energy-volum e r e l a t i o n s h ip  e x p l i c i t l y  in v o lv in g  

te m p e ra tu re ,

E = -  a/VT (145)

We th e r e f o r e  ex p lo red  w h e th er th e  te m p e ra tu re  dependence o f  th e  

c h a r a c t e r i s t i c  p a ra m e te rs  cou ld  be e lim in a te d  by e x p re s s in g  

th e  i n t e r a c t i o n  energy  o f  two s i t e s  a s  T?/vmTn f o r  some v a lu e  

o f  n j  0.

U sing  an e x p re s s io n  f o r  th e  av erag e  c o n f ig u r a t io n a l  

energy  b ased  on s i t e  i n t e r a c t i o n s  o f  t h i s  form , th e  c o n f ig u ra ­

t i o n a l  p a r t i t i o n  f u n c t io n  becomes

Q -  a 0OTll()LV*)I* 0 ( V ^ - l ) 3 ri,0Hcp(HI B , / 2 ' V + 4 )  ( i « )

and le a d s  to  th e  e q u a tio n  o f  s t a t e ,

_ _ 3 /kTcV /3  ms t?
P “  (V% - l ) v *  '  2vm+V  (1W)

In order to preserve the correct dimensionality, P and T must
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be d e f in e d  a s

P* -  S,/2v*m+1T*n (1M)

and

\ % + iT = ( SJ)/ 2 V ^ c k ) /nT 1 (149)

w ith  th e  r e s t r i c t i o n  t h a t  n  ^  -1 .  S u b s t i tu t i n g  e x p re s s io n s  f o r  

p r e s s u r e  and tem pera tu re  fro m  th e  d e f i n i t i o n s  o f  th e  reduced  

p r o p e r t i e s  in to  E quation  (1 4 7 ) and u s in g  E q u a tio n s  (148) and (149) 

to  s im p lify  th e  r e s u l t s ,  l e a d s  to  th e  red u ced  eq u a tio n  o f  s t a t e ,

P V m

,p n+lym (150)

In  th e  l i m i t  o f  zero p r e s s u r e  and w ith o u t a p p re c ia b le  e r r o r  

a t  a tm o sp h e ric  p re s su re , E q u a tio n  (150) becomes

S r t- l  m ^
t  -  - ^ r  ( i s o

I f  n = 0 , E q u a tio n s  (150) and (151) red u ce  to

T ( v 7 3 -  1) TV11

PV  V /3 m

1/3 _ ^

(152)
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and

m (V ^ -  1) 

T = (153)

E x p re ss io n s  f o r  th e  th e rm a l ex p an sio n  c o e f f i c i e n t ,  

a  “  [^ ~  (SV/5T)pJ, and th e  th e rm a l p re s s u re  c o e f f i c i e n t ,  y = (3 P /3 T )y , 

can  be o b ta in e d  from  th e  reduced  e q u a tio n s  o f s t a t e ;  ex p e rim en ta l 

v a lu e s  o f  th e s e  p r o p e r t ie s  and th e  m olar volume o f th e  l iq u id  can 

th e n  be used to  e v a lu a te  th e  c h a r a c t e r i s t i c  p a ram e te rs  a s  fu n c tio n s  

o f  m and n .

The p ro d u c t aT i s  r e l a t e d  to  th e  reduced  v a r ia b le s  P, V

and T bf y

T / a v \  
aT = - I — )

V \3 T / p

I n  o rd e r  to  e v a lu a te  V, th e  reduced  e q u a tio n  o f  s t a t e  a t  zero  p re s s u re  

i s  im p l i c i t l y  d i f f e r e n t i a t e d  and th e  r e s u l t  re a rra n g e d  to  y ie ld ,

(15*0

T /d V \ r V *

v [ 3 ( v ^ i r

m( n + 1 )

^n+1 y m+1 (155)

Equation'(155) can be solved for the reduced volume at temperature T 

in terms of a, m and n,
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v - [la + + <156>

by s u b s t i t u t in g  from  E q u a tio n s  (151) and. (15^)* V , th e  c h a r a c te r ­

i s t i c  volume o f a  mole o f  m o le c u les , i s  th en  c a lc u la te d  from  V and th e  

e x p e r im e n ta l m o la r volume u s in g  th e  d e f i n i t i o n  o f  reduced  volum e.

The reduced  te m p e ra tu re , T, i s  o b ta in e d  from  V th ro u g h  th e  reduced  

e q u a tio n  o f  s t a t e  a t  zero  p re s s u re ;  v a lu e s  f o r  th e  c h a r a c t e r i s t i c  

te m p e ra tu re , T , a re  th en  c a la c u la te d  from  E q u a tio n  ( l ^ l ) .

An e x p re ss io n  r e l a t i n g  th e  rem ain ing  c h a r a c t e r i s t i c  p a ra -  
*

m ete r, P , to  e x p e r im e n ta l d a ta  i s  o b ta in e d  tty f i r s t  e x p re ss in g  

y in  te rm s o f  red u ced  v a r i a b le s ,

/ 3 P \
(157)

P T / 3 P \

P T \ S T / t7V

and th e n  d i f f e r e n t i a t i n g  E q u a tio n  (150) a t  c o n s ta n t ' V. A t low 

p r e s s u r e s ,  th e  r e s u l t i n g  e x p re s s io n  i s

*  YVIlH'1 T n T
P »(n+l) (158)

E q u a tio n s  (151) and (158) show t h a t  any a r t i f i c i a l  
*

v a r i a t i o n  o f  V w ith  te m p e ra tu re  w i l l  cause r e l a t e d  v a r i a t i o n s
■}£ __ 

o f  T and P w ith  te m p e ra tu re . F o r m = l ,  n = 0 , V in c r e a s e s  w ith
46-

te m p e ra tu re  too  s lo w ly , so t h a t  V and th e r e f o r e  T b o th  in c re a s e

s l i g h t l y  w ith  in c re a s in g  te m p e ra tu re . The e f f e c t  i s  m agn ified  
&

in  P, which d e c re a s e s  w ith  te m p e ra tu re .
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E q u a tio n  (156) in d ic a te s  t h a t  p o s i t iv e  v a lu e s  o f  n 

w i l l  a c c e le r a te  th e  in c re a s e  o f  V w ith  tem p e ra tu re  a t  a  g iv en  

v a lu e  o f  m. As n — ► V — *-1, so t h a t  even f o r  i n f i n i t e  v a lu e s

o f  n , th e  expansion  o f  th e  c h a r a c t e r i s t i c  volume w ith  tem p era tu re  

w i l l  p a r a l l e l  th e  ex pansion  o f  th e  m o lar volum e. The v a lu e s  o f  

m >  1 e x p e r im e n ta lly  a s s o c ia te d  w ith  th e  co h es iv e  en ergy  o f 

r e l a t i v e l y  n o n -p o la r  l iq u id s  somewhat a c c e n tu a te  th e  expansion  o f  

th e  co re  volume w ith  te m p e ra tu re . W hile p o s i t iv e  v a lu e s  o f  n 

w i l l  m arkedly change th e  m agnitude o f  th e  c h a r a c t e r i s t i c  p r e s s u r e , 

th e  v a r i a t io n  w ith  te m p e ra tu re  w i l l  rem ain  r e l a t i v e l y  u n a ffe c te d .

We m ust conclude  t h a t  th e  te m p e ra tu re  dependence o f  th e  

c h a r a c t e r i s t i c  p a ra m e te rs  can n o t be a t t r i b u t e d  to  th e  absence  o f a  

sim ple  b u t e x p l i c i t  te m p e ra tu re  dependence in  th e  c o n f ig u ra t io n a l  

en ergy  e x p re s s io n , and so f o r  s im p l ic i ty ,  s e t  n = 0 , The e f f e c t  o f 

c h a r a c t e r i s t i c  p a ra m e te r te m p e ra tu re  v a r i a t i o n  on ex ce ss  p ro p e r ty  

c a lc u la t io n s  can be m inim ized by u s in g  e x p e r im en ta l v a lu e s  o f  a  

and y a t  th e  te m p e ra tu re  o f  i n t e r e s t .

W ith n = 0 ,  th e  e q u a tio n  o f s t a t e  i s  g iv e n  by E q u a tio n  (13?)>
* *

th e  c h a r a c t e r i s t i c  p a ra m e te rs  P and T a re  d e f in e d  by E q u a tio n s

(138) and (139) and th e  reduced  e q u a tio n  o f  s t a t e  and reduced

e q u a tio n  o f s t a t e  n e a r  P = 0  a re  g iv en  by E q u a tio n  (152) and (153)*
  .£

The e x p re ss io n s  f o r  th e  e v a lu a t io n  o f V and P become

and
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p* = Y V ^ 1 T
m (160)

I I I - 3 ;  M olar P r o p e r t ie s  o f  Pure  F lu id s

A lthough th e  reduced  e q u a tio n  o f  s t a t e  depends e x p l i c i t l y  

on m, E q u a tio n  (152) can n o t he used  to  de te rm in e  m a n a ly t i c a l l y  

from  th e  PVT p r o p e r t i e s  o f  p u re  f l u i d s .  The in d e te rm in a te  n a tu re  

o f m from  PVT p r o p e r t i e s  a r i s e s  from  th e  aero  p re s s u re  a p p ro x i­

m ations needed to  e v a lu a te  th e  c h a r a c t e r i s t i c  p a ra m e te rs  and
-ft- ■Jt' ‘ft*

from  th e  d e te rm in a tio n  o f  v a lu e s  o f  T and P c o n s is te n t  w ith  V 

a t  a  g iv e n  m. I f  P , V and T cou ld  he in d e p en d e n tly  d e te rm in ed , 

E q u a tio n  (152) cou ld  in  p r in c ip le  he used  to  c a lc u la te  m; w ith  

in te rd e p e n d e n t v a lu e s  o f  th e  reduced  v a r i a b le s ,  m u tu a lly  

c o n s is te n t  a t  any v a lu e  o f m, E q u a tio n  (152) canno t he so u sed .

N um erical v a lu e s  o f  th e  c h a r a c t e r i s t i c  p re s s u re  and volume 

may he used  to  c a lc u la te  th e  m olar i n t e r a c t io n  energy  a s  a  fu n c t io n  

o f m. By d iv id in g  /the d e f in in g  e q u a tio n  f o r  c h a r a c t e r i s t i c  p re s su re  

hy vm, and re a r ra n g in g  th e  r e s u l t ,  th e  a t t r a c t i v e  i n t e r a c t io n  

energy  p e r  segment i s  seen  to  he

ST ,/2 v m = P * v * /V m (161)

The in te r a c t io n  energy  p e r  m olecu le  i s

rs * ? /2 v m = p V 7 v m (162)



and f o r  Avogad.ro*s number o f  m o le c u les , th e  m olar i n t e r a c t io n  

energy  i s

Nor s ^ / 2 v m = P*V */V m (163)

A lthough we have fo rm a lly  d iv id e d  th e  m o lecu les  in to  seg ­

m ents, we need n ev er a c t u a l l y  s p e c i fy  e i t h e r  th e  p h y s ic a l  number o f  

segm ents p e r ' m olecule o r  th e  r e l a t i v e  s iz e  o f  th e  segm ents in  o rd e r  

to  c a lc u la te  th e  ex cess  e n th a lp y  o f  b in a ry  m ix tu re s , and so a re  

p r im a r i ly  concerned  o n ly  w ith  th e  m olar co re  volum e, V , and th e

co rre sp o n d in g  m olar i n t e r a c t i o n  energy, g iv en  in  E q u a tio n  ( 163) .
*

N um erical v a lu e s  o f  th e  c o re  volume p e r  segm ent, v , and th e  number 

o f  e x te r n a l  d e g re e s  o f  freedom  p e r  segm ent, 3c , b o th  depend upon th e  

somewhat a r b i t r a r y  i d e n t i f i c a t i o n  o f  segm ents. The v a lu e  o f  3G, 

number o f  e x te r n a l  d e g re e s  o f  freedom  p e r  m o lecu le , r e l a t e d  to  3c 

by C = r c ,  depends o n ly  on th e  m o la r c h a r a c t e r i s t i c  p a ra m e te rs  and 

can be c a lc u la te d  from  th e  e x p re s s io n

*  *  / *  / ,  /•! \C = P V / H T  (l&i-)

w hich i s  o b ta in e d  from  E q u a tio n  (1^2) by m u ltip ly in g  by rNQ.
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IV . FIRST LAV EXCESS FUNCTIONS

The u lt im a te  g o a l  o f  t h i s  r e s e a rc h  has heen th e  p re d ic t io n  

o f  ex cess  p ro p e r t ie s  o f  "binary l iq u id  m ix tu re s . As shown in  

S e c tio n  1 - 8 ,  t h i s  g o a l can n o t be r e a l i z e d  q u a n t i t a t i v e l y  u s in g  pure 

component d a t a  a lo n e ; th e r e f o r e ,  a  r e l i a b l e  p ro ced u re  f o r  c a lc u ­

l a t i n g  and G® from  ex ce ss  volume d a ta  was so u g h t. V olum etric  

d a ta  was chosen a s  th e  so u rce  o f  in fo rm a tio n  on th e  m ix tu re  i t s e l f  t 

s in ce  i t  i s  g e n e ra l ly  th e  e a s i e s t  ex ce ss  p ro p e r ty  to  m easure 

e x p e r im e n ta lly . The developm ent o f  th e  p re s e n t  th e o ry  was d esig n ed  

to  e x t r a c t  th e  maximum b e n e f i t  from  t h i s  in fo rm a tio n  so u rc e .

IV -l;  B as ic  E q u a tio n  f o r

The d e f i n i t i o n  o f  th e  ex ce ss  e n th a lp y  o f  a  b in a ry  m ix tu re  

o f  com ponents 1 and 2 i s

= h -  -  H2 (165)

where and H2 a re  th e  e n th a lp ie s  o f  th e  p u re  components and H

i s  th e  e n th a lp y  o f th e  m ix tu re . We have assumed t h a t  th e  

in t e r n a l  p a r t  o f th e  p a r t i t i o n  fu n c t io n  i s  u n a f fa c te d  by th e  m ixing

p ro c e ss , so t h a t  on ly  t h a t  p a r t  o f  th e  e n th a lp y  w hich a r i s e s  from

th e  c o n f ig u ra t io n a l  p a r t i t i o n  f u n c t io n  c o n t r ib u te s  to  th e  ex cess  

e n th a lp y . Each q u a n t i ty  in  E q u a tio n  (165) was th e r e f o r e  re p la c e d , 

w ith o u t chang ing  n o ta t io n ,  by i t s  c o n f ig u r a t io n a l  component.

At constant pressure, Equation ( I 65) is identical to
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HE -  E -  E1 -  E2 + PAVp (166)

where AV^ is the volume change on mixing at constant pressure 
and E, E^ and E2 are the configurational erergies of the mixture 
and respective pure components. At atmospheric pressure, PAV

Jr

does n o t  exceed a  few te n th s  o f  a  jo u le /m o le , even f o r  m ix tu res  

f o r  w hich V*3 i s  a s  l a r g e  a s  1 cm^/m ole» so t h a t  th e  c o n tr ib u t io n  

o f th e  l a s t  term  in  E q u a tio n  (166) i s  co m p le te ly  n e g l ig ib le  and 

E q u a tio n  (166) becomes

HE = E -  -  E2 (167)

Expressions for each of the configurational energy terms 
in Equation (181) were obtained by application of the statistical 
mechanical relation, Equation (2 5 ), to the partition functions of 
the pure components and to the partition function of the equivalent 
fluid associated with the mixed components. This procedure 
produced expressions for each term identical to the average 
interaction energies of Equation (131 )> since only the exponential 
term in Equation (132) is a function of temperature at constant 
volume. We associated the exponent m^ with the energy-volume 
relation of pure unmixed component 1 , the exponent m2  with 
pure unmixed component 2  and defined m of the mixture as a 
composition dependent average of the exponents of the pure 
components,
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V

(168)

where V i s  th e  a c tu a l  m o la r volume o f  th e  m ix tu re . The v o lu m e tric  

av erag e  was chosen to  ta k e  f u l l  advan tage  o f  m ix tu re  in p u t  d a ta .  

E q u a tio n  (168) i s  v a l id  o v e r  th e  e n t i r e  c o n c e n tra t io n  ran g e ; 

m red u ces  to  th e  a p p ro p r ia te  p u re  component v a lu e  when th e  mole 

f r a c t i o n  o f  t h a t  component app ro ach es  o ne .

From th e se  c o n s id e ra t io n s ,  th e  ex ce ss  e n th a lp y  o f  a  

m ix tu re  o f  N m o lecu les , o f  component 1 and o f  component 2 , 

was found to  "be

-  NrsT? I L r .s .T , N? r ? s pTj„
H = -  ------  + -  1 1 1 + —  ■ (169)

2vm 2v1mi 2v2ms

where th e  s u b s c r ip t  1 r e f e r s  to  p r o p e r t i e s  o f  p u re  component 1 , 

s u b s c r ip t  2 to  p r o p e r t ie s  o f  pu re  component 2 and where th e  

p r o p e r t ie s  o f  th e  e f f e c t iv e  m ix tu re  have been l e f t  u n s u b sc r ip te d . 

By ap p ly in g  th e  d e f i n i t i o n  o f  th e  c h a r a c t e r i s t i c  p re s s u re  to  th e  

e f f e c t iv e  f l u i d  formed by th e  mixed components and to  th e  unmixed 

p u re  com ponents, E q u a tio n  ( 169) becomes

NrP*v* N, r .  P*v* NPr PP*V*
HE = -    + - k  1 + 2 £■■■£■ 1  ( 170)

„  m „ mz v  msv v1 v2

M u ltip ly in g  by /N and a p p r o p r ia te ly  s u b s t i t u t i n g  from  E q u a tio n



(129) r e s u l t s  in  an e x p re ss io n  f o r  th e  m olar e x c e ss  e n th a lp y ,

1^, a s  a  fu n c t io n  o f  m o la r and reduced c h a r a c t e r i s t i c  p a ra m e te rs ,

y  %  y  m 3
V1 2

(171)

Each o f  th e  c h a r a c t e r i s t i c  p a ram e te rs  in  th e  second and th i r d  

term s o f  th e  r i g h t  s id e  o f  E quation  (171) i s  r e a d i ly  i d e n t i f i e d  

from  th e  d is c u s s io n  o f  p u re  f l u i d s  in  C hap ter I I I .  The c h a r a c te r ­

i s t i c  and reduced  p a ra m e te rs  o f  a  h in a iy  m ix tu re  and th e  r e l a t i o n ­

sh ip  o f  th e s e  p a ra m e te rs  to  th e  p a ram ete rs  o f  th e  in d iv id u a l  

components i s  d is c u s s e d  in  th e  fo llo w in g  s e c t io n .

IV-2 ; Pseudo-2 - f l u i d  and S im p le -1 -f lu id  T h eo rie s

In  th e  s im p le -1 - f lu id  tre a tm e n t,  th e  components o f  th e  m ix tu re  

r e t a i n  th e  same c h a r a c t e r i s t i c  pa ram ete rs  in  th e  m ix tu re  a s  in  

th e  unmixed s t a t e ; in  th e  p s e u d o -2 -f lu id  t r e a tm e n t ,  th e  v a lu e s  

o f  th e  c h a r a c t e r i s t i c  p a ra m e te rs  o f th e  mixed components a r e  

a l t e r e d  ty  th e  new environm ent from  t h e i r  v a lu e s  in  th e  unmixed 

s t a t e ,

77̂  i s  th e  same in  th e  mixed and unmixed s t a t e s  and i s  u n a ffe c te d  

1y  th e  p re sen ce  o f a  second component; i t  i s  u n a lte re d  Ty th e  

d i f f e r e n t  p o te n t i a l  f i e l d s  which must e x i s t  in  th e  s o lu t io n  and

We have examined two th e o r ie s  o f  "binary l i q u id  m ix tu re s .

In  th e  s im p le -1 - f lu id  model, i f  th e  in t e r a c t io n  energy

A jq *
th en  th e  in t e r a c t io n  energy  

o f  th e  same two s i t e s  in  th e  m ix tu re  i s  V ^ /v 111. The energ y  c o n s ta n t
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In  th e  s e p a ra te  pu re  component. The o n ly  d i f f e r e n c e  "between 

an i - i  i n t e r a c t io n  in  th e  m ix tu re  and in  th e  p u re  component 

in  th e  s im p le -1 - f lu id  fo rm u la t io n  r e l a t e s  to  th e  volume in  which 

th e  in t e r a c t io n  ta k e s  p la c e .

In  th e  pseudo-2 - f l u i d  m odel, m o lecu les  o f  component 1 

ex p e rien ce  a  p o t e n t i a l  f i e l d  w hich has been a l t e r e d  ty  th e  

p re sen c e  o f  m olecu les  o f  component 2 , and which cau ses  t h e i r  

p r o p e r t i e s  to  undergo s u b t le  change. P u re  component 1 o f  th e  

i s o la te d  s t a t e  becomes pseudocom ponent 1 o f  th e  m ix tu re . M olecules 

o f  component 2 e x p e rien c e  s im i la r  changes in  t h e i r  c h a r a c t e r i s t i c  

p r o p e r t i e s ,  so t h a t  pu re  component 2 becomes pseudocom ponent 2 

in  th e  m ix tu re . The energy  o f  an i - i  i n t e r a c t io n  in  th e  m ix tu re ,

’l i m / ^ ’ r e ^ ^ ec^ s  "the a l t e r a t i o n  in  th e s e  c h a r a c t e r i s t i c  p r o p e r t ie s ;

f o r  an i - i  i n t e r a c t io n  in  th e  absence  o f  a  second component

i s  n o t  a u i t e  th e  same a s  >j.. f o r  th e  i n t e r a c t io n  o f  s im i la r11m

s i t e s  in  th e  p re sen c e  o f a  second component.

In  b o th  th e  s im p le -1 - f lu id  and th e  p s e u d o -2 -f lu id

tre a tm e n ts ,  th e  number and s t r e n g th  o f th e  1-2  in te r a c t io n s  a re
*

im p l i c i t  in  th e  m agnitude o f  P f o r  th e  m ix tu re . The number and 

s t r e n g th  o f such  in te r a c t io n s  a re  in te rd e p e n d e n t;  we w i l l  show in  

S e c tio n  IV -4 t h a t  e x p l i c i t  c a lc u la t io n s  r e l a t e d  to  th e  m agnitude o f  

th e  u n lik e  in t e r a c t io n s  r e f l e c t  a r t i f i c a l  a ssum ptions ab o u t th e  

number o f  such in te r a c t io n s  and a b o u t th e  r e l a t i v e  s iz e  o f  the. 

segm en ts .

The p s e u d o -2 - f lu id  tre a tm e n t,  w hich we f e e l  more a c c u ra te ly  

r e f l e c t s  th e  n a tu re  o f  l i q u id  m ix tu re s , com bines a s p e c ts  o f  b o th
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one- and tw o - f lu id  m ix tu re  t h e o r ie s .  I t  re sem b le s  fo rm a l tw o- 

f l u i d  models s in c e  th e  m ix tu re  i s  t r e a te d  a s  composed o f  two 

d i s t i n c t  pseudocom ponents whose p r o p e r t ie s  a r e  n o t q u i t e  th e  

same a s  th o se  o f  th e  p u re  com ponents from  w hich th ey  a r e  d e r iv e d .

I t  a l s o  resem b les  o n e - f lu id  m odels, how ever, s in c e  th e  average  

in t e r a c t io n  energy  in  th e  m ix tu re  i s  i n i t i a l l y  fo rm u la ted  in  

term s o f  th e  p r o p e r t i e s  o f  a  s in g le  e q u iv a le n t  f l u i d .  We have 

r e l a t e d  th e  p r o p e r t i e s  o f  th e  e q u iv a le n t  f l u i d  in  th e  p s e u d o -2 - f lu id  

model to  co m position  d ependen t av e rag es  o f  th e  p r o p e r t i e s  o f th e  two 

pseudocom ponents. In  th e  s t r i c t l y  o n e - f lu id  approach  o f th e  s im p le -  

1- f l u i d  model, th e  p r o p e r t ie s  o f  th e  e q u iv a le n t  f l u i d  a re  in s te a d  

d i r e c t l y  r e l a t e d  to  th e  p r o p e r t i e s  o f  th e  two pu re  com ponents.

IV -3; M ixture C h a r a c te r i s t i c  P r o p e r t ie s

In  m ost tw o -f lu id  tr e a tm e n ts  o f  m ix tu re s , th e  c h a r a c te r ­

i s t i c  p r o p e r t i e s  o f  each pseudocom ponent a re  d e f in e d  by s u i t a b le

av e ra g e s  o f  th e  p u re  component p r o p e r t i e s ,  augmented by te rm s 

r e l a t e d  to  th e  in te r a c t io n s  o f  u n lik e  m o le c u le s . The a d d i t io n a l  

f l e x i b i l i t y  a t t r i b u t e d  to  tw o - f lu id  t r e a tm e n ts  can be in c o rp o ra te d

in to  th e  p r e s e n t  tre a tm e n t in  a  un ique  way. We c a lc u la te  th e
*  *  *

c h a r a c t e r i s t i c  p a ra m e te rs , V. , P . and T. , o f  each pseudocom ponent
u n  i m  i m

i  from  a ^ , Yj_» p u re  i ,  b u t s u b s t i t u t e  th e  co m p o sitio n

dependen t m ix tu re  m f o r  th e  nu from  which th e  c h a r a c t e r i s t i c  

p a ra m e te rs  o f  th e  pu re  component a re  c a lc u la te d .  The r e s u l t  i s  

a  s u b t le  b u t d e f i n i t e  change, r e f l e c t i n g  th e  new energy-volum e 

r e la t io n s h ip  in  th e  m ix tu re , in  each o f th e  c h a r a c t e r i s t i c  p a ra ­

m e te rs  a s  th e  p u re  component becomes in c r e a s in g ly  d i lu t e d .



y "X"
S ince  V. becomes V. a s  m .— ► m, th e  c h a r a c t e r i s t i c  1 im 1

•X- •X-
volume o f  a  m o lecu le , 'V \, m ust become a s  th e  pure  component 

becomes th e  pseudocom ponent. The pseudo-2 - f l u i d  m odel, 

t h e r e f o r e , im p lie s  t h a t  a  c e r t a in  d eg ree  o f  f l e x i b i l i t y  e x i s t s  

in  th e  m o le c u la r  c o re s  so t h a t  th e y  can expand o r  c o n tr a c t  

a c c o rd in g  to  th e  e x te r n a l  env ironm en t. S in ce  th e  number o f  

segm ents p e r  m o lecu le , r ^ ,  m ust be th e  same f o r  b o th  p u re  com­

pon en t and pseudocom ponent, th e  c h a r a c t e r i s t i c  volume o f  a  

segm ent m ust a ls o  expand o r  c o n tr a c t  a cc o rd in g  to  th e  e n v iro n ­

m ent. No such f l e x i b i l i t y  i s  im p lied  by th e  s im p le -1 - f lu id  m odel, 

s in c e  th e  c h a r a c t e r i s t i c  p r o p e r t i e s  o f  th e  p u re  components a re  

th e n  u n a l te re d  on m ixing,

We have d e f in e d  th e  e f f e c t iv e  m o la r co re  volume o f 

th e  m ix tu re  in  th e  pseudo-2 - f l u i d  th e o ry  try th e  mole f r a c t i o n  

av erag e  o f th e  m o lar co re  volum es o f th e  two pseudocom ponents,

V* - xl7im + *2VL  <172>

The red u ced  volume o f  th e  m ix tu re , V, i s  th e  r a t i o  o f  th e  m olar 

volume o f  th e  m ix tu re  to  i t s  c h a r a c t e r i s t i c  volum e, V , d e f in e d  

by E q u a tio n  ( l ? 2 ) . The e f f e c t iv e  m o le c u la r  co re  volume o f  th e  

m ix tu re  i s

=  v L  + v L  <173>

In  th e  s im p le -1 - f l u i d  fo rm , E q u a tio n s  (1?2) and (173) become mole
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f r a c t i o n  av erag es  o f  th e  co re  volum es o f th e  p u re  components 

r a t h e r  th a n  o f th e  pseudocom ponents.

I t  i s  co n v en ien t to  d e f in e  a  segm ent f r a c t i o n ,  0^, 

in  te rm s  o f th e  number o f  segm ents o f  ty p e  i  in  th e  m ix tu re , 

and th e  t o t a l  number o f  segm ents in  th e  m ix tu re , rN = S r^N ^ ,

i± = r J L / r N  (1?4 )

The co re  volume o f  th e  m ix tu re  p e r  segment i s  th e n

v*  = +  0 2 v2 m (1 7 5 )

A lthough th e  co n cep t_ o f m o le c u la r  segm ents i s  an i n t e g r a l  

p a r t  o f  th e  p re c e d in g  d is c u s s io n s ,  we have needed to  malce no
^ y .

assu m p tio n s  ab o u t th e  s i z e ,  and v^, o f  th e se  segm ents, about 

th e  number o f  segm ents p e r  m o lecu le , r^  and r^ ,  o r  a b o u t the  

number o f  i n t e r a c t io n  s i t e s  p e r  segm ent, s^ and s^* A lthough 

F lo r y  does n o t s p e c ify  th e  s iz e  o f  an in d iv id u a l  segm ent, he 

d iv id e s  th e  m o lecu les  o f  b o th  com ponents and o f th e  m ix tu re  

e f f e c t iv e  f l u i d  in to  e q u a l s iz e d  segm ents,

v* = Vg = v* (176)

B ecause o f th e  c o re  s iz e  f l e x i b i l i t y  .b u i l t  in to  th e  p s e u d o -2 -f lu id  

t r e a tm e n t ,  th e  segm ents o f  th e  p u re  com ponents, th e  pseudocom ponents 

and th e  m ix tu re  e q u iv a le n t  f l u i d  can a l l  be th e  same s iz e  only
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i f  and V® = 0.

IV -^; R e la t io n s h ip  o f P t o  M ixture I n te r a c t io n s

We have d e riv e d  e x p re s s io n s  which r e l a t e  th e  c h a r a c te r -
*

i s t i c  p re s s u re  o f  th e  m ix tu re , P , to  th e  number and ty p e  o f 

th e  d i f f e r e n t  in te r a c t io n s  p r e s e n t  in  th e  m ix tu re . N um erical 

e v a lu a tio n  o f  th e  e x p re s s io n s , however, n e c e s s i t a t e s  th e  i n t r o ­

d u c tio n  o f  in fo rm a tio n  and assum ptions w hich a re  n o t n e c e s sa ry  to  

c a lc u la te  P* and from  m ix tu re  v o lu m e tr ic  d a ta ;  th e  m agnitude o f 

th e  c o n ta c t  in t e r a c t io n  e n e rg y , X^g, c a lc u la te d  from  th e s e  

e x p re ss io n s  depends upon th e  s p e c i f ic  a ssu m p tio n s  in tro d u c e d .

The e x p re s s io n s  d iv id e  th e  ex cess  e n th a lp y  in to ' eq u a tio n  o f  s t a t e  

and c o n ta c t  in te r a c t io n  c o n tr ib u t io n s .

The c o n f ig u ra t io n a l  energy o f th e  m ix tu re , E, may be 

exp ressed  in  term s o f th e  number and ty p e  o f  th e  d i f f e r e n t  i n t e r ­

a c t io n s  in  th e  m ix tu re ,

_E = ^ l^ llm  + A22?22m + hzhZm
vm

and Agg a re  th e  number o f  in te r a c t io n s  between l i k e  s i t e s  

o f  ty p e s  1 and 2 in  th e  m ix tu re  and A^g i s  th e  number o f  i n t e r ­

a c t io n s  betw een u n lik e  s i t e s .  The q u a n t i t i e s  ^ ^ ra/v m» V2 Z i J ^  

and ^ 2 m / ^  a r e  m̂ 5Ĉ u re  i n t e r a c t io n  e n e r g ie s  o f  p a i r s  o f  th e  

a p p ro p r ia te  ty p e s  o f s i t e s .  In  th e  s im p le - 1 - f l u i d  model, 

i s  re p la c e d  by 1 7 . . ,  and 17. .  r e f e r s  to  th e  in t e r a c t io n  o f  th e
iL !L 1

pure com ponents in  th e  m ix tu re  r a th e r  th a n  th e  in te r a c t io n  o f  th e
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d i f f e r e n t  pseudocom ponents. F o r  n e a r e s t  n e ig h b o r 'in te r a c t io n s ,  

th e  e q u a tio n s

2A11 + A12 s l r l Kl (1?8)

and

2A22 + A,12 s 2r2F2 (179)

r e l a t e  th e  number o f  i n te r a c t io n s  in v o lv in g  component i  to  

th e  t o t a l  number o f  ty p e  i  s i t e s .  E q u a tio n s  (178) and (179) a re  

s im i la r  to  E q u a tio n s  (31) and (32) o f  l a t t i c e  th e o ry . U sing  

th e se  r e l a t i o n s ,  E q u a tio n  (177) may be r e w r i t te n

slrlMl’'Um + (lg0)
2vm

where

a,  _ o * (181)
AV 12m " 11m ~ ^22m

I f  th e  m olecu les a re  randomly d i s t r i b u t e d ,  th e  number o f  1-2  

in t e r a c t io n s  may be ex p ressed  a s  th e  p ro d u c t o f  th e  t o t a l  number 

o f  ty p e  1 s i t e s ,  s^r^N ^, and th e  s i t e  f r a c t i o n ,  Og* o f ty p e  2 

s i t e s ,

A12 = ( s l r l Kl ) , 0 2 ^i8 2 ^
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where

0. = s . r .N .  / srN (183)x i l x' \

and srN r e p r e s e n ts  th e  t o t a l  number o f s i t e s ,

srN = E s . r .N .  (18^). 1 X 1  '  'l

The e x p re s s io n  f o r  th e  number o f  1 -2  in t e r a c t io n s  i s  sy m m etrica l,

A12 = h i  *
S u b s t i tu t in g  E q u a tio n  (1 8 2 ) , (183) and (I8 d ) in to  

E q u a tio n  (180) and re a r ra n g in g  th e  r e s u l t  le a d s  to  an e x p re ss io n  

f o r  th e  av erag e  m ix tu re  in t e r a c t io n  p e r  segment,

By a n a lo g y  w ith  th e  e x p re s s io n  f o r  f o r  th e  en v ironm en t- 

in f lu e n c e d  in te r a c t io n  o f  l i k e  s i t e s  in  th e  m ix tu re ,

>?.. = 2P* vT ^ V b . (186)'11m 1m 1m ' x v '

we c o n s tru c te d  a  s im i la r  e x p re s s io n  f o r  A7?,

At? = 2X12v * Ittfl/ s 1 (18?)

E q u a tio n  (186) i s  n o t  sy m m etrica l, s in c e  i t  in v o lv e s  s ^ .



The m ix tu re  c o n ta c t  i n t e r a c t io n  te rm , X ^ ,  h a s  th e  d im ensions 

o f  p r e s s u r e ,  and l i k e  h o th  G uggenheim 's exchange en erg y , w, and 

A>7 i t s e l f ,  i s  r e l a t e d  to  th e  d i f f e r e n c e  between th e  energy  o f 

l i k e  and u n lik e  i n t e r a c t i o n s .  In  th e  s im p le -1 - f lu id  tre a tm e n t,  

th e  energy-volum e exp o n en t in  E q u a tio n  (186) would be nu , w h ile  

t h a t  in  E q u a tio n  (18?) would rem ain  m.

i s  a  fu n c t io n  o f  co m p o sitio n , v a ry in g  a s  m v a r i e s ,  shou ld

be a  f u n c t io n  o f  co m p o sitio n  in  th e  p seu d o -2-com poneht tre a tm e n t.  

X^g shou ld  a ls o  be a  fu n c t io n  o f  co m p o sitio n  in  th e  s im p le -1- f l u i d

co m p o sitio n -d ep en d en t m. I f ,  how ever, th e  van d e r  Waals a p p ro x i­

m a tio n , m = l ,  o r  any o th e r  c o n s ta n t v a lu e  o f  m i s  used  th ro u g h o u t 

th e  c o n c e n tra t io n  ra n g e , X ^  should  be in d ep en d en t o f

c o n c e n tra t io n , s in c e  w. . and .17. .  = 1?.. a re  th e n  c o n c e n tra tio n'ijm  lxm '11

in d e p en d e n t.

^12 ^  sul3s 'k i 'tu tin g  E q u a tio n  ( I 87) and e q u a tio n s  o f  th e  form  o f  

E q u a tio n  (186) in to  E q u a tio n  (185)>

"btlS in ce  th e  m agnitude o f  *?.. o f  th e  i  pseudocom ponent

tre a tm e n t,  s in c e  ^ e re ^ o re  a s s o c ia te d  w ith  th e

The energy  o f  th e  m ix tu re  can be e x p re ssed  in  term s o f

- E
rN 2vm

s
* m+1

(188)

U sing  E q u a tio n s  (1 7 4 ), ( I 83) and (1 8 4 ) , E q u a tio n  (188) becomes



Rewriting, the expression for the configurational energy per
segment of a pure or equivalent fluid, as

(190)

shows that P and X^g are interrelated in the pseudo-2-fluid model try

+ * (191)

The equivalent expression in the simple-l-fluid model is

P * V * m'KL =  . 5Zf1 P * v * % + 1  ■+ ^ 2 P 2 v 2  m S+ 1  ~  ^ l 0 2 X1 2 v # n H "1 ^1 9 2 )

Equation (192) differs from Equation (191) in that the contributions 
of the first two terms in the former are identical to 
similar contributions from the unmixed components, while in the 
latter these contributions are identified with the pseudocomponents 
and are not identical with pure component contributions. If the 
same energy-volume exponent is identified with all species and 
if, as Flory assumed, the segments of both components have the ■ 
same characteristic volume, then Equation (192) reduces to

P* = i S t  + StjPg - S V A z  (193)

- E
rN

P v . nrt-l
m

Explicit calculation of from Equation (191)» (192)
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o r  (193) th ro u g h  P n e c e s s i t a t e s  n u m erica l s p e c i f i c a t io n  o f 

th e  s i t e  and segm ent f r a c t i o n s  in  th e  m ix tu re . A lthough th e  

r a t i o s  r ^ / r ^  and s ^ /s ^ ,  r a t h e r  th an  , r ^ ,  and Sg in d iv id u a l ly ,  

a re  s u f f i c i e n t  to  c a lc u la te  th e  segm ent and s i t e  f r a c t i o n s ,  

s e p a ra te  v a lu e s  o f  r^  and r^  a re  needed to  c a lc u la te  th e  c h a r a c te r ­

i s t i c  volum es p e r  segm ent needed to  e v a lu a te  X ^  from  E q u a tio n s  

(191) o r  (1 9 2 ) . The m agnitude c a lc u la te d  f o r  th e r e f o r e ,

depends upon th e  n u m erica l v a lu e s  chosen  f o r  th e s e  p a ra m e te rs ,

The m agnitude o f  X^g depends n o t o n ly  on th e  v a lu e s  

chosen f o r  th e  s i t e  and segm ent r a t i o s ,  h u t a ls o  on th e  a ssu m p tio n s  

used  to  e s t im a te  th e  number o f  in t e r a c t io n s  between u n l ik e  s i t e s ,

I f  a  q u a s i-c h e m ic a l e q u ilib r iu m  o f  th e  form ,

A11 + A22 ^  2A12 (1$*)

i s  s u b s t i t u t e d  f o r  th e  random m ix ing  ap p ro x im atio n  used  above, 

th en  th e  number o f 1-2  i n t e r a c t io n s  i s  - in s te a d  ex p ressed  a s

A12 = (Ai l A22)1/Sexpt ( 2 ’l2  " ’ 11 " (195)

where an energy-volum e r e la t io n s h ip  o f  th e  van d e r  W aals form

h as been used  f o r  s im p l ic i ty .  Use o f  E q u a tio n  (195) le a d s ,  even

f o r  segm ents assumed to  have e q u a l c h a r a c t e r i s t i c  volum es, to
*

a  complex r e l a t io n s h ip  betw een P and X ^ ,



With the same values for the site and segment ratios, the
m agnitude o f  X ^  im p l i c i t  i n  E q u a tio n  (196) i s  v e ry  d i f f e r e n t

from  th e  m agnitude o f X^g in  E q u a tio n  (193) ■

As w i l l  be shown in  S e c tio n  IV -5 , m ix tu re  v o lu m e tr ic
■54-

d a ta  y i e ld s  d i r e c t  v a lu e s  f o r  P r a t h e r  th an  f o r  X^g 1 so t h a t  

s p e c i f i c a t io n  o f th e  a d d i t io n a l  in fo rm a tio n  needed to  e x p l i c i t l y  

c a lc u la te  X ^  I s n e c e s sa ry , and v a lu e s  o f  X^g a re  th em selv es  

somewhat a r b i t r a r y .  Form al e x p re s s io n s , however, f o r  th e  ex cess  

e n th a lp y  a s  a  fu n c tio n  o f  X^g have been o b ta in ed  t r y  s u b s t i t u t in g  

E q u a tio n s  (191)* (192) and (193) in to  th e  a p p ro p r ia te  form  

o f  E q u a tio n  (171)* These a re

(19?)

H8 -

* * 
W i

* * 
X2P2V2

v2"= y 1"1

d  p*v* ml +1 d  m3+l
a i l  . 2 2 2  d

*nrt-l *m+l  " ^ 1 2  12V
(198)

and

H8 - W l  .' ' T ---------- -  + ^2P2 -  ^ 2*12]  ( W )

E q u a tio n  (197) r e f e r s  to  th e  p s e u d o -2 - f lu id  tre a tm e n t ,  E q u a tio n  (198) 

to  th e  s im p le -1 - f lu id  t r e a tm e n t  and E q u a tio n  (199) i s  th e  r e s u l t  

o f  u s in g  F l o r y 's  van d e r  W aals and e q u a l segment s i z e  a ssu m p tio n s .

The te rm s in  E q u a tio n  (199) n o t  e x p l i c i t l y  c o n ta in in g  X^g
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a re  c a l l e d  e q u a tio n  o f  s t a t e  c o n tr ib u t io n s  to  th e  ex ce ss  e n th a lp y ; 

th e  te rm  in v o lv in g  X^g i s  c a l le d  th e  c o n ta c t i n t e r a c t io n  c o n t r i ­

b u t io n .  The r e l a t i v e  m agnitude o f  th e  two c o n t r ib u t io n s  depends 

on th e  v a lu e s  o f ^  and 0.^. S im ila r  la b e l s  a re  n o t  s t r i c t l y  

a p p ro p r ia te  in  th e  p s e u d o -2 - f lu id  model s in c e  th e  e n t i r e  m ix tu re  

c o n t r ib u t io n  i s  in f lu e n c e d  ty  th e  p re se n c e  o f  th e  second component, 

IV -5i C a lc u la tio n  o f  H6* from V®
■Sf

By r e la t in g  P o f  th e  m ix tu re  to  m ix tu re  v o lu m e tric  

d a ta ,  we have developed  e x p re ss io n s  from  which th e  m olar ex cess  

e n th a lp y  can be d i r e c t l y  e v a lu a te d , The p ro ced u re  in v o lv e s  

a p p ly in g  th e  r e l a t i o n s  developed f o r  pure  f l u i d s  to  th e  m ix tu re  

e q u iv a le n t  f l u i d  and to  th e  two pseudo component s .

The e f f e c t iv e  m olar c h a r a c t e r i s t i c  volume o f  th e  m ix tu re  was 

d e f in e d  in  E quation  (172) a s  a  mole f r a c t io n  a v e ra g e  o f  th e  

c h a r a c t e r i s t i c  m olar volum es o f  th e  pseudocom ponents. We assumed 

th a t  th e  e f f e c t iv e  num ber o f e x te r n a l  deg rees  o f  freedom  o f th e  

m ix tu re  e q u iv a le n t  f l u i d  could be s im i la r ly  e x p re sse d  a s  a  

mole f r a c t i o n  average o f  th e  number o f  e x te rn a l  d e g re e s  o f freedom  

o f th e  two pseudocom ponents,

(200)

In  te rm s  o f  segm ents, E q u a tio n  (200) can be w r i t t e n

*1CL x2C2m

0 “  01°lm + ^Z°Zm (201)
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a lth o u g h  o n ly  E q u a tio n  (200) i s  o f  i n t e r e s t  n u m e ric a lly .

By ap p ly in g  E q u a tio n  (164) to  th e  m ix tu re  e q u iv a le n t  

f l u i d  and u s in g  E q u a tio n  (200) to  e x p re ss  th e  r e s u l t s ,  P* o f  

th e  m ix tu re  can be w r i t t e n  a s

RT
= —  C v

V l“lm + X2C2m (202)

By a p p ly in g  E q u a tio n  ( i 64) a g a in , t h i s  tim e  to  each pseudocom ponent 
*

s e p a r a te ly ,  P can be e x p re ssed  in  te rm s o f  more d i r e c t l y  

e v a lu a te d  c h a r a c t e r i s t i c  p a ra m e te rs ,

T
~
V

* * *  ■* 
XlPlraVlm . x2P2mV2m

„  T  ' y

lm 2m

(203)

*
The c h a r a c t e r i s t i c  te m p e ra tu re  o f  th e  m ix tu re , T , i s  r e l a t e d  to  

th e  red u ced  tem p e ra tu re  o f  th e  m ix tu re , T, by E q u a tio n  (141) and th e  

reduced  tem p e ra tu re  o f  th e  m ix tu re  i s  r e l a t e d  to  th e  red u ced  

volume o f  th e  m ix tu re  by E q u a tio n  (153) j so  t h a t  E q u a tio n  (203) 

becomes

*■ t (v nH‘1/3 )

mV*(V 1/3 -1 )

*  *  *  *  ■ 

XlPlmVlm • + X2P2mV2m
*
rlm 2m

(204)

E q u a tio n  (204) shows t h a t  th e  c h a r a c t e r i s t i c  p re s su re  o f  th e  

m ix tu re  in  th e  pseudo^2- f l u i d  model i s  th e  p ro d u c t o f  th e  e n v iro n ­

ment in f lu e n c e d  pseudocom ponent PVT c h a r a c t e r i s t i c  p a ra m e te rs  

and te rm s  r e l a t e d  to  th e  volume o f th e  s o lu t io n .  In  th e  s im p le -
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1- f l u i d  m odel, P i s  a  p ro d u c t o f  th e  p u re  component c h a r a c te r ­

i s t i c  p a ra m e te rs  and te rm s  r e la t e d  to  th e  s o lu t io n  volume,

P
*

* 7 — r  *
mV (V /3 -1 ) Tj
—     — + (205)

■X-
An e x p re s s io n  f o r  P based  on th e  van d e r  W aals energy-volum e

r e l a t i o n s h ip  can be o b ta in e d  from  E q u a tio n  (205) by s e t t i n g  

m = 1 e x p l i c i t l y  and e v a lu a t in g  a l l  c h a r a c t e r i s t i c  p a ra m e te rs  a t  

m = l .  P rem ains a  fu n c t io n  o f  th e  o r i g i n a l  pu re  component 

c h a r a c t e r i s t i c  p a ra m e te rs  and o f  th e  s o lu t io n  volum e.

from  m ix tu re  v o lu m e tric  d a ta  and in fo rm a tio n  on th e  p h y s ic a l 

p r o p e r t i e s  o f  th e  pure  com ponents. X^g can be e v a lu a te d  from  

th e  van d e r  W aals form  o f E q u a tio n  (205) combined w ith  E q u a tio n  (174) 

i f  th e  assum ption  o f  e q u a l s iz e d  segm ent c o re s  i s  in tro d u ce d  

and th e  s i t e  r a t i o  ap p ro x im ated . X ^  can be e v a lu a te d  in  th e  

p s e u d o -2 - f lu id  t re a tm e n t tr y  com bining E q u a tio n s  (204) and (1 7 2 ), 

and in  th e  s im p le -1 - f lu id  tre a tm e n t  by com bining E q u a tio n s  (205) 

and (173) u n d e r th e  r e s t r i c t i o n s  m entioned in  S e c tio n  IV -4 . S ince  

such  v a lu e s  would be r e l a t e d  to  a r b i t r a r y  v a lu e s  o f  th e  number 

o f  segm ents p e r  m o lecu le , we w i l l  le a v e  X ^  d e f in e d  im p l ic i t l y .

to  m ix tu re  v o lu m e tr ic  d a t a ,  o b ta in e d  by s u b s t i t u t i n g  E q u a tio n  (204) 

in to  E q u a tio n  ( l7 l)>  i s

E q u a tio n s  (204) and (205) can be e v a lu a te d  d i r e c t l y

The f i n a l  e x p re ss io n  r e l a t i n g  th e  m olar e x c e ss  e n th a lp y
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* * * * f r  *  * *  * “I
W i  , X2P2V2 TV 73

xl PlmTt a  , x2P2mV2mT
V
VI 3 <1

.
O

-1
1 1 )

* 1 
.  Tl«

*
T2m .

(206)

E q u a tio n  (206) e x p re s s e s  th e  ex cess  e n th a lp y  in  te rm s o f  th e  

c h a r a c t e r i s t i c  p a ra m e te rs  o f  th e  p u re  components and 

pseudocom ponents and o f  th e  v o lu m e tr ic  p r o p e r t i e s  o f  th e  e f f e c t iv e  

f l u i d .  I t  d o e s  n o t  r e q u ir e  t h a t  H13 he zero  when V® i s  z e ro , 

and p e rm its  and to  have o p p o s ite  s ig n s . As th e  p h y s ic a l  

p r o p e r t i e s ,  V^, a ^ , Yj_ ^  ^ e  p u re  com ponents c o l l e c t i v e ly  

"become more s im i la r ,  ap p ro ach es  ze ro  and i s  ze ro  e x a c t ly  f o r  

’'m ix tu re s"  composed o f i d e n t i c a l  s p e c ie s .

In  th e  s im p le -1 - f lu id  t r e a tm e n t ,  th e  e q u iv a le n t  o f  

E q u a tio n  (206) i s

H® =

*  * * * - i / , r  •* * *
X1P1V1 , X2P2V2

•py /a
x ; p i Ti  , X2P2V2

V™1 V ^ m(V -  1)
* 1 

.  T1
*

T2 .
(207)

The m olar e x c e ss  e n th a lp y  a r i s e s  from  th e  m o d if ic a t io n , "by th e  

new v o lu m e tr ic  c o n d it io n s  and new v a lu e  o f m, o f  th e  pu re  

com ponents’ c o n t r ib u t io n s  to  th e  m ix tu re . In  E q u a tio n  (2 0 6 ), 

th e  c o n tr ib u t io n  o f  each  p u re  component i s  f i r s t  m o d ified  try 

th e  p re sen ce  o f  th e  o th e r ,  and th e n  t h e i r  sum i s  f u r t h e r  m o d ified  

try th e s e  new v o lu m e tr ic  c o n d i t io n s .

S in c e  m a p p ea rs  e x p l i c i t l y  in  th e  m ix tu re ’ s  c o n tr ib u t io n  

to  th e  ex ce ss  e n th a lp y , th e  ex cess  e n th a lp y  shou ld  be' v e ry  s e n s i t iv e



to  th e  v a lu e  o f  m f o r  th e  s o lu t io n  in  bo th  pseudo-2 - f l u i d  and 

s im p le -1 - f lu id  tre a tm e n ts  o f  m ix tu re s . We w i l l  show in  C h ap ter VI 

t h a t  th e  ex cess  e n th a lp y  p re d ic t io n s  o f  th e  two models g e n e ra l ly  

approach  each o th e r  when th e  energy-volum e exponen ts o f th e  pure 

components a re  s im i la r  and d iv e rg e  m ost when th e  energy-volum e 

exponents o f  th e  p u re  components a re  d i s s im i la r .

IV -6; C a lc u la tio n s  u s in g  F lo r y 's  Model

S e c tio n  IV -5 showed how m ix tu re  v o lu m e tric  d a ta  

can he used  to  c a lc u la te  in  th e  p se u d o -2 -f lu id  and s im p le -1 - f lu id  

tre a tm e n ts  o f  m ix tu re s . We now d e s c r ib e  how s im i la r  d a ta  has 

been used  to  c a lc u la te  in  F lo r y ’ s model and how ex cess  

e n th a lp y  d a ta  has been used to  c a lc u la te  in  th e  same model.

We w i l l  d e sc r ib e  ex cess  volume c a lc u la t io n s  from  ex cess  en th a lp y  

d a ta  in  th e  p re s e n t  m odels in  S e c tio n  IV -7.

As d is c u s s e d  in  S e c tio n  IE-10, F lo r y 's  model r e s u l t s  

in  more a c c u ra te  p r e d ic t io n s  f o r  ex cess  volume th a n  f o r  ex cess  

e n th a lp y , a lth o u g h  c a lc u la t io n  o f H® from  V5 i s  more s t r a i g h t ­

fo rw ard  th an  i s  c a lc u la t io n  o f  V^ from  H^. In  o rd e r  to  o b ta in

H^, m ix tu re  v o lu m e tric  d a ta  i s  used to  c a lc u la te  V; th rough  V,
__ ^

f i r s t  T, th en  T and f i n a l l y  P a re  o b ta in e d . The segment r a t i o ,

r ^ / r g ,  i s  f ix e d  a t  /  Vg by th e  assum ption  t h a t  a l l  segm ents 

have th e  same c h a r a c t e r i s t i c  volume; th e  number o f  s i t e s  p e r  m olecule 

r a t i o ,  r ^ s ^ / r g S g , i s  approxim ated by assum ing t h a t  th e  number 

o f  s i t e s  p e r  m olecule i s  p ro p o r t io n a l  to  s u r fa c e  a re a  o f  a  sphere
-ft

whose volume i s  e q u a l to  V . These assum ptions a llo w  X ^  to  be 
-x- —

c a lc u la te d  from P . V and X^g a re  th en  u sed , a long  w ith  th e  s i t e
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and segm ent r a t i o s ,  to  c a lc u la te  IT1 from  E q u a tio n  (199)* V alues 

o f  Xi2  c a lc u la te d  from  P , how ever, f r e q u e n t ly  v a iy  s u b s t a n t i a l l y  

w ith  com position  f o r  a  g iv en  m ix tu re . As m entioned  in  S e c tio n  IV -4 , 

in  th e  van d e r  W aals model sho u ld  "be c o n c e n tra t io n  in v a r ie n t}  

we su g g e s t t h a t  th e  observed  c o n c e n tra t io n  dependence m igh t 

p a r t i a l l y  be due to  u se  o f  a r t i f i c i a l  s i t e  and segm ent r a t i o s  

and to  th e  c o n s t r a in t  to  segm ents o f  e q u a l co re  s i z e .  Both 

c o n c e n tra tio n -d e p e n d e n t v a lu e s  o f  X^g and th e  s in g le  v a lu e  o f 

X^g w hich m inim izes E q u a tio n  (98) w ith  r e s p e c t  to  e x c e s s  volume 

have v a r io u s ly  been used  to  c a lc u la te  H^. W hile th e  p r e d ic t io n s  a re  

f r e q u e n t ly  more a c c u ra te  th an  th o s e  o f o th e r  t h e o r ie s ,  th e re  

i s  o f te n  c o n s id e ra b le  d isag ree m e n t w ith  e x p e r im en ta l v a lu e s .

B e t te r  agreem ent w ith  ex perim en t i s  u s u a l ly  o b ta in e d  

w ith  th e  re v e rs e  p ro c e d u re , th e  c a lc u la t io n  o f  ex cess  volume from  

ex cess  e n th a lp y  d a ta ,  a lth o u g h  t h i s  c a lc u la t io n  i s  b o th  l e s s  

d i r e c t  and o f  l e s s  p r a c t i c a l  im p o rtan ce . S in c e  X^g and V cannot 

b o th  be o b ta in e d  from  E q u a tio n  (199) a lo n e , a  second e x p re s s io n  

i s  o b ta in e d  by s u b s t i t u t i n g  in to  E q u a tio n  (164) th e  a p p ro p r ia te  

m = l e x p re s s io n s  f o r  P , G and T from  E q u a tio n s  ( 193)» (200),

(141) and (1 5 3 ),

U sing  e x p e r im e n ta l d a t a ,  E q u a tio n s  (199) and (208) a re  

n u m e ric a lly  so lv ed  s im u lta n e o u s ly  a t  each  c o n c e n tra t io n  f o r  X^g
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and V and t h i s  v a lu e  o f  V i s  th e n  used  to  compute th e  ex cess  

volum e. The v a lu e s  o f  X^g o b ta in e d  by t h i s  p ro ced u re  a ls o  

v a ry  w ith  c o n c e n tra t io n , and E q u a tio n  ( 98) i s  som etim es used 

to  f in d  th e  s in g le  v a lu e  o f  X^  which b e s t  r e p r e s e n ts  th e  e x c e ss  

e n th a lp y  o v e r  th e  e n t i r e  c o n c e n tra t io n  ra n g e .

I f  th e  in te rm e d ia te  c a lc u la t io n  o f X^g and th e  a s s o c ia te d  

s i t e  and segm ent r a t i o  s p e c i f i c a t io n  i s  e l im in a te d , e v a lu a t io n  

o f from  in  th e  van d e r  Waals ap p ro x im a tio n  i s  c o n s id e ra b ly  

s im p l i f ie d ,  s in c e  E q u a tio n  (207) w ith  m  ̂= mg = m can  th e n  be 

so lv ed  d i r e c t l y  f o r  V u s in g  e x p e r im e n ta l H® d a ta .

IV -7: C a lc u la t io n  o f  from

In  th e  pseudo- 2 - f l u i d  and s im p le -1 - f lu id  tre a tm e n ts  

o f  m ix tu re s , E q u a tio n s  (206) and (207) p e rm it d i r e c t  c a lc u la t io n  

o f  from  p rov ided  t h a t  and mg o f  th e  p u re  components 

a re  known. D eveloping  a  p ro cedu re  t h a t  would p e rm it such d i r e c t  

c a lc u la t io n  was th e  g o a l o f  t h i s  r e s e a r c h .  The r e v e r s e  p ro c e d u re , 

w ith  w hich we a re  on ly  in c id e n t ly  co n ce rn ed , i s  l e s s  d i r e c t  

th an  such a  c a lc u la t io n  would be i f  m were c o n s ta n t  from  x^ = 0 

to  x^ = l .  S in ce  m i s  i t s e l f  a  fu n c t io n  o f t o t a l  s o lu t io n  volum e, 

can n o t be c a lc u la te d  a n a l y t i c a l l y  from  H®, The c a lc u la t io n  

can, how ever, be perform ed i t e r a t i v e l y ,  by s u c c e s s iv e ly  im proving  

t r i a l  v a lu e s  o f  u n t i l  th e  c a lc u la te d  and e x p e r im en ta l v a lu e s  

o f  a g re e .
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V. SECOND LAW EXCESS FUNCTIONS

The c a lc u la t io n  o f  th e  ex ce ss  en tro p y  o f  a  m ix tu re

from  th e  ex ce ss  volume o f  th e  m ix tu re  r e q u i r e s  more d r a s t i c  

ap p ro x im a tio n s  than  d o es  th e  c a lc u la t io n  o f  ex cess  e n th a lp y  

from  ex cess  volume, The p rim ary  d i f f i c u l t y  i s  th e  com bina­

to r y  term  in  th e  p a r t i t i o n  f u n c t io n ;  w h ile  th e  com binatory  

term  v a n ish e s  upon ta k in g  th e  d e r iv a t iv e s  o f  E q u a tio n  (132) 

needed to  o b ta in  th e  e q u a tio n  o f  s t a t e  and c o n f ig u ra t io n a l  

energy , th e  e n t i r e  c o n f ig u r a t io n a l  p a r t i t i o n  fu n c t io n , in c lu d in g  

th e  com binatory  p a r t ,  a p p e a rs  e x p l i c i t l y  in  th e  c o n f ig u r a t io n a l  

en tro p y  e x p re ss io n .

V - li  P a r t i t i o n  F u n c tio n  Based E x cess E n tropy  E x p re ss io n s  

D i r e c t  a p p l ic a t io n  o f th e  s t a t i s t i c a l  m echan ical

r e l a t i o n

to  th e  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c t io n  in  E q u a tio n  (1 3 2 ) , 

le a d s ,  a f t e r  s im p l i f i c a t io n ,  to  an e x p re s s io n  f o r  th e  c o n fig u ­

r a t i o n a l  e n tro p y ,

S = kT(3^nQ/3T)v + kXnQ (2 0 9 )

S = 3xNckXn(V ’comb (210)

MThe en tro p y  o f  m ixing, AS , was o b ta in e d  by a p p ly in g  E q u a tio n  (210) 

to  th e  m ix tu re  e q u iv a le n t  f l u i d  and to  each s e p a ra te  p u re  com-
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ponent individually,

2
AS*5 = 3iMckjen(V^ - 1) -  S S r ^ f c J J n ^ - l )

i= l

2
+ rNckl!n(?iV*) -  2  rJT.jC.jk ^n(Xv*) (211)

1=1

+  k  *  O W  / ( « « » > , '  Qoom t2 d

The e x p re s s io n  f o r  th e  m o la r e x c e ss  e n tro p y , o b ta in ed , from  

E q u a tio n  (211) by m u lt ip ly in g  by Nq / N ,  s u b t r a c t in g  th e  id e a l  

m o lar e n tro p y  o f  m ix ing , and u s in g  r e l a t i o n s  d e f in e d  in  C h ap te rs  

I I I  and IV i s

SE = 3 B C i n ( V ^ - l )  -  2  3 H x ,C , £n (vJ^  ~ l )
i= l

2
+ R C ^n(\v* ) -  2  R x .C . in ( l v * )  (212)

i= l  1 1 1

+  ■ i'-e n rQ  - u / ( Q  V * Q V ) ]  -  TN L comb' '^com b! comb2/ J  id e a l

U n lik e  th e  e x p re s s io n  f o r  th e  e x c e s s  e n th a lp y , 

E q u a tio n  (212) d oes n o t  c o n ta in  any  te rm s  in  w hich m a p p e a rs  

e x p l i c i t l y  and none o f  th e  te rm s o r i g i n a t e  from  t h a t  p a r t  

o f  th e  p a r t i t i o n  fu n c t io n  d i r e c t l y  a s s o c ia te d  w ith  th e  energy-
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volume r e l a t i o n s h ip .  The ex cess  e n tro p y  sh o u ld  th e r e f o r e  be l e s s  

s e n s i t i v e  th a n  th e  ex cess  e n th a lp y  to  a l t e r a t i o n s  in  th e  v a lu e  o f  

m a s s o c ia te d  w ith  th e  m ix tu re  and p u re  com ponents. U nder e q u iv a le n t  

s e t s  o f  a p p ro x im a tio n s , th e  m agnitude o f th e  ex cess  e n tro p y  c a lc u ­

l a t e d  from  th e  p s e u d o -2 -f lu id  and s im p le -1 - f lu id  models sh o u ld  d i f f e r  

l i t t l e  from  t h a t  c a lc u la te d  u s in g  th e  van d e r  W aals ap p ro x im a tio n .

A part from  any d e f i c i e n c i e s  in h e re n t  in  th e  p a r t i t i o n  

f u n c t io n  i t s e l f ,  E q u a tio n  (212) i s  e x a c t. I n  o rd e r  to  e v a lu a te  

th e  ex cess  e n tro p y , however, th e  te rm s in v o lv in g  #n(?LV*) and 

th e  com binatory  r a t i o  m ust be approx im ated  o r  e l im in a te d . S in ce  

th e  com binatory  r a t i o  i s  by f a r  th e  l a r g e s t  c o n t r ib u to r  to  

th e  e n tro p y  o f  m ix ing , th e  r e s u l t i n g  e x p re ss io n  i s  n o t ex p ec ted  

to  be a c c u ra te .

F lo ry  assumed t h a t  a l l  segm ents have th e  same c h a r a c te r ­

i s t i c  volum e, so t h a t  th e  n e t  c o n tr ib u t io n  from  th e  f o u r th ,  

f i f t h  and s ix th  te rm s o f  th e  expanded form  o f  E q u a tio n  (212)

i s  z e r o .  F o r  l i q u i d s  hav ing  s im i l a r  m olar volum es, he

Mapprox im ated  th e  com binatory  r a t i o  term  by A S ^ ea^ , so t h a t  

th e  m o lar ex ce ss  e n tro p y  e x p re s s io n  red u ces  to

SE = 3BC£n(V^3-  1) '  3Rx1G1 Jin(V^3 -  l )  -  3Rx2C2 £n(V^3 -  l )  (213)

E x p e rim en ta l v a lu e s  o f  th e  ex ce ss  en tro p y  a t  equ im o lar 

c o n c e n tra t io n  range from  ab o u t 0 .1  -  4-.0 jo u le s /K ; s in c e  A S ^ ea^ 

a t  x ^ = 0 .5  i s  ab o u t 6 jo u le s /K , th e  e r r o r  in tro d u c e d  by a p p ro x i­

m ating th e  com binatory  en tro p y  by th e  id e a l  e n tro p y , even i f  the



-1 0 1 -

ap p ro x im atio n  i s  a c c u ra te  to  10%, i s  v e ry  l a r g e .  I f  th e  m olar

volumes o f  th e  two components a re  v e ry  d i f f e r e n t ,  th e  com binatory
Me n tro p y  o f  m ixing i s  som etim es approxim ated  by ^ p o ^ y m e r ic  >

th e  m agnitude o f  th e  e r r o r  in tro d u c e d  by th e  l a t t e r  ap p ro x im atio n  i s

ab o u t th e  same a s  f o r  th e  fo rm er. N e i th e r  o f  th e s e  ap p ro x im a tio n s

le a d s  to  a  good r e p r e s e n ta t io n  o f  th e  ex cess  e n tro p y ; a  s e p a ra te

c o n s ta n t ,  Q^2 , m ust be in tro d u ced  i n  a d d i t io n  to  X ^  I*1 o rd e r

to  c o r r e l a t e  ex cess  e n tro p y  d a ta .

In  o rd e r  to  o b ta in  f o r  th e  two new t r e a tm e n ts  an e x p re ss io n

e q u iv a le n t  to  E q u a tio n  (213) b u t n o t  r e q u ir in g  t h a t  a l l  segm ents

have th e  same c h a r a c t e r i s t i c  volum e, th e  f o u r th  th ro u g h  s e v e n th

te rm s o f  th e  expanded form  o f E q u a tio n  (212) w ere c o l l e c t i v e ly  

Mequated  w ith  A S ^ e a ^ , and a l l  o th e r  c o n t r ib u t io n s  e v a lu a te d  a s

d is c u s s e d  in  C h ap te rs  I I I  and IV . T h is  ap p ro x im a tio n  i s  no more

r e a l i s t i c  th an  th e  f i r s t  a p p ro x im a tio n s  d e sc r ib e d , and p ro d u ces

(a s  w i l l  be shown in  S e c tio n  VL-5) ■ ex ce ss  en tro p y  p r e d ic t io n s  which

a re  s im i l a r  to  th o s e  above and w hich a re  a lm o st in d ep en d en t o f  ru .

A second a l t e r n a t i v e  i s  to  a g a in  e q u a te  o n ly  th e  c o n tr ib u t io n  o f

Mo f th e  com binatory  term  w ith  AS j£ eajL* I f  th e  g e o m e tric  c o n s ta n t ,

X, i s  to  be e lim in a te d  from  th e  e x c e s s  e n tro p y  e x p re s s io n , th e n

f-x l ^ l m  “ ^  + x2^C2m ~ C2 ^  mus"t  ^  approx im ated  a s  ae ro  in
Eth e  p s e u d o -2 -f lu id  m odel. S th e n  becomes

S® = 3RC Jto (v  ^  -  :1 ) -  3Rx1C1 £n(v^  -  l )  -  3Rx2 C2 j6n(v ^  -  l )  

(21*0

+ RCjen(v*) -  Hxl C1 Jen(v*) -  Rx2C2 ^ n(v*)
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The ex ce ss  e n tro p y  in  E q u a tio n  (214) i s  a  fu n c t io n  o f  th e  s iz e  

o f  th e  v a r io u s  segm ents and so depends on th e  a c tu a l  p h y s ic a l  

d iv i s io n  o f  th e  m o lecu les  in to  segm ents. The v a lu e s  o b ta in e d  i f  th e  

m o lecu les  a re  assumed to  c o n s i s t  o f  s in g le  segm ents a re  v e ry  d i f f e r e n t  

from  th o s e  o b ta in e d  i f  th e  m o lecu les  a re  d iv id e d  in to  chem ical g ro u p s . 

Any p h y s ic a l  d iv i s io n  o f  th e  m o lecu les  in to  a c tu a l  segm ents, 

how ever, i s  a r t i f i c i a l  and can n o t r e s u l t  in  a c c u ra te  second law 

p ro p e r ty  p r e d ic t io n s .  The a r t i f i c i a l i t y  i s  compounded by th e  

n e c e s s i ty  to  approx im ate  th e  com binatory  e n tro p y  c o n tr ib u t io n .

V-2i S e m i-em p ir ica l D e te rm in a tio n  o f  th e  E xcess E n tro p y

The ex ce ss  en tro p y  can be e v a lu a te d , however, w ith o u t 

s p e c ify in g  th e  c o m b in a to ria l e n tro p y  by a  s e ra i-e m p ir ic a l method 

which does n o t  in v o lv e  th e  p a r t i t i o n  fu n c t io n  in  E q u a tio n  (132) 

and does n o t  r e q u ir e  th e  in t r o d u c t io n  o f  any new in fo rm a tio n .

The method is the modification of the Wilson treatment proposed 
by Liebermann and Fried (172,173), the modifcation permits the 
prediction of the excess Gibbs free energy from single tempera­
ture values of the experimental enthalpy of mixing. We have 
employed this method to predict the excess entropy of binary 
liquid mixtures from experimental volumetric data using 
excess enthalpy predictions obtained from the pseudo-2-fluid 
treatment of mixtures. The results will be presented in Section VI-5.

In  th e  F ried -L ieberm ann  m o d if ic a tio n  o f th e  W ilson 

e q u a tio n , th e  ex cess  G ibbs f r e e  en erg y  i s  re p re se n te d  a s
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_E Xl x2 t o D̂1 2 D21^
Lr a s  —

(X1 + + x1D21^

(215)

-  RT[x^ -Gn.(x  ̂ + x2^2 ^ 1  ̂  + x 2 ^ n (x2 + X1V1^V2 ^

The f i r s t  term  a r i s e s  from  c o n tr ib u t io n s  to  n o n - id e a l i ty  due
*

to  in te rm o le c u la r  fo r c e s  and i s  a b b re v ia te d  G ; th e  second 

term  a r i s e s  from  m o lecu la r s i z e  d i f f e r e n c e s  and i s  a b b re v ia te d  

R Tf (V).,

GE = G* -  RTf (V) (216)

D ĵp and a r e  c o n s ta n ts  c h a r a c t e r i s t i c  o f  th e  m ix tu re . The e x c e ss  

e n th a lp y  i s  therm odynam ically  r e la te d  to  th e  excess f r e e  energy tor

(217)

N e g le c tin g  {d £ f  (vJ / t J / S t } -  f o r  m ix tu re s  in  w hich th e  components
Jr f X

have s im i la r  th e rm a l ex p an sio n  c o e f f i c i e n t s ,  E q u a tio n  (217) 

becomes

—  = X2 
G V 3T / | x „  + x J )2 12 D12 'en^ 1 2 ‘ D21 Ĵ (218)

+ Tl

3T/L c2 + X1D21 D21 ^ ^ 12 ’ D21^
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E q u a tio n  (218) i s  so lv ed  f o r  th e  te m p e ra tu re  dependence o f B^g 

and Dg^ by u s in g  th e  ap p ro x im a tio n s

Xim ^  = Him —g = Z  
Xj-K) G x 2-K) G

The te m p e ra tu re  d e r iv a t iv e s  o f  D12 and Dg^ a r e  th e n

/  2 in (D 12*D? 1 ) \
(SD12/ST) = 0>12/T ) f — ------------------  )

1 W ( » 1Z'»a ) - V

and

(3D21/3T ) = (DP1/T)I21'

/  2j>n(D12- P2 1 ) \

By s u b s t i t u t i n g  E q u a tio n s  (220) and (221) in to  E q u a tio n  (218), 

an e x p re s s io n  i s  o b ta in e d  which r e l a t e s  th e  c o n s ta n ts  B^g and 

Bg^ to  th e  ex cess  e n th a lp y  of th e  m ix tu re ,

2RTx 1x2 [ Xn(Di2* D2 1 ^

(X1 + X2D1 2 ^ X2 + xl D2 i ^ 2 “ ^ ^ 1 2 *  D21^

C2°12 X1D21 
■ p “ 1 - *r --------------------

X1 + x2D12 X2 + X1D21 £n(D12‘ B21^

(219)

( 22 0 )

(221)

(2 2 2 )
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E q u a tio n  (222) was so lv ed  try- an i t e r a t i v e  p ro c e ss  f o r  

and u s in g  th e  c o n c e n tra tio n  dependence o f  th e  ex cess  

e n th a lp y  p re d ic te d  from  v o lu m e tr ic  d a ta .  The num erical v a lu e s  

o f  and were u sed  in  tu rn  to  compute th e  excess f r e e  

energy . The r e s u l t s  o f  th e s e  c a lc u la t io n s  a r e  p re se n te d  in  

S e c tio n  V I-5 -
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V I. APPLICATION TO MON-POLAR AND WEAKLY POLAR LIQUIDS

We have s u c c e s s fu l ly  a p p lie d  th e  th e o ry  d e sc r ib e d  in  th e  

p re v io u s  c h a p te rs  to  f i f t y  m ix tu re s  o f  b in a ry  com binations o f  

sev en teen  n o n -p o la r  and w eakly p o la r  l i q u id s .  These l iq u id s  

a re  l i s t e d  in  T ab le  I ,  grouped a c c o rd in g  to  t h e i r  chem ical c l a s s .

The f i f t y  m ix tu re s  s tu d ie d  com prise more th an  o n e - th ird  o f  th e  

I 36 p o s s ib le  b in a ry  com bina tions and r e p re s e n t  th o se  system s 

f o r  which r e l i a b l e  e x p e rim en ta l e x c e ss  volume and ex cess  en th a lp y  

d a ta  a r e  b o th  a v a i l a b le .

V I-1 ; Pure  Components

P h y s ic a l  p r o p e r t ie s  o f  th e  p u re  components a re  l i s t e d  

th e  T ab le  I I .  M olar volum es, th e rm a l ex pansion  c o e f f i c i e n t s  and 

th e rm a l p re s su re  c o e f f i c i e n t s  w ere used  to  compute th e  c h a r a c te r ­

i s t i c  p a ra m e te rs  o f  th e  pure  l i q u i d s  and o f  th e  pseudocom ponents 

in  th e  pseudo- 2 - f l u i d  model. E n th a lp ie s  o f  v a p o r iz a t io n  to 

th e  id e a l  gas s t a t e ,  a lth o u g h  n o t  d i r e c t l y  r e l a t e d  to  th e  c a lc u la ­

t io n  o f  c h a r a c t e r i s t i c  p a ra m e te rs , were used to  e s tim a te  th e  

v a lu e  o f  m f o r  each  l iq u id  in  th e  co h es iv e  energy-volum e r e l a t i o n  

try th e  r a t i o  method d e sc r ib e d  in  S e c tio n  31-11. E n e rg ie s  o f  v a p o r i­

z a t io n  were c a lc u la te d  assum ing id e a l  vapo r phase b eh av io r by sub­

t r a c t i n g  RT from  th e  co rre sp o n d in g  e n th a lp ie s  o f  v a p o r iz a t io n  and were 

used to  approx im ate  th e  n e g a tiv e  o f  th e  co h esiv e  e n e r g ie s .  The v a lu e  

o f  m f o r  each  l i q u id  was th en  computed from  th e  r a t i o  o f  th e  in t e r n a l  

p re s s u re ,  (YT -  P ) ,  to  th e  co h es iv e  energy d e n s i ty .  These " r a t io  

method" v a lu e s  o f  m a re  l i s t e d  in  th e  f i r s t  column o f  T ab le  I I I .
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T able I

N o n -p o la r and Weakly P o la r  L iq u id s  In v e s t ig a te d

Chem ical c la s s Compounds

norm al a lk an e s n -hexane
n -h e p ta n e
n -o c ta n e
n-hexadecane

branched  a lk a n e s 2 , 3"d im e th y lb u tan e
2 , 2 , 4 - tr im e th y lp e n ta n e

c y c lo a lk a n e s c -p e n tan e
c-hexane
c -h e p tan e
c -o c ta n e

a ro m a tic s benzene
to lu e n e
o -x y le n e
m -xylene
p -x y le n e

h a lo g en  c o n ta in in g c c v

o rg a n o m e ta llic o c ta m e th y Ic y c lo te tra s i lo x a n e



Table 31

P h y s ic a l  P r o p e r t ie s  o f  N o n-po lar and Weakly P o la r  L iqu ids^

L iq u id v/cm3 mol 1 a  x  lO3/ ^ 1 Y /j cm-3  K"1 AHV/ J  mol"1

n-hexane 131.56 (175)
(176)

1.386 (116) 0 .814 (116) 31550 (198)
n -h ep tan e 147.51 1 .253 (176) 0 .854 (137) 36560 (183)
n -o c ta n e 163.59 (116) 1 .159 (116) 0 .880 116) 41480 183
n-hexadecane 294.20 (116) 0.901 (116) 1 .033 (116) 81090 (198)

2 , 3-d im eth y lh u tan e 131.17 (177)
(178)

1 .409 (177) °-783a (177) 29130 (183)
2 ,2 ,4 - tr im e th y lp e n ta n e 166.05 1 .197 (179) 0 .749 (180) 35150 (198)

c -p en tan e 94.71 (181) 1 .347 (182) 1.010 (182) 28530 (198)
c-hexane 108.77 (182) 1 .215 (182) 1 .075 (182) 33040 (198)
c -h e p tan e 121.73 (182) 1 .095 (183) 1 .154 (184) 38530 (183)
c -o c ta n e 134.87 (182) 0 .979 (182) 1.222 (182) 43350 (183)

"benzene 89.43 (185) 1.223 (186) 1 .263 (187) 33850 (198)
to lu e n e 106.84 (185) 1.071 (183) 1 .142 (188) 37990 (198)
o -x y len e 121.21 (189) 0.952 (190) 1.1618, (191,192) 43430 (198)
m -xylene 123.47 189) 0.981 (193) 1.121a 194) 42660 (198)
p -x y le n e 123.92 (189) 1.003 (190) 1 .1 04a (195) 42380 (198)

97.09 (196) 1.229 (178) 1 .142 (187) 32430 (199)

o ctame th y lc y c lo te t r a s i lo x a n e

6L, c a lc u la te d  from  a  and p 
c a lc u la te d  from  P and Y

312 . 12b (181) 1 .216 (199) O.798 (197) 56050 (200)

+ a t  298 K

-108
-
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T able  I I I

V alues o f  m f o r  N o n -p o la r and Weakly P o la r  L iq u id s

L iq u id m (ra tio  method) m (m ixture method)

n-hexane 1 .0 9 8 1 .115
n -h ep tan e 1 .101 1.140
n -o c ta n e 1 .097 1 .165
n-hexadecane 1 .152 1 .195

2 , 3 -d im e th y lb u tan e 1 .1 4 8 1.150
2 ,2 ,4 - tr im e th y lp e n ta n e 1 .1 3 4 1.170

c -p en tan e 1 .0 9 4 1.087
c-hexane 1 .1 4 0 1.140
c -h ep tan e 1 .160 1.150
c -o e ta n e 1 .202 1.192

benzene 1 .0 7 3 1.020
to lu e n e 1 .024 1.070
o -x y len e 1 .0 2 4 1 .095
m -xylene 1 .026 1.080
p -x y len e 1 .022 1 .095

GCl^ 1.103 1 .080

o ctame th y lc y c lo te t r a s  ilo x a n e 1 .386 1.190
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C o rre c tio n  f o r  g a s-p h ase  im p e rfe c tio n s  would a l t e r  th e se  v a lu e s  try 

s e v e ra l  te n th s  o f  a  p e rc e n t .  A lso l i s t e d  in  T ab le  I I I  a re  th e  

v a lu e s  o f  m o b ta in e d  from  e x p e r im e n ta l m ix tu re  d a t a  try th e  

method d e s c r ib e d  in  S e c tio n  V I-2 .

T ab le  IV l i s t s  th e  c h a r a c t e r i s t i c  p a ra m e te rs  o f  th e  

p u re  components c a lc u la te d  from th e  m olar an a lo g y  o f  E q u a tio n  (125) 

and E q u a tio n s  (1 ^ 1 ) , (151)» (159) i ( l 6o) and (164-) a t  th re e  

d i f f e r e n t  v a lu e s  o f  m f o r  each l i q u i d .  These v a lu e s  co rresp o n d  

to  th e  m = l  van  d e r  W aals ap p ro x im a tio n  used try F lo r y ,  to  th e  

r a t i o  method ap p ro x im a tio n  and to  th e  v a lu e s  we d e r iv e d  a s  th e  

m ost r e p r e s e n ta t iv e  o f  th e  l iq u id  s t a t e  and b e s t  s u i te d  f o r  

com pu ta tions o f  l iq u id  m ix tu re  b e h a v io r . The t o t a l  range o f  th e s e  

m v a lu e s  f o r  a l l  th e  n o n -p o la r  and weakly p o la r  l i q u id s  in v e s ­

t ig a te d  in  t h i s  t h e s i s  ex ten d s  o n ly  from  1 .000 to  I . 38O. Even 

w ith in  t h i s  v e ry  l im i te d  range o f  m, s i g n i f i c a n t  changes were found 

f o r  th e  c h a r a c t e r i s t i c  p r o p e r t ie s  o f  th e  in d iv id u a l  l i q u i d s .
-X- *}(• ^

As m in c r e a s e s ,  V in c re a s e s  s l i g h t l y  and T and P b o th  d e c re a se  

s u b s t a n t i a l l y ;  C d e c re a s e s , in d ic a t in g  more r e s t r i c t e d  m o le c u la r  

m otion  w ith in  th e  l i q u i d .

The c h a r a c t e r i s t i c  p a ra m e te rs  in  Table IV have been 

u sed  to  compute th e  m o lar i n t e r a c t io n  energy  f o r  e ach  pure  

l i q u i d  from E q u a tio n  ( 163) .  Table V com pares th e  m o lar i n t e r ­

a c t io n  energy  c a lc u la te d  a t  each o f  th e  above v a lu e s  o f  m 

w ith  th e  energy  o f  v a p o r iz a t io n .  Comparison i s  made f o r  th e  

en erg y  r a th e r  th a n  f o r  th e  e n th a lp y  o f  v a p o r iz a t io n  because 

w h ile  th e  d i f f e r e n c e  betw een th e  energy  and e n th a lp y  o f  m ixing



Table IV
C h a r a c te r i s t i c  P a ra m e te rs  o f  N o n -p o la r and Weakly P o la r  L iq u id s

L iq u id m V*/cm3 mol"1 T*/K P * /J  cm"3 C

n-hexane 1 .000
1 .0 9 8
1 .1 1 5

99.53
100.27
100.40

4437.5
4227 .3
4194 .7

424 .2
3 90 .9
385-7

1 .144
1 .115
1 .110

n -h ep tan e 1 .000
1 .101
1 .140

113 . ?o
114 .46
1 1 4 .?3

4653-5
4415*9
4335 .9

4 2 8 .4
3 9 3 .9
382.1

1 .259
1 .2 2 8
1 .216

n -o c ta n e 1 .000  
1 .0 9 ?  
1 .1 6 5

127.86
128.60
129 .10

4837 .6
4591.1
44 4 3 .4

4 3 2 .4  
398 .9
379 .5

1 .375
1 .344
1 .326

n-hexadecane 1 .000
1.152
1.195

239 .7?  
241 .26  
241.66

55^9 .7
5082.8
4972.6

4 6 3 .7
4 0 9 .7  
396 .9

2 .4 0 9
2 .339
2.320

2 , 3-d im eth y lb u tan e 1 .000
1 .148
1.150

98 .98
100.05
100.07

4404.5  
4106 .0
4102.5

4 1 0 .4
363.8
363 .3

I . I 09
1.066
1 .066

2 , 2 ,4 - tr im e th y lp e n ta n e 1.000
1.134
1.190

129.07
130.13
130.41

5040.4
4442.1
4369.0

542 .3
331.3
3 2 2 .4

1 .205
1 .167
1 .158

c -p en tan e 1.000
1 .0 8 ?
1.094

72.23
72 .69
72 .73

4496.2  
4302.6
4288.3

520 .5
4 8 3 .9
481 .2

1 ,006
0.983
0.982

(continued)



T able  IV (c o n tin u e d )

L iq u id m V*/cm3 mol-1  T*/K P * / j  cm '3 G

c-hexane i .0 0 0 84.31 4724 .3 53 3 .5 1 .1 4 5
1 .140 85 .05 4397 .3 476 .0 1.107

c -h ep tan e 1 .000 96 .09 4 9 8 1 .8 552.2 1.281
1 .150 96 .8  7 4598 .5 4 8 8 .9 1 .2 3 9
1 .160 .9 6 .9 2 4576.5 48 5 .3 I .236

c -o c ta n e 1 .000 108.47 5293.0 563 .3 1 .338
1.192 109.42 4766.9 4 8 3 .4 1 .334
1.202 109.47 4744 .3 479 .9 1 .332

benzene 1.000 69.23 4709.1 628 .3 1 .111
1 .020 69.32 4657 .0 61 7 .5 1.106
1 .0 7 3 69.56 4528 .7 590 .8 1.091

to lu e n e 1.000 84 .65 5040 .4 54 2 .3 1 .096
1 .024 84 .76 4969 .9 53 1 .2 1 .090
1.070 84.97 4843 .7 511.2 1 .079

o -x y le n e 1 .000 97 .93 5376 .7 5 3 0 .3 1 .162
1.024 98 .03 5297 .9 51 9 .4 1 .156
1.095 98 .34 5085.2 48 9 .9 1 .139

m -xylene 1 .000 99 .27 5287.0 517.1 1 .168
1 .026 99 .39 5204.3 50 5 .6 1.161
1 .080 99.62 5059.0 4 8 5 .4 1 .150

p -x y le n e 1 .000 99 .27 5222.5 512 .9 1 .173
1.022 99 .38 5153 .6 503 .2 I . I 67
1 .095 99-73 4945.1 4 7 3 .8 1 .149

(c o n tin u e d )



Table IV (continued)

L iq u id m V*/em3 mol 1 T*/K P * / j  cn f3 G

CC14 1 . 0 0 0 75-10 *(437-5 424 .2 1 .094
Hr 1 .080 7 5 ^ 9 4502.3 53 1 .7 1 .072

1 ,103 75.6o 4451.5 522 .5 1 .067

o c ta m e tb y lc y c lo te tra - 1 . 0 0 0 242.10 4734,0 395*5 2 .432
s ilo x a n e 1 .180 244.80 4326.6 342 .4 2 .330

1.380 247 .58 4002.3 299 .2 2 .226
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T able  V

M olar I n t e r a c t io n  E n e rg ie s  o f  N o n -p o la r and Weakly P o la r  L iq u id s

—1I n te r a c t io n  e n e r g y / j  m ol"

L iq u id aEv/ J  m ol"1 1 r a t i o
method

m ix tu re
method

n-hexane 28970 32111 29089 28647
n -h ep tan e 33980 37546 34101 32929
n -o c ta n e 38900 43212 39393 37178
n-hexadecane 78510 90610 78656 75825
2 , 3 -d im e th y lb u tan e 26550 30625 26674 26629
2 , 2 , 4 - tr im e th y Ip e n ta n e 32570 39084 32699 31541

c -p en tan e 25950 28596 26273 26308
c-hexane 30460 34865 30581 30581
c -h e p tan e 35950 41885 36106 36420
c -o c ta n e 40770 49138 40880 41222

benzene 31270 33672 31385 33014
to lu e n e 35410 36374 35524 33998
o -x y le n e 40850 41961 40672 38316
ui-xylene 40080 41267 40221 38401
p -x y len e 39800 40789 39913 37252

c c l4 29850 33060 29972 30584

o c ta m e th y lc y c lo te tr a - 53570 74267 53813 62933
s ilo x a n e
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a t  c o n s ta n t p re s s u re  i s  sm a ll, th e  d i f f e r e n c e  "between th e  en erg y  and 

e n th a lp y  o f v a p o r iz a t io n  o f  th e  in d iv id u a l  f l u i d s  i s  l a r g e .  I t  i s  

re a so n a b le  to  ex p ec t th e  m olar i n t e r a c t io n  energ y  n o t to  exceed in  

g e n e ra l  th e  t o t a l  l i q u id  co h es iv e  energy , which i s  approxim ated  h e re  

ty  th e  energy  o f  v a p o r iz a t io n .  As seen  i n  T able V, m o lar i n t e r ­

a c t io n  e n e rg ie s  computed from  th e  van d e r  W aals ap p ro x im a tio n  a re  

c o n s i s te n t ly  h ig h e r  th a n  th e  e x p e r im en ta l e n e rg ie s  o f  v a p o r iz a t io n .  

T h is  im p lie s  t h a t  th e  m o lecu les  can be s e p a ra te d  and th e  f l u i d  

v a p o riz ed  w ith  l e s s  energy  th a n  needed to  overcome th e  m utual 

a t t a c t i o n  betw een th e  m o lecu les . The r a t i o  method v a lu e s  

r e s u l t  in  i n t e r a c t io n  e n e rg ie s  ap p ro x im a te ly  e q u a l to  th e  e n e rg ie s  

o f  v a p o r iz a t io n  and , w ith  th e  e x c e p tio n  o f  benzene, o u r su g g es ted  

v a lu e s  o f  m r e s u l t  in  i n t e r a c t io n  e n e rg ie s  somewhat lo w er th a n  

th o s e  re q u ire d  f o r  v a p o r iz a t io n .  The a b i l i t y  o f th e  th e o ry  to  

y ie ld  in t e r a c t io n  e n e rg ie s  o f  th e  same o rd e r  o f  m agnitude a s  th e  

e n e rg ie s  o f  v a p o r iz a t io n  s u p p o r ts  th e  v a l i d i t y  o f  ap p ro x im atin g  

th e  l iq u id  c o n f ig u r a t io n a l  energ y  try an a t t r a c t i v e  term .

V I-2 ; E xcess E n th a lp y  C a lc u la t io n s

The so u rc e s  and eq u im o la r v a lu e s  o f  th e  e x p e r im en ta l 

V^ and d a ta  u sed  in  th e  com p u ta tio n s  a r e  l i s t e d  in  T able V I.

F o r  many o f th e  m ix tu re s  s tu d ie d ,  ex p e rim en ta l d a ta  from  d i f f e r e n t  

so u rc e s  d i f f e r  by more th a n  th e  combined acknowledged l i m i t s  o f  

e r r o r .

U sing th e  p se u d o -2 -f lu id -  and s im p le -1 - f l u i d  m odels 

d e s c r ib e d  in  C h ap te r IV, we f i r s t  a ttem p ted  to  compute th e  ex cess  

e n th a lp y  w ith  p u re  component v a lu e s  o f  m e s tim a te d  "by th e  r a t i o



Table VI

E xcess P ro p e r tie s^  o f  B inary  M ix tu res  o f  N o n -p o la r and Weakly P o la r  L iq u id s  a t  x^ = 0 .5

M ixture V̂*/ cm^ mol**'*' / j  m ol"1 C p /j mol"1

n-hexane + c-hexane 0.14-3 (201) 216 (202) 71e (255)
n -h ep tan e  + c-hexane 0 .2? (203) 240 (204)
n-hexadecane + c-hexane 0.62 (205) 498 (204) -177 (254)
n-hexane + n-hexadecane -0 .5 2 9 (206) 114 (207) -  68 (252)

' -0 .5 3 2 (208)
n -h ep tan e  + n-hexadecane -0 .3 4 (209) 96 (204) -  55 ' (253)
224TMP“+ n-hexadecane -0 .5 0 (209) 232 (204) 7 (253)

CCi4 + n-hexane 0 .044 (210) 317 (210) 149 (247)
CC14 + n -h ep tan e 0.213 (210) 339 (210) 134 (248)
CC14 + n -o c tan e 0.32 (211) 364 (212) 95 (249)
CCI4 + n-hexadecane 0 .62 (213) 578 (214) -116 250)
GCI4 + c-hexane 0 .159 (215) 166 (216) 70 (251
CCI4 + 224TMPq 0.216 (217) 405 (214) 158f (217)

"benzene + n-hexane 0.414 (218) 897 (219) 385 (243)
henzene + n -h ep tan e 0.591 (220) 919 (221) 354 (243)

430 (245)
"benzene + n -o c tan e 0.710 (222) 969 (223) 331 (245)

364 (243)
"benzene + n-hexadecane 1 .05 (213) 1209 (223) 91 (245)

1255 (204)
benzene + 224TMPq 0.502 (224) 992 (204) 400 (243)

(co n tin u ed )



Table VI (continued)

M ixture Vs / cur* mol 1 / j  m ol"1 C ^/J  m ol"1

to lu e n e  + n-hexane - 0.032 (225) 512d (243) 332 (243)
to lu e n e  + n -h ep tan e 0 .137 (225) 552 (204) 201 (243)
to lu e n e  + 224TMP0 0.087 (224) 657 (226) 354 (243)

0MCTSb+ CC14 - 0.252 (227) 163 (227) -133 (246)
OMCTSb+ benzene -0 .0 0 9 (227) 793 (227) 116 (246)

c -p en tan e  + 23DMBC -0 .2 9 7 (228) -  2 (228) 13 (228)
c-hexane + 23DMBC - 0.113 (177) 156 (177) 87 (177)
c -h e p tan e  + 23DMBe -0 .4 4 0 (229) 163 (229) 135 (229)
c -o c tan e  + 23DMBC -0 .7 0 1 (230) 176 (230) 184 (230)

c -p en tan e  + c-hexane 0.041 (231) 28 (216) _ 1± (182)
c -p en tan e  + e -h ep tan e - 0.113 (182) -  4 (182) -  5 (182)
c -p en tan e  + c -o c tan e -0 .2 8 3 (232) -  41 (233) -  2 182c-hexane + c -h ep tan e - 0.031 (234) 6 (234) 9 (234)
c-hexane + c -o c tan e -0 .1 0 7 (182) 1 (182) 26 (182)
c -h ep tan e  + c -o c tan e - 0.025 (234) 4 (234) 5 (23*0

benzene + c -p en tan e 0 .344 (235) 630 (236) 291 (243)
benzene + c-hexane 0 .650 (237) 799 (238) 331 (243)
benzene + c -h ep tan e 0 .666 (236) 758 (236)
benzene + c -o c tan e 0.581 (236) 797 (236) 286 (244)

to lu e n e  + c -p en tan e 0.076 (236) 365 (236)
to lu e n e  + c-hexane 0 .570 (236) 603 (236) 332 (243)
to lu e n e  + c -h ep tan e 0 .527 (236) 544 (236)
to lu e n e  + c -o c tan e 0 .513 (236) 610 (236) 296 (244)

( co n tinued )



Table VI (continued)

M ixture V^/cn? mol 1 I ^ / J  mol"1 GE/ J  mol 1

benzene + to lu e n e 0.088  (239) 68 (239)
benzene + o -x y len e 0 .249 (240) 216 (240) -
benzene + m -xylene 0 .293 (240) 223 (240) -

benzene + p -x y le n e 0.206  (24o) 164 (240) -

to lu e n e  + o -x y len e 0 .042 (239) 97 (239) -

to lu e n e  + m -xylene 0 .051 (239) 43 (239) -

to lu e n e  + p -x y len e 0,017  (239) 19 (239) -

o -x y len e  + m -xylene 0.0015 (241) 11 (242) -

o -x y len e  + p -x y le n e -0 .0 0 7 9  (242) 6 (242) —

m -xylene + p -x y le n e - 0.0106  (242) -  8 (242) -

a224TMP = 2 ,2 ,4 - t r im e th y lp e n ta n e

bOMCTS = o ctam ethy1 cy c lo  te  t r a  s i lo x a n e

'23DMB = 2 , 3-d im eth y lb u tan e
Ede s tim a te d  from  th e  te m p e ra tu re  dependence o f  G

ea t  293 K
e x tra p o la te d  from  d a ta  a t  h ig h e r  te m p e ra tu re s
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m ethod, The r e s u l t s  o f  th e s e  c a lc u la t io n s  a r e  compared a t  x^ = 0 ,5  

w ith  e x p e r im en ta l ex ce ss  e n th a lp y  v a lu e s  in  T able V II . In  g e n e r a l ,  

th e  p r e d ic t io n s  o f  th e  two m odels te n d  to  merge a s  th e  v a lu e s  

o f  m o f  th e  pure  components approach  each  o th e r  and to  d iv e rg e  

a s  th e  d i f f e r e n c e  betw een th e  p u re  component v a lu e s  o f  m in c r e a s e s .  

U sing  r a t i o  method v a lu e s  o f  m, n e i th e r  model y i e ld s  q u a n t i t a t i v e ly  

a c c u ra te  r e s u l t s .  Agreement i s  w o rs t f o r  m ix tu re s  c o n ta in in g  benzene 

o r  to lu e n e  and b e s t  f o r  m ix tu res  o f  c y c lo a lk a n e s  and c y c lo -  

a lk a n e s  w ith  2 , 3 -d im e th y lb u tan e . R ep lac in g  th e  volume f r a c t i o n  

av erag ed  v a lu e  o f  m f o r  th e  m ix tu re  by a  mole f r a c t i o n  averaged  

v a lu e  a l t e r e d  th e  m agnitude o f th e  in d iv id u a l  ex ce ss  e n th a lp y  

p r e d ic t io n s ,  b u t d id  n o t produce improved agreem ent w ith  ex p erim en t.

The acc u ra cy  o f v a lu e s  o f  m computed from  th e  r a t i o  

o f  th e  i n t e r n a l  p re s s u re  to  th e  co h es iv e  energy  d e n s i ty  has 

been e s tim a te d  to  be 5% (1 6 1 ) . T h is e r r o r  e s t im a te  and th e  v e ry  

much h ig h e r  v a lu e s  o f  m computed by th e  s lo p e  method le d  us to  

e x p lo re  th e  e f f e c t  on th e  ex ce ss  fu n c t io n s  o f  sm a ll changes in  m 

ab o u t t h e i r  r a t i o  method v a lu e s .

We expec ted  t h a t  a d ju s te d  in d iv id u a l  v a lu e s  o f  m̂  and nu, 

f o r  each p u re  component n e a r  b u t n o t  eq u a l to  t h e i r  r a t i o  method 

v a lu e s ,  would s u c c e s s f u l ly  rep roduce  th e  ex cess  e n th a lp y  f o r  each  

b in a ry  m ix tu re . In s te a d  o f  un ique p a i r s ,  we found  s e t s  o f  p a i r s  

o f  such  m̂  and v a lu e s  f o r  each b in a ry  m ix tu re ; th e  m̂  

o f  th e s e  s e t s  was n e a r ly  c o n s ta n t .  E xcess e n th a lp y  p r e d ic t io n s ,  

u s in g  th e  p s e u d o -2 -f lu id  model and com bina tions o f  p u re  component 

v a lu e s  o f  m n e a r  t h e i r  r a t i o  method v a lu e s , a re . shown f o r  r e p re s e n -

/n u  r a t i o
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T ab le  V II

Comparison o f th e  P s e u d o -2 - f lu id  and S im p le -1 -f lu id  

T rea tm en ts  o f  M ix tu res  u s in g  

R a tio  Method V alues o f  m

M ixture f t J  mol

ex p erim en t pseudo- 2-  
f l u i d

s im p le -1-  
f l u i d

n -h exane  + c-hexane 216 196 216
n -h e p ta n e  + c-hexane 240 173 190
n-hexadecane + c-hexane 498 468 467
n -h exane  + n-hexadecane 114 156 188
n -h e p ta n e  + n-hexadecane 96 323 300
224TMP + n-hexadecane 233 261 277

CC14 + n -hexane 317 205 208
CC14 + n -h ep tan e 339 179 180
CC14 + n -o c ta n e 364 153 156
CCI4 + n -hexadecane 578 404 388
CCI4 + c-hexane 166 153 149
CCI4 + 224TMP 405 185 161

benzene + n -hexane 898 626 607
benzene + n -h e p ta n e 919 578 558
benzene + n -o c ta n e 969 528 513
benzene + n -hexadecane 1209 761 714
benzene + 224TMP 992 541 484

to lu e n e  + n -hexane 512 642 599
to lu e n e  + n -h e p ta n e 552 587 546
to lu e n e  + 224TMP 657 763 679

OMCTS + CCI4 163 877 684
OMCTS + benzene 794 1421 1150

c -p e n tan e  + 23DMB -  2 -  21 -  43
c-hexane + 23DMB 156 149 145
c -h e p tan e  + 23DMB I 63 127 137
c -o c ta n e  + 23DMB 176 143 187

(c o n tin u e d )
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Table V II (co n tin u ed )

M ixture I T /J  molehV j

, p seudo-2 - s im p le -1 -experim en t f l u i d  ^

c -p en tan e  + c-hexane 28 52 55
c-p en tan e  + c -hep tane -  4 -  3 11
c -p en tan e  + c -o c tan e -  41 -  38 -  5
c-hexane + c -h ep tan e 6 1 4
c-hexane + c -o c tan e 1 11 24
c-h ep tan e + c -o c tan e -  4 4 8

benzene + c -p en tan e 630 414 4o6
benzene + c-hexane 79 9 658 640
benzene + c -h ep tan e 758 677 661
benzene + c -o c tan e 797 681 665

to lu e n e  + c-p en tan e 365 289 271
to lu e n e  + c-hexane 623 696 687
to lu e n e  + c -h ep tan e 588 638 642
to lu e n e  + c -o c tan e 618 714 733

benzene + to lu e n e 68 -  13 - 2
benzene + o -xy lene 216 103 115
benzene + m-xylene 223 101 115
benzene + p -x y len e 164 2 18
to lu e n e  + o -xy lene 4? 47 55
to lu e n e  + m-xylene 43 43 43
to lu e n e  + p -x y len e 19 1 1
o -x y len e  + m-xylene 11 10 9
o -x y len e  + p -x y len e 6 8 8
m -xylene + p -x y len e -  8 -  10 - 10
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t a t l v e  m ix tu re s  a t  x^ = 0 ,5  in  T ab le  V I I I .  Sm all changes in  

th e  r e l a t i v e  v a lu e s  o f  m o f  th e  in d iv id u a l  components a r e  seen  to  

have a  marked e f f e c t  on th e  m agnitude o f  th e  ex cess  e n th a lp y , 

w h ile  s im u ltan eo u s  c h a rg es  in  th e  v a lu e s  o f  m o f  b o th  com ponents, 

such t h a t  t h e i r  r e l a t i v e  m agnitude i s  unchanged, have o n ly  m inor 

e f f e c t s .  V e r t i c a l  o r  h o r iz o n ta l  movemement in  any o f  th e  a r r a y s  

(changes in  th e  r e l a t i v e  m agnitude o f  m  ̂ and mg) p ro d u ces  la rg e  

changes in  th e  ex cess  p ro p e r ty  p r e d ic t io n s ,  w h ile  d ia g o n a l  move­

ment d o es  n o t .  E x cess  e n th a lp y  p r e d ic t io n s  f o r  com b in a tio n s  o f 

m̂  and m  ̂ whose v a lu e s  f a l l  n e a r  th e  d ia g o n a l o f  th e s e  a r r a y s  

a g ree  b e s t  w ith  ex p erim en t. W ith v a ry in g  d e g re e s  o f  s e n s i t i v i t y ,  

s im i la r  b e h av io r was observed  f o r  a l l  m ix tu re s  s tu d ie d .  S in ce  

th e  ex ce ss  p r o p e r t i e s  depend o n ly  on th e  r e l a t i v e  c o n t r ib u t io n s  

o f  th e  mixed and unmixed l i q u i d s ,  th e  o b s e rv a tio n  t h a t  th e  

r e l a t i v e  m agnitude o f  and mg i s  o f  p rim ary  im portance  i s  n o t 

u n re a so n a b le .

The. r a t i o s  o f  p u re  component v a lu e s  o f  m which s u c e s s f u l ly  

p r e d i c t  th e  ex cess  e n th a lp y  o f  m ix tu re s  o f  th e  c y c lo a lk a n e s  and 

m ix tu re s  o f  th e  c y c lo a lk a n e s  w ith  2 ,3 -d im e th ly b u ta n e  a r e  c lo s e s t  

to  th e  r a t i o s  o f  th e  i n t e r n a l  p re s s u re -c o h e s iv e  en erg y  d e n s i ty  

" r a t i o  m ethod" v a lu e s . T h is  i s  n o t  s u r p r i s in g ,  s in c e  a p p l ic a t io n  

o f th e  p s e u d o -2 - f lu id  model u s in g  r a t i o  method v a lu e s  o f  m was 

m ost s u c e s s fu l  f o r  th e s e  m ix tu re s .

P a i r s  o f  m̂  and mg v a lu e s  w ith  n e a r ly  c o n s ta n t  r a t i o s  s l i g h t l y  

d i f f e r e n t  from  th e  p s e u d o -2 - f lu id  r a t i o s  rep roduced  th e  ex ce ss  e n th a lp y  

f o r  m o s t.m ix tu re s  in  th e  s im p le -1 - f lu id  model; th e re  w ere , however,
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T able V I I I  

Dependence o f  th e  E x cess  E n th a lp y  on th e  

R e la tiv e  M agnitude o f  and rrig

benzene + to lu e n e

c-hexane + c -h e p tan e

c -p e n tan e  + 23DMB

0£<1)3
Ho-p

siio

C M
£

1 .00
m

1.01
(benzene)

1 .02  1.03 1 .0 4

1.05 68 53 39 2? 16

1.06 85 68 52 38 27

1 . 0? 103 84 6? 52 38

1.08 122 101 83 66 51

1 .09 142 120 100 80 65

1 .12
m(

1.13

c-hexane) 

1 .1 4  1 .15 1.16

1 .13 6 10 16 23 31

1 .1 4 2 5 10 15 23

1 .15 0 2 5 10 15

1.16 -  1 0 2 5 9

1 .17 -  2 -  1 0 2 5

1 . 0?

m(c-

1,08
-p en tan e)

1 .0 9  1 .10 1.11

1 .13 -  4 - 2? -47 -67 -8 4

1 .1 4 17 -  7 -28 -48 -67

1 .15 39 14 -  8 -30 -4 9

1.16 61 36 12 -10 -31

1 .17 84 5" 33 11 -12
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s e v e r a l  im p o r ta n t e x c e p t io n s .  E x cess e n th a lp ie s  computed from  

th e  s im p le - 1- f l u i d  m odel f o r  hexane + hexadecane m ix tu re s  were 

alw ays to o  h ig h  ( a  200 jo u le /m o le  a t  x^ = 0 . 5 ) f o r  a l l  co m b in a tio n s  

o f  m̂  and mg in  th e  v i c i n i t y  o f t h e i r  r a t i o  method v a lu e s ;  a s  

th e  d i f f e r e n c e  between and m  ̂ was in c r e a s e d ,  th e  d e c re a s e  in  

H2 le v e le d  o f f  a s y m p to t ic a l ly  w ith o u t a p p ro a ch in g  th e  e x p e r i ­

m en ta l v a lu e s .  The e x c e s s  e n th a lp y  p r e d i c t i o n s  f o r  c y c lo p e n ta n e  + 

c y c lo o c ta n e  m ix tu re s  w ere s im i la r ly  h ig h  and in s e n s i t i v e  to  

changes in  th e  in d iv id u a l  v a lu e s  o f  m. The r a t i o s ,  mn _a u cane/ m0Q;L » 

o b ta in e d  from  n-alfcane + CCl^ m ix tu re s  in  th e  s im p le -1- f l u i d  

model f o r  s u c c e s s iv e  members o f th e  n -a lk a n e  s e r i e s ,  w ere h ig h e r  

and f u r t h e r  s e p a ra te d  from  each o th e r  th a n  r a t i o s  s im i l a r ly  

o b ta in e d  i n  th e  p seu d o -2 - f l u i d  model and  th a n  r a t i o s  o f  th e  " r a t i o  

method" v a lu e s  o f  m. The s im p le - 1 - f lu id  model was f r e q u e n t ly  n o t 

a s  s u c c e s s f u l  a s  th e  p s e u d o -2- f l u i d  m odel in  c o r r e c t ly  p r e d ic t in g  

th e  c o n c e n tr a t io n  d ependence  o f  th e  e x c e s s  e n th a lp y . These 

o b s e r v a t io n s  le d  us to  choose  th e  p se u d o -2 - f l u i d  model a s  th e  

b a s is  f o r  d e te rm in in g  a  s in g l e ,  c o n s i s t e n t  s e t  o f  p u re  component 

v a lu e s  o f  m from  w hich th e  excess  p r o p e r t i e s  o f any b in a ry  

m ix tu re  can  be c a lc a u la t e d .

The v a lu e s  o f  m we propose f o r  th e  energy-volum e ex p o n en ts  

o f  th e  s e v e n te e n  n o n -p o la r  and w eakly p o l a r  l i q u id s  s tu d ie d  a re  

l i s t e d  in  th e  second colum n o f  T able I I I ,  These v a lu e s  have been 

n o rm a lized  to  th e  r a t i o  method v a lu e s  o f  th e  c o h es iv e  e n e rg y - 

volume e x p o n en ts  o f  th e  c y c lo a lk a n e s  and  2 , 3 -d im e th ly b u ta n e . The 

c y c lo a lk a n e s  and 2 , 3 -d im e th y lb u ta n e  w ere chosen  a s  s ta n d a rd s
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f o r  th e  s c a l in g  p ro c e s s  bo th  because t h e i r  p h y s ic a l p r o p e r t i e s  

hart been  re c e n tly  d e te rm in e d  in  th e  same la b o ra to ry  and  because 

t h e i r  m ix tu re  method m./m,. r a t i o s  c lo s e ly  fo llo w  th e  r a t i o s  o f th e  

a p p ro p r ia te  " r a t io  m ethod" v a lu es .

S ince th e  m agn itude  o f th e  e x c e s s  en th a lp y  o f  th e  m ix tu re s  

s tu d ie d  ranges from  n e a r ly  zero to  o v e r  a  k i lo  jo u le  and th e  acc u ra cy  

and so u rc e  o f th e  e x p e r im e n ta l d a ta  v a r i e s  w idely , we f e l t  i t  

was u n r e a l i s t i c  and o v e r ly  r ig id  to  r e p r e s e n t  o v e r a l l  agreem ent 

w ith  experim ent f o r  a  g iv e n  s e t  o f  p u re  component m v a lu e s  by a  

s ta n d a rd  num erical f u n c t io n ,  We th e r e f o r e  chose n o t  to  u se  a 

complex 17 -param eter c u rv e  f i t t i n g  p ro c e d u re  w ith  fo rm a liz e d  

w e ig h tin g  f a c to r s  to  i d e n t i f y  th e  m ost r e p r e s e n ta t iv e  s e t  o f 

p u re  component m v a lu e s  and in s te a d  i d e n t i f i e d  them by in s p e c tio n . 

S in ce  th re e  tim es a s  many m ix tures w ere  s tu d ied  a s  th e r e  a re  p u re  

com ponents, th e  v a lu e s  o f  m a re  w e ll o v erde term ined  and  may be 

c o n s id e re d  t h e o r e t i c a l  c o n s ta n ts  o f  g e n e r a l  v a l i d i t y  r a th e r  th a n  

e m p ir ic a l  p a ram eters  r e p r e s e n ta t iv e  o f  a  given m ix tu re . A lthough a l l  

th e  v a lu e s  o f m a re  s c a le d  to  th e  r a t i o  method v a lu e s  o f  m o f th e  

c y c lo a lk a n e s  and o f  2 , 3 -d im eth y l b u ta n e , th e  v a lu es  w ere n o t chosen 

so a s  to  b e s t  rep ro d u c e  th e  ex ce ss  e n th a lp y  o f o n ly  m ix tu res  

c o n ta in in g  th e se  m o le c u le s . A ll com ponents ap p ea r i n  a t  l e a s t  

two m ix tu re s , and m ost appear in  f o u r  o r  more in  com bination  w ith  

d i f f e r e n t  types o f  m o le c u le s .

W ithin a  g iv e n  chem ical c l a s s ,  th e  m ix tu re  method v a lu e s  

o f  m p re sen te d  in  T a b le  I I I  in c re a s e  w ith  m o lecu lar w e ig h t and 

m o la r volume. M o le c u la r  s iz e  and w e ig h t do n o t a b s o lu te ly  d e te rm in e
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m, how ever, f o r  compounds t h a t  be long  to  d i f f e r e n t  chem ical c la s s e s .  

C yclooctane and n -hexadecane  have s im i l a r  v a lu e s  o f  m h u t d i f f e r e n t  

m o lecu la r w e ig h ts  and m o la r volum es; n -hexane and 2 , 3 -d im eth y lh u tan e  

have i d e n t i c a l  m o le c u la r  w e ig h ts  and s im i l a r  m olar volum es h u t 

d i f f e r e n t  v a lu e s  o f  m. W ith in  th e  n -a lk a n e  s e r i e s ,  th e  m ix tu re  

method v a lu e s  o f  m in c re a s e  w ith  carbon  number more sm oothly th a n  

do th e  r a t i o  method v a lu e s .  B ran ch in g .and c y c l i z a t io n  bo th  

le a d  to  in c re a s e d  v a lu e s  o f  m f o r  compounds w ith  th e  same carbon  

number; th e  e f f e c t  o f  b ran ch in g  i s  more pronounced f o r  compounds 

w ith  low carbon  number. The v a lu e s  o f  m d e riv e d  h e re  f o r  

benzene and to lu e n e  a r e  th e  re v e rse  o f  th o se  c a lc u la te d  by th e  

r a t i o  m ethod; f o r  a ro m a tic  m o lecu les , th e  m ix tu re  method v a lu e s  

o f  m in c re a s e  w ith  in c re a s in g  m ethy l s u b s t i t u t i o n  w h ile  th e  r a t i o  

method v a lu e s  d e c re a se  e q u a lly  w ith  m ethyl s u b s t i t u t io n  o f any 

k in d . The h ig h  v a lu e  o b ta in e d  by th e  r a t i o  method f o r  o c tam e th y l-  

c y c lo te t r a s i lo x a n e  i s  s im i la r  to  f lu o ro a lk a n e  r a t i o  method m v a lu e s . 

U n lik e  th e  o c ta m e th y lc y c lo te tra s i lo x a n e  m ix tu res  s tu d ie d  h e re , however, 

m ix tu re s  c o n ta in in g  f lu o ro a lk a n e s  u s u a l ly  have e x c e ss  volumes o f 

s e v e ra l  cm^/mole and ex ce ss  e n th a lp ie s  o f  s e v e ra l  k i lo jo u le s /m o le .

The f a r  low er v a lu e  o f  m which we o b ta in e d  f o r  o c tam e th y lcy c lo ­

te t r a s i lo x a n e  seems to  r e f l e c t  th e  s m a lle r  m agnitude o f th e  

ex ce ss  p r o p e r t i e s  f o r  o c ta m e th y lte tr a c y c lo s i lo x a n e  m ix tu re s .

The ex ce ss  e n th a lp y  p r e d ic t io n s  o f  o u r model a re  compared 

w ith  th e  p re d ic t io n s  o f  F lo r y 's  model (m = l )  and w ith  ex p e rim en ta l 

d a ta  a t  x^ = 0 .5  in  T ab le  IX. The com position  dependence o f  th e  

p r e d ic t io n s  i s  compared w ith  e x p e r im en ta l d a ta  in  F ig u re s  1 - ^ 6 .
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T able IX

Comparison o f  th e  P r e d ic te d  E xcess E n th a lp ie s  

a t  = 0 .5  w ith  V alues O btained  u s in g  th e  

van  d e r  W aals m = 1  Approach

M ixture H ^ /j  mol ^

experim en t m = 1

n-hexane + c-hexane 216 219 334
n -h ep tan e  + c-hexane 240 224 322
n-hexadecane + c-hexane 498 500 687
n-hexane + n -hexadecane 114 116 181
n -h e p ta n e  + n -hexadecane 96 93 140
224TMP + n-hexadecane 233 223 275

CC14 + n -hexane 317 302 254
CCI4 + n -h ep tan e 339 326 257
CCI4 + n -o c ta n e 364 364 26  2
CCI4 + n -hexadecane 578 544 543
CC1A + c-hexane 166 177 191
CCI4 + 224TMP 405 391 161

benzene + n-hexane 897 908 711
benzene + n -h e p ta n e 919 936 697
benzene + n -o c ta n e 96 9 988 692
benzene + n-hexadecane 1209 1139 911
benzene + 224TMP 992 991 460

to lu e n e  + n-hexane 512 521 438
to lu e n e  + n -h e p ta n e 552 532 426
to lu e n e  + 224TMP 657 672 374

OMCTS + CCI4 163 162 -290
OMCTS + benzene 794 778 .  44

c -p e n tan e  + 23DMB -  2 -  2 -190
c-hexane + 23DMB 156 154 134
c -h e p tan e  + 2 3D MB 163 162 99
c -o c ta n e  + 23DMB 176 176 217

(co n tin u ed )
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Tahle IX (co n tin u e d )

M ixture mol- '*'

ex perim en t pseu d o -2 -
f l u i d m = 1

c -p en tan e  + c-hexane 28 53 76
c -p en tan e  + c -h ep tan e -  4 -  2 6
c -p e n tan e  + c -o c ta n e -  kX -  37 -  30
c-hexane + c -h ep tan e 6 5 3
c-hexane + c -o c tan e 1 Ik 29
c -h e p tan e  + c -o c ta n e -  4 5 8

"benzene + c -p en tan e 630 523 519
"benzene + c-hexane 799 801 813
"benzene + c -h ep tan e 758 790 BH-2
"benzene + c -o c ta n e 797 806 79k

to lu e n e  + c -p en tan e 365 20 6 229
to lu e n e  + c-hexane 62 5 603 763
to lu e n e  + c -h ep tan e 588 5M- 720
to lu e n e  + c -o c tan e 618 610 80^

"benzene + to lu e n e 68 67 37
"benzene + o -x y len e 216 215 208
"benzene + m -xylene 223 218 208
"benzene + p -x y le n e 1£& 166 106
to lu e n e  + o -x y len e ^7 55 71
to lu e n e  + m -xylene ^3 43 59
to lu e n e  + p -x y le n e 19 15 8
o -x y len e  + m -xylene 11 6 10
o -x y len e  + p -x y len e 6 8 6
m -xylene + p -x y len e -  8 -  6 ‘ -  13
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F ig u re  1 . Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  n -hexane + c-hexane m ix tu re s . Broad cu rv e : 
pseudo-2- f l u i d  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im en ta l d a ta .
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F ig u re  2 , Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  n -hexadecane + c-hexane m ix tu re s . Broad 
cu rve : p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l
p r e d ic t io n s ;  c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F igu re  3- Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  n -hexane + n-hexadecane m ix tu re s . Broad 
curve: p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l
p r e d ic t io n s ;  c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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n -h e p ta n e  + n-hexadecane

125

100

rHO&

£

lo 0 .5

X1
F ig u re  4 . Dependence o f  th e  p re d ic te d  ex cess  en th a lp y  on 
com position  f o r  n -h ep tan e  + n-hexadecane m ix tu re s . Broad 
cu rve ; p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  
p r e d ic t io n s ;  c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  5* Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  2 ,2 ,^ - t r im e th y lp e n ta n e  + n -hexadecane 
m ix tu re s . Broad cu rv e : p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  
cu rv e : m = l  p r e d ic t io n s ;  c i r c l e s :  smoothed ex p e rim en ta l
d a t a .
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Figure 6, Dependence of the predicted excess enthalpy on 
composition for CCl^ + n-hexane mixtures. Broad curve: 
pseudo-2-fluid predictions; narrow curve: m = l  predictions;
circles: smoothed experimental data.
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F ig u re  7- Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  CCl^ + n -h ep tan e  m ix tu re s . Broad cu rve : 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e rim en ta l d a ta .
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Figure 8. Dependence of the predicted excess enthalpy on 
composition for CCl̂ , + n-octane mixtures. Broad curve: 
pseudo-2-fluid predictions; narrow curve: m = l  predictions;
circles: smoothed experimental data.



-137-

GCl., + n -hexadecane
600

300

200

100

0
10 .50

X1

F ig u re  9* Dependence o f th e  p r e d ic te d  ex ce ss  e n th a lp y  on 
com position  f o r  CCl^ + n -hexadecane m ix tu re s . Broad c u rv e ; 
pseudo- 2 - f l u i d  p r e d ic t io n s ;  narrow  curve : m = l p r e d ic t io n s ;
c i r c l e s ;  smoothed ex p e rim en ta l d a ta .
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F ig u re  10 . Dependence o f  th e  p re d ic te d  e x c e s s  e n th a lp y  on 
c o m p o sitio n  f o r  GCl^ + c -h ex an e  m ix tu re s . Broad cu rv e : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l  d a t a .
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F ig u re  11. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  CCl^ + 2 ,2 ,4 - tr im e th y lp e n ta n e  m ix tu re s .
Broad cu rve : p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  
p r e d ic t io n s ;  c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  12. D ependence o f  th e  p r e d ic te d  e x c e ss  e n th a lp y  on 
c o m p o sitio n  f o r  benzene + n -hexane m ix tu re s . Broad cu rv e : 
p s e u d o - 2 - f lu id  p r e d ic t io n s !  narrow  c u rv e : m = l  p r e d ic t io n s !
c i r c l e s :  smoothed e x p e r im e n ta l d a t a .
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F ig u re  13. Dependence o f th e  p re d ic te d  ex ce ss  e n th a lp y  on 
com position  f o r  benzene + n -h ep tan e  m ix tu re s . Broad curve: 
p se u d o -2 ~ flu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  14. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  benzene + n -o c ta n e  m ix tu re s . Broad cu rv e : 
pseudo-2 - f l u i d  p r e d ic t io n s j  narrow  cu rv e : m = l p r e d ic t io n s ;  
c i r c l e s :  smoothed e x p e rim en ta l d a ta .
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F ig u re  15. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  benzene + n-hexadecane m ix tu re s . Broad curve 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
o :  smoothed e x p e r im en ta l d a ta ,  D iaz-P ena  and Menduina (223); 
• :  smoothed ex p e rim en ta l d a ta ,  Lundberg (2 0 4 ),
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F ig u re  16. Dependence o f  th e  p re d ic te d  e x c e ss  e n th a lp y  on 
co m p o sitio n  f o r  "benzene +• 2 , 2 ,4 - t r im e th y lp e n ta n e  m ix tu re s . 
Broad cu rv e : p seu d o - 2 - f l u i d  p r e d ic t io n s !  narrow  cu rv e : m = l  
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e r im e n ta l d a ta ,
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F ig u re  17. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  to lu e n e  + n-hexane m ix tu re s . Broad cu rv e : 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  18. Dependence o f th e  p re d ic te d  e x c e ss  en th a lp y  on 
com position  f o r  to lu e n e  + n -h ep tan e  m ix tu re s . Broad cu rv e : 
p seudo-2 - f l u i d  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e rim en ta l d a ta .
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to lu e n e  + 2 , 2 , 4 - tr im e th y lp e n ta n e  _
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F ig u re  19. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
co m p o sitio n  f o r  to lu e n e  + 2 ,2 ,4 - tr im e th y lp e n ta n e  m ix tu re s . 
Broad cu rve : p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e rim en ta l d a ta .
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F ig u re  20. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  o c ta m e th y lc y c lo te tra s i lo x a n e  + CCl^ m ix tu re s . 
Broad curve: p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  21. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  o c ta m e th y lc y c lo te tra s i lo x a n e  + "benzene 
m ix tu re s . B road cu rve ; p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow 
cu rv e : m = l  p r e d ic t io n s ;  c i r c l e s ;  smoothed ex p e rim en ta l
d a ta .
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F ig u re  22. D ependence o f  th e  p re d ic te d  e x c e ss  e n th a lp y  on 
co m p o sitio n  f o r  c -p e n tan e  + 2 ,3 -d iro e th y l'b u tan e  m ix tu re s .
Broad cu rv e : p seudo-2 - f l u i d  p r e d ic t io n s ;  narrow  cu rv e : m = l  
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  23 . Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  c-hexane + 2 , 3 -d im eth y lh u tan e  m ix tu re s .
Broad c u rv e : p se u d o -2 -f lu id  p r e d i c t i o n s ; narrow  c u rv e : m = 1 
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e r im en ta l d a ta .
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F ig u re  Zk. Dependence o f  th e  p re d ic te d  ex cess  en th a lp y  on 
com position  f o r  c -h e p ta n e  + 2 ,3 -d im e th y rb u tan e  m ix tu res .
Broad cu rv e : p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  curve: m = l 
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e rim en ta l d a t a .
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F ig u re  25 . Dependence o f th e  p re d ic te d  e x c e s s  en th a lp y  on 
co m position  f o r  c -o c ta n e  + 2 , 3 -d im e th y lb u tan e  m ix tu res .
Broad cu rv e : p s e u d o -2 - f lu id  p re d ic t io n s ;  narrow  curve : m = l 
p r e d ic t io n s ;  c i r c l e s :  smoothed e x p e rim en ta l d a ta .
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F ig u re  26. Dependence o f  th e  p re d ic te d  e x c e ss  en th a lp y  on 
com position  f o r  c -p en tan e  + c -hexane  m ix tu re s . Broad cu rv e : 
pseudo-2 - f lu id  p r e d ic t io n s ;  narrow  cu rve : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta ,
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F ig u re  27. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  c -p en tan e  + c -h e p tan e  m ix tu re s . Broad cu rve : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  28 . Dependence o f  th e  p r e d ic te d  ex cess  e n th a lp y  on 
com position  f o r  c -p en tan e  + c -o c ta n e  m ix tu re s . Broad curves 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  29 . Dependence o f th e  p re d ic te d  ex ce ss  e n th a lp y  o f 
com position  f o r  c-hexane + c -h e p tan e  m ix tu re s . Broad cu rv e : 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rve : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  30. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  c -hexane + c -o c tan e  m ix tu re s . Broad cu rv e : 
pseudo-2 - f l u i d  p r e d ic t io n s ;  narrow c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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Figure . Dependence of the predicted excess enthalpy on 
composition for c-heptane + c-octane mixtures. Broad curve: 
pseudo-2-fluid predictions; narrow curve: m=l predictions;
circles: smoothed experimental data.
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F ig u re  32. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  benzene + c -p en tan e  m ix tu re s . Broad curve: 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im en ta l d a ta .
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F ig u re  33* Dependence o f th e  p re d ic te d  ex ce ss  e n th a lp y  on 
com position  f o r  "benzene + c-hexane m ix tu re s , Broad cu rve : 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  34. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
co m p o sitio n  f o r  benzene + c -h e p tan e  m ix tu re s . Broad cu rv e : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  35. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  benzene + c -o c tan e  m ix tu re s . Broad cu rve : 
p s e u d o -2 -f lu id  p r e d i c t i o n s ; narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  36 . Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  to lu e n e  + c -p e n tan e  m ix tu re s . Broad curves 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  37 . Dependence o f  th e  p re d ic te d  ex ce ss  en th a lp y  on 
co m p o sitio n  f o r  to lu e n e  + c-hexane m ix tu re s . Broad c u rv e : 
pseudo-2 - f l u i d  p r e d ic t io n s ;  narrow  cu rv e ; m = l p r e d ic t io n s ;  
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  3 8 . Dependence o f  th e  p re d ic te d  ex ce ss  e n th a lp y  on 
com position  f o r  to lu e n e  + c-heptane m ix tu re s .  Broad cu rv e : 
p s e u d o -2 -f lu id  p r e d ic t io n s ;  narrow c u rv e : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .
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F ig u re  39- D ependence o f  th e  p r e d ic te d  e x c e ss  e n th a lp y  on 
co m p o sitio n  f o r  to lu e n e  + c -o c ta n e  m ix tu re s . Broad cu rv e : 
p s e u d o - 2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l p r e d ic t io n s ;
c i r c l e s :  sm oothed e x p e r im e n ta l d a ta .
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F ig u re  40 . Dependence o f  th e  p r e d ic te d  ex cess  e n th a lp y  on 
co m p o sitio n  f o r  to lu e n e  + benzene m ix tu re s , Broad cu rve : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im en ta l d a ta .
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F ig u re  40 . Dependence o f th e  p re d ic te d  ex ce ss  e n th a lp y  on 
com position  f o r  to lu e n e  + "benzene m ix tu re s . Broad cu rve : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  4 l .  Dependence o f th e  p re d ic te d  e x c e ss  e n th a lp y  on 
com position  f o r  benzene + o -x y len e  m ix tu re s . Broad c u rv e : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  cu rve : m = l p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a ta .



-l?o-

250

benzene + m -xylene

200

150

100

50

0
10 .50

X1

F ig u re  42. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  benzene + m -xylene m ix tu re s . Broad cu rve : 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed ex p e rim en ta l d a t a .
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F igu re  4 3 . Dependence o f  th e  p re d ic te d  e x c e ss  e n th a lp y  on 
com position  f o r  benzene + p -x y len e  m ix tu re s .  Broad c u rv e i 
p s e u d o -2 - f lu id  p r e d ic t io n s ;  narrow  c u rv e : m = l  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  44. Dependence o f  th e  p re d ic te d  ex ce ss  e n th a lp y  on 
co m position  f o r  to lu e n e  + o -x y len e  m ix tu re s . Broad cu rv e : 
pseudo-2 - f l u i d  p r e d ic t io n s ;  narrow  cu rv e : m = l p r e d ic t io n s ,
c i r c l e s :  smoothed e x p e r im e n ta l d a ta .
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F ig u re  45. Dependence o f  th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  to lu e n e  + m -xylene m ix tu re s . Broad cu rve : 
p se u d o -2 -f lu id  p r e d ic t io n s ;  narrow  cu rv e : m = i  p r e d ic t io n s ;
c i r c l e s :  smoothed e x p e r im en ta l d a ta .
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Figure k6. Dependence of the predicted excess enthalpy on 
composition for toluene + p-xylene mixtures. Broad curve: 
pseudo-2-fluid predictions; narrow curve: m = 1 predictions;
circles: smoothed experimental data.
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In  each  o f  th e  f i g u r e s ,  x^ r e f e r s  to  th e  mole f r a c t i o n  o f  th e  

f i r s t  named component; th e  "broad cu rv es  r e p r e s e n t  th e  p r e d ic t io n s  

o f  o u r  m odel, th e  narrow  cu rv es  r e p r e s e n t  th e  p r e d ic t io n s  o f 

F lo r y 's  model ( th e  van d e r  W aals ap p ro x im a tio n ) and th e  c i r c l e s  

r e p r e s e n t  smoothed e x p e r im e n ta l e x c e ss  e n th a lp y  d a ta  a t  298 K.

F ig u re s  1 - 5  show m ix tu re s  o f  n -a lk a n e s  and m ix tu re s  o f  

n -a lk a n e s  w ith  "branched and c y c l ic  a lJcanes. The agreem ent 

o f  o u r p r e d ic t io n s  w ith  ex perim en t a t  x^ = 0 .5  ra n g e s  from  w ith in  

O.L$ to  6 .$% w h ile  th e  p r e d ic t io n s  o f  th e  van d e r  W aals a p p ro x i­

m ation a r e  c o n s i s te n t ly  a b o u t 50% h ig h e r  th an  e x p e r im e n ta l v a lu e s  

a t  x^ = 0 .5 .  The sh ap es  o f  th e  e x c e ss  e n th a lp y  cu rv e s  were 

found to  he h ig h ly  s e n s i t i v e  to  th e  sh ap es  o f th e  e x p e r im en ta l 

e x cess  volume c u rv e s ; we w i l l  d is c u s s  th e  e f f e c t  o f  th e  use  o f  

d i f f e r e n t  s e t s  o f  v o lu m e tr ic  d a ta  on th e  ex cess  e n th a lp y  p r e d ic t io n s  

f o r  n -hexane + n -hexadecane m ix tu re s  in  S e c tio n  V I-3 ,

F ig u re s  6 - 1 1  show th e  co m p o sitio n  dependence o f  - th e  

ex cess  e n th a lp y  f o r  m ix tu re s  o f  CCl^ w ith  a lk a n e s . The d e v ia t io n  o f 

o u r p r e d ic t io n s  a t  x^ = 0 .5  ra n g e s  from  zero  to  6 . 5%', d e v ia t io n s  

when m = l  a r e  a s  h ig h  a s  6jfo, The p r e d ic t io n s  u s in g  th e  van 

d e r  W aals ap p ro x im a tio n  a re  u s u a l ly  low f o r  m ix tu re s  'c o n ta in in g  CC1^> 

a lth o u g h  th e  two m odels y ie ld  v i r t u a l l y  in d is t in g u is h a b le  r e s u l t s  

f o r  CCl^ + n-hexadecane m ix tu re s . The a n g u la r  shape o f  th e  

n -hexadecane r i c h  re g io n  o f  th e  CCl^ + n -hexadecane cu rve  p a r a l l e l s  

s im i la r  a n g u la r i ty  in  th e  ex cess  volume d a ta  u sed  in  th e  c a lc u ­

l a t i o n s .

E xcess e n th a lp y  p r e d ic t io n s  f o r  m ix tu re s  o f  a ro m a tic



-1 7 6 -

m o lecu les  w ith  norm al and "branched a lk a n e s  a re  compared w ith  

ex p erim en t in  F ig u re s  12 -  19 . The e r r o r  in  o u r p r e d ic t io n s  

a v e ra g e s  2.7% a t  x^ = 0 .5 ;  th e  p r e d ic t io n s  o f  F lo r y 's  model a re  

a g a in  c o n s i s te n t ly  low , w ith  an av erag e  e r r o r  o f  29% a t  x^ = 0.5» 

D isag reem en ts  o f  "between 5 and 10% f o r  in d ep en d en t s e t s  o f  

e x c e ss  e n th a lp y  m easurem ents a re  n o t u n u su a l. F ig u re  15 shows 

two such s e t s  o f  e x p e r im e n ta l ex cess  e n th a lp y  m easurem ents f o r  

"benzene + n -hexadecane m ix tu re s . A t low benzene c o n c e n tra t io n s , 

o u r p r e d ic t io n s  more c lo s e ly  a g ree  w ith  th e  e x p e r im e n ta l d a ta  

m easured "by Lundberg (2 0 ^ ) , w h ile  a t  m iddle and h ig h  benzene 

c o n c e n tr a t io n s ,  th e y  more c lo s e ly  a g re e  w ith  th e  d a ta  m easured by 

D iaz-Peffa and Menduina (2 2 3 ) .

As F ig u re s  20 and 21 show, th e  p s e u d o -2 - f lu id  model 

c o r r e c t ly  p r e d i c t s  th e  m agnitude and co m position  dependence o f  th e  

ex ce ss  e n th a lp y  o f  o c ta m e th y lc y c lo te tr a s i lo x a n e  m ix tu re s ; th e  

d e v ia t io n s  a r e  o n ly  2% and 0.6% a t  x^ = 0.5« E xo therm ic  m ixing i s  

in c o r r e c t ly  p r e d ic te d  f o r  m = 1 .

The p r e d ic t io n  o f  sm all v a lu e s  o f  w ith  re a so n a b le  

a ccu racy  i s  more d i f f i c u l t  th a n  th e  p r e d ic t io n  o f  la r g e  v a lu e s  o f 

and r e p r e s e n ts  a  s e v e re  t e s t  f o r  th e o r ie s  o f  l i q u id  m ix tu re s .

As shown in  F ig u re  22 , th e  sm a ll m agnitude and sigm oid shape 

o f  th e  ex cess  e n th a lp y  o f  c -p e n tan e  + 2 , 3 -d im e th y lb u tan e  m ix tu res  

i s  rep ro d u ced  u s in g  o u r  m odel, w h ile  use  o f  th e  van d e r  W aals 

ap p ro x im a tio n  a g a in  in c o r r e c t ly  le a d s  to  h ig h ly  exo therm ic  p re ­

d i c t i o n s .  The m agnitude and c o n c e n tra t io n  dependence o f  o u r 

e x c e ss  e n th a lp y  p r e d ic t io n s  f o r  th e  o th e r  c y c lo a lk a n e  + branched



a lk an e  m ix tu re s , shown in  F ig u re s  23 -  25, i s  a ls o  e x c e l le n t .

M ix tu res  o f  c y c lo a lk a n e s , shown in  F ig u re s  26 -  % , 

e x h ib i t  v e ry  u n u su a l b e h a v io r . The c lo s e s t  homologs u s u a l ly  mix 

e n d o th e rm ic a lly . As th e  s iz e  d i f f e r e n c e  betw een th e  components 

in c r e a s e s ,  .the ex cess  e n th a lp y  f i r s t  becomes exo th erm ic  a t  h ig h  concen­

t r a t i o n s  o f  th e  s m a l le r  component and endo therm ic  a t  low concen­

t r a t i o n s  o f  th e  s m a l le r  component and th en  becomes co m p le te ly  

ex o th erm ic . W hile b o th  models o v e re s tim a te  th e  e n d o th e rm ic ity  

o f c -p e n tan e  + c -hexane m ix tu re s , o u r model re d u c e s  th e  d e v ia t io n  

o f  th e  p r e d ic t io n s  ty  h a l f .  I t  more c lo s e ly  p r e d ic t s  th e  s ig m o id a l 

co m position  dependence o f  th e  e x c e s s  e n th a lp y  o f  c -p e n tan e  + c -h e p ta n e  

and c-hexane + c -o c ta n e  m ix tu re s , e s p e c ia l ly  in  th e  re g io n  r i c h e r  

in  th e  l a r g e r  m o lecu le . The model a ls o  comes c lo s e r  th a n  F l o r y 's  

model to  p r e d ic t in g  t o t a l l y  ex o th erm ic  c -p e n tan e  + c -o c ta n e  and 

t o t a l l y  endo therm ic  c-hexane + c -h e p tan e  m ixing p ro c e s s e s . Both 

t re a tm e n ts  p r e d ic t  p o s i t iv e  e x c e ss  e n th a lp ie s  f o r  c -h e p tan e  + 

c -o c ta n e  m ix tu re s  analogous to  th e  endotherm ic  m ixing o f  th e  s m a l le r  

n e ig h b o rin g  hom ologs. The in f lu e n c e  o f  on th e  v e ry  sm all 

v a lu e s  o f  t h i s  system  and o f c -h ex an e  + c -o c ta n e  m ix tu re s  w i l l  

be d is c u s s e d  in  S e c tio n  V I-3 .

Use o f th e  pseudo-2 - f l u i d  model le a d s  to  some improvement 

in  th e  ex ce ss  e n th a lp y  p r e d ic t io n s  f o r  m ix tu re s  o f  benzene w ith  

c y c lo a lk a n e s , shown i n  F ig u res  y z  -  35; th e  r e s u l t s  c lo s e ly  

t r a c e  th e  c o r r e c t  skew o f th e  c o n c e n tra t io n  dependence o f 

f o r  benzene + c -o c ta n e  m ix tu re s . Marked improvement i s  o b ta in e d  

f o r  m ix tu re s  o f  to lu e n e  w ith  th e  l a r g e r  c y c lo a lk a n e s , shown in
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F ig u re s  36 -  39; th e  d e v ia t io n  a t  x^ = 0 .5  f o r  th e s e  m ix tu res  

i s  reduced  from  2$% to  Both th e o r ie s  u n d e re s tim a te  th e

e x c e ss  e n th a lp y  o f  a ro m a tic  m ix tu re s  c o n ta in in g  c y c lo p e n ta n e .

F ig u re  40 shows th a t  u se  o f  o u r  method r e s u l t s  in  e x c e s s  

e n th a lp y  p r e d ic t io n s  f o r  "benzene + to lu e n e  m ix tu re s  w ith in  e x p e r i ­

m en ta l e r r o r  th ro u g h o u t th e  e n t i r e  c o n c e n tra t io n  ra n g e , w h ile  

u se  o f  th e  van d e r  W aals ap p ro x im atio n  r e s u l t s  in  an u n d e re s tim a te  

"by 50% a t  x^ = 0.5* F ig u re s  4-1 -  46 show t h a t  s u b s ta n t ia l  

im provem ent a lso  r e s u l t s  f o r  m ix tu re s  o f  benzene and to lu e n e  w ith  

each  o f  th e  x y le n e s . Both th e o r ie s  p r e d ic t  th e  c o r r e c t  s ig n  and 

m agnitude o f th e  v e ry  sm all m ix ing  e n th a lp ie s  o f  m ix tu res  o f  th e  

x y le n e s .

V I-3 : E f f e c t  o f E x cess  Volume on  E xcess E n th a lp y  C a lc u la tio n s

The e x c e s s  en th a lp y  p r e d ic t io n s  a re  s e n s i t iv e  to  th e

n u m e ric a l v a lu e s  o f  th e  ex cess  volume d a ta  on w hich th ey  a r e  based .

The accu racy  o f  th e  V^ d a ta  l i s t e d  in  T ab le  VI to  th re e  d e c im a l

p la c e s  i s  e s tim a te d  a s  n o t u s u a l ly  b e t t e r  th a n  5 x 10~^ cm^/m ole;

th e  accu racy  o f d a t a  g iven  to  two d ecim al p la c e s  i s  p ro b ab ly  

—2  *3a b o u t 2 x 10 c n r/m o le , The e x te n s iv e  c o m p ila tio n  "by B a t t in o  (262) 

o f  v o lu m e tr ic  d a ta  f o r  d i f f e r e n t  ty p e s  o f  m ix tu re s  shows t h a t  a  

wide ran g e  o f  V^ v a lu e s  have been  o b ta in ed  by d i f f e r e n t  i n v e s t i ­

g a to r s  f o r  re p e a te d  s tu d ie s  o f th e  same sy stem s. A lthough d i l a -  

to m e tr ic  d a ta  i s  f r e q u e n t ly  c i t e d  a s  more a c c u r a te  than  pycno- 

m e tr ic  d a ta ,  Sm ith (235) has shown t h a t  f a i l u r e  to  c o r r e c t  f o r  

th e  e f f e c t  o f  m ech an ica l p r o p e r t i e s  in  d i l a to m e t r i c  s tu d ie s  o f  

benzene + cyclohexane m ix tu res  c a u se s  v a lu e s  o f  to  be low  "by
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1 .0  x  10" cm /m ole a t  x^ = 0.5* U n c e r ta in t ie s  a r e  u s u a l ly  g r e a te r  

n e a r  th e  ends o f  th e  mole f r a c t io n  s c a le  s in c e  e x p e r im en ta l 

d a ta  p o in ts  a re  f r e q u e n t ly  c o n c e n tra te d  in  th e  m id -ran g e  re g io n .

F ig u re  47 com pares th e  smoothed ex cess  volum e d a ta  

f o r  n-hexane + n -hexadecane  m ix tu res  m easured by D ia z -  Pena (206 ) 

to  t h a t  measured hy Gomez-Ibanez (2 0 8 ) . The two s e t s  o f  d a ta  a g re e  to  

w ith in  0.002 cm^/mole a t  x^ = 0 .5  "but d i f f e r  "by 0.027  cm^/mole and 

0.026  cnP/mole a t  ^  = 0 ,1  and x^ = 0 .9 ;  th e  curve o b ta in e d  hy 

Gomez-Ihanez in d ic a te s  a  g r e a te r  v o lu m e tr ic  c o n t r a c t io n  on m ixing 

a t  a l l  c o n c e n tra t io n s . The ex cess  e n th a lp ie s  p r e d ic te d  f o r  

n -hexane + n -hexadecane m ix tu res from  th e se  two s e t s  o f  v o lu m e tric  

d a ta  a re  compared in  F ig u re  48. W hile th e  eq u im o la r p re d ic t io n s  

a re  e s s e n t i a l l y  i d e n t i c a l  ( th e  a c c u ra c y  o f  th e  e x p e r im en ta l 

ex ce ss  en th a lp y  d a ta  i s  no b e t t e r  th a n  s e v e ra l  jo u le s /m o le  and 

th e  e n th a lp y  s c a le  h a s  been expanded f o r  c l a r i t y )  th e  c o n c e n tra tio n  

dependence o f th e  p r e d ic t io n s  d i f f e r s  s u b s t a n t i a l l y .  Our ex cess  ' 

e n th a lp y  p r e d ic t io n s  a g re e  b e s t  w ith  experim en t i f  based  on 

th e  low hexane c o n c e n tra t io n  v o lu m e tr ic  d a ta  m easured by D iaz- 

P ena and th e  h ig h  hexane c o n c e n tra t io n  d a ta  m easured by Gomez- 

Ih a n e z . The e x c e ss  volume curve p r e d ic te d  from  th e  ex p e rim en ta l 

e x c e s s  en th a lp y  ( th e  ex cess  volume d a t a  which would p r e d ic t  

ex ce ss  e n th a lp ie s  in  p e r f e c t  agreem ent w ith  ex p erim en t) i s  v i r t u a l l y  

i d e n t i c a l  to  t h a t  o b ta in e d  hy m erging  th e  two d a t a  s e t s  o f 

v o lu m e tr ic  d a ta ,  su ch  t h a t  th e  r e s u l t i n g  curve i s  more skewed tow ards 

h ig h  hexane c o n c e n tr a t io n s .

F ig u re s  4-9 anri 50 show th e  v o lu m e tr ic  p r o p e r t i e s  o f
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n-hexane + n-hexadecane

- 0.1

- 0 . 2

- 0 .3

-0 .5

- 0.6

0 .5 1o

F ig u re  ^ 7 . E xcess volume o f n -hexane  + n-hexadecane m ix tu re s . 
Broad cu rv e : smoothed ex p e rim en ta l d a ta ,  D iaz-P en a  (206);
narrow  cu rv e : smoothed ex p e rim en ta l d a ta ,  Gomez-I'banez (2 0 8 ).
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120

n-hexane + n -hexadecane

100

1-1

10.50

X1

F ig u re  48 . E f f e c t  o f  v o lu m e tr ic  d a t a  on ex cess  e n th a lp y  p r e ­
d ic t io n s  f o r  n-hexane ± n -hexadecane m ix tu re s . Broad cu rv e : 
p r e d ic t io n s  Based on V_ d a ta  o f  D iaz-P en a  (2 0 6 ); narrow  c u rv e : 
p r e d ic t io n s  Based on V d a ta  o f  Gomez-IBanez (2 0 8 ); c i r c l e s :  
smoothed ex p e rim en ta l d a ta .
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c-hexane + c -o c ta n e

- 0.02

- 0.06

- 0.08

- 0.10

- 0.12

0 0 .5 1

X1

F ig u re  ^9- E xcess volume o f  c-hexane + c -o c ta n e  m ix tu re s . 
Broad, cu rv e : p r e d ic t io n s  Based on e x p e r im en ta l ex cess
e n th a lp y  d a ta ;  narrow  cu rv e : smoothed ex p e rim en ta l V® d a ta .



0

c -h e p ta n e  + c -o c ta n e

- 0.01

- 0.02

- 0 .0 3

0 .50 1

F ig u re  50. Excess volume o f  c -h e p tan e  + c -o c ta n e  m ix tu re s . 
Broad cu rv e : p r e d ic t io n s  based on e x p e r im e n ta l excess
e n th a lp y  d a ta ;  narrow  cu rv e : smoothed ex p e rim en ta l VE d a t a .
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th e  c-hexane + c -h e p tan e  and c-hexane + c -o c ta n e  m ix tu re s  d is c u s s e d  

in  S e c tio n  V I-2 , f o r  w hich th e  agreem ent betw een observed  and 

p re d ic te d  ex cess  e n th a lp ie s  i s  p o o r. The l i g h t  curve in  each  

f ig u r e  shows th e  smoothed ex p e rim en ta l v a lu e s  o f  on w hich th e  

p r e d ic t io n s  were b ased . The heavy cu rv es  in  each o f  th e  f ig u r e s  

a re  th e  v a lu e s  p re d ic te d  from  th e  e x p e r im en ta l d a t a .  The 

e x c e ss  volume p r e d ic t io n s  from  ex cess  e n th a lp y  d a ta  a r e  in  b e t t e r  

a cco rd  w ith  ex p erim en t f o r  b o th  system s th a n  a r e  th e  ex ce ss  e n th a lp y  

p r e d ic t io n s  from  v o lu m e tric  d a ta .  T h is  means t h a t  ex ce ss  e n th a lp y  

p r e d ic t io n s  a re  more s e n s i t i v e  to  n u m erica l v a lu e s  o f  in p u t  d a ta  

th a n  a re  ex ce ss  volume p r e d ic t io n s  and i s  th e  re a so n  t h a t  u se  

o f  th e  van d e r  W aals approach  r e s u l t s  in  b e t t e r  agreem ent f o r  

c a lc u la te d  from  th an  f o r  th e  re v e rse  p ro c e d u re . The p r e d ic ­

t i o n s  o f  th e  van d e r  Waals model may be re a so n a b ly  a c c u ra te  even 

though  th e  p r e d ic t io n s  a re  in a c c u ra te .

The V® cu rv es  p re d ic te d  from  ex ce ss  e n th a lp y  d a t a  a re  e x a c tly  

th o s e  v a lu e s  o f  V^ needed to  produce cu rv es  in  p e r f e c t  a g re e ­

ment w ith  ex p erim en t. I t  can be seen  from  F ig u re s  49 and 50, 

t h a t  th e  d i f f e r e n c e s  between th e  ex p e rim en ta l and p re d ic te d  

v a lu e s  a re  a lm o st a t  th e  l i m i t s  o f  accu racy  o f th e  v o lu m e tr ic  

d a ta .  S l i g h t ly  more n e g a tiv e , more sym m etric v a lu e s  o f  V® f o r  

c -h ex an e  + c -o c ta n e  m ix tu res  w i l l  rep ro d u ce  th e  sym m etric ex cess  

e n th a lp y  curve in  F ig u re  30; s l i g h t l y  more n e g a tiv e  e x c e s s  volume 

v a lu e s  f o r  m ix tu re s  o f c -h e p tan e  + c -o c ta n e  w i l l  b o th  r e v e r s e  th e  

s ig n  and c o r r e c t  th e  skew o f  th e  p re d ic te d  ex cess  e n th a lp y  cu rve  

i n  F ig u re  31. Very a c c u ra te  e x p e r im en ta l v o lu m e tric  d a ta  i s
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t h e r e f o r e  needed f o r  a c c u ra te  p r e d ic t io n  o f th e  v e ry  low

v a lu e s  o f  m ix tu res  o f  s im i la r  com ponents.

The e f f e c t  o f  u n c e r t a in t i e s  o f  ± 0 .005  cm 

± 0 .0 1 0  cm^/mole and ± 0 .0 2 0  cm^/mole on excess e n th a lp y  p r e d ic t io n s

a t  = 0 .5  i s  shown in  Table X'. The a b so lu te  s i z e  o f  th e  e f f e c t  

p roduced  by th e se  u n c e r t a in t i e s  i s  v i r t u a l l y  in d ep en d en t o f th e

r e l a t i v e  e f f e c t  o f  th e s e  u n c e r t a in t i e s  i s  more im p o rta n t f o r  

m ix tu re s  w ith  sm a ll e x c e ss  e n th a lp ie s ,  a lth o u g h  even f o r  m ix tu re s  

w ith  r e l a t i v e l y  h ig h  ex ce ss  e n th a lp y  v a lu e s , e f f e c t s  o f  t h i s  

m agnitude a re  u s u a l ly  s u f f i c i e n t  to  b r in g  p r e d ic t io n  and experim en t 

in to  p e r f e c t  a c c o rd .

V I-4 ; E f f e c t  o f  q  and Y on E x cess E n th alp y  C a lc u la t io n s

i s  g r e a t e r  than  g e n e r a l ly  r e a l i z e d .  However, t h i s  s e n s i t i v i t y  

to  p u re  component p h y s ic a l  p ro p e r ty  d a ta  i s  n o t a  s e r io u s  o b s ta c le  

to  th e  a p p l ic a t io n  o f  o u r  th e o ry , s in c e  th e  a c c u ra te  m easurem ent 

o f  th e  m echanical p r o p e r t i e s  o f  a  few  l iq u id s  p ro v id e s  th e  

n e c e s s a ry  in p u t d a t a  f o r  many m ix tu re s .

o f  d e n s i ty - te m p e ra tu re  d a ta  o r  in d ep en d en t d i la to m e t r i c  m easurem ents 

commonly d i f f e r  t y  1%. R ecent p ie z o m e tr ic  m easurem ents o f  y a re  

p ro b a b ly  a c c u ra te  to  o ld e r ,  more i n d i r e c t l y  o b ta in e d  v a lu e s

m agnitude o f bo th  V^ and H®.

in  Vs  produce changes in  ^  o f  3 -  6 jo u le s ,  u n c e r t a in t i e s  o f 

0 .0 1 0  cm^/mole p roduce  changes o f  7 -  11 jo u le s /m o le  and u n c e r­

t a i n t i e s  o f 0 .0 2 0  cm^/mole changes o f  1 4 - 1 9  jo u le s /m o le . The

The in f lu e n c e  o f  a  and y  on ex cess  p ro p e r ty  p r e d ic t io n s

V alues o f  a  c a lc u la te d  from  e i t h e r  in d ep en d en t s e t s



TaM e X

Effect of Uncertainties in v on

M ixture mol” '*' U n c e r ta in ty  i n  V^/cnr* mol”'*'

exp c a lc  (+) 0.005  ( - )  (+) 0 .010  ( - )  (+) 0 .020 ( - )

n -hexane + c-hexane 216 219 223 216 226 213 232 206
n -h e p ta n e  + c-hexane 240 224 227 221 231 218 240 210
n-hexadecane + c-hexane 498 500 505 495 509 491 519 482
n-hexane + n-hexadecane 114 116 120 112 124 107 132 99
n -h e p ta n e  + n-hexadecane 96 93 98 89 102 85 111 76
224TMP + n -hexadecane 233 223 228 219 232 215 241 207

CC14 + n-hexane 315 302 306 299 309 296 315 289
CC14 + n -h ep tan e 339 326 329 322 333 318 340 311
CCI4 + n -o c ta n e 364 364 368. 360 371 356 379 3^9
CC14 + n-hexadecane 578 544 549 540 554 535 563 525
CC14 + c-hexane 166 177 181 173 185 I 69 193 I 60
CC14 + 224TMP 405 391 3 9 4 388 398 385 405 378

benzene + n-hexane 898 908 911 905 915 901 922 894
benzene + n -h ep tan e 919 936 940 933 944 929 951 921
benzene + n -o c ta n e 969 988 992 984 995 980 1002 972
benzene + n-hexadecane 1209 1139 1144 1134 1149 1129 1154 1119
benzene + 224TMP 992 991 995 987 998 984 1004 977

to lu e n e  + n-hexane 512 521 525 518 528 514 535 506
to lu e n e  + n -h ep tan e 552 532 535 528 539 524 5^7 517
to lu e n e  + 224 TMP 657 672 676 668 679 665 686 658



Table X (co n tin u ed )

M ixture H2/ j  

exp

mol  ̂

c a lc

OMCTS + CC14 163 162
OMCTS + benzene 794 778

c-p en tan e  + 23DMB -  2 -  2
c-hexane + 2jJDMB 156 153
c-h ep tan e  + 23DMB 163 162
c -o c tan e  + 23DMB 1?6 176

c -p en tan e  + c-hexane 28 53
c-p en tan e  + c -h ep tan e -  4 -  2
c -p en tan e  + c -o c tan e -  41 -  37
c-hexane + c -h ep tan e 6 5
c-hexane + c -o c tan e 1 lb
c -h ep tan e  + c -o c tan e -  4 5

"benzene + c -p en tan e 630 523
benzene + c-hexane 799 801
benzene + c -h ep tan e 758 790
benzene + c -o c tan e 797 806

to lu e n e  + c -p en tan e 365 206
to lu e n e  + c-hexane 625 603
to lu e n e  + c -h ep tan e 588 544
to lu e n e  + oc tan e 618 610

U n c e r ta in ty  in  Y ^/cup mol ^

(+) 0.005 (-)  (+) 0.010 (-)  (+) 0.020 (-)

I 65 158 168 155 175 148
782 775 786 772 792 765

2 -  5 5 -  8 11 -  14
156 150 160 147 166 141
165 158 169 155 176 147
180 172 18^ 168 192 160

57 b9 61 45 68 38
2 6 7 -  10 15 -  19

-  32 -  42 -  28 -  46 -  18 -  56
10 1 l b -  4 23 -  12
18 9 23 4 33 -  6
10 0 15 -  6 25 -  16

527 519 531 515 540 507
806 797 810 793 818 784
79b 785 799 790 809 771
811 801 816 795 826 785

210 202 Zlk 198 223 189
607 599 612 595 620 586
549 539 553 535 563 525
615 60^ 619 599 630 589

(co n tin u ed )



T able X (con tin u ed )

M ixture hV j  mol ^ U n c e r ta in ty  in  V^/cm^ mol ^

exp c a lc  (+) 0 .005 ( - )  (+) 0 .010  ( - )  (+) 0 .020 ( - )

benzene + to lu e n e 68 6? 72 61 77 57 87 46
benzene + o -x y len e 216 215 221 210 226 205 237 194
benzene + m -xylene 223 218 223 213 228 208 239 197
benzene + p -x y le n e 164 166 171 161 175 155 186 145
to lu e n e  + o -x y len e 4? 55 60 49 65 44 76 33
to lu e n e  + m -xylene 43 4-3 48 38 53 33 64 22
to lu e n e  + p -x y len e 19 15 19 9 24 4 35 -  6
o -x y len e  + m -xylene 11 6 11 0 16 -  6
o.-xylene + p -x y len e 6 8 13 2 20 -  4
m -xylene + p -x y len e -  8 -  6 0 -  11 6 -  16
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from  Iso th e rm a l and a d ia h a t ic  c o m p re s s ib i l i ty  m easurem ents, a re  

s u b je c t  to  l a r g e r  e r r o r s .

T able XI shows th e  changes in  th e  p re d ic te d  v a lu e s  

a t  x 1 = 0 .5  due to  a  1% u n c e r ta in ty  in  a ;  T ab le  X II shows th e  

changes due to  a  2% u n c e r ta in ty  in  y .  An in c re a s e  in  e x e r t s  

ap p ro x im a te ly  th e  sane  e f f e c t  a s  a  d e c re a se  in  a ^ ,  and an in c re a s e  

in  th e  same e f f e c t  a s  a  d e c re a se  in  Yg* A lthough sm a ll v a lu e s

o f  a re  more n o t ic e a b ly  a f f e c t e d ,  th e  g e n e ra l  m agnitude o f

th e  e f f e c t  th e s e  changes p roduce i s  n o t  a b s o lu te ly  o r  p ro p o r­

t i o n a l ly  r e l a t e d  to  th e  s iz e  o f  . The s e n s i t i v i t y  to  changes 

in  a  and y v a r ie s  from  system  to  system , w ith  m ix tu re s  o f  norm al 

a lk a n e s  e x trem ely  s e n s i t i v e  to  sm a ll v a r i a t i o n s .  In  g e n e r a l ,  

m ix tu re s  whose com ponents have d i s s i m i l a r  m echan ica l p r o p e r t i e s  

a re  n o t  more s e n s i t iv e  to  th e se  changes th a n  a re  m ix tu re s  whose 

components have s im i l a r  p r o p e r t i e s .  The m agnitude o f  e n th a lp y  

changes on m ixing i s  n o t  d i r e c t l y  r e l a t e d  to  th e  r e l a t i v e  mag­

n i tu d e s  o f  e i t h e r  a  o r  Y ° t  th e  p u re  com ponents.

B ecause o f  th e  g e n e ra l  s e n s i t i v i t y  o f  th e  p re d ic te d

ex cess  e n th a lp y  to  th e  n u m erica l v a lu e s  o f  a  and y used  in  th e

co m p u ta tio n s , th e  v a lu e s  o f  m p roposed  in  T able I I I  f o r  p u re

components must be u sed  in  c o n ju n c tio n  w ith  th e  m echan ica l

p r o p e r t i e s  l i s t e d  in  T ab le  I I .  As improved v a lu e s  f o r  th e s e

p h y s ic a l  p r o p e r t i e s  become a v a i l a b le ,  some sm all a d ju s tm e n ts  in

th e  p u re  component m v a lu e s  may be d e s i r a b l e .

V I-5  C a lc u la t io n  o f  Second Law P r o p e r t i e s

EV alues f o r  TS a t  x^ = 0 .5 t o b ta in e d  by com bining th e
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Table XI

E f f e c t  o f  U n c e r ta in t ie s  in  a  on

M ixture I ^ / J  mol- ^ U n c e r ta in ty  in  a

exp c a lc a
+1% 1 -1%

a
+1 % 2 -1%

n-hexane + c-hexane 216 219 231 208 20 7 232
n -h ep tan e  + c-hexane 240 224 235 214 212 236
n-hexadecane + c-hexane 498 500 502 499 ^93 507
n-hexane + n-hexadecane 114 116 131 100 109 129
n -h ep tan e  + n-hexadecane 96 93 106 80 81 105
224TMP + n-hexadecane 233 223 248 199 200 248

CC14 + n-hexane 315 302 287 318 317 288
CC14 + n -h ep tan e 339 326 311 341 339 312
CCI4 + n -o c ta n e 364 364 349 378 376 351
CC14 + n-hexadecane 578 5^4 534 555 550 538
CC14 + c-hexane 166 -±77 174 181 179 175
C014 + 224TMP 405 391 370 413 411 371

benzene + n-hexane 898 908 886 930 926 890
"benzene + n -h e p ta n e 919 936 915 958 953 919
"benzene + n -o c ta n e 969 988 967 1009 1004 971
"benzene + n-hexadecane 1209 1139 1119 1158 1149 1128
"benzene + 224TMP 992 991 964 1018 1015 967

to lu e n e  + n -hexane 512 521 506 538 537 507
to lu e n e  + n -h ep tan e 552 532 516 547 545 518
to lu e n e  + 224TMP 657 6? 2 650 694 692 651

OMCTS + CC14 163 162 185 138 141 183
OMCTS + "benzene 794 778 806 751 751 806

c -p e n tan e  + 23DMB -  2 -  2 -  11 8 9 -  13
c-hexane + 23DMB 156 153 140 I 67 167 140
c -h ep tan e  + 23DMB 163 162 144 179 180 143
c -o c ta n e  + 23DMB 176 1?6 155 197 199 152

c-p en tan e  + c-hexane 28 53 55 51 51 55
c-p en tan e  + c -h ep tan e -  4 -  2 4 -  8 -  7 3
c -p en tan e  + c -o c tan e -  41 -  37 -  28 -  46 -  45 -  29
c-hexane + c -h ep tan e 6 5 9 2 2 9
c-hexane + c -o c ta n e 1 14 20 7 7 20
c -h e p tan e  + c -o c ta n e -  4 5 7 1 2 8

(co n tin u ed )
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Table XI (continued)

M ix tu res HE/J mol ^ Uncertainty in a

exp calc ax a3
  +1% - 1% +1% - 1%

benzene + c-pentane 630 523 511 535 531 514
benzene + c-hexane 799 801 791 812 806 794
benzene + c-heptane 758 790 782 798 792 788
benzene + c-octane 797 806 800 811 806 805

toluene + c-pentane 365 206 200 211 210 202
toluene + c-hexane 625 603 598 608 603 603
toluene + c-heptane 588 544 543 546 541 547
toluene + c-octane 618 610 611 608 603 616

benzene + toluene 68 67 60 74 73 60
benzene + o-xylene 216 215 208 223 221 210
benzene + m-xylene 223 218 208 227 225 211
benzene + p-xylene 164 166 136 176 174 157
toluene + o-xylene 47 55 55 54 54 55
toluene + m-xylene 43 43 41 45 44 42
toluene + p-xylene 19 15 12 17 17 12
o-xylene + m-xylene 11 6 3 8 8 3
o-xylene + p-xylene 6 8 5 11 11 5
o-xylene + p-xylene -  8 -  6 -  6 -  5 -  4 6
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T ab le  X II

E f f e c t  o f  U n c e r ta in t ie s  in  y on

H® /j mol ^ U n c e rta in ty  i n  Y

exp calc 1
H>•

+2?S
Ys

n-hexane + c-hexane 216 219 212 226 231 208
n-heptane + c-hexane 240 224 223 225 230 219
n-hexadecane + c-hexane 498 500 542 458 469 532
n-hexane + n-hexadecane 114 116 69 162 164 67
n-heptane + n-hexadecane 96 93 52 134 136 50
224TMP + n-hexadecane 233 223 185 262 181 266

CC14 + n-hexane 315 302 321 283 289 316
CCI4 + n-heptane 339 326 339 312 319 333
CC14 +  n-octane 364 364 373 354 361 266
CCI4 + n-hexadecane 578 544 523 565 576 512
CCI4 + c-hexane 166 177 186 168 172 182
CCI4 + 224TMP 405 391 405 378 386 397

benzene + n-hexane 898 908 943 873 891 925
benzene + n-heptane 919 936 966 907 925 947
benzene + n-octane 969 987 1013 962 982 994
benzene + n-hexadecane 1209 1139 1134 1143 1166 1112
benzene + 224TMP 99 2 991 1020 961 981 1000

toluene + n-hexane 512 536 559 483 493 549
toluene + n-heptane 552 532 565 498 510 554
toluene + 224TMP 657 672 705 639 652 692

OMCTS + CC14 163 162 148 1?6 179 145
OMCTS + benzene 794 778 760 797 813 744

c-pentane + 23DMB -  2 -  2 10 -  13 -  13 10
c-hexane + 23DMB 156 153 170 137 140 166
c-heptane + 23DMB 163 162 189 135 138 185
c-octane + 23DMB 176 176 211 141 144 208

c-pentane + c-hexane 28 53 51 55 56 50
c-pentane + c-heptane -  4 -  2 -  14 10 10 -  14
c-pentane + c-octane -  41 -  37 -  57 -  18 -  18 -  56
c-hexane + c-heptane 6 5 -  5 15 15 -  5
c-hexane + c-octane 1 14 -  4 31 31 _ 4
c-heptane + c-octane -  4 5 -  3 12 12 -  3

(c o n tin u e d )
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Table X II (co n tin u ed )

, H®/J mol ^ U n c e r ta in ty  in  VM ixture  _________________ ________________ ___

exp c a lc  Yi Ys
-  +2% - 2% +2% - 2%

te n ze n e  + c -p en tan e 630 523 547 499 510 537
benzene + c-hexane 799 801 826 777 792 810
benzene + c -h ep tan e 758 790 805 774 791 789
benzene + c -o c tan e 797 806 814 798 814 798

to lu e n e  + c -p en tan e 3 65 206 233 179 183 229
to lu e n e  + c-hexane 625 603 633 573 585 620
to lu e n e  + c -h ep tan e 588 544 565 524 535 554
to lu e n e  + c -o c tan e 618 610 624 596 608 612

benzene + to lu e n e 68 67 60 73 75 59
benzene + o -xy lene 216 215 199 231 236 195
benzene + m -xylene 223 218 203 233 237 195
benzene + p -x y len e 164 166 156 175 179 152
to lu e n e  + o -xy lene 47 55 44 66 66 43
to lu e n e  + m-xylene 43 43 34 52 53 33
to lu e n e  + p -xy lene 19 15 11 18 19 10
o -x y le n e  + m-xylene 11 6 7 4 4 7
o -x y len e  + p -xy lene 6 8 15 1 1 15
m -xylene + p -xy lene -  8 -  6 0 -  11 -  11 0
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experimental GB and data in Table III, are shown in the last

column of Table XIII. Values of TS2 , predicted from Flory's model 
^  ^

w ith  m= 1, = Vg= v and an id e a l  com binatory  en tro p y  o f  m ixing ,

a re  l i s t e d  in  th e  f i r s t  column. V alues o f  TŜ * p re d ic te d  from  

th e  p s e u d o -2 - f lu id  model u s in g  th e  ap p ro x im a tio n s  n e c e ssa ry  

to  o b ta in  a  r e l a t i o n  fo rm a lly  e q u iv a le n t  to  E q u a tio n  (213) a r e  

l i s t e d  in  th e  second column. A lthough th e  term s in  E q u a tio n  (213) 

have d i f f e r e n t  n u m e ric a l v a lu e s  in  th e  two t r e a tm e n ts ,  th e  e f f e c t  

o f  th e s e  d i f f e r e n c e s  on th e  ex cess  e n tro p y  i s  n o t v e ry  g r e a t ,  

and th e  m agnitudes o f  th e  p r e d ic t io n s  a r e  s im i la r .  The re a so n  f o r  

th e  s im i l a r i t y  i s  th e  la c k  o f  any term  in  E q u a tio n  (213) e x p l i c i t l y  

in v o lv in g  th e  energy-volum e exponen t. Both m odels p r e d ic t  ex cess  

e n t ro p ie s  c o n s i s t e n t ly  f a r  below t h a t  found e x p e r im e n ta lly  and 

f r e q u e n t ly  f a i l  to  p r e d ic t  th e  c o r r e c t  s ig n  f o r  t h i s  excess  p ro p e r ty . 

The rea so n  f o r  th e  d isag reem en t w ith  experim en t can be t ra c e d  to  

th e  n e c e s s i ty  o f  ap p ro x im atin g  th e  com binatory  e n tro p y  in  F l o r y 's  

model, and th e  c o l l e c t io n  o f term s c o n ta in in g  th e  com binatory  

e n tro p y  in  o u r m odel, by th e  id e a l  e n tro p y  o f  m ix ing , s in c e  

TSB ~2000  jo u le s /m o le  a t  x^ = 0 ,5 . I t  can be seen  from  th e  d a ta  

in  T able XIII t h a t  o u r  v a lu e s  o f  m can n o t be d i r e c t l y  used  to  

p r e d i c t  IS® from  th e  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c t io n  in  

E q u a tio n  (132 ).

These v a lu e s  o f  m ,'how ever, may be used in d i r e c t l y  to  

p r e d i c t  TS^ from  th e  sem i-em p iric a l e q u a tio n s  d is c u s s e d  in  

S e c tio n  V-2. The ex ce ss  en th a lp y  v s .  co m position  cu rv es  (F ig u re s  

± -  46 ) ,  p r e d ic te d  from  v o lu m e tr ic  d a ta  a s  d e sc r ib e d  in



Table X III
ETS a t  = 0 .5  f o r  M ix tu res  o f  M on-polar and Weakly P o la r  L iq u id s

TS /j mol'Mixture ________________________________________
Calculated directly from Calculated fromti t - . . a 1 * boii>uicimu. i iuiiithe partition function , 0 , .* j o  pseudo-2-fluid experiment* pseudo-2- £ rm = 1 fl id predictions

n-hexane + c-hexane 84 75 121 145
n-heptane + c-hexane 87 79
n-hexadecane + c-hexane ?1 95 550 675
n-hexane + n-hexadecane -101 -  78 253 182
n-heptane + n-hexadecane -  61 - 47 I 89 151
224TMP + n-hexadecane -  6 -  4 209 226

CC14 + n-hexane 64 66 178 166
CCI4 + n-heptane 70 75 215 205
CCI4 + n-octane 6? 79 265 269
CC14 + n-hexadecane 49 82 632 694
CCI4 + 224TMP 4o 62 280 247
CCI4 + c-hexane 51 46 92 96

"benzene + n-hexane 193 198 487 513
"benzene + n-heptane 189 206 528 489/562
"benzene + n-octane 181 206 586 605/638
"benzene + n-hexadecane 134 192 955 1118
"benzene + 224TMP 120 164 595 592

toluene + n-hexane 80 82 271
toluene + n-heptane 95 98 295 351
toluene + 224TMP 88 115 390 303

(co n tin u ed )



Table X III  (co n tin u ed )

Mixture TS®/,J mol-1

Calculated directly from 
the partition function 

pseudo-2- 
fluidm=l

Calculated from 
p.seudo -2 -fluid 
H6 predictions

experiment

OMCTS + CC14 -  77 -  39 150 296
OMCTS + benzene -  12 . 52 725 677

c -p e n tan e  + 2 3D MB -  56 -  42 -  15
c-hexane + 23DMB 26 27 89 69
c -h e p tan e  + 23DMB -  11 -  7 82 28
c -o c ta n e  + 23DMB -  12 -  25 86 -  8

c -p e n tan e  + c-hexane 16 15 42 32
c -p e n tan e  + c -h ep tan e -  22 -  18 1
c -p e n tan e  + c -o c ta n e -  68 ’ -  54 -  39
c-hexane + c -h ep tan e -  6 -  5 6 -  3
c-hexane + c -o c ta n e -  24 -  18 -  25
c -h e p tan e  + c -o c ta n e -  7 -  5 4 -  9

benzene + c -p e n tan e 140 136 259 359
benzene + c-hexane 220 215 403 468
benzene + c -h ep tan e 210 210 412 -

benzene + c -o c ta n e 162 178 443 511

to lu e n e  + c -p en tan e 32 30 117
to lu e n e  + c-hexane 187 170 296 293
to lu e n e  + c -h ep tan e 177 162 273 -

to lu e n e  + c -o c ta n e 184 172 315 322

(co n tin u ed )

-9
6
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Table X III  (co n tin u ed )

Mixture TSE/J mol-1
Calculated directly from 
the partition function 

, pseudo-2-
1TL X r*-i ■ jf l u i d

Calculated from 
pseudo-2-fluid. 
H predictions

experiment

benzene + to lu e n e -  1 5 ^3 -

benzene + o -x y len e 13 23 135 -

benzene + m -xylene 28 3^ 141 -

benzene + p -x y len e 3 15 116 -

to lu e n e  + o -x y len e 8 9 33 -
to lu e n e  + m -xylene 9 9 28 -

to lu e n e  + p -x y len e -  1 1 14 - -197-
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S e c tio n  V I-2 , w ere u sed  i n  an i t e r a t i v e ,  n o n - l in e a r  l e a s t  sq u a re s

cu rve  f i t t i n g  program  to  c a lc u la te  D^  an<̂  ®21 ^ rom E q u a tio n  (2 2 2 ).

and were "both i n i t i a l i z e d  a t  0.5000  and u s u a l ly  converged-

to  t h e i r  f i n a l  v a lu e s  a f t e r  seven o r  e ig h t  i t e r a t i o n s ;  convergence

was co n sid e red  ach iev ed  when ( )  <  2 x 10 .

The v a lu e s  o f  ®21 o b ta in e d  from o u r  excess

e n th a lp y  p r e d ic t io n s  a re  l i s t e d  in  T ah le  XIV. These v a lu e s

Ew ere used to  p r e d i c t  G a s  a  fu n c tio n  o f  co m position  from

E q u a tio n  (215) ■ E qu im o lar G p r e d ic t io n s  a re  l i s t e d  in  Table XIV;

eq u im o la r TSE p r e d ic t io n s ,  o b ta in e d  by combining th e  GE p r e d ic t io n s

w ith  th e  p r e d ic t io n s  from  which th e y  were d e r iv e d , a re  l i s t e d

f o r  com parison in  T able X I I I .  The app rox im ation  i n  E q u a tio n  (219)

l im i te d  th e  p r e d ic t io n s  to  m ix tu res  f o r  which i s  p o s i t iv e ;  compared

to  th e  p a r t i t i o n  f u n c t io n  p r e d ic t io n s ,  th e  agreem ent w ith  experim en t

i s  e x c e p t io n a l ly  good. The c o n c e n tra t io n  dependence o f  th e  ex cess

f r e e  energy  i s  a ls o  w e ll p re d ic te d  and a  few r e p r e s e n ta t iv e  cu rv es

a re  shown in  F ig u re  51* As ex p ec ted , th e  l a r g e s t  d e v ia t io n s

o c c u r  f o r  m ix tu re s  whose components have v e ry  d i f f e r e n t  v a lu e s

Eo f  a .  In  view o f  th e  accu racy  o f th e  G p r e d ic t io n s  f o r  th o se

Em ix tu re s  f o r  w hich th e  ex ce ss  f r e e  energy  has been m easured, th e  G 

p r e d ic t io n s  f o r  th o s e  m ix tu re s  f o r  w hich e x p e r im en ta l d a ta  i s  

u n a v a ila b le  shou ld  be re a so n a b ly  r e l i a b l e .



Table XIV

P r e d ic t io n  o f  a t  x^ = 0 .5  from  th e  C om position Dependence o f Pseudo-2 - f l u i d  P r e d ic t io n s

M ixture D12 D21
C ^ /j  mol"1 

p re d ic te d  experim en t

n-hexane + c-hexane 0.6008 1.4051 98 71
n-hexadecane + c-hexane 0.5397 1.3085 -  52 -177
n-hexane + n-hexadecane 1.2602 0.7234 -137 -  68
n -h ep tan e  + n-hexadecane 1.0403 0.8904 -  96 -  55
224TMP + n-hexadecane 1.0544 0.8001 4 7

CC14 + n-hexane 1.1646 0.6863 124 149
CC14 + n -h ep tan e 1.2279 0.6388 111 134
CCI4 + n -o c tan e 1.2615 0.6071 99 95
CCI4 + n-hexadecane 1.4371 0.4682 -  88 -116
CCI4 + c-hexane 1.0271 0.8512 85 70
CCI4 + 224TnP 1.1012 0.6837 111 158

benzene + n-hexane 1.0229 0,5466 415 385
benzene + n -hep tan e 1 .0418 0 .5227 408 354/430
benzene + n -o c tan e 1.0767 0 .4897 402 331/364
benzene + n-hexadecane 1.3065 0.3585 184 91
benzene + 224TMP 1.0777 0.4895 396 400

to lu e n e  + n-hexane 0.9447 0.7391 250 332
to lu e n e  +  n -h ep tan e 1.0500 0.6582 237 201
to lu e n e  + 224TMP 1.0859 0.5841 282 354

OMCTS + CCI4 0.5725 1.5309 -318 -133
OMCTS +  benzene 0.3883 1.4750 53 116

(continued)



Table XIV (co n tin u ed )

M ixture CMH
R

D 2 1
GE/ J  mol 1

p re d ic te d  experim en t

c-hexane + 23DMB 1.0203 0.8725 65 87
c -h ep tan e  + 23DMB 1.0206 0.8653 80 135
c -o c ta n e  + 2 3D MB 0.8463 1.0307 90 184

c -p en tan e  + c-hexane 0.7325 1.3010 21 -  4
c-hexane + c -h ep tan e 0.3193 3.1146 -  1 9
c-h ep tan e + c -o c ta n e 0.5529 1.8015 1 5

benzene + c -p en tan e 0.8641 0.9914 264 291
benzene + c-hexane 0 .8518 0.6969 400 331
benzene + c -h ep tan e 0.8309 0.7176 378 -

benzene + c -o c ta n e 0 .8437 0.7010 363 286

to lu e n e  + c -p en tan e 0.8641 0.9914 99 _
to lu e n e  + c-hexane 0.7658 0.8679 307 332
to lu e n e  + c -h ep tan e 0.7403 0.9290 271 .
to lu e n e  + c -o c ta n e 0.6883 .0 .9 5 8 3 295 296

benzene + to lu e n e 1.0750 0.8815 24 _
benzene + o -x y len e 1.0070 0.8449 80 -

benzene + m -xylene I . H 67 0.7602 77 -

benzene + p -x y len e 1.1427 0.7704 50 -

to lu e n e  + o -x y len e 1.0052 0 .9529 22 -

to lu e n e  + m -xylene 1.0132 0.9536 15 -

to lu e n e  + p -x y len e 1.0331 0.9563 1 -

-200
-
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A. 2 ,2 ,4 - t r im e th y lp e n ta n e  + n -hexadecane •
B. CClij. + c-hexane ■
G. to lu e n e  + n -h e p ta n e  o  D
D. benzene + 2 , 2 , 4 - t r i -

m ethy lpen tane  □ /  \

300

200

100

0 .5 10

X1

F ig u re  51• Dependence o f  th e  p re d ic te d  ex cess  f r e e  energy  on 
co m p o sitio n . Symbols r e f e r  to  smoothed e x p e rim en ta l d a ta ,
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V II. APPLICATION TO HYDROGEN BONDING LIQUIDS

The s e p a ra t io n  o f  th e  i n t e r n a l  p a r t i t i o n  fu n c t io n  from  

th e  t r a n s l a t i o n a l  p a r t i t i o n  f u n c t io n  which was n e c e ssa ry  to  

d ev e lo p  and a p p ly  th e  c o n f ig u ra t io n a l  p a r t i t i o n  fu n c tio n  in  

E q u a tio n  (132) i s  n o t  r ig o ro u s  f o r  p o la r  m o lecu les s in c e  th e  

r o t a t i o n s  and v ib r a t io n s  o f  d ip o le s  a re  s t ro n g ly  in f lu e n c e d  by 

th e  p o s i t io n s  o f  t h e i r  n e ig h b o rs . The assum ption  t h a t  th e  i n t e r n a l  

p a r i t i o n  fu n c t io n  i s  i t s e l f  in v a r ie n t  on m ix ing  i s  a l s o  n o t s t r i c t l y  

v a l id  f o r  m ix tu re s  o f  p o la r  m o lecu les and i s  p ro b ab ly  l e a s t  

a c c u ra te  f o r  m ix tu re s  o f p o l a r  and n o n -p o la r  m o lecu les .

We e x p e c te d , however, t h a t  th e  e r r o r s  in tro d u c e d  by a  

n o n -r ig o ro u s  a p p l ic a t io n  o f th e  p a r t i t i o n  fu n c tio n  in  E q u a tio n  (132) 

would be s im i la r  f o r  members o f  a homologous s e r i e s  o f  p o la r  

l i q u i d s .  W hile we d id  n o t ex p ec t to  be a b le  to  d e te rm in e  a b so lu te  

v a lu e s  o f  m f o r  p o la r  l iq u id s  (a b s o lu te  in  th e  sense  t h a t  th e y  

could  be combined w ith  any o f th e  m v a lu e s  o f  n o n -p o la r  l i q u id s  

in  T ab le  I I I ) , we ex p ec ted  to  be a b le  to  d e te rm in e  an i n t e r n a l l y  

c o n s is te n t  r e l a t i v e  s c a le  o f  m v a lu e s  from  w hich1 th e  ex cess  e n th a lp y  

o f  m ix tu re s  o f  members o f  th e  s e r i e s  cou ld  be p re d ic te d .

We have examined m ix tu re s  o f  even carbon  number norm al 

a lc o h o ls  w ith  n -h exane  and w ith  each  o th e r  and have found  t h a t  th e  

above e x p e c ta t io n  i s  f u l f i l l e d .

V I I - 1 : Pure  Components

The p h y s ic a l  p r o p e r t i e s  o f  th e  n -a lc o h o ls  in v e s t ig a te d  

a re  l i s t e d  In  T ab le  XV. The v a lu e s  o f  a  w ere computed from



Table XV
P h y s ic a l P r o p e r t ie s  o f  n -A lcohols^

L iq u id V/cm^ mol 1 a  x  10 ̂ / i t-1 Y /j ciif^ k 1 AHV/ j  mol-1

e th a n o l
n -b u ta n o l
n -h ex an o l
n -o c ta n o l

56.68  (257) 
91 .96  (257) 

126.26  (257)
158.42 (257)

1 .083 (257) 
0 .937  (257) 
O.852 (257) 
0.818  (257)

0 .942 (257) 
1 .005 (257) 
1 .0 2 4  (257) 
1.050  (257)

42310
52380
61920
65270

(256)
(256)

S 3
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d e n s i ty  m easurem ents a t  d i f f e r e n t  te m p e ra tu re s ; th e  v a lu e s  o f y  

•were computed from  th e  r a t i o  o f  a  to  p ,  th e  iso th e rm a l compres­

s i b i l i t y .  The iso th e rm a l c o m p r e s s ib i l i t i e s  were d e r iv e d  

from  a d ia b a t ic  c o m p re s s ib i l i ty  v a lu e s  o b ta in e d  from  v e lo c i ty  o f  

sound m easurem ents, so t h a t  th e  u n c e r ta in ty  in  th e s e  v a lu e s  i s  

p o s s ib ly  somewhat h ig h e r  th an  th e  u n c e r ta in ty  o f  most o f  th e  v a lu e s  

used p re v io u s ly .

V alues o f  m f o r  th e  n - a lc o h o ls ,  c a lc u la te d  from  th e  

r a t i o  o f  th e  in t e r n a l  p re s su re  to  th e  co h es iv e  energy  d e n s i ty ,  

a re  l i s t e d  in  th e  f i r s t  column o f  T ab le  XVI. As b e fo re , th e  

co h esiv e  energy  was approx im ated  by th e  n e g a tiv e  o f th e  energy  

o f v a p o r iz a t io n  assum ing id e a l  g a s  phase b e h a v io r . V ery low 

v a lu e s  o f  m were o b ta in e d  by t h i s  m ethod. T h is  i s  because r e l a t i v e l y  

sm all q u a n t i t i e s  o f  energy  a re  a s s o c ia te d  w ith  th e  m inor changes 

in  hydrogen bonding caused by th e  sm a ll in te rm o le c u la r  d is ta n c e  

changes m easured by th e  i n t e r n a l  p r e s s u r e ,  w h ile  much l a r g e r  

q u a n t i t i e s  o f  energy  a re  a s s o c ia te d  w ith  th e  t o t a l  d i s r u p t io n  

o f  hydrogen bonding m easured by v a p o r iz a t io n  to  th e  id e a l  gas 

s t a t e .  The r a p id  in c re a s e  in  th e  r a t i o  method v a lu e s  o f  m w ith  

in c re a s in g  carbon  number r e s u l t s  from  th e  d e c re a s in g  p ro p o r tio n  

o f  hydrogen bonding in  th e  l a r g e r  a lc o h o ls .

The c h a r a c t e r i s t i c  p r o p e r t i e s  o f  n -a lc o h o ls  a t  th re e  

d i f f e r e n t  v a lu e s  o f  m a re  ta b u la te d  in  T able XVII. The v a lu e s  

o f  m co rresp o n d  to  th e  r a t i o  method v a lu e s ,  to  th e  van  d e r  Waals 

ap p ro x im a tio n  and to  v a lu e s  r e l a t i v e  to  n-hexane which w i l l  be 

d is c u s s e d  in  S e c tio n  V II-2 . The c h a r a c t e r i s t i c  p r o p e r t i e s  a t



Table XVI

V a lu es  o f  m f o r  n -A lc o h o ls

L iq u id m (ra tio  method) m ( r e la t iv e  to  n -hexane)

e th a n o l 0 .414 0.970
n -b u ta n o l 0.515 1.041
n -h ex an o l 0 .643 1 .085
n -o c ta n o l 0.790 1.126



Table XVII

C h a r a c te r is t ic  Param eters o f  n -A lco h o ls

Liquid m V*/cm3 mol 1 T*/K P*/j cm"3 C

e th a n o l 0 .414 44 .7 0 9296.0 996.6 0 .597
0.970 4 6 .3 3 5103.0 461 .2 0 .504
1.000 46 .41 5010.7 449.1 0.500

n -b u ta n o l 0 .515 72 .72 8678.8 829.6 O.836
1.000 74 .47 5422.1 4 5 6 .9 0 .755
1.041 74 .62 5290.9 44 0 .5 0 .747

n -h exano l 0 .643 101.45 7826.2 672.0 1 .048
1 .000 102.96 5734 .5 4 5 1 .9 0 .976
1.085 103.29 5441.8 421 .0 0.961

n -o c ta n o l 0.?90 129.99 6914.6 564 .7 1 .277
1 .000 131.02 5876.7 457 .7 1 .227
1.126 131.60 5442.1 41 2 .4 1 .200

-206
-
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r a t i o  method m v a lu e s  a re  m arkedly  d i f f e r e n t  from  th o se  computed
■Jf-

a t  the . o th e r  v a lu e s  o f  i ;  T and F f o r  th e  s m a l le r  a lc o h o ls  

a re  ap p ro x im a te ly  tw ic e  a s  la r g e  a t  r a t i o  method m v a lu e s  th a n  

a t  van d e r  Waals and h ig h e r  v a lu e s  o f  m. V alues o f  G a re  alw ays 

low f o r  th e  s m a lle r  m o le c u le s , 'in d ic a t in g  v e ry  r e s t r i c t e d  m otion 

in  th e  l iq u id  s t a t e ;  C in c re a s e s  a s  th e  c a r to n  number o f  th e  

a lc o h o l  in c re a s e s  and th e  p ro p o r t io n  o f  hydrogen bonding  d e c re a s e s . 

Comparison o f th e  m agnitudes o f  G in  hexano l and o c ta n o l  w ith  

th e  m agnitudes in  th e  p a re n t  hyd ro carb o n s (T ab le  IV) n o t u n ex p ec ted ly  

shows t h a t  m o le c u la r  m otion i s  more r e s t r i c t e d  in  a lc o h o ls  th a n  

in  th e  co rre sp o n d in g  a lk a n e s .

M olar i n t e r a c t i o n  e n e rg ie s  o f  th e  d i f f e r e n t  a lc o h o ls  

computed from t h e i r  c h a r a c t e r i s t i c  p a ram ete rs  a t  v a r io u s  v a lu e s  

o f  m a re  l i s t e d  in  T ab le  XVIII, a lo n g  w ith  th e  ex p e rim en ta l 

e n e rg ie s  o f  v a p o r iz a t io n .  The h ig h e s t  a t t r a c t i v e  in te r a c t io n  

e n e rg ie s  r e s u l t  from  u se  o f th e  r a t i o  method v a lu e s  o f  m; such 

i n t e r a c t i o n  e n e rg ie s  in c lu d e  th e  t o t a l  energy c o n tr ib u t io n s  

a r i s i n g  from  hydrogen bonding and m ost c lo s e ly  p a r a l l e l  th e  

th e  e n e rg ie s  o f v a p o r iz a t io n ,

V I I -2 : M ixtures

The so u rc e s  and eq u im o la r v a lu e s  o f  th e  ex cess  p r o p e r t i e s  

o f  th e  a lk an e  + a lc o h o l  and a lc o h o l .+ a lc o h o l m ix tu re s  s tu d ie d  

a re  ta b u la te d  in  T ab le  XIX, The c o n c e n tra tio n  dependence o f  th e  

ex ce ss  p ro p e r t ie s  o f  th e  n -hexane + n -a lc o h o l system s h as  n o t been 

e x p e r im e n ta lly  in v e s t i g a t e d .

U sing m , = 1 .1 1 5  a s  de te rm in ed  in  S e c tio n  V I-2 ,n n6x&n0
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Tat>le XVIII 

M olar I n t e r a c t io n  E n e rg ie s  o f  n -A lco h o ls

“1I n te r a c t io n  e n e rg y /J  mol______

, .  r e l a t i v e
L iq u id  AEv/ j  mol 1 m = 1 to

n-hexane

e th a n o l 39830 164-83 39804- 16989
n -h u ta n o l 4-9900 27555 53455 264-4-1
n -h ex an o l 59^4-0 3824-0 59533 35279
n -o c ta n o l 62790 4-9597 62778 4-4-04-4-
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T ab le  XIX

E x cess  P ro p e r tie s ^  a t  x^ = 0 .5 - o f  B in ary  M ix tu res 

C o n ta in in g  Hydrogen Bonding L iq u id s

M ixture  /en P  mol _1 H®/j mol- ^

e th a n o l + n--hexane 0 .M
n -b u ta n o l + n-hexane 0 .08
n -h ex an o l + n-hexane -0 .1 6
n -o c ta n o l + n-hexane - 0.35

e th a n o l + n-■butanol 0 .012
e th a n o l + n--hexanol 0.036
e th a n o l + n-■octanol 0.060

n -b u ta n o l + n -h ex an o l 0.012
n -b u ta n o l + n -o c ta n o l 0.0iJ-l

n -h ex an o l + n -o c ta n o l 0.010

259
(257)
(259)

(259) 27 (260)
(259.) icfc (260)

(259) 26 (260)

+ at 298 K
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v a lu e s  o f m r e l a t i v e  to  n -hexane were computed f o r  th e  n -a lc o h o ls  

try d e te rm in in g  th e  v a lu e s  needed to  rep ro d u ce  p e r f e c t ly  th e  

ex p e rim en ta l ex ce ss  en th a lp y  o f  th e  a p p ro p r ia te  n -hexane + n -a lc o h o l  

m ix tu re . These v a lu e s  o f  m a re  l i s t e d  in  th e  second column o f 

Table XVI. They a re  a l l  h ig h e r  th a n  th e  r a t i o  method v a lu e s  o f 

mi t h i s  p a r t i a l l y  r e f l e c t s  th e  r e t e n t io n  o f  some hydrogen bonding 

c h a r a c t e r i s t i c s  in  th e  mixed s t a t e  and p a r t i a l l y  r e f l e c t s  th e  

a r t i f i c i a l i t y  o f  ap p ly in g  E q u a tio n  (132) to  p o la r  m o lecu les .

L ike  th e  r a t i o  method v a lu e s , th e  m ix tu re  method v a lu e s  o f  m 

in c re a s e  w ith  in c re a s in g  ch a in  le n g th .

The v a lu e s  o f  m o b ta in e d  from  hexane m ix tu re s  were d i r e c t l y  

used  to  compute th e  excess e n th a lp ie s  o f  b in a ry  a lc o h o l m ix tu re s . 

Very s a t i s f a c t o r y  agreem ent w ith  experim en t was o b ta in e d , bo th  

a t  x^ = 0 .5  and th ro u g h o u t th e  c o n c e n tra t io n  ra n g e . The eq u im o la r 

p r e d ic t io n s  a re  ta b u la te d  in  T ab le  XX and th e  c o n c e n tra tio n  

dependences a re  shown in  F ig u re  52 . Use o f  th e  van d e r  Waals 

ap p ro x im atio n  r e s u l t s  in  b e t t e r  p r e d ic t io n s  f o r  a lc o h o l ic  m ix tu res  

th a n  i t  d oes f o r  m ix tu res  c o n ta in in g  n o n -p o la r  m o lecu les .

The e f f e c t s  o f  sm all u n c e r t a in t i e s  in  V^, a  and y on 

p r e d ic t io n s  a re  shown in  T ab les  XXI, XXII and X X III; th e  

in f lu e n c e  o f th e s e  p h y s ic a l p r o p e r t i e s  i s  an a lo g o u s to  t h a t  no ted  

in  S e c tio n s  V I-3  and V I-4 .

The v a lu e s  o f  m d e r iv e d  f o r  th e  a lc o h o ls  from  a lc o h o l + 

hexane m ix tu res  should  y ie ld  a c c u ra te  ex cess  e n th a lp y  p r e d ic t io n s  

f o r  m ix tu res  o f  a lc o h o ls  and a lk a n e s  o th e r  th a n  n -h ex an e . They 

should  n o t be used  to  p r e d ic t  th e  ex cess  e n th a lp y  o f m ix tu re s
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T ab le  XX

P re d ic te d  E xcess E n th a lp ie s  a t  x^ = 0 .5  o f  M ix tu res  

C o n ta in in g  Hydrogen Bonding L iq u id s

M ixture H * /, mol ^

. pseudo- 2 -  ,
ex p erim en t * f l u i d  m = 1

e th a n o l + n-hexane 555 555 479
n -b u ta n o l + n-hexane 510 510 338
n -h ex an o l + n-hexane 465 464 420
n -o c ta n o l  + n -hexane 415 416 421

e th a n o l  + n -b u ta n o l 48 44 46
e th a n o l + n -h ex an o l 126 125 123
e th a n o l  + n -o c ta n o l 217 215 213

n -b u ta n o l + n -h ex an o l 27 27 24
n -b u ta n o l + n -o c ta n o l 104 96 79

n -h ex an o l + n -o c ta n o l 26 22 22



A. e th a n o l + b u ta n o l A
B, e th a n o l + h e x a n o l*
C. e th a n o l + o c ta n o l A
D, b u ta n o l + hexano l □ 

— E . b u ta n o l + o c ta n o l o
F , hexanol + o c ta n o l •

210

180

120

60

0
10 .50

X1
F ig u re  52. Dependence o f th e  p re d ic te d  ex cess  e n th a lp y  on 
com position  f o r  m ix tu res  o f  n -a lc o h o ls .  Symbols r e f e r  to  
smoothed ex p e rim en ta l d a ta .



Table XXI

E f f e c t  o f  U n c e r ta in t ie s  in  V0 on o f  M ix tu res  C o n ta in in g  Hydrogen Bonding L iq u id s

M ixture  ^ / j  mol ^ U n c e r ta in ty  in  V^/cnP mol ^
exp c a lc  (+) 0.005  ( - )  (+) 0 .010  ( - )  (+) 0 .020 ( - )

e th a n o l + n-hexane 555 555 558 552 561 549 567 543
n -b u ta n o l + n-hexane 510 510 514 506 517 503 524 496
n -h ex an o l + n-hexane 465 464 468 460 472 456 480 448
n -o c ta n o l  + n-hexane 415 416 420 411 424 407 432 399

e th a n o l + n -b u ta n o l 48 44 49 39 54 34
e th a n o l + n -h ex an o l 126 126 131 120 136 115
e th a n o l + n -o c ta n o l 217 215 221 210 226 205

n -b u ta n o l + n -h ex an o l 27 27 32 21 38 16
n -b u ta n o l + n -o c ta n o l 104 96 102 91 10? 85

n -h ex an o l + n -o c ta n o l 26 22 28 16 34 11
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T able XXII

E f f e c t  on U n c e r t a in t i e s  in  a  on o f  M ix tu res 

C o n ta in in g  Hydrogen Bonding L iq u id s

M ix tu re HE/ J  mol~^ U n c e r ta in ty  in  a,

exp c a lc CEi
+1% -156

cc3
+1?6 -1 fo

e th a n o l + n-hexane 555 555 550 559 556 553
n -b u ta n o l + n-hexane 510 510 503 518 517 504
n -h e x a n o l + n -hexane 465 464 454 474 473 455
n -o c ta n o l  + n -h ex an o l 415 416 403 427 428 403

e th a n o l  + n -b u ta n o l 48
e th a n o l  + n -h ex an o l 126
e th a n o l  + n -o c ta n o l 217

n -b u ta n o l + n -h ex an o l 27
n -b u ta n o l + n -o c ta n o l  104

n -h ex an o l + n -o c ta n o l  26

44 46 42 42 46
126 128 123 122 128
215 219 212 211 220

27 27 26 26 27
96 97 95 95 97

22 23 21 20 24
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Table XXIII
E f f e c t  o f  U n c e r ta in t ie s  in  Y on o f  M ix tu res  

C o n ta in in g  Hydrogen Bonding L iq u id s

M ix tu re H®/j mol ^ U n c e r ta in ty  in  Y

exp c a lc Yi
+2% -2 %

Y
+2%

2
-2}

e th a n o l + n--hexane 555 555 589 520 552 578
n -b u ta n o l + n-hexane 510 510 559 461 471 549
n -h e x a n o l + n-hexane 465 464 526 403 412 516
n -o c ta n o l  + n-hexane 415 416 482 349 357 474

e th a n o l  + n -b u ta n o l  48
e th a n o l  + n -h e x a n o l 126
e th a n o l  + n -o c ta n o l  217

n -b u ta n o l + n -h ex an o l 27
n -b u ta n o l + n -o c ta n o l  104

n -h e x a n o l + n -o c ta n o l  26

44 41 47 48 40
126 119 132 134 117
215 210 221 225 206

27 23 31 32 23
96 93 99 101 91

22 24 21 21 23
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c o n ta in in g  m o lecu les  d i s s i m i l a r  to  hexane. M ix tu res  o f  such 

m o lecu les  m ight i n t e r a c t  d i f f e r e n t l y  w ith  th e  h y d ro x y l group 

and produce d e v ia t io n s  from  th e  m ix tu re  p a r t i t i o n  f u n c t io n  

n o t accoun ted  f o r  in  th e  h ex an e -d e riv ed  v a lu e s  o f  m.

F o r co m p le ten ess, th e  method d e sc r ib e d  in  S e c tio n  V-2 

h a s  been u sed  to  p r e d ic t  ex ce ss  f r e e  e n e rg ie s  f o r  th e  a lc o h o l ic  

m ix tu re s  s tu d ie d .  The p r e d ic t io n s  a re  l i s t e d  in  T ab le  XXIV, 

a lo n g  w ith  th e  co rre sp o n d in g  v a lu e s  o f  D^g and Dg^. No e x p e r i­

m en ta l d a ta  i s  a v a i l a b le  f o r  com parison .
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Tahle XXIV

EP r e d ic t io n  o£ G a t  x^ = 0 .5  f o r  M ix tu res o f  n -A lco h o ls  

from  th e  C om position Dependence o f 

P s e u d o -2 -f lu id  P r e d ic t io n s

M ixture D12 D21 GE/ j  m ol”1

e th a n o l + n -h u ta n o l 1 .3902 0.6940 40
e th a n o l + n -h ex an o l 1.3651 0.5768 111
e th a n o l + n -o c ta n o l 1 .633^ 0.5140 185

n -h u ta n o l  + n -h ex an o l 1 .1594 0.8437 16
n -h u ta n o l + n -o c ta n o l 1 .1734 0.7898 42

n -h ex an o l + n -o c ta n o l 1.2061 0.8144 6
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