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Abstract I t  h a s  been shown t h a t  a c t i v i t y  c o e f f i c i e n t s  of  t h e  components 
of  an Ci+j) mix tu re  have a s imple  t o p o l o g i c a l  base and t h a t  t h e  same 
( a s  w e l l  a s  G'(T,XL) and HE(T,xi d a t a )  can  b e  welb p r e d i c t e d ,  on t h e  
s t r e n g t h  of  g r a p h - t h e o r e t i c a l  arguments when o n l y  H ( T , x L = 0 . 4  and 0 . 5 )  
d a t a  f o r  t h e  b ina ry  mix tu re ,  of a lmos t  equa l  s i z e d  components, a r e  
a v a i l a b l e .  For Ci+j) mixtures  t h a t  a r e  c h a r a c t e r i z e d  by t h e  p re sence  
of 1:l or  1:l and 1 : 2  molecular  complexes o r  have components t h a t  
d i f f e r  a p p r e c i a b l y  i n  molar volumes t h e  approach has  been modi f ied  t o  
w e l l  r eproduce  t h e  a c t i v i t y  c o e f f i c i e n t s  d a t a  when datum a l o n e  i s  
a v a i l a b l e  f o r  t h e  mixture .  The v e r s a t i l i t y  of  g r a p h - t h e o r e t i c a l  
arguments have f u r t h e r  been made e v i d e n t  by r a t i o n a l i z i n g  v o l u m e t r i c  
and e t h a l p i c  e f f e c t s  i n  ( i  or  i f S )  f i . e .  i s a t u r a t e d  w i t h  a s a l t  ( S ) )  
f i + j )  mix tu res  t o  y i e l d  wor thwhi le  i n s i g h t  i n t o  i )  t h e  molecular  s t a t e  
of i and or j f o r  of t h e  s a l t  S i n  i and t h e  i n f l u e n c e  of j on  i t )  and 
i i) t h e  e n e r g e t i c s  of molecular  i n t e r a c t i o n s  t h a t  c h a r a c t e r i z e  t h e s e  
mix tu res .  

S o l u t i o n  n o n - i d e a l i t y  has been attributed (ref .1)  t o  either p h y s i c a l  
i n t e r m o l e c u l a r  f o r c e s  or  t o  chemical r e a c t i o n s  between the components 
of Ci+j) mix tu res .  S ince  laws of l i m i t e d  v a l i d i t y  ( r e f .  2 )  have been 
employed t o  d e s c r i b e  i n t e r m o l e c u l a r  p o t e n t i a l  f u n c t i o n s  t h a t  
c h a r a c t e r i z e  i n t e r a c t i o n s  between t h e  components of t h e s e  mix tu res ,  
almost a l l  t h e  p r e s e n t  t h e o r i e s  ( r e f .  3-91 of s o l u t i o n s  of non- 
e l e c t r o l y t e s  have l i m i t e d  a p p l i c a b i l i t y .  Again t h e  p r o c e s s  of 
b i n a r y  mixture  fo rma t ion  may t r i g g e r  i n t e r  o r  i n t r a m o l e c u l a r  changes i n  
e i t h e r  one o r  both t h e  components and t h i s  must b e g r e f l e c t e d  i n  t h e  
molar excess  volume VE and molar excess  en tha lpy  H d a t a .  I n  t h i s  
r ega rd  a l though ,  a few r e c e n t  approaches ( r e f .  10-13) addres s  themselves 
s p e c i f i c a l l y  t o  t h i s  a s p e c t  of molecular i n t e r a c t i o n s ,  y e t  t h e y  r e q u i r e  
t h a t  t h e  molecular s t a t e s  of t h e  p u r e  components be known and t h a t  a 
proper  i t i n e r y  be  maintained of t h e  v a r i o u s  e n t i t i e s  t h a t  e x i s t  i n  
t h e s e  mix tu res ;  t h i s  may not  b e  p o s s i b l e  always. Th i s  c a l l s  f o r  an 
a l t e r n a t i v e .  approach. 

Topological aspects of the activity coefficients of the components of a (i + j) mixture: 
conceptual aspects of approach and results 

The s t r u c t u r a l  formula of chemis t s  i s  a c t u a l 1  a molecular 
graph (ref.14)characterized by vertices ( a toms)  and edges (bonxs )  G ( e , v ) .  I f  
t h e  p u r e  i and j a r e  r ep resen ted  by Gt ( e ~  ,y4 1 ( o r  G; 1 and G. ( e .  v. 1 
( o r  G .  1 r e s p e c t i v e l y ,  t hen  t h e  f i + j )  mixture  formation dwodlh 'be 
c h a r a d t e r i z e d  by i n t e r a c t i o n s  between i and j i n  t h e  GLx Gi molecular 
graph ( r e f .  1 5 ) .  A s  a c t i v i t y  c o e f f i c i e n t  o f ,  s a y ,  t h e  i t h  component 

o d - . - 4 + >  - 
i n  an ( i+ j )  mix tu re  v a r i e s  a s  'It+ 1 
i n f l u e n c e  of t h e  j t h  component on 
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a s  x . 4 1 ,  7; i n  f a c t  r e f l e c t s  t h e  
t h e  1-i i n t e r a c t i o n s  of i i n  t h e  
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mix tu re  and i s  r e l a t e d  t o  t h e  excess  p a r t i a l  molar Gibbs f r e e  energy of 
i, j" I f  x? i s  assumed t o  a r i s e  due t o  
t h o s e  i n t e r a c t i o n s  of t h e  molecular s u r f a c e s  of j t h a t  i n f l u e n c e  t h e  
i-i i n t e r a c t i o n s  of i ,  gf and hencey; may be expressed by RTlny;=Xij 9 
where S i  i s  t h e  s u r f a c e  f r a c t i o n  of j and X L *  i s  t h e  molar 1 - j  
i n t e r a c t l o n  energy.  I f  V * / V i  i s  r e p l a c e d  by B y  dhould be e x p r e s s i b l e  

i n  t h i s  mixture by RTlnq = g .  

( r e f .  1 6 )  by i 

A c t i v i t y  c o e f f i c i e n t  of t h e  j t h  component was then e v a l u a t e d  ( r e f . 1 6 )  
v i a  t h e  Gibbs-Duhem e q u a t i o n ,  i n  t h e  form 

A g  t h e  molar excess  Gibbs f r e e  energy GL, and molar excess  en tha lphy  
H , of an ( i + j )  mixture  should then  b e  given by 

( 3 )  G E = R T ~  xilnYi 

and H E  = X .  .Bx . I n (  (xi+x .B) /x  .B)  ( 4 )  
1 J  J J J 

( i t  b e i n g  assumed t h a t  X i .  i s  p r a c t i c a l l y  independent of t empera tu re )  , 
GE and H d a t a  of ( i + j )  m$xtures should b e  w e l l  d e s c r i b e d  by e q u a t i o n s  
3-4 provided H E  d a t a  a t  two a r b i t r a r y  composi t ions a r e  a v a i l a b l e .  This 
was indeed found ( r e f .  1 6 )  t o  be  t h e  c a s e  i n  about 44 b i n a r y  mixtures  
of non-e l ec t  r o l y t e s  of almost equa l  s i z e d  components. 

On t h e  o t h e r  hand i f  i and j components d i f f e r  a p p r e c i a b l y  i n  
t h e i r  molar volumes then  Y; would b e  determined n o t  o n l y  by t h e  i - j  
i n t e r a c t i o n s  but  a l s o  by t h e  work, done i n  accomodating t h e  j t h  
component i n t o  t h e  matr ix  of j .  But $ h a s  been shown ( r e f .  1 7 )  t o  b e  
g iven  by G Z =  cx; x.V.  V. (1-V. /V; ) / (ExL  VL) where C i s  a c o n s t a n t .  yi i n  t h a t  
c a s e  has  been 4gxpd,essdd ( r e f .  1 7 )  f i n  view of lnY;=flnYe) i - j , V i = V  j + (  w ,Vi)V by 

The a c t i v i t y  c o e f f i c i e n t  of t h e  j t h  component should then  have been 
e v a l u t e d  v i a  Gibbs-Duhem equa t ion  but t h e  r e s u l t i n g  e x p r e s s i o n s  became 
so involved t h a t  i t  was hoped t h a t  expres s ing  7 ( i n  view of I n  = 

j j ( 1 n ? j ) i - j y v i = V  + ( l n J j ) w , V i +  vJ  1. by 
j 

RTln j .  = ( x  .v . / v i )  [ In(zxiVi/x . V .  )-xiVi/IxiVil J i J  J J J  

( 6 )  + c x . v . v . ~ l - v . / v i ) / ~ x i v i  2 2  
l l J  J 

would not have introduced significant e r r o r s  i n  t h e  v a l u e s  o f $ .  Th i s  was 
indeed found t o  be t r u e  ( r e f .  1 7 )  i n  some 30 b i n a r y  mixtures  of non- 
e l e c t r o l y t e s  (some of which even were c h a r a c t e r i z e d  by t h e  p re sence  of 
1:l o r  1:l and 1 : 2  molecular complexes) when t h e i r  Y:, $; x i  = 0 . 5 )  
datum was used t o  e v a l u a t e  t h e i r  X;. and C parameters  and subsequen t ly  
employed t o  well  p r e d i c t  t h e i r  ( YG,dqy x L  d a t a .  This  suggested t h a t  
not  much e r r o r  i s  in t roduced  by expres s ing  5 f o r  t h e  j t h e  component 
of an ( i + j )  mixture  by equa t ion  6 .  Again a s  xi+oy t h e  a c t i v i t y  
c o e f f i c i e n t  of  i a t  i n f i n i t e  di1ution"would be  given ( r e f .  1 7 )  ( i n  view 
of equa t ion  5 )  by 

00 
RTlnYi = X + C V i ( l - V . / V i )  ( 7 )  

i j  J 
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so t h a t  t h e  a c t i v i t y  c o e f f i c i e n t s  of t h e  components of an ( i + j )  mix tu re  
can  be expres sed  i n  t e rms  of I n  3fby 

( 8 1 
- 2 2  

I n  yi = ( X . . x .V . /RTzxiVi ) [ 1 -x .V . /zxiVi I+ (In% ) x .V . / (ExiVi 1 
1 J  J J J J  J J  

and 

I n  y. = ( X .  .V . / R T V i )  [ l n ( fx iVi /x  . V .  ) - x i V i / ~ x i V i - x i V i / ( ~ X i v i )  2 2  2 1 J 1 J  J J J  

S ince  t h e  s t a n d a r d  s t a t e  of i h a s  been t a k e n  t o  b e  t h a t  of pu re  i ,  
e q u a t i o n s  8 , 9  should  reproduce  t h e  expe r imen ta l  ( Yi ,$ ; x i  1 d a t a  of an 
( i + j )  mix tu re  when datum f o r  i t  a l o n e  i s  a v a i l a b l e  o r  can  be  
de te rmined  ezperiment a l l y  by g a s - l i q u i d  chromatography. I t  was, 
however, found ( r e f .  17) t h a t  ( Y i , . $ ;  x;) d a t a  eva lua ted  i n  t h i s  manner 
compared w e l l  w i t h  t h e  co r re spond ing  expe r imen ta l  d a t a  f o r  t h o s e  ( i+ j) 
mixtures  t h a t  were no t  c h a r a c t e r i z e d  by s p e c i f i c  i n t e r a c t i o n s  between 
t h e i r  components; f o r  t h o s e  Ci+j )  mixtures that contained 1:i o r  1:l and 
1 : 2  molecular  s p e c i e s ,  b a r r i n g  t h e  two extreme ends of t h e  composi t ion  
s c a l e  t h e  c a l c u l a t e d  ( Yi, f n  ; xi 1 d a t a  w e l l  reproduced  t h e  co r re spond ing  
expe r imen ta l  d a t a .  d 

Again i f  t h e  b o i l i n g  t empera tu res  o f  i and j i n  an ( i + j )  
mixture  do n o t  d i f f e r  s i g n i f i c a n t l y  and i f  X ;  and C pa rame te r s  of 
e q u a t i o n s  5 and 6 a r e  taken  t o  be  independen! of t empera tu re  ( t h e  
e f f e c t  of p r e s s u r e  on l i q u i d  phase p r o p e r t i e s  i s  u s u a l l y  sma l l  excep t  
a t  h i g h e r  p r e s s u r e s  and a t  c o n d i t i o n s  n e a r  t h e  c r i t i c a l  t e m p e r a t u r e )  
t h e n  it should  be  p o s s i b l e  t o  p r e d i c t  ( vi ,  9; xi 1 d a t a  f o r  t h e  mixture  
when ' Y ~ ~ y d .  ; x F . 5 ) d a t a  or datum a t  moderate p r e s s u r e s  and molar volume 
d a t a  a t  o r d i n a r y  t empera tu res  a r e  a v a i l a b l e .  Th i s  was found t o  b e  
r easonab ly  t r u e  ( r e f .  1 7 )  of t h e  (n -p ropano l  ( i )  + wate r  Cj)) system a t  
101 .3  b a r .  

A t  t h i s  s t a g e  i t  may be  p e r t i n e n t  t o  i n v e s t i g a t e  i f  t h e  
t o p o l o g i c a l  approach can  y i e l d  any i n f o r m a t i o n  about i 1 t h e  molecular  
s t a t e  of t h e  pu re  components and i i) molecular  e n t i t i e s  i n  b i n a r y  
mixtures  of n o n - e l e c t r o l y t e s .  

Topological aspects of the state of aggregation of the components of an (i + j) mixture 

E S i n c e  molar excess  volume V of an r i + j )  mix tu re  r e g l e c t s  
i n t e r a c t i o n a l  e f f e c t s  on t h e  packing  of molecules and a s  ('4~ 1 ' o f  i 
de te rmines  ( r e f .  1 8 )  t h e  e f f e c t i v e n e s s  w i t h  which t h e  molecular  s u r f a c e  
of i i n t e r a c t s  w i t h  t h a t  of ano the r  i molecule ,  t h e  i n t e r a c t i o n a l  p a r t  
of t h e  molar volume of+ p u r e  i h a s  been t aken  ( r e f .  18) t o  be  
p r o p o r t i o n a l  t o  i t s  t3&, 1 .  The i d e a l  i n t e r a c t i o n a l  molar volume of an 
(i+ j )  mix tu re  would t h e n  be  p r o p o r t i o n a l  t o  i? (x; /sb, )  where x L  and 4& 
deno te  mole f r a c t i o n  and c o n n e c t i v i t y  parameter  of t h e  t h i r d  d e g r e e  
r e s p e c t i v e l y  of i .  F u r t h e r  2,: i s  d e f i n e d  ( r e f .  1 9 )  by 

where Sv r e f l e c t s  ( r e f .  20)  e x p l i c i t a l y  t h e  va l ency  of t h e  m t h  e t c .  
v e r t e x  i n  t h e  molecular  graph  of i i n  forming bonds. The i n t e r a c t i o n a l  
p a r t  o f - , t h e  molar volume of t h e  mix tu re  should  a l s o  be  p r o p o r t i o n a l  
to  (31f ) o f  t h e  mix tu re .  
molecuTar g raph  i s  expres sed  byr:xL3:Cl (where 34: d e n o t e s  % d f  i i n  
t h e  m i x t u r e )  and i f  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  i s  assumed t o  be t h e  

I f  34,,,, of t h e  r e a l  mix ture  i n  t h e  G C X  G .  
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same f o r  both t h e  mixture  and i t s  pu re  components 
expressed ( r e f .  18) by 

then V E  may be  

(11) 

mixture.  A S  vE where d i s  a c o n s t a n t  c h a r a c t e r i s t i c  of t h e  ( i + j )  
r e f l e c t s  changes i n  t h e  packing of i and j i n  t h e  f i + j )  mix tu re ,  u s e f u l  
i n fo rma t ion  about t h e  s t a t e  of aggrega t ion  of pure i and j and of t h e  
molecular s p e c i e s  i n  t h e s e  b ina ry  mixtures  should be o b t a i n a b l e  
( r e f .  21-28) from t h e i r  V E  d a t a  i f  %! and s& parameters  of i e t c .  a r e  
regarded a s  a d j u s t a b l e  parameters  an2 a r e  eva lua ted  ( r e f .  21-28) by 
f i t t i n g  equa t ion  11 t o  t he  experimental  V E  d a t a ;  o n l y  those  t, andJ,$etc. 
v a l u e s  should be  r e t a i n e d  f o r  which t h e  v a r i a n c e  of f i t  was minimum. A 
s e r i e s  of s t r u c t u r e s  a re  then  assumed f o r  t h e  pure i and j and of i and 
j i n  t h e  mixture  and t h e i r  8' parameters  e v a l u a t e d  from e q u a t i o n  10. 
Any s t r u c t u r e  o r  a combination of s t r u c t u r e s  t h a t  y i e l d  34' v a l u e s  which 
b e s t  reproduce t h e  coresponding % v a l u e s  ob ta ined  from V E d a t a  v i a  
equa t ion  10, i s  t aken  ( r e f .  21-28) t o  be t h e  b e s t  r e p r e s e n t a t i v e  
molecular s t a t e  of t h e  pure components and of t h e  components i n  t h e  
mixture ,  I n  t h i s  r e s p e c t  a n a l y s i s  ( r e f .  27) of VCdata a t  308.15 K of  
water  ( i )  + formamide(j)  mixture i n  terms of equa t ion  11 h a s  suggested 
( r e f .  27) t h a t  while  water  i n  t h e  pure s t a t e  e x i s t s  a s  an e q u i l i b r i u m  
mixture  of I - I V  ( C N D 0 / 2  s t u d i e s  ( r e f .  29) have i n f e r r e d  t h a t  water  
e x i s t s  mainly a s  open cha in  trimers V - V I I  ( V I I  t o  be t h e  most s t a b l e  
s t r u c t u r e ) ;  Hoyland e t  a1 ( r e f .  30) however regard V t o  be more s t a b l e  
o n e ) ,  formhmide should e x i s t  ( r e f .  27) a s  an equ i l ib r ium mixture of 
monomers and d i n e r s  ( t h i s  i s  c o n s i s t e n t  w i t h  Davies views ( r e f .  31) 
about t h e  s t a t e  of aggrega t ion  i n  lower amides ) .  This approach h a s  
a l s o  been employed t o  i n v e s t i g a t e  t h e  s t a t e  of anhydrous c u p r i c  
c h l o r i d e  i n  p y r i d i n e  and of t h e  i n f l u e n c e  of formamide (FD) ( o r  N , N -  
dimethylformamide (DMF)) o r  a n i l i n e  (An) ( o r  o - t o l u i d i n e  (OT)) on it  by 
ana lys ing  ( r e f .  24) V E  d a t a  of p y r i d i n e  ( i )  ( s a t u r a t e d  with anhydrous 
CuClk ( S ) )  ( i ( S )  + j ( j =  FD o r  DMF o r  An o r  OT)  mixtures .  This  
a n a l y s i s  h a s  r e v e a l e d  ( r e f .  22,241 t h a t  while  i t s )  i n  i(S)+FD( j )  
mixtures  i s  an equ i l ib r ium mixture  of p u r e  i (VIII) and I X ,  FD i n  t h e  
pure s t a t e  e x i s t s  a s  an equ i l ib r ium mixture  of FD and (FD!, , t h e  
mixture  should c o n t a i n  t h e  molecular e n t i t y  X ;  i n f r a - r e d  and molecular 
weight s t u d i e s  ( r e f .  24) (Rast  method) on t h e  s o l i d  t h a t  i s  l e f t  behind 

V 

I 

H\o/H' 
I11 

V I  I 
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when t h i s  mix tu re  i s  allowed t o  evapora t e  slowly i n  vacuum 
s u b s t a n t i a t e d  the  e x i s t e n c e  of x i n  t h i s  mixture .  F u r t h e r  i f  i ( S ) + F D f j )  
mixture  fo rma t ion  i s  v i s u a l i z e d  ( r e f .  26) t o  involve a )  t h e  
e s t ab l i shmen t  of u n l i k e  (i-i)---jz and i, ( S )  ( I X ) - - j  c o n t a c t  fo rma t ion  
b )  t h e s e  u n l i k e  c o n t a c t s  then cause r u p t u r e  of i )  s h f  a s s o c i a t i o n  i n  j 
t o  y i e l d  monomers i i )  i n t r a m o l e c u l a r  i n t e r a c t i o n s  i n  pure i t o  y i e l d  
monomers of i and iii) i n t e r m o l e c u l a r  displacement  i n  jL(S)(IX) t o  y i e l d  
i ( S ) ( I X ( a ) )  and i and c )  t h e  monomers of j t hen  i n t e r a c t  w i th  i )  i ( S )  
( I X ) ( a ) )  t o  y i e l d  i j S  and ii) with i t o  y i e l d  i j  e n t i t i e s .  I f  t h e  
v a r i o u s  molar i n t e r a c t i o n  e n e r g i e s ,  A ,  a r e  a s  

Ai j a )  i-i + j2.-> (i-i)---j2;  

then  HE f o r  t h i s  mixture  should be  expressed ( r e f .  25 )  by 

H E = ( X . X  1 J  .B/(xi+x J . B )  ) [ A  j+ii j+KxiAj j+KxiAii+KxiAiS+K'x J .AiS +KkjA12 1 

( 1 2 )  

3 3  where B = ( gh / Ti 1 .  F u r t h e r  i f  A i j  = K A i s j  = Ao;  

KIAis = K A j  = KAii = KA12 = A1, and A = 0 
i j  

t hen  e q u a t i o n  1 2  reduces t o  

( 1 3 )  H E = ( x . x . B / ( x  + X  B ) r ( l + x . ) A o  + (1+2xi)A1] 
1 - J  i j J 

Equat ion 1 3  c o n t a i n s  on ly  two unknowns ( L a n d  A ,  1 and i f  HE d a t a  a t  two 
compositions a r e  a v a i l a b l e  then  it should b e  p o s s i b l e  t o  p r e d i c t  H E  
d a t a  of t h i s  mixture  o v e r  t h e  e n t i r e  composi t ion range. This  was 
indeed found ( r e f .  25) t o  be t h e  c a s e .  The p resen t  a n a l y s i s  t h u s  has  
a l s o  r evea led  ( r e f .  2 5 )  t h a t  exchange p r o c e s s  a l s o  p l a y s  an important  
r o l e  i n  t h e  mixing p rocess  i n  i ( S ) + F D ( o r  DMF o r  An o r  OT)  mixtures .  

Topological  approach t h u s  p rov ides  an a l t e r n a t i v e  view p o i n t  of 
molecular i n t e r a c t i o n s  i n  b i n a r y  l i q u i d  mixtures  of n o n - e l e c t r o l y t e s .  
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