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Transference Number Measurements in Acetonitrile as Solvent

by Charles H . Springer,1 J. F . C oetzee,2

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  P i t t s b u r g h ,  P i t t s b u r g h ,  P e n n s y l v a n i a  1 5 2 1 3

and R . L . K ay

M e l l o n  I n s t i t u t e ,  C a r n e g i e - M e l l o n  U n i v e r s i t y ,  P i t t s b u r g h ,  P e n n s y l v a n i a  1 5 2 1 3  ( R e c e i v e d  S e p t e m b e r  2 3 ,  1 9 6 8 )

The transference number of tétraméthylammonium ion in tétraméthylammonium perchlorate has been 
determined in anhydrous acetonitrile as solvent using a rising boundary sheared cell with tetraphenylarsonium 
perchlorate as indicator and with electrical monitoring of the boundary. A scale of single-ion conductivities 
based on the limiting value of this transference number (0.4768 =b 0.0002) differs by 0.35 conductivity unit 
from a scale based on the assumption that tetraisoamylammonium and tetraisoamylboride ions have equal 
mobilities.

Introduction

R e l i a b l e  v a l u e s  o f  s i n g l e - i o n  c o n d u c t i v i t i e s  a r e  u s e f u l  

f o r  a  v a r i e t y  o f  p u r p o s e s ,  a m o n g  t h e m  t h e  i n v e s t i g a t i o n  

o f  i o n - s o l v e n t  i n t e r a c t i o n s .  T h e  s p l i t  o f  e l e c t r o l y t e  

c o n d u c t i v i t i e s  i n t o  t h e  i o n i c  c o m p o n e n t s  i d e a l l y  r e q u i r e s  

t r a n s f e r e n c e  n u m b e r s ,  t h e  a c c u r a t e  m e a s u r e m e n t  o f  

w h i c h  p r e s e n t s  s e r i o u s  e x p e r i m e n t a l  p r o b l e m s  i n  m a n y  

n o n a q u e o u s  s o l v e n t s .  T r a n s f e r e n c e  n u m b e r s  o f  h i g h  

a c c u r a c y  h a v e  b e e n  d e t e r m i n e d  i n  f e w  a n h y d r o u s  

s o l v e n t s ,  w i t h  n i t r o m e t h a n e 3 a s  t h e  o n l y  e x a m p l e  o f  

t h e  i m p o r t a n t  c l a s s  o f  d i p o l a r  a p r o t i c  s o l v e n t s .  F o r  

s e v e r a l  o t h e r  s o l v e n t s ,  i n c l u d i n g  a c e t o n i t r i l e ,4 p r o v i 

s i o n a l  s c a l e s  o f  s i n g l e - i o n  c o n d u c t i v i t i e s  h a v e  b e e n  

b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  c o n s t i t u e n t  i o n s  o f  

c e r t a i n  r e f e r e n c e  e l e c t r o l y t e s ,  s u c h  a s  t e t r a i s o a m y l 

a m m o n i u m  t e t r a i s o a m y l b o r i d e ,  h a v e  e q u a l  m o b i l i t i e s .  

H o w e v e r ,  t h e  u n a m b i g u o u s  e v a l u a t i o n  o f  t h e  v a l i d i t y  

o f  s u c h  s c a l e s  s t i l l  r e q u i r e s  t h e  d i r e c t  m e a s u r e m e n t  o f  

t r a n s f e r e n c e  n u m b e r s .  W e  n o w  r e p o r t  t h e  r e s u l t s  o f  

s u c h  m e a s u r e m e n t s  i n  a c e t o n i t r i l e ,  w h i c h  i n d i c a t e  t h a t  

t h e  e r r o r  i n  t h e  t e n t a t i v e  s c a l e  b a s e d  o n  t h e  c o n d u c t i v i t y  

o f  t e t r a i s o a m y l a m m o n i u m  t e t r a i s o a m y l b o r i d e  a m o u n t s  

t o  0 . 3 5  c o n d u c t i v i t y  u n i t .

Experim ental Section

T r a n s f e r e n c e  n u m b e r  m e a s u r e m e n t s  w e r e  c a r r i e d  

o u t  u s i n g  a  m o v i n g  b o u n d a r y  m e t h o d  w i t h  e l e c t r i c a l

m o n i t o r i n g  o f  t h e  b o u n d a r y ,  a s  d e v e l o p e d  b y  K a y ,  

V i d u l i c h ,  a n d  F r a t i e l l o .8 A  c o m p l e t e  d e s c r i p t i o n  o f  t h e  

a p p a r a t u s  c a n  b e  f o u n d  i n  r e f  5  a n d  c a n  b e  c o m p a r e d  t o  

a  s i m i l a r  m e t h o d  d e s c r i b e d  b y  L o r i m e r ,  G r a h a m ,  a n d  

G o r d o n .6
A  r i s i n g  b o u n d a r y  s h e a r e d  c e l l  w i t h  a  c a d m i u m  a n o d e  

a n d  a  s i l v e r - s i l v e r  c h l o r i d e  c a t h o d e  w a s  e m p l o y e d  t o  

m e a s u r e  t h e  t r a n s f e r e n c e  n u m b e r  o f  t h e  t é t r a m é t h y l 

a m m o n i u m  i o n  c o n s t i t u e n t  i n  t é t r a m é t h y l a m m o n i u m  

p e r c h l o r a t e .  A  s t o p c o c k  w a s  u s e d  t o  f o r m  t h e  b o u n d 

a r y .  T e t r a p h e n y l a r s o n i u m  p e r c h l o r a t e  s e r v e d  a s  i n 

d i c a t o r .  M e a s u r e m e n t s  h a d  t o  b e  r e s t r i c t e d  t o  t é t r a 

m é t h y l a m m o n i u m  i o n  s i n c e  n o  o t h e r  s y s t e m  c o u l d  b e  

f o u n d  a m o n g  1 7  t r i e d 1 t h a t  g a v e  r e p r o d u c i b l e  r e s u l t s .

T h e  c e l l  w a s  c a l i b r a t e d  a t  2 5 °  u s i n g  a q u e o u s  s o l u t i o n s  

o f  p o t a s s i u m  c h l o r i d e  f o r  w h i c h  t h e  t r a n s f e r e n c e  n u m 

b e r s  a r e  k n o w n .7 A f t e r  e a c h  r u n  t h e  c e l l  w a s  c l e a n e d

(1) F ro m  th e  P l i.D .  thes is  o f  th is  a u th o r , U n iv e rs ity  o f  P itts b u rg h , 
1968.
(2) Please address a ll  correspondence  to  th is  a u th o r.
(3) R . L .  K a y , S. C . B lu m , and  H . I .  S ch iff, J .  P h y s .  C h e m . ,  67, 
1223 (1963).
(4) J. F . C oetzee and  G . P . C u n n in g h a m , J .  A m e r .  C h e m .  S o c . ,  

87, 2529 (1965).
(5) R . L . K a y ,  G . A . V id u lic h , a nd  A . F ra t ie llo ,  J .  C h e m .  I n s t r . ,  
in  press.
(6) J . W . L o r im e r, J . R . G ra h a m , and  A . R . G o rd o n , J .  A m e r .  C h e m .  

S o c . ,  79, 2347 (1957).
(7) L .  G . L on g s  w o r th , i b i d . ,  54, 2741 (1932).
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w i t h  a c i d  d i c h r o m a t e  s o l u t i o n  a n d  r i n s e d  t h o r o u g h l y  

w i t h  d i s t i l l e d  a n d  t h e n  c o n d u c t i v i t y  w a t e r .  F i n a l l y ,  

t h e  c e l l  w a s  f i l l e d  w i t h  c o n d u c t i v i t y  w a t e r  a n d  a l l o w e d  

t o  s t a n d  t o  l e a c h  o u t  a n y  d i c h r o m a t e  t h a t  m i g h t  s t i l l  

b e  p r e s e n t .  B e f o r e  a  r u n  w a s  m a d e ,  t h e  c e l l  w a s  d r i e d  

b y  p a s s i n g  d r y  f i l t e r e d  a i r  t h r o u g h  i t .  B e f o r e  r u n s  

w e r e  m a d e  w i t h  a c e t o n i t r i l e ,  t h e  c e l l  w a s  f i l l e d  w i t h  d r y  

s o l v e n t  a n d  a l l o w e d  t o  s t a n d  o v e r n i g h t .

A l l  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  i n  a  c o n s t a n t -  

t e m p e r a t u r e  o i l  b a t h  m a i n t a i n e d  a t  2 5  = t  0 . 0 0 2 °  b y  

m e a n s  o f  a  m e r c u r y - i n - g l a s s  t h e r m o r e g u l a t o r .  T h e  

a b s o l u t e  t e m p e r a t u r e  w a s  d e t e r m i n e d  w i t h  a  c a l i b r a t e d  

r e s i s t a n c e  t h e r m o m e t e r  a n d  a  M u e l l e r  b r i d g e .

A l l  s o l u t i o n s  w e r e  p r e p a r e d  b y  w e i g h t ,  v a c u u m  

c o r r e c t e d ,  a n d  c o n c e n t r a t i o n s  w e r e  c o n v e r t e d  t o  a  v o l 

u m e  b a s i s  b y  m e a n s  o f  s o l u t i o n  d e n s i t i e s  d e t e r m i n e d  

f r o m  t h e  f o l l o w i n g  r e l a t i o n s h i p :  d =  do +  A m  w h e r e  

d0 i s  t h e  d e n s i t y  o f  t h e  p u r e  s o l v e n t  a n d  fn i s  t h e  c o n 

c e n t r a t i o n  e x p r e s s e d  i n  m o l e s  o f  s o l u t e  p e r  k i l o g r a m  o f  

s o l u t i o n .  T h e  p a r a m e t e r  A  w a s  d e t e r m i n e d  f r o m  t h e  

r e s u l t s  o f  a  n u m b e r  o f  d e n s i t y  m e a s u r e m e n t s .

C o n d u c t i v i t y  w a t e r  w a s  p r e p a r e d  b y  p a s s i n g  d i s t i l l e d  

w a t e r  f i r s t  t h r o u g h  a  c o m m e r c i a l  i o n  e x c h a n g e r  a n d  

t h e n  t h r o u g h  a  1 .2 - m  c o l u m n  o f  m i x e d - b e d  i o n  e x c h a n g e  

r e s i n .  C o n d u c t i v i t y  w a t e r  w a s  c o l l e c t e d  f r o m  t h e  

c o l u m n  o n l y  a f t e r  a  t h o r o u g h  r i n s i n g  o f  t h e  r e s i n .  I n  

t h i s  w a y  w a t e r  w i t h  a  c o n d u c t i v i t y  o f  1 -2  X  10” 7 o h m “ 1 
c m “ 1 w a s  o b t a i n e d .

T e c h n i c a l  g r a d e  ( M a t h e s o n )  a c e t o n i t r i l e  w a s  p u r i f i e d  

b y  t h e  p r o c e d u r e  d e s c r i b e d  b e f o r e 8 w i t h  t h e  a d d i t i o n  o f  

a  f i n a l  f r a c t i o n a l  d i s t i l l a t i o n  u n d e r  n i t r o g e n  f r o m  c a l c i u m  

h y d r i d e  t h r o u g h  a  1 .22 - m  v a c u u m - j a c k e t e d  S t e d m a n  

c o l u m n .  T h e  s o l v e n t  w a s  s t o r e d  u n d e r  n i t r o g e n  a n d  

h a d  t h e  f o l l o w i n g  p r o p e r t i e s :  d e n s i t y ,  0 . 7 7 6 6 3  g  m l “ 1; 

v i s c o s i t y ,  3 . 4 0 9  m p ;9 d i e l e c t r i c  c o n s t a n t ,  3 5 . 9 5 ;9 c o n 

d u c t i v i t y ,  1 - 2  X  1 0 “ 8 o h m “ 1 c m ” 1 ; w a t e r  c o n t e n t ,  

l e s s  t h a n  1 m l  a s  d e t e r m i n e d  b y  K a r l  F i s c h e r  t i t r a 

t i o n .

T é t r a m é t h y l a m m o n i u m  p e r c h l o r a t e  w a s  p r e c i p i t a t e d  

b y  a d d i n g  s l o w l y  a n  a q u e o u s  s o l u t i o n  o f  t é t r a m é t h y l 

a m m o n i u m  c h l o r i d e  t o  a n  a q u e o u s  s o l u t i o n  o f  s o d i u m  

p e r c h l o r a t e .  T h e  s a l t  w a s  r e c r y s t a l l i z e d  f o u r  t i m e s  

f r o m  h o t  w a t e r  a n d  d r i e d  f o r  2 4  h r  in vacuo a t  7 0 ° .

T e t r a p h e n y l a r s o n i u m  p e r c h l o r a t e  w a s  p r e c i p i t a t e d  

b y  m i x i n g  e q u i v a l e n t  a m o u n t s  o f  a q u e o u s  s o l u t i o n s  o f  

t e t r a p h e n y l a r s o n i u m  c h l o r i d e  a n d  s o d i u m  p e r c h l o r a t e  

a n d  w a s  r e c r y s t a l l i z e d  f r o m  h o t  a c e t o n i t r i l e .  B e c a u s e  

o f  t h e  l o w  y i e l d  o f  t h i s  p r o c e s s ,  t e t r a p h e n y l a r s o n i u m  

c h l o r i d e  f i r s t  w a s  r e c r y s t a l l i z e d  b y  a d d i n g  a n h y d r o u s  

e t h e r  t o  i t s  s o l u t i o n  i n  a c e t o n i t r i l e .  I n  o r d e r  t o  r e m o v e  

h y d r o g e n  c h l o r i d e ,  w h i c h  w a s  a n  i m p u r i t y  i n  s o m e  

s a m p l e s ,  a n d  w h i c h  f o r m s  a  s t a b l e  a d d u c t  w i t h  t e t r a 

p h e n y l a r s o n i u m  c h l o r i d e ,  b a s i c  a l u m i n a  ( B r o c k m a n  

A c t i v i t y  1 ,  8 0 - 2 0 0  m e s h )  w a s  a d d e d  t o  a  s o l u t i o n  o f  t h e  

s a l t  i n  a c e t o n i t r i l e .  A f t e r  s h a k i n g  o v e r n i g h t ,  t h e  m i x 

t u r e  w a s  f i l t e r e d  a n d  t h e  s a l t  r e g a i n e d  b y  a d d i n g  a n h y 

d r o u s  e t h e r .

Results

T h e  t r a n s f e r e n c e  n u m b e r  o f  t h e  t é t r a m é t h y l a m 

m o n i u m  i o n  c o n s t i t u e n t  o f  t é t r a m é t h y l a m m o n i u m  

p e r c h l o r a t e  w a s  m e a s u r e d  o v e r  t h e  c o n c e n t r a t i o n  r a n g e

6 . 2 5  X  1 0 “ 4 t o  1 . 2 5  X  1 0  ” M. T h e  t r a n s f e r e n c e  n u m 

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

s o l u t i o n  ( i n d i c a t o r )  c o n c e n t r a t i o n ,  p r o v i d e d  t h e  l a t t e r  

w a s  a b o v e  t h e  l i m i t i n g  K o h l r a u s c h  v a l u e  g i v e n  b y  t h e  

r e l a t i o n s h i p :  T f i / C A  =  Tf/Cf, w h e r e  T i s  t h e  t r a n s 

f e r e n c e  n u m b e r ,  C  i s  t h e  c o n c e n t r a t i o n  i n  m o l e s  p e r  

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

f o l l o w i n g  s o l u t i o n ,  r e s p e c t i v e l y .

N o  v o l u m e  c o r r e c t i o n  w a s  a p p l i e d  b e c a u s e  t h e  d e t a i l s  

o f  t h e  e l e c t r o d e  r e a c t i o n  a r e  n o t  k n o w n  s u f f i c i e n t l y  w e l l .  

T h i s  o m i s s i o n  p r o b a b l y  i s  u n i m p o r t a n t  s i n c e  t h e  v o l u m e  

c o r r e c t i o n  s h o u l d  b e  n e g l i g i b l e  a t  a l l  b u t  t h e  h i g h e s t  

c o n c e n t r a t i o n s .  A s  h a s  b e e n  t h e  c a s e  i n  o t h e r  t r a n s 

f e r e n c e  n u m b e r  s t u d i e s ,  b o t h  i n  a q u e o u s 7 a n d  i n  n o n -  

a q u e o u s  s o l u t i o n s ,10’11 i n t e r n a l  c o n s i s t e n c y  o f  t h e  d a t a  

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

t h e  c o n d u c t i v i t y  o f  t h e  p u r e  s o l v e n t ,  p o s s i b l y  b e c a u s e  o f  

c o n t a m i n a t i o n  d u r i n g  h a n d l i n g  o r  e l e c t r o l y s i s  o f  t r a c e s  

o f  w a t e r .  T h e  p r o p e r  c o r r e c t i o n  w a s  t a k e n  t o  b e  t h a t  

( s i n g l e )  v a l u e  w h i c h  p r o d u c e d  o p t i m u m  c o n s t a n c y  o f  

t h e  l i m i t i n g  v a l u e  o f  t h e  t r a n s f e r e n c e  n u m b e r  c a l c u l a t e d  

a s  d e s c r i b e d  b e l o w  f r o m  t h e  i n d i v i d u a l  t r a n s f e r e n c e  

n u m b e r s  m e a s u r e d  o v e r  t h e  e n t i r e  c o n c e n t r a t i o n  r a n g e .  

A  s o l v e n t  c o r r e c t i o n  o f  1 . 6  X  I Q “ 7 o h m “ 1 c m .” 1 w a s  

a p p l i e d ,  w h i c h  a m o u n t e d  t o  a  m a x i m u m  c o r r e c t i o n  o f

0 . 1 5 % .  T a b l e  I  c o n t a i n s  t h e  c o r r e c t e d  d a t a  a v e r a g e d  

f o r  e a c h  c o n c e n t r a t i o n ;  a t  l e a s t  t h r e e  r u n s  w e r e  m a d e  

a t  e a c h  c o n c e n t r a t i o n .  T h e  t h i r d  c o l u m n  c o n t a i n s  t h e  

a v e r a g e  d e v i a t i o n .

S i n c e  t h e  t r a n s f e r e n c e  n u m b e r  i s  n o t  a  l i n e a r  f u n c t i o n  

o f  c o n c e n t r a t i o n ,  e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u t i o n  d o e s  

n o t  a l w a y s  g i v e  a n  u n a m b i g u o u s  r e s u l t .  F o l l o w i n g  a  

s u g g e s t i o n  o f  L o n g s w o r t h ,7 a  l i m i t i n g  v a l u e  o f  t h e  t r a n s 

f e r e n c e  n u m b e r  w a s  c a l c u l a t e d  f r o m  t h e  m e a s u r e d  

v a l u e  a t  e a c h  c o n c e n t r a t i o n  u s i n g  t h e  e q u a t i o n 12

T 0+ =  T+  +
( 0 . 5 T+)

( 1 )

w h e r e  A e i s  t h e  e l e c t r o p h o r e t i c  c o n t r i b u t i o n  t o  t h e  

c o n d u c t i v i t y .  I n  t h e  l i m i t i n g  O n s a g e r  e q u a t i o n ,  t h e  

e l e c t r o p h o r e t i c  t e r m  i s  g i v e n  b y

A e =  @C1 12 ( 2 )

w h e r e a s  c o n s i d e r a t i o n  o f  t h e  f i n i t e  s i z e  o f  t h e  i o n s  l e a d s

(8) J. F . Coetzee, G . P . C u n n in g h a m , D . K .  M c G u ire , a n d  G . R . 
P a d m a n a b h a n , A n a l .  C h e m . ,  34, 1139 (1962).
(9) G . P. C u n n in g h a m , G . A . V id u lic h , and  R . L . K a y , J .  C h e m .  
E n g .  D a t a ,  12, 336 (1967).
(10) A . F ra t ie llo ,  P h .D . Thesis , B ro w n  U n iv e rs ity ,  1962.
(11) G . A . V id u lic h , P h .D . Thesis , B ro w n  U n iv e rs ity ,  1964.
(12) R . L .  K a y  a n d  J . L .  D y e , P r o c .  N a t .  A c a d .  S c i .  U .  S . ,  49, 5 
(1963).
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Figure 1. A plot of To + as given by eq 1 as a function of 
concentration for Me4NC104 in acetonitrile: #  electrophoretic
effect from limiting law, eq 2; O electrophoretic effect 
from extended Fuoss-Onsager eq 3 with â  = 8.

t o  t h e  e x p r e s s i o n

A e =  +  K & )  ( 3 )

T h e  v a l u e s  o f  A 0, /3, k, a n d  â u s e d  w e r e  1 9 8 . 2 ,  2 3 3 . 5 ,  

0 . 4 8 5 8 C 1/2, a n d  8 , r e s p e c t i v e l y .  V a l u e s  o f  T 0+ w e r e  

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

e f f e c t ,  a n d  w e r e  p l o t t e d  a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  

a s  s h o w n  i n  F i g u r e  1 .  B o t h  e x p r e s s i o n s  l e a d  t o  t h e  

s a m e  l i m i t i n g  v a l u e  o f  0 . 4 7 6 8 .  A d d i t i o n  o f  s m a l l  

a m o u n t s  o f  w a t e r  ( l e s s  t h a n  0 . 0 1  M ) h a d  n o  m e a s u r a b l e  

e f f e c t  o n  t h e  t r a n s f e r e n c e  n u m b e r .  W e  e s t i m a t e  t h a t  

t h e  a b o v e  v a l u e  i s  a c c u r a t e  t o  1 p a r t  i n  2000 .

I n  o r d e r  t o  c o n s t r u c t  a  s c a l e  o f  s i n g l e  i o n  m o b i l i t i e s ,  

c o n d u c t a n c e  m e a s u r e m e n t s  w e r e  m a d e  w i t h  t é t r a 

m é t h y l a m m o n i u m  a n d  t e t r a p h e n y l a r s o n i u m  p e r c h l o 

r a t e s .  T h e  m e a s u r e d  e q u i v a l e n t  c o n d u c t i v i t i e s  i n  

o h m -1 c m -2  m o l -1  a t  v a r i o u s  m o l a r  c o n c e n t r a t i o n s  

a r e  g i v e n  i n  T a b l e  I I  a l o n g  w i t h  t h e  c o n d u c t i v i t y  k0 o f  

t h e  p u r e  s o l v e n t  a n d  t h e  v a l u e  o f  A  u s e d  t o  c a l c u l a t e  

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

T h e  d a t a  w e r e  a n a l y z e d  i n  t e r m s  o f  t h e  F u o s s - O n s a g e r  

t h e o r y ,13 a c c o r d i n g  t o  w h i c h  t h e  f o l l o w i n g  e x p r e s s i o n  

a p p l i e s  t o  n o n a s s o c i a t e d  e l e c t r o l y t e s

A  =  A 0 -  S C 112 +  E C  l o g  C  +  ( J  -  F A 0) C  ( 4 )  

w h e r e a s  f o r  a s s o c i a t e d  e l e c t r o l y t e s  i t  b e c o m e s  

A  =  A 0 -  S ( C y ) 1!2 +  E C y  l o g  C 'y

+  ( J  —  F A q)  C 'y  -  K AC y A f  ( 5 )

Table I: Summary of Corrected Transference Data 
Averaged for Each Concentration

10  < c T + (cor) A v  dev

6.2833 0.4762 0.0003
12.488 0.4759 0.0003
24.950 0.4756 0.0001
49.268 0.4753 0.0002
79.845 0.4749 0.0002

124.80 0.4738 0.0001

Table II: Conductivity of Me4NCIO, 
and Ph4AsC104 in Acetonitrile

------MetNCIO,---------------- . ----------- -----PluAsClO.-------
10*C A 10*C A

©X©1!* -o A  =  0.071 k o  = 1.45 X 10’~8 A  = 0.181

8.7445 185.47 5.4094 151.32
17.0497 180.22 10.9002 148.16
25.2430 176.31 16.5933 145.82
33.6414 173.00 22.3367 143.95
43.6337 169.68 28.0988 142.33
52.0947 167.23 34.0167 140.89
61.3173 164.87 40.1667 139.56

'----- K q  ==1.63 ------so =1.47

8.0006 186.07 5.2285 151.51
16.7803 180.40 10.4746 148.45
25.8105 176.13 15.9201 146.15
33.3053 173.20 21.3818 144.31
41.5158 170.44 26.9427 142.72
49.2200 168.15 32.7438 141.26
56.2015 166.23 38.5493 139.98

I n  e q  5 ,  K A i s  t h e  a s s o c i a t i o n  c o n s t a n t  a n d  a l l  o t h e r  

s y m b o l s  h a v e  t h e i r  u s u a l  m e a n i n g .13 T h e  l e a s t - s q u a r e s  

c o m p u t e r  p r o g r a m s  u s e d  f o r  t h e  a n a l y s e s  h a v e  b e e n  

d e s c r i b e d  e l s e w h e r e .14-16 A l t h o u g h  t h e  e q u a t i o n s  i n 

c l u d e  t h e  v i s c o s i t y  c o r r e c t i o n  F A 0 n o n e  w a s  a p p l i e d  

b e c a u s e  i t  i s  n o t  c l e a r  w h a t  v a l u e  t o  u s e  f o r  F. I n  a n y  

c a s e ,  t h e  v i s c o s i t y  c o r r e c t i o n  a f f e c t s  n e i t h e r  A 0 n o r  K A 
a n d  o n l y  r e s u l t s  i n  s m a l l  c h a n g e s  i n  J  a n d  t h e  i o n  s i z e  

p a r a m e t e r  a w h i c h  i s  c o n t a i n e d  i n  J .
T h e  p a r a m e t e r s  o b t a i n e d  f r o m  a n  a n a l y s i s  o f  t h e  

c o n d u c t a n c e  d a t a  u s i n g  b o t h  e q  4  a n d  5  a r e  g i v e n  i n  

T a b l e  I I I .  T h e  s t a n d a r d  d e v i a t i o n s  f o r  e a c h  p a r a m e t e r  

h a v e  b e e n  i n c l u d e d  a l o n g  w i t h  t h e  s t a n d a r d  d e v i a t i o n  

crA  f o r  t h e  i n d i v i d u a l  c o n d u c t i v i t y  v a l u e s .  O n l y  t h e  13 14 15 16

Table III: Conductance Parameters for Me,NC10, 
and PhiAsClOi in Acetonitrile

Salt. Ao â K A crA

Me4NC104 197.58 ±  0.12 2.11 ± 0 .0 4 0.10
198.16 ±0.007 3.13 ±  0.03 7.0 ± 0 .2 0.01
197.64 ±0 .11 2.11 ±  0.04 0.09
198.14 ± 0 .0 2 3.1 ± 0 .1 6.5 ± 0 .6 0.05

Ph4AsC104 159.52 ± 0 .0 6 4.51 ± 0 .0 5 0.05
159.58 ± 0 .0 5 4.55 ± 0 .0 5 0.04

(13) R . M . Fuoss and  F . A ccasc ina , “ E le c t ro ly t ic  C o n d u c ta n c e ,”  
In te rs c ie n c e  P u b lish e rs , In c ., N ew  Y o rk , N . Y .,  1959.
(14) R . L .  K a y , J .  A m e r .  C h e m .  S o c . ,  82, 2099 (1960).
(15) J. L . H aw es and  R . L . K a y , J .  P h y s .  C h e m . ,  6 9 ,  2420 (1965).
(16) G . P. C u n n in g h a m , P h .D . Thesis, U n iv e rs ity  o f  P itts b u rg h , 
1964.
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Table IV : Limiting Equivalent Conductivities of Selected Salts in Acetonitrile at 25°

S a lt Ao Ref S a lt Ao Ref

MetNBr 195.2 17 LiClOi 173.0 20,21
EtiNBr 185.5 18 KC104 187.5 2 0
Pr4NBr 171.0 17 NaC104 180.4 2 0
BuiNBr 162.1 17 Bu4NC104 165.1 4
(i-AmiäBuNBr 158.5 18 (i-Am) 4NC104 160.6 4
(¿-Am) 4NBr 157.4 18 Ph4AsC104 159.5 0
Ph4AsBr 156.6 18 CsBPh4 145.4 2 0
Me4NI 196.7 17 RbBPh4 143.8 2 0
Pr4NI 172.9 17 KBPh4 141.8 2 0
(EtOH)4NI 166.0 19 NaBPh4 135.4 2 0
Bu4NI 164.0 17 (EtOH)4NBPh4 122.3 19
Ph4AsI 158.1 18 Bu4NBPh4 119.7 4
Me4NC104 198.2 a (i-Am)4NBPh4 115.0 4
CsC104 191.0 2 0 Me4NPi 171.8 17
RbC104 189.5 2 0 Bu4NPi 139.4 17

(i-Am4)NB(i~Am) 4 114.5 4

This investigation.

p a r a m e t e r s  o b t a i n e d  f r o m  e q  4  a r e  g i v e n  f o r  t e t r a p h e n y l -  

a r s o n i u m  p e r c h l o r a t e ,  s i n c e  e q  5  g a v e  s m a l l  n e g a t i v e  

a s s o c i a t i o n  c o n s t a n t s  i n d i c a t i n g  t h a t  n o  s i g n i f i c a n t  

a s s o c i a t i o n  o c c u r s .

F r o m  o u r  d a t a  f o r  t é t r a m é t h y l a m m o n i u m  p e r 

c h l o r a t e  (Ao =  1 9 8 . 2  a n d  T 0+ =  0 . 4 7 6 8 )  i t  f o l l o w s  t h a t  

X0( M e 4N + )  =  9 4 . 5  a n d  X o ( C l O r )  =  1 0 3 . 7 .

A  s e l e c t e d  l i s t  o f  A 0 v a l u e s  f o r  a  v a r i e t y  o f  s a l t s 4,17“ 21 
i s  g i v e n  i n  T a b l e  I V .  A l l  d a t a  w e r e  a n a l y z e d  i n  t e r m s  

o f  e q  4  a n d  5 .  F r o m  t h e s e  n u m b e r s  t h e  l i s t  o f  b e s t  

v a l u e s  o f  s i n g l e - i o n  c o n d u c t i v i t i e s  g i v e n  i n  T a b l e  V  w a s  

c o n s t r u c t e d ,  b a s e d  o n  t h e  a b o v e  v a l u e s  f o r  t é t r a m é t h y l 

a m m o n i u m  a n d  p e r c h l o r a t e  i o n s .  T h e  u n c e r t a i n t y  i n  a  

g i v e n  Xo v a l u e  g e n e r a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  n u m 

b e r  o f  A o  v a l u e s  r e q u i r e d  f o r  i t s  d e r i v a t i o n .  I n  T a b l e  V  

e n t r i e s  a r e  i n  o r d e r  o f  d e c r e a s i n g  e s t i m a t e d  r e l i a b i l i t y .

D i s c u s s i o n

Applicability of the Reference Electrolyte Tetraisoamyl- 
ammonium Tetraisoamylboride. I t  i s  p a r t i c u l a r l y  i n t e r 

e s t i n g  t o  c o m p a r e  t h e  c o n d u c t i v i t i e s  o f  t h e  i o n s  o f  t h e  

a b o v e  r e f e r e n c e  e l e c t r o l y t e .  C o e t z e e  a n d  C u n n i n g h a m 4 
h a v e  b a s e d  a  s c a l e  o f  s i n g l e  i o n  c o n d u c t i v i t i e s  o n  t h e  

a s s u m p t i o n  t h a t  ( f - A m ) 4N +  a n d  ( f - A i n ) 4B _  h a v e  e q u a l  

m o b i l i t i e s ,  b e c a u s e  t h e s e  i o n s  h a v e  v i r t u a l l y  t h e  s a m e  

s i z e ,  a n d  f u r t h e r m o r e ,  s o l v a t i o n  e f f e c t s  s h o u l d  b e  s m a l l  

s i n c e  t h e  i o n s  a r e  l a r g e  a n d  s y m m e t r i c a l  a n d  n o t  v e r y  

p o l a r i z a b l e ,  a n d  t h e  s i n g l e  c h a r g e  i s  r e a s o n a b l y  w e l l  

s h i e l d e d .  H o w e v e r ,  t h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i 

g a t i o n  i n d i c a t e  t h a t  t h e  m o b i l i t y  o f  t h e  c a t i o n  i s  1 .2 %  

s m a l l e r  t h a n  t h a t  o f  t h e  a n i o n .  W e  h a v e  c o m m e n t e d  

before22 on d i f f e r e n c e s  i n  t h e  i n t e r a c t i o n  o f  a c e t o n i t r i l e  

w i t h  c a t i o n s  a n d  a n i o n s .  R e c e n t l y ,  P o p l e  a n d  G o r d o n 23 
h a v e  c a r r i e d  o u t  a n  a p p r o x i m a t e  m o l e c u l a r  o r b i t a l  

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

m o l e c u l e ,  w i t h  t h e  f o l l o w i n g  r e s u l t s  ( e x p r e s s e d  i n  10“ s

e l e c t r o n  u n i t )

H

24 -159
H — C — C = N

+87

H
+32

Table V : Limiting Equivalent Conductivities of Single Ions 
in Acetonitrile at 25° in Order of Decreasing 
Estimated Beliability

Cation Ao + Anion Xo~

Me4N+ 94.5 c i o r 103.7
Bu4N+ 61.4 Br“ 100.7
(¿-Am)4N+ 56.9 I- 102.4
Ph4As+ 55.8 Ph4B" 58.3
Cs+ 87.3 (¿-Am) 4B- 57.6
Rb+ S5.6 Pi“ 77.7
K+ 83.6
Na+ 76.9
(EtOH)4N+ 64.0
Et4N+ 84.8
Pr4N+ 70.3
Li+ 69.3
(¿-Am) 3BuN+ 57.8

(17) D . F . E va n s , C. Z a w o ysk i, a nd  R. L . K a y , J .  P h y s .  C h e m . ,  

6 9 ,  3878 (1965).
(18) R . L . K a y , u n p u b lis h e d  da ta .
(19) G. P . C u n n in g h a m , D . F . E va n s , and  R . L . K a y , J. P h y s .  
C h e m . ,  70, 3998 (1966).
(20) R . L .  K a y , B . J . H ales, a nd  G . P . C u n n in g h a m , i b i d . ,  71, 
3925 (1967).
(21) F . A ccasc ina , R e c .  S e i .  R e n d . ,  7 , 556 (1963).
(22) J . F . Coetzee a n d  J. J . C am p ion , J .  A m e r .  C h e m .  S o c . ,  8 9 ,  
2517 (1967).
(23) J . A . P op le  a nd  M . G o rd o n , i b i d . ,  89, 4253 (1967).
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A l t h o u g h  t h i s  c h a r g e  d i s t r i b u t i o n  a c c o u n t s  o n l y  a p 

p r o x i m a t e l y  f o r  t h e  m e a s u r e d  d i p o l e  m o m e n t  o f  a c e t o 

n i t r i l e ,  i t  n e v e r t h e l e s s  i s  c l e a r  t h a t  s i n c e  c o n s i d e r a b l e  

d e l o c a l i z a t i o n  o f  p o s i t i v e  c h a r g e  o c c u r s ,  t h e  i o n - d i p o l e  

i n t e r a c t i o n  o f  a n  a n i o n  w i t h  a c e t o n i t r i l e  w i l l  b e  m o r e  

d i f f u s e  a n d  l e s s  e n e r g e t i c  t h a n  t h a t  o f  a  c a t i o n  o f  e q u a l  

s i z e ,  n u m e r i c a l  c h a r g e ,  a n d  p o l a r i z a b i l i t y .  H o w e v e r ,  

r o u g h  c a l c u l a t i o n s  i n d i c a t e  t h a t  e v e n  f o r  a  c a t i o n ,  w h e n  

i t  i s  a s  l a r g e  a s  ( f - A m ) 4N + , t h e  i n t e r a c t i o n  w i t h  a c e t o 

n i t r i l e  p r o b a b l y  i s  t o o  s m a l l  t o  c o m p e t e  w i t h  s o l v e n t -  

s o l v e n t  i n t e r a c t i o n s .24'26 C o n s e q u e n t l y ,  i t  p r o b a b l y  

w o u l d  n o t  b e  r e a l i s t i c  t o  i n v o k e  d i f f e r e n c e s  i n  s o l v a t i o n  

i n  o r d e r  t o  r a t i o n a l i z e  t h e  d i f f e r e n c e  i n  m o b i l i t i e s  o f  t h e s e  

i o n s .  H o w e v e r ,  i t  i s  l i k e l y  t h a t  t h e  t w o  i o n s  a r e  

u n e q u a l l y  “ w e t t e d ”  b y  a c e t o n i t r i l e .  I t  w a s  p o i n t e d  

o u t  b y  L a m b 26 t h a t  t h e  c o e f f i c i e n t  6tt i n  t h e  S t o k e s  

e q u a t i o n  r e s u l t s  f r o m  t h e  a s s u m p t i o n  t h a t  t h e  m e d i u m  

w e t s  t h e  m o v i n g  p a r t i c l e .  I f  t h e  p a r t i c l e  i s  n o t  w e t t e d  

b u t  s l i p s  t h r o u g h  t h e  m e d i u m ,  t h e  c o e f f i c i e n t  b e c o m e s  

4 ? r . O n e  c o u l d  s p e c u l a t e  t h a t  t h e  g r e a t e r  m o b i l i t y  o f  

t h e  a n i o n  r e s u l t s  f r o m  a  s u p e r i o r  a b i l i t y  t o  s l i p  t h r o u g h  

a c e t o n i t r i l e .  I t  s e e m s  e v i d e n t  t h a t  n o  k n o w n  r e f e r e n c e  

e l e c t r o l y t e  c a n  b e  e x p e c t e d  t o  p r o v i d e  h i g h l y  a c c u r a t e  

s p l i t s  o f  c o n d u c t i v i t i e s  i n  a  v a r i e t y  o f  d i s s i m i l a r  

s o l v e n t s .

Applicability of the Conductance Theory. T h e  m e a s 

u r e m e n t  o f  c o n d u c t i v i t i e s  a n d  o f  t h e  c o r r e s p o n d i n g  

t r a n s f e r e n c e  n u m b e r s  a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  

p r o v i d e s  a  m e a n s  o f  e v a l u a t i n g  t h e  t h e o r y  o f  c o n d u c t 

a n c e .  T h e  F u o s s - O n s a g e r  t h e o r y  a t t r i b u t e s  t h e  d e 

c r e a s e  i n  m o b i l i t y  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  t o  t h e  

e l e c t r o p h o r e t i c  a n d  t h e  r e l a x a t i o n  e f f e c t s .  I n  e v a l u a t 

i n g  t h e s e  e f f e c t s  a  h a r d  s p h e r e ,  s o l v e n t  c o n t i n u u m  

m o d e l  h a s  b e e n  u s e d .  A n  e s s e n t i a l  f e a t u r e  o f  t h i s  m o d e l  

i s  t h a t  f o r  s y m m e t r i c a l  e l e c t r o l y t e s  t h e  r e l a x a t i o n  a n d  

e l e c t r o p h o r e t i c  t e r m s  a r e  t h e  s a m e  f o r  b o t h  i o n s .  K a y  

a n d  D y e 12 h a v e  s h o w n  t h a t  a s  a  c o n s e q u e n c e  t h e  t r a n s 

f e r e n c e  n u m b e r  s h o u l d  b e  i n d e p e n d e n t  o f  t h e  r e l a x a t i o n

Figure 2. The electrophoretic effect calculated from eq 6 : 
<t>, data;----- , limiting law;------ , /8 C1/2/ (1 +  k&) ;

Figure 3. The points are a plot of the experimentally 
determined extended terms in the relaxation effect 
as given by eq 8 . The dotted curve 
is a plot of eq 9 for & = 3.

e f f e c t  a n d  s h o u l d  b e  g i v e n  b y  t h e  e x p r e s s i o n

T i = Aid -  Àe* 
Ao Ag

( 6 )

w h e r e  t h e  s u b s c r i p t  e  r e f e r s  t o  t h e  e l e c t r o p h o r e t i c  e f f e c t  

a n d  o t h e r  s y m b o l s  h a v e  t h e i r  u s u a l  m e a n i n g .  F o r  t h e  

s p e c i a l  c a s e  o f  a  s y m m e t r i c a l  e l e c t r o l y t e ,  s i n c e  Ae^" =  

| A e, e q  6 c a n  b e  r e a r r a n g e d  i n t o  e q  1 . A n  e x p e r i m e n t a l  

v a l u e  f o r  t h e  e l e c t r o p h o r e t i c  e f f e c t ,  t h e r e f o r e ,  c a n  b e  

o b t a i n e d  f r o m  a  c o m b i n a t i o n  o f  c o n d u c t i v i t y  a n d  t r a n s 

f e r e n c e  d a t a .

I n  F i g u r e  2  e x p e r i m e n t a l  v a l u e s  o f  t h e  e l e c t r o p h o r e t i c  

e f f e c t  f o r  t é t r a m é t h y l a m m o n i u m  p e r c h l o r a t e  i n  a c e t o 

n i t r i l e  a r e  c o m p a r e d  w i t h  v a l u e s  p r e d i c t e d  b y  t h e  F u o s s -  

O n s a g e r  t h e o r y .  I t  i s  e v i d e n t  t h a t  w h i l e  t h e  l i m i t i n g  

e q u a t i o n  ( 2 )  o v e r e s t i m a t e s  t h e  e l e c t r o p h o r e t i c  e f f e c t ,  

e q  3  w i t h  â =  8 A  g i v e s  g o o d  a g r e e m e n t  w i t h  t h e  

e x p e r i m e n t a l  v a l u e s .  T h u s ,  t h e  t r a n s f e r e n c e  d a t a  a r e  

c o n s i s t e n t  w i t h  a  r e a s o n a b l e  v a l u e  f o r  t h e  i o n  s i z e  

p a r a m e t e r .  T h i s  s h o u l d  b e  c o n t r a s t e d  w i t h  t h e  v a l u e  

o f  3  A  o b t a i n e d  f r o m  t h e  c o n d u c t a n c e  d a t a .  T h i s  

u n r e a s o n a b l y  l o w  v a l u e  m a y  b e  c a u s e d  b y  t h e  e l i m i n a 

t i o n  o f  t h e  v i s c o s i t y  c o r r e c t i o n  F A 0 i n  e q  4  o r  b y  t h e  f a c t  

t h a t  i n  t h e  f i n a l  c o n d u c t a n c e  e q u a t i o n  t h e  e l e c t r o 

p h o r e t i c  e f f e c t  h a s  b e e n  w r i t t e n  i n  a n  e x p a n d e d  f o r m  

o f  w h i c h  o n l y  t w o  t e r m s  h a v e  b e e n  u s e d .  I n  o r d e r  t o  

b e  c o n s i s t e n t  i n  t h e  e l i m i n a t i o n  o f  t e r m s  o f  o r d e r  Cm  o r  

g r e a t e r ,  e q  3  w a s  e x p a n d e d  a n d  u s e d  i n  t h e  f o r m

( 7 )

(24) O n ly  io n -d ip o le  and  d ip o le -d ip o le  in te ra c t io n s  w ere considered, 
since these m a ke  th e  la rg e s t c o n t r ib u t io n  to  th e  to ta l  in te ra c t io n  
ene rg y . F o r  these la rge  ions , q u a d ru p o le , ind u c e d  d ip o le , d ispe rs ion  
and  o th e r  in te ra c tio n s , as tre a te d  in  B u c k in g h a m ’s th e o ry , 25 cou ld  
be ig n o re d , because o f th e ir  h ig h  o rd e r dependence on  d is tance .
(25) A . D . B u c k in g h a m , D i s c u s s i o n s  F a r a d a y  S o c . ,  2 4 .  151 (1957).
(26) H . L a m b , “ H y d ro d y n a m ic s ,”  D o v e r  P u b lis h in g  C o., N e w  
Y o rk ,  N . Y .,  1945, p  602.
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Figure 4. A plot of the ratio of cation to anion conductance 
as given by eq 1 2  for Me.NCIOj in acetonitrile.

T h e  e f f e c t  o f  t h i s  r e d u c t i o n  c a n  b e  s e e n  i n  F i g u r e  2 .  

F o r  a =  8 , t h e  e l e c t r o p h o r e t i c  e f f e c t  c a l c u l a t e d  f r o m  

e q  7  i s  t o o  s m a l l  a t  h i g h  c o n c e n t r a t i o n s  b u t  t h e  l o w e r  

v a l u e  o f  a =  3  g i v e s  v a l u e s  o f  A e t h a t  a r e  h i g h e r  t h a n  t h e  

e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s .  A l s o ,  a n y  r e a s o n 

a b l e  e s t i m a t e  o f  F  w o u l d  r e s u l t  i n  a n  i n c r e a s e  i n  a  o f  0 . 3  

a t  m o s t .  C o n s e q u e n t l y ,  i t  s e e m s  t h a t  t h e  l o w  a v a l u e  

m u s t  b e  a t t r i b u t e d  t o  t h e  a p p r o x i m a t i o n s  u s e d  i n  t h e  

e v a l u a t i o n  o f  t h e  r e l a x a t i o n  e f f e c t .

A  p r o c e d u r e  h a s  b e e n  d e s c r i b e d 12 w h e r e b y  t h e  m e a s 

u r e d  c o n t r i b u t i o n  t o  t h e  c o n d u c t a n c e  f r o m  t h e  r e l a x a 

t i o n  e f f e c t  c a n  b e  c o m p a r e d  w i t h  t h e  t h e o r e t i c a l l y  

p r e d i c t e d  c o n t r i b u t i o n .  B y  i n t r o d u c i n g  t h e  q u a n t i t y

A A r =  A  —  ( A 0 —  A e)  ( 1  —  aC112) ( 8 )

t h e  t e r m s  f o r  t h e  e x p e r i m e n t a l  e l e c t r o p h o r e t i c  e f f e c t  

a n d  t h e  l i m i t i n g  r e l a x a t i o n  e f f e c t  a r e  r e m o v e d  f r o m  t h e  

m e a s u r e d  c o n d u c t a n c e s ,  l e a v i n g  o n l y  t h e  e x t e n d e d  

t e r m s  f o r  t h e  r e l a x a t i o n  e f f e c t ,  a s  w e l l  a s  t h e  a s s o c i a t i o n  

t e r m  w h e n  a p p l i c a b l e .  I n  t h e  F u o s s - O n s a g e r  t h e o r y ,  

A A r f o r  a n  u n a s s o c i a t e d  e l e c t r o l y t e  i s  g i v e n  b y

A A r =  E C  l o g  C  +  J 'C  ( 9 )

w h e r e

J'-  J - ( + § s )  «»>

I f  t h e  e l e c t r o l y t e  i s  a s s o c i a t e d ,  e q  9  b e c o m e s

A A r =  E C y  l o g  Cy  +  J 'C y  -  K AC y A f  ( 1 1 )

E x p e r i m e n t a l  a n d  t h e o r e t i c a l  v a l u e s  o f  A A r a r e  s h o w n  

i n  F i g u r e  3  f r o m  w h i c h  i t  c a n  b e  s e e n  t h a t  a  v a l u e  o f  a 
e v e n  l o w e r  t h a n  3  i s  r e q u i r e d  t o  f i t  t h e  e x p e r i m e n t a l  

r e l a x a t i o n  e f f e c t  i f  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  

e l e c t r o p h o r e t i c  e f f e c t  i s  u s e d .  T h e  a s s o c i a t i o n  c o n s t a n t  

i s  t o o  s m a l l  f o r  i t s  e f f e c t  t o  b e  g a u g e d .

T h u s ,  i t  s e e m s  t h a t  t h e  f a i l u r e  o f  t h e  c o n d u c t a n c e  

d a t a  t o  g i v e  r e a s o n a b l e  v a l u e s  o f  a m a y  b e  c a u s e d  b y  

a p p r o x i m a t i o n s  i n  t h e  e v a l u a t i o n  o f  t h e  r e l a x a t i o n  e f f e c t  

i n  t h e  c o n d u c t a n c e  e q u a t i o n .

A n  e v a l u a t i o n  o f  t h e  e l e c t r o p h o r e t i c  e f f e c t  c a n  a l s o  

b e  o b t a i n e d  d i r e c t l y  f r o m  s i n g l e - i o n  c o n d u c t i v i t y  d a t a  

s i n c e  i t  c a n  b e  s h o w n  t h a t  t h e  r a t i o  X ~ / X +  i s  g i v e n  b y

X-/X+ =  (X<r -  Xe“ )/(Xo+ -  Xe+) (12)

a n d  t h e r e f o r e  i s  i n d e p e n d e n t  o f  t h e  r e l a x a t i o n  e f f e c t ,  

a s  i s  t h e  c a s e  f o r  t h e  t r a n s f e r e n c e  n u m b e r .  T h e  h a r d  

s p h e r e ,  s o l v e n t  c o n t i n u u m  m o d e l  a s s u m e s  t h a t  X0-  =  

Xe+  =  0 . 5 A o. I f  t h i s  a s s u m p t i o n  i s  c o r r e c t ,  a  p l o t  o f  

t h e  r a t i o  c a l c u l a t e d  f r o m  e q  12 vs. C 1/2 s h o u l d  h a v e  t h e  

s a m e  s l o p e  a s  a  s i m i l a r  p l o t  o f  t h e  e x p e r i m e n t a l  r a t i o .  

V a l u e s  o f  A e w e r e  c a l c u l a t e d  f r o m  e q  3 ,  a n d  e x p e r i m e n t a l  

v a l u e s  o f  X ±  w e r e  o b t a i n e d  f r o m  t r a n s f e r e n c e  n u m b e r s  

a n d  c o r r e s p o n d i n g  e q u i v a l e n t  c o n d u c t i v i t i e s  f o r  f i n i t e  

c o n c e n t r a t i o n .  T h e  r e s u l t s  a r e  i l l u s t r a t e d  b y  F i g u r e  4 .  

I t  s e e m s  t h a t  f o r  t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  i n  

a c e t o n i t r i l e  t h e  a s s u m p t i o n  t h a t  t h e  e l e c t r o p h o r e t i c  

e f f e c t  i s  t h e  s a m e  f o r  b o t h  i o n s  i s  v a l i d .
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Kinetic Studies of Intramolecular Hydrogen Bonding in Methyl and 

Ethyl Salicylates and Salicylaldéhyde by Means of 

Ultrasonic Absorption Measurement

by Tatsuya Yasunaga, N obuhide Tatsum oto, H iroshi Inoue, and M a sa ji M iura

D e p a r t m e n t  o f  C h e m i s t r y ,  F a c u l t y  o f  S c i e n c e ,  H i r o s h i m a  U n i v e r s i t y ,  H i r o s h i m a ,  J a p a n  ( R e c e i v e d  M a r c h  4, 1 9 6 8 )

T h e  U l t r a s o n i c  r e l a x a t i o n a l  a b s o r p t i o n s  in  m e t h y l  a n d  e t h y l  s a l i c y l a t e s  a n d  s a l i c y l a l d é h y d e  h a v e  b e e n  s t u d i e d  
in  t h e  f r e q u e n c y  r a n g e  2 . 5  t o  9 5  M c / s e c  a t  t h e  v a r i o u s  t e m p e r a t u r e s  f r o m  2 0  t o  4 0 ° .  T h e  u l t r a s o n i c  a b s o r p t i o n  
m e a s u r e m e n t s  in  d e r i v a t i v e s  o f  p h e n o l  a n d  b e n z o i c  a c i d  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  u l t r a s o n i c  r e l a x a t i o n s  
in  m e t h y l  a n d  e t h y l  s a l i c y l a t e s  a n d  s a l i c y l a l d é h y d e  a r e  a s s o c i a t e d  w i t h  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  
b e t w e e n  t h e  p h e n o l i c  h y d r o x y l  g r o u p  a n d  a n  o x y g e n  o f  a d j a c e n t  c a r b o x y l  o r  c a r b o n y l  g r o u p .  T h e  k i n e t i c  
v a l u e s  h a v e  b e e n  c a l c u l a t e d  f o r  t h e  r e a c t i o n  o f  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g .  T h e  f o r w a r d  a n d  b a c k 
w a r d  r a t e  c o n s t a n t s  a t  3 0 °  a r e  1 .2  X  1 0 6 a n d  3 .1  X  1 0 7 s e c -1  f o r  m e t h y l  s a l i c y l a t e ,  4 . 7  X  1 0 5 a n d  2 . 2  X  1 0 7 s e c “ 1 
f o r  e t h y l  s a l i c y l a t e ,  a n d  4 . 0  X  1 0 5 a n d  2 . 6  X  1 0 7 s e c “ 1 f o r  s a l i c y l a l d é h y d e ,  r e s p e c t i v e l y .  T h e  h e a t s  o f  t h e  h y d r o 
g e n  b o n d i n g  a t  c o n s t a n t  v o l u m e  a r e  2 .5 ,  2 .5 ,  a n d  3 . 5  k c a l / m o l  f o r  m e t h y l  a n d  e t h y l  s a l i c y l a t e s  a n d  s a l i c y l a l d é 
h y d e ,  r e s p e c t i v e l y .

Introduction

R e l a x a t i o n a l  t e c h n i q u e s  h a v e  e x t e n s i v e l y  b e e n  a p 

p l i e d  t o  k i n e t i c  s t u d i e s  o f  r a p i d  c h e m i c a l  r e a c t i o n s ,  s u c h  

a s  i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g ,1’2 h y d r o l y s i s  a n d  

p r o t o l y s i s  o f  e l e c t r o l y t e ,3“ 5 a n d  r o t a t i o n a l  i s o m e r i s m .5 
O n l y  a  l i m i t e d  n u m b e r  o f  i n v e s t i g a t i o n s  h a v e  b e e n  

m a d e  o n  k i n e t i c s  o f  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  

b y  u s e  o f  a  t e m p e r a t u r e - j u m p  m e t h o d ,6 a l t h o u g h  t h e  

r o l e  o f  t h e  h y d r o g e n  b o n d  i n  b i o l o g i c a l  s y s t e m s  h a s  b e e n  

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

e x p e r i m e n t a l  s t u d i e s .7
I t  h a s  b e e n  w e l l  k n o w n  b y  t h e  o r d i n a r y  s p e c t r o s c o p i c  

m e t h o d s  t h a t  i n  m e t h y l  s a l i c y l a t e  o r  s a l i c y l a l d é h y d e  a  

p h e n o l i c  h y d r o x y l  g r o u p  f o r m s  a  s t r o n g  i n t r a m o l e c u l a r  

h y d r o g e n  b o n d 8 w i t h  a n  o x y g e n  o f  a d j a c e n t  c a r b o x y l  o r  

c a r b o n y l  g r o u p ,  b u t  i t s  k i n e t i c  s t u d y  h a s  n o t  y e t  b e e n  

d o n e .  T h e  p u r p o s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  

d e c i d e  t h e  m e c h a n i s m s  o f  s o u n d  a b s o r p t i o n  i n  m e t h y l  

a n d  e t h y l  s a l i c y l a t e s  a n d  s a l i c y l a l d é h y d e  a n d  t o  c a l 

c u l a t e  t h e  k i n e t i c  v a l u e s  f o r  t h e  r e a c t i o n  a s s o c i a t e d  

w i t h  t h o s e .

Theoretical

T h e  a b s o r p t i o n  s p e c t r u m  o f  s o u n d  i s  p r e s e n t e d  i n  a n  

e x p r e s s i o n  f o r  a  s i n g l e  r e l a x a t i o n

« V / 2 =  ( * / / 2)  — B  =
A

1 +  ( / / / m a x ) 2
( 1 )

w h e r e  a i s  a n  a b s o r p t i o n  c o e f f i c i e n t  o f  s o u n d ,  a i s  t h e  

r e l a x a t i o n a l  a b s o r p t i o n  c o e f f i c i e n t ,  A  a n d  B  a r e  t h e  

r e l a x a t i o n a l  a b s o r p t i o n  a n d  c l a s s i c a l  a b s o r p t i o n ,  r e s p e c 

t i v e l y ,  /  i s  t h e  f r e q u e n c y  o f  s o u n d ,  a n d  / m ax i s  t h e  f r e 

q u e n c y  a t  t h e  m a x i m u m  o f  t h e  a b s o r p t i o n  p e r  w a v e 

l e n g t h  a'\. T h e  v a l u e s  o f  a b s o r p t i o n  o f  s o u n d  a r e

r e l a t e d  t o  t h e  v a l u e s  o f  d i s p e r s i o n  o f  s o u n d  v e l o c i t y  b y  

t h e  e q u a t i o n s

/inf//max =  V J V 0 ( 2 )

y 2 _  j /  2 _|_ A v 2
l + ( / / / in f ) 2

(3)

a t 2 =  v j  +  1 7 (4)

(a'X)max =  irAV2/2V0V œ ('>)

w h e r e  V  i s  t h e  v e l o c i t y  o f  s o u n d ,  X  i s  t h e  w a v e l e n g t h ,  

a n d  s u b s c r i p t s  0 , » , i n f  r e f e r  t o  t h e  f r e q u e n c i e s  o f  z e r o  

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

v e l o c i t y  d i s p e r s i o n ,  r e s p e c t i v e l y .  M o r e o v e r ,  t h e  r e l a 

t i o n  b e t w e e n  t h e  h e a t  c a p a c i t y  r e s u l t i n g  f r o m  t h e  r e a c 

t i o n  a n d  t h e  v a l u e s  o f  d i s p e r s i o n  o f  s o u n d  v e l o c i t y  a r e  

r e p r e s e n t e d  a s

c /  =  c p° - c , r  ( 6 )

( V  =  C ,.°  -  C , y  ( 7 )

(1) N . T a ts u m o to , J .  C h e m .  P h y s . ,  47, 4561 (1967).
(2) B . S pakow sk i, C o m p t .  R e n d .  A c a d .  S c i .  U . R . S . S . ,  18, 169 (1938); 
J. L a m b  a nd  J. M . M .  P in k e r to n , P r o c .  R o y .  S o c . ,  A 199, 114 (1949); 
J. E . P ie rc y  and  J . L a m b , T r a n s .  F a r a d a y  S o c . ,  52, 930 (1956); 
E . F reedm an , J .  C h e m .  P h y s . ,  21, 1784 (1953); J . L a m b  and  D . 
H . A . H u d d a r t ,  T r a n s .  F a r a d a y  S o c . ,  46, 540 (1950 ); D . T a b u c h i, 
Z .  E l e k t r o c h e m . ,  64, 141 (1960).
(3) T . Y asunaga , M .  T a n o u ra , a n d  M .  M iu ra , J .  C h e m .  P h y s . ,  43, 
3512 (1965).
(4) T . Y asunaga , N . T a ts u m o to , a n d  M . M iu ra , i b i d . ,  43, 2735 
(1965).
(5) S. L . F riess, E . S. Lew is , a nd  A . W eissberger, “ In v e s tig a t io n  o f  
R ates  and  M e cha n ism s o f  R e a c tio n s ,”  In te rs c ie n c e  P ub lishers , 
In c ., N e w  Y o rk , N . Y . ,  1963.
(6) G . P o rte r, P r o g r .  R e a c t i o n  K i n e t i c s ,  2, 300 (1964 ); M .  H . M ile s , 
E . M .  E y r in g , W . W . E p s te in , and  R . E . O s tlu n d , J .  P h y s .  C h e m . ,  

69, 467 (1965).
(7) G . O . P im e n te l a nd  A . L . M c C le lla n , “ T h e  H y d ro g e n  B o n d ,”  
R e in  h o ld  P u b lis h in g  C o rp ., N e w  Y o rk , N . Y .,  1960.
(8) L . P a u lin g , “ T h e  N a tu re  o f th e  C h e m ica l B o n d ,”  3 rd  ed, C o rn e ll 
U n iv e rs ity  Press, Ith a c a , N . Y .,  1960.
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®  (D

Figure 1. Sectional diagram of the cell for measuring 
ultrasonic absorption: A, N2 gas outlet; B, X-cut quartz crystal; 
C, N2 gas inlet; D, delay line (fused quartz); E, glass;
F, sample liquid or solution; G, Teflon O-ring;
H, stainless steel; I, epoxy resin.

CP --=CV +  ( T vP /P t ) ( 8 )

I V  =  ( r t S r ) - IC pi / C ' , # ( 9 )

V J  =  ( 1 0 )

2 x/in, =  C f/C ^T  ( 1 1 )

w h e r e  C P a n d  C„ a r c  t h e  h e a t  c a p a c i t i e s  a t  c o n s t a n t  

p r e s s u r e  a n d  c o n s t a n t  v o l u m e ,  r e s p e c t i v e l y ,  v i s  t h e  

v o l u m e ,  l i s  t h e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t ,  T  i s  t h e  

a b s o l u t e  t e m p e r a t u r e ,  p i s  t h e  d e n s i t y ,  d r  i s  t h e  i s o 

t h e r m a l  c o m p r e s s i b i l i t y ,  r  i s  t h e  r e l a x a t i o n  t i m e ,  a n d  

s u p e r s c r i p t s  r ,  0 , a n d  <*> r e f e r  t o  t h e  c h e m i c a l  r e a c t i o n ,  

t h e  f r e q u e n c i e s  o f  z e r o  a n d  i n f i n i t e ,  r e s p e c t i v e l y .

I n  a  c h e m i c a l  e q u i l i b r i u m  s u c h  a s

a A  - j -  6B  ,-------- ç Q  - f -  p R  ( 1 2 )

o n e  h a s  T a b u c h i ’ s  e q u a t i o n s

C /  =  W/x  ( 1 3 )

W  =  E 2/ R T 2 +  [ ( A t f / i ï )  ( l / M  -  £ Z Y ]  +  Î C , “ ( Av/v)
( 1 4 )

Z =  {a +  & + . . . ) -  (q +  r  + . .  . )  ( 1 5 )

X =  (a 2/« A  +  b2/ n B +  . . . )  +  (ÿV'/iQ +  r2/« R  . • •)

( 1 6 )

C /  =  (.E 2/ R T 2) x~l ( 1 7 )

Figure 2. Ultrasonic absorption spectra: (1) salicylaldéhyde
(20°); (2) methyl salicylate (20°); (3) ethyl salicylate (25°); 
(4) 2.17 M salicylic acid in dioxane (15°) ; (5) 1.66 M 
benzoic acid in dioxane (16°) ; (6 ) 0 .8 6  M ethyl 
p-hydroxybenzoate in dioxane (30°) ; (7) 0.5 mole fraction 
methyl benzoate in phenol (30°) ; (8 ) methyl benzoate (16°).

Figure 3. Ultrasonic absorption spectra in methyl salicylate: 
O, 20°; 3 ,  30°; • , 40°.

Figure 4. Ultrasonic absorption spectra in ethyl salicylate: 
O, 25°; © , 30°; O , 35°; # ,  40°.
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Table I : The Values Obtained from Ultrasonic Absorption Spectra and Other Measurements

Temp, °C /mai, Mc/sec 1 0 _1 cm- 1
V(3 Mc/sec), 

1 0 E cm/sec p, g/cc l, 1 0 "< deg- 1
c p »,

1 0 ~i cal/g deg

Methyl Salicylate

2 0 3.5 1.643 1.4293 1.1846 7.07 3.910“
25 4.3 2.080 1.4106 1.1798 7.07 3.910
30 5.2 2.600 1.3923 1.1749 7.07 3.910
35 6 . 0 3.082 1.3747 1.1700 7.07 3.910
40 7.2 3.809 1.3565 1.1651 7.07 3.910

Ethyl Salicylate

25 3.0 1.128 1.3707 1.1259 8.56 3.74
30 3.7 1.435 1.3523 1 . 1 2 1 0 8.56 3.74
35 4.5 1.805 1.3345 1.1161 8.56 3.74
40 5.5 2.268 1.3175 1.1113 8.56 3.74

Salicylaldéhyde

2 0 3.0 1.364 1.4843 1.1653 7.38 3.8256
25 3.6 1.738 1.4659 1.1603 7.38 3.825
30 4.3 2.192 1.4471 1.1551 7.38 3.825
35 5.1 3.741 1.4281 1.1504 7.38 3.825
40 6 . 0 3.399 1.4104 1.1456 7.38 3.825

“ H. H. Landolt and R. Börnstein, "Physikalische Chemische Tabellen,” Vol. Ill, Part 3, Springer-Verlag, Berlin, 1936, p 2301. b E. W. 
Washburn, “ International Critical Tables,” Vol. V, McGraw-Hill Book Co., Ine., New York, N. Y., p 110.

w h e r e  Av i s  t h e  v o l u m e  c h a n g e  r e s u l t i n g  f r o m  t h e  r e a c 

t i o n  a n d  E  i s  t h e  r e a c t i o n  h e a t  p e r  m o l e  a t  c o n s t a n t  

v o l u m e .

Experimental Section

T h e  m e a s u r e m e n t s  o f  s o u n d  a b s o r p t i o n  w e r e  m a d e  

o v e r  t h e  f r e q u e n c y  r a n g e  2 . 5  t o  9 5  M c / s c c  a t  v a r i o u s  

t e m p e r a t u r e s ,  1 5  t o  4 0 ° .  T h e  t e c h n i q u e s  a n d  a p p a r a t u s  

w e r e  f u l l y  d e s c r i b e d  i n  a  p r e v i o u s  p a p e r . 1 T h e  c e l l  

w a s  d e s i g n e d  a s  s h o w n  i n  F i g u r e  1 f o r  a v o i d i n g  t h e  a i r  

o x i d a t i o n  i n  t h e  s a m p l e  t h r o u g h o u t  t h e  m e a s u r e m e n t  

o f  a b s o r p t i o n .  T h e  v e l o c i t y  o f  s o u n d  w a s  m e a s u r e d  a t

Figure 5. Ultrasonic absorption spectra in salicylaldéhyde: 
O, 20°; 3 ,  30°; « ,  40°.

3  M c / s e c  b y  a n  u l t r a s o n i c  i n t e r f e r o m e t e r .3 I n  t h e  

m e a s u r e m e n t  o f  s o u n d  v e l o c i t y  t h e  c e l l  w a s  a l s o  d e 

s i g n e d  i n  t h e  s a m e  w a y  a s  i n  t h e  m e a s u r e m e n t  o f  

a b s o r p t i o n .  T h e  c h e m i c a l s  w e r e  a l l  g u a r a n t e e d  r e 

a g e n t s  a n d  w e r e  u s e d  t h r o u g h o u t  t h i s  s t u d y  w i t h  

p u r i f i c a t i o n .

R esult and Discussion

T h e  p l o t s  o f  t h e  d a t a  a r e  p r e s e n t e d  i n  F i g u r e s  2 - 7  

a l o n g  w i t h  t h e i r  c o r r e s p o n d i n g  t h e o r e t i c a l  c u r v e s .  T h e  

r e l a x a t i o n a l  a b s o r p t i o n  c a n  b e  s e e n  i n  t h e  f r e q u e n c i e s

Figure 6 . Ultrasonic absorption spectra in solutions of methyl 
salicylate at 30°: (1) 100% (7.8 M) ; (2) 3.2 M in benzene;
(3) 4.8 M in n-hexane; (4) 4.8 M in methyl benzoate;
(5) 3.3 M in dioxane; (6 ) 1.6 M in dioxane.

HtuiUji?] n :u a v i!n r t it » « i
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Figure 7. Ultrasonic absorption spectra in solutions of 
salicylaldéhyde at 30°: (1) 100% (9.5 M) ;
(2) 4.1 M in dioxane; (3) 4.2 M in methyl benzoate; 
(4) 4.2 M in benzene.

l o w e r  t h a n  8  M c / s e c  i n  m e t h y l  a n d  e t h y l  s a l i c y l a t e s  

a n d  s a l i c y l a l d é h y d e  a n d  a t  8 . 5  M c / s e c  i n  2 . 1 7  M  
d i o x a n e  s o l u t i o n  o f  s a l i c y l i c  a c i d ,  w h i l e  t h e  s p e c t r a  

i n  m e t h y l  b e n z o a t e ,  1 . 6 6  M  d i o x a n e  s o l u t i o n  o f  b e n z o i c  

a c i d ,  0 . 8 6  M  d i o x a n e  s o l u t i o n  o f  e t h y l  p - h y d r o x y -  

b e n z o a t e ,  a n d  0 . 5  m o l e  f r a c t i o n  m e t h y l  b e n z o a t e  i n  

p h e n o l  d o  n o t  s h o w  s u c h  a n  a b s o r p t i o n  a l t h o u g h  a  v e r y  

w e a k  r e l a x a t i o n a l  a b s o r p t i o n  c a n  b e  s e e n  a t  a r o u n d  

5 0  M c / s e c  i n  d i o x a n e  s o l u t i o n  o f  b e n z o i c  a c i d .  T h e  

s p e c t r a  i n  s o m e  s o l v e n t  s o l u t i o n s  o f  m e t h y l  s a l i c y l a t e  

a n d  s a l i c y l a l d é h y d e  d o  n o t  g i v e  t h e  i n f o r m a t i o n  o n  

r e a c t i o n  o r d e r  a s s o c i a t e d  w i t h  t h e  a b s o r p t i o n  b e c a u s e  

t h e  e f f e c t  o f  s o l v e n t  o n  t h e  r e l a x a t i o n  f r e q u e n c y  i s  g r e a t .

T h e  v a l u e s  f o r  t h r e e  c o n s t a n t s ,  / m ax , A ,  a n d  B  o b t a i n e d  

f r o m  t h e  a b s o r p t i o n  s p e c t r a  w e r e  l i s t e d  i n  T a b l e  I  

a l o n g  w i t h  t h o s e  f r o m  t h e  o t h e r  m e a s u r e m e n t s .  T h e  

r e a c t i o n  h e a t  c a p a c i t i e s ,  C pr a n d  C/,  i n  T a b l e  I I  w e r e  

c a l c u l a t e d  u s i n g  e q  1-11  b y  t h e  p r o c e d u r e  o f  t h e  p r e 

v i o u s  p a p e r .1 T h e  v a l u e  f o r  C pr i s  e q u a l  t o  t h a t  f o r  

Cvr s o  t h a t  t h e  v o l u m e  c h a n g e  r e s u l t i n g  f r o m  t h e  r e a c 

t i o n  i s  a b s e n t  a s  m a y  b e  s e e n  i n  e q  1 3  a n d  1 7 .  T h e  

a b s o r p t i o n  m e c h a n i s m  o f  t h i s  r e a c t i o n ,  t h e r e f o r e ,  c a n  

b e  a t t r i b u t e d  t o  t h e  t h e r m a l  r e l a x a t i o n .

a ? a ?
r ^ 'V ' (XH

^ o - ch 3 U H ° v O—H
methyl salicylate salicylaldéhyde salicylic acid

o ?
c^o - c2h5

ethyl salicylate

H"

<

;0

c — c2h5

ethyl p-hydroxybenzoate phenol

c v
v o - ch3

methyl benzoate

A s  t h e  r e a c t i o n  i s  n o t  a c c o m p a n i e d  w i t h  t h e  v o l u m e  

c h a n g e ,  t h e  f o l l o w i n g  o n e s  m a y  b e  c o n s i d e r e d  t o  o c c u r  

i n  t h e s e  c o m p o u n d s .

intramolecular hydrogen bonding

a 0

^ 0 —H 
benzoic acid

Table II: The Reaction Heat Capacities

c „ ”, c y \
T e m p , °C 1CV3 c a l/g  deg 10-3 c a l/g  deg

Methyl Salicylate

2 0 7.56 7.56
25 7.79 7.79
30 8.04 8.04
35 8.26 8.26
40 8.51 8.51

Ethyl Salicylate

25 4.11 4.11
30 4.24 4.24
35 4.39 4.39
40 4.52 4.52

Salicylaldéhyde

2 0 6.31 6.31
25 6.69 6.69
30 7.07 7.07
35 7.45 7.45
40 7.84 7.84

o
.0 —H—O

' c - 0  -  O V h

intermolecular hydrogen bonding

(b)

__ / 0 _ H f

~  20 - <

O— H (c)

+

O:
\,h T >

intermolecular hydrogen bonding /  \---- /

isomerization of rotational isomers

(d)

The Journal of Physical Chemistry

I n  m e t h y l  s a l i c y l a t e ,  r e a c t i o n s  a ,  c ,  a n d  d  m a y  b e  c o n 
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Table III: The Kinetic Values for the Reaction of the Intramolecular Hydrogen Bonding

T e m p , °C E ,  kcal/mol 10 k\, 10s s e c '1 fcb. 101 sec-1 Ut*, kcal/mol Ebh kcal/mol

Methyl Salicylate

20 3 .4 7 .1 2 .1
25 3 .7 9 .5 2 .6
30 2 .5 4 .0 12. 3 .1 ~ 8 5 .8
35 4 .2 15. 3 .5
40 4 .5 19. 4 .2

Ethyl Salicylate

25 2 .0 3 .6 1 .8
30 2 .5 2 .1 4 .7 2 .2 ~ 9 6 .8
35 2 .3 6 .2 2 .7
40 2 .4 8 .0 3 .3

Salicylaldehyde

20 1 .3 2 .3 1 .8
25 1 .4 3 .0 2 .2
30 3 .5 1 .5 4 .0 2 .6 ~ 9 5 .6
35 1 .7 5 .1 3 .1
40 1 .8 6 .5 3 .6

t h e  f r e q u e n c i e s  l o w e r  t h a n  8 M c / s e c  s i n c e  t h i s  c o m 

p o u n d  h a s  t h e  h y d r o x y l  a n d  c a r b o x y l  g r o u p s  a n d  f o r m s  

t h e  i n t r a m o l e c u l a r  h y d r o g e n  b o n d  b e t w e e n  t h e m  a n d  

i s  a l s o  a n  e s t e r .  H o w e v e r ,  t h e  s p e c t r u m  i n  m e t h y l  

b e n z o a t e ,  i n  w h i c h  r e a c t i o n  d  m a y  o c c u r ,  d o e s  n o t  s h o w  

t h e  a b s o r p t i o n  a n d  t h e n  r e a c t i o n  d  m a y  b e  r u l e d  o u t  a s  

t h e  m e c h a n i s m  o f  a b s o r p t i o n  i n  m e t h y l  s a l i c y l a t e .  I n  

s a l i c y l a l d é h y d e  t h e  a b s o r p t i o n ,  w h i c h  c a n  b e  s e e n  in  

t h e  s a m e  f r e q u e n c y  r a n g e  a s  i n  m e t h y l  s a l i c y l a t e ,  i s  

p r o b a b l y  d u e  t o  t h e  r e l a x a t i o n  o f  r e a c t i o n s  a  a n d  c  

b e c a u s e  t h i s  c o m p o u n d  h a s  t h e  h y d r o x y l  a n d  c a r b o n y l  

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

b e t w e e n  t h e m  a n d  i s  n e i t h e r  e s t e r  n o r  a c i d .  H o w e v e r ,  

t h e  s p e c t r a  i n  e t h y l  p - h y d r o x y b e n z o a t e  a n d  t h e  m i x t u r e  

o f  m e t h y l  b e n z o a t e  a n d  p h e n o l ,  i n  w h i c h  r e a c t i o n  c  m a y  

o c c u r ,  d o  n o t  s h o w  t h e  a b s o r p t i o n  a n d  t h e n  r e a c t i o n  c  

m a y  b e  r u l e d  o u t  a s  t h e  m e c h a n i s m  o f  a b s o r p t i o n  i n  

m e t h y l  s a l i c y l a t e  a n d  s a l i c y l a l d é h y d e .  T h e  a b s o r p 

t i o n s  i n  m e t h y l  s a l i c y l a t e  a n d  s a l i c y l a l d é h y d e ,  t h e r e 

f o r e ,  a r e  p r o b a b l y  a s s o c i a t e d  w i t h  r e a c t i o n  a .  T h e  

m e c h a n i s m  o f  a b s o r p t i o n  i n  e t h y l  s a l i c y l a t e  m a y  b e  

t h e  s a m e  a s  t h a t  o f  m e t h y l  s a l i c y l a t e  e x c e p t  f o r  a l k y l  

g r o u p  i n  c a r b o x y l  g r o u p .  I n  s a l i c y l i c  a c i d  w h i c h  f o r m s  

i n t r a m o l e c u l a r  a n d  i n t e r m o l e c u l a r  h y d r o g e n  b o n d s ,8 
r e a c t i o n s  a ,  b ,  a n d  c  c a n  b e  c o n s i d e r e d  a s  t h e  a b s o r p t i o n  

m e c h a n i s m .

T h e  a b s o r p t i o n  m e c h a n i s m  i n  s a l i c y l i c  a c i d ,  h o w e v e r ,  

c a n n o t  b e  d e c i d e d  o n l y  b y  t h e s e  e x p e r i m e n t a l  d a t a  

b e c a u s e  t h e  a b s o r p t i o n  i s  i n  t h e  m i d d l e  f r e q u e n c y  

b e t w e e n  t h e  r e l a x a t i o n  f r e q u e n c i e s  i n  b e n z o i c  a c i d  a n d  

m e t h y l  o r  e t h y l  s a l i c y l a t e  o r  s a l i c y l a l d e h y d e .  T h e  

w e a k  a b s o r p t i o n  a p p e a r i n g  i n  b e n z o i c  a c i d  s e e m s  t o  b e  

d u e  t o  t h e  r e l a x a t i o n  o f  r e a c t i o n  b  w i t h  r e g a r d  t o  t h e  

r e l a x a t i o n  f r e q u e n c y  a n d  t h e  a b s o r p t i o n  i n t e n s i t y .9

Figure 8 . Internal molecular energy potential curve 
of methyl and ethyl salicylates or salicylaldehyde.

(9) J . Rassing, O. 0sterberg, and T . A . Bak, A c t a  C h e m .  S c a n d . ,  
21, 1443 (1967).
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F o r  t h e  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  w h i c h  i s  

t h e  u n i - u n i m o l e c u l a r  r e a c t i o n

E q u a t i o n s  1 3  a n d  1 7  a r e  r e p r e s e n t e d  b y  t h e  e q u a t i o n s

/  b? E M  \  , s
'* “  5(1 ~  \ B T 2 +  R T y ß r )  (18)

■ =  3(1 “  S) (19)

w h e r e  5 i s  t i n 1 m o l e  f r a c t i o n  o f  r e a c t a n t .  T h e  i n t e 

g r a t e d  v a n ’ t  H o f t  i s o c h o r e  i s

I n  A h  -  I n  A 2 -  ( E / E )  ( 7 V 1 -  7 ' r ‘ j  ( 2 0 )

w h e r e  K  i s  t h e  e q u i l i b r i u m  c o n s t a n t  w h i c h  i s  g i v e n  b y  

K  =  ( 1  -  S)/S ( 2 1 )

E q u a t i o n s  1 8 - 2 1  a r e  s o l v e d  b y  t h e  m e t h o d  o f  s u c c e s s i v e

a p p r o x i m a t i o n s  i n  o r d e r  t o  o b t a i n  E  a n d  K .  T h e  f o r 

w a r d  a n d  b a c k w a r d  r a t e  c o n s t a n t s  o f  t h i s  r e a c t i o n  a r e  

c a l c u l a t e d  f r o m / in [ a n d  t h e  e q u i l i b r i u m  c o n s t a n t  b y  t h e  

e q u a t i o n

2 * / i n f ( C , “ / C , ° )  =  A V I  +  K )  =  * v ( l  +  A - 1)  ( 22 )

T h e  h e a t s  o f  a c t i v a t i o n  a r e  g i v e n  b y  t h e  t e m p e r a t u r e  

d e p e n d e n c e  o f  t h e  r a t e  c o n s t a n t .

k / T  =  C  e x p ( -F 4 / R T )  ( 2 3 )

T h e  e n e r g i e s  a n d  k i n e t i c  v a l u e s  f o r  t h e  i n t r a m o l e c u l a r  

h y d r o g e n  b o n d i n g  i n  m e t h y l  a n d  e t h y l  s a l i c y l a t e s  a n d  

s a l i c y l a l d é h y d e  c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  

a r e  l i s t e d  i n  T a b l e  I I I .  T h e  h y d r o g e n - b o n d e d  m o l e 

c u l e s  c a n  b e  a s s u m e d  t o  b e  m o r e  s t a b l e  t h a n  t h e  n u n -  

b o n d e d  o n e s  i n  t h e s e  c o m p o u n d s  s i n c e  t h e s e  f o r m  t h e  

s t r o n g  i n t r a m o l e c u l a r  h y d r o g e n  b o n d s .  E n e r g y  s t a t e s  

o f  t h e  h y d r o g e n - b o n d e d  a n d  n o n b o n d e d  m o l e c u l e s ,  

t h e r e f o r e ,  c a n  b e  r e p r e s e n t e d  b y  a  c u r v e  i n  F i g u r e  8 . 

T h e  d i f f e r e n c e  o f  e n e r g i e s ,  E , Et, a n d  A ’b f o r  m e t h y l  

a n d  e t h y l  s a l i c y l a t e s  a n d  s a l i c y l a l d é h y d e  m a y  b e  c o n 

s i d e r e d  t o  c o m e  f r o m  t h e  d i f f e r e n c e  o f  s u b s t i t u e n t .

Spectroscopic Studies of the Triethylamine-I2 System in n-Heptane and in p-Dioxane

b y  H a r i  D .  B i s t 1 a n d  W i l l i s  B .  P e r s o n 2

D e p a r t m e n t s  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  I o w a ,  I o w a  C i t y ,  I o w a  5 2 2 4 0  a n d  
U n i v e r s i t y  o f  F l o r i d a ,  G a i n e s v i l l e ,  F l o r i d a  3 2 6 0 1  ( R e c e i v e d  M a r c h  1 1 ,  1 9 6 8 )

S p e c t r o s c o p i c  s t u d i e s  a r e  r e p o r t e d  o f  t h e  t r i e t h y l a m i n e - l 2 c o m p l e x  in  n - h e p t a n e  a n d  in  p - d i o x a n e  s o l v e n t s .  
I n  t h e  n - h e p t a n e  s o l u t i o n ,  w e  h a v e  v e r i f i e d  r e s u l t s  f r o m  e a r l ie r  s t u d i e s  b y  N a g a k u r a .  I n  d i o x a n e  w i t h  e x c e s s  
t r i e t h y l a m i n e  a  r a p i d  r e a c t i o n  o c c u r s ,  p a s s i n g  t h r o u g h  a n  i n t e r m e d i a t e ,  t o  f o r m  I -  q u a n t i t a t i v e l y  a s  a n  e n d  
p r o d u c t .  T h i s  r e a c t i o n  h a s  b e e n  f o l l o w e d  s p e c t r o s c o p i c a l l y ,  a n d  t h e  i d e n t i t y  o f  t h e  I -  p r o d u c t  e s t a b l i s h e d .  
I t  is  p o s t u l a t e d  t h a t  t h e  i n t e r m e d i a t e  i o d i n e - c o n t a i n i n g  s p e c i e s  is  ( E t s N - I ) +  { o r  C ( E t 3N ) 2I ] + ) -  F u r t h e r  
c h a r a c t e r i s t i c s  o f  t h i s  r e a c t i o n  a r e  r e p o r t e d ,  a n d  a  p o s s i b l e  r e a c t i o n  s e q u e n c e  is  s u g g e s t e d .  P r o p e r t i e s  o f  t h e  
c o m p l e x  i t s e l f  in  d i o x a n e  a r e  f o u n d  t o  b e  q u i t e  s i m i l a r  t o  i t s  p r o p e r t i e s  in  n - h e p t a n e ,  e x c e p t  f o r  i t s  i n s t a b i l i t y  
w i t h  r e s p e c t  t o  t h i s  i o n - p r o d u c i n g  r e a c t i o n .  S o m e  o b s e r v a t i o n s  a r e  a l s o  r e p o r t e d  o f  t h e  p r o p e r t i e s  o f  I 2 in  
d i o x a n e .

R e c e n t l y ,  w e  h a v e  b e g u n  t h e  r e i n v e s t i g a t i o n  o f  a  

n u m b e r  o f  e l e c t r o n  d o n o r - a c c e p t o r  c o m p l e x e s  o f  i o d i n e  

w h i c h  h a v e  b e e n  w e l l - s t u d i e d  b y  p r e v i o u s  i n v e s t i g a t o r s ,  

b u t  w h o s e  i m p o r t a n c e  a s  t y p i c a l  e x a m p l e s  i s  s o  g r e a t  

t h a t  e x t r a  e f f o r t s  t o  o b t a i n  a c c u r a t e  d a t a  a r e  j u s t i f i e d .  

O n e  s u c h  c o m p l e x  i s  t h a t  f o r m e d  b e t w e e n  t r i e t h y l a m i n e  

a n d  i o d i n e ,  w h i c h  i s  t y p i c a l  o f  s t r o n g  c o m p l e x e s  f o r m e d  

b e t w e e n  a m i n e s ,  a c t i n g  a s  a n  n - d o n o r ,  a n d  I 2, a c t i n g  a s  

a n  a < r - a c c e p t o r .8
T h i s  c o m p l e x  h a s  b e e n  s t u d i e d  p r e v i o u s l y  b y  C o l l i n ,4 

a n d  v e r y  c a r e f u l l y  b y  N a g a k u r a .5 F u r t h e r m o r e ,  i t s

d i p o l e  m o m e n t  h a s  b e e n  m e a s u r e d ,6 s o  t h a t  t h i s  c o m p l e x  

i s  o n e  o f  t h e  f e w  s y s t e m s  f o r  w h i c h  t h a t  e x p e r i m e n t a l

(1) D e p a r tm e n t o f  P hys ics , In d ia n  In s t i tu te  o f  T e c h n o lo g y , K a n p u r ,  
U .P ., In d ia .
(2) T o  w h o m  correspondence s h ou ld  be addressed, a t  th e  D e p a r t
m e n t o f  C h e m is try , U n iv e rs ity  o f  F lo r id a , G a in e sv ille , F la .
(3) T h e  n o m e n c la tu re  fo llo w s  (a) R . S. M u ll ik e n ,  J .  C h i m .  P h y s . ,  
20 (1963 ); see also (b ) R . S. M u ll ik e n ,  J .  P h y s .  C h e m . ,  56, 811 
(1952), a n d  (c) R . S. M u ll ik e n  and  W , B . Person, “ P h y s ic a l C h e m 
is t r y , ”  H . E y r in g , D . H enderson , a n d  W . J o s t, E d ., Y o l. I l l ,  
A ca d e m ic  Press, N e w  Y o rk , N . Y . ,  1960, C h a p te r 19.
(4) J . C o llin , B u l l .  S o c .  R o y .  S c i .  L i e g e ,  23 , 395 (1954).
(5) S. N a g a k u ra , J .  A m e r .  C h e m .  S o c . ,  80, 520 (1958).
(6) H . T s u b o m u ra  and  S. N a g a k u ra , J .  C h e m .  P h y s . ,  27, 819 (1957).
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Figure 1. Ultraviolet absorption spectra at 24.5 db 0.03° in a 1.0-cm path length cell, from mixed solutions in »-heptane having fixed I2 
concentration (2.8169 X 10-s M) and varying TEA concentrations (X10-5) as given here for curves (1) 0.000, (2) 3.513,
(3) 10.536, (4) 42.144, (5) 168.578, and (6 ) 421.440 M. The lower wavelength limit is restricted due to limited 
transparency of TEA as its concentration increases.

v a l u e  c a n  b e  u s e d  t o  e v a l u a t e  t h e  c o n t r i b u t i o n  o f  t h e  

d a t i v e  s t r u c t u r e 7 t o  t h e  g r o u n d  s t r u c t u r e .

T h e  v e r y  h i g h  v a l u e  f o u n d  f o r  t h e  w e i g h t  o f  t h e  

d a t i v e  s t r u c t u r e  ( 5 9 % )  s h o u l d ,  p e r h a p s ,  h a v e  s u g g e s t e d  

e a r l i e r  t h a t  t h i s  m e a s u r e m e n t  s h o u l d  b e  q u e s t i o n e d .  

A t  a n y  r a t e ,  T o y o d a  a n d  P e r s o n ,8 i n  a t t e m p t s  t o  r e p e a t  

t h e  d i p o l e  m o m e n t  s t u d i e s ,  r a i s e d  t h e  q u e s t i o n  o f  t h e  

n a t u r e  o f  t h e  s p e c i e s  e x i s t i n g  i n  s o l u t i o n s  o f  t r i e t h y l -  

a m i n e  +  I 2 i n  d i o x a n e  s o l u t i o n .  S u b s e q u e n t l y ,  B o u l e 9a 

a n d  i n d e p e n d e n t l y ,  H a m i l t o n  a n d  S u t t o n , 9b h a v e  b e e n  

a b l e  t o  m e a s u r e  t h e  d i p o l e  m o m e n t  o f  t h i s  c o m p l e x  i n  

n - h e p t a n e ,  a n d  h a v e  f o u n d  a  m u c h  l o w e r  v a l u e  t h a n  

t h a t  r e p o r t e d  e a r l i e r .6
W e  h a v e  r e i n v e s t i g a t e d  t h e  u l t r a v i o l e t  s p e c t r u m  o f  

t h e  t r i e t h y l a m i n e - L  c o m p l e x  i n  n - h e p t a n e  a n d  i n  

d i o x a n e .  O u r  s t u d i e s  i n  n - h e p t a n e  e s s e n t i a l l y  c o n f i r m  

t h e  e a r l i e r  r e p o r t s 4'6 o f  t h e  p r o p e r t i e s  o f  t h e  c o m p l e x ;  

t h e  s t u d i e s  i n  d i o x a n e  p r o v i d e  i n f o r m a t i o n  a b o u t  a  

s h o r t - l i v e d  c o m p l e x ,  a n d  v e r i f y  a  c h e m i c a l  r e a c t i o n ,  b y  

w h i c h  t h e  I 2 p r o c e e d s  t h r o u g h  a n  u n i d e n t i f i e d  i n t e r 

m e d i a t e  q u a n t i t a t i v e l y  t o  1“  i n  t h e  p r e s e n c e  o f  e x c e s s  

t r i e t h y l a m i n e  ( T E A ) .  T h e  d e t a i l s  a r e  g i v e n  b e l o w .

E x p e r i m e n t a l  S e c t i o n

Chemicals. T r i e t h y l a m i n e  ( E a s t m a n ,  R e d  L a b e l )  

w a s  p u r i f i e d  b y  t h e  p r o c e d u r e  g i v e n  b y  N a g a k u r a  a n d  

G o u t e r m a n .10 I t  w a s  s t o r e d ,  b r i e f l y ,  u n d e r  N o  a t m o s 

p h e r e  i n  a  d e s i c c a t o r  b e f o r e  u s e .  P u r i f i c a t i o n  o f  p- 
d i o x a n e  ( M a t h e s o n  C o l e m a n  a n d  B e l l ,  r e a g e n t  g r a d e )  

f o l l o w e d  t h e  p r o c e d u r e  g i v e n  b y  W e i s s b e r g e r ,  et al.n 
F r e s h  s a m p l e s  w e r e  d i s t i l l e d  f r o m  s o d i u m  ( u n d e r  N 2) 

a s  n e e d e d .  I o d i n e  ( M a l l i n c k r o d t  r e a g e n t  g r a d e )  w a s  

r e s u b l i m e d  a n d  s t o r e d  i n  a  d a r k  b o t t l e  u n t i l  u s e .  n- 
H e p t a n e  ( P h i l l i p s  p u r e  g r a d e )  w a s  f u r t h e r  p u r i f i e d  b y  

s h a k i n g  w i t h  c o n c e n t r a t e d  H 0S O 4 a n d  w a s h i n g  u n t i l  n o  

c o l o r a t i o n  w a s  o b s e r v e d ,  t h e n  s h a k i n g  a n d  w a s h i n g  w i t h  

N a O H  a n d  w a t e r ,  d r y i n g  o v e r  C a C L  a n d  t h e n  d i s t i l l i n g  

u n d e r  N 2 f r o m  s o d i u m .  S p e c i a l  c a r e  w a s  t a k e n  w i t h  

t h e  s o l u t i o n s  s t u d i e d  i n  o r d e r  t o  a v o i d  i n t e r f e r e n c e  

f r o m  t h e  0 2 c o n t a c t  c h a r g e - t r a n s f e r  a b s o r p t i o n  b a n d .12
S t o c k  s o l u t i o n s  w e r e  p r e p a r e d  b y  w e i g h i n g  i n t o

(7) (a) R . S. M u ll ik e n ,  J .  A m e r ,  C h e m .  S o c . ,  74, 811 (1952 ); (b ) see
also G . B r ie g le b , “ E le c tro n e n  D o n a to r -A c c e p to r  K o m p le x e ,”  
S p r in g e r-V e rla g , B e r lin , 1961; (c) L .  J . A n d re w s  a n d  R . M . K ee fe r,
“ M o le c u la r  C om p lexes in  O rg a n ic  C h e m is try ,”  (H o ld e n -D a y , In c , 
San F ranc isco , C a lif . ,  1964.
(8) K .  T o y o d a  a n d  W . B . P erson, J .  A m e r .  C h e m .  S e e . ,  88, 1629 
(1966).
(9) (a) P . B o u le , i b i d . ,  90, 517 (1 96 8 ); (b ) A . J. H a m ilto n  a n d  L . E .
S u tto n , C h e m . C o m m u n . ,  460 (1968).
(10) S. N a g a k u ra  and  M .  G o u te rm a n , J .  C h e m .  P h y s . ,  26, 881 (1957).
(11) A . W eissberger, E . S. P ro skau e r, J . A . R id d ic k , and  E . E . 
T ro o ps , J r .,  “ T e c h n iq u e  o f  O rg a n ic  C h e m is try ,”  V o l. V I I ,  In te r 
science P u b lish e rs , N e w  Y o rk , N .  Y .,  1963, p  372.
(12) D . F . E v a n s , J .  C h e m .  S o c . ,  345 (1953 ); 1315 (1 95 1 ); 3885
(1957 ); H . T s u b o m o ra  a n d  R . S. M u ll ik e n ,  J .  A m e r .  C h e m .  S o c . ,  
82, 5966 (1960).
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484 Hari D. Bist and W illis B. Person

Figure 2. Absorbance values at 278 mp at 24.5° against 
molar ratio TEA/I2, keeping I2 concentration constant:
(1) CP] = 2.817 X 10- 5  M in «-heptane;
(2) [I2] = 3.151 X 10-5  M in dioxane; the values have been 
extrapolated to zero time after mixing.

v o l u m e t r i c  f l a s k s .  D i l u t i o n s  w e r e  m a d e  v o l u m e t r i c a l l y ,  

w i t h  t h e  a i d  o f  a  m i c r o b u r e t ,  t o  f o r m  t h e  s o l u t i o n s  f o r  

s t u d y .  S p e c t r a  w e r e  m e a s u r e d  w i t h  a  B e c k m a n  D K - 2 A  

f a r - u l t r a v i o l e t  s p e c t r o m e t e r ,  w h i c h  w a s  p u r g e d  w i t h  N 2. 

T h e  q u a r t z  c e l l s  ( 0 . 0 4 9 ,  1 . 0 ,  a n d  1 0 . 0  c m )  w e r e  u s e d  i n  

t h e  t e m p e r a t u r e - r e g u l a t e d  c e l l  h o l d e r  w h i c h  w a s  k e p t  

a t  c o n s t a n t  t e m p e r a t u r e s  w i t h  t h e  a i d  o f  a  H a a k e  

c i r c u l a t o r  a n d  S a r g e n t  w a t e r  b a t h .  T h e  a b s o r b a n c e  o f  

t h e  s a m p l e  s o l u t i o n s  w e r e  m e a s u r e d  r e l a t i v e  t o  a  r e f e r 

e n c e  c e l l  c o n t a i n i n g  a  m a t c h i n g  T E A  s o l u t i o n .  S p e c t r a  

o f  r e l a t i v e  s o l u t i o n s  w e r e  r e c o r d e d  a s  a  f u n c t i o n  o f  t i m e .  

T h e  r e a c t i o n s  a p p e a r e d  t o  b e  t h e  s a m e  f o r  s o l u t i o n s  

k e p t  i n  t h e  d a r k  a s  f o r  s o l u t i o n s  k e p t  o u t  i n  t h e  r o o m  

l i g h t .

R e s u l t s  a n d  D i s c u s s i o n

A. T E A - I i  Complex in n-Heptane. O u r  s p e c t r a  i n  

t h i s  s o l v e n t  a r e  s h o w n  i n  F i g u r e  1 .  W e  n o t e  t h e r e  t h e  

f o l l o w i n g  i t e m s .

( 1 )  C u r v e  1 o f  F i g u r e  1 ,  f o r  I 2 i n  p u r e  n - h e p t a n e ,  

v e r i f i e s  t h e  r e s u l t s  r e p o r t e d  b y  J u l i e n  a n d  P e r s o n ,18 
p a r t i c u l a r l y  t h e  c o n t a c t  c h a r g e  t r a n s f e r  ( C T )  a b s o r p 

t i o n  b a n d  n e a r  2 2 0  mp. W e  n o t e  t h a t  t h e  a b s o r p t i o n  

i n  t h i s  r e g i o n  d e c r e a s e s  a s  T E A  i s  a d d e d  t o  t h e  s y s t e m ,  

w h i c h  i s  t o  b e  e x p e c t e d  i f  t h e  I 2 i n  t h e  c o m p l e x  i s  n o  

l o n g e r  a v a i l a b l e  f o r  a  c o n t a c t  C T  a b s o r p t i o n  w i t h  t h e  

s o l v e n t .  W e  b e l i e v e  t h i s  s p e c t r u m  i s  c o n c r e t e  e v i d e n c e  

t h a t  s u c h  c o m p e t i t i o n  ( b e t w e e n  n - h e p t a n e  a n d  T E A  

f o r  t h e  I 2 ) d o e s  o c c u r ,  a n d  t h a t  t h e  c o m p l e x e d  I 2 d o e s

n o t  t h e n  u n d e r g o  c o n t a c t  C T  a b s o r p t i o n  w i t h  t h e  

s o l v e n t  b u t  s h o w s  o n l y  t h e  r e g u l a r  C T  b a n d  o f  t h e  

c o m p l e x  a t  2 7 8  m / t .  A l s o ,  w e  n o t e  t h e  a p p a r e n t  

i n c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  1 8 7 - m ^  I 2 b a n d  a s  t h e  

c o m p l e x  f o r m s .  T h i s  i n c r e a s e  i s  p r o b a b l y  r e a l ,  s i n c e  

t h e  r e f e r e n c e  b e a m  c o n t a i n s  T E A  s o  t h a t  a b s o r p t i o n  b y  

T E A  i s  c a n c e l e d .  H o w e v e r ,  i t  i s  p o s s i b l e  t h a t  t h e  

r e s u l t s  h e r e  a r e  n o t  q u a n t i t a t i v e l y  c o r r e c t .

( 2 )  A s  t h e  c o n c e n t r a t i o n  o f  T E A  i n c r e a s e s ,  t h e  C T  

b a n d  a t  2 7 8  n ^ u  i n c r e a s e s  i n  i n t e n s i t y  a t  t h e  e x p e n s e  o f  

t h e  c o n t a c t  C T  b a n d  a t  2 2 0  mp. I t  i s  n o t  p o s s i b l e  t o  

e x a m i n e  t h e  s p e c t r a  b e l o w  a b o u t  220  mp f o r  t h e s e  

s o l u t i o n s  m o r e  c o n c e n t r a t e d  i n  T E A ,  b e c a u s e  o f  t h e  

i n c r e a s e d  a b s o r p t i o n  i n  t h e  r e f e r e n c e  b e a m .  H o w e v e r ,  

a  c l e a r  i s o s b e s t i c  p o i n t  i s  o b s e r v e d  a t  2 3 6  mp.
( 3 )  T h e  a b s o r b a n c e  a t  2 7 8  m ^  i s  p l o t t e d  a s  a  f u n c t i o n  

o f  t h e  m o l e  r a t i o  [ T E A ] / [ I 2]  i n  F i g u r e  2  ( c u r v e  1 ) .  

W e  s e e  t h a t  t h e  a b s o r b a n c e  d o e s  n o t  i n c r e a s e  a p p r e c i 

a b l y  a s  t h e  T E A  c o n c e n t r a t i o n  i n c r e a s e s  a b o v e  a  m o l e  

r a t i o  o f  3 0 ,  i n d i c a t i n g  t h a t  o n l y  a  o n e - t o - o n e  c o m p l e x  

f o r m s .  W e  f o u n d  n o  i n d i c a t i o n  o f  r e a c t i o n  ( s u c h  a s  

p r e c i p i t a t i o n ,  a s  r e p o r t e d  b y  N a g a k u r a 6 ) i n  t h e s e  d i l u t e  

s o l u t i o n s ,  e v e n  f o r  T E A  c o n c e n t r a t i o n s  g r e a t e r  t h a n  

0 . 0 1  M .
I n  g e n e r a l ,  o u r  r e s u l t s  f o r  t h i s  c o m p l e x  i n  t h i s  s o l v e n t  

a r e  i n  c o m p l e t e  a g r e e m e n t  w i t h  t h o s e  o f  N a g a k u r a ,6 a s  

i n d i c a t e d  i n  t h e  c o m p a r i s o n  s u m m a r y  o f  T a b l e  I I ,  w i t h  

t h e  f e w  a d d i t i o n a l  o b s e r v a t i o n s  l i s t e d  a b o v e .

B. T E A -I- i System in Dioxane. O n  t h e  o t h e r  h a n d ,  

w e  f o u n d  t h a t  t h i s  c o m p l e x  i s  v e r y  u n s t a b l e  i n  d i o x a n e  

s o l u t i o n .  A s  s o o n  a s  t h e  t w o  c o m p o n e n t s  a r e  m i x e d  

i n  s o l u t i o n  a  s e r i e s  o f  c o n s e c u t i v e  f i r s t - o r d e r  r e a c t i o n s  

b e g i n .  T h e s e  r e a c t i o n s  o c c u r  i n  t h e  a b s e n c e  o f  m o i s 

t u r e .  T h e  n a t u r e  o f  t h e  i n t e r m e d i a t e  p r o d u c t  v a r i e s  

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

H o w e v e r ,  t h e  m a i n  r e a c t i o n  p a t h  i s  a p p a r e n t l y  r e p r o 

d u c i b l e  a n d  c o n v i n c i n g .  B e f o r e  d e s c r i b i n g  t h e s e  

c h a n g e s ,  w e  s h a l l  p r e s e n t  h e r e  t h e  r e s u l t s  f o r  t h e  s p e c 

t r u m  o f  t h e  complex i n  d i o x a n e  s o l u t i o n .

T h e  c o m p l e x  i t s e l f  c o u l d  b e  s t u d i e d  b y  r e c o r d i n g  

s p e c t r a  r a p i d l y  i m m e d i a t e l y  a f t e r  m i x i n g  s o l u t i o n s ,  a n d  

t h e n  l a t e r  a s  a  f u n c t i o n  o f  t i m e .  T h e  s p e c t r u m  o f  t h e

Table I: Spectral Properties of the Dioxane-D Complex 
in Pure Dioxane

'--------------------------------------- Our results------------------- .. ..................- Ketelaar, et al.a
^m a ii AVl/2, ^ m a ii
m fj, ^raax cm- 1 f e m ¡A €max

450 812b 4240 0.015 450
264 4750ê  7600 0.156 264 4450
2 1 2 12,500d (6000) 0.32

a From ref 14. 6>c,dObservations in 1 0 -, 1 .0 0 -, and 0.049-cm cells,
respectively. e Computed from /  « 4.32 X 10~ 9 ^max A r i /2 .

(13) L. Julien and W . B. Person, J. Phys. Chcm., 72, 3059 (1968).
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Figure 3. Ultraviolet absorption spectra (at about 24.0° in a 1-cm path length cell) of a mixed solution, having fixed I2 concentration 
(3.151 X 10-6  M) and varying concentrations of TEA in dioxane. The concentrations (X10-6) of TEA are 0.00, 14.73, 44.17,
132.82, 444.74, and 1325.22 M, respectively for curves 1, 2, 3, 4, 5, and 6 , respectively. Curve 1' represents absorbance of 
3.151 X 10- 4  M h  solution in dioxane using 0.049-cm cells.

c o m p l e x  i s  o b t a i n e d  b y  e x t r a p o l a t i n g  t h e  r e s u l t s  t o  z e r o  

t i m e .

a. Dioxane-h Complex. I n  o r d e r  t o  i n t e r p r e t  o u r  

r e s u l t s ,  i t  w a s  n e c e s s a r y  f o r  u s  t o  k n o w  t h e  a b s o r p t i o n  

o f  I 2 i n  t h e  d i o x a n e  s o l u t i o n .  W e  h a v e ,  t h e r e f o r e ,  

r e p e a t e d  t h e  w o r k  o f  K e t e l a a r ,  et al., o n  t h i s  s y s t e m . 14 

T h e  r e s u l t s  w e  h a v e  f o u n d  f o r  t h e  s p e c t r u m  o f  I 2 i n  p u r e  

d i o x a n e  m a y  b e  s e e n  i n  c u r v e s  1 a n d  1 '  o f  F i g u r e  3  a n d  

a r e  s u m m a r i z e d  f o r  a l l  t h r e e  r e g i o n s  o f  a b s o r p t i o n  i n  

T a b l e  I .  O u r  r e s u l t s  f o r  t h e  b l u e - s h i f t e d  v i s i b l e  I 2 b a n d  

a t  4 5 0  n iju  a n d  f o r  t h e  C T  b a n d  o f  t h e  d i o x a n e ~ I 2 c o m 

p l e x  a t  2 6 4  m g t  a g r e e  w e l l  w i t h  t h o s e  r e p o r t e d  b y  

K e t e l a a r ,  et al.u
T h e  m o s t  i n t e r e s t i n g  f e a t u r e  o f  t h e s e  r e s u l t s  f o r  I 2 i n  

d i o x a n e  i s  t h e  a b s o r p t i o n  i n d i c a t e d  i n  F i g u r e  3  a n d  

T a b l e  I  a t  2 1 2  m g .  W e  m u s t  b e  m o s t  c a u t i o u s  a b o u t  

r e p o r t i n g  n e w  a b s o r p t i o n  b a n d s  o c c u r r i n g  i n  t h e  r e g i o n ,  

f o r  t h e  r e a s o n s  d i s c u s s e d  a b o v e .  H o w e v e r ,  w e  c a n n o t  

e x p l a i n  t h i s  a b s o r b a n c e  n e a r  2 1 2  m p  a s  0 2 a b s o r p t i o n ,  

a n d  w e  h a v e  n o  r e a s o n  t o  d o u b t  i t s  r e a l i t y .  I f  t h i s  

a b s o r p t i o n  is  d u e  t o  a  s e c o n d  C T  b a n d  i n v o l v i n g  a  

s e c o n d  d a t i v e  s t r u c t u r e  f o r  t h i s  c o m p l e x ,  i t  w o u l d  

s u g g e s t  t h e  n e e d  f o r  f u r t h e r  s t u d y  o f  o t h e r  e t h e r - I 2 

s y s t e m s  i n  o r d e r  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  t h e  

a n o m a l o u s l y 16 l o w  i n t e n s i t y  f o r  t h e i r  C T  b a n d  m a y  b e  

e x p l a i n e d  b y  f a i l u r e  t o  o b s e r v e  p a r t  o f  a  d o u b l e d  a b s o r p 

t i o n  b a n d .  H o w e v e r ,  i t  i s  a l s o  p o s s i b l e  t h a t  t h i s  

a b s o r p t i o n  b a n d  i s  s o m e  k i n d  o f  c o n t a c t  C T  b a n d  o f  I> 

w i t h  d i o x a n e ,  a l t h o u g h  w e  d o  e x p e c t  s u c h  a  b a n d  f o r  

t h e  c o m p l e x e d  I 2, a n d  w e  d o  n o t  e x p e c t  m u c h  o f  t h e  I 2 

i n  t h e  p u r e  d i o x a n e  t o  b e  u n c o m p l e x e d .

b. T E A - I -2 Complex in Dioxane. T h e  s p e c t r a  o f  

s o l u t i o n s  o f  T E A  a n d  I 2 i n  d i o x a n e ,  r e c o r d e d  w i t h i n  

2  m i n  o f  m i x i n g ,  a r e  s h o w n  i n  F i g u r e  3 .  T h e s e  s p e c t r a ,  

a n d  o t h e r s  o b t a i n e d  b y  e x t r a p o l a t i o n ,  c a n  b e  u s e d  i n  

t h e  u s u a l  w a y 16 t o  o b t a i n  t h e  f o r m a t i o n  c o n s t a n t  a n d  

m o l a r  a b s o r p t i v i t i e s .  T h e  r e s u l t s  a r e  s u m m a r i z e d  i n  

T a b l e  I I .  T h e  f o r m a t i o n  c o n s t a n t  h a s  b e e n  e v a l u a t e d  

f o r  n - h e p t a n e  u s i n g  d a t a  a t  s e v e n  d i f f e r e n t  w a v e l e n g t h s  

a n d  s i x  d i f f e r e n t  s o l u t i o n s ;  f o r  t h e  p - d i o x a n e  s o l u t i o n s ,  

w e  h a v e  e v a l u a t e d  K  a n d  em ax f r o m  d a t a  a t  2 7 8  m g  o n l y .

T h e  c o m p a r i s o n  b e t w e e n  t h e  r e s u l t s  i n  T a b l e  I I  a n d  

t h e  m o l e  r a t i o  p l o t s  i n  F i g u r e  2  f o r  t h e  t w o  d i f f e r e n t  

s o l u t i o n s  i s  c o n v i n c i n g  e v i d e n c e  t h a t  w e  a r e  s t u d y i n g

(14) J . A . A . K e te la a r, C . va n  de S to lpe , A . G o u d s m it , a n d  W . 
D zcubas, R e c .  T r a v .  C h i m . ,  71, 1104 (1 95 2 ); J . A . A . K e te la a r, 
J .  P h y s .  R a d i u m , 15, 197 (1954).
(15) See K . S. M u ll ik e n  a n d  W . B . P erson, “ M o le c u la r  C om p lexes: 
A  L e c tu re  a nd  R e p r in t  V o lu m e ,”  J o h n  W ile y  a nd  Sons, In c ., N ew  
Y o rk ,  N .  Y . ,  1969.
(16) U s in g  N a g a k u ra ’s m e th o d  [re f 5, a n d  S. N a g a k u ra , J .  A m e r .  
C h e m .  S o c . ,  76, 3070 (1954)], and  u s in g  a  c o m p u te r p ro g ra m  (L . 
J u lie n , P h .D . thes is , U n iv e rs ity  o f  Io w a , 1966) fo r  L ip ta y ’s p ro 
cedu re  [W . L ip ta y ,  Z .  E l e k t r o c h e m . ,  65, 375 (1961)].
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Table II: Properties of the Triethylamine-l2 Complex 
in n-Heptane and in Dioxane Solutions

Solvent
^ m a n
mu f m a x

K,
l./mol

n-Heptane
(ours) 278 22,600 (±180)'b 6000 (±580)
(Nagakura)' 278 25,600 4690

p-Dioxane 278 23,410(±120)i’ 4120(±560)

“ At 25° (24.5° for our studies). 6 Errors estimated from scatter of 
data in the Liptay analysis (see ref 15). ' Nagakura, ref 5.

the same complex in both. The slight difference in 
properties of the complex in dioxane may not be 
significantly greater than the experimental error; how
ever, it is not larger than solvent effects observed for 
other complexes.17

C. The Consecutive Reactions of TEA and / 2 in 
Dioxane. In Figure 4, we show the spectral changes 
occurring with time in a solution of TE A -I2 in dioxane. 
The results in Figure 4a are for [T E A ]/[I2]  ratio of 14; 
the results in Figure 4b are for a ratio of 140. These

Figure 4. (a) Spectral changes with time in a dioxane solution
having initial concentrations of TEA as 4.4 X 10~4 M 
and Is as 3.151 X 10~E M. Mean scanning times in minutes 
(starting from mixing the solutions) are (1) <2, (2) 5, (3) 15,
(4) 25, (5) 48, and (6) 150. Curve 7 was taken after 3 weeks 
(see text). (b) Spectral changes with time in a dioxane solution
having the same I2 concentration as in (a), but having higher 
TEA concentration (44.2 X 10~4 M ). Mean scanning times 
in minutes for curves 1, 2, 3, 4, 5, and 6 are <2, 6, 16, 22, 28, and 
50, respectively. Curve 7 is taken after 3 weeks.

results were obtained from the solutions corresponding 
to curves 3 and 5, respectively, of Figure 3 and the 
reaction takes place at 24.5°.

We note the following, in connection with Figure 4a. 
(1) Immediately after mixing, the band at 278 m/i, 
attributed above to the CT band of the complex, is 
observed. This band (labeled a in Figure 4a) decreases 
continuously in intensity with time, while two new 
bands (fi at 258 m/i, and y at 226 m/x) develop. The 
absorbance of these three bands is shown as a function 
of time in Figure 5 for a typical study. From these

Figure 5. (a) Variation with time of the peak intensities
of a, /?, and y  bands in a dioxane solution having TEA and I2 
concentrations of 44.17 X 10~E and 3.151 X 10-6 M.
(b) Variations with time (for the solutions given in Figure 4b) 
of the intensities of the a and /3 bands and of the long wavelength 
end absorption at 235 mp for the y  band. (The peak of y  bands 
could not be studied due to high absorption of TEA in 1-cm cell.)

two figures we can see that the absorption due to /3 
increases rapidly to a maximum and then decreases, 
suggesting that the fi band is due to an intermediate in 
the reaction formed first from the complex and then 
reacting further to yield the species responsible for the 
absorption at y. Some of the initial absorption at y is 
probably due to a species produced at the same rate as 
is the species responsible for ¡3, although that is not 
clear. (2) Finally (after a few days), only the species 
responsible for the y absorption remains in solution (see 
curve 7 of Figure 4a). This solution is stable. (3) 
The rates of the reactions are faster in solutions with 
higher concentrations of TEA. (See Figures 4b and 
5b.) From the change in the half-life of the complex 
with TEA concentration, we may deduce that the reac
tion using up complex is first order in [TEA]. We note 
that the absorbance of the y band at its peak (226 m/i) 
is so great for the solutions in Figure 4b that it cannot 
be studied in the 1-cm cells used for the other studies. 
Thus, in Figure 5b we present the absorbance at 235 mp 
instead, as a measure of the concentration of the species

(17) For example, see C. C. Thom pson, Jr., and P. A. D . de M aine, 
J. Amer. Chem. Soc., 85, 3096 (1963).
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responsible for the 7 absorption. Some studies were 
made using shorter path cells.

D. Identification of the Species Responsible for the 
Bands. The position of the 7 band coincides remark
ably well with the first “ charge-transfer-to-solvent” 
(CTTS) band of the I-  ion in solution. 18~'21 We at
tempted to verify this reasonable assignment by meas
uring the temperature dependence of vme.x for this band 
in our solutions, in order to compare it with the unusu
ally high temperature dependence found for the CTTS 
band in 1“  ion solutions. The results are shown in 
Figure 6, together with the temperature dependence

T E M P  °C

Figure 6. The temperature dependence of vm of the y band 
and of the first long wavelength band of I-  ion at 226 in water 
solution with temperature: (1) TEA-I2 solution changed to
give 7  band; (2) TMAI solution in H20.

measured for a solution of tétraméthylammonium iodide 
in water solution. We find for the slopes of these lines 
values of km (=  dEm/dt) of —13.5 cnW/deg for the 
7 band in dioxane solution and —11.7 cm~Vdeg for the 
I”  band in tétraméthylammonium iodide in water. 
The latter value compares with other values reported 
for I-  ion in water of —11.6,20 —11.8,22 and —11.223 
cm-I/deg. We believe the close similarity found here 
for the temperature dependence of the 7 band verifies 
its assignment to the I-  CTTS band in dioxane.

E. The Concentration of /  in the Fiyial Solution. 
Having identified the 7 band, we may now use its 
absorbance, together with the known molar absorptivity 
of this band2 [emax =  14,200 at 226 mg], to compute 
the concentration of I in the final solutions. As we 
shall show later, this solution also contains a small con
centration of I3 ' ions, which must be computed. The 
results are shown in Table III. We see there that the 
h  initially present has been quantitatively accounted 
for in the final solution, most of it as I- . In particular, 
we may be sure that there are no iodine atoms in the 
positive ion associated with the 1~ in the final solution.

Table III: Calculation of the Concentration of Iodine in the 
Final Solution from a Reaction Mixture Containing 
an Initial I2 Concentration of 3.151 X 10-6 M 
(1.00-em Cell; Concentrations in 10~5 M)

Band at 226 mfx 
I - ion°

Absorbance [I- ]

Band at 295 mp,
1 3“ ion6

Absorbance [I3- ]

Total [I] concn 
( X105) M  

Calcd Initial

0.828 5.83 0.074 0.165 6.325 6.302

“ Computed using e i - = 14,200 (ref 20). 6 Computed using 
eis-  =  44,670 (ref 29).

F. The Molar Absorptivity of the (5 Band. The spec
trum of a mixture of I2 and TEA in dioxane at an inter
mediate stage in the reaction is shown in Figure 7. In 
this spectrum, the absorption due to the complex is 
almost zero; the absorbance due to I-  (7 band) is 
prominent, and there is still an appreciable absorption 
at fi. In addition some I3“  is present, as indicated.

Figure 7. Ultraviolet absorption spectrum of a TEA-I2 mixture 
in dioxane about 4 hr after preparation having initial TEA 
and I2 concentration as 4.417 X 10 4 and 
3.151 X 10-6 M, respectively.

From the molar absorptivity coefficients, we can com
pute the concentration of I-  and of I3~ ions in this 
solution; from the difference between this calculation 
and the initial concentration of I2, we can compute the 
concentration of I atoms contained in the intermediate 
responsible for the fi band. We can be reasonably con
fident in this calculation that ultraviolet absorption by 
these missing I atoms should occur in this region, and 
so presumably in the ¡3 band. The results are sum
marized in Table IV.

(18) M . J. Blandamer, T . R . Griffiths, L. Shields, and M . C. R. 
Symons, Trans. Faraday Soc., 60, 1524 (1964).
(19) T . R . Griffiths and M . C. R . Symons, ibid., 56, 1125 (1960).
(20) J. Jortner, B. Raz, and G. Stein, ibid., 56, 1273 (1960).
(21) S. J. Striekler and M . Kasha, J. Chem. Phys., 34, 1077 (1961).
(22) G. Stein and A. Treinen, Trans. Faraday Soc., 55, 1091 (1959).
(23) M . Smith and M . C. R. Symons, ibid., 54, 338, 346 (1958).
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Table IV: Calculation of the Concentration and Molar
Absorptivity of the Intermediate Species Responsible 
for the (3 Band. (Initial [I2]  = 3.151 X  10-6 M;
Concentration in 10-5 M)

1 -  (226 mp) I j -  (295 mp) Total I -  Intermediate (258 m/i)
Abs [I"]“ Abs [ I r ] 4 [I]° Abs [B]i

0.582 4.098 0.128 0.286 4.956 0.410 1.346 30,000

a Computed using n - = 14,200 (ref 20). b Computed using 
fi3-  = 44,670 at 295 mp (ref 29). ‘ The sum of [I- ]  +  3[I3_I1. 
d Computed from (6.302 — 4.956) X 10“s, assuming only one I atom 
is contained in the intermediate, B.

We see there that the molar absorptivity of the inter
mediate responsible for ¡3 is quite high. The value 
quoted is based upon the calculated concentration of 
I atoms; if the intermediate contained two I atoms, then 
its molar absorptivity would be twice as large.

From a knowledge of Xmax and emax of the ¡3 band, one 
might hope to be able to identify the unknown inter
mediate responsible for this absorption. Unfortunately, 
this has not been easy for us. The wavelength corre
sponds quite closely to that found for the first absorp
tion band in alkyl iodides;24 for example, Xmax for C2H6I 
is 258 npr. However, the molar absorptivities for the 
latter are smaller by a factor of about 70. We suspect 
that the species responsible for this absorption band is 
the (Et3N -I)+  ion (or perhaps [(E t3N )2I]+). We 
think that the positive nature of the I atom in these ions 
might enhance the intensity of the transition from that 
found for the alkyl iodides. Analogous ions have been 
suggested by Lupinski25 for the /Ucarotene-I2 interaction 
[as (/3-car-I) +3 and by Slifkin26 for the interaction of 
iodine with proteins, amines, and amino acids. How
ever, for the former case it seems quite likely that the 
explanation for the strong absorption band reported by 
Lupinski may have nothing to do with the I atom.27

G. Summary of Reaction in Dioxane. Thus, we find 
the following reaction occurring between TEA and I2 
in dioxane solution

Et3N -(- 12<=ï Et3N •T2 very rapid (1)
EUN-I, -4  b + +  r~ rapid (2)

B+(+Et*N) -4 X +  +  I" slow (3)

We believe that B+is (Et3N-T) + (or the diamine). We 
do not know the cation, X+, in the final solution except 
that it contains no I atoms. However, Boule suggests 
that the (Et3NH) + ion is formed even in anhydrous 
conditions from n-heptane solutions of Et3N and I2. 
We suspect that X+ is (Et3NH)+, or perhaps

Et3N+— CH—NEt2,

CH3

by analogy with the results found for the y-picoline 
system by Haque and Wood.28

We note (curve 7 of Figure 4) that there is no absorp
tion observed in solutions of the final product which can 
be attributed to the cation X +. We believe this obser
vation is consistent with our postulated saturated 
cations, but that it rules out other possibilities con
taining double bonds. Unfortunately, we were not able 
to complete this experiment by identifying this cation.

The initial increase in the absorbance of I (y band) 
in Figure 5 parallels the initial increase in the /3 band 
as B+ is formed; hence it is reasonable to postulate the 
simultaneous formation of B+ and I-  in step 2.

H. Side Reactions. If the [T E A 3 /[I23 ratio is 
smaller (~ 1 )  than in the studies reported above (~ 1 0  
or more) then the I3~ ion is found to form immediately 
after mixing the two solutions, even for solutions which 
are very dilute. The presence of this ion is revealed by 
the two characteristic strong bands29 near 365 and 295

X («I)*)

Figure 8. Visible bands of unknown origin in TEA-I2 mixture 
in dioxane. The initial I2 concentration was fixed 
(4.606 X 10-4 M) and the TEA concentrations (X10-4) 
are (1) 0.000, (2) 9.961, (3) 29.88, (4) 89.65, (5) 298.84, 
and (6) 896.53 M. The spectra are taken approximately 
30 hr after initial mixing.

(24) K. Kimura and S. Nagakura, Spectrochim. Acta. 17, 166 (1961).
(25) J. H. Lupinski, J. Phys. Chem., 67, 2725 (1963).
(26) M . A. Slifkin, Spectrochim. Acta, 20, 1543 (1964); 21, 1391 
(1965).
(27) T . G. Ebrey, J. Phys. Chem., 71, 1963 (1967).
(28) I. Haque and J. L. W ood, Paper C3, Anniversary M eeting o f 
the Chemical Society, Exeter, England, April 3-6 , 1967. See I. 
Haque and J. L. W ood, Spectrochim. Acta, 23A, 2523 (1967).
(29) R . E. Buckles, J. P. Yuk, and A. I. Popov, J. Amcr. Chem. 
Soc., 74, 4379 (1952).
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m/i, with intensity ratios approximately 2:1. However, 
as excess TEA is added, the concentration of I3~ ion 
formed decreases, presumably because the amine com
petes successfully with the I" ion for the I2. Thus in 
our studies with excess amines above the principal 
negative ion is I- .

The dioxane solutions containing the lower [T E A ]/ 
[L ]  ratios form I3~; these I3̂ -containing solutions are 
then unstable with respect to further decomposition to 
form I-  and to give changes in the visible spectrum 
reported below. The high absorption of the I3~ ion 
prevents us from the same kind of detailed study as has 
been reported above for solutions with high [T E A ]/
[I2]  ratios. However, we have studied these puzzling- 
changes in the visible region of the spectrum.

When the intermediate I3”-containing species (which 
was formed in the dioxane solutions of low [T E A ]/[L ]  
ratio) decomposes to form I~, three new bands appear 
in the visible region of the spectrum (at 450, 550, and 
650 mg) as shown in Figure 8. It is clear that these 
three bands decrease in intensity with increasing con

centration of TEA. Furthermore, we have observed 
that the use of glass cells (rather than quartz) results 
in an increase in the intensity of these bands.

Although it is difficult to measure accurately the 
relative band intensities of these three bands, we believe 
our results clearly show that the three bands are not due 
to a single species. It may be worthwhile to point out 
that the 450-mg band is not due to I2 complexed with 
dioxane, since its band shape is quite different from that 
observed for the complex. We do not have any hy
pothesis concerning the nature of the unstable species 
causing this absorption in the samples with low [T E A ]/
[Io] ratio.
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The Contact Angle and the Depth of the Free-Energy Minimum in Thin 

Liquid Films. Their Measurement and Interpretation1

by Frits Huisman and Karol J. Mysels

Chemistry Department, University of Southern California, Los Angeles, California 90007 and 
Research Department, R. J. Reynolds Tobacco Company, Winston-Salem, North Carolina 27102 
(Received March 11, 1968)

The depth of the energy minimum corresponding to an equilibrium thin liquid film is determined by measur
ing the contact angle between the film and bulk solution. The significance of this angle and its relation to 
conventional contact angles is discussed and an experimental method for measuring it described. Results 
for solutions of sodium dodecyl sulfate containing NaCl alone or with LiCl, KC1, or (CH3)4NBr range up 
to 16° in contact angle and over 2 ergs/cm2 in depth of the minimum. These provide excellent support for 
previous qualitative observations of kinetic and equilibrium relations. It is also shown that the minima should 
lie close to the attractive energy curve, but the disagreement between the simple theory of van der Waals 
forces and the experimental results is very large. Various possible reasons for this discrepancy are briefly 
discussed and an analogy between the second black films and compounds is pointed out.

Introduction

Medium-range intermolecular forces, those manifest
ing themselves between assemblages of molecules over 
distances of several tens to a few thousands angstroms, 
are the principal determinants of the behavior of thin 
liquid films and, particularly, of the stable ones formed 
by aqueous solutions in air which are generally called 
soap films.2~10 As a direct consequence, the films arc a 
valuable tool in the study of such forces. Figure 1 
shows schematically how the partial specific surface 
free energy, AF, of a film must vary with its thickness 
as the net result of all the forces acting within it, in

(1) Presented at the Garvan Award Symposium honoring M . J. 
Void during the 153rd National M eeting o f  the American Chemical 
Society, M iam i Beach, Fla., April 1966.
(2) B. V. Deryagin and A. S. Titievskaya, Discussions Faraday Soc., 
18, 27 (1954).
(3) A. Scheludko and D. Exerowa, Kolloid-Z., 155, 39 (1957).
(4) J. Th. G. Overbeek, J. Phys. Chem., 64, 1178 (1960).
(5) J. J-yklema, Rec. Trav. Chim., 8 1 , 890 (1962).
(6) K. J. M ysels, J. Phys. Chem., 68, 3441 (1964).
(7) A. Scheludko, Koninkl. Nederl. Akad. Wetenschapen, Amsterdam, 
Proc., Ser. B, 65, 76 (1962).
(8) J. Lyklema and K. J. Mysels, J. Amer. Chem. Soc., 87, 2539 
(1965).
(9) A. Sheludko, Advan. Colloid Interface Sci., 1, 391 (1967).
(10) A. Sheludko, “ Textbook o f Colloids,”  Elsevier Publishing Co., 
Amsterdam, 1966.
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Figure 1. Changes in the partial specific surface free energy AF 
with film thickness S. A (meta) stable film forms if a sufficient 
minimum results from a combination of attractive 
and repulsive potentials.

order to give a stable film. The experimental measure
ment of the parameters of such a curve can serve to test 
the theories and models attempting to explain the 
behavior of these systems and under proper conditions 
can help to disentangle the interaction of attractions 
and repulsions required to give the complex shape of 
this curve. In fact, it has been found that the shape 
can be more complicated than shown, having at least 
two minima of different depth.

Until recently only the abscissa of the minimum 
could be determined by measuring the thickness of the 
equilibrium film.3'8 New approaches for determining 
the slope of the curve by light scattering11'12 and for the 
descending branches by kinetics of thinning or burst
ing13’14 have been proposed as well as a method for 
following the ascending branch by hydrostatic com
pression of the film.15

In the present paper we describe a method for 
measuring the depth, AFe, of the minimum along with 
some results and a discussion of the theoretical prob
lems they raise. The method itself has already been 
the subject of a brief preliminary communication with 
Razouk.16

It may be noted that soap films are related to two 
apparently very different fields of study. One is the 
stability of hydrophobic colloids where the structures are 
very different but the forces should be similar.4'5 The 
other is that of lipid membranes where the structures 
are similar but the forces less so.17'18 The main em
phasis of research in these fields is also somewhat 
different. In the former field it is mainly on the height 
of the maximum rather than on the minimum of the 
free energy curve, and in the latter it is on transport 
properties19 rather than on the forces determining the 
structure of the film itself.

The Pertinence of the Contact Angle. Experimentally, 
soap films and related thin films are always studied in 
contact with some bulk liquid, at least that of the

Plateau border. In the present context we are con
cerned with equilibrium systems, more specifically 
metastable ones with respect to bursting of the film. 
The minimum of free energy shown in Figure 1 must 
therefore be that of the free energy, F, of the whole 
system and not Gibbs excess surface free energy. As 
F depends on the total surface of the system, it is con
venient to consider only its increase per unit surface or 
the partial specific surface free energy of the system 
which is equal20 to the surface tension, <r

(dF/dQ)T,v ,m = <r (1)

Q denotes the surface area of the system. As Figure 1 
indicates, we are concerned here with the fact that the 
partial specific surface free energy varies also with the 
thickness, 8, of the layer covered by the surface so that 
a more exact formulation requires the introduction of a 
thickness-dependent partial specific surface free energy 
of the system and a thickness-dependent surface 
tension.

(dF/dfis) r.v.m — <n (2)

Since we are concerned primarily with variations of 
these quantities, it is convenient to take as a reference 
point the very thick surface, i.e., bulk liquid, which we 
denote by subscript 0. As we are dealing with two- 
sided films, it is also better to use unit film area as a 
base. With these conventions we can define the 
partial specific; surface free energy of a film AF, shown 
as the ordinate in Figure 1, by

AFs/2 =  (dF/dilo) T,v,tn — (dF/dils)r ,v ,m =  0o —

(3)
One value of AF is particularly important, the one 
corresponding to equilibrium films and denoted by 
AFe. It is given by

A Fe = 2(<r0 — o') (4)

where a denotes the surface tension of the equilibrium 
film. For symmetrical films this quantity is defined 
operationally as half the tension of the film.

(11) A. Vrij, J. Colloid Sci., 19, 1, (1964); Advan. Colloid Interface 
Sci., 2, 39 (1968).
(12) J. A. Mann, Jr., J. Colloid Interface Sci., 25, 437 (1967).
(13) A. Scheludko, Koninkl. Nederl. Akad. Wetenschapen, Amsterdam, 
Proc., Ser. B, 65, 87 (1962).
(14) A. Vrij, Discussions Faraday Soc., 42, 23 (1966).
(15) K. J. M ysels and M . N. Jones, ibid., 42, 42 (1967).
(16) K. J. Mysels, H. F. Huisman, and R . Razouk, J. Phys. Chem., 
70, 1339 (1966). Note that the formula for 6 is inverted and the 
calculation o f disjoining pressure is in error (it refers to the pressure 
required to give the observed A a).
(17) J. Taylor and D. A. Haydon, Discussions Faraday Soc., 42, 
51 (1966).
(18) J. F. Danielli, J. Theor. Biol., 12, 439 (1966).
(19) P. Mueller, O. D. Rudin, H. T. Tien, and W . C. W escott in 
“ Symposium on the Plasma M em brane,”  A. P. Fishman, Ed., 
American Heart Association, New York, N. Y ., 1962; T . Hanai, 
D. A. H aydon and W . R . Redwood, Ann. N. Y. Acad. Sci., 137, 
Article 2, 731 (1966).
(20) R. E. Johnson, J. Phys. Chem., 63, 1955 (1959).
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The point of the above argument is that the existence 
of an equilibrium film implies that it has a surface ten
sion different from that of the bulk liquid with which it 
is in contact and in equilibrium. Because of this 
difference, a film having a thickness corresponding to 
the minimum must form a contact angle 8 with bulk 
surface as shown in Figure 2. Examination of this

Figure 2. Bulk liquid and a thin film having a lesser surface 
tension can coexist in equilibrium only by forming 
the proper contact angle.

figure also shows that equilibrium requires that

a  =  (To cos 8  (5)
Hence

AFe =  2 < r o ( l  —  c o s  8 ) ( 6 )

Thus, the problem of measuring the depth of the mini
mum reduces itself to that of measuring the contact 
angle between film and bulk surface since measurement 
of bulk surface tension is, in principle, trivial.

The Two Kinds of Contact Angle. The possibility of 
the existence of a contact angle between bulk liquid 
and a (mono) layer of it adsorbed upon another 
condensed phase was suggested at least 30 years ago21 
and is now well established.22 On the other hand, the 
possibility of a bulk liquid forming a nonzero contact 
angle with a thin film of itself without any other 
condensed phase does not seem to have been considered 
until very recently. We are aware of two recent dis
cussions, one by Deryagin and coworkers,23 the other 
by Princen and Mason24 of the theoretical significance 
of such a contact angle. Our preliminary publication16 
reported apparently the first observation and measure
ment of such a contact angle.

The contact angle of a liquid with its adsorbed mono- 
layer on a condensed phase, and that of a liquid with 
its own thin film, display obvious similarities, partic
ularly in the analysis of forces acting on the boundary 
and of the thermodynamics of the situation. There 
are also important differences between these two types 
of contact angles. As shown in Figure 3a, the ordinary 
contact angle involves three different phases and the 
junction of three monolayers, each at the boundary of a 
different pair of phases. The new contact angle situa
tion, on the other hand, involves basically only two 
phases and the contact of two identical monolayers, 
separating the same pair of phases, with a bilayer

Figure 3. Schematic comparison of film contact angles 
and bulk contact angles. Left, the symmetrical film 
contact angle involves only two different phases.
Right, an unsymmetrical film contact angle could involve 
three phases capable of having an ordinary contact angle also.

formed by the close approach of these monolayers and 
separating two parts of one of these phases.

It may be noted that the monolayers need not be 
monomolecular (i..e. one molecule thick) nor the 
bilayer needs to be bimolecular (i.e., two molecules 
thick). The important factor is that due to the nature 
of phases that are being separated, the former is highly 
unsymmetrical, the latter two-faced and symmetrical.

The bilayer may be formed between two condensed 
phases, particularly two liquids, and a qualitative 
observation of the occurrence of such a contact angle 
has been reported already,24'25 and now it also has been 
measured.26

Intermediate cases between the two extreme cases 
discussed above of a three-phase and a two-phase con
tact angle must also exist, particularly in the case of 
condensed phases. Thus, the composition of the fluid 
on one side of the bilayer may be changed gradually 
without affecting the essentials of the situation, al
though the bilayer must then also become somewhat 
unsymmetrical. Three different phases are then 
present, but as long as these changes in the fluid do not 
lead to immiscibility, a three-phase contact angle is 
not observable in the same system. At present there 
seems to be no intrinsic reason why this intermediate 
case should not be extended to two immiscible fluids 
separated by a correspondingly unsymmetrical bilayer. 
This would lead to the possibility of two different 
contact angles between three phases, as shown in

(21) D . H . B angham  and R . I. R azouk , Trans. Faraday Soc., 33, 
1459 (1937); I. L angm uir, J . F ranklin  Inst., 218, 143 (1934); 
Science, 87 , 493 (1938).
(22) W . A . Z ism an in “ C on ta ct A ngle. W etta b ility  and A d h esion ,”  
A dvances in C hem istry  Series, N o . 43, A m erican  C hem ical S ociety , 
W ashington , D . C ., 1964, p 1.
(23) B . V . D eryagin , G . A . M a rty n o v , and Y u . V . G u top , Kolloid ,
Zh., 27 , 357 (1965); Colloid J . {U S S R ), 27 , 298 (1965): in “ R e 
search in  Surface F orces,”  V ol. 2, B . V . D eryagin , E d ., 1966, p 9; 
B . V . D eryagin , P ure A p p l. Chem., 10, 375 (1965).
(24) H . M . P rincen  and  S. G . M ason , J . Colloid S ci., 20 , 156 (1965).
(25) G . D . M . M a cK a y , P h .D . Thesis, M cG ill U niversity, 1962.
(26) T . E . T h om pson  and R . P agano, U niversity  o f  V irgin ia, personal 
com m u n ica tion ; D . A . H a yd on  and J. L . T ay lor, N ature  217, 
739 (1968).
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Figure 3b, oiie metastable involving the bilayer, and 
the other stable and involving only monolayers.

Principle of the Method. Although the same contact 
angle exists whatever the configuration of the system, 
it is not always equally easy to observe or to measure. 
Several different approaches are possible.26’27 Our 
method is based on the unique configuration (Figure 4)

Figure 4. The special case of a contact angle 
between a flat surface and a bubble.

in which the surface of the bulk liquid is exactly plane 
and the film is part (the calotte) of a slightly protruding- 
bubble. This bubble was formed on a Teflon tip to 
which it remained attached and by means of which 
it could be raised or lowered until the desired flatness 
of the bulk surface was realized. A simple schlicren 
system provided a very sensitive primary criterion of 
flatness. With some practice the aspect through a 
horizontal microscope provided an equally sensitive 
secondary one. Either defined the vertical position of 
the bubble to within 10 y. The horizontal microscope 
also permitted the measurement of the diameter, d, 
and height, h, of the calotte by means of a filar microm
eter. Simple geometry then shows that16

d/2h — sin 6/(1 — cos 6) — cot 6/2 (7)

In this method, the measurements of contact angle 
are made at equilibrium and with the pertinent part 
of the film at the same level as the bulk liquid. The 
liquid within the film is also subject to the capillary 
pressure of the outer bubble surface 2a/lt which is of 
the order of 300 dyn/cm2. The negative of this is the 
disjoining pressure as defined by Deryagin.28 The 
contact angle measurement provides a value of poten
tial energy difference and no direct information about 
the disjoining pressure which is its derivative.16 The 
finite value of this derivative in our experiments cor
responds to a negligible departure from the true 
minimum.

Experimental Section
Contact Angle Apparatus. Figure 5 shows the prin

cipal features of the apparatus. The solution filled to 
overflow a square glass cell which was placed inside a 
larger one. This permitted observation of the profile 
of the calotte without interference from the meniscus

Figure 5. Apparatus for measuring the film contact angle.

yet permitted the use of a cover to reduce evaporation. 
The cover had a cutout permitting free movement of a 
gooseneck capillary tube at the end of which was a 
Teflon tip made by reaming a buret plug valve to pro
vide a conical orifice. The capillary could be positioned 
and especially raised or lowered by a micromanipulator 
(Kulicke and Sofia Model 200MM) and was connected 
to a syringe for forming the air bubble. A stopcock 
permitted isolation of the bubble once it was formed. 
The schlieren system consisted of a 2-W concentrated 
(zirconium) arc lamp, a photographic lens, a semi
transparent mirror, and a low-power telescope focused 
on the solution surface through the mirror. A slight 
misalignment of the telescope acted as an effective knife 
edge. A low-power microscope equipped with a. filar 
micrometer served to measure the calotte through the 
glass wall of the outer cell.

The measurements were limited mainly by the me
chanical stability of the system. Vibrations caused 
ripples of the bulk surface which changed greatly the 
diameter of the calotte, especially at small contact 
angles when it is very flat. This disturbance could be 
greatly reduced by placing the cell on a vibration-ab
sorbing support. Changes in the atmospheric pressure 
of the laboratory, which had a central air-conditioning- 
system, affected the size of the bubble and thus its 
relation with the surface. With some practice it was 
possible, nevertheless, to measure the contact angle to 
some o' of arc. This corresponds to about 10~3 erg/cm2 
when the contact angle is 1 ° and to 2 X 10-2 when it is 
10°. The corresponding AFc values are about 102 
and 0.7 erg/cm2, respectively. The lowest contact 
angle observed was for a solution containing 0.009 M

(27) T . K o la rov , A . Scheludko, and D . E xerow a, Trans. Faraday Soc., 
64, 2864 (1968); H. M . Princen , J. P hys. Chcm., 72, 3342 (196S).
(28) B . Y . D eryagin  in “ R esearch in Surface F o rce s ,"  Y o l. 1, B . V. 
D eryagin , E d ., C onsultants Bureau, N ew  Y ork , N . Y ., 1963, p S; 
B , V . D eryag in  and Y u . V . G u top , ibid., Y o l. 2, 1966, p 17.
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NaLS. The angle was clearly present in schlieren 
observation but could not be measured with the 
horizontal microscope and must have been less than 5' 
corresponding to less than 6 X 10“ 5 erg/cm2.

Surface tension measurements were made using the 
equilibrium Wilhelmy method with a sandpaper- 
depolished platinum foil attached to a commercial 
DuNouy apparatus.

Materials. The sodium dodecyl sulfate (NaLS) was 
a recently recrystallized portion of the preparation 
previously described29 and was freed of lauryl alcohol by 
high-vacuum sublimation at 50°. Reagent grade salts 
were used, the LiCl being carefully dried before use 
and the KC1 being further purified by heating for over 
an hour to 780° in a platinum dish.

Results and Comparison with Other Experiments

Figure 6 shows the results obtained on solutions 
containing 0.05% (1.7 X ICC3 M) NaLS and varying

TO T AL  SA LT  CONC..M/I

Figure 6 . Variation of film contact angle (left scale) 
and of the depth of the minimum (right scale) in solutions 
of 0.05% NaLS as a function of ionic strength in the presence 
of NaCl alone, O; of LiCl alone, ■ ; of over 90 mol %
LiCl +  NaCl, □ ; and of other mixtures of NaCl and LiCl, 0 . 
Dashed lines connect points of equal NaCl content.
All the points on the lowest line are first black films; those on the 
other lines above the lowest are second black. The nature 
of the film at 2.0 M is uncertain.

concentrations of NaCl, LiCl, or mixtures of these two 
salts. The directly measured contact angle is used as 
the ordinate and the approximate AFe value is indicated 
on the right-hand side. As all our solutions had 
measured surface tensions within 5% of 30dyn/cm  
(except one for which the uncertainty in the contact 
angle is larger), the two values correspond to each other 
closely, and the contact angle provides a more expanded 
scale at low values. All measurements were made in an 
air-conditioned room at a temperature of 23 ±  1°.

Total counterion concentration is used as the abscissa 
and systems having the same NaCl concentration are 
connected by dashed lines. For systems containing

only NaCl there is a very slow increase in AFe until 
0.2 M  is reached. This is followed by a rapid increase 
followed by a less rapid one above about 0.25 M. The 
first change of slope can be treated as a first-order 
transition since extrapolated lines correspond to less 
stable systems. The second change does not satisfy 
this condition and a smooth line has been drawn through 
the points.

Visual observations confirm that, above 0.20 M there 
is an abrupt transition in the calotte in which a rapid 
thinning, change of curvature, and increase in contact 
angle occur simultaneously. This agrees perfectly with 
the work of Jones, Mysels, and Scholten30 (JMS) who 
studied the transition between the “ first” and “ second” 
black films and found that the former had a thickness 
which varied with ionic strength but was always larger 
than the quite constant thickness of the latter, which is 
about 43 A. The stability of the two states of the film 
depends on NaCl concentration and temperature, and 
their data also give 0.20 M  NaCl at 23.5° for the 
equilibrium point. No visual or thickness peculiarity 
was observed by JMS at 0.25 M  in agreement with the 
impossibility of a first-order transition from our data.

Visual observations of JMS showed clearly a rapid 
increase in the driving force for the formation of the 
second black film as the NaCl concentration increased. 
This can now be measured by the rapidly increasing 
difference between the extrapolated AFe value for the 
first black film and the measured one for the second one.

This extrapolation is strengthened by measurements 
on films formed by systems containing either only LiCl 
or enough of this salt in addition to NaCl. In these 
systems the calottes show no aburpt transition, and the 
AFe values lie on the same line as the first black film 
values for the NaCl systems. This is again in agree
ment with the visual observations and thickness 
measurement, of JMS which showed that LiCl systems 
never formed a second black film and that addition of 
enough of this salt inhibited formation of second black 
in the presence of NaCl.

Further insight into this inhibitory effect is given by 
our measurements on the effect of gradual addition of 
LiCl to systems containing enough NaCl to form second 
blacks. As shown in Figure (i, this causes a reduction of 
A/'’,, despite the increase in ionic strength and a gradual 
approach to the value corresponding to the first, black 
film at, the relevant total counterion concentration.

The work of JMS also showed that addition of 
quaternary salts, such as tetramethylammonium 
bromide, also inhibited the formation of second black 
films and that this salt was considerably more effective 
than LiCl. On the other hand, KC1 was found to be 
a promoter of the second black more effective than an

(29) K . J. M ysels  and  R . J. O tter, J. Colloid Sci., 16, 462 (1961).
(30) M . N . Jones, K . J. M ysels, and  P . C . Scholten , Trans. Faraday 
Soc., 62 , 1336 (1966).
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equivalent concentration of NaCl. Our results for 
systems containing these ions are shown in Figure 7.

Figure 7. Effect of tetramethylammonium bromide, + , 
and of KC1, V , upon the film contact angle and the depth 
of the minimum of solutions containing 0.05% NaLS and NaCl.
The pertinent lines of Figure 6 are reproduced for comparison.
NaCl concentration is 0.15 M in the KC1 experiments.

At higher NaCl concentration these measurements 
proceeded smoothly, but at lower ones, the contact 
angles decreased with time, the film appeared to be 
partially rigid in the KC1 system, and in case of the 
tetramethyl system, the adhesion of the bubble to the 
Teflon sometimes became insufficient at higher ionic 
strengths. Purification of the KC1 remedied the 
rigidity, increased the contact angles, and greatly 
reduced their drift with time but did not eliminate the 
latter completely. Thus, it. seems that a significant 
surface active impurity inhibiting the second black 
film was still present and gradually became adsorbed 
on the surface and lowered the AFc values. In view of 
the difficulty of surface purification in our apparatus, we 
report simply the highest values and indicate the ob
served drift by arrows. The uncertainty thus intro
duced is large but does not obscure the fact that the 
presence of IvCl increases AFe for the second black film 
very greatly, whereas that of tetramethyl salt reduces it 
more effectively than LiCl. This is again in agreement 
with visual observations. A less precise measurement 
suggests that the metastable first black film in the KC1 
system may also have a slightly higher AFe than in the 
NaCl and LiCl systems.

Thus, our measurements of the contact angle fit very 
well with what has been learned previously about the 
effect of sails upon the formation of the second black

film and upon the driving force involved in this transi
tion. Hence, we see no reason to doubt the essential 
correctness of these measurements despite the fact that 
they are the first ones of this kind and that they raise 
serious problems with respect to theory as will now be 
discussed.

Comparison with Theory
Measurements of thicknesses of equilibrium films, 

particularly of the thicker “ first black” ones, have been 
interpreted successfully heretofore3’8 in terms of a 
balance between double-layer repulsion and van der 
Waals attraction due to dispersion forces as these 
theories have been developed in the Deryagin-Landau- 
Verwey-Overbeek theory of colloid stability.31 Signif
icant discrepancies in the more concentrated solutions 
did appear, however, and the constant thickness of the 
second black was very puzzling. The specific effect of 
cations was rationalized as due to the effect of specific 
adsorption upon the double-layer repulsion.30

The equilibrium thickness is the point at which the 
attractive and repulsive forces or, more exactly, pres
sures are equal. If these obey the theory, their con
tribution to the energy at this point is very unequal 
since the attractive dispersion forces increase with the 
inverse third (or fourth at larger distances) power of 
thickness whereas double-layer repulsion increases 
much more rapidly along an exponential path. Figure 
5 of Lyklema and Mysels8 shows typical theoretical 
curves of these pressures. As a result, the double-layer 
repulsion makes only a minor contribution to the total 
free energy of the system, and the depth of the mini
mum is very close to the position of the attractive 
energy curve. This is clearly shown by the families 
of theoretical potential energy curves for plates given 
by Yerwey and Overbeek.31’32

A more quantitative evaluation of the contribution 
of the repulsive potential may be obtained as follows. 
Neglecting retardation effects, the compressive dis
persion pressure is given31 by

P v =  —A /  C)7t53 ( 8 )

where A is the Hamaker constant and 8 the thickness of 
the film. The corresponding potential energy is

V „ =  —A / V 2 tt82 (9)

It can therefore be written

V, = P„ 8/2 (10)

Similarly, the repulsive double-layer pressure is given 
by

Pr =  1.59 X 109C 7 2e - ' “i2 (11)

(31) J. T h . G . O verbeek in “ C ollo id  S cience,”  V ol. 1, H. R . K ru y t, 
E d ., E lsevier P ublish ing C o., A m sterdam , 1952, C hapters IV  an d  V I .
(32) E . J. W . Y erw ey  and J. T h . G . O verbeek , “ T h e o ry  o f  the  
S tab ility  o f  L y o p h o b ic  C o llo id s ,”  E lsevier P ublish ing  C o ., A m 
sterdam , 1948.
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where k is the inverse Debye length, 72 is a function of 
surface potential only, d2 is the thickness of 7he aqueous 
core of the film, c is the molar concentration, and the 
numerical constant takes into account the temperature 
and dielectric constant. The corresponding repulsive 
potential is

VT =  48.4 \ / c 72e_lirf2 (12)

Hence, this potential can be written in terms of the 
pressure as

VT = PT/3.28 X 1 0 V c  (13)

The ratio of the two potentials is therefore always

VJVr =  1.64 X 1 0 W c (P , /P r) (14)

At equilibrium in the absence of hydrostatic pressures, 
P, = Pr by definition, hence

( V,/Vr) e =  1.64 X lO W c  (15)

The data of Lyklema and iVlysels for film thicknesses 
as a function of ionic strength show that the product 
5\/c varies between 2 and 3 X 10-7 for films thicker 
than 150 A and then increases to 8 X 10-7 as the film 
thins to 80 A. Hence, within the framework of this 
theory the difference between the van der Waals 
contribution and AFe is always less than 30% and very 
much less for the thinner films.

Our contact angle measurements give experimental

Figure 8 . The relation between the depth of the minimum 
and film thickness omitting some points at low depths. 
Symbols and compositions same as in Figures 6  and 7.

AFe values and these should be close to the curve cal
culated for dispersion forces if the above theory applies 
to the system. Figure 8 shows, therefore, our results 
as a function of thickness along with the calculated 
attractive energy curve. A more detailed presentation

Figure 9. The relation between the depth of the minimum 
and film thickness for low AFe values. Symbols and compositions 
same as in Figures 6  and 7. The dashed line is based 
on measurements of ref 15.

of the lower AFe values is given in Figure 9. In both 
regions there seems to be little correlation between cal
culated and experimental values. This is particularly 
striking for the second black films, all located at about 
43 A, but is also true for the thicker first black films 
which we may consider first.

First Black Films. The data for these films is 
summarized in Table I. The above discussion assumes 
zero hydrostatic pressure difference between film and 
bulk, but the few hundred dyn cm-2 introduced by the 
bubble curvature are negligible at the higher ionic 
strengths with which we are concerned, as may be seen 
from Figure 6 of Lyklema and Mysels.8

Figures 8 and 9 involve not only the contact angle 
but also thickness values. Our apparatus was not 
suited for simultaneous measurements of both; hence 
plotted thicknesses are based on previous measure
ments, particularly those of JMS30 with which our 
results correspond closely as discussed above. The 
JMS thickness measurements agree well with those 
previously obtained in this laboratory8 and also with 
completely independent more recent ones of Lyklema
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Table I: Properties of First Black Films in Equilibrium at 23° 
with Solutions Containing 0.05% Sodium Dodecyl Sulfate and the 
Indicated Concentration of Sodium and Lithium Chlorides

s------- C oncn , M --------> C on tact A Fe X  10a
T hickness, ÂN a C l L iC l angle erg /cm

0 . 1 2 2 ' 1.3 115“
0 . 2 40' 4.4 96*
0.3 0.15 1°23' 18 71.5“
0.3 0 . 2 1°34' 25 6 S5
0.05 0.5 1°50' 32 82.5e
0.3 0.3 2 °0 0 ' 37 656
0.05 0 . 6 2T8' 52 00 to

0 . 1 0 . 6 1°45' 30 636
0.3 0.4 1°44' 31 636
0.15 0 . 6 1°55' 36 626
0.35 0.4 2°30' 59 62»
0.3 0.5 2 °2 2 ' 53 61

0.9 2°35' 66 8 P
1 . 2 3°20' 107 80»
1.5 3°55' 145 79»

0.5 1.5 5°30' 261 ?

» From ref 30 corrected by —2 A. 6 Interpolated as in a. 
» Extrapolated as in a.

its curvature slightly but this would not improve the 
agreement with experimental values significantly.

This calculation assumes not only the applicability 
of the additivity of London forces but also homogeneity 
of the film. The sandwich structure of the film requires 
modifications which are not easy to estimate. One can 
expect, however, that the monolayers will exert com
pressive forces increasing as their separation becomes 
smaller. Thinner monolayers would be expected to 
exert less compression than thicker ones.

Figure 9 shows, however, that films containing only 
LiCl as the added electrolyte have deeper minima for 
the same total thickness than films containing only or 
largely NaCl. Yet, it is the former which presumably 
have thinner monolayers according to Weil’s34 measure
ments. Thus, the discrepancy is not likely to be due 
to the effect of monolayers alone. This is also con
firmed by the analysis of Duyvis,39 who calculated the 
potential energy of a three-layered film. His equation 
18 may be written as

and Brail.33 In using these measurements, interpola
tion and extrapolation was necessary and we assumed 
that the two systems containing over 90% LiCl had 
the thicknesses estimated for LiCl alone.

In the present work, the experimental optical data 
were recalculated on the assumption that the area per 
ion is 40 A2, which seems more realistic than the pre
viously used 50 A2 in view of the work of Weil,34 of 
Nilssen,35 and of Wilson, d a}.** Thus, we use

8 = </„, -  9.3 and (U = 8 - 2 2 = du, -  31.3

where 8 is the total film thickness, % is the thickness of 
the aqueous core, and <lw is the equivalent water thick
ness obtained from the optical measurements, all in 
angstrom units. The difference from previous 
values15,30'37 amounts to 2.1 A in 8 and 8 A in <h, which 
is not significant in the present context. The same 
computation has been applied to lithium compounds, 
although the measurements of Weil34 suggest that these 
films may have higher areas per surfactant ion and 
therefore have thinner monolayers. Thus, these films 
might be thicker than shown by some 2 A in relation to 
the sodium films, which again is not significant.

The theoretical line shown represents the equation

Va = Af
12ttô2 ( 1 6 )

where Hamaker constant A was taken to be 6 X 10-13 
and /  takes into account retardation effects according 
to Casimir and Polder,31’88 and we assumed that the 
pertinent wavelength for water is 103 A.8 Changes in 
these values would change the position of the curve or

(An +  A-22 — 2A12) /A n  2 (An — A 12) /  An\
[1 -  (2di/5)]2 +  [1 -  (d i/5)]2 /

( 1 7 )

where the subscript 1 refers to the outer layers and 2 to 
the central one. The first term represents the value 
for a homogeneous film of same total thickness but- 
formed of the monolayer material. The correction 
terms should not vary rapidly with thickness until the 
film becomes quite thin since the numerators involve 
fractional differences between Hamaker constants and 
the denominators depart from unity only as the film 
becomes thin. On the other hand, our discrepancy is 
apparent also for relatively thick films.

Another assumption in the above treatment is that 
the same Hamaker constant is applied to all the films 
and its value based on an estimate for pure water. In 
fact, however, even the aqueous part of every film 
contains solutes which are present in varying concen
trations. If these should have a significant effect upon 
the compressive forces, the large magnitude of devia
tions from the theoretical line for the more concentrated 
systems could be accounted for.

X I

(33) J. L yk lem a  and H . Bruil, W agenigen U niversity , personal c o m 
m unication .
(34) I. W eil, J. P hys. Chem., 70, 133 (1966).
(35) G . N ilsson , ibid., 61, 1135 (1957).
(36) A . W ilson , M . B . E pstein , and J. R oss, J . Colloid S ci., 12, 
345 (1957).
(37) J . L yk lem a, P. C . Scholten , and  K . J . M yse ls , J . P h ys. Chem ., 
69, 116 (1965).
(38) H . B . G . C asim ir and D . P older, P h ys. R ev., 73, 360 (1948).
(39) E . M . D u yv is , Thesis, U trecht, 1962.
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Under these conditions each composition would have 
a different theoretical AF vs. 8 line and our experiments 
would only give a single point on each of these lines. 
Any line drawn through a series of points would then 
have a very different physical meaning, namely that of 
a locus of minima of a family of curves.

Second Black Films. The thickness of second black 
films is close to 43 A and certainly varies over at most a 
10 A range as a function of ionic strength and ionic 
composition.30 Figure 8 shows that their AFe value 
can range from less than 0.02 erg/em2 to more than a 
hundred times this value. Hence, clearly these cannot 
be accounted for by forces varying smoothly with 
thickness only. On the other hand, our findings are 
in reasonable agreement with the suggestion, put for
ward earlier,30 that the second black film is a well- 
defined organization capable of accommodating certain 
counterions, particularly those below a limiting size 
(i.e., sodium but not lithium) and, of course, the sur
factant ion, arid having some structural similarity with 
liquid crystals. In this case, one would expect AFe 
of second black films formed from solutions of constant 
surfactant concentration to vary linearly with the 
chemical potential of the sodium ion in these solutions 
by analogy with the properties of a precipitate. Figure 
10, which replots the data for the second black films 
from Figures 6 and 7 on a logarithmic scale of counterion 
concentration, shows that this is indeed a good first 
approximation, although the deviations seem somewhat 
larger than experimental errors. Figure 10 shows also 
that on this scale the effect of lithium and tetramethyl 
ions is well represented by a set of almost parallel lines 
for each up to a certain concentration when a marked 
deviation occurs, perhaps along another straight line. 
Neglecting this last part, the results for the second black 
film can therefore be summarized by

AFe = A (log [Na] — log B)

— C(log [Na +  Li] — log [N a]) (18)

For the NaCl-LiCl system, the values of the constants
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Figure 10. The specific free energy of formation of second black 
films as a function of the logarithm of the ionic concentration. 
Symbols and compositions same as in Figures 6  and 7.

are A =  2.94, 5  = 0.21, and C ~  3.4. The lines 
drawn in Figure 10 for the effect of LiCl upon each 
NaCl concentration give each a value for C which varies 
irregularly between 3.1 and 3.(5. Expression 18 can 
be rewritten, using x for L i/(N a  +  Li), as

AFe =  —A log B +  A log [Na] +  C log (1 — x) (19)

which shows clearly that the effect of the lithium addi
tive upon AFe depends only on its mole fraction. The 
fewer available data for the tetramethyl ammonium ion 
can be treated in the same way with C = 17.(5 ± 1 .1 .

It is tempting to speculate that the same specific ionic 
effects which determine the structure of the second 
black film are also effective already in the thinner first- 
blacks and influence their AFe and thickness.
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Solubility of Nonpolar Gases in Concentrated Electrolyte Solutions

by S . K .  Shoor and K .  E .  Gubbins
Department of Chemical Engineering, University of Florida, Gainesville, Florida 32601 (Received May 2, 1968)

A theory of the solubility of gases in electrolytic solutions is presented which is based on the scaled particle 
theory. The resulting equation for the solute activity coefficient is compared with experimental data for 
seven nonpolar gases dissolved in potassium hydroxide solutions over a wide range of electrolyte concentra
tion and temperature. The salting-out effect is well predicted by the theory. Calculated heats of solution 
agree well with experiment for small solute molecules, but are larger than observed values for the larger mole
cules. This is attributed to a temperature dependence of the molecular hard core diameter. The proposed 
theory is superior to electrostatic theories in its description of both the concentration and temperature de
pendence of the solute activity coefficients for these systems. It is found that the salting-out effect is largely 
due to changes in the cavity work term, which can be calculated with reasonable confidence. Such changes 
arise primarily from nonpolar solute-ion interactions, and not from the ionic charges themselves.

Introduction

Most of the theories proposed to explain the ob
served effect of salts on the solubility of nonelectrolytes 
are electrostatic in nature. The theory of Debye and 
McAulay1 provided an expression for the salting coef
ficient in dilute electrolyte solutions. A variety of 
attempts to improve their theory have been made, and 
are discussed in reviews.2“ 4 All of these theoretical 
approaches are closely similar and treat the solvent 
as a continuous dielectric medium containing ions and 
solute molecules. A quantitative test of these theories 
is difficult because the equations involved usually 
contain parameters which are not readily available. 
In addition, some qualitative aspects of salting effects 
are not satisfactorily explained by such theories even 
in dilute electrolyte solutions.2'3 Internal pressure 
theories2 6 adopt a different viewpoint to that of the 
electrostatic theories and succeed in explaining many of 
the observed experimental trends. However, pre
dicted salting coefficients are often a factor of 2 or 
more larger than experimental values. At present 
none of the theories of salting phenomena can be re
garded as fully satisfactory, and it is of interest to 
examine alternative approaches.

Pierotti7-8 has recently proposed a theory of gas 
solubility in nonpolar solvents and in water which is 
based on the scaled-particle theory of Reiss, Frisch, 
Helfand, and Lebowitz.9’10 The theory predicts solu
bilities within a factor of 2 of experiment for a wide 
variety of solutes and solvents, and gives a good 
representation of the effects of temperature and 
pressure. In this approach it is not necessary to 
propose any special models for the structure of the 
solvent (e.g., hydrogen-bonding, “ iceberg”  models, 
etc.). However, the theory provides no information 
concerning the solution densitj’ , which must be avail
able from experiment. As pointed out by Pierotti,11

it is the use of experimental densities that allows the 
theory to avoid such structural concepts.

In this paper an approach similar to that used by 
Pierotti is adopted for the solubility of gases in elec
trolyte solutions. The solvent medium may be re
garded as the electrolyte solution itself, and thus con
sists of a mixture of several species. It is assumed 
that the system contains m components, one of which 
is the solute gas (component l ) ,12 whereas the re
maining (m — 1) components comprise the solvent 
species and may include water molecules, ions of 
different types, undissociated electrolyte, etc. The 
scaled-particle theory has been extended to mixtures 
by Lebowitz, Helfand, and Praestgaard.13

Theory
The Equation for Solubility. Assuming that the 

total potential energy is the sum of pair potentials, the 
following equation can be obtained for the partial 
molecular Gibbs free energy of the solute gas in the

(1) P . D eb y e  and J. M cA u la y , P hysik . Z ., 26, 22 (1925).
(2) F . A . L on g  and W .  F . M cD e v it , Chem. Rev., 51, 119 (1952).
(3) H . S. H arned and B . B . Owen, “ T he P hysica l C hem istry  o f  
E lectro ly tic  S olutions,”  3rd ed, R einhold  P ublish ing  C orp ., N ew  
Y ork , N .Y ., 1958, pp  80 -88 .
(4) B . E . C onw ay , A n n . Rev. P hys. Chem., 17, 481 (1966).
(5) R eference 3, p 534.
(6) W . F . M cD e v it  and F . A . L ong, J. A m er. Chem. Soc., 74, 1773 
(1952).
(7) R . A . P ierotti, J. P hys. Chem., 67 , 1840 (1963).
(8) R . A . P ierotti, ibid., 69, 281 (1965).
(9) H. R eiss, H . L. Frisch, and J. L . L ebow itz , J. Chem. P hys., 31, 
369 (1959).
(10) H. Reiss, H. L. Frisch, E . H elfand , and J. L . L ebow itz, ibid., 
32 , 119 (1960).
(11) R . A . P ierotti, J. Phys. Chem., 71 , 2366 (1967).
(12) T h e  usual convention  o f  labeling the solute as co m p on en t 2 
is n o t  con ven ien t here because the  so lvent m edium  conta in s several 
species.
(13) J. L . L ebow itz , E . H elfand, and E . Praestgaard, J . Chem. P hys., 
43 , 774 (1965).

The Journal of Physical Chemistry



Solubility of Gases in Electrolyte Solutions 499

liquid phase1'

Mi

m reo r
JeT I n  p i A i 3 +  2 3  Pi /  d r  /  

3=1 •/o •'(
dUljQ, G 

ô£

where
X giy(r, £)47rri d£ (1)

/  v  y /2
\2irmikT )

and pj is number density of component j, Un is the pair 
potential between a solute gas molecule and a solvent 
molecule of species j  at a distance r, and gn is the radial 
distribution function for 1 — j  pairs. The term £ is 
a coupling parameter15 which allows the solute molecule 
to be coupled with the solvent. The lower and upper 
integration limits of £ in eq 1 correspond to complete 
uncoupling and complete coupling of the solute mole
cule, respectively. The real molecules are assumed to 
possess hard cores of diameters a,, a2 ... a„„ so that the 
pair potential is of the form

Ui,(r, £) =  unh(r, £h) +  Wi/(r, £s) (2)

where «i,h and ?Oys are the hard-core and soft potential 
interactions, respectively, given by

«1 +  a7-
uijh(r) = oo

Miyh(r) =  0

r < a\j =

r > an (3)
« i / ( » ’ ,  £ s )  =  £ sM i3' ( r ) J

In charging up the hard-core contribution the coupling 
parameter £h varies from 0 to an, and in charging the 
soft potential contribution £s varies from 0 to 1. When 
the two coupling parameters are zero the solute mole
cule is decoupled from the system. If the two coupling 
processes are imagined to take place separately eq 1 be
comes

Mi1' =  k T  I n  p i A i3 +  gp +■ g p  ( 4 )

where

9ih = 2 3  Pi /  d £ i ,  /
3 = 1  ■ ' { „ = 0  ■ri

d a i / 1 ( r ,  £h)

=o d£h 

X f/o (r, £h, £s =  0)4irr2 dr

9ia =
m r(>=1 r

= U pí d£s /
3 = 1  •/ e . = 0  J r

«1 f(.r)
=aU
X gij(r, £h = an, £s)4irr2 dr 

For a vapor and liquid phase in equilibrium 
.0 —Ml Ml

0>)

(6)

(7)
and the chemical potential of the solute in the gas phase 
is given by16

Mi kT In © +  kT ln /iG (8)

where fi° is the gas-phase fugacity of the solute.

Putting eq 4 and 8 in eq 7 and rearranging

(9)

The mole fraction (solubility) of the solute gas in the 
solution is

P i

pj
(10)

so that eq 9 may be written

<n >

At low pressures the fugacity in eq 11 may be replaced 
by partial pressure, and the last term on the right- 
hand side of this equation may be calculated if the 
density is known. It remains to evaluate the terms 
<7ih and gp.

Evaluation of gp. This term represents the free 
energy of introducing a hard sphere of diameter a\ 
into the solvent (electrolyte solution). Alternatively, 
it may be thought of as the work required to make a 
cavity of this size in the solvent.9 Lebowitz, et al.,13 
have shown that this cavity work is given by

kT — —In (1 — G) 4~

12ft
+

I —  fa (1

6ft 1 
1 -  ftj

4 P / « A 3 
3 * kT V 2 / (12)

where
■m

i n “  f il l  2 3  Pi(ai) n
3 = 1

and P is pressure.
Evaluation of gp. The term due to the soft part of 

t lie potential may be thought of as the free energy 
needed to introduce the solute molecule into the 
cavity, and may be written

gri =  eP +  Pvp -  TsP

where ep, t>P, and §p are partial molecular internal 
energy, volume, and entropy. Following Pierott.i,7 
it is here assumed that the terms Pvf and TsP are 
much smaller than the internal energy term and may 
be ignored. While the first of these terms is known 
to be small at low pressures, the approximation con
cerning §P may lead to errors for some solutes. With

(14) N. Davidson, “ Statistical Mechanics,” McGraw-Hill Book 
Co., Inc., New York, N .Y ., 1962, p 481.
(15) T. L. Hill, “ Statistical Mechanics,” McGraw-Hill Book Co., 
New York, N .Y ., 1956, p 180.
(16) Reference 15, p 130.
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these assumptions
m  /• co

<7is ~ e i 8 = £ /  Uij(r)gij(r)p34Tr2dr (13)
j= 1 *? —aij

The radial distribution function is not readily evalu
ated. As an approximation we assume the solvent 
particles to be uniformly distributed about the solute 
molecule so that

gij{r) = 1  (r >  an)

Equation 13 becomes
m y  CO

§ia ~  12 Pi I Uij(r)4:Tr2 dr (14)
3= 1 alj

The nonpolar part of the pair interaction between a 
solute molecule and a solvent molecule of type j  is 
assumed to be given by the Lennard-Jones (6-12) 
potential

— [(?)”- m<->
where the mixture potential parameters ey and <n,■ 
are related to the pure component parameters by the 
approximate mixing rules17

0-1 j =  i ( f f  1 +  cry) ; eij  =  (eiey)1/2 (1 6 )

It is now assumed that the electrolyte is completely 
dissociated, and the only species present in solution arc 
solute molecules (1), water molecules (2), and positive 
and negative ions (3 and 4). In addition, the solute 
molecule is assumed nonpolar. The treatment for 
polar solutes, or of electrolyte solutions containing 
additional species (e.g., undissociated electrolyte, 
various water structures, etc.) is an obvious extension 
of what follows. After averaging the interaction 
between the permanent dipole of the water molecule 
and the solute induced dipole over all orientations,18 
and ignoring terms due to higher multipole moments, 
the solute-water pair potential is

«is =  un*p -------— (17)r6

where Ui2"p is given by eq 15, ¿<2 is the dipole moment of 
a water molecule, and a 1 is the solute polarizability.

The total ion-induced dipole interaction of a solute 
molecule with all of the surrounding ions may be 
written19

<^(C,ind m) — Vl(md> . dE' =  (18)

where m(ind) is the induced dipole for the solute and E 
is the electric field at the position of the solute molecule 
that is produced by all of the surrounding ions. The 
field E depends upon the distribution of ions about the 
neutral molecule. If, as above, the distribution is

assumed uniform, there is on the average a spherically 
symmetrical charge distribution about the solute 
molecule. For such a distribution the field, and 
hence also the ion-induced dipole interaction of eq 
18, is zero.20 For the real solution it is clear that the 
solute molecule will experience some small fluctuating 
field E 1 due to the surrounding ions, and since this term 
is squared in eq 18 there will be a finite ion-induced 
dipole interaction whose time average is not zero. 
This contribution is assumed small and is neglected 
here. Its inclusion would make the calculated gis 
value more negative. The only ion-solute interactions 
included in eq 14 are therefore nonpolar contributions.

Substituting the above expressions for Wi, into eq 
14 gives

gf «  -  16tt £  Pi /  «v [7 7  “  7 ^ 1  dr “  iirP* 
j-l  Jcn, L r } J

X f ~ d r  (19)
J 012 1

On performing the integrations and following Pierotti718 
in taking = <j\j

ih’ •̂ -7r V-1 3-  ~  L j PiWH
y  3=1

4TTp2,U22ai
3 tr123

(20)

Comparison With Experiment
Shoor, Walker, and Gubbins21 have reported experi

mental solubilities for a wide variety of nonpolar gases 
in postassium hydroxide solutions, and over a wide range 
of KOH concentration and temperatures. These values 
are compared below with those predicted by the scaled- 
particle theory. The experimental data were reported 
as activity coefficients (71), the standard state being 
the hypothetical liquid state referred to the behavior 
of the solute at infinite dilution in water. Under 
these conditions

fiG
—  = /G° 71 (21)■Ti

where Ki° is the Henry constant for the gas in pure 
water. For a partial pressure of 1 atm and an ideal 
vapor phase, the solubility is x\ =  1 /  (Ah°7i).

Molecular Parameters. Values of the Lennard- 
Jones a and t/k for solute gases were those obtained 
from second virial coefficient data and are shown 
together with polarizabilities in Table I. These' 
parameters were taken from Hirschfelder, Curtiss, and

(17) J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, “ Molecular 
Theory of Gases and Liquids,” John Wiley & Sons, Inc., New York, 
N. Y ., 1954, p 168.
(18) Reference 17, p 29.
(19) Reference 17, p 852.
(20) S. G. Starling and A. J. Woodall, "Physics,” Longmans, Green 
and Co. Ltd., London, 1950, p 940.
(21) S. K. Shoor, R. D. Walker, Jr., and K. E. Gubbins, J. Phys. 
Chem., 73, 312 (1969).
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Table I: Molecular Parameters for Solutes

Solute <Tl, A

He 2.63
h 2 2.87
Ar 3.40
o 2 3.46
CH, 3.82
SF„ 5.51
C(CH8) 4 7.445

c/fc, °K
Oil X 103« 

cm y  molecule

6.03 0.204
29.2 0.802

1 2 2 1.63
118 1.57
137 2.70
200.9 6 .2 1 »
232.5b 10.36&

« T. M. Reed, J. Phys. Chem., 59, 428 (1955). b J. H. Bae, Ph.D. 
Thesis, University of Florida, Gainesville, Fia., 1966.

Bird22 except where otherwise indicated, and are the 
same values as used by Pierotti7'8 except in the cases 
of sulfur hexafluoride and neopentane. Values of 
a, e/k, and dipole moment g for water were those used 
by Pierotti8 (Table II ).23.24 * 11

Table II: Molecular Parameters for Solvent Species

Solvent
species tr, Â a, kc a, kJ

a  X 10«*
e/k, "K  cmVmolecule M. D

h2o 2.75» 85.3» 1.84
K+ 2.606 2 . 6 6 2.50 23»  0.835'
OH" 3.304 3.52 0.92 COoo&F

-
co

“ Values from ref 8 . b Calculated in this work. c Diameters from 
crystal radii, ref 23 and 24. d Diameters from ionic mobility, 
ref 24. * Reference 31.

Values of a and e/k do not seem to have been re
ported for ions. Although crystal radii should provide 
approximate values for a, such radii are difficult to 
determine accurately, and considerable disagreement 
is shown between values reported by various workers. 
In view of the sensitivity of the calculated solubilities 
to the <r values, a procedure similar to that used by 
Pierotti8 in determining <x for water was used. Ex
perimental values of In (71AT0) were plotted against 
polarizability of the solute molecules at 25° for 10 
and 20% by weight KOH solutions. The value of 
In (71E10) extrapolated to zero polarizability is the ex
perimental hard-sphere value. This may be com
pared with the theoretical hard-sphere value from eq
11 and 21

lim In (tiAV) =  y^ +  ln (kT £  Pj) (22)
a-i—*0 & * j

<t i-*2.58 A

where <7ih is given by eq 12. As the other molecular 
parameters are known, the resulting two equations 
may be solved for the <s values for the two ions. The 
values are shown in Table II, and are seen to be in 
good agreement with crystal diameters. The ab
normally low value of the diameter calculated from

ionic mobility for the hydroxyl ion is due to the special 
mobility ( “ proton-jump” ) mechanism of these ions.25

Although experimental values of e/k are not avail
able for ions, several theories provide expressions for 
the potential interaction due to dispersion forces.26'27 
The Mavroyannis-Stephen theory28 gives for the 
dispersion interaction

u . .(dis) xj
3aoll2e2âiâj

2r6[ (ä , /Z i )1/2 +  (äy/Zy)»*] (23)

where ao =  0.5292 A is the Bohr radius, e is electronic 
charge, Z is the total number of electrons in the par
ticle, and on and a,- are the polarizabilities for the two 
species in the mixture. Comparing with the disper
sion term of the Lennard-Jones (6,12) potential

4 ey<r,ye =
3ao1/2e2í*¿5y

¿ [ ( a « 1'* +  W z m
(24)

For like-pair interactions, after substituting values for 
ao and e, this equation gives

awzm
e = 3.146 X 10“ 24-----—  erg (25)<76

where a and a are in cgs units. The Mavroyannis- 
Stephen theory gives e values which are in considerably 
better agreement with values obtained from experi
mental data than those calculated from most previous 
theories.29 Equation 25 was used to calculate the 
e/k value for the K+ ion shown in Table II. For 
OH“  no polarizability value could be found in the 
literature, and the value given in Table II was cal
culated from the relation between polarizability and 
mole refraction 7?30

where F and N are volume and number of molecules 
and n is the index of refraction. Mole refraction data 
were obtained from the Landolt-Bomstein tables.31 

Test of Theory. From eq 11 and 21

In (tiAY) = +  1» £  Pi) (27)

(22) Reference 17, p 1110.
(23) B. E. Conway, “Electrochemical Data,” Elsevier Publishing 
Co., New York, N. Y ., 1952.
(24) E. R. Nightingale, J. Phys. Chem., 63, 138 (1959).
(25) J. D. Bernal and R. H. Fowler, J . Chem. Phys., 1, 315 (1933).
(26) H. Margenau, Philosophy of Science, 8, 603 (1941).
(27) D. D. Fitts, Ann Rev. Phys. Chem., 17, 59 (1966).
(28) C. Mavroyannis and M . J. Stephen, Mol. Phys., 5, 629 (1962).
(29) T. M . Reed, III, University of Florida, personal communication, 
1967.
(30) L. Pauling and E. B. Wilson, “ Introduction to Quantum 
Mechanics,” McGraw-Hill Book Co., Inc., New York, N . Y ., 1935, 
p 227.
(31) Landolt-Bornstein, “ Zahlenwerte und Funkion aus Pliysik- 
Chemie-Astronomie-Geophysik-Technik,” Vol. I, Part 1, 1950.
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Table III: Predicted and Experimental ln (7 1 X 1°) Values for KOH Solutions

Solute
0%

Exptl Theor
10%

Exptl Theor

------------------------- % KOH“---------------------
20% 30%

Exptl Theor Exptl Theor
40%

Exptl Theor
50%

Exptl Theor

He 1 1 . 8 6 11.62 12.25 11.98 13.10 12.85 14.05 13.62
h 2 11.17 1 1 . 1 0 11.85 11.85 12.41 12.53 13.17 13.42 14.13 14.63 15.2 16.15
Ar 10.62 10.27 11.38 11.04 12.30 11.98 13.40 13.13 14.63 14.47
0 2 1 0 . 6 6 10.47 11.50 11.28 12.46 12.25 13.54 13.43 14.73 14.82 16.07 16.59
c h 4 10.58 10.58 11.46 11.38 12.49 12.48 13.65 13.66 15.10 15.17
sf6 12.38 10.75 13.88 12.38 15.58 14.10 17.52 16.25
C(CH3) 4 11.51 11.80 12.99 13.55 14.81 16.43 16.85 19.87

He 11.74 11.42 12.39 1 2 . 1 1 13.18 12.83 14.10 13.71
h 2 11.24 10.67 11.90 11.89 12.55 12.67 13.28 13.62 14.25 14.73 15.29 16.03
Ar 1 1 . 1 0 10.81 11.75 11.60 12.55 12.50 13.50 13.54 14.60 14.92
0 2 11.13 11.04 11.81 11.72 1 2 . 6 8 1 2 . 6 6 13.63 13.83 14.76 15.13 16.07 16.82
c h 4 11.14 11.18 1 1 . 8 6 12.05 12.70 13.10 13.69 14.35 14.80 15.79
sf6 13.17 12.49 14.30 13.99 15.72 15.79 17.36 18.10
C(CH3) 4 12.37 14.42 13.61 16.43 15.15 19.40 16.91 23.10

“ Weight per cent KOH.

Predicted and experimental21 values of ln (71 Ki°) are argon in 20% KOH solution. The partial molal
compared in Table III for 7 nonpolar solutes in KOH heat of solution AHi, provides a quantitative measure
solutions at two temperatures. The solute molecules of the temperature dependence of solubility and is 
considered exhibit a wide range of a values, as seen given by
from Table I. Hard and soft contributions to the 
chemical potential in eq 27 were calculated from eq 12 
and 20 using the molecular parameters of Tables I and 
II together with experimental densities from the 
literature.32

For the solutes He, H2, Ar, 0 2, and CHi at 25° the 
agreement between theory and experiment is very good 
for all KOH concentrations. Values of (yii%0) agree 
within a factor of about 2 or better even at the highest 
concentrations, and in most cases the discrepancies are 
substantially smaller than this. The agreement for 
these solutes at 80° is slightly poorer; however, it 
should be recalled that <7 values for the ions were de
termined at 25°. Discrepancies between theory and 
experiment are larger in the cases of sulfur hexafluoride 
and neopentane. Because of the large hard-core 
diameters for these molecules, the calculated (yiKi0) 
are very sensitive to the value taken for a of solute gas. 
Considerable uncertainty is involved in evaluating the 
Lennard-Jones a parameter, and it is possible that the 
values used were in error. Similar considerations 
apply to the e/k parameters for these molecules, al
though these have less effect on calculated (71 Ki°) 
values. Because intermolecular interactions for sulfur 
hexafluoride and neopentane are both large and 
acentric, it also seems likely that the assumptions of 
si3 =  0 and of a uniform molecular distribution around

d ln (71K10) A//i
dT ~ ~  RT2

(28)

Observed and predicted AH\ values are shown in 
Tables IV and V. From Table IV the predicted AHi 
values are seen to be too large, particularly for temper-

T ( 'K )

Figure 1. Effect of temperature on the activity coefficient 
of argon in 20% KOH solution: solid line, observed values;
------, scaled-particle theory with constant tr; — • — •,
scaled-particle theory with temperature-dependent a.

the solute are poor approximations in these cases.
The experimental and predicted temperature de

pendences of In (71 Ki°) are compared in Figure 1 for
(32) M . K. Tham, K. E. Gubbins and R. D. Walker, J. Chem. Eng. 
Data, 12 , 525 (1967); (b) Solvay Technical Bulletin No. 15, Allied
Chemical Corp., New York, N. Y ., 1960.
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Table IV : Partial Molai Heats of Solution for Ar 
in 20% KOH Solution

■Affi, ca l/g  mol-
Temp, °C Exptl Theory“

25 -2100 -2380
40 -1210 -2100
60 -400 -1780
80 -150 -1430

0 Assuming a independent of temperature.

Table V : Partial Molai Heats of Solution for Ar at 25°

-AIh, ca l/g  mol-
W t % KOH Exptl Theory“

0 -2800 -2750
10 -2700 -2640
20 -2100 -2380
30 -1700 -2110
40 -1240 -1770

A ssum ing <r independent o f  tem perature.

atures other than 25°. An examination of Table III 
indicates that for other solutes the predicted and ob
served temperature dependences are in agreement for 
helium and hydrogen, but discrepancies of the type 
shown in Figure 1 are found for the remaining solutes 
and become larger as the hard-sphere diameter in
creases. These errors appear to arise from the funda
mental assumption that a pair potential of the form 
given by eq 2 may be used. In practice it is necessary 
to choose appropriate constant values for the hard-core 
diameter of each species. However, the real particles 
do not possess hard cores, and the effective core 
diameter may be expected to decrease with rising 
temperature because of both the increase in average 
particle kinetic energy and averaging over molecular 
orientations. This temperature dependence of the 
diameters has been discussed recently in connection 
with applications of scaled-particle theory to gas 
solubilities11'35 and surface tension.34 The predicted 
temperature dependence for both of these properties is 
improved if a is allowed to decrease with rising temper
ature. In determining a for water, Pierotti8 found 
that the best value was 2.74 A at 70° as opposed 
to 2.75 A at 25°. To illustrate the effect of a small 
decrease with temperature of the a values for the 
various species, calculations were performed for argon 
in 20% KOH using the following diameters (A) at 
25 and 80°

Temp, "C <7Ar THlO <TK Ton

25 3.40 2.75 2.60 3.30
80 3.39 2.74 2.59 3.29

Diameters at intermediate temperatures were ob-

tained by linear interpolation. The resulting pre
dicted temperature dependence of In (yiKi0) is shown 
in Figure 1 and is seen to be much improved.

It is instructive to compare the relative magnitudes 
of the various terms in eq 27, and Table VI shows the 
contributions for argon at 25°. The free energy of 
cavity formation is seen to be the dominant term in eq 
27 and is affected by the addition of ions to a much 
larger extent than is the <hs term. The success of the 
theory is probably due in large part to this fact, for the 
calculation to obtain §ih may be performed with con
siderably greater confidence than that needed to obtain 
<7is. The last term on the right-hand side of eq 27, 
which corresponds to the free energy for the fixed 
solute molecule to wander within the solvent, is seen to 
vary little with KOH concentration. Of the various 
contributions to gf the electrostatic interaction be
tween solute and water molecules is a relatively small 
contribution, whereas that of the nonpolar interactions 
is large. Nonpolar interactions between solute and 
ions become appreciable at high concentrations. 
Similar trends are observed for the other solutes and 
temperatures. For sulfur hexafluoride and neopentane 
the relative magnitudes of the various terms are similar 
to those in Table VI, but because of the larger mag
nitudes of ¿hh and ¡7is together with their opposed signs 
the possibility of errors in the predicted values is in
creased.

Discussion

It is interesting to compare the scaled-particle theory 
with electrostatic theories of salt effects. As these 
theories are all quite similar,2 only the theory of 
Debye and McAulay1 and the more recent approach of 
Conway, Desnoyers, and Smith35 will be considered. 
In the low (electrolyte) concentration limit the 
Debye-McAulay equation for the activity coefficient 
of solute is

log 7i -  />'.,% (29)

where Cs is the molar concentration of salt and ks is the 
salting coefficient given by

j9A o v-' DG
2.303 X TOOOA'77% ¿

(30)

and No is Avogadro’s number, D0 is the dielectric 
constant of water, vj is the number of ions of type j  per 
mole of electrolyte, and <7 and a,- are ionic charge and 
diameter. The term B is related to the dielectric 
constant D of the nonelectrolyte solution by

D =  D0(l  — Bn)

(33) A. Ben-Naim and H. L. Friedman, J. Phys. Chem., 71, 448 
(1967).
(34) S. W . Mayer, J. Chem. Phys., 38, 1803 (1963).
(35) B. E. Conway, J. E. Desnoyers, and A. C. Smith, Phil. Trans. 
Roy. Soc. London, A256, 389 (1964).
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Table VI: Contributions to ln (yiKi0) for Argon in KOH Solutions at 25°

■Soft contributions-

W t % KOH g,h/kT Ai^HsO
-Nonpolar interactions- 

A r-K  + Ar-O H -
 ̂ Electrostatic 

term0 gP/kT ln (fcrSjp,)

0 7.41 -3 .71 -0 .64 -4 .35 7.21
1 0 8.46 -3 .64 - 0 . 2 0 - 0 . 2 1 -0 .63 -4 .68 7.26
2 0 9.71 -3 .52 -0 .44 -0 .47 -0 .61 -5 .04 7.31
30 11.18 -3 .34 -0 .72 -0 .76 -0 .58 -5 .40 7.35
40 12.85 -3 .11 -1 .03 -1 .09 -0 .54 -5 .77 7.39

° Arising from the water dipole-solute induced dipole interaction term of eq 17.

where n is the number of molecules of nonelectrolyte 
solute per cubic centimeter of solution. Comparison 
of eq 29 with experiment is made difficult by the lack 
of experimental values for /3. However, following 
the method used by Conway,35 it is possible t< > estimate 
this term from Kirkwood’s theory of dielectrics. 
After some simplifying assumptions are made it can be 
shown that for a nonpolar solute and a highly polar 
solvent system36

Ei Gnui
(31)

where V1 is partial rnolal volume of solute. Values of 
ks calculated using eq 30 and 31 are compared with 
experiment in Table VII. Ionic diameters were cal
culated from crystal radii (Table II ); no values of lb 
could be found for sulfur hexafluoride and neopentane, 
so that a comparison was not possible for these solutes.

The more recent theory put forward by Conway, 
et al.,33 is an improvement of Debye’s theory,37 and 
takes into account dielectric saturation effects. Each 
ion of type i is supposed to have a hydration shell of 
radius ?‘h(i> containing n, water molecules, in which the 
dielectric constant is assumed very small. Outside of 
this shell the dielectric constant is assumed to be the 
value D0 for pure water. Their equation for a non

Table VII: Salting-Out Coefficients at Infinite Dilution, kB, 
for KOH Solutions at 25°

polar gas in a 1-1 electrolyte is

<S'i° — >S'i 18 («3 ffi Hi) e2(l  iZ)0 — %Pi) 
~Si°Cs =  lOOOd -  CSMS 4 2 0 0 0 m v

X
2
R

(32)

where »Si, »Si° are the solubilities in electrolyte and pure 
water respectively, n% and n4 are hydration numbers 
for the two ions, rh(3> and rh(4) are the corresponding 
radii of the primary hydration shells, d is density of 
solution, Ms is the molecular weight of electrolyte, e 
is electronic charge, Pi is total molar polarization 
of solute, and R is a radius corresponding to the volume 
available per ion in the solution. In the infinite 
dilution limit

lim - 1 —1 = ln yi = 2.303A’si 's (33)
o

where

18 (/¡3 +  m) P-(ViD q -  f P t) 

lOOOd +  2000k T Do3

This equation was used to calculate salting coefficients 
for the systems in Table VII using the values in Table 
VIII for the ionic parameters n and rh. The hydration 
number for the OIK ion was not available, and was

2.303

_ ' A-a
Vi, Debye-McAulay Conway

Solute emymole eq 30 eq 34 Exptl

He 7.7° 0.0157 0.081 0.015
h 2 19.46 0.039 0.094 0.129
Ar 24.2“ 0.049 0.099 0.179
0 2 32.0C 0.065 0.108 0.180
CH„ 36.0«3 0.073 0 . 1 1 2 0.197

“ Reference 35. 6 R. Kobyashi and D. L. Katz, Ind. Eng. Chem.., 
45, 440 (1953). c T. Enns, P. F. Scholander, and E. D. Bradstreet, 
J. Phys. Chem., 69, 389 (1965). d W. L. Masterton and D. A. 
Robins, J. Chem. Phys., 22, 1830 (1954).

Table VIII

Ion rh. A n

K+ 2.72“ 4.1‘
OH“ 3.006 5.3‘

° Reference 35. 6 Reference 24. c Calculated.

(36) J. T. Edsall and J. Wyman, ‘ ‘Biophysical Chemistry,” Vol 
I, Academic Press Inc., New York, N. Y., pp 364, 370.
(37) P. Debye, Z. Phys. Chem. (Leipzig), 130, 56 (1927).
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calculated from the experimental partial molal entropy 
of hydration23 using the method proposed by Ulich.38

It is apparent from Table VII that neither of the 
electrostatic theories predicts the observed salting-out 
coefficients satisfactorily. Figure 2 compares the

Solubility of Gases in Electrolyte Solutions

Figure 2. Theoretical and experimental activity 
coefficients of argon at 25°.

observed concentration dependence1 of the activity 
coefficient for oxygen at 25° with the predictions of the 
scaled-particle theory and the two electrostatic theories. 
The Debye-McAulay theory gives results much below 
experiment. While the theory of Conway, et. al., 
gives better results at low electrolyte concentrations, 
it predicts negative solubilities for higher KOH con
centrations and is thus invalid in this region. The 
failure of the electrostatic theories 1o predict correctly 
either the effect of solute species or electrolyte con
centration on the activity coefficient can be attributed 
to the assumptions made in these theories. It seems 
probable that it is an oversimplification to treat the 
solvent as a continuous dielectric medium, and that 
observed salt effects can be adequately accounted for 
only if the solute-solvent molecular interactions are 
explicitly introduced into the theory.

The scaled-particle theory has the advantage that 
the expression for solute chemical potential is derived 
from the equations of statistical mechanics by a series 
of well-defined approximations. Salting-out effects 
are accounted for within the framework of a more 
general theory that describes the solubility of gases in 
organic solvents and water7'9 and provides a simple 
model of the solution process. The theory explains 
the effect of solute species and electrolyte concentra
tion on salting-out in KOH solutions, where salt 
effects are large. In contrast to the electrostatic 
theories, it is possible to calculate the solubility of the 
gas in pure water. Furthermore, the molecular 
parameters needed are more readily obtained than those 
involved in electrostatic theories. From eq 27 it is 
seen that the scaled-particle theory predicts salting-in 
for systems in which the magnitude of gf/kT exceeds 
the sum of the other two terms. Such behavior will 
occur if the “ soft”  interaction is very strong, and under 
such conditions the assumptions that (Pvf — T$f) ~  
0 and that the molecular distribution is uniform may 
be poor approximations.

Of the approximations involved in the scaled-particle 
theory the basic assumption that molecules possess 
hard cores (eq 2) seems the most serious, and may lead 
to predicted heats of solution that are too high. In 
fairness to the scaled-particle theory, however, it 
should be pointed out that electrostatic theories cannot 
usually attempt such a calculation because the neces
sary parameters are not available. The validity of the 
approximations that §i8 =  0 and that, the molecular 
distribution is uniform is difficult to evaluate because 
the change of gf with electrolyte concentration is 
small compared to that for g^. It seems unlikely that 
these assumptions lead to large errors for small non
polar molecules, but this may not be the case for larger 
nonpolar or polar solute molecules.

Unlike many of the electrostatic theories, the scaled- 
particle theory makes no appeal to assumptions con
cerning solvent structure, ionic hydration, etc. In 
addition, the ionic charge has little direct influence on 
salting-out . The most important effect of such charges 
appears to be in determining the density of the elec
trolyte solution.

(38) H. Ulich, Z. Elektrochern.. 36, 497 (1930).
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Electrolytic Hydrogen Evolution Reaction on Aluminum, Oxide-Covered Electrodes

by A. K . Vijh

Research & Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 
(Received June 3, 1968)

The electrolytic hydrogen evolution reaction (h.e.r.) on aluminum covered by thin “spontaneous” oxide has 
been examined in aqueous, buffered acetate solutions of pH ~5.5. Tafel parameters and their temperature 
dependence have been determined galvanostatically, with emphasis on the effect of time of polarization on 
these parameters. Galvanostatic cathodic charging curves and open-circuit decay of the electrode potential 
have also been examined. Tafel plots obtained by procedures involving short polarizations show slopes be
tween 2.3 X 3RT/F and 2.3 X 4RT/F, depending on the temperature. On long polarizations, some cathodic 
“activation” is manifested, which also reduces the values of b to 2.3 X 2RT/F approximately. The initial 
discharge step is suggested as the probable rate-determining step (rds) in the overall reaction. This con
clusion is based on the values of Tafel slopes and on the lack of appreciable electrode coverage by adsorbed 
hydrogen as deduced from transient studies. The values of “apparent” exchange current densities (ca. 10-8 
A cm-2, before surface activation) and apparent heat of activation (11 kcal mol“ 1) have been concluded to 
be consistent with this mechanism. Relation of present studies to the mechanisms of rectification is briefly 
pointed out.

I. Introduction

In a previous report,1 the mechanism of hydrogen 
evolution reaction (h.e.r.) was examined on aluminum 
electrodes which were essentially free of “ spontaneous” 
surface oxide.2 In the present investigation the mech
anism of h.e.r. has been studied on aluminum electrodes 
covered by a “ natural” surface oxide in solutions 
(pH ~ 5 .5 ) in which the aluminum oxide is thermo
dynamically stable.2 The oxide-covered aluminum has 
purposely not been called passive aluminum here, since 
oxide films on valve metals3 are not passive in the sense 
of oxide films, e.g., on Ni,4 which are noninsulating.

There are few previous investigations on the mecha
nism of h.e.r. on oxide-covered electrodes,5-8 probably 
because the difficulties involved in the determination of 
reliable kinetic parameters on these electrodes are con
siderable,8 owing tc rather pronounced irreproducibility 
from one electrode to another.8-10 However, it is still 
possible to draw unambiguous mechanistic conclusions 
from the general magnitude of the various kinetic 
parameters, without conceding precise quantitative 
significance to the data, as will be attempted. An 
additional difficulty associated with the electrode proc
esses on oxide-covered electrodes is the interpretation 
of anomalous transfer coefficients.5“ 8'11

II. Experimental Section

The electrochemical measurements were carried out 
in an aqueous solution which was 1 M  in CH3COOK 
and 0.22 M  in CH3COOH and had pH ~5.5 . Pre
electrolysis was purposely not carried out since it was 
observed in a previous study1 that in acetate solutions, 
preelectrolysis tends to produce rather than remove 
impurities. All other experimental procedures were 
similar to those used in other modem work on electrode 
kinetics12-16 and in our previous closely related study.1

Preparation of the working electrode surface, however, 
was modified in the present investigation. After the 
chemipolishing, etching, washing, etc., sequence,1 the 
electrodes were either exposed to air for a few days or 
were left in distilled water (which was not deaerated) 
for several days so that the electrode surface acquired 
a “ spontaneous” oxide. The measurements to be re
ported here were obtained in descending direction of 
current density or temperature, unless stated otherwise, 
since it was observed that data in the descending direc
tion were more reproducible than those in the ascending 
direction. This is probably because the electrode 
becomes rapidly “ conditioned” at higher current den
sities or temperatures by achieving either a steady-state 
contamination17 or a “ steady-state” hydration which

(1) A. K. Vijh, J. Phys. Chem., 72, 1148 (1968).
(2) M . Pourbaix, “ Atlas D ’Equilibres Electrochimiques,” Gauthier- 
Villars and Co,, Paris, 1963, p 168.
(3) L. Young, “Anodic Oxide Films,” Academic Press, New York, 
N. Y „  1961.
(4) K. J. Yetter, “ Electrochemische Kinetik,”  Springer, Berlin, 
1961; see English translation by Academic Press, New York, N. Y ., 
1967.
(5) A. C. Makrides, J. Electrochem. Soc., 113, 1158 (1966).
(6) A. N . Frumkin, Discussions Faraday Soc., 1, 57 (1947).
(7) J. Weiss, ibid., 1, 68 (1947); J. Kunze, Corr. Set, 7, 273 (1967).
(8) R. E. Meyer, J . Electrochem. Soc., 107, 847 (1960).
(9) A. C. Makrides, ibid., 109, 977 (1962).
(10) J. N. Butler and M. Dienst, ibid., 112, 226 (1965).
(11) A. C. Makrides, ibid., 113, 1158 (1966).
(12) M . Salomon, Ph.D. Thesis, Ottawa, Canada, 1964.
(13) J. J. MacDonald and B. E. Conway, Proc. Roy. Soc., A269, 
419 (1962).
(14) B. E. Conway and M. Dzieciuch, Can. J. Chem., 41, 21, 38, 55 
(1963).
(15) J. O’M . Bockris, H. Wroblowa, E. Gileadi, and B. J. Piersma, 
Trans. Faraday Soc., 61, 2531 (1965).
(16) A. K. Vijh and B. E. Conway, Chem. Rev., 67, 623 (1967).
(17) G. J. Hills, informal remarks in a session of the Electrochemical 
Society Symposium held in Toronto, Canada, 1964.
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would tend to restrict it to a certain narrow range of 
catalytic activity.

III. Results

The “ spontaneous” oxide exhibited a dc resistance in 
the anodic direction which gave rise to a voltage drop 
of ca. 0.5 V at an anodic current density of 7.95 X 10-5 
A cm-2 (or ca. 0.63 V at 1 A cm-2) . This dc resistance 
would be equivalent to a tliickness18 of 6 A if the “ spon
taneous” barrier oxide is assumed to be composed of 
amorphous A12Ü3- When this electrode is immersed in 
the experimental solution at about 55°, it would acquire 
a layer of protective, nonbarrier, hydrated oxide, the 
thickness of which may, very roughly, be estimated to 
be less than19 2000 A by ignoring any specific features 
that the hydration reaction may exhibit with respect to 
the anions in the solution.20 This hydrated oxide prob
ably consists of, by anology with the case of pure water, 
some ratio of amorphous oxide, boehmite and bayerite.19

1. T a fe l  P a ra m eters . Since the values of the Tafel 
parameters were strongly dependent on the time of 
polarization at a given current density, as well as on the 
general procedure of obtaining the Tafel plots, four 
“ different” methods were tried for obtaining the Tafel 
parameters and the results are given below.

(a )  Q u a si S tea d y-S ta te  M eth od . In this procedure, 
the value of electrode potential after approximately 
5 sec was recorded. This time is rather arbitrary but 
is probably sufficient for charging processes to proceed 
to completion; this length of polarization, however, 
probably does not (?) result in any profound changes of 
the electrode surface. The results were reasonably re
producible on a given electrode; e .g ., the rate at a given 
potential could be reproduced within ±20% . The 
Tafel slopes thus obtained are comparable to ones 
obtained from the slow portion of an open-circuit emf 
decay curve.21 Similar procedures have been used22 in 
cases where drastic surface changes are produced by the

Electrolytic Hydrogen Evolution Reaction

Figure 1. Galvanostatic Tafel plots for h.e.r. on oxide-covered 
aluminum electrodes obtained by quasi-steady-state procedure 
at the indicated temperatures.

polarization process. Tafel plots obtained on a given 
electrode at various temperatures are shown in Figure 1 
and the data have been summarized in Table I.

507

Table I

Temp, —Log ¿o H*.
°c b, V (¿o, A cm -2) a, V a kcal m o)v

50 0.224 7.23 1.621 . 0 .286 10.66
40 0.212 7 .55 1.603 0.293 10.80
34 0 .208 7 .72 1.606 0.293 10.82
15 0.196 8 .1 8 1.605 0.291 10.74
2 0.187 8 .57 1.604 0 .292 10.77

(b) F rom  O p en -C ircu it  E m f  D eca y . In Figure 2, 
electrode potential-log (time) relations obtained from 
the relevant portions21 of open-circuit emf decay profiles 
have been presented. The data were obtained by fol
lowing the emf decay on a recorder; they were also

Figure 2. Plots of electrode potential E vs. log t (f in sec), 
obtained from slow portions of open circuit emf decay profiles 
{e.g., Figure 9b at 23°). “ Steady-state” polarization prior 
to the decay. Electrode potentials and corresponding 
current density prior to the decay and the b values on the 
subsequent decays are as follows: ■, E = —1.305 V,
i = 3.67 X 10' 2 A cm“2, b = 0.133 V; A , E = -1.227 V,
i = 7.35 X  10' 3 A cm"2, b = 0.160 V; 0 ,  E =  -1.205 V,
i = 3.67 X  10" 3 A cm“2, b = 0.176 V; « .  E = -1.188 V,
i = 1.62 X  10' 3 A cm-2, b = 0.180 V.

checked manually. In the absence of a significant 
pseudo-Faradaic process, the slopes of these lines, i.e ., 
dA /d log f, have the same significance as the Tafel 
slopes21 if the decays are triggered from high current 
densities (ca. >1 X 10-3 A cm-2). Tafel slopes are, 
again, higher than 2.3 X 2RT/F. Value of exchange 
current density, i0, obtained by this method21 is ca. 10-9

(18) W . J. Bernard and J. W . Cook, J. Electrochem. Soc., 106, 643 
(1959); W . J. Bernard and J. J. Randall, Jr., ibid., 107, 483 (1960).
(19) R. K. Hart, Trans. Faraday Soc., 53, 1020 (1957).
(20) W . J. Bernard (Sprague Electric Co.), private communication.
(21) E. Gileadi and B. E. Conway in “ Modern Aspects of Electro- 
Chemistry,” Yol. 3, J. O ’M. Bockris and B. E. Conway, Ed., 
Butterworth and Co. Ltd., London, 1964, Chapter Y.
(22) G. Okamoto, M. Nagayama and N. Sato in Proceedings of the 
Eighth CITCE Meeting (Madrid, 1958), Butterworth and Co. Ltd., 
London, 1958, p 72; see also discussion of this paper.
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A cm-2. If the dE/d log t is plotted against the initial 
polarization potential (i.e., potential before the com
mencement of the decay), a straight line is obtained 
(Figure 3). From Figure 3, it may be concluded that

EH(V)

Figure 3. Plot of steady-state polarization potential 
(before the commencement of the open circuit decay) 
vs. b values obtained from the subsequent decay profiles; 
temperature 23°.

the higher the initial polarization potential, the lower 
the “ Tafel” slope obtained from the emf decay curve, 
till a limitingly lower value, 2.3 X 2RT/F, is obtained, 
thus suggesting some “ activation” of the electrode sur
face at higher cathodic potentials (cf. 4).

(c) From Transient Potentials. Tafel plots were also 
obtained by plotting the transient highest potential 
reached in the overshoot observed on galvanostatic 
cathodic charging against the logarithm of corresponding- 
current density used in the transient. A typical plot 
is shown in Figure 4 (triangles). This procedure, 
though obviously questionable, has nonetheless one 
important advantage, namely, that it refers to the 
potential-log (rate) relation obtained on a “ virgin” 
aluminum (oxide) electrode surface before it is modified 
by the very act of hydrogen evolution. The value of 
Tafel slope, b, obtained is 2.3 X ZRT/F at room tem
perature and that of exchange current density, in, is ca. 
10-10 A cm-2.

(d) “ Steady-Stale” Tafel Parameters. A typical 
“ steady-state” Tafel plot (change of potential less 1 mV 
per 500 sec) has also been shown in Figure 4 (circles). 
The Tafel slope obtained is 0.11 ±  0.025 V and a typical 
value of the (apparent) exchange current density is ca. 
10-15 A cm-2. An “ activation” (i.e., increased rate at a 
given potential) of the initial electrode surface, after 
long polarizations required for the steady-state (ca. 30- 
60 min), may be noted in Figure 4.

Quantitative significance of b and ia obtained by this 
procedure is quite uncertain since the nature of electrode 
surface after long cathodic polarization is completely 
undefined.

Figure 4. Typical galvanostatic Tafel plots (23°) obtained by 
"transient” method (A ) and the steady-state method (O ) on 
the same electrode: decreased electrode potential (at a given 
current density) and decreased Tafel slope caused by long 
cathodic polarization (30 to 60 min) may be noted.

2. Temperature Dependence of Tafel Parameters and 
Rest Potentials. A plot of log in vs. l/T, obtained from 
the data in Figure 1, has been presented in Figure 5. 
The slope of the straight line in Figure 5 gives an appar-

300 320 340 360 380
l/T.IO5 ( T In -K)

Figure 5. Plot of log i0 vs. 1/T (T in °K). The primary data 
from which this graph has been deduced are contained in Figure 1. 
The value of apparent heat of activation, SH* obtained 
from this plot is 1 1  kcal mol-1.

ent heat of activation, AH*, for the li.e.r. on oxide- 
covered aluminum in acetate solutions (pH 5.5). It 
may be noted that the real heat of activation cannot be 
calculated since the work functions of the oxide-covered 
aluminum is unknown.23 The value of AH* obtained 
from Figure 5 is 11 kcal mol-1.

(23) B. E. Conway, “Theory and Principles of Electrode Processes,” 
The Ronald Press Co., New York, N. Y., 1965.

The Journal of Physical Chemistry



Electrolytic Hydrogen Evolution R eaction 509

The value of a in the equation, y — a — b log i, is 
virtually constant (1.613 ±  0.009 V) at all tempera
tures (Table I). This implies that (AH*  — ay) is 
equal to zero when the rate is 1 A cm-2, in the tempera
ture range 2-50°. This would offer an alternative way 
of calculating AH* at a given temperature, for every 
one of the temperatures studied. The values obtained 
are shown in Table I. The value of AH* is close to 
11 kcal mol-1, as would be expected since experimental 
a values have been used, and, like a values themselves 
(Table I), is independent of temperature. The inde
pendence of AH* from temperature would also be sug
gested by lack of curvature in Figure 5. When a  is 
independent of temperature, b must increase linearly 
with increasing temperature,24 as indeed is observed and 
is shown in Table I.

In Figure 6, open-circuit rest potential values at 
various temperatures have been plotted against 1/T, 
where T is in absolute degrees. The values of rest 
potential obtained in the descending direction of tem
perature fall on a straight line. Data obtained in the 
ascending direction of temperature, again, seem to be 
a bit erratic. An estimation of an apparent heat of 
activation from Figure 6 by an empirical procedure

Figure 6 . Plot of rest potentials (A , descending direction 
of temperatures, T; 0 ,  ascending direction temperatures, T) 
vs. 1/T (Tin °K).

described previously,1 again, yields a value close to 
11 kcal mol-1.

8. Galvanostatic Cathodic Charging Transients. Gal- 
vanostatic charging curves,21 in the cathodic direction, 
were obtained for a wide range of (i X t), where i is the

charging current density and t is the duration of the 
transient (Figure 7). No arrests or inflexions were 
observed, thus suggesting that h.e.r. probably proceeds 
on the aluminum (oxide) electrode without significant 
steady-state coverage by adsorbed hydrogen.

Figure 7. (a) Slow cathodic charging curve; charging current
density = 3.2 X 10- 4  A cm-2; temperature = 50°; 
slight initial upsurge (“ overshoot” ) of potential may be noted; 
this potential upsurge was much more pronounced at higher 
charging current densities and was followed, together 
with the subsequent relaxation curve, on a recorder, (b) A 
typical fast cathodic charging curve: charging current 
density = 1.44 X 10- 3  A cm-2; temperature 50°; C-V profile 
show'n in Figure 8  was calculated from a charging curve of this 
type. An “overshoot” is observed on such a charging curve 
if the time scale is slower by about 1000 times (c/. Figure 7a). 
Note: No arrests or inflexions were observed over a wide range of
(charging current density X time of full trace sweep) values.

In Figure 7b, a fast-charging curve has been depicted. 
A profile depicting the differential capacity (C) elec
trode potential (F ) relation, calculated from Figure 7b, 
has been shown in Figure 8. Absence of any pseudo
capacity may be noted here.

(24) J. N. Agar, Discussions Faraday Soc., 1, 81 (1947).
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Figure 8 . Differential capacity (C)-electrode potential (V) 
profile calculated from a fast, galvanostatic cathodic charging 
curve at 50° (e.g., Figure 7b); different points refer to different 
values of charging current density.

4- Open-Circuit Emf Decay Profiles. If the “ steady- 
state”  (time of polarization = 2 min) electrode poten
tial before the commencement of the open-circuit emf 
decay is fairly cathodic (co. >  —1.2 V ), an arrest is 
observed in the subsequent profile (Figure 9a). This 
would preliminarily suggest an open-circuit desorption 
of possible adsorbed intermediates (i.e., H in the present 
case). An attempt has been made to calculate a C-V  
curve (Figure 10) from Figure 9a, by combining it with 
the results1,21'23 in Figure 1. In Figure 10, a capacity 
maximum is observed with C value equal to 465 pF cm-2 
(iapparent area). At this point it is important to men
tion25 that the real surface area of hydrated aluminum 
oxide deposited on aluminum by dipping it in boiling 
water for 5 min is 40 times the real area of the 
substrate metal. In the present case, though such a 
drastic change in area is unlikely (since our temperature 
was below 55°), an appreciable increase (5 to 10 times) 
may, however, still be expected. From these considera
tions, it may be concluded that the differential capacity 
per cm-2 of real electrode area, associated with the 
capacity maximum in Figure 10, is of the order of 
double layer capacity. Hence absence of any pseudo
capacity, at least any significant amounts of it, may 
again be concluded. It may be mentioned that the 
pseudocapacity corresponding to a complete electrode 
coverage by the adsorbed H, under Langmuir adsorp
tion conditions (Temkin adsorption may be excluded 
from the fact that the capacity maximum in Figure 10 
occurs over only a narrow range of potentials), would 
be expected21 to be ca. 1 X 104 pF cm-2 assuming a 
roughness factor of about 6 for the hydrated oxide 
surface.

A numerical integration of the peak in Figure 10 
would give charge, Q, associated with the arrest in 
Figure 9a. The value of Q thus obtained is 16 pC cm-2. 
This value of Q is also obtained by numerical integration 
of the C-V  profile (Figure 8) obtained from the charging 
curves, over the electrode potential range —0.9 to 
— 1.3 V. This value of Q excludes the possibility of 
electrode being substantially covered by adsorbed H,

Figure 9. (a) An open-circuit profile triggered from high cathodic
electrode potentials; an arrest may be noted; temperature is 50°; 
time of galvanostatic polarization prior to the commencement 
of the decay is equal to 2 min. (b) An open-circuit profile 
triggered from lower cathodic electrode potentials; 
temperature is 50°; time of galvanostatic polarization prior 
to the commencement of the decay is 2  min; the profile 
recorded on a slow time scale is purposely shown here to give some 
idea of the slow emf decays which were followed on a recorder 
and from which Figure 2 and thence Figure 3 were obtained.

during steady-state electrolysis. It may be of interest 
to note that the estimated value of Q for complete elec
trode coverage, by comparison with the case of smooth 
platinum,26 would be 1260 pC cm-2 for an assumed 
roughness factor of 6. This method of obtaining Q 
is highly approximate. However, the observed Q is 
less than the Q estimated for complete coverage, by two 
orders of magnitude. Any errors in Q are not likely to 
change the conclusion that the electrode is not covered 
by significant amounts of adsorbed H during steady- 
state electrolysis.

Typical emf decay profiles obtained from a lower 
prior “ steady-state” cathodic potential do not show any

(25) R. S. Alwitt, J. Electrochem. Soc., 114, 843 (1967).
(26) P. Stonehart In “Power Sources," D. H. Collins, Ed., Pergamon 
Press, New York, N. Y., 1967, p 514.
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Figure 10. A C-V profile obtained from an open-circuit decay 
curve triggered at high cathodic potentials (e . g Figure 9a) 
by combining with the results reported in Figure 1.

arrests (Figure 9b), even on very fast time scales (e.g., 
500 /rsec/cm) of the oscilloscope.

IV. Discussion

1. Anomalous Tafel Slopes. The values of Tafel 
slopes greater than 2.3 X 2RT/F may be regarded as 
anomalous since the usual procedures (he., quasicquilib- 
rium or steady state) would always yield slopes equal 
to or less than 2.3 X 2RT/F. This statement is gener
ally true both for Langmuir and Temkin conditions of 
adsorption,12'21'23'27 except for a certain case27 to be dis
cussed below in the section on reaction mechanism. 
Experimentally, it has been observed that the presence 
of surface films, presumably semiconducting, increases 
the values of the Tafel slopes obtained before surface 
activation both for the anodic11’13'14’16’23 and the cathodic 
reactions.5-8,11

Several theoretical attempts have been made to 
explain anomalously high Tafel slopes and have been 
discussed elsewhere.16’28 Here the experimental values 
of Tafel slopes would be interpreted on lines somewhat 
similar to those of Meyer.8 The complete rate equation 
for the h.e.r. in acidic solutions, relating current i to the 
total overpotential across metal-(oxide)-solution inter-

face, rj, may be written as23

kTZF
(Ch+M i -  e)

X exp
A G°* 
RT

exp — ß(v — Vf)
RT

ZF

where concentrated solutions (> 1  N) have been as
sumed. The various symbols have the usual signifi
cance;23 ri is the total overpotential and 77/ is the over- 
potential across the film.

i = constant X exp — ß(v — v/)ZF 
RT

In general, 77/, the potential drop across the film of 
given thickness and properties would be some function 
of the total overpotential.

In i .  constant' -  ^  ~  ^
RT

or

(v — Vf) = constant"
RT
ßZF In i

S,/a l0g =  “  HZF( l  -  Z / tV ) '  T ‘ M d ° Pe

In the absence of a film and assuming the usual values 
for /? (=  0.5) and Z (=  1), the Tafel slope would be 
equal to 0.118 V at room temperature, as expected from 
theory. It is obvious that the present experimental 
value of a would be obtained if 77/ =  0.42rj. This pre
sentation, in essence, is similar to that of Meyer. How
ever, formally, this does not involve the premise of 
Meyer’s that two processes, i.e., transport of electrons 
in the film and protons across the double layer, simul
taneously, control the overall kinetics. Meyer8 tacitly 
implies two activation barriers of equal “ height”  (in 
series) for one act of the overall reaction; this, however, 
is quite unlikely. In the foregoing discussion, it has 
been assumed that the value of the true symmetry 
factor, /3, is always 0.5. This assumption has been 
demonstrated to be valid in previous publications.23,29-31

2. Cathodic Activation. According to Vetter,4 cath
odic activation may be achieved at certain current 
densities on oxide-covered electrodes of some metals, 
including aluminum. This may be concluded to be 
true for the present case from Figure 4, which shows

(27) J. G. N. Thomas, Trans. Faraday Soc., 57, 1603 (1961).
(28) A. K. Vijh and B. E. Conway, Z. Anal. Chem. (Anniversary 
issue in honor of Prof. M. Von Stackelberg), 224, 160 (1967).
(29) D. B. Matthews, Ph.D. Thesis, University of Pennsylvania, 
1965.
(30) N. S. Hush, J. Chem. Phys., 28, 962 (1958).
(31) J. O’M. Bockris and D. B. Matthews, Proc. Roy. Soc., A292, 
479 (1966).
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that activation results in lowering of Tafel slope, and 
the polarization values for a given rate of h.e.r.

It may be mentioned that the cathodic activation is 
also suggested by the fact that (Figures 2 and 3) the 
higher the initial polarization current density prior to 
the open circuit emf decay, the lower is the potential 
(even lower than the quasi-steady rest potential) to 
which the subsequent decay curve descends down. If 
the emf decay curve descends down to potentials lower 
than the quasi-steady rest potential, profound surface 
changes (activation?) must be inferred; in the limiting 
case, this activation would be expected to be so pro
nounced that the decay curve may even approach the 
reversible hydrogen potential, although only transiently.

8. Electrode Coverage. It has been shown in the sec
tion on Results [III (3) and III (4)3 that the h.e.r. 
proceeds on oxide-covered electrodes without significant 
concentration of adsorbed H on the electrode. This 
would tend to exclude radical-ion and recombination as 
the possible rate-determining steps.1'12,21'23'27’29'82

4- Reaction Mechanism. The Tafel slopes observed 
on oxide-covered aluminum (Figures 1, 2, 4; Table I) 
are, most likely, values of 2.3 X 2RT/F which have 
been modified by the presence of oxide. This observa
tion, when combined with lack of significance concen
tration of adsorbed H, would uniquely give initial dis
charge step as the likely rds. Discussion of other 
possible mechanisms33'34 and related theory has been 
given previously.1

The exchange current densities and apparent heats 
of activation observed in the present investigations are 
quite consistent with the initial discharge as the rds.1 
Independence of a from temperature (Table I) would 
exclude the importance of entropy and adsorption

Figure 11. Plot of a values (in the Tafel equation,
H =  a — b log i) for the h.e.r. on A1 in solutions of various pH 
values; a values at pH 0.37, 2.4, and 4.4 have been obtained 
from ref 1  and refer to the electrode, which, presumably, 
has no oxide on it; a value at pH 5.5 refers, it is believed, 
to the electrode covered by “spontaneous” oxide. Here 
(da/dpH)j has the significance of a reaction order derivative, 
(d7j/dpH),-, when the rate, i, is 1 A cm- 2  (see ref 1).

effects24 thus suggesting initial discharge as the rds. 
The fact that A120 3 is a poor catalyst for the gas phase 
chemisorption of H2 35 would strongly emphasize that 
the overall reaction is controlled by the “ slow” initial 
discharge. With the value of exchange current density, 
to, 10-8 A cm“ 2 approximately, A1 (oxide) would have to 
be an extremely good catalyst for the adsorption of 
hydrogen (e.g., W) for initial discharge to be excluded 
as the probable rds.23'29,36

The various electrocatalytic relations23’29,36 cannot 
be applied to the present case since the work function 
of the oxide-covered aluminum is unknown.

It has been suggested by Thomas27 that if a “ fast” 
discharge step is followed by a “ slow” recombination 
under conditions of moderate coverage (Temkin region) 
at high current densities, a Tafel slope equal to 2.3 X 
3RT/F may sometimes be obtained. This mechanism 
is unlikely in the present case since no Temkin behavior 
is observed in the C-V  profiles (Figure 10). Further
more, a significant, though not complete, electrode 
coverage by adsorbed H required by this mechanism is 
not observed. Finally, low exchange current densities 
and absence of a 30-mV slope or a limiting current 
excludes this mechanism for the present case.37

5. Relation to Rectification. In Figure 11, a values 
(of the constant in the empirical form of the Tafel 
equation, 77 = a — b log i) obtained for the h.e.r. on 
aluminum in solutions of various pH values have been 
plotted against the corresponding pH. The experimen
tal points at pH 0.37, 2.4, and 4.4 refer to aluminum 
electrodes in the absence of oxide.1 The point at pH
5.5 refers to the electrode with oxide (i.e., ca. 0.63 V 
oxide) (c/. 2). The dashed line joins the three points 
at lower pH and shows the value of a that would have 
been obtained at pH 5.5, if no barrier oxide were present. 
It is suggested that this increase in the a value is some 
indication of the potential drop across the film in the 
direction of cathodic polarization, when the rate of h.e.r. 
is 1 A cm“ 2. It is important to note that the increased 
a value is not due to the decreased effective area of the 
electrode; i.e., the h.e.r. is not proceeding only on flaws 
since the b value is ca. 0.2 V at room temperature. It 
seems that the h.e.r. is proceeding on the bulk of oxide 
in this particular case since the a value (at room tem
perature) has been deduced from Figure 1 (i.e., before 
the activation of the surface). It may be concluded 
from Figure 11 that the potential drop across the thin

(32) R. Parsons, Trans. Faraday Soc., 47, 1332 (1951); 54, 1053
(1958).
(33) . J. Horiuti in “Transactions of the Symposium on Electrode 
Processes,” E. Yeager, Ed., John Wiley and Sons, Inc., New York, 
N. Y., 1961; see also discussion on this paper.
(34) G. J. Hills and D. R. Kinniburgh, J. Electrochem. Soc., 113, 
1111 (1966); see also discussion on this paper.
(35) D. O. Hayward and Y. T. M. Trapnell, “Chemisorption,” 
Butterworth Inc., Washington, D. C., 1964.
(36) B. E. Conway and J. O’M. Bockris, J. Chem. Phys., 26, 632 
(1957).
(37) S. Schuldiner, J. Electrochem. Soc., 114, 916 (1967).
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barrier film is almost the same both in the anodic and 
cathodic direction of polarization. That would suggest 
that very thin films of oxide formed spontaneously 
probably do not rectify, at least, not before activation 
(flaw production?) of the surface has been achieved by 
some initial cathodic polarization. Here, it has been 
assumed that both Faradaic rectification (at film- 
solution interface)38 and any possible rectification at the 
metal-oxide interface are negligible and do not enter 
into the argument. This behavior may be contrasted 
with that of anodically grown thicker films which are 
known to rectify when placed in metal-oxide-electrolyte 
configuration.39 Here, an implied conclusion is that 
thin films which are probably continuous (i.e., without 
flaws) before cathodic activation do not rectify whereas 
thicker films of the same oxide do rectify and hence39 
must have flaws at which the h.e.r. is sustained without 
developing an appreciable potential drop across the film

Electronic Properties of TCNQ Complexes

in the cathodic direction of polarization. Most of these 
conclusions are, obviously, quite tentative and would 
need much more elaborate investigations of the matters 
mentioned above.
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Electronic Properties of Some TCNQ Complexes1

by A. Rembaum, A. M . Hermann, F. E. Stewart, and F. Gutmann

Polymer Research Section, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, 
California 91103 (Received June 13, 1968)

A study of electrical properties of tetracyanoquinodimethane (TCNQ) complexes representing unit segments 
of nonconjugated as well as conjugated polymers is described. Corresponding studies with the analogous 
polymer complexes are presented. The model compounds chosen were a saturated donor l,2-bis(4-pyridyl)- 
ethane and an unsaturated donor l,2-bis(4-pyridyl)ethylene. Analyses are presented to substantiate the 
chemical structure. Spectrophotometric data are in agreement with previous results. Electron spin resonance 
studies show the triplet nature of the complexes, and rotational anisotropy in compressed pellets demonstrates 
orientation of molecules or crystallites during compression. Electronic transport properties including the 
first reported measurement of the Hall effect in TCNQ complexes are described. These measurements along 
with companion studies of conductivity and thermoelectric power indicate concentration of carriers of several 
orders of magnitude below that of the unpaired spins. The transport data presented are interpreted in terms 
of band theory.

I. Introduction

It was recently reported that certain heterocyclic
salts exhibit an exceptionally high conductivity.2-3
These compounds may be represented by the general
formula D+(TCNQ“ ) in which D is an aromatic
molecule generally containing a nitrogen atom and 
(TCNQ“ ) symbolizes 7,7',8,8'-tetracyanoquinodi- 
methane in the form of a paramagnetic radical anion. 
Neutral TCNQ molecules may also take part in the 
complex in which case the electrical conductivity is 
increased by several orders of magnitude. A number 
of the TCNQ complexes exhibit room temperature 
conductivity varying from about 10“ 6 up to about

1 ohm.1 cm“ 1, i.e., the highest conductivity of organic
crystals known to date. It was also shown recently2b 
that polymeric analogs of the TCNQ salts can be 
prepared. One such complex, copoly (styrene) ,1-
butyl-2-vinylpyridinium (TCNQ“ ) TCNQ had a 
conductivity of 10“ 3 * * ohm“ 1 cm-1 and these polymeric

(1) This paper represents one phase of research performed by the 
Jet Propulsion Laboratory, California Institute of Technology, 
sponsored by the National Aeronautics and Space Administration, 
Contract NAS7-100.
(2) (a) R. G. Kepler, J. Chem. Phys., 39, 3528 (1963); (b) J. H.
Lupinski and K. D. Kopple, Science, 146, 1038 (1964).
(3) L. R. Melby, R. J. Harder, W. R, Hertler, W. Mahler, R. E. 
Benson, and W. E. Mochel, J. Amer. Chem. Soc., 84, 3374 (1962).
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complexes could be cast from solution as homogeneous 
films. The mechanism of electronic transport in the 
above monomeric or polymeric salts is not well under
stood. In this report a study of the electrical proper
ties of TCNQ complexes representing unit segments 
of nonconjugated as well as conjugated polymers is 
described.

The following two model compounds were chosen: 
a saturated donor 1,2-bis(4-pyridyl) ethane, and 
unsaturated donor 1,2-bis(4-pyridyl) ethylene. These 
two model compounds will be referred to as Ds and Du, 
respectively.

l,2-bis(4-pyridyl)ethylene l,2-bis(4-pyridyl)ethane

D„ Ds

Both D„ and Du could be incorporated into a poly
meric chain by means of the reaction4

where n represents the number of unit segments. D8 
reacted with p-dibromoxylene to yield an analogous 
polymer. These polymers when reacted with LiTCNQ 
will be designated by the symbols DU2+(TCNQ~)2 
polymer and DS2+(TCNQ~)2 polymer, respectively. 
The polymers present the advantage of easier mold- 
ability and higher tensile strength than the correspond
ing monomeric analogs. Most of the electrical meas
urements were carried out on Ds or Du mono- or 
diiodide salts after reaction of the latter with LiTCNQ 
or with a mixture of LiTCNQ and neutral TCNQ.

II. Experimental Section

1. Reagents. Ds was recrystallized from benzene 
(mp 122°). Du was used as received (Aldrich) mp 
153-155°. p-Dibromoxylene was recrystallized from 
benzene (mp 145-148°). All solvents were freshly 
distilled and TCNQ was used as received from the 
Dupont Co.

2. Preparation of Mono- and Bis-N-Methyl Pyri-
dyliuin Derivatives of 1 ,2-Bis{4-Pyridyl)ethane, a. 1- 
(4-Pyridyl), 2-{4'-N-methylpyridylium iodide) ethane 
(DaI ). 1 ,2-Bis(4-pyridyl)ethane (0.01 mol = 1.84 g),
dissolved in benzene (50 ml), was added dropwise to 
CH3I (0.06 mol = 8.52 g) in benzene (10 ml). The 
mixture was heated while stirring to start the reaction, 
and the stirring continued for 1.5 hr at ambient tem
perature. It was then kept in the dark for approx
imately 4 hr. The light yellow microcrystals which 
had precipitated out were filtered off, washed with

benzene, and dried in vacuo. Anal. Calcd for a 
monoiodide salt: I, 39.2. Found: I, 39.5.

b. l-(irPyridyl), 2-{4'-N-methylpyridylium io-
dide)ethylene (Z>u/) . 1,2-Bis-(4-pyridyl)ethylene (0.01
mol = 1.82 g) was dissolved in benzene (50 ml) and 
added dropwise to C H 3I  (0.06 mol = 8.52 g) in 
benzene (10 ml). The remaining procedure was 
identical with the previous example. Anal. Calcd 
for a monoiodide salt: I, 39.2. Found: I, 38.5.

c. 1 ,2-Bis{4-N-methylpyridylium iodide)ethane {DsIf).
1,2-Bis-(4-./V-pyridyl)ethane (0.01 mol = 1.84 g) was 
dissolved in CH3I (25 m l). The solution boiled for 8 
hr while stirring and was kept in the dark at room 
temperature overnight. The white-yellow crystals 
were filtered off under suction, washed with ether, and 
dried in vacuo. Anal. Calcd for a diiodide salt: 
C, 35.91, H, 3.88, N, 5.98, I, 54.23. Found: C, 35.25,
H, 3.6, N, 6.00, I, 53.1.

d. 1 ,2-Bis- (4-N-methylpyridylium iodide) ethylene
(D J 2)• 1 ,2-Bis-(4-pyridyl) ethylene (0.01 mol =
I. 82 g) was dissolved in CH3I (25 ml). The solution 
was boiled for 8 hr while stirring, then kept in the dark 
at room temperature overnight. The orange-yellow 
crystals were filtered off under suction, washed with 
ether, and dried in vacuo. Anal. Calcd for a diiodide 
salt: C, 36.04; H, 3.45; N, 6.02; I, 54.45. Found: 
C, 35.93; H, 3.45; N, 6.20; I, 53.9.

e. l-(4-Pyridyl)2-(4'-N-methylpyridylium TCNQ~~)- 
ethane {DS+TCNQ~~). l-(4-Pyridyl),2-(4'-Air-methyl- 
pyridylium iodide) ethane (0.00145 mol = 0.47 g) 
was dissolved by heating in 96% ethanol (10 ml) and 
dropwise added to a boiling solution of LiTCNQ 
(0.002 mol =  0.42 g) in ethanol (100 ml). LiTCNQ 
was prepared according to a described method.3 
The reaction was carried out under nitrogen. The 
mixture was cooled to room temperature in the dark, 
then kept at 0° for complete precipitation of the dark 
blue needles. The mixture was filtered under suction 
and the crystals were washed with ethanol and ether 
and dried in vacuo. Anal. Calcd: C, 74.41; H, 
4.75; N, 20.83. Found: C, 73.55; H, 4.88; N, 20.43.

/. 1-(4-Pyridyl), 2-(4’-N-methylpyridylium TCNQ~)- 
ethylene {DU+TCNQ~). 1-(4-Pyridyl), 2-(4'-methyl- 
pyridylium iodide) ethylene (0.0145 mol =  0.47 g) 
was dissolved in a mixture of 96% ethanol (10 ml) 
and H20  (1 m l). The solution was added dropwise to 
a boiling solution of LiTCNQ (0.002 mol =  0.42 g) 
in ethanol (100 ml). This was followed by the pro
cedure of the preceding sample. Anal. Calcd: 
C, 74.8; H, 4.27; N, 20.94. Found: C, 73.79; H, 
4.52; N, 21.14.

g. 1 ,2-Bis {4-N-methylpyridylium TCNQ~) ethane
{Ds2+(TCNQ~)2. This was prepared by a procedure 
similar to that for the preceding sample and using

(4) A. Rembaum, W. Baumgartner, and A. Eisenberg, J. Polymer 
Sci., B, 6, 159 (1968).
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an excess of LiTCNQ. Anal. Calcd: C, 73.29; H, 
4.21; N, 22.50. Found: C, 74.63; H, 3.88; N, 23.32.

h. 1 ,2-Bis(4.-N-methylpyridylium TCNQ~) ethylene 
Du+{TCNQr)z. The same procedure was used as for 
sample g. Anal. Calcd: C, 73.53; H, 3.90; N, 22.59. 
Found: C, 73.20; H, 4.33; N, 22.18.

i. Preparation of Complexes Containing Neutral 
TCNQ. Half a mole of neutral TCNQ was combined 
with 1 mol of each of the following: DS+TCNQ_, 
DU+TCNQ- D82+(TC N Q -)2, and D u2+(TC N Q -)2 
by the procedure described below. To each of the 
iodides, DSI, D uI, D sI2, dissolved in hot ethanol were 
added simultaneously the calculated concentrations 
of LiTCNQ and neutral TCNQ dissolved by a mixture 
(1:1) of hot ethanol and acetonitrile. The operations 
were carried out in a nitrogen atmosphere. Precipita
tion began in each case while the mixture was still hot. 
After cooling, the products were filtered, washed with 
warm acetonitrile, ethanol, and ether, and dried in 
vacuo.

3. Preparation of Polymers and Their TCNQ Com
plexes. The polymers containing the model com
pounds in the chain have not been synthesized before. 
The kinetics of formation and properties of similar but 
aliphatic polymers, termed ionenes, are the subject of a 
separate publication.4 The aromatic ionenes used in 
this study were prepared by reacting D8 or Du with 
p-dibromoxylene in stoichiometric proportions in ben
zene or dimethylacetamide. Bromobenzene is also a 
convenient solvent for the polymerization reaction 
carried out at 100°. The precipitated polymers were 
filtered off, washed with benzene, and dried in vacuo, 
yield 98-99%. Analysis of polymer obtained by re
action of Ds with p-dibromoxylene: Calcd for a unit 
segment of C20H20N2, Br2: C, 54.0; H, 4.52; N, 6.25; 
Br, 35.61. Found: C, 53.10; H, 5.12; N, 6.32, Br, 
32.31.

The polymer was soluble in water and decomposed on 
heating at 260-290°. Intrinsic viscosity in aqueous 
0.1 M  KBr =  0.21.

Analysis of Polymer Obtained by Reactions of Du 
with p-Dibromoxylene Calculated for a Unit Segment. 
Calcd for C20HlsN2Br2: C, 54.8; H, 4.05, N, 6.28; Br,
35.9. Found: C, 53.59; H, 4.73; N, 7.05; Br, 30.56. 
Intrinsic viscosity in aqueous 0.1 M  KBr = 0.16. 
The TCNQ complexes were prepared by dissolving the 
polymers in 50% water-methanol mixtures, to which 
were added solutions of LiTCNQ in methanol. A 
mixed solvent, methanol-acetonitrile (20:80), was 
used for the preparation of polymeric salts with 
neutral TCNQ.

Analysis of Polymer Containing D^+(TCNQ~)2 
Units. Calcd for a unit segment of CiJEsNio,' C, 
75.80, H, 4.02, N, 20.1. Found: C, 75.01; H, 4.07; N, 
19.45.

Analysis of Polymer Containing DU2+(TCNQ~)2 
Units. Calcd for a unit segment of CidL^N^: C,

76.1; H, 3.75; N, 20.2. Found: C, 76.25; H, 3.97; 
N, 19.5. The elemental analyses were carried out by 
means of a F & M model 185 CHN analyzer.

4- Spectrophotometric Data. Visible spectra of 
TCNQ complexes were determined by means of a Cary 
Model 14 Spectrophotometer in spectral grade aceto
nitrile as solvent. The analysis of the spectra yielded 
good agreement with previously published data.3 
As shown in Figure 1, the TCNQ radical anion absorbs

WAVELENGTH, A

Figure 1. Visible absorption spectra (10' 6 M) in acetonitrile.

strongly at 4200 A (e 24,300) and at 8420 A (e 43,300), 
while neutral TCNQ absorbs only at 3950 A (c 63,600). 
The intensity ratio of the 4200- and 8420-A bands is 
approximately 0.57 for simple salts, and that of the 
3950- and 8420-A bands is approximately 2.0 for salts 
containing one neutral molecule of TCNQ per complex.

The spectrophotometric analysis agreed with the 
proposed radical anion-to-neutral acceptor ratio to 
within about 5%. However, the elemental analysis 
agreed, on the average, with the theoretical per
centages of C, H, and N to about 1%.

5. Electrical Measurements. Conductivity measure
ments were made on 0.5-in. diameter cylindrical 
pellets in the absence of air. Pellets prepared under 
pressures between 20,000 and 100,000 psi had essenti-

Volume 73, Number 3 March 1969



516 A. R embaum, A. Hermann, F. Stewart, and F. Gutmann

ally identical conductivities. Electrical contact was 
made with vacuum-deposited gold electrodes. Using 
this technique, resistivity values could be reproduced 
within a factor of 2. Silver paste or platinum disk 
contact yielded much less reliable results. Ds+- 
(TCNQ^) complexes were found to be unstable above 
50°. However, complexes containing neutral TCNQ 
showed identical resistivity after heating at 90° for 
24 hr.

In one case only, (DS+TCNQ_ ), was it possible to 
carry out measurements on a single crystal. The 
resulting activation energy, viz. 0.14 eV, was found to 
be the same (within experimental error) as that ob
tained with the compactions, viz. 0.13 eV.

The conductivity measurements were carried out in 
an evacuated glass cell containing a copper-constantan 
thermocouple. The glass cell was immersed in a 
dewar vessel containing the heat bath. Resistivity as 
a function of pressure was measured using vanadium 
alloy steel anvils of 0.25 in. contact diameter. The 
details of the apparatus were previously described.* 5 6

6. Electron Spin Resonance (Esr). Esr measure
ments were made by a previously reported procedure6 
on samples consisting of either small chips of com
pacted pellets, powdered complexes, or complexes 
dispersed in KC1. Pressure and grinding seemed 
to have no significant effect on the free spin concentra
tion as derived from the esr intensity.

7. Seebeck Coefficient. The Seebeck coefficient was 
measured using a Keithley 610 BR electrometer. 
The sample temperature was varied by adjusting the 
flow of thermostatically controlled gaseous nitrogen 
past the sample. The thermal gradient (AT ~  5°) 
was achieved by variation of the currents through two 
heaters in physical contacts with the surfaces of the 
sample. Temperatures were measured by means of 
copper-constantan thermocouples connected to a 
Rubicon Model 2732 potentiometer.

8. Hall Effect. A schematic diagram of the Hall 
effect apparatus is shown in Figure 2. The bucking 
circuit allowed reduction of the misalignment voltage 
to the order of less than 0.5 mV. Resolution to some

Figure 2. Schematic diagrams of the Hall apparatus.

extent was dependent upon sample stability. In 
some cases, several days of waiting was required to 
achieve noise and drift levels low enough to measure 
mobilities of the order of 0.01 to 0.1 cm2/V  sec. The 
maximum magnetic field strength used was 6 kG. 
The YTVM employed was a Hewlett-Packard 412A or 
a Keithley Model 610A electrometer. An RC filter 
on the output of the VTVM decreased high frequency 
noise. The strip-chart recorder was a Varian Model 
G10. The accuracy of the apparatus was confirmed 
by the use of resistive mock-ups and an n-type ger
manium sample of known mobility as a reference.

III. Results
1. Resistivity (p) and Activation Energy (e). The 

resistivities in ohm-centimeters and activation energies 
in electron volts of various TCNQ complexes (obtained 
from the equation p = p0 exp(E/IcT) over temper
ature intervals ranging from 77 to 300°K) are listed in 
Table I.

Table I: Resistivity (p) and Activation Energy (E) 
of TCNQ Complexes (E is Deduced from p = p0 exp(E/kT))

D+TCNQ- 
Ds2+(TCNQ- ) 2 
D82+(TCNQ-)2-}TCNQ 
D82+(TCNQ~)2TCNQ 
D,2+(TCNQ- ) 2 polymer 
D82+(TCNQ-)2TCNQ polymer 
DU+TCNQ~ (polycrystalline) 
DU+TCNQ~ (single crystal) 
Du*+(TCNQ- ) 2 
Du2+(TCNQ-)2TCNQ 
D„2+(TCNQ“ )2TCNQ 
Du2+(TCNQ- ) 2 polymer 
Du2+(TCNQ-)2TCNQ polymer

p at 25°, 
ohm cm E, eV

1.55 X 105 0.11
4 X 10«
4.7 0.04
3.4 0.035
1.5 X 10« 0.15

92
1.1 X 104 0.13

0.14
2.1 X 105

13 0.04
3.8 0.035
5.2 X 106 0.15

80

Average values are quoted with deviations being less 
than 30% for p and 10% for E. Such deviations are 
presumably due to variations in intergranular re
sistances.7 The addition of neutral TCNQ dramati
cally lowers the resistivity and the activation energy 
presumably due to increased electron delocalization. 
The low activation energy of these latter complexes 
indicates the onset of metallic conduction.

The variation of resistivity with pressure of the 
Du2+(TCNQ~)2TCNQ complex is shown in Figure 3. 
The curves were obtained on first increasing the 
pressure to 36 kbars then decreasing it to 1 kbar and 
repeating this procedure several times. Similar curves

(5) A. Rembaum, J. Moacanin, and H. A. Pohl, Progr. Dielectrics, 
6, 41 (1965).
(6) F. E. Stewart and A. Rembaum, J. Macrom. Sci. (Chemistry) 
Al, 1143 (1967).
(7) R. G. Kepler in “Phonons and Phonon Interactions,” T. A. 
Bak, Ed., W. A. Benjamin Inc., New York, N. Y., 1964, p 579.
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Figure 3. Resistivity vs. square root of pressure for 
DU+(TCNQ~)TCNQ: O, first cycle; □ , second cycle;
X , third cycle.

were also obtained with all the other complexes de
scribed here.

It seems worth noting that there appears to be little 
difference between transport properties of the polymer 
complexes and complexes with the corresponding mon
omers. Thus the polymer complexes are only slightly 
less conductive than those of the monomer. Also the 
conjugation between the pyridine rings does not 
increase the conductivity to any significant extent. 
Furthermore, TCNQ polymers with a purely aliphatic 
backbone exhibit similar conductivity characteristics 
as those containing conjugated molecules.4

2. Electron Spin Resonance. The spin concentra
tion of four representative samples and the singlet- 
triplet separation energy /  estimated from the tempera
ture variation of signal intensity is shown in Table II.

Table II: Temperature Dependence of Unpaired Spina

at which I  is a maximum. We find for the DS+TCNQ^ 
and DU+TCNQ~ simple salts that Tm is considerably 
above ambient temperature and in the range in which 
these salts begin to decompose. Therefore an alternate 
procedure for determining J was attempted.

In the temperature range for which /  )>> kT, the 
product I  X T is proportional to exp( —J/kT), and a 
semilog plot o f l X T  vs. T~l will be a straight line the 
slope of which is (J/fc) log e. From such a plot 
(Figure 4) the measured value of J was found to be not 
sufficiently large in comparison with kT to make the 
above approximation valid. We estimate that the 
measured value of J is too small by a factor of ap
proximately 2. It can only be concluded that /  is 
probably somewhat smaller than 0.1 eV.

e>

kT
x
È00

z
or
is

TEMPERATURE, °C

3 4 5  6 7 8 9 10
l0 3/ r ,  'K -1

Esr intensity at Singlet-triplet
25°, spins/ separation
mole X IO-23 energy J, eV

D/TCNQ- 0.35 —0.03
DU+TCNQ- 1.5 —0.045
D+TCNQ- +  TCNQ 11.7 0

D /TCN Q - +  TCNQ 8 . 0 0

Each of the four complexes studied here contains ap
proximately Avogadro’s number of unpaired electrons 
per mole at room temperature (Table II). Relative 
spin concentrations quoted are considered accurate to 
30%; absolute values are known only to within a factor 
of 2.

Simple TCNQ salts follow a singlet-triplet model 
for paramagnetism8 in which the esr intensity I  is 
proportional to 71_1[exp(//fc71 +  3)-1]. The singlet- 
triplet separation energy J may be calculated from the 
formula J = 1.61fcTm, where Tm is the temperature

Figure 4. Temperature dependence of esr intensity 
for simple TCNQ salts.

In the low-temperature region of Figure 4 the 
triplet contribution to paramagnetism is small and the 
doublet impurity contribution predominates. In this 
region I X T is approaching a constant value inde
pendent of temperature.

Complex TCNQ salts containing neutral TCNQ 
exhibit a Pauli spin paramagnetism characteristic of a 
degenerate electron gas such as occurs in metals.7 
In this case the measured esr intensity is independent 
of temperature. Such a paramagnetism was found for 
some of our complex salts (Table II).

The shape of the esr signal of the complexed salts 
exhibits an interesting rotational anisotropy that to

(8) D. Bijl, H. Kainer, and A. C. Rose-Innes, J. Chem. Phys., 30, 
765 (1959).
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our knowledge has not been reported previously. If a 
pellet is rotated in the magnetic field in such a way 
that the direction in which the pressure was applied 
to it, P,  is kept perpendicular to the magnetic field H, 
no line-shape change results; however, a different 
spectrum is observed when the pellet is oriented with 
P  parallel to H  (Figure 5). This type of anisotropy

PRESSURE A XIS  PRESSURE AND
PERPENDICULAR F IELD  A XIS
TO MAGNETIC AT 45°

PRESSU RE AND 
F IE LD  A XIS  
PA R A LLEL

latter case (PDC), the exciton was shown to be a 
AVannier exciton (as opposed to Frenkel excitons in 
TCNQ complexes9).

Assigning anisotropic g values to our spectra on the 
above basis, one obtains g = 2.0033, g = 2.0024 for 
DS+TCNQ~ +  TCNQ (Figure 5), and g = 2.0036, 
g =  2.0028 for DU+TCNQ~ +  TCNQ. This gi-factor 
anisotropy is thought to be due to inequivalent sites in 
the unit cell.11 Attempts were made to observe 
anisotropy in the electronic conductivity of com
pressed pellets. However, no conductivity anisotropy 
was found.

3. Carrier Mobility Measurements. The H all Effect 
and Magnetoresistance. In order to elucidate the 
conduction mechanism it was considered essential to 
determine the mobility of the electrical carriers. This 
was achieved directly by Hall effect measurements.

ORIENTATION EFFECTS:
ESR SIGNAL SHAPE CHANGES AS A FUNCTION OF ANGLE OF ROTATION

Figure 5. Rotational anisotropy of a compacted pellet 
compared to the anisotropy of a single crystal.

does not occur in the simple salts. The complex salts 
in a powdered form show a single line resonance. The 
esr signal shape for pellets with P\\H (Figure 5) is 
similar to that of the same compound in the form of a 
single crystal, having axial symmetry. Compacted 
pellets, usually composed of many microcrystals 
randomly oriented, are not known to exhibit rota
tional anisotropy. It would appear that under pres
sure either the molecules of our complex salts or small 
crystallites assume a preferred orientation.

The spectral splittings in the case of the single crystals 
(or compressed pellets) are likely to be due to -̂factor 
anisotropy. It is, however, somewhat difficult to rule 
out the possibility of zero-field splittings in the absence 
of measurements at different frequencies (which would 
check the dependence of the splittings on magnetic 
field strength), especially in view of the identification 
of zero-field splittings in other organic TCNQ com
plexes.9 However, the splittings in the present case 
are of the order of 1 G, compared to splittings of 

G for other TCNQ complexes.9 Furthermore, 
recent studies on the magnetic excitations in charge- 
transfer complexes of p-phenylenediamine-chloranil10 
(PDC) yielded esr spectra very similar to those shown 
in Figure 5. In the case of PDC, experiments at 
different frequencies firmly established the g-factor 
anisotropy (rather than zero-field splittings). In the

Table III: Electronic Properties of Ds and Du Complexes

Sign o f MHall Q, Seebeck
H a ll a t  25° coeff,

co e ffic ie n t c m 2/ m V / 'C O X  T .
Sam ple a t  25° V  sec a t  25° eV

D ,+ (T C N Q - ) + 0.04 0.6 0.18
D U+ (T C N Q -) ± a 0.3 0.32 ± 0 7 0 .1
D ,2 + (T C N Q - )2 1 .0 ± 0 .1 0.3
D „ 2 + (T C N Q -)2 0.6 ±  0.08 0.18
D „2 + (T C N C r )2 < 0 .1 0.4 0.12

p o ly m e r
D u’ + ( T C N Q - ) 2 <0.1 0.2 ±  0.1 0.06

p o ly m e r

“ Sign reversed upon standing 24 hr.

Table III contains the Hall mobility value for a 
compacted pellet of DS+TCNQ~, the only sample for 
which a consistent signal was obtained. Figure 0 
shows a strip-chart recording of the Hall signal. It 
is seen that the signal to noise ratio is sufficiently high

(9) D . B . C h e s tn u t, H . F o s te r, a n d  W . D . P h ill ip s , J .  C h e m . P h y s . ,  34, 
684 (1961 ); D . B . C h e s tn u t a n d  W . D . P h ill ip s , i b i d . ,  35, 1002 (1 9 6 1 )
(10) R . C . H ug h e s  a n d  Z. G . Soos, i b i d . ,  48, 1066 (1968).
(11) R . C . H ughes and  Z. G . Soos, i b i d . ,  48 ,1066  (1968), a n d  c o m m e n t 
fro m  a no n ym o us  referee.
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to detect a Hall effect. The Hall mobility is 0.04 
cm2/V  sec with a positive Hall coefficient corresponding 
to holes as the majority carriers. Table III shows the 
Hall effect results on other compacted pellets. For a 
sample of DU+TCNQ~ the Hall coefficient was found to 
change signals upon standing for 24 hr. The positive 
signal of the Hall coefficient for DS+TCNQ” corresponds 
to the positive Seebeck coefficients also listed in Table
III. Other samples showed no measurable Hall 
effect (see Table II).

While attempts at attaching Hall probes to tiny 
single crystals of DU+TCNQ” failed, an attempt was 
made to measure the magnetoresistance of these single 
crystals using a two-probe method. While a 2%  
change in resistance could have been detected in the 
presence of several kilogauss transverse magnetic 
field, none was observed. This puts an upper limit 
on the magnetoresistance mobility12 of ~  0.1 cm2/V  
sec.

IV . D iscussion

The dramatic increase observed here in conductivity 
by addition of neutral TCNQ to a paramagnetic 
TCNQ salt has been previously reported.2'3'13 The 
increase in conductivity by about four orders of mag
nitude (Table I) is accompanied by an activation 
energy drop from about 0.15 to 0.03 eV. It should 
be noted that this drastic change in conductivity does 
not require stoichiometric proportions; thus increasing 
the ratio of TCNQ:TCNQ” from f  to 1 changes the 
conductivity values only slightly and has little effect 
on the activation energy.

These observations are consistent with the theoretical 
arguments of LeBlanc.14 He accounts for the higher 
conductivity in the complex salts by creation of hole- 
electron pairs in the Heitler-London ground-state con
figuration without placing two electrons on the same 
TCNQ site (corresponding to the formation of a 
dianion), there being “neutral” molecules available 
to take the extra electron.

There are, however, some observations about the 
data which should be discussed. It should be pointed 
out that a single carrier model was used to estimate 
the Hall mobility because of lack of information about 
a two-carrier model. It is conceded on this basis that 
these calculated Hall mobilities may be smaller than 
the true electron or hole microscopic mobilities. 
Mention must also be made of the change with time in 
sign of the Hall constant for the DU+(TCNQ)“ salt. 
Such behavior suggests oxygen doping as has been 
inferred for Li+(TCNQ)” on the basis of a reversible 
change in the sign of the thermal emf upon oxygen 
treatment.16

Prescinding from these difficulties and taking the 
Hall mobility (g = 0.04 cm2/V  sec, Table III) as a 
measure of the true hole mobility in DS+(TCNQ”), 
one can calculate the concentration of holes from the

E l e c t r o n ic  P r o p e r t i e s  o f  TCNQ C o m p l e x e s

s i n g l e  c a r r i e r  r e l a t i o n

cr = neti (1)

w h e r e  a i s  t h e  c o n d u c t i v i t y  =  6 . 5  X  1 0 ” 6 ( o h m - c m ) ” 1 
( s e e  T a b l e  I ) ,  n i s  t h e  c o n c e n t r a t i o n  o f  h o l e s ,  e i s  t h e  

e l e c t r o n i c  c h a r g e ,  a n d  g  i s  t h e  m o b i l i t y .

A  c a l c u l a t i o n  o f  t h i s  t y p e  g i v e s  n o f  t h e  o r d e r  o f  1 0 14 
c m ” 3, i.e., a b o u t  8 o r d e r s  o f  m a g n i t u d e  b e l o w  t h e  c o n 

c e n t r a t i o n  o f  u n p a i r e d  s p i n s  a s  m e a s u r e d  b y  t h e  e s r  

t e c h n i q u e .  I t  i s  c l e a r ,  t h e n ,  t h a t  t h e  c a r r i e r s  a r e  n o t  

t h e  s p i n  e x c i t a t i o n s  t h e m s e l v e s .  T h i s  r e s u l t  i s  i n  a g r e e 

m e n t  w i t h  p r e v i o u s  f i n d i n g s 16 i n  s t u d i e s  w i t h  t h e  

p o l y - n - v i n y l c a r b a z o l e - i o d i n e  c o m p l e x .  I n  t h i s  T C N Q  

c a s e ,  h o w e v e r ,  t h e  e v i d e n c e  i s  m o r e  s i g n i f i c a n t  s i n c e ,  i n  

p a r a m a g n e t i c  T C N Q  s a l t s ,  t h e  u n p a i r e d  s p i n s  a r e  n o t  

l i k e l y  t o  a r i s e  f r o m  c r y s t a l  d e f e c t s  o r  d i s l o c a t i o n s  ( a s  

p o s t u l a t e d  f o r  a  n u m b e r  o f  ir c o m p l e x e s 17)  b e c a u s e  t h e  

c o n c e n t r a t i o n  o f  f r e e  s p i n s  i s  a p p r o x i m a t e l y  e q u a l  t o  

t h e  c o n c e n t r a t i o n  o f  m o l e c u l e s .

A s  t o  t h e  m e t h o d  o f  c o n d u c t i o n  o f  t h e  c a r r i e r s  ( o n c e  

f o r m e d ) ,  o n e  c o u l d  p o s s i b l y  d e s c r i b e  t h e i r  m o t i o n  i n  

t e r m s  o f  b a n d  t h e o r y  i n  v i e w  o f  t h e  c l o s e  a g r e e m e n t  

( i n  t h r e e  o f  f o u r  c a s e s )  b e t w e e n  t h e  c o n d u c t i v i t y  

a c t i v a t i o n  e n e r g i e s  a n d  t h e  Q X  T  e s t i m a t e  o f  t h e  

F e r m i  l e v e l  o b t a i n e d  f r o m  t h e  t h e r m a l  e m f  m e a s u r e 

m e n t s .  F u r t h e r m o r e ,  c o n s i d e r  a n  e s t i m a t e  o f  t h e  

d e n s i t y  o f  s t a t e s  N  f o r  t h e  D S+ ( T C N Q ) ~  s a m p l e  ( w i t h  

m e a s u r e d  H a l l  m o b i l i t y  =  0 . 0 4  c m 2/ Y  s e c ) .  I f  o n e  

u s e s  t h e  r e l a t i o n 18

n =  N  e x p [ —  (Et  —  E w)/kT~\ ( 2 )

w h e r e  n i s  t h e  c o n c e n t r a t i o n  o f  h o l e s  =  a/eg  f o r  a, 
t h e  m e a s u r e d  c o n d u c t i v i t y  ( a t  3 0 0 ° K ) ,  e i s  t h e  e l e c 

t r o n i c  c h a r g e ,  a n d  / /  i s  t h e  m e a s u r e d  H a l l  m o b i l i t y  

( a t  3 0 0 ° K ) ,  a n d  w i t h  (Et  —  E v) =  Q X  T  =  0 . 1 8  

e V  ( s e e  T a b l e  I I I ) ,  a n d  f c T  ~  1 / 4 0  e V ,  o n e  f i n d s  a  

d e n s i t y  o f  s t a t e s  N  e q u a l  t o  3  X  1 0 18 c m ” 3. C a l c u 

l a t i o n  o f  t h e  d e n s i t y  o f  s t a t e s  f r o m  t h e  ( w i d e )  b a n d  

t h e o r e t i c a l  e x p r e s s i o n

N -  ( 3 )
ft“

w h e r e  m* i s  e f f e c t i v e  m a s s  ( t a k e n  h e r e  a s  t h e  f r e e  

e l e c t r o n  m a s s )  a n d  t h e  o t h e r  s y m b o l s  h a v e  t h e i r  u s u a l  

m e a n i n g ,  g i v e s  N  =  1 . 5  X  1 0 19 c m ” 3. T h i s  i s  w i t h i n

(12) A . C. B eer, “ G a lv a n o m a g n e tic  E ffe c ts  in  S e m ico n d u c to rs ,”  
A ca d em ic  Press, N e w  Y o rk , N . Y .,  1963, p  139.
(13) J. H . L u p in s k i,  K .  D . K o p p le , a n d  I .  J. H e rtz , J. P olym er Sci., 
C, 1561 (1967).
(14) O. H. L e B la n c , J .  Chem . P hys., 42, 4307 (1965).
(15) W . S im m ons, O rg a n ic  C ry s ta l S ym p o s iu m , N a t io n a l R esearch 
C o u n c il, O tta w a , 1962, p  195.
(16) A . M . H e rm a n n  a nd  A . R em b a u m , J . P olym er S ci., C, N o . 
17, 107 (1966).
(17) W . S lough, Trans. Faraday Soc., 61, 408 (1965).
(18) See, fo r  exam p le , W . S hock ley , ‘ ‘E le c tro n s  a nd  H o les  in  Sem i
c o n d u c to rs ,”  D . V a n  N o s tra n d  C o., In c .,  N e w  Y o rk , N . Y .,  1950.
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order-of-magnitude agreement with the measured 
value (3 X 1018 cm~3) .

This description is, however, to a large extent un
satisfactory; the mobilities seem to be low enough as 
to be representative of mean free paths shorter than

intermolecular spacings.19 It is hoped that further 
measurements will pinpoint in greater detail the 
mechanism of carrier transport.

(19) A . F . Jo fle , S o l i d  S t a t e  P h y s .  (U S S R ), 1, 1 (1953).

Structure and Electrolyte Properties in Bolaform Electrolytes. 

III. The Hydrodynamics of Potassium Salts of Several Rigid 

Bolaform Disulfonic Acids in Dioxane-Water Mixtures at 25°

by Bert R . Staples1 and G ordon Atkinson

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  M a r y l a n d ,  C o l l e g e  P a r k ,  M a r y l a n d  2 0 7 J f0  ( R e c e i v e d  J u n e  1 7 ,  1 9 6 8 )

T h e  c o n d u c t a n c e s  o f  p o t a s s i u m  b e n z e n e s u l f o n a t e ,  p o t a s s i u m  p - b e n z e n e d i s u l f o n a t e ,  p o t a s s i u m  4 , 4 ' - b i p h e n y l -  

d i s u l f o n a t e ,  a n d  p o t a s s i u m  T - t 'b t e r p h e n y l d i s u l f o n a t e  in  d i o x a n e - w a t e r  m i x t u r e s  o f  0  t o  7 0 %  d i o x a n e  c o n t e n t  
w e r e  m e a s u r e d  a t  2 5 ° .  T h e  h y d r o d y n a m i c  p r o p e r t i e s  o f  t h e s e  e l o n g a t e d  i o n s  a g r e e  w i t h  t h e  c a l c u l a t e d  p r o p 
e r t ie s  b a s e d  o n  a  r i g i d  e l l i p s o i d  m o d e l .  T h e  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  in  s o l u t i o n  b e t w e e n  t h e  c a t i o n  a n d  
a n i o n  is  c o m p a r e d  a s  c a l c u l a t e d  b y  f i v e  d i s t i n c t  m e t h o d s .  T h i s  d i s t a n c e  w a s  d e t e r m i n e d  f r o m  t h e r m o d y n a m i c s  
o f  a s s o c i a t i o n ,  h y d r o d y n a m i c s ,  c o n d u c t a n c e  J p a r a m e t e r ,  a n d  t h e  d i e l e c t r i c  r e l a x a t i o n  d r a g  e f f e c t s .  T h i s  
d i s t a n c e  o f  c l o s e s t  a p p r o a c h  a g r e e s  f a i r l y  w e l l  b e t w e e n  a l l  m e t h o d s  f o r  e a c h  s a l t .  T h e  t r e n d  o b s e r v e d  w a s  
g e n e r a l l y  in  i n c r e a s i n g  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  w i t h  i n c r e a s in g  c h a r g e  s e p a r a t i o n .

Introduction

The effects of ion structure on the conductance 
parameters of salts of rigid bolaform electrolytes have 
been investigated.2 The present authors have pre
sented the basic conductance behavior of the potassium 
salts of benzenesulfonic acid (KBS), p-benzenedisul- 
fonic acid (K2BDS), 4,4'-biphenyldisulfonic acid 
(IGBPDS), and 4 , 4"-terphenyldisulfonic acid 
(KjTPDS) in dioxane-water mixtures at 25°. This 
series of rigid bolaform electrolytes represents a unique, 
systematic increase in size and charge separation of the 
anion.

Rice3 has examined models for a theoretical treatment 
of bolaform salts to obtain transport properties, and 
Atkinson and coworkers have applied these models to 
calculate the hydrodynamic parameters of bolaform 
salts in water4 and dioxane-water2 mixtures.

Assuming that the usual equations of viscous fluid 
motion describe the hydrodynamics of the model, 
Perrin5 gives the expression for the frictional coefficient 
of a rigid ellipsoid as

67n7o(&'2 -  a'2) 1/2
r “  In L(br/a') + V W a ' F  1]

61070? /

In (257a')
(6' »  a')

All terms used are defined in the Appendix.

( 1)

For the diquaternary ammonium bolaform ions 
investigated by Fuoss,6 Rice found that the Peterlin7 
model of beads separated by massless rods was superior 
to the rigid ellipsoid model. Using the rigid bolaform 
ions such as the 4,4'-biphenyldisulfonate ion, BPDS2“ , 
Atkinson4 found that the rigid ellipsoid model enabled 
one to accurately calculate the frictional coefficient of 
BPDS2“ from the parameters of the benzenesulfonate 
ion, BS“ . Both of these results seem valid since, in the 
case of the diquaternary ammonium salts a nonrigid 
polymethylene chain separates the charge sites, but a 
rigid aryl framework lies between the charge sites of 
the BPDS2 ~ ion.

Also, Rice, Thompson, and Nagasawa8 have measured 
the diffusion coefficients of KoBDS, IGBPDS, and 
IGTPDS and found that the Perrin rigid ellipsoid gave 
a very accurate description of that property.

In 1959, Fuoss9 had proposed a method of getting a

(1) T a k e n  in  p a r t  f ro m  an M .S . thes is  s u b m itte d  to  th e  G ra d u a te  
School o f th e  U n iv e rs ity  o f M a ry la n d ;  N a t io n a l B u re a u  o f  S ta n d ard s , 
W a s h in g to n , D . C. 20234.
(2) B . R . S tap les and  G . A tk in s o n , J .  P h y s .  C h e m .  71, 667 (1967).
(3) S. A . R ice , J .  A m e r .  C h e m .  S o c . ,  80, 3207 (1958).
(4) G . A tk in s o n  a n d  S. P é tru c c i, J .  P h y s .  C h e m . ,  67, 1880 (1963).
(5) F . P e rr in , J .  P h y s .  R a d . ,  7 , 1 (1936).
(6) p .  V . B ro d y  and  R . M . Fuoss, J .  P h y s .  C h e m . ,  60, 156 (1956).
(7) A  P e te r lin , J .  C h e m .  P h y s . ,  47, 6 a n d  669 (1950).
(8) G . T h o m son , S. A . R ice , a nd  M .  N agasaw a, J .  A m e r .  C h e m .  
S o c . ,  85, 2537 (1963).
(9) R . M .  Fuoss, P r o c .  N a t .  A c a d .  S c i .  U .  S . ,  45 , 807 (1959).
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d i s t a n c e  o f  c l o s e s t  a p p r o a c h  f r o m  a  s e m i e m p i r i c a l  

m e t h o d  u t i l i z i n g  t h e  e f f e c t  o f  d i e l e c t r i c  r e l a x a t i o n  d r a g  

o n  i o n s  i n  p o l a r  s o l v e n t s .  T h i s  w a s  d e m o n s t r a t e d  

t h e o r e t i c a l l y  o n  a  m a c r o s c o p i c  b a s i s  c o n s i s t e n t  w i t h  

S t o k e s ’  l a w  b y  B o y d 10 i n  1 9 6 1 .  A  y e a r  l a t e r  B o y d ’ s  

d e r i v a t i o n  w a s  i m p r o v e d  u p o n  a n d  r e f i n e d  b y  Z w a n z i g .11
T h i s  d i e l e c t r i c  e f f e c t  w a s  d e s c r i b e d  b y  F u o s s  a s  t h e  

r e s u l t a n t  e f f e c t  o f  t h e  m o t i o n s  o f  i o n s  c r e a t i n g  a n  e l e c 

t r o s t a t i c  f i e l d  i n  t h e  s u r r o u n d i n g  p o l a r  m e d i u m  w h i c h  

o p p o s e s  t h a t  m o t i o n .  M o r e  s i m p l y ,  i t  i s  a n  e l e c t r o 

s t a t i c  c o u p l i n g  o f  i o n  w i t h  s o l v e n t  c a u s i n g  a n  e f f e c t i v e  

i n c r e a s e  i n  v i s c o s i t y ,  s i n c e  t h e r e  i s  e x t r a  w o r k  t o  o r i e n t  

t h e  s o l v e n t  d i p o l e s  a s  t h e  i o n  p a s s e s  a m o n g  t h e m .

T h e  F u o s s 9 e m p i r i c a l  e q u a t i o n

iF2
\ . °  =  ----------------------------------------  f o i

1 6 irN v in  +  S/D ) K ’

c a n  b e  r e a r r a n g e d  a n d  t h e n  u p o n  m u l t i p l y i n g  b y  D  o n e  

o b t a i n s

F*  =
_ J F * .D _
ßirNriXi0

S  +  ( ö d ) ìD ( 3 )

T h u s  a  p l o t  o f  ( J 2Z ) / G ^ A b / A , 0)  vs. D  s h o u l d  y i e l d  a  s t r a i g h t  

l i n e  w i t h  a  s l o p e  o f  ( aD) i . H o w e v e r ,  o n e  m a y  a l s o  u s e  

t h e  Z w a n z i g 11 e q u a t i o n  a s  t e s t e d  b y  A t k i n s o n  a n d  

M o r i 12

A ,°  =
£F2

N dnrriTi +
2e 2r  / to  —  ea

3  Tib, \  e02

( 4 )

r e a r r a n g e d  t o

3 *  , 2e 2L* =  ------------  =  Ö7Tr,- H---------
N nh 0 3  r

t  \T ( e° ~  

n v \  «o2 A
( 5 )

s o  t h a t  a  p l o t  o f  L* vs. T / i ) [ ( e 0 —  € o o ) /« o 2]  o r  R* w i l l  g i v e  

a n o t h e r  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  ( az )  ,■ =  r,- f r o m  

t h e  s l o p e .

T h u s  a  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  d e t e r m i n e d  b y  

f i v e  m e t h o d s  m a y  b e  c o m p a r e d :  t h e r m o d y n a m i c s  o f  

a s s o c i a t i o n ,  c o n d u c t a n c e  J  p a r a m e t e r ,  d i e l e c t r i c  r e 

l a x a t i o n  [ F u o s s  e m p i r i c a l  e q u a t i o n  ( 2 )  a n d  Z w a n z i g  

e q u a t i o n  ( 5 ) ] ,  a n d  h y d r o d y n a m i c s .

R e s u l t s

Diffusion Coefficients. R e a s o n a b l e  a g r e e m e n t  w a s  

f o u n d  b e t w e e n  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  d i f f u s i o n  

c o e f f i c i e n t s  i n  w a t e r ,  m a d e  b y  R i c e ,5 w h o  b a s e d  h i s  

m e a s u r e m e n t s  o n  t h e  P e r r i n  r i g i d  e l l i p s o i d  m o d e l ,  a n d  

t h o s e  c a l c u l a t e d  f r o m  c o n d u c t a n c e  d a t a .  T h e  c a l 

c u l a t e d  m u t u a l  d i f f u s i o n  c o e f f i c i e n t s  w e r e  c o n s i s t e n t l y  

a b o u t  1 0 %  h i g h e r  t h a n  e x p e r i m e n t ,  a s  s h o w n  i n  T a b l e  

I .  T h i s  s e e m s  s a t i s f a c t o r y ,  s i n c e  t h e r e  i s  p r o b a b l y  a  

f e w  p e r  c e n t  e x p e r i m e n t a l  e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  

t h e s e  m u t u a l  d i f f u s i o n  c o e f f i c i e n t s  a n d  t h e s e  m e a s u r e 

m e n t s  a r e  n o t  i n  a s  d i l u t e  a  r a n g e  a s  t h e  c o n d u c t a n c e

Table I: Diffusion Coefficients

Sa lt

©0 X  10«
(R ic e 5 exptl,) 

cm 2 sec-1

2> X  10« (caled 
from  conductance), 

cm 2 sec-1
%  A3>/£>° 

(cond.)

K2(p)BDS 1 2 . 0 13.2 1 0 . 0
k 2b p d s 10.25 11.74 14. 5
k 2t p d s 9.50 10.79 13. 0

m e a s u r e m e n t s .  T h e  m e t h o d  f o r  c a l c u l a t i n g  t h e  m u t u a l  

d i f f u s i o n  c o e f f i c i e n t s  f r o m  c o n d u c t a n c e  d a t a  m a y  b e  

f o u n d  i n  R o b i n s o n  a n d  S t o k e s 13 a n d  i s  b r i e f l y  o u t l i n e d  

b e l o w .

T h e  N e r n s t - H a r t l e y  r e l a t i o n  i s

[v\ - f -  r 2] A i ° \ 2° R T  d i n  y± 
v\ |zi| [ A i °  +  \ 2° ]  ÍF2 _ cl I n  c _ ( 6 )

T h e n  t h e  l i m i t i n g  v a l u e  a t  i n f i n i t e  d i l u t i o n  w h e r e  

d I n  y±/d  I n  c — > 0  i s  g i v e n  b y

R T  [ i* i  - f -  V2~] A p A s0 

f f2 n \zi\ [ A i °  +  A2° ]
( 7 )

Frictional Coefficients. B a s e d  o n  a  r i g i d  e l l i p s o i d  

m o d e l  t h e  a u t h o r s  h a v e  c a l c u l a t e d  t h e  i o n i c  f r i c t i o n a l  

c o e f f i c i e n t s  ( T a b l e  I I )  w h e r e  a' h a s  b e e n  t a k e n  t o  e q u a l

Table II: Frictional Coefficients of Salts

KBS

K2BDS

k 2b p d s

k 2t p d s

------- f  X  10s see cm -'------
Caled  from

% Dioxane Perrin model Exptl Vo X  102

0 . 0 0.442 0.895
35.94 0.819 1.636
49.68 0.956 1.908
56.36 0.945 1.971
66.52 1.13 1.952

0 . 0 0.607 0.529 0.895
35.94 1 . 1 1 1 . 2 2 1.636
47.76 1.27 1.42 1.876
54.79 1.33 1.74 1.962
59.14 1.34 1 . 8 6 1.981
65.59 1.33 2.67 1.958

0 . 0 0.797 0.631 0.895
24.17 1.23 1 . 1 1 1.380
46.83 1.66 1.47 1.861
52.27 1.73 1.61 1.943
59.14 1.77 1.84 1.981
68.69 1.72 3.11 1.931

0 . 0 0.928 0.727 0.895
41.94 1.83 1.67 1.766
46.83 1.95 2 . 0 0 1.876
52.27 2 . 0 1 1.83 1.943
58.32 2.05 2.38 1.979

(10) R . H . B o yd , J. Chem. Phys., 35, 1281 (1961).
(11) R . Zw anzig, ibid., 38, 1603 (1963).
(12) G . A tk in so n  and Y .  M o ri, J. Phys. Chem., 71, 3523 (1967).
(13) R .  A . Ro binso n  and R . H . Stokes, “ E le ctro lyte  So lu tio ns,” 
Bu tterw o rth  and C o. L td .,  London, 1955.
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O . o a j  v a l u e  f o r  K B S  a n d  b' h a s  b e e n  m e a s u r e d  f r o m  

m o l e c u l a r  m o d e l s  ( F i g u r e  1 ) .

B S - O s % V d e P 4 2 9  *
h -8 .5 8  Â - H

B D S 2 ' _ 0 3 S O s % q Mo d e l = 5 0 5  Â
-10.1 A ------- H

B P D S 2 ' _ 0 3 S a M0DEL- " ^ ^  A
h — ------  14.5 A --------------H

T P D S 2 ' ' 0 3 S
0 0 0  S 0 3 °M 0D EL“ 9 '4  A

h — --------------- - 18.8 A --------------------*-|

Figure 1. Dimensions of the molecular models.

c r e a s e s  i t s  l e n g t h  a n d  t h e r e b y  a p p e a r s  m o r e  l i k e  a n  

e l l i p s o i d .  T h i s  a l s o  i n d i c a t e s  g o o d  a g r e e m e n t  b e t w e e n  

S t o k e s ’  h y d r o d y n a m i c  r a d i i  f r o m  b o t h  t h e  t h e o r e t i c a l  

a n d  e x p e r i m e n t a l  l i n e s ,  a s  p i c t u r e d  i n  F i g u r e  2 .  T h e  

r a n d o m  s c a t t e r i n g  a b o v e  5 0 %  d i o x a n e  c a n  b e  e x p l a i n e d  

b y  t h e  f a i l u r e  o f  S t o k e s ’  l a w  i n  t h i s  r e g i o n  w h e r e  t h e  

l o c a l  v i s c o s i t y  i s  n o  l o n g e r  d e s c r i b e d  b y  t h e  b u l k  

v i s c o s i t y .  T h e  s c a t t e r i n g  i s  p r o b a b l y  d u e  t o  n o n i d e a l 

i t y  o f  t h e  s o l v e n t  m i x t u r e  a s  s h o w n  b y  t h e  p a r a b o l i c  

c u r v e  o f  t h e  770 vs. p e r  c e n t  d i o x a n e  i n  r e g i o n s  o f  h i g h  

d i o x a n e  c o n t e n t  a s  w e l l  a s  o t h e r  p r o p e r t i e s .

Dielectric Relaxation. B a s e d  o n  e q  3 ,  a  p l o t  o f  

(& D / 6 TrNt]\i°) vs. D  i s  s h o w n  i n  F i g u r e  3  a n d  a n o t h e r

F r i c t i o n a l  c o e f f i c i e n t s  c a l c u l a t e d  u s i n g  t h e  P e r r i n  

r i g i d  e l l i p s o i d  m o d e l  ( e q  8 )  a g r e e  w e l l  w i t h  t h o s e  c a l 

c u l a t e d  f r o m  e x p e r i m e n t  ( T a b l e  I I ) ,  t h u s  d e m o n s t r a t 

i n g  t h e  p r o b a b l e  v a l i d i t y  o f  t h e  r i g i d  e l l i p s o i d  m o d e l  

p r o p o s e d  b y  P e r r i n .

J \Zj\ e

3 0 0 \ , °
( 8 )

W h e n  o n e  p l o t s  f  vs. 770, F i g u r e  2  g r a p h i c a l l y  i l l u s t r a t e s  

t h e  a g r e e m e n t  b e t w e e n  t h e  t h e o r e t i c a l  s l o p e  u s i n g  

g e o m e t r i c  d i m e n s i o n s  o f  t h e  P e r r i n  m o d e l  c o m p a r e d

Figure 3. The ionic radius as a function 
of the dielectric constant.

p l o t ,  b a s e d  o n  e q  5 ,  i s  i l l u s t r a t e d  i n  F i g u r e  4 .  T h e  

i o n i c  r a d i i  i n  s o l u t i o n ,  d e r i v e d  f r o m  t h e s e  t w o  i n t e r 

p r e t a t i o n s  o f  d i e l e c t r i c  f r i c t i o n  a r e  c o m p a r e d  i n  T a b l e

I I I .  T h e s e  c a l c u l a t i o n s  d e m o n s t r a t e  a n  i n c r e a s i n g  ai 
d i s t a n c e  w i t h  a n  i n c r e a s i n g  c h a r g e  s e p a r a t i o n :  T P D S 2 -

1 00  r 7o

Figure 2. The frictional coefficient as a function of viscosity.

w i t h  t h e  e x p e r i m e n t a l  s l o p e .  O n e  c a n  o b s e r v e  t h a t  t h e  

t h e o r e t i c a l  s l o p e  a p p r o a c h e s  t h a t  o f  t h e  e x p e r i m e n t a l  

s l o p e  a s  t h e  s i z e  o f  t h e  a n i o n  i n c r e a s e s .  T h a t  i s ,  t h e  

d e s c r i p t i o n  o f  t h e  d a t a  b y  t h e  m o d e l  c h o s e n  c l o s e l y  

a p p r o a c h e s  t h e  e x p e r i m e n t a l  r e s u l t s  a s  t h e  a n i o n  i n -

Table III: Comparison of Ionic Distances Using 
the Dielectric Friction Approach

Ion («o)i. “ À (az) i, b

K+ 1 . 1 0 1.9
BS- 2.53 2.9
BDS2- 2.55 1.3
BPDS2- 3.33 1.5
TPDS2- 4.18 2.4

0 Fuoss interpretation. b Zwanzig derivation (from slope).
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Table IV : Correlation of the Distance of Closest Approach

T h e rm o d y n a m ic 2 C on d u c ta nce 2
Salt [F uoss jax [F uoss-O nsager]a  j

KBS 3.4 3.2«
K2BDS 5.0 3.6
k 2b p d s 4.6 4.2
k 2t p d s 3.0 4.5

D is ta n ce  o f  c losest a pp roach ------------------------------------------------------------------------
--------------------------------------------------H y d ro d y n a m ic s --------------------------------------------
-------------------------- — D ie le c tr ic  re la x a tio n ------------------------------ - V is c o s ity

¡Fuossjao [Z w a n z ig ] a z  [S tokes]as
(In te rc e p t) < slope)

3.6 3.7 4.7 4.0
3.7 2 . 2 3.1 6 . 0
4.4 2 . 6 3.3 6 . 2
5.3 3.5 4.2 7.2

>  B P D S 2~  >  B D S 2~ .  I t  a p p e a r s  t h a t  t h e  az o b t a i n e d  

f r o m  t h e  i n t e r c e p t  i s  w i t h o u t  s o l v a t i o n  w h e r e a s  t h e  az 
d e r i v e d  f r o m  t h e  s l o p e  i n c l u d e s  s o l v a t i o n .

The Distance of Closest Approach. T h e  c o m p a r i s o n  

o f  t h e  d i s t a n c e s  o f  c l o s e s t  a p p r o a c h ,  a ,-, o f  t h e  c a t i o n  

( K + )  a n d  a n i o n  ( T a b l e  I V )  d e t e r m i n e d  b y  f i v e  d i f f e r e n t  

a p p r o a c h e s — t h e r m o d y n a m i c a l l y ,  h y d r o d y n a m i c a l l y ,  b y  

c o n d u c t a n c e  a n d  t h r o u g h  t h e  e f f e c t  o f  t h e  d i e l e c t r i c  

r e l a x a t i o n  d r a g -  r e s u l t e d  i n  t h e  f o l l o w i n g .

a. Thermodynamics. F u o s s ’  m e t h o d  o f  o b t a i n i n g  

a x  f r o m  a  p l o t  o f  l o g  K ai vs. l/ D  y i e l d e d  a  t r e n d  o p p o s i t e  

t o  a l l  t h e  o t h e r  r e s u l t s .2 T h e  ax d e c r e a s e d  i n  s i z e  a s  

t h e  c h a r g e  s e p a r a t i o n  i n c r e a s e d .  T h i s  d e c r e a s e  m i g h t  

b e  a t t r i b u t e d  t o  t h e  a t t e m p t e d  i n t e r p r e t a t i o n  o f  a  

s p h e r i c a l  m o d e l ,  e m b o d i e d  i n  t h e  t h e o r y ,  w i t h  a n  

e l l i p s o i d a l  a n i o n ,  t o  t h e  f a i l u r e  o f  t h e  F u o s s - E d e l s o n 2'14 
t e c h n i q u e  f o r  s u c h  a  l a r g e  i o n ,  o r  t o  a n y  c o m b i n a t i o n  

o f  e a c h .  T h e  p o s s i b i l i t y  a l s o  e x i s t s  t h a t  t h e  c a t i o n  

m i g h t  p r e f e r  t o  o c c u p y  a n  e n d  p o s i t i o n  o n  t h e  l a r g e  

t e r p h e n y l d i s u l f o n a t e  a n i o n .  T h e r e  p r o b a b l y  i s  a  

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

w h i c h  t h e  c a t i o n  w i l l  f a v o r  a n  i o n  p a i r  w h e r e  i t  i s

Figure 4. L* vs. R*. (Points marked “ ?” were not included 
in least-squares calculations. Omission of those points 
amounted to a change in n values of less than 0 . 1  Â.)

d i r e c t l y  i n  c o n t a c t  w i t h  a  s i n g l e  s u l f o n a t e  g r o u p .  T h i s  

d i s t a n c e  m a y  h a v e  b e e n  r e a c h e d  w i t h  t h r e e  b e n z e n e  

r i n g s  b e t w e e n  t h e  n e g a t i v e  c h a r g e s  o f  t h e  a n i o n ,  b u t  

t h e  f o l l o w i n g  r e s u l t s  s e e m  t o  i n d i c a t e  t h a t  t h i s  i s  n o t  

t h e  c a s e .  T h e r e  a p p e a r s  t o  b e  n o  w a y  o f  d e c i d i n g  

w h i c h  o f  t h e s e  f a c t o r s  i s  o r  i s  n o t  o p e r a t i n g  i n  t h i s  

p a r t i c u l a r  i n s t a n c e .

b. Conductance. A  c o n s i s t e n t  i n c r e a s e  i n  t h e  aj 
v a l u e s  w a s  o b s e r v e d ,2 a s  t h e  s e p a r a t i o n  o f  c h a r g e s  

i n c r e a s e d .

c .  Hydrodynamics. T h e  P e r r i n  r i g i d  e l l i p s o i d  m o d e l  

s e e m e d  t o  g i v e  t h e  b e s t  d e s c r i p t i o n  a n d  a g r e e d  w i t h  

e x p e r i m e n t a l  r e s u l t s  w h e n  d i f f u s i o n  c o e f f i c i e n t s  ( T a b l e  

I )  a n d  h y d r o d y n a m i c  p r o p e r t i e s  ( T a b l e  I I )  w e r e  

i n v e s t i g a t e d .  S o m e  o f  t h e  s m a l l  d i f f e r e n c e s  ( a b o u t  

10%  h i g h )  i n  t h e  d i f f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  f r o m  

c o n d u c t a n c e  p a r a m e t e r s  a n d  t h o s e  d e t e r m i n e d  b y  R i c e  

a n d  c o w o r k e r s 8 m a y  w e l l  b e  d u e  t o  s l i g h t  a s s o c i a t i o n ,  

t h a t  i s ,  t h e  p r e s e n c e  o f  K A ~  i o n  p a i r s  i n  a d d i t i o n  t o  

s i n g l e  K +  a n d  A 2 -  i o n s ,  o r  t o  t h e  d i m e n s i o n s  o f  t h e  

e l l i p s o i d  a s s u m e d  b y  R i c e  i n  h i s  c a l c u l a t i o n s .  T h e  

a' v a l u e  f o r  t h e  r i g i d  e l l i p s o i d  w a s  e v a l u a t e d  b y  Y o k o i  

a n d  A t k i n s o n 15 w h o  d e t e r m i n e d  t h e  aj  f o r  K B S  i n  w a t e r .  

T h e  b' v a l u e  f o r  t h e  r i g i d  e l l i p s o i d  m o d e l  w a s  m e a s u r e d  

f r o m  e n d  t o  e n d  o n  m o l e c u l a r  m o d e l s  t o  g i v e  a  c o m 

p a r i s o n  b e t w e e n  c a l c u l a t e d  a n d  e x p e r i m e n t a l  f r i c t i o n a l  

c o e f f i c i e n t s  i l l u s t r a t e d  i n  F i g u r e  2 . T h e  as v a l u e s  

i n c r e a s e d  w i t h  i n c r e a s i n g  c h a r g e  s e p a r a t i o n  a n d  i t  c a n  

b e  s e e n  t h a t  t h i s  S t o k e s  r a d i u s  i s  g e n e r a l l y  l a r g e r  t h a n  

o t h e r  o ,- ’ s  s i n c e  m o r e  s o l v a t i o n  i s  p r o b a b l y  i n c l u d e d  i n  

t h i s  m o d e l .

d. Dielectric Relaxation. O n c e  a g a i n  a n  i n c r e a s i n g  

an, d e t e r m i n e d  b y  e q  3 ,  w a s  n o t e d  a s  c h a r g e  s e p a r a t i o n  

i n c r e a s e d ,  a s  w a s  a l s o  i n d i c a t e d  b y  t h e  Z w a n z i g  

e q u a t i o n ,  e q  5  (az) ■
Position of the Cation in  an Ion Pair. P r o b a b l y  t h e  

m o s t  p e r t i n e n t  q u e s t i o n  t o  b e  d e c i d e d  i s :  “ C a n  o n e  

d e t e r m i n e  w h a t  s i t e  t h e  c a t i o n  p r e f e r s  t o  o c c u p y  i n  a n  

i o n  p a i r  w i t h  a  c h a r g e - s e p a r a t e d  a n i o n ? ”  T h e s e  

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

a d v a n c e d  b a s e d  o n  t h e  d e t e r m i n a t i o n s  o f  t h e  d i s t a n c e  

o f  c l o s e s t  a p p r o a c h ,  a ,-. I f  a  c o n t a c t  i o n  p a i r  o f  K B S ,

(14) R . M .  Fuoss a n d  D . E de lson , J .  A m e r .  C h e m .  S o c . ,  73, 269 
(1951).
(15) M . Y o k o i a nd  G . A tk in s o n , i b i d . ,  83, 4367 (1961).
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524 B e r t  R . S t a p l e s  a n d  G o r d o n  A t k i n s o n

C 6H 6S 03~ K +  h a s  a n  aj  o f  a b o u t  3 . 5  À  i n  d i o x a n e - w a t e r  

m i x t u r e s ,5 t h e n  a n  i n c r e a s e  i n  a ,  w i t h  a n  i n c r e a s e  i n  

c h a r g e  s e p a r a t i o n  w o u l d  i n d i c a t e  t h a t  t h e  c a t i o n  

o c c u p i e s  a n  i n t e r m e d i a t e  p o s i t i o n  b e t w e e n  t h e  t w o  

n e g a t i v e l y  c h a r g e d  s u l f o n a t e  g r o u p s ,  a s  p i c t u r e d  i n  

F i g u r e  5 .  T h i s  i s  i n d i c a t e d  s i n c e ,  i f  t h e  c a t i o n  w a s

Figure 5. Probable position of the cation in an ion pair.

i n t i m a t e l y  a s s o c i a t e d  w i t h  a  s i n g l e  s u l f o n a t e  g r o u p ,  a  

“ c o n t a c t ”  i o n  p a i r ,  t h e  a ,  s h o u l d  s h o w  n o  t e n d e n c y  t o  

c h a n g e  w i t h  a n  i n c r e a s e  i n  t h e  s e p a r a t i o n  o f  s u l f o n a t e  

c h a r g e s .  I t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  a l l  t h e  d i s t a n c e s  

o f  c l o s e s t  a p p r o a c h  t h a t  h a v e  b e e n  d e t e r m i n e d  a r e  b a s e d  

o n  a  d i s t a n c e ,  a ,-, f r o m  c h a r g e  center t o  c h a r g e  center. 
T h u s ,  i f  t h e  c a t i o n  w a s  s i t u a t e d  a t  o n e  e n d  o f  t h e  c h a r g e  

s e p a r a t e d  a n i o n ,  t h e  a ,  d e t e r m i n e d  w o u l d  b e  constant,

w i t h i n  t h e  e x p e r i m e n t a l  e r r o r ,  f o r  a l l  s a l t s  i n v e s t i g a t e d .  

T h i s  i s  n o t  t h e  c a s e  a s  d e m o n s t r a t e d  b y  t h e  r e s u l t s  o f  

t h e  c o n d u c t a n c e  aj, t h e  S t o k e s ’  h y d r o d y n a m i c  r a d i u s ,  

as, a n d  t h e  aD a n d  (iz d e t e r m i n e d  f r o m  t h e  d i e l e c t r i c  

r e l a x a t i o n  f r i c t i o n  ( T a b l e  I V ) , w h e r e  a  d e f i n i t e  c h a n g e  

o c c u r s  i n  t h e  d i s t a n c e  o f  c l o s e s t  a p p r o a c h ,  b e y o n d  t h e  

l i m i t s  o f  e x p e r i m e n t a l  e r r o r .  T h e  d i s t a n c e s  o f  c l o s e s t  

a p p r o a c h  ( a v e r a g e  v a l u e s )  e x p e r i m e n t a l l y  d e t e r m i n e d  

b y  c o n d u c t a n c e  ( a j ) ,  h y d r o d y n a m i c s  ( as )  a n d  t h e  

d i e l e c t r i c  r e l a x a t i o n  (an a n d  az ) a r e  s h o w n  i n  F i g u r e  6 
a s  a  f u n c t i o n  o f  t h e  a n i o n  r a d i u s  m e a s u r e d  f r o m  

m o l e c u l a r  m o d e l s .  I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  t h e  

c a t i o n  a s s u m e s  a n  i n t e r m e d i a t e  p o s i t i o n  a p p r o x i m a t e l y  

e q u i d i s t a n t  b e t w e e n  t h e  t w o  c h a r g e s  o n  t h e  a n i o n .

Acknowledgments. T h e  a u t h o r s  w i s h  t o  e x p r e s s  t h e i r  

g r a t i t u d e  t o  t h e  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h  f o r  t h e i r  

s u p p o r t  u n d e r  G r a n t  G M  9 2 3 2 .  T h e  c o m p u t e r  t i m e  

u s e d  f o r  t h i s  r e s e a r c h  p r o j e c t  w a s  s u p p o r t e d  b y  N a t i o n a l  

A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  G r a n t  N s G - 3 9 8  

t o  t h e  C o m p u t e r  S c i e n c e  C e n t e r  o f  t h e  U n i v e r s i t y  o f  

M a r y l a n d .

A p p e n d i x .  S y m b o l s

X ! C ( a c ) +  +  ( a « ) - ]
°z £ [ ( « , )  + +  (®z)-]
as zL [(as) + +  (as)-]
N Avogadro’s number
11 Bulk viscosity of solvent
Ti = (an)i “Stokes” radius of ith ion 
S Empirical constant of the Fuoss equation
«o = D Static (low frequency) dielectric constant of solvent 
Cod Optical (infinite frequency) dielectric constant of solvent
t Dielectric relaxation time of solvent
e Electronic charge
5) Mutual diffusion coefficient
if Faraday
f  Frictional coefficient
v\ Number of ions which the cation produces
n  Number of ions which the anion produces
Xi° Equivalent ionic conductance of the cation at infinite

dilution
X20 Equivalent ionic conductance of the anion at infinite

dilution
X,° Equivalent ionic conductance of the ith ion at infinite

dilution
y± Mean molar activity coefficient
R Gas constant (8.314 J deg- 1  mol-1)
c Concentration of salt in moles/liter

V e02

Figure 6 . The experimental distance of closest approach
as a function of the radius of the anion model. (Straight lines F*
are used to show trends.)
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T h e  e x p e r i m e n t a l  d a t a  o f  D o u s l i n ,  H a r r i s o n ,  a n d  M o o r e  o n  m i x t u r e s  o f  m e t h a n e  a n d  t e t r a f l u o r o m e t h a n e  a r e  
u s e d  t o  d e m o n s t r a t e  t h a t  i t  is  p o s s i b l e  f o r  m i x t u r e s  a s  w e l l  a s  p u r e  g a s e s  t o  o b e y  t h e  u n i t  c o m p r e s s i b i l i t y  l a w ,  
w h i c h  r e la t e s  t h e  t e m p e r a t u r e s ,  T, a n d  d e n s i t i e s ,  d, a t  w h i c h  PV  =  RT: T/TB +  d/d0 =  1 , w h e r e  d0 a n d  
t h e  B o y l e  t e m p e r a t u r e  T b  a r e  c h a r a c t e r i s t i c  c o n s t a n t s  f o r  e a c h  s u b s t a n c e  o r  m i x t u r e .  T h u s  t h i s  e q u a t i o n ,  
w h i c h  r e la t e s  t h e  s t a t e s  in  w h i c h  t h e  e f f e c t s  o f  a t t r a c t i v e  a n d  r e p u l s i v e  i n t e r m o l e c u l a r  f o r c e s  o n  c o m p r e s s i 
b i l i t y  a r e  b a l a n c e d ,  c a n  p e r s i s t  e v e n  in  t h e  p r e s e n c e  o f  t h r e e  s e p a r a t e  i n t e r m o l e c u l a r  p o t e n t i a l s ,  A -A , A-B, 
a n d  B - B .

Introduction

T h e  u n i t  c o m p r e s s i b i l i t y  l a w  ( U C L )  r e l a t e s  t h e  

t e m p e r a t u r e s ,  T, a n d  t h e  d e n s i t i e s ,  d, a t  w h i c h  t h e  

c o m p r e s s i b i l i t y  f a c t o r ,  Z  =  P /d R T ,  h a s  t h e  v a l u e  

u n i t y .  T h u s ,  f o r  Z  =  1

T  /  T b +  d/do =  1 ( 1 )

w h e r e  d0 a n d  t h e  B o y l e  t e m p e r a t u r e  T B a r e  c o n s t a n t s  

c h a r a c t e r i s t i c  o f  e a c h  s u b s t a n c e .  T h i s  r e l a t i o n  w a s  

s h o w n  t o  h o l d 1 f o r  12 g a s e s  f o r  w h i c h  a p p r o p r i a t e  

e x p e r i m e n t a l  d a t a  w e r e  a v a i l a b l e .  H o w e v e r ,  a  n u m b e r  

o f  q u e s t i o n s  r e m a i n e d  u n a n s w e r e d .  F o r  e x a m p l e ,  t h e  

l a w  h a s  a s  y e t  n o  t h e o r e t i c a l  f o u n d a t i o n ,  a n d  i t  w a s  n o t  

c e r t a i n  w h e t h e r  s m a l l  d i s c r e p a n c i e s  w i t h  e x p e r i m e n t a l  

d a t a  w e r e  d u e  t o  i n a c c u r a c y  o f  t h e  l a w  o r  o f  t h e  d a t a .  

A l s o ,  e v i d e n c e  w a s  m e a g e r  a s  t o  i t s  v a l i d i t y  f o r  p o l a r  

s u b s t a n c e s  a n d  f o r  l i q u i d s .  F i n a l l y ,  i t  w a s  n o t  k n o w n  

w h e t h e r  t h e  l a w  h o l d s  f o r  m i x t u r e s .

T h e  p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r e s e n t  a  p a r t i a l  

a n s w e r  t o  t h i s  l a s t  q u e s t i o n  b y  s h o w i n g  t h a t  t h e  e x c e l 

l e n t  e x p e r i m e n t a l  d a t a  o n  m e t h a n e - t e t r a f l u o r o m e t h a n e  

m i x t u r e s  r e p o r t e d  b y  D o u s l i n ,  H a r r i s o n ,  a n d  M o o r e 2 
f o l l o w  e q  1 w i t h i n  t h e i r  e x p e r i m e n t a l  e r r o r .

Experim ental Section

Procedure. I n  r e f  2 ,  t h e  a u t h o r s  p r e s e n t  P V T  d a t a  

f o r  t h r e e  C H 4- C F 4 m i x t u r e s  c o n t a i n i n g  a p p r o x i m a t e l y  

2 5 ,  5 0 ,  a n d  7 5 %  C H 4. T h e y  a l s o  i n c l u d e  d a t a  f o r  p u r e  

C H 4 a n d  C F 4 r e p o r t e d  e a r l i e r .3’4 M e a s u r e d  p r e s s u r e s  

a r e  t a b u l a t e d  f o r  2 5  d e n s i t i e s  u p  t o  1 2 . 5  m o l / 1 . ,  a n d  a t  

t e m p e r a t u r e s  r a n g i n g  f r o m  0  t o  3 5 0 °  a t  t h e  l o w  d e n s i t i e s  

a n d  t o  5 0 °  a t  t h e  h i g h e s t  d e n s i t i e s .  F o r t u n a t e l y  f o r  

t h e  p r e s e n t  p u r p o s e ,  t h e  c o m p r e s s i b i l i t y  f a c t o r  Z  p a s s e s  

f r o m  l e s s  t h a n  u n i t y  t o  g r e a t e r  t h a n  u n i t y  w i t h i n  t h e  

e x p e r i m e n t a l  t e m p e r a t u r e  r a n g e  o n  e v e r y  t a b u l a t e d  

i s o c h o r e ,  t h u s  p r o v i d i n g  a n  e x c e l l e n t  t e s t  o f  t h e  u n i t  

c o m p r e s s i b i l i t y  l a w .

T h e  p r o c e d u r e  a s  e m p l o y e d  i n  r e f  1 i s  t o  i n t e r p o l a t e  

o n  e a c h  i s o c h o r e  t o  t h e  t e m p e r a t u r e  a t  w h i c h  Z  — 1 , 

a n d  t h e n  t o  f i t  t h e s e  t e m p e r a t u r e s  a n d  t h e  d e n s i t i e s

t o  e q  1 b y  m i n i m i z i n g  t h e  s u m  o f  s q u a r e s  o f  ( T / T B +  

d/d0 — 1 ) .  B e c a u s e  o f  t h e  v e r y  h i g h  p r e c i s i o n  o f  t h e  

C H 4- C F 4 m i x t u r e  d a t a ,  t w o  r e f i n e m e n t s  o f  t h e  p r o 

c e d u r e  w e r e  i n t r o d u c e d  h e r e .  F i r s t ,  i n s t e a d  o f  i n t e r 

p o l a t i n g  o n  t h e  i s o c h o r e  b y  a s s u m i n g  Z  t o  b e  l i n e a r  i n  

1/T, t h e  u n i t - Z  t e m p e r a t u r e s  w e r e  o b t a i n e d  b y  f i t t i n g  

Z  a t  e a c h  d e n s i t y  t o  a  q u a d r a t i c  i n  ( 1 / T )  a n d  s o l v i n g  

t h i s  f o r  T  a t  Z  =  1 .  E a c h  l e a s t - s q u a r e s  q u a d r a t i c  

w a s  f o u n d  t o  r e p r e s e n t  i t s  e n t i r e  i s o c h o r e  w i t h i n  e x p e r i 

m e n t a l  e r r o r ,  s o  t h a t  t h e  u n i t - Z  t e m p e r a t u r e s  s o  o b 

t a i n e d  a r e  a s  r e l i a b l e  a s  t h e  d a t a  c a n  p r o v i d e .  T h e s e  

t e m p e r a t u r e s  ( a s  l i s t e d  i n  T a b l e  I V )  a r e  o n  t h e  t h e r m o 

d y n a m i c  s c a l e  u s e d  i n  t h e  e x p e r i m e n t a l  w o r k .

T h e  s e c o n d  p r o c e d u r a l  r e f i n e m e n t  i n v o l v e s  a n  a d j u s t 

m e n t  o f  t h e  r e p o r t e d  d a t a .  T h a t  t h i s  i s  l e g i t i m a t e  i s  

c l e a r  f r o m  t h e  f o l l o w i n g  d i s c u s s i o n .  I n  o r d e r  t o  r e t a i n  

a l l  p o s s i b l e  e x p e r i m e n t a l  p r e c i s i o n ,  t h e  e x p e r i m e n t a l  

a u t h o r s  l i s t e d  t h e i r  d a t a  t o  m o r e  s i g n i f i c a n t  f i g u r e s  t h a n  

w o u l d  b e  w a r r a n t e d  b y  t h e  p r o b a b l e  a b s o l u t e  a c c u r a c y .  

I n  r e f  3  t h e  d a t a  a r e  t a b u l a t e d  t o  s i x  o r  s e v e n  f i g u r e s  

a l t h o u g h  t h e  m a x i m u m  e x p e r i m e n t a l  e r r o r  i n  t h e  

m e a s u r e m e n t s  i s  e s t i m a t e d  t o  r a n g e  f r o m  t h r e e  p a r t s  i n

1 0 . 0 0 0  a t  l o w  t e m p e r a t u r e s  a n d  d e n s i t i e s  t o  3 0  p a r t s  i n

1 0 . 0 0 0  a t  t h e  h i g h  t e m p e r a t u r e s  a n d  d e n s i t i e s .  A n y  

s y s t e m a t i c  a d j u s t m e n t  o f  t h e  d a t a  t h a t  f a l l s  w e l l  w i t h i n  

t h e s e  l i m i t s  i s  t h e r e f o r e  j u s t i f i a b l e .  S u c h a n  a d j u s t m e n t  

w a s  m a d e  b y  t h e  e x p e r i m e n t e r s 3 w h e r e  a  c o r r e c t i o n  

f a c t o r  o f  1 . 0 0 0 2 3  w a s  a p p l i e d  t o  e l i m i n a t e  a n  i m p r o b a b l e  

b e h a v i o r  i n  a  f u n c t i o n  o f  Z  a t  l o w  d e n s i t i e s .  I n  a  

s i m i l a r  w a y  a n d  f o r  a  s i m i l a r  r e a s o n ,  w e  h a v e  a d j u s t e d  

t h e  c o m p r e s s i b i l i t i e s  b y  a  f a c t o r  o f  1 +  « t o  p r o v i d e  t h e  

b e s t  f i t  o f  e q  1 .

I n  r e f  1 i t  w a s  s h o w n  t h a t  r e l a t i v e l y  s m a l l  e r r o r s  i n  

e x p e r i m e n t a l  d a t a  c a n  p r o d u c e  l a r g e  d e v i a t i o n s  f r o m

(1) E .  M . H olleran, J . C hem . P h y s ., 47, 5318 (1967).
(2) D . R .  D o u slin , R .  H . H arrison, and R . T .  M oore, J . P h y s . C h em ., 
71, 3477 (1967).
(3) D . R .  D o u slin , R . H . H arrison, R . T .  M oore, and J .  P . M c C u l
lough, J . C h em . E n g . D a ta , 9, 358 (1964).
(4) D . R . D o u slin , R .  H . H arriso n , R . T .  M oore, and J .  P . M c C u l
lough, J . C h em . P h y s ., 35, 1357 (1961).
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t h e  l i n e a r i t y  o f  e q  1 a t  l o w  d e n s i t i e s .  E v e n  v e r y  g o o d  

e x p e r i m e n t a l  d a t a  u s u a l l y  y i e l d  u n i t - Z  l i n e s  w h i c h  

e x h i b i t  a  s m a l l  l o w - d e n s i t y  c u r v a t u r e  i n  o n e  d i r e c t i o n  

o r  t h e  o t h e r  a s  c o u l d  e a s i l y  o c c u r  i f  p r e c i s i o n  e x c e e d s  

a c c u r a c y .  H o w e v e r ,  t h i s  c u r v a t u r e  c a n  b e  e l i m i n a t e d  

b y  a d j u s t i n g  a l l  t h e  Z  v a l u e s  b y  a  c o n s t a n t  f a c t o r  o f  

1 +  e. T h i s  p r o c e d u r e  c o u l d  b e  i n t e r p r e t e d  e i t h e r  a s  

f i n d i n g  a  s t r a i g h t  T  vs. d l i n e  f o r  Z  =  1 +  e ( i n s t e a d  

o f  f o r  Z  =  1 ) ,  o r  a s  d i s c o v e r i n g  a n d  c o r r e c t i n g  a  s m a l l  

s y s t e m a t i c  e r r o r  i n  Z.  A s  d i s c u s s e d  i n  r e f  1 ,  t h e  l a t t e r  

i n t e r p r e t a t i o n  i s  p r e f e r r e d  b e c a u s e  t h e  l i n e s  f o r  Z  X  1 

a r e  f o r c e d  t o  c u r v e  s h a r p l y  a t  l o w  d e n s i t i e s .  T h e  

e l i m i n a t i o n  o f  a  l o w - d e n s i t y  c u r v a t u r e  i n  t h e  u n i t - Z  

l i n e  t h u s  a p p e a r s  t o  b e  s u f f i c i e n t  j u s t i f i c a t i o n  f o r  a  

s y s t e m a t i c  a d j u s t m e n t  o f  P V T  d a t a ,  a t  l e a s t  i f  t h e  

a d j u s t m e n t  i s  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .

S u c h  a d j u s t m e n t s  w o u l d  b e  m a d e  w i t h o u t  h e s i t a t i o n  

i f  t h e  u n i t  c o m p r e s s i b i l i t y  l a w  w e r e  k n o w n  t h e o r e t 

i c a l l y  t o  b e  e x a c t  a t  l o w  d e n s i t i e s .  S o m e  s u p p o r t  f o r  

i t s  l o w - d e n s i t y  v a l i d i t y  i s  a f f o r d e d  b y  t h e  L e n n a r d -  

J o n e s  i n t e r m o l e c u l a r  p o t e n t i a l ,  w h i c h  a p p e a r s  t o  f o l l o w  

t h e  U C L  v e r y  c l o s e l y .5 U s i n g  l i t e r a t u r e  v a l u e s  o f  t h e  

v i r i a l  c o e f f i c i e n t s ,  w h i c h  a r e  k n o w n  t h r o u g h  t h e  f i f t h  

c o e f f i c i e n t  E*, a s  c i t e d  i n  r e f  5 ,  t h e  d e n s i t i e s ,  d*, a t  

w h i c h  Z  i s  u n i t y  w e r e  c a l c u l a t e d  f r o m  t h e  t r u n c a t e d  

v i r i a l  e q u a t i o n

Z  =  1 +  B*d* +  C*d* 2 +  D * d *3 +  E*d*< ( 2 )

a n d  a r e  l i s t e d  i n  T a b l e  I .  I t  c a n  b e  s e e n  t h a t  a t  l o w  

d e n s i t i e s  t h e s e  r e s u l t s  f o l l o w ’  t h e  U C L  e x a c t l y  w i t h
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Table I: The Unit Compressibility Law at Low Densities 
for a Lennard-Jones 12-6 Gas

T* d * a

3 .0 0 .2 9 3 6
3 .1 0 .2231
3 .2 0 .1 5 2 8
3 .3 0 .0 8 2 7
3 .4 0 .0 1 2 6
3 .5 - 0 .0 5 7 6
3 .6 - 0 .1 2 7 7
3 .7 - 0 .1 9 7 8
3 .8 - 0 .2 6 7 7
3 .9 - 0 .3 3 7 1

“ d* is the density at which Z =  1 according to the five-term virial 
equation.

T b *  =  3 . 4 1 8  a n d  d*  =  2 . 3 9 7 .  T h e  b e g i n n i n g  c u r v a 

t u r e  o f  d* vs. T* a t  t h e  h i g h  a n d  l o w  t a b u l a t e d  T*’s i s  

c o n s i s t e n t  w i t h  t h e  n e g l e c t  o f  h i g h e r  t e r m s  i n  t h e  v i r i a l  

e q u a t i o n  a n d  i n  p a r t i c u l a r  w i t h  a  s m a l l  p o s i t i v e  F*. 
T h e  n e g a t i v e  d e n s i t i e s  c a l c u l a t e d  f o r  T* >  T B * ,  

t h o u g h  n o t  p h y s i c a l l y  s i g n i f i c a n t ,  s e r v e  t o  e m p h a s i z e  

t h a t  t h e  a c c u r a t e  l i n e a r i t y  o f  t h e  l o w - d e n s i t y  u n i t - Z

l i n e  f o r  a  L e n n a r d - J o n e s  g a s  e x t e n d s  a l l  t h e  w a y  t o  z e r o  

d e n s i t y .

O n  t h e  b a s i s  o f  t h e  a b o v e  d i s c u s s i o n s ,  a n d  a l s o  b e c a u s e  

t h e  r e s u l t i n g  U C L  c o n s t a n t s  w i l l  p r o b a b l y  b e  m o r e  u s e 

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

a n d  e q u a t i o n s  o f  s t a t e ,  i t  w Ta s  d e c i d e d  t o  m a k e  t h e  

i n d i c a t e d  s m a l l  a d j u s t m e n t s  o f  t h e  c o m p r e s s i b i l i t y  

f a c t o r  d a t a .

O u r  p r o c e d u r e ,  t h e r e f o r e ,  c o n s i s t e d  o f  f i n d i n g  a  l e a s t -  

s q u a r e s  q u a d r a t i c  a n d  t h e n c e  a  u n i t - Z  t e m p e r a t u r e  f o r  

e a c h  d e n s i t y ,  f i t t i n g  t h e s e  T ’s a n d  d’s t o  e q  1 ,  r e p e a t i n g  

f o r  a  s e r i e s  o f  e v a l u e s ,  a n d  s e l e c t i n g  t h a t  e w h i c h  p r o 

v i d e d  t h e  b e s t  s t r a i g h t  l i n e  f o r  e a c h  m i x t u r e .  T h e  

o r d e r  o f  m a g n i t u d e  o f  t u s e d  ( 10- 4 )  h a s  o n l y  a  s m a l l  

e f f e c t  o n  t h e  u n i t - Z  t e m p e r a t u r e s  a t  h i g h  d e n s i t i e s ,  b u t  

a s  t i s  v a r i e d ,  t h e  s y s t e m a t i c  l o w  d e n s i t y  c u r v a t u r e  

s w i t c h e s  f r o m  o n e  d i r e c t i o n  t o  t h e  o t h e r ,  a n d  t h e  s u m  

o f  s q u a r e s  o f  t h e  d e v i a t i o n s ,  A  =  ( T / T B +  d/d0 —  1 ) ,  

p a s s e s  t h r o u g h  a  m i n i m u m .  T h i s  m i n i m u m  w a s  t a k e n  

a s  t h e  c r i t e r i o n  f o r  t h e  s e l e c t i o n  o f  e . T h i s  b e h a v i o r  i s  

i l l u s t r a t e d  i n  T a b l e  I I ,  w h e r e  2 A 2 f o r  t h e  5 0 - 5 0  m i x t u r e

Eugene M. Holleran anb Gary J. Gerardi

Table II: The Effect of Varying e on the Constants 
and the Linearity of Eq 1 for the 50-50 Mixture

- e  x  u n T b , "K do, m ol/1 . 2 A 2 x  u r

10 4 9 2 .8 5 3 0 .8 0 8 1 5 .9
12 4 9 2 .9 2 3 0 .8 01 1 3 .6
14 4 9 2 .9 8 3 0 .7 93 1 1 .9
16 4 9 3 .0 4 3 0 .7 8 5 1 0 .7
18 4 9 3 .1 0 3 0 .7 7 7 10.1
20 4 9 3 .1 7 3 0 .7 7 0 1 0 .0
22 4 9 3 .2 3 3 0 .7 6 2 1 0 .5
24 4 9 3 .2 9 3 0 .7 5 4 1 1 .5
26 4 9 3 .3 6 3 0 .7 4 7 1 3 .0
28 4 9 3 .4 2 3 0 .7 3 9 15 .1

A =  T/TB +  d/d0-  1.

i s  l i s t e d  f o r  e X  1 0 5 f r o m  — 1 0  t o  — 2 8 ,  w i t h  t h e  m i n i 

m u m  o c c u r r i n g  a t  a b o u t  — 1 9 .  I n  t h i s  w a y ,  w re  m i n i 

m i z e  w i t h  r e s p e c t  t o  e t h e  s u m  o f  s q u a r e s  w h i c h  w a s  

a l r e a d y  m i n i m i z e d  w i t h  r e s p e c t  t o  T B a n d  do b y  t h e  f i t  

o f  e q  1 .  T h e  c o n s i d e r a b l e  e f f e c t  o f  t h i s  s m a l l  d a t a  

a d j u s t m e n t  o n  t h e  l i n e a r i t y  o f  e q  1 a n d  t h e  v a l u e s  o f  i t s  

c o n s t a n t s  i s  e v i d e n t  i n  T a b l e  I I .

T h i s  p r o c e d u r e  w a s  c a r r i e d  o u t  f c r  t h e  t h r e e  m i x t u r e s  

a n d  a l s o ,  b e c a u s e  o f  t h e  r e f i n e m e n t s ,  f o r  t h e  t w o  p u r e  

g a s e s  w h i c h  h a d  a l r e a d y  b e e n  t r e a t e d  i n  r e f  1 .  D u r i n g  

e a r l y  c a l c u l a t i o n s  i t  w a s  n o t e d  t h a t  t h e  u n i t - Z  t e m 

p e r a t u r e s  f o r  d =  0 . 7 5  ( 0 . 8 0  f o r  C H 4)  f e l l  s o m e w h a t  

o f f - l i n e ,  a n d  s o  t h e y  w e r e  o m i t t e d  f r o m  t h e  d e t e r m i n a 

t i o n  o f  t h e  b e s t  e a n d  e q  1 c o n s t a n t s .  T h e s e  s l i g h t  

d e v i a t i o n s  c o u l d  b e  e l i m i n a t e d ,  i f  d e s i r e d ,  b y  a  s e p a r a t e

(5) E . M . H olleran, J. Chem. Phys., 49, 39 (1968).
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Table III: Best Constants for the CH4-CF4 System

M ole  % C H i « X  10*

©Xi< do, m ol/1. 7b, “K 7b, (B ) <= VB X  10s d A T b •

1 0 0 8 3.1 35.729 509.22 509.3 54.3 1 . 1
75 - 7 1.3 32.870 490.50 489.7 67.5 -0 .7
50 -19 1.7 30.774 493.14 491.3 78.9 - 1 . 8
25 -29 3.6 28.907 504.97 502.8 90.5 -2 .4

0 -40 8.94 27.702 520.99 518.1 104.1 -3 .0

0 A is the average absolute value of (T/TB +  d/d0 -  1) for the 24 densities from 1 to 12.5 mol/1. 4 For the 18 points used in determining the 
constants for this gas, A is 2.2 X 10“4. '  TB found as T at which B(T) = 0; all B(T) and the pure-gas TB values are taken from ref 2. d The 
pure-gas values are from ref 2; the others were found from an empirical equation for B, quadratic in (1 /T). e Estimated as LSiTB/I’n)«-

c o r r e c t i o n  a t  t h i s  d o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e  a s

e. A n o t h e r  d i f f i c u l t y  w a s  e n c o u n t e r e d  w i t h  p u r e  C F 4. 

T h e  u n i t - Z  T  vs. cl l i n e  f o r  t h i s  g a s  e x h i b i t s  a  c u r v a t u r e  

a t  h i g h  d e n s i t i e s  w h i c h  r e m a i n s  u n a f f e c t e d  b y  t h e  e 
u s e d  t o  s t r a i g h t e n  t h e  l o w  d e n s i t y  e n d .  A c c o r d i n g l y ,  

i n  o r d e r  t o  f i n d  t h e  m o s t  r e l i a b l e  c o n s t a n t s  f o r  t h e  u n i t  

c o m p r e s s i b i l i t y  l a w ,  t h e  s i x  h i g h e s t  d e n s i t y  p o i n t s  w e r e  

o m i t t e d ,  a n d  t h e  r e m a i n i n g  1 8  w e r e  u s e d  i n  t h e  c a l c u l a 

t i o n s  f o r  t h i s  g a s .

R e s u l t s  a n d  D i s c u s s i o n

T a b l e  I I I  l i s t s  t h e  b e s t  v a l u e s  o f  e X  1 0 5 f o u n d  f o r  

e a c h  o f  t h e  f i v e  s y s t e m s ,  t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  

v a l u e s  o f  t h e  c o n s t a n t s  T B a n d  d o , a n d  v a l u e s  o f  A ,  t h e  

a v e r a g e  a b s o l u t e  d e v i a t i o n  f r o m  l i n e a r i t y  o f  t h e  u n i t - Z  

T  vs. d p o i n t s  ( e x c l u d i n g  t h e  o m i t t e d  p o i n t s  f o r  d <  1 ) .  

T h e  i n c r e a s e  o f  |e| w i t h  i n c r e a s i n g  m o l e  f r a c t i o n  

o f  C F 4 s u g g e s t s  e i t h e r  a n  i n a c c u r a c y  o f  t h e  U C L  f o r  

C F 4 ,  o r  t h e  p o s s i b i l i t y  o f  a  s m a l l  e r r o r ,  s u c h  a s  a  s l i g h t  

i m p u r i t y ,  a s s o c i a t e d  w i t h  t h i s  c o m p o n e n t .

T B a n d  d0 a r e  l i s t e d  t o  f i v e  f i g u r e s  s i n c e  t h e s e  a r e  t h e  

v a l u e s  w h i c h  g i v e  t h e  b e s t  l i n e a r i t y  b y  t h e  d e s c r i b e d  

p r o c e d u r e .  H o w e v e r ,  t h e y  a r e  s e n s i t i v e  t o  p r o c e d u r a l  

v a r i a t i o n s  a n d  s m a l l  e x p e r i m e n t a l  e r r o r s  ( T a b l e  I I  

s h o w s  A T b  =  3  X  1 0 3e a n d  A d0 =  4  X  1 0 2e f o r  t h e  

5 0 - 5 0  m i x t u r e ) , a n d  s o  a r e  p r o b a b l y  l e s s  r e l i a b l e  i n  a n  

a b s o l u t e  s e n s e  b y  a t  l e a s t  o n e  f i g u r e .

B e c a u s e  o f  t h e  m o d i f i e d  p r o c e d u r e ,  t h e  v a l u e s  o f  t h e  

c o n s t a n t s  g i v e n  h e r e  f o r  t h e  p u r e  g a s e s  d i f f e r  s o m e w h a t  

f r o m  t h o s e  g i v e n  i n  r e f  1 .  F o r  C H 4 t h e  o l d  a n d  n e w  

T V s  a r e  5 0 9 . 2 7  a n d  5 0 9 . 2 2 ,  a n d  t h e  elds  a r e  3 5 . 7 4  a n d  

3 5 . 7 2 9 .  F o r  C F 4 t h e  c o r r e s p o n d i n g  v a l u e s  a r e  5 2 0 . 1 ,  

5 2 0 . 9 9 ,  a n d  2 7 . 6 ,  2 7 . 7 0 2 ,  t h e  l a r g e r  d i s c r e p a n c i e s  i n  t h i s  

c a s e  b e i n g  d u e  t o  t h e  i n c l u s i o n  o f  t h e  h i g h - d e n s i t y  d a t a  

i n  t h e  d e t e r m i n a t i o n  o f  t h e  o l d  v a l u e s .

B o y l e  t e m p e r a t u r e s  d e t e r m i n e d  i n d e p e n d e n t l y  via 
t h e  s e c o n d  v i r i a l  c o e f f i c i e n t  a r e  l i s t e d  i n  T a b l e  I I I  f o r  

c o m p a r i s o n  w i t h  t h e  u n i t  c o m p r e s s i b i l i t y  l a w  v a l u e s .  

T h e  a g r e e m e n t  i s  o n l y  f a i r .  W i t h  p e r f e c t  d a t a  a n d  

a n a l y s i s  t h e y  s h o u l d  a g r e e  e x a c t l y .  T h e  d i s c r e p a n c i e s  

m a y  b e  d u e  t o  t h e  d a t a  a d j u s t m e n t ,  a s  s e e n  f r o m  t h e  

f o l l o w i n g .  B  i s  t h e  z e r o  d e n s i t y  l i m i t  o f  ( Z  —  l) / d  =  

B  +  Cd2 +  . . . ,  a n d  t h e  r e f  2  v a l u e s  w e r e  p r e s u m a b l y

f o u n d  f r o m  t h e  l o w  d e n s i t y  s t r a i g h t  l i n e  p l o t  o f  ( Z  —  l )/d  
vs. d e x t r a p o l a t e d  t o  z e r o  cl. I f  Z  i s  r e a l l y  Z ( 1  +  e ) ,  

t h e n  t h e  ( Z  —  1 )/d  p o i n t s  a r e  o f f  b y  tZ/d. T h e  

d e v i a t i o n  b e c o m e s  i n f i n i t e  a t  z e r o  d e n s i t y ,  b u t  i f  t h e  

e x p e r i m e n t a l  p o i n t s  u s e d  t o  e s t i m a t e  t h e  s t r a i g h t  l i n e  

a r e  f o r  e x a m p l e  a t  1 a n d  2 m o l / L ,  t h e n ,  s i n c e  Z  «  1 , 

t h e  ( Z  —  1 ) /d p o i n t s  w o u l d  b e  o f f  b y  a b o u t  e a n d  e / 2 ,  

a n d  t h e  e x t r a p o l a t e d  B  w o u l d  b e  i n  e r r o r  b y  a b o u t  

3 e / 2  l . / m o l .  T h i s  l e a d s  t o  a n  e r r o r  i n  T B w h i c h  i s  

A T b  ph 1 . 5 ( T B / U B ) e ,  w h e r e  U B i s  T (d B /d T )  a t  T B. 
T h i s  d e p e n d e n c e  o f  T B o n  e  i s  n o t  g r e a t l y  d i f f e r e n t  f r o m  

t h a t  s e e n  i n  T a b l e  I I .  E s t i m a t e s  o f  V B a n d  A T B a r e  

i n c l u d e d  i n  T a b l e  I I I .  T h i s  v e r y  r o u g h  e s t i m a t e  

a c c o u n t s  f o r  m o s t  o f  t h e  d i s c r e p a n c i e s  i n  T B, a n d  s o  i t  

m a y  b e  a n t i c i p a t e d  t h a t  u s e  o f  t h e  a d j u s t e d  d a t a  w o u l d  

p r o v i d e  s l i g h t l y  m o d i f i e d  s e c o n d  v i r i a l  c o e f f i c i e n t s  w h i c h  

w o u l d  i n  t u r n  y i e l d  T B v a l u e s  i n  b e t t e r  a g r e e m e n t  w i t h  

t h o s e  o f  e q  1 .

F r o m  t h e  p o i n t  o f  v i e w  o f  t h e  u n i t  c o m p r e s s i b i l i t y  

l a w ,  t h e  c h a r a c t e r i s t i c  c o n s t a n t s  T B a n d  cl0 a r e  d e t e r 

m i n e d  f o r  e a c h  m i x t u r e  i n d e p e n d e n t l y ,  a s  i f  e a c h  w e r e  

a  d i f f e r e n t  s u b s t a n c e .  H o w e v e r ,  i t  i s  i n t e r e s t i n g  t o  

e x a m i n e  t h e  d e p e n d e n c e  o f  t h e s e  c o n s t a n t s  o n  c o m 

p o s i t i o n .  F r o m  T a b l e  I I I  i t  i s  e v i d e n t  t h a t  t h e  v a l u e s  

f o r  t h e  m i x t u r e s  a r e  n o t  s i m p l y  a v e r a g e  v a l u e s ,  w e i g h t e d  

b y  m o l e  f r a c t i o n .  T h e  T B v a l u e s  a r e  e s p e c i a l l y  f a r  

b e l o w  t h i s  a n d  a r e  n o t  e v e n  i n t e r m e d i a t e  b e t w e e n  t h e  

v a l u e s  f o r  t h e  p u r e  g a s e s .  T h i s  s u g g e s t s  a  s e m i e m p i r i c a l  

c o r r e l a t i o n  o f  t h e  f o r m 6 T B =  X i 2 T Bl +  2 X iX 2 T Bn +  

X 22 T b 2, w h e r e  T Bl2 w o u l d  b e  T B f o r  a  g a s  a l l  o f  w h o s e  

m o l e c u l e s  i n t e r a c t  l i k e  a  C H 4- C F 4 p a i r ,  a n d  X 12, 
2 X 1X 2, X -,2 a r e  t h e  f r a c t i o n s  o f  b i n a r y  i n t e r a c t i o n s  o f  

t h e  t h r e e  p o s s i b l e  t y p e s .  H o w e v e r ,  t h e  b e s t  T Bi2 o f

4 6 9 . 6  d o e s  n o t  r e p r o d u c e  t h e  e x p e r i m e n t a l  T B l !  v e r y  

w e l l ,  s h o w i n g  d e v i a t i o n s  u p  t o  4 . 6 ° .

I n  T a b l e  I V  a r e  l i s t e d  t h e  u n i t - Z  t e m p e r a t u r e s  a n d  

t h e  d e v i a t i o n s  A  =  ( T / T B +  d/d0 —  1 )  f o r  t h e  i n t e g e r  

d e n s i t i e s  f o r  t h e  t h r e e  m i x t u r e s  a n d  t w o  p u r e  g a s e s .  

T h e  h i g h  d e n s i t y  c u r v a t u r e  f o r  t h e  p u r e  C F 4 i s  a p p a r e n t .  

O n c e  a g a i n ,  t h i s  i n d i c a t e s  a n  i n e x a c t n e s s  o f  t h e  U C L

(6) J . E . L ennard-Jones and W . R . C ook , P roc. R oy. Soc., A115, 
334 (1927).
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Table IY: The Unit Compressibility Law for the CH4-CF4 System“

,---------------------------------------------------------------------------------------------- M o le  fra c tio n  o f  C H i-------------------------------------------------------------------------------
1.00 0.75 0.50 0.25 0 .0 0 c

d ,  M b T A  X  10* ■* T A  X  10* T A  X  10* T A  X  10* T A  X  10*

1 494.61 -7 .0 475.34 - 0 . 6 477.09 -0 .5 487.69 3.8 502.15 3.8
2 480.85 2 . 6 460.67 2 . 2 461.07 -0 .3 469.79 -4 .9 483.13 - 2 . 6

3 466.69 4.5 445.72 0.9 445.07 0 . 1 452.35 -4 .3 464.35 -1 .7
4 452.30 1.9 430.77 0 . 0 428.95 - 1 . 8 434.93 -3 .3 445.66 -0 .3
5 437.88 -1 .4 415.81 -0 .9 412.93 -1 .7 417.59 - 0 . 8 426.93 + 0 . 8
6 423.53 -3 .4 400.88 -1 .4 396.89 - 2 . 1 400.20 + 0 . 8 408.16 1 . 1
7 409.23 -4 .4 385.91 - 2 . 6 380.99 0.5 382.89 4.0 389.49 3.5
8 395.05 -2 .9 371.14 0.5 365.06 2.3 365.49 5.4 370.61 2 . 0
9 380.88 -1 .3 356.21 0 . 2 349.09 3.5 348.07 6 . 2 351.59 - 2 . 1

1 0 366.66 - 0 . 6 341.35 1.4 332.99 1.9 330.45 3.2 332.33 -11 .3
1 1 352.49 1 . 0 326.38 0.5 316.88 0 . 2 312.75 - 1 . 2 312.92 -23 .0
1 2 338.44 4.9 311.46 0.4 300.72 -2 .4 294.94 - 8 . 0 293.22 -40.1

“ The data are due to Douslin, Harrison, and Moore, ref 2. 6 Twenty-four points at half-integer density intervals were used in the calculations, 
except as noted below. c The six density points above 9.5 M were not used in determining the constants for this gas because of the large high- 
density deviations. d A = T/Tb +  d/d<, — 1.

for CF4, or an unsuspected high-density error in the 
measurements for this gas.

Considering the range of the data, the results shown 
in Table IY  represent the most accurate adherence to 
the unit compressibility law that has yet been observed. 
For the three mixtures taken together, the average 
absolute deviation from linearity over the entire experi
mental density range is only about two parts in ten 
thousand. Results such as these strengthen the view 
that the unit compressibility law is an exact law of 
nature, and again raise the question of a theoretical

explanation. The fact that the law can be obeyed 
by mixtures as well as pure gases provides the new 
information that the presence of three different pairwise 
molecular interaction potentials in one system does not 
interfere with its operation beyond affecting the con
stants. The T’s and d’s of the states for which the 
effects of the attractive and repulsive forces on Z are 
balanced continue to be related by eq 1. It would 
seem that behavior of this generality should follow 
rather directly from the fundamental laws of mechanics 
and known molecular interactions.

Corresponding States of CH4, CF4, and Their Mixtures

by E ugene M .  H olleran and G ary J. Gerardi

D e p a r t m e n t  o f  C h e m i s t r y ,  S t .  J o h n ’ s  U n i v e r s i t y ,  J a m a i c a ,  N e w  Y o r k  1 1 1 ,6 1  ( .R e c e i v e d  A u g u s t  5 ,  1 9 6 8 )

A n  e x c e l l e n t  c o r r e l a t i o n  o f  t h e  c o m p r e s s i b i l i t i e s  o f  C H 4, C F 4, a n d  t h e i r  m i x t u r e s  i s  o b t a i n e d  i n  t h e  t h r e e -  
c o n s t a n t  s y s t e m  o f  c o r r e s p o n d i n g  s t a t e s  b a s e d  o n  t h e  u n i t  c o m p r e s s i b i l i t y  l a w .  T h e  c o m p r e s s i b i l i t y  f a c t o r s ,  
Z  =  PV/RT,  o f  t h e  t w o  p u r e  g a s e s  a n d  t w o  m i x t u r e s  a r e  c a l c u l a t e d  f r o m  t h e  d a t a  f o r  t h e  5 0 - 5 0  m i x t u r e  w i t h  
a n  a v e r a g e  d i s c r e p a n c y  o f  a b o u t  5  p a r t s  i n  1 0 ,0 0 0 .  T h e  r e d u c e d  e q u a t i o n  o f  s t a t e  is  g i v e n  in  t h e  f o r m ,  
Z =  1 +  JcbY, w h e r e  Y  is  a  f u n c t i o n  o f  r e d u c e d  t e m p e r a t u r e ,  T/Tb, a n d  r e d u c e d  d e n s i t y ,  d/d0. A  t a b l e  is  
g i v e n  f o r  Y, f r o m  w h i c h  Z c a n  b e  c a l c u l a t e d  f r o m  a  k n o w l e d g e  o f  t h e  t h r e e  c o n s t a n t s ,  Tb, do, a n d  kB.

Introduction

The purpose of this paper is to report the correspond
ence found for the compressibility factors of CH 4, CF4, 
and their mixtures in the three-constant system of 
corresponding states based on the unit compressibility 
law (U CL). In this system the two UCL constants,

TB and d0, are used to reduce temperature and density. 
The Boyle temperature, TB, and the characteristic den
sity, d0, are defined by the unit compressibility law1

T i/ T b +  di/do = 1  ( 1)

(1 ) E . M .  H o lle ra n , J .  C h e m .  P h y s . ,  47 , 5318 (1967).
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w h e r e  T\ a n d  d\ a r e  t h e  t e m p e r a t u r e s  a n d  d e n s i t i e s  o f  

t h e  s t a t e s  o f  t h e  f l u i d  i n  w h i c h  t h e  c o m p r e s s i b i l i t y  f a c t o r ,  

Z  =  P V / R T ,  e q u a l s  u n i t y .

A  g o o d  c o r r e s p o n d e n c e  w a s  f o u n d 2 b e t w e e n  t h e  c o m 

p r e s s i b i l i t y  f a c t o r s  o f  A r  a n d  X e  a t  e q u a l  t e m p e r a t u r e s ,  

0 , a n d  r e d u c e d  d e n s i t i e s ,  <5, w h e r e

6  =  T / T b ', 8  =  d/do ( 2 )

H o w e v e r ,  t h e  e x t e n t  o f  t h e  a g r e e m e n t  w a s  m a d e  s o m e 

w h a t  u n c l e a r  b y  s m a l l  u n c e r t a i n t i e s  i n  t h e  c o n s t a n t s  

a n d  t h e  d a t a .  I n  a  m o r e  t r a c t a b l e  t e m p e r a t u r e  r a n g e ,  

a n d  w i t h  m o r e  r e l i a b l e  c o n s t a n t s ,  t h e  a t t a i n m e n t  o f  a  

g o o d  c o r r e l a t i o n  o f  t h e  c o m p r e s s i b i l i t i e s  o f  A r  a n d  C H 4 
w a s  f o u n d  t o  r e q u i r e  t h e  i n t r o d u c t i o n  o f  a  t h i r d  c o n 

s t a n t .3 T h i s  c o n s t a n t  w a s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  

d e v i a t i o n s  f r o m  i d e a l i t y ,  (Z  — 1 ) ,  o f  t h e  t w o  g a s e s  a t  

e q u a l  0 ’ s  a n d  S’s. W i t h  t h i s  a d d i t i o n a l  c o n s t a n t ,  t h e  

c o m p r e s s i b i l i t y  f a c t o r  f o r  C H 4 w a s  c a l c u l a t e d  f r o m  t h e  

d a t a  f o r  A r  w i t h  a n  a v e r a g e  d e v i a t i o n  o f  o n l y  f o u r  p a r t s  

i n  t e n  t h o u s a n d .

T h e  c h a r a c t e r i s t i c  d e n s i t y  do i s  r e l a t e d  t o  t h e  s e c o n d  

a n d  t h i r d  v i r i a l  c o e f f i c i e n t s ,  B  a n d  C, b y  t h e  e q u a t i o n 4

do = F b/C b (3)

i n  w h i c h  C 'b  i s  C  a t  Z b , a n d  V b i s  t h e  B o y l e  v o l u m e ,  

T b (<1B /d T)TB- U s i n g  t h i s  r e l a t i o n s h i p ,  t h e  t h i r d  c o n 

s t a n t  m e n t i o n e d  a b o v e  w a s  i d e n t i f i e d 5 a s  t h e  r a t i o  f o r  

t h e  t w o  g a s e s '  o f  t h e i r  c o n s t a n t s  fcB d e f i n e d  a s

kB =  doV b =  d02C B =  U b V U b  ( 4 )

T h u s ,  t h e  {Z  —  1 )  r a t i o  e q u a l s  t h e  r a t i o ,  a n d  

a c c o r d i n g  t o  t h i s  t h r e e - c o n s t a n t  s y s t e m  o f  c o r r e s p o n d i n g -  

s t a t e s ,  (Z  —  1)  /A ’ b  i s  t a k e n  a s  a  u n i v e r s a l  f u n c t i o n  o f  

0  a n d  8 . W i t h  t h i s  a s s u m p t i o n ,  t h e  c o m p r e s s i b i l i t i e s  

a n d  r e l a t e d  p r o p e r t i e s  o f  f l u i d s  c a n  b e  c o r r e l a t e d  a c c u r 

a t e l y  i n  t e r m s  o f  t h e i r  t h r e e  c h a r a c t e r i s t i c  c o n s t a n t s ,  

T B , do, a n d  fcB , w i t h  t h e  e f f e c t  o f  fcB g i v e n  a n a l y t i c a l l y .

I n  o r d e r  t o  o b t a i n  a  c o r r e s p o n d e n c e  a s  a c c u r a t e  a s  

t h a t  f o u n d  i n  r e f  3 ,  i t  i s  n e c e s s a r y  t o  h a v e  r e l i a b l e  

e x p e r i m e n t a l  v a l u e s  o f  t h e s e  c o n s t a n t s  ( a t  l e a s t  T B a n d  

d0; kb  c a n  b e  f o u n d  f r o m  t h e  c o r r e l a t i o n ) .  U n f o r t u 

n a t e l y  s u c h  i n f o r m a t i o n  i s  p r e s e n t l y  n o t  y e t  a v a i l a b l e  

f o r  m o s t  s u b s t a n c e s .  H o w e v e r ,  t h e  p r e c i s e  e x p e r i m e n 

t a l  d a t a  o f  D o u s l i n ,  H a r r i s o n ,  a n d  M o o r e 6 f o r  C H 4, C F 4, 

a n d  t h r e e  o f  t h e i r  m i x t u r e s  h a v e  p r o v i d e d  a c c u r a t e  

c o n s t a n t s 6'7 ( T a b l e  I ) ,  a n d  t h e s e  g a s e s  a n d  m i x t u r e s

Table I : Constants for the Five Gases

% C H i Tb , °K do, mol/1.

1 0 0 509.2 35.73
75 490.5 32.87
50 493.1 30.77
25 505.0 28.91

0 521.0 27.70

kBa k b fcs ratio
1.94 0.7924 0.80
2 . 2 2 0.9038 0.91
2.43 1 . 0 0 0 0 1 . 0 0
2.62 1.0903 1.08
2 . 8 8 1.2085 1.19

b Optimum ratio of (Z -  l ) ’s<“ Values found as Vb ô in ref 5. 
given gas and 50-50 mixture at equal 6's and S’s.

t h e r e f o r e  r e p r e s e n t  a n  e x c e l l e n t  o p p o r t u n i t y  t o  a p p l y  

t h i s  t h r e e - c o n s t a n t  s y s t e m  o f  c o r r e s p o n d i n g  s t a t e s .

Compressibility Correlation. T h e  b a s i c  c o r r e l a t i o n  

f o r  t w o  g a s e s ,  1 a n d  2 , i s  g i v e n  b y

(Z  —  I ) »  _  ( / c b U

( Z  —  l ) i  (& b ) i
(5)

a t  e q u a l  0’ s  a n d  S ’ s ,  w i t h  t h e  r e l a t i v e  d e v i a t i o n s  f r o m  

i d e a l i t y  d e t e r m i n e d  b y  t h e  & b  r a t i o ,  k. F r o m  e q  5  t h e  

c o m p r e s s i b i l i t y  f a c t o r s  o f  f o u r  o f  t h e  g a s e s  ( t h e  t w o  p u r e  

g a s e s ,  a n d  t h e  7 5 %  a n d  2 5 %  C H 4 m i x t u r e s )  w e r e  c a l c u 

l a t e d  f r o m  t h a t  o f  t h e  5 0 - 5 0  m i x t u r e  t a k e n  a s  a  r e f e r e n c e  

s t a n d a r d .  A s s u m i n g  e q u a l  e x p e r i m e n t a l  a c c u r a c i e s  f o r  

Z, a n d  e q u a l l y  r e l i a b l e  c o n s t a n t s ,  i t  c a n  b e  s e e n  f r o m  

e q  5  t h a t  t h e  b e s t  r e f e r e n c e  s t a n d a r d  w o u l d  b e  t h e  g a s  

w i t h  t h e  l a r g e s t  ks- I n  t h i s  w a y ,  t h e  (Z  —  l ) ’ s  c a l c u 

l a t e d  f o r  o t h e r  g a s e s  f r o m  t h e  r e f e r e n c e  w o u l d  a l w a y s  b e  

s m a l l e r  t h a n  t h o s e  o f  t h e  r e f e r e n c e ,  a n d  e x p e r i m e n t a l  

u n c e r t a i n t i e s  w o u l d  b e  m i n i m i z e d .  T h e  r e v e r s e  c a l c u 

l a t i o n  w o u l d  m a g n i f y  a n y  e r r o r s  i n  t h e  d a t a  o r  i n  t h e i r  

e m p i r i c a l  r e p r e s e n t a t i o n .  F o r  t h i s  r e a s o n  a r g o n ,  w i t h  

i t s  s m a l l  fcB , i s  n o t  w e l l  s u i t e d  a s  a  r e f e r e n c e  s t a n d a r d ,  

p a r t i c u l a r l y  f o r  m i x t u r e s  c o n t a i n i n g  C F 4, w h i c h  h a s  a  

v e r y  l a r g e  ka- F o r  t h e  p r e s e n t  c a l c u l a t i o n s ,  t h e  5 0 - 5 0  

m i x t u r e  w i t h  i t s  i n t e r m e d i a t e  & b  w a s  a  c o m p r o m i s e  

c h o i c e  a s  t h e  r e f e r e n c e  g a s  b e c a u s e  i t s  d a t a  f i t  t h e  u n i t -  

c o m p r e s s i b i l i t y  l a w  b e t t e r 7 t h a n  7 5 %  o r  1 0 0 %  C F 4, a n d  

i t s  U C L  c o n s t a n t s  a r e  t h e r e f o r e  m o r e  r e l i a b l y  k n o w n .

T h e  c o m p r e s s i b i l i t y  d a t a  u s e d  i n  t h e  p r e s e n t  c o r r e l a 

t i o n  a r e  t h o s e  o f  r e f  6 a d j u s t e d  a s  i n  r e f  7 .  T h e  a d j u s t 

m e n t  c o n s i s t e d  o f  m u l t i p l y i n g  Z  b y  a  f a c t o r  o f  ( 1  +  e ) ,  

w i t h  t h e  v a l u e s  o f « X  1 0 6 u s e d  b e i n g  8 , — 7 ,  — 1 9 ,  — 2 9 ,  

—  4 0  f o r  t h e  g a s e s  c o n t a i n i n g  1 0 0 ,  7 5 ,  5 0 ,  2 5 ,  0 %  O F T 4, 

r e s p e c t i v e l y .  T h e s e  c o n s t a n t  o v e r a l l  a d j u s t m e n t s  f o r  

e a c h  g a s  w e r e  m a d e  i n  o r d e r  t o  p r o v i d e  t h e  b e s t  f i t  o f  

t h e  u n i t  c o m p r e s s i b i l i t y  l a w  a n d  h e n c e  t h e  m o s t  r e l i a b l e  

T b a n d  do v a l u e s .  F o r  t h e  m o s t  p a r t ,  t h e  a d j u s t m e n t s  

a r e  w e l l  w i t h i n  e x p e r i m e n t a l  e r r o r .  T h e y  m o d i f y  Z  b y  

a  f e w  p a r t s  i n  t e n  t h o u s a n d  a t  m o s t  a n d  s o  d o  n o t  c h a n g e  

t h e  o r d e r  o f  m a g n i t u d e  o f  t h e  c o r r e l a t i o n  f o u n d  h e r e .

T h e  c o m p r e s s i b i l i t y  f a c t o r  f o r  e a c h  g a s  ( 2 )  w a s  

c a l c u l a t e d  f r o m  t h e  r e f e r e n c e  g a s  ( 1 )  b y

Z 2 — ( 1  —  k) - ( -  kZ\ ( 6 )

i n  t h e  r e g i o n  o f  0 a n d  8  i n  w h i c h  t h e  t w o  s e t s  o f  d a t a  

o v e r l a p .  Z\ f o r  t h e  5 0 - 5 0  r e f e r e n c e  m i x t u r e  w a s  i n t e r 

p o l a t e d  f r o m  i t s  t a b u l a t e d  d a t a  b y  t h e  f o l l o w i n g  t w o  

s t e p s .  F i r s t ,  f o r  t h e  d e n s i t y  i n t e r p o l a t i o n ,  t h e  Z i  d a t a  

a t  e a c h  c o n s t a n t  e x p e r i m e n t a l  t e m p e r a t u r e  w e r e  f i t  b y

(2) E . M . H olleran , J. P hys. Chem., 72, 1230 (1968).
(3) E . M . H olleran and G . J. G erardi, ibid., 72, 3559 (1968).
(4) E . M . H olleran, J. Chem. P hys., 49 , 39 (1968).
(5) E . M . H olleran , J. P hys. Chem., 73, 167 (1969).
(6) D . R . D ouslin , R . H . H arrison, and R . T . M oore , ibid., 71, 
3477 (1967).
(7) E. M . H olleran and  G . J. G erardi, ibid., 73, 525 (1969).
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l e a s t  s q u a r e s  t o  a  p o l y n o m i a l  i n  t h e  d e n s i t y .  I t  w a s  

f o u n d  t h a t  p o l y n o m i a l s  o f  t h e  f o u r t h  t o  s e v e n t h  d e g r e e ,  

d e p e n d i n g  o n  t h e  t e m p e r a t u r e ,  w e r e  s u f f i c i e n t  t o  r e 

p r o d u c e  t h e  d a t a  p o i n t s  t o  w i t h i n  t w o  o r  t h r e e  p a r t s  p e r  

t e n  t h o u s a n d .  T h e  c o e f f i c i e n t s  o f  t h e s e  p o l y n o m i a l s  

a r e  l i s t e d  i n  T a b l e  I I  w h i c h  h a s  b e e n  d e p o s i t e d  w i t h  

N A P S .8 B e c a u s e  t h e y  w e r e  n o t  i n t e n d e d  f o r  e x t r a p 

o l a t i o n  b e l o w  t h e  s m a l l e s t  e x p e r i m e n t a l  d e n s i t y  o f  

0 . 7 5  m o l / 1 . ,  t h e  f i r s t  c o e f f i c i e n t s ,  Co, w e r e  n o t  c o n s t r a i n e d  

t o  u n i t y ,  a n d  t h e  c i  v a l u e s  a r e  n o t  v e r y  g o o d  r e p r e s e n t a 

t i o n s  o f  t h e  s e c o n d  v i r i a l  c o e f f i c i e n t ,  B. O n  e a c h  o f  

t h e s e  i s o t h e r m s ,  Z\ w a s  i n t e r p o l a t e d  a t  t h e  d e n s i t i e s  f o r  

w h i c h  5 i  =  5 2, t h a t  i s ,  a t  t h e  d e n s i t i e s  g i v e n  b y  <h =  
d2 (doi/doo) , w h e r e  t h e  d 2 v a l u e s  a r e  t h e  t a b u l a t e d  e x p e r i 

m e n t a l  d e n s i t i e s  f o r  g a s  ( 2 ) .

S e c o n d ,  f o r  t h e  t e m p e r a t u r e  i n t e r p o l a t i o n ,  t h e s e  i s o -  

c h o r i c  c o m p r e s s i b i l i t i e s  w e r e  t h e n  f i t  t o  a n  e m p i r i c a l  

e q u a t i o n  q u a d r a t i c  i n  l/ T .  A t  e v e r y  d e n s i t y  t h e s e  

e q u a t i o n s  r e p r o d u c e d  t h e  i n p u t  v a l u e s  w i t h  a  m a x i m u m  

d e v i a t i o n  o f  t w o  o r  t h r e e  p a r t s  p e r  t e n  t h o u s a n d .  O n  

e a c h  o f  t h e s e  i s o c h o r e s ,  Z i  w a s  c a l c u l a t e d  a t  t h e  t e m 

p e r a t u r e s  f o r  w h i c h  0i  =  0o, t h a t  i s ,  a t  t h e  t e m p e r a t u r e s  

g i v e n  b y  T i =  T 2 (T m /T B2) , w h e r e  T 2 a r e  t h e  e x p e r i 

m e n t a l  t e m p e r a t u r e s .

I n  c a l c u l a t i n g  Z 2 f r o m  Z i b y  e q  6 , t h e  v a l u e s  o f  k u s e d  

f i n a l l y  w e r e  t h o s e  w h i c h  g a v e  t h e  s m a l l e s t  s u m  o f  

a b s o l u t e  d e v i a t i o n s ,  A  — Z_ — Z\. T h e  v a l u e s  o f  kB 
f o r  t h e s e  g a s e s  f o u n d  i n  r e f  5  a s  daV B a n d  l i s t e d  i n  T a b l e  I  

a r e  p r o b a b l y  a c c u r a t e  t o  w i t h i n  1% ,  a n d  t h e i r  r a t i o s  

w e r e  t a k e n  a s  t h e  f i r s t  e s t i m a t e s  o f  k. T h e n  b y  v a r y i n g  

k s l i g h t l y  t h e  o p t i m u m  v a l u e  w a s  e a s i l y  f o u n d  f o r  e a c h  

g a s .  T h e s e  k’s a r e  a l s o  l i s t e d  i n  T a b l e  I  a l o n g  w i t h  t h e  

r a t i o  o f  t h e  kB’s, a n d  t h e  a g r e e m e n t  i s  s e e n  t o  b e  g o o d .  

T h e  kB v a l u e s  a n d  t h e i r  r a t i o s  a r e  a p p r o x i m a t e l y  l i n e a r  

i n  m o l e  f r a c t i o n ,  a n d  i n  f a c t  t h e  r a t i o s  f o r  t h e  f i v e  g a s e s  

a r e  n o t  f a r  f r o m  t h e  s i m p l e  s e r i e s ,  0 . 8 ,  0 . 9 ,  1 . 0 ,  1 . 1 ,  1 .2 .

T h e  e x p e r i m e n t a l  c o m p r e s s i b i l i t i e s ,  Z,  ( a d j u s t e d  b y  

t h e  f a c t o r  (1 +  e ) , a s  n o t e d  e a r l i e r ) , a n d  t h e  d i f f e r e n c e s  

b e t w e e n  t h e s e  a n d  t h e  c a l c u l a t e d  v a l u e s ,  (Z  —  Z 2)  X  

1 0 4, a r e  l i s t e d  i n  T a b l e s  I I I  t o  V I  f o r  t h e  1 0 0 ,  7 5 ,  2 5 ,  

a n d  0 %  C H 4 s y s t e m s .  ( T a b l e s  I V ,  V ,  V I  h a v e  b e e n  

d e p o s i t e d  w i t h  N A P S . ) 8 T h e  d a t a  f o r  a l l  t h e s e  g a s e s  

c o v e r  t h e  s a m e  r a n g e  o f  T  a n d  d, b u t  b e c a u s e  o f  t h e  

d i f f e r e n c e s  i n  T B a n d  d 0, t h e  r a n g e s  o f  0  a n d  S d o  n o t  

e x a c t l y  o v e r l a p  w i t h  t h e  5 0 %  r e f e r e n c e .  T h e  d a t a  

p o i n t s  o u t s i d e  t h e  o v e r l a p  r e g i o n  w e r e  n o t  i n c l u d e d  i n  

T a b l e s  I I I  t o  V I  b e c a u s e  t h e  c a l c u l a t e d  Z 2 w o u l d  r e q u i r e  

e x t r a p o l a t i o n  r a t h e r  t h a n  i n t e r p o l a t i o n  w i t h  t h e  e m p i r 

i c a l  e q u a t i o n s .

T h e  c o m p r e s s i b i l i t y  c o r r e l a t i o n  o b t a i n e d  i n  t h i s  w a y  

i s  s e e n  i n  t h e  t a b l e s  t o  b e  e x c e l l e n t .  T h e  a v e r a g e  

a b s o l u t e  d i f f e r e n c e s  a r e  4 . 9 ,  3 . 2 ,  4 . 4 ,  a n d  8 . 4  u n i t s  i n  t h e  

f o u r t h  d e c i m a l  p l a c e  ( r o u g h l y  p a r t s  p e r  t e n  t h o u s a n d )  

f o r  t h e  1 0 0 ,  7 5 ,  2 5 ,  a n d  0 %  s y s t e m s ,  r e s p e c t i v e l y .  P u r e  

C F 4 c o r r e l a t e s  l e a s t  w e l l ,  a n d  t h i s  i s  c o n s i s t e n t  w i t h  t h e  

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

c o m p r e s s i b i l i t y  1 a w .7 F o r  a l l  t h e  g a s e s ,  t h e  w o r s t  a g r e a -
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m e n t  o c c u r s  g e n e r a l l y  a t  t h e  h i g h e s t  d e n s i t i e s  a n d  t e m 

p e r a t u r e s ,  t h a t  i s ,  n e a r  t h e  l i m i t i n g  e x p e r i m e n t a l  

c o n d i t i o n s .  O m i s s i o n  o f  s o m e  o f  t h e s e  p e r i p h e r a l  v a l u e s  

w o u l d  p e r m i t  a n  i m p r o v e d  o v e r a l l  c o r r e l a t i o n ,  a n d  

w o u l d  a l s o  c h a n g e  t h e  k v a l u e s  s l i g h t l y .  T h e  f o u r  

d e c i m a l s  g i v e n  f o r  k i n  T a b l e  I  t h e r e f o r e  s i m p l y  r e p r e 

s e n t  t h e  v a l u e s  u s e d  i n  t h e  p r e s e n t  c a l c u l a t i o n s  a n d  d o  

n o t  i n d i c a t e  t h e  a b s o l u t e  a c c u r a c y  o f  t h e  kB r a t i o s ,  

w h i c h  i s  s t i l l  p r o b a b l y  n o t  b e t t e r  t h a n  ± 0 . 5 % .

I t  s h o u l d  a l s o  b e  n o t e d  t h a t  s i n c e  C H 4 a n d  A r  c o r 

r e l a t e  v e r y  w e l l ,3 w e  c a n  e x p e c t  t h a t  t h e  c o m p r e s s i b i l i t y  

o f  A r  c a n  a l s o  b e  c a l c u l a t e d  a c c u r a t e l y  f r o m  t h e  5 0 - 5 0  

( o r  o t h e r )  C H 4- C F 4 m i x t u r e ,  a l t h o u g h  t h e  r e v e r s e  

w o u l d  b e  s o m e w h a t  l e s s  a c c u r a t e  a s  d i s c u s s e d  e a r l i e r .

Generalized Equation of State. T h e  a b o v e  r e s u l t s  

d e m o n s t r a t e  t h e  c o r r e s p o n d e n c e  o f  t h e  q u a n t i t y  

(Z  —  1 )  /ka f o r  t h e s e  f i v e  g a s e s  a t  e q u a l  r e d u c e d  t e m 

p e r a t u r e s  a n d  d e n s i t i e s .  A s  s h o w n  i n  r e f  3 ,  t h i s  i m p l i e s  

a  s i m i l a r  c o r r e s p o n d e n c e  o f  t h e  r e d u c e d  r e s i d u a l  t h e r m o 

d y n a m i c  p r o p e r t i e s  d i v i d e d  b y  k n. I t  a l s o  i m p l i e s  t h e  

c o r r e s p o n d e n c e  o f  B / V b  a n d  C /C b  a t  e q u a l  r e d u c e d  

t e m p e r a t u r e s ,  a n d  t h e s e  i m p l i c a t i o n s  a p p e a r  t o  b e  b o r n e  

o u t  a t  o r d i n a r y  t e m p e r a t u r e s  b y  b o t h  e x p e r i m e n t a l  

m e a s u r e m e n t s  a n d  t h e o r e t i c a l  c a l c u l a t i o n s ,  a s  d i s c u s s e d  

i n  r e f  5 .

I f  t h i s  b e h a v i o r  p r o v e s  t o  b e  g e n e r a l ,  t h e n  t h e  p r o p 

e r t i e s  o f  a n y  g a s  c a n  b e  f o u n d  f r o m  a  k n o w l e d g e  o f  i t s  

t h r e e  c o n s t a n t s ,  T B, d o , kn, a n d  a  t a b u l a t i o n  o f  t h e  

r e d u c e d  p r o p e r t i e s  a s  f u n c t i o n s  o f  0  a n d  S. I n  p a r t i c u 

l a r ,  t h e  e q u a t i o n  o f  s t a t e  c a n  b e  g i v e n  i n  g e n e r a l i z e d  

f o r m  b y

Z  =  1 +  kB X  Y ( 0, 5 )  ( 7 )

w h e r e  Y ( 6 , b) c a n  b e  t a b u l a t e d  f r o m  a c c u r a t e l y  k n o w n  

m e a s u r e m e n t s  o f  (Z  —  1 ) /kB f o r  o n e  o r  s e v e r a l  r e f e r 

e n c e  g a s e s .  I n  T a b l e  V I I  a r e  l i s t e d  t h e  v a l u e s  o f  Y  a s  

d e r i v e d  f r o m  t h e  5 0 - 5 0  m i x t u r e  d a t a  a t  s m a l l  e n o u g h  

i n t e r v a l s  o f  0 ( 0 .02 )  a n d  b ( 0 .01 )  t o  p e r m i t  e a s y  i n t e r 

p o l a t i o n .  T h e  v a l u e  o f  kB w a s  t a k e n  a s  2 . 4 3 0 ,  a n d  i f  

t h i s  s h o u l d  l a t e r  p r o v e  t o  b e  i n  e r r o r ,  F  w i l l  h a v e  t o  b e  

c o r r e c t e d  a c c o r d i n g l y .  T h e  u n i t - / ?  l i n e  c a n  b e  s e e n  

r u n n i n g  d i a g o n a l l y  t h r o u g h  T a b l e  V I I .

G i v e n  T b, d o , a n d  kB, t h e  c o m p r e s s i b i l i t y  f a c t o r  c a n  

b e  f o u n d  f r o m  T a b l e  V I I  f o r  ( a s  w e  a s s u m e )  a n y  g a s  a t  

a n y  t e m p e r a t u r e  a n d  d e n s i t y  i n  t h i s  r a n g e  b y  i n t e r 

p o l a t i n g  F  a t  0 =  T / T b a n d  S =  d / d 0, a n d  a p p l y i n g  

e q  7 .  F o r  e x a m p l e ,  s p o t  c h e c k s  w i t h  C H 4, C F 4, a n d  t h e  

t h r e e  m i x t u r e s  s h o w  t h a t  t h i s  p r o c e d u r e  w i l l  q u i c k l y  

g i v e  Z  a c c u r a t e  t o  t h e  t h i r d  d e c i m a l  i n  m o s t  c a s e s ,  (i.e., 
w i t h i n  a b o u t  0 . 1 % ) .  C a l c u l a t i o n s  f o r  A r  a l s o  g i v e  

g o o d  r e s u l t s ,  a s  m i g h t  b e  e x p e c t e d .  F o r  N 2, u s i n g  t h e  

c o n s t a n t s  g i v e n  i n  r e f  5  a n d  7 ,  a  f e w  t e s t  c a l c u l a t i o n s  

s h o w  s o m e w h a t  g r e a t e r  d i s c r e p a n c i e s ,  b u t  t h i s  c o u l d

(8 ) F or  T ab les  I I , IV , V , and V I , order N A P S  D o cu m e n t  00164 
from  A S IS , N ational A uxiliary  P ublications Service c / o  C O M  
In form ation  Sciences, In c ., 22 W est 34th  Street, N ew  Y o rk , N . Y . 
10001, rem itting  $1.00 for  m icrofiche or  $3.00 fo r  p h otocop ies .

E u g e n e  M . H o l l e r a n  a n d  G a r y  J. G e r a r d i

The Journal o f Physical Chemistry



C o r r e s p o n d i n g  S t a t e s  o f  CH4, CF4j a n d  T h e i r  M i x t u r e s 531

Table III: Correspondence of Pure CH4 with the 50% Mixture“

■Density, mol/1.-
t, °c l . 0 1 .5 2 . 0 2 .5 3 .0 3 .5 4 .0

25 0.9596 0.9412 0.9240 0.9079 0.8932 0.8796 0.8673
0 - 1 - 2 - 3 - 4 - 5 - 6

30 0.9615 0.9439 0.9275 0.9124 0.8986 0.8859 0.8743
0 - 1 - 2 - 3 - 2 - 2 - 3

50 0.9680 0.9536 0.9404 0.9282 0.9172 0.9074 0.8988
- 1 - 3 - 3 - 5 - 6 - 6 - 6

75 0.9750 0.9640 0.9540 0.9451 0.9373 0.9307 0.9250
- 1 - 3 - 5 - 5 - 6 - 6 - 7

1 0 0 0.9809 0.9728 0.9657 0.9596 0.9545 0.9505 0.9475
- 1 - 3 - 3 - 3 - 4 - 4 - 4

125 0.9859 0.9803 0.9755 0.9717 0.9690 0.9673 0.9667
- 2 - 2 - 4 - 5 - 4 - 3 - 2

150 0.9903 0.9868 0.9842 0.9825 0.9817 0.9821 0.9833
- 1 - 1 - 2 - 2 - 2 - 1 - 2

175 0.9941 0.9924 0.9916 0.9917 0.9927 0.9948 0.9980
0 - 1 - 1 - 1 - 1 - 1 1

2 0 0 0.9974 0.9974 0.9982 0.9999 1.0026 1.0061 1.0106
0 0 0 1 1 0 1

225 1.0004 1.0017 1.0040 1.0071 1 . 0 1 1 1 1.0161 1 . 0 2 2 0
0 0 1 1 1 2 2

250 1.0031 1.0057 1.0092 1.0135 1.0187 1.0250 1.0322
1 1 2 2 2 3 3

275 1.0054 1.0091 1.0139 1.0193 1.0257 1.0329 1.0413
1 1 3 3 3 3 4

300 1.0075 1 . 0 1 2 2 1.0179 1.0243 1.0317 1.0401 1.0494
1 1 2 2 2 3 3

325 1.0094 1.0151 1.0217 1.0290 1.0375 1.0466 1.0568
2 1 3 3 4 4 4

350 1 . 0 1 1 2 1.0177 1.0252 1.0335 1.0425 1.0528 1.0638
2 3 4 6 5 7 6

■Density, mol/1.-
t, ° c 8 .0 8 .5 9 .0 9 .5 1 0 .0 1 0 .5 1 1 .0

25 0.8163 0.8163 0.8179 0.8214 0.8263 0.8335 0.8424
4 6 1 0 14 15 19 18

30 0.8290 0.8297 0.8321 0.8358 0.8416 0.8495 0.8596
4 7 1 0 1 0 1 2 16 19

50 0.8754 0.8789 0.8841 0.8909 0.8991 0.9096 0.9222
6 8 14 16 15 16 16

75 0.9252 0.9316 0.9396 0.9493 0.9607 0.9740 0.9895
6 1 0 1 2 13 1 2 1 0 6

1 0 0 0.9674 0.9762 0.9865 0.9992 1.0130 1.0287 1.0470
2 4 3 7 2 - 4 - 5

125 1.0046 1.0156 1.0278 1.0426 1.0588 1.0769 1.0972
6 6 1 3 - 2 - 1 1 -1 4

150 1.0362 1.0488 1.0633 1.0794 1.0977
0 - 4 - 8 -13 - 2 1

175 1.0647 1.0791 1.0952 1.1134
0 - 3 - 9 - 1 2

2 0 0 1.0895 1.1050 1.1229
- 4 -13 -1 7

225 1.1114 1.1285
- 1 0 -1 7

250 1.1311
-14

° The compressibility Z, and [Z — Z(calcd)] X 10*.

e a s i l y  b e  d u e  t o  t h e  p r e s e n t  u n c e r t a i n t i e s  i n  t h e  v a l u e s  

o f  t h e  c o n s t a n t s .

A s  f a r  a s  c a n  b e  s e e n  a t  t h e  p r e s e n t  t i m e ,  t h i s  t h r e e -  

c o n s t a n t  s y s t e m  o f  c o r r e s p o n d i n g  s t a t e s  i s  v e r y  p r o m 

i, °C 4 .5 5 .0
----------D ensity , m ol/1 .-----------

5 .5  6 .0  6 .5 7 .0 7 .5

25 0.8563 0.8465 0.8381 0.8310 0.8251 0.8208 0.8179
- 6 - 6 - 4 - 3 - 3 - 1 2

30 0.8641 0.8550 0.8473 0.8409 0.8358 0.8322 0.8295
- 3 - 3 - 3 - 2 - 1 1 - 1

50 0.8915 0.8853 0.8800 0.8764 0.8744 0.8732 0.8733
- 4 - 4 - 6 - 4 1 1 1

75 0.9207 0.9175 0.9156 0.9150 0.9153 0.9174 0.9204
- 5 - 4 - 2 0 - 1 4 4

1 0 0 0.9456 0.9450 0.9455 0.9472 0.9501 0.9548 0.9603
- 4 - 3 - 3 - 2 - 2 3 3

125 0.9673 0.9688 0.9716 0.9753 0.9807 0.9870 0.9951
- 1 0 1 0 3 2 5

150 0.9856 0.9891 0.9937 0.9996 1.0067 1.0151 1.0248
- 2 - 1 - 1 0 0 1 0

175 1 . 0 0 2 1 1.0070 1.0136 1 . 0 2 1 1 1.0299 1.0399 1.0515
1 - 1 2 2 3 1 0

2 0 0 1.0163 1.0229 1.0309 1.0397 1.0503 1.0617 1.0747
1 0 2 0 3 0 - 4

225 1.0291 1.0373 1.0464 1.0567 1.0683 1.0814 1.0956
3 5 3 3 1 0 - 5

250 1.0404 1.0499 1.0602 1.0719 1.0846 1.0988 1.1142
4 5 4 4 1 - 2 - 7

275 1.0508 1.0611 1.0726 1.0855 1.0992 1.1145 1.1309
5 5 4 5 1 - 3 - 1 1

300 1.0597 1.0712 1.0836 1.0975 1.1123 1.1282
3 4 2 2 - 1 - 1 0

325 1.0680 1.0803 1.0937 1.1083 1.1239 1.1404
3 2 1 - 1 - 6 -1 9

350 1.0759 1.0891 1.1033 1.1186 1.1352
6 5 3 0 - 3

t, °c 1 1 .5 1 2 .0 1 2 .5

25 0.8541 0.8672 0.8837
2 2 19 19

30 0.8712 0.8858 0.9023
15 17 9

50 0.9372 0.9540 0.9737
15 6 - 2

75 1.0068 1.0269 1.0503
- 3 -2 3 -2 6

1 0 0 1.0676 1.0904
- 1 1 -4 5

i s i n g .  I t  h a s  t h e  a d v a n t a g e  o f  r e q u i r i n g  o n l y  o n e  g r a p h  

o r  t a b l e  ( s u c h  a s  T a b l e  V I I )  t o  r e p r e s e n t  t h e  c o m p r e s 

s i b i l i t i e s  o f  s u b s t a n c e s  w i t h  d i f f e r e n t  v a l u e s  o f  t h e  t h i r d  

c o n s t a n t ,  fcB . I n  t h i s  r e s p e c t  i t  i s  s u p e r i o r  t o  t h e  s y s -
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Table VII: Generalized Compressibility. The Quantity 10*(Z — l)/kB as a Function of Reduced Temperature and Density

s 0.55 0.57 0.59 0.61
--------------e—

0.63 0.65 0.67 0.69 0.71 0.73

0.03 -264 -241 -219 -199 -180 -163 -148 -133 -119 -106
0.04 -345 -314 -285 -259 -235 - 2 1 2 -191 -172 -154 -137
0.05 -423 -384 -349 -316 -286 -258 -232 -208 -185 -164
0.06 -497 -451 -409 -370 -334 -301 -270 -241 -215 -189
0.07 -568 -515 -466 -421 -379 -341 -305 -272 -241 - 2 1 2

0.08 -635 -575 -520 -469 -422 -378 -338 -300 -265 -232
0.09 -699 -632 -570 -513 -461 -412 -367 -325 -286 -249
0 . 1 0 -759 -685 -618 -555 -497 -444 -394 -347 -304 -263
0 . 1 1 -816 -735 -662 -593 -530 -472 -417 -367 -319 -275
0 . 1 2 -869 -782 -703 -629 -560 -497 -438 -383 -331 -283
0.13 -919 -826 -740 -661 -587 -519 -456 -396 -341 -289
0.14 -966 - 8 6 6 -774 -690 -611 -538 -470 -407 -347 -291
0.15 -1009 -903 -805 -715 -632 -554 -482 -414 -350 -291
0.16 -1048 -936 -833 -738 -649 -566 -490 -418 -351 -287
0.17 -1084 -966 -857 -756 -663 -576 -494 -418 -347 -280
0.18 -1117 -993 -878 -772 -673 -581 -496 -416 -341 -270
0.19 -1116 -1015 -895 -784 -680 -584 -494 -409 -330 -256
0 . 2 0 -1171 -1035 -909 -792 -683 -582 -488 -400 -317 -239
0 . 2 1 -1192 -1050 -918 -797 -683 -578 -479 -386 -300 -218
0 . 2 2 -1209 -1061 -924 -797 -679 -569 -466 -369 -278 -193
0.23 -1223 -1069 -927 -794 -671 -556 -448 -348 -253 -164
0.24 -1232 -1073 -925 -787 -659 -539 -427 -322 -223 -131
0.25 -1238 -1072 -918 -775 -642 -518 -401 -292 -189 -9 2
0.26 -1239 -1067 -908 -759 -621 -492 -371 -257 -150 -4 9
0.27 -1236 -1057 -892 -738 -595 -461 -335 -217 -106 0
0.28 -1228 -1043 -872 -712 -564 -425 -294 -172 -5 6 52
0.29 -1215 -1024 -846 -681 -527 -383 -248 - 1 2 1 0 1 1 1
0.30 -1196 -999 -816 -645 -486 -336 -196 -6 4 60 176
0.31 -1172 -968 -779 -602 -437 -283 -138 0 126 247
0.32 -1142 -931 -736 -553 -383 -223 -7 2 6 8 2 0 0 325
0.33 -1105 - 8 8 8 - 6 8 6 -498 -322 -157 0 144 281 410
0.34 -1062 -838 -629 -434 -253 -8 3 78 227 368 501
0.35 - 1 0 1 2 -780 -565 -364 -176 0 164 318 464
0.36 -953 -714 -492 -285 -9 2 89 259 418 569
0.37 - 8 8 6 -641 -413 - 2 0 0 0 189 366 533 692
0.38 -810 -558 -323 -105 103 297 479 651
0.39 -725 -466 -223 0 215 414 601 778

-6-
S 0.75 0.77 0.79 0.81 0.83 .085 0.87 0.89 0.91 0.93 0.95 0.97 0.99

0.03 -9 4 -83 -7 2 -6 2 -53 -44 -3 6 -2 8 - 2 0 -13 - 6 0 6
0.04 - 1 2 1 -106 -92 -79 - 6 6 -5 4 -43 -33 -23 -13 - 4 4 1 2
0.05 -145 -126 -109 -9 2 -77 -62 -49 -3 5 -23 - 1 1 0 1 1 2 1
0.06 -166 -144 -123 -104 -8 5 - 6 8 -51 -3 6 - 2 1 - 7 6 19 31
0.07 -185 -159 -135 -113 -91 -71 -5 2 -3 4 -1 6 0 15 30 44
0.08 - 2 0 1 -172 -145 -119 -9 4 -71 -50 -29 - 1 0 9 27 44 60
0.09 -214 -182 -151 - 1 2 2 -95 -69 -4 5 - 2 2 0 2 1 41 60 78
0 . 1 0 -225 -189 -155 -123 -9 3 -6 5 -38 - 1 2 1 2 35 57 78 98
0 . 1 1 -233 -194 -157 - 1 2 2 -8 9 -5 7 -2 8 0 27 52 76 99 1 2 1
0 . 1 2 -238 -195 -155 -117 -81 -47 -1 5 15 44 72 98 123 147
0.13 -240 -194 -151 - 1 1 0 -71 -3 4 0 33 65 94 123 150 176
0.14 -239 -190 -143 -99 -5 8 -1 9 19 54 8 8 1 2 0 151 180 208
0.15 -235 -183 -133 - 8 6 -4 2 0 40 78 114 148 181 2 1 2 242
0.16 -228 -172 -119 -69 - 2 2 2 2 65 105 144 180 215 248 280
0.17 -218 -158 - 1 0 2 -5 0 0 48 93 136 176 215 252 288 321
0.18 -204 -141 -82 -2 6 26 77 124 169 213 254 293 330 366
0.19 -186 - 1 2 1 -5 8 0 56 109 159 207 252 296 337 376 414
0 . 2 0 -165 -9 6 -31 31 89 145 198 248 296 341 385 426 466
0 . 2 1 -141 -6 9 0 65 126 185 240 293 343 391 437 481 523
0 . 2 2 -113 -3 7 35 103 168 229 287 342 395 446 494 540 584
0.23 -8 0 0 74 146 213 277 338 396 451 504 554 602 648
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Table VII (Continued)

0.24 -4 3 40 118 192 263 330 393 454 512 567 620 670 719
0.25 0 85 167 244 318 387 454 517 577 635 690 743 793
0.26 45 135 2 2 0 301 377 450 519 585 648 708 765 820 873
0.27 97 191 279 363 442 518 590 659 724
0.28 154 251 343 430 513 591
0.29 217 318 413 503 589 670
0.30 287 391 490 584 674 759
0.31 362 470 573 670 762 851
0.32 444 556 662 763
0.33 533
0.34 627

8-
5 1.01 1.03 1.05 1.07 1.09 1.11 1.13 1.15 1.17 1.19 1.21 1.23

0.03 1 2 18 23 28 33 38 42 47 51 55 59 63
0.04 2 0 28 35 42 48 54 60 66 72 77 82 87
0.05 30 40 49 57 65 73 80 8 8 95 1 0 1 108 114
0.06 43 54 65 75 85 94 103 1 1 1 1 2 0 128 135 143
0.07 58 71 83 95 106 117 127 137 147 156 165 174
0.08 75 90 104 117 130 143 144 166 177 188 198 207
0.09 95 1 1 1 127 142 157 171 184 197 209 2 2 1 233 244
0 . 1 0 117 136 153 170 186 2 0 1 216 231 244 257 270 282
0 . 1 1 142 162 182 2 0 0 218 235 251 267 282 296 310 324
0 . 1 2 170 192 213 233 252 271 289 306 322 338 353 368
0.13 2 0 1 224 247 269 290 310 329 348 365 383 399 415
0.14 234 260 284 308 330 352 372 392 412 430 448 465
0.15 271 298 324 349 374 397 419 440 461 481 500 518
0.16 311 340 368 394 420 445 469 491 513 535 555 574
0.17 354 385 414 443 470 496 522 546 569 592 614 635
0.18 400 433 464 495 523 551 578 604 629 653 676
0.19 450 485 518 550 581 610
0 . 2 0 504 541 576 609 641
0 . 2 1 563 601 638 674 708
0 . 2 2 626 6 6 6 705 743 778
0.23 693 735 776
0.24 765 809 852
0.25 842
0.26 923

t e r n s  w h i c h  u s e  a s  t h e  t h i r d  c o n s t a n t  t h e  c r i t i c a l  c o m p r e s 

s i b i l i t y  f a c t o r ,9'10 o r  t h e  a c e n t r i c i t y  f a c t o r  o f  P i t z e r .11-16 
H o w e v e r ,  b e c a u s e  o f  e x p e r i m e n t a l  l i m i t a t i o n s  o n  t h e  

r a n g e  o f  t h e  d a t a  u s e d ,  T a b l e  V I I  d o e s  n o t  r e p r e s e n t  

e x t r e m e  d e v i a t i o n s  f r o m  i d e a l i t y .  F o r  C F 4, w i t h  t h e  

r e l a t i v e l y  l a r g e  Icb o f  2 . 8 8 ,  t h e  Z  v a l u e s  e x t e n d  f r o m  0 . 6 9  

t o  1 . 2 1 .  A l s o ,  t h e  s y s t e m  h a s  n o t  b e e n  t e s t e d  f o r  g r e a t l y  

d i s s i m i l a r  c o m p o u n d s .  A l t h o u g h  C F 4 a n d  C H 4 d i f f e r  

c o n s i d e r a b l y  i n  ks, s o  t h a t  (Z  — 1 )  f o r  C F 4 i s  a l w a y s  

a b o u t  5 0 %  g r e a t e r  t h a n  f o r  C H 4, t h e  d i f f e r e n c e  a p p e a r s  

t o  b e  d u e  m a i n l y  t o  m o l e c u l a r  s i z e .  I t  w o u l d  b e  

i n t e r e s t i n g  t o  t e s t  p o l a r  c o m p o u n d s ,  b u t  u n f o r t u n a t e l y  

t h e i r  B o y l e  t e m p e r a t u r e s  a r e  r e l a t i v e l y  h i g h ,  a n d  g o o d  

q u a l i t y  P V T  d a t a  a r e  u s u a l l y  i n  a  r e g i o n  o f  6  a n d  S 
w h i c h  d o e s  n o t  p e r m i t  d i r e c t  e v a l u a t i o n  o f  t h e  c o n s t a n t s  

jPb a n d  do b y  e q  1, a n d  i n  l a r g e  p a r t  d o e s  n o t  o v e r l a p  

T a b l e  V I I .
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Physical Properties and Chemical Reactivity of Alternant Hydrocarbons and 

Related Compounds. XVII.1 Electronic Spectra of Amino and 

Hydroxy Derivatives of Benzenoid Hydrocarbons

b y  M .  T i c h y

Institute o f  Industrial H ygiene and Occupational D iseases, Prague, Czechoslovakia

a n d  R .  Z a h r a d n i k

Institute o f  Physical Chemistry, Czechoslovak A cadem y o f Sciences, Prague, Czechoslovakia (Received Ju ne Zk, 1968)

The electronic absorption spectra of the monoamino and monohydroxy derivatives of benzene, naphthalene, 
and of derivatives of phenanthrene, pyrene, and benzo[V]phenanthrene were recorded in 50% aqueous 
methanol and in alkaline (0.2 M  NaOH) 50% aqueous methanol. For 11 representatives, the position of the 
first S—>Ti transitions were estimated from phosphorescence spectra. It was found that several first bands 
of the absorption curves (So—>SX transitions) can be reasonably interpreted by means of the unmodified method 
of Pariser, Parr, and Pople, using the Mataga-Nishimoto approximation for the electron repulsion integrals.

I n  r e c e n t  y e a r s ,  s e m i e m p i r i c a l  m e t h o d s  h a v e  b e e n  

w i d e l y  e m p l o y e d  i n  t h e  s t u d y  o f  t h e  p r o p e r t i e s  o f  a n  

e x t e n s i v e  s e r i e s  o f  c o n j u g a t e d  h y d r o c a r b o n s  a n d  t h e i r  

d e r i v a t i v e s .2 T h e  s h o r t c o m i n g s  o f  t h e s e  c a l c u l a t i o n s  

a r e  m a i n l y  t h e  f o l l o w i n g :  ( i )  t h e  t h e o r y  i s  u s u a l l y  

c h e c k e d  o n  a  r e l a t i v e l y  s m a l l  s e r i e s  o f  s u b s t a n c e s ,  ( i i )  

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

n e i t y  o f  t h e  i n d i v i d u a l  g r o u p s ,  a n d  ( i i i )  h i g h e r  d e g r e e s  

o f  a c c u r a c y  a r e  a t t e m p t e d  w i t h  a n  i n c r e a s e  i n  t h e  

n u m b e r s  o f  e m p i r i c a l  p a r a m e t e r s ,  w i t h o u t  a c h i e v i n g  a n  

e s s e n t i a l  i m p r o v e m e n t  i n  t h e  a g r e e m e n t  b e t w e e n  e x p e r i 

m e n t a l  a n d  t h e o r e t i c a l  d a t a .  O f  c o u r s e ,  t h e  o l d  d i s 

a d v a n t a g e  e n c o u n t e r e d  i n  t h e  a p p l i c a t i o n  o f  t h e  H M O  

m e t h o d  i s  a l s o  m a n i f e s t e d .  O n l y  i n  a  f e w  c a s e s  i s  i t  

p o s s i b l e  t o  f i n d  p a p e r s  o f  d i f f e r e n t  a u t h o r s  w h o s e  r e s u l t s  

a r e  s a f e l y  c o m p a r a b l e .  T h e  n o n u n i f o r m i t y  i n v o l v e d  i n  

t h e  u s e  o f  t h e  H M O  m e t h o d  i s  f a r  l e s s  c o n s e q u e n t i a l ;  

t h e  m o s t  s e r i o u s  s o u r c e  o f  n o n u n i f o r m i t y  i s  n o t  d u e  t o  

t h e  u s e  o f  d i f f e r e n t  n u m e r i c a l  v a l u e s  f o r  t h e  m o n o c e n 

t r i c  a n d  b i c e n t r i c  c o r e  i n t e g r a l s  ( a / ,  f t * / )  b u t  r a t h e r  ( i )  

t o  t h e  p o s s i b i l i t y  o f  e x p r e s s i n g  a Mc ( cf. r e f  3 )  a n d  (3hr° 
( cf. r e f  4 )  a s  f u n c t i o n s  o f  ( i r - e l e c t r o n  d e n s i t y  o n  a n  

a t o m  p.) a n d  p?v ( a  b o n d  o r d e r  b e t w e e n  a t o m s  ft a n d  v) , 

w h i c h  i s  u t i l i z e d  o n l y  b y  s o m e  a u t h o r s  ( m o r e o v e r ,  t h e  

s h a p e  o f  t h e  f u n c t i o n a l  d e p e n d e n c e  u s u a l l y  v a r i e s ) , a n d

( i i )  t o  t h e  u s e  o f  s e v e r a l  t y p e s  o f  e x p r e s s i o n s  f o r  t h e  

a p p r o x i m a t i o n  o f  t h e  m o n o -5 a n d  t h e  b i c e n t r i c  e l e c t r o n  

r e p u l s i o n  i n t e g r a l s .6-11
W e  b e l i e v e  t h a t  u n t i l  i t  i s  p o s s i b l e  t o  s u g g e s t  a  g e n e r 

a l l y  a p p l i c a b l e  v e r s i o n  o f  a  s e m i e m p i r i c a l  m e t h o d  b a s e d  

u p o n  s y s t e m a t i c  s t u d i e s ,  i t  i s  a p p r o p r i a t e  t o  u t i l i z e  t h e  

simplest possible v e r s i o n  o f  t h e  L C I - S C F  m e t h o d .  F o r  

t h i s  r e a s o n  w e  e m p l o y e d  t h e  o r i g i n a l  m e t h o d  o f  P a r i s e r ,  

P a r r ,  a n d  P o p l e  ( h e r e  r e f e r r e d  t o  a s  P P P ) ,  i n  w h i c h  

b i c e n t r i c  e l e c t r o n  r e p u l s i o n  i n t e g r a l s  w e r e  a p p r o x i m a t e d  

a c c o r d i n g  t o  M a t a g a  a n d  N i s h i m o t o ;8 f o r  t h e  m o n o 

c e n t r i c  i n t e g r a l s ,  t h e  a p p r o x i m a t i o n  o f  P a r i s e r  w a s  u s e d .6
T h e  a p p l i c a b i l i t y  o f  t h e  P P P  m e t h o d  h a s  a l r e a d y  b e e n  

s t u d i e d  f o r  n u m e r o u s  a l t e r n a n t 242-17 a s  w e l l  a s  n o n -  

a l t e m a n t 18-20 h y d r o c a r b o n s ,  o f  h e t e r o a n a l o g s  o f  t h e  

p y r i d i n e  t y p e ,21-22 a n d  o f  v a r i o u s  s u l f u r - c o n t a i n i n g  

h e t e r o c y c l i c  s y s t e m s .23 ( F o r  a  r e v i e w  s e e  r e f  2 ,  2 4 ) .

(1 ) P art X V I :  C . Pârkânyi, E . J. B aum , J. W ya tt , an d  J. N .
P itts, Jr., J. P hys. Chem., in  press.
(2) R . G . Parr, “ T h e  Q uantum  T h eory  o f  M o lecu lar  E lectron ic  
S tru cture ,”  W . A. B en jam in , Inc., N ew  Y ork , N . Y ., 1963.
(3) R . D . B row n and M . L . H effernan, A ust. J . Chem., 13, 38 (1960).
(4) C . A . C oulson and A. G oieb iew ski, P roc. P hys. Soc. (L on d on ), 
78, 1310 (1961).
(5) R . Pariser, J .  Chem. P hys., 21, 568 (1953); 2 4 , 250 (1956).
(6) J. A . P op le , Trans. Faraday Soc., 49, 1375 (1953).
(7) R . Pariser and R . G . Parr, J. Chem. P hys., 21 , 466, 767 (1 953).
(8) N . M ataga  and K . N ish im oto , Z . P hysik . Chem. (F ran k fu rt), 
13, 140 (1957).
(9) K . O hno, Advan. Quantum Chem., 3 , 239 (1967).
(10) K . O hno, Theoret. Chim. Acta, 2 , 219 (1964).
(11) K . N ish im oto , ibid., 5, 74 (1966).
(12) J. K ou teck y , J . Paldus, and R. Zahradnik, J . Chem. P hys., 
36, 3129 (1962).
(13) N . S. H am  and K . R uedenberg , ibid., 25 , 13 (1956).
(14) R . L . H um m el and  K . R uedenberg , J . P hys. Chem ., 66 , 2334 
(1962).
(15) R . S. B eck er, I. S. Singh, and  E . A . Jackson , J . Chem. P hys., 
38 , 2144 (1963).
(16) J. E . B loor, B . R . G ilson , and N . B rearley, Theoret, Chim . 
A cta , 8 , 35 (1967).
(17) N . L . A llinger, M . A . M iller, L . W . C how , R . A . F ord , and 
J. C . G raham , J. A m er. Chem. Soc., 87, 3430 (1965).
(18) E . H eilbron ner and  J. N . M urrell, M ol. P hys., 6 , 1 (1963).
(19) J. K o u te ck y , P . H ochm an , and J. M ich l, J . Chem. P hys., 40 , 
2439 (1964).
(20) N . L . A llinger, J . C h ow  T a i, and T . W . Stuart, Theoret. Chim. 
Acta, 8 , 101 (1967).
(21) G . F avin i, I. V an don i, and  M . Siraonetta, ibid., 3 , 45 (1965).
(22) J. K o u te ck y , unpublished  results, 1966.
(23) J. F abian, A . M ehlhorn , and  R . Zahradnik, J . P hys. Chem ., 
72, 3975 (1968).
(24) R . Zahradnik, Fortschr. Chem. Forsch., 10, 1 (1968).
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A  s u i t a b l e  e x t e n s i o n  o f  t h i s  w o r k  a p p e a r e d  t o  b e  a  s t u d y  

o f  d e r i v a t i v e s  o f  a r o m a t i c  h y d r o c a r b o n s  i n  w h i c h  t h e  

h e t e r o a t o m  i s  a n  e x o c y c l i c  a t o m .  P P P  s t u d i e s  o f  

d e r i v a t i v e s  w e r e  t h e  s u b j e c t  o f  a  n u m b e r  o f  p a p e r s ,  t h e  

m a j o r i t y  o f  w h i c h ,  h o w e v e r ,  w a s  o n l y  c o n c e r n e d  w i t h  

a n i l i n e ,  p h e n o l ,  a n d  b e n z e n e  d e r i v a t i v e s  w i t h  s e v e r a l  

s u b s t i t u e n t s .  O n l y  a  f e w  p a p e r s  d e a l  w i t h  n a p h t h a l e n e  

d e r i v a t i v e s 25-31 ( i n  t h i s  c o n n e c t i o n  w e  q u o t e  o n l y  p a p e r s  

o n  d e r i v a t i v e s  o f  b e n z e n o i d  h y d r o c a r b o n s  f o r m e d  b y  t h e  

a t t a c h m e n t  o f  s u b s t i t u e n t s  t h a t  c a r r y  o n l y  o n e  p * A O  

c o n t r i b u t i n g  t w o  7r - e l e c t r o n s  t o  c o n j u g a t i o n )  ,32 S i m u l 

t a n e o u s l y  w i t h  o u r  w o r k ,  i n i t i a l  s t u d i e s  w e r e  u n d e r t a k e n  

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

c a r b o n s  ( a m i n o  a n d  h y d r o x y  d e r i v a t i v e s ,33-86 t h i o p h e -  

n o l s 37) . R e c e n t l y ,  w e  h a v e  b e e n  c o n c e r n e d  w i t h  a r y l -  

m e t h y l  c a t i o n s 38 a n d  w i t h  d e r i v a t i v e s  o f  o d d  a l t e r n a n t  

s y s t e m s ,  p e r i n a p h t h e n o n e s .39
I n  v i e w  o f  t h e  i m p o r t a n c e  o f  t h e  h y d r o x y  a n d  a m i n o  

d e r i v a t i v e s  o f  b e n z e n o i d  h y d r o c a r b o n s ,  w e  c o n s i d e r e d  

i t  d e s i r a b l e  t o  m e a s u r e  t h e  s p e c t r a  o f  a l l  s y s t e m s  i n  

q u e s t i o n  i n  t h e  r e g i o n  5 0 - 2 0  k K  u n d e r  u n i f o r m  c o n d i 

t i o n s .  T h e  c o m p a r i s o n  o f  t h e o r e t i c a l  e x c i t a t i o n  e n e r g i e s  

a n d  o s c i l l a t o r  s t r e n g t h s  w i t h  e x p e r i m e n t a l  d a t a  i s  t h e  

m a i n  s u b j e c t  o f  t h e  p r e s e n t  p a p e r .

C a l c u l a t i o n s

T h e  o r i g i n a l  v e r s i o n  o f  t h e  P P P  m e t h o d  w a s  e m p l o y e d  

( d e t a i l s  a r e  g i v e n  i n  r e f  4 0 ) .  T h e  v a l u e s  o f  t h e  e m p i r 

i c a l  p a r a m e t e r s  e m p l o y e d  a r e  s u m m a r i z e d  i n  T a b l e  I .

Table I: Empirical Parameters for LCI-SCF Calculations
(Description in the Text)

Atom, fi I„, eV A„, eV Timi. eV /3„c°, eV

C 1 1 . 2 2 0.69 10.53 -2.388
N 27.3 9.3 18.0 -1.910
O 32.9 1 0 . 0 22.9 -2.38S
o - 2 1 . 0 9.5 11.5 -2.388

I n  T a b l e  I ,  / „ ,  A „ ,  ym  a n d  ¡3„c° s t a n d  f o r  t h e  v a l e n c e -  

s t a t e  i o n i z a t i o n  p o t e n t i a l ,  t h e  e l e c t r o n i c  a f f i n i t y ,  t h e  

m o n o c e n t r i c  e l e c t r o n i c  r e p u l s i o n  i n t e g r a l ,  a n d  t h e  c o r e  

r e s o n a n c e  i n t e g r a l ,  r e s p e c t i v e l y .  T h e  b i c e n t r i c  r e p u l 

s i o n  i n t e g r a l s  h a v e  b e e n  c a l c u l a t e d  f r o m  t h e  M a t a g a -  

N i s h i m o t o  f o r m u l a 8

1 4 . 3 9 9  Tr 
Y *r  =  p  , —  e V•tCfxp I O'flV

w h e r e  R„r ( A )  i s  t h e  d i s t a n c e  b e t w e e n  a t o m s  ¡i a n d  v 
a n d  a„ „  i s  a  c o n s t a n t ,  t h e  v a l u e  o f  w h i c h  e q u a l s  1 . 3 8 2  A  

f o r  b o t h  c a r b o n - c a r b o n  a n d  c a r b o n - h e t e r o a t o m  p a i r s .  

I n  a  p a r a m e t e r  s t u d y ,  w e  h a v e  f o u n d  ( t h e  r e s u l t s  o f  a  

c a l c u l a t i o n  a r e  n o t  s h o w n  h e r e  b e c a u s e  o f  l a c k  o f  s p a c e )  

t h a t  c h a n g e s  i n  a^ v a l u e s  u s e d  f o r  c a r b o n - h e t e r o a t o m  

p a i r s  h a v e  a n  i n s i g n i f i c a n t  e f f e c t  o n  t h e  r e s u l t s .41 F o r

t h i s  r e a s o n ,  w e  p r e f e r  t o  u s e  t h e  c o n s t a n t  v a l u e  o f  a 
f o r  a l l  p a i r s .

T h e  v a l u e s  g i v e n  f o r  t h e  e m p i r i c a l  p a r a m e t e r s  ( T a b l e  

I )  a r e  b a s e d  u p o n  a  p a r a m e t e r  s t u d y  i n  w h i c h  w e  c o n 

s i d e r e d  s e p a r a t e l y  c h a n g e s  o f  / „  ( 1 0 - 3 0  e V ) ,  y^  
( 1 0 - 3 0  e V ) ,  a n d  ( 0 . 5 - 2 . 0  e V ) .42 T h e  s e l e c t i o n  o f  

t h e  p a r a m e t e r s  w a s  c a r r i e d  o u t  b y  c o m p a r i s o n  o f  t h e  

c a l c u l a t e d  e x c i t a t i o n  e n e r g i e s  a n d  o s c i l l a t o r  s t r e n g t h s  

w i t h  t h e  e x p e r i m e n t a l  a b s o r p t i o n  c u r v e s  o f  n a p h t h y l -  

a m i n e s ,  n a p h t h o l s ,  a n d  n a p h t h o l a t e s .

G e n e r a l l y  1 6  m o n o e x c i t e d  c o n f i g u r a t i o n s ,  f o r m e d  b y  

e x c i t a t i o n  o f  a n  e l e c t r o n  f r o m  t h e  f o u r  h i g h e s t  o c c u p i e d  

i n t o  t h e  f o u r  l o w e s t  f r e e  m o l e c u l a r  o r b i t a l s ,  w e r e  i n 

c l u d e d  i n  o u r  c a l c u l a t i o n s .  I n  t h e  c a s e  o f  b e n z e n e  

d e r i v a t i v e s ,  a l l  m o n o e x c i t a t e d  c o n f i g u r a t i o n s  w e r e  t a k e n  

i n t o  c o n s i d e r a t i o n .

I n  t h e  c a l c u l a t i o n s  w e  a s s u m e d  t h e  s a m e  l e n g t h  f o r  

a l l  b o n d s  i n  t h e  m o l e c u l e ,  i n c l u d i n g  t h e  c a r b o n - h e t e r o 

a t o m  b o n d  ( 1 . 4  A ) , a n d  a n  i d e a l i z e d  g e o m e t r y  ( C C C  

1 2 0 ° ) .  F r o m  o u r  p r e v i o u s  w o r k ,40'42 i t  i s  r e l a t i v e l y  

c e r t a i n  t h a t  t h e  u s e  o f  a n  i d e a l i z e d  g e o m e t r y  a n d  t h e  

c o n s i d e r a t i o n  o f  t h e  s a m e  l e n g t h  f o r  a  c a r b o n - h e t e r o 

a t o m  e x o c y c l i c  b o n d  a s  f o r  a  c a r b o n - c a r b o n  b o n d  i n  a  

m o l e c u l e  h a v e  o n l y  a  n e g l i g i b l e  e f f e c t  o n  t h e  v a l u e s  o f  

e n e r g e t i c  c h a r a c t e r i s t i c s  w i t h  w h i c h  w e  a r e  c o n c e r n e d .  

U n t i l  t h e r e  a r e  m o r e  e x t e n s i v e  e x p e r i m e n t a l  d a t a  ( m e a s 

u r e m e n t s  a t  l o w  t e m p e r a t u r e ,  o f  S o  — > T i  t r a n s i t i o n s ,  

o f  T j  — > T *  t r a n s i t i o n s ,  p o l a r i z a t i o n  o f  b a n d s ,  e t c . ) , a n y  

s e r i o u s  a t t e m p t  a t  a n a l y s i s  o f  d i s c r e p a n c i e s  b e t w e e n  

t h e o r e t i c a l  c a l c u l a t i o n s  a n d  e x p e r i m e n t a l  d a t a  w i l l  b e  

h a r d l y  p o s s i b l e .

W e  a b a n d o n e d  o u r  o r i g i n a l  i n t e n t i o n  t o  p r e s e n t  a  

t a b u l a t e d  s u r v e y  o f  t h e  p a r a m e t e r s  s o  f a r  e m p l o y e d  i n  

t h e  l i t e r a t u r e ,  f i r s t ,  i n  v i e w  o f  t h e  c o n s i d e r a b l e  n o n -

(25) H. B a b a  and S. Suzuki, Bull. Chem. Soc. Jap . 34 , 76 (1961).
(26) H . B aba  and S. Suzuki, ibid., 35, 683 (1962).
(27) K . N ish im oto  and R . F u jish iro, J . Chem.. P hys., 36 , 3494 (1962).
(28) K . N ish im oto , J. P hys. Chem., 67 , 1443 (1963).
(29) S. Suzuki and H . B aba , J. Chem. P h ys., 38 , 349 (1963).
(30) K . N ish im oto  and  R . F u jish iro, B ull. Chem. Soc. Ja p . 37» 
1660 (1964).
(31) L . S. F orster and K . N ish im oto , J . A m er. Chem. Soc., 87, 
1459 (1965).
(32) A  m ore detailed  literature su rvey  is available  on  request to  
the  authors.
(33) K . N ish im oto  and L . S. F orster, Theoret. Chim. A cta , 4 , 155 
(1966).
(34) G . W . P ukan ic, D . R . F orshey , B r. J. D . W egener, and J. B . 
Greenshields, ibid., 9 , 38 (1967).
(35) D . R . F orshey, G . W . P ukan ic, B r. J. D . W egener, and J. B. 
Greenshields, ibid., 9, 288 (1968).
(36) J. M ich l, R . S. B ecker, and  C. A . E arhart, in  preparation .
(37) J. F abian, A . M ehlhorn , and G . T roger, Theoret. Chim. Acta, 
9 , 140 (1967).
(38) R . Zahradnik, A . K rohn , J. Pancir, and  D . Snobl, Collection  
Czech. Chem. Com m un., in  press.
(39) R . Zahradnik, M . T ich y , and  D . H . R eid , Tetrahedron, 24, 
3001 (1968).
(40) P . H ochm an n , R . Zahradnik, and V . K vasn ick a , Collection  
Czech. Chem. Comm un., in  press.
(41) R . Zahradnik, J. F abian, and A. M eh lhorn , unpublished  results.
(42) M . T ich y , Thesis, Institute  o f  P hysical C hem istry, C zech oslovak  
A ca d em y  o f  Sciences, Prague, 1966.
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u n i f o r m i t y  o f  t h e  d a t a  a n d ,  s e c o n d l y ,  b e c a u s e  s u c h  a  

c o m p a r i s o n  w o u l d  b e  o f  v a l u e  o n l y  i f  i t  o f f e r e d  t h e  

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

e t e r s .  T h e  p u b l i s h e d  d a t a ,  h o w e v e r ,  d o  n o t  p e r m i t  

s u c h  a n  a n a l y s i s .

Experim ental Section

T h e  e l e c t r o n i c  a b s o r p t i o n  s p e c t r a  w e r e  r e c o r d e d  b y  

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

( U N I C A M  S P  7 0 0 ) ,  i n  a  5 0 %  a q u e o u s  m e t h a n o l  s o l u 

t i o n  a n d  i n  a n  a l k a l i n e  ( 0 . 2  M  N a O H )  5 0 %  a q u e o u s  

m e t h a n o l  s o l u t i o n .  T h e  a b s o r p t i o n  c u r v e s  i n  c y c l o 

h e x a n e  w e r e  a l s o  r e c o r d e d ;  t h e y  w i l l  b e  p u b l i s h e d  i n  

a n o t h e r  p a p e r .* 43 I n  o u r  p r e s e n t  w o r k  w e  h a v e  e m p l o y e d  

o n l y  s p e c t r a  r e c o r d e d  i n  a q u e o u s  m e t h a n o l  s o l u t i o n s  i n  

o r d e r  t o  p r e s e r v e  u n i f o r m  e x p e r i m e n t a l  c o n d i t i o n s ,  

s i n c e  t h e  s o l u b i l i t y  o f  p h e n o l a t e  a n i o n s  i n  n o n p o l a r  

s o l v e n t s  i s  i n s u f f i c i e n t .  T h e  p h o s p h o r e s c e n c e  o f  a m i n e s  

w a s  r e c o r d e d  i n  a  s o l i d  E P A  s o l u t i o n  a t  7 7 ° K  b y  m e a n s  

o f  A m i n c o - B o w m a n  s p e c t r o f l u o r i m e t e r  e q u i p p e d  w i t h  

p h o s p h o r e s c e n c e  a t t a c h m e n t .  T h e  p h o s p h o r e s c e n c e  i n  

f r o z e n  e t h a n o l  s o l u t i o n s  w a s  m e a s u r e d  a t  7 7 ° K  i n  a n  

a p p a r a t u s  c o n s t r u c t e d  i n  t h e  l a b o r a t o r y .  T h e  r e s u l t s  

w e r e  c o r r e c t e d  f o r  t h e  v a r i a b l e  s e n s i t i v i t y  o f  t h e  d e t e c 

t o r s  a t  d i f f e r e n t  w a v e l e n g t h s .44 45 46 47 48 49 50
T h e  h y d r o x y  d e r i v a t i v e s  o f  a n t h r a c e n e 45,46 a n d  p h e n -  

a n t h r e n e 47,48 w e r e  p r e p a r e d  b y  m e t h o d s  a l r e a d y  

d e s c r i b e d .  T h e  s a m p l e s  o f  a m i n o  a n d  h y d r o x y  d e r i v a 

t i v e s  o f  b e n z o [ c ] p h e n a n t h r e n e  w e r e  o b t a i n e d  f r o m  

P r o f e s s o r  M .  S .  N e w m a n .49,50 T h e  o t h e r  c o m p o u n d s  

w e r e  c o m m e r c i a l .  T h e i r  p u r i t y  w a s  c h e c k e d  b y  m e a n s  

o f  t h e  m e l t i n g  p o i n t s  a n d  a l s o  b y  a  c o m p a r i s o n  o f  t h e  

e l e c t r o n i c  s p e c t r a  w i t h  d a t a  f r o m  t h e  l i t e r a t u r e  w h e n  

t h e s e  w e r e  a v a i l a b l e .  T h e  s a m p l e s  w e r e  k e p t  u n d e r  

n i t r o g e n  a n d  t h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  i n  

s o l u t i o n s  w h i c h  h a d  b e e n  p u r g e d  w i t h  o x y g e n - f r e e  N 2. 

T h e  s a m p l e s  w e r e  p u r i f i e d  b y  c o l u m n  c h r o m a t o g r a p h y  

o n  a l u m i n a ,  b y  r e p e a t e d  c r y s t a l l i z a t i o n ,  b y  d i s t i l l a t i o n  

u n d e r  r e d u c e d  p r e s s u r e ,  o r  b y  z o n e  m e l t i n g .  T h e  

p a r e n t  s k e l e t o n s  o f  t h e  c o m p o u n d s  s t u d i e d  i n  t h e  p r e s 

e n t  w o r k  a r e  g i v e n  i n  T a b l e  I I .  T h e  n u m b e r s  o f  p o s i 

t i o n s  b e a r i n g  t h e  s u b s t i t u e n t s  a r e  i n d i c a t e d .

R esults and D iscussion

T h e  r e s u l t s  o f  t h e  m e a s u r e m e n t s  a n d  c a l c u l a t i o n s  f o r  

1 5  a m i n e s ,  1 4  p h e n o l s ,  a n d  1 4  p h e n o l a t e s  a r e  p r e s e n t e d  

i n  F i g u r e s  1 - 3 .  T h e  a b s o r p t i o n  c u r v e s  w e r e  r e c o r d e d  

i n  t h e  r e g i o n  5 0 - 2 0  k K  a n d  a r e  g i v e n  f o r  t h e  v a l u e s  o f  

l o g  € b e g i n n i n g  a p p r o x i m a t e l y  a t  1 . 7 .  F i g u r e s  1 - 3  

s h o w  t h e  a b s o r p t i o n  c u r v e s  o f  t h e  p a r e n t  h y d r o c a r b o n s 51 
f o r  t h e  s a k e  o f  c o m p a r i s o n  ( d o t t e d  l i n e s ) . F o r  s e v e r a l  

c o m p o u n d s ,  t h e  p o s i t i o n s  o f  t h e  m a x i m a  o f  f l u o r e s c e n c e 52 
a n d  p h o s p h o r e s c e n c e  a r e  a l s o  p r e s e n t e d .  F i g u r e  1 d o e s  

n o t  i n c l u d e  t h e  a b s o r p t i o n  c u r v e  o f  9 - a m i n o a n t h r a c e n e .  

T h e  m e a s u r e d  e x p e r i m e n t a l  c u r v e 53 i s  i n  s a t i s f a c t o r y  

a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  s p e c t r a l  d a t a  o b t a i n e d  

b y  m e a n s  o f  t h e  L C I - S C F  m e t h o d .

Table II: Survey of the Investigated Substances. The Roman 
Figures I-VII in Tables II, III, and IV Indicate the 
Parent Hydrocarbon; the Arabic Figures 1-9 Denote 
the Position in which the Hydrocarbon is Substituted 
by a Functional Group (NH2, OH or O- )

1

0
Benzene

1

C O  C C O
Naphthalene

II
Anthracene

III

T h e  v a l u e s  o f  t h e  t h e o r e t i c a l  e x c i t a t i o n  e n e r g i e s  a r e  

i n d i c a t e d  b y  t h e  p o s i t i o n s  o f  a b s c i s s a s  w h o s e  l e n g t h s  a r e  

p r o p o r t i o n a l  t o  t h e  l o g a r i t h m s  o f  t h e  o s c i l l a t o r  s t r e n g t h .  

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

s p e c t r a  o f  t h e  d e r i v a t i v e s  d o e s  n o t  a l l o w  a n  a c c u r a t e  

d e t e r m i n a t i o n  o f  t h e  e x p e r i m e n t a l  o s c i l l a t o r  s t r e n g t h s  

o f  t h e  i n d i v i d u a l  t r a n s i t i o n s ,  a  c o m p a r i s o n  b e t w e e n  t h e  

t h e o r e t i c a l  a n d  e x p e r i m e n t a l  i n t e n s i t i e s  i s  l e s s  r e l i a b l e  

t h a n  a  c o m p a r i s o n  o f  t h e  e x c i t a t i o n  e n e r g i e s .  F o r  t h i s  

r e a s o n ,  w e  l i m i t  o u r s e l v e s  t o  a n  e m p i r i c a l  c o m p a r i s o n  

o f  l o g / t h  w i t h  l o g  €eXp ( e  b e i n g  t h e  m o l a r  e x t i n c t i o n  

c o e f f i c i e n t ) , a n d  w e  p e r f o r m  t h i s  c o m p a r i s o n  a c c o r d i n g  

t o  t h e  w e l l  e s t a b l i s h e d  r e l a t i o n s h i p 19

l o g  Cexp =  l o g / t h  +  4

T h e  p o s i t i o n s  o f  f o r b i d d e n  t r a n s i t i o n s  a r e  i n d i c a t e d  b y

(43) " U V  A tlas o f  O rganic C om p ou n d s,”  Y o l. 5, H .-H . P erkam pus, 
E d ., V erlag C hem ie, W ein heim ; B utterw orth  and  C o . L td ., L on d on .
(44) E . L ippert, W . N ägele, I. Seibold -B lankenstein , U . Staiger, 
and W . V oss, Z . A nal. Chem., 170, 1 (1959).
(45) R . E . S chm idt, B er ., 37 , 66 (1904).
(46) C. L ieberm ann and A. B ollert, A n n ., 212, 57 (1882).
(47) L . F . Frieser, "O rga n ic  S yntheses,”  C oll. V o l. I I , John  W iley  
and Sons In c ., N ew  Y ork , N . Y ., 1943, p 482.
(48) N . O . F oye, M . W eitzenhoff, and A . M . Stranz, J . A m er. Pharm . 
A ssoc., 41 , 312 (1952).
(49) M . S. N ew m an and J. B lum , J. A m er. Chem. Soc., 86 , 503 (1964).
(50) M . S. N ew m an and J. B lum , ibid., 86, 1835 (1964).
(51 ) , E . C lar, "P o ly c y c l ic  H yd roca rb on s ,”  A cad em ie  Press, Springer- 
V erlag, 1964.
(52) I. B . B erlm an, E d ., "H a n d b o o k  o f  F luorescence S pectra  o f  
A rom atic  M olecu les ,”  A cad em ic  Press, N ew  Y ork , N . Y ., 1965.
(53) R . A . Friedel and M . Oreliin, "U ltra v io le t  S pectra  o f  A rom a tic  
C om p ou n d s,”  B ureau o f  M ines Bulletin , P ittsburgh , P a ., 1951.
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î» (k K)
50 AO 30 40 30 20 40 30 20

Figure 1. Absorption curves of amines (full thick lines) (50% aqueous methanol) and of parent hydrocarbons61 (thin dotted lines). 
Experimental data on the maximum of fluorescence62 and phosphorescence are indicated by an arrow ( J.) and a circle (•), respectively. 
The results of the LCI-SCF calculations for the excitation energies and oscillator strengths are indicated by vertical straight lines; 
the directions of polarization are marked by short both-sided arrows. The theoretical position of the S > Ti transition is indicated by 
a short vertical dashed arrow. The formula of the compound with the axes 
of orientation is given in the upper right corner.
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* (kK )
50 40 30 40 30 20 40 30 20

Figure 2. Absorption curves of phenols (50% aqueous methanol) and parent hydrocarbons. For details see the caption to Figure 1.

a  w a v y  l i n e  w i t h  a n  a r r o w .  F i g u r e s  1 - 3  a l s o  p r e s e n t  

t h e  t h e o r e t i c a l  d i r e c t i o n s  o f  p o l a r i z a t i o n  o f  t h e  i n d i v i d 

u a l  t r a n s i t i o n s ;  t h e s e  d a t a  r e l a t e  t o  m o l e c u l e s  o r i e n t e d  

i n  t h e  w a y  g i v e n  i n  t h e  r i g h t  u p p e r  c o r n e r s  o f  t h e  f i g u r e s .

S h o r t  d a s h e d  a r r o w s  i n d i c a t e  t h e  t h e o r e t i c a l  p o s i t i o n s  

o f  t h e  S  — » T i  t r a n s i t i o n s .

Excitation Energies. F i g u r e s  1 - 3  p r e s e n t  t h e  e x c i t a 

t i o n  e n e r g i e s  f o r  t h e  f i r s t  e i g h t  S 0 — »  S *  t r a n s i t i o n s .
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?(k K )
AO 30 20 AO 30 20 AO 30 20

Figure 3. Absorption curves of phenols (0.2 M NaOH in 50% aqueous methanol) and of parent hydrocarbons. 
For detailed explanation see the caption to Figure 1.
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Table III: LCI-SCF Spectral Characteristics of Aromatic Amines (See Parameters in Table I)°

-A iA 01-
Compd eY kK log / cos 8 Predominant configurations i, j (wt)

1 - 1 4.378 35.32 -1 .30 0 . 0 0 0 1,1'(79.7); 2,2'(19.5)
5.161 41.64 -0 .43 1 . 0 0 0 1,2'(92.2)
6.092 49.15 -0 .54 0 . 0 0 0 2,2'(56.3); 3,1'(26.1); 1 ,l'(17.6)
6.475 52.24 -0 .19 1 . 0 0 0 2,1'(85.8)
7.305 58.93 - 0 . 1 1 0 . 0 0 0 2,3'(20.0); 3,1'(74.9)

II-l 3.902 31.48 -0 .51 0.994 1, l'(94.3)
3.978 32.09 - 1 . 2 1 0.203 1 ,2 ' ( 6 8 .6 ) ; 2,1'(28.0)
5.231 42.20 -0 .24 0.009 2,1'(35.2); 3,1'(18.2); 1,2'(17.8); 2,2'(16.7)
5.338 43.07 - 1 . 1 2 0.293 3,1'(74.0)
5.421 43.74 -0 .93 -0.853 1,3'(91.4)

II- 2 3.736 30.14 - 1 . 0 0 -0.715 1,1'(63.4); 1,2'(13.5); 2,1'(13.5)
4.304 34.73 -0 .87 -0.746 1,2'(33.3); 2,1'(32.0); 1,1'(30.5)
5.121 41.32 - 0 . 0 2 0.334 2,1'(40.3); 1,2'(23.6); 3,1'(16.8)
5.277 42.58 -0 .26 0.598 2,2'(24.6); 1,2'(21.4); 3,1'(12.7)
5.602 45.20 -1 .54 0.964 1,3'(66.6); 3 ,l ' ( l l .4)

III-l 3.167 25.55 -0 .46 0.995 1,1'(95.8 )
3.754 30.28 -1 .27 0.343 1,2'(60.5);3,1'(34.2)
4.187 33.78 -1 .51 -0.767 1,2'(93.7)
4.662 37.61 -0 .87 0.656 1 ,3' (8 8 .2 )
4.818 38.87 0 . 1 2 0.013 3,1'(43.0); 1,2'(26.2); 2,2'(12.3)

III-2 3.254 26.25 -0 .55 -0.897 1,1' (90.4)
3.687 29.75 - 1 . 1 0 0.879 2,1'(50.8); 1,2'(32.5)
4.388 35.40 - 0 . 2 2 0.239 3,1'(34.5); 2,1'(32.4); 1,2'(20.5)
4.647 37.49 -1 .14 0.398 1,3'(83.0)
4.929 39.77 0 . 0 2 0 . 0 2 2 3,1'(49.0); 1,2'(20.7); 4 ,l'(13 .7)

irr-9 3.185 25.70 -0 .36 1 . 0 0 0 1,1'(97.0)
3.666 29.58 -0 .98 0 . 0 0 0 1,2'(69.9); 2,1'(26.8)
4.155 33.52 -1 .28 0 . 0 0 0 1,3'(97.3)
4.853 39.16 F 4,1'(87.5)
4.918 39.68 0 . 2 0 0 . 0 0 0 2,1'(61.5);1,2'(22.9); 3,1'(13.2)

IV-2 3.616 29.18 -1 .41 -0.890 1,1'(70.1); 2,2'(21.9)
4.197 33.86 -0 .94 0.415 2 ,l'(69 .6 ); 1,2'(26.8)
4.573 36.90 - 0 . 1 1 0.827 1,2'(32.0); 2,1'(15.1); 2,2'(13.7)
4.757 38.38 0.09 0.312 1,2'(35.9); 2,2'(19.0)
5.070 40.90 -0.41 -0.898 2,2'(35.7); 1,3'(23.6); 1,1' (12.9)

IV-3 3.695 29.81 -1 .18 0.242 2,1'(56.6); 1,2'(26.4); 1,l ' ( l l .4)
3.973 32.05 -0 .2 6 0.714 1,1'(82.3)
4.658 37.58 -0 .99 -0.340 3,2'(29.1); 2,1'(16.9)
5.066 40.87 -0 .28 0.716 2,2'(51.0); 3,1'(25.9)
5.100 41.15 -0 .29 -0.935 2,1'(38.3); 1,2'(21.5); 3,2'(11.8 )

IV-4 3.569 28.80 -0 .95 0.468 1,1'(62.4); 1,2'(16.1)
4.031 32.52 -0 .78 -0.194 1,2'(51.7); 1,1'(25.7); 2,1'(17.6)
4.502 36.32 -0 .17 0.773 2,2'(41.2); 2,1'(23.7); 1,2'(13.2)
4.701 37.93 -0 .60 -0.993 2 ,l'(42 .3 ); 3,1'(25.4); 2,2'(18.0)
4.959 40.01 -1 .71 -0.233 3,2'(26.5); 2,3'(21.6 ) ; 4,1'(18.2)

IV-9 3.717 29.99 -0 .89 0.745 1,2'(50.6); 1,1'(22.9); 2,1'(21.1)
3.876 31.27 -0 .41 0.029 1,1'(70.1); 1,2'(21.3)
4.702 37.93 -0 .52 0.984 2,1'(48.6); 1,2'(23.6); 1,3'(14.7)
4.993 40.28 -0 .52 0.578 2,2' (54.6 ); 1,2'(26.8)
5.168 41.69 -0 .27 -0.306 1,3'(36.9); 2,2'(24.3)

V- 6 3.542 28.58 -0 .13 0.847 1,1'(94.5)
3.633 29.31 -1 .04 -0.315 1,2'(69.4); 2,1'(27.0)
4,411 35.59 -1 .0 6 0.042 1,3'(92.5)
4.700 37.92 -0 .14 -0.038 2,1'(40.5); 3,2'(16.6); 1,2'(15.8); 1,4'(13.7)
4.872 39.30 -0 .13 -0.061 2 ,l'(22 .8 ) ; 1,4'(21.0); 2,3'(15.3); 3 ,2'(14.0)
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Table III (Continued)

■AELCI-
Compd eV kK log  / cos 0 P redom inan t con figurations i, j (wt)

VI-1 3.286 26.51 -0 .07 0.577 1,1'(88.7)
3.604 29.08 - 1 . 0 0 0.865 1,2'(59.3) ; 2,1'(28.8)
4.191 33.81 F 1,3' (96.2)
4.605 37.15 -0 .74 -0.731 4 ,l'(62,4) ; 2 ,l'(20.3)
4.747 38.30 -0 .15 -0.814 2 ,l'(42.5) ; 4,1'(30.5) ; 1,2'(20.8 )

VII-1 3.359 27.10 -1 .23 0.605 1,l'(74.5) ; 1,2'(12.8)
3.430 27.67 -1 .29 -0.918 1,2'(53.1); 1,1'(15.3); 2,1'(14.0)
4.113 33.18 -0 .15 0.996 2,1'(42.7) ; 1,2'(26.3) ; 3,1'(11.0)
4.307 34.75 -1 .04 -0.980 3,1'(40.6) ; 2,1'(26.2) ; 2,2'(23.6)
4.402 35.51 -1 .36 -0.896 1 ,3 '(6 8 .6 ) ; 3 ,1 ' ( 1 2 .2 )

VI 1-2 3.498 28.22 -1 .29 -0.027 1 , 1 ' (62.1 ) ; 2 ,2 ' ( 18.8)
3.894 31.42 -0 .93 0.193 1,2'(50.7); 2 ,l'(26 .1); 1 ,l'(17 .7)
4.260 34.37 0 . 0 0 0.278 2,1'(46.2) ; 2,2'(24.3) ; 1,2'(13.5)
4.495 36.27 -0 .47 0.725 3,1'(37.8 ) ; 1,2'(17.5)
4.644 37.47 -0 .30 -0.869 2,2'(31.9) ; 1,3'(23.2) ; 1,1 ' ( 15.2) ; 1,2'(12.2)

VII-3 3.446 27.80 -1 .60 -0.225 1,2'(39.8 ) ; 2,1'(26.6) ; 1,1'(22.3)
3.814 30.77 -0 .85 0.703 1,1'(61.6) ; 1,2'(16.1)
4.249 34.28 -0 .85 -0.736 3,1'(26.1) ; 3,2'(12.9) ; 2,2'(12.5) ; 1,4'(11.0)
4.347 35.07 0.25 0.999 2,1'(52.0) ; 1,2'(28.3)
4.718 38.07 -1 .16 0.160 3,1'(32.5) ; 4 ,l'(19.4) ; 3,2'(15.9) ; 1,4'(14.2)

VII-4 3.466 27.96 -1 .50 0.663 1,2'(40.9); 1,1'(19.7); 2,1'(16.3)
3.697 29.83 -0 .60 -0.949 1,1'(59.0) ; 1,2'(30.7)
4.178 33.71 - 0 . 0 2 0.976 2 , l ' ( 6 6 .3) ; 1,2'(15.9)
4.403 35.52 -0 .53 -0.699 2,2'(25.7); 3,1'(20.3)
4.641 37.44 -0 .46 0.540 2,2'(21.2) ; 1,4'(19.6) ; 3,2'(14.0)

VII-5 3.431 27.68 -1 .23 0.883 1,1'(38.4) ; 1,2'(32.9) ; 2,1'(11.8 )
3.694 29.80 -0.61 -0.503 1,1' (46.6) ; 1,2'(41.5)
4.266 34.42 0 . 1 0 0.066 2,1'(73.9) ; 1,2'(14.7)
4.572 36.88 -0 .46 0.936 2,2'(47.1) ; 1,4' ( 17.5)
4.660 37.59 -0 .92 0.779 1,3'(76.1)

VII- 6 3.372 27.20 -1 .04 -0.987 1,1'(72.9) ; 2,2'(16.9)
3.812 30.76 -1 .60 0.536 1,2'(53.2) ; 2,1'(41.7)
4.163 33.59 -0 .09 0 . 0 0 0 2,2'(52.7) ; 1 ,l'(14.5)
4.334 34.96 -0 .25 0.465 2 ,l'(43.1) ; 1,2'(36.0)
4.586 37.00 -0 .46 -0.858 1,3'(23.0); 3,1'(15.7); 1,4'(14.8); 2,2'(13.2);

2,4'(11.8 )

“ F means forbidden transition; AFLCI are S0 —> S* excitation energies (of the first five states) ; log/is the logarithm of the oscillator strength; 
0 is the angle between the vector of the transition moment and the y axis of the molecule (ordinate) (see designation in Figures 1-3); wt is the 
weight of the i —*j  configuration in the respective CI-wave function.

H o w e v e r ,  o n l y  t h e  d a t a  f o r  t h e  f i r s t  t h r e e  t o  f o u r  t r a n s i 

t i o n s  a r e  u s u a l l y  s u i t a b l e  f o r  i n t e r p r e t a t i o n .  I n  t h e  

p r e s e n t a t i o n  w e  p r e f e r  t o  u s e  t h e  m e t h o d  o f  c o m p a r i n g  

t h e o r y  a n d  e x p e r i m e n t  a s  e m p l o y e d  i n  F i g u r e s  1 - 3  f o r  

a b s o r p t i o n  c u r v e s  w i t h  w e l l  d e v e l o p e d  a b s o r p t i o n  b a n d s .  

N e v e r t h e l e s s  i t  i s  n o t e w o r t h y  t h a t  t h e  c o r r e l a t i o n  o f  t h e  

e n e r g i e s  o f  t h e  m a x i m a  o f  t h e  f i r s t  t h r e e  b a n d s  w i t h  t h e  

t h e o r e t i c a l  e n e r g i e s  o f  t h e  e l e c t r o n  t r a n s i t i o n s  f r o m  t h e  

g r o u n d  s t a t e  t o  t h e  f i r s t  t h r e e  e x c i t e d  s t a t e s  i s  s i g n i f i c a n t .  

( T h e  c h o i c e  o f  b a n d s  i s  d i f f i c u l t  d u e  t o  t h e i r  o v e r l a p p i n g .  

T h e r e f o r e ,  o n l y  w e l l  r e s o l v e d  s p e c t r a  h a v e  b e e n  c h o s e n ) . 

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

t h e  S  — > T i  t r a n s i t i o n s .  T h i s  i s  n o t  s u r p r i s i n g ,  f o r  i t  i s  

k n o w n  t h a t  t h e  a p p r o x i m a t i o n  o f  t h e  y  i n t e g r a l s  a c c o r d 

i n g  t o  M a t a g a  a n d  N i s h i m o t o ,  t h o u g h  s a t i s f a c t o r y  f o r

S o  — » S i  t r a n s i t i o n s ,  i s  u n s a t i s f a c t o r y  f o r  S  — > T  t r a n s i 

t i o n s .11 O n e  s h o u l d  n o t e  t h a t  t h e  e n e r g i e s  o f  t h e  

m a x i m a  o f  p h o s p h o r e s c e n c e  c o r r e l a t e  s a t i s f a c t o r i l y  w i t h  

t h e  H M O  e n e r g i e s  o f  t h e  N  — > V i  t r a n s i t i o n s .  T h i s  i s  

n o t  s u r p r i s i n g ,  b e c a u s e  w e  h a v e  r e c e n t l y  f o u n d  a  c l o s e  

c o r r e l a t i o n  f o r  a n  e x t e n s i v e  s e t  o f  d a t a  o f  t h i s  k i n d  f o r  

s u b s t a n c e s  o f  d i f f e r e n t  s t r u c t u r a l  t y p e s .64
Intensities. A s  a l r e a d y  p o i n t e d  o u t ,  a l t h o u g h  t h e  

c o m p a r i s o n  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  d a t a  i s  a  

r o u g h  m e t h o d ,  i t  c a n  b e  s t a t e d  t h a t  t h e  c a l c u l a t e d  

v a l u e s  i n d i c a t e  s e m i q u a n t i t a t i v e l y  t h e  d i f f e r e n c e s  i n  t h e  

e x p e r i m e n t a l  d a t a  ( f o r  t h e  f i r s t  t h r e e  t o  f o u r  b a n d s ) .

Directions of Polarization. N o  s t u d i e s  h a v e  a s  y e t

(54) R . Zahradnik, and J. P a n cif, unpublished  results.
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Figure 4. Measurement of the dichroism of 1-amino- and 2-aminoanthracene adsorbed on a stretched polyvinyl alcohol foil. 
Dichroic reduced curves66 related to the absorption of light polarized perpendicularly (ai) or parallel (an) to the stretching direction 
are indicated by a dashed and by a full line, respectively. The position of the theoretical S0 —» Sx excitation energies are 
indicated by short vertical arrows, the theoretical directions of polarization by short both-sided arrows;
the corresponding CI-wave functions are in the lower part of the figure. The representation of the i —» i' configuration by weight 
in the CI-wave function is indicated by a full circle: the amount of 100% is shown by the area 
on the left side above the designation of the configurations.

b e e n  p u b l i s h e d  w h i c h  c o u l d  c o n f i r m  t h e  c o r r e c t n e s s  o f  

t h e  s e m i e m p i r i c a l l y  c a l c u l a t e d  d i r e c t i o n s  o f  p o l a r i z a 

t i o n .  T h e  m e a s u r e m e n t  o f  t h e  d i c h r o i s m  o f  s u b s t a n c e s  

a d s o r b e d  o n  s t r e t c h e d  f o i l s  i s  v e r y  a t t r a c t i v e ,  s i n c e  t h i s  

o f f e r s  i n f o r m a t i o n  a b o u t  t h e  a b s o l u t e  d i r e c t i o n s  o f  

p o l a r i z a t i o n ;  t h i s  m e t h o d  h a s  a l r e a d y  b e e n  s u c c e s s f u l l y  

e m p l o y e d  f o r  s y m m e t r i c a l  m o l e c u l e s .55 N o n e  o f  t h e  

d e r i v a t i v e s  e x p e r i m e n t a l l y  i n v e s t i g a t e d  i n  o u r  w o r k  h a s  

m o r e  t h a n  o n e  p l a n e  o f  s y m m e t r y ;  f o r  t h i s  r e a s o n ,  w e  

s e l e c t e d  1-  a n d  2- s u b s t i t u t e d  a m i n o  a n d  h y d r o x y  d e r i v a 

t i v e s  o f  a n t h r a c e n e  f o r  d i c h r o i c  e x a m i n a t i o n  b e c a u s e  

t h e s e  m o l e c u l e s  a r e  a t  l e a s t  r o d - s h a p e d .  F i g u r e  4  

p r e s e n t s  t h e  r e s u l t s  o f  m e a s u r e m e n t s  f o r  a m i n o  d e r i v a 

t i v e s .  T h e  c o m p a r i s o n  o f  t h e  t h e o r e t i c a l  a n d  t h e  

e x p e r i m e n t a l  d i r e c t i o n s  o f  p o l a r i z a t i o n  o f  t h e s e  u n s y m -  

m e t r i c  m o l e c u l e s  i s  d i f f i c u l t ;  h o w e v e r ,  t h e  m e a s u r e m e n t  

o f  t h e  d i c h r o i s m  e v e n  o f  t h e s e  s y s t e m s  o f f e r s  a  v a l u a b l e  

h e l p  i n  r e v e a l i n g  l e s s  i n t e n s e  b a n d s  w h i c h ,  i n  c o n v e n 

t i o n a l  m e a s u r e m e n t ,  a r e  o v e r l a p p e d  b y  b a n d s  o f  h i g h e r  

i n t e n s i t y .  T h e  t h e o r e t i c a l  d i r e c t i o n s  o f  p o l a r i z a t i o n  o f  

t h e  f i r s t  t w o  b a n d s  o f  1- a m i n o a n t h r a c e n e  a r e  i n  a g r e e 

m e n t  w i t h  e x p e r i m e n t .  I n  t h e  c a s e  o f  t h e  2 - i s o m e r  o n e  

c a n  h a r d l y  s a y  m o r e  t h a n  t h a t  t h e  p o l a r i z a t i o n s  o f  t h e

f i r s t  a n d  t h e  s e c o n d  b a n d ,  i n  b o t h  t h e o r y  a n d  e x p e r i 

m e n t ,  a r e  n o t  t h e  s a m e .  F o r  t h e  1 - i s o m e r  i t  w a s  p o s 

s i b l e  t o  c a r r y  o u t  m e a s u r e m e n t s  f r o m  2 5 0  n m  u p w a r d s ;  

i n  t h e  r e g i o n  f r o m  t h i s  w a v e l e n g t h  t o  t h e  l o n g - w a v e  

r e g i o n ,  t w o  g r o u p s  o f  b a n d s  a r e  v i s i b l e  o n  t h e  c o n v e n 

t i o n a l  c u r v e ;  p o l a r i z a t i o n  m e a s u r e m e n t s  a n d  c a l c u l a 

t i o n s  h a v e  r e v e a l e d  t h a t  f i v e  t r a n s i t i o n s  e x i s t  i n  t h i s  

r e g i o n .

Configuration Interaction and Composition of the C I-  
Wave Functions. A l t h o u g h  i n  s o m e  c a s e s  t h e  i n f l u e n c e  

o f  c o n f i g u r a t i o n  i n t e r a c t i o n  u p o n  t h e  S C F - e x c i t a t i o n  

e n e r g i e s  i s  s i m i l a r  t o  t h a t  o b s e r v e d  o n  t h e  p a r e n t  b e n z e -  

n o i d  h y d r o c a r b o n s  [ t h e  f i r s t  t w o  b a n d s  h a v e  t h e  c h a r a c 

t e r  o f  a  p  b a n d  a n d ,  r o u g h l y  s p e a k i n g ,  o f  a  b a n d  ( T a b l e  

I I I ,  s e e  e.g., I I I - l ,  I I I - 2 , I I I - 9 )  o r  t h e  a p p e a r a n c e  o f  a n  

a b a n d  f o l l o w e d  b y  a  p  b a n d  ( I V - 3 ) ] ,  i n  t h e  m a j o r i t y  

o f  c a s e s  t h e  s i t u a t i o n  i s  r a t h e r  c o m p l i c a t e d  a n d  v a g u e .  

N e v e r t h e l e s s  i t  c a n  b e  s a i d  t h a t  t h e  c o n t r i b u t i o n  o f  t h e  

1 — > 1'  c o n f i g u r a t i o n  i n  t h e  f i r s t  e x c i t e d  s t a t e  i s  n e a r l y

(55) (a) J. H . E ggers and  E . W . T h u ls t ru p , 8 th  E u rop e a n  S p e c tro 
scopic  Congress on M o le c u la r  S pectroscopy, C openhagen, 1965: 
(b ) E . W . T h u ls t ru p  a n d  J . H . Eggers, C h e m .  P h y s .  L e t t e r s ,  1, 690 
(1968).

1 —1 ' #

1 - 2 ’ •  •
1—  3' • £
2 -  1' $
2 —2 ' •
3 — 1' •  •
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Table IV: Comparison of the LCI-SCF Spectral Characteristics of Naphthalene, 1-Aminonaphthalene, 
1-Hydroxynaphthalene, and 1-Naphtholate“

■AE1-01-
Compound eV kK log / cos d Predominant configurations i, j (wt)

Naphthalene 4.036 32.56 F 1,2'(48.8) ; 2,1'(48.8)
4.370 35.26 -0.61 1 . 0 0 0 1,1'(93.4)
5.673 45.77 0.31 0 . 0 0 0 1,2'(50.0) ; 2,1'(50.0)
5.686 45.87 F 2,3'(36.8); 3,2'(36.8) ; 1,4'(13.2) ; 4 ,l'(13.2)
5.709 46.06 F 3,1'(50.1) ; 1,3'(49.7)

1-Hydroxynaphthalene 3.998 32.26 -1 .26 -0.331 1,2'(64.5); 2,1'(29.5)
4.028 32.49 -0 .54 0.979 1,1'(91.4)
5.350 43.16 -0 .08 0 . 0 1 2 2,1'(42.8) ; 1,2'(20.8) ; 3 ,l'(18.3)
5.504 44.40 -1 .16 -0.986 1,3'(62.9) ; 3,1'(29.7)
5.689 45.90 -1 .0 5 -0.477 3,1'(60.4) ; 1,3' (32.3)

1-Aminonaphthalene 3.902 31.48 -0 .51 0.994 1,1'(94.3)
3.978 32.09 - 1 . 2 1 0.203 1 ,2 ' ( 6 8 .6 ) ; 2 ,l'(28.0)
5.231 42.20 -0 .24 0.009 2,1'(35.2); 3,1'(18.2); 1,2'(17.8); 2,2'(16.7)
5.338 43.07 - 1 . 1 2 0.293 3 ,l'(74.0)
5.421 43.74 -0 .93 -0.853 1,3'(91.4)

1 -Hydroxynaphthalene 3.757 30.31 -0 .52 0.984 1,1' (95.3)
anion 3.916 31.60 -1 .06 0.019 1,2'(72.9) ; 2,1 '(23.4)

5.201 41.96 -0 .28 0 . 1 1 2 2,1'(40.3) ; 3,2'(16.0) ; 1,2'(14.4)
5.318 42.91 -0 .60 -0.667 1,3'(81.4)
5.439 43.88 -1 .59 0.820 3 ,l'(82 .1)

“ See Table III.

a l w a y s  t h e  g r e a t e s t ,  a l t h o u g h  i n  s o m e  c a s e s  i t  a m o u n t s  

t o  o n l y  5 0 % .  T h i s  i s  i l l u s t r a t e d  i n  T a b l e  I I I  w h i c h  

c o n t a i n s  d a t a  o n  t h e  p e r c e n t i l e  r e p r e s e n t a t i o n  o f  t h e  

i n d i v i d u a l  c o n f i g u r a t i o n s  i n  t h e  C l - w a v e  f u n c t i o n s  i n  

t h e  e x c i t e d  s i n g l e t  s t a t e s  o f  a m i n e s .  T h e s e  d a t a  m u s t  

b e  v i e w e d  w i t h  a  c e r t a i n  c a u t i o n ,  b e c a u s e  t h e  c o m p o s i 

t i o n  o f  t h e  C l - w a v e  f u n c t i o n s  i s  s e n s i t i v e l y  d e p e n d e n t  

u p o n  t h e  n u m e r i c a l  v a l u e s  o f  t h e  e m p i r i c a l  p a r a m e t e r s .  

T h i s  i s  o b v i o u s  f r o m  T a b l e  I V  w h i c h  p r e s e n t s  a  c o m 

p a r i s o n  o f  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  a n d  t h e  C l - w a v e  

f u n c t i o n s  o f  n a p h t h a l e n e  a n d  o f  m o d e l s  o f  i t s  1- a m i n o  

a n d  1- h y d r o x y  d e r i v a t i v e s  a n d  o f  t h e  r e s p e c t i v e  n a p h -  

t h o l a t e .  I t  i s  o b v i o u s  t h a t  t h e  p a r a m e t e r  c h a n g e  o n  

g o i n g  f r o m  t h e  a m i n o  t o  t h e  h y d r o x y  d e r i v a t i v e  i s  

a c c o m p a n i e d  b y  a n  i n c r e a s e  i n  e n e r g y  o f  t h e  s t a t e  i n  

w h i c h  t h e  1 — »  1 '  c o n f i g u r a t i o n  p r e d o m i n a t e s  a b o v e  t h e  

e n e r g y  o f  t h e  s t a t e  f o r m e d  b y  t h e  1 — > 2 '  a n d  2 — > 1'  

c o n f i g u r a t i o n s .  T h e  p a r a m e t e r  c h a n g e  a l s o  l e a d s  t o  a  

c o n s i d e r a b l e  c h a n g e  i n  t h e  l o g a r i t h m s  o f  t h e  o s c i l l a t o r  

s t r e n g t h s  a n d  t h e  d i r e c t i o n s  o f  p o l a r i z a t i o n  o f  t h e  f i r s t  

t w o  s u c c e s s i v e  t r a n s i t i o n s .  T h e  r e d u c t i o n  o f  t h e  t h e o 

r e t i c a l  S o  - a  S i  e n e r g y  i n  t h e  t r a n s i t i o n  f r o m  n a p h t h a l e n e  

t o  n a p h t h o l a t e  ( T a b l e  I V ,  c o l u m n s  2 a n d  3 )  d u e  t o  t h e  

c h a n g e  o f  t h e  p a r a m e t e r s  i s  c l e a r l y  i n d i c a t e d  b y  a  

b a t h o c h r o m i c  s h i f t  o f  t h e  f i r s t  b a n d  i n  t h e  e l e c t r o n i c  

a b s o r p t i o n  s p e c t r a  o f  t h e s e  c o m p o u n d s .

Parameters. A l t h o u g h  t h e  r e s u l t s  s o  f a r  o b t a i n e d  d o  

n o t  p e r m i t  u s  t o  s u g g e s t  a  w i d e l y  a p p l i c a b l e  o p t i m u m  

s e t  o f  p a r a m e t e r s ,  i t  s e e m s  a d v i s a b l e  t o  s u m m a r i z e  t h e  

v a l u e s  t h a t  h a v e  g i v e n  s a t i s f a c t o r y  r e s u l t s  i n  t h e  s t u d y

o f  e l e c t r o n i c  s p e c t r a  b y  t h e  u n m o d i f i e d  P P P  m e t h o d  

w i t h  t h e  u s e  o f  t h e  M a t a g a - N i s h i m o t o  a p p r o x i m a t i o n  

f o r  y „ „  i n  w o r k  w i t h  a n  i d e a l i z e d  g e o m e t r y  ( s e e  T a b l e

V ) .66 T h e s e  v a l u e s  d i f f e r  s o m e w h a t  f r o m  t h o s e  e m -

Table V: Suggestion of Empirical Parameters for the 
Unmodified PPP Method (Approximation of the y Integrals 
According to Nishimoto and Mataga, Idealized Geometry).
For a Detailed Explanation See Description in the Text cf Table I

Atom, /j. Example eV eV TW. eV (S„c°. eV

c 11.42 0.58 10.84 -2.318
—N= 22 Pyridine 14.1 1 . 8 12.3 -2.318
—n h 2 Aniline 27.5 9.2 18.3 -2.318
= 0 39 Phenalenone 13.8 2 . 2 1 1 . 6 -2.318
—OH Phenol 33.3 9.9 23.2 -2.318
—o - Phenolate 2 1 . 2 9.4 1 1  . 8 -2.318
--$56 Thiofluorenone 1 2 . 8 6 2.92 9.9 -1.623
—SH37 Thiophenol 2 1 . 0 10.16 10.84 -1.159
—S—56 Thiophene 2 0 . 0 9.16 30.84 -3.623

p l o y e d  f o r  t h e  c a l c u l a t i o n s  i n  t h e  p r e s e n t  s t u d y  ( s e e  

T a b l e  I ) ,  b e c a u s e  w e  h a v e  r e c e n t l y  a d j u s t e d  o u r  v a l u e s  

t o  t h o s e  u s e d  f o r  C  i n  s e v e r a l  l a b o r a t o r i e s  w i t h  w h i c h  

w e  a r e  i n  c o n t a c t .  T h e  v a l u e s  f o r  t h e  h e t e r o a t o m s  

w e r e  c h a n g e d  a c c o r d i n g l y .  S i n c e  t h e  i n c r e a s e  o f  t h e  

v a l u e  f e p  f r o m  — 1 . 9 1 0  t o  — 2 . 3 1 8  e V  d o e s  n o t  l e a d  t o

(56) J. F abian, A . M eh lhorn , and R . Zahradnik, unpublished results.
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a  s i g n i f i c a n t  c h a n g e  o f  t h e  L C I  e x c i t a t i o n  e n e r g y ,  w e  

r e c o m m e n d  t h e  u s e  o f  t h e  s a m e  v a l u e  a s  f o r  d c o c - T h e s e  

v a l u e s  w i l l  u n d o u b t e d l y  c h a n g e  i n  t h e  c o u r s e  o f  f u r t h e r  

s t u d i e s ,  e s p e c i a l l y  i f  w e  a t t e m p t  t o  a c h i e v e  a  m o r e  

g e n e r a l  a p p l i c a b i l i t y .
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T h e  r a t e s  o f  f o r m a t i o n  o f  t h e  c o m p l e x e s  M S 04+  h a v e  b e e n  m e a s u r e d  u s i n g  t h e  u l t r a s o n i c  p u l s e  t e c h n i q u e  f o r  
t h e  t r i v a l e n t  i o n s  o f  p r a s e o d y m i u m ,  n e o d y m i u m ,  s a m a r i u m ,  t e r b i u m ,  h o l m i u m ,  e r b i u m ,  t h u l i u m ,  a n d  l u t e -  
t i u m .  T h e s e  r e s u l t s  c o m p l e t e  t h e  s e r ie s  o f  t r i v a l e n t  l a n t h a n i d e  s u l f a t e s .  T o  t e s t  t h e  i n d e p e n d e n c e  o f  t h e  
r a t e - c o n t r o l l i n g  s t e p  f r o m  t h e  i d e n t i t y  o f  t h e  e n t e r i n g  l i g a n d ,  t h e  n i t r a t e s  o f  t r i v a l e n t  l a n t h a n u m ,  c e r i u m ,  
p r a s e o d y m i u m ,  s a m a r i u m ,  a n d  e r b i u m  h a v e  b e e n  s t u d i e d .  T h e  s p e c t r a  a r e  m o r e  c o m p l e x  t h a n  t h o s e  o f  t h e  
c o r r e s p o n d i n g  s u l f a t e s  b u t  a  q u a l i t a t i v e  i n t e r p r e t a t i o n  i s  p r e s e n t e d  w h i c h  s u g g e s t s  t h a t  t h e  t h i r d  s t e p  in  t h e  
o v e r a l l  c o m p l e x  f o r m a t i o n  m e c h a n i s m  is  o b s e r v e d .

Introduction

I n  t h e  c o n t i n u a t i o n  o f  p r e v i o u s  w o r k  o n  t h e  k i n e t i c s  

o f  c o m p l e x a t i o n  o f  t h e  l a n t h a n i d e  i o n s  i n  s o l u t i o n ,2 t h e  

s u l f a t e  s e r i e s  h a s  b e e n  c o n c l u d e d  a n d  a  n u m b e r  o f  t h e  

n i t r a t e s  h a v e  b e e n  e x a m i n e d .  T h e  t h r e e - s t e p  c o m p l e x  

f o r m a t i o n  m e c h a n i s m  o f  E i g e n 3 w a s  a d o p t e d  i n  t h e  

e a r l i e r  t r e a t m e n t  o f  t h e  d a t a ,  t h e  c h e m i c a l  r e l a x a t i o n  

h a v i n g  b e e n  a t t r i b u t e d  t o  t h e  t h i r d  s t e p  o f  t h e  m e c h a 

n i s m ,  t h a t  o f  s u b s t i t u t i o n  i n t o  t h e  h y d r a t i o n  s p h e r e  o f  

t h e  c a t i o n .  B e c a u s e  o f  t h e  l i m i t a t i o n s  i n  i d e n t i f y i n g  a  

r e l a x a t i o n  w i t h  a  s p e c i f i c  s t e p  i n  t h e  m e c h a n i s m  b y  t h i s  

t e c h n i q u e ,  s o m e  v a l i d  a r g u m e n t s  w e r e  p r e s e n t e d  t o  

r e i n f o r c e  t h e  s o m e w h a t  i n t u i t i v e  a s s u m p t i o n  m a d e .  I f  

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

a n i o n ,  e x p e r i m e n t a l  j u s t i f i c a t i o n  f o r  t h e  a s s u m p t i o n  

w o u l d  b e  o b t a i n e d .  T o  t h i s  e n d  a  n u m b e r  o f  t h e  l a n 

t h a n i d e  n i t r a t e s  h a v e  b e e n  s t u d i e d .  A l t h o u g h  t h e  

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

r e l a x a t i o n ,  a  q u a l i t a t i v e  i n t e r p r e t a t i o n  i s  p r e s e n t e d  

w h i c h  s u g g e s t s  t h a t  t h e  o r i g i n a l  i n t e r p r e t a t i o n  i s  c o r r e c t .

I n  o n e  r e s p e c t  t h e  t r e a t m e n t  o f  t h e  d a t a  i n  t h e  

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

T h i s  h a s  b e e n  r e m e d i e d  i n  t h i s  w o r k  a n d  t h e  r e s u l t s  

f o r  L a  ( I I I ) ,  C e ( I I I ) ,  S m ( I l I ) ,  E u ( I I I ) ,  G d ( I I I ) ,  

D y ( I I I ) ,  a n d  Y b ( I I I )  h a v e  b e e n  r e c a l c u l a t e d  a n d  a r e  

i n c l u d e d  f o r  c o m p a r i s o n  w i t h  t h o s e  f o r  t h e  r e m a i n i n g  

i o n s  i n  t h e  s e r i e s .  T h e  r e s u l t s  a r e  d i s c u s s e d  i n  t h e  l i g h t  

o f  o t h e r  a v a i l a b l e  d a t a .

Experim ental Section

M e a s u r e m e n t s  o f  t h e  a b s o r p t i o n  o f  u l t r a s o n i c  e n e r g y  

w e r e  m a d e  a t  s e l e c t e d  f r e q u e n c i e s  b e t w e e n  5  a n d  7 5  M H z  

u s i n g  t h e  p u l s e  m e t h o d .4 T h e  s y s t e m  i s  s i m i l a r  t o  t h a t  

d e s c r i b e d  p r e v i o u s l y 2 f o r  t h e  l o w - f r e q u e n c y  r a n g e .  A  

t e m p e r a t u r e  o f  2 5  ±  0 . 0 5 °  w a s  m a i n t a i n e d  f o r  a l l  

m e a s u r e m e n t s  r e p o r t e d .

Solutions. R a r e  e a r t h  n i t r a t e s  a n d  o x i d e s  w i t h  a  

p u r i t y  o f  9 9 . 9 %  w e r e  o b t a i n e d  f r o m  t h e  A m e r i c a n  

P o t a s h  a n d  C h e m i c a l  C o r p .  T h e  n i t r a t e s  w e r e  u s e d  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  T h e  h y d r a t e d  r a r e  e a r t h  

s u l f a t e s  w e r e  p r e p a r e d  f r o m  t h e  c o r r e s p o n d i n g  o x i d e .  

T h e  o x i d e s  w e r e  d i s s o l v e d  i n  0 N  h y d r o c h l o r i c  a c i d  a n d  

6 N  s u l f u r i c  a c i d  a d d e d  t o  y i e l d  a  q u a n t i t a t i v e  a m o u n t  

o f  t h e  s u l f a t e  w h i c h  w a s  p r e c i p i t a t e d  b y  t h e  a d d i t i o n  o f  

a  l a r g e  e x c e s s  o f  a b s o l u t e  e t h y l  a l c o h o l . S t o c k  s o l u t i o n s  

w e r e  p r e p a r e d  a n d  a n a l y z e d  f o r  c a t i o n  c o n c e n t r a t i o n  b y  

t h e  t i t r a t i o n  w i t h  s t a n d a r d  s o d i u m  h y d r o x i d e  o f  t h e  

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

o n  D o w e x  5 0 W - X 8 ,  2 0 - 5 0  m e s h  r e s i n .  S u l f a t e  w a s  

e s t i m a t e d  g r a v i m e t r i c a l l y  a s  b a r i u m  s u l f a t e .  D i l u t i o n s

(1) T o  w h om  com m un ica tion s should  be d irected.
(2) N . P urdie and C . A . V incent, Trans. Faraday Soc., 63, 2745 
(1967). *
(3) M . E igen and K . T am m , Z. Elektrochem ., 66, 93, 107 (1962).
(4) M . E igen and  L . D eM aeyer, “ T ech n iqu e  o f  O rganic C h em istry ,”  
In terscience P ublishers In c ., N ew  Y o rk , N . Y ., V ol. V I I I ,  P art 2, 
C hapter 18.
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Figure 1. Excess sound absorption vs. frequency as a function of concentration for neodymium and samarium sulfates. Samarium data 
from ref 2. (Concentration for lower curve is 0.0021 F.)

Figure 2. Excess sound absorption vs. frequency as a function of concentration for terbium and holmium sulfates.

Figure 3. Excess sound absorption vs. frequency as a function of concentration for thulium and lutetium sulfates.
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o f  t h e  s t o c k  s o l u t i o n s  w e r e  m a d e  w i t h  d e i o n i z e d  w a t e r ,  

a t  l e a s t  t h r e e  c o n c e n t r a t i o n s  b e i n g  e x a m i n e d  f o r  e a c h  

s a l t .

R e s u l t s

I .  The Lanthanide Sulfates. T h e  r e l a x a t i o n  s p e c t r a  

o f  t h e  s u l f a t e s  o f  P r ( I I I ) ,  N d ( I I I ) ,  S m ( I I I ) ,  T b ( I I I ) ,  

H o  ( I I I ) ,  E r ( I I I ) , T m ( I I I ) ,  a n d  L u ( I I I )  a t  v a r i o u s  

c o n c e n t r a t i o n s  a r e  g i v e n  i n  F i g u r e s  1 - 3  a n d  4 a - 8 a .  

T h e  s o l i d  l i n e s  a r e  c a l c u l a t e d  f r o m  t h e  e q u a t i o n  f o r  a  

s i n g l e  r e l a x a t i o n .  T h e  e x c e s s  s o u n d  a b s o r p t i o n  p r o 

d u c e d  b y  t h e  c h e m i c a l  p r o c e s s  i s  e x p r e s s e d  a s  a chemX. 

T h e  a t t e n u a t i o n  o f  a  p l a n e  p r o g r e s s i v e  s o u n d  w a v e  

t r a v e r s i n g  a  s o l u t i o n  i s  g i v e n  b y  t h e  e x p r e s s i o n

I  =  70 e x p (— 2 a x ) (1 )

w h e r e  /  i s  t h e  s o u n d  i n t e n s i t y  a t  d i s t a n c e  x ,  h  i s  t h e  

s o u n d  i n t e n s i t y  a t  d i s t a n c e  z e r o ,  a n d  a i s  t h e  a b s o r p t i o n  

c o e f f i c i e n t  f o r  t h e  s o l u t i o n .  T h e  e x p e r i m e n t a l l y  m e a s 

u r e d  a b s o r p t i o n  i s  a, a n d  a Ch,.m i s  o b t a i n e d  b y  s u b t r a c t i n g  

t h e  s o l v e n t  c o n t r i b u t i o n  a n 2o .  T h e  u n i t s  o f  a ch0m i n  

e q  1 a r e  n e p c r s / c m .

O n l y  o n e  m a x i m u m  i s  o b s e r v e d  i n  t h e  f r e q u e n c y  

r a n g e  e x a m i n e d ,  a n d  t h e  m a g n i t u d e  o f  t h e  e x c e s s  a b 

s o r p t i o n  i s  c o n c e n t r a t i o n  d e p e n d e n t .  R e a s o n s  f o r  

b e l i e v i n g  t h a t  t h e  a b s o r p t i o n  i s  d u e  t o  s u b s t i t u t i o n  i n t o  

t h e  i n n e r  h y d r a t i o n  s p h e r e  o f  t h e  c a t i o n  h a v e  b e e n  

e n u m e r a t e d  i n  t h e  f i r s t  p a p e r  o f  t h i s  s e r i e s .2 T h i s  i s  

t h e  t h i r d  s t e p  i n  t h e  o v e r a l l  m e c h a n i s m  f o r  c o m p l e x  

f o r m a t i o n  p r o p o s e d  b y  E i g e n 3

M s + ( a q )  +  S 0 42~ ( a q )  J ___
*ai

[M 3+(H 20 ) 2S 0 42- ]

( I )

*23

(

J *32

I )

*34

[ : \ f  . s o 4+ : i  [ \ i 3+ ( . h 2o ) s o 42- ]
*43

( I I I )

T h e  r e l a x a t i o n  t i m e  f o r  t h e  r a t e - c o n t r o l l i n g  s t e p  i s  g i v e n  

b y  t h e  e q u a t i o n 2

T i n  1 —  2 irvmu\ — ku +  k'u (2 )

w h e r e  r m n i  i s  t h e  f r e q u e n c y  o f  t h e  m a x i m u m  a b s o r p 

t i o n .  B e c a u s e  o f  t h e  c o u p l i n g  o f  t h e  s u c c e s s i v e  e q u i l i b 

r i u m  r e a c t i o n s ,  t h e  c o r r e c t i o n  f o r  t h e  a c t i v i t i e s  o f  t h e  

i o n s  i n  t h e  f i r s t  s t e p  i s  t r a n s m i t t e d  t o  k344. k'3i i n  e q  2 
i n c l u d e s  t h i s  c o r r e c t i o n .  T h e  r a t e  e x p r e s s i o n  f o r  s t e p  

I I I  c a n  b e  r e w r i t t e n  i n  t e r m s  o f  c o n c e n t r a t i o n  a n d  

e q u i l i b r i u m  c o n s t a n t s

2 7 r r mi n  —  k4 3 +  $ ( C ) f c 34 (3)

—  fc4;
' ________________ H C )___________________

_ K liK ^  - f  (1 +  K n )  [ 0 ( C )  3
ku ( 4 )

w h e r e  K n, K n, a n d  K Si a r e  t h e  t h e r m o d y n a m i c  d i s -

s o c i a t i o n  c o n s t a n t s  f o r  s t e p s  I ,  I I ,  a n d  I I I ,  r e s p e c t i v e l y .2 
0 (C )  i s  g i v e n  b y  t h e  e x p r e s s i o n

0 (C)  =  I R C  ( 5  -  4 /3 )  + ( 3  -  2 /3 )
d I n  I R  

<3 I n  /3 _
(5)

w h e r e  C  i s  t h e  c o n c e n t r a t i o n  o f  s o l u t e  i n  m o l e s  p e r  l i t e r  

o f  M 2( S 0 4) 3, i8  i s  t h e  d e g r e e  o f  a s s o c i a t i o n  a t  e q u i l i b r i u m ,  

a n d  1 1 /  i s  t h e  a c t i v i t y  q u o t i e n t  / 3+ / 2_ / / j . /3 w a s  c a l c u 

l a t e d  f o r  e a c h  v a l u e  o f  C  b y  s t a n d a r d  i t e r a t i o n  p r o c e d u r e  

u s i n g  t h e  t o t a l  t h e r m o d y n a m i c  e q u i l i b r i u m  c o n s t a n t s ,  

w h e r e  a v a i l a b l e ,  d e r i v e d  f r o m  c o n d u c t i v i t y  m e a s u r e 

m e n t s .5 T h e  a c t i v i t y  c o e f f i c i e n t s  / 3 + , / 2_ ,  / t  w e r e  

e v a l u a t e d  u s i n g  a  m o d i f i e d  f o r m  o f  t h e  D a v i e s  e q u a t i o n .6

—  l o g / ,  =  0 . 5 0 9 Z f
, 1/2

l  +  w /2
( G )

w h e r e  /,■ a n d  z, a r e  t h e  a c t i v i t y  c o e f f i c i e n t  a n d  c h a r g e  o f  

t h e  i o n  i, r e s p e c t i v e l y ,  yu i s  t h e  i o n i c  s t r e n g t h  =  3 C  +  

1 2 ( 1  —  / 3 ) C ,  B  =  0 . 3 3  X  1 0 s, a n d  a i s  t h e  d i s t a n c e  o f  

c l o s e s t  a p p r o a c h  o f  t h e  i o n s .  A s  a  r u l e  a i s  t a k e n  t o  b e  

e q u a l  t o  3  A  w h i c h  i s  t o o  s m a l l  f o r  a  2 : 3  e l e c t r o l y t e .  

T o  b e  c o n s i s t e n t  w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n  o f  R / 2, 

r e q u i r e d  i n  t h e  s o l u t i o n  o f  e q  8 , a  v a l u e  o f  8.86  A ,  e q u a l  

t o  t h e  s u m  o f  t h e  i o n i c  r a d i i  p l u s  t w o  w a t e r  m o l e c u l e  

d i a m e t e r s ,  w a s  u s e d .  T h i s  r e p r e s e n t s  a  m a j o r  d e p a r 

t u r e  f r o m  t h e  o r i g i n a l  t r e a t m e n t .2 T h e  s o l u t i o n  o f  t h e  

d e r i v a t i v e  i n  t h e  e x p r e s s i o n  f o r  0 (C)  w a s  e v a l u a t e d  

a c c o r d i n g  t o 7

d i n  1 1 / d I n  1 R  dp,
d I n  /3 0/j, d I n  /3

— 0 . 5 0 9 ( Z m i+2 +  Z s o 4! -2 — ■Zm s o 4+2) 2

X
_____________1____________

. 2yU1/2( l +  W /2) 2
(1 - / 3 ) C (7)

I f  i t  c a n  b e  a r g u e d  t h a t  t h e  c h e m i c a l  r e l a x a t i o n  i s  a  

r e s u l t  o f  s t e p  I I I ,  t h e  r a t e  c o n s t a n t s ,  a n d  h e n c e  K u, 
c a n  b e  o b t a i n e d  f r o m  a  g r a p h i c a l  s o l u t i o n  o f  e q  3 .  T h e  

u n k n o w n s  i n  t h i s  e q u a t i o n  a r e  K n a n d  / \ 23. / v 12 w a s

c a l c u l a t e d  t o  b e  2 . 3  X  1 0 ” 3 M  u s i n g  t h e  B j e r r u m  

e q u a t i o n 8

/ R 2~ l
4 - i r A 'a 3

1000
b*Q(b) ( 8 )

a n d  w a s  e s s e n t i a l l y  i n d e p e n d e n t  o f  t h e  s m a l l  c h a n g e s  i n  

& f o r  t h e  s e r i e s .  P r e v i o u s l y ,2 K<& w a s  t a k e n  t o  b e  0 . 5 1 ,  

t h e  v a l u e  f o r  M g S 0 4.9 A d d i t i o n a l  c a l c u l a t i o n s  s h o w e d

(5) A . E . M artell and L . G . Sillén, “ S ta b ility  C on stan ts ,”  Special 
P ublication  N o. 17, T h e  C hem ical S ociety , L on d on , 1964, p 237.
(6) C . W . D avies, “ Ion  A ssocia tion ,”  B utterw orth  and C o. L td ., 
L on d on , 1962.
(7) J. Steuhr and E . Y eager, "P h y s ica l A cou stics ,”  W . P . M ason , E d ., 
A ca d em ic  Press, N ew  Y ork , N .Y ., 1965 V ol. I I ,  P art A , p 388.
(8) R . A . R obinson  and R . H . Stokes, “ E lectro ly te  Solu tions,”  2nd 
ed, B u tterw orth  and C o . L td ., L on d on , 1959, p 392.
(9) G . A tk inson and S. K . K or, J. P hys. Chem., 69 , 128 (1965).
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Figure 4. Excess sound absorption vs. frequency as a function of concentration for (a) lanthanum sulfate (lower curve, 0.0044 F) and 
(b) lanthanum nitrate. Sulfate data from ref 2. Single relaxations for nitrate calculated from rmax values for samarium nitrate.

Figure 5. Excess sound absorption vs. frequencj' as a function of concentration for (a) cerium sulfate and (b) cerium nitrate. Sulfate data 
from ref 2. Single relaxations for nitrate calculated from rmSi values for samarium nitrate.

Figure 6 . Excess sound absorption vs. frequency as a function of concentration for (a) praseodymium sulfate and (b) praseodymium 
nitrate. Single relaxations for nitrate calculated from rmai values for samarium nitrate.
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Figure 7. Excess sound absorption vs. frequency as a function of concentration for (a) samarium sulfate (this work) and 
(b) samarium nitrate.

Figure 8 . Excess sound absorption vs. frequency as a function of concentration for (a) erbium sulfate and (b) erbium nitrate. In Figure 
8 (b) curve a is the theoretical single relaxation for outer substitution using rma* for samarium nitrate; curve b is the theoretical single 
relaxation for inner substitution which added to curve a would give the experimentally observed chemical absorption curve c. rmin is 
outside the frequency range.

t h a t  k43 w a s  i n s e n s i t i v e  t o  7 v 23 w i t h i n  t h e  r a n g e  0 . 1  t o

1.0 , b u t  t h a t  t h e  v a l u e  o f  k3i i n c r e a s e d  p r o p o r t i o n a t e l y .  

T h e  o v e r a l l  t h e r m o d y n a m i c  a s s o c i a t i o n  c o n s t a n t s  K T, 
a s  d e t e r m i n e d  b y  c o n d u c t o m e t r i c  t e c h n i q u e s ,  a r e  r e l a t e d  

t o  t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  i n d i v i d u a l  s t e p s  b y  

t h e  e x p r e s s i o n

jjr 1 +  -^34  +  K-xKu
K t =  ----------K  K  K ------------- ( 9 )r V  12 A  23 A  34

B y  a  r e i t e r a t i v e  p r o c e d u r e ,  u s i n g  e q  4  a n d  9 ,  a  v a l u e  

o f  K ìs w a s  c a l c u l a t e d  f o r  s a m a r i u m  t o  g i v e  t h e  b e s t  

a g r e e m e n t  b e t w e e n  K T o b t a i n e d  k i n e t i c a l l y  w i t h  t h a t  

o b t a i n e d  c o n d u c t o m e t r i c a l l y .  T h i s  v a l u e ,  K i3  =  0 . 7 2 ,  

w a s  s u b s e q u e n t l y  u s e d  i n  t h e  d e t e r m i n a t i o n  o f  k3i a n d  

fc43 f o r  t h e  r e m a i n i n g  i o n s .  T h e  a g r e e m e n t  b e t w e e n  t h e  

o v e r a l l  k i n e t i c  c o n s t a n t s  a n d  t h e  l i t e r a t u r e  c o n d u c t o 

m e t r i c  v a l u e s 5 w a s  g o o d  i n  a l l  c a s e s .  T y p i c a l  m a g n i 

t u d e s  f o r  t h e  t e r m s  i n  e q  5  a r e  s h o w n  f o r  s a m a r i u m  in  

T a b l e  I .

T h e  c h a r a c t e r i s t i c  r e l a x a t i o n  f r e q u e n c y  r m m  w a s  

d e t e r m i n e d  g r a p h i c a l l y  f r o m  t h e  l i n e a r  p l o t s  o f  a ch e m /v2 
vs. a 0hem a c c o r d i n g  t o  t h e  e q u a t i o n 10

O^chem/V2 O^chem/Vm“ I11 ' } “  -A ( 1 0 )

w h e r e  t h e  s l o p e  i s  —  l / r m2m  a n d  A  i s  t h e  a m p l i t u d e  o f  

t h e  a b s o r p t i o n .

C o n c e n t r a t i o n s  a n d  r e l a x a t i o n  f r e q u e n c i e s  a r e  g i v e n  

i n  T a b l e  I I .  T h e  v a l u e s  o f  kSi ( s e c - 1 )  a n d  k i3  ( s e c - 1 ) 

a r e  g i v e n  i n  T a b l e  I I I  f o r  a l l  t h e  l a n t h a n i d e  ( I I I )  i o n s .

(10) J. H . A ndreae, P . L . Joyce , and R. J. O liver, P roc. P hys. Soc., 
82, 75 (1960).
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Table I: Samarium Sulfate (â = 8 . 8 6  Â; Ku = 2.3 X mol l.-1; K23 = 0.72)

10* X c r 1 n / io« X m d In II//d In /3 1 0 » x  9 (C) $(C)
10.60 0.0822 0.1967 4.21 -0.095 2.53 0.507
5.29 0.1173 0.2503 2.33 -0.132 1.73 0.457
2.64 0.1636 0.3162 1.31 -0.157 1 . 2 1 0.403

T h e  v a l u e s  a r e  i n  s o m e  c a s e s  4 0 %  l o w e r  t h a n  i n  t h e  

o r i g i n a l  w o r k .  T h i s  i s  i n  p a r t  d u e  t o  t h e  m o r e  e x a c t  

s o l u t i o n  o f  t h e  d e r i v a t i v e  t e r m  i n  0 ( C )  b u t  m o r e  s o  t o  

t h e  u s e  o f  t h e  m o d i f i e d  D a v i e s  e q u a t i o n  i n  t h e  c a l c u l a 

t i o n  o f  a c t i v i t y  c o e f f i c i e n t s .

I I .  The Lanthanide Nitrates. T h e  s o u n d  a b s o r p 

t i o n  s p e c t r a  f o r  t h e  n i t r a t e s  o f  L a ( I I I ) ,  C e ( I I I ) ,  

P r ( I I I ) ,  S m ( I I I ) ,  a n d  E r ( I I I )  a r e  s h o w n  i n  F i g u r e s  

4 b - 8 b .  A g a i n  t h e  s o l i d  l i n e s  a r e  t h e o r e t i c a l  s i n g l e  

r e l a x a t i o n  c u r v e s .  T h e  s o l u t i o n  c o n c e n t r a t i o n s  h a d  t o  

b e  m u c h  h i g h e r  f o r  a  r e l a x a t i o n  t o  b e  o b s e r v e d .  Q u a n 

t i t a t i v e  i n t e r p r e t a t i o n  o f  t h e  d a t a  i s  c o m p l i c a t e d  b y  t h e  

e x i s t e n c e  o f  m o r e  t h a n  o n e  r e l a x a t i o n .  H o w e v e r ,  t h e  

d i f f e r e n c e s  i n  t h e  s p e c t r a  f r o m  e a c h  o t h e r  a n d  f r o m  t h e  

c o r r e s p o n d i n g  l a n t h a n i d e  s u l f a t e s  a l l o w  a  q u a l i t a t i v e  

d e s c r i p t i o n  t o  b e  m a d e .  T h e  c u r v e s  d i f f e r  i n  t h r e e  

r e s p e c t s .  ( 1 )  W h e r e a s  t h e  s u l f a t e  s o l u t i o n s  o f  e q u a l  

c o n c e n t r a t i o n  a b s o r b  t o  t h e  s a m e  o r d e r  o f  m a g n i t u d e ,  

a  c o m p a r i s o n  a m o n g  t h e  n i t r a t e s  s h o w s  a n  o r d e r  o f  

m a g n i t u d e  d i f f e r e n c e ,  T a b l e  I V .  ( 2 )  T h e  l o w - f r e 

q u e n c y  m a x i m u m  o f  t h e  s u l f a t e s  h a s  b e e n  s h i f t e d  t o  a

Table II: Relaxation Frequency Data

F o rm a l 2  Tramili,
Io n eoncn X  10! MHz 1 / K t , m o l 1 .-

Pr 0.54 1 2 0 2.38 X 10-“
0.27 97
0.13 76

Nd 0.96 141 2.29 X 10"‘
0.48 117
0.24 92

Sm 1.06 229 2.17 X 10- 4
0.53 195
0.26 158

Tb“ 1 . 0 0 153 2.56 X 10-‘
0.50 136
0.25 108

Ho 1.08 69 2.57 X 10- 4
0.54 57
0.27 43

Er 0.99 51 2.56 X 10“ 4
0.54 43
0.27 34

Tm* 2 . 0 2 35 2.36 X 10~ 4
1 . 0 0 30
0.50 2 2

Lu“ 4.04 30 2.56 X IO“ 4
1 . 6 8 27
1 . 0 0 25

“ Stability constants obtained by interpolation from a plot of 
K t  v s . atomic number.

Table III: Rate Constants

Io n IO -8 X  k u ,  sec-1 IO -7 X  &43, sec-1 l / r ,  A - i

La“ 2 . 1 5.6 0.870
Ce“ 3.3 7.0 0.902
Pr 4.4 6.4 0.918
Nd 5.2 8 . 8 0.926
Sm 7.4 14.0 0.962
Eu“ 6 . 6 14.6 0.970
Gd» 6.7 1 2 . 8 0.981
Tb 5.2 9.6 1 . 0 0 0
Dy“ 4.2 5.2 1 . 0 1 0
Ho 2 . 8 3.5 1.030
Er 1.9 3.0 1.043
Tm 1.4 1 . 0 1.053
Yb“ ~ 0 . 8 —3.7 1.065
Lu —0 . 6 - 1 . 8 1.077

“ Recalculated from data of Purdie and Vincent.2

h i g h e r  v a l u e  i n  a l l  c a s e s  e x c e p t  e r b i u m .  ( 3 )  I n  t h e  

n i t r a t e s ,  t h e  r e l a x a t i o n s  a r e  c o n s i d e r a b l y  b r o a d e n e d  

w i t h  r e s p e c t  t o  t h o s e  o f  t h e  c o r r e s p o n d i n g  s u l f a t e s .  

T h e s e  o b s e r v a t i o n s  a r e  i n d i c a t i v e  o f  m u l t i p l e  r e l a x a 

t i o n s .

D iscussion

T h e  m o s t  s e r i o u s  l i m i t a t i o n  o f  t h e  s o u n d  a b s o r p t i o n  

t e c h n i q u e  i n  s t u d y i n g  k i n e t i c s  o f  c h e m i c a l  r e a c t i o n s  i s  

t h e  u n c e r t a i n t y  i n  a s s i g n i n g  a  r e l a x a t i o n  t o  a  s p e c i f i c  

s t e p  i n  a  m u l t i s t e p  m e c h a n i s m .  I t  i s  e s s e n t i a l  t o  t h e  

p r e s e n t  d i s c u s s i o n  t h a t  t h e  c h a r a c t e r i s t i c  f r e q u e n c y  f o r  

s u b s t i t u t i o n  i n t o  t h e  s u l f a t e  h y d r a t i o n  s p h e r e  b e  i d e n 

t i f i e d .  I f  s t e p  I I I  i s  r a t e  c o n t r o l l i n g ,  t h e  r e l a x a t i o n  f o r  

s t e p  I I  s h o u l d  o c c u r  a t  a  h i g h e r  f r e q u e n c y .  T h e  i n d e 

p e n d e n c e  o f  a n  o b s e r v e d  2 0 0 - M H z  r e l a x a t i o n  o n  t h e  

c a t i o n ,  i n  a  n u m b e r  o f  d i v a l e n t  t r a n s i t i o n  m e t a l  s u l f a t e s ,  

l e d  t o  i t s  i d e n t i f i c a t i o n  w i t h  s t e p  I I  i n  t h e  o v e r a l l  

m e c h a n i s m .3 I n  t h e  e a r l i e r  w o r k  o n  t h e  l a n t h a n i d e

Table IV: Absorption Peak Maxima

Sulfate0 Nitrate6
Io n ( ^ c h e m ^ m m x i  d b ( o ;c h e .m ^ )m a x >

La o .o i2 0 “’d 0.0070
Ce 0 .0 1 2 0 c’<l 0.0115
Pr 0.0190 0.0145
Sm 0.0155 0.0130
Er 0.0140“ 0 . 0 0 2 2

“ Solutions are approx 5 X 10- 3  F. b Solutions are approx 
5 X 10~ 2 F. “ Peaks are not complete. d Data from ref 2.
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s u l f a t e s ,  w h e r e  d a t a  w e r e  a v a i l a b l e  u p  t o  2 3 0  M H z ,  t h i s  

a p p e a r e d  a s  a  b r o a d e n i n g  o f  t h e  o b s e r v e d  r e l a x a t i o n  o n  

t h e  h i g h - f r e q u e n c y  s i d e ,  a n  o b s e r v a t i o n  c o n f i r m e d  b y  

A t k i n s o n .11 T h e  a m p l i t u d e  o f  t h i s  h i g h - f r e q u e n c y  

r e l a x a t i o n  w a s  a t  l e a s t  o n e  o r d e r  o f  m a g n i t u d e  s m a l l e r  

t h a n  t h o s e  a b s o r p t i o n s  a s s i g n e d  t o  c a t i o n  i n n e r - s p h e r e  

s u b s t i t u t i o n .  F r o m  t h e  p o i n t  o f  v i e w  o f  r e l a x a t i o n  

a m p l i t u d e s ,  t h e r e f o r e ,  t h e  l o w  a b s o r p t i o n s -  o b s e r v e d  i n  

t h e  n i t r a t e s  o f  l a n t h a n u m  a n d  e r b i u m ,  a r o u n d  3 5 - 5 5  

M H z ,  m i g h t  b e  i n t e r p r e t e d  a s  d u e  t o  t h e  e q u i l i b r i u m  

i n v o l v i n g  s u b s t i t u t i o n  i n t o  t h e  n i t r a t e  i o n ,  t h a t  i s  

s t e p  I I .  T h i s  r e l a x a t i o n  m a n i f e s t s  i t s e l f  b e c a u s e  t h e  

l a n t h a n i d e  n i t r a t e s  a r e  k n o w n  t o  f o r m  p r e d o m i n a n t l y  

o u t e r - s p h e r e  c o m p l e x e s  w i t h  s o m e  i n n e r - s p h e r e  s u b s t i 

t u t i o n  o c c u r r i n g  o n l y  a t  h i g h  c o n c e n t r a t i o n s .12 A  

s i m i l a r  s m a l l  r e l a x a t i o n  h a s  b e e n  o b s e r v e d  i n  p r e l i m i 

n a r y  s t u d i e s  o f  c a l c i u m  n i t r a t e  a n d  u r a n y l  n i t r a t e ,  b u t ,  

a s  e x p e c t e d ,  i s  a b s e n t  i n  p o t a s s i u m  n i t r a t e .  L a n t h a n i d e  

s u l f a t e s  o n  t h e  o t h e r  h a n d  a r e  p r e d o m i n a n t l y  i n n e r -  

s p h e r e  c o m p l e x e s  c o n s i s t e n t  w i t h  a n o t h e r  t r i v a l e n t  

m e t a l  s u l f a t e ,  C r 2( S 0 4) 3.13 T h e  r e l a x a t i o n  a m p l i t u d e  

i s  c o r r e s p o n d i n g l y  h i g h e r .  S i n c e  i n  a q u e o u s  s o l u t i o n  

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

t h e  e q u i l i b r i u m  r e a c t i o n  i s  m o r e  i m p o r t a n t  t h a n  t h e  

t e m p e r a t u r e  e f f e c t  o n  AH, m o r e  e n e r g y  i s  a b s o r b e d  i n  

t h e  p r o c e s s  w i t h  t h e  l a r g e s t  v o l u m e  c h a n g e .  T h a t  

p r o c e s s  w o u l d  b e  i n n e r  c o m p l e x  f o r m a t i o n  w h e r e  t h e  

r e s u l t a n t  r e o r g a n i z a t i o n  o f  t h e  s o l v e n t  i s  g r e a t e r .

T h e  a m p l i t u d e  o f  t h e  a b s o r p t i o n  i n  t h e  s u l f a t e s  

i n c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  i n n e r  c o m 

p l e x .  T o  p r o d u c e  a n  a p p r e c i a b l e  c o n c e n t r a t i o n  o f  i n n e r  

c o m p l e x  i n  t h e  n i t r a t e  s o l u t i o n s ,  t h a t  a  s i m i l a r  r e l a x a 

t i o n  m i g h t  b e  o b s e r v e d ,  h i g h e r  c o n c e n t r a t i o n s  o f  t h e  

n i t r a t e s  h a d  t o  b e  u s e d .  F o r  t h e  m o s t  p a r t  a  t e n f o l d  

i n c r e a s e  i n  c a t i o n  c o n c e n t r a t i o n  w a s  s u f f i c i e n t .  T h e  

m a g n i t u d e  o f  t h e  a b s o r p t i o n  f o r  l a n t h a n u m  n i t r a t e ,  f o r  

e x a m p l e ,  i s  m u c h  s m a l l e r  t h a n  t h a t  o f  a  m o r e  d i l u t e  

l a n t h a n u m  s u l f a t e  s o l u t i o n ,  c o n s i s t e n t  w i t h  a  l o w e r  

c o n c e n t r a t i o n  o f  i n n e r  c o m p l e x .  I f  t h e n  t h e  a s s i g n m e n t  

o f  t h e  r e l a x a t i o n s  i n  t h e  s u l f a t e s  t o  c a t i o n  s u b s t i t u t i o n  i s  

c o r r e c t ,  t h e  c h a r a c t e r i s t i c  f r e q u e n c i e s  f o r  i n n e r  s u b s t i 

t u t i o n  i n  t h e  n i t r a t e s  w o u l d  b e  e x p e c t e d  t o  o c c u r  i n  

a p p r o x i m a t e l y  t h e  s a m e  f r e q u e n c y  r a n g e ,  4 - 4 0  M H z .  

F r o m  t h e  s u l f a t e  d a t a  t h e  r e l a x a t i o n  f r e q u e n c y  f o r  i n n e r -  

s p h e r e  s u b s t i t u t i o n  i n c r e a s e s  f r o m  E r ( I I I )  t h r o u g h  

L a ( I I I ) ,  C e ( I I I ) ,  P r ( I I I ) , a n d  S m ( I I I ) .  F o r  t h e  

n i t r a t e s  t h e  a b s o r p t i o n  a m p l i t u d e  i n c r e a s e s  i n  t h e  s a m e  

o r d e r .  I f  t h e  l o w  a b s o r p t i o n  o b s e r v e d  f o r  e r b i u m  

n i t r a t e  c a n  b e  i n t e r p r e t e d  a s  d u e  t o  s u b s t i t u t i o n  i n t o  

t h e  o u t e r - s p h e r e  c o m p l e x  w i t h  t h e  m i n i m u m  o f  i n t e r 

f e r e n c e  f r o m  t h e  i n n e r - s p h e r e  s u b s t i t u t i o n  p r o c e s s ,  t h e n  

a s  t h e  r e l a x a t i o n  f r e q u e n c y  f o r  i n n e r - s u b s t i t u t i o n  f o r  

t h e  o t h e r  c a t i o n s  i n c r e a s e s ,  t h e  e x t e n t  o f  i n t e r a c t i o n  a n d  

t h e  a b s o r p t i o n  a l s o  i n c r e a s e s .  T h i s  m o d e l  s a t i s f a c t o r i l y  

d e s c r i b e s  t h e  d i f f e r e n c e s  i n  t h e  s p e c t r a  d e s c r i b e d  b e f o r e  

a n d  p r o v i d e s  q u a l i t a t i v e  e x p e r i m e n t a l  p r o o f  t h a t  the 
original assignment of relaxations to step I I I  is  correct.2

U s i n g  t h i s  i n t e r p r e t a t i o n ,  i t  s h o u l d  b e  p o s s i b l e  t o  

o b t a i n  q u a n t i t a t i v e  c o n f i r m a t i o n  b y  d e t e r m i n i n g  t h e  

r a t e  c o n s t a n t s  f o r  s t e p s  I I  a n d  I I I ;  t h e  v a l u e s  o f  ku 
s h o u l d  b e  t h e  s a m e  f o r  b o t h  a n i o n s  i f  t h e  m e c h a n i s m  i s  

S n I .  T o  d e t e r m i n e  t h e s e  r a t e  c o n s t a n t s  t h e  r e l a x a t i o n  

t i m e s  f o r  b o t h  p r o c e s s e s  m u s t  b e  s e p a r a t e d  f r o m  t h e  

c o m p l e x  s o u n d  a b s o r p t i o n  s p e c t r u m ,  a n d  t h e  q u a n t i t y  

0 ( C )  ( s e e  e q  1 3 )  m u s t  b e  e v a l u a t e d .  0 ( C )  i s  r e l a t e d  

t o  Tn b y  t h e  e x p r e s s i o n

T II =  &32 +
0 ( C )

+  0 ( C )
( 11 )

L e t  u s  c o n s i d e r  t h e s e  i n  t u r n .

I t  i s  t h e o r e t i c a l l y  p o s s i b l e  t o  a n a l y z e  a  c o m p l e x  s p e c 

t r u m  f o r  m u l t i p l e  p r o c e s s e s  i f  t h e  c o n d i t i o n s  a r e  s a t i s 

f a c t o r y .  A c c u r a t e  e x p e r i m e n t a l  d a t a  i s  a  n e c e s s i t y  a n d  

Tn s h o u l d  a t  l e a s t  b e  e q u a l  t o  2 r „ _ l . F o r  c e r i u m ,  

p r a s e o d y m i u m ,  a n d  s a m a r i u m  n i t r a t e s ,  h o w e v e r ,  

T n i  ~  tu  a n d  t h e  s p e c t r a  a r e  a l m o s t  t y p i c a l  o f  a  s i n g l e  

r e l a x a t i o n .  D e s c r i b i n g  t h e  a b s o r p t i o n  i n  t e r m s  o f  a/v2 
r a t h e r  t h a n  a s  a X ,  t h e  s i m p l e s t  g e n e r a l  e q u a t i o n  f o r  

m u l t i p l e  r e l a x a t i o n s  w i l l  b e c o m e

x / V  =  A  +
B ,

+
B i

C l  +  ( r / T m i i ) 2]  [1  +  ( v / r m n i ) 2]
( 12 )

f o r  t w o  s t e p s ,  w h e r e  A  i s  t h e  c l a s s i c a l  s o l v e n t  a b s o r p t i o n  

a n d  t h e  s u m  o f  t h e  r e m a i n i n g  t w o  t e r m s  i s  t h e  e x c e s s  

a b s o r p t i o n  d u e  t o  c h e m i c a l  p r o c e s s e s .  F r o m  e r b i u m  

n i t r a t e  t h e  m a g n i t u d e  o f  t h e  s e c o n d  t e r m  o n  t h e  r i g h t -  

h a n d  s i d e  i s  v e r y  s m a l l  a n d  t h e  m e a s u r e m e n t s  c a n n o t  

b e  t o o  a c c u r a t e .  T o  p a r t i t i o n  t h e  t o t a l  e x c e s s  a b s o r p 

t i o n ,  f o r  s a m a r i u m  s a y ,  i n t o  a  s u m  o f  t w o  c o n t r i b u t i o n s  

w h e n  o n e  i s  v e r y  s m a l l ,  c a n n o t  b e  d o n e  w i t h  c o n f i d e n c e  

a n d  t h e  r e l a x a t i o n  t i m e s  t h e r e f o r e  m a y  n o t  b e  c o n s i d e r e d  

u n i q u e  s o l u t i o n s .  T h e  v a l i d i t y  o f  t h i s  a r g u m e n t  

a s s u m e s  t h e  a d d i t i v i t y  o f  t e r m s  i n  t h e  m u l t i p l e  r e l a x a 

t i o n  e q u a t i o n  w h i c h  i s  t h e  c a s e  o n l y  i n  t h e  l i m i t  w h e n  

t h e  i n d i v i d u a l  r e l a x a t i o n s  a r e  i n d e p e n d e n t .  I f ,  h o w 

e v e r ,  a s  a  f i r s t  a p p r o x i m a t i o n ,  t h e  v a l u e  o f  B u  f o r  e r b i u m  

n i t r a t e  i s  a s s u m e d  t o  b e  c o n s t a n t  f o r  a l l  o f  t h e  n i t r a t e s ,  

B in  f o r  s a m a r i u m  i s  a  v e r y  l a r g e  q u a n t i t y ,  a l m o s t  e q u a l  

i n  m a g n i t u d e  t o  B m  f o r  s a m a r i u m  s u l f a t e .  T h i s  i s  

u n r e a s o n a b l e  b e c a u s e  t h e  m o l a r  c o n c e n t r a t i o n  o f  i n n e r  

S m N O s2+ c o m p l e x  i s  m u c h  l e s s  t h a n  t h e  m o l a r  c o n c e n 

t r a t i o n  o f  i n n e r  S m S 0 4+  c o m p l e x .  T h e  t o t a l  o b s e r v e d  

e x c e s s  a b s o r p t i o n  a Ch e m /U ,  t h e r e f o r e ,  i s  m u c h  g r e a t e r  

t h a n  t h e  s i m p l e  s u m  o f  t h e  i n d i v i d u a l  c o n t r i b u t i o n s .  

G e n e r a l  e q u a t i o n s  h a v e  b e e n  d e r i v e d  w h i c h  a c c o u n t  f o r  

t h i s  e f f e c t 14 b u t  t h e  l a r g e  n u m b e r  o f  u n d e t e r m i n e d  c o n 

s t a n t s  i n v o l v e d  m a k e s  i t  v e r y  d i f f i c u l t  t o  i n t e r p r e t ,  

e x c e p t  i n  e x t r e m e  c a s e s  o f  s i m p l i f i c a t i o n .  T h e  r e l a x a -

(11) G . A tk in s o n , p r iv a te  c o m m u n ic a tio n .
(12) I .  A b ra h a m e r and  Y . M a rc u s , I n o r g .  C h e m . ,  6 , 2103 (1967).
(13) N . Foge l, J . M .  J . T a i,  and  J. Y a rb o ro u g h , J .  A m e r .  C h e m .  S o c . ,  
84, 1145 (1962).
(14) R . T . B e ye r, J .  A c o u s t .  S o c .  A m e r . ,  29, 243 (1957).
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t i o n  f r e q u e n c y ,  h o w e v e r ,  a p p r o x i m a t e s  t o  t h a t  o f  t h e  

s l o w e r  s t e p .  S i n c e  t h e  c u r v e ,  a s  f a r  a s  i t  i s  p o s s i b l e  t o  

t e l l ,  i s  s y m m e t r i c a l ,  a n  e s t i m a t e  o f  m  e q u a l  t o  m i  f o r  

s a m a r i u m  c a n n o t  b e  f a r  f r o m  t h e  r e a l  v a l u e .  T h e  m  

v a l u e s  f o r  s a m a r i u m  c o u l d  t h e n  b e  u s e d  f o r  t h e  r e m a i n 

i n g  s a l t s  a t  e q u a l  c o n c e n t r a t i o n s .  T h i s  e s t i m a t e  i s  

p r o b a b l y  a s  g o o d  a s  w o u l d  b e  o b t a i n e d  b y  a  m o r e  

p r o t r a c t e d  a n a l y s i s .

T o  e v a l u a t e  6 (C ) , t h e  d e g r e e  o f  a s s o c i a t i o n  fi m u s t  b e . 

c a l c u l a t e d  f r o m  t h e  o v e r a l l  a s s o c i a t i o n  c o n s t a n t s .  T h e  

t h e r m o d y n a m i c

d{C) =  n,C 4 -  2d  + ( 3  -  fi) C ( 1 3 )

a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  r a r e  e a r t h  n i t r a t e s  a r e  n o t  

a v a i l a b l e .  A  s t u d y  o f  t h e  r e a c t i o n s  a t  h i g h  i o n i c  

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

a  f e w  o f  t h e  r a r e  e a r t h  n i t r a t e s ,  m i g h t  b e  m o r e  a d v a n 

t a g e o u s  a t  t h i s  t i m e  r a t h e r  t h a n  a t t e m p t i n g  t o  m e a s u r e  

t h e  t h e r m o d y n a m i c  c o n s t a n t s .  I t  i s  c o n c e i v a b l e  t h a t  

t h e  r e l a x a t i o n s  m a y  b e  s e p a r a t e d  u n d e r  t h e s e  c o n d i t i o n s  

a l t h o u g h  t h e r e  i s  n o  p r e c e d e n t  f o r  m a k i n g  t h i s  o b s e r v a 

t i o n .  S u c h  a  s t u d y  i s  a t  p r e s e n t  i n  p r o g r e s s .  Q u a n t i 

t a t i v e  p r o o f  o f  t h e  a s s i g n m e n t  o f  r e l a x a t i o n s  i s  t h e r e f o r e  

b e y o n d  o u r  r e a c h  a t  p r e s e n t .  N e v e r t h e l e s s ,  b a s e d  u p o n  

t h e  i n t u i t i v e  a r g u m e n t s  o u t l i n e d  i n  p r e v i o u s  w o r k 2 a n d  

t h e  q u a l i t a t i v e  e v i d e n c e  d e s c r i b e d  h e r e ,  t h e  i n t e r p r e t a 

t i o n  o f  t h e  r e s u l t s  a s  i n d i c a t i v e  o f  i n n e r  s u b s t i t u t i o n  o f  

t h e  c a t i o n  w i l l  b e  c o n s i d e r e d  c o r r e c t  f o r  t h e  f o l l o w i n g  

d i s c u s s i o n .

R a t e  c o n s t a n t s  f o r  s t e p  I I I ,  ku a n d  kA3, a r e  g i v e n  i n  

T a b l e  I I I  f o r  t h e  m o n o s u l f a t e s .  T h e  e s t i m a t e d  e r r o r  

i s  ± 1 5 % ,  b u t  f o r  t h e  s l o w - e r  r a t e s ,  w h i c h  a p p r o a c h  t h e  

e x p e r i m e n t a l  l i m i t s  o f  t h e  i n s t r u m e n t ,  t h e  e r r o r  i s  

p r o b a b l y  g r e a t e r  t h a n  t h i s .  I n  t h e  g r a p h i c a l  s o l u t i o n  

o f  e q  3 ,  t h e  i n t e r c e p t  a t  $ ( C )  =  0  i s  n e g a t i v e .  H o w 

e v e r ,  w h e n  A  ( f r o m  e q  1 0 )  i s  p l o t t e d  a s  a  f u n c t i o n  o f  

$ ( C )  a  z e r o  v a l u e  o f  A  i s  o b t a i n e d  a t  a  f i n i t e  v a l u e  o f  

$ ( C ) ,  w h i c h  m e a n s  t h a t  a  c e r t a i n  l i m i t i n g  c o n c e n t r a 

t i o n  o f  i n n e r  c o m p l e x  m u s t  b e  p r e s e n t  i n  s o l u t i o n  b e f o r e  

a b s o r p t i o n  i n  e x c e s s  o f  t h e  s o l v e n t  i s  o b s e r v e d .  T h i s  

l i m i t i n g  v a l u e  o f  $ > ( C )  w a s  u s e d  t o  d e t e r m i n e  kA3.
T h e  r a t e s  o f  c o m p l e x  f o r m a t i o n  a r e  4 0 %  l o w e r  t h a n  

t h e  o r i g i n a l  e s t i m a t e ,2 b u t  a r e  s t i l l  a n  o r d e r  o f  m a g n i t u d e  

g r e a t e r  t h a n  t h o s e  o b s e r v e d  b y  G e i e r 15 f o r  t h e  r a t e s  o f  

f o r m a t i o n  o f  m u r e x i d e  c o m p l e x e s ,  b y  S w i n e h a r t 16 f o r  a  

n u m b e r  o f  l a n t h a n i d e  a n t h r a n i l a t e  c o m p l e x e s ,  a n d  b y  

R e u b e n  a n d  F i a t ,17 i n  p r o t o n  m a g n e t i c  r e s o n a n c e  s t u d i e s  

o f  d y s p r o s i u m .  H o w e v e r ,  g o o d  a g r e e m e n t  w a s  f o u n d  

w i t h  r e s u l t s  b y  G r e c s e k 18 f o r  P r ( I I I ) ,  N d ( I I I ) ,  a n d  

D y ( I I I )  f r o m  s o u n d  a b s o r p t i o n  a n d  b y  M a r i a n e l l i 19 f o r  

G d ( I I I )  b y  o x y g e n - 1 7  n m r  l i n e  b r o a d e n i n g  s t u d i e s  o f  

t h e  r a t e  o f  w a t e r  e x c h a n g e .  T h i s  c o n t r o v e r s y  c a n  o n l y  

b e  r e s o l v e d  w h e n  r e s u l t s  a r e  a v a i l a b l e  f o r  t h e  l a n t h a n i d e  

i o n s  w i t h  a  c e r t a i n  l i g a n d  b y  m o r e  t h a n  o n e  t e c h n i q u e ,  

a n d  u n d e r  s i m i l a r  c o n d i t i o n s  o f  i o n i c  s t r e n g t h .  I f  t h i s  

f a i l s  t h e n  a  p o s s i b l e  e x p l a n a t i o n  m a y  t r a n s p i r e  f r o m

f u r t h e r  c o n s i d e r a t i o n  o f  t h e  m e c h a n i s m .  I t  i s  p o s s i b l e  

t h a t  t h e  c o m p l e x i t y  o f  t h e  e n t e r i n g  l i g a n d ,  o r  i t s  a b i l i t y  

t o  c h e l a t e  w i t h  t h e  c a t i o n s ,  w o u l d  p r e c l u d e  a  s i m p l e  

S n I  m e c h a n i s m .

F r o m  F i g u r e  9 ,  t h e  r a t e  c o n s t a n t s  ku a r e  s e e n  t o  

r e a c h  a  m a x i m u m  a r o u n d  s a m a r i u m  a s  b e f o r e 2 a n d  t o

Figure 9. Dependence of logarithm of the rate constant for the 
rate-controlling step on the reciprocal cation radius. Data from: 
# ,  ref 2 ; O, this work; A, ref 18; □ , ref 19.
(Values in ordinate X 10-s.)

f a l l  o n  a  s m o o t h  c u r v e  w h e n  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  

r e c i p r o c a l  c a t i o n  r a d i u s .  T h e  d e p e n d e n c e  i s  q u i t e  d i f 

f e r e n t  f r o m  t h e  l i n e a r  b e h a v i o r  f o r  l o g  A’34 r.s. 1 /» 'c a t io n  

f o r  t h e  a l k a l i  m e t a l  a n d  t h e  a l k a l i n e  e a r t h  m e t a l  s e r i e s ,20 
b u t  r e s e m b l e s  s o m e w h a t  t h e  r a t h e r  c o m p l i c a t e d  t r e n d s  

i n  A G ,  A H, a n d  A »S  f o r  c o m p l e x  f o r m a t i o n  f o r  a  n u m b e r  

o f  l i g a n d s  w i t h  t h e  r a r e  e a r t h  c a t i o n s .21 T h e s e  t r e n d s  

h a v e  b e e n  i n t e r p r e t e d  a s  a  c o n s e q u e n c e  o f  a  c h a n g e  i n  

c o o r d i n a t i o n  n u m b e r  a s  t h e  r a d i u s  o f  t h e  c a t i o n  

d e c r e a s e s  a c r o s s  t h e  s e r i e s .  I f  t h e  m e c h a n i s m  i s  Sn I 
s o  t h a t  t h e  p a r t i c i p a t i o n  o f  s u l f a t e  a n i o n  i n  f o r m i n g  t h e  

t r a n s i t i o n  s t a t e  i s  s m a l l ,  t r e n d s  i n  t h e  r a t e s  o f  s u b s t i t u 

t i o n  m a y  b e  e x p e c t e d  t o  r e f l e c t  c h a n g e s  i n  t h e  i n t i m a t e  

s t r u c t u r e  o f  t h e  c a t i o n s ,  n a m e l y  a  c h a n g e  i n  c o o r d i n a 

t i o n  n u m b e r .  B a s e d  u p o n  t h i s  o b s e r v a t i o n  a  f e a s i b l e  

k i n e t i c  m o d e l  w a s  d e s c r i b e d  i n  t h e  f i r s t  p a p e r  o n  t h e  

l a n t h a n i d e  s u l f a t e s .2 U n l i k e  t h e  m u r e x i d e  r e s u l t s ,  n o  

m i n i m u m  i s  o b s e r v e d  a r o u n d  e r b i u m .  T h e r e  i s ,  p e r 

h a p s ,  m o r e  e r r o r  i n  t h e  c a l c u l a t e d  fc34 v a l u e s  f o r  t h e

(15) G . G e ier, B e r .  B u n s e n g e s .  P h y s .  C h e m .  69, 617 (1965).
(16) J . H . S w in e h a rt, p r iv a te  c o m m u n ic a tio n .
(17) J . R euben  and  D . F ia t ,  C h e m .  C o m m u n . ,  729 (1967).
(18) J. J . G recsek, M .S . Thes is , U n iv e rs ity  o f  M a ry la n d , 1966.
(19) R . M a r ia n e lli,  P h .D . Thesis , U n iv e rs ity  o f  C a lifo rn ia , B e rk e le y , 
1966.
(20) M . E ige n , B c r .  B u n s e n g e s .  P h y s .  C h e m . ,  67, 753 (1963%
(21) G . H . N a n co lla s , " In te ra c t io n s  in  E le c tro ly te  S o lu t io n s ,"  
E ls e v ie r P u b lis h in g  C o., N e w  Y o rk ,  N . Y .,  1966, p  108.
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s l o w e r  r e a c t i o n s  a t  t h e  e n d  o f  t h e  s e r i e s ,  b u t  s o m e  

c r e d i b i l i t y  i s  g i v e n  t o  t h e  o b s e r v a t i o n  i f ,  f r o m  T a b l e  I I ,  

t h e  c h a r a c t e r i s t i c  f r e q u e n c i e s  a r e  c o m p a r e d  f o r  s o l u t i o n s  

o f  e q u a l  c o n c e n t r a t i o n .  T h e  d e p e n d e n c e  o f  t h e  r a t e s  

o f  f o r m a t i o n  o n  t h e  r e c i p r o c a l  c a t i o n i c  r a d i u s  f o l l o w s ,  

t o  s o m e  e x t e n t ,  t h a t  o f  t h e  h e a t s  o f  h y d r a t i o n  o f  t h e  

t r i v a l e n t  l a n t h a n i d e  i o n s ,22 w h i c h  m i g h t  i n d e e d  s u g g e s t  

a n  S n I  m e c h a n i s m .
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H a l l  o f  t h i s  d e p a r t m e n t  f o r  h i s  h e l p  i n  t h e  d e s i g n  a n d  

f a b r i c a t i o n  o f  t h e  m e c h a n i c a l  a r r a n g e m e n t .  W e  a r e  

a l s o  g r a t e f u l  t o  N A S A  f o r  p r o v i d i n g  a  f e l l o w s h i p  t o

D .  P .  F .

(22) G . C h o p p in , u n p u b lis h e d  resu lts .

Radiolysis of Cyclic Fluorocarbons. II. Perfluoroaromatics at Elevated Temperatures1

by F . W .  Bloch and D . R . M a cK e n zie

B r o o k h a v e n  N a t i o n a l  L a b o r a t o r y ,  U p t o n ,  N e w  Y o r k  1 1 9 7 3  ( R e c e i v e d  J u l y  1 5 ,  1 9 6 8 )

Aromatic fluorocarbons are known to have high thermal stability but only moderate stability to radiation 
at or slightly above room temperature. In the present study of perfluorobenzene, perfluoronaphthalene, 
perfluorobiphenyl, and perfluoro-o-terphenyl, we find that this moderate radiation stability is maintained at 
elevated temperatures where most organic compounds undergo rapid decomposition by heat alone. For 
example, perfluorobiphenyl at 500° is several orders of magnitude more stable thermally and many times 
more stable to 7  radiation than are the hydrocarbons biphenyl and o-terphenyl. At 100° polymerization is 
almost the only process occurring and G values range from 1.5 to 3. At 450° it is still the most important 
process, with G values from 2 to 6, but formation of F2-addition products has become appreciable. Frag
mentation is insignificant. Although the temperature coefficient of overall radiolytic decomposition is small, 
quite large changes occur in the product distributions in going from 100 to 450°. This is particularly apparent 
in the case of CjFe where products have been characterized to the greatest extent. The implications regarding 
mechanism and changes in mechanism with temperature are discussed.

I . Introduction

I t  h a s  b e e n  k n o w n  f o r  s o m e  t i m e  t h a t  t h e  c o m m o n e r  

c y c l i c  f l u o r o c a r b o n s ,  b o t h  a l i c y c l i c  a n d  a r o m a t i c ,  a r e  

e x t r e m e l y  s t a b l e  t h e r m a l l y .2'3 O u r  o w n  w o r k 4 h a s  

s h o w n  t h a t  a t  t e m p e r a t u r e s  f r o m  r o o m  t o  100°  t h e  

a r o m a t i c  a n d  a l i c y c l i c  f l u o r o c a r b o n s  h a v e  s i m i l a r  G 
v a l u e s  f o r  r a d i a t i o n  d e c o m p o s i t i o n ,  a n d  t h e i r  r e s i s t a n c e  

t o  r a d i a t i o n  i s  i n t e r m e d i a t e  b e t w e e n  a r o m a t i c  a n d  a l i 

c y c l i c  h y d r o c a r b o n s .  B e c a u s e  o f  t h e i r  k n o w n  t h e r m a l  

s t a b i l i t y ,  i t  w a s  o f  i n t e r e s t  t o  f i n d  o u t  w h e t h e r  t h e s e  

c o m p o u n d s  r e t a i n e d  t h e i r  r e a s o n a b l y  g o o d  r a d i a t i o n  

s t a b i l i t y  u p  t o  t e m p e r a t u r e s  a s  h i g h  a s  t h o s e  a t  w h i c h  

h y d r o c a r b o n s  u n d e r g o  s e v e r e  d e g r a d a t i o n .  T h u s  w e  

e x t e n d e d  o u r  i r r a d i a t i o n  e x p e r i m e n t s  t o  e l e v a t e d  

t e m p e r a t u r e s  ( u p  t o  5 0 0 ° ) .

II. Experim ental Section

T h e  c o m p o u n d s  s t u d i e d  v ^ e r e  p e r f l u o r o b e n z e n e  

( C e F 6) ,  p e r f l u o r o b i p h e n y l  ( C i 2F w ) ,  p e r f l u o r o n a p h t h a 

l e n e  (C ioF 8), a n d  p e r f l u o r o - o - t e r p h e n y l  (C i8F i4). T h e  

p e r f l u o r o t e r p h e n y l  w a s  s y n t h e s i z e d  b y  J .  W .  D a l e  a n d

G .  J .  O ’ N e i l  o f  M o n s a n t o  R e s e a r c h  C o r p . ,  E v e r e t t ,  

M a s s .  I t  w a s  a v a i l a b l e  i n  o n l y  v e r y  l i m i t e d  a m o u n t s  

a n d  w a s  i r r a d i a t e d  a s  r e c e i v e d  ( 9 8 %  p u r e ) . T h e  o t h e r  

c o m p o u n d s ,  o b t a i n e d  f r o m  I m p e r i a l  S m e l t i n g  C o r p . ,  

L t d . ,  B r i s t o l ,  E n g l a n d ,  w e r e  h i g h l y  p u r i f i e d  b y  p r e 

p a r a t i v e  s c a l e  g a s - l i q u i d  p a r t i t i o n  c h r o m a t o g r a p h y  

( g l p c ) .4
A  K a r l  F i s c h e r  s p e c t r o p h o t o m e t r i c  a n a l y s i s  s h o w e d  

a  w a t e r  c o n t e n t  o f  < 4 0  p p m  f o r  a l l  t h e  p u r i f i e d  c o m 

p o u n d s .  T h i s  s m a l l  a m o u n t  o f  w a t e r  a n d  p r o b a b l y

(1) T h is  w o rk  was p e rfo rm e d  u n d e r th e  auspices o f th e  U . S. A to m ic  
E n e rg y  C om m iss ion .
(2) I .  B . Johns, E . A . M c E lh i l l ,  a nd  J . O. S m ith , I n d .  E n g .  C h c m . ,  
P r Q d .  R e s .  D e v e l o p ., 1, 2 (1962).
(3) L .  A . W a ll,  R . E . D o n a d io , and  AV. J. P u m m e r, J .  A m e r .  C h c m ,  
S o c .  82, 4846 (1960).

(4) D . R . M a c K e n z ie , F . W . B lo c h , a nd  R . H . W is w a ll,  J r .,  J .  P h y s .  
C h c m . ,  6 9 ,  2 5 2 6  (1965). P aper I  o f th is  series.
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t r a c e s  o f  o t h e r  h y d r o g e n - c o n t a i n i n g  i m p u r i t i e s * 5 w e r e  

s h o w n  t o  y i e l d  v e r y  s m a l l  a m o u n t s  o f  H F  b u t  n o  o t h e r  

h y d r o g e n - c o n t a i n i n g  c o m p o u n d s  i n  d e t e c t a b l e  a m o u n t s .  

T h u s  t h e  l a b o r i o u s  d r y i n g  p r o c e d u r e  f o l l o w e d  i n  o u r  

l o w - t e m p e r a t u r e  w o r k 4 w a s  o m i t t e d .  O t h e r w i s e  p r e p 

a r a t i o n  o f  s a m p l e s  f o r  i r r a d i a t i o n  w a s  e s s e n t i a l l y  t h e  

s a m e  a s  i n  t h a t  i n v e s t i g a t i o n .

A l l  c o m p o u n d s  w e r e  i r r a d i a t e d  a t  4 5 0 °  a n d  p e r -  

f l u o r o b i p h e n y l  r a d i o l y s e s  w e r e  c a r r i e d  o u t  a l s o  a t  200 , 

3 0 0 ,  3 5 0 ,  4 0 0 ,  a n d  5 0 0 ° .  D o s e  r a t e s  i n  t h e  60C o  7  f i e l d  

w e r e  o f  t h e  o r d e r  o f  106 t o  107 r a d s / h r  a n d  t o t a l  a b s o r b e d  

d o s e s  w e r e  a r o u n d  8 0  M r a d s .  I n  a l l  e x p e r i m e n t s ,  

e x c e p t  t h o s e  w i t h  C 6F 6, t h e  a m o u n t  o f  m a t e r i a l  a n d  

s i z e  o f  c e l l  w e r e  a d j u s t e d  s o  t h a t  t h e  b u l k  o f  t h e  m a t e r i a l  

i n  t h e  r a d i a t i o n  z o n e  w a s  i n  t h e  l i q u i d  s t a t e .6 C 6F 6 
w a s  i r r a d i a t e d  a s  a  g a s  a t  a  p r e s s u r e  o f  a p p r o x i m a t e l y  

3 0 0  a t m  ( c a l c u l a t e d  o n  t h e  b a s i s  o f  t h e  u n m o d i f i e d  g a s  

l a w ) .  P y r o l y s e s  w e r e  c a r r i e d  o u t  i n  p a r a l l e l  e x p e r i 

m e n t s  f o r  a l l  c o m p o u n d s  e x c e p t  t h e  p e r f l u o r o t e r p h e n y l  

s o  t h a t  G v a l u e s  c o u l d  b e  a d j u s t e d  f o r  t h e r m a l  d e c o m 

p o s i t i o n .

P r e f l u o r i n a t e d  n i c k e l  w a s  c h o s e n  a s  t h e  c o n t a i n e r  

m a t e r i a l  b e c a u s e  o f  i t s  i n e r t n e s s  t o  f l u o r i n e  a t t a c k  a t  

m o d e r a t e  t e m p e r a t u r e s .  A  H o k e  4 1 1  M o n e l  v a l v e  

w i t h  I n c o n e l  X  s p r i n g  a n d  s i l v e r  s o l d e r e d  d i a p h r a g m  

w a s  c o n n e c t e d  t o  e a c h  c e l l  s o  t h a t  t h e  w h o l e  c e l l  s y s t e m  

c o u l d  b e  i r r a d i a t e d  a n d  t h e  v o l a t i l e  p r o d u c t s  s u b j e c t e d  

t o  a n a l y s i s .  C e l l s  w e r e  w o u n d  w i t h  A m p e r e x  s h e a t h e d  

h e a t i n g  w i r e  a n d  i n s u l a t e d  w i t h  K a y l o  ( O w e n s -  

C o r n i n g ) .  C e l l s  w e r e  b r o u g h t  u p  t o  t e m p e r a t u r e  a s  

q u i c k l y  a s  p o s s i b l e  b e f o r e  b e i n g  l o w e r e d  i n t o  t h e  7  f i e l d .  

T e m p e r a t u r e  w a s  m a i n t a i n e d  w i t h  a  M i n n e a p o l i s  

H o n e y w e l l  p r o p o r t i o n a l  c o n t r o l l e r  t o  w i t h i n  ± 1 °  o f  t h e  

s t a t e d  v a l u e  t h r o u g h o u t  a n  e x p e r i m e n t .

P r o d u c t  a n a l y s i s  w a s  p e r f o r m e d  b y  g l p c  a n d  m a s s  

s p e c t r o m e t e r  a f t e r  f r a c t i o n a l  v a c u u m  d i s t i l l a t i o n  o f  t h e  

c e l l  c o n t e n t s ,  u s i n g  t h e  s a m e  p r o c e d u r e  a s  i n  t h e  l o w -  

t e m p e r a t u r e  w o r k .4 T h e  m a t e r i a l  r e m a i n i n g  i n  t h e  

c e l l  a f t e r  t h e  l a s t  v a c u u m  t r a n s f e r  c o n s t i t u t e d  t h e  

p o l y m e r  r e s i d u e .  A  c o r r e c t i o n  f o r  r e s i d u a l  s t a r t i n g  

m a t e r i a l ,  b a s e d  o n  g l p c  a n a l y s i s ,  w a s  a p p l i e d  t o  t h e  

p o l y m e r  y i e l d s .  A  c o r r e s p o n d i n g  c o r r e c t i o n  w a s  m a d e ,  

w h e r e  n e c e s s a r y ,  f o r  p o l y m e r i c  m a t e r i a l  i n  t h e  v a c u u m  

d i s t i l l a t e s .

III. R esults

O u r  r e s u l t s  a r e  s u m m a r i z e d  i n  T a b l e s  I —I I I  a n d  i n  

F i g u r e  1 .  S o m e  r e s u l t s  f r o m  l o w - t e m p e r a t u r e  i r r a d i a 

t i o n s  a r e  i n c l u d e d .

O v e r a l l  d e s t r u c t i o n  o f  s t a r t i n g  c o m p o u n d  i s  r e p o r t e d  

a s  ( r t o ta l ,  w h e r e  G h a s  t h e  u s u a l  m e a n i n g  o f  m o l e c u l e s  

c o n v e r t e d  p e r  1 0 0  e V  a b s o r b e d  i n  t h e  s a m p l e .  G v a l u e s  

a r e  a l s o  r e c o r d e d  f o r  f o r m a t i o n  o f  p o l y m e r  ( c o m p o u n d s  

o f  c a r b o n  n u m b e r  g r e a t e r  t h a n  t h a t  o f  t h e  s t a r t i n g  

c o m p o u n d )  a n d  f o r m a t i o n  o f  a d d i t i o n  p r o d u c t s  ( m o l e 

c u l e s  h a v i n g  t w o  F  a t o m s  m o r e  t h a n  t h e  s t a r t i n g  c o m 

p o u n d )  . G poiym er i s  g i v e n  i n  t e r m s  o f  m o l e c u l e s  o f

Table I: Results of 60Co 7  Irradiation of Aromatic 
Fluorocarbons at Elevated Temperatures

Compound
Temp,

°C
Dose,
Mrads G to ta l G p o ly m er G ,d d i t io n

C e F e 67 107 3.0 2.9 — 0.04
450 78 6.3 5.9 0.4

C i o F s 108 860« 1.30 1.27 — 0.03
450 80 4.6 3.1 1.5

0 - C 18F 14 450 79 < 3 .56 <3.35 <0.26
C 12F 10 100 77 1.8 1.8 -0 .01

200 79 1.9 1.8 0.1
300 79 2.35 2.05 0.3
350 79 2.4 2.1 0.3
400 77 2.3 2.0 0.3
450 79 2.5 2.2 0.3
500 79 3.7 3.2 0.5

« 1.5-MeV electrons. b No pyrolysis correction applied.

Table II: Comparison of Polymeric Product Yields 
From C6F6 Radiolysis at 67 and 450°

------------ G  va lues  in  te rm s  o f G _c «f 6‘

T e m p ,
°C Phase C nF io

P a r t ia l ly
s a tu ra te d

C ls ’S«
H ig h e r

p o ly m e r
T o ta l

p o ly m e r

67 Liquid 0.05 0.15 2.7 2.9
450 Gas at 300 atm 2.3 1 . 2 2.4 5.9

0 Assuming same detector sensitivity (glpc) as for C12F10.

s t a r t i n g  c o m p o u n d  c o n s u m e d .  F l u o r o c a r b o n  g a s  y i e l d s  

a r e  n o t  g i v e n  i n  t h e  t a b l e s .  T h e y  w e r e  d e t e r m i n e d  i n  

e a c h  e x p e r i m e n t  i n  t h e  m a n n e r  d e s c r i b e d  p r e v i o u s l y 4 
a n d  w e r e  v e r y  l o w  ( < 0 . 0 1 ) .  W e  d o  n o t  a t t a c h  s i g 

n i f i c a n c e  t o  s u c h  s m a l l  y i e l d s  o f  f l u o r o c a r b o n  g a s e s ,  

p a r t i c u l a r l y  s i n c e  w e  a r e  u n a b l e  t o  s t a t e  t o  w h a t  e x t e n t  

t h e y  m a y  h a v e  b e e n  d u e  t o  i m p u r i t i e s .  F o r  e x a m p l e ,  

e n o u g h  h y d r o g e n - c o n t a i n i n g  m a t e r i a l  w a s  a l w a y s  

p r e s e n t 7 t o  f o r m  H F ,  w h i c h  p r o d u c e d  S i F 4 b y  r e a c t i o n  

w i t h  g l a s s  i n  t h e  g a s - h a n d l i n g  a p p a r a t u s  w i t h  a  G v a l u e  

o f  ? » 0 . 0 5 .

T h e  p r i n c i p a l  p r o d u c t s  i n  t h e  e x p e r i m e n t s  r e p o r t e d  

h e r e  w e r e  p o l y m e r s ,  a l t h o u g h  a d d i t i o n  p r o d u c t s  w e r e  

f o r m e d  i n  s i g n i f i c a n t  a m o u n t s ,  p a r t i c u l a r l y  w i t h  t h e  

f u s e d  r i n g  c o m p o u n d  p e r f l u o r o n a p h t h a l e n e .  I n  t h e

(5) A n  o b v io u s  source  o f  such c o n ta m in a tio n  is  b le e d in g  fro m  th e  
p re p a ra tiv e  scale g lp c  co lu m n s . F o r  exam p le , w e ll c o n d itio n e d  
p o ly p ro p y le n e  g ly c o l co lu m n s  appea red  n o t  to  be b le e d in g  a t  150° 
w hen  co lle c tio n s  w ere m ade  fo r  10 m in . H o w e v e r, c o lle c tio n s  o f  30 
m in  o r m o re  show ed th a t  b le e d in g  w as o c c u rr in g  a t  th e  ra te  o f  a b o u t 
0.2 m g /h r .  S ince sam ples w ere  co lle c te d  fo r  a b o u t 10 m in  and  c o lu m n  
te m p e ra tu re  was u s u a lly  < 1 5 0 ° , th e  a m o u n t o f  c o n ta m in a n t in t r o 
duced  in  th is  w a y  w as < 0 .0 1  w t  %.
(6) In fo rm a t io n  o b ta in e d  since th e  e xp e rim e n ts  w ere done in d ic a te s  
th a t  th e  c r i t ic a l  te m p e ra tu re s  o f  C 12F 10 a nd  CioFs a re  s l ig h t ly  less 
th a n  400° so th a t  th e  CioFs ir ra d ia t io n  a t  450° a n d  th e  C 12F 10 i r r a d ia 
t io n  a t  400° and  above  w ere  c a rr ie d  o u t  in  th e  gas phase a t  pressures 
h ig h e r th a n  c r it ic a l.
(7) See E x p e r im e n ta l S ection.
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Table III: Comparison of Thermal and Low LET Radiation 
Decomposition of Aromatic Hydrocarbons and Fluorocarbons

H y d ro -  F lu o ro - H y d ro -  F lu o ro -
carbon carbon carbon carbon

Thermal decomposition, 
weight fraction per hour 
at 500° 0.048“ 0.00016 (0.18)*

(?total at 260° 0.54 2.15
Gt„tai at 450° 2.5 6.4“ < 3 . 5

Gtotal at 500° 3.7 (17)“
Apparent activation energy 

of radiolysis in keal/mol 
Temperature range 

80-260° 1.2'- 0.5 O cc

Temperature range 
450-500° >5 22“

“ D. A. Scola, unpublished results reported in IDO-11 055, May 10, 
1963, and confirmed by present authors. '’ Reference 11. “ Refer
ence 8. d Extrapolated from data in ref 8. e Results of A. W. Boyd, 
quoted in Report IDO-11401, Dec 1964, p 51.

p e r f l u o r o - o - t e r p h e n y l  e x p e r i m e n t ,  o n l y  t r a c e s  o f  p r o d u c t  

o t h e r  t h a n  p o l y m e r  w e r e  f o r m e d ,  s o  i d e n t i f i c a t i o n  o f  

a d d i t i o n  p r o d u c t s  w a s  b a s e d  o n l y  o n  g l p c  r e t e n t i o n  

t i m e s .  I n  t h e  o t h e r  e x p e r i m e n t s  i d e n t i f i c a t i o n  w a s  b y  

m a s s  s p e c t r o m e t r y  o f  i n d i v i d u a l  c o m p o n e n t s  c o l l e c t e d  

a s  g l p c  f r a c t i o n s .  T h e r e  w e r e  t w o  o r  m o r e  s u c h  c o m 

p o n e n t s  f o r  e a c h  s t a r t i n g  c o m p o u n d .  I n  t h e  p e r f l u o r o -  

b i p h e n y l  e x p e r i m e n t s ,  o n l y  2 o u t  o f  0  c o m p o n e n t s  o f  

a p p r o p r i a t e  g l p c  r e t e n t i o n  t i m e  w e r e  d e f i n i t e l y  i d e n t i f i e d  

b e c a u s e  o f  t h e  s m a l l  s a m p l e s  a v a i l a b l e ,  b u t  i t  s e e m s  

v i r t u a l l y  c e r t a i n  t h a t  t h e  o t h e r  f o u r  w e r e  a l s o  a d d i t i o n  

p r o d u c t s .  F r a g m e n t a t i o n  p r o d u c t s  w e r e  m i n o r  i n

Figure 1. Temperature dependence of radiolytic decomposition 
rate of Ci2Fi0.

e x p e r i m e n t s  w i t h  C j2F i 0 a t  t h e  h i g h e r  t e m p e r a t u r e s ,  

a n d  b a r e l y  d e t e c t a b l e  a t  t h e  l o w e r  t e m p e r a t u r e s  a n d  

w i t h  C 6F 6. N o  f r a g m e n t a t i o n  w a s  o b s e r v e d  w i t h  

C ioF 8 a n d  o - C i g F n .

G v a l u e s  g i v e n  i n  T a b l e s  I  a n d  I I  a r e  t h e  r e s u l t s  o f  

t w o  o r  m o r e  e x p e r i m e n t s  e x c e p t  i n  t h e  c a s e  o f  o - C i$ F 14 
a n d  C 12F 10 a t  5 0 0 ° .  S e v e r a l  s e t s  o f  t r i p l i c a t e  e x p e r i 

m e n t s  w i t h  C 12F 10 s h o w e d  a  t o t a l  s p r e a d  i n  Gtot a i o f  1 2  

t o  1 6 % ,  w i t h  a n  a v e r a g e  d e v i a t i o n  a b o u t  t h e  m e a n  o f  

± 5  t o  7 % .  S p r e a d s  a l m o s t  a s  l a r g e  w e r e  o b t a i n e d  i n  

c a r e f u l l y  c o n t r o l l e d  e x p e r i m e n t s  a t  r o o m  t e m p e r a t u r e  

w i t h  F r i c k e  d o s i m e t e r  s o l u t i o n  i n  p l a c e  o f  f l u o r o c a r b o n  

i n  o u r  e x p e r i m e n t a l  a r r a n g e m e n t .  T h u s ,  i t  w a s  c o n 

c l u d e d  t h a t  o u r  i m p r e c i s i o n  w a s  c a u s e d  a l m o s t  e n t i r e l y  

b y  i n a b i l i t y  t o  r e p r o d u c e  t h e  s a m p l e  c e l l  p o s i t i o n  i n  t h e  

i r r a d i a t i o n  t u b e s .

W e  f e e l  t h a t  t h e  a b s o l u t e  y i e l d  v a l u e s  a r e  g o o d  t o  

± 1 0 % .  T h e  F r i c k e  d o s i m e t e r  d o s e  r a t e  i n  s t a n d a r d  

g l a s s  c o n t a i n e r  a t  t h e  c e n t e r  o f  e a c h  i r r a d i a t i o n  f a c i l i t y '  

w a s  k n o w n  t o  ± 2 %  a n d  w a s  c o n v e r t e d  t o  d o s e  r a t e  i n  

o u r  m a t e r i a l s  u s i n g  t h e  a p p r o p r i a t e  e l e c t r o n  d e n s i t i e s .  

C o r r e c t i o n  f o r  e n e r g y  a b s o r p t i o n  i n  t h e  n i c k e l  c e l l s  a n d  

i n s u l a t i n g  m a t e r i a l  w a s  a p p r o x i m a t e l y  11%  a n d  w a s  

d e t e r m i n e d  e x p e r i m e n t a l l y .

IV . D iscussion

Radiation Stability. F r o m  t h e  d a t a  i n  t h e  t a b l e s  i t  i s  

e v i d e n t  t h a t  t h e  p e r f l u o r o a r o m a t i c s  a s  a  c l a s s  a r e  

r e a s o n a b l y  s t a b l e  t o  i r r a d i a t i o n  a t  4 5 0 °  a n d  e v e n  h i g h e r .  

A t  5 0 0 ° ,  p e r f l u o r o b i p h e n y l  i s  s e v e r a l  o r d e r s  o f  m a g n i 

t u d e  m o r e  s t a b l e  t h e r m a l l y  t h a n  t h e  h y d r o c a r b o n s  

b i p h e n y l  a n d  o - t e r p h e n y l  a n d  i s  m a n y  t i m e s  m o r e  s t a b l e  

t o  7 r a d i a t i o n  t h a n  o - t e r p h e n y l .  T h e  v a l u e  o f  ( r t o t ai 

o f  1 7  f o r  o - t e r p h e n y l  a t  5 0 0 °  ( T a b l e  I I I )  i s  a n  e x t r a p 

o l a t i o n  f r o m  4 8 0 °  a n d  m a y  w e l l  b e  a  l o w e r  l i m i t .  I n  

f a c t  a  G v a l u e  i n  t h e  n o r m a l l y  a c c e p t e d  s e n s e  p r o b a b l y  

c a n n o t  b e  a s s i g n e d  t o  t h e  s y s t e m  a t  t i n s  t e m p e r a t u r e  i n  

v i e w  o f  t h e  v e r y  h i g h  t h e r m a l  d e c o m p o s i t i o n  r a t e  o f  

n e a r l y  20 %  p e r  h o u r .8
T h e  v a l u e  o f  G W i  g i v e n  f o r  p e r f l u o r o - o - t e r p h e n y l  a t  

4 5 0 ° ,  o n  t h e  o t h e r  h a n d ,  i s  a n  u p p e r  l i m i t .  S i n c e  t h e  

i r r a d i a t i o n  t i m e  w a s  3  d a y s ,  a  c e r t a i n  a m o u n t  o f  

p y r o l y s i s  u n d o u b t e d l y  o c c u r r e d ,  a n d  t o  t h e  e x t e n t  

t h a t  i t  d i d  a n  a d j u s t m e n t  s h o u l d  b e  a p p l i e d  t o  d e c r e a s e  

t h e  G v a l u e  b e l o w  3 . 5 .  T h u s  p e r f l u o r o - o - t e r p h e n y l  

h a s  a  s t a b i l i t y  m o r e  l i k e  t h a t  o f  p e r f l u o r o b i p h e n y l  t h a n  

t h a t  o f  p e r f l u o r o n a p h t h a l e n e .  T h e  l a t t e r  s t i l l  h a s  a  

G v a l u e  l e s s  t h a n  t h a t  o f  t h e  h y d r o c a r b o n  o - t e r p h e n y l  

a t  4 5 0 ° ,  a n d  e v e n  C 6F 6 a t  t h i s  t e m p e r a t u r e  s h o w s  n o  

g r e a t e r  d e c o m p o s i t i o n .

Temperature Coefficients of Radiolytic Decomposition 
Rates. T h e  d a t a  i n  T a b l e  I  s h o w  t h a t  f o r  a l l  t h e  c o m 

p o u n d s  s t u d i e d  t h e r e  i s  a  c o m p a r a t i v e l y  s m a l l  c h a n g e  

i n  C t o t a l  ( o r  a n y  o f  t h e  G v a l u e s  l i s t e d )  i n  g o i n g  f r o m

(8) J . M .  S ca rbo rough  a n d  R . B . In g a lls , J .  P h y s .  C h e m . ,  71, 486 
(1967).
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R a d i o l y s i s  o f  C y c l i c  F l u o r o c a r b o n s 555

a r o u n d  1 0 0  t o  4 5 0 ° .  T h i s  i s  i n  m a r k e d  c o n t r a s t  w i t h  

a r o m a t i c  h y d r o c a r b o n s  w h o s e  b e h a v i o r  i s  k n o w n .9'10 
E v e n  t h e  t e r p h e n y l s ,  w h o s e  r a d i o l y t i c  d e c o m p o s i t i o n  

r a t e s  a r e  v e r y  l o w  a t  m o d e r a t e  t e m p e r a t u r e s  (G =  0 . 1 8  

f o r  o - t e r p h e n y l  a t  3 0 0 ° ) , 11 s h o w  a  3 0 - f o l d  i n c r e a s e  i n  

t h i s  r a t e  i n  g o i n g  t o  4 5 0 ° .

A l t h o u g h  ( ? to ta l f o r  t h e  f l u o r o c a r b o n s  d o e s  n o t  c h a n g e  

m u c h  i n  g o i n g  f r o m  1 0 0  t o  4 5 0 ° ,  t h e r e  i s  a  r a t h e r  l a r g e  

c h a n g e  i n  t h e  p r o d u c t  d i s t r i b u t i o n .  F o r  o n e  t h i n g  t h e  

y i e l d  o f  F 2- a d d i t i o n  p r o d u c t s  i n c r e a s e s  b y  a  f a c t o r  o :  1 0  

o r  m o r e  ( T a b l e  I ) ,  i n d i c a t i n g  a n  a p p r e c i a b l e  t e m p e r a 

t u r e  c o e f f i c i e n t  f o r  t h e  r a t e s  o f  r e a c t i o n s  l e a d i n g  t o  t h e s e  

p r o d u c t s .  F o r  C 6F 6 t h e  d i s t r i b u t i o n  o f  p o l y m e r i c  

p r o d u c t s  a l s o  c h a n g e s  m a r k e d l y  b e t w e e n  6 7  a n d  4 5 0 °  

( T a b l e  I I ) . A t  t h e  l o w e r  t e m p e r a t u r e ,  o v e r  9 0 %  o f  t h e  

p o l y m e r  i s  a  p r o d u c t  o f  r e l a t i v e l y  h i g h  m o l e c u l a r  

w e i g h t  a n d  o n l y  a b o u t  2 %  i s  t h e  d i m e r ,  p e r f l u o r o -  

b i p h e n y l .  A t  4 5 0 ° ,  h o w e v e r ,  6 0 %  i s  d i m e r i c ,  m a d e  u p  

o f  2 0 %  p a r t i a l l y  s a t u r a t e d  d i m e r s  a n d  4 0 %  p e r f l u o r o -  

b i p h e n y l .  T h e  m a r k e d  i n c r e a s e  i n  y i e l d  o f  d i m e r s  i s  

a c c o m p a n i e d  b y  a  s i g n i f i c a n t  d e c r e a s e  i n  y i e l d  o f  

h i g h e r  p o l y m e r s .  T h i s  s i t u a t i o n  i s  n o t  s i m p l y  e x 

p l a i n e d ,  f o r  e x a m p l e ,  i n  t e r m s  o f  p o s i t i v e  a n d  n e g a t i v e  

t e m p e r a t u r e  c o e f f i c i e n t s ,  a n d  w i l l  b e  d i s c u s s e d  f u r t h e r  

i n  t h e  s e c t i o n  e n t i t l e d  R a d i o l y s i s  M e c h a n i s m .

T h e  l e a s t - s q u a r e s  p l o t  o f  t h e  p e r f l u o r o b i p h e n y l  

r e s u l t s  u p  t o  4 5 0 °  ( F i g u r e  1 )  y i e l d s  a n  a p p a r e n t  A r r 

h e n i u s  a c t i v a t i o n  e n e r g y  o f  0 . 5  k c a l / m o l .  A s  s h o w n  

i n  T a b l e  I I I ,  t h i s  i s  o f  t h e  s a m e  o r d e r  a s ,  t h o u g h  e v e n  

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

o f  t h e  h y d r o c a r b o n  b i p h e n y l  i n  t h e  t e m p e r a t u r e  r a n g e  

8 0  t o  2 6 0 ° .  T h e  h y d r o c a r b o n  p o l y p h e n y l s  i n  g e n e r a l  

s h o w  t w o  a c t i v a t i o n  e n e r g i e s ,  o n e  f o r  l o w  t e m p e r a t u r e ,  

a n d  a  c o n s i d e r a b l y  l a r g e r  o n e  f o r  h i g h  t e m p e r a t u r e s .10,1'2 
T h u s  t h e  h i g h - t e m p e r a t u r e  a c t i v a t i o n  e n e r g y  f o r  o- 
t e r p h e n y l  r a d i o l y s i s  ( 4 0 0  t o  4 8 0 ° )  i s  2 2  k c a l / m o l .8 
T o m l i n s o n ,  et al.,u h a v e  c o n f i r m e d  t h a t  f o r  w i - t e r p h e n y l  

3 5 0 °  i s  t h e  t r a n s i t i o n  t e m p e r a t u r e  a b o v e  w h i c h  a  h i g h  

a p p a r e n t  a c t i v a t i o n  e n e r g y  i s  o b s e r v e d .

S o m e w h e r e  b e t w e e n  4 5 0  a n d  5 0 0 °  t h e  r a d i o l y t i c  

d e c o m p o s i t i o n  r a t e  f o r  p e r f l u o r o b i p h e n y l  o b v i o u s l y  

b e g i n s  t o  i n c r e a s e  q u i t e  r a p i d l y .  T h e  d a s h e d  l i n e  i n  

F i g u r e  1 m e r e l y  i n d i c a t e s  t h i s ;  n o  p r e c i s e  a c t i v a t i o n  

e n e r g y  c a n  b e  d e t e r m i n e d  w i t h o u t  m o r e  p o i n t s  a b o v e  

4 5 0 ° ,  b u t  t h e  s l o p e  o f  t h e  d a s h e d  l i n e ,  p r o b a b l y  a  m i n i 

m u m ,  w o u l d  y i e l d  a  v a l u e  o f  5  k c a l / m o l .  T h u s  

a p p a r e n t l y  p e r f l u o r o b i p h e n y l ,  a n d  l i k e l y  t h e  o t h e r  

a r o m a t i c  f l u o r o c a r b o n s ,  a l s o  s h o w  t w o  a c t i v a t i o n  e n e r 

g i e s  f o r  r a d i o l y s i s .  F o r  t h e  f l u o r o c a r b o n s ,  h o w e v e r ,  

t h i s  h i g h  t e m p e r a t u r e  r e g i o n  m u s t  b e g i n  a t  a  c o n 

s i d e r a b l y  h i g h e r  t e m p e r a t u r e  t h a n  f o r  t h e  h y d r o c a r b o n s .  

F o r  p e r f l u o r o b i p h e n y l  o u r  r e s u l t s  c o v e r  t h e  t e m p e r a t u r e  

r a n g e  s u f f i c i e n t l y  c l o s e l y  t o  l e a v e  n o  d o u b t  o f  t h i s .  F o r  

C 6F 6 a n d  C m F «  t h e  c h a n g e s  i n  G tota i  f r o m  100 t o  4 5 0 °  

a r e  s o  s m a l l  t h a t  c l e a r l y  a  r e g i o n  o f  h i g h  a c t i v a t i o n  

e n e r g y  h a s  n o t  y e t ,  o r  h a s  o n l y  j u s t ,  b e e n  e n t e r e d  a t  

4 5 0 ° .  T h e  c h a n g e  f r o m  l o w  t o  h i g h  a p p a r e n t  a c t i v a t i o n

e n e r g y  h a s  n o t h i n g  t o  d o  w i t h  c h a n g e  o f  s t a t e  s i n c e  t h e  

c r i t i c a l  t e m p e r a t u r e s  o f  a l l  t h e  c o m p o u n d s  s t u d i e d  

( e x c e p t  f o r  t h e  p e r f i u o r o t e r p h e n y l )  a r e  b e l o w  4 0 0 ° .

T o m l i n s o n 13 p o i n t s  o u t  t h a t  t h e  r a d i a t i o n  d e c o m p o s i 

t i o n  o f  h y d r o c a r b o n  t e r p h e n y l s  a t  e l e v a t e d  t e m p e r a 

t u r e s  r e q u i r e s  a  m o r e  c o m p l e x  d e s c r i p t i o n  t h a n  h e r e t o 

f o r e  p r o p o s e d  ( e . g i n  t h e  r a d i o p y r o l y s i s  m o d e l 14 a n d  

t h e r m a l  s p i k e  m o d e l 8) .  T h i s  s i t u a t i o n  u n d o u b t e d l y  

a p p l i e s  t o  o t h e r  a r o m a t i c  h y d r o c a r b o n s  a n d  a l s o  t o  

a r o m a t i c  f l u o r o c a r b o n s .  I n  t h e  c a s e  o f  h e x a f l u o r o -  

b e n z e n e ,  f o r  e x a m p l e ,  a s  a l r e a d y  p o i n t e d  o u t ,  r a t h e r  

l a r g e  c h a n g e s  i n  y i e l d s  o f  i m p o r t a n t  p r o d u c t s  t a k e  p l a c e  

e v e n  i n  t h e  r e g i o n  o f  l o w  a p p a r e n t  a c t i v a t i o n  e n e r g y .

Radiolysis Mechanism. O n e  o f  t h e  i m p o r t a n t  d i f f e r 

e n c e s  i n  r a d i o l y s i s  m e c h a n i s m  b e t w e e n  f l u o r o c a r b o n s  

a n d  h y d r o c a r b o n s  a r i s e s  f r o m  t h e  t y p e s  o f  r e a c t i o n s  

a v a i l a b l e  t o  H  a t o m s  a n d  F  a t o m s ,  r e s p e c t i v e l y .  B o t h  

c a n  u n d e r g o  a d d i t i o n  t o  t h e  a r o m a t i c  m o l e c u l e .  H o w 

e v e r ,  w h i l e  t h e  H  a t o m  c a n  a b s t r a c t  H  f r o m  a  h y d r o 

c a r b o n  m o l e c u l e ,  t h e  F  a t o m  c a n n o t  a b s t r a c t  F  f r o m  a  

f l u o r o c a r b o n  m o l e c u l e  b e c a u s e  o f  t h e  v e r y  l a r g e  d i f f e r 

e n c e  i n  C - F  a n d  F - F  b o n d  s t r e n g t h s  ( 8 0  t o  9 0  k c a l /  

m o l ) .  A l s o  b e c a u s e  o f  t h i s  l a r g e  d i f f e r e n c e ,  e v e n  i f  a  

s i g n i f i c a n t  a m o u n t  o f  m o l e c u l a r  f l u o r i n e  c o u l d  f o r m  b y  

s o m e  o t h e r  m e c h a n i s m ,  s u c h  a s  m o l e c u l a r  e l i m i n a t i o n ,  

t h e  r e a c t i o n

F 2 +  R  • — >  R F  +  F  •

w i l l  b e  p a r t i c u l a r l y  f a v o r e d ,  w h e r e a s  t h e  c o r r e s p o n d i n g  

r e a c t i o n  w i t h  H 2 i s  e n d o t h e r m i c .  T h u s  m o l e c u l a r  

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

r a d i o l y s i s ,  w h i l e  m o l e c u l a r  f l u o r i n e  i s  n o t  l i k e l y  t o  d o  s o  

i n  f l u o r o c a r b o n  r a d i o l y s i s .  I n  f a c t ,  e x p e r i m e n t a l l y  i t  

h a s  n o t  b e e n  o b s e r v e d  i n  e i t h e r  a r o m a t i c  o r  a l i c y c l i c  

s y s t e m s .4
T h e r e  s e e m s  t o  b e  n o  d o u b t  t h a t -  e x c i t a t i o n  o f  a r o 

m a t i c  f l u o r o c a r b o n s  b y  y  r a y s  w i l l  l e a d  t o  a  s i g n i f i c a n t  

p r o p o r t i o n  o f  r a d i c a l  s p e c i e s ,  a s  a l r e a d y  s h o w n  f o r  t h e  

a r o m a t i c  h y d r o c a r b o n s  b e n z e n e 9 a n d  b i p h e n y l .10 
W h e t h e r  o r  n o t  t h e  b u l k  o f  t h e  r e a c t i o n s  i n v o l v e  t h e s e  

r a d i c a l s ,  i t  i s  u s e f u l  t o  c o n s i d e r  t h e m  a s  c o n s t i t u t i n g  

a  r e a s o n a b l e  f r a c t i o n  o f  t h e  o v e r a l l  m e c h a n i s m .

I n  o r d e r  t o  a c c o u n t  f o r  t h e  o b s e r v e d  p r o d u c t s ,  r e a c 

t i o n s  1 t o  9  a r e  p o s t u l a t e d ,  w h e r e  M  r e p r e s e n t s  a  

m o l e c u l e  o f  s t a r t i n g  c o m p o u n d  a n d  A r *  t h e  r a d i c a l  

f o r m e d  b y  l o s s  o f  o n e  F  a t o m  f r o m  t h a t  c o m p o u n d .

(9) See, fo r  exam ple, J. H oignS and T . Gatim ann, Helv. Chim. Acta, 
44 , 1337 (1961).
(10) M . A . Sweeney, K . L . H all, and R . O. B o lt , J. P hys. Chem., 
71, 1564 (1967).
(11) R . O. B o lt  and J. G . C arroll, “ R ad iation  E ffects  on O rganic 
M ateria ls ,’ ’ A cad em ic  Press, N ew  Y ork , N . Y ., 1963, p 307.
(12) R . O. B o lt  and J. G . Carroll, “ R ad ia tion  E ffects  on O rganic 
M ateria ls ,”  A cad em ic  Press, N ew  Y o rk , N . Y ., 1963, p 324.
(13) D . W uschk e and M . T om lin son , N ucl. Sci. Eng., 31, 521 (1968).
(14) E . A . M ason , T . H . T im m ins, D . T . M orga n , and W . N . B ley, 
unpublished  report, M IT -3 3 4 -7 0 , M IT N E -7 8 , M assachusetts Insti
tu te  o f  T e ch n o log y , 1966.
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M *  — *■  A r -  +  F -  ( 1 )

F -  +  M  — ■> F M -  ( 2 )

F M -  +  F -  — ■> M F 2 ( 3 )

F M -  +  M  — >  M F 2 +  A r -  ( 4 )

F M -  +  F M -  — >  M  +  M F 2 ( 5 )

A r -  +  A r -  — *■  A r — A r  ( 6 )

F M  • +  F M  - — >  F M — M F  ( 7 )

F M -  +  A r ----------» F M — A r  ( 8 )

A r -  +  M  1 ( 9 a )

1 — >------- »  — »  p o l y m e r s

F M -  +  M j  ( 9 b )

A l t h o u g h  v a l e n c e  i s o m e r s  p l a y  a  s i g n i f i c a n t  r o l e  i n  y 
r a d i o l y s i s  o f  C 6F 6 a t  r o o m  t e m p e r a t u r e ,15 w e  h a d  n o  

w a y  o f  d e t e r m i n i n g  t h e i r  e f f e c t  a s  t r a n s i e n t  s p e c i e s  i n  

h i g h - t e m p e r a t u r e  s y s t e m s  a n d  s o  d o  n o t  c o n s i d e r  t h e m  

i n  t h e  p r e s e n t  p a p e r .

W e  h a v e  n o  d i r e c t  e v i d e n c e  r e g a r d i n g  t h e  r e l a t i v e  

i m p o r t a n c e  o f  r e a c t i o n s  4  a n d  5  i n  f o r m a t i o n  o f  a d d i t i o n  

p r o d u c t s ,  M F 2, a l t h o u g h  t h e r e  i s  i n d i r e c t  e v i d e n c e  t h a t  

t h e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  ( 5 )  m a y  b e c o m e  

a p p r e c i a b l e  a t  e l e v a t e d  t e m p e r a t u r e s .  P e r f l u o r o a l k y l  

r a d i c a l s  a r e  r e p o r t e d  n o t  t o  d i s p r o p o r t i o n a t e  a t  r o o m  

t e m p e r a t u r e ,16'17 n o r  a t  c o n s i d e r a b l y  h i g h e r  t e m p e r a 

t u r e s ,18 b u t  w e  h a v e  f o u n d  t h a t  a t  e l e v a t e d  t e m p e r a t u r e s  

( 3 5 0  t o  4 0 0 ° )  c e r t a i n  c y c l i c  f l u o r o c a r b o n  r a d i c a l s  d i s 

p r o p o r t i o n a t e  r e a d i l y .19 A l s o  i n  a r o m a t i c  h y d r o c a r b o n  

s y s t e m s  e v i d e n c e  h a s  b e e n  o b t a i n e d 20 f o r  d i s p r o p o r t i o n 

a t i o n  o f  s u b s t i t u t e d  p h e n y l  r a d i c a l s  f o r m e d  i n  p u l s e  

r a d i o l y s i s .  T h e  f a c t  t h a t  F 2 a d d i t i o n  p r o d u c t  y i e l d s  

i n  e a c h  o f  t h e  c o m p o u n d s  p e r f l u o r o b e n z e n e ,  - n a p h 

t h a l e n e ,  a n d  - b i p h e n y l  i n c r e a s e  a t  l e a s t  a n  o r d e r  o f  

m a g n i t u d e  i n  g o i n g  f r o m  æ l O O  t o  4 5 0 °  i n d i c a t e s  t h a t  

o n e  o r  b o t h  o f  r e a c t i o n s  4  a n d  5  i n c r e a s e  g r e a t l y  i n  

i m p o r t a n c e ,  s i n c e  r e a c t i o n  3  i s  e x p e c t e d  t o  b e  v e r y  

e f f i c i e n t  a t  a n y  t e m p e r a t u r e .

R e a c t i o n s  6 t o  9  l e a d  t o  d i m e r i c  p r o d u c t s  o r  h i g h e r  

p o l y m e r s  a n d  a r e  r e l a t i v e l y  m o r e  i m p o r t a n t .  I t  i s  c l e a r  

t h a t  c o m p e t i t i o n  b e t w e e n  t h e  v a r i o u s  r e a c t i o n s  f o r  t h e  

r a d i c a l s  F M -  a n d  A r -  d e t e r m i n e s  t h e  p r o d u c t  d i s t r i b u 

t i o n ,  a n d  t h a t  t h e  p r o d u c t s  a t  4 5 0 ° ,  i n s o f a r  a s  w e  h a v e  

b e e n  a b l e  t o  o b s e r v e  t h e m ,  c a n  b e  e x p l a i n e d  b y  d i f f e r e n t  

r a t e  c o n s t a n t  r a t i o s  i n  t h e  d i f f e r e n t  s y s t e m s .  T h u s  

r e a c t i o n s  7 ,  8 , a n d  p a r t i c u l a r l y  9  p r e d o m i n a t e  o v e r  

r e a c t i o n s  3 ,  4 ,  a n d  5  i n  t h e  c a s e  o f  C 6F 6, C i 2F io, a n d  

p e r f l u o r o - o - t e r p h e n y l  w h e r e a s  i n  t h e  c a s e  o f  C i0F 8 t h e y  

a r e  m o r e  n e a r l y  e q u a l .  H o w e v e r ,  i n  t h e  n a p h t h a l e n e  

s y s t e m  p o l y m e r s  s t i l l  o u t w e i g h  a d d i t i o n  p r o d u c t s  

b e c a u s e  o f  t h e  c o n t r i b u t i o n s  o f  r e a c t i o n s  i n v o l v i n g  

A r -  r a d i c a l s — ( 6 ) ,  ( 8 ) ,  a n d  ( 9 a ) .

High-Temperature Reactions in C 6F 6. I n  v i e w  o f  t h e  

r e l a t i v e l y  s m a l l  e f f e c t  o f  t e m p e r a t u r e  o n  o v e r - a l l  

r a d i o l y t i c  d e c o m p o s i t i o n  o f  t h e  p e r f l u o r o a r o m a t i c s ,  i t  

i s  o f  c o n s i d e r a b l e  i n t e r e s t  t o  k n o w  t h e  n a t u r e  o f  t h e

r e a c t i o n s  a t  h i g h  t e m p e r a t u r e .  I n  t h e  c a s e  o f  C 6F 6, t h e  

c h a n g e  i n  d i s t r i b u t i o n  o f  p r o d u c t s ,  e s p e c i a l l y  p o l y m e r i c ,  

b e t w e e n  a m b i e n t  a n d  4 5 0 °  ( T a b l e s  I  a n d  I I )  g i v e s  u s  

s o m e  i d e a ,  t h o u g h  n o  d i r e c t  p r o o f ,  o f  t h e  r e l a t i v e  i m 

p o r t a n c e  o f  t h e  r e a c t i o n s  i n  o u r  s c h e m e  a n d  o f  o t h e r s  s o  

f a r  n o t  t o u c h e d  o n .  T h e  c o m p l e x i t y  i n d i c a t e d  i n  t h i s  

s y s t e m  i s  p r o b a b l y  a l s o  p r e s e n t  i n  t h e  o t h e r  p e r f l u o r o 

a r o m a t i c s .

A t  l o w  t e m p e r a t u r e ,  r e a c t i o n s  9 a  a n d  9 b  ( c o m b i n e d  

a s  r e a c t i o n  9  b e l o w )  p r e d o m i n a t e  o v e r  r e a c t i o n s  6 , 7 ,  

a n d  8 .

R -  C a F 6 »  R  C a F a "  ( 9 )

R — C a F a "  +  C e F e  »  R  C a F a  C g F e *

e t c .  t o  R — ( C 6F 6) „ -  ( 1 0 )

w h e r e  R -  r e p r e s e n t s  e i t h e r  C 6F 5 - o r  C 6F 7 - .  C h a i n  

t e r m i n a t i o n  w o u l d  b e  b y  c o m b i n a t i o n  w i t h  R -  ( o r  F  

a t o m )  a n d / o r  d i s p r o p o r t i o n a t i o n

R — ( C 6F 6) m— R  ( 1 1 )

/

R — ( C a F 6) n - +  R -

\

R - ( C 6F 6) B_ 1- R  +  R F  ( 12 )

R e a c t i o n s  6 , 7 ,  a n d  8 a r e  e x p e c t e d  t o  h a v e  e s s e n t i a l l y  

z e r o  a c t i v a t i o n  e n e r g y  s o  t h a t  t h e i r  r a t e s  s h o u l d  i n c r e a s e  

o n l y  m o d e s t l y  i n  g o i n g  t o  4 5 0 ° .  T h u s  t h e y  c a n n o t  

l i k e l y  a c c o u n t  f o r  t h e  m a r k e d  i n c r e a s e  i n  y i e l d  o f  d i m e r s .  

R e a c t i o n s  9  a n d  1 0 ,  o n  t h e  o t h e r  h a n d ,  s h o u l d  s h o w  a  

m o d e r a t e  a c t i v a t i o n  e n e r g y  a n d  t h e r e f o r e  s t i l l  p r e 

d o m i n a t e  o v e r  r e a c t i o n s  6 , 7 ,  a n d  8 a t  h i g h  t e m p e r a t u r e .  

T h e  f a c t  t h a t  h i g h e r  p o l y m e r  a c t u a l l y  d e c r e a s e s  a t  h i g h  

t e m p e r a t u r e  w h i l e  d i m e r s  i n c r e a s e  m a r k e d l y  m u s t  m e a n  

t h a t  r e a c t i o n s  10 a r e  s o m e h o w  g r e a t l y  r e d u c e d  i n  

e f f e c t i v e n e s s ,  a n d  c h a i n  t e r m i n a t i o n  s t e p s  o c c u r  r i g h t  

a t  t h e  b e g i n n i n g  o f  t h e  c h a i n - f o r m i n g  p r o c e s s .  F o r  

e x a m p l e ,  d i m e r s  o c c u r  w h e n  n =  1 i n  r e a c t i o n s  11 a n d  

1 2  a n d  R -  =  F  a t o m  i n  r e a c t i o n  11 .

R e d u c t i o n  i n  t h e  e f f e c t i v e n e s s  o f  ( 1 0 )  s e e m s  m o s t  

r e a s o n a b l y  e x p l a i n e d  b y  d e p o l y m e r i z a t i o n  r e a c t i o n s ,  

s u c h  a s  t h e  r e v e r s e  o f  ( 10 )  a n d  ( 11 ) ,  w h o s e  r a t e s  h a v e  

b e c o m e  c o m p e t i t i v e  w i t h  t h e  r a t e s  o f  t h e  f o r w a r d  

r e a c t i o n s .  T h i s  i s  c o n s i s t e n t  a s  w e l l  w i t h  t h e  f a c t  t h a t  

o v e r a l l  l o s s  o f  C 6F 6 h a s  n o t  i n c r e a s e d  g r e a t l y  i n  s p i t e  

o f  t h e  i n c r e a s e d  r a t e s  o f  t h e  f o r w a r d  r e a c t i o n s .

(15) (a) J. F a jer and  D . R . M a cK en zie , J. P hys. Client., 71, 784
(1 967 ); (b ) J. F a jer and D . R . M a cK en zie , “ R ad iation  C h em istry ,”
V ol. I I , A d va n ces in  C hem istry  Series, A m erican  C hem ical S ociety , 
W ashington , D .C ., 1968, p 469.
(16) L . K evan , J . Chem. P hys., 44 , 683 (1 966); A . S okolow ska  and 
L . K evan , J . P hys. Chem., 71, 2220 (1967).
(17) G . O. P ritchard , G . H, M iller, and J. R . D a ce y , Can. J . Chem., 
39 , 1968 (1961).
(18) G . H . M iller, G . O . P ritchard , and E . W . R . Steacie, Z .  P hysik . 
Chem., 15, 262 (1958).
(19) D . R . M a cK en zie , V . H. W ilson, and  E. W . A nderson , J . Chem. 
Soc. B , 762 (1968).
(20) K . D . Asm us, B . C ercok , M . E bert, A . H englein , and A . W iggcr, 
Trans. Faraday Soc., 63, 2435 (1967).
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I t  i s  a l s o  l i k e l y  t h a t  a t  h i g h  t e m p e r a t u r e  a n  a p p r e 

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

s c a v e n g i n g  b y  C 6F 8 a n d  p a r t i a l l y  s a t u r a t e d  d i m e r s ,  e.g.

C 6F 8 +  R -  — >  R — C 6F 8. ( 1 3 )

o r  s o m e  o t h e r  t y p e  o f  o l e f i n  p o l y m e r i z a t i o n .  O t h e r w i s e  

o n e  m i g h t  e x p e c t  a  g r e a t e r  b u i l d u p  o f  C 6F 8 a n d  a  m u c h  

h i g h e r  r a t i o  o f  p a r t i a l l y  s a t u r a t e d  d i m e r s  t o  p e r f l u o r o -  

b i p h e n y l .  I t  d o e s  n o t  s e e m  u n u s u a l  t h a t  t h e  c y c l i c

d i e n e s  w o u l d  h a v e  m o r e  o f  a  t e n d e n c y  t o  p o l y m e r i z e  

t h a n  t h e  p e r f l u o r o b i p h e n y l .  I n d e e d ,  i n  v i e w  o f  t h e  

l a t t e r ’ s  p e r f o r m a n c e  u n d e r  h i g h - t e m p e r a t u r e  r a d i o l y s i s  

i t  m i g h t  b e  e x p e c t e d  t h a t ,  o n c e  f o r m e d  i n  t h e  C 6F 6 
r a d i o l y s i s ,  i t  w o u l d  t a k e  l i t t l e  p a r t  i n  f u r t h e r  r e a c t i o n s .

Acknowledgments. W e  a r e  g r a t e f u l  t o  R .  H .  W i s w a l l ,  

J r . ,  f o r  h e l p f u l  d i s c u s s i o n s ,  a n d  t o  R o b e r t  S m o l  a n d  

W i l l i a m  J .  B r o w n  f o r  s k i l l f u l  e x p e r i m e n t a l  a s s i s t a n c e .

Infrared Intensities as a Quantitative Measure of Intramolecular Interaction. VII.1 

The via Band near 1500 C m 1 in Monosubstituted and p a ra -Disubstituted Benzenes

by R . T . C .  Brow nlee, P . J. Q .  English, A . R . Katritzky, and R . D . Topsom

S c h o o l  o f  C h e m i c a l  S c i e n c e s ,  U n i v e r s i t y  o f  E a s t  A n g l i a ,  N o r w i c h ,  E n g l a n d ,  a n d  t h e  S c h o o l  o f  P h y s i c a l  S c i e n c e s ,  L a  T r o b e  
U n i v e r s i t y ,  M e l b o u r n e ,  A u s t r a l i a  ( R e c e i v e d  J u l y  1 8 ,  1 9 6 8 )

The integrated intensity is reported for the 1500-cm_1 band for many monosubstituted and para-disubstituted 
benzenes. The values in monosubstituted benzenes are linearly related to ar° but the accuracy of this identity 
is lower than with the 1600-cnr1 intensities previously reported. The values obtained suggest the polarization 
C_-H + in the aromatic C -H  bonds. The values obtained for the pam-disubstituted benzenes can be explained 
in terms of the intensities of the corresponding monosubstituted compounds and give further evidence for 
the participation of d orbitals in bonding halogen atoms to the aromatic nucleus.

W e  h a v e  r e c e n t l y  s h o w n 2 t h a t  t h e  i n f r a r e d  i n t e n s i t i e s  

o f  t h e  vu r i n g - s t r e t c h i n g  b a n d s  o f  m o n o s u b s t i t u t e d  

b e n z e n e s  g i v e  a  q u a n t i t a t i v e  m e a s u r e  o f  t h e  d i s t o r 

t i o n  o f  t h e  7r - s y s t e m  o f  t h e  r i n g  a l o n g  t h e  m a i n  a x i s .  

T h i s  i n t e g r a t e d  a r e a ,  A, o f  t h e  b a n d s  n e a r  1 6 0 0  a n d  

1 5 8 5  c m -1  i s  r e l a t e d  t o  o-R °  f o r  t h e  s u b s t i t u e n t .  A =  
1 7 , 6 0 0  (<rR°)2 +  1 0 0 .

T h e  s m a l l  c o n s t a n t  t e r m  i n  t h e  e q u a t i o n  i s  r e q u i r e d  

s i n c e  a n  o v e r t o n e  b a n d  a l s o  o c c u r s  i n  t h i s  f r e q u e n c y  

r a n g e .  I n  l a t e r  p a p e r s ,  w e  e x p l a i n e d  t h e  i n t e n s i t i e s  o f  

t h e  c o r r e s p o n d i n g  b a n d s  i n  para- 3 a n d  ortho a n d  meta- 
d i s u b s t i t u t e d 4 b e n z e n e s  i n  t e r m s  o f  t h e i r  v a l u e s  f o r  t h e  

r e l a t e d  m o n o s u b s t i t u t e d  c o m p o u n d s .  T h i s  a l l o w e d  

v a r i o u s  c o n c l u s i o n s  t o  b e  d r a w n  a b o u t  e l e c t r o n i c  a n d  

s t e r i c  e f f e c t s  o n  s u b s t i t u e n t  i n t e r a c t i o n s .

I n  o n e  o f  t h e s e  p a p e r s 2b w e  a l s o  l i s t e d  s o m e  e x t i n c t i o n  

c o e f f i c i e n t s  f o r  t h e  1 5 0 0 - c m _ 1  v i b r a t i o n  i n  m o n o s u b s t i 

t u t e d  b e n z e n e s  a n d  s h o w e d  t h e i r  s q u a r e  r o o t s  t o  b e  

l i n e a r l y  r e l a t e d  t o  o-R °  a l t h o u g h  t h e  p r e c i s i o n  o f  t h e  c o r 

r e l a t i o n  w a s  m u c h  l e s s  t h a n  w i t h  t h e  1 6 0 0 - c m - 1  v a l u e s .  

W e  s u g g e s t e d 211 t h a t  t h i s  p r o b a b l y  r e f l e c t e d  t h e  d e v i a 

t i o n  f r o m  L o r e n t z i a n  s h a p e  o f  s o m e  o f  t h e  b a n d s  f o r  

c o m p o u n d s  c o n t a i n i n g  a s y m m e t r i c  s u b s t i t u e n t s  a n d  

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

a c c u r a t e  i n t e n s i t y  v a l u e s .  W e  c o n s i d e r e d  i t  w o r t h w h i l e

t o  t r y  t o  o b t a i n  r a t h e r  m o r e  a c c u r a t e  i n t e n s i t y  v a l u e s  

f o r  t h e  1 5 0 0 - c m - 1  a b s o r p t i o n s  o f  m o n o -  a n d  d i s u b s t i 

t u t e d  b e n z e n e s  b o t h  a s  a  s u p p o r t  f o r  o u r  p r e v i o u s  w o r k  

a n d  t o  g a i n  i n f o r m a t i o n  o n  t h e  n a t u r e  o f  t h e  v i b r a t i o n .

T h e  1 6 0 0 - c m - 1  ( r i 6a)  a n d  1 5 8 5 - c m - 1  ( n 6b )  b a n d s  i n  

m o n o s u b s t i t u t e d  b e n z e n e s  a r i s e  f r o m  t h e  i n f r a r e d -  

f o r b i d d e n  i n - p l a n e  vw b e n z e n e  v i b r a t i o n  a t  1 5 8 5  c m - 1 . 

T h e  d i r e c t i o n  a n d  a m p l i t u d e s  o f  t h e  a t o m i c  d i s p l a c e 

m e n t s  i n  t h e  d e g e n e r a t e  p a i r  i n  b e n z e n e  i t s e l f  a r e  s h o w n  

b e l o w .

(1) P a r t  V I ;  A . R . K a t r i t z k y ,  C. R . P a lm e r, F . J. S w in b o u rn e , 
T . T . T id w e ll,  and  R . D . To p so m , J .  A m e r .  C h e m .  S o c . ,  91, G36 
(1969).
(2) (a) R . T . G. B ro w n le e , A . R . K a t r i t z k y ,  a n d  R . D . T o p so m ,
i b i d . ,  87, 3260 (1965); (b ) i b i d . ,  88, 1413 (1966 ); (e) R . T .  C.
B ro w n le e , R . E . J . H u tc h in s o n , A . R . K a t r i t z k y ,  T . T . T id w e ll,  
a nd  R . D . T o p so m , i b i d . ,  90, 1757 (1968).
(3) P . J . Q. E n g lis h , A . R . K a t r i t z k y ,  T . T . T id w e ll,  a n d  R . D . 
T o p so m , i b i d . ,  9 0 ,  1767 (1968).
(4) A . R . K a t r i t z k y ,  M . V . S ih n o tt ,  T .' T .  T id w e ll,  and  R . D . T o p so m , 
i b i d . ,  in  press.
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S u c h  d i a g r a m s  o f  t h e  f o r m s  o f  t h e  n o r m a l  m o d e s  a r e  

t h e  r e s u l t  o f  f o r c e - f i e l d  c a l c u l a t i o n s  o n  b e n z e n e  a n d  a  

c o m p a r i s o n  o f  t h e  c a l c u l a t e d  a n d  o b s e r v e d  f r e q u e n c i e s  

i n  i t s  h a l o g e n a t e d  a n d  d e u t e r a t e d  a n a l o g s .5
T h e  d e g e n e r a c y  i s  l i f t e d  w h e n  t h e  s y m m e t r y  i s  r e d u c e d  

f r o m  D 6h t o  C 2v b y  a t t a c h i n g  o n e  s y m m e t r i c a l  s u b s t i t 

u e n t  t o  t h e  r i n g  a n d  t w o  i n f r a r e d - a c t i v e  v i b r a t i o n s  a r e  

o b t a i n e d .  C a l c u l a t i o n s 5 s h o w  t h a t  t h e  f o r m s  o f  t h e  

n o r m a l  c o o r d i n a t e s  a r e  v e r y  s i m i l a r  t o  b e n z e n e  i t s e l f .

A  c o n s i d e r a b l e  a m o u n t  o f  t h e  p o t e n t i a l  e n e r g y  o f  t h e  

v i b r a t i o n  o f  t h e s e  m o d e s  i s  i n v o l v e d  i n  C - H  b e n d i n g .  

S c h e r e r 6 h a s  c a l c u l a t e d  t h e  a c t u a l  p o t e n t i a l  e n e r g y  d i s 

t r i b u t i o n  a n d  s h o w e d  t h a t  t h e  c o n t r i b u t i o n  f r o m  C - H  

b e n d  i s  a b o u t  3 0 % .  M o s t  o f  t h e  i n t e n s i t y  a r i s e s  f r o m  

t h e  r iea  v i b r a t i o n ,  h o w e v e r ,  a n d  i t  c a n  b e  s e e n  t h a t  t h e  

C - H  b e n d i n g  m o d e s  a r e  s y m m e t r i c a l  a n d  a n y  c o n t r i b u 

t i o n s  t o  t h e  d i p o l e  m o m e n t  f r o m  t h e m  w i l l  c a n c e l  o u t .  

T h e  i n t e n s i t y  t h u s  d e r i v e s  f r o m  C - C  s t r e t c h  m o d e s .  

T h e  c o n t r i b u t i o n  t o  t h e  p o t e n t i a l  e n e r g y  f r o m  t h e  C - H  

s t r e t c h i n g  m o d e  h a s  b e e n  s h o w n 6 t o  b e  n e g l i g i b l e .

I f  t h e  s u b s t i t u e n t  i s  n o t  s y m m e t r i c a l  t h e  r i 6a a n d  n e b  

v i b r a t i o n s  h a v e  A '  s y m m e t r y  a n d  t h u s  i n t e n s i t y  c a n  b e  

s h a r e d .  B e c a u s e  o f  t h i s  m i x i n g  a n d  t h e  c l o s e n e s s  o f  

t h e  t w o  a b s o r p t i o n  f r e q u e n c i e s ,  t h e  c o m b i n e d  i n t e n s i t i e s  

w e r e  a l w a y s  u s e d  f o r  c o r r e l a t i o n s .

T h e  s i t u a t i o n  i s  r a t h e r  m o r e  c o m p l e x  f o r  t h e  vu b a n d s .  

T h e s e  a r i s e  f r o m  t h e  i n f r a r e d  a l l o w e d  d e g e n e r a t e  i n 

p l a n e  v i b r a t i o n  o f  b e n z e n e  w h i c h  o c c u r s  a t  1 4 7 9  c m - 1 . 

T h e  f o r m  o f  t h e  v i b r a t i o n  i s  s h o w n 5 b e l o w .

W e  c a n  c o n s i d e r  t h i s  m o d e  t o  b e  m a d e  u p  o f  c o n t r i b u 

t i o n s  f r o m  v a r i o u s  s y m m e t r y  c o o r d i n a t e s  i n  t h e  E lu 

c l a s s  o f  b e n z e n e .  T h e s e  a r e  s h o w n 7 f o r  E i ua b e l o w .

T h e  i n t e n s i t y  o f  t h e  v i b r a t i o n ,  A, c a n  b e  e x p r e s s e d  a s  

A 1/2 =  ( c o n s t a n t ) dn/dQ w h e r e  dn/dQ i s  t h e  c h a n g e  o f  

d i p o l e  m o m e n t  w i t h  r e s p e c t  t o  t h e  n o r m a l  c o o r d i n a t e  a t  

t h e  e q u i l i b r i u m  p o s i t i o n .  T h i s  c a n  b e  e x p r e s s e d 7 i n  

t e r m s  o f  t h e  s y m m e t r y  c o o r d i n a t e s  f o r  t h e  1 5 0 0 - c m - 1  

v i b r a t i o n .

T h e  v a l u e s  d i s a g r e e  s l i g h t l y ,  b u t  i t  i s  c l e a r  t h a t  t h e  

p o t e n t i a l  e n e r g y  i s  d i s t r i b u t e d  a b o u t  7 0 %  i n  Su  a n d  

3 0 %  i n  S i s ,  S 20 m a k i n g  l i t t l e  c o n t r i b u t i o n .  T h e  c a l c u 

l a t e d  n o r m a l  c o o r d i n a t e s  a r i s i n g  i n  t h e  E i „ a c l a s s  a r e  

s h o w n  b e l o w .

W h i f f e n 7 h a s  s h o w n  t h a t  t h e  w h o l e  o f  t h e  d i p o l e  

c h a n g e  i n  t h e  1 4 8 9 - c m - 1  v i b r a t i o n  i n  b e n z e n e  i s  c a u s e d  

b y  t h e  b e n d i n g  m o v e m e n t s  o f  t h e  C - H  d i p o l e s .  T h e  

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

u e n t  l i f t s  t h e  d e g e n e r a c y  a n d  t w o  b a n d s  vU!l a n d  mb, 
a r e  o b s e r v e d .  T h e  n o r m a l  m o d e s  h a v e  t h e  f o r m

T h e s e  m o d e s  a r e  v e r y  s i m i l a r  t o  t h o s e  i n  b e n z e n e  i t s e l f  

a l t h o u g h  t h e  c o n t r i b u t i o n  o f  C - H  b e n d  t o  t h e  p o t e n t i a l  

e n e r g y  d i a g r a m  f a l l s  w i t h  s u b s t i t u t i o n .  T h e  i n t e n s i t y  

n o w  d e r i v e s  b o t h  f r o m  C - H  b e n d  a n d  f r o m  C - C  s t r e t c h  

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

T h e  c o r r e s p o n d i n g  n o r m a l  m o d e s  o f  p a r a - d i s u b s t i t u t e d  

b e n z e n e s 8 a r e  f a i r l y  s i m i l a r .

A n  a n a l y s i s 8 h a s  s h o w n  t h a t  t h e  s t r e n g t h  o f  t h e  C C 1  

b o n d  i s  n o t  h i g h  e n o u g h  i n  m o n o e h l o r o  o r  'p - d i  c h l o r o 

b e n z e n e  t o  m a k e  C C 1  s t r e t c h i n g  t e r m s  i m p o r t a n t .  S u b 

s t i t u e n t  r i n g  s t r e t c h i n g  t e r m s  w o u l d  b e  s o m e w h a t  m o r e  

i m p o r t a n t  i n  f l u o r o b e n z e n e s  a n d  t h i s  i s  s h o w n  b y  t h e  

i n c r e a s e  i n  w a v e l e n g t h  a t  w h i c h  t h e  ¡ o 3a v i b r a t i o n  i s  

o b s e r v e d  ( T a b l e l ) .  T h e  o t h e r  c o m p o u n d s  i n v e s t i g a t e d  

h a v e  s u b s t i t u e n t - r i n g  b o n d  s t r e n g t h  s i m i l a r  t o  c h l o r o 

b e n z e n e .  C o n t r i b u t i o n s  f r o m  C C 1  b e n d i n g  m o d e s  t o  

t h e  p o t e n t i a l  e n e r g y  d i s t r i b u t i o n  o f  t h i s  v i b r a t i o n  h a v e  

a l s o  b e e n  s h o w n  t o  b e  s m a l l  b u t  t h e s e  w i l l  n o t ,  i n  a n y  

c a s e ,  c a u s e  a  c h a n g e  i n  t h e  d i p o l e  t r a n s i t i o n  m o m e n t .

Am  =  ( c o n s t a n t )  S '  w  +  ~ ~  S'u  +  ~  S ’ 2 o ')
\ O O i8 0019 0020 /

w h e r e  S'u  =  dSm/dQ e t c .

T h e  c o n s t a n t s  S  i n  t h i s  e q u a t i o n  h a v e  b e e n  c a l c u l a t e d  

b y  v a r i o u s  w o r k e r s 6-9 f r o m  f o r c e - f i e l d  c a l c u l a t i o n s .

(5) J . R . Scherer, "P la n a r  V ib ra tio n s  o f  C h lo r in a te d  B e n zen e s ," 
T h e  D o w  C h e m ica l C o., M id la n d , M ic h .
(6) J . R . Scherer, S p e c t r o c h i m .  A c t a . ,  21, 321 (1965).
(7) D . H . W h iffe n , P h i l . T r a n s .  R o y .  S o c .  L o n d o n , A 248, 131 
(1955).
(8) J . R . Scherer, S p e c t r o c h i m .  A c t a . ,  19, 601 (1963).
(9 ) N .  N e to , M .  Scrocco, a n d  S. C a lifa n a , i b i d . ,  22, 1981 (1966).
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Table I: Spectral Data for the n3a Bands in Monosubstituted Benzenes

Compound
Infrared
solvent v, cm-1 A '» “ fl/! & Compound

Infrared
solvent v, cm-1 Ain“ (112 b ±<TR° °

PhH CCI, 1480 28.9 17.7 0.00 PhNCS CCI, 1491 31.9 0.355
PhD CCI, 1478 18.8 0.00 PhNSO CCI, 1484 21.2 0.085
PhF CCI, 1497 54.1 32.3 0.34 PhNCNPh CCI, 1489 58.3 0.46
PhCl CC14 1489 38.0 33.7 0.215 PhNDs+Cl- D20 1500 30.2 0.185
PhBr CCI4 1476 36.5 43.2 0.23 PhNMe3+Cl- d 2o 1495 51.5 0.15
Phi cell 1474 29.4 27.7 0.22 Ph3P CCI, 1480 21.15 23.3 0.06"
PhICl2 CHCls 1469 30.9 0.12 Ph6P CHCls 1481 18.86 19.0 0.03«*
Ph2 I+ DMSO 1474 36.8 0.28 Ph3As CHCls 1483 19.18 21.8 0.07«'
PhOH CC14 1499 38.5 0.40 PhsAs CHCls 1482 18.83 19.3 0.04"
PhOMe CC14 1498 57.5 44.4 0.43 Ph3Sb CHCls 1479 15.66 14.0 0.07"
PhOEt CCI4 1499 48.4 0.44 Ph6Sb CHCls 1479 17.63 18.8 0.06"
PhOPr' CCI 4 1495 50.5 0.43 Ph3Bi CHCls 1475 16.66 16.8 0.11"
Ph20 CCU 1488 47.9 0.36 PhMe CCI, 1496 22.4 19.6 0.10
PhOCOMe CC14 1493 37.6 0.235 PhEt CCI, 1496 19.5 0.105
PhOCOCFa CCI4 1493 34.8 0.235 PhPrn CCI, 1497 20.2 0.11
Ph0S02Me CCI4 1489 40.0 0.265 PhPr‘ CCI, 1494 20.0 0.115
PhOCFa CCI4 1492 39.1 0.25 PhBu8 CCI, 1494 19.7 0.115
PhOH d 2o 1493 41.9 0.425 PhCH2CHO CCI, 1499 20.5 0.11
PhO-Na+ d 2o 1482 79.6 0.595 PhCH2CN CCI, 1498 18.4 0.09
PhSH ceil 1481 27.6 0.195 Ph2 CH2 CCI, 1496 31.2 0.115
PhSMe ceil 1482 26.8 0.25 PhCHjOH CCI, 1497 14.0 0.00
PhSEt CCI, 1482 26.8 0.19 PhCH2OMe CCI, 1487 15.3 0.055
Ph2S ceil 1476 31.4 20.9 0.19 PhCH2Br CCI, 1487 15.5 0.00
PhSCOMe CCI, 1499 22.4 0.08 PhCH2Cl CCI, 1487 14.3 0.00
PhSCFs CCI, 1477 15.7 0.00 PhCHBr2 CCI, 1486 13.8 0.00
PhS-Na+ d 2o 1474 26.7 0.335 PhCHCl2 CCI, 1486 13.1 0.00
PhSOrNa+ d 2o 1482 15.4 0.00 PhCBr3 CCI, 1484 15.1 0.00
Ph2 S0 2 CHCls 1480 7.4 0.065 PhC2 F 6 CCI, 1502 9.5 0.08
PhS02Me CHCla 1482 11.2 0.07 Ph3CH CCI, 1496 32.8 0.115
PhS03Me CCI, 1481 10.9 0.085 Ph2 CCI, 1484 20.4 0.095
PhS02Cl CCI, 1479 9.0 12.0 0.11 PhCHCH2 CCI, 1496 16.2 0.05
PhSOrNa+ d 2o 1478 14.1 0.00 PhCHCHCOOEt CCI, 1498 17.2 0.10
Ph2SO CCI, 1478 12.6 0.055 PhCHO CCI, 1480 0 3.0 0.245
PhSFs CCI, 1488 19.8 0.07 PhCOMe CC14 1491 0 5.1 0.22
Ph2Se CHCls 1477 31.1 31.9 0.195«' Ph2CO CCI, 1488 0 0.19
PhND2 CCI, 1501 48.8 46.7 0.52 PhCOOH CCI, 1496 11.6 0.29
PhNDMe CCI, 1505 51.0 0.525 PhCOOMe CCI, 1493 21.4 0.155
PhNMe2 CCI, 1508 70.8 50.0 0.535 PhCOOEt CCI, 1491 9.7 8.1 0.18
PhNHEt CCI, 1506 60.6 0.52 PhCOCl CCI, 1487 6.6 0.215
PhNHBu“ CCI, 1506 65.7 0.535 Ph2 C2 CCI, 1501 25.0 0.15
PhNHPr' CCI, 1505 59.2 0.535 PhCCH CCI, 1489 20.3 0.07
PhNEt2 CCI, 1513 63.9 0.57 PhCN CC14 1492 20.8 17.7 0.085
Ph3N CCI, 1495 32.2 0.44 PhCF(CF3 ) 2 CCI, 1502 18.3 0.03
PhN (CF3 ) 2 CCI, 1492 31.8 0.13 PhCOH(CFs ) 2 CCI, 1504 18.6 0.11
PhNHNH2 c 6 h 1 2 1497 50.6 0.485 Ph4Si CHCla 1481 8.77 7.8 0.0"
PhNHOH CHCla 1494 23.1 0.22 Ph,Ge CHCls 1486 13.27 17.5 0.0"
PhNMeOH CHCls 1499 42.3 0.41 Ph4Sn CHC13 1481 12.72 12.1 0.0"
Ph2 N2 CCI, 1485 23.1 0.055 Ph,Pb CHCla 1477 13.87 12.5 0.0"
PhNCO CCI, 1513 42.4 0.40 Ph2Hg c ,h6o 1481 12.0 13.1 0.03"

“ A  in 1. mol-1 cm"2. Values corrected for number of phenyl groups where necessary. b e is an estimate of the integrated intensity given by 
e = A maxAn/2 /cl. 'Calculated from 1600-cm“1 intensities. " Calculated in the same way from unpublished intensity measurements, A. R. 
Katritzky, R. D. Topsom, and L. N. Yakhontov.

W e  n o w  r e p o r t  i n t e g r a t e d  i n t e n s i t y  v a l u e s  f o r  t h e  v i 3a 

a n d  a  f e w  vnb v i b r a t i o n s  o f  m o n o s u b s t i t u t e d  a n d  para- 
d i s u b s t i t u t e d  b e n z e n e s  a n d  d i s c u s s  t h e m  i n  t e r m s  o f  t h e  

t h e o r y  d e v e l o p e d  a b o v e .

Experim ental and R esu lts Section

C o m p o u n d s  w e r e  o b t a i n e d  c o m m e r c i a l l y  o r  p r e p a r e d  

b y  k n o w n  m e t h o d s .  P u r i t i e s  w e r e  c h e c k e d  b y  g a s

c h r o m a t o g r a p h y  o r  m e l t i n g  p o i n t .  S p e c t r a  w e r e  o b 

t a i n e d  o n  a  P e r k i n - E l m e r  1 2 5  s p e c t r o p h o t o m e t e r  u n d e r  

c o n d i t i o n s  s i m i l a r  t o  t h o s e  p r e v i o u s l y  s p e c i f i e d .  S o l 

v e n t s  w e r e  p u r i f i e d  a s  b e f o r e .  I n t e n s i t y  a r e a  A  v a l u e s  

q u o t e d  a r e  a v e r a g e s  o f  f o u r  r e a d i n g s ,  u s u a l l y  o n  t w o  

s e p a r a t e  s o l u t i o n s ;  r e p r o d u c i b i l i t y  o f  A 1/2 w a s  ± 2  u n i t s .  

T h e  e x t i n c t i o n  c o e f f i c i e n t s  e w e r e  d e t e r m i n e d  f r o m  t h e  

f o r m u l a  t =  ama* A i u /2/ c l .  T h e s e  a r e  l e s s  a c c u r a t e
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Table II: Spectral Data“ for the n3a Bands 
in paro-Disubstituted Benzenes

S u b s titu e n ts 2 A m0n o ''!
v  cm-1 
(obsd) Aobsd1' 2 -  15.8

NMe2, Br 107.3 1490 86.1 91.5
NMe2,1 100.2 1497 89.7 84.4
NMe2, Cl 108.8 1503 95.6 93.0
NMe2, CN 91.6 1524 84.2 75.8
NMe2, COOR 81.5 1524 64.7 65.7
n h 2, n h 2 97.6 l s n * 89.3 81.8
NH2, OMe 106.3 1511 93.7 90.5
NH2, F 102.9 1512 91.4 87.1
NH2, Br 85.3 1491 69.2 69.5
n h 2, i 78.2 1488 62.0 62.4
n h 2, Cl 86.8 1506 70.8 71.0
NH2, Me 71.2 1519 62.3 55.4
NH2, COOR 58.5 l s i s 6 35.1 42.7
NH2, COMe 48.8 1516* 19.7 33.0
OMe, OMe 115.0 1510 98.5 99.2
OMe, F 111.6 1508 98.1 95.8
OMe, Br 94.0 1480 73.1 78.2
OMe, 1 86.9 1488 69.7 71.1
OMe, Cl 95.5 1494 77.3 79.7
OMe, Me 79.9 1511 66.1 64.1
OMe, CN 78.3 1501 69.3 62.5
OMe, COOR 67.2 1513 49.4 51.4
OMe, COMe 57.5 1511 41.9 41.7
OMe, CHO 57.5 1512 50.7 41.7
F, F 108.2 1518 97.1 92.4
F, Br 90.6 1486 72.3 74.8
F, I 83.5 1484 69.7 67.7
F, Cl 92.1 1493 73.6 76.3
F, Me 76.5 1506,1499 67.1 60.7
F, CN 74.9 1509 65.7 59.1
F, S02C1 63.1 1494 49.5 47.3
F, COOR 63.8 1510 44.6 48.0
F, COMe 54.1 1507 36.7 38.3
F, CHO 54.1 1507 42.2 38.3
Br, CN 57.3 1482 42.4 41.5
Cl, Cl 76.0 1477 56.6 60.2
Cl, Me 60.4 1492 47.0 44.6
Cl, CN 58.8 1494,1485 47.2 43.0
Cl, S02C1 47.0 1477 32.4 31.2
Cl, COOR 47.7 1488 25.6 31.9
Cl, COMe 38.0 1488 20.8 22.2
Cl, CHO 38.0 1487 25.0 22.2
Me, Me 44.8 1517 32.1 29.0
Me, CN 43.2 1510 25.1 27.4
Me, S02C1 31.4 1493 13.7 15.6
Me, COMe 22.4 0 6.6
CN, CN 41.6 15026 21.0 25.8
CN, COOR 30.5 1502 6.3 14.7
COOR, COOR 19.4 15066 16.6 3.6
COMe, COMe 0 15016 25.0 ( —)15.8
CHO, CHO 0 15036 27.5 ( —)15.8

° Determined in carbon tetrachloride solution unless otherwise 
specified. b Determined in chloroform solution because of low 
solubility in carbon tetrachloride.

b e c a u s e  o f  t h e  r e l a t i v e l y  w i d e  s l i t  w i d t h  e m p l o y e d  a n d  

s i n c e  n o t  a l l  t h e  p e a k s  h a v e  L o r e n t z i a n  s h a p e .  T h e  A  
v a l u e s  a l s o  c o n t a i n e d  t h e  e n t i r e  a b s o r p t i o n  w i t h i n  t h e  

p r i n c i p a l  b a n d  a s  n e a r b y  c o m b i n a t i o n  b a n d s  m a y  s h a r e  

i n t e n s i t y  w i t h  t h e  r i n g  v i b r a t i o n .

T h e  v a l u e s  g i v e n  i n  T a b l e s  I  a n d  I I  r e l a t e  t o  t h e  

b a n d s  f o r  t h e  m o n o s u b s t i t u t e d  a n d  p a r a - d i s u b s t i t u t e d  

b e n z e n e s  a n d  o c c u r  b e t w e e n  1 4 8 0  a n d  1 5 2 5  c m - 1 . M o s t  

o f  t h e  c o m p o u n d s  i n v e s t i g a t e d  h a d  i n t e r f e r i n g  s u b s t i t 

u e n t  a b s o r p t i o n s  i n  t h e  1 4 4 0 - c m “ 1 r e g i o n s  b u t  A 1,2 v a l u e s  

f o r  t h e  visb b a n d  i n  a  f e w  c o m p o u n d s  w h e r e  m e a s u r e 

m e n t s  w e r e  p o s s i b l e  a r e  g i v e n  i n  T a b l e  I I I .

Table III: Spectral Data“ for the wsb Bands in Some Mono- 
and para-Disubstituted Benzenes

Substituents v , cm-1 A0b»d1,!
NH2 1467 13.4
Cl 1446 20.2
CN 1448 18.4
F, F 1430 11.7
F, Cl 1426 11.6
F, Br 1426 11.6
F, 1 1426 12.1
Cl, Cl 1418 11.6

“ Determined in carbon tetrachloride solution.

N o  e x t e n s i v e  p u b l i s h e d  v a l u e s  f o r  i n t e g r a t e d  i n t e n 

s i t i e s  a r e  a v a i l a b l e  f o r  c o m p a r i s o n  a l t h o u g h  a p p r o x i m a t e  

e x t i n c t i o n  c o e f f i c i e n t s  h a v e  b e e n  m e a s u r e d 10 a n d  i n t e 

g r a t e d  i n t e n s i t i e s  r e p o r t e d 11 f o r  s o m e  m o n o s u b s t i t u t e d  

a l k y l  b e n z e n e s .  C a r b o n  t e t r a c h l o r i d e  w a s  e m p l o y e d  

a s  t h e  s o l v e n t  e x c e p t  w h e r e  l o w  s o l u b i l i t y  o f  t h e  a r o 

m a t i c  c o m p o u n d  n e c e s s i t a t e d  o t h e r w i s e .  M o s t  o f  t h e  

c o m m o n  s o l v e n t s  u s e d  e a r l i e r  a b s o r b  s t r o n g l y  i n  t h e  

1 5 0 0 - c m _ 1  r e g i o n  a n d  i t  w a s  n o t  p o s s i b l e  t o  e x a m i n e  

s o l v e n t  e f f e c t s  o n  t h e  v i b r a t i o n .

D iscussion

Monosubstituted Benzenes. T a b l e  I  l i s t s  t h e  s p e c t r a l  

d a t a  f o r  t h e  ¡ ' « a  b a n d s  i n  m o n o s u b s t i t u t e d  b e n z e n e s .  

T h e  i n t e g r a t e d  i n t e n s i t i e s  w e r e  m e a s u r e d  f o r  a  r e p r e 

s e n t a t i v e  s e l e c t i o n  o f  s u b s t i t u e n t s ,  b u t  o t h e r w i s e  t h e  

m o r e  r e a d i l y  o b t a i n a b l e  e x t i n c t i o n  c o e f f i c i e n t  i s  r e p o r t e d .  

U n f o r t u n a t e l y ,  i n t e r f e r i n g  s u b s t i t u e n t  v i b r a t i o n s  m a d e  

i t  i m p o s s i b l e  t o  m e a s u r e  t h e  in3b i n t e n s i t i e s  o f  a l l  b u t  a  

f e w  o f  t h e  c o m p o u n d s  ( T a b l e  I I I ) . M o n o s u b s t i t u t e d  

b e n z e n e s  c o n t a i n i n g  o n e  s y m m e t r i c a l  s u b s t i t u e n t  a r e  o f  

C 2v s y m m e t r y  o v e r a l l  a n d  t h e  ¡n 3a a n d  vi3b m o d e s  a r e  o f  

A i  a n d  B 2 c h a r a c t e r ,  r e s p e c t i v e l y .  T h e y  a r e  t h e r e f o r e  

n o t  e x p e c t e d  t o  s h a r e  i n t e n s i t y  a n d  d i s c u s s i o n  o f  t h e  

pm i n t e n s i t i e s  s h o u l d  b e  m e a n i n g f u l .  W i t h  l e s s  s y m 

m e t r i c a l  s u b s t i t u e n t s ,  t h e  o v e r a l l  s y m m e t r y  o f  t h e  

m o l e c u l e  d r o p s  t o  C B a n d  t h e  v i b r a t i o n s  n o w  h a v e  A ' 
s y m m e t r y  a n d  c a n  s h a r e  i n t e n s i t y .  M i x i n g  i s  l e s s  l i k e l y  

t h a n  w i t h  t h e  vw b a n d s  s i n c e  t h e  f r e q u e n c y  s e p a r a t i o n  

i s  m u c h  g r e a t e r .  T h e  a n a l y s i s  b e l o w  i s  d e v e l o p e d  f o r  

s y m m e t r i c a l  s u b s t i t u e n t s .

(10) A . R . K a t r i t z k y  and  J . M . L a g o u sk i, J .  C h e m .  S o c . ,  4155 (1 95 8 ); 
A . R . K a t r i t z k y  and  P . S im m ons, i b i d . ,  2051, 2058 (1959).
(11) A . S. W e x le r, S p e c t r o c h i m .  A c t a ,  21 , 1725 (1965).
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I n f r a r e d  I n t e n s i t i e s  i n  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 561

I t  h a s  p r e v i o u s l y  b e e n  o b s e r v e d 10 t h a t  e l e c t r o n -  

d o n a t i n g  s u b s t i t u e n t s  i n c r e a s e  t h e  i n t e n s i t y  o f  t h e  1 5 0 0 -  

c m _1 (p is , ,)  b a n d ,  w h i l e  e l e c t r o n  a c c e p t o r s  w e a k e n  i t .  

A s s u m i n g  t h a t  t h e  d i p o l e  c h a n g e  d u e  t o  t h e  C - H  

b e n d i n g  c o m p o n e n t  i s  c o n s t a n t ,  w e  c a n  e x p l a i n  t h e  

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

d i p o l e  c h a n g e  w i t h  r e s p e c t  t o  t h e  C - C  s t r e t c h  s y m m e t r y  

c o o r d i n a t e  a s  p o s t u l a t e d 2 f o r  t h e  1 6 0 0 - c m - 1  m o d e .  T h e  

d i p o l e  c h a n g e s  g e n e r a t e d  i n  t h e  v i b r a t i o n  o f  a  m o n o 

d o n o r - s u b s t i t u t e d  c o m p o u n d  w i l l  b e  a s  s h o w n  b e l o w .  

I t  i s  i m p o r t a n t  t o  r e m e m b e r  t h a t  S 'ls a n d  S '  19 a r e  o f  

o p p o s i t e  s i g n ,  t h a t  i s  t h e  C  a n d  H  a t o m s  m o v e  o u t  o f  

p h a s e .  T h e  C - H  d i p o l e  h a s  b e e n  t a k e n 1213 t o  b e  i n  

t h e  d i r e c t i o n  o f  C _ - H + .

T h e n  t h e  i n t e n s i t y  c a n  b e  c o n s i d e r e d  t o  a r i s e  a s  

A  monodonor112 =  ( C - H  c o n t r i b u t i o n )  +  ( X )

w h e r e  ( X )  i s  t h e  c o n t r i b u t i o n  f r o m  t h e  C - C  s t r e t c h  

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

s u b s t i t u e n t .

S i m i l a r l y ,  f o r  a n  e l e c t r o n - a c c e p t i n g  s u b s t i t u e n t  

A m o n o ,a e c1/2 =  ( C - H )  —  ( Y ) .  T h e  m a g n i t u d e  o f  t h e  

( C - H )  c o n t r i b u t i o n  c a n  b e  e s t i m a t e d  f r o m  t h e  i n t e n s i t y  

o f  t h e  d e g e n e r a t e  m  v i b r a t i o n  i n  b e n z e n e  i t s e l f .  T h e  

i n t e n s i t y  i s  8 3 5  1. m o l -1  c m -2  b u t  s i n c e  i t  a r i s e s  f r o m  

Pi3a a n d  vm„ h a l f  c a n  a s c r i b e d  t o  vu„. T h e  A 1/2 v a l u e  

i s  t h u s  2 0 . 5  u n i t s .  T h i s  i s  t h e  c o n t r i b u t i o n  f r o m  

dfi/ c h S ia a  <S"i8a a n d  s h o u l d  a p p r o x i m a t e  t o  t h e  v a l u e  o f  t h e  

C - H  c o n t r i b u t i o n  f o r  m o n o s u b s t i t u t e d  b e n z e n e s  a l 

t h o u g h  t h e  l a t t e r  w i l l  b e  s o m e w h a t  s m a l l e r  s i n c e  S ' u  

w i l l  d e c r e a s e  r e l a t i v e  t o  S ' 19 a s  t h e  b e n z e n e  i s  s u b s t i t u t e d .

I f  t h e  C - H  c o n t r i b u t i o n  i s  c o n s t a n t ,  t h e n  a  g r a p h  o f  

A 1/2 a g a i n s t  <t r °  s h o u l d  b e  l i n e a r  a n d  g i v e  t h e  f o r m e r  

c o n t r i b u t i o n  a s  i t s  i n t e r c e p t  o n  t h e  o-r 0 =  0  a x i s .  

F i g u r e  1 s h o w s  t h e  A 1/2 v a l u e s  f o r  s y m m e t r i c a l  s u b s t i t 

u e n t s  p l o t t e d  a g a i n s t  o-r 0 v a l u e s  d e r i v e d  f r o m  o u r  e a r l i e r  

w o r k .20 A  f a i r  l i n e a r  p l o t  i s  o b t a i n e d ,  t h e  v a l u e  f o r  

a n i l i n e  b e i n g  t h e  o n l y  o n e  t o  d e v i a t e  c o n s i d e r a b l y .  I t  

i s  p o s s i b l e  t o  w r i t e  a n  e q u a t i o n  t o  r e l a t e  A 1/2 t o  t h e  <x r °  

v a l u e  b u t  t h i s  w o u l d  b e  f a r  m o r e  a p p r o x i m a t e  t h a n  t h e  

e q u a t i o n  u s e d  f o r  t h e  m  v i b r a t i o n s .  T h e  i n t e r c e p t  

s u g g e s t s  a  c o n t r i b u t i o n  o f  s o m e  1 9 . 5  A 1/2 u n i t s  f r o m  

C - H  b e n d  i n  a g r e e m e n t  w i t h  o u r  a r g u m e n t s  a b o v e .

T h e  n a t u r e  o f  t h e  c o n t r i b u t i o n s  t o  t h e  i n t e n s i t y  s u g 

g e s t s  t h a t  t h e  a s s u m p t i o n  o f  C ~ - H +  p o l a r i t y  i n  t h e  C - H  

b o n d s  w a s  c o r r e c t .  T h i s  i s  t h e  u s u a l l y  a c c e p t e d  p o l a r 

i t y  b u t  S c h m i d 14 h a s  r e c e n t l y  a r g u e d  t h a t  t h e  i n t e n s i t i e s  

o f  a r o m a t i c  C - H  s t r e t c h i n g  v i b r a t i o n s  i n d i c a t e  p o l a r i t y  

i n  t h e  r e v e r s e  d i r e c t i o n .  H o w e v e r  t h e  “ d i p o l e s ”  d i s -

Figure 1. Plot of A1/2 for rn» band of monosubstituted 
benzenes against <tr0 values.

«■R8
F igure 2. P lo t  o f  e112 for  n 3a b a n d  o f  m onosu bstitu ted  
benzenes against <t r ° values.

c u s s e d  b y  S c h m i d  a r e  a p p a r e n t l y  n o t  d i r e c t l y  c o m p a r 

a b l e 15 w i t h  t h e  o n e s  t h a t  w e  h a v e  d i s c u s s e d .

F i g u r e  2  s h o w s  a  p l o t  o f  e1/2 v a l u e s  f o r  a  r e p r e s e n t a t i v e  

s e l e c t i o n  o f  s u b s t i t u e n t s  a g a i n s t  o-r 0. T h e  g e n e r a l  

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

e q u a l l y  w e l l  f o l l o w e d  b y  s u b s t i t u e n t s  o f  h i g h  o r  l o w  

s y m m e t r y .

Para-Disubstituted Benzenes. I f  w e  a s s u m e ,  a s  i n  t h e

(12) A . R . H . C ole  a n d  A . J . M itc h e ll,  S p e c t r o c h i m .  A c t a ,  2 0 ,  739 
(1964).
(13) G . J . B o o b ye r, i b i d . ,  23A , 335 (1967).
(14) E . D . S chm id , i b i d . ,  2 2 ,  1659 (1966).
(15) V . H o ffm a n n , and  E . D . S chm id , Z . N a t u r f o r s c h . ,  2 2A , 2048 
(1967 ); E . D . S chm id , p r iv a te  c o m m u n ic a tio n .
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562 R. B r o w n l e e , P. E n g l i s h , A. K a t r i t z k y , a n d  R. T o p s o m

c a s e  o f  t h e  1 6 0 0 - c m - 1  b a n d ,  t h a t  t h e  d i p o l e s  i n d u c e d  i n  

t h e  r i n g  b y  t w o  n o n i n t e r a c t i n g  p a r a - s u b s t i t u e n t s  a r e  

a d d i t i v e ,  a n d  f u r t h e r ,  t h a t  t h e  c o m p o s i t i o n  o f  t h e  n o r 

m a l  m o d e  d o e s  n o t  c h a n g e  a p p r e c i a b l y  b e t w e e n  c o m 

p o u n d s ,  w e  c a n  d e d u c e  t h e  A 1/2 v a l u e  f o r  a  p a r a - d i s u b -  

s t i t u t e d  c o m p o u n d .  I n  t h e  c a s e  o f  para C e t R X X '  

w h e r e  X  a n d  X '  a r e  b o t h  e l e c t r o n  d o n a t i n g  s u b s t i t u e n t s ,  

t h e  d i p o l e s  a r e  s h o w n  b e l o w .

I n  c o n t r a s t  t o  t h e  c a s e  o f  t h e  m  v i b r a t i o n ,  t h e  d i p o l e s  

r e i n f o r c e  o n e  a n o t h e r  f o r  a  “ d i - d o n o r ”  s i n c e  t h e  v i b r a 

t i o n  i s  a n t i s y m m e t r i c  w i t h  r e s p e c t  t o  t h e  t w o  e n d s  o f  

t h e  m o l e c u l e .  E x p r e s s e d  i n  t e r m s  o f  v a r i o u s  c o m 

p o n e n t s

A 1/2 =  (C -H ) +  (X )  +  (X ')

=  [ ( C -H )  +  ( X ) ]  +  [ ( C -H )  +  ( X ' ) ]  -  (C -H )

=  A*1'2 +  AZ'W -  (C -H ) (1)

T h i s  c a n  a l s o  b e  i l l u s t r a t e d  i n  t e r m s  o f  t h e  v a l e n c e - b o n d  

t r e a t m e n t  d e v e l o p e d 2,3 e a r l i e r .  I n  a  m o n o s u b s t i t u t e d  

b e n z e n e ,  d u r i n g  t h e  v i b r a t i o n  »u3a t h e r e  i s  a  d i s t o r t i o n  o f  

t h e  m o l e c u l e  i n  t h e  s a m e  s e n s e  o f  I  ^  I I  ( w h e r e  t h e  

e f f e c t  i s  m u c h  e x a g g e r a t e d ) .

I II
I n  a  p a r a - d i s u b s t i t u t e d  b e n z e n e  w h e r e  b o t h  s u b s t i t u e n t s  

a r e  e l e c t r o n - d o n a t i n g ,  t h e  s i t u a t i o n  c a n  b e  v i s u a l i z e d  

a s  I I I  ^  I V  l e a d i n g  t o  a n  o s c i l l a t i n g  d i p o l e  o f  t h e  t y p e  

f o u n d  i n  t h e  c a r b o n  d i o x i d e  a c t i v e  s t r e t c h i n g  m o d e .  

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

a d d i t i v e .

X X+

Y

S i m i l a r l y  f o r  para C 6H 4X Y  w h e r e  X  i s  a  d o n o r  a n d  Y  

a n  a c c e p t o r

A V '2 =  ( C - H )  +  ( X )  -  ( Y )

=  [ ( C - H )  +  ( X ) ]

+  [ ( C - H )  -  ( Y ) ]  -  ( C - H )

=  A A /2 +  A „1/2 -  ( C - H )

T h u s  w e  g e t  e q  1 a s  a b o v e  a n d  t h i s  e q u a t i o n  c a n  s i m i l 

a r l y  b e  s h o w n  a l s o  t o  a p p l y  t o  p a r a - d i s u b s t i t u t e d  b e n 

z e n e s  c o n t a i n i n g  t w o  e l e c t r o n - a c c e p t i n g  g r o u p s .  O n e  

t h e r e f o r e  e x p e c t s  t h a t  a  p l o t  o f  A 1/2 v a l u e s  f o r  t h e  

v i b r a t i o n s  o f  p a ? - a - d i s u b s t i t u t e d  b e n z e n e s  w i t h  s u b s t i t 

u e n t s  o f  h i g h  s y m m e t r y ,  a g a i n s t  t h e  s u m s  o f  t h e  A 1,2 
v a l u e s  f o r  t h e  c o r r e s p o n d i n g  m o n o s u b s t i t u t e d  c o m 

p o u n d s ,  s h o u l d  g i v e  a  s t r a i g h t  l i n e  o f  s l o p e  1 .  T h e  

C - H  c o n t r i b u t i o n  s h o u l d  b e  o b t a i n e d  f r o m  t h e  i n t e r c e p t  

a n d  t h i s  w o u l d  b e  e x p e c t e d  t o  b e  o f  s o m e w h a t  l o w e r  

m a g n i t u d e  t h a n  1 9 . 5  u n i t s  s i n c e  i n c r e a s e d  s u b s t i t u t i o n  

c a u s e s 6,8 a  d e c r e a s e d  C - H  b e n d i n g  c o n t r i b u t i o n  t o  t h e  

v i b r a t i o n .

F igure 3. P lo t  o f  A V 2 for  band  o f  p ara-d isubstitu ted  benzenes 
against the sum s o f  the A 1/2 values for  the correspond ing 
m onosu bstitu ted  d eriv a tiv es  (substituents o f  C îv 
o r  greater s y m m e try ).

F i g u r e  3  s h o w s  t h e  r e s u l t s  ( T a b l e  I I )  f o r  c o m p o u n d s  

w i t h  s u b s t i t u e n t s  o f  h i g h  s y m m e t r y  p l o t t e d  a g a i n s t  t h e  

s u m  o f  t h e  A 1/2 v a l u e s  o f  t h e  c o r r e s p o n d i n g  m o n o s u b 

s t i t u t e d  c o m p o u n d s  ( T a b l e  I ) .  T h e  a g r e e m e n t  w i t h  

t h e  s i m p l e  t h e o r y  o u t l i n e d  a b o v e  i s  r e m a r k a b l y  g o o d  

a n d  t h e  l i n e  f i t t e d  b y  t h e  l e a s t - s q u a r e s  p r o c e d u r e  i s  

g i v e n  b y

A x ,„1/2 =  1 .0 2 ( A j 1/2 +  A , 1« )  -  1 5 . 8  ( 2 )

T h e  s l o p e  a n d  i n t e r c e p t  a r e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  

t h e  p r e d i c t i o n  a b o v e .

Substituents of Low Symmetry. I t  w a s  p o i n t e d  o u t  

a b o v e  t h a t  w h e n  b e n z e n e  w a s  s u b s t i t u t e d  w i t h  a  g r o u p  o f  

l o w e r  t h a n  C 2v s y m m e t r y ,  t h e  n 3a a n d  c m ,  b a n d s  b e c a m e  

o f  t h e  s a m e  s y m m e t r y  c l a s s  a n d  c o u l d  m i x  t o  s h a r e  i n t e n 

s i t i e s .  S u c h  m i x i n g  s h o u l d  n o t  b e  g r e a t  h e r e  b e c a u s e  o f  

t h e  f r e q u e n c y  s e p a r a t i o n  o f  t h e  t w o  b a n d s .  I f  t h e r e  i s  

n o  m i x i n g ,  t h e  e f f e c t  o f  a  s u b s t i t u e n t  o n  t h e  t w o  m o d e s
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c a n  b e  t h o u g h t  o f  a s  t h e  s u m  o f  t w o  v e c t o r s ,  o n e  p a r a l l e l  

t o  t h e  O X  b o n d  a f f e c t i n g  o n l y  t h e  n 3a i n t e n s i t y ,  a n d  

o n e  p e r p e n d i c u l a r  t o  t h i s  a f f e c t i n g  o n l y  t h e  r 13b b a n d .  

T h i s  i s  i l l u s t r a t e d  b e l o w  f o r  a c e t o p h e n o n e .

I n  t h i s  c a s e  w e  e x p e c t  t h e  n 3a m o d e  f o r  a l l  p a r a - d i s u b -  

s t i t u t e d  b e n z e n e s  t o  f o l l o w  t h e  e q u a t i o n  a l r e a d y  d e v e l 

o p e d .  F i g u r e  4  s h o w s  t h e  r e s u l t s  f o r  p a r a - d i s u b s t i t u t e d  

c o m p o u n d s  c o n t a i n i n g  s u b s t i t u e n t s  o f  l e s s  t h a n  C 2v 

s y m m e t r y  p l o t t e d  a g a i n s t  t h e  s u m  o f  t h e  A 1 12  v a l u e s  f o r  

t h e  c o r r e s p o n d i n g  m o n o s u b s t i t u t e d  c o m p o u n d s .  T h e  

l i n e  s u p e r i m p o s e d  i s  t h e  s a m e  a s  t h a t  i n  F i g u r e  3 .  T h e  

l i n e  i s  c l o s e l y  f o l l o w e d  i n d i c a t i n g  l i t t l e  o r  n o  m i x i n g  

t a k i n g  p l a c e  b e t w e e n  n 3a a n d  vnb v i b r a t i o n s .

“ Through-Conjugation" and d-Orbital Participation. 
T h e  i n t e n s i t y  v a l u e s  f o r  t h e  vu v i b r a t i o n s  o f  para- 
d i s u b s t i t u t e d  b e n z e n e s  w e r e  f o u n d  t o  b e  g r e a t e r  t h a n  

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

s u b s t i t u t e d  c o m p o u n d s  w h e r e  o n e  s u b s t i t u e n t  w a s  a  

s t r o n g  d o n o r  a n d  t h e  o t h e r  a  s t r o n g  a c c e p t o r .  T h i s  c a n  

r e a d i l y  b e  e x p l a i n e d  i n  t e r m s  o f  c o n t r i b u t i o n s  t o  t h e  

s t r u c t u r e  o f  t h e  t y p e  b e l o w .  T h i s  p h e n o m e n o n  i s  s o m e 

t i m e s  d e s c r i b e d  a s  “ t h r o u g h  c o n j u g a t i o n . ”

N 0 2'

S i m i l a r  r e s u l t s  w e r e  f o u n d  f o r  p a r a - s u b s t i t u t e d  c h l o r o - ,  

b r o m o -  a n d  i o d o b e n z e n e s  w h e n  t h e  p a r a - s u b s t i t u e n t  

w a s  a  p o w e r f u l  e l e c t r o n  d o n o r .  T h e  e n h a n c e m e n t  a l s o  

i n c r e a s e d  i n  t h e  s e r i e s  C l  <  B r  <  I .  T h i s  w a s  e x p l a i n e d  

i n  t e r m s  o f  e l e c t r o n  a c c e p t a n c e  i n t o  t h e  d  o r b i t a l s  o f  t h e  

h a l o g e n  a t o m s .  T h i s  d - o r b i t a l  p a r t i c i p a t i o n  b y  e l e 

m e n t s  h a v i n g  u n f i l l e d  d  o r b i t a l s  h a s  b e e n  f a i r l y  w i d e l y  

a c c e p t e d 16 o n  t h e  b a s i s  o f  c o r r e s p o n d i n g  r e s u l t s  o b t a i n e d  

i n  t h e  u l t r a v i o l e t  r e g i o n .  S o m e  w o r k e r s 17 h a d  e a r l i e r  

e x p l a i n e d  t h e  u l t r a v i o l e t  r e s u l t s  a s  a r i s i n g  b e c a u s e  t h e  

i n c r e a s i n g  p o l a r i z a b i l i t y  o f  t h e  C - h a l o g e n  b o n d  a l l o w e d  

t h e  o t h e r  s u b s t i t u e n t  t o  d o n a t e  a d d i t i o n a l  c h a r g e  t o  t h e  

r i n g .

O u r  r e s u l t s  s h o w  n o  g e n e r a l  e n h a n c e m e n t  o f  t h e  n 3a 

i n t e n s i t i e s  f o r  e i t h e r  o f  t h e  g r o u p s  o f  c o m p o u n d s  m e n 

t i o n e d  a b o v e .  T h u s  t h e  v a l u e s  f o r  c o m p o u n d s  s u c h  

a s  p - m e t h o x y b e n z o p h e n o n e  a n d  p - i o d o d i m e t h y l a n i l i n e  

a r e  c l o s e  t o  t h o s e  c a l c u l a t e d  o n  t h e  b a s i s  o f  f o r m u l a  1 . 

T h i s  c a n  b e  s h o w n  t o  b e  e x p e c t e d  f o r  a  p a r a - d i s u b s t i -  

t u t e d  c o m p o u n d  c o n t a i n i n g  a  d o n o r  a n d  a n  a c c e p t o r  

s u b s t i t u e n t .  I f  A  i s  t a k e n  a s  t h e  a d d i t i o n a l  e f f e c t  o f  

o n e  s u b s t i t u e n t  o n  t h e  d i p o l e  t r a n s i t i o n  m o m e n t  o v e r  

t h a t  e x p e c t e d ,  t h e n  i t  s h o u l d  a l s o  r e p r e s e n t  t h e  a d d i -

F igure 4. P lo t  o f  A 112 fo r  band  o f  p ara-d isubstitu ted  benzenes 
against the sum s o f  the A 112 values for  the correspond ing 
m on osu bstitu ted  d eriva tives (a t  least on e  substituent 
o f  less than  C iv s y m m e try ).

t i o n a l  e f f e c t  o f  t h e  o t h e r  s u b s t i t u e n t .  T h u s  m o d i f y i n g  

e q  1

A d o n o r .a c c1'2 =  ( O H )  +  ( X  +  A )  -  ( Y  +  A )

=  ( O H )  +  ( X )  -  ( Y )

=  A xm +  A yw  -  ( O H )  a s  b e f o r e

A  s i m i l a r  r e s u l t  f o l l o w s  f o r  a  p a r a - d o n o r - s u b s t i t u t e d  

h a l o b e n z e n e  i f  t h e  d - o r b i t a l  e x p l a n a t i o n  i s  c o r r e c t .  I f  

t h e  e n h a n c e m e n t  i n  t h i s  c a s e ,  h o w e v e r ,  w a s  d u e  t o  t h e  

p o l a r i z a t i o n  o f  t h e  O h a l o g e n  a b o n d  a l l o w i n g  t h e  d o n o r  

t o  d e l o c a l i z e  m o r e  c h a n g e  i n t o  t h e  r i n g ,  t h e  e q u a t i o n  

w o u l d  b e  a s  b e l o w  w h e r e  X  i s  t h e  d o n o r  a n d  Y  t h e  

h a l o g e n .

¿ d o n o r ,h a d '2 =  ( O H )  +  ( X  +  A )  -  ( Y )

=  A xw  +  A „1/2 -  ( O H )  +  A  ( 3 )

a n d  e n h a n c e m e n t  w o u l d  b e  e x p e c t e d .

r i 3b Vibration. O n l y  a  f e w  i n t e n s i t y  v a l u e s  f o r  t h e  

n 3b b a n d  c o u l d  b e  o b t a i n e d  f o r  m o n o s u b s t i t u t e d  a n d  

p a r a - d i s u b s t i t u t e d  b e n z e n e s  a n d  t h e s e  a r e  s h o w n  i n  

T a b l e  I I I . T h e  i n t e n s i t y  a t t r i b u t a b l e  t o  t h e  m 3b a b s o r p 

t i o n  i n  b e n z e n e  i t s e l f  w i l l  b e  2 0 . 4  A 1/2 u n i t s  s i n c e  t h e  vUa 
a n d  n 3b a r e  d e g e n e r a t e .  T h e  i n t e n s i t y  o f  t h e  n 3b b a n d

(16) J . R . H o y la n d  and  L . G oodm an , J .  P h y s .  C h e m . ,  64, 1816 
(1960 ); L .  G oodm an and  R . W . T a f t ,  J .  A m e r .  C h e m .  S o c . ,  87, 
4385 (1965 ); W . K .  M u s k e r  and  G . B . S a v its k y , J .  P h y s  C h e m . ,  

71, 431 (1967).
(17) W . M .  S ch u be rt, H . S te a d ly , and  J . M . C ra ve n , J .  A m e r .  
C h e m .  S o c . ,  82, 1353 (1960 ); W . M .  S ch u b e rt a nd  H . S tead ly , 
i b i d . ,  82, 1357 (1 96 0 ); b u t  see a m p lif ic a t io n  o f  S c h u b e rt’s v iew s 
in  W . M . S ch u be rt, R . B . M u rp h y ,  a n d  J . R ob in s , T e t r a h e d r o n ,  

17, 199 (1962).
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a r i s i n g  f r o m  t h e  C - H  b e n d  c o o r d i n a t e  i n  m o n o s u b s t i -  

t u t e d  a n d  p a r a - d i s u b s t i t u t e d  b e n z e n e s  s h o u l d  b e  l e s s  

s i n c e  t h e  1 -  a n d  4 - h y d r o g e n  a t o m s  w h i c h  c o n t r i b u t e  t o  

t h e  n o r m a l  m o d e  a r e  r e p l a c e d .

564

N o  C - C  s t r e t c h  c o n t r i b u t i o n  i s  e x p e c t e d  t o  t h i s  b a n d  

f o r  s u b s t i t u e n t s  o f  C 2V o r  h i g h e r  s y m m e t r y  a n d  s o  a  

c o n s t a n t  v a l u e  o f  A m o f  l e s s  t h a n  2 0 . 4  u n i t s  i s  e x p e c t e d  

f o r  m o n o s u b s t i t u t e d  b e n z e n e s  a n d  a  c o n s t a n t  b u t  l o w e r

s t i l l  v a l u e  i s  e x p e c t e d  f o r  p a r a - d i s u b s t i t u t e d  b e n z e n e s .  

T h e s e  p r e d i c t i o n s  s e e m  s u b s t a n t i a t e d  b y  t h e  r e s u l t s .  

U n f o r t u n a t e l y ,  i t  w a s  n o t  p o s s i b l e  t o  o b t a i n  c o r r e s p o n d 

i n g  v a l u e s  f o r  a s y m m e t r i c  s u b s t i t u e n t s  b e c a u s e  s u b 

s t i t u e n t  v i b r a t i o n  i n t e r f e r e d  i n  t h e  a v a i l a b l e  c o m p o u n d s .

Spectroscopic Aspects. T h e  r e s u l t s  a b o v e  c l e a r l y  p r o 

v i d e  v a l u a b l e  s u p p o r t  f o r  t h e  n o r m a l  c o o r d i n a t e  a n a l y s e s  

m a d e  f o r  c h l o r o  a n d  d e u t e r i o b e n z e n e s  b e i n g  v a l i d  f o r  

o t h e r  s u b s t i t u e n t s .  W e  i n t e n d  t o  m e a s u r e  t h e  i n t e n 

s i t i e s  o f  a  s e r i e s  o f  d e u t e r a t e d  m o n o -  a n d  d i s u b s t i t u t e d  

b e n z e n e s  t o  f u r t h e r  t h i s  a s p e c t  o f  t h e  w o r k .

Acknowledgment. R .  D .  T o p s o m  i s  g r a t e f u l  f o r  a  

g r a n t  f r o m  t h e  A u s t r a l i a n  R e s e a r c h  G r a n t s  C o m m i t t e e .

E. M a t i j e v i c , S . K r a t o h v i l , a n d  J. S t i c k e l s

Counterion Complexing and Sol Stability. I. Coagulation Effects 

of Aluminum Salts in the Presence of Fluoride Ions1

by Egon Matijevic, Stanka Kratohvil, and Jon Stickels
Institute o f  Colloid and Surface Science and Departm ent o f  Chemistry, Clarkson College o f Technology,
Potsdam , N ew York 13676 (Received Ju ly  22, 1968)

T h e  c o a g u l a t i o n  a n d  t h e  r e v e r s a l  o f  c h a r g e  o f  s i lv e r  h a l i d e  s o l s  b y  a l u m i n u m  i o n s  in  t h e  p r e s e n c e  o f  f l u o r i d e  
i o n s  h a v e  b e e n  s t u d i e d  a s  a  f u n c t i o n  o f  p H .  U s i n g  k n o w n  s t a b i l i t y  c o n s t a n t s ,  t h e  c o m p o s i t i o n  o f  t h e  e l e c t r o 
l y t e  e n v i r o n m e n t  w a s  c a l c u l a t e d .  T h i s  i n c l u d e d  a l l  a l u m i n u m  f l u o r i d e  c o m p l e x e s  a s  w e l l  a s  t h e  a l u m i n u m  
h y d r o l y z e d  s p e c i e s .  W i t h  t h e  i n c r e a s i n g  a d d i t i o n  o f  f l u o r i d e  i o n s  l a r g e r  a m o u n t s  o f  a l u m i n u m  p e r c h l o r a t e  
a r e  r e q u i r e d  t o  c o a g u l a t e  t h e  s o l .  T h e  c a l c u l a t i o n s  s h o w  t h a t  a t  p H  < 4  t h e  u n h y d r o l y z e d  a l u m i n u m  i o n  
a c t s  a s  t h e  c o u n t e r i o n  w h i l e  a t  p H  > 4  t h e  h y d r o l y z e d  a l u m i n u m  i o n  is  t h e  c o a g u l a n t .  T h e  c o m p l e x i n g  o f  
a l u m i n u m  i o n s  b y  f l u o r i d e  p r o d u c e s  l o w e r  c h a r g e d  s p e c i e s  w h i c h  h a v e  n o  e f f e c t  u p o n  t h e  s t a b i l i t y  o v e r  t h e  
c r i t i c a l  c o a g u l a t i o n  c o n c e n t r a t i o n  r a n g e  o f  t h e  a l u m i n u m  s a l t .  T h e  c h a r g e  o f  t h e  s o l s  c a n  b e  r e v e r s e d  b y  t h e  
h y d r o l y z e d  a l u m i n u m  i o n s ,  b u t  n o t  b y  t h e  f l u o r i d e  c o m p l e x e s .

Introduction
T h e  e f f e c t s  o f  c o m p l e x i n g  o f  c o u n t e r i o n s  u p o n  t h e  

s t a b i l i t y  o f  l y o p h o b i c  c o l l o i d s  h a v e  r e c e i v e d  c o n s i d e r 

a b l e  a t t e n t i o n  i n  r e c e n t  y e a r s .  T h e  i n t e r a c t i o n s  o f  

h y d r o l y z e d  m e t a l  i o n s  w i t h  l y o p h o b i c  s o l  p a r t i c l e s  

h a v e  b e e n  p a r t i c u l a r l y  t h o r o u g h l y  i n v e s t i g a t e d .  O w 

i n g  t o  h y d r o l y s i s ,  t h e  c h a r g e  o f  t h e  c o u n t e r i o n  i s  

m o s t  f r e q u e n t l y  c h a n g e d  c a u s i n g  g r e a t  v a r i a t i o n s  i n  

t h e  c o a g u l a t i o n  c o n c e n t r a t i o n s .  I n  a d d i t i o n ,  t h e  

h y d r o l y z e d  s p e c i e s  a d s o r b  a p p r e c i a b l y  m o r e  s t r o n g l y  

t h a n  t h e  c o r r e s p o n d i n g  u n h y d r o l y z e d  i o n s .  D e p e n d 

i n g  o n  t h e  c o n d i t i o n s ,  t h i s  a d s o r p t i o n  m a y  e i t h e r  

e n h a n c e  t h e  c o a g u l a t i o n  o r  r e s t a b i l i z e  t h e  s o l ,  d u e  t o  

c h a r g e  r e v e r s a l .2-3
M u c h  l e s s  a t t e n t i o n  w a s  a c c o r d e d  t o  c o m p l e x i n g  

w i t h  l i g a n d s  o t h e r  t h a n  h y d r o x y l .  R e c e n t l y ,  i t  w a s  

s h o w n  t h a t  c h e l a t i o n  o f  m e t a l  c o u n t e r i o n s  a f f e c t s  t h e  

s o l  s t a b i l i t y 4 i n  a  m o s t  s t r i k i n g  w a y .

T h i s  s t u d y  d e a l s  w i t h  t h e  i n t e r a c t i o n s  o f  a l u m i n u m

s a l t s  w i t h  s i l v e r  h a l i d e  s o l s  i n  t h e  p r e s e n c e  o f  v a r i o u s  

a m o u n t s  o f  f l u o r i d e  i o n s .  I t  w a s  a t t e m p t e d  t o  c a r e 

f u l l y  e v a l u a t e  t h e  e f f e c t  o f  a n  i n o r g a n i c  c o m p l e x i n g  

l i g a n d  ( o t h e r  t h a n  h y d r o x y l )  u p o n  t h e  c o a g u l a t i o n  a n d  

r e v e r s a l  o f  c h a r g e  a b i l i t y  o f  a  m e t a l  c o u n t e r i o n .  T h e  

a l u m i n u m  f l u o r i d e  s y s t e m  w a s  c h o s e n  f o r  t h e o r e t i c a l  

a n d  p r a c t i c a l  r e a s o n s .  T h e  c o u n t e r i o n  b e h a v i o r  o f  

a l u m i n u m  a n d  o f  i t s  h y d r o l y z e d  s p e c i e s  h a s  b e e n  

e x t e n s i v e l y  s t u d i e d  a n d  i t  i s  r a t h e r  w e l l  u n d e r s t o o d .6,6

(1) Supported  b y  the F ederal W ater P ollution  C on tro l A dm inistration  
G rant W P -00815.
(2) E . M a tije v ic , S. K ratohv il, and  L . J. Stryker, D iscussions  
Faraday Soc., 42 , 187 (1966). •
(3) E . M a tije v ic , “ C harge R eversal o f  L y o p h o b ic  C o llo id s ’ ’ in 
“ P rinciples and A p p lications o f  W ater C h em istry ,’ ’ John W iley  and  
Sons, In c ., N ew  Y ork , N . Y ., 1967.
(4) E . M a tije v ic  and N . K olak , J . Colloid Interface S ci.t 24 , 441 
(1967).
(5) E . M a tije v ic , K . G. M athai, R . H . O ttew ill, and M . K erker, J. 
P hys. Chem., 65, 826 (1961).
(6) E . M a tije v ic , G . E . Janauer, and M . K erker, J . Colloid Sci., 
19, 333 (1964).
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A l s o ,  g o o d  t h e r m o d y n a m i c  d a t a  a r e  a v a i l a b l e  f o r  t h e  

a l u m i n u m  f l u o r i d e  c o m p l e x e s 7-10 w h i c h  m a k e  f e a s i b l e  

a  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  i n t e r a c t i o n s  b e t w e e n  t h e  

s o l  p a r t i c l e s  a n d  t h e  e l e c t r o l y t e  e n v i r o n m e n t .

O n e  o f  t h e  p r a c t i c a l  a s p e c t s  o f  t h i s  w o r k  i s  r e l a t e d  t o  

w a t e r  c h e m i s t r y .  M a n y  n a t u r a l  w a t e r s  c o n t a i n  s m a l l  

a m o u n t s  o f  f l u o r i d e s  a n d  a  n u m b e r  o f  c o m m u n i t i e s  

f l u o r i d i z e  t h e i r  w a t e r s .  S i n c e  a l u m i n u m  s a l t s  a r e  s t i l l  

t h e  m o s t  f r e q u e n t l y  u s e d  c o a g u l a n t s ,  t h e  i n t e r a c t i o n s  

o f  f l u o r i d e  w i t h  a l u m i n u m  i o n s  m a y  s i g n i f i c a n t l y  i n 

f l u e n c e  t h e  p u r i f i c a t i o n  p r o c e d u r e s  a n d  t h e  e f f e c t i v e n e s s  

o f  f l u o r i d a t i o n .  T h i s  i s  p a r t i c u l a r l y  t r u e  b e c a u s e  o f  t h e  

g r e a t  s t a b i l i t y  o f  a l u m i n u m  f l u o r i d e  c o m p l e x e s .

S i l v e r  h a l i d e  s o l s  w e r e  e m p l o y e d  b e c a u s e  e x t e n s i v e  

s t u d i e s  o f  t h e i r  s t a b i l i t y  a r e  a v a i l a b l e  a n d  t h e r e f o r e  a  

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

d a t a  b y  a l u m i n u m  i n  t h e  a b s e n c e  o f  f l u o r i d e  i s  p o s s i b l e .  

I n  a d d i t i o n  f l u o r i d e  i o n  a l o n e  w i l l  h a v e  l i t t l e  e f f e c t  

u p o n  s o l  s t a b i l i t y  s i n c e  s i l v e r  f l u o r i d e  i s  a  r a t h e r  s o l u b l e  

s a l t .

Experimental Section
A. Materials. A l u m i n u m  p e r c h l o r a t e  ( K  a n d  K  

L a b o r a t o r i e s )  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

T h e  c o n c e n t r a t i o n  o f  t h e  s t o c k  s o l u t i o n  w a s  d e t e r m i n e d  

g r a v i m e t r i c a l l y  u s i n g  t h e  8 - h y d r o x y - q u i n o l i n e  r e a g e n t .  

T o  a v o i d  a g i n g  e f f e c t s ,6 t h e  n e c e s s a r y  d i l u t i o n s  w e r e  

m a d e  f r e q u e n t l y .  A l l  o t h e r  c h e m i c a l s  w e r e  o :  t h e  

h i g h e s t  c o m m e r c i a l  p u r i t y  g r a d e .  S o l u t i o n s  w e r e  

p r e p a r e d  w i t h  d o u b l y  d i s t i l l e d  w a t e r  f r o m  a n  a l l -  

P y r e x  s t i l l .

S i l v e r  b r o m i d e  a n d  s i l v e r  i o d i d e  s o l s  in statu nascendi 
s e r v e d  a s  c o l l o i d a l  s y s t e m s .  I n  a l l  e x p e r i m e n t s  t h e  

c o n c e n t r a t i o n  o f  t h e  s o l s  w a s  1 X  1 0 ~4 M  w i t h  a n  

e x c e s s  h a l i d e  c o n c e n t r a t i o n  o f  1 . 9  X  1 0 -3  M . A g e d  

n e g a t i v e  s i l v e r  h a l i d e  s o l s ,  u s e d  i n  s o m e  o f  t h e  e l e c t r o 

p h o r e s i s  e x p e r i m e n t s ,  w e r e  p r e p a r e d  a c c o r d i n g  t o  t h e  

p r o c e d u r e  b y  O t t e w i l l ,  et al,u>12
B. Methods, (a) Precipitation of Aluminum Fluo

ride. T o  d e t e r m i n e  t h e  c o n d i t i o n s  w h i c h  l e a d  t o  t h e  

f o r m a t i o n  o f  p r e c i p i t a t e s  w h e n  s o l u t i o n s  o f  a l u m i n u m  

a n d  f l u o r i d e  s a l t s  a r e  m i x e d ,  t h e  e n t i r e  s o l u b i l i t y  

d i a g r a m  w a s  e s t a b l i s h e d .  T h i s  w a s  a c c o m p l i s h e d  b y  

o b s e r v i n g  t h e  a p p e a r a n c e  o f  t h e  f i r s t  t r a c e  o f  p r e c i p i t a t e  

i n  a  s e r i e s  o f  s y s t e m s  i n  w h i c h  t h e  f l u o r i d e  ( o r  a l u m i 

n u m )  c o n c e n t r a t i o n  w a s  k e p t  c o n s t a n t  w h i l e  t h e  

c o n c e n t r a t i o n  o f  a l u m i n u m  ( o r  f l u o r i d e )  w a s  g r a d u a l l y  

c h a n g e d .  T h e  t o t a l  v o l u m e  o f  e a c h  s y s t e m  i n  a  s e r i e s  

w a s  1 0  m l .  A t  f i r s t  a n  a t t e m p t  w a s  m a d e  t o  d e t e c t  t h e  

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

s c a t t e r i n g ,  b u t  t h i s  f a i l e d  t o  g i v e  r e l i a b l e  r e s u l t s .  I t  

w a s  f o u n d  t h a t  v i s u a l  o b s e r v a t i o n  o f  t h e  f i r s t  t r a c e  o f  

p r e c i p i t a t e  a t  t h e  b o t t o m  o f  t h e  t e s t  t u b e ,  2 4  h r  a f t e r  

m i x i n g  t h e  p r e c i p i t a t i n g  c o m p o n e n t s ,  c o u l d  b e  u s e d  t o  

r e p r o d u c i b l y  e s t a b l i s h  t h e  l i m i t i n g  c o n c e n t r a t i o n s  a t  

w h i c h  t h e  p r e c i p i t a t e  s t i l l  o c c u r s .  N o  f u r t h e r  c h a n g e s  

c o u l d  b e  d e t e c t e d  a f t e r  2 4  h r .  T h e  p H  o f  t h e  s y s t e m s

C o u n t e r i o n  C o m p l e x i n g  a n d  S o l  S t a b i l i t y

w a s  c o n t r o l l e d  a n d  m e a s u r e d  a t  v a r i o u s  p e r i o d s  o f  

t i m e .  T h e  r e s u l t s  o b t a i n e d  b y  u s i n g  f l u o r i d e  a s  t h e  

v a r i a b l e  c o m p o n e n t  w e r e  i n  v e r y  g o o d  a g r e e m e n t  w i t h  

d a t a  o b t a i n e d  w h e n  t h e  c o n c e n t r a t i o n  o f  t h e  a l u m i n u m  

s a l t  w a s  v a r i e d .

( 6)  Coagulation and Reversal of Charge of Silver 
Halide Sols. S c a t t e r i n g  i n t e n s i t i e s  w e r e  m e a s u r e d  o n  

a  s e r i e s  o f  s y s t e m s  p r e p a r e d  b y  m i x i n g  s o l u t i o n s  c o n 

t a i n i n g  t h e  t w o  p r e c i p i t a t i o n  c o m p o n e n t s  a n d  o t h e r  

e l e c t r o l y t e s  a s  n e e d e d .  A s  a  r u l e  i n  o n e  s e r i e s  e i t h e r  

t h e  c o n c e n t r a t i o n  o f  t h e  a l u m i n u m  s a l t  w a s  v a r i e d  a n d  

t h e  p H  k e p t  c o n s t a n t  o r  v i c e  v e r s a .  I n  t h e  f i r s t  c a s e  

c o n s t a n t  a m o u n t s  o f  s i l v e r  n i t r a t e  a n d  p o t a s s i u m  

f l u o r i d e  a n d  v a r y i n g  a m o u n t s  o f  a l u m i n u m  p e r c h l o r a t e  

w e r e  i n  o n e  s e r i e s  o f  t e s t  t u b e s  w h i l e  t h e  o t h e r  s e r i e s  

c o n t a i n e d  p o t a s s i u m  b r o m i d e  a n d  a c i d  ( H C 1 0 4)  o r  

b a s e  ( N a O H )  a s  n e e d e d  t o  k e e p  t h e  p H  a t  a  d e s i r e d  

v a l u e .  I n  t h e  s e c o n d  c a s e  t h e  c o n c e n t r a t i o n s  o f  

a l u m i n u m  p e r c h l o r a t e  w e r e  k e p t  c o n s t a n t  w h i l e  t h e  

a d d i t i o n  o f  t h e  a c i d  o r  t h e  b a s e  w a s  v a r i e d  g r a d u a l l y  

i n  o r d e r  t o  c h a n g e  p H  i n  r a t h e r  s m a l l  i n c r e m e n t s .  

U s u a l l y  e a c h  t e s t  t u b e  c o n t a i n e d  5  m l  o f  t h e  s o l u t i o n  

t o  g i v e  1 0  m l  a f t e r  m i x i n g .  A l l  r e p o r t e d  c o n c e n t r a t i o n s  

r e f e r  t o  t h i s  f i n a l  v o l u m e  o f  1 0  m l .  I t  w a s  f o u n d  t h a t  

i d e n t i c a l  r e s u l t s  w e r e  o b t a i n e d  i f  t h e  r e a c t i o n  c o m 

p o n e n t s  w e r e  c o n t a i n e d  i n  d i f f e r e n t  v o l u m e s ,  s u c h  a s  

9  m l  +  1 m l .

565

Table I: Cumulative Formation Constants 
for Aluminum Fluoride Complexes * 7 8 9 10 11 12

■ ft = [AlF„(3_n)+]/[A l3+][F _] n

a b c d

log ft 6.13 6.61 7.01 6.32
log ft 11.15 11.97 12.75 11.63
log ft 15.00 16.03 17.02 15.45
log ft 17.74 18.71 19.72 17.60
log ft 
log ft

19.37 20.04 
(19.84)

20.91
20.86

18.03

“ Ionic strength 0.53, ref 7. 6 Ionic strength 0.07 (calcd), ref 9. 
e Ionic strength zero (calcd), ref 10. d Ionic strength 0.1, ref 18.

T h e  r a t e  o f  c o a g u l a t i o n  o f  s i l v e r  h a l i d e  s o l s  in statu 
nascendi w a s  f o l l o w e d  b y  m e a s u r i n g  t h e  s c a t t e r i n g  

i n t e n s i t i e s  w i t h  a n  A m i n c o  l i g h t  s c a t t e r i n g  p h o t o m 

e t e r .  T h e  p r o c e d u r e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

critical coagulation concentration ( c c c )  a n d  t h e  critical

(7) C . B rosset and J. Orring, Svensk K em isk  T idskr ., 55 , 101 (1943).
(8) W . M . Latim er and W . L . Jolly , J . A m er. Chem. Soc., 75, 1548 
(1953).
(9) E . L . K ing  and P. K . Gallagher, J. P hys. Chem., 63, 1073 (1959).
(10) J. D . H em , G eological Survey W ater-S u pp ly  P aper 1827-B, 
1968, p p  B 1 -B 3 3 .
(11) R . H . O ttew ill and M . S. R astog i, Trans. Farraday Soc., 56, 
866 (1960).
(12) R . W . H orne and R . H. O ttew ill, J . Phot. Sci., 6, 39 (1958).
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stabilization concentration ( e s c )  w a s  d e s c r i b e d  i n  d e t a i l  

e a r l i e r .13,14
E l e c t r o p h o r e t i c  m o b i l i t i e s  w e r e  m e a s u r e d  i n  a  

m i c r o e l e c t r o p h o r e s i s  c e l l  o f  t h e  M a t t s o n  t y p e 16 a s  

d e s c r i b e d  e a r l i e r .6 A l l  d e t e r m i n a t i o n s  w e r e  m a d e  

t e n  m i n u t e s  a f t e r  t h e  m i x i n g  o f  t h e  r e a c t i o n  c o m 

p o n e n t s .

A  B e c k m a n  M o d e l  G  p H  m e t e r  w i t h  g l a s s  e l e c t r o d e s  

w a s  u s e d  t o  a d j u s t  a n d  c o n t r o l  t h e  p H .  T h e  i n s t r u 

m e n t  w a s  c a l i b r a t e d  r e g u l a r l y  w i t h  a p p r o p r i a t e  b u f f e r  

s o l u t i o n s .

Com putations

I n  o r d e r  t o  i n t e r p r e t  t h e  r e s u l t s  i t  w a s  n e c e s s a r y  t o  

c o m p u t e  t h e  c o m p o s i t i o n  o f  t h e  e l e c t r o l y t e  e n v i r o n 

m e n t  f o r  v a r i o u s  e x p e r i m e n t a l  v a l u e s  o f  t h e  c c c  a n d  

e s c  o f  a l u m i n u m  p e r c h l o r a t e  i n  t h e  p r e s e n c e  o f  d i f 

f e r e n t  a m o u n t s  o f  p o t a s s i u m  f l u o r i d e  a s  a  f u n c t i o n  

o f  p H .  I n  t h e  c a l c u l a t i o n s ,  c a r r i e d  o u t  b y  m e a n s  o f  

a n  I B M  3 6 0  d i g i t a l  c o m p u t e r ,  t h e  e x i s t e n c e  o f  a l l  

a l u m i n u m  f l u o r i d e  c o m p l e x e s  A l F n (3 _ n )+  f o r  n =  1 - 6 ,  

t h e  d i s s o c i a t i o n  o f  H F ,  a n d  t h e  h y d r o l y s i s  o f  a l u m i n u m  

i o n  w e r e  c o n s i d e r e d .  I t  w a s  a s s u m e d  t h a t  o n l y  o n e  

h y d r o l y z e d  c o m p l e x  i o n  e x i s t s  a t  r o o m  t e m p e r a t u r e .  

T w o  d i f f e r e n t  b u t  v e r y  s i m i l a r  f o r m u l a t i o n s  h a v e  b e e n  

s u g g e s t e d  f o r  t h e  c o m p o s i t i o n  o f  t h e  h y d r o l y z e d  a l u m i 

n u m  s p e c i e s :6'6’16 A l 8( O H ) M'1 + a n d  A l 7( O H ) n 4+ .  W h i l e  

w e  b e l i e v e  t h a t  t h e  o c t a m e r  i s  t h e  m o r e  l i k e l y  s p e c i e s ,  

i n  c a l c u l a t i o n s  i n  t h i s  w o r k  t h e  h e p t a m e r  h a s  b e e n  

a s s u m e d  f o r  w h i c h  t h e  f o r m a t i o n  c o n s t a n t  i s  a v a i l a b l e ,16 
l o g  /3i7,7 =  —  4 8 . 8 .  I t  s h o u l d  b e  n o t e d  t h a t  b o t h  

s u g g e s t e d  s p e c i e s  a r e  o f  t h e  s a m e  c h a r g e  ( +  4 )  w h i c h  i s  

e s s e n t i a l  i n  t h e  d i s c u s s i o n  o f  s o l  s t a b i l i t y .

T h e  c o m p o s i t i o n  o f  t h e  v a r i o u s  s p e c i e s  w a s  c o m p u t e d  

f r o m  t h e  f o l l o w i n g  t w o  e q u a t i o n s

[ A l ] tot =  [ A l 3+ ]  +  f r [ A l 3+ ] [ F - ]  +  f t [ A l 3+ ] [ F ~ ]2

+  f t [ A l 3+ ] [ F ^ ]3 +  f t [ A l 3+ ] [ F ~ ] 4 +  f t [ A l 3+ ] [ F ~ ]6

+  f t [ A l 3+ ] [ F ~ ]6 +  /3 i7 .7 [ A l3+ ] 7[ H + ]17 ( 1)

[ F ] tot =  [ F ~ ]  +  f t [ F - ] [ A l 3+ ]  +  2f t [ F ^ ] 2[ A l 3+ ]

+  3 f t [ F ~ ] 3[ A l 3+ ]  +  4 f t [ F ~ ] 4[ A l 3+ ]  +  5 f t [ F - ] 6[ A l 3+ ]  

+  6f t [ F “ ] 6[ A l 3+ ]  +  [ I I + ] [ F - ]  l / K  ( 2 )

T h e  v a l u e  f o r  t h e  i o n i z a t i o n  c o n s t a n t  o f  t h e  h y d r o 

f l u o r i c  a c i d  A  =  6 . 7  X  1 0 ~4.17 T a b l e  I  c o n t a i n s  s e v e r a l  

s e t s  o f  v a l u e s 18 f o r  t h e  c u m u l a t i v e  f o r m a t i o n  o f  a l u 

m i n u m  f l u o r i d e  c o m p l e x  c o n s t a n t s

f t  =  [ A l F „ « - " > + ] / [ A l 3+ ] [ F - ] "

w h e r e  f t ,  =  k v k 2. . ,k„, a n d  kn i s  t h e  c o m p l e x  c o n s t a n t

kn =  [ A 1 F b ( * - » ’ + ] / [ A 1 F „ _ 1<4- » ) + ] [ F - ]

T h e  v a l u e s  f o r  s i m i l a r  i o n i c  s t r e n g t h  a s  o b t a i n e d  b y  

t w o  d i f f e r e n t  l a b o r a t o r i e s  a r e  i n  r a t h e r  g o o d  a g r e e m e n t  

( T a b l e  I a , d ) .  L a r g e r  d i f f e r e n c e s  a r e  o b s e r v e d  o n l y
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i n  t h e  c a s e  o f  f t  a n d  f t .  T h e  v a l u e  o f  t h e  l a s t  c o n s t a n t  

i s  t h e  l e a s t  r e l i a b l e .  H o w e v e r ,  i t  t u r n s  o u t  t h a t  t h e  

c o n c e n t r a t i o n s  o f  A 1 F 62”  a n d  A 1 F 63^  w e r e  n e g l i g i b l e  i n  

t h e  s y s t e m s  u n d e r  i n v e s t i g a t i o n .

S i n c e  i t  i s  i m p r a c t i c a l  i n  t h e  c o a g u l a t i o n  w o r k  t o  

a d j u s t  a n d  k e e p  c o n s t a n t  t h e  i o n i c  s t r e n g t h ,  c a l c u 

l a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  f o r m a t i o n  c o n s t a n t s  f o r  

i o n i c  s t r e n g t h s  0 . 5 3  a n d  0 . 0 7 .  N o  s i g n i f i c a n t  d i f 

f e r e n c e s  r e s u l t e d  i n  t h e  c o m p u t e d  c o n c e n t r a t i o n  o f  

v a r i o u s  c o m p l e x  s p e c i e s .  T h e r e f o r e  o n l y  d a t a  a s  

c a l c u l a t e d  u s i n g  t h e  v a l u e s  f o r  f t  b y  B r o s s e t  a n d  

O r r i n g 7 w i l l  b e  r e p o r t e d .

T h e  N e w t o n - R a p h s o n  i t e r a t i o n  p r o c e d u r e  w a s  u s e d  

t o  o b t a i n  t h e  r o o t s  o f  t h e  p o l y n o m i a l  e q u a t i o n s  w r i t t e n  

f o r  [ A F j t o t a i  a n d  [ F ] tota i. E q u a t i o n  1 w a s  u s e d  t o  

s o l v e  f o r  [ A 1 + 3]  a n d  e q  2  w a s  u s e d  t o  s o l v e  f o r  [ F - ] .  

S i n c e  a  p o l y n o m i a l  e q u a t i o n  w i l l  h a v e  a s  m a n y  r o o t s  a s  

t h e  d e g r e e  o f  t h e  e q u a t i o n  ( r e a l  o r  i m a g i n a r y  a n d  

p o s s i b l y  d e g e n e r a t e ) , a  v e r i f i c a t i o n  p r o c e d u r e  w a s  

u s e d  t o  s e e  t h a t  t h e  m o s t  p h y s i c a l l y  l o g i c a l  r o o t  w a s  

c a l c u l a t e d .  I n i t i a l  e s t i m a t e s  o f  t h e  v a l u e s  o f  [ A l 3 + ]  

a n d  [ F _ (], w h i c h  a r e  r e q u i r e d  f o r  t h e  N e w t o n - R a p h s o n  

m e t h o d ,  w e r e  c h o s e n  s o  t h a t  t h e  f o l l o w i n g  r a n g e s  w e r e  

c h e c k e d :  1 0 -9  M <  [ F ~ ]  <  [ F ] tota i a n d  1 0 ~9 M  <  
[ A 1 + 3]  <  [ A l ] tota i- I n  a l l  c a s e s  c o n s i d e r e d  i n  t h i s  

p a p e r ,  o n l y  o n e  r o o t  e x i s t e d  f o r  [ A 1 + 3]  a n d  [ F ~ ]  i n  

t h e s e  r a n g e s  o f  c o n c e n t r a t i o n .

F i n a l l y ,  r e c e n t l y ,  c o n s i d e r a b l e  e f f o r t  w a s  m a d e  in  

p r e s e n t i n g  t h e  c o m p o s i t i o n  o f  s o l u t i o n s  c o n t a i n i n g  

c o m p l e x  f l u o r i d e s  b y  m e a n s  o f  v a r i o u s  g r a p h i c a l  

p l o t s .10’19 W h i l e  s u c h  g r a p h i c a l  p r e s e n t a t i o n s  m a y  

s e r v e  t o  g i v e  a n  a p p r o x i m a t e  i d e a  o f  t h e  s o l u t i o n  

c o m p o s i t i o n ,  t h e y  a r e  i n a d e q u a t e  f o r  s u c h  a n  a n a l y s i s  

a s  i s  b e i n g  c a r r i e d  o u t  i n  t h i s  w o r k .

R esults

F i g u r e  1 r e p r e s e n t s  t h e  s o l u b i l i t y  d i a g r a m s  o f  

a l u m i n u m  f l u o r i d e  w h e n  p o t a s s i u m  f l u o r i d e  w a s  

m i x e d  w i t h  a l u m i n u m  n i t r a t e  a n d  a l u m i n u m  p e r 

c h l o r a t e ,  r e s p e c t i v e l y .  T h e  t w o  s o l u b i l i t y  c u r v e s  a r e  

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

s a l t  c o n c e n t r a t i o n s .  S o l u b i l i t y  d a t a  o b t a i n e d  b y  

u s i n g  a  c o n c e n t r a t i o n  g r a d i e n t  o f  t h e  a l u m i n u m  s a l t  

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

v i c e  v e r s a  g a v e  t h e  s a m e  r e s u l t s .  T h e  s h a p e  o f  t h e  

s o l u b i l i t y  c u r v e s  i s  t y p i c a l  o f  s y s t e m s  w h i c h  e x h i b i t  

c o m p l e x  s o l u b i l i t y .  I n  p r i n c i p l e ,  i t  i s  p o s s i b l e  t o  

d e t e c t  t h e  c o m p o s i t i o n  o f  t h e  p r e d o m i n a n t  c o m p l e x  

s o l u t e  s p e c i e s  f r o m  a n  a n a l y s i s  o f  t h e  s o l u b i l i t y  d i a -

(13) B . T ezak , E . M a tijev ic , and  K . Schulz, J . P hys. Chem., 55, 
1557 (1951).
(14) E . M a tije v ic  and M . K erker, ibid., 62 , 1271 (1958).
(15) S. M attson , ibid., 32 , 1532 (1938); 37, 223 (1933).
(16) G . B iederm ann, Svensk K em isk  Tidskr., 76, 362 (1964).
(17) H . H . B roene and T . D e  Vries, J. A m er. Chem. Soc., 69 , 1644 
(1947).
(18) K . E . K leiner, Zh. Obshch. K h im ., 20, 1747 (1950).
(19) G . G oldstein , A n a l. Chem., 36, 244 (1964).

E. M a t i j e v i c , S. K r a t o h v i l , a n d  J. S t i c k e l s

The Journal o f Physical Chemistry



C o u n t e r i o n  C o m p l e x i n g  a n d  S o l  S t a b i l i t y 567

AI(CI04
25»

),-K F

5 o

1.0 2.0 3.0
-LOG. MOLAR CONO. OF AI(CI04)3.

Figure 1. Solubility curves of aluminum fluoride at 25°. The 
upper curve was obtained by mixing AflNOaA with KF, 
and the lower curve by mixing A1(C104)3 with KF.
Precipitate is formed below these curves.

g r a m s . 20'21 I n  o r d e r  t o  d o  s o  t h e  c h e m i c a l  c o m p o s i t i o n  

o f  t h e  s o l i d  p h a s e  h a s  t o  b e  k n o w n .  I n  t h e  c a s e  o f  

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

o n  t h e  c o n c e n t r a t i o n s  o f  t h e  p r e c i p i t a t i n g  c o m p o 

n e n t s . 22' 28 N o  a t t e m p t  w a s  m a d e  t o  a n a l y z e  t h e  c o m p o 

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

c o m p l e x e s .  T h e  p r i m a r y  p u r p o s e  o f  e s t a b l i s h i n g  t h e  

s o l u b i l i t y  d i a g r a m s  w a s  t o  e n s u r e  t h a t  n o  s o l i d  a l u 

m i n u m  f l u o r i d e  p r e c i p i t a t e s  u n d e r  t h e  c o n d i t i o n s  o f  t h e  

c o a g u l a t i o n  e x p e r i m e n t s .

F i g u r e  2  g i v e s  a  n u m b e r  o f  c u r v e s  f o r  a  n e g a t i v e l y  

c h a r g e d  s i l v e r  b r o m i d e  s o l  c o a g u l a t e d  b y  a l u m i n u m  

p e r c h l o r a t e  i n  t h e  p r e s e n c e  o f  v a r i o u s  a m o u n t s  o f  

p o t a s s i u m  f l u o r i d e .  H i g h  s c a t t e r i n g  i n t e n s i t y  i n 

d i c a t e s  c o a g u l a t e d  s o l s .  T h e  c c c  i s  o b t a i n e d  b y  

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

s c a t t e r i n g  i n t e n s i t y .  A l l  d a t a  a r e  f o r  1 0  m i n  a f t e r  

m i x i n g  t h e  r e a c t i n g  c o m p o n e n t s .  T h i s  t i m e  w a s  

f o u n d  t o  b e  c r i t i c a l  f o r  s i l v e r  b r o m i d e  s o l s  in statu 
nascendi. 13 I t  i s  q u i t e  a p p a r e n t  t h a t  w i t h  a n  i n c r e a s i n g  

a m o u n t  o f  f l u o r i d e  i o n s  t h e  c o a g u l a t i o n  c o n c e n t r a t i o n  

o f  t h e  a l u m i n u m  s a l t  a l s o  i n c r e a s e s .  T h e  a r r o w  

i n d i c a t e s  t h e  c c c  f o r  t h e  s a m e  s o l  u s i n g  A 1 ( C 1 0 4) 3  i n  

t h e  a b s e n c e  o f  p o t a s s i u m  f l u o r i d e .  A l l  e x p e r i m e n t s  

w e r e  c a r r i e d  o u t  a t  a  p H  c l o s e  t o  4 . 0 .  S i m i l a r  s e r i e s  

o f  s y s t e m s  w e r e  s t u d i e d  a t  l o w e r  a n d  h i g h e r  p H  v a l u e s .

F i g u r e  3  i s  a  p l o t  o f  c c c  o f  A 1 ( C 1 0 4) 3  a s  a  f u n c t i o n  

o f  t h e  a d d e d  p o t a s s i u m  f l u o r i d e .  A  l i n e a r  r e l a t i o n 

s h i p  ( s o l i d  l i n e )  i s  o b t a i n e d  a t  s e v e r a l  p H  v a l u e s  i n 

v e s t i g a t e d .  A l l  p o i n t s  r e f e r  t o  t h e  s i l v e r  b r o m i d e  s o l .  

T h e  d a s h e d  l i n e  i s  f o r  a  s i l v e r  i o d i d e  s o l  in statu nascendi.

-LOG. MOLAR CONC. OF AI(CI04)j.

Figure 2. Scattering intensities of a silver bromide sol 
in statu nascendi coagulated by aluminum perchlorate 
in the presence of various amounts of potassium fluoride,
10 min after mixing the reacting components. Concentrations: 
AgN03, 1.0 X 1(T4 M- KBr, 2 X 10“3 M ; pH —4, KF: 
as indicated next to each curve. Wavelength, 546 mji; 
temperature, 25°.

O b v i o u s l y  b o t h  s o l s  b e h a v e  q u i t e  s i m i l a r l y .  A b o v e  

t h e s e  l i n e s  t h e  s o l s  a r e  c o a g u l a t e d  a n d  b e l o w  t h e  s o l s  

a r e  s t a b l e .

I t  i s  t o  b e  e x p e c t e d  t h a t  p H  w o u l d  h a v e  a  g r e a t  

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

a l u m i n u m  s a l t s  i n  t h e  p r e s e n c e  o f  f l u o r i d e  i o n s .  I n  

a d d i t i o n  t o  f l u o r i d e  c o m p l e x e s ,  h y d r o l y s i s  p r o d u c t s  a r e  

f o r m e d  a t  h i g h e r  p H .  F i g u r e  4  g i v e s  a s  a n  e x a m p l e  

t w o  c u r v e s  w h e r e  t h e  s c a t t e r i n g  i n t e n s i t y  i s  p l o t t e d  

a g a i n s t  t h e  p H .  B o t h  c u r v e s  a r e  f o r  t h e  s a m e  s o l  a n d  

i d e n t i c a l  f l u o r i d e  c o n c e n t r a t i o n .  T h e  o n l y  d i f f e r e n c e  

i s  t h a t  e a c h  c u r v e  r e p r e s e n t s  s y s t e m s  c o n t a i n i n g  s o m e 

w h a t  d i f f e r e n t  b u t  c o n s t a n t  c o n c e n t r a t i o n s  o f  

A l (  0104 ) 3. T h e  e f f e c t  i s  q u i t e  s t r i k i n g .

T h e  “ l o g  [ A l ( C 1 0 4) 3 ] - p H ”  d o m a i n  f o r  a  s i l v e r  

b r o m i d e  s o l  i n  t h e  p r e s e n c e  o f  a  c o n s t a n t  c o n c e n t r a t i o n  

o f  K F  ( 3  X  1 0 - 4  M) i s  g i v e n  i n  F i g u r e  0 . O p e n  

c i r c l e s  a r e  f o r  e x p e r i m e n t s  i n  w h i c h  t h e  a l u m i n u m  

p e r c h l o r a t e  c o n c e n t r a t i o n  w a s  k e p t  c o n s t a n t  a n d  t h e  

p H  c h a n g e d  g r a d u a l l y  w h i l e  b l a c k  c i r c l e s  w e r e  o b 

t a i n e d  w h e n  p H  w a s  k e p t  c o n s t a n t  a n d  t h e  c o n c e n t r a -

(20) V . B . V ouk, J. P. K ratohv il, and B . T ezak , A rh iv kem., 25, 
219 (1953).
(21) I i. F . Schulz, E . M a tijev ic , and M . K erker, J . Chem. Eng. 
Data. 6, 333 (1961).
(22) C . B rosset and U. W ahlberg, Svensk K em sk Tidskr., 55 , 335 
(1943).
(23) O. Brosset, Separate, S tockholm , 1942, 120 pp.
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Figure 3. The dependence of the ccc of A1(C104) 3 for a silver 
bromide sol in statu nascendi as a function of the concentration 
of added KF (solid line) for three different pH ranges:
2.9-30 ( O ) ,3.8-3.9 (□ ) ,  and 4.6-5.2 (A ). The dashed line is 
for a silver iodide sol in statu nascendi at pH 2.9-3.0.

t i o n  o f  A 1  ( C 1 0 4 ) 3  v a r i e d .  T h e  t w o  b l a c k e n e d  s q u a r e s  

r e p r e s e n t  p o i n t s  o f  z e r o  c h a r g e  a s  m e a s u r e d  e l e c t r o -  

p h o r e t i c a l l y .  F o r  t h e  s a m e  c o n c e n t r a t i o n  o f  A 1( C 104)3 
t h e  s o l s  a r e  n e g a t i v e l y  c h a r g e d  b e l o w  t h e  p H  v a l u e  

i n d i c a t e d  b y  t h e  s q u a r e  a n d  p o s i t i v e l y  c h a r g e d  a b o v e  

t h i s  v a l u e .  T h e  l a t t e r  i s  d u e  t o  c h a r g e  r e v e r s a l .  T h e  

s o l s  a r e  c o a g u l a t e d  o v e r  t h e  r a n g e  i n d i c a t e d  b y  h a t c h -

Figure 4. Scattering intensities of a silver bromide sol 
in statu nascendi in the presence of the same concentration 
of KF (3.0 X 10~4) and two different concentrations of A1 (C1 0 4)3 

(3.0 X 10~ 4 M, □ ; 4.2 X 10-4 M, O) as a function of pH.

E. M a t i j e v i c , S . K r a t o h v i l , a n d  J. S t i c k e l s

Figure 5. The “ log [AI(C1 0 4) 3]-pH” domain for a silver bromide 
sol in statu nascendi in the presence of a constant amount 
of KF'. Concentrations AgNOs: 1.0 X 10-4 M,
KBr: 2.0 X HT3 M, KF: 3.0 X 1(T4 M. The coagulation 
region is indicated by hatching. Open circles give data obtained 
at constant pH, and the blackened circles at constant concentration 
of A1 (CI0 4) 3. Blackened squares indicate points of zero charge.

i n g .  B e l o w  t h e  s h a d e d  r e g i o n  t h e  e l e c t r o l y t e  c o n 

c e n t r a t i o n  i s  t o o  l o w  t o  a f f e c t  t h e  s o l  s t a b i l i t y .  A b o v e  

t h i s  r e g i o n  t h e  s o l s  a r e  s t a b l e  d u e  t o  c h a r g e  r e v e r s a l .

F i n a l l y ,  F i g u r e  6 g i v e s  a  s e r i e s  o f  s u c h  d o m a i n s  f o r  

v a r i o u s  c o n c e n t r a t i o n s  o f  K F .  T h e  h e a v y  l i n e s  

i n d i c a t e  t h e  c c c  a n d  e s c  i n  t h e  a b s e n c e  o f  f l u o r i d e  a s  

d e t e r m i n e d  b e f o r e .6 T h e  d a s h e d  l i n e  g i v e s  t h e  p r e -

Figure 6 . The entire “ log [Al(C 1 0 4) 3]-pH” domain for a silver 
bromide sol in statu nascendi in the presence of various amounts of 
KF. The heavy solid line gives the ccc and the esc in the absence 
of KF. Hatched areas represent coagulation regions for various 
concentrations of KF, as indicated in the diagrams. Bashed line 
gives the precipitation boundary of Al(OH)3 in absence of AgBr.
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c i p i t a t i o n  b o u n d a r y  o f  a l u m i n u m  h y d r o x i d e .  A g a i n ,  

t h e  s h a d e d  a r e a  i n  e a c h  c a s e  r e p r e s e n t s  t h e  c o n d i t i o n s  a t  

w h i c h  t h e  s i l v e r  b r o m i d e  i s  c o a g u l a t e d .

D iscussion

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

( F i g u r e  3 )  a n d  o f  t h e  “ l o g  [ A l ( C 104) 3] - p H ”  d o m a i n s -  

( F i g u r e  6 )  i n  t h e  a b s e n c e  a n d  t h e  p r e s e n c e  o f  f l u o r i d e  

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

c o m p l e x i n g .  H e r e  a n  a t t e m p t  w i l l  b e  m a d e  t o  i n t e r 

p r e t  t h e s e  r e s u l t s  i n  t e r m s  o f  a l u m i n u m - f l u o r i d e  

i n t e r a c t i o n s .  A t  p H  > 4  t h e  h y d r o l y s i s  o f  a l u m i n u m  

i o n s  w i l l  a l s o  b e  c o n s i d e r e d .  N o  s u c h  a n a l y s i s  o f  

m e t a l  i o n s  c o m p l e x i n g  b y  a n i o n s  o t h e r  t h a n  h y d r o x y l  

h a s  b e e n  a p p l i e d  t o  s t a b i l i t y  d a t a  h e r e t o f o r e .

T a b l e  I I  c o n t a i n s  t h e  c o n c e n t r a t i o n s  o f  a l l  t h e  s p e c i e s  

f o r  a  n u m b e r  o f  s y s t e m s  c o r r e s p o n d i n g  t o  t h e  c c c  o f  

a l u m i n u m  p e r c h l o r a t e  i n  t h e  p r e s e n c e  o f  v a r i o u s  

f l u o r i d e  c o n c e n t r a t i o n s  f o r  t h r e e  d i f f e r e n t  p H  v a l u e s .  

T h e s e  r e f e r  t o  t h e  c o n d i t i o n s  a l o n g  t h e  s t r a i g h t  l i n e  i n  

F i g u r e  3 .  A n  i n s p e c t i o n  o f  T a b l e  I I  r e v e a l s  a  v e r y  

i n t e r e s t i n g  f a c t .  W h e n  h y d r o l y s i s  i s  n e g l i g i b l e  ( p H  

3  a n d  4 )  a l l  c o m p l e x  c o u n t e r i o n s  a r e  i n  c o n c e n t r a t i o n s  

m u c h  t o o  l o w  t o  e x h i b i t  a n y  c o a g u l a t i o n  e f f e c t s .24'26 
T h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  a t  p H  3  a n d  4  t h e  

c o n c e n t r a t i o n  o f  t h e  u n h y d r o l y z e d  a l u m i n u m  i o n  a l o n g  

t h e  c c c  l i n e  i n  F i g u r e  3  i s  r e a s o n a b l y  c o n s t a n t .  T h e  

v a r i a t i o n s  i n  v a l u e s  a r e  s m a l l  i f  o n e  c o n s i d e r s  t h e  

c o m p l e x i t y  o f  t h e  s y s t e m .  M o r e  i m p o r t a n t l y ,  t h e  

a v e r a g e  v a l u e  [ A l 3 + ]  =  3  X  1 0 -6  M  i s  i n  e x c e l l e n t  

a g r e e m e n t  w i t h  t h e  c c c  f o r  t r i v a l e n t  c o u n t e r i o n s  a s  d e 

t e r m i n e d  f o r  t h e  s a m e  s i l v e r  b r o m i d e  s o l .24 S p e 

c i f i c a l l y ,  t h e  c o a g u l a t i o n  c o n c e n t r a t i o n  f o r  A 1( N 0 3)3 
i n  t h e  a b s e n c e  o f  c o m p l e x i n g  a n i o n s  i s  2 . 5  X  1 C F 6 M .6 
I t  w o u l d  s e e m  t h e n  t h a t  t h e  u n h y d r o l y z e d  a l u m i n u m  

i o n  i s  t h e  o n l y  e f f e c t i v e  c o a g u l a t i n g  s p e c i e s  i n  t h e  

p r e s e n c e  o f  f l u o r i d e  i o n s  a t  p H  < 4 .  T h e  h i g h e r  c o n 

c e n t r a t i o n s  o f  t h e  a l u m i n u m  s a l t  n e e d e d  t o  c o a g u l a t e  

t h e  s o l  w h e n  f l u o r i d e  i s  a d d e d  a r e  d u e  t o  t y i n g  u p  o f  

t h e  a l u m i n u m  i o n  i n  t h e  f o r m  o f  l o w e r  c h a r g e d  c o m 

p l e x e s  w h i c h  e x h i b i t  n o  c o a g u l a t i o n  e f f e c t  i n  t h e  

a v a i l a b l e  c o n c e n t r a t i o n s .

A t  p H  - ~ 5  t h e  a m o u n t  o f  f r e e  A l 3+  i s  i n  a l l  c a s e s  

c o n s i d e r a b l y  b e l o w  t h e  c c c  a n d  s o  i s  t h e  c o n c e n t r a t i o n  

o f  a l l  o t h e r  c o m p l e x  s p e c i e s ,  e x c e p t  t h e  hydrolyzed 
a l u m i n u m  i o n .  T h e  c a l c u l a t e d  c o n c e n t r a t i o n s  o f  

A l 7( O H ) n 4+  a r e  s o m e w h a t  h i g h e r  t h a n  t h e  e x p e r i 

m e n t a l l y  d e t e r m i n e d  v a l u e s  i n  t h e  a b s e n c e  o f  f l u o r i d e 6,6 
b u t  t h e r e  i s  n o  d o u b t  t h a t  t h e  h y d r o l y z e d  i o n s  a r e  t h e  

o n l y  s p e c i e s  p r e s e n t  i n  c o n c e n t r a t i o n s  s u f f i c i e n t l y  

h i g h  t o  c o a g u l a t e  t h e  s i l v e r  b r o m i d e  s o l .  I t  i s  n o t  

s u r p r i s i n g  t h a t  i n  t h i s  c a s e  t h e  a g r e e m e n t  i s  n o t  a s  

q u a n t i t a t i v e  a s  i t  i s  a t  l o w e r  p H  v a l u e s .  A s  m e n 

t i o n e d  b e f o r e ,  t h e r e  i s  s t i l l  s o m e  d o u b t  r e g a r d i n g  t h e  

f o r m u l a t i o n  o f  t h e  h y d r o l y z e d  c o m p l e x  a n d  c e r t a i n l y  

t h e  v a l u e  o f  t h e  h y d r o l y s i s  c o n s t a n t  c o u l d  b e  s o m e 

w h a t  d i f f e r e n t .  A l s o  t h e  c o a g u l a t i o n  d a t a  a t  t h e s e

2  S3 in £h

o : : : : : : : : x x x x
X  O  rH <N
<! h  C<i ^  CO

w
o

I I I
o  O  o

X  X  X
^  o  ^

I I I I ! I I I I I I I

« X X X X X X X X X X X X
H N N N H ( » 0 0 « f f i l N l 0 0 3

c i n - i N N C O r t c i r t c ó c O t ó  

f e n . .........................................................................
«  Es
j ,  <
ó
5  _

o  2 .........................................................................
5  £ .
X

£
'pH
<

3b£
cSO

O

ow
C3

xn

<&>

To 7orH
7o

x  : : : x  : : : x
H
2

t> <D O CS (5  t
x x  : : x x x x x x
CO N  >0 00 CO io (M ®
rfs rM nji h  Cl i-i Oi H

S X X X X X X X X X X X X  
<3 o  

2  >o
r—< t'» H  (M N  05 itj CO CO 

>0 lO h  (M ®  H  ^

I I I I I ! ! I
O O O O O O O O o  o  o  Ò

X X X X X X X X X X X X
IO 03 (N 
H- rH

CI IN M  03 
(M 2  IO Oi

X X X X X X X X X X X X
^ O l N l O ^ l O l N ' O C O l N ^ h ;
r t C O H H H N H H H ( N ( N , i l

% X X X X X X X X X X X X
0 3 N c 0 t D 0 0 < £ 3 i C i 0 c 0 ^ O ©
C O i O l N i O C O i O C i l i O H H H H

X X X X X X X X X X X X

3

K
.Sxa
3
a
o

f t
<d

fee
<

<

~  X

C3
.2
*SbCD
Ph

"3
CD
>CDm

Ph

W
L

o
3

xn
a

>

2  2
X x
P  04
C4 2

x  x
CO rH

CO

p  Ó

S  X  X  X  X
2  H  04 30 rH

o i  o i  03 CO

£  X  X  X  x
Tf H  (Ti _,

ó  t  o  orH rH rH rH
X  X  X  X
^  0 3  CO 04 
H  H  o i  N

„  k k k h
3 X  X  X  X

' 30  (N  (N  CO 
N  'Ì  H  CO

I L L !  o  o  o  o

X  X  X  x
©  o  <p o
05 04 CO CO

a
o

o

2  H X X X X X X X X X X X X

a3
a

a

x  x  x  x
^  o  o
OI 04 04 04

5 C O C O C O C O T r ^ r i l T f l lO U i i O l O  ft -o
PS

H

¡J W  O  O  30 
ft CO CO io 30

Volume 73, Number 3 March 1969



570 J. R. L a r r y  a n d  Q. V a n W i n k l e

h i g h e r  p H  v a l u e s  i n  t h e  p r e s e n c e  o f  K F  a r e  l e s s  r e 

p r o d u c i b l e .  T h e r e f o r e  t h e  b e s t  w e  c a n  e x p e c t  i s  t o  

d r a w  q u a l i t a t i v e  c o n c l u s i o n s  i n  t h i s  i n s t a n c e .

A n  a t t e m p t  w a s  a l s o  m a d e  t o  c o r r e l a t e  v a r i o u s  

r e g i o n s  o f  t h e  “ l o g  [ A l ( C 104) s ] - p H ”  d o m a i n s  i n  t h e  

p r e s e n c e  o f  K F  w i t h  t h e  c o m p o s i t i o n  o f  t h e  e l e c t r o l y t e  

e n v i r o n m e n t .  O n l y  a  f e w  s a m p l e s  w i l l  b e  g i v e n  h e r e .  

T h e  f i r s t  l i n e  i n  T a b l e  I I I  i s  f o r  c o n d i t i o n s  a t  w h i c h  

n o  c o a g u l a t i o n  i s  o b s e r v e d  ( s e e  F i g u r e  6 ) .  I n d e e d  

a l l  o f  t h e  c h a r g e d  s p e c i e s  a r e  i n  c o n c e n t r a t i o n s  w e l l  

b e l o w  t h e  c o r r e s p o n d i n g  c c c .  T h e  s e c o n d  l i n e  i s  f o r  

a  p o i n t  w i t h i n  t h e  c o a g u l a t i o n  r a n g e .  T h e  c o n c e n t r a 

t i o n  o f  t h e  h y d r o l y z e d  s p e c i e s  i s  i n  t h i s  c a s e  s u f f i c i e n t  

t o  c o a g u l a t e  t h e  s o l .  S i m i l a r l y ,  t h e  h y d r o l y z e d  

a l u m i n u m  s p e c i e s  i s  t h e  c o a g u l a n t  i n  t h e  l a s t  t w o  c a s e s  

i n  w h i c h  a  d i f f e r e n t  a m o u n t  o f  K F  w a s  a d d e d .  B o t h  

p o i n t s  a r e  w i t h i n  t h e  c o a g u l a t i o n  r a n g e .

I t  w a s  e s t a b l i s h e d  t h a t  c h a r g e  r e v e r s a l  o n l y  t a k e s  

p l a c e  w h e n  h y d r o l y z e d  a l u m i n u m  i o n s  a r e  p r e s e n t  i n  

s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o n s .  T h i s  i s  i n  a g r e e m e n t  

w i t h  o u r  e a r l i e r  o b s e r v a t i o n .2’3 R e g a r d l e s s  o f  t h e i r  

c o n c e n t r a t i o n ,  a l u m i n u m  f l u o r i d e  c o m p l e x  i o n s  d o  n o t  

r e v e r s e  t h e  c h a r g e  o f  t h e  s i l v e r  h a l i d e  s o l s .  T h i s  i s  t o  

b e  e x p e c t e d  s i n c e  t h e s e  c o m p l e x e s  s h o u l d  s t i l l  b e  

s t r o n g l y  h y d r a t e d  a n d  a s  s u c h  c o u l d  n o t  a d s o r b  o n  

l y o p h o b i c  s o l  p a r t i c l e s .

I n  c o n c l u s i o n ,  i t  c a n  b e  s t a t e d  t h a t  t h e  s t a b i l i t y  o f

s i l v e r  h a l i d e  s o l s  i n  t h e  p r e s e n c e  o f  a l u m i n u m  a n d  

f l u o r i d e  i o n s  c a n  b e  i n t e r p r e t e d  i n  t e r m s  o f  c o m p l e x i n g  

o f  c o u n t e r i o n s .  A t  p H  < 4  t h e  unhydrolyzed a l u 

m i n u m  i o n  c o a g u l a t e s  t h e  s o l ,  a l t h o u g h  i t s  c o n c e n t r a 

t i o n  m a y  r e p r e s e n t  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  t o t a l  

a l u m i n u m  s a l t  r e q u i r e d .  A t  p H  > 5  t h e  h y d r o l y z e d  

a l u m i n u m  i o n s  c o a g u l a t e  t h e  s o l s  a n d  a l s o  r e v e r s e  t h e  

c h a r g e  i f  p r e s e n t  i n  s u f f i c i e n t  c o n c e n t r a t i o n .  C o m 

p l e x i n g  o f  a l u m i n u m  i o n s  b y  f l u o r i d e  e s s e n t i a l l y  

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

o f  l o w e r  c h a r g e d  c o m p l e x e s  w h i c h  h a v e  n o  e f f e c t  

u p o n  t h e  c o a g u l a t i o n  o f  t h e  s i l v e r  h a l i d e s .  I t  i s  t h e r e 

f o r e  p o s s i b l e  t o  e x p l a i n  t h e  s t a b i l i t y  d a t a  o f  l y o p h o b i c  

c o l l o i d s  i n  t h e  p r e s e n c e  o f  a l u m i n u m  a n d  f l u o r i d e  

s p e c i e s .  I t  i s  a l s o  p o s s i b l e  t o  q u a n t i t a t i v e l y  p r e d i c t  

t h e  b e h a v i o r  o f  s o l u t i o n s  c o n t a i n i n g  a l u m i n u m  a n d  

f l u o r i d e  i o n s  w i t h  r e g a r d  t o  t h e i r  c o a g u l a t i o n  a b i l i t y  

a t  p H  < 4 .  D u e  t o  c o m p l e x i t y  o f  t h e  s y s t e m  o n l y  

q u a l i t a t i v e  p r e d i c t i o n s  c a n  b e  m a d e  f o r  p H  > 4 .
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C h l o r o p h y l l s  a  a n d  b  a n d  p h e o p h y t i n s  a  a n d  b  f o r m  s t r o n g  1 : 1  m o l e c u l a r  c o m p l e x e s  w i t h  sym- t r i n i t r o b e n z e n e .  
T h e s e  i n t e r a c t i o n s  a r e  i n t e r p r e t e d  t o  b e  o f  t h e  c h a r g e - t r a n s f e r  t y p e .  E q u i l i b r i u m  c o n s t a n t s  a n d  t h e r m o d y n a m i c  
c o n s t a n t s  f o r  c o m p l e x  f o r m a t i o n  w e r e  d e t e r m i n e d  f r o m  s p e c t r o s c o p i c  d a t a .  E l e c t r o n - d o n a t i n g  a b i l i t i e s  i n c r e a s e  
in  t h e  o r d e r  p h e o p h y t i n  b  <  c h l o r o p h y l l  b  <  p h e o p h y t i n  a  <  c h l o r o p h y l l  a .  C o m p l e x a t i o n  l e a d s  t o  v i b r a 
t i o n a l  f r e q u e n c y  i n c r e a s e s  f o r  t h e  r i n g  V  c a r b o n y l  o f  c h l o r o p h y l l  a  a n d  c h l o r o p h y l l  b  a n d  t h e  a l d e h y d e  c a r b o n y l  
o f  c h l o r o p h y l l  b .  N u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  o f  t h e  e q u i l i b r i u m  s y s t e m s  r e v e a l  t h a t  o n l y  c e r t a i n  
p r o t o n s  o f  t h e  c h l o r o p h y l l  m o l e c u l e  s h i f t  f r o m  t h e i r  n o r m a l  p o s i t i o n s .  T h e s e  o b s e r v a t i o n s  g i v e  s o m e  i n s i g h t  
i n t o  t h e  o r i e n t a t i o n  o f  t h e  t w o  m o l e c u l e s  i n  t h e  c o m p l e x .

Introduction

C h a r g e - t r a n s f e r  p h e n o m e n a  h a v e  b e e n  c o n s i d e r e d  

t o  h a v e  i m p o r t a n t  b i o l o g i c a l  s i g n i f i c a n c e .  C a l v i n 3 h a s  

i n c o r p o r a t e d  t h e s e  c o n c e p t s  i n t o  a  t h e o r y  o f  p h o t o 

s y n t h e s i s .  M o r e  r e c e n t l y ,  E v s t i g n e e v 4 h a s  p r o p o s e d  a  

m e c h a n i s m  w h e r e b y  p r i m a r y  e n e r g y  t r a n s f e r  p r o c e s s e s

(1) T ak en  from  the P h .D . dissertation  o f  J. R . L arry , T h e  O hio 
S tate U niversity, 1966. T h is in vestiga tion  w as su pp orted  in  p art 
b y  a  P u b lic  H ealth  Service fellow sh ip , 5 -F 1 -G M -2 4 , 532-02, from  
the N ation a l Institu tes o f  G eneral M ed ica l Sciences.
(2) N ational Institutes o f  H ealth  P red octora l F ellow  (1 964 -196 6 ). 
E lectrochem ica ls D ep artm ent, E. I. D u P o n t de N em ours and  C o., 
W ilm ington , D el.
(3) M . C alvin , J . Theorct. B iol., 1, 258 (1961).
(4) Y . B . E vstign eev , Photochem . PhotobioL, 4 , 171 (1965).
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C h a r g e - T r a n s f e r  I n t e r a c t i o n s  o f  C h l o r o p h y l l s  a a n d  b 571

a r e  i n i t i a t e d  b y  c h l o r o p h y l l  m o l e c u l e s  w h i c h  a r e  a d 

j a c e n t  t o  e i t h e r  e l e c t r o n  d o n o r s  o r  e l e c t r o n  a c c e p t o r s .

V a r i o u s  s t u d i e s  h a v e  s h o w n  t h a t  t h e  c e n t r a l  m a g 

n e s i u m  a t o m  i s  t h e  m o s t  i m p o r t a n t  s i t e  f o r  e l e c t r o n  

a c c e p t a n c e .  I t  i s  c u r r e n t l y  b e l i e v e d  t h a t  t h e  c y c l o -  

p e n t a n o n e  r e g i o n  ( r i n g  V )  o f  t h e  c h l o r o p h y l l  m o l e c u l e  

i s  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  e l e c t r o n  d o n a t i o n  

a b i l i t y .  S u p p o r t  f o r  t h i s  s t e m s  f r o m  t h e  f a c t  t h a t  

o x i d a t i o n  o f  t h i s  r i n g  o c c u r s  w i t h  c o n s i d e r a b l e  e a s e .  

I n  a d d i t i o n ,  t h e  i n t e r a c t i o n  o f  t h e  r i n g  V  c a r b o n y l  w i t h  

t h e  m a g n e s i u m  o f  a n o t h e r  c h l o r o p h y l l  m o l e c u l e  t o  

p r o m o t e  d i m e r i z a t i o n 5 m a y  a l s o  b e  t a k e n  a s  e v i d e n c e  

f o r  t h i s  v i e w .

I n  g e n e r a l ,  f e w  d e t a i l e d  i n v e s t i g a t i o n s  h a v e  b e e n  

m a d e  f o r  s i t u a t i o n s  w h e r e  c h l o r o p h y l l  a s s u m e s  t h e  r o l e  

o f  a n  e l e c t r o n  d o n o r .  T h i s  r e s e a r c h  e f f o r t  w a s  d i r e c t e d  

t o w a r d  a  s t u d y  o f  t h e  i n t e r a c t i o n s  o f  c h l o r o p h y l l s  a  a n d  

b  a n d  t h e i r  d e r i v a t i v e s  w i t h  a n  e l e c t r o n  a c c e p t o r .  A  

m a j o r  o b j e c t i v e  w a s  t o  e l u c i d a t e  t h e  m o d e  a n d  s i t e  o f  

i n t e r a c t i o n  b e t w e e n  t h e  d o n o r  a n d  a c c e p t o r  m o l e c u l e s  

s o  t h a t  a d d i t i o n a l  k n o w l e d g e  o f  t h e  p r o p e r t i e s  a n d  

f u n c t i o n s  o f  t h e  c h l o r o p h y l l s  m i g h t  b e  g a i n e d .

Experimental Section
Preparation of Chlorophylls. A p p r o x i m a t e l y  1 0  l b  o f  

f r e s h  s p i n a c h  l e a v e s  w e r e  u s e d  f o r  a  s i n g l e  p r e p a r a t i o n .  

A l l  o p e r a t i o n s  b e g i n n i n g  w i t h  t h e  e x t r a c t i o n  a n d  e n d i n g  

w i t h  t h e  f i n a l  p u r i f i e d  c h l o r o p h y l l s  w e r e  p e r f o r m e d  a t  

5 °  u n d e r  g r e e n  l i g h t i n g .  T h e  p l a n t  p i g m e n t s  w e r e  

e x t r a c t e d  i n  r e a g e n t  g r a d e  a c e t o n e  b y  m e a n s  o f  a  

W a r i n g  b l e n d e r .  T h i s  h o m o g e n a t e  w a s  f i l t e r e d  t h r o u g h  

a  p r e v i o u s l y  p r e p a r e d  p a d  o f  H y - f l o  S u p e r  C e l l  t o  r e 

m o v e  a l l  i n s o l u b l e  m a t e r i a l .  T h e  a c e t o n e  e x t r a c t  w a s  

t r a n s f e r r e d  t o  2  1. o f  p e t r o l e u m  e t h e r  ( 3 0 - 6 0 °  b o i l i n g  

r a n g e ) .  F r o m  t h i s  p o i n t  i n  t h e  p r o c e d u r e  t w o  c o m 

p l e t e l y  d i f f e r e n t  m e t h o d s  w e r e  u s e d  t o  o b t a i n  t h e  f i n a l  

p u r e  c h l o r o p h y l l s .

T h e  p e t r o l e u m  e t h e r  s o l u t i o n  w a s  e v a p o r a t e d  t o  n e a r  

d r y n e s s  a n d  r e d i s s o l v e d  i n  a  s o l v e n t  s y s t e m  c o n t a i n i n g  

9 0 %  p e t r o l e u m  e t h e r  a n d  1 0 %  e t h y l  e t h e r .  T h i s  s o l u 

t i o n  w a s  d i r e c t l y  a d s o r b e d  o n  a  c o l u m n  o f  m a g n e s i u m  

s u l f a t e - H y - f l o  S u p e r  C e l l  1 :1  b y  w e i g h t .  T h e  c o l u m n s  

w e r e  p r e p a r e d  b y  p a c k i n g  t h e  a d s o r b e n t  i n  a c e t o n e  a n d  

t h e n  r i n s i n g  w i t h  p e t r o l e u m  e t h e r  t o  r e m o v e  t h e  a c e t o n e .  

A f t e r  a d s o r p t i o n  t h e  p i g m e n t s  w e r e  d e v e l o p e d  w i t h  a  

s o l v e n t  s y s t e m  c o n t a i n i n g  a  v / v  r a t i o  o f  6 0 - 4 0  p e t r o l e u m  

e t h e r - e t h y l  e t h e r  w i t h  2 %  a c e t o n e .  T h e  m i d d l e  

f r a c t i o n s  o f  t h e  c h l o r o p h y l l  a  a n d  b  b a n d s  w e r e  c o l l e c t e d .  

T h e s e  f r a c t i o n s  w e r e  s e p a r a t e l y  c h r o m a t o g r a p h e d  a n d  

t h e  m i d d l e  f r a c t i o n  o f  t h e  s e c o n d  c h r o m a t o g r a p h y  w a s  

c o l l e c t e d  f o r  c r y s t a l l i z a t i o n .

T h e  s e c o n d  p r o c e d u r e  u s e d  w a s  s i m i l a r  t o  t h a t  o f  

J a c o b s ,  V a t t e r ,  a n d  H o l t 6 e x c e p t  t h a t  f i n a l  p u r i f i c a t i o n  

w a s  d o n e  o n  a  m a g n e s i u m  s u l f a t e - H y - f l o  S u p e r  C e l l  

c o l u m n  i n s t e a d  o f  a  s u g a r  c o l u m n .

T h e  s p e c t r o s c o p i c  p a r a m e t e r s  f o r  t h e  c h l o r o p h y l l s  

a g r e e  b y  b o t h  m e t h o d s  o f  p r e p a r a t i o n  a n d  a l s o  w i t h  t h e

v a l u e s  r e p o r t e d  f o r  t h e  b e t t e r  p r e p a r a t i o n s  i n  t h e  

l i t e r a t u r e .

Preparation of Solutions. F o r  v i s i b l e  s p e c t r a  e q u i l i b 

r i u m  s t u d i e s ,  c h l o r o p h y l l  s o l u t i o n s  w e r e  p r e p a r e d  b y  

w e i g h i n g  o u t  a  d e s i r e d  a m o u n t  o f  s a m p l e ,  u s u a l l y  0.8  
t o  1 . 0  m g ,  o n  a  S a r t o r i o u s  m i c r o b a l a n c e  t o  a n  a c c u r a c y  

o f  ± 0.000002  g .  T h i s  m a t e r i a l  w a s  s u b s e q u e n t l y  

s t o r e d  i n  a  100- m l  v o l u m e t r i c  f l a s k  w h i c h  w a s  l a t e r  

d e s i c c a t e d  a n d  d e g a s s e d  w i t h  a  l i q u i d  n i t r o g e n  t r a p  

u n d e r  v a c u u m .  T h i s  w a s  t a k e n  i n t o  a  c o n t r o l l e d  

a t m o s p h e r e  b o x  ( 0 2, C 0 2, H 20  c o n t e n t  l e s s  t h a n  5 0  

p p m )  w h e r e  t h e  s o l u t i o n  w a s  p r e p a r e d  u s i n g  a n h y d r o u s  

e t h y l  e t h e r  ( M a l l i n k r o d t  a n a l y t i c a l  r e a g e n t )  w h i c h  w a s  

p r e v i o u s l y  d e g a s s e d  b y  e v a p o r a t i o n  a n d  a g i t a t i o n  u n d e r  

v a c u u m .  N o  a t t e m p t  w a s  m a d e  t o  r e m o v e  t r a c e s  o f  

w a t e r  f r o m  t h i s  s o l v e n t .

T r i n i t r o b e n z e n e  ( W i l l  S c i e n t i f i c  I n c . )  w a s  p u r i f i e d  

b y  c r y s t a l l i z a t i o n  f r o m  e t h y l  e t h e r  b e f o r e  u s e .  S a m p l e s  

o f  t h i s  m a t e r i a l  w e r e  w e i g h e d  o u t  i n  10- m l  v o l u m e t r i c  

f l a s k s  o n  a  S a r t o r i o u s  m i c r o b a l a n c e ,  d e s i c c a t e d  a n d  

d e g a s s e d ,  a n d  t a k e n  i n t o  t h e  c o n t r o l l e d  a t m o s p h e r e  b o x .

T o  p r e p a r e  c h l o r o p h y l l - t r i n i t r o b e n z e n e  s o l u t i o n s ,  

10 m l  o f  t h e  p r e p a r e d  s t o c k  o f  c h l o r o p h y l l  w a s  d e l i v e r e d  

v o l u m e t r i c a l l y  t o  t h e  p r e v i o u s l y  w e i g h e d  t r i n i t r o b e n 

z e n e  s a m p l e s .  I n  t h i s  m a n n e r  t h e  i n i t i a l  c h l o r o p h y l l  

c o n c e n t r a t i o n  w a s  k e p t  c o n s t a n t  f o r  a l l  s o l u t i o n s .  

S o l u t i o n s  w e r e  p r e p a r e d  a t  2 0 ° .  P y r e x  a b s o r p t i o n  c e l l s  

o f  1- c m  p a t h  l e n g t h  h a v i n g  a  g r o u n d - g l a s s  j o i n t  a n d  

f i t t e d  w i t h  T e f l o n  s t o p p e r s  w e r e  f i l l e d  u n d e r  n i t r o g e n  

f o r  s u b s e q u e n t  s p e c t r a l  a n a l y s i s .  V i s i b l e  s p e c t r a  w e r e  

r e c o r d e d  o n  a  C a r y  1 4  s p e c t r o p h o t o m e t e r  w h i c h  w a s  

e q u i p p e d  w i t h  a  d e v i c e  t o  c o n t r o l  t e m p e r a t u r e s  t o  

± 0 . 1°  f o r  e q u i l i b r i u m  s t u d i e s .

I n f r a r e d  s t u d i e s  o n  t h e  c h l o r o p h y l l - t r i n i t r o b e n z e n e  

s y s t e m  w e r e  d o n e  u n d e r  o r d i n a r y  a t m o s p h e r i c  c o n d i 

t i o n s  b u t  u n d e r  g r e e n  l i g h t i n g .  E t h y l  e t h e r  ( M e r c k  

a n h y d r o u s  r e a g e n t )  a n d  s p e c t r o q u a l i t y  r e a g e n t  g r a d e  

c h l o r o f o r m  ( M a t h e s o n  C o l e m a n  a n d  B e l l )  w e r e  u s e d  

f o r  s o l u t i o n  p r e p a r a t i o n .  I n f r a r e d  s p e c t r a  w e r e  r e 

c o r d e d  o n  a  B e c k m a n  I R - 9  s p e c t r o p h o t o m e t e r  u s i n g  a  

f i x e d  p a t h  l e n g t h  c e l l  h a v i n g  C a F 2 w i n d o w s  a n d  c o u n t e r 

b a l a n c i n g  w i t h  a  B e c k m a n  v a r i a b l e  p a t h  l e n g t h  c e l l .

T h e  n m r  s t u d i e s  w e r e  c o n d u c t e d  u s i n g  a  V a r i a n  A  6 0  

s p e c t r o m e t e r .  T h e  s o l v e n t s  e m p l o y e d  w e r e  9 9 %  

d e u t e r a t e d  c h l o r o f o r m  ( M e r c k  S h a r p  a n d  D o h m e  o f  

C a n a d a )  a n d  m e t h a n o l - d i .  T e t r a m e t h y l s i l a n e  w a s  

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

Results
Visible Absorption Spectra. F i g u r e  1 i l l u s t r a t e s  

c h a n g e s  w h i c h  o c c u r  i n  t h e  v i s i b l e  s p e c t r a  o f  c h l o r o p h y l l  

a  u p o n  t h e  a d d i t i o n  o f  i n c r e a s i n g  a m o u n t s  o f  1 , 3 , 5 -  

t r i n i t r o b e n z e n e .  A l l  b a n d s  e x p e r i e n c e  a  c o n s i d e r a b l e

(5) J. J. K atz , G . L . CIoss, F . C . P enn ington , M . R . T hom as, and 
H . H . Strain, J . A m er. Chem. Soc., 85, 3801 (1963).
(6) E . E . Jacobs, A . E . V atter, and A . S. H olt , A rch. Biochem . 
B iop hys., 53, 228 (1954).
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d e c r e a s e  i n  o p t i c a l  d e n s i t y  a n d  d e c i d e d  b r o a d e n i n g  o f  

t h e  b a n d  s t r u c t u r e .  I n  g e n e r a l  o n l y  s m a l l  c h a n g e s  i n  

a c t u a l  b a n d  p o s i t i o n s  o c c u r .  P r e s e n t  t h r o u g h o u t  t h e  

s p e c t r a  a r e  a  n u m b e r  o f  i s o s b e s t i c  p o i n t s .  T h e  e x i s t -

Figure 2. Determination of K  at various temperatures 
for chlorophyll a-trinitrobenzene at X 660.0 m/n

e n c e  o f  t h e s e  p o i n t s  i s  i n t e r p r e t e d  i n  t e r m s  o f  a  g e n e r a l  

r e a c t i o n

w D  +  m A  ? = = ±  D nA m ( 1)

A s s u m i n g  t h a t  m =  n =  1 , t h e  e q u i l i b r i u m  r e a c t i o n  

b e t w e e n  e l e c t r o n  d o n o r  ( D )  a n d  e l e c t r o n  a c c e p t o r  ( A )  

i n  f o r m i n g  t h e  d o n o r - a c c e p t o r  c o m p l e x  ( D A )  b e c o m e s

D  +  A ^ D A  ( 2 )

O n l y  D  a n d  D A ,  w h i c h  r e p r e s e n t  i n  t h i s  c a s e  c h l o r o p h y l l  

a n d  t h e  c h l o r o p h y l l - t r i n i t r o b e n z e n e  c o m p l e x ,  a b s o r b  

i n  t h e  w a v e l e n g t h  r e g i o n  o f  i n t e r e s t  a n d  [ A ]  >>> [ D ] ,  

B y  d e f i n i t i o n  t h e  e q u i l i b r i u m  c o n s t a n t ,  K ,  m a y  b e  

e x p r e s s e d

w h e r e  C ¿ a , C d , a n d  C a  r e p r e s e n t  t h e  c o n c e n t r a t i o n s  o f  

t h e  c o m p l e x ,  d o n o r ,  a n d  a c c e p t o r ,  r e s p e c t i v e l y .  T h e  

a c t i v i t y  c o e f f i c i e n t s  a r e  a s s u m e d  t o  b e  u n i t y .

F o r  t h e  e q u i l i b r i u m  i n v o l v e d  i n  e q  2 , N a s h 7 h a s  

s h o w n  t h a t  e q  4

1 d°
< r r * v - / K  -  J  -  K  ( 4 )

a p p l i e s  a t  a  p a r t i c u l a r  w a v e l e n g t h ,  w h e r e  C a  i s  t h e  

m o l a r  c o n c e n t r a t i o n  o f  f r e e  a c c e p t o r ,  e D a  a n d  e D a r e  

t h e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t s  o f  c o m p l e x  a n d  d o n o r ,  

d °  i s  t h e  o p t i c a l  d e n s i t y  o f  p u r e  d o n o r ,  a n d  d i s  t h e  t o t a l  

o p t i c a l  d e n s i t y  o f  d o n o r  a n d  c o m p l e x .

I n  m o s t  i n s t a n c e s  o n l y  t h e  r e d  a b s o r p t i o n  b a n d  w a s  

u s e d  t o  d e t e r m i n e  e q u i l i b r i u m  c o n s t a n t s .  T h e  r e s u l t s  

o b t a i n e d  b y  a p p l y i n g  e q  4  t o  t h e  c h l o r o p h y l l  a - t r i n i t r o 

b e n z e n e  s y s t e m  a t  6 6 0 . 0  n ip i a r e  p r e s e n t e d  i n  F i g u r e  2  

w h e r e  t h e  r e c i p r o c a l  o f  a c c e p t o r  c o n c e n t r a t i o n  i s  p l o t t e d

(7) C . N ash, J . P hys. Chem., 64, 950 (1960).
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a g a i n s t  d°/(d° — d). T h e  i n i t i a l  c o n c e n t r a t i o n  o f  

t r i n i t r o b e n z e n e  w a s  c o r r e c t e d  a t  t h e  v a r i o u s  t e m p e r a 

t u r e s  d u e  t o  c h a n g e s  i n  s o l v e n t  v o l u m e .  T h e  d a t a  f i t  

v e r y  n i c e l y  t o  a  s t r a i g h t  l i n e  w h i c h  s u p p o r t s  t h e  c h o i c e  

o f  1 :1  s t o i c h i o m e t r y .

I n  o r d e r  t o  o b t a i n  t h e  m o s t  a c c u r a t e  v a l u e  o f  K  a s  t h e  

d a t a  w a r r a n t e d ,  v a l u e s  o f  t h e  s l o p e  a n d  i n t e r c e p t  w e r e  

d e t e r m i n e d  b y  a  l e a s t - s q u a r e s  t r e a t m e n t  i n  w h i c h  

e r r o r s  o c c u r r i n g  i n  b o t h  t h e  o r d i n a t e  a n d  a b s c i s s a  w e r e  

c o n s i d e r e d .  T h u s  e r r o r s  r e s u l t i n g  f r o m  l o n g  e x t r a p o l a 

t i o n s  t o  f i n d  t h e  i n t e r c e p t  a r e  e l i m i n a t e d .  T h e  d e t a i l s  

o f  t h i s  t r e a t m e n t  a r e  p r e s e n t e d  i n  a  t e x t  b y  W o r t h i n g  

a n d  G e f f n e r .8 T a b l e  I  s h o w s  t h e  v a r i a t i o n  o f  e q u i l i -

Table I: Chlorophyll a-Trinitrobenzene. Variation of K 
with Temperature (Solvent, Ethyl Ether)

t, ° c K«to.o, l./mol K m .t ,  l./mol K *,, l./mol

5.0 380 ± 4 381 ± 5 381 ±  3
10.0 332 ± 6 332 ± 4 332 ± 3
15.0 301 ± 4 292 ± 3 295 ± 2
20.0 259 ± 3 258 ± 3 259 ±  2
25.0 231 ± 4 226 ± 4 228 ±  3°

“ An independent investigation of this system at 25° by vapor 
pressure osmometry using a Mechrolab osmometer yielded an average 
equilibrium constant of 284 ±  24. Although this method is quite 
suitable for detecting complexation, it is not sufficiently accurate for 
good quantitative results.

b r i u m  c o n s t a n t s  w i t h  t e m p e r a t u r e  f o r  6 6 0 . 0  a n d  6 6 2 . 5

m ju .

T h e  v a l u e  o f  A H  w a s  d e t e r m i n e d  i n  t h e  u s u a l  m a n n e r  

f r o m  t h e  s l o p e  o f  a  l o g  K  vs. l / T  p l o t .  T h i s  p l o t  i s  

p r e s e n t e d  i n  F i g u r e  3 .  O n c e  a g a i n  t h e  l i n e  d r a w n  i s  

t h e  l i n e  o f  l e a s t  s q u a r e s .  T h e  v a l u e  o f  A H  w a s  f o u n d

Figure 3. Temperature dependence of log K 
for chlorophyll a-trinitrobenzene.

t o  b e  — 4 . 0 8  ±  0 . 0 1  k c a l / m o l .  A  t a b l e  p r e s e n t i n g  a l l  

t h e r m o d y n a m i c  v a l u e s  f o r  t h e  c o m p l e x e s  s t u d i e d  w i l l  

a p p e a r  a t  t h e  e n d  o f  t h i s  s e c t i o n .

F i g u r e  4  i l l u s t r a t e s  c h a n g e s  w h i c h  r e s u l t  f r o m  t h e  

i n t e r a c t i o n  o f  t r i n i t r o b e n z e n e  w i t h  p h e o p h y t i n  a .  

S i m i l a r  s p e c t r a l  c h a n g e s  o c c u r  w i t h  c h l o r o p h y l l  b  o r  

p h e o p h y t i n  b  a n d  t r i n i t r o b e n z e n e  ( n o t  s h o w n  h e r e ) .  

T h e  s a m e  t y p e  o f  a n a l y s i s  w a s  a p p l i e d  f o r  t h e s e  s y s t e m s  

a s  d e s c r i b e d  p r e v i o u s l y  f o r  c h l o r o p h y l l  a .  A p p l i c a t i o n  

o f  e q  4  t o  t h e  d a t a  y i e l d s  a  l i n e a r  p l o t  i n  e a c h  c a s e .

Table II: Pheophytin a-Trinitrobenzene. Variation of K 
with Temperature (Solvent, Ethyl Ether)

t, °c Kmï.î, l./mol K665.0, l./mol rrBV, i./moi

5.0 133 ± 3 130 ± 7 133 ± 3
10.0 115 ± 4 123 ±  4 119 ± 3
15.0 100 ± 3 98 ± 5 100 ± 2
20.0 86 ± 4 85 ± 6 86 ± 3
25.0 80 ± 4 81 ± 4 81 ± 3

Table III: Chlorophyll b-Trinitrobenzene. Variation of K 
with Temperature (Solvent, Ethyl Ether)

t, °C KtH’h, l./mol K 645.0, l./mol K &Vt l./mol

5.0 91 ± 3 83 ±  5 89 ± 2
10.0 79 ± 3 76 ± 4 79 ±  2
15.0 73 ± 3 69 ± 4 71 ± 2
20.0 61 ± 3 57 ± 5 60 ± 3
25.0 52 ± 4 51 ± 5 52 ± 3

Table IV: Pheophytin b-Trinitrobenzene. Variation of A
with Temperature (Solvent, Ethyl Ether)

t, °c K m . t, l./mol K 655.0, l./mol K &v, l./mol

4.0 49 ± 4 47 ± 4 48 i  3
9.4 44 ± 4 38 ± 4 41 ± 3

15.0 36 ± 4 34 ± 4 35 ± 3
20.0 32 ± 4 31 ± 4 32 ± 3
25.0 29 ± 4 28 db 4 29 ± 3

Table Y :  Thermodynamic Constants for Complexation of 
Trinitrobenzene with Chl a, Chl b, Pheo a, and Pheo b

System -A H ° ,
kcal/mol

—AG°2fl|, 
kcal/mol

— AtS°298,
cal/mol deg

Chl a-TNB 
Pheo a-TNB 
Chl b-TNB 
Pheo b-TNB

4.08 ±  0.01 
4.47 ± 0 .2 4  
4.45 ±  0.18 
3.85 ± 0 .0 8

3.23 ±0 .01  
2.60 ± 0 .0 3  
2.34 ± 0 .0 4  
1.99 ±  0.04

2.85 ±  0.01 
6 28 ± 0 .7 0  
7.08 ±  0.47 
6.24 ±  0.13

T h i s  o f  c o u r s e i n d i c a t e d  a  1::1 c o m p l e x f o r m a t i o n  f o r

a l l  s y s t e m s .  T h e s e  r e s u l t s  a r e  s u m m a r i z e d  i n  T a b l e s  

I I ,  I I I ,  a n d  I V .  F o r  c o m p a r a t i v e  p u r p o s e s ,  v a l u e s  o f

(8) A . W orth in g  and  J. G effner, “ T rea tm en t o f  E xperim ental D a ta ,”  
Joh n  W iley  and  Sons, In c ., N ew  Y ork , N . Y ., 1942.
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t h e  t h e r m o d y n a m i c  c o n s t a n t s  f o r  t h e  s y s t e m s  i n 

v e s t i g a t e d  a r e  s u m m a r i z e d  i n  T a b l e  V .

T h e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t s  o f  t h e  c o m p l e x e s  

w e r e  d e t e r m i n e d  f r o m  t h e  s l o p e s  o f  t h e  l i n e s  o b t a i n e d  

b y  p l o t t i n g  e q  4 .  F o r  e a c h  s y s t e m  t h e  v a l u e  o b t a i n e d  

f r o m  e a c h  o f  t h e  p l o t s  a t  v a r i o u s  t e m p e r a t u r e s  w a s  

c o n s t a n t  w i t h i n  e x p e r i m e n t a l  e r r o r .  ( S e e  T a b l e  Y I . )

Table VI: Molar Extinction Coefficients of Trinitrobenzene 
with Chi a, Chi b, Pheo a, and Pheo b (Solvent, Ethyl Ether)

System 3 X, mp 6 X  10"<

Chi a-TNB 660.0 3.67
662.5 3.74

Pheo a-TNB 665.0 2.31
667.5 2.72

Chi b-TNB 642.5 2.13
645.0 2.23

Pheo b-TNB 652.5 1.68
655.0 2.06

“ Under the conditions used here, chlorophyll and pheophytin are 
present in ether solutions as monomeric solvated species. One or two 
ether molecules are bound by the magnesium atom of the chlorophyll. 
The pheophytins with protons in place of magnesium probably also 
bind ether at the center of the porphyrin ring. The interaction of 
TNB with chlorophyll and pheophytin in ether is not expected to 
displace, ether from the center of the porphyrin ring since ether is a 
nucleophilic agent whereas TNB is well known for its electrophilic 
character.

I n f r a r e d  S p e c t r a

Chlorophyll a-Tri?iitrobenzene. T h e  m o s t  a c c e s s i b l e  

r e g i o n  i n  t h e  i n f r a r e d  s p e c t r u m  o f  c h l o r o p h y l l  i s  t h e  

c a r b o n y l  r e g i o n ,  1 6 0 0 - 1 8 0 0  c m - 1 . T w o  e s t e r  c a r b o n y l  

a n d  o n e  k e t o n e  c a r b o n y l  a r e  p r e s e n t  i n  c h l o r o p h y l l  a .

I n  p o l a r  s o l v e n t s  t h e s e  g i v e  r i s e  t o  t w o  b a n d s .9 F i g u r e  

5  p r e s e n t s  t h e  i n f r a r e d  s p e c t r u m  o f  p u r e  c h l o r o p h y l l  a  

i n  e t h y l  e t h e r  a n d  i l l u s t r a t e s  t h e  c h a n g e s  w h i c h  o c c u r  

i n  t h e  c a r b o n y l  r e g i o n  i n  t h e  p r e s e n c e  o f  t r i n i t r o b e n z e n e .

Figure 5. Infrared spectral changes observed on interaction 
of chlorophyll a and trinitrobenzene in ethyl ether.

T h e  s p e c t r a  w e r e  r e c o r d e d  o n  a n  e x p a n d e d  w a v e l e n g t h  

s c a l e .  T h e  n o r m a l  p o s i t i o n s  f o r  t h e  e s t e r  a n d  k e t o n e  

f r e q u e n c i e s  i n  e t h y l  e t h e r  o c c u r  a t  1 7 4 2  a n d  1 7 0 4  c m - 1 , 

r e s p e c t i v e l y .  I t  c a n  b e  s e e n  t h a t  t h e  p r e s e n c e  o f  

t r i n i t r o b e n z e n e  c a u s e s  a n  o v e r a l l  s h i f t  i n  t h e  k e t o n e  

b a n d  o f  a p p r o x i m a t e l y  3  c m -1  t o  h i g h e r  f r e q u e n c i e s .  

N o  c h a n g e  o c c u r s  i n  t h e  p o s i t i o n  o f  t h e  e s t e r  c a r b o n y l  

b a n d .  I n  a d d i t i o n ,  i t  a p p e a r s  t h a t  t h e  k e t o n e  b a n d  i s  

s o m e w h a t  b r o a d e n e d  i n  t h e  p r o c e s s .  T h i s  i n d i c a t e s  

t h a t  t h e  p e a k  i s  a  c o m p o s i t e  o n e .

(9) F or d iscussion on  the in terpretation  o f  the absorptions in  the 
region  o f  1600-1750  c m " 1, see re f 5.
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I n  o r d e r  t o  d e t e r m i n e  t h e  a p p r o x i m a t e  p o s i t i o n  o f  

t h e  c o m p o n e n t  o f  t h i s  b a n d  w h i c h  i s  d u e  t o  t h e  c o m -  

p l e x e d  s p e c i e s ,  a  d i f f e r e n c e  s p e c t r u m  w a s  r e c o r d e d  i n  

w h i c h  a  s o l u t i o n  o f  c h l o r o p h y l l  a  a n d  t r i n i t r o b e n z e n e  

w a s  p l a c e d  i n  t h e  s a m p l e  b e a m  a n d  a n  e q u i m o l a r  

c h l o r o p h y l l  a  s o l u t i o n  i n  t h e  r e f e r e n c e  b e a m  o f  t h e  

s p e c t r o p h o t o m e t e r .

Figure 6. A. Difference spectrum of chlorophyll a-trimtrobenzene 
vs. chlorophyll a in ethyl ether. B. Trinitrobenzene in ethyl 
ether, 0.03 M.

A  t y p i c a l  d i f f e r e n c e  s p e c t r u m  i s  s h o w n  i n  F i g u r e  6 i n  

w h i c h  t h e  t r i n i t r o b e n z e n e - c h l o r o p h y l l  a  r a t i o  w a s  

a p p r o x i m a t e l y  3 : 1 .  A l s o  p r e s e n t e d  i s  a  s p e c t r u m  o f  

p u r e  t r i n i t r o b e n z e n e  i n  o r d e r  t o  i n d i c a t e  a b s o r p t i o n s  o f  

t h i s  c o m p o u n d  i n  t h i s  r e g i o n .  T w o  a b s o r p t i o n  b a n d s  

c h a r a c t e r i z e  t h e  d i f f e r e n c e  s p e c t r u m .  T h e  b a n d  a t  

1 6 2 5  c m -1  i s  d u e  t o  t h e  t r i n i t r o b e n z e n e  i n  t h e  s o l u t i o n .  

T h e  b a n d  o c c u r r i n g  a t  1 7 1 2  c m -1  i s  d u e  t o  t h e  k e t o n e  

c a r b o n y l  b a n d  o f  t h e  c h l o r o p h y l l  c o m p l e x  w h i c h  

a p p e a r s  a t  s l i g h t l y  h i g h e r  f r e q u e n c i e s  t h a n  t h e  k e t o n e  

o f  f r e e  c h l o r o p h y l l  a .  I n  a g r e e m e n t  w i t h  t h e  p r e 

v i o u s l y  o b s e r v e d  f i n d i n g  t h a t  t h e  e s t e r  c a r b o n y l  i s  

u n a f f e c t e d  d u r i n g  i n t e r a c t i o n ,  i t  c a n  b e  s e e n  t h a t  t h e r e  

i s  n o  a b s o r p t i o n  i n  t h i s  r e g i o n .  S i n c e  t h e r e  i s  m o r e  f r e e  

k e t o n e  c a r b o n y l  p r e s e n t  i n  t h e  r e f e r e n c e  t h a n  i n  t h e  

s a m p l e ,  n e g a t i v e  a b s o r p t i o n  o c c u r s  i n  t h e  r e g i o n  o f  

1 7 0 4  c m - 1 . T h i s ,  o f  c o u r s e ,  h a s  s o m e  e f f e c t  o n  t h e  

p o s i t i o n  a n d  i n t e n s i t y  o f  t h e  k e t o n e  c a r b o n y l  b a n d  o f  

t h e  c o m p l e x  d u e  t o  s o m e  o v e r l a p .

I n  a d d i t i o n ,  t h e  i n f r a r e d  s p e c t r u m  o f  t h i s  s y s t e m  w a s  

r e c o r d e d  i n  S p e c t r o g r a d e  c h l o r o f o r m .  A l t h o u g h  n o  

s p e c i a l  d r y i n g  o f  t h i s  s o l v e n t  w a s  d o n e ,  t h e r e  : s  s t i l l  

e n o u g h  d i m e r  p r e s e n t  i n  t h e  s o l u t i o n  o f  p u r e  c h l o r o p h y l l  

t o  g i v e  r i s e  t o  t h e  c a r b o n y l  b a n d  a t  1 6 4 0  c m - 1 . T h e  

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

p h y l l  a  i n  c h l o r o f o r m  u p o n  i n t e r a c t i o n  w i t h  t r i n i t r o 

b e n z e n e  a r e  s h o w n  i n  F i g u r e  7 .  I t  c a n  b e  s e e n  t h a t  

t h e r e  i s  a  v e r y  s l i g h t  s h i f t  o c c u r r i n g  i n  t h e  o v e r a l l  

p o s i t i o n  o f  t h e  k e t o n e  c a r b o n y l  a t  1 6 8 0  c m - 1 . W h a t  i s  

m o r e  n o t i c e a b l e ,  h o w e v e r ,  i s  t h e  d r a m a t i c  b r o a d e n i n g  

o f  t h i s  b a n d  a n d  i n c r e a s e d  i n t e n s i t y  o n  t h e  h i g h -  

f r e q u e n c y  s i d e  a s  t h e  r a t i o  o f  t r i n i t r o b e n z e n e  t o  

c h l o r o p h y l l  a  i s  i n c r e a s e d .  T h e  o b s e r v e d  b r o a d e n i n g  

i s  e v i d e n c e  t h a t  t w o  b a n d s  a r e  p r e s e n t  i n  t h i s  r e g i o n .  

A g a i n  n o  c h a n g e  i s  o b s e r v e d  i n  t h e  e s t e r  c a r b o n y l  a t  

1 7 3 0  c m - 1 . T h e  e f f e c t  o f  c o m p l e x a t i o n  u p o n  t h e  

c a r b o n y l  b o n d  a t  a b o u t  1 6 4 0  c m -1  d u e  t o  d i m e r  f o r m a 

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

t o  a b s o r p t i o n  i n  t h i s  r e g i o n  f r o m  s m a l l  p e a k s  o f  t r i n i t r o 

b e n z e n e  a s  w e l l  a s  o v e r l a p  r e s u l t i n g  f r o m  t h e  m o r e  

i n t e n s e  b a n d  a t  a b o u t  1 6 2 5  c m - 1 .

1700 _  1650 1600v , cm ’
Figure 7. Infrared spectral changes observed on interaction 
of chlorophyll a and trinitrobenzene in chloroform.

T h e  d i f f e r e n c e  s p e c t r u m  f o r  a  s o l u t i o n  i n  w h i c h  t h e r e  

i s  a  9 : 1  t r i n i t r o b e n z e n e - c h l o r o p h y l l  a  r a t i o  w a s  e x 

a m i n e d  ( n o t  s h o w n  h e r e ) . T h e  d i f f e r e n c e  s p e c t r u m  

s h o w e d  t w o  m a i n  b a n d s — o n e  o c c u r r i n g  a t  a b o u t  1 6 2 5  

c m -1  ( b e l o n g s  t o  t r i n i t r o b e n z e n e ) ,  a n d  a  s e c o n d  b a n d  

o c c u r r i n g  a t  1 6 9 5  c m -1  ( b e l o n g s  t o  t h e  k e t o  c a r b o n y l  

w i t h  a  s h i f t  f r o m  1 6 8 0  c m -1 t o  1 6 9 5  c m - 1 ) .  B a s e  l i n e  

o p t i c a l  d e n s i t y  r e a d i n g s  o f  t h e  1 6 9 5 - c m - 1  b a n d  f o r  t h r e e  

d i f f e r e n c e  s p e c t r a  i n  w h i c h  t h e  t r i n i t r o b e n z e n e -  

c h l o r o p h v l l  a  r a t i o s  w e r e  a b o u t  1 . 5 : 1 ,  9 : 1 ,  a n d  12:1  
w e r e  0 . 0 4 4 ,  0 . 0 6 6 ,  a n d  0 . 0 8 0 ,  r e s p e c t i v e l y .  T h i s  i s  i n  

a g r e e m e n t  w i t h  t h e  e q u i l i b r i u m  c o n c e p t  s i n c e  i n c r e a s i n g  

t h e  t r i n i t r o b e n z e n e  c o n c e n t r a t i o n  w h i l e  k e e p i n g  t h e  

c h l o r o p h y l l  a  c o n c e n t r a t i o n  c o n s t a n t  s h o u l d  r e s u l t  i n  

m o r e  c o m p l e x  f o r m a t i o n .

Chlorophyll b-Trinitrobenzene. S i n c e  c h l o r o p h y l l  b  

h a s  t w o  e s t e r  c a r b o n y l s ,  o n e  k e t o n e  c a r b o n y l ,  a n d  o n e  

a l d e h y d e  c a r b o n y l ,  t h r e e  b a n d s  o c c u r  i n  t h e  c a r b o n y l  

r e g i o n  o f  t h e  i n f r a r e d  s p e c t r u m .  T h e  p o s i t i o n s  o f  t h e s e  

b a n d s  i n  e t h y l  e t h e r  a r e  1 7 4 2 ,  1 7 0 7 ,  a n d  1 6 7 0  c m - 1 , 

r e s p e c t i v e l y ,  f o r  t h e  e s t e r ,  k e t o n e ,  a n d  a l d e h y d e  

c a r b o n y l s .  T h e  e f f e c t s  o n  t h e s e  b a n d s  a r i s i n g  f r o m

Volume 73, Number S March 1969



576 J. R. L a r r y  a n d  Q. V a n W i n k l e

F igure 8. In frared  spectra l change observed  on  interaction  
o f  ch lorop h y ll b  and trin itrobenzene in  e th y l ether.

c h l o r o p h y l l  b  i n t e r a c t i o n  w i t h  t r i n i t r o b e n z e n e  i n  e t h y l  

e t h e r  a r e  s h o w n  i n  F i g u r e  8 . I t  c a n  b e  s e e n  t h a t  b o t h  

t h e  a l d e h y d e  c a r b o n y l  a n d  t h e  k e t o n e  c a r b o n y l  e x 

p e r i e n c e  a n  o v e r a l l  s h i f t  o f  a b o u t  3  c m -1  t o  h i g h e r  

f r e q u e n c i e s .  I n  a d d i t i o n ,  a n  o v e r a l l  b r o a d e n i n g  o c c u r s  

i n  b o t h  p e a k s .  N o  c h a n g e  i s  o b s e r v e d  i n  t h e  e s t e r  

c a r b o n y l  b a n d .

F i g u r e  9  s h o w s  t h e  d i f f e r e n c e  s p e c t r u m  f o r  a  s o l u t i o n  

i n  w h i c h  t h e r e  i s  a  5 : 1  t r i n i t r o b e n z e n e - c h l o r o p h y l l  b  

r a t i o .  A s  e x p e c t e d ,  t w o  b a n d s  b e l o n g i n g  t o  t h e  e o m -  

p l e x e d  c h l o r o p h y l l  b  a p p e a r  o n  t h e  h i g h - f r e q u e n c y  s i d e  

o f  t h e  n o r m a l  a l d e h y d e  a n d  c a r b o n y l  b a n d s  a t  a p p r o x i 

m a t e l y  1 6 7 6  a n d  1 7 1 5  c m - 1 . T h u s  a  s h i f t  o f  a b o u t  

6 c m -1  a n d  8  c m -1  o c c u r s  f o r  t h e  a l d e h y d e  a n d  k e t o n e  

c a r b o n y l s ,  r e s p e c t i v e l y .

F igure 9. D ifferen ce  spectrum  o f  ch loroph yll b -tr in itrob en zen e  
vs. ch lorop h y ll b  in  e th y l ether.

N uclear M agn etic Resonance

Chlorophyll a-Trinitrobenzene. T h e  n u c l e a r  m a g n e t i c  

r e s o n a n c e  s p e c t r a  o f  c h l o r o p h y l l s  a n d  d e r i v a t i v e s  h a v e  

b e e n  s t u d i e d  a n d  c o m p l e t e l y  i n t e r p r e t e d  b y  C l o s s ,  

et al. 10 T h e i r  i n t e r p r e t a t i o n s  h a v e  b e e n  u s e d  a s  a  g u i d e  

f o r  o b s e r v i n g  t h e  e f f e c t s  o f  t r i n i t r o b e n z e n e  o n  t h e  n m r  

s p e c t r a  o f  c h l o r o p h y l l s .

S i n c e  i t  i s  a p p a r e n t  t h a t  a l l  v i s i b l e  a n d  n e a r l y  a l l  

i n f r a r e d  s p e c t r a l  r e s u l t s  w e r e  o b t a i n e d  w i t h  m o n o m e r i c  

c h l o r o p h y l l ,  c o r r e l a t i o n s  w i t h  a n y  r e s u l t s  f r o m  n m r  

c o u l d  o n l y  b e  a c c o m p l i s h e d  i f  c h l o r o p h y l l  e x i s t e d  i n  t h e  

s a m e  s t a t e .  C l o s s ,  et al., h a d  p r e v i o u s l y  s h o w n  i n  t h e i r  

w o r k  t h e  d e p e n d e n c e  o f  t h e  c h l o r o p h y l l  s p e c t r a l  p o s i 

t i o n s  w i t h  m e t h a n o l - c h .  S i n c e  m e t h a n o l - d i  w a s  u s e d  

i n  t h i s  r e s e a r c h ,  t h e  m e t h y l  r e s o n a n c e s  c o i n c i d e  w i t h  

a  f e w  c h l o r o p h y l l  r e s o n a n c e s  a t  h i g h  r a t i o s .  H o w e v e r ,  

i t  w a s  p o s s i b l e  t o  u s e  a  m a x i m u m  o f  a b o u t  a n  8 :1  r a t i o  

o f  m e t h a n o l  t o  c h l o r o p h y l l  b e f o r e  t h i s  o c c u r s .  T h e  

t i t r a t i o n  c u r v e s  o f  C l o s s ,  et al., s h o w  t h a t  m o s t  o f  t h e  

c h l o r o p h y l l  r e s o n a n c e s  c h a n g e  v e r y  l i t t l e  w i t h  m e t h a n o l  

c o n c e n t r a t i o n  i n  t h i s  r a n g e ,  t h u s  i n d i c a t i n g  t h a t  m o s t  

o f  t h e  c h l o r o p h y l l  s h o u l d  b e  i n  a  m o n o m e r i c  s t a t e .  

E v e n  s o ,  i t  i s  a p p a r e n t  t h a t  f o r  a n y  i n t e r c o m p a r i s o n  o f  

n m r  r e s u l t s  t h e  m e t h a n o l  c o n c e n t r a t i o n  m u s t  b e  t h e  

s a m e  i n  o r d e r  t o  m a k e  p e a k  p o s i t i o n s  m e a n i n g f u l .

S i n c e  r e f e r e n c e s  w i l l  b e  m a d e  f r o m  t i m e  t o  t i m e  t o  

s p e c i f i c  p r o t o n s  o n  t h e  c h l o r o p h y l l  m o l e c u l e ,  F i g u r e  1 0

H
\

0

CH
I

C — CH,
I

(CH , ) ,
I

H -C  -  CH,
I

(C H -) ,  Compound R Proton
I -----------------  — ; —

|_|_q _ C H 3 Chlorophyll a CH3 3o
I Chlorophyll b CHO 3b

(C H ,) ,
I
C - H  

/  \
H3C CHj

F igure 10. P ro ton  nom enclature  for  ch loroph ylls.

(10) G. C loss, J. K atz, F. P ennington , M . T hom as, and H. Strain, 
J. A m er. Chem. Soc., 85, 3809 (1963).
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s h o w s  t h e  c h l o r o p h y l l  s t r u c t u r e  w i t h  t h e  p r o t o n s  o f  

i n t e r e s t  l a b e l e d  f o r  e a s y  c o r r e l a t i o n .  A  t y p i c a l  n m r  

s p e c t r u m  o f  c h l o r o p h y l l  a  i n  d e u t e r i o c h l o r o f o r m  c o n 

t a i n i n g  0 . 7  M  m e t h a n o l - d i  i s  p r e s e n t e d  i n  F i g u r e  1 1 .

Figure 11. Nmr spectrum of chlorophyll a (0.1 M ) 
in CDC13 with 0.7 M CH3OD.

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

o f  t r i n i t r o b e n z e n e  o n  c h l o r o p h y l l  a  i n  t h e  s a m e  s o l v e n t  

s y s t e m  a r e  s h o w n  i n  F i g u r e  1 2  i n  w h i c h  t h e  r a t i o  o f  

t r i n i t r o b e n z e n e  t o  c h l o r o p h y l l  a  i s  3 : 1 .  T h e  p e a k  

p o s i t i o n s ,  a s  m e a s u r e d  i n  c y c l e s  p e r  s e c o n d  a w a y  f r o m  

t h e  i n t e r n a l  s t a n d a r d  t e t r a m e t h y l s i l a n e ,  a r e  i n d i c a t e d .

Figure 12. Nmr spectrum of chlorophyll a (0.1 M) 
and trinitrobenzene (0.3 M) in CDC13 with 0.7 M CH3OD.

A l s o ,  t h e  s p e c i f i c  p r o t o n  w h i c h  i s  r e s p o n s i b l e  f o r  t h e  

r e s o n a n c e  i s  s h o w n .  T a b l e  V I I  l i s t s  a  m o r e  c o m p l e t e  

d e s c r i p t i o n  o f  h o w  p e a k  p o s i t i o n  v a r i e d  a s  t h e  m o l e  

r a t i o  o f  t r i n i t r o b e n z e n e  t o  c h l o r o p h y l l  a  w a s  i n c r e a s e d .  

T h e  p o s i t i o n  o f  t h e  r e s o n a n c e  f o r  t h e  h y d r o g e n s  o f  

t r i n i t r o b e n z e n e  i s  a l s o  i n d i c a t e d .  T h e  p e a k  p o s i t i o n s  

a r e  p r o b a b l y  a c c u r a t e  t o  w i t h i n  1 c p s .

I t  c a n  b e  s e e n  f r o m  t h i s  t a b l e  t h a t  m o s t  o f  t h e  m a j o r  

c h a n g e s  o c c u r  w h e n  t h e  m o l e  r a t i o  i s  1 : 1 . O n l y  s m a l l  

c h a n g e s ,  i f  a n y ,  o c c u r  a f t e r w a r d s .  T h e  l a r g e s t  c h a n g e s  

a r e  o b s e r v e d  f o r  t h e  p h y t y l  o x y g e n  b o n d e d  m e t h y l e n e  

p r o t o n s  a n d  f o r  t h e  a- a n d  / 3 - m e t h i n e  b r i d g e  p r o t o n s .

Table VII: Shifts in the Proton Resonances of 
Chlorophyll a-Methanol on Interaction with Trinitrobenzene

P ro to n N o  T N B 1:1 2 : l 3 :1

3a 197 192 191 191
1 199 198 197 197
5 216 2 1 2 2 1 2 2 1 2
1 1 238 238 238 239
Pbytyl OCH2 260 267 269 270
1 0 373 372 371 371
6 498 496 496 496
a 556 545 542 542
ß 571 562 560 560
TNB 461 488 510

T h e  f i r s t  e x p e r i e n c e s  a  p a r a m a g n e t i c  s h i f t  w h i l e  t h e  

l a t t e r  t w o  s h o w  a  d i a m a g n e t i c  s h i f t .  O t h e r  n o t a b l e  

c h a n g e s  o c c u r  f o r  h y d r o g e n s  3 a  a n d  5 ,  b o t h  o f  w h i c h  

s h o w  d i a m a g n e t i c  s h i f t s .  L i t t l e  o r  n o  c h a n g e  o c c u r s  

f o r  p r o t o n s  1 ,  1 1 ,  1 0 ,  a n d  S. S i n c e  t h e  p r o t o n s  o f  

t r i n i t r o b e n z e n e  a r e  e q u i v a l e n t ,  t h e y  g i v e  r i s e  t o  a  

s i n g l e  p e a k .  T h e  p o s i t i o n  o f  t h i s  p e a k  f o r  t h e  p u r e  

c o m p o u n d  i n  t h e  s a m e  s o l v e n t  s y s t e m  i s  5 6 0  c y c l e s  f r o m  

t e t r a m e t h y l s i l a n e .  I t  c a n  b e  s e e n  f r o m  t h e  t a b l e  t h a t  

a  v e r y  l a r g e  d i a m a g n e t i c  s h i f t  i s  o b s e r v e d  f o r  t h e s e  

p r o t o n s .  A t  a  1 :1  m o l e  r a t i o  t h e  s h i f t  f r o m  i t s  n o r m a l  

p o s i t i o n  i s  n e a r l y  1 0 0  c y c l e s .  T h e  p o s i t i o n  o f  t h e  t r i 

n i t r o b e n z e n e  p r o t o n  r e s o n a n c e  f o r  t h e  p u r e  c o m p o u n d  

i s  c o n s t a n t  t h r o u g h o u t  t h i s  c o n c e n t r a t i o n  r a n g e .

A l t h o u g h  n o t  n o t e d  i n  t h i s  t a b l e ,  s o m e  c h a n g e s  a l s o  

o c c u r  i n  t h e  p e a k s  l o c a t e d  b e t w e e n  9 0  a n d  1 1 5  c y c l e s .  

E v e n  t h o u g h  o n l y  t h r e e  m a i n  p e a k s  a p p e a r  i n  t h i s  

r e g i o n ,  C l o s s ,  et al.,w h a v e  s h o w n  t h e s e  t o  c o n t a i n  a  

d o u b l e t  a n d  t r i p l e t  s t r u c t u r e  a n d  b y  d o u b l e - r e s o n a n c e  

t e c h n i q u e s  w re r e  a b l e  t o  a s s i g n  t h e  a c t u a l  p o s i t i o n  o f  t h e  

d o u b l e t  a n d  t r i p l e t  w h i c h  a r e  s p e c i f i c a l l y  d u e  t o  p r o t o n s  

8 '  a n d  4 ' ,  r e s p e c t i v e l y .  T h e  p e a k  o c c u r r i n g  a t  9 3  

c y c l e s  i s  p a r t  o f  t h e  t r i p l e t  s t r u c t u r e  o f  4 ' .  T h e  o t h e r  

t w o  p e a k s  a t  a b o u t  1 0 4  a n d  1 1 1  c y c l e s  i n  t h e  p u r e  

c h l o r o p h y l l  a  s p e c t r u m  c o m p r i s e  t h e  d o u b l e t  o f  8 '  a s  

w e l l  a s  t h e  t w o  o t h e r  p e a k s  o f  t h e  4 '  t r i p l e t  s t r u c t u r e .  

A l t h o u g h  i t  i s  n o t  c e r t a i n  i f  b o t h  h y d r o g e n s  a r e  a f f e c t e d ,  

t h e  f a c t  t h a t  t h e  o u t e r  p e a k  o f  t h e  4 '  t r i p l e t  s t r u c t u r e  a t

9 3  h a s  s h i f t e d  t o  9 9  c y c l e s  d e f i n i t e l y  i n d i c a t e s  t h a t  t h e  

4 '  h y d r o g e n s  a r e  b e i n g  a f f e c t e d .  A l t h o u g h  t h e  d e t a i l e d  

r e s u l t s  a r e  n o t  t a b u l a t e d ,  p r a c t i c a l l y  i d e n t i c a l  s h i f t s  

a r e  o b s e r v e d  a s  a b o v e  w h e n  t h e  m e t h a n o l  t o  c h l o r o p h y l l  

r a t i o  i s  1 :1  a n d  2 : 1 .

A n o t h e r  r e s u l t  o f  i n t e r e s t  c o n c e r n e d  a n  e x p e r i m e n t  

p e r f o r m e d  w i t h  n o  m e t h a n o l  a d d e d .  I n  p u r e  d e u t e r i o 

c h l o r o f o r m  t h e  c h l o r o p h y l l  i s  a l m o s t  c o m p l e t e l y  d i 

m e r i z e d  ( s e e  r e f  1 0 ) .  T a b l e  V I I I  s h o w s  t h e  c h a n g e  

f o r  t h o s e  p r o t o n s  w h i c h  a p p e a r  i n  t h e  s p e c t r a  a n d  a r e  

r e a d i l y  i n t e r p r e t a b l e .  I t  i s  n o t  p o s s i b l e  t o  o b s e r v e  

p r o t o n  10 a n d  t h e  p r o t o n s  b e l o n g i n g  t o  t h e  f i r s t  m e t h y l 

e n e  g r o u p  o f  t h e  p h y t y l  e s t e r .  A  c o m p a r i s o n  w i t h  

T a b l e  V I I  i n d i c a t e s  t h a t  t h e  s a m e  p a t t e r n  o f  p r o t o n
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Table VIII: Shifts in the Proton Resonances of Dimeric 
Chlorophyll a on Interaction with Trinitrobenzene

P r o t o n N o  T N B T N B :  C h i

5 171 168
3a 191

OOCO

1 196 196
11 198 201
Ô 491 490
a 550 537
ß 562 551
TNB 505

s h i f t s  o c c u r s  i n  b o t h  t h e  m o n o m e r i c  a n d  d i m e r i c  s t a t e s  

o f  c h l o r o p h y l l .

Chlorophyll h-Trinitrobenzene. T h e  n m r  s p e c t r u m  

o f  0 . 1  M  c h l o r o p h y l l  b  i n  d e u t e r i o c h l o r o f o r m  c o n t a i n i n g  

0 . 7  M  m e t h a n o l - d i  i s  s h o w n  i n  F i g u r e  1 3 .  T h e  s p e c 

t r u m  i s  q u i t e  s i m i l a r  i n  a p p e a r a n c e  t o  c h l o r o p h y l l  a .

Figure 13. Nmr spectrum of chlorophyll b (0.1 M) 
in CDC13 with 0.7 M CH3OD.

A n  o v e r a l l  v i e w  o f  t h e  s p e c t r a l  c h a n g e s  o c c u r r i n g  f r o m  

t h e  i n t e r a c t i o n  o f  t r i n i t r o b e n z e n e  w i t h  c h l o r o p h y l l  b  i s  

s h o w n  i n  F i g u r e  1 4 .  T h e  r a t i o  o f  t r i n i t r o b e n z e n e  t o  

c h l o r o p h y l l  b  i s  5 : 1 .  A s  i n d i c a t e d  b y  t h e  d e s i g n a t e d  

p e a k  p o s i t i o n s ,  v e r y  f e w  m a r k e d  c h a n g e s  o c c u r  b e t w e e n  

t h i s  s p e c t r u m  a n d  p u r e  c h l o r o p h y l l  b  o f  F i g u r e  1 3 .

Figure 14. Nmr spectrum of chlorophyll b (0.1 M) and 
trinitrobenzene (0.5 M) in CDCI3 with 0.7 M CH3OD.

T a b l e  I X  l i s t s  a  m o r e  a c c u r a t e  a c c o u n t  o f  h o w  p e a k  

p o s i t i o n s  a r e  a l t e r e d  a s  t h e  m o l e  r a t i o  o f  t r i n i t r o b e n z e n e  

t o  c h l o r o p h y l l  b  i s  i n c r e a s e d .

I t  c a n  b e  s e e n  f r o m  T a b l e  I X  t h a t  o n l y  t h e  a p r o t o n  

a n d  t h e  p h y t y l  o x y g e n  b o n d e d  m e t h y l e n e  p r o t o n s  s h o w  

r e l a t i v e l y  l a r g e  s h i f t s .  T h e  f i r s t  e x p e r i e n c e s  a  d i a m a g 

n e t i c  s h i f t  w h i l e  t h e  l a t t e r  s h o w s  a  p a r a m a g n e t i c  s h i f t .

Table IX: Shifts in the Proton Resonances of 
Chlorophyll b-Methanol on Interaction with Trinitrobenzene

P r o t o n N o  T N B 1:1 2:1 3 : 1 5 : 1

1 192 194 194 194 194
5 209 210 210 210 210
11 235 237 238 238 238
Phytyl OCH2 258 267 269 270 271
10 363 366 366 366 366
S 487 490 490 490 491
0 567 570 570 570 570
CL 584 581 580 578 575
3b 643 646 647 648 648
TNB 502 511 521 534

A l l  o t h e r  p r o t o n s  l i s t e d  s h o w  s m a l l  p a r a m a g n e t i c  s h i f t s .  

N o t  t o o  m u c h  c h a n g e  i f  a n y  o c c u r s  f o r  h y d r o g e n  5 .  

A g a i n  t h e  p r o t o n  r e s o n a n c e  f o r  t r i n i t r o b e n z e n e  s h o w s  

a  l a r g e  d i a m a g n e t i c  s h i f t  f r o m  t h e  i n t e r a c t i o n .  A  s h i f t  

o f  n e a r l y  6 0  c y c l e s  i s  o b s e r v e d  w h e n  t h e  t w o  c o m 

p o n e n t s  a r e  e q u i m o l a r .

D iscussion

T h e  m a n n e r  i n  w h i c h  c h l o r o p h y l l  i n t e r a c t s  w i t h  o t h e r  

m o l e c u l e s  i s  f u n d a m e n t a l l y  i m p o r t a n t  s i n c e  a d d i t i o n a l  

k n o w l e d g e  o f  t h e  e l e c t r o n i c  d i s t r i b u t i o n  o f  t h e  c h l o r o 

p h y l l  m o l e c u l e  c a n  b e  o b t a i n e d .  E q u i l i b r i u m  s t u d i e s  

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

a c c e p t o r  m o l e c u l e ,  s i / m - t r i n i t r o b e n z e n e ,  v e r y  s t r o n g  1:1  
m o l e c u l a r  c o m p l e x e s  w i t h  t h e  c h l o r o p h y l l s  a n d  d e r i v a 

t i v e s  a r e  f o r m e d .  T h e  s t r e n g t h  o f  t h e s e  c o m p l e x e s  

d e p e n d s  u p o n  t h e  p o r p h y r i n  r i n g  s u b s t i t u e n t s ;  t h e  

e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  “ a ”  c o m p l e x e s  a r e  3 - 4  

t i m e s  l a r g e r  t h a n  t h e  “ b ”  c o m p l e x e s .  T h e  i n f r a r e d  

a n d  n m r  r e s u l t s  a l l o w  u s  t o  d e s c r i b e  i n  m o r e  d e t a i l  t h e  

n a t u r e  o f  t h e  i n t e r a c t i o n .

T h e  c o m p l e x a t i o n  o f  t r i n i t r o b e n z e n e  w i t h  c h l o r o 

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

l f i g h e r  f r e q u e n c i e s .  D i f f e r e n c e  s p e c t r a  r e v e a l e d  t h a t  

t h e  f r e q u e n c y  o f  t h e  c y c l o p e n t a n o n e  C = 0  f o r  c h l o r o 

p h y l l  a  w a s  i n c r e a s e d  b y  a b o u t  8  a n d  1 5  c m -1  i n  e t h y l  

e t h e r  a n d  c h l o r o f o r m ,  r e s p e c t i v e l y .  I n  t h e  c a s e  o f  

c h l o r o p h y l l  b  i n  e t h y l  e t h e r  t h e  c y c l o p e n t a n o n e  C = 0  

a n d  t h e  a l d e h y d e  C = 0  w e r e  s h i f t e d  6  a n d  8  c m - 1 , 

r e s p e c t i v e l y ,  t o  h i g h e r  f r e q u e n c i e s .

T h e  f a c t  t h a t  t h e s e  s h i f t s  a r e  a l l  t o  h i g h e r  w a v e  

n u m b e r s  i n d i c a t e s  t h a t  t h e  i n t e r a c t i o n  w i t h  t r i n i t r o 

b e n z e n e  i s  n o t  d i r e c t l y  l i n k e d  t o  t h e  c a r b o n y l  g r o u p s  

e v e n  t h o u g h  t h i s  g r o u p  d o e s  h a v e  t h e  a b i l i t y  t o  a c t  a s  a
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C h a r g e - T r a n s f e r  I n t e r a c t i o n s  o f  C h l o r o p h y l l s  a  a n d  b 579

c e n t e r  f o r  e l e c t r o n  d o n a t i o n .  N u m e r o u s  e a x m p l e s  o f  

t h i s  t y p e  o c c u r  i n  t h e  l i t e r a t u r e .11’12 L o c a l i z e d  i n t e r 

a c t i o n s  o f  t h i s  t y p e  t e n d  t o  s i g n i f i c a n t l y  l o w e r  t h e  

c a r b o n y l  v i b r a t i o n a l  f r e q u e n c y .  I n  a d d i t i o n ,  t h e  n m r  

r e s u l t s  t o  b e  d i s c u s s e d  s u b s e q u e n t l y  d o  n o t  s u p p o r t  t h i s  

m o d e  o f  i n t e r a c t i o n .

T h e  s h i f t s  o f  t h e  c a r b o n y l  b a n d s  m u s t  r e s u l t  f r o m  

i n d u c t i v e  e f f e c t s .  A s s u m e  t h a t  t h e  i n t e r a c t i o n  o f  

t r i n i t r o b e n z e n e  o c c u r s  w i t h i n  t h e  v - e l e c t r o n  s y s t e m  o f  

c h l o r o p h y l l .  ( N m r  r e s u l t s  s u p p o r t  t h i s  v i e w . )  T h e  

i m p o r t a n c e  o f  d o n o r - a c c e p t o r  i n t e r a c t i o n  i n  s t a b i l i z i n g  

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

p a r t i a l  r e m o v a l  o f  a n  e l e c t r o n  f r o m  a  b o n d i n g  o r b i t a l  o f  

c h l o r o p h y l l  t o  a n  a n t i b o n d i n g  o r b i t a l  o f  t r i n i t r o b e n z e n e .

I

R
F igure 15. P rop osed  stru ctu re  o f  the 
ch lorop h y ll-tr in itrob en zen e  com p lex .

T h e  e l e c t r o n  d e f i c i e n c y  w h i c h  i s  c r e a t e d  i n  t h e  ■k- 
e l e c t r o n  s y s t e m  o f  c h l o r o p h y l l  i s  m i n i m i z e d  t h r o u g h  

t h e  c o n j u g a t i o n  o f  t h e  p o r p h y r i n  s y s t e m  o f  c h l o r o p h y l l  

t o  e l e c t r o n  r i c h  c e n t e r s  s u c h  a s  t h e  c a r b o n y l  g r o u p s .  

T h e  d e c r e a s e  i n  t h e  p o l a r  c h a r a c t e r  o f  t h e  c a r b o n y l  

b o n d  r e s u l t s  i n  a n  i n c r e a s e  i n  t h e  v i b r a t i o n a l  f r e q u e n c y .  

S i n c e  t h e  a l d e h y d e  a n d  r i n g  V  k e t o n e  c a r b o n y l s  o f  

c h l o r o p h y l l  b  a n d  t h e  r i n g  V  k e t o n e  c a r b o n y l  o f  

c h l o r o p h y l l  a  a r e  i n  c o n j u g a t i o n  w i t h  t h e  r i n g  e a c h  

s h o u l d  e x p e r i e n c e  t h i s  e f f e c t .  T h i s  d o e s  o c c u r .  I n  

a d d i t i o n ,  s i n c e  t h e  e s t e r  c a r b o n y l  i s  n o t  i n  c o n j u g a t i o n  

w i t h  t h e  7 r - e l e c t r o n  s y s t e m  n o  c h a n g e  s h o u l d  o c c u r  i n  

t h i s  f r e q u e n c y .  T h i s  i s  e x a c t l y  w h a t  i s  o b s e r v e d .  

F u r t h e r m o r e ,  i t  w o u l d  s e e m  a p p a r e n t  t h a t  t h e  o v e r a l l  

e f f e c t s  e x p e r i e n c e d  i n  a n y  s p e c i f i c  p a r t  o f  t h e  m o l e c u l e  

w o u l d  b e  s m a l l .  I n  a g r e e m e n t ,  o n l y  s m a l l  s h i f t s  

( 6 - 1 5  c m - 1 )  a r e  o b s e r v e d  i n  t h e  c a r b o n y l s .

N u c l e a r  m a g n e t i c  r e s o n a n c e  r e s u l t s  f o r  t h e  s y s t e m

c h l o r o p h y l l  a - t r i n i t r o b e n z e n e  i n d i c a t e  t h a t  m a j o r  

c h a n g e s  o c c u r  o n l y  i n  t h e  r e s o n a n c e s  o f  a-, 0 -, a n d  

p h y t y l  o x y g e n  b o n d e d  m e t h y l e n e .  T h e  d i r e c t i o n  o f  

t h e  s h i f t s  f o r  t h e  a a n d  0 p r o t o n s  ( 1 3  a n d  1 1  c y c l e s  t o  

h i g h e r  f i e l d s )  i m p l i e s  t h a t  i n  t h e  o v e r a l l  p r o c e s s  t h e s e  

p r o t o n s  a r e  p o s i t i o n e d  n e a r  t h e  d i a m a g n e t i c  p a r t  o f  t h e  

i n d u c e d  f i e l d  o f  t h e  r i n g  c u r r e n t  o f  t r i n i t r o b e n z e n e .  

S m a l l  b u t  s i g n i f i c a n t  c h a n g e s  w e r e  a l s o  n o t e d  f o r  t h e  

4' a n d  3 a  p r o t o n s .  T h e  l a r g e  u p f i e l d  s h i f t  o f  1 0 0  c y c l e s  

f o r  t r i n i t r o b e n z e n e  i n d i c a t e s  t h a t  i t  t o o  m u s t  b e  i n  a  

h i g h l y  s h i e l d e d  r e g i o n  s u c h  a s  i s  p r o v i d e d  w i t h i n  t h e  

p o r p h y r i n  r i n g  s y s t e m .

T h e s e  p r o t o n  s h i f t s ,  t o g e t h e r  w i t h  t h e  e v i d e n c e  f r o m  

t h e  i n f r a r e d ,  a l l o w  u s  t o  v i s u a l i z e  a  m o d e l  w h i c h  b e s t  

r e p r e s e n t s  t h e  c o m p l e x .  F r o m  t h e  s t r u c t u r e s  o f  t h e  

i n d i v i d u a l  c o m p o n e n t s  i t  i s  i n f e r r e d  t h a t  t h e  t w o  m o l e 

c u l e s  a r e  p l a n a r  t o  e a c h  o t h e r  i n  t h e  c o m p l e x .  O n  t h e  

b a s i s  o f  t h e  n m r  r e s u l t s  t h e  m o s t  l o g i c a l  c h o i c e  i s  t o  

p l a c e  t h e  b e n z e n e  r i n g  o f  t h e  t r i n i t r o b e n z e n e  m o l e c u l e  

i n  t h e  v i c i n i t y  o f  t h e  n i t r o g e n  a t o m  o f  r i n g  I I .  T h e  

b u l k y  n i t r o  g r o u p s  c a n  t h e n  l i e  i n  t h e  r e g i o n  o f  t h e  a 
a n d  0 p r o t o n s .  I t  i s  n o t  e v i d e n t  w h e t h e r  t h e  u p f i e l d  

s h i f t s  o f  t h e s e  p r o t o n s  a r e  d u e  t o  t h e  p r o x i m i t y  o f  t h e  

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

t h i s  a r e a .  A  g e n e r a l  r e p r e s e n t a t i o n  o f  t h e  c o m p l e x  

a s  p r e s e n t e d  h e r e  i s  i l l u s t r a t e d  i n  F i g u r e  1 5 .

T h e  s h i f t i n g  o f  t h e  p h y t y l  o x y g e n - b o n d e d  m e t h y l e n e  

t o  l o w e r  f i e l d s  u p o n  c o m p l e x a t i o n  i n d i c a t e s  t h a t  t h e  

h y d r o c a r b o n  t a i l  w a s  i n i t i a l l y  o r i e n t e d  i n  s u c h  a  m a n n e r  

a s  t o  b e  w i t h i n  t h e  d i a m a g n e t i c  s h i e l d i n g  z o n e  o f  t h e  

c h l o r o p h y l l  r i n g .  M o l e c u l a r  m o d e l s  s h o w  t h a t  t h e r e  i s  

e n o u g h  l a t i t u d e  i n  t a i l  l e n g t h  s o  t h a t  t h i s  m e t h y l e n e  

g r o u p  c a n  e x t e n d  i n t o  t h e  r e g i o n  o f  t h e  p o r p h y r i n  h e a d .  

T h e  i n t e r a c t i o n  w i t h  t r i n i t r o b e n z e n e  c a n  d i s p l a c e  t h e  

t a i l  f r o m  i t s  p r e f e r r e d  a r r a n g e m e n t  s o  t h a t  n o w  t h e s e  

h y d r o g e n s  a r e  o u t s i d e  t h e  r i n g  a n d  e x p e r i e n c e  m o r e  

n o r m a l  s h i e l d i n g  v a l u e s .  T h e  d i s p l a c e m e n t  p r o b a b l y  

o c c u r s  a s  a  r e s u l t  o f  s t e r i c  c o n s i d e r a t i o n s .

I t  w a s  a l s o  n o t e d  i n  t h e  r e s u l t s  t h a t  s i m i l a r  c h a n g e s  

i n  t h e  n m r  s p e c t r a  o c c u r r e d  w h e n  c h l o r o p h y l l  w a s  i n  

e s s e n t i a l l y  a  d i m e r i c  s t a t e .  T h u s  i t  a p p e a r s  t h a t  a  

s i m i l a r  c o m p l e x  i s  f o r m e d  b e t w e e n  d i m e r  a n d  t r i n i t r o 

b e n z e n e .

T h e  o b s e r v e d  n m r  s h i f t s  r e s u l t i n g  f r o m  c h l o r o p h y l l  

b - t r i n i t r o b e n z e n e  i n t e r a c t i o n  w e r e  q u i t e  s m a l l  i n  m o s t  

c a s e s .  T h i s  i s  u n d o u b t e d l y  d u e  t o  t h e  f a c t  t h a t  t h e  

c o n c e n t r a t i o n  o f  c o m p l e x  w a s  s m a l l  a s  a  c o n s e q u e n c e  o f  

a  l o w 7 e q u i l i b r i u m  c o n s t a n t .  V i s i b l e  s p e c t r a  i n d i c a t e d  

t h a t  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  c h l o r o p h y l l  b  a n d  

t r i n i t r o b e n z e n e  i n  e t h y l  e t h e r  w a s  o n l y  a b o u t  o n e - f i f t h  

a s  m u c h  a s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  c o r r e s p o n d 

i n g  c h l o r o p h y l l  a  s y s t e m .  A l t h o u g h  t h e  e q u i l i b r i u m  

v a l u e  i n  c h l o r o f o r m  w a s  n o t  d e t e r m i n e d ,  t h e r e  i s  

r e a s o n  t o  b e l i e v e  t h a t  i t  i s  m u c h  s m a l l e r  t h a n  i n  e t h y l

(11) G . D a llin g a , A c t a  C r y s t . ,  7, 665 (1954).
(12) H . G . T a u fe n , M . J. M u r ra y ,  and  F . F . C le ve la n d , J .  A m e r .  

C h e m .  S o c . ,  63, 3500 (1941).
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e t h e r .  T h i s  i s  b a s e d  o n  t h e  f a c t  t h a t  t h e  c h a n g e s  

o b s e r v e d  i n  t h e  i n f r a r e d  f o r  c h l o r o p h y l l  b  i n  e t h y l  e t h e r  

d i d  n o t  o c c u r  i n  c h l o r o f o r m  e v e n  w h e n  t h e  m o l e  r a t i o  

o f  t r i n i t r o b e n z e n e  t o  c h l o r o p h y l l  b  w a s  1 8 : 1 .  C o n 

s e q u e n t l y ,  a  s u f f i c i e n t  a m o u n t  o f  c o m p l e x  i s  n o t  p r e s e n t  

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

i n f o r m a t i o n  a b o u t  t h e  s y s t e m .  T h e r e  o b v i o u s l y  i s  

s o m e  c o m p l e x i n g  s i n c e  t h e  p r o t o n  r e s o n a n c e  o f  t r i n i t r o 

b e n z e n e  i s  s h i f t e d  a b o u t  6 0  c y c l e s  t o  h i g h e r  f i e l d s  i n d i 

c a t i n g  i t  i s  w i t h i n  t h e  d i a m a g n e t i c  s h i e l d i n g  z o n e  o f  t h e  

c h l o r o p h y l l  r i n g .  A l s o  t h e r e  i s  a  c o n s i d e r a b l e  p a r a m a g 

n e t i c  s h i f t  o f  t h e  p h y t y l  o x y g e n  b o n d e d  m e t h y l e n e  

g r o u p .  T h e  o n l y  p r o t o n  w h i c h  e x p e r i e n c e s  a  d i a m a g 

n e t i c  s h i f t  i s  t h e  a p r o t o n .  I t  s e e m s  l i k e l y  t h a t  t h e  

s y s t e m  h e r e  w o u l d  b e  q u i t e  s i m i l a r  t o  t h e  c h l o r o p h y l l  a  

c o m p l e x .  T h e  s h i f t  o f  m e t h y l e n e  p r o t o n s  i s  a g a i n  

i n t e r p r e t e d  a s  a r i s i n g  f r o m  d i s p l a c e m e n t  o f  t h e  h y d r o 

c a r b o n  t a i l  f r o m  t h e  r e g i o n  o f  t h e  r i n g  b y  t r i n i t i ’ o b e n z e n e  

T h e  c o n c l u s i o n  t h a t  c h a r g e - t r a n s f e r  i n t e r a c t i o n  o c c u r s  

i n  t h e  v i c i n i t y  o f  t h e  a  a n d  /3 p r o t o n s  o f  t h e  c h l o r o p h y l l  

m o l e c u l e  i s  i n  d i s a g r e e m e n t  w i t h  s o m e  o f  t h e  c u r r e n t  

o p i n i o n s  w h i c h  r e g a r d  t h e  e y e l o p e n t a n o n e  r e g i o n  ( r i n g

V )  a n  i m p o r t a n t  c e n t e r  o f  h i g h  e l e c t r o n  d e n s i t y .  

H o w e v e r ,  i t  s e e m s  q u i t e  l o g i c a l  t h a t  t h e  a r e a  o f  t h e  

c h l o r o p h y l l  m o l e c u l e  w h i c h  w i l l  b e  i n v o l v e d  i n  e l e c t r o n  

d o n a t i o n  w i l l  d e p e n d  o n  t h e  e n v i r o n m e n t  i n  w h i c h  t h e  

m o l e c u l e  i s  p l a c e d .  I t  i s  v e r y  l i k e l y  t h a t  s o l v e n t  

p e r t u r b a t i o n s  w i l l  b e  a  m a j o r  f a c t o r  i n  d e t e r m i n i n g  t h i s  

r e g i o n .  F u r t h e r m o r e ,  s t e r i c  c o n s i d e r a t i o n s  w i t h  t h e
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a c c e p t o r  m o l e c u l e  m u s t  n o t  b e  n e g l e c t e d .  T h i s  m a y  

b e  a  c o n t r i b u t i n g  f a c t o r  i n  t h e  p r e s e n t  s i t u a t i o n .  I f  t h e  

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

w a y  t h a t  i t  i s  w i t h i n  t h e  v i c i n i t y  o f  t h e  p o r p h y r i n  

h e a d  a s  n m r  r e s u l t s  i m p l y ,  t h e n  p e r h a p s  l a r g e  m o l e c u l e s ,  

s u c h  a s  t r i n i t r o b e n z e n e ,  m u s t  i n t e r a c t  w i t h  t h e  u p p e r  

p a r t  o f  t h e  c h l o r o p h y l l  m o l e c u l e  w h e r e  s t e r i c  i n t e r 

a c t i o n s  w i t h  t h e  t a i l  a r e  m i n i m i z e d .  O b v i o u s l y  i t  

w o u l d  b e  o f  i n t e r e s t  t o  i n v e s t i g a t e  s y s t e m s  l i k e  t h e  o n e  

p r e s e n t e d  h e r e  o r  e l s e  s i m i l a r  o n e s  i n  v a r i o u s  s o l v e n t  

s y s t e m s .  A  s y s t e m a t i c  s t u d y  o f  t h i s  t y p e  c o u l d  r e v e a l  

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

e l e c t r o n  d o n a t i o n .

N e l s o n 13 h a s  i n v e s t i g a t e d  t h e  e l e c t r o n i c  e n e r g y  l e v e l s  

i n  c h l o r o p h y l l  d e r i v a t i v e s .  H e  f o u n d  v a l u e s ,  o f  4 . 9 3  e V  

f o r  e t h y l  c h l o r o p h y l l i d e  a  a n d  5 . 1 6  e V  f o r  e t h y l c h l o r o -  

p h y l l i d e  b .  T h i s  m e a n s  t h a t  e t h y l  c h l o r o p h y l l i d e  a  

i s  a  b e t t e r  e l e c t r o n  d o n o r  t h a n  e t h y l  c h l o r o p h y l l i d e  b  
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T h e  c e l l  Z n ( H g ) l Z n C l 2( s ) H A g X  i n  p y r i d i n e ] A g ( s )  h a s  b e e n  u s e d  t o  s t u d y  t h e  b e h a v i o r  o f  t h e  n i t r a t e ,  p i c r a t e ,  
c h l o r i d e ,  c y a n i d e ,  a n d  t h i o c y a n a t e  o f  s i l v e r  ( I ) . C o r r e l a t i n g  t h e  p o t e n t i o m e t r i c  b e h a v i o r  w i t h  t h e  c o n d u c t a n c e  
d a t a  f o r  t h e s e  d i f f e r e n t  s i l v e r  s a l t s  e v e n t u a l l y  m a d e  p o s s i b l e  t h e  e v a l u a t i o n  o f  t h e  s t a n d a r d  p o t e n t i a l  o f  t h e  r e 
a c t i o n  A g ( s o l v )  + + e r i  A g ( s )  in  p y r i d i n e .  T h e  v a l u e  o f  F°Ag+iAg s o  o b t a i n e d  is  0 .5 5 1  V  vs. a  n o r m a l  h y d r o g e n  
e l e c t r o d e  a t  2 5 ° .

Introduction

I n  t h i s  w o r k  a  s i l v e r  i n d i c a t o r  e l e c t r o d e  h a s  b e e n  u s e d  

t o  s t u d y  t h e  b e h a v i o r  o f  s i l v e r  n i t r a t e ,  p i c r a t e ,  c h l o r i d e ,  

c y a n i d e ,  a n d  t h i o c y a n a t e  i n  p y r i d i n e ,  i n  c o n j u n c t i o n  

w i t h  a  Z n ( H g )  ¡ Z n C l 2( s )  r e f e r e n c e  e l e c t r o d e 1 w h i c h  h a s  

p r e v i o u s l y  b e e n  s t a n d a r d i z e d  a g a i n s t  a  n o r m a l  h y d r o 

g e n  e l e c t r o d e  ( n h e ) .  C o r r e l a t i o n  o f  t h e s e  p o t e n t i o 

m e t r i c  r e s u l t s  w i t h  e a r l i e r  c o n d u c t a n c e  s t u d i e s 2'3 e v e n 

t u a l l y  p r o v i d e d  t h e  v a l u e  o f  t h e  s t a n d a r d  p o t e n t i a l  o f

t h e  r e a c t i o n

A g ( s o l v )  +  +  e  I Z Z f  A g ( s )  ( 1)

i n  p y r i d i n e .  I n  t h e  c a s e  o f  s i l v e r  n i t r a t e  a n d  p i c r a t e ,

(1) (a) L . M . M u k h erjee  and J. ,T. K e lly , J  P h ys. Chcm., 71 , 2348 
(1 9 6 7 ); (b ) L . M . M uk h erjee , J. J. K e lly , W . B aran etzk y , and  ,T. 
Sica, ibid., 72, 3410 (1968).
(2) (a) W . F . L u d er and C . A . K raus, J. A m . Chem. Soc., 69 , 2481 
(1 9 4 7 ); (b ) D . S . B urgess and C . A . K raus, ibid., 70 , 706 (1948).
(3) J. H . M a th ew s and  A . J. Johnson , J. P h ys. Chem ., 21 , 294 
(1 916 -191 7 ).
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u s e  h a s  b e e n  m a d e  o f  t h e  d i s s o c i a t i o n  c o n s t a n t s  r e 

p o r t e d  b y  K r a u s ,  et al. 2 H o w e v e r ,  a l t h o u g h  t h e  p r e 

v i o u s l y  r e p o r t e d  c o n d u c t a n c e  s t u d i e s  f o r  t h e  c h l o r i d e ,  

c y a n i d e ,  a n d  t h i o c y a n a t e  s t r o n g l y  s u g g e s t  t h e  p o s s i b l e  

e x i s t e n c e  o f  a  s u b s t a n t i a l  d e g r e e  o f  i o n  a s s o c i a t i o n ,  n o  

q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  

t h e s e  s y s t e m s  a r e  a v a i l a b l e .  T h e r e f o r e ,  b e f o r e  a n y  

c o r r e l a t i o n  w i t h  t h e  p o t e n t i o m e t r i c  r e s u l t s  i n  t h e s e  

c a s e s  c o u l d  b e  a t t e m p t e d ,  i t  b e c a m e  n e c e s s a r y  t o  e x 

p l a i n  t h e i r  c o n d u c t a n c e  d a t a 3 o n  t h e  b a s i s  o f  t y p i c a l  

e q u i l i b r i a  i n v o l v i n g  s i m p l e  i o n s  a n d  t r i p l e  i o n s  a s  w e l l  

a s  q u a d r u p o l e s  ( “ d i m e r s ” ) .  W e  u s e d  a  s i m p l e  t r i a l  

a n d  e r r o r  p r o c e d u r e  i n  t h i s  c o n n e c t i o n  u n t i l  a  s a t i s 

f a c t o r y  a g r e e m e n t  w i t h  t h e  o b s e r v e d  c o n d u c t a n c e s  w a s  

o b t a i n e d .  T h e  t r i a l  v a l u e s  o f  t h e s e  d i f f e r e n t  p a r a m 

e t e r s  w h i c h  y i e l d e d  t h e  b e s t  f i t  h a v e  s u b s e q u e n t l y  b e e n  

i n c o r p o r a t e d  i n  t h e  p o t e n t i o m e t r i c  r e s u l t s .

Theory

Conductance of AgCl, AgCN, and AgCN S. T h e  

c o n d u c t a n c e  d a t a  o f  A g C l ,  A g C N ,  a n d  A g C N S  d o  n o t  

s u g g e s t  a n y  s i m p l e  r e l a t i o n s h i p .  O n  t h e  c o n t r a r y ,  i t  i s  

s t r o n g l y  i n d i c a t e d  t h a t  t h e s e  s y s t e m s  i n v o l v e  c o n s i d e r 

a b l e  i o n  a s s o c i a t i o n .  T h e  f o l l o w i n g  e q u i l i b r i a  a r e  p o s 

t u l a t e d  t o  a c c o u n t  f o r  t h e i r  o b s e r v e d  b e h a v i o r

A g + X - Z Z A g X ;  K\  =  [ A g X ] / [ A g + ] [ X _ ]  ( 2 )

A g X  +  A g +  Z Z  A g * X + ;

X 2tt =  [ A g * X + ] / [ A g X ] [ A g + ]  ( 3 a )

Kib
A g X  +  X - Z Z  A g X * - ;

X 2b =  [ A g X r ] / [ A g X ] [ X ~ ]  ( 3 b )

A g 2X +  +  X ~  Z Z  A g 2X 2 ;

X 3a =  [ A g 2X 2] / [ A g 2X + ] [ X - ]  ( 4 a )

A g X r  +  A g +  Z z  A g 2x 2 ;

X 3b =  [ A g 2X 2] / [ A g X r ] [ A g + ]  ( 4 b )

F r o m  t h e  c h a r g e - n e u t r a l i t y  r u l e

[ A g + ]  +  [ A g 2X + ]  =  [ X - ]  +  [ A g X , - ]  ( 5 )

A s s u m i n g  X 2a =  K 2b =  K->, w e  o b t a i n

[ A g + ] ( 1  +  K * [ A g X ] )  =  [ X - ] ( l  +  K 2[ A g X ] )  ( 6)  

T h u s

[ A g + ]  =  [ X - ]  ( 7 a )

a n d

[ A g * X + ]  =  [ A g X * - ]  ( 7 b )

F r o m  m a s s  b a l a n c e ,  t h e  t o t a l  c o n c e n t r a t i o n  C a sx  c a n  b e  

e x p r e s s e d  a s

C A gX  =  [ A g + ]  +  [ A g X ]  +  2 [ A g * X + ]  +

[ A g X * - ]  +  2 [ A g 2X 2 ] ( 8 )

C o m b i n i n g  e q  8  w i t h  e q  7 b ,  o n e  o b t a i n s

C A gX  =  [ A g + ]  +  [ A g X ]  +  3 [ A g * X + ]  +  2 [ A g * X * ]  ( 9 )

N o w ,  e x p r e s s i n g  [ A g X ] ,  [ A g 2X + ] ,  a n d  [ A g 2X 2 ] i n  

t e r m s  o f  [ A g + ]  a c c o r d i n g  t o  e q  2 , 3 a ,  3 b ,  4 a ,  a n d  4 b  a n d  

e q u a t i n g  K 2a, X 2b, a n d  K 2 a s  b e f o r e  a n d  s e t t i n g  K 3a =  

K zh =  K 3, w e  o b t a i n

C A g X  =  [ A g + ]  +  K J A g + p  +  m K 2 [ A g + ]3 +

2 X 1X , X ,  [ A g +]4 ( 1 0 )

A c c o r d i n g  t o  e q  1 0 ,  f o r  a n y  a s s u m e d  v a l u e s  o f  [ A g + ] , 

K h K 2, a n d  K ?„ t h e  c o r r e s p o n d i n g  v a l u e  o f  C A g X  c a n  b e  

c a l c u l a t e d .

Calculation of A c . T h e  e q u i v a l e n t  c o n d u c t a n c e  A 0 
c a n  b e  o b t a i n e d  f r o m  t h e  r e l a t i o n s h i p

XAg+[Ag+]  +  Xx- [X  ]  +  XAg2x+[Ag2X +] 
______________________ +  XAgx 2-[A gX 2- ]

C A gx
(ID

w h e r e  t h e  X ’ s  i n d i c a t e  t h e  r e s p e c t i v e  i o n  c o n d u c t a n c e s .  

O n  t h e  b a s i s  o f  e q  7 a  a n d  7 b ,  e q  1 1  c a n  b e  s i m p l i f i e d  t o  

g i v e

A c  =

(XAg+ +  Xx-)[Ag+] +  (XAg2x+ +  XAgx 2-)
_____________________________X [Ag*X+]

C Agx
( 12 )

E q u a t i o n  1 2  h a s  b e e n  u s e d  t o  c a l c u l a t e  t h e  c o n d u c t a n c e  

o f  A g C l ,  A g C N ,  a n d  A g C N S  a s s u m i n g  d i f f e r e n t  t r i a l  

v a l u e s  o f  K h K 2, a n d  K% f o r  e a c h  s y s t e m  u n t i l  a  s a t i s 

f a c t o r y  a g r e e m e n t  w i t h  t h e  o b s e r v e d  c o n d u c t a n c e  w a s  

o b t a i n e d .  I n  a l l  c a s e s ,  v a r i a t i o n  o f  t h e  i o n  c o n d u c t 

a n c e s  w i t h  c o n c e n t r a t i o n  h a s  b e e n  i g n o r e d ,  a n d  t h e  

s u m s  X Ag+ +  X x -  a n d  X A g2x +  +  X A g X „ -  h a v e  b e e n  s e t  

e q u a l  t o  8 0  a n d  4 0 ,  r e s p e c t i v e l y .  T h e  a s s u m e d  v a l u e  

o f  8 0  f o r  X A g f  +  Xx -  s e e m s  f a i r l y  r e a s o n a b l e  a n d  c o m 

p a r e s  f a v o r a b l y  w i t h  t h e  e s t i m a t e s  o f  l i m i t i n g  c o n 

d u c t a n c e s 4 r e p o r t e d  f o r  t h e s e  e l e c t r o l y t e s  i n  p y r i d i n e .

Potentiomeiry. F o r  a  s i l v e r  s a l t  A g X  w h i c h  a s  a  m o n 

o m e r  d i s s o c i a t e s  a c c o r d i n g  t o

A g X  ( o r  A g + X ~ )  Z Z  A g +  +  X -  ( 1 3 )

t h e  ( o v e r - a l l )  d i s s o c i a t i o n  c o n s t a n t ,  X Agx ,  c a n  b e  e x 

p r e s s e d  a s

K x  gx =  «AK+ux-/aAgX ( 14)

w h e r e  a Ag+  a n d  a x -  d e n o t e  t h e  a c t i v i t i e s  o f  A g +  a n d  X “  

a n d  a A g X  r e p r e s e n t s  t h e  a c t i v i t y  o f  t h e  u n c h a r g e d  

s p e c i e s .

I f  i t  i s  a s s u m e d  t h a t  t h e  i o n i c  a c t i v i t y  c o e f f i c i e n t s  a r e  

e q u a l  a n d  t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  u n c h a r g e d  

s p e c i e s  i s  u n i t y ,  e q  1 4  c a n  b e  r e a r r a n g e d  t o  g i v e

HAg+ =  V A Z x E A g X ] (15)

o n  t h e  b a s i s  o f  t h e  e l e c t r o n e u t r a l i t y  r u l e .

(4) P . W alden , L . F . A udrieth , and E . J. B irr, Z . P h ysik . Chem ., 
A160, 337 (1932).
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Furthermore, if X Agx is sufficiently small, the equilib
rium concentration [AgX] may be replaced by the cor
responding analytical concentration CAgX to permit the 
rewriting of eq 15 in the form

« A g +  =  \ / X A g x C ,A g X  (16)

The expression for the emf of the cell I at 25° [cell I: 
Zn(Hg)|ZnCl2(s) reference electrode||AgX|Ag(s)] is 
given by

E =  £°Ag+iAg -  Eiet +  0.05916 log aAfu- (17)

Substituting eq 16 into eq 17 gives

E =  E° Ag+iAg — Eie[ +  0.02958 log A abx +

0.02958 log (7Agx (18)

It is evident from eq 18 that in the case of a silver salt 
which dissociates in the manner shown by eq 13 and 
which has a relatively small value of A Agx (c/. eq 14) a 
plot of E vs. log C^gx will be a straight line with a slope 
of 0.02958 Y at 25°.

Calculation of E°Ag+iAg- In order to calculate 
-Ê Ag+iAg from the emf data using eq 17, knowledge of 
the activity of silver ion for a given concentration of a 
silver salt is required. Estimates of the equilibrium 
constants as obtained from conductance measurements 
are useful in this respect. The total salt concentration 
corresponding to an arbitrary value of free silver ion 
concentration can be calculated from eq 10 for the 
chloride, cyanide, and thiocyanate. In order to obtain 
similar relationship for the silver nitrate and picrate the

582

Figure 1. Plot of log A0 v s . - lo g  C a í x . AgCl: □ (exptl),
É (caled X, = 1.2 X 107; K 2 = 1.6 X 104; K 3 =  6.5 X 
10s); AgCNS: O (exptl), • (caled K i  = 2.9 X 105; K 2 =  

1.0 X 10!; K ,  = 0); AgCN: A (exptl), A (ealed X, =

7.5 X 106; K 2 =  2.0 X 104; K ,  = 2.0 X 104).
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(thermodynamic) dissociation constants of 9.3 X 10~4 
and 3.06 X 10~3, respectively, derived from the Fuoss- 
Kraus treatment,2 on the basis of simple monomeric 
dissociation, have been used in the expression

Ca gx = [Ag+] +  [A g + jV iV W  (19)

where fi denotes the ionic activity coefficient. Thus, 
using, when appropriate, eq 10 or 19, together with the 
Debye-Huckel limiting law in the form

- lo g  fi = 8.191 V i

it is possible to generate values of aAs+ corresponding 
to different values of the total concentrations for each 
of the silver salts studied. Plots of 0.05916 log aae+ 
vs. log CAgx can then be constructed for comparison 
with the E vs. log CAgx plot of interest. In the regions 
where the slopes are the same and preferably at con
centrations low enough to permit the use of the Debye- 
Huckel limiting law, the difference between the ob
served emf, E, for cell I and the calculated value of 
0.05916 log «Ag+ for a given total concentration would 
be a measure of E°Ab+ ¡Ag — Eret (cf. eq 17). From a 
knowledge of Ere{ it is therefore possible finally to cal
culate -Z7°Ag+| Ag-

Experimental Section

Chemicals. Pyridine was purified, stored, and dis
pensed according to the procedure described pre
viously.117 Silver nitrate used was of reagent grade. 
The chloride, cyanide, and thiocyanate were prepared 
by metathesis using excess silver nitrate and the appro
priate potassium salts. Silver picrate was obtained by 
the reaction of silver nitrate with picric acid and sub
sequently recrystallization twice from ethanol.

Potentiometric Techniques. These have been de
scribed elsewhere.1'5 Both Hg|HgCl2(s), LiCl(s), and 
Zn(Hg)|ZnCl2(s) reference electrodes proved suitable 
for use in pyridine solutions. The general procedures 
for preparing these electrodes have been discussed 
previously.1'6 The emf values reported in this study 
are considered reliable to within ±  2 mV. All measure
ments were made in an air bath maintained at 25 ±  
0.5°.

Results and Discussions

Plots of log A„ vs. —log CAgx for AgCl, AgCN, and 
AgCNS based on the conductance data of Mathews 
and Johnson3 are shown in Figure 1. The theoretical 
plot for each system based on calculations according to 
eq 12 is also given for comparison. The values of K h 
K 2, and K3 which yielded the best fit in individual cases 
have been given in the legend.

The results of potentiometric measurements for the 
different silver salts are summarized in Figure 2 in the 
form of E vs. —log CAgi plots. As is evident, in all of

(5) S. B ruckenstein  and L. M . M ukh erjee , J .  P h ys. Chem., 64, 1601 
(1960).
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Figure 2. Plot of E  v s . —log C A g x ’. □, AgCl; A, AgCN;
O, AgCNS; □, AgN03; -O-, Ag(pic) (v s . Zn(Hg)|ZnCl2 (s) 
reference electrode); •, AgCNS; ■, AgN03; Ag(pic) (v s . 

Hg | HgCl2 (s), LiCl (s) reference electrode). All emf’s shown 
in the figure are referred to the Zn(Hg) | ZnCl2 (s) reference 
electrode. (The emf of the cell Zn(Hg) | ZnCl2 (s) reference 
electrodej|LiCl (s), HgCl2 (s) | Hg reference electrode 
is 1.2245 V.)

the present cases the plots are linear over the concen
tration ranges studied; the average slopes are in the 
vicinity of 0.02958 V as required by eq 18 except in the 
case of the nitrate and picrate. The slightly higher 
slope (~0.047 V) observed in these last two cases is 
conceivably due to their relatively greater degree of dis
sociation which would invalidate the simplifying as
sumption made in deriving eq 16 from eq 15.'

In all cases, the plots of the calculated values of 
0.05916 log aAg+ vs. —log CAgx (Figure 3) are more or

Figure 3. Plot of 0.05916 log a A e +  v s . —log Caex : 9, AgCl;
A, AgCN; O, AgCNS; □, AgNOs; -O-, Ag(pic).

less linear below '~10~3 M with curvature developing 
at high concentrations. Possibly, the curvature may 
indicate deviation caused by the inapplicability of the 
Debye-Hückel limiting law in calculating activity co
efficients at high concentrations. Table I summarizes

Table I : Standard Potential of the Reaction 
Ag+ +  Ag(s) in Pyridine

AgX -L o g  CAg x a R°Ag+| Agt V

AgCl 3.00 1.340
3.50 1.341
3.75 1.340

Av 1.340 ±  O.C003

AgCN 3.50 1.345
4.00 1.343

Av 1.344 ±  0.001

AgCNS 2.50 1.338
3.00 1.336
3.50 1.338

Av 1.337 ±  0.C01

AgNOs 3.25 1.339
4.00 1.338

Av 1,338 ±  0.0005

Ag(pic) 3.25 1.338
4.00 1.338

Av 1.338 ±  0

“ Interpolated values used in comparing plots given ir_ Figures 
2 and 3. 6 Fs. the Zn(Hg)|ZnCl2(s) reference electrode.

the average values of E°As+\As calculated with reference 
to the different silver salts. The grand average value 
ofd?°Ag+|Ag is found to be 1.339 ±  0.002 V vs. Zn(Hg)| 
ZnCl2(s) reference electrode. Using the value of 
— 0.788 V 1 for the potential of the Zn(Hg) |ZnCI2(s) 
reference electrode vs. nhe, the value of i?0Ag+iAg is 
found to be 0.551 V.

It may be remarked at this point that, although the 
procedure adopted for the treatment of the conductance 
data of AgCl, AgCN, and AgCNS is indeed approxi
mate, the generally consistent agreement obtained in 
the present correlation is significant and provides a 
verification of the over-all reliability of the trial values 
of the various parameters, such as K h K2, etc., and the 
ion conductances used in the calculations. Further
more, it should be recognized that, in spite of the fact 
that all K ’s as introduced in the treatment of the con
ductance data are formal constants, the activity coeffi
cient correction for the monomer dissociation into 
simple ions—the predominant process at low concentra
tions—is relatively unimportant. Thus, the values of 
Ki for AgCl, AgCN, and AgCNS should closely com
pare with the corresponding thermodynamic values. 
Based on the present value of Ki our estimate of the 
monomeric dissociation constant, KAgX (cf. eq 14), for 
AgCl is 8.3 X 10“A Earlier spectrophotometric
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studies6 of silver chloride solutions in pyridine which 
yielded a value of 8.4 X 10-5 for KAsci, on the assump
tion of simple dissociation only, are not corroborated in 
the present work.
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Application of the Polanyi Adsorption Potential Theory 

to Adsorption from Solution on Activated Carbon

by Milton Manesla and L. J. E. Hoferlb

Mellon Institute, Pittsburgh, Pennsylvania 15213 (Received August 2, 1968)

Liquid-phase adsorption isotherms at 25° on an activated carbon have been determined, over a wide range 
of concentrations, for the following systems: Sudan III (benzeneazo-p-benzeneazo-/3-naphthol) in acetone, 
cyclohexane, carbon tetrachloride, benzene, and carbon disulfide, and Butter Yellow (p-dimethylaminoazo- 
benzene) in methanol, acetonitrile, acetone, 2-propanol, cyclohexane, heptane, benzene, and carbon disulfide. 
Except for the high capacity range, most of the data can be fitted to a correlation curve determined for the 
same carbon from gas-phase adsorption measurements, as predicted by the Polanyi adsorption potential 
theory. The experimental link between liquid and gas-phase adsorption and the relative constancy of the 
solvent effect on adsorption (measured in appropriate units) appear to introduce a measure of predictability 
to at least some liquid-phase adsorption isotherms. Adsorption tends to be weakest in solvents of highest 
refractive index.

Introduction

The Polanyi adsorption potential theory2 and modifi
cations thereof have been widely applied to gas-phase 
adsorption.3-7 By contrast, application of the theory 
to liquid-phase adsorption has been used only in 
modified form for adsorption of binary liquids8 and 
apparently not at all for solutes. Since the nature of 
the forces on adsorbed molecules may be expected to be 
independent of their state of aggregation, it seemed 
reasonable to expect that the adsorption isotherms of at 
least properly chosen solute-solvent systems should 
conform to a significant degree to the Polanyi theory. 
Such conformation has been found for the adsorption 
isotherms of two solutes (Sudan III and p-dimethvl- 
aminoazobenzene) in a wide variety of solvents. The 
results provide the expected experimental link between 
gas-phase and liquid-phase adsorption on activated 
carbon and, to the extent that they will be confirmed 
by continuing work, introduce the possibility of pre
dicting adsorption isotherms on activated carbons for a 
wide variety of systems from minimal data.

Theoretical Section

The Polanyi adsorption potential theory for gases 
may be summarized as follows : within the range of the

attractive forces of the solid surface (the “ adsorption 
space” ) the potential energy of a given gas is reduced, 
relative to its value at infinity, by an amount e (the 
adsorption potential) that for a given gas depends on 
proximity to the solid surface. One can imagine points 
of equal 6 to be joined to form equipotential surfaces 
that together with the solid surface enclose a volume 
v(t) . The plot of !>(e) against e (the “ characteristic 
curve” ) depends on the structure of the adsorbent, and 
no attempt is made to derive it from theory; it is inde
pendent of temperature. When the adsorbent, initially 
under vacuum, is exposed to increasing pressures of gas,

(1) (a) P rofessor, D ep artm ent o f  C hem istry , K e n t S tate U n iversity , 
K ent, O h io ; (b ) H ead, A d sorp tion  F ellow ship  (Sponsored  b y  P itts 
burgh  A ctiv a ted  C arbon  D iv ision  o f  the C algon  C orporation ) 
M ellon  Institute, C arnegie-M ellon  U niversity , P ittsbu rgh , Pa.
(2) (a) M . P olanyi, Verh. Deut. Physik. Ges., 16, 1012 (1914); 18,
55 (1916); Z . Elektrochem., 26, 370 (1920); (b ) M . P olanyi, Z .
Physik, 2, 111 (1920).
(3) M . M . D ubin in , Chem. Rev., 60, 235 (I960).
(4) W . K . Lewis, E . R . Gilliland, B . C hertow , and  W . P . C adogan , 
Ind. Eng. Chem., 42, 1319 (1950).
(5) R . J. G rant, M . M anes, and S. B. Sm ith, A.I.Ch.E. J., 8, 403 
(1962).
(6) R . J . G rant and M . M anes, Ind. Eng. Chem. Fundamentals, 3, 
221 (1964).
(7) R . J. G rant and M . M anes, ibid., 5, 490 (1966).
(8) R . S. H ansen and W . V . Fackler, J. Phys. Chem., 57, 634 (1953).
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the attractive forces of the solid for the gas molecules 
reinforce their attraction for each other, with the result 
that the gas liquefies between the solid surface and that 
equipotential surface for which

eO) =  RT In Vs/v (1)

where p is the (equilibrium) pressure of the gas and p, 
the vapor pressure of the corresponding liquid at the 
equilibrium temperature. Given an adsorption iso
therm over some capacity range, one can calculate the 
characteristic curve over the same capacity range by 
use of eq 1 and an estimate of the density of the pre
sumed liquid adsorbate. Having determined the 
characteristic curves one can now calculate adsorption 
isotherms at other temperatures.

If the adsorptive forces for different gases are of the 
same nature, then one may expect that the characteristic 
curves for different gases on a single adsorbate should 
all be the same except for a constant factor multiplying 
the adsorption potential. Dubinin3 expressed this in 
the equation

Adsorption from Solution on Activated Carbon

where /3 is his “ affinity coefficient.”  Dubinin and 
Timofeev9 have compared the experimental affinity 
coefficients of a set of gases with the corresponding 
molar volumes (F) and with several different estimates 
of the molar polarizabilities, and have concluded that 
the affinity ratios of different pairs of gases are best 
approximated by the ratio of their molar volumes. 
Lewis, Gilliland, Chertow, and Cadogan4 and Grant 
Manes, and Smith5 found that within the homologous 
series of saturated hydrocarbons on activated carbon, 
the plots of volume adsorbed vs. e /F  collapsed to a single 
curve (the “ generalized correlation curve” ) with con
siderable accuracy. However, Dubinin and Timofeev 
found that the discrepancy between molar volume ratios 
and affinity coefficient ratios could be as much as 20% 
(some of which could have been due to specific chemical 
effects). Similarly, Grant, Manes, and Smith6 found 
that at equal adsorbate volumes e/F  was some 10%, 
higher for carbon disulfide than for the hydrocarbon 
series. Anticipating that these differences turn out to 
be quite significant, we now consider adsorption from 
solution.

Polanyi2® originally supposed that adsorption of solid 
solutes from solution would be analogous to the adsorp
tion of gases with precipitation of solid taking the place 
of liquefaction of gas, and with the adsorption potential 
now estimated as

es(v) =  RT In cB/c (3)

where ca and c are the saturated and the equilibrium 
concentrations and 6S is the adsorption potential of the 
pure solute adsorbing as a vapor. However, in a sub
sequent paper,2b he noted that the adsorption of a solid

solute would have to be accompanied by the desorption 
of an equal volume of solvent. As a result, eq 1 would 
have to be modified to read (with a slight change in 
notation)

RT In — =  esl =  6a — “  (4)
C V i

where ei is the adsorption potential of the solvent and 
Fs and V\, the molar volumes of (solid) solute and 
solvent.

Polanyi concluded from eq 4 that adsorption of a 
solute would be weakest from solvents with the highest 
values of e\VJV\ (or t\/V\ for constant F8). He then 
drew attention to an observation of Freundlich to the 
effect that adsorption tends to be weakest in those 
solvents that are themselves most strongly adsorbed 
from solution. He noted further that since the various 
solvents would differ only slightly in their values of 
eiF,/Fi, one would expect that the equilibrium concen
trations at equal capacities for various solvents would 
differ largely because of differences in solubilities, as 
had been found by Davis10 in studies on the adsorption 
of iodine on carbon. We shall return to these points 
later.

Let us now consider some of the consequences of the 
Polanyi adsorption potential theory for solutions in 
terms of plots of volume adsorbed vs. the adsorption 
potential per unit volume, i.e., in terms of “ generalized 
correlation curves.”  We can rewrite eq 4 as

*.i(F) 6s (F ) 6, ( F)--------  ------------------------  (o)
Fs Fs Fi

which we can again rewrite somewhat more compactly 
as

«Si = rts — «1 (6)

where each a is the corresponding e/F. If we assume, 
with Polanyi, that the characteristic curves for the 
solvent and the solute have the same functional form 
(except for a constant factor in the adsorption poten
tial), then the a ’s arc directly proportional to the 
affinity coefficients of Dubinin.3 Consider now some 
of the consequence of eq 6 by reference to Figure 1, 
which shows schematic plots of volume adsorbed vs. 
adsorption potential on a scale that corresponds 
roughly to some experimental observations on activated 
carbon. All of the curves in Figure 1 are drawn so that 
they can be collapsed to a single curve by application 
of a single abscissa scale factor. The deviation from 
unity of the scale factor required to make two such 
curves coincide is a measure of the extent to which 
the adsorption potential deviates from proportionality 
to the molar volume. We assume that the scale factor 
a  (or the affinity coefficient ¡3) of the solute is signif-

(9) M . M . D u b in in  and D . P. T im ofeev , Compt. Rend. Acad. Sci. 
URSS, 5 4 ,  7 0 1  ( 19 4 6 ) .

( 1 0 )  O. C. M . D avis, Trans. Chem. Soc., 91, 1 9 6 6  ( 1 9 0 7 ) .

585

Volume 78, Number 3 March 1969



586 M il t o n  M a n e s  a n d  L. J. E. H o f e r

Figure 1. Schematic plot of the volume of adsorbate 
adsorbed (cm3) per unit weight of carbon (100 g) vs. 

the adsorption potential per unit volume of the solvent (1), 
the solute (s), and the solute from solution (si) 
illustrating the relation a 3\ =  a ,  — a i .

icantly higher than that of any of the solvents (other
wise the Polanyi theory would predict stronger adsorp
tion of the solvent). The correlation curves for the 
gas-phase adsorption of two solvents and the cor
responding correlation curves for adsorption of solute 
in the liquid solvents are also shown. The larger the 
a\ for the solvent, the smaller the asi for the solution. 
Now Polanyi2b pointed out that one could verify eq 4 
for volatile solutes (such as iodine) by separately 
determining a8 and a\ by gas-phase adsorption followed 
by the determination of aBl in liquid-phase experiments. 
However, most solutes of interest are not volatile, 
and one cannot therefore determine as independently. 
A somewhat less direct check on the theory would be 
to determine the differences between the a„i for a single 
solute in different solvents and to see whether these 
differences would correspond to the differences in ai as 
determined from vapor-phase measurements. More
over, in the absence of the requisite vapor-phase data 
(which might be impossible to determine for solvents 
of low volatility), one could determine a3[ for a number 
of solutes in a set of solvents and observe whether the 
differences in a„i between solvents (for a given solute) 
would remain constant for all solutes.

Instead of expressing the relative values of the a ’s at 
some stated adsorption volume, we can consider the 
ratios between the a ’s and ah, where ah is the scale 
factor for some standard reference substance (or 
substances, if they all have the same a ) , in which case 
we can rewrite eq 6 as

=  « b ~  ai 
ah «h

or

Tsi = 7s — 7i (8)

where 7„i =  a8i/ah, etc. If the reference substance is 
the solvent, then ys =  7S] +  1.

Experimental Section

Since, as noted earlier, all of the foregoing discussion 
is based on the assumption that the expected link 
between liquid-phase and gas-phase adsorption in fact 
exists, an initial objective was to gather sufficient 
liquid-phase and gas-phase adsorption data on an 
activated carbon for comparing the resulting correlation 
curves. The principal problem was to find systems for 
which one could determine the liquid-phase adsorption 
isotherms down to the low capacity range, in order to 
permit a critical comparison of the resulting correlation 
curves. Oil-soluble dyes of relatively low molecular 
weight were originally sought as candidate solutes 
because of ease of spectrophotometric analysis over 
a wide range of concentrations (typically five decades), 
solubility in a wide variety of solvents, and expected 
relative ease of purification. The work reported here 
is based on the liquid-phase adsorption data for two 
azo dyes, Sudan III (benzene-azo-p-benzene-azo-/?- 
naphthol) and Butter Yellow (p-dimethylamino- 
azobenzene).

Materials. Commercial Sudan III was recrystallized 
from acetone-toluene. Butter Yellow was recrystal
lized from ethanol; treatment of the concentrate with 
activated carbon was necessary to achieve the desired 
spectral purity. Successive recrystallizations did not 
significantly change the optical extinction coefficients. 
The largest experimental error due to impurities was 
expected to be in the possible change in composition of 
the equilibrium solution on adsorption; therefore, initial 
experiments were carried out in which the optical 
absorption curve for the solution remaining after 
adsorption of 99% of a sample on activated carbon was 
indistinguishable from a similar curve determined on a 
100:1 dilution of a similar sample.

The adsorbent in all cases came from a single batch 
of Pittsburgh Activated Carbon grade CAL activated 
carbon, which was pulverized to pass 200 mesh. This 
carbon is normally used for removal of color bodies from 
solutions (e.g., cane and invert sugar); it was chosen 
for maximum availability of its surface area to the 
solute dyes. Except for oven drying before weighing, 
the carbon was used as received. The surface area 
(BET) was 1140 m2/g.

The solvents used, methanol, acetonitrile, acetone,
2-propanol, n-heptane, cyclohexane, benzene, carbon 
tetrachloride, and carbon disulfide, were in every case 
Fisher Spectranalyzed reagents.

Procedures. Equilibration took place in 125-ml 
screw-capped erlenmeyer flasks, the screw caps being 
sealed with Teflon gaskets. The flasks were shaken at
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least 16 hr at 25° in a thermostated shaker bath; check 
experiments at longer shaking times established that the 
shaking time sufficed for equilibration. After equilibra
tion the carbon was allowed to settle out and a portion 
of the supernatant liquid was cleared by centrifuging. 
The cleared equilibrium solution, after suitable dilution, 
was analyzed in a Cary spectrophotometer. The 
sample size and initial concentration of solution were 
so adjusted that no more than 99% of the original 
sample was adsorbed. The relative amounts of carbon, 
dye, and solvent were so chosen that the adsorption of 
solvent did not introduce a significant error into the 
calculations.

Solubilities of the dyes in the individual solvents were 
determined by spectrophotometric analysis of saturated 
solutions. Addition of a small amount of activated 
carbon to the equilibrium mixture improved the 
reproducibility of the solubility measurements.

The densities of the pure dyes (necessary for cal
culating correlation curves) as determined at 25° by 
helium displacement were: Sudan III, 1.302 g /cc; 
Butter Yellow, 1.208 g/cc. The gas-phase correlation 
curve was determined from adsorption isotherm cata 
for ethane, propane, and butane on a McBain balance, 
using the methods described by Grant and Manes.6

Data and Results

Figures 2 and 3 give the adsorption data for Sudan III 
and Butter Yellow, plotted on a log-log plot as g of 
dye/100 g of carbon vs. the relative concentration c/ca.

Figure 2. Isotherms of Sudan III on CAL carbon 
from various solutions. (Cs is the solubility and C  is the 
concentration of dye in equilibrium with the carbon 
for the loading indicated.)

Figure 3. Isotherms of Butter Yellow on CAL carbon 
from various solutions. (CB is the solubility and C is the 
concentration of dye in equilibrium with the carbon 
for the loading indicated.)

(The ordinate scales have been expanded to increase 
the spread between the isotherms.) The original data 
may be reconstructed from the solubilities, which are 
here listed (in grams per liter). Sudan III: acetone, 
1.5; heptane, 0.078; cyclohexane, 0.16; carbon disulfide, 
8.7; benzene, 6.0; carbon tetrachloride, 2.5. Butter 
Yellow: methanol, 9.0; acetonitrile, 32; acetone, 94;
2-propanol, 7.0; heptane, 6.1; cyclohexane, 11.5; 
benzene, 20; carbon tetrachloride, 15; and carbon 
disulfide, 235.

Since a plot of weight adsorbed vs. relative concen
tration at a single temperature may be regarded as a 
characteristic curve (except for constant factors in both 
ordinate and abscissa), one would expect that the 
adsorption isotherms should be superimposable by 
application of an abscissa scale factor and that they 
should not cross. This is approximately the case for 
Sudan III, although the carbon disulfide line shows a 
tendency to cross the benzene line at low concentra
tions. It is also approximately the case for the data 
on Butter Yellow, with the exception of a higlily 
anomalous curve for carbon tetrachloride and the 
crossover of the benzene and carbon disulfide lines in 
the relatively low capacity range.

Figures 4, 5, and 6 relate the liquid-phase adsorption 
data to gas-phase adsorption on the same carbon. The 
abscissa scale gives (1/2.3031?) (t/V) rather than t/V, 
following the notation of earlier publications.6-7 The 
solid line in all cases is the hydrocarbon correlation line, 
similar to the one shown in Figure 7 of ref 6 for a
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Figure 4. Relation of the adsorption potential per unit volume 
of Sudan III from various solvents to that of heptane 
(determined in the gas phase).

Figure 5. Relation of the adsorption potential per unit volume 
of Butter Yellow from various solvents to that of heptane 
(determined in the gas phase).

different carbon. For clarity in presentation, points 
in each case were taken at equal intervals from the cor
responding isotherms rather than plotting entire curves; 
the points are therefore not experimental points. Cor
responding to the x/m of each such point on the iso
therm, the value v/m (cc/100 g) was calculated, using 
the solid density of the dye. The corresponding value 
of (T/V,) log cB/c was then calculated. The resulting 
points in all cases fell on curves well to the left of the 
hydrocarbon gas-phase correlation curve. Each ab
scissa value was then multiplied by a single constant 
( 1 / Tsi) that was chosen to give optimum fit to the gas- 
phase correlation curve in the low-capacity range; it 
was obvious that the fit. would be poor at the highest 
capacities. The factors required to bring about the 
shown coincidence are listed for each solvent. In all 
cases, the low capacity limit was set by the sensitivity 
of the analytical measurements.

It is immediately apparent that in the high capacity 
limit the gas-phase correlation curve does not apply 
for either solute, the extrapolated limits of the solid- 
phase capacities being about half of the gas-phase 
capacity limit. This is in keeping with Polanyi’s 
suggestion21" that eq 4 should not necessarily hold in the 
region of maximum adsorption. However, many of 
the data appear to follow a single correlation curve to a 
fair approximation. The convergence of the data on 
Sudan III to the gas-phase correlation curve is better 
shown by the calculations than by Figure 4, in which 
the data run out just as they begin to coincide with the

gas-phase correlation curve. The data on Butter 
Yellow, on the other hand, fit quite nicely over a wide 
range of capacities', with the obvious exception of the 
data for carbon tetrachloride and carbon disulfide.

Figure 6. Relation of the adsorption potential per unit volume 
of Butter Yellow (from additional solvents) to that 
of heptane (determined in the gas phase).
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These data have the (perhaps dubious) advantage of 
demonstrating that all data cannot be made to super
impose on the gas-phase correlation curve by applica
tion of a single abscissa scale factor. An initial 
speculation is that the anomalous behavior of carbon 
tetrachloride is associated with steric hindrance to 
closest approach to the carbon surface, which would be 
expected to be most pronounced at low capacities.

Consider now the constancy of the differences in the 
factors Yui between the different solvents. Table I lists

Table I: Comparison of 7 si Values for Two Solutes 
in Different Solvents

---------Sueian III--------- -— Butte>r Yellow—
Ysi Difference Ysi Différer ce

Acetone 0.43 0.17 0.45 0.16
Heptane 0.33 0.07 0.37 0.08
Cyclohexane 0.37 0 . 1 1 0.46 0.17
CC14 0.36 0.09 0.38 0.09
Benzene 0.27 0 .0 1 0.28 -O.O:
CS2 0.26 0.29

these factors for those solvents common to both dyes, 
together with the difference between each value and the 
corresponding value for carbon disulfide (which was 
chosen as an arbitrary reference point). The data 
show reasonable constancy, with cyclohexane showing 
the highest deviation.

In order to check the extent to which the adsorption 
isotherms fit the correlation, the correlated data for 
Sudan and for Butter Yellow were combined and a best 
correlation curve was drawn by eye. This correlation 
curve, together with the (empirical) value of ybi was 
used to back-calculate adsorption isotherms for indi
vidual solvent-solute systems. Three typical resulting 
curves are shown in Figure 7. The agreement, while 
not exact, extends over a very wide concentration 
range.

Finally, an attempt was made to estimate the ybi 
values without any recourse to adsorption measure
ments. The relatively crude estimate was made as 
follows: it was assumed that the adsorption potential 
per unit volume, a, is proportional to the polarizability 
per unit volume,* 11 and that this, in turn, is proportional 
to refractivity per unit volume, p, by the Lorentz- 
Lorenz equation

[If] n2 — 1
~V~ = n2 +  2 (9)

where [I f] is the molar refraction. The value of p was 
calculated for each solvent from its refractive index and 
for each solute from its molecular structure and density 
and a table of atomic refractivities.12 To express ah 
(from the gas-phase hydrocarbon correlation) in terms 
of a liquid refractive index, heptane was picked as a

Figure 7. Comparison of observed and estimated isotherms.

standard liquid hydrocarbon, since its a should follow 
the generalized hydrocarbon correlation. The calcu
lation is, therefore

7m = V s  -  P i  

pi
(10)

where p7 is the refractivity per unit volume of heptane.

Table II: Comparison between Experimental 
and Calculated Values of 7,1

---------Sudan III-------- - .-----Butter• Yellow—
Obsd Calcd Obsd Calcd

Methanol 0.48 0.58
Acetonitrile 0.47 0.54
Acetone 0.43 0.47 0.45 0.51
2-Propanol 0.44 0.47
Heptane 0.33 0.40 0.37 0.44
Cyclohexane 0.37 0.32 0.46 0.36
Benzene 0.27 0.15 0.28 0.19
CS2 0.26 < 0 0.29 < 0

The thus calculated values of ysi are shown in Table 
II. Although the calculation breaks down badly for 
carbon disulfide and is poor for benzene, it does show

(11) F. London and M . Polanyi, Naturwissenschaften, 18, 1099 
(1930).
(12) N. A. Lange, Ed., “ Handbook o f Chemistry,”  M cGraw-Hill 
Book Co., New York, N. Y ., 1961, p 1391. The data are taken from 
Smiles, “ The Relation between Chemical Constitution and Some 
Physical Properties,”  Longmans, Green and Co., London, 1910.
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the trend of the observed results. The principal source 
of error is that the adsorption potentials per unit 
volumes are, in fact, somewhat less than proportional 
to p. Therefore, the calculated values of ysi tend to 
exaggerate the higher values and underestimate the 
lower ones. The calculation is likely to be useful, 
nevertheless, in bracketing the behavior of a nonvolatile 
solvent according to its refractive index.

Although refractive index appears to contain a good 
deal of predictive value for ei/Fi, it is almost certainly 
not the only factor. The anomalous behavior of CCh 
and cyclohexane is probably associated with their 
bulky structures, as a result of which a significant part 
of the solvent molecule cannot achieve as close an 
approach to the carbon surface as can other relatively 
unhindered molecules. This supposed steric effect 
requires further investigation.

There are a number of factors that have been omitted 
from this initial report. For example, the effect of 
nonideality of the solutions has not been considered. 
In all likelihood, most of the nonideality effects are 
comprehended in the solubilities. The fact that the 
adsorption of the solids does not quite approach the 
gas-phase adsorbate volumes may be rationalized in 
terms of the problem of packing a solid into pores or 
interstices. We are as yet without specific confirma
tion on this point.

Moreover, it should be noted that the choice of sol
utes has probably been a fortunate one for showing the 
desired relationships and that other solutes may not do 
quite as well. The determined ye values for Sudan III 
and Butter Yellow are, respectively, 1.33 and 1.37. 
These are very high values, consistent with flat aro
matic molecules; solutes with low'er ys values may show 
more complex behavior.

Let us now return to Polanyi’s expectation that the 
relative concentrations in different solvents at the same 
loading would be largely due to solubility differences. 
We note that the effect of the displacing power of the 
solvent t\Va/V\ depends on the molar volume of the 
adsorbate and on the amount adsorbed, being most 
pronounced at the highest adsorption potentials, or 
lowest loadings. Polanyi cited relatively small dis
placement effects10 in iodine solutions. However, 
iodine has a molar volume of only 51.4; the solvent 
displacement effect on the isotherm would therefore 
be relatively small. By contrast, with Butter Yellow 
(molar volume = 186.5) and Sudan III (molar 
volume =  270.6), the effect of solvent on relative 
concentration can be as high as two orders of magnitude 
(and greater with lower capacities). As noted else
where,13 the displacement effect can become quite 
significant in choosing a solvent for extraction of an 
adsorbate.

Finally, we consider the rule of Freundlich,14 i.e., “ If 
in one substance as solvent another substance is strongly 
adsorbed, the solvent itself, when in solution, will be 
weakly adsorbed, and vice versa.”  If one follows 
Hansen and Fackler’s8 application of the Polanyi theory 
to adsorption from mixed liquids, one would expect the 
strength of adsorption of an individual liquid (i.e., the 
energy of adsorption per mole) to depend not only on 
its a (or 7) value but also on its molecular weight. On 
the other hand, the molecular weight of the solvent 
should be quite irrelevant to the strength of adsorption 
of a solid solute from it. Therefore, the criteria derived 
from Polanyi theory may be expected to be better 
predictors of strength of adsorption than the Freundlich 
rule, particularly for solvents of high molecular weight.

Conclusions

1. For the two solutes thus far investigated, the 
adsorption isotherms for a wide variety of solvents can 
fit over a wide range (but not the entire range) to a. 
correlation curve derived from gas-phase adsorption. 
These data provide the expected link between liquid- 
phase and gas-phase adsorption.

2. Although the data do not fit the gas-phase corre
lation curve in the high-capacity range, they appear to 
fit a somewhat different correlation curve, which can be 
used to calculate adsorption isotherms.

3. Refractive index is a good (but not infallible) 
predictor of the displacing power of solvents.

4. Anomalies, such as adsorption from carbon tetra
chloride, and to a lesser extent from cyclohexane and 
carbon disulfide, remain to be explained. Steric effects 
are suggested as an initial speculation for the anomalies 
in carbon tetrachloride and cyclohexane.
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Anion Exchange of Metal Complexes. XVII.1 The Selective Swelling 

of the Exchanger in Mixed Aqueous-Organic Solvents

by Y. Marcus
Department of Inorganic and Analytical Chemistry, The Hebrew University, Jerusalem, Israel

and J. Naveh
Israel Atomic Energy Commission, Nuclear Research Center, Negev, Israel (Received August 5, 1968)

The swelling of Dowex-1 anion exchangers of cross-linking 4, 8, and 16% DVB was measured in several organic 
solvents and their aqueous mixtures for the chloride and perchlorate ionic forms. For the pure solvents and 
chloride form resins swelling decreases in the order water >  formamide >  methanol >  ethanol >  aceto
nitrile >  1-propanol >  2-propanol >  acetone >  dioxane. The perchlorate form shows altogether less swell
ing, and relatively high swelling by formamide and dimethylformamide. In mixed aqueous-organic solvents 
preferential swelling by the alcohols is found at the lowest mole fractions and by water over most of the com
position range. The amides and methanol show rather little preference for swelling by either water or the 
organic solvent. Most of the observed phenomena can be explained by the effects of the organic solvent on 
the structure of water outside the resin, and by preferential ion-solvation effects.

Introduction
The selective sorption and elution of metal complexes 

on anion exchangers from mixed aqueous-organic 
solvents has been shown in recent years to be an ex
tremely powerful tool for metal-ion separations,2 
even more than the now classical separation in aqueous 
solutions.3 In an earlier publication in this series1 it 
was pointed out that, whereas in aqueous solutions the 
net reaction occurring, whatever the actual mechanism, 
is the exchange of complex metal anions for the counter 
anions in the resin, in anhydrous organic solvents of 
low dielectric constant the net reaction is the distribu
tion of the uncharged metal complex species between 
the two phases. These two extreme types of behavior 
give rise to the experimentally useful method of 
“ combined ion exchange and solvent extraction” 
based on the use of mixed aqueous-organic solvents.4 
In order to understand the reactions occurring in such 
mixtures, and hence to be able to predict the behavior 
of yet untested systems, it is important to have full 
information on the swelling behavior of the resin and its 
selectivity for water and the solvent, on the manner in 
which these properties are affected by electrolytes, and 
on their invasion into the resin from mixed solvents. 
These factors are subject to study in our laboratories 
now, and this paper reports on systems with no added 
electrolytes.

Whereas selectivities of cation exchangers for bcth 
ions and solvents have been reported by numerous 
authors,6 the behavior of anion exchangers has been the 
subject of only a few reports.6 As will be shown laser 
in the Discussion, there are great similarities between 
the modes of behavior shown by these two kinds of 
resin, and the information available for cation ex

changers is therefore relevant for understanding the 
behavior of the anion-exchange resins.

In the following, the swelling properties of poly
styrene methylene trimethyl ammonium type anion 
exchange resins, cross-linked by 4, 8, and 16% divinyl- 
benzene, and in the chloride and perchlorate forms will 
be reported for several water-miscible solvents. The 
parameters studied for each system are the uptake of 
each solvent as a function of the composition, so that 
the variation of the total swelling and the selectivity 
of the resin for the solvent and water can lie calculated.

Experimental Section
Materials. The resins used were commercial samples 

of polystyrene methylene trimethylammonium type, 
Dowex-1 X4, X8, and X16, i.e., with nominal cross- 
linking of 4, 8, and 16% divinylbenzene, of 20 to 50 
mesh size. In order to characterize the resin samples,

(1) Previous paper in series: J. Penciner, I. Eliezer, and Y . Marcus,
J. Phys. Chem., 69, 2955 (1965).
(2) J. Korkisch in “ Progress in Nucloar Energy, Series IX , Analytical 
Chem istry,”  S. C. Stewart and H. A. Elion, Ed., Vol. 6, Pergamon 
Press, Oxford, 1966, pp 1-94.
(3) Iv. A. Kraus and F. Nelson, Prvc. Intern. Conf. Peaceful Uses At. 
Energy, Geneva, 1956, 7, 113 (1950).
(4) J. Korkisch, Sep. Sci., 1, 159 (1966).
(5) (a) O. D. Bonner and J. C. Moorefleld, J. Phys. Chem., 58, 555
(1954); (b) H. P. Gregor, D. Noble, and M . H. Gottlieb, ibid.,
59, 10 (1955); (c) C. W . Davies and B. D. R . Owen, J. Chem.
Soc., 1676 (1956); (d) D. Reichenberg and W . F. Wall, ibid.,
3364 (1956); (e) R. W . Gable and H. A. Strobel, J. Phys. Chem.,
60, 513 (1956); (f) C. W . Davies and A. Narebska, J. Chem. Soc.,
4169 (1964); (g) R . Arnold and S. C. Churns, ibid., 325 (1965);
(h) H. Ohtaki, H. Kakihana, and K. Yamasaki, Z. Phys. Chem. 
(Frankfurt), 21, 224 (1959); (i) H. Ohtaki, ibid., 27, 209 (1961).
(6) (a) G. W . Bodamer and R. Kunin, Ind. Eng. Chem., 45, 2577
(1953); (b) H. Riickert and O. Samuelson, Acta Chem. Scand.,
11, 703 (1957); (c) E. Sjostrom, L. Nykanen, and P. Laitinen,
ibid., 16, 392 (1962).

Volume 78, Number 8 March 1969



592 Y. M arcus and J. Naveh

their density, water content in the air-dried state, and 
anion exchange capacity were determined.

The density was determined at 22° in 25 ml pyc
nometers, by displacement of n-dodecane, for samples 
dried over phosphoric anhydride in a vacuum desic
cator. The density found for the dry resin in chloride 
form was 1.1281 g/ml for the X4 sample and 1.1273 
g/ml for the X8 sample, reliable to 0.3 mg/ml.

The water content of the air-dried free-flowing 
chloride-form resin samples was determined by drying 
in a vacuum desiccator over phosphoric anhydride to 
constant weight. Six samples of X4 resin and seven 
samples of X8 resin were tested. After 1 day of drying,
2.0 ±  1.0% excess of the final weight remained, after 
2 days 0.8 ±  0.6%, and the value after 4 days repre
sents the equilibrium dry weight of the resin (the 
deviations are one standard deviation from the mean). 
The water content of the air-dried resin is 98.6 ±  0.4 
for X4 resin, 69.1 ±  0.4 for the X8 resin, and 33.3 ±  
0.6 for the X16 resin, in g of water/100 g of completely 
dried resin.

The capacity of the phosphoric anhydride-dried 
chloride-form resin samples was determined by ex
changing the chloride for perchlorate with an excess of 
the latter and titrating the chloride liberated. For 
six samples of X4 resin the value 4.04 ±  0.01 was ob
tained, for eight samples of X8 resin 3.63 ±  0.03, and 
for seven samples of X16 resin 2.32 ±  0.02, all in 
mequiv/g of completely dried resin. Recalculated to 
the air-dried form, the numbers were 2.02, 2.15, and 1.74 
mequiv/g, respectively.

The perchlorate form of the resin was prepared from 
the chloride form by the standard method of displace
ment in a column, until no chloride could be detected in 
the effluent.

The solvents used were all of analytical reagent grade, 
in the usual anhydrous or “ absolute”  form. The 
actual water content was determined in each case by 
Karl Fischer titration and taken into account.

Procedures. The resin underwent the following- 
treatment before the determination of the swelling 
behavior. Through a column of the resin were passed 
in order 2 M  aqueous solutions of sodium hydroxide, 
water, hydrochloric or perchloric acid, water, sodium 
hydroxide, water, ethanol (to remove nonpolymerized 
impurities), water, hydrochloric or perchloric acid, and 
water. The resin was then centrifuged at 3700 rpm 
for 15 min in a standard procedure to obtain free- 
flowing air-dried resin. Weighed portions of these 
resin samples were then dried overnight in a vacuum 
desiccator over phosphoric anhydride. The weight of 
the dried perchlorate resin was nearly (1 +  0.064(7) 
times the weight of the dried chloride resin, C being the 
capacity of the dry resin in chloride form, as expected 
from the increase in the equivalent weight. The 
deviations from this ratio were — 2.2 ±  0.7% for 
six samples; i.e., the drying of the chloride was slightly

less efficient than the drying of the perchlorate. 
Taking the latter to be absolute, the dried chloride 
resin retains 0.3 ± 0 .1  mol of water per equivalent 
of resin.

To a weighed dry resin sample was added a ca. 40-fold 
excess by weight of a given solvent or aqueous solvent 
of known composition, and the mixture was equilibrated 
in a closed vessel at room temperature (ca. 22°) for 
several hours. The results obtained after 1 week of 
equilibration were the same as those obtained after 2 
hr, so that time allowed was in every case sufficient 
for reaching equilibrium. The resin was then quanti
tatively transferred into a tube with a sintered glass 
bottom, placed in a centrifuge tube, which was then 
tightly closed, to prevent evaporation of solvent. 
After centrifugation by the standard procedure, the 
resin was weighed and the water content determined 
by a Karl Fischer titration. Separate experiments 
showed that water in the resin can be determined with 
99.5% accuracy compared with results obtained by 
complete drying, with an excess of Karl Fischer reagent 
being back-titrated. With the X4 resin the end 
point was sharp; with the X8 resin a small amount of 
reagent was strongly sorbed by the resin and had to be 
removed with a known excess of water to complete the 
titration.

The overall precision (one standard deviation) of 
the total swelling, obtained by weighing of multiplicate 
samples, was ca. ±  3%, and so the precision of solvent 
in the swollen resin, obtained by difference, was 
ca. ±  4%. The extreme difference between determin
ations was 5%. The equilibrium composition of the 
solvent in which the resin was swollen was also obtained 
by difference. Since the liquid was at a ca. 40 times 
excess by weight, its composition changed only slightly 
by removal of solvent by the dry resin, and was ob
tained with good precision, ca. ±  1%. The con
centration of the solvent in the mixture was obtained 
from the amounts weighed in. The volume concentra
tion could be calculated by measuring the contraction 
on mixing.

Results
Total Swelling. The total weight swelling of the 

resin samples of X4, X8, and X16 cross-linking has 
been measured in several solvents, with results shown 
in Table I, as moles of solvent taken up per equivalent 
of dry resin. The water content of the solvents was 
sufficiently small to avoid appreciable errors in the 
figures, within a precision of ±  3%.

The total specific swelling n = fis +  àw has been 
measured as a function of composition for X4 and 
X8 resin for several water-solvent mixtures, and the 
results are shown in Figures 1 and 2, for chloride and 
perchlorate resins, respectively. In order to avoid a 
loss of accuracy by referring the results to imprecisely 
known equivalents of resin (i.e., n/C), the primary
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Table I: Total Swelling of Dowex-1 Anion Exchangers 
in Several Solvents in Moles per Equivalent of Dry Resin

— Resin types--------
Solvent X4 Cl- X8C1- X16 Cl- X4 CIO.- X8 cior

Water 18.8 14.1 8.1 3.4 3.6
Methanol 8.5 6.8 4.8 1.68 1.92
Allyl alcohol 3.7
Ethanol 5.2 2.90 3.30 1.07 1.16
1-Propanol 3.5 2.35 2.52 0.34 0.20
2-Propanol 3.1
Formamide 11.0 8.2 4.8 6.5 4.2-
Dimethylformamide 0.8 4.2 3.2
Ethylene glycol 3.25
Acetonitrile 2.03 2.45 2.73
Acetone 0.69 0.54 1.0
Dioxane 0.29 0.23 0.5

data, moles of solvent per kg of dry resin. are given.
Data have usually been obtained up to ca. 98 mole %  
of the solvent in the equilibrium solution. In most 
cases 0.5-1.0 mol of water/kg of resin in perchlorate 
form and 1.0-2.0 mol of water/kg of resin in chloride

Figure 1. The total swelling n  in mol of solvent/kg of dry resin 
in chloride form. Upper set of curves X8 resin, right-hand 
ordinate, lower set X4 resin, left-hand ordinate. Solvents: FA, 
formamide; MeOH, methanol; EtOH, ethanol; and PrOH, 
1-propanol. Crosses, data for X7.5 resin from ref 6c.

Figure 2. The total swelling ñ in mol of solvent/kg of dry resin 
in perchlorate form. Upper set of curves, X8 resin, right-hand 
ordinate; lower set, X4 resin, left-hand ordinate.
Symbols for solvents same as Figure 1, with addition 
of DMF, dimethylformamide.

form were retained on the resin and are included in the 
values shown. No attempt to remove the last traces 
of water was made. The only comparable data in the 
literature are those obtained for methanol and Dowex-1 
X7.5 in chloride form,6c shown as crosses in Figure 1. 
Their agreement with our X8 data is quite good. The 
data available for ethanol6b are for Dowex-2, which 
contains a 2-hydroxyethyl group instead of one methyl 
group in the quaternary ammonium exchange site. 
Because of the extra hydrogen bonding this permits, 
the results are not comparable with the present data.

Solvent Selectivity. The data used to construct 
Figures 1 and 2 also permitted the evaluation of the 
solvent selectivity, i.e., the mole fraction of the solvent 
in the resin, fg = ñs/ñ as a function of its mole fraction 
in the equilibrium solution, xs. Some additional 
data have been obtained for a few solvents at given
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Figure 3. The solvent selectivity, Z g  as a function of z g ,  

for chloride form resin: X8, upper part; X4, lower part.
Symbols for the solvents same as Figure 1, with addition of O, 
dimethylformamide; C> acetonitrile; ( i ,  urea; © , ethylene 
glycol; O, formaldehyde.

mole fractions, i.e., not over the whole composition 
range, and these have been shown in Figure 3 along 
with the other data for chloride form resin, while the 
data for the perchlorate form resin arc shown in 
Figure 4. Again, the data for methanol and Dowex-l 
X7.5 chloride in the literature60 are shown as crosses in 
Figure 3, in reasonable agreement with our data.

For further correlation with published data, the 
selectivity results for the intermediate £s region, 
i.e., 0.2 <  xs <  0.8, were treated according to the 
empirical equation suggested by Ruckert and Samuel- 
son6b

log ((1 -  xs)/xs) =  plog ((1 -  xs) /x s) +  logic (1)

and the values of the parameters p and log lc shown in 
Table II were obtained by a least-squares calculation. 
The values of p and log k are, of course, not inde
pendent,6b but the logarithmic data lit fairly well 
straight lines with the slopes p having the figures shown 
in the table, within the standard deviations shown. 
This procedure was used also by Ruckert and Samuel- 
son, who found for several resins (Dowex-50 and 
Dowex-2) and counterions (Li+, Na+, K+, Cl- ,

Figure 4. The solvent selectivity, Zg as a function of zs, 
for perchlorate form resin; X8, upper part; X4, lower part.
Symbols for the solvents same as in Figure 1.

CIO4- , and SQ12-) with ethanol the value p = 0.0, 
nearly the same as we found for Dowex-l X4 and X8 
for chloride and perchlorate. The table shows that p 
is not sensitive to the cross-linking and the anion also 
for the other solvents within the stated precision, but it 
is sensitive to the solvent.

On the other hand, log k, while not appreciably sensi
tive to the cross-linking, is sensitive to both the anion 
and the solvent. For all the systems log k (Cl- ) is 
larger than log 1c (ClO.r), for ethanol the difference 
being 0.28 =t 0.06. The corresponding difference for 
Dowex-26b is 0.19, which is somewhat smaller, but 
nearly within the precision limits, and is certainly in 
the same direction.

Discussion
The behavior of several aqueous-organic solvent 

mixtures has been presented, but the most complete 
data were obtained for the alcohols, methanol, ethanol, 
and 1-propanol, and these will therefore be discussed 
first. It is expedient to discuss three composition 
ranges of aqueous alcohols separately: the water-rich 
region, up to ca. as =  0.2, the intermediate region, 
from xs =  0.2 to .Ts = 0.8, and the alcohol-rich region, 
above ca. £s =  0.8.
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Table II: Parameters for the Empirical Equation (1)

■Chloride------------------------- •* ------------------------Perchlorate-
Solvent Resin —X V log *: V log fc

Formamide 4 0.80 ± 0 .0 4 0.11 ± 0 .0 2 0.80 ± 0 .0 4 -0 .03  ± 0 .0 3
8 0.80 ± 0 .3 4 0.09 ± 0 .0 5 0.80 ± 0 .0 4 -0 .0 5  ± 0 .0 1

Dimethylformamide 4 0.75 ± 0 .0 4 -0 .10  ± 0 .0 4
8 0.75 ± 0 .0 4 -0 .16  ± 0 .0 1

Methanol 4 0.75 ± 0 .0 3 0.16 ± 0 .0 4 0.75 ± 0 .0 3 0.09 ± 0 .0 4
8 0.75 ± 0 .0 3 0.21 ± 0 .0 4 0.75 ± 0 .0 3 0.06 ± 0 .0 4

Ethanol 4 0.55 ± 0 .0 2 0.44 ± 0 .0 4 0.55 ± 0 .0 2 0.20 ± 0 .0 2
8 0.55 ± 0 .0 2 0.46 ± 0 .0 3 0.55 ± 0 .0 2 0.14 ±  0.04

1-Propanol 4 0.25 ± 0 .0 2 0.76 ± 0 .0 5 0.25 ± 0 .0 2 0.36 ± 0 .0 5
8 0.25 ± 0 .0 2 0.74 ± 0 .0 3 0.25 ± 0 .0 2 0.27 ±  0.05

In the water-rich region, the unexpected result that 
the alcohol is preferred in the resin over water is ob
served (Figures 3 and 4). The phenomenon is more 
pronounced for the perchlorate form of the resin than 
for the chloride form, but resins of X4 or X8 cross- 
linking yield approximately the same results. The 
preferred sorption decreases from propanol through 
ethanol to methanol at the lowest alcohol concentra
tions, but reverses at the higher concentrations. Some 
results for 2-propanol and allyl alcohol with chloride- 
form resin show the same phenomenon of preferred 
sorption, even more than does 1-propanol.

The explanation for these results should lie in the 
structure of water and the effect of low concentrations 
of alcohol on it, recently discussed in detail by Franks 
and Ives (ref 7, p 14). Water is much less structured 
in the resin than in the solution, and is less structured 
in the tight perchlorate form resins than in the swollen 
chloride form resins. There is then less water-water 
bond breaking, and more opportunities for alcohol- 
water bond formation, with overall decrease in enthalpy 
in the less structured situations. Furthermore, the 
larger the hydrocarbon portion of the alcohol, the more 
hydrophobic bonding it causes, and the more entropy 
is lost in the more highly structured phase. Therefore, 
again, an increase in entropy results if the alcohol is 
transferred into the resin phase. This behavior is 
similar to that exhibited by large ions with negligible 
specific affinity to the resin fixed ions, which are pushed 
from the structured external solution into the resin, 
according to the concepts of Diamond and Whitney.8

The x <  0.2 range is, however, not a simple one to 
understand, and although predominantly aqueous in 
character, “ may be structurally very wide indeed.” 7 
The present work does not include results at such low 
alcohol concentrations or temperatures that anomalous 
(negative) deviations from Raoult’s and Henry’s 
laws and enhancement of the water structure9 are ob
served for the alcohols. It would be interesting to 
obtain data for the very lowest concentrations, where 
also the water-immiscible but partly soluble butanols 
could be used.

Effects other than water structure could also be

supposed to cause the observed behavior. However, 
hydration of the ions, small as it is for the large chloride, 
perchlorate, and trimethylmethylene ammonium ions, 
need not be more important than alcoholic solvation. 
The alcohols have similar dipole moments and should 
thus have similar solvation enthalpies,10 and a compen
sation between the effects on the cation, the anion, and 
the dispersion forces with the resin skeleton may occur. 
Thus, in spite of the meager knowledge of the quanti
tative aspects of structure in the water-rich region, it is 
concluded that this, rather than other effects, is 
primarily responsible for the observed behavior in this 
region.

In the intermediate composition region, where the 
normal structure of the water has been largely broken 
and replaced by small units of alcohol-water associ
ates, the concept of solvent sorting by ions is useful,11 
superimposed on a direct interaction of the hydrocarbon 
parts of the solvents with the resin skeleton by disper
sion forces. The resin phase can be taken to constitute 
the “ vicinity of the ions,”  while the external phase is, 
of course, free from ions. Using our symbols in 
Padova’s11 eq 1, it becomes

[(1  -  T s)/rs] / [ ( l  -  .TsIM G  =  10“ (2)

This is the same as our eq l , with a =  log k, except that 
our denominator has the power p <  1. No explana
tion can be offered for the values of p, although it is 
significant that they are independent of the resin and 
the ions, so that they probably are not due to selective 
solvation effects. Thus, the ratio of alcohol to water 
is lower in the resin over and beyond the ratio pre
dicted from selective solvation. This may be due to 
steric effects, a point discussed further below. The 
a values (Table II), however, are qualitatively as 
expected: the span of selective solvation is larger for

(7) F. Franks and D. J. G. Ives, Quart. Rev., 20, 1 (1966).
(8) R. M . Diamond and D. C. Whitney, in “ Ion Exchange,” Vol. 1, 
J. A. Marinsky, Ed., M . Dekker, New York, N. Y ., p 297.
(9) G. L. Bertrand, F. J. Millero, C. Wu, and L. G. Hepler, J. Phys. 
Chem., 70, 699 (1966).
(10) B. Case and R. Parsons, Trans. Faraday Soc., 63, 1224 (1967).
(11) J. Padova, J. Phys. Chem., 72, 796 (1968).
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the smaller anion chloride than the larger perchlorate, 
and water is the more preferred the larger the alcohol.11

In this respect it is important to note that the re
jection of the alcohol is correlated with the low total 
swelling in this region. Thus, plots of ns vs. Xs (not 
shown) for ethanol, 1-propanol, 2-propanol, and allyl 
alcohol show plateaus in the region 0.2 <  xs <  0.8 
or even slight maxima (for the perchlorate forms of the 
resins). In other words, as the mole fraction of water 
in the external solution decreases, nw decreases ap
proximately linearly, while ns remains constant. This 
behavior, as well as a maximum in the organic solvent 
content, was found also for the sorption of acetone on 
cation exchangers,50 and is shown only with solvents 
containing a substantial aliphatic portion, i.e., not with 
methanol, formamide, or dimethylformamide. It is 
conceivable that the solvents ethanol, propanol, and 
allyl alcohol saturate the resin by dispersion inter
actions with the organic skeleton, irrespective of 
solvent composition. This does not explain why there 
are 2-3 mol of solvent per benzene ring in the chloride 
form of the resin, and only ca. 1 mol per ring for the 
perchlorate form, since the dispersion interactions 
should be the same. Again, steric effects may be 
responsible for this.

In the alcohol-rich region, the selectivity for water 
over alcohol becomes extreme. Other workers too 
have noted that certain solvents are not sorbed by 
ion exchangers unless some water is present. Thus no 
dioxane is sorbed on a cation exchanger unless it con
tains at least one mole of water per equivalent of 
resin.5f Thus, in the chloride form of the resin, where 
the residual water at the highest solvent concentration 
was still 0.3-0.6 mol/equiv, the fis vs. xs curves turned 
up again at the end of the plateau, whereas with the 
perchlorate form, where the residual water was only 
0.1-0.3 mol/equiv, the curves turned downward. In 
this region also, the differences between the various 
alcohols are very pronounced (Table I). Steric 
effects among the isomeric alcohols may explain the 
lower swelling by 2-propanol, in particular if associ
ation of the alcohols is taken into account.7 Interac
tion of the t electrons of the allyl alcohol with the 
aromatic rings may explain its relatively high swelling 
power.

The two amides studied, formamide and dimethyl
formamide, also show interesting behavior in that 
their total swelling curves with the perchlorate form of 
the resin show maxima (Figure 2), while they show 
only slight deviations from nonselective swelling in 
their mixtures with water (Figures 3 and 4 and Table 
II). Finally, the higher swelling of the perchlorate 
form of the resin by dimethylformamide than by the 
alcohols, compared with the opposite behavior of the 
chloride form of the resin, is significant. It is known12

that aprotic dipolar solvents solvate anions the better 
the larger they are, so the stronger swelling of the 
perchlorate resin than of the chloride resin by dimethyl
formamide can be explained by this solvation effect. 
Formamide, although pro tic, forms weaker hydrogen 
bonds than do methanol and alcohols in general, and 
so shows the same effect. As for their aqueous solu
tions, they too break the structure of water and form 
strong associates.13 With the chloride form of the 
resin, formamide behaves regularly, in a manner very 
similar to methanol. It probably fits into the hydro
gen-bonded structure of the water, while modifying it, 
and competes with the water for the solvation of the 
chloride ion through hydrogen bonding, of which it is 
capable. There is thus little selectivity for either 
water or formamide (and even methanol) over the 
whole composition range. For the perchlorate form of 
the resin, the situation is different. Both amides 
solvate the perchlorate ion strongly, even more so than 
does water, probably by virtue of their larger dipole 
moment (3.86 D for dimethylformamide, 3.68 D for 
formamide, compared with 1.85 for water and 1.67 for 
methanol). As xs increases, the quantity ?is increases 
more rapidly than ?iw decreases, causing the maxima 
in the n curves in Figure 4. These are more pro
nounced in the altogether more highly swollen X4 
resin, possibly because of the prevalence of hetero- 
molecular associates in the intermediate composition 
range, which are more stable than the homomolecular 
associates,13,14 and constitute the “ free”  solvent in the 
highly swollen resin. The tighter X8 resin contains 
only “ solvating” solvent, with little “ free” solvent, 
and in this role the molecules of the solvents act 
singly.

There are, of course, some subtle features in the data 
for total swelling (Figures 1 and 2) and selective 
swelling (Figures 3 and 4), which cannot be explained 
with the above crude factors. No quantitative theory 
for predicting the swelling behavior can yet be pro
posed. However, the data presented are consistent 
■with our present knowledge of mixed aqueous organic 
solvents, their structure, and solvation properties. 
Further insight should be gained from the volumetric 
behavior of the systems studied, and experiments along 
this line are now in progress.
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Low-Temperature Oxygen Atom Addition to Olefins. III. Transition 

State and the Reaction with c is -  and irons-2-Butenes1

by Milton D. Scheer and Ralph Klein

N ational B ureau o f  Standards, W ashington, D . C. 20284  (Received August 5, 1968 )

The reaction of ground-state oxygen atoms 0(3P), with either cis- or trans-2-butene at cryogenic temperatures 
produces cis- and trans-2,3-epoxybutane, 2-butanone, and isobutyraldéhyde. Product ratios are different 
for the two 2-butenes. Two precursor states, one leading to the tram epoxide and 2-butanone, and the other 
to the cis epoxide and isobutyraldéhyde, are implied by the constancy of the ratios trans-2,3-epoxy- 
butane/2-butanone and cis-2,3-epoxybutane/isobutyraldehyde. A new transition state for the 0 atom-olefin 
reaction is proposed. A prediction based on the new transition state for the 0 atom reaction with 2-methyl-
2-butene was consistent with the experimental finding.

Results of observations on the reaction of 0  atoms 
with condensed olefins at low temperatures were given 
in the two previous papers of this series.2,8 Products of 
the low-temperature reaction with propene, butene-1, 
and c is - and ¿rans-2-butene were shown to be the same 
as those of the higher temperature gas phase results 
obtained by Cvetanovic4 exclusive of degradation prod
ucts. Under the higher temperature conditions they 
arise from fragmentation of “ hot”  oxygen adducts and 
at lower temperatures from ozonolysis when ozone is 
present. Cracking products can be eliminated under 
either condition of operation. In the present work, the 
reactions of 0  atoms with c is -  and ¿rans-2-butene are 
examined in considerable detail. Some of the previ
ously developed concepts, particularly those relating to 
the transition state intermediate, require modification 
to be consistent with the results. Using a new model, 
prediction of the course of the reaction with 2-methyl-
2-butene was made and verified experimentally.

The products of the 0  atom-2-butene reaction are 
tra ns- and c i s - 2 ,3-epoxybutane, 2-butanone, and iso
butyraldéhyde. The ratios are different for tra n s-2 -  
butene as compared to the cfs-2-butene. There is also 
a temperature dependence and from its analysis the 
equilibrium constant for the transformation c is -2,3- 
epoxybutane i=; ¿ran s-2,3-epoxy butane can be calcu
lated.

Experimental Section

The apparatus used to obtain these results has been 
described previously.2,3 The olefins were diluted with 
propane for the 77 and 90°K experiments and with
2-methylbutane and n-butane at 113°K. Boiling liquid 
nitrogen (77°K), oxygen (90°K), and melting isopen
tane (113°K) were used as the cryogenic baths for 
maintaining isothermal conditions in the vessel and at 
the reactant film. Gas chromatographic product 
analyses were obtained using a 2 m long, 6 mm diameter

column, containing 2,4-dimethylsulfolane on chromo- 
sorb W.

The reaction rates of films containing the 2-butenes 
were found to be zero order in olefin concentration. 
This is the same as the previously reported results3 for 
propene and 1-butene. Such observations suggest that 
the oxygen atoms easily penetrate hydrocarbon films. 
We are concerned here with the chemical reactions 
rather than the diffusion processes, however.

Table I gives the fractional yields of the four products 
obtained with tra n s- and cfs-2-butene at several tem
peratures. It is noteworthy that starting with tra ns - 
2-butene, over 90% of the products from the 77°K 
reaction are t r a n s -2 ,3-epoxybutane and 2-butanone. 
Even at 113°K they constitute about 85% of the prod
ucts. It is of considerable interest that the ratio of 
t r a n s -2 ,3-epoxybutene to 2-butanone is about 0.8 
independent of whether the reactant olefin is c is - or 
fians-2-butene. The gas phase result of about 1.0 is 
not sufficiently different to cast doubt on the conclusion 
that tra n s -2 ,3 -e p o x y b u ta n e  and  2 -b u ta n on e  orig in a te  
f r o m  the sam e p recu rsor  state. The data also imply that 
c i s - 2 ,3-epoxybutane and isobutyraldéhyde have a 
common origin. Therefore, in the reaction of 0  with
2-butene, two p recu rsor  states a re  fo rm ed , on e lead in g  to 
tra n s -2 ,3 -e p o x y b u ta n e  a n d  2 -b u ta n on e, and  the other to 
c is -2 ,3 -e p o x y b u ta n e  and  isobu tyra ld éh yd e. A pictorial 
representation embodying these criteria is shown in 
Figure la and b for c is - and frans-2-butene reactants.

R ep resen ta tion  o f  the P rec u r s o r  S tate. The represen
tation of the precursor or transition state in the 0  atom 
reaction with olefins has previously been given as a 
triplet free radical with localized spins.6 For tra n s-2 -

(1) S upported  b y  the U . S. P u b lic  H ealth  Service.
(2) A . N . H ughes, M . D . Scheer, and R . K lein , J. P hys. Chem., 70, 
798 (1966).
(3) R . K lein an d  M . D . Scheer, ibid., 72, 616 (1968).
(4) R . J. C veta n ov ic, Advan. Photochem ., 1, 115 (1963).
(5) R . J. C veta n ov ic, J. Chem. P hys., 25 , 376 (1956).
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Table I: Fractional Product Yields for the Reaction between 0 (3P) and c is -  and t r a n s -C4H8-2 in the 77-300°K Temperature Range

Reactant T ,  °K t r a n s - 2 ,3-Epoxybutane cis-2,3-Epoxybutane Isobutyraldéhyde 2-Butanone

irans-C,iH8-2 77 0.51 0.03 0.04 0.42
irans-C4ÎÎ8-2 90 0.50 0.06 0.07 0.37
¿rans-C4Hg-2 113 0.50 0.09 0.07 0.34
trans-CJis-2 300“ 0.33 0.15 0.21 0.31

Cî's-CiHs-2 77 0.29 0.26 0.20 0.25
CIS-C4H8-2 90 0.30 0.24 0.21 0.25
m-C4Hs-2 113 0.35 0.23 0.15 0.27
cis-CtEs-2

OOCO 0.26 0.25 0.23 0.26

“ Gas phase. These results are from R. J. Cvetanovic, A d v a n . P h o to c h e m ., 1, 115 (1963).

butene this would be

H Ò CH3

I

The 0  atom, it is assumed, has added to one of the two 
carbons of the double bond. It was postulated that in 
unsymmetrical double bonds, the addition is favored on 
the least-substituted carbon. This is, of course, not 
relevant to the 2-butenes. The triplet intermediate 
then transforms to ground state compounds by ring 
closure to form the epoxide, or by migration of one of 
the groups on the 0  bearing carbon to the carbon with 
the free electron. On the basis of the data previously 
at hand, the precursor state (I) provided an adequate 
rationale for the products observed in the 0  atom- 
olefin reaction. At 300°K, the differences between the 
cis- and trans-2-butene with 0  atom reactions were not 
striking. It did not appear to require any significant 
modifications of the intermediate state from I in the 
m-2-butene reaction. There was only weak mainten
ance of configuration as deduced from product analysis. 
The intermediate formed might also be shown in the 
cis form

/  \
c h 3 c h 3

II

as opposed to I with the trans representation. Ring 
closure and migration must be postulated as competitive 
with the transformation I II involving rotation about 
the 2,3 C-C bond since there is a difference in the 
cis-2,3-epoxybutane/i!rans-2,3-epoxybutane ratios for 
the two 2-butene isomers.

The low-temperature results, indicating emphatically 
that trans-2,3-epoxybutane and 2-butanone have one 
precursor and cis-2,3-epoxybutane and isobutyraldé
hyde another, require a reformulation of the precursor 
states. The 2-butene molecule has a planar skeletal

structure with orbitals perpendicular to the plane. It 
has been suggested that in the initial act, the approach 
of the O atom is in a direction perpendicular to the 
plane. The olefinic bond is transformed to a single 
bond type. A triplet radical with a completed C -0  
bond and unpaired electrons localized as shown in I or 
II results. This model presents several difficulties. 
Transformation to final products requires a spin-for
bidden transition. Compared to rotation about the 
central C-C pair, changes such as the processes of ring 
closure or H or CH3 migration, with their change of 
multiplicity, would be expected to be considerably 
slower. On this basis identical products would be 
obtained regardless of whether the 2-butene reactant 
was cis or trans. That this is not the case for the 0  
atom addition to the condensed olefins in the cryogenic 
temperature region is readily seen from Table I. The 
gas-phase results at 300°K do not show the striking 
difference in the products of the cis compared with 
trans; nevertheless, there is still a distinction. In all 
cases it is found that rotation about the C-C axis to 
give a configurational change does occur. The process 
of ring closure and group migration particularly in the 
low-temperature ranges are at least as efficient as the 
rotation.

Assuming I to be the precursor to the trans-2,3- 
epoxybutane and II to cis-2,3-epoxybutane, it could 
not be inferred from the appropriate three-dimensional 
models why I should be the precursor for 2-butanone 
and II should be the precursor for isobutyraldéhyde, as 
the experimental evidence demands. It would appear 
that the transition state (or precursor) in the 0  atom

(a) (b)
Figure 1. Transition states in the reaction of 0 (8P) with: 
(a) cis-2-butene ; (b) £ra?is-2-butene.
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addition to an olefin as represented by I or II need be 
abandoned. The formulation of a structure which 
satisfactorily accounts for the low as well as the higher 
temperature observations follows.

(1) The initial approach of the 0  atom to the olefinic 
bond is considered to be in the plane of the molecule 
rather than perpendicular to it. A reorganization of 
the electronic structure commences, but there appears 
to be no a 'priori reason why the uncoupled electrons 
need be localized.

(2) An interaction between the 0  atom and any 
neighboring H atoms bonded to an olefinic carbon 
occurs. This is to be interpreted as net hydrogen 
bonding in the usual sense, but a loosely bound structure 
involving 0  and H. A pictorial representation em
bodying these criteria is shown in Figure la and b for 
cis- and ¿rans-2-butene reactants. Two additional 
“ rules” have to be postulated. (I) Interconversion 
between (a) and (b) must occur to a limited extent; 
that is rotation in the complex about O -^ C  is allowed. 
(II) in the case of a migrating group, if there is a choice 
between H and CH3, the H rather than CH3 migrates. 
This requirement arises from the fact that in the low- 
temperature reaction with ¿rems-2-butene, the principal 
products are trans-2,3-epoxy butane and 2-butanone. 
It is tempting to generalize with the specification that 
the ease of migration is inversely related to the mass of 
the migrating group, but this awaits the development 
of observations on other molecules.

The passage from the precursor state to final products, 
apart from interconversion between precursor states, 
requires electronic and spatial rearrangements. The 
four carbons and the two secondary C-H  group hydro
gens are coplanar in 2-butene. This is not the case 
for either 2-butanone or isobutyraldehyde. In 2,3- 
epoxybutane, the COC ring is in a plane perpendicular 
to the original 2-butene skeletal moiety. The concept 
of two precursor states, one for the epoxide and the 
other for the aldehyde or ketone, is interesting since

correlation could be made with the geometry of the 
approach of the 0  atom. That perpendicular to the 
2-butene plane could be associated with epoxide forma
tion, and parallel with aldehyde or ketone formation. 
Because the cis-2-butene results show that trans-2,3- 
epoxybutane is formed, together with its associated 
2-butanone in a constant ratio for the temperature 
employed, regardless of starting isomer, the concept of 
one precursor for the epoxide and another for the 
carbonyl is not tenable.

Consideration of the rotation about the central C-C 
bond in the precursor state whereby (a) and (b) are 
interconverted (Figure 1) is of considerable interest 
insofar as reaction enthalpy release rate is concerned. 
Clearly equilibrium among the isomeric forms is not 
established, for the cis and trans epoxide are formed in 
comparable quantities from the m-2-butene whereas 
the trans oxide is formed preponderantly from trans-2- 
butene. Increase of initial temperature from 77 to 
300°K changes the ratio of the cis to the trans isomers, 
as derived from either of the 2-butenes. The enthalpy 
release in the process 0  +  C4H8 —> C4H80  is about 
4 X 105 J. Any effects of ambient temperature should 
be quite negligible if the isomer ratio were dictated by 
this heat. The conclusion is that the rotation about 
the C-C bond leading to isomerization occurs either 
before any appreciable enthalpy is released, or the heat 
transfer from the molecule to its matrix is rapid com
pared to the rotational process. The latter is considered 
unlikely. On the other hand, formation of the aldehyde 
or ketone requires breaking of a C-C or a C-H  bond, an 
energetically costly process. The inference is strong 
that these processes occur during the period of the 
change from precursor to final products, while rotation 
is associated solely with the precursor state.

The reaction between an oxygen atom and 2-butene 
is represented by eq 1 and 2. The mechanism below 
includes the provision of interconversion of inter
mediates. Starting with ira?is-2-butene and the as-

Hv  /CHs
y = \  + ° (3p)

ch3 h

CHŝ  / CH3

+ °(3p)
H H

C\ / > p H

/  C\
H CH3

llt‘l

ch3 ch

c = c

2a/

.2b

CH3CO&H5

CH\ A / H
/ — cx

w  nch3
CH(CH3)2CHO

3a .

.3b

CHs CH3
c — cV HH

(11

(2)
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sumption of a steady state for the intermediates, there 
is obtained

(trans epoxideN fc2b A   ̂ fc-i +  h*\ ^
ds epoxide / irons.2.butene fcl \ fc3b /

The cfs-2-butene as reactant yields

/  cis epoxide \ hb A   ̂ fci +  fa a \  ^
Wans epoxide/ci,.2.butene fc_i \ fob /

The ratio of rates of isomerization of the precursor to 
ring closure, that is the formation of the epoxide, is 
readily calculated from (3) and (4). If the left side of
(3) is designated as A and of (4) as B, then fo/fob, the 
ratio of the rate of isomerization of the trans intermediate 
to the rate of formation of the trans-2 ,3-epoxybutane, is

B ( l + D )  + C  +  1 
AB -  1

where C and D are foa/fob and foa/fob, respectively. 
A, B, C, and D are experimentally determined quan
tities. The corresponding expression for fc_i/fob is

A(1 +  (?) +  D +  1 
AB -  1

T

Figure 3. Arrhenius plot for relative rates of rotation 
to epoxide formation from the cis complex.

Figures 2 and 3 give the Arrhenius plots for these rate

T

Figure 2. Arrhenius plot for relative rates of rotation 
to epoxide formation from the trans complex.

constant ratios. The results are represented by

k- 1

fo
t-2b

=  (10 ±  1) exp

=  (10 ±  1) exp

(5)

(6)

Uncertainties are standard errors of the reported values 
based on a least-squares treatment of the data. Both 
ratios approach 10 at high temperatures. An estimate 
can be made of the equilibrium trans-2 ,3-epoxybutane ̂  
cis-2,3-epoxybutane. This is fcifcjb/fc2bfc-i if it is 
assumed that fc2b and A'gb are approximately equal. 
Thus

fceq =  e x p
-3 7 0 1 

R T  I

with an indicated zero entropy change and an endo
thermic enthalpy of 1549 J/mol6 for the process trans- 
to m-epoxide. The trans-2,3-epoxybutane is slightly 
more stable than its cis analog.

The transition state model for the O atom reaction 
with olefins deduced here from a number of observations 
on the cis and trans-2-butcne systems can, at least in 
one instance, be tested. For the reaction between O 
and 2-methyl-2-butene, the new precursor state repre-

(6) Corresponds to 370 cal/mol.
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sentation would be

/  \
ch3 ch3

It would be predicted, therefore, that the principal 
carbonyl product would be dimethylpropionaldehyde. 
The localized triplet state model

c h 3 6
\ .  I

C—C—H
/  \

CH3 CH3
(II I )

would lead to the prediction that 3-methyl-2-butanone 
would be the major product. The reaction between 
0  (3P) and 2-methyl-2-butene was effected at 90°K with 
propane as a diluent in a ratio of 10 to 1. The products 
were 2,3-epoxy-2-methylbutane, dimethylpropionalde-

hyde, and 3-methyl-2-butanone. The ratio of dimeth
ylpropionaldehyde to 3-methyl-2-butanone was found to 
be approximately 4 to 1. The results decisively verify 
the prediction based on the transition-state model 
proposed here.

Summary

The reaction of ground-state oxygen atoms with cis- 
or ¿rans-2-butene at low temperatures yields cis- and 
trans-2,3-epoxybutane, 2-butanone, and isobutyraldé
hyde. These occur in different proportions depending 
on whether the cis- or the ¿rcms-2-butene is the reactant. 
The ratio of trans-2,3-epoxybutane to 2-butanone is 
constant as is that of cis-2 ,3-epoxybutane to isobutyr
aldéhyde. A new model of the precursor or transition 
state for the 0 ( 3P)-oleiin reaction is proposed. The 
model correctly predicted that dimethylpropionalde
hyde would be the main carbonyl product in the 0 
atom addition to 2-methyl-2-butene.

The Influence of Micelles on Titrations of Aqueous Sodium and Potassium Soap Solutions18

by Myron E. Feinsteinlb and Henri L. Rosano

Department of Chemistry, The City College of the City University of New York, New York, New York 10031 
(Received August 8, 1968)

Sodium and potassium caprate, laurate, and myristate solutions below and above the critical micelle con
centration were titrated with HC1. The cationic activity (H+, Na+, K+) was monitored during the titrations 
using a pH glass electrode and a cationic glass electrode. The curves of pH vs. HC1 added can be theoretically 
calculated for these systems from equilibrium considerations. The simultaneous monitoring of H+ and K+ 
activity during the course of a titration of a micellar laurate solution leads to the conclusion that H+ ions 
compete with K+ ions at the negatively charged micelle-solution interface. The effect of charged interfaces 
on the ionic distribution is discussed in terms of the apparent surface concentrations of counterions.

Introduction

In a previous publication,2 it has been shown that 
when a micellar potassium laurate solution is titrated 
with HC1 the titration curve looks like a titration curve 
of a diacid. The interpretation of this result was 
based on the marked influence of molecular aggregate 
surfaces (he., soap micelles) on the bulk pH. In 
another publication,3 using cationic glass electrodes, it 
was established that the potassium ion activity is 
lowered in micellar soap solutions. The interpretation 
advanced was that the charged micelle-solution inter
face depletes the bulk concentration of potassium ion.

In the present study, it was decided to expand the 
previously advanced interpretation by simultaneously 
monitoring the activity of the hydrogen and potassium 
ions while titrating potassium soap solutions.

Lucassen has investigated the hydrolysis and precipi

tates in potassium carboxylate solutions.4 We have 
used a similar theoretical approach to interpret our 
titration curves. Although this equilibrium treatment 
quantitatively describes the systems studied it does not 
provide an adequate qualitative physical description.

Experimental Section

The soap solutions were prepared by neutralizing a 
weighed amount of the melted fatty acid with a known

(1 )  (a )  S u b m i t t e d  i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  t h e s i s  r e q u i r e m e n t  
f o r  t h e  P h .D .  o f  M .  E .  F . ;  p r e s e n t e d  a t  t h e  S y m p o s i u m  o n  C o l l o id a l  
E l e c t r o l y t e s ,  1 5 4 t h  N a t i o n a l  M e e t i n g  o f  t h e  A m e r i c a n  C h e m i c a l  
S o c i e t y ,  C h i c a g o ,  111., S e p t  1 9 6 7 ;  ( b )  U n i l e v e r  R e s e a r c h  L a b o r a t o r y ,  
P o r t  S u n l ig h t ,  C h e s ir e ,  E n g la n d .

(2 )  (a )  H .  L .  R o s a n o ,  K .  B r e in d e l ,  J .  H .  S c h u lm a n ,  a n d  A .  J .  E y d t ,
J. Colloid Interface Set, 2 2 ,  5 8  ( 1 9 6 6 ) ;  ( b )  H .  L .  R o s a n o  a n d
M .  E .  F e i n s t e i n ,  Rev. Franc. Corps Gras, 1 3 , 6 6 1  (1 9 6 6 ) .

(3 )  M .  E .  F e in s t e in  a n d  H .  L .  R o s a n o ,  J. Colloid Interface Sci., 2 4 ,  
7 3  ( 1 9 6 7 ) .

( 4 )  J .  L u c a s s e n ,  J. Phys. Chem., 7 0 ,  1 8 2 4  (1 9 6 6 ) .
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excess of the appropriate standardized base and diluted 
with distilled water. The capric (Cio), lauric (Cm) , 
and myristic (Ci4) acids were all highest grade purity 
obtained from Eastman Organic Chemicals, Rochester,
N. Y. Fifty milliliters of a soap solution in a beaker 
(with a water jacket maintained at constant temper
ature, ±0.1°) placed on a magnetic stirrer were 
titrated with HCI. A Thomas Combination pH 
electrode (No. 4858 L-60, A. H. Thomas Co., Phila
delphia, Pa.) and a Cationic glass electrode (Beckman 
No. 39137, Beckman Instruments, Inc., Fullerton, 
Calif.) in conjunction with a Photovolt Model 110 
electronic pH meter (Photovolt Corp., New York, 
N. Y .; readability ±0.02 pH unit or ± 1  mV) was 
used to determine the pH (or —log or —log aK) 
after each addition of acid.

Results

The titration curves of nonmicellar solutions of K 
caprate, K laurate, and K myristate are shown in 
Figure 1. Those for Na caprate, Na laurate, and Na

602

Ml of 2.00 x 10'*M HCI.

Figure 1. Titrations of nonmicellar soap solutions 
(excess base present) at 29.4°; pH vs . ml of 2.00 X 10-2 M  

HCI added; potassium ion concentration = 1.74 X 10~3 M; 
long-chain anion concentration = 1.00 X 10-3 M :

A, K caprate; K laurate; 0> K myristate.

myristate were found to be identical, within the experi
mental error, with the potassium series and are, there
fore, not shown. In all cases the concentration of the 
cation is 1.74 X 10~3 M  and that of the long-chain 
anion is 1.00 X 10-3 M. Fifty milliliters of each soap 
solution was titrated at 29.4° with 2.00 X 10~2 M 
HCI.

In the titrations of the laurate and myristate soap 
solutions a precipitate was first noted at approximately
1.25 ml of HCI added. X-Ray analysis6 indicated 
that the precipitate was fatty acid. In the titrations 
of the caprates the solutions remained clear until 
approximately 3.20 ml of HCI was added, at which 
point capric acid commenced precipitation.

In Figure 2 two titrations of micellar soap solutions

M yron E. Feinstein and Henri L. R osano

Figure 2. Titrations of 50.00 ml of micellar soap solutions 
(excess base present) at 29.4°; pH vs. ml of 1.01 M  HCI added; 
potassium ion concentration = 6.97 X 1CF2 M ; long-chain anion 
concentration = 5.00 X 10~2 M \  O, K laurate; □ , K myristate.

are shown. One is the titration of a potassium laurate 
solution (open circles) with the potassium ion con
centration equal to 6.97 X 10-2 M  and the laurate ion 
concentration equal to 5.00 X 10“ 2 M; the other is a 
titration of a potassium myristate solution (open 
squares) with ionic concentrations identical with those 
of the potassium laurate solution. In both titrations 
the initial solutions were clear. Upon adding HCI the 
pH decreased until the appearance of a precipitate in 
the solutions. Along this plateau of pH vs. HCI added 
the precipitates were analyzed and found to be 1:1 
acid soap-potassium acid laurate

/C H 3(CH2) 10COO-K+\
V CH3(CH2) 10COOH / „

or potassium acid myristate

/C H 3(CH2) 12COO-K+\
V CH3(CH2) 12COOH ) „

Upon further addition of acid the pH again fell and a 
new plateau was reached. The precipitate was 
analyzed along this plateau and found to be a mixture 
of 1:1 acid soap and free fatty acid—with the per
centage of fatty acid increasing at the expense of the 
acid soap as more HCI was added. At the end of the 
titration the only precipitate present was the free acid.

Figure 3 shows a titration of a micellar K laurate 
solution in which the potassium ion concentration is

(5) F. Ryer, Oil Soap, 23, 310 (1946).
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Figure 3. Titration of 50.00 ml of a micellar K laurate solution
(excess base present) at 29.0°; potassium ion
concentration = 6.01 X 10~2 M ;  laurate ion
concentration = 5.00 X 10-2 M : O, pH vs. ml of 1.01 M  HC1
added; □ ,  —log Ok  vs. ml of 1.01 M  HC1 added.

equal to 6.01 X 10~2 M  and the laurate ion concentra
tion is equal to 5.00 X 10-2 M. The description of 
this titration is the same as that for the one in Figure 2 
(open circles) except that a cationic glass electrode was 
used to monitor the potassium ion activity (plotted as 
the negative logarithm) at the same time that a glass 
electrode was used to record the pH.

Theory

Recently, Lucassen4 has presented a quantitative 
equilibrium interpretation of hydrolysis in fatty acid 
soap solutions; theoretical pH was calculated as a 
function of the concentration of potassium carboxylate 
present. It was demonstrated that pH measurements 
give a simple method for evaluating the composition 
and solubility parameters of the precipitates formed in 
soap solutions—fatty acid, acid soap, or neutral soap. 
We have adapted this treatment, here, for our solutions 
of potassium and sodium soaps and have, instead, 
calculated the theoretical pH as a function of the 
degree of acidification of the soap solution.

I. Nonmicellar Soap Solutions. A. Precipitate of 
Fatty Acid. The titrations of nonmicellar soap solu
tions containing excess base are shown in Figure 1. It 
has been previously noted that a precipitate of fatty 
acid is formed in each case. It is the fatty acid solu
bility which determines the height of the pH plateaus 
in the figure.4 The less soluble the fatty acid, the 
lower is the hydrogen ion concentration tolerated in 
the solution (resulting in a higher pH plateau).

We represent the fatty acid dissociation equilibrium 
by

where Ch, C z , and Chz represent the concentration in 
solution of hydrogen ions, fatty acid anions, and fatty 
acid molecules, respectively, and K a  is the dissociation 
constant of the fatty acid.

The condition for electroneutrality of the solution 
is

Cm +  Ch =  Kw/Ch +  Cz +  XCt +  G (2)

where Cm is the concentration of alkali metal cations in 
solution; K w = ChCoh =  ionization constant of water; 
Ct is the total amount of soap present in moles per unit 
volume; X  is the molar ratio between added hydro
chloric acid and total amount of soap (therefore has 
values from 0 to 1); XCt, therefore, represents the 
concentration of chloride ions added to the solution 
as a consequence of acidification of the soap with HC1; 
and G is the concentration of chloride ions added to the 
solution in neutralizing the excess base present with 
HC1.

In all our soap solutions an excess of base was 
originally present. Since the fatty acid precipitate 
contains no metal ions, we may write

Ct =  KCu (3)

where If is a constant smaller than 1. The concentra
tion of fatty acid molecules in the solution equals the 
solubility of the fatty acid (SHz), and therefore

Chz =  S'hz (4)

When eq 1, 3, and 4 are substituted in the equation 
for the electroneutrality of the solution (2) the result is

,, _  K w +  K a S h z______  ,
“  C t(l /X  -  X)  +  C„ -  G

In Figure 1
Ct = 1.00 X 10~3 M 

l/K = 1.74 

G =  7.4 X 10~4 M

For the cases of the myristates and the laurates since 
Ct( l / i f  -  X ) >  7.4 X lO“ 4 and CH <  10“ 6 (pH is 
always greater than 6 for these cases—see Figure 1, 
and X  can never be greater than 1) we can write 
CH «  Ct(l /7 f  — X),  and taking negative logarithms 
in eq 5 we obtain

pH = - l o g (R w +  K aSiiz)

+  log[10~3(1.74 -  X ) -  7.4 X lO"4] (6)

When the values for K„. K a , and <Shz are sub
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stituted in eq 6

K w =  1.47 X 10~14 (given at 30°)6

K a =  1.25 X HE6

fSHz = 1.05 X 10"5 for C12 acid

= 5.25 X 10~7 for Cu acid

(where it is assumed that the values of the dissociation 
constant of the fatty acid, K a, and the solubility of the 
fatty acid, jShz, reported by Lucassen4 for 20° are valid 
in our systems containing excess base and maintained 
at 29.4°) K w (1.47 X 10-14) is seen to be «  K aShz 
(1.31 X HE10 for C12, 5.51 X 1(E12 for Cu) . Therefore, 
from eq 6 we obtain

pH = 8.18 +  log(l — X)  for myristate (7)

pH =  6.88 +  log (l — X)  for laurate (8)

Equations 7 and 8 provided theoretical values of pH 
as a function of the degree of acidification (X  from 
0 to 1) drawn in Figure 1 as a dashed line.

For the case of caprate4 SHz =  2.09 X ICE4 and 
again Kw «  K aShz (1.47 X ICE14 «  2.61 X ICE9) ; 
eq 5 becomes

= (1.25 X HE5) (2.09 X 10-4)
H ICE3 (1.00 -  X)  +  CH {

Equation 9 provided the theoretical values of pH as a 
function of acidification for the caprate case drawn in 
Figure 1 as a dashed line.

B. No Precipitate is Present. In the titrations of 
the caprates it was previously noted that a precipitate 
of capric acid did not form until approximately 3.20 
ml of HC1 was added. Consequently, to predict pH 
as a function of the degree of acidification up to the 
point where a precipitate starts to form, a different 
equation was used which is valid for the case when no 
precipitate is present.

In this case
Ct = Cz +  Chz (10)

and eq 1, 2, 3, and 10 combine to give

c  (gw -  Ch2 +  GCn) (K a +  Ch)
‘  Cui(l/K -  X)Cu +  K A(1/K -  X  -  1 )] ( }

but K w «  CH2 (e.g., at pH 6, CH2 = 10~12 and K w =
1.47 X 10-14« 1 0 - 12) and K w «  GCH (e.g., at pH 6, 
GCh =  (7.4 X HE4) (10"4) =  7.4 X 10~10 and K v =
1.47 X 10_14<SC7.4 X 10-10) and substituting the values 
given above for the caprate cases

10_3 =  (~ C h2 +  7.4 X 10~4 CH) (1.25 X IQ-5 +  CH) 
Ch[(1.74 -  X )C H +  1.25 X 10-5(0.74 -  X ) ]

(12)

Equation 12 provided values of pH as a function of the 
degree of acidification, X, when no precipitate was
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present (alternately dashed and dotted line in Figure 
!)•

In our treatment of nonmicellar soap solutions, 
activity coefficients have been omitted since the solu
tions were dilute (the order of magnitude of the 
concentrations was 10-3 M ). Moreover, discrepancies 
between the theory and experimental results may be 
due, in part, to using z and K a values which were 
given4 at 20°.

II. Micellar Soap Solutions. The titration curves 
of the micellar soap solutions in Figures 2 and 3 exhibit 
two plateaus when pH is plotted as a function of added 
aeid.2b The plateau at the higher pH is due to the 
coexistence of micelles and acid soap and the plateau 
at the lower pH results from the conversion of acid 
soap to free fatty acid. In the systems studied here, 
only 1:1 acid soap was formed, and it is therefore 
apparent that after half of the total number of long- 
chain anions in micellar form have been neutralized 
(along the plateau at higher pH), the conversion of 
micelles to acid soap is complete, and any further 
addition of acid results in converting the monomeric 
long-chain anions (the critical micelle concentration) 
to acid soap. At half neutralization of the soap all the 
carboxylate anions are in the form of acid soap and 
upon adding more HC1 a new equilibrium is established 
between acid soap and free fatty acid.

A. K Laurate—Coexistence of Micelles and Acid 
Soap. In laurate solutions for the case where soap 
micelles coexist with acid soap (plateau at higher p H ), 
the relevant equilibria are represented by

CmChCz2 = Kmiz2 (13)

where A'mhz2 is the solubility product of the 1:1 acid 
soap, and7

0.57 log Cm +  log Cz =  -2 .617 (14)

Equations 13 and 14 can be combined to give 

— log Ch =  pH = —log K mhzj +  log CmCz2

=  — lo g i fMHz2 -  5.234 -  0.14 log CM (15)

For potassium acid laurate4 K Uuz2 = K kul2 =
6.31 X 10~16 and eq 15, therefore, becomes

pH =  8.97 -  0.14 log Cm (16)

Since CM is of the order of 10~2 the pH is approximately
9.2, as observed (e.g., Figure 2, open circles). More
over, eq 16 shows that pH is not very sensitive to 
changes in CM, indicating a pH plateau. Cm, however, 
is the concentration of metal cations in solution 
( “ unbound” ) and is unknown. In order to calculate 
theoretical pH for the laurate case in Figure 2, eq 13

(6) “ Handbook o f Chemistry and Physics,”  44th ed, The Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1962, p 1752.
(7) M . L. Corrin and W . D. Harkins, J. Amer. Chem. Soc., 69, 
683 (1947).

Myron E. Feinstein and Henri L. R osano
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and 14 were combined with the equation of electro
neutrality (2) to give

IO“ 37 4 +  C H Äw
Ch

+  1018-7
( V- \ 4.075A m h z 8\

C h  /
+  XC t +  G (17)

Since CH ~  ICE9, the terms CH and K w/C h can be 
neglected. With the value of K Mh z 2 given above, and 
Ct =  5.00 X 10-2 and G =  1.97 X 10-2, eq 17 provided 
the pH values (by successive approximations) plotted 
in Figure 2 (heavy solid line) for values of the degree 
of acidification, X, from 0 to 0.5.

B. K Laurate—Coexistence of Acid Soap and Fatty 
Acid. Along the plateau where acid soap and fatty 
acid coexist (plateau at lower pH), eq 1 and 13 are 
substituted in the equation for the condition of elec
troneutrality (2) and the following equation is obtained

7£mhz2Ch2 =  (K A<SHz)2[K w +  K aShz +  XCnCt

+  CCh - C h2]  (18)

However, K w(1.47 X l(rt14), .KaShz[ ( 1.25 X 10 5) 
X (1.05 X 10-6) =  1.31 X 10~10], and CH2( ^  HD14) 
are all considerably smaller than XC hCt[X(10~7) 
X (5 X 10-2) ]  so that taking negative logarithms 
and rearranging yields

pH = log K m h z 2 -  2 log K a S h z  -  log (XCt +  G)

(19)

Equation 19 provided the values of pH as a function of 
X  (from 0.5 to 1) plotted, along the plateau at lower 
pH, in Figure 2 as a heavy solid line.

C. K Myristate. For the case of micellar solutions 
of K  myristate containing excess base, the pH along 
the plateau where micelles are converted to acid soap is 
calculated by combining eq 13 (with K Mhz2 =  K Khm2 =
1.58 X lO"17), (2), and4

log Cz +  0.57 log Cm =  -  3.22 (20)

The equation which results, after neglecting negligibly 
small terms, provides pH values as a function of X  
from 0 to 0.5 (dashed line in Figure 2)

1 oQ X  10 -44-3
7.6 X 1074,6(CH) 7'16 -  ' ^ -------- 0.394 =  X

W hJ

(21)

For the plateau corresponding to the conversion of 
potassium acid myristate to myristic acid, eq 19, with 
the appropriate values of K Mh z 2, K a, and Snz for the

myristate case, gives the same values of pH for values 
of X  from 0.5 to 1 as the laurate case (heavy solid line 
along lower pH plateau).

Figure 2 illustrates that the plateau at pH 7 is longer 
than the plateau at pH 9.2 or 10.5; this is because at 
the higher pH micelles are converted to acid soap and 
then, with the micellar phase gone and a degree of 
freedom thus gained, the pH decreases as the monomers 
are converted to acid soap. It is, therefore, not 
expected that micelles are converted to acid soap in 
the range X  (degree of acidification of the soap) from 
0 to 0.5, but rather in some smaller range (viz. all the 
micelles are converted to acid soap before the point 
X  =  0.5 is reached). The difference between the end 
of the plateau at higher pH and the beginning of the 
one at lower pH represents the critical micelle con
centration. This is much smaller in the case of K 
myristate than in the case of K laurate (which has a 
higher critical micelle concentration).

The drop in pH between the two plateaus can also be 
predicted from equilibrium considerations. After all 
the micelles have been converted to acid soap, the 
only other long-chain species present is ionized soap 
monomers. The amount of long-chain anion in the 
acid soap precipitate is, therefore, equal to Ct — Cz. 
The amount of alkali metal cation in the acid soap is 
equal to the total analytical concentration minus the 
amount still in solution or, Ct/K  — C M. In the acid 
soap there are two long-chain anions for every alkali 
metal cation and therefore

2 ( k  ~  Cm)  =  C‘ -  Cz (22)

Equations 2, 13, and 22 were solved by successive 
approximations to provide values of pH as a function 
of the degree of acidification, X , in the range where the 
pH rapidly falls (X  <  0.5). These theoretical values 
have been drawn in Figure 2 as alternately dashed and 
dotted lines for the cases of K laurate and myristate.

Activity coefficients for the hydrogen ion were not 
available for solutions of the compositions and con
centrations studied here, and therefore the negative 
logarithm of the hydrogen ion concentration was 
equated to pH. Despite this, and the fact that 
Lucassen’s values of K a, K mhz2, and <Shz (given at 
20°) were used for our systems (at 29.4°), the agree
ment of the theory with the experimental results is, 
nevertheless, good.

III. Titrations Using a Cationic Glass Electrode. 
A. Nonmicellar Soap Solutions. Glass electrodes 
have been used to determine the activity of potassium 
and sodium ions in micellar and nonmicellar surfactant 
solutions.8’8'9 Cationic glass electrodes have glass

(8) L. Shedlovsky, C. W . Jakob, and M . B. Epstein, J. Phys. Chem., 
6 7 ,  2075 (1963).
(9) J. S. Stanley and J. A. Radley, Proc. 3rd Int. Congr. Surface 
Activity, Cologne, I, 246 (1960).
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compositions which make them selective for a variety 
of cations other than the hydrogen ion. The theory 
describing the response of these specific ion glass 
electrodes is the same as that for the common pH 
responsive glass electrode.10

For the titrations of sodium laurate and myristate 
and potassium laurate and myristate (Figure 1) the 
use of a cationic glass electrode revealed no change in 
activity of the cation throughout the course of the 
titration (emf of the cationic electrode vs. an Ag-AgCl 
electrode did not change by more than ± 1  m V). This 
was not done for the caprate cases because low pH 
prohibited the use of the cationic glass electrode 
(interference from hydrogen ion). A cationic glass 
electrode was, however, used in the titration (excess 
base present) of a potassium caprate solution ( [K +] =
1.98 X 10-2 M, [caprate- ]  = 1.85 X 10-2 M) and a 
sodium caprate solution ([Na+] =  8.68 X 10-2 M, 
[caprate- ]  =  7.53 X 10-2 M) where X-ray analysis 
revealed capric acid as the only precipitate, and again 
the activity of the cation was found to remain constant 
throughout the titrations (the pH plateau of these 
titrations did not fall below 6).

In all the above mentioned titrations the use of a 
cationic glass electrode confirmed the fact that fatty 
acid was the only precipitate, for if acid soap or neutral 
soap precipitated one would have detected a decrease 
in the bulk catior. activity.

B. Micellar Laurate Solution. Figure 3 shows a 
titration of a micellar K laurate solution in which the 
potassium and hydrogen ion activities were monitored 
simultaneously. The dashed curve of pH as a function 
of HC1 added was derived from the same equations 
(mutatis mutandis) used for the titrations shown in 
Figure 2. It is noted that using either eq 16 (with 
our experimental aK values substituted for CM) or 
eq 17, the calculated value of pH at the first plateau 
is the same—9.16. For this titration the cationic 
electrode was calibrated with KC1 solutions at pFI 7 
and was used in the soap solution between pH 5 and 
pH 9 where it was assumed the KC1 calibration was 
valid.

We note that when all the long-chain anions have 
been converted to acid soap (A" =  0.5, ~  1.75 ml of 
HC1 added), it is expected that the maximum amount 
of potassium ions would have been removed from the 
solution and indeed the potassium ion activity is seen 
to be at a minimum here. As potassium acid laurate 
is converted to lauric acid (plateau at pH ~ 7 ) ,  the 
potassium ions are returned to the bulk solution and 
the activity increases until the maximum is reached 
when all the laurate is in the form of lauric acid.

The theory outlined in the foregoing text was used 
to predict the curve of cation activity ( —log aK) vs. 
added acid. Equations 1, 13, and 2 were combined 
to give values of CM (=  CK+) as a function of X  
(from 0.5 to 1) as acid soap is converted to lauric
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acid. With the negligibly small terms omitted this 
equation is (with Ct =  5.00 X 10-2 and G =  1.01 X 
10-2, Figure 3)

4 81 X 10-5
Cm -  — —  ------------1.01 X 10-2 =  (5 X 10-2)X

M yron E. Feinstein and Henki L. R osano

At the end of the titration in Figure 3, the concentra
tion of potassium ions is

^  (6.01 X 10-2 M) =  5.69 X 10-2 M52.9 m l/

7± for 5.69 X 10-2 M  KC1 is11 0.808, and this value was 
used to obtain values of —log aK ( =  —log CK*y±) 
from the values of CM calculated from eq 23 (X  from 
0.5 to 1, pH ~ 7 ) . This calculated variation of 
— log aK with A" is shown in Figure 3 as a dashed and 
dotted line.

Equations 2, 13, and 22 were solved by successive 
approximations to provide values of —log Cm as a 
function of Ar (dotted line) in the range where —log aK 
rapidly falls (X  <  0.5). The agreement between 
theory and experiment is poor here presumably because 
in the pH range 7-9 the approximation that —log 
CK*(theory) =  —log aK(experiment) is too gross 
(no y± values are available). In any event, the 
theoretical equations (dotted, and dotted and dashed 
lines) give the same type of curve as the experimental 
results shown in Figure 3.

The open hexagon in Figure 3 indicates the measured 
activity of potassium ions in the K laurate solution 
with no HC1 added (pH 11.70; the cationic electrode 
was calibrated with KOH for this measurement) and 
the dashed line ( — log aK vs. ml of HC1 added) indicates 
how the potassium ion activity must increase as HC1 
is added to the solution and the hydrogen ions displace 
the potassium ions from the micelle-solution interface.

No experimental points are given for —log aK vs. 
ml of HC1 added for pH’s between 11.7 and 9.1. In 
this region the cationic electrode cannot be calibrated 
with KOH (calibration is valid for potassium ion 
activity measurements made at high pH) or KC1 
(calibration is valid for potassium ion activity measure
ments made in the pH range near 7) alone. It should 
be mentioned that, in general, mean activity coef
ficients of potassium ion are larger for KOH solutions 
of a given concentration than for KC1 solutions of the 
same concentration.11 Therefore, in a solution of 
constant potassium ion concentration one would expect 
the potassium ion activity (a =  Cy±) to decrease 
slightly as the pH was changed from 11.7 to 9.1.

(10) G . E isenm an, “ A dva n ces in  A n a lytica l C hem istry  and In stru 
m en tation ,”  Y o l. 4, Interscience P ublishers, N ew  Y o rk , N . Y ., 
1965, p  213.
(11) H . S. H arned and B . B . O wen, “ T h e  P hysica l C hem istry  o f  
E lectro ly tic  S olutions,”  3rd ed. R einh old  P ublish ing  C orp ., N ew  
Y ork , N . Y ., 1958, p 594.
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During the course of the titration shown in Figure 3, 
the emf of the cationic electrode vs. the reference 
electrode (Ag/AgCl) increased slightly in this pH 
range. This indicates that the bulk activity of 
potassium ion is increasing in this region (because 
a = Cy± and y± is known to decrease in this region; 
since a increases, C (concentration of potassium ion) 
must be increasing.

This fact (slight increase in bulk potassium ion con
centration in the pH region 11.7 to 9.1) and the fact 
that the potassium ion activity does not decrease 
steadily as soon as acid soap precipitate begins to form 
(pH 9.1) indicates that a compensating effect is 
operating. Potassium ions are released into the bulk 
of the solution from the charged interfaces as the 
micelles are destroyed (converted to acid soap) and 
potassium ions are removed from the solution by the 
formation of the acid soap precipitate. Consequently, 
—log oK of the solution does not change drastically 
until most of the micelles are destroyed (see Figure 3).
Conclusions

Although a valid quantitative description of hy
drolysis in potassium soap solutions has been given by 
Lucassen4 (wherein the pH of a partially acidified 
potassium soap solution was determined from the soap 
concentration), little qualitative description was of
fered. Rosano, et al,,2 on the other hand, gave a 
qualitative description of titrations of soap solutions 
but did not attempt to give a theoretical quantitative 
description of their systems. It has been shown, 
in the present work, that Lucassen’s treatment (i.e., 
equilibrium considerations) can be adapted to predict 
pH as a function of acidification for micellar and 
nonmicellar solutions containing excess base (and 
that, in the case of nonmicellar soap solutions, ~his 
treatment is valid for both potassium and sodium 
soaps).

In our titrations of micellar solutions of potassium 
laurate and myristate, we have found both the quanti
tative treatment of Lucassen and the qualitative 
description of Rosano, et al., are valid (Figures 2 and 3). 
For example, as acid is added to a micellar potassium 
laurate solution (Figure 3), hydrogen ions displace 
potassium ions from around the negatively charged 
micelles and the bulk potassium ion activity increases. 
When potassium acid laurate begins to precipitate 
(bulk pH ~ 1 0 .3 ), it indicates that the surface hydrogen 
ion concentration around the micelles has reached a 
certain critical value at which lauric acid can form.

This lauric acid formed at the micelle surface precipi
tates as a 1:1 acid soap. Since the micelles are con
verted stoichiometrically to acid soap, this is, in fact, a 
surface titration. As previously noted, the fact that 
the plateau at this pH is shorter than the one at lower 
pH indicates that the concentration of hydrogen ions 
near the micelle surface must be greater than that in 
the bulk solution—the monomers in the solution are 
precipitated as acid soap only after all the micelles 
have been neutralized. It is therefore just as natural 
to attribute the buffering action of a micellar soap 
solution to a surface effect2 as it is to interpret it on the 
basis of solubilities of the precipitates present.4

The pH at the lower plateau in Figure 2 is determined 
by the solubilities of the coexisting precipitates (fatty 
acid and acid soap). Equation 19 predicts the same 
pH for a micellar potassium laurate or myristate 
solution of the same concentration. This is because 
the longer the chain length of the anion the less soluble 
is the acid and the corresponding acid soap. The 
first two logarithmic terms on the right in eq 19 change 
with the chain length of the anion in such a way as to 
just compensate each other and the resulting pH is the 
same whether the system is laurate or myristate.

The validity of pH measurements in colloidal 
solutions has been questioned12 and the data in the 
present work are open to similar criticism. The 
presence of ionized soap micelles in solution may be 
expected to affect both the liquid junction potential 
(between solution and reference)12 and the ionic 
activity coefficients. The fundamental questions raised 
concerning these effects are not discussed here. The 
authors feel, however, that the lack of quantitative 
information for evaulating the effects should not 
preclude the experimental testing of existing theory.

The technique of simultaneous monitoring of cation 
activities during a titration of a micellar solution 
affords a method of obtaining a qualitative (as well 
as quantitative) physical picture of what occurs at the 
interfaces in solution and provides an illustration of the 
competition of counterions at a charged interface.
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The second virial coefficients of gases were evaluated by using the formerly developed principle of corresponding 
states.1 The intermolecular potential energy curve was expressed by means of a two-step square-well potential 
with one empirical parameter. The remaining constants of the potential, assumed to be universal constants, 
were derived from the properties of liquid and gaseous argon or methane. Satisfactory agreement with experi
mental data for all elements and compounds, also in presence of weak donor-acceptor interactions, proves 
the usefulness of the new principle. A table of values of the energy of vaporization (E*) and liquid molar 
volume (F*) at the reduced temperature T/T° =  0.6 is given for 127 elements and compounds.

Introduction

In a recent paper,1 evidence was presented that for 
molecules larger than methane the configurational 
energy in the liquid, as well as the pair potential in the 
gas, is proportional to the force constant e/k and to the 
surface of the molecules. Accordingly, for a gas com
posed of large molecules, the Boltzmann factor can be 
expressed as a function of E*/RT or Tc(V*)ll3/T, 
where E* and V* are the energy of vaporization and 
liquid molar volume, respectively, at the reduced 
temperature T/T° =  0.6.

According to the classical principle of corresponding 
states, valid for small molecules (i.e., smaller than the 
size of methane), this factor is a function of either 
E*/RT or Tc/T. Thus, the second virial coefficient 0 
of both small and large molecules can be expressed as 
a function of E*/RT.

The calculations based on the cell model2 imply that 
small molecules are much “ softer” than the large ones, 
that is, the intermolecular repulsion varies less rapidly 
with distance than for large molecules. However, the 
square-well potential fits the data on 0 for argon3 better 
than any other potential. Also, for a correct evaluation 
of the effects of size differences in mixtures it is neces
sary to assume that small molecules are rigid spheres4 
(van der Waals approximation). An attempt was 
therefore made to obtain a universal expression for 0 
based on the square-well potential. It was found 
earlier1 that the “ packing factor”  b in the relation 
§7rAo-3 = bV* is not constant but varies with tempera
ture if the remaining constants are evaluated from the 
properties of the liquid state (eq 5 and 6). The simplest 
way to eliminate the temperature dependence of b, 
while retaining the simplicity of the square-well poten
tial, is to divide the well into two steps as shown in 
Figure 1. The width of the first deep step is Socro and 
the depth of the second shallow step is sii/k. It was 
found empirically that the two constants s0 and s are 
interrelated (eq 3c) and one common constant suffices 
for practical purposes.

The second virial coefficient is given by

where u/k is the pair potential and r is the intermolec
ular distance. For the two-step potential it becomes

=  1 -  ((Ri -  1) (e-“'*r -  1) -  (<R* -  « 0  
bV*

x  (e-««/w _ i )  (2)
where

®‘ *  ( ' +  ? )  "  +  7V%Wg]  o » )

- w - n w i  <»>
S = s0 ( F0*)1/3 (3c)

Since the pair potential is constant in the respective 
ranges of distances, u/k in eq 2 is identical with u/k and 
can be expressed by the relations

where p and pc are constants and V* is divided by the 
universal constant V *  to operate with dimensionless 
parameters.

(1) A. Kreglewski, J. Phys. Chem., 72, 1897 (1968).
(2) T . M . Reed, III, and M . D. M cK inley, J. Chem. Eng. Data, 9, 
553 (1964).
(3) A. E. Sherwood and J. M . Prausnitz, J. Chem. Phys., 41, 429 
(1964).
(4) T . W . Leland, J. S. Rowlinson, and G. A. Sather, to be published.
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Figure 1. The two-step potential as function of normalized 
distance r / a o (for s = 0.21, So = 0.21/3.373 = 0.062, 
and a la n  = 1.5).

Determination of the Constants of Eq 2

The data on liquid state imply that the significant 
range of pair interaction does not exceed the diameter 
<7 of methane.1 Present calculations based on the data 
on /3 for methane, n-pentane, and benzene5 confirm that 
this is nearly the optimum value. Therefore we set

(F0*)1/3 =  3.373 cm /(m ol)1/3 (5)

The constant p was evaluated from the limiting slope 
of configurational energy U0 of liquid methane (or 
argon) when T —■>0°K. The data given by Rowlinson6 
imply a linear relation of Uq/RT against E*/RT with a 
slope1 equal to 1.426; however, they extend over a 
limited temperature range. A more realistic value may 
be obtained by using Theisen’s relation7 which yields 
a slope equal to 1.60 for both Ar and CH4. Guggen
heim and McGlashan8 evaluated U0 of liquid argon 
near the triple point by assuming additivity of pair 
potentials and found that the number of nearest neigh
bors is 2  =  10. Hildebrand and coworkers9 found from 
the radial distribution function of xenon near the normal 
boiling point that 2 =  8.5. This value should ap
proach 9.5 near the triple point and a rounded value 
of 2 =  10 was adopted. Since in a dilute gas a molecule 
may have at most one nearest neighbor (z0 =  1), we 
have Uo/(zR) =  \u/k, that is, the coefficient relating 
u/k to E*/R at low densities of the system is 1.60/5, or

P = 0.32 ( 6 )

Sinanoglu10 estimated recently that the deviations from 
the additivity of pair potential weaken the interaction 
energy in liquid, slightly in argon, but significantly in 
carbon tetrachloride. Linder11 stated that in general 
all types of London interactions are temperature depen

dent and accordingly a more proper relation would be 
— u/k = pE*/R +  7T. We retain, however, the crude 
approximation that 7 =  0, that the pair potential is 
additive, as well as the above value of p for all molecules.

The value of Pc =  (PE*/RT°) [ (IY V F * )1'3]  can be 
found from the properties of any liquid which follows 
the new principle of corresponding states. The data 
for methane, n-pentane, and benzene (Table I) yield 
1.438, 1.443, and 1.410, respectively, with a mean value 
of

P„ =  1.430 (7)

The values of b and s were initially adjusted on a 
computer to the data for methane, n-pentane, and
benzene and found to be variable. It is plausible
however, that the parameter s has a common value for 
all substances and one may set the rounded value 
(obtained for CH4)

s =  0.21 (8)
The parameter b was then related to T° on the assump

tion that the degree of packing of the molecules is 
proportional to the force of interaction. By using the 
data on ¡3 for methane, pentane, and benzene, the 
following approximate relations were obtained12'13

b =  0.77 +  0.0595
' E*
Tv*)

-11/3
1/3 (9)

b = 0.77 +  0.1325 (T0) 1/3 (10)

Equation 10, when applied to mixtures, yields correct 
values of pseudocritical volumes. The rigid-sphere 
model requires that or2 =  f  (cm +  0-22). For Tn* <  
( Tic +  TV) /2  (positive deviations from an ideal 
mixture), 1T2* increases above the arithmetic mean of 
the molar volumes of the components at the given 
reduced temperature.

Comparisons with Experimental Data

The constants E* and V* were evaluated by the 
methods described previously1 for the 127 elements and 
compounds listed in Table I. For any of them a value 
of liquid density and enthalpy of vaporization (Hv = 
Ev +  RT), measured at a temperature close to T/Ta =

(5) All the experimental data and the values, calculated from  PVT 
data, are given by Sherwood and Prausnitz.3
(6) J. S. Rowlinson, “ Liquids and Liquid M ixtures,”  Butterworth 
& Co., Ltd. London, 1959.
(7) For references and application o f Theisen's relation see ref 1.
(8) E. A. Guggenheim and M . L. McGlashan, Mol. Phys., 3, 571 
(1960).
(9) J. H. Hildebrand and R. L. Scott, “ Regular Solutions," Prentice- 
Hall, Inc., Englewood Cliffs, N. J „  1962.
(10) O. Sinanoglu, Advan. Chem. Phys., 12, 283 (1967).
(11) B. Linder, ibid., 12, 225 (1967).
(12) The value o f the “ packing factor”  m ay depend on the shape o f 
molecules. This effect is later discussed for neopentane as an example. 
For a detailed study o f this effect see J. W . Leach, P. S. Chappelear, 
and T . W . Leland, Proc. Amer. Petroleum Inst., 26, 223 (1966); 
A.I.Ch.E. J., 14, 568 (1968).
(13) Neon still follows the above relations, whereas the data for 
JHe and H 2 indicate that 6 -* 0 when Tc -> 0.
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Table I: Values cf Critical Temperature, Configurational Energy,

Tc, °K E *, J/mol V*, cc/mol (V*)U3

Hydrogen (normal) 33.25 750 28.3 3.046
Neon 44.45 1,510 16.61 2.551
Argon 150.72 5,640 29.14 3.077
Krypton 209.41 7,760 35.31 3.281
Xenon 289.75 10,850 43.0 3.505
Nitrogen 126.26 5,020 34.34 3.250
Oxygen 154.75 5,940 28.26 3.046
Fluorine 144.2 5,800 34.36 3.251
Chlorine 417.2 (17,810) 46.28 3.590
Carbon monoxide 132.92 5,460 35.06 3.273
Carbon dioxide 304.19 16,780 33.87 3.235
Sulfur dioxide 430.65 23,040 43.51 3.517
Nitric oxide (NO) 180.3 13,980 22.06 2.805
Nitrous oxide (N2O) 309.58 14,950 (36.6) 3.321
Water 647.3 36,560 19.02 2.670

Methane 190.55 7,120' 38.38' 3.373
Ethane 305.43 13,240 54.87 3.800
Propane 369.81 17,390 74.54 4.208
ra-Butane 425.16 21,250 93.77 4.543
«-Pentane 469.49 25,040 110.4 4.797
tt-Hexane 507.30 28,670 132.8 5.102
n-Heptane 540.14 32,270 152.4 5.341
n-Octane 568.75 35,610 172.3 5.564
n-Nonane 593.5 38,990 192.1 5.770
n-Decane 617.6 42,160 212.3 5.965
2-Methylpropane 408.13 20,140 94.95 4.562
2-Methylbutane 460.39 23,790 113.4 4.840
Neopentane 433.75 21,820 114.9 4.861
2-Methylpentane 497.45 27,430 133.0 5.104
3-M ethy lpentane 504.4 27,590 131.5 5.085
2 ,2-Dimethylbutane 488.73 25,570 132.75 5.101
2 ,3-Dimethylbutane 499.93 26,600 131.6 5.086
2,2,4-Trimethyl- 543.89 31,230 172.0 5.561

pentane

Cyclopentane 511.65 25,570 95.86 4.577
Methylcyclopentane 532.73 27,860 116.3 4.881
Ethylcyclopentane 569.5 31,550 135.5 5.137
Cyclohexane 553.45 28,540 113.5 4.841
Methylcyclohexane 572.12 (30,170) 135.3 5.134
Ethylcyclohexane 609. (33,860) 154 5.361
cis-Decalin 702.15 42,340 172.8*- 5.570
frons-Decalin 686.95 41,420 177. D 5.616

Acetylene 308.33 16,410 (40.2) 3.427
Ethylene 283.1 12,110 49.31 3.667
Propylene 365.1 16,910 68.21 4.086
1-Butene 419.6 20,630 87.11 4.433
Benzene 562.09 27,750 93.97 4.546
Toluene 591.72 31,910 113.9 4.847
Ethylbenzene 617.09 34,890 133.1 5.106
n-Propylbenzene 638.30 (38,270) 153.1 5.350
o-Xylene 630.25 35,970 131.5 5.085
m-Xylene 616.97 35,620 133.1 5.106
p-Xylene 616.15 35,390 133.8 5.114
1,3,5-Trimethyl- 637.28 (39,420) 152.3 5.340

benzene
Naphthalene 748.35 41,650 142.7 5.226
Phenol 694.25 44,890 (97.8) 4.607
o-Cresol 697.55 44,890 (115.8) 4.874
m-Cresol 705.75 47,690 (117.2) 4.894
p-Cresol 704.55 47,790 (117.1) 4.893
Dimethyl ether 400.1 19,950 62.23 3.963
Diethyl ether 466.70 25,990 101.7 4.668

and Liquid Molar Volume at Reduced Temperature T / T °  — 0.6“

Tc, °K E *, J/mol V*, cc/mol

Methyl ethyl ether 437.9 23,570 81.3 4.331
p-Dioxane 587.2 34,270 (91.2) 4.502
Methyl alcohol 512.58 34,240 41.2 3.455
Ethyl alcohol 516.25 38,870 59.36 3.901
n-Propyl alcohol 536.71 42,790 77.23 4.259
n-Butyl alcohol 562.93 (46,530) 96.36 4.584
n-Pentyl alcohol 586.2 (49,740) 114.6 4.857
2-Propanol 508.32 42,420 77.55 4.264
2-Butanol 547.73 45,970 95.75 4.575
sec-Butyl alcohol 535.95 45,070 95.09 4.564
i-Butyl alcohol 506.15 43,610 95.56 4.572

Methyl formate 487.2 26,350 61.50 3.947
Ethyl formate 508.5 29,150 81.57 4.337
n-Propyl formate 538.1 31,240 101.1 4.659
Methyl acetate 506.9 30,400 80.53 4.318
Ethyl acetate 523.3 32,230 100.7 4.652
n-Propyl acetate 549.4 35,190 120.5 4.939
n-Butyl acetate (579) (140.5) 5.198
Isobutyl acetate (565) (37,570) (140.4) 5.197
Methyl propionate 530.6 32,280 99.58 4.635
Acetone 508.10 28,030 74.71 4.212
Methyl ethyl ketone 535.65 30,690' 92.99 4.530
Diethyl ketone 560.95 111.4 4.812

Ammonia 405.6 21,130 25.16 2.930
Methylamine 430.2 24,180 44.09 3.533
Dimethylamine 437.8 25,380 65.21 4.025
Trimethylamine 433.3 21,700 94.95 4.562
Ethylamine 456.5 26,740 63.95 3.999
Diethylamine 496.65 28,630 104.6 4.712
Triethylamine 535.15 32,190 144.2 5.244
Aniline 698.8 42,340 102.3 4.677

N-Methylaniline 701.7 45,030 121.79 4.957
N,N-Dimethyl- 687.6 (44,710) 141.48 5.211

aniline
Pyridine 620.0 33,000 87.73 4.443
Acetonitrile 548 30,190 55.00 3.803
Nitromethane 588.2 32,31 O'1 (57.5) 3.860
Hydrogen sulfide 373.6 16,240 36.07 3.304
Methyl mercaptan 469.95 22,080 54.50 3.791
Ethyl mercaptan 499 24,750 74.73 4.212
Carbon disulfide 552 23,070 63.22 3.984
Thiophene 579.35 29,100 84.20 4.383

Perfluoromethane 227.55 11,090' 52.32 3.740
Perfluoroethane 293.2 15,800' (81.5)' 4.336
Perfluoropropane 345.05 19,130' 109.0' 4.781
Perfluoro-n-butane 386.35 23,700' 137.8' 5.165
Perfluoro-?i-pentane 420' (28,420)' 164.7' 5.482
Perfluoro-n-hexane 447.65 32,500' 194.0' 5.789
Perfluoro-n-heptane 474.75 (35,320) 221.1 6.047
Perfluoro-n-octane 500' 249.1 6.292
Perfluorocyclo- 388.37 (23,650) 115.2 4.865

butane
Perfluoromethyl- 486.75 32,840 194.03 5.789

cyclohexane
Trifluoroacetic acid 491.28 76.72 4.249
Sulfur hexafluoride 318.70 17,410 (68.3) 4.088

Hydrogen chloride 324.56 14,230 31.12 3.146
Hydrogen bromide 363.2 15,300 38.50 3.377
Hydrogen iodide 424.2 16,950 46.98 3.608
Methyl chloride 416.25 19,440 50.68 3.701
Methyl bromide 467.2 21,410 55.46 3.813
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Table I (Continued)

Tc, °K E *, J/mol V*, cc/mol (V*)1/J T c, °K E *. J/mol V*. cc/mol (y*)i/j

Methyl iodide 528 (25,340) 64.25 4.005 Ethyl chloride 460.4 22,880 70.18 4.125
Methylene di 510 25,820 65.22 4.025 Ethyl bromide 503.8 24,530 75.56 4.228

chloride Monofluorobenzene 560.09 30,010 98.83 4.623
Chloroform 536.3 26,640 83.23 4.366 Monochlorobenzene 632.4 33,540 111.2 4.808
Carbon tetra- 556.4 28,010 101.6 4.666 Monobromobenzene 670.2 35,720 116.70 4.887

chloride

° Unless otherwise indicated, the following sources of experimental or smoothed data for Tc, E*, and V* were used: “ Selected Values of Prop
erties of Hydrocarbons and Related Compounds,” American Petroleum Institute Research Project 44, Thermodynamics Research Center, 
Texas A & M University, College Station, Texas; ref 14; "Landolt-Bómstein Zahlenwerte und Funktionen,” Vol. II, Part 2, Springer-Verlag, 
Berlin, 1960; J. Timmermans, “Physico-chemical Constants of Pure Organic Compounds,” Vol. I (1950), Vol. II (1965), Elsevier Publishing Co., 
Amsterdam; R. C. Reid and T. K. Sherwood, "The Properties of Gases and Liquids,” McGraw-Hill Book Co., New York, N. Y., 1966. b W . F. 
Seyer and C. H. Davenport, J. Amer. Chem. Soc., 63, 2425 (1941). c J. K. Nickerson, K. A. Kobe, and J. J. McKetta, J. Phys. Chem., 65, 1037 
(1961). d J. P. McCullough, D. W. Scott, R. E. Pennington, and G. Waddington, J . Amer. Chem. Soc., 76, 4791 (1954). e Based on the sources 
given in ref 1 and calculated by using new values of T' from ref 14. f  Correlated value of Tc.

Figure 2. The second virial coefficients of 7!-alkanes. Sources of experimental data : CîHè: S. D. Hamann and W. J. McManamey, 
Trans. Faraday Soc., 49, 149 (1953) ; C3H8 through -i-CsHig: M. L. McGlashan and D. J. B. Potter, Proc. Roy. Soc.,
A267, 478 (1962) ; data for n-CiHu above 470°K: see ref 3.

0.6, was selected to diminish the errors of interpolation. 
Let us add here that Hw represents a value corrected for 
gas imperfections. When the experimental point was 
remote or uncertain, the respective constant is given in 
brackets (particularly for phenols, NO, SF6, and c- 
C4F8). Four digits are given for (F * )1/3 (computed 
from nonrounded values of F*) without regard to the 
true precision. The constants previously evaluated1

for perfluoroalkanes and several other compounds were 
revised by using the values of Tc, selected in a recent 
review of critical constants,14 and better values of 
density.

The calculated curves of /3 against temperature are 
compared with experimental points in Figures 2 to 7.

(14) A . P . K u dchadker, G . H . A lani, and  B . J. Zw olinski, Chem. 
Rev., 68, 659 (1968).
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Figure 3. The second virial coefficients of cyclic compounds. Sources of experimental data: c-CjFj: D. R. Douslin, R. T. Moore, 
and G. Waddington, J .  P h y s .  C h e m ., 63, 1959 (1959) ; c-CeHi2: F. G. Waelbroeck, J .  C h e m . P h y s . ,  23, 749 (1955)
(circles) ; G. A, Bottomley and J. H. Coops, N a t u r e , 193, 268 (1962) (double circles) ; toluene and o-xylene:
R. J. L. Andon, J. D. Cox, E. F. G. Herington, and J. F. Martin, T r a n s .  F a r a d a y  S o c . , 53, 1074 (1957).

The full lines were calculated from Tc and V* (eq 4b 
and 10), while the dashed lines were calculated from 
E*/R (eq 4a and 9). The differences between the two 
lines are negligible for hydrocarbons; the powers in V* 
may differ slightly from § or f , and there may be small 
errors in E* (improper correction for gas imperfections) 
so that a coincidence of the lines such as for n-CJHio 
is accidental. The largest difference is noticed for 
neopentane (Figure 4) and may perhaps be regarded as 
due to difference in shape compared to that of n- 
alkanes, further called the “ shape effect.” It is 
supposed on the basis of data for n-alkanes (Figure 2), 
cyclic compounds (Figure 3), and nearly spherical 
molecules (Figure 4) that shape differences affect T° 
and F* nearly to the same extent as they affect ¡3 and need 
not be considered in this system of variables.

The full lines generally agree much better with ex
perimental data (except for cyclohexane, for unclear 
reasons) than the dashed lines for two main reasons, 
(i) The shape effect is less significant at a high tempera
ture and low (critical) density, (ii) Weak or moderate 
donor-acceptor interactions, if they exist at T/T° =  0.6

and thus increase the value of E* (yielding more nega
tive values of 0 ), largely vanish at T° and low (critical) 
density.

Polarity itself does not lead to significant differences 
between the two curves as shown for toluene and 
chloroform.15 The full curve invariably lies above the 
dashed curve, contrary to the shift due to the shape 
effect; however, the values of f} along the two curves 
differ by not more than about 10%.

If there are donor-acceptor interactions (already 
known or possible in view of the charge distribution in 
the given molecule), the differences between the two 
curves exceed the limit of about 10% and the full curve 
lies above the dashed curve because the interactions 
are much stronger at T/Tc = 0.6 than at T/Te = 1. 
The example of aliphatic amines is most striking. The 
values of e/em, expressed in relation to E * ,  TV, and F0* 
of methane as the reference substance by the previously

(15) W e  d o  n o t  im p ly  th at d ip o le -d ip o le  in teraction s are negligible. 
T heir con tribution  is large in  C H C h  b u t is p a rtly  con cea led  w hen 
0 is expressed in term s o f  E */R  or  T ° (V * )lf*.
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T (°K )
300 350 400 450 500 600

Figure 4. The second virial coefficients of nearly spherical molecules. Sources of experimental data: SFc: S. D. Hamann, 
J. A. Lambert, and R. B. Thomas, A u s t .  J .  C h e m ., 8, 149 (1955) ; C(CH3) 4: S. D. Hamann and J. A. Lambert, 
ib id . , 7, 1 (1954) (below 380°K) ; J. A. Beattie, D. R. Douslin, and S. W . Levine, J .  C h e m . P h y s . ,  20,
1619 (1952) ; CC1„: P. G. Francis and M. L. McGlashan, T r a n s .  F a r a d a y  S o c . , 51, 593 (1955) ; CF„:
D. R. Douslin, R. H. Harrison, R. T. Moore, and J. P. McCullough, J .  C h e m . P h y s . ,  35, 1357 (1961).

given relations1 are
C H .N H , (C H ,)2N H  (C H ,),N

e/ioo = 0.0177 T ° / ( V * ) ' 13 2.16 1.93 1.68
e/eoo = 0.00160F7(F*)2/3 3.10 2.51 1.67

Specific NH • • • N interactions, moderate in CH3NH2 
and weak in (CH3) 2NH, vanish in (CH3) 3N; the dashed 
and the full curve of /3(T) will become nearly identical 
in the third case.

On this basis one may suppose that all fluorocarbons 
and SF6 exhibit weak specific interactions, relatively 
the strongest in CF4.

Figure 6 shows the effects of specific interactions, 
moderate in C 02 and strong ones in NO. The full 
curves cross the “ best”  experimental lines (not drawn) 
nearly exactly at T =  Te. Association in the gas phase 
persists in this case above the critical temperature.16'17

Figure 7 illustrates the results obtained for molecules 
smaller than CH4, i.e., for Ar, Kr, and N2. The relative 
errors are the same as for n-alkanes, which conform to

the new principle best of all compounds; however, the 
curvatures are slightly different from those of the 
experimental curves and point to small errors in the 
values of b and s.

Discussion
The above results demonstrate that the more general 

principle of corresponding states1 is useful for evaluation 
of the second virial coefficient, particularly by using 
Tc and (F * )1/3 as the variables. The assumption that 
for all substances the number of nearest neighbors of a 
molecule in the liquid at T/T* =  0.6 is z =  10 and the 
pair potential is additive, though crude, does not cause

(16) T he existence o f  specific in teractions in g aseo u s N O  w as p roved  
b y  G uggenheim .17 Sim ilar behavior is exh ibited  b y  C 2H 2, N 2O, and 
S O 2. T h e y  appear to  exist in all oxides and  m ay  corresp ond  to  the 
ob v io u s  schem es

O—X O—X—o
X — 6  , O — X — O , etc.

(17) E . A . G uggenheim , M ol. P hys., 10, 401 (1966).
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Figure 5. The second virial coefficients of polar compounds, exhibiting weak donor-acceptor interactions (except CHCI3 and C2H5CI). 
Sources of experimental data: (C2Ho)20: R. Stryjek and A. Kreglewski, Bull. Acad. Polon. Sci., Ser. Set. Chin., 13, 201
(1965) (circles); M. Ratzsch and H. J. Bittrich, Z. Physik. Chem., 228, 81 (1965) (double circle); CsERF:
D. R. Douslin, R. T. Moore, J. P. Dawson, and G. Waddington, J. Amer. Chem. Soc., 80, 2031 (1958);
C2H5CI: J. S. Rowlinson, Trans. Faraday Soc., 45, 974 (1949); CHCI3: P. G. Francis and M. L. McGlashan, 
ibid., 51, 593 (1955); C5H5N: J. D. Cox and R. J. L. Andon, ibid., 54, 1622 (1958).

T ( °K 1
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-1500
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Figure 6. The second virial coefficients of NO, C02, and perfluoro-n-alkanes. Sources of experimental data: NC: H. L. Johnston 
and H. R. Weimer, J .  A m e r .  C h e m . S o c . , 56, 625 (1934) ; C02: A. Michels and C. Michels, P r o c .  R o y .  S o c . , A153, 201 (1935) (circles) ; 
K. E. MacCormack and W. G. Schneider, J .  C h e m . P h y s . ,  18, 1269 (1950) (double circles); perfluoroalkanes:
M. D. G. Garner and J. C. McCoubrey, T r a n s .  F a r a d a y  S o c . , 55, 1524 (1959).
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T  ( ° K )

Figure 7. The second virial coefficients of Ar, Kr, N2(F* < Fo*), and Xe. Sources of experimental data: Ar:
A. Michels, J. M. Levelt, and W. DeGraaff, P h y s i c a ,  24, 659 (1958) ; Ar and Kr: R. D. Weir, I. Wynn-Jones,
J. S. Rowlinson, and G. Sa ville, T r a n s .  F a r a d a y  S o c . , 63, 1320 (1967) (filled circles) ; E. Whaley and W. G. Schneider, 
J .  C h e m . P h y s . ,  23, 1644 (1955) ; B. E. F. Fender and G. D. Halsey Jr., i b id . ,  36, 1881 (1962) ;
N2: D. White, J. H. Hu, and H. L. Johnston, i b id . , 21, 1149 (1953); Xe: J. A. Beattie, R. J. Barriault, 
and J. S. Brierley, i b id . ,  19, 1222 (1951) ; E. Whaley and W. G. Schneider, ib id . , 23, 1644 (1955).

any serious errors. Computer calculations showed 
that the results could be slightly improved by taking 
P  — 0.33 to 0.35 (z ~  9.5) for large molecules; how
ever most of the experimental data are not sufficiently 
precise to warrant any correction of p , obtained from 
the properties of liquid argon.

Analogous considerations apply to the value of V0*. 
A constant value of the significant distance of inter
action for all molecules may imply that we are in fact 
employing the cell model. However, the assumption 
that interactions beyond a certain distance are negligi
ble does not imply that there are cells in a liquid. Con
trary to the present results, the cell model yields values 
of (3 in poor agreement with experimental data2 even 
if the repulsion is assumed to vary with r~28, practically 
equivalent to the repulsion between rigid spheres. 
Satisfactory results obtained with the crude, two-step 
potential suggest that the function is o: secondary 
importance.

The average values of u/k in the very thin layer s0 
around a molecule, obtained from eq 4b, are larger 
than for the Kihara potential.3 Let us notice that 
u/k of perfluoro-n-hexane is about the same as the

value for n-hexane; The ratio is equal to 1.001. How
ever, the value of e/k per segment1 (or rather per 
“ equivalent surface” ) obtained by dividing u/k by the 
“ number of segments” ('V*/V*)w, is smaller for the 
fluorocarbon and the ratio for ii-CjFu/n-CeHu amounts 
to 0.778.

The above treatment of deviations from the classical 
principle of corresponding states offers some practical 
advantages in comparison with the acentric factor 
method18 as it does not require the knowledge of critical 
pressure and critical volume which are often not known 
with sufficient precision.
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The Measurement of Dielectrics in the Time Domain

by H u g o  Fellner-Feldegg

H ew lett-Packard Laboratories, P alo  A lto, C alifornia  (Received A ugust 15, 1968)

The time dependence of the reflection of a step pulse from the interface between air and a dielectric medium 
in a coaxial line has been measured from 30 psec to 200 nsec, corresponding to a frequency range of 1 MHz 
to 5 GHz. The high-frequency and low-frequency dielectric constant, the relaxation time, and the dielectric 
loss can be obtained in a fraction of a second. Different alkyl alcohols have been measured over a wide 
temperature range. The results are essentially the same as obtained in the frequency domain.

Introduction

Generally, permittivity is measured by placing the 
substance between two plates of a capacitor (at low 
frequencies) or into a coaxial line and measuring the 
complex impedance. A number of measurements over 
a wide frequency range is required for complete charac
terization, which is time consuming and demands a 
considerable investment in instrumentation, particularly 
in the microwave region. Therefore, and in spite of 
its usefulness, this method found only rather limited 
applications in the past. However, one can obtain the 
same information over a wide frequency range in only 
a fraction of a second by making the measurement not 
in the frequency domain but in the time domain, using 
a pulse which, simultaneously, contains all the fre
quencies of interest. This pulse method has been 
applied sometimes in the past for low-frequency in
vestigations on dielectrics. Modem tunnel diode 
pulse generators and wide band sampling oscilloscopes 
allow the extension of this method into the microwave 
region where savings in time and equipment are most 
pronounced. Such instruments have been used for 
years for cable testing and are known as time domain 
reflectometers (tdr).

B asic Relations for the M easu rem en t o f  
D ielectric Properties with Tdr

The time domain reflectometer consists of a pulse 
generator which produces a fast rise time step, a 
sampler which transforms a high-frequency signal into 
a lower frequency output, and an oscilloscope or any 
other display or recording device (Figure 1).

The pulse from the step generator travels along the 
coaxial line until it reaches point A. The sampler 
detects and the oscilloscope displays the voltage step 
(1) as it travels past point A (Figure 2). The coaxial 
line which transmits the pulse has a characteristic 
impedance Z0 =  50 ohms. Whenever there is a dis
continuity in this line, a fraction of the traveling wave 
will be reflected back into the generator. Therefore, 
at the interface of the 50-ohm line with any other 
impedance Z (point B) part of the step pulse will be 
reflected and will pass point A again, producing an

additional signal (2) which is displayed on the oscillo
scope. The time elapsed between the first and second 
steps is equal to the transit time of the traveling wave 
from A to B and back to A again.

The remainder of the wave, not reflected at B, travels 
to C. If we terminate the line at C with an open end 
then all of the wave is reflected back in phase (assuming 
no losses due to radiation). Part of this pulse is 
reflected again at B and part of it goes through past A, 
giving rise to another step (3). The time between 
steps 2 and 3 is the transit time from B to C and back 
to B again.

The magnitude of the first step, F0p, is

Top =
Z +  Zo (1)

where p is the reflection coefficient and F0 is the pulse 
height. A  coaxial line with the impedance Za when 
empty, will have a smaller impedance Z, when filled 
with a nonconductive dielectric of the permittivity k*

Z  = (** =  «' -  jK") (2)

Thus, the reflection coefficient p is a function of k

1 — y/ K
P 1 +  V k

and

- G i 3 ‘
For conductive dielectrics

Z  =  +  R
v/cokC -(- G

(3)

(4)

(5)

where R is the series resistance, G is the parallel con
ductance, cr is the low-frequency conductivity in 
siemens/cm, and G/C = 4tt<t. In most applications, 
with reasonable lengths of transmission lines, R 0. 
Therefore Z becomes

Z =  Zo/(k* — j4w<r/(ii)112 (6)
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O S C IL L O S C O P E

Figure 1. Time domain reflectometer system, 

and for

4ir<7------------------<3f K
1.1 X 10~12w

ZM- &  z ( ! )  -  v m  m

which was used already in eq 2.
We see now that the impedance Z, and therefore the 

reflection coefficient p, are simple functions of the 
permittivity k, both in the frequency and time domain, 
if one can neglect the low-frequency conductivity. A 
time dependence of the permittivity corresponds to a 
time dependence of the reflection coefficient. The step 
at (2) in Figure 2 is modified depending on the relaxa-

Figure 2. Typical reflection from a dielectric sample 
(water) in a coaxial line.

tion properties of the dielectric. The measurement is 
made only at the interface between air and dielectric 
and is undisturbed as long as there are no additional 
reflections present from any point beyond B in Figure 
1. Therefore, the time for the return trip of the wave 
in the line filled with the dielectric limits the maximum 
time available for the measurement. It is

<[nsec] =  x  Z[cm] (8)

Figure 3 shows the time dependence of the reflection

Figure 3. Reflection coefficient p vs . time from the 
interface air-amyl alcohol at 25°.

coefficient of amyl alcohol, recorded with an X -Y  
recorder from the output of the oscilloscope. After 
transformation of this plot, according to eq 4, we get 
the time dependence of the permittivity as shown in 
Figure 4. All the important properties of a dielectric

Figure 4. Permittivity k  v s . time for amyl alcohol at 25°.

are immediately apparent. The value the high- 
frequency permittivity, and k0, the static permittivity, 
can be read directly. The asymptotic rise of the 
permittivity is an indication of the orientation of di
poles in the medium with time. It is exponential for 
a dielectric with a single relaxation time and a plot of 
In (k0 — *(«)) vs- t gives a straight line (Figure 5).

If inter- and intramolecular interactions become 
important, then single relaxation times broaden into 
relaxation spectra. Fuoss and Kirkwood1 and Cole2'3 
assume a relaxation spectrum which is symmetrical on 
a logarithmic scale about a central relaxation time r0.

(1) R . M . Fuoss a nd  J .  G . K irk w o o d , J .  A m e r .  C h e m .  S o c . ,  6 3 ,  

385 (1941).
(2) R . H. C ole, J .  C h e m .  P h y s . ,  23, 493 (1955).
(3) K .  S. C o le  and  R . H . C ole , i b i d . ,  9, 341 (1941).
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Figure 7. Step response of the p e rm ittiv ity  for a dielectric 
w ith  conductivity.

The empirical equation of Cole fits the data to an arc 
of a circle in the Cole-Cole diagram and is of the form

k(co) = Kco +
Ko — Kg,

1 +  ( juro) 1-“ (9)

The Laplace transform of this equation can be solved 
only numerically.

Finally, glycerol and other substances show a highly 
asymmetric Cole-Cole diagram described by Davidson 
and Cole4 with

k(co) =  Ka + «0 — «o,
(1 +juT0)ß

The time response to a step pulse is

(10)

1
k ( 0  = Kco +  («0 — O  j  J

— +  i«0

rSr(ß) J o

( u )

7* is the incomplete gamma function which is tab-

Figure 6. Step response of the normalized pe rm ittiv ity  
for different 0  in  the Davidson-Cole equation (10).

ulated.6 In Figure 6 k U )  has been plotted for different 
values of /8. x(i) for ¡3 =  1 represents a single relaxa
tion time. Experimental values, normalized for k and 
t, can easily be compared with these curves to check for 
deviations from the ideal behavior.

If ionic conductivity is predominant, then the reflec
tion coefficient will not level out at a certain value, 
corresponding to k0, but will drop to zero, following the 
equation6

P(0 = (1 +  PJ do(xt) +  h(xt))e~xt (12)
with

G  2 iru

X = =  ~T

Figure 8. Absolute measurement error of the p e rm ittiv ity  Ak 
fo r different contributions: (a) coaxial line tolerance
(assumed to be ± 0 .2% ) ; (2) relative measurement 
error of the reflection coefficient (Ap / p  assumed to be ± 1 % )  ; 
(3) absolute measurement error of the reflection 
coefficient (Ap assumed to be ±0.002).

(4) D. W . Davidson and R. H. Cole, J .  C h em .  P h y s . ,  19, 1484 (1951).
(5) M . Abram owitz and J. A. Stegun, “ Handbook o f Mathematical 
Functions,”  D over Publications, Inc., New York, N. Y . 1965.
(6) B. M . Oliver, H e w l e t t - P a c k a r d  J . ,  15, No. 6 (1964).
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F igure 9. P recision  coaxia l line.

and

1 -  V  Kao

i +  V Z
p(t) is plotted in Figure 7. The first step gives the 
dielectric constant at high frequency. The slope at 
t =  0 is

_  _  jjQ  +  Pa,) _  7TQ- ( 1  +  PcJ
\ d i/(=0 ~ 4 kC ~  k  X 1.1 X 10~12

which yields a, under the assumption that k ( 1)  = 
constant in the vicinity of t =  0. Values of k /<t  >  100 
can be measured with tdr, corresponding to <r <  0.25 
siemens/cm for k = 40. Such a conductivity makes 
dielectric constant measurements with other methods 
at high frequencies quite difficult. With tdr, however, 
materials with ten times higher conductivities could be 
determined with ease.

A remark about the accuracy of the dielectric meas
urements with tdr. First, it is dependent on the 
mechanical accuracy of the coaxial line used. Standard
7-mm precision coaxial air lines have an impedance of 
50 ±  0.1 ohms or a maximum deviation of 0.2%. Since 
k =  (Zo/Z)2, the relative error in k can be ±0 .4% . 
This error can be reduced to an insignificant amount by 
measuring accurately the impedance or the physical 
dimensions of the coaxial line.

A second source of error is any inaccuracy of ‘ he 
measurement of the reflection coefficient p. It may be 
due to amplifier nonlinearities in the oscilloscope or the 
recorder, which normally is less than 1%, or due to 
unwanted reflections from poorly matched transmission 
lines, including the sampler. Arrangements shown in 
the next part can suppress the latter and allow, with 
commercial instruments, an overall measurement 
accuracy of the reflection coefficient Ap/p <  0.01 and 
Ap <  2 X 10% whichever is greater. The trans
formation of p into k , however, multiplies this error by 
a factor

Ak

Ap — V k( 1 +  V * ) 2;
A k

Ap/p
—  ( 1  —  k )  V  K

A« is shown in Figure 8 for the different sources of error 
mentioned. Obviously, relative measurements, using 
a reference sample, can be made with much higher 
accuracy.

A poorly defined interface between air and the 
dielectric, e.g., a liquid meniscus, produces another 
error. It reduces in effect the rise time— or high-

frequency cutoff— of the system. Imagine an ideal 
dielectric with no relaxation reflecting a 5-function 
impulse, which contains all frequencies of equal ampli
tude. The reflected pulse will be a S function again, if 
the interface air-dielectric is parallel to the electric 
field. If the interface extends over a certain distance 
in the direction of the traveling wave, however, then the 
reflected pulse will be spread out, corresponding to the 
return trip time of the wave through the interface. 
This reflected pulse has a limited high-frequency 
spectrum. The convolution in the time domain of this 
pulse with the reflection from any real dielectric (with 
relaxation) having a perfect interface gives the actual 
reflection obtained from the real dielectric with an 
extended interface. Errors thus introduced in the 
measurement of the high-frequency permittivity and 
relaxation time can be eliminated by terminating the 
sample cell with plastic or ceramic beads, similar to 
the ones shown in Figure 9. These beads have an 
inner and outer conductor of proper dimensions to 
produce a characteristic impedance of 50 ohms. They 
are, therefore, electrically in no way different from the 
remainder of the empty coaxial line but form a perfect 
physical interface with any liquid in contact with them.

Finally, we shall consider the influence of the finite 
rise time of the step pulse on the measurement of 
The pulse produced by the tunnel diode generator 
approximates quite well a linear voltage ramp which 
rises from zero to Vo within the time tn as shown in 
Figure 10. This ramp is the integral of a step pulse 
and the response of the dielectric becomes the integral 
of the step-pulse response divided by In

f ( < ) r a m p  =  7~  f  f ( f ) « t e p d t  
tn J

Thus, the derivative of the measured time response of 
the reflection coefficient during the rise time of the pulse 
times £r gives the response to a step pulse. The linear 
extrapolation of p to the time ¿r gives and, from eq 
4, kcQ.

Practical Aspects of Tdr Measurements
Sample Cells. A simple and versatile cell for 

measurements of liquids and granular solids is the 
standard 7-mm diameter precision coaxial line of 10 
and 20 cm length with Amphenol APC-7 connectors 
(see Figure 9). As mentioned already, the maximum 
deviation from the 50-ohm impedance is ±0 .2% . The 
plastic bead on each end is machined accurately enough
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F igure 10. R eflection  coefficient vs. tim e fo r  step 
pulse w ith  fin ite rise tim e.

to provide a liquid-tight seal for a few hours. The 
plastic may be replaced with any ceramic material, such 
as alumina, for operation at temperatures above 80° 
or to provide resistance against attack by organic 
solvents. The assembly on one side, including the 
center conductor, is held in place by the APC-7 con
nector, thus allowing one to fill the line from the other 
end. The hybrid connector itself is of high quality and 
does not introduce any significant reflections up to 
18 GHz.

Solids can be measured in the coaxial cell by filling 
the line with the molten material, if possible, or by 
machining the substance to the dimension of the line, 
or by wrapping it tightly around the center conductor 
when available as foil, or by shredding or granulating 
it. Tdr measures an average value of the permittivity 
if the line is not completely filled with the dielectric. 
Therefore, for absolute measurements the fill factor has 
to be known. Relative measurements of the dielectric 
constant and exact determinations of the relaxation 
time can be made, however, if the fill factor is unknown 
but constant. A change of the packing density of the 
material over the length of the line will cause unwanted 
reflections.

The dielectric properties of large batches of liquids 
may be measured with a vertical coaxial line immersed 
into the substance. Since the characteristic impedance, 
Z0, depends only on the ratio of the diameters of inner 
and outer conductor, the line can be made to any size 
for mechanical stability as long as no other modes than 
the TEM mode are excited. A continuous monitoring 
of chemical reactions by measuring the permittivity in 
a time interval where it is most sensitive to changes in 
the chemical composition is entirely feasible. In 
addition, the position of the surface of the liquid can be 
measured, thus providing a simple liquid level control. 
This application has been suggested long ago7 and has 
found some practical use already.

The only limitation of the straight coaxial line is its 
length. A standard 7-mm fine becomes quite unstable,

if more than 30 cm long, due to vibrations and sagging 
of the center conductor. On the other hand, one great 
advantage of dielectric measurements with tdr is the 
freedom from multiple reflections if one measures only 
within the time for the return trip of the wave in the 
sample cell. A 40 cm long line filled with a dielectric 
of k =  20 limits the range to <  12 nsec.

One way to make long, compact coaxial lines is shown 
in Figure 11. Spiral grooves have been cut into a 
copper tube of 8-cm diameter. An extruded poly
propylene spacer fits tightly into the grooves and 
supports a copper wire used as a center conductor. An 
outer tube fits closely over the inner one. Both tubes 
are sealed to a bottom plate, forming a rectangular 
coaxial line of 7-m length which can be filled from the 
top and immersed in a temperature bath. The empty 
line has 50-ohm impedance and a return trip time of 
about 50 nsec. Because of the polypropylene spacer, 
the line has to be calibrated with known dielectrics. 
Relaxation times up to 200 nsec have been measured. 
This corresponds to 1 MHz in the frequency domain.

F igure 11. H elical coaxial line fo r  the m easurem ent 
o f  long  relaxation  times.

Another kind of transmission line which is well 
suited for many applications is the strip line. One of 
many possible configurations of such a line is shown in 
Figure 12. Two parallel, conductive strips can be pre
pared by etching a printed circuit board. This line 
can be connected to a coaxial line with a balun trans
former. Placing a piece of dielectric material over the 
two strips reduces the characteristic impedance of the 
line and thus results in a dip of the oscilloscope trace. 
Since the test material fills only part of the field region,

(7) J. B rockm eier, H ew lett-P ackard  J ., 17, N o. 5 (1966).
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Table I: Low-Frequency Permittivity, k0, High-Permittivity, k^ ,  and Relaxation Time t , for Alkyl Alcohols at Different Temperatures

ooEs” K0 Kça T T ,  °C
-------- u2H6Ufi—

KO /Ceo T T, °C KO
C,H,OH—

Kqd T

50.2 29.0 12.5 65 psec 60.3 19 9.8 76 psec 60.3 16.2 8.5 100 psec
25 32.5 12.8 90 psec 40 21.7 9.0 110 psec 40 19.0 7.7 150 psec

-9 .9 40.0 11.8 135 psec 25 24.3 8.3 130 psec 25 20.5 7.2 220 psec
-39 47.0 12.0 330 psec 1 28.0 7.1 220 psec 17.8 21.6 7.0 290 psec
-4 7 49.0 12.2 400 psec -1 5 30.5 6.2 380 psec -12 .5 25.8 6.0 900 psec
-66 54.0 10.0 730 psec -41 .0 30.5 4.8 4.1 nsec
-7 5 57.0 9.5 1050 psec -61 .5 35.0 4.3 19.5 nsec

-81 .5 39.2 5.2 100 nsec

o a KO fico T H o O KO Kpo T T ,  °C KO Koo T
80 11.5 6.0 90 psec 69.8 10.2 5.5 130 psec 71.5 6.4 4.2 150 psec
60.3 13.3 5.5 120 psec 50.2 11.8 5.2 230 psec 54.8 7.7 4.2 290 psec
40 15.3 5.0 210 psec 30.4 13 8 4.8 500 psec 45 8.4 3.9 500 psec
25 16.8 4.2 330 psec 11.7 15 5 3.5 1.1 nsec 35 9.0 4.0 650 psec
15.5 17.8 3.8 510 psec -6 .5 17 7 2.8 4.0 nsec 25 9.5 3.8 1.3 nsec

-3 .4 20.5 2.9 1.1 nsec -29 .5 20 1 2.4 15 nsec 16.7 10.6 3.2 2.0 nsec
-17.3 22.3 2.8 2.3 nsec
-35 .5 25.0 2.9 8.2 nsec
-50 .2 27.0 3.0 25 nsec
-61 .4 28.3 3.4 61 nsec

a calibration curve with known dielectrics has to be 
made. This method may be used as a simple and 
expedient check of dielectrics for quality control and 
similar applications. Also, multilayers of plastic foil, 
pressed against the two conductors, give rather re
producible readings.

Measurement Techniques. Some precautions are 
necessary to use the high sensitivity of tdr to its fullest 
advantage. One is the suppression of unwanted 
reflections, the other the correction of slight deviations 
of the pulse shape from an ideal step pulse with linear 
rise time. Interfering reflections may appear super
imposed on the oscilloscope trace during the time 
interval in which the reflection coefficient p drops to its 
final value. They may be small bumps when originat
ing from local discontinuities or small steps when 
caused by extended impedance mismatches between 
pulse generator and sample. They are produced by 
the reflected pulse from the interface air-dielectric, 
traveling toward the generator. They can be spaced 
farther apart or even suppressed by inserting a length 
of a transmission line between sampler and measuring 
cell. Also a 10-db attenuator in place of the air line 
dampens reflections effectively, however at the price 
of reduced sensitivity. Placing a short in the place

DIELECTRIC 

HHi COPPER

EPOXY GLASS FIBER BOARD 
Figure 12. Material testing with a strip line.

of the air-dielectric interface allows one to examine 
these interferences most clearly. Figure 13 shows the 
trace of a short, 50-ohm line, and a dielectric with a 
deliberately produced poor connection at the sampler.

The same figure shows also the slight overshoot of 
the pulse at the bottom of the step due to the frequency 
response of the sampler and a certain slow droop to a 
final value. Both may cause measurement errors of 
the high-frequency permittivity and of the relaxation 
time r. This interference can be eliminated by measur
ing the ratio pm/a, which is the corrected reflection 
coefficient p, at any point in time.

Applications. The greatest assets of this method are 
its speed, simplicity, and ease of data evaluation. The 
display on the oscilloscope screen of the time domain 
reflectometer is easy to interpret, gives immediate 
information about the behavior of the material in
vestigated, and tells at the same time whether the 
instrument is operating properly and whether any

Figure 13. Correction of p for unwanted reflections.
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F igure 14. R e laxation  tim es t vs. tem perature ( ° C )  fo r  d ifferent a lk y l alcohols.

unwanted reflections are present. The information 
content is high since three parameters ( k 0 , kco, t or a) 
are obtainable from one measurement. In many 
materials the high-frequency permittivity is quite 
sensitive to impurities of small, free molecules, like 
water, monomers, etc. These impurities have very 
short relaxation times—sometimes below the time 
resolution of the time domain reflectometer— and 
relatively high specific permittivities. On the other 
hand, many host materials, like polymers, have high- 
frequency dielectric constants in the range of = 2 
to 8. The high sensitivity of tdr in this range allows 
determination of less than 100 ppm of water in certain 
polymers.

The range of relaxation times which can be measured 
is limited by the rise time of the tdr system, which is

about 30 psec today, and the practical limitations on 
the length of a test line, which allows return trip times 
of the wave of a few hundred nanoseconds. Within 
this range are the relaxation times of the orientation 
polarization of small molecules and molecular groups 
in liquids and the relaxation of some functional groups 
in liquids and solids. As an example, we have measured 
a number of alkyl alcohols over a wide range of tem
peratures. These alcohols have been investigated 
extensively in the past2'4'8'9 in the frequency domain, 
and important information has been obtained on the 
structure of the liquid state. Our results, without add
ing much new information, are in good agreement with

(8) D . J . D e n n e y  and  R . H . C ole, J .  C h e m .  P h y s . ,  2 3 ,  1767 (1955).
(9) S. K .  G a rg  and  C . P . S m y th , J .  P h y s .  C h e m . ,  6 9 ,  1294 (1965).
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literature values for the static permittivity. The 
high-frequency permittivity measured with our method 
agrees well with reported values at 3-5 GHz, which 
corresponds with the maximum response of the tdr 
system used. The relaxation time measurements 
show, in some cases, larger deviations from literature 
values. It may be noted, however, that reported 
values of relaxation times vary considerably among 
different authors.

Time domain reflectometry, therefore, gives essen
tially the same results as measurements in the fre
quency domain (see Figure 14 and Table I). The 
measurement speed was mainly determined by the time

required of the sample cell to attain thermal equilibrium. 
The data evaluation was done with an electronic desk 
top calculator in a few hours.

Since the measurement speed is essentially limited by 
the repetition rate of the pulse generator, which is 
roughly 100 kHz, very fast reactions can be monitored. 
Using a storage oscilloscope and adjusting the repetition 
rate of the pulse generator according to the reaction 
rate allows one to store a number of traces of the 
reflection coefficient vs. time on the oscilloscope screen 
and gives immediate information about the changes 
taking place during the reaction. The stored traces 
can then be photographed and evaluated in detail.

T h e  P a l la d iu m -B r o m in e  S y s te m . T h e  M o le c u la r  C o m p o s i t i o n  o f  

P a l la d iu m  B r o m id e  V a p o r

by R eed  C . W illiam s and N . W . G regory

Departm ent o f  Chem istry, University o f  W ashington, Seattle, W ashington 9810S  (Received A ugust 16, 1968)

The reactions (a) PdBr2(s) = Pd(s) +  Br2(g), for which, in the range 760-970°K, In K = — 1 — 3.02 In
T +  40.124; (b) Pd(s) +  Br2(g) = Pd3r2(g), for which, in the range 1090-1155°K, In K = -17,386T“ 1 -
1.006 In r +  13.278; (c) rrPdBr2(s) = (PdBr2)*(g); and (d) zPd(s) +  zBr2(g) = (PdBr2)*(g) have been studied 
by the transpiration method. A combination of monomer, tetramer, and hexamer appears to be the simplest 
molecular mixture consistent with all the observed equilibrium data for (d). The principal molecular forms in 
the saturated vapor phase above solid PdBr2, equilibrium c, appear to be the tetramer and the hexamer. Ther
modynamic properties of PdBr2(s) and PdBr2(g) have been evaluated.

Little information has been published about the vapor 
characteristics of the palladium halides. The recent 
work of Bell, Merten, and Tagami (BM T)1 indicates 
that in the presence of chlorine, at pressures between 
0.2 and 1 atm, PdsCho is the dominant palladium-con
taining molecule in vapor in equilibrium with a liquid 
solution of palladium and palladium dichloride around 
900°. At higher temperatures, in a direct equilibrium 
with metallic palladium and chlorine, monomeric PdCl2 
appears to be the principal molecular form. BAIT 
account for all their observations between 700 and 
1500° in terms of these two species. Although experi
mental difficulties caused large uncertainties in some of 
their data, the presence of polymeric molecules in the 
saturated vapor at lower temperatures is clearly indi
cated.

We now report a transpiration study of the palladium- 
bromine system ; evidence for polymerization of PdBr2-
(g) is also found. The equilibrium

æPd(s) +  zBr2(g) = (PdBr2)x(g) (1)

has been studied in a quartz system between 650 and

900° and over a range of bromine pressures. Bromine 
pressures, in equilibrium with Pd(s) and PdBr2(s) 
in the range 500-700°, and the total concentration of 
palladium in vapor molecules in equilibrium with solid 
palladium dibromide (550-700°) have also been deter
mined.

Experim ental Section

The transpiration apparatus used has been described 
previously.2,3 Argon, or argon +  bromine, or bromine 
alone served as carrier gases. The total pressures of 
gas mixtures containing significant amounts of bromine 
were measured with a glass diaphragm gauge; in the 
absence of significant amounts of bromine, argon pres
sures were measured manometrically. For the study 
of bromine equilibrium pressures above Pd(s) and 
PdBr2(s), flow rates of 5 to 45 cm3 min-1 were found to

(1) W . E . B ell, U . M erten , and M . T agam i, J. P h ys. Chem ., 65 , 510 
(1961).
(2) R . R . R ichard s and N . W . G regory , ibid., 68 , 3084 (1964).
(3) F o r  fu ll details, see the P h .D . T hesis o f  R . C . W illiam s, U niversity  
o f W ash in gton , 1968, Seattle, W ash . 98105.
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Table I : Bromine Pressures for the Equilibrium: PdBr2(s) = Pd(s) +  Br2(g)

Mol %PdBrj Mol %PdBr2
Flow rate, in Pd-PdBra lOOPßra, Flow rate, in Pd-PdBr2 IOOPb«,

T, °K cm* min-1 mixture atm T, °K cm* min-1 mixture atm

765 40 —40“ 0.282 845 40 —40 2.56
785 40 —40 0.512 943 10 —40 19.6

5 —>40 19.6
805 25 —40 0.860

40 —40 0.901 945 47(2) —40 20.7 (±0 .2)
15 —40 21.3

825 30 2 1.60'
20 ( 2 )b 20 1.52 (±0.08) 959 20 2 26.9'
26 23 1.51 20 20 27.0
26 31 1.51 20 96 28.9
20 (2) 35 1.52 (±0.01)
20 (2) 40 1.51 (±0.01) 967 20 —40 30.8
40 —40 1.52
25 (2) -4 0 1.46 (±0.05)
20 (2) 98 1.45 (±0.02)

“ —40 is an approximate composition; the PdBr2-coated Pd samples were used. Other compositions were based on actual analysis. 
Data for samples in the composition range 20-40 were averaged at each temperature and the averages plotted as the open circles in 
Figure 1. 6 (2) indicates two runs under these conditions; the deviation of the independent results from the reported average is indi
cated by (± ) .  'Equilibrium approached from high bromine pressure (in carrier gas) side; in others, the initial carrier gas was pure 
argon.

give results indistinguishable within experimental 
uncertainty ; pressures deduced from these experiments 
were taken as equilibrium values. In the study of the 
saturation vapor pressures (equilibrium with PdBr2(s)) 
and of the formation of palladium bromide vapor from 
Pd(s) and bromine, flow rates between 5 and 60 cm3 
min-1 gave similar results as long as vapor pressures 
were below 2 X 10"5 atm; at higher vapor pressures it 
was necessary to keep flow rates below 36 cm3 min“ 1.

Palladium (Engelhard Industries, 20 mesh, 99.95% 
pure), or Pd +  PdBr2, or pure PdBr2 was initially placed 
in the reactor. To obtain PbBr2, Pd was brominated 
in a preliminary experiment in the transpiration ap
paratus. Direct reaction of the metal with bromine 
around 600° without sublimination did not yield pure 
PdBr2; at best an overall composition of PdBr0,8 was 
obtained. However, this limiting composition seemed 
simply a kinetic effect, caused by coating of the palla
dium particles with the bromide which slowed further 
reaction. Pure PdBr2 was obtained by sublimation 
of the product away from excess metal in a stream 
of bromine. The inertness of the coated metal was 
also demonstrated in some of the transpiration experi
ments. Bromine, introduced into the carrier gas at 
partial pressures in excess of those permitted by equilib
rium between Pd(s), Br2(g), and PbBr2(s), Table I, did 
not react further when the PdBr2(g)-coated palladium 
samples were used. Normal palladium dibromide vapor 
pressures were obtained from these experiments but the 
bromine pressures remained at their high values (data 
in part A of Table II). On the other hand, if mixtures 
with a large excess of palladium metal were used, the 
bromine pressures in such transpiration experiments fell 
to the expected equilibrium values.

Material indistinguishable from that sublimed away 
from the partially brominated Pd-PdBr2 mixtures was 
prepared, alternatively, by dissolution of the metal in 
concentrated nitric acid, dilution of the solution with 
water, and addition of HBr to form a precipitate of 
PdBr2. PdBr2 is not hygroscopic and is not appreci
ably soluble in water; however, it does dissolve readily 
in concentrated HBr.

In the transpiration runs PdBr2 condensed from the 
gas mixture on the walls of the inner gas-exit tube, in 
the temperature gradient at the end of the reactor fur
nace. The small amounts, 10 ~4 to 10 ~6 mol, were de
termined by a microquantitative colorimetric technique, 
using N,N-dimethyl-p-nitrosoaniline.4 The absorbance 
of the red complex was measured and compared with 
standard solutions at 525 m/i with a Beckman DU 
spectrophotometer. The uncertainty estimated was 
±2% .

At the highest temperatures (above 800°) some crys
talline Pd metal was deposited as well as PdBr2. The 
circumstances leading to this will be explained in the 
discussion of results. The crystalline metal deposit 
would not dissolve readily in HBr or in concentrated 
H N 03; it was brominated by a subsequent treatment 
with bromine at ca. 600° to convert it to PdBr2, which 
was sublimed to the end of the furnace and later dis
solved in the usual fashion.

Bromine in the equilibrium gas mixture was con
densed in a liquid oxygen-cooled trap. The quantity 
was determined by dissolving the sample in KI solu
tion and titrating the resulting I3~ with sodium thiosul-

(4) F . D . Snell and C . T . Snell, “ C olorim etric  M eth od s  o f A n a lys is ,”  
V o l. I I ,  D . V an  N ostrand  C o ., In c ., P rin ceton , N . J., 1949, p  530.
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Table II: Experimental Data

Flow rate, lOP(Bra), 10«Pm(app), Flow rate, 10P(Bn), 105P m(app),
T, °K cm8 min“1 atm atm T, °K cm3 min-1 atm atm

(A) xPdBr2(s) = (PdBr2)„(g)
805 30 0.85 2.58 880 15 2.17 46.1

20 2.50 45.5
825 40 0.152' 0.654 10 2.59 48.5

40 0.592
25 0.692 895 26 (2) 0.85 80.5 (± 1 .8 )
10 2.53 0.618 15 0.86 76.0

5(2) 0.88 76.7 (± 3 )
845 15 0.87 13.5 10 0.89 75.0

15 2.37 13.4
20 13.6 943 5 1.96' 279

10 1.99' 262
865 10 0.87 27.9 15 2.98 292

15 0.87 27.9
26 0.87 27.8 945 47 (2) 2.07' 325 (±16)
15 (2)a 2.11 25.7 ( i l ) 6 15 2.13' 320
20 2.42 27.0 20 (2) 2.82 304 (± 0 )

20 3.00 364
880 26 0.79 48.5

10 0.88 47.9 967 15 3.34 599
15 0.88 47.7 15 3.58 570

(B) xPd(s) -  zBr2(g) = (PdBr2)z(g)

925 55 0.871 19.3 1073 42 0.839 0.421
45 1.60 1.08

945 30 (2) 0.864 55.8 (± 0 .8 ) 18 2.27 1.82
20 (4) 1.31 35.1 (± 2 )
21 (3) 1.73 114 (± 1 ) 1090 51 0.832 0.493

53 1.57 1.13
965 32 (2) 0.867 1.53 (±0 ) 25 2.08 1.72

20 (3) 1.31 9.57 (±0.12) 21 2.55 2.34
20 (2) 1.73 37.0 (± 0 .5 ) 35 2.55 2.34
22 (3) 2.17 99.1 (± 1 .5 )
3 2.98 549 1105 52 0.832 0.624

18(2) 2.98 522 (±20) 50 (2) 1.56 1.22 (±0 .05)
33 2.14 1.93

985 23 0.862 0.553 31(2) 2.54 2.58 (± 0 )
36 0.862 0.551
20 (2) 1.31 3.06 (±0.06) 1130 54 0.798 0.825
21 1.72 11.0 40 0.815 0.824
22 (2) 2.16 33.6 (± 0 .6 ) 66 1.57 1.62
6 2.97 151 33 1.57 1.60

16 (2) 2.97 136 (± 4 ) 15 2.17 2.32
26 (2) 2.97 130 (± 7 ) 33 2.20 2.30

23 (2) 2.68 3.05 (± 0 )
1005 50 (2) 0.858 0.354 (±0.005)

21 1.72 3.66 1155 51 0.800 0.920
22 2.16 10.1 53 1.55 2.15

1055 50 (2) 0.845 0.358 (±0.01)
61 1.37 0.743
64 1.89 1.30

° The number of runs ( )  made under these conditions; the result given is then the average, with the maximum deviation indicated by 
(± ) . b Run started with pure PdBr2(s); other reactor mixtures, part A, were PdBr2-coated Pd. 'Pg^formed in reactor by reaction 2; 
in other cases, for part A, P Br. in carrier gas exceeds that produced by (2); see Discussion, Experimental Section.

fate. The thermal dissociation of Br2 to bromine atoms 
need be considered only at the highest temperatues and 
lowest pressures of our study. Argon was collected by 
condensation in a liquid nitrogen-cooled trap; at the 
end of the experiment the argon sample was expanded

into a calibrated volume and the number of moles de
termined from its temperature and pressure.

Temperatures were measured with chromel-alumel or 
Pt-Pt (10% Rh) thermocouples which were standard
ized periodically against the melting points of NBS
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certified samples of aluminum and zinc. Tempera
tures were controlled within ±0.5° with Foxboro 
regulators.

Properties of Palladium Dibromide. Solid palladium 
bromide is reported to exist only in the form PdBr2, and 
our observations are consistent with this conclusion.6 
Analysis of material sublimed in excess bromine gave a 
P d : Br ratio of 1:2, within an estimated experimental 
uncertainty of ± 1 % . For analysis, a weighed sample 
was thermally decomposed under vacuum. The metal
lic residue, identified as Pd by chemical properties and 
X-ray powder pattern, was weighed; the bromine re
leased was trapped and the quantity was determined 
iodometrieally.

X-Ray powder patterns of samples of the sublimed 
bromide gave spacings expected for the structure report
ed by Broderson, Thiele and Gaedcke.6 X-Ray pow
der patterns of various palladium and palladium bro
mide mixtures used were found to be a combination of 
those of Pd metal and PdBr2(s); no shift in the spacings 
characteristic of the pure phases could be seen. Hence 
it appears, under the conditions of our experiments, that 
Pd and PdBr2 do not form solid solutions over a signifi
cant composition interval or a bromide phase with in
termediate stoichiometry; this conclusion is also con
sistent with the results of vaporization equilibrium 
studies of mixtures of the two substances.

The melting point of PdBr2, stabilized by the pres
ence of bromine, 717 ±  2°, and the apparent eutectic 
temperature of Pd-PdBr2 mixtures, 702 ±  2°, were 
detected by differential thermal analysis experiments. 
A thermal anomaly, suggestive of a phase transition, 
was also detected at 554 ±  2°, in both the pure PbBr2 
and in PdBr2-Pd mixtures. No further work has been 
done to verify the existence of a transition; the associ
ated enthalpy change appeared small relative to the 
heat of fusion.

R esults and D iscussion

Thermal Decomposition of PdBr^s). Bromine pres
sures calculated for the equilibrium

PdBr2(s) = Pd(s) +  Br2(g) (2)

are shown in Table I. At 825 and 959°K, mixtures of 
widely different compositions were used; within the 
experimental uncertainty (ca. 5%) these mixtures gave 
the same value (the 2% result at 825° appears slightly 
high; however, this is believed a result of a slow ap
proach to equilibrium from the high bromine pressure 
side; a solubility effect would be expected to result in a 
lower bromine pressure). The sample reactor mixtures 
(^40) were frequently used for a series of five or six 
experiments, with the order of selection of tempera
tures random. No systematic variation in results of the 
successive runs could be detected. Thus the activities 
of Pd(s) and of PbBr2(s) appear independent of the bulk

F ig u r e  1. B r o m in e  p ressu res  fo r  th e  e q u ilib r iu m  P d B r 2(s ) =  
P d ( s )  +  B r2(g ) .  S o m e  sy m b o ls  re p re se n t  th e  a v e ra g e  o f  
se v e ra l d e te rm in a t io n s  (see  T a b le  I ) ;  m o le  p e r  c e n t  P d B r 2 in  
so lid  m ix tu r e : X ,  9 6 -9 8 ;  0 , 2 0 - 4 0 ;  A ,  2 . T h e  lin e  
in d ica te s  p ressu res  g iv e n  b y  e q  3.

composition of the solid mixture; both have been 
assigned an activity of 1.

A ACf ° of — 6 eu (eu, entropy unit, used as an ab
breviation for cal deg-1 mol-1) was estimated for (2) 
by comparison with similar substances;7 a van’t Hoff 
treatment of the data gave the equation (PBr2 in atm)

In PBr2 =  -19,840T -1 -  3.02 In T +  40.124 (3)

for the interval 765-970°K. This equation gives the 
line shown in Figure 1 and values of AH° =  34.0 ±  1 
kcal and AS° =  32.8 =  1 eu (standard state of gases 
taken as 1 atm) at 900° K, taken as a median tempera
ture. Together with standard values for Br2(g)7 
and Pd(s),8 a standard entropy of 51.9 eu is derived for 
PdBr2(s) at 900° K.

Heat capacity data for PdBr2(s) have not been re
ported. With H °m — H °298 and S°m — (S°298 esti-

(5) F . A . C o tto n  and G . W ilk in son , “ A d va n ced  In organ ic  C hem 
istry ,”  Joh n  W ile y  and Sons, N ew  Y o rk , N . Y . ,  1967, p  849.
(6) K . B roderson , G . T hiele, and  H . G aedck e, Z . A norg. A llg . Chem ., 
348, 162 (1966).
(7) “ J A N A F  T herm och em ica l T a b le s ,”  T h e  D o w  C hem ica l C o., 
M id la n d , M ich .
(8) D . R . Stu ll and G . C . Sinke, A d va n ces in  C hem istry  Series, N o . 
18, A m erican  C hem ical S ociety , W ash in gton , D . C ., 1956, p  145.
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mated as 12.3 kcal mol-1 and 21.7 eu, respectively 
(these values are an average of those of comparable 
MBr2(s) compounds),7 values of A i/0298 for formation 
of PdBr2(s) from liquid bromine and Pd(s)) of —29.6 
kcal mol-1 and of »S'29s° of 30 eu are obtained. The 
former is 4.7 kcal more negative than the value based on 
the very early calorimetric data of Joannis,9 derived 
from a study of the reaction of Pd and liquid bromine 
in a KBr solution. The entropy derived is less than 
that listed by Brewer, et al. (35 ±  5), but appears 
within the uncertainty of the estimations.10

The Apparent Vapor Pressure of PdBr2(s). From the 
total number of moles of palladium in a given volume 
of vapor in equilibrium with PdBr2(s), we have cal
culated values of Pm(app), he., the apparent monomer 
pressure, the vapor pressure expected if all molecules 
were of the actual form PdBr2 and gave perfect gas be
havior. It can be seen, Table II and Figure 2, that

Figure 2. Pm(app) in equilibrium with PdBr2(s) at various 
bromine pressures. PBr2(atm): Q,0.3; A, 0.25; X , 0.2;
O, 0.09. The line------was derived from eq 3, 10, and 11. he.,
the monomer-tetramer-hexamer model.

the values of Pm(app) in the presence of PdBr2(s) are 
independent of the bromine pressure at given tempera
ture. Hence the vaporization reaction may be repre
sented in the general form

a;PdBr2(s) =  (PdBr2)*(g) (4)

The values of Pm(app), when plotted as in Figure 2, 
show an apparent curvature greater than expected for 
simple vaporization of monomer. While this alene is 
not conclusive, the experiments to be discussed in the 
following section demonstrate further that the molecu
lar composition of the vapor is not simple. Thus a

van’t Hoff treatment of the vapor pressure data ex
pressed as Pm(app) has no meaning relative to the 
thermodynamic properties of the monomer. The 
dashed line shown in Figure 2 has been derived from 
vaporization equilibrium constants deduced in the next 
section.

Equilibrium between Palladium Bromide Vapor, 
Palladium Metal, and Bromine. When Pd(s) was the 
only condensed phase present, values of Pm(app) were 
found to be markedly dependent on the bromine pres
sure, see Table IIB. If x in reaction 1 has a single 
integral value, a plot of log Pm(app) vs. log PIir, will be 
linear with slope x. The data are graphed in this form 
in Figure 3; in general, curvature is evident. At the 
highest temperatures, the slopes approach 1; at the 
higher bromine pressures and lower temperatures, the 
slopes approach 5. This suggests that the vapor may 
be a mixture of pentamer and monomer, as assumed by 
BM T in their study of the chloride system.1 How
ever, it was found that the curvature in the lines in 
Figure 3 could not be explained adequately by a mono- 
mer-pentamer model, or, when the data at all temper
atures were considered together, by any other choice of 
only two molecular species. On the other hand, a 
model consisting of a series of polymers, i.e., x = 1, 2, 3, 
...x at relative concentrations predicted by a rough 
approximation that AH° and AS0 for successive addi
tions of a monomer unit to a chain-like polymer are 
constant, gives a result which also deviates widely from 
the curvature of the lines in Figure 3. It was conclud
ed, therefore, that certain relatively large polymers have 
special stability.

An attempt to obtain mass spectrographic evidence 
for the composition of the vapor was not successful. 
The mass spectrometer available was not suitably 
designed to prevent interaction of the bromine in the 
inlet beam with metal surfaces in the source chamber 
(bromine pressures are from two to three orders of mag
nitude larger than Pm(app)). Strong peaks identified 
with bromides of copper, etc., dominated the spectra. 
Some large mass numbers were observed (range 630- 
800) but these could not be positively identified with 
palladium bromide ions by isotopic distribution. We 
believe, however, that some meaningful conclusions 
about the molecular composition of the vapor have 
been derived from the transpiration data.

At the highest temperature, 882°, Pm(app) was found 
directly proportional to Pnn, Figure 3, which suggests 
that the monomer is the only species of importance in 
these experiments; Ki, for the reaction

Pd(s) +  Br2(g) =  PdBr2(g) (5)

may then be equated with Pm(app)/PBr2- At lower

(9) M . Joannis, Com pt. Rend,., 9 5 , 295 (1882).
(10) L .  L . Q u ill ,  “ C h e m is try  and  M e ta llu rg y  o f  M isce llan e o us  
M a te r ia ls : T h e rm o d y n a m ic s ,”  M c G ra w -H i l l,  B o o k  C o., In c ., N ew  
Y o rk ,  N . Y . ,  1950, p  97.
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F ig u re  3. P m(a p p )  vs. P Br2 ( l o g - l o g  p lo t ) .  
N o t e  d iffe re n t  scales.

temperatures this ratio was no longer independent of 
P bF2; an extrapolation procedure was used at 817° and 
above to determine K x. In general we may write

Pm(app) =  Pi +  2P2 +  3P3 +  . . . xPx

~ K\PBr2 +  2KiPbtS +  3 ^ 3PBr23 +  . . .

xKxPfrf (6)

where the subscripts designate the form of the particular 
species considered; 2 =  dimer, 3 =  trimer, etc.; Px 
is the partial pressure of the x species, and K x is the 
equilibrium constant for its formation from Pd(s) 
and Br2(g). Data at 857, 832, and 817° could be cor
related satisfactorily by using eq 6 with the monomer 
and only one other species. In Figure 4, which is 
representative, data at 832° are shown as a plot of Pm- 
(app)/PBr2 vs. PBrP-1 for choices of x of 2, 3, or 4, re
spectively. Within the uncertainty indicated, all three 
plots approach linearity and from this feature alone 
one cannot decide which value of x is best. It is pos
sible, of course, that more than two species may be 
present. If x is set at values larger than 4, however, 
the lines show curvature outside experimental uncer
tainty.

An extrapolation of lines, of the type shown in Fig
ure 4, to Purs = 0 gives the apparent value of Ki. As

IOOO(P0r2atm)X‘ '

6.0 12.0 18.0

F igure 4. P m ( a p p ) /P Brj vs. for  x  =  2, 3, or 4,
resp ective ly , at 832°. N ote  different scales. In tercep ts  g ive  
apparent values o f K h  slopes, K z . T h e  range I  ind icates 
experim ental u n certa in ty .

shown in Figure 5, the K x values deduced from the 1-3 
and 1-4 plots are within experimental error. The 
values of K x from the 1-2 plots are significantly lower 
at the lower two temperatures. We have elected to 
use the values of K x given by the 1-4 model, because, 
as will be shown, the overall behavior of the system

F ig u re  5. V alu es o f  K i  a t  v a r io u s  te m p e ra tu re s : • ,  1 -4  
m o d e l ;  O , 1 -3  m o d e l ;  X ,  1 -2  m o d e l. T ine lin e  re p re se n ts  
v a lu e s  g iv e n  b y  e q  7 .

can be satisfactorily explained if the vapor is assumed 
to be a mixture of monomer, tetramer, and hexamer 
(1 -4 -6 ); this model predicts that the hexamer does 
not contribute significantly at temperatures above 
800°. Furthermore, these values of K\ agree well 
with those predicted from the K x value at 882° and 
an estimated free energy function for PdBr2(g) of 89 
(taken as one unit larger than the value selected for 
NiBr2(g) by Brewer, et al.)n and a A ( /7 ° n 5 5  — / 7 ° 2 9s)

(11) L . B rew er, G . R . S om ayaju lu , and E . B rack ett, Chevi. R ev., 63 , 
111 (1963).
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value for reaction 5 of —1.1. The latter is the average 
of the very similar values of five similar MBr2(g) com
pounds.7 The line in Figure 5 was derived from the 
data and, with an estimated ACp° of — 2 eu, corresponds 
to the equation (for the range 1090-1155°K)

In K x =  -17 ,386T-1 -  1.006 In T +  13.278 (7)

Equation 7 gives AH° for PdBr2(g) of 32.3 ±  2.5 kcal 
mol-1 and a standard entropy of 98.0 ±  2.5 eu at 
1100°K. With the estimated relative enthalpy cited 
above, A770298 becomes 26.0 kcal mol-1, relative to 
liquid bromine as the standard state. AS° for (5) 
at 1100°K is 10.4 eu; BM T report 11.1 eu at 1573°K, 
for the similar reaction in the chloride system.1

An extrapolation of eq 7 gave values of Pi to be ex
pected at lower temperatures; these were significant 
relative to Pm(app) only at temperatures above 700° 
and then only at the lowest bromine pressures. Equa
tion 6 may now be written in the form Pm(app) — P i = 
Pm', with Pm' to be associated with the contributions 
of polymeric species. Plots of log Pm' vs. log P bi2 at

1000  C T K ) ' 1
0.9 i.o r.i

Figure 6. Apparent values of P 5, O; K t , X ;  K 3, •, 
respectively, based on trial monomer-trimer (or, 
alternatively, tetramerl-pentamer models. Uncertainty 
expected from experimental error indicated by the lengths I 
drawn through representative points. The curvature of K 3 

and K ,  sets of points shows these models do not correlate the 
data satisfactorily. Note K 3 and K t are on a 
different scale than K s.

I 0 0 0 (T ° K )_I
1.0 U 1.2

Figure 7. Apparent values of K t , •, and i f 6, O (note 
different scales) deduced from the monomer-tetramer- 
hexamer model. Uncertainty expected from experimental 
error indicated by lengths I drawn through representative 
points. Note correlation is much better than in Figure 6.

732° and lower temperatures still show clearly that at 
least two polymeric forms must be present. Since the 
slopes were still near 5 at the highest bromine pressures, 
an attempt to fit the data was first made in the follow
ing way. The pentamer was assumed to be the major 
species present at the highest bromine pressure (at each 
temperature in the 670-732° range) and 5K$ approxi
mated as PJ/Pv,ri- This value was then used to cal
culate P B for the experiments at lower bromine pres
sures and the deviation (Pm' — 5Pg)/PBi2x examined. 
With x = 3, or alternatively x =  4, this ratio was 
found to be reasonably constant over the range of 
bromine pressures at each temperature; an average 
value was used to estimate Kg (or alternatively Ki) ; 
i.e., the mixtures were assumed to be only 1-3-5 or
1-4-5. From the estimate of Kg (or Kt), the contribu
tion of P3 (or Pi) at the highest bromine pressure was 
calculated; a corrected 5Pz, Pm' — 3P3 (or 4P4), led to 
a revised estimate of K s, which in turn gave a revised 
Kg, etc. The iteration procedure was continued until 
consistent values of the equilibrium constants were 
obtained.
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The values of K6 given by the 1-3-5 and 1-4-5 
alternatives were very similar and were found to fit well 
with the saturation vapor pressure data (550-650°) if 
Pm(app) in this range was attributed entirely to pen- 
tamer. The result is shown as the K z plot in Figure 6. 
The associated values of K z, however, when compared 
with the values of K z deduced from the 1-3 plots in the 
782-857° range, did not correlate well, as may be 
seen by the curving set of points in Figure 6. The de
viation from a linear relationship is significantly more 
than the uncertainty of the experimental measurements. 
The correlation of Ki values, from the similar treatment 
of the 4^5 and 1-4 alternatives, is only slightly better, 
Figure 6. A further difficulty arose on linear extrapola
tion of the Ki set of points to the saturation vapor 
pressure range; the contributions predicted from the 
tetramer were ca. 30% Pm(app), i.e., the combination of 
Pi and P5 gave values of Pm(app) considerably above the 
observed vapor pressures. Iteration treatment of the 
data in this range did not produce a satisfactory general 
fit. Attempts to fit the data with a 1-3-4-5 model were 
also not successful.

Correlation of the data was found to be very satis
factory when the principal species at the lower temper
atures were assumed to be the tetramer and the hexa- 
mer. Least-squares solutions of eq 6, in the form

Figure 8. Calculated —O—, based on 1-4-6 model, and 
observed, •, values of Pm(app) v s . PBr2 (log-log plot) at 732°, 
in comparison with slope 5.

Pm'/PBrj4 =  4A4 +  6KsPbt22, were first carried out at 
the various temperatures in the 670-732° range. The 
values of Ki derived were then compared (a van’t 
Hoff plot) with those obtained from the 1-4 model in 
the 782-857° range pressure range (550-650°), the con
tributions of Pi evaluated and subtracted from the ex
perimental values of Pm(app); the remainder was attri
buted to P6 and used, together with the bromine pres
sures, to evaluate K e at temperatures in this range. 
These values were then plotted as a function of tem
perature, together with those deduced from the 670- 
732° data, and also found to give a good correlation.

The final values derived for Ki and K z are shown in 
Figure 7. The data can be seen to correlate much 
better than the results in Figure 6. The predicted 
value of Pm(app) for the saturated vapor, i.e., in the 
presence of Pd(s), PdBr2(s), and bromine at equilibrium, 
is shown as the dashed line, in comparison with the 
experimental points, in Figure 2. The agreement is 
very good.

The temperature dependence derived for Ki and K z, 
which are equilibrium constants for the reactions

4Pd(s) +  4Br2(g) =  Pd4Br8(g) (8)

and 6Pd(s) +  6Br2(g) = PdeBr^g) (9)

Figure 9. P<, P ¡, P t , and P6, at bromine pressures of 0.3 and 
0.1 atm, respectively, as functions of temperature, predicted 
by equilibrium constants derived for the 1-4-6 model. The 
dashed lines characterize the vapor in equilibrium with 
PdBr2(s); the solid lines, the vapor in equilibrium with Pd(s).
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respectively, according to the 1-4-6 model may be rep
resented by the equations

In K< =  42,2107w  -  0.50 In T -  42.804 (10)

In K* =  78,8807,~1 +  2.01 In T -  96.055 (11)

which give the lines shown in Figure 7. Apparent 
thermodynamic properties of the tetramer and hexamer 
may be readily evaluated from eq 10 and 11.3 How
ever, presentation and discussion of these quantities 
does not seem warranted until independent evidence is 
found to support the proposed vapor composition. 
It is clear that, in a system of this complexity, a number 
of alternative models of the molecular composition may 
fit the results equally well, particularly mixtures in
volving a larger number of species. However, the 
solution proposed is the simplest one found consistent 
with all the data.

Figure 8 shows a comparison of Pm(app), derived 
from Ki and Kt at 732°, with the experimental data. 
The figure illustrates that the combined effect of the 
two polymeric species on this log-log plot gives a slope 
closely approximating 5, even up to bromine pressures 
of 0.6 atm. It seems possible that a similar mixture 
may also form in the chloride system. BM T,1 in their 
discussion, recognized that their data could be equally 
well explained by combinations involving a hexamer, 
etc., but saw nothing to suggest that this was more 
likely than their simpler pentamer-monomer model. 
The two systems may, of course, be different.

Figure 9 shows calculated values of Pi, Pi, and P& as 
functions of temperature at two representative bromine 
pressures; when Pd(s) is the only condensed phase

present, Pi decreases as the temperature decreases 
whereas Pi and P 6 increase. This behavior is related to 
the conclusion, which may be drawn from eq 6, 10, and 
11, that the enthalpies of formation of the polymeric 
species are negative whereas that of the monomer is 
positive. Thus when the monomer is the principal 
constituent of the vapor, gradual cooling at a fixed 
bromine pressure will lead first to deposition of palla
dium metal. On the other hand, when the tetramer 
and hexamer are dominant, cooling will result in deposi
tion of PdBr2(s) rather than Pd(s). The experimental 
observations are in accord with this behavior. Deposi
tion of Pd(s) was observed only in the regions near 
the reactor zone and only when the latter was above 
800°. It should be noted, however, that a similar 
behavior might also be expected for other polymeric 
forms and hence the deposition of palladium does not 
provide support for the particular polymeric composi
tion proposed.

The apparent special stability of the tetramer and the 
hexamer suggests that closed structures, rings, or simi
larly interlocked groups, are formed rather than 
“ linear” open-ended chains. From the structural 
form of the solid, one expects planar PdBr4 groups to 
link together, with neighboring palladium atoms 
sharing pairs of bromine atoms. Closed structures 
compatible with expected bond angles can be construc
ted with four or six PdBr2 units, although not with two 
or three.
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C o n c e n t r a t io n  a n d  C a t io n  D is t r ib u t io n

b y  J .  E . Castle and P .  L .  Surm an

Central E lectricity  Research Laboratories, Leatherhead, Surrey, England {Received A ugust 19, 1968)

The variation of the self-diffusion coefficient of oxygen in magnetite with hydrogen/water ratio and temperature 
can be expressed as

D =  1.8 X  10-13(P h/ P ii.,o)0'27 exp (—17,000/E?7) cm2sec '1
The variation of D with PhJPh2o is compared with the theoretical predictions made by Wagner and Schmal- 
zried for ternary oxides. It is concluded that at temperatures above 500°, the distribution of cations in the 
magnetite lattice becomes randomized due to electron exchange.

Introduction

In an earlier paper,1 the influence of temperature on 
the rate of self-diffusion of oxygen in magnetite, in a 
water vapor atmosphere, was described. Magnetite 
is stable over only a small range of composition, corre
sponding to 27.4 to 27.7 wt %  oxygen,2 and the initial 
work was carried out at the oxygen-rich end of this 
range, where the anion defect concentration and hence 
the diffusion coefficient would be expected to be small
est. The phases in equilibrium with hydrogen-water 
mixtures in the temperature range of interest to this 
study are illustrated by Dushman.3 At 500° magnetite 
is stable over the range P h2/P h,o =  10“ 5 to 3.8. The 
extension of our investigation to include the whole of 
this range enables us to confirm that diffusion is a func
tion of anion vacancy concentration and also tests our 
assumption that the very slight degree of oxidation of 
the sample to produce the equilibrium atmosphere 
•Ph 2/ . P h 2o  =  10-5 will have no significant effect on the 
results.

Experim ental Section

The exchange between 10% oxygen-18 enriched water 
vapor and single crystalline magnetite particles, of 
radius 0.15 /¿m, was followed by continuous sampling 
into a mass spectrometer, which was heated to 180°. 
The apparatus and experimental procedure have been 
described in detail previously,1 the only modification 
being a device for establishing constant hydrogen- 
water vapor ratios. This was achieved by dosing from 
calibrated bulbs and calculated making allowances for 
the temperature variation in the diffusion cycle. 
When only small hydrogen/water ratios were used 
(<10_1) the hydrogen partial pressure was controlled 
by connecting the diffusion loop to a 5-1. bulb via a 
palladium-silver thimble heated to just below dull red. 
Initial tests without water in the system showed that 
even with 10-3 Torr of H2 in the reserve bulb the thim
ble was quite permeable to hydrogen, and that equilib
rium, against a pressure of 60 Torr of krypton in the 
diffusion cycle, was established within 30 min. When

the leak-valve into the mass spectrometer was set at 
10~2 1. /¿sec“ 1 the recorded hydrogen pressure in the 
mass spectrometer and in the reserve bulb did not vary 
appreciably within the time taken by the exchange 
experiments. Samples of magnetite were equilibrated 
with isotopically normal water for 7 days under the 
conditions of the experiment.

R esults

Plots of the dimensionless parameter Dt/a2 vs. time 
gave straight lines with intercepts at the origin (D is the 
diffusion coefficient, t is the time for exchange, and a is 
the particle radius determined by krypton adsorp
tion). This is good evidence that, as for previous re
sults, the system approximates to the conditions re
quired for the solution of the diffusion equation. 
Figure 1 illustrates the variation of the diffusion coeffi
cient with hydrogen-water composition. The rela
tionship established is

Aoo» =  2.9(±0.6) X 10-18(PH2/PHao)°-27(±0-06)

cm2 sec-1 (1)

where the limits in brackets are obtained from the 
standard deviation of the individual parameters and 
are adjusted for 95% confidence limits.

Figure 2 compares the Arrhenius rate plot found for 
very low hydrogen levels with that found for P h 2/ P h 2o 

= 1.2 (the 500° point is interpolated from the curve in 
Figure 1). It can be noted that the slopes of the lines 
are the same and hence that only the preexponential 
term is changed. Combining eq 1 with the relation
ship (2) previously reported

D = 3 .2 (±1 .6 ) X 10~14 X

exp[( —17,000 ±  1650)/RT] cm2 sec“ 1 (2)

(1) J. E . C astle  and P . L . Surm an, J . P h ys. Chem., 71 , 4255 (1967).
(2) N . D . T om a sh ov , “ T h e o ry  o f  C orrosion  and P ro tection  of 
M e ta ls ,”  T h e  M acm illan  C o., N ew  Y ork , N . Y ., 1966, p 82.
(3) S. D u shm an , “ Scientific F oun dation s o f  V acu u m  T ech n iq u e ,”  
2nd ed, Joh n  W iley  and  Sons, Inc., N ew  Y o rk , N . Y ., 1962, p 754.
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Figure 1. Plot of log diffusion coefficient v s . log 
hydrogen/water ratio.

we obtain the general relationship

D  = 1.8 X 10-13(P h/ P h2o) 0-27 X

exp( — 17,000/RT) cm2 sec“ 1 (3)

for which there are insufficient experimental data to 
quote the statistical limits of error.

Discussion

The dependence of the diffusion coefficient on the 
oxygen partial pressure can be predicted on the basis 
of a theory of ternary oxides proposed by Wagner and 
Schmalzried.4 They suggested that, in order to define 
the defect structure of these oxides, it is necessary to 
fix the activity of one of the constituent oxides, in addi
tion to pressure temperature and thermodynamic ac
tivity of one constituent element as required for binary 
oxides. On this basis they treated magnetite as an 
inverse spinel consisting of the components FeO and 
Fe2C>3, and showed that

CW V =  constant X Po22/3 (4)
and

Co2~v = constant X Po2~1/2 (5)

where (following the convention of A. B. Lidiard) Cxv 
represents the vacancy concentration of species x.

Experimentally it is convenient to define the oxygen 
partial pressure in terms of the C 0 /C 0 2 or H2/'H20  
equilibrium, i.e.

P 02 =  A 1(P Co2/ P co) 2 =  A 2(P H2/ P h2o) - 2 (6)

Thus, following Wagner’s4 assumption that the self- 
diffusion coefficient is linearly dependent on the relevant 
defect concentration (for a detailed discussion of this 
point see ref 5 and 6), we obtain

Do2- =  constant X P h2/-Ph2o (7)

for the conditions of the present study and

DFe2+ = constant X (Pco/Pco2)4/3 (8)

Figure 2. Arrhenius rate plot comparing two H2/H 20  levels.

for the study of iron self-diffusion in magnetite at 1115° 
carried out by Schmalzried7 to test the model. These 
predictions are not in good accord with the experimental 
findings of Schmalzried (exponent = 0.8 ±  0.1) or of 
the present study (exponent = 0.27 ±  0.05).

The predicted values were based on the viewpoint 
that magnetite can be treated as a ternary oxide, i.e., 
that the oxide has two distinct cation sublattices. At 
temperatures below 113°K this is undoubtedly the 
case8,9 since the structure is that of a perfectly ordered 
inverse spinel. At higher temperatures there is elec
tron interchange between Fe3+ and Fe2+ ions in the 
octahedral sites leading to random occupation of these 
sites.10 Calculations of the lattice energy11 suggest 
that the structure should be that of the normal spinel; 
i.e., the ferrous ions should occupy the tetrahedal sites 
and ferric the octahedral sites. In fact, many 2-3 
spinels including magnetite have the inverse-spinel 
structure at room temperature, but Dunitz and Orgel12 
have shown on the basis of crystal-field theory that 
the stabilization energy of the inverse spinel is only of 
the order of 4 kcal; this value is so small that at high 
temperatures electron exchange between tetrahedral 
Fe3+ ions and octahedral Fe2+ ions should be possible 
leading to randomization of the cations in the oxide.13 
Magnetite would then behave as a binary oxide with

(4) H . Schm alzried  and C . W agner, Z . P h ys. Chem. (F rankfurt am 
M a in ), 31, 198 (1962).
(5) H . Schm alzried , P rogr. Solid State Chem., 2, 265 (1965).
(6) N . F . M o tt  and  E . W . G u rn ey, “ E lectron ic  P rocesses in  Io n ic  
C rysta ls ,”  O xford , 1940, C hapter 2.
(7) H . Schm alzried , Z . P h ys. Chem. (F rank furt am  M a in ), 31 , 184 
(1962).
(8) E . J. W . V erw ey , P . W . H a nym a n , and F . C . R o m e ijn , J. Chem. 
P h ys., 15, 181 (1947).
(9) C . D . Shull, E . O . W ollm an , and  W . C . K oeh ler, P h ys. Rev., 84, 
912 (1951).
(10) S. T ak eu ch i and K . F arukaw a, Sci. R epts. Research Inst., 
Tohukv, Univ. Ser. A .,  12, 120 (1960).
(11) J. B . G ood en ou gh  and A . L . L oeb , P hys. Rev., 98 , 391 (1955).
(12) J. D . D u n itz  and L . E . Orgel, J . P h ys. Chem. Solids, 3 , 20, 318 
(1957).
(13) D . S. M cL u re , ibid., 3 , 311 (1957).
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the following phase boundary equilibria

20* = Fe30 4 +  Fe2+F +  2Fe3+F +  8e~ (9)

Null = 202_F +  4 e -F  +  0 2 (10)

where the symbol F indicates a vacancy, e-  represents 
an electron, and Null denotes a stoichiometric crystal 
without lattice deflects.

These reactions can be expressed in terms of their 
equilibrium constants as

P 2o2 =  constant CW V X C2Fe3V  X Cae~ (11)

constant =  C2o2~v X  C4e_v X Po1 (12) 

but C F e3+ F  =  2C F e2+ r i  = 8CFe2+vj C<Tv =  2(7o2-V

/. Cie2+v =  constant P o 2111 (13)

Cc^v — constant Po2-1/6 (14)

Equations 13 and 14 for binary oxides can be com
pared directly with eq 4 and 5 which refer to the ternary 
oxide. Combining eq 13 and 14 with eq 6 and again 
assuming a linear dependence of the self-diffusion co
efficient on the defect concentration, we obtain

DFe2+ =  constant X (Pco/Pco2)4/u (15)

Do2- = constant X (Ph2/F h2o) 1/3 (16)

The exponents are in better agreement with the meas
ured values than those predicted for ternary oxides. 
This supports the probability that the structure of 
magnetite is randomized within the temperature range 
of the studies (>500°): it is not therefore a useful oxide 
with which to test the Wagner-Schmalzried model.

The response of the oxygen diffusion coefficient 
to the oxygen partial pressure is particularly satisfac
tory since it shows that the oxygen sublattice remains 
in thermodynamic equilibrium with the atmosphere, 
even in an oxide in which the bulk of the stoichiometric 
deviations are accommodated in the cation sublattice. 
The change in the value of the self-diffusion coefficient 
over the complete composition range of magnetite is 
only one order of magnitude. This result, therefore, 
does not alter our earlier conclusion that the solid-state 
diffusion of oxygen is unlikely to be important in the 
oxidation of iron by steam or water.

Acknowledgments. The authors are grateful to the 
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A Comparison of the Proton Affinities of Neutral Oxygen and Sulfur in Chelating Ligands1

by Thomas L. James and Richard J. Kula
Departm ent o f Chem istry, U niversity o f  W isconsin , M adison, W isconsin 53706  (Received A ugust 29, 1968)

The nuclear magnetic resonance chemical shift behaviors of the nonexchanging carbon-bonded proton reso- 
nances of various S-alkylthioacetic acids and alkoxyacetic acids were studied in aqueous solution as a function 
of solvent acidity to determine the relative proton affinities of the donor atoms in such chelating ligands. The 
relative electron-donating abilities, ascertained from the sites and sequences of protonation, were found to be 
in the order

o - o  O S
/  >  /  \  >  /  >  / \  

c  c  c c  c  c
This order of proton affinity seems to reflect the relative contributions of these donor atoms to the stability 
of metal chelates for those metal ions with little tendency for the formation of dative ir bonds. The suit
ability of internal references in the strongly acidic solutions used in this investigation was also studied.

Preliminary proton nuclear magnetic resonance 
(nmr) studies of some metal ion complexes of various
S-alkylthioacetic acids (R-S-CEECOOH) indicated 
little, if any, metal-sulfur interaction. Differences in 
metal-sulfur bond strengths for different ligands are 
governed by the Lewis basicity of the sulfur atom and 
the tendency for back-donation tt bonding of sulfur. 
For transition metal ions, the strength of the metal-

thioether sulfur bonding is apparently determined 
primarily by the latter mechanism—formation of 
dative 7r bonds with the empty d orbitals of sulfur.2

(1) T h is  w ork  w as su pported  b y  a grant (G P 4423) fro m  th e  N ation a l 
Science F oun dation  and b y  a  N ational Institu tes o f  H ea lth  P re- 
doctora l F ellow ship  (T . L . J .).
(2) (a) H . H . Jaffe, J . P hys. Chem., 58 , 185 (1954); (b ) D . P .
Craig, A . M a ceo ll, R . S. N yh olm , L . E . Orgel, and  L . E . Sutton , 
J . Chem. Soc., 332 (1954).
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In the absence of back-donation, the Lewis basicity 
of the sulfur is presumably the predominant factor 
determining the metal-sulfur bond strength.

Studies have been made of metal ion coordination 
with several S-alkylthioacetic acids and also with the 
corresponding alkoxyacetic acid (R -0 -C H 2C 00H ) 
ligands.3 While these studies indicate that the extent 
of metal thioether sulfur bonding and metal-ether 
oxygen bonding depends on the structure of the ligand 
as well as the metal ion, no definitive data are available 
comparing the relative basicities of thioether sulfur and 
ether oxygen.

One method of determining the relative Lewis basici
ties of oxygen and sulfur donor atoms is to compare 
the proton affinities of these atoms in a variety of 
carboxylic acid ligands containing thioether sulfur or 
ether oxygen. If there are no steric factors which 
affect the bonding, the proton affinities of the donor 
atoms in the ligands should in turn reflect the strength 
of the metal-donor bond for those metal ions which are 
incapable of forming dative it bonds with the donor 
atom. Rather than relying on comparisons of macro
scopic protonation constants for analogous ligands in 
order to determine the relative basicities of the donor 
atoms, the sites and sequences of protonaticn have been 
ascertained using proton nmr. The protonation 
schemes of ethylenebisthioglycolic acid (ETGA), 
thiodiglycolic acid (TD G ), (ethylthio) acetic acid 
(ETAA), ethoxyacetic acid (EOAA), acetic acid 
(HAc), dimethyl sulfide (DM S), and diethyl ether 
(DEE) were determined in aqueous solution.

Experim ental Section

Proton nuclear magnetic resonance spectra were 
obtained with a Varían A-60A high-resolution spectrom
eter operated at a probe temperature of 25 ±  2°. 
Tétraméthylammonium chloride, at a concentration of 
about 0.02 M, was used as an internal reference. The 
chemical shifts, v, are reported in cycles per second 
from the central resonance of the tétraméthylam
monium (TMA) triplet, negative shifts corresponding 
to a resonance downfield from TMA. The spectrum 
of each sample was obtained five times and the re
ported chemical shift is an average of these five in
dividual measurements.

Solution pH measurements were made at 25° using 
a Sargent Model DR line-operated pH meter equipped 
with a wide-range glass electrode. Conventional 
NBS buffers were employed for standardization of the 
pH meter.

Reagents were of the highest available commercial 
purity and were used without purification with the 
exception of ethylenebisthioglycolic acid which was 
recrystallized from water. Aqueous solutions o: the 
reagents were prepared by weighing the requisite 
amounts of the chemicals in the case of solid reagents 
or by pipetting in the case of liquid reagents, and

diluting to the prescribed volume. The reagent 
concentration was normally between 0.1 and 0.2 M, 
and in this limited range no concentration dependence 
of the nmr spectra was observed. Solutions were 
adjusted to the desired pH using concentrated potas
sium hydroxide or perchloric acid. Strongly acidic 
solutions were prepared with perchloric acid dihydrate 
(determined to be 73.5% by weight). Because the
S-alkylthioacetic acids were found to be oxidized in 
perchloric acid at this concentration, the upper con
centration limit for perchloric acid was about 60%. 
In some cases, additional data were obtained using 
concentrated hydrochloric acid for preparing the acid 
solutions.

To check for possible chemical degradation or al
terations of the organic ligands in the concentrated 
acids, solutions of the ligand were neutralized and the 
nmr spectra were obtained. If the spectra of the 
neutralized solutions were identical with those of the 
ligands which had not been acidified, it was presumed 
that no alteration of the ligand had occurred. The 
use of concentrated sulfuric acid as a proton source was 
discontinued after finding that ETGA decomposed in 
such a solvent.

Solutions of the organic reagents ranged in acidity 
from pH 12 to 10 M  perchloric acid in this study, but at 
present no adequate scale exists which will give a 
quantitative measure of acidity over such a range. In 
principle a scale based on the Hammett acidity func
tion should be applicable. However, the Hammett 
acidity function may be utilized with confidence only 
in those cases where the compounds under observation 
have structural features which are similar to those of 
the indicator bases used in establishing the acidity 
scale.4 For lack of a better scale, the acidity of the 
systems investigated here will be described by pH. 
For solutions of pH greater than 0.5, the pH signifies 
an activity function determined from the pH meter; 
for solutions of greater acidity, pH will, signify the 
negative logarithm of the hydrogen ion molarity. 
This approach is justified because no absolute quanti
tative measurements are made in the strongly acidic 
region. Good correlation of the chemical shift data 
was obtained using both types of pH measurement in 
the 0 to 1 pH range.

The acid dissociation contants for the loss of a proton 
from the neutral carboxylic acids were calculated from 
nmr data. From the chemical shifts of the carbon- 
bonded ligand proton resonances at each pH, the con
centrations of the protonated and nonprotonated 
forms of the compound were determined.6 The cal-

(3) (a) M .  Y a su da , K . Y a m a s a k i, and  H . O h ta k i, B u l l .  C h e m .  S o c .
J a p a n ,  33, 1067 (1960 ); (b ) K . S u z u k i and  K .  Y a m a s a k i, J .  I n o r o .

N u c l .  C h e m . ,  24, 1093 (1962 ); (c) A . S ande ll, A c t a  C h e m .  S c a n d . ,

15, 190 (1961).
(4) K .  Y a te s  and  H . W a i, J .  A m e r .  C h e m .  S o c . ,  86, 5408 (1964).
(5) E . G ru n w a ld , A . L oe w e ns te in , and  S. M e ib o o m , J .  C h e m .  P h y s .  

27, 641 (1957).
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culated dissociation constants contain the conjugate 
acid-base pair terms as concentrations and the hydro
gen ion term as an activity function; the hydrogen ion 
activity was not converted to concentration because 
the error incurred in measuring the concentrations of 
the other species from the nmr spectra is greater than 
the magnitude of the activity correction. Also, no 
attempts were made to maintain a constant ionic 
strength by adding excess inert electrolyte, because 
these nmr studies necessitated the use of high con
centrations of the species being studied. The experi
mentally determined acid dissociation constants in

Table I: Acid Dissociation Constants for Neutral 
Carboxylic Acids Calculated from Nmr Data

A cid  d issociation
A cid constan t

E T G A 4 X  10 -4
2.4 X  10 -4

T D G 2 X  10 -4
7.1 X  IO“ 4

E T A A 1.8 X  K G 4
2.43  X  10 -4

E O A A 2.7 X  10-4
3.5

T0t—1
X

R eference

This work
3b (at 25° at n  = 0.1 with NaClOfi 
This work
3a (at 25° at p  =  0.1 with NaClOJ 
This work
3c (at 20° in 1.00 M  NaClOJ 
This work
3c (at 20° in 1.00 M  NaClOi)

» {KiKtY'K

Table I are compared with previously determined 
values of these constants.

R e s u l t s

Solvent Effect on Tetramethylammonium Ion. The 
tetramethylammonium ion (TMA) is a useful internal 
reference for measuring chemical shifts in aqueous 
solution because of its solubility, its closely spaced 
triplet spectrum which enables adjustment of the 
magnetic field homogeneity, and its chemical shift 
(3.20 ppm downfield from tetramethylsilane, TMS) 
which is in the region of many aliphatic ligand reso
nances. Further, in aqueous solutions the TMA chem
ical shift is generally unaffected by the presence of 
other ions or molecules. The first indication that 
TMA might be subject to solution effects was the 
anomalous upfield chemical shifts of the ETGA 
resonances (Figure 1) in solutions made progressively 
more acidic with HC1. This behavior was not ob
served when the solutions were acidified with IIC104 
and suggested an interaction of TMA with Cl- .

In order to determine the extent of specific ion or 
solvent interaction with TMA, measurements were 
made of the chemical shift difference between the 
methyl resonances of TM A and sodium 3-(trimethyl- 
silyl) -1-propanesulfonate (TMS*) for a variety of 
solution conditions. In neutral aqueous solutions the 
methyl resonance of TMS* is 190.2 cps upfield from

Figure 1. Chemical shifts of ethylenebisthioglycolic acid (ETGA) 
proton resonances as a function of pH.

TMA. The results of these studies are given in 
Table II. These results can be interpreted (assuming 
that the methyl proton resonance of TMS* is not 
affected by Cl-  and that the TMA resonance is not 
affected by H+) in terms of an ion-pair interaction of 
TM A with Cl-  and a protonation of TMS*. The ion 
pairing of TMA with Cl-  results in a perturbation of 
the TMA electronic structure, a decreased shielding of 
the methyl protons, and consequently a downfield 
chemical shift of the TM A resonance,6'7 manifested as 
a larger chemical shift difference between TM A and 
TMS*. In the strongly acidic solutions, TMS* is

Table II: Chemical Shift Differences between the Methyl 
Resonances of Tetramethylammonium Ion 
and 3- (Trimethylsilyl) -1-Propanesulfonate 
under Various Solution Conditions

Solution Av — **TMB* — i'tm a

H20 190.2«
4 M  NaC104 189.1«
4 M  NaCl 192.3
4 M  HC1 192.2
8 M  HC1 192.6
4 M  HCIO4 189.3
6 M  HCIO4 188.8
10 M  HCIO4 187.6

“ The difference in chemical shifts for these two solutions may be 
due to association of the sulfonate group o: TMS* with Na+, ion 
association of TMA with CIO4- , or some combination of the two 
effects in the concentrated NaC104 solution.

(6) A . D . B uck ingham , Can. J . Chem., 38 , 300 (1960).
(7) A . D . B uck ingham , T . Schaefer, and W . G . Schneider, J . Chem. 
P hys., 32 , 1227 (1960).
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Table III: Sequence of Protonation and Chemical Shifts of the Variously Protonated Species 
of Chelating Ligands Containing Neutral Oxygen and Sulfur

•Site fo r  add ition  o f  n th  p roton -------------. .--------------------- C hem ical shifts“ -
c c c  c c  c
1 1 \  / \  /Symbol Structure o_ 0 0 s fb r0

ETGA -OOCCH2SCH2CH2SCH2COO- 0 -3 .6 22.2
(a) (b) 1,2s -14.8 16.4

3,4' -27.2' 12.2'
TDG ~OOCCH2SCH2COO- 0 — 4. ld

(a) 1, 2s — 18.3d
3, 4« — 22.5'*''

ETAA CH8CH2SCH2COO- 0 -1.8 35.2̂ 117.2/
(C) (b) (a) 1 -13.2 31.0/ 116.3/

2' -26.5' 25.3''/ 112.0'./
EOA A CH3CH2OCH2COO- 0 -43.2 -23.3/ 118.9/

(C) (b) (a) 1 -60.5 -28.0/ 117.8/
2' -76.7' -43.2'./ 110.2'./

HAc CH,COO- 0 75.6'*
fa) 1 64.9«*

2» 59.2'*.'
DMS CH3SCH3 0 64.3

(a) 1' 17.6'
DEE CH3CH2OCH2CH3 0 —23.3/ 120.0/

(b) (a) 1' —57.1'"* 104.9'./
“ Chemical shifts in cps from internal tétraméthylammonium ion (TMA) at 25°. 6 Both carboxylate groups are protonated. '  Value in 

9.7 M  HCIO4; protonation not complete. d At 38°. * Value in 12.1 M  HCl; protonation not complete. 1 Denotes center of multiplet.

protonated to form the sulfonic acid resulting in a 
small dowufield shift of the TMS* methyl resonance, 
manifested as a smaller chemical shift difference 
between TM A and TMS*. This interpretation is 
contrary to the conclusions of Abraham and Thomas 
who failed to recognize the possibility of interaction 
between hydrochloric acid and tétraméthylammonium 
ion and the shift of the TMS* resonance to lower fields 
upon protonation.8

V (c.p .s.) 
a b

35

3 0

25

-10

-20

-30

- 2  0 2 4 6 8

pH

Figure 2. Chemical shifts of (ethylthio) acetic acid (ETAA) 
proton resonances as a function of pH.

Tetramethylsilane (TMS) and TMS* are unsuitable 
references for these studies. TMS is insoluble in 
aqueous solutions and TMS*, like a number of other 
common references, is itself being protonated in the 
region of interest. Although it could hardly be ex
pected that TMA would remain completely adamant 
to the solvent change, especially in the concentrated 
solutions of perchloric acid, it is felt on the basis of the 
results observed that the use of TMA as an internal 
reference in perchloric acid solutions is probably 
superior to the use of other internal references or of an 
external reference, which would require corrections for 
bulk diamagnetic susceptibility differences for all 
solutions encountered because of the wide range of 
solvent composition: from water to concentrated 
perchloric acid.

Observed Spectra. The nmr parameter of interest in 
this investigation is the chemical shift of resonances 
for the nonexchanging carbon-bonded ligand protons. 
The chemical shifts of these protons are pH dependent 
as seen in Figures 1-5. The breaks in the chemical 
shift vs. pH curves correspond to protonation at one or 
more basic sites in the ligands. The structures and 
resonance assignments for the ligands are shown in the 
figures and in Table III.

The proton nmr spectra for ETGA have two singlets 
of equal intensity; the low-field resonance has been 
assigned to the acetate protons (labeled a in Table III) 
and the upfield resonance has been assigned to the b

(8) R . J. A braham  and W . A . T h om as, J. Chem. Soc., 3739 (1964).
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pH

F igure 3. C hem ica l sh ifts o f  e th ox y a ce tic  a cid  (E O A A ) 
p ro to n  resonances as a  fu n ction  o f  p H .

protons. Potentiometric titrations revealed that two 
equivalents of acid were consumed by the ET G A 
dianion between pH 6 and 2. In this pH range the a 
resonance was shifted downfield by 11.2 cps and the b 
resonance was shifted downfield by 5.8 cps. In stronger 
perchloric acid solutions, the resonances are shifted 
still further downfield but the chemical shifts have not 
reached a constant value even in 9.7 M  perchloric 
acid. In stronger solutions of perchloric acid, ETGA

6 0

5 0

i. 4 0

30

20

-1------1------1------1___ i___ i___ i i
1 3  5 7

pH

F igure 4. C hem ica l sh ift  o f  d im eth y l sulfide p ro ton  
resonance as a fu n ction  o f  p H .

was slowly oxidized. The downfield chemical shift 
change between pH 1 and pH — 1 is 12.4 cps for the a 
resonance and 4.2 cps for the b resonance.

The nmr spectrum of TDG was characterized by 
only a sharp singlet whose chemical shift had ap
proximately the same pH dependence as the a proton 
resonance of ETGA.

pH

F igure 5. C hem ica l sh ifts o f  d ie th y l ether p ro ton  
resonances as a fu n ction  o f  p H .

The nmr spectra of ETAA are distinguished by three 
groups of resonances with integrated intensity ratios 
a :b :c  of 2:2:3. The a proton resonance is a sharp 
singlet downfield from the TMA resonance. Spin- 
spin coupling between the b and c protons produces the 
typical ethyl group triplet at higher fields for the c 
resonances and quartet at lower fields for the b reso
nances. In solutions of positive pH,, a small amount of 
second-order coupling was evident and the triplet and 
quartet were further split into an A2B3 pattern. The 
extent of the second-order coupling was sufficiently 
small that for most purposes, the center of each multi- 
plet could be taken as its chemical shift. In strongly 
acidic solutions, the pattern simplified to an A2X 3. In 
the positive pH region, simple protonation results in 
an 11.4-cps downfield shift for the a resonance, a
4.2-cps downfield shift for the b resonance, and a 
0.9-cps downfield shift for the c resonance. The a 
resonance line shift compares with the 11.2-cps shift 
for the a resonance of ETGA. The b resonance shift 
plus the c resonance shift gives approximately the same 
value as the b resonance shift of ETGA. Further 
acidification results in downfield shifts similar to those 
of the ETGA resonances.
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The nmr spectra of EOAA are similar to those of 
ETAA except that the a and b resonances of EOAA 
are further downfield than the corresponding resonances 
of ETAA. The large chemical shift between the b 
quartet and c triplet is maintained over the entire 
pH range, obviating any second-order coupling phe
nomena. In contrast to ETAA, the a and b resonances 
are shifted downfield to approximately the same extent 
below pH 1.

Dimethyl sulfide (DMS) gives a single resonance 
upfield from TMA. The spectra for diethyl ether 
(DEE) approximate A2X 3 patterns. Both DMS 
and DEE show only one break in the chemical shift 
curves and in neither case has the chemical shift 
reached a constant value, even in the most concen
trated acid solutions studied.

Discussion

The chemical shifts of the various ligand resonances 
depend upon the solution pH, and in all cases the 
resonances are shifted downfield as the solutions are 
made more acidic. When a proton associates with a 
basic site of the ligand, a deshielding effect is produced 
on the ligand protons which results in a downfield shift 
of their resonances. Because the deshielding effect 
attenuates with distance from the site of perturbation, 
the magnitudes of the downfield shifts depend on which 
donor site within the ligand associates with the acidic 
proton. The resonances for those ligand protons which 
are further from the site of acidic proton association 
will be shifted less than the resonances for the ligand 
protons which are closer to the protonated donor site.9

In the ETGA system, the downfield shifts between 
pH 6 and 2 must correspond to

- o o c c h 2s c h 2c h 2s c h 2c o o

+  2H+ — > HOOCCH2SCH2CH2SCH2COOH

The greater chemical shift change for the a than for the 
b resonance indicates that the carboxylate oxygens are 
the sites of protonation in this region which is in agree
ment with the consumption of two H+/EGTA in 
this region as was determined potentiometrically.

The upfield shift of the ETGA a and b resonances 
below pH 1 in HC1 can be attributed to ion pairing 
of TMA with Cl~ as discussed previously. The 
ETGA resonances are shifted downfield only slightly 
between pH 1 and 0 (cf. Figure 1 in HCIO4), but ion 
pairing of the reference ion, TMA, with Cl-  shifts the 
TMA resonance downfield, resulting in an apparent 
upfield shift for the ETGA resonances.

Further proton interaction is indicated in solutions 
of negative pH by additional shifts of the resonances 
to lower fields. The greater downfield shift of the a 
resonance relative to the b resonance is not com
mensurate with protonation of the thioether sulfur. 
A more reasonable explanation would involve proton

interaction at the carbonyl oxygen

OH OH OH
/ /

—  R - -C 11 T o +

\ \
OH
+

OH OH

The structures depicted may be formed via an inter
mediate in which the carbonyl oxygen is hydrogen 
bonded to the acidic solvent.10 For a comparison 
chemical shifts of the TDG resonance and the methyl 
proton resonance of acetic acid were found to have the 
same pH behavior as the a resonance of ETGA. 
Previous studies of acetic acid in concentrated sulfuric 
acid and in fluorosulfuric acid have provided evidence 
that the carbonyl oxygen is the site of protonation.11,12 
Deno, et al.,n obtained a change in chemical shift of 
34 cps for the complete protonation of the carbonyl 
oxygen in sulfuric acid, which indicates that the pro
tonation is no more than one-third complete in any of 
the cases considered here.

The pH dependence of the chemical shifts for the 
various resonances of ETAA further substantiate the 
carbonyl oxygen as the site of the second protonation 
for S-alkylthioacetic acids. Thus, for ETAA below 
pH 1 the a resonance is shifted more than twice as 
much as the b resonance which is shifted further than 
the c resonance.

The pH dependencies of the resonances of EOAA, 
the oxygen analog of ETAA, are depicted in Figure 3. 
The behavior upon protonation of the carboxylate 
group (pH 6-2) is analogous to that of the S-alkyl- 
thioacetate ligands. In more acidic solutions (from 
pH 1 to —1), the a resonance of EOAA shifts 16.4 
cps downfield, the b resonance shifts 15.3 cps down- 
field, and the c resonance shifts 7.7 cps downfield. 
The magnitude of the shifts of these resonances is not 
in accord with those of the corresponding shifts of 
the S-alkylthioacetic acids, which have been postulated 
to undergo protonation of the carbonyl oxygen. 
Rather, these results suggest that the predominant 
proton interaction occurs at the ether oxygen because 
the b resonance shifts approximately the same amount 
as the a resonance. Edward, Leane, and Wang in
vestigated the chemical shift difference between the 
methyl proton resonance and the methylenic proton 
resonance (which they designated the “ internal shift” ) 
of diethyl ether as a function of acidity in sulfuric 
acid.10 They interpreted the observed increase in

(9) See, fo r  exam p le : (a) E . G ru n w a ld , A . L oe w e ns te in , and  S.
M e ib o o m , J .  C h e m .  P h y s . ,  2 7 ,  641 (1 95 7 ); (b ) A . Loe w e ns te in
and  J . D . R ob e rts , J .  A m e r .  C h e m .  S o c . ,  8 2 ,  2705 (1960 ); (c) J . L . 
S udm e ie r a n d  C . N . R e ille y , A n a l .  C h e m . ,  36, 1968 (1964).
(10) J . T . E d w a rd , J . B . Leane, a nd  I .  C . W a n g , C a n .  J .  C h e m . ,  
40, 1521 (1962).
(11) N . C . D eno , C . U . P it tm a n , J r ., and  M .  J. W is o ts k y , J .  A m e r .  

C h e m .  S o c . ,  86, 4370 (1964).
(12) T . B irc h a ll a nd  R . J . G illesp ie , C a n .  J .  C h e m . ,  43, 1045 (1965).
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“ internal shift” with increasing acidity in terms of a 
mechanism involving hydrogen bonding of the solvent 
H20  to the ether oxygen, followed by formation of the 
protonated ether species. Whether the shifts observed 
in the present study, in which the acidity is not so great 
as in the study of Edward, Leane, and Wang, are at
tributable to a hydrogen-bonding phenomenon or to a 
direct protonation is not determinable. However, 
whichever phenomenon predominates, it is clear from 
the relative chemical shift changes that the basic site 
within the ligand, which is associated with the acidic 
proton, is the ether oxygen. Therefore, in the alk- 
oxyacetic acids the ether oxygen has a greater proton 
affinity than the carbonyl oxygen.

These results reveal, on a qualitative basis, the dif
ferences in intrinsic Lewis basicities of neutral oxygen 
and sulfur. In the S-alkylthioacetic acids and the 
alkoxyacetic acids studied here, the donor tendencies 
are in the order

0
>

0
s >  /  >  /
c  c  c c

On the basis of this ordering, the ether oxygen is ex
pected to contribute significantly more to the stability 
of chelates of metal ions having little capacity for 
back-bonding than the thioether sulfur in correspond
ing ligands. An investigation of the relative stability 
constants of some S-aryl and S-alkylthioacetic acids, 
including ETGA, and their oxygen analogs with the 
divalent ions of Zn, Cd, and Pb concurs with the con
clusions reached here; i.e., those ions with filled d 
orbitals showed greater affinity toward oxygen than 
sulfur.3

The observed basicity of the carbonyl oxygen has

interesting implications concerning the
0

//
— c

\
0 -

group as a possible bidentate chelating group. Bi- 
dentate carboxylate bonding has been detected from 
X-ray studies of

N a[U 02(CH3COO), ] “  Zn(CH3COO) 2• 2H20 14

and

Cu[H 2N-CH (CH2CH2COO) -COO] • 2H20 15

The carbonyl oxygen may also be utilized in poly
meric chelates in which -COO-  is an asymmetric 
bridging ligand; this type of structure has been de
tected by X-ray studies of Zn(H2NCH2C 0 0 )2>H20  
and Cd(H2NCH2C 0 0 )2-H20 .16 More recently, in
frared studies of several crystalline metal chelates of 
methionine, CH3SCH2CH2CHNH£COOH, have indi
cated that metal-carbonyl oxygen bonding is favored 
over metal-thioether sulfur bonding.17 The results of 
the present work suggest that perhaps the carbonyl 
oxygen may be a factor to be considered in chelate 
formation in solution as well.

(13) W . H . Zachariasen  a nd  H . A . P e ltin g e r, A c t a  C r y s t . ,  12, 526 
(1959).
(14) J . H . T a lb o t ,  i b i d . ,  6 , 720 (1953).
(15) H . C . F reem an in  “ T h e  B io c h e m is try  o f  C o p p e r,”  J . P eisach, 
P . A isen , a n d  W . E . B lu m b e rg , E d ., A ca d e m ic  Press, N e w  Y o rk , 
N . Y „  1966, p  84.
(16) B . M .  L o w , F . L .  H irs l i fe ld ,  a n d  F . M . R ic h a rd s , J .  A m e r .  
C h e m .. S o c . ,  81, 4412 (1959).
(17) C . A . M c A u lif fe ,  J. V . Q uag liano , a nd  L . M . V a lla r in o , I n o r g .  
C h e m . ,  5 , 1996 (1966).
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Dielectric Constant and Refractive Index of Weak Complexes in Solution18

by M . E . Baur, D . A . H orsm a, C . M .  K nobler, and P . Perez

D e p a r t m e n t  o f  C h e m i s t r y ,  lb U n i v e r s i t y  o f  C a l i f o r n i a ,  L o s  A n g e l e s ,  C a l i f o r n i a  9 0 0 2 k  ( R e c e i v e d  S e p t e m b e r  k ,  1 9 6 8 )

The effect on the dielectric constant and refractive index of weak complex formation between the components 
of a binary solution is calculated. Equations are developed which relate the deviations from additivity of 
the molar polarization and the molar refraction at infinite wavelength to the equilibrium constant for complex 
formation and the atomic polarizability and dipole moment of the complex. Dielectric constant and refractive 
index measurements are reported for the benzene-hexafluorobenzene system. These data are consistent with 
the presence of a weak complex in solution and from them the atomic polarizability increment and dipole 
moment of the complex are estimated. The values of these quantities indicate that charge-transfer effects 
are not of primary importance for stability of the complex.

I . Introduction

The measurement of the static dielectric constant, «, 
as is well known, furnishes useful if not always unam
biguous information concerning the geometrical struc
ture of stable molecules in liquids and gases.2 In 
particular, if the temperature dependence of the quan
tity (e — l ) / ( e  +  2) for a fluid at a fixed density can 
be represented by a function of the form A +  B/T, the 
dipole moment of the component molecules of the fluid 
can be estimated from B, and their average polarizability 
from A. For the case of gases or dilute solutions of 
polar molecules in nonpolar solvents, A and B assume, 
to good approximation, the simple forms

A — 4tNN jtx/3 (la)

B = 4:irNNjn2/9k (lb )

where Nj is the molar concentration of the species of 
interest, a is its average polarizability, ft is the mag
nitude of its dipole moment, N  is Avogadro’s number, 
and k is the Boltzmann constant.

Measurement of the dielectric constant has been 
employed as well for the elucidation of the structure of 
molecular complexes in fluids in cases in which it is 
expected that the complex possesses electrical properties 
greatly distinct from the mean of its individual com
ponents, The most noteworthy such complexes are 
those of charge-transfer type,3 and dielectric measure
ments are now well known in their application to such 
systems.4'5 Indeed, dielectric measurements are fre
quently considered diagnostic for the presence of a 
meaningful degree of charge-transfer character in 
molecular complexes. However, certain difficulties 
enter in the interpretation of dielectric studies of charge- 
transfer systems which are not present in the case of 
stable polar molecules. In particular, we find the 
following.

( 1 ) The constants A and B given by eq 1 involve the 
products Njot and NjfA. The concentration Nj of a 
complex is not known unless the equilibrium constant 
K  for formation of the complex has been determined,

and it has usually been deemed necessary to adduce 
information on K  from nondielectric measurements in 
order to arrive at a value of p. for the complex.

(2) K  and Nj, and hence the factors A and B for a 
complex, are in general temperature dependent so that 
a simple l/T dependence as indicated in eq 1 for the 
quantity (e — l ) / ( e  +  2) is not to be expected. This 
makes it more difficult to separate polarizability and 
permanent dipole effects for complexes than for stable 
polar molecules and, in fact, it appears that no thorough 
study of the temperature dependence of e for a charge- 
transfer complex in solution has been reported. Usually 
the presence of a complex is inferred by comparing the 
dielectric properties of a solution in which the complex 
is believed to be present with those of reference solutions 
of the separated components of the complex at the same 
temperature. Any deviation from additivity in the 
factor (« — l ) / ( e  +  2) is then attributed to the pres
ence of a complex, and it is universally assumed that 
the deviation is due to nonadditivity in the B factor. 
That is, the assumption is made that the polarizability 
of a complex is the sum of the polarizabilities of the 
individual component molecules. Although such addi
tivity is by no means to be expected to hold rigorously, 
the rationale for this method of approach is that in the 
case of a strong complex with a large dipole moment, the 
effects of the B term will greatly overshadow those of 
the A term. This need not be the case in weak com
plexes, but until now no consideration has been given 
to the modification necessary in the interpretation of 
dielectric data for complexes occasioned by the non
additivity of polarizability. In principle it is clear

(1) (a) S u p po rte d  in  p a r t  b y  th e  N a t io n a l In s t i tu te s  o f  H e a lth -
P u b lic  H e a lth  Serv ice  u n d e r G ra n t N o . R M  11125. (b ) C o n tr ib u 
t io n  N o . 1795.
(2) G enera l re fe rence : C. J. F . B o ttc h e r , “ T h e  T h e o ry  o f  E le c tr ic
P o la r iz a tio n ,”  E ls e v ie r P u b lis h in g  Co., A m s te rd a m , 1952.
(3) F o r a genera l re ference, G. B rie g le b , “ C h a rg e -T ra n s fe r C o m 
p lexes,”  S p rin g e r-V e rla g , 1902, S ection  I I I .
(4) C. G . L e  F e v re  and  R . .1. W . L e  F e vre , J .  C h e m .  S o c . ,  957 (1935).
(5) (a) F . F a irb ro t l ie r ,  N a t u r e ,  160, 87 (1947 ); .7. C h e m .  S o c . ,

1051 (1948); (b) F . F a irb ro t l ie r ,  i b i d . ,  180 (1950).
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what is required to introduce such a modification; 
measurement of the refractive index of a solution con
taining a charge-transfer complex gives the requisite 
information on the polarizability and such measure
ments together with appropriate dielectric measure
ments make possible a complete separation of polariz
ability and dipole moment effects. Information on the 
refractive index of charge-transfer complexes, however, 
is almost entirely lacking.6

The object of this article is twofold. We first present 
a generalized formulation of the relation between the 
measurable quantities, dielectric constant and refrac
tive index of a solution containing a complex, and the 
polarizability, dipole moment, and equilibrium constant 
for the complex. Within the context of this formulation 
we show that: (a) the measurement of dielectric con
stant can be reliably used to estimate the dipole moment 
of the complex only if measurements of the refractive 
index of the systems of interest are also made; (b) in 
principle both the dipole moment of the complex and 
the equilibrium constant for formation of the complex 
can be obtained from measurements of the concentration 
dependence of dielectric constants and refractive indices 
of solutions containing such complexes; (c) certain 
extrapolation schemes for the determination of dipole 
moments from dilute solution dielectric measurements7-9 
may, if used in rhe discussion of systems containing 
complexes, lead to serious errors in the estimate of the 
dipole moment of the complex. Secondly, we present 
new data on the dielectric constant and refractive 
index of benzene and hexafluorobenzene mixtures, both 
to illustrate the use of the formalism previously devel
oped and to shed light on the question of the presence 
of a weak charge-transfer complex in this system.

In section II of this article, we present the generalized 
development of relations for the dielectric constant and 
refractive index of a fluid containing a complex in terms 
of the dipole moment, polarizability, and equilibrium 
constant for formation of the complex. In section III 
we discuss the experimental procedure and results for 
the investigation of benzene-hexafluorobenzene mix
tures. A discussion of these data and a critique of 
earlier work are presented in section IV.

II. Theoretical Formulation
We follow, in the main, the nomenclature and pro

cedure of Bottcher.2 The analysis is based on the 
Clausius-Mossotti-Debye equation for the dielectric 
constant e of a mixture of J components

e — 1 4ttN
=  Nt(«i +  wV3*T) (2)e +  2 3 j=1

where N, is the concentration of species j  in moles per 
cm3, aj is the average polarizability of a molecule of 
species j, m is the magnitude of the permanent dipole 
moment of such a molecule, N is Avogadro’s number, 
and k is the Boltzmann constant. Equation 2 is not

exact, but for dilute solutions of a polar species in a 
nonpolar medium it is a reasonable approximation. 
In the case of a polar charge-transfer species present in 
low concentration in an otherwise nonpolar or weakly 
polar solution under consideration here, use of eq 2 is 
therefore appropriate. We have further

ay = otf +  a f  (3)

where and a /  denote electronic and atomic polariz
abilities, respectively. If the refractive index of a mix
ture is determined for several optical frequencies and 
extrapolated to infinite wavelength to yield nm the 
electronic polarizabilities of the components of the 
mixture are related to by the Lorenz-Lorentz equa
tion

n j ~  1 
n j  +  2

4 vN
~3 Z  Ah«;6

3= 1

(4)

Specializing now for simplicity to the case of a three- 
component system consisting of species A (acceptor), 
species D (donor), and a 1-1 complex DA, we assume 
that the equilibrium between these species is adequately 
described by

K n =  A da/W dA a (5)

that is, we take the ratio of activity coefficients equal 
to 1.

Introducing the formal molar concentrations Noa 
and Nov, we have

Na = Noa — Nva (6a)

Â d = N0v — N r>A (6b)

N va =  K u(N oa — N va) (N ov — N da) (6c )

Substitution of these relations into eq 2 and 4 yields

e -  1
Z h 2

itrN
[iVoAttA +  AoDaD

+  A da^ da — aD — aA) +  NvAVDA2/3kTf (7a)

n j  -  1
nJ +  2

4tN
~ 3 ~

[AVaoA6 +  Â onaon6

+  N b a Í o í D A *  —  C tA e  —  aD6) ]  (7b)

Here we assume that the complex possesses a permanent 
dipole moment of magnitude /¿da and that A and 1) are 
nonpolar. We now define the effective average molar 
volume Y by

1 = M/d = (1/d) [[1VoaA/a +  NodA7 d^/ ( Afoa +  A od)

(8)

(6) T he single exception  to this seem s to  be  recen t w ork  o f  M . G. 
V oron k ov  and A . Y a . D eich , Latvijas P S R  Zinatnu A kad . Vestis. 
K im . Scr., 689 (1965).
(7) I. F. H alverstadt and W . D . K um ler, J . A m er. Chem. Soc., 
64. 2988 (1942).
(8) E . A . G uggenheim , Trans. Faraday Soc., 45 , 714 (1949).
(9) E . A . G uggenheim , ibid., 47 , 573 (1951).
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where MA and M n are the molecular weights of acceptor 
and donor molecules, respectively, and d is the measured 
density in grams per cm3 of the solution. If V' is the 
average molar volume calculated taking the presence 
of the complex as a separate species into account, it is 
clear that

V — V' 1 N DA '
IVoA +  iV0D.

(9)

so that the difference between V and V’ is first order in 
the small quantity NvA. We shall base our further 
development mainly on use of V (which is directly 
calculable) rather than V'.

The quantity V and the measured dielectric constant 
and refractive index are used in the experimental defini
tion of the effective molar polarization, P, and ihe 
effective molar refraction, R

P =
t -  1
e —f- 2

V (10a)

R = n j  -  1 
nJ  +  2

V (10b)

As is well known,2 P  and R are additive functions of mole 
fraction for solutions in which the electrical properties of 
the component molecules are unaffected by formation of 
the mixture, even if the excess volume of mixing is not 
zero. Hence an analysis of the electrical properties of 
a solution is properly based on consideration of these 
quantities. Explicitly, from eq 7, 8, and 10

P =
4 irN

3 (A oa +  Nod)
[A V « a +  A odod

+  A da(<*da — otA — ao) +  A damdaV ^ T ]  (Ha)

R =
4 irN

3 (A oa +  A od)
[ A W a6 +  A od« d°

+  A da(oDA6 — «Ae — «De)3 ( l ib )

We now define the increments A(P) and A(R) to be the 
differences between the measured P  and R for a solution 
containing a complex and the values for P  and R 
which would be obtained for a reference solution 
having the same formal mole fractions of donor and 
acceptor molecules but without a complex, that is, one 
for which strict additivity of electrical properties holds

A(jP) = ——  F A daC«da — « d — « a +  mda2/3A:7[] 
o

4tNNda 
3 (A qa +  Nod)

[ oda — « d — « a +  mda 2/3kT2

4lrN -
A (R) = ——  EADA[aDAe — «D6 — aAe]

'4ttNNda 
3 (A oa +  Nod) [ oda6 — oDe — oa6]  = FA (n)

(12b)
In eq 12 we have introduced the increments A(e) and 
A (n ). These are the differences between the measured 
values of (e — l ) / ( e  +  2) and (n j  — 1 )/{nJ  +  2) 
for a solution in which there is a complex and for a hypo
thetical reference solution having the same formal 
concentration of components but in which there is no 
complex. Finally, the difference between the incre
ments in P  and R can be written

A -  A(P) -  A (R) = F[A(e) -  A (n )]

4 7 tA A d a  _

=  3 ( A „ a  +  A o d )  C“ D A S “  a D “  _  “ a E  +  M D A V 3 f c 7 , ]

(13)

This is the fundamental working equation in our analy
sis. Examination of eq 12 and 13 leads to the following 
conclusions concerning the effect of complex formation.

1. It is only when the sum of the atomic and elec
tronic polarizabilities is conserved upon formation of 
the complex that a departure from additivity in P is 
directly proportional to the square of the dipole moment 
of the complex, juda2-

2. Formation of a complex may reflect itself in non
additivity of either or both P  and R. Additivity of 
either of these in itself does not constitute proof of the 
absence of a complex. In particular, a complex with 
nonvanishing dipole moment can be present even if P 
is additive, but only if A is nonadditive.

3. A clear separation between the effect of non
additivity of atomic polarizability upon formation of a 
complex and the effect of a complex dipole moment is 
not possible within the framework of measurements of 
€ and n at a single temperature. In principle, measure
ment of P  and R and the temperature dependence of 
each permits a complete separation of atomic, electronic, 
and permanent dipole terms. It should be noted that 
mixtures of nonpolar components generally exhibit a 
small degree of nonadditivity in R, even when there is 
no complex formation,10 but this effect is generally on 
the order of a few tenths of a per cent, with the deviation 
being positive. We also remark that in a complex 
with pronounced charge-transfer character and a dipole 
moment /hDa having a magnitude of 1 D or greater, the 
term mda2/3 kT will be on the order of 10-23 cm3, or about 
the same in magnitude as the total molecular polariz
ability of the components of the complex. The polariz
ability increment (ada — aD — « a) will be significantly 
smaller than the polarizabilities themselves, and hence

= FA(e) (12a) (10) See re f 2, p  265 ff.
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the dipole term may be expected to dominate in eq 12. 
In such cases measurement of P by itself should give 
reasonably reliable estimates of the dipole moment of 
the complex. However, if /¿d a  is significantly less than 
1 D, increments in the polarizability will be relatively 
more important and consideration of P  only may then 
lead to erroneous conclusions as to the character of the 
species present.

We now consider the determination of ¿¿da and the 
equilibrium constant for complex formation from di
electric constant and refractive index data. For sim
plicity we neglect the atomic polarizability increment in 
eq 13, bearing in mind that the effective value for 
¿¿d a 2/ 3 kT obtained in this way may in fact include a 
contribution from this term. We introduce the mole 
fraction equilibrium constant K x

K x = A da/ A dA a (14)

where A d a , A a , and A d  are the mole fractions of com
plex, acceptor, and donor. It is convenient to define an 
effective mole fraction A /

A corresponding equation for the case of small donor 
concentration can of course also be written. Hence 
if the variable QkTA/iirNXoA1 is plotted against A 0a ', 
the intercept of this plot with A 0a' = 0 yields 
/¿d a  2K X/(KX +  1) and the limiting slope yields 
—fiDA2K x/(Kx +  l ) 2. In principle, therefore, both 
/¿d a 2 and K x can be independently determined from data 
of this kind.

Finally, we wish to comment briefly on the general 
question of the accuracy of determinations of electrical 
properties of the complex based on the extrapolation of 
measurements to infinite dilution. A variety of such 
extrapolation schemes have been developed for the 
determination of the dipole moment and polarizability 
of stable polar molecules in nonpolar solvents,11 and 
these can be applied to the case in which the polar 
species is a charge-transfer complex. The methods are 
all based on the systematic representation of P  for a 
dilute solution as a function of the mole fraction of the 
polar species and the simplest form of such a representa
tion is

A /  =  Nj/ (A oa +  Nm)

= A ,[ l  — A d a / ( A oa +  A o d ) ]  (15a)
The following relations then hold among the three sets 
of mole fractions, A 0/ ,  Xj, and A /

A od' +  A oa' = i (15b)

A d  +  A a +  A da =  i (15c)

A d ' +  A a ' +  A d a ' = 01■rH (15d)

■'-sII

wQ1T—
l

£

=  A, D, DA (15e)
V t _ V / V t
A j  — A o j  ~  A d a  , 3 =  A, D (15f)

Substitution of eq 15e and lof into eq 14 then yields an 
equation connecting K x and A da' with the observables 
A o d '  and A oa '

A , = A d a ' ( 1  -  A d a ' )

A oa ' A o d '  -  A d a '  +  ( A d a ' ) 2
(16)

Rearrangement of eq 16 yields a quadratic equation in 
A d a '  whose only physical solution is

A d a
/ I  +  K J l  -  4AqA'A od') 
\ 1 +  Ax

(17)

Expansion of the root in eq 17 then gives

A /
DA

A sA q a ' A q d ' /  A xA oa ' A o d '

Ax +  1 \ K x +  1 (18)

Substitution of eq 18 into eq 13 together with use of eq 
15a and 15b and rearrangement then yields a relation 
for A in the limit of small acceptor concentration

A = 47rlV /¿da2A x

w r K f + 1
[A „a ' -  (A x +  1 )-1 (A „a' ) 2 +  . . . ) ]

(19)

P =  (1 -  A )P S +  A P d = P s +  A (P d -  Ps) (20)

where A  is the mole fraction of the polar species and 
Ps and P d are molar polarizations of the pure solvent 
and pure polar liquid, respectively. It is easily seen 
that eq 19 is a modified form of eq 20, in which the 
presence of equilibrium between polar and nonpolar 
components and the subtraction of effects associated 
with electronic polarizability have been taken into 
account. It is important to recognize, however, that 
whereas for a stable polar molecule, eq 20 gives a linear 
dependence of P  on mole fraction, as a consequence of 
the presence of an equilibrium eq 19 contains quadratic 
and higher terms in mole fraction. Thus in order to 
apply extrapolation methods to charge-transfer equilib
ria, measurements must be made at much higher dilu
tions than are generally required for corresponding 
studies on stable polar molecules. Indeed it can be 
seen from eq 19 that forcing a linear fit on data points 
spread over a range of A oa' from 0  to 0 .1 , for example, 
would yield a result for the limiting slope of A in error 
by 10%  or more if A x < 1 , as expected for most weak 
complexes. To reduce the error in a linear fit to less 
than 1% it would be required that A oa' be restricted to 
values between zero and 0.01. In addition, in order 
to use the particular form of extrapolation developed 
by Hedestrand12 and Halverstadt and Kumler7 it is 
necessary to extrapolate both the dielectric constant and 
the density of the solution to infinite dilution. The 
density of a solution containing a charge-transfer 
complex will show a nonlinear dependence on mole 
fraction in the same way as do the electrical properties, 
so that in the application of the Hedestrand-Halver-

(11) See r e f  2, se c tion  52.
(12) G . H e d e s tra n d , Z .  P h y s i k .  C h e m . ,  B 2 , 428 (1929).
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Table I: Refractive Index and Molar Polarization of Benzene-Hexafluorobenzene Mixtures

-XCeFs n a a x  l 0- ‘ A -2

0.0000 1.4786 ± 0 . 0 0 1 2 5.57
0.2417 1.4328 ± 0 . 0 0 1 1 5.32
0.3408 1 .4 16 1  ± 0 .0 0 1 4 7 . 10
0.4646 1.4055 ±  0.0009 5.27
0.4839 1.4004 ±  0.0005 4.26
0.7127 1 .3 8 12  ±  0.0005 5.02
0.8608 1.3738 ±  0.0009 4.28
1.0000 1.3642 ± 0 .0 0 1 4 3 . SO

b X  IO-« À-< V, cms/mol R", cmVmol

4.1 89.39 25.32
2.6 96.50 25.06

- 0 . 1 99.23 24.90
1.6 102.46 25.13
2.4 102.95 24.99
0.7 108.71 25.24
1.4 111.14 25.36
2.0 115.76 25.80

Table II: Dielectric Constant of Benzene-Hexafluorobenzene Mixtures (F and P  in cm8/mol)

— 2 5 .0 ° - ---------- s — 35.0°—------------s — 45.0°—------------s — 55.0°—------------S -6 5 .0 ° -----
•XctFs € V P € V p € V P e V p e V P

1.0000 2.029 115.79 29.59 2.013 117.46 29.67 1.995 119.18 29.69 1.997 120.94 29.71 1.960 122.76 29.77
0.8687 2.052 112.60 29.23 2.035 114.19 29.30 2.017 115.83 29.33 2.001 117.52 29.41 1.983 119.26 29.44
0.7419 2.066 109.46 28.70 2.048 110.99 28.74 2.029 112.55 28.75 2.012 114.16 28.80 1.997 115.82 28.90
0.6167 2.091 106.36 28.37 2.074 107.81 28.42 2.056 109.30 28.46 2.037 110.84 28.47 2.021 112.42 28.55
0.4850 2.127 103.01 28.13 2.110 104.39 28.20 2.093 105.81 28.26 2.074 107.26 29.68 2.058 108.76 28.35
0.4466 2.130 102.02 27.92 2.113 103.38 27.98 2.095 104.78 28.02 2.076 106.21 28.04 2.059 107.68 28.10
0.3817 2.152 100.33 27.84 2.134 101.65 27.89 2.117 103.01 27.95 2.097 104.41 27.96 2.081 105.84 28.04
0.2522 2.187 96.82 27.45 2.170 98.07 27.51 2.152 98.85 27.57 2.134 100.67 27.61 2.116 102.02 27.66
0.0000 2.275 89.41 26.64 2.256 90.52 26.70 2.237 91.65 26.74 2.219 92.82 26.82 2.200 94.01 26.85

stadt-Kumler procedure to such systems,13'14 the neces
sity of obtaining data for extremely dilute solutions is 
further reinforced.

III. Experim ental Investigations

A number of recent measurements of the properties of 
benzene-hexafluorobenzene (B-HFB) mixtures strongly 
suggest that there is a specific interaction between these 
two molecules. Positive evidence for this interaction 
is to be found in the heats16 and volume changes13 on 
mixing and there is further support from investigations 
of the phase diagram16 which show the presence in the 
solid of a 1:1 complex. In addition, solid mixtures of 
HFB with other donors such as mesitylene and p-xylene 
show similar behavior, and X-ray investigations17 of the 
complexes formed in these systems indicate that the 
molecules are arranged in an alternating layer structure. 
Yet another study consistent with the hypothesis of 
specific interaction in these mixtures has involved the 
determination of heats of mixing of a large variety of 
systems involving partially fluorinated benzenes.18

Although this substantial body of evidence strongly 
points to the existence of a B-HFB complex, none of 
these experiments has uncovered any feature which can 
be unequivocally identified with a complex in liquid 
mixtures. No charge-transfer bands have been detect
ed and neither the proton nor the fluorine nmr spectrum 
of a mixture shows any new features. Dielectric meth
ods should be ideal for demonstrating the presence of 
a complex since both of the pure components are non
polar and it is likely that a complex would have a per

manent dipole moment. Two measurements of the 
dielectric constant of B-HFB liquid mixtures have been 
reported13'14 from which values of the dipole moment of a 
complex have been derived. However, these results 
are at variance with each other and, as we shall see in 
section IV, there seems good reason to doubt the validity 
of this earlier work. For this reason we have under
taken the experimental investigation outlined below.

We have carried out measurements of the dielectric 
constant and refractive index of B-HFB solutions over 
the entire range of mole fraction. The details of sample 
preparation are given in paragraph A below, and the 
methods employed in the determination of e and n are 
described in paragraphs B and C. Numerical results 
are presented in Tables I—III and used to calculate the 
molar polarization P  and molar refraction R of the 
mixtures listed in the tables and plotted in Figure 1 of 
section IV. A discussion of the qualitative implications 
of these data in terms of the theory already given is 
presented in section IV.

A. Materials. The benzene used in these studies

(13) W . A. D uncan, J. P. Sheridan, and F . L. Sw inton, Trans. Faraday 
Soc.. 62, 1090 (1966).
(14) C. C. M ered ith  and G. F. W right, Can. J . Chem., 38, 1177 
(1960).
(15) D . V . F enby , I. A . M cL u re , and R . L . S cott, J. P hys. Chem., 
70, 602 (1966).
(16) W . A . D u ncan  and F. L . Sw inton, Trans. Faraday Soc., 62, 
1082 (1966).
(17) C. K n obler and R . L . S cott, p rivate com m u n ica tion ; J. C . A. 
B oeyens and F. H. H erbstein, J. Phys. Chem., 69, 2153 (1965).
(18) D . V. F en by  and  R . L. S cott, ibid., 71, 4103 (1967).
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Table III: Dielectric Constant of Dilute Solutions 
of Hexafluorobenzene in Benzene

-XceFe € d. g/cm' •Phfb"
0.00000 2.2740 0.8736
0.005984 2.27134 0.8790 29
0.01271 2.26834 0.8850 29.3
0.01926 2.26556 0.8909 29.4
0.02445 2.26341 0.8955 29.5

w a s  M a t h e s o n  S p e c t r o g r a d e .  T h e  m a t e r i a l  w a s  p u r i 

f i e d  b y  s l o w  f r a c t i o n a l  c r y s t a l l i z a t i o n ,  d r i e d  b y  r e f l u x 

i n g  w i t h  P 20 5, a n d  t h e n  f r a c t i o n a l l y  d i s t i l l e d ,  o n c e  o v e r  

K2CO3 a n d  t h e n  w i t h  n o  d r y i n g  a g e n t .  T h e  p u r i f i e d  

m a t e r i a l  w a s  s t o r e d  i n  a  c l o s e d  c o n t a i n e r  t o  p r e v e n t  

a b s o r p t i o n  o f  m o i s t u r e .  H e x a f l u o r o b e n z e n e  w a s  o b 

t a i n e d  f r o m  t h e  P i e r c e  C h e m i c a l  C o . ,  R o c k f o r d ,  111., 

a n d  f r o m  t h e  W h i t t a k e r  C o r p o r a t i o n ,  S a n  D i e g o ,  C a l i f . ,  

a n d  w a s  p r e p a r e d  i n  t h e  s a m e  m a n n e r .  F o r  t h e  b e n 

z e n e  nwv> w a s  1 . 5 0 1 2  a n d  f o r  t h e  h e x a f l u o r o b e n z e n e  

n 20D w a s  1 . 3 7 7 2 .

B. Measurement of Refractive Index. T h e  r e f r a c t i v e  

i n d e x  m e a s u r e m e n t s  w e r e  p e r f o r m e d  u s i n g  t h e  m e t h o d  

o f  m i n i m u m  d e v i a t i o n .  A  c o p p e r  c e l l ,  1 c m 3 i n  v o l u m e ,  

w a s  m o u n t e d  o n  a  7 . 5 - i n .  s p e c t r o m e t e r  m a n u f a c t u r e d  b y  

t h e  P r e c i s i o n  T o o l  a n d  I n s t r u m e n t  C o .  T h e  d i v i d e d  

c i r c l e  c a n  b e  r e a d  t o  3 0  s e c  o f  a r c  s o  t h a t  w i t h  t h e  6 0 °  

p r i s m  a n g l e  o f  t h e  c e l l  t h e  r e f r a c t i v e  i n d e x  c a n  b e  

d e t e r m i n e d  w i t h  a n  a c c u r a c y  o f  0 . 0 0 0 2 .  W a t e r ,  c i r 

c u l a t e d  t h r o u g h  t h e  c e l l  w a l l s  f r o m  a  t h e r m o s t a t i c  b a t h ,  

m a i n t a i n s  t h e  s a m p l e  t e m p e r a t u r e  c o n s t a n t  t o  0 .02 °  

a s  d e t e r m i n e d  b y  t e m p e r a t u r e  m e a s u r e m e n t s  o f  l i q u i d s  

i n  t h e  c e l l .  T h e  p r i s m  a n g l e  w a s  d e t e r m i n e d  f r o m  

m e a s u r e m e n t s  o f  t h e  a n g l e  o f  m i n i m u m  d e v i a t i o n  f o r  

w a t e r  a n d  t h e  a c c u r a t e l y  k n o w n  v a l u e s  o f  i t s  r e f r a c t i v e  

i n d e x .19
E a c h  o f  t h e  m i x t u r e s  s t u d i e d  w a s  p r e p a r e d  b y  w e i g h t  

i n  t u b e s  s e a l e d  w i t h  s e p t u m  c a p s .  T h e  s a m p l e s  w e r e  

i m m e d i a t e l y  t r a n s f e r r e d  t o  t h e  c e l l  w i t h  a  h y p o d e r m i c  

s y r i n g e  a n d  t h e  c e l l  w a s  c l o s e d  w i t h  a  s c r e w  c a p  a n d  

s e a l e d ,  a s  a r e  t h e  c e l l  w i n d o w s ,  w i t h  a  T e f l o n  g a s k e t .  

I n  e a c h  c a s e  t h e  i n i t i a l  m e a s u r e m e n t s  w e r e  d u p l i c a t e d  

a t  t h e  e n d  o f  a  r u n  t o  c h e c k  f o r  a n y  c o m p o s i t i o n  c h a n g e  

d u e  t o  e v a p o r a t i v e  l o s s e s ;  n o n e  w a s  e v e r  o b s e r v e d .

M e a s u r e m e n t s  w e r e  p e r f o r m e d  a t  s e v e n  d i f f e r e n t  

w a v e l e n g t h s :  t h e  m e r c u r y  l i n e s  a t  4 3 5 8  a n d  5 4 6 1  A ,  t h e  

c e s i u m  l i n e s  a t  6 2 1 3 ,  6 0 1 0 ,  5 8 4 5 ,  a n d  5 6 4 9  A ,  a n d  t h e  

s o d i u m  l i n e  a t  5 8 9 3  A .  T h e  r e s u l t s  w e r e  f i t t e d  b y  t h e  

m e t h o d  o f  l e a s t  s q u a r e s  t o  a  d i s p e r s i o n  r e l a t i o n  o f  t h e  

f o r m

n ( X )  = » „  +  0 / X 2 +  b/ \ 4

T h e  v a l u e s  o f  nm) a, a n d  b a t  2 4 . 8 °  a r e  g i v e n  f o r  e a c h  

m i x t u r e  i n  T a b l e  I .  I n  e v e r y  c a s e  t h e  d i s p e r s i o n  r e l a 

t i o n  r e p r e s e n t s  t h e  d a t a  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .  

T h e  s t a n d a r d  d e v i a t i o n s  l i s t e d  f o r  h a v e  b e e n  o b 

t a i n e d  f r o m  t h e  l e a s t - s q u a r e s  a n a l y s i s .

Figure 1. The molar polarization and molar refraction 
at infinite wavelength for benzene-hexafluorobenzene 
mixtures at 25°.

M o l a r  v o l u m e s  g i v e n  i n  T a b l e  I  f o r  e a c h  m i x t u r e  w e r e  

c a l c u l a t e d  f r o m  t h e  m o l a r  v o l u m e s  o f  b e n z e n e 20 a n d  

h e x a f l u o r o b e n z e n e 21 i n  c o n j u n c t i o n  w i t h  t h e  v a l u e s  o f  

t h e  e x c e s s  v o l u m e  r e p o r t e d  b y  D u n c a n ,  et al.13 T h e i r  

m e a s u r e m e n t s  w e r e  p e r f o r m e d  a t  4 0 ° ,  b u t  t h e  e x c e s s  

v o l u m e  i s  g e n e r a l l y  o n l y  w e a k l y  t e m p e r a t u r e  d e p e n d e n t  

a n d  f o r  t h i s  s y s t e m  i t  i s  a t  m o s t  l e s s  t h a n  1%  o f  t h e  t o t a l  

m o l a r  v o l u m e .  T h e  r e f r a c t i v e  i n d e x  a n d  v o l u m e  d a t a  

h a v e  b e e n  u s e d  t o  c a l c u l a t e  t h e  v a l u e s  o f  R m, t h e  m o l a r  

r e f r a c t i o n  a t  i n f i n i t e  w a v e l e n g t h ,  l i s t e d  i n  t h e  t a b l e  

a n d  s h o w n  i n  F i g u r e  1 . T h e  e r r o r  b a r s  i n  t h e  f i g u r e  

r e p r e s e n t  t h e  r e s u l t  o f  t h e  c o m p o u n d e d  u n c e r t a i n t i e s  

i n  t h e  r e f r a c t i v e  i n d e x ,  m o l a r  v o l u m e ,  a n d  m o l e  f r a c t i o n .

C. Measurement of Dielectric Constant. M e a s u r e 

m e n t  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  m i x t u r e s  w a s  

c a r r i e d  o u t  u s i n g  t h e  b r i d g e  m e t h o d .  T h e  s i g n a l  s o u r c e  

w a s  a  G e n e r a l  R a d i o  1 3 1 1 - A  a u d i o  o s c i l l a t o r ,  o p e r a t e d  

a t  1 k H z ,  a n d  t h e  b r i d g e  w a s  a  G e n e r a l  R a d i o  1 6 1 5 - A  

c a p a c i t a n c e  b r i d g e ,  w i t h  i m b a l a n c e  d e t e c t i o n  o n  a  

G e n e r a l  R a d i o  1 2 3 2 - A  n u l l  d e t e c t o r .  T h e  c e l l  e m p l o y e d

(19) L . W . T ilton  and  J. K . T ay lor, J. Res. N at. B ur. Stand., 20, 
419 (1938).
(20) J. T im m erm ans, “ P hysico-C hem ica l C onstants o f  Pure O rganic 
C om p ou n d s,"  E lsevier Publish ing C o., N ew  Y o rk , N . Y ., 1965.
(21) J. P . Counsell, J. H . S. Green, J. L . H ales, and J. F . M artin , 
Trans. Faraday Soc., 61, 212 (1965).
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w a s  o f  t h e  t h r e e - t e r m i n a l  c o n c e n t r i c  c y l i n d e r  e l e c t r o d e  

t y p e ,  c o n s t r u c t e d  o f  m o n e l  ( B a l s b a u g h  L a b o r a t o r i e s ,  

D u x b u r y ,  M a s s . ,  T y p e  3 H T  3 5  p F .  T h e  c e l l  w a s  

c a l i b r a t e d  u s i n g  d r i e d  c y c l o h e x a n e ,  e25 2 . 0 1 7 2 . 22 W i t h  

t h i s  a r r a n g e m e n t ,  t h e  s e n s i t i v i t y  o f  t h e  c a p a c i t a n c e  

m e a s u r e m e n t s  w a s  t o  b e t t e r  t h a n  0 . 0 0 1  p F  ( 0 . 0 0 5 % ) .  

T h e  t e m p e r a t u r e  o f  t h e  c e l l  w a s  m a i n t a i n e d  t o  w i t h i n  

0 .01 °  w i t h  a  s t a n d a r d  r e l a y  c o n t r o l  b a t h .

I n  v i e w  o f  t h e  l a r g e  v o l u m e  o f  s o l u t i o n  r e q u i r e d  t o  f i l l  

t h e  c e l l ,  s o l u t i o n s  o f  l a r g e  a n d  m o d e r a t e  c o n c e n t r a t i o n  

w e r e  p r e p a r e d  b y  s u c c e s s i v e  d i l u t i o n  w i t h  p u r e  b e n z e n e .  

T h e s e  s o l u t i o n s  w e r e  m a d e  u p  v o l u m e t r i c a l l y  a n d  t h e  

w e i g h t  o f  t h e  c o m p o n e n t s  d e t e r m i n e d  o n  a n  a n a l y t i c a l  

b a l a n c e .  T h e  c o m p o s i t i o n  o f  s o l u t i o n s  p r e p a r e d  i n  t h i s  

w a y  w a s  d e t e r m i n e d  t o  b e t t e r  t h a n  0 . 0 5 %  i n  m o l e  

f r a c t i o n .  A s  a  c h e c k ,  t h e  d i e l e c t r i c  c o n s t a n t  o f  a  

f r e s h l y  m a d e  u p  c o n t r o l  s a m p l e  w i t h  X h f b  =  0 . 4 4 6 6  

w a s  d e t e r m i n e d  a n d  f o u n d  t o  a g r e e  w i t h i n  e x p e r i m e n t a l  

e r r o r  w i t h  v a l u e s  o b t a i n e d  b y  t h e  s u c c e s s i v e  d i l u t i o n  

m e t h o d .  F o r  d i l u t e  s o l u t i o n  m e a s u r e m e n t s  ( 0 . 0 0 6  <  

X h f b  <  0 . 0 2 4 ) ,  a  f r e s h  s a m p l e  w a s  p r e p a r e d  f r o m  t h e  

p u r e  c o m p o n e n t s  f o r  e a c h  m e a s u r e m e n t .

T h e  m e a s u r e m e n t s  a t  l a r g e  a n d  m o d e r a t e  H F B  

c o n c e n t r a t i o n  w e r e  s u b j e c t  t o  a  d e t e r m i n a t e  e r r o r  

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

u p o n  o p e n i n g  t h e  c e l l  t o  e m p t y  a n d  r e l o a d  i t .  T h e  

m a g n i t u d e  o f  t h i s  e r r o r  w a s  e s t a b l i s h e d  t o  b e  n o t  

g r e a t e r  t h a n  0 . 1 % .  T h e  d i l u t e  s o l u t i o n  m e a s u r e m e n t s  

w e r e  n o t  s u b j e c t  t o  t h i s  e r r o r  s i n c e ,  f o r  t h e s e  m e a s u r e 

m e n t s ,  t h e  c e l l  w a s  e m p t i e d  a n d  r e l o a d e d  b y  t h e  u s u a l  

v a c u u m  t e c h n i q u e s .  T h e  d i l u t e  s o l u t i o n  m e a s u r e m e n t s  

m a y  a c c o r d i n g l y  b e  c o n s i d e r e d  a c c u r a t e  t o  ± 0 . 0 0 5 % ,  

t h e  s e n s i t i v i t y  o f  t h e  m e a s u r i n g  a p p a r a t u s .

T w o  i n d e p e n d e n t  s e t s  o f  d i e l e c t r i c  m e a s u r e m e n t s  o n  

B - H F B  m i x t u r e s  w e r e  c a r r i e d  o u t .  A  s e r i e s  o f  s e v e n  

s o l u t i o n s ,  w i t h  H F B  f o r m a l  m o l e  f r a c t i o n  ( X 0f )  i n  t h e  

r a n g e  0 . 2 5 2 2  t o  0 . 8 6 8 7 ,  w a s  s t u d i e d .  T h e  d i e l e c t r i c  

c o n s t a n t  o f  e a c h  o f  t h e s e  s o l u t i o n s ,  t o g e t h e r  w i t h  t h o s e  

o f  t h e  p u r e  c o m p o n e n t s ,  w a s  d e t e r m i n e d  a t  10°  t e m 

p e r a t u r e  i n t e r v a l s  f r o m  2 5 . 0  t o  6 5 . 0 ° .  T h e  r e s u l t s  o f  

t h i s  s e t  o f  m e a s u r e m e n t s  a r e  s u m m a r i z e d  i n  T a b l e  I I .  

F o r  e a c h  c o m p o s i t i o n  a n d  t e m p e r a t u r e ,  w e  g i v e  t h e  

m e a s u r e d  d i e l e c t r i c  c o n s t a n t  e, t h e  m o l a r  v o l u m e  V  i n  

c m 3/ m o l ,  a n d  t h e  e x p e r i m e n t a l  v a l u e  o f  P,  t h e  m o l a r  

p o l a r i z a t i o n  o f  t h e  m i x t u r e ,  c a l c u l a t e d  f r o m  e q  10a .  

A l l  p o l a r i z a b i l i t i e s  a r e  g i v e n  i n  u n i t s  o f  c m 3/ m o l .  T h e  

o v e r a l l  e x p e r i m e n t a l  u n c e r t a i n t y  i n  P  i s  ± 0 . 0 5  e m 3/ m o l .  

I n  a d d i t i o n ,  a  s e t  o f  m e a s u r e m e n t s  w a s  p e r f o r m e d  o n  

f o u r  d i l u t e  s o l u t i o n s  o f  H F B  i n  b e n z e n e ,  w i t h  H F B  

f o r m a l  m o l e  f r a c t i o n  i n  t h e  r a n g e  0 . 0 0 6  t o  0 . 0 2 4 .  T h e s e  

m e a s u r e m e n t s  w e r e  m a d e  o n l y  a t  2 5 . 0 ° .  T h e  r e s u l t s  

a r e  s u m m a r i z e d  i n  T a b l e  I I I ,  i n  w h i c h  a r e  g i v e n  s h e  

f o r m a l  m o l e  f r a c t i o n  o f  H F B ,  d i n  g / c m 3, a n d  e. T h e s e  

d a t a  w e r e  u s e d  t o  c a l c u l a t e  t h e  v a l u e s  o f  P Hf b ° f o r  H F B  

g i v e n  i n  t h e  t a b l e ,  w h e r e

P h f b 0 =  [ P .  -  ( 1  -  X )P J> ]/ X

a n d  P s i s  t h e  m o l a r  p o l a r i z a t i o n  o f  t h e  s o l u t i o n ,  P B° t h a t  

o f  p u r e  b e n z e n e ,  a n d  X  t h e  m o l e  f r a c t i o n  o f  H F B .

IV . D iscussion o f D ata and Conclusions

T h e  o v e r a l l  a s p e c t  o f  t h e  d i e l e c t r i c  a n d  r e f r a c t i v e  

i n d e x  d a t a  f o r  t h e  B - H F B  s o l u t i o n s  i s  b e s t  s e e n  i n  t h e  

p l o t  o f  t h e  m o l a r  p o l a r i z a t i o n  P  a n d  m o l a r  r e f r a c t i o n  R  
o f  t h e  m i x t u r e s  a s  a  f u n c t i o n  o f  m o l e  f r a c t i o n  a t  2 5 ° ,  

F i g u r e  1 .  I n s p e c t i o n  o f  t h i s  p l o t  o r  o f  t h e  v a l u e s  g i v e n  

i n  T a b l e  I I  s h o w s  t h a t  t o  w i t h i n  e x p e r i m e n t a l  e r r o r ,  

± 0 . 0 5  c m 3/ m o l ,  a d d i t i v i t y  o f  m o l a r  p o l a r i z a t i o n  h o l d s  

a t  a l l  c o n c e n t r a t i o n s .  T h e  p o l a r i z a t i o n  v a l u e s  g i v e n  

f o r  o t h e r  t e m p e r a t u r e s  i n  T a b l e  I I  s h o w  t h a t  t h i s  

a d d i t i v i t y  h o l d s  a t  a l l  t e m p e r a t u r e s  s t u d i e d .  A d 

d i t i o n a l  c o n f i r m a t i o n  o f  t h i s  c o n c l u s i o n  i s  o b t a i n e d  

f r o m  t h e  r e s u l t s  o f  t h e  d i l u t e  s o l u t i o n  m e a s u r e m e n t s  a t  

2 5 °  s u m m a r i z e d  i n  T a b l e  I I I .  E x t r a p o l a t i o n  o f  t h e  

v a l u e s  f o r  P exp g i v e n  t h e r e  t o  z e r o  c o n c e n t r a t i o n  y i e l d s  

a  l i m i t i n g  v a l u e  P exp° o f  2 9 . 8  ±  0 . 2  c m 3/ m o l  f o r  t h e  

i n c r e m e n t a l  m o l a r  p o l a r i z a t i o n  a s s o c i a t e d  w i t h  H F B  

i n  d i l u t e  s o l u t i o n  i n  B. T h i s  v a l u e  i s  i n  a g r e e m e n t  

w i t h i n  e x p e r i m e n t a l  e r r o r  w i t h  t h e  v a l u e  P  =  2 9 . 5 9  

e m 3/ m o l  o b t a i n e d  f o r  p u r e  H F B  a t  2 5 ° ,  a n d  c o n f i r m s  

t h e  l a c k  o f  a n y  d e v i a t i o n  f r o m  a d d i t i v i t y  i n  P  i n  t h e s e  

s y s t e m s .  A c c o r d i n g  t o  t h e  u s u a l  c r i t e r i a  b a s e d  o n l y  

o n  d i e l e c t r i c  m e a s u r e m e n t s ,  o n e  w o u l d  h a v e  t o  c o n c l u d e  

t h a t  n o  d i p o l e  m o m e n t  a s s o c i a t e d  w i t h  a  B - H F B  

c o m p l e x  i s  p r e s e n t .

T h e  c o n c l u s i o n s  w h i c h  f o l l o w  f r o m  t h e  d i l u t e  s o l u t i o n  

w o r k  r e p o r t e d  h e r e  a r e  d i f f e r e n t  f r o m  t h o s e  r e p o r t e d  i n  

t h e  t w o  p r e v i o u s  s t u d i e s  t o  w h i c h  w e  h a v e  a l l u d e d .13'14 
D u n c a n ,  et al.,ls d i d  n o t  r e p o r t  t h e  r e s u l t s  o f  t h e i r  d i 

e l e c t r i c  i n v e s t i g a t i o n  i n  t e r m s  o f  m o l a r  p o l a r i z a t i o n  

v a l u e s ,  b u t  s t a t e d  o n l y  t h a t  t h e i r  a p p l i c a t i o n  o f  t h e  

H a l v e r s t a d t - K u m l e r  e x t r a p o l a t i o n  p r o c e d u r e  l e d  t o  a n  

e s t i m a t e d  d i p o l e  m o m e n t  o f  t h e  c o m p l e x  o f  0 . 3  D .  

F r o m  t h i s  v a l u e ,  I t  i s  e a s y  t o  w o r k  b a c k w a r d  a n d  

c a l c u l a t e  t h a t  t h e  l i m i t i n g  m o l a r  p o l a r i z a t i o n  P exp" 

f o u n d  i n  t h e i r  w o r k  w a s  a b o u t  3  c m 3/ m o l  g r e a t e r  t h a n  

t h a t  f o u n d  h e r e ,  a  d i f f e r e n c e  o f  a b o u t  1 0 % .  S i m i l a r l y ,  

t h e  v e r y  m u c h  l a r g e r  d i p o l e  m o m e n t  r e p o r t e d  i n  r e f  1 4  

c o r r e s p o n d s  t o  a  v a l u e  f o r  P cxp0 a b o u t  1 0  c n r i / m o l  

g r e a t e r  t h a n  t h a t  f o u n d  h e r e .  T h e  r e s o l u t i o n  o f  t h e s e  

d i s c r e p a n c i e s  l i e s  i n  a  c a r e f u l  e x a m i n a t i o n  o f  t h e  p l o t  o f  

d i e l e c t r i c  c o n s t a n t  vs. m o l e  f r a c t i o n .  T h e  d a t a  i n  

T a b l e s  I I  a n d  I I I  s h o w  c u r v a t u r e  e v e n  a t  m o l e  f r a c t i o n s  

o f  H F B  a s  l o w  a s  0 . 0 2  a n d  s i m i l a r  c u r v a t u r e  i s  p r e s e n t  

f o r  t h e  s a m e  c o n c e n t r a t i o n s  i n  t h e  p l o t  o f  d e n s i t y  vs. 
c o m p o s i t i o n .  H o w e v e r ,  D u n c a n ,  et al., m a d e  a  l i n e a r  

f i t  t o  d a t a  i n  t h e  m o l e  f r a c t i o n  r a n g e  0 . 0 1  t o  0 . 1 5  i n  H F B  

a n d  s u c h  a  p r o c e d u r e  l e a d s  t o  a  v a l u e  f o r  P ex P0 i n  e x c e s s  

o f  o u r  v a l u e  b y  1 0 %  o r  m o r e .  T h u s  t h e  a c t u a l  d a t a  o f  

D u n c a n ,  et al., a r e  p r o b a b l y  i n  a g r e e m e n t  w i t h  t h o s e  

g i v e n  h e r e ,  t h e  o n l y  d i f f e r e n c e  b e i n g  i n  t h e  d e t a i l s  o f  t h e

(22) L . H artshorn, J. V . L. P arry, and  L . Essen, Proc. P h ys. Soc., 
68B, 422 (1955).
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a n a l y s i s .  I t  i s  l i k e l y  t h a t  t h e  s a m e  c o n s i d e r a t i o n s  a p p l y  

t o  t h e  w o r k  o f  r e f  1 4 ,  b u t  i n s u f f i c i e n t  i n f o r m a t i o n  i s  

g i v e n  t h e r e  f o r  a  d e e p e r  a n a l y s i s  t o  b e  p e r f o r m e d .  W e  

t h u s  f e e l  t h a t  t h e  v a l u e s  f o r  t h e  m o l a r  p o l a r i z a t i o n  

g i v e n  h e r e  a r e  i n t e r n a l l y  c o n s i s t e n t  a n d  p r e f e r a b l e  t o  

t h o s e  r e p o r t e d  b y  t h e  e a r l i e r  w o r k e r s .

I t  i s  u s e f u l  t o  e s t i m a t e  t h e  m a x i m u m  m a g n i t u d e  w h i c h  

a  d i p o l e  m o m e n t  a s s o c i a t e d  w i t h  a  B - H F B  c o m p l e x  

c o u l d  h a v e ,  i f  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  a d d i t i v i t y  

t o  w i t h i n  0 . 0 5  c m 3/ m o l  i n  P  w e r e  t o  b e  u s e d  a s  t h e  s o l e  

c r i t e r i o n .  F o r  t h i s  i t  i s  n e c e s s a r y  t o  h a v e  a  v a l u e  f o r  

K x, t h e  e q u i l i b r i u m  c o n s t a n t  f o r  c o m p l e x  f o r m a t i o n .  

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

e q  1 9  b u t  i n  t h e  p r e s e n t  c a s e  e x p e r i m e n t a l  u n c e r t a i n t y  

i s  t o o  g r e a t  f o r  t h i s  t o  b e  a c c u r a t e .  H e n c e  w e  r e s o r t  t o  

a  d i f f e r e n t  m e t h o d .  F e n b y 23 h a s  g i v e n  a  s u r v e y  o f  

a v a i l a b l e  c a l o r i m e t r i c  d a t a  o n  m i x t u r e s  o f  h y d r o c a r b o n s  

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

t i o n  o f  t h e  h e a t  o f  m i x i n g  H E f o r  t h e s e  s y s t e m s  i n t o  a  

“ p h y s i c a l ”  p a r t  H p e  w h i c h  i s  p o s i t i v e  i n  a l l  c a s e s  a n d  a  

“ c h e m i c a l ”  p a r t  H CE w h i c h  r e f l e c t s  t h e  p r e s e n c e  o f  

s p e c i f i c  i n t e r a c t i o n  a n d  i s  n e g a t i v e .24 A c c o r d i n g  t o  

F e n b y ’ s  a n a l y s i s ,  t h e  o b s e r v e d  H E f o r  B - H F B  a t  m o l e  

f r a c t i o n  0 . 5  a t  2 5 °  c a n  b e  c o n s i d e r e d  t h e  r e s u l t a n t  o f  a n  

H PE o f  a b o u t  3 6 0  c a l / m o l  a n d  a n  H CB o f  a b o u t  — 4 9 0  

c a l / m o l .  A s s u m i n g  t h a t  t h e  “ c h e m i c a l ”  c o n t r i b u t i o n  

i s  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  a  c o m p l e x  w i t h  h e a t  

o f  f o r m a t i o n  AHt, w e  h a v e  f o r  t h e  c a s e  X ( f o r m a l )  =  

0 . 5

H CE =  [1  -  (1 +  K x) - ^ A H t / 2

K x =  (2Hcs/AHf  -  l ) - 2 -  1

W e  d o  n o t  h a v e  a n  e x a c t  v a l u e  f o r  A H {, b u t  i n  v i e w  o f  

t h e  e v i d e n t  s t a b i l i t y  o f  a  1 - 1  B - H F B  c o m p l e x  i n  t h e  

s o l i d  s t a t e 16 a n d  i n  l i g h t  o f  t h e  f a c t  t h a t  t h e  B - H F B  

s y s t e m  i n  t h e  l i q u i d  p h a s e  c a n  a t  b e s t  e x h i b i t  a  f a i r l y  

w e a k  c o m p l e x ,  i t  s e e m s  r e a s o n a b l e  t o  a s s u m e  t h a t  A H t 
i s  i n  t h e  r a n g e  2 0 0 0 - 4 0 0 0  c a l / m o l .24 T a k i n g  f o r  i ? c E 

t h e  v a l u e  r e p o r t e d  a b o v e  w e  f i n d  t h a t  K x l i e s  i n  t h e  

r a n g e  0 . 8 - 3  a t  2 5 ° .  C o r r e s p o n d i n g l y ,  t h e  m o l e  f r a c t i o n  

o f  c o m p l e x  i n  a n  e q u i m o l a r  m i x t u r e  o f  B  a n d  H F B  a t  

t h a t  t e m p e r a t u r e  i s  b e t w e e n  0 . 1 4  a n d  0 . 3 3 .  I f  w e  s e t  

t h e  m o l a r  p o l a r i z a t i o n  d e v i a t i o n  A (P )  e q u a l  t o  t h e  

m a x i m u m  p o s i t i v e  v a l u e  w h i c h  i t  c o u l d  h a v e  c o n s i s t e n t  

w i t h  e x p e r i m e n t a l  e r r o r  a n d  u s e  t h e  r e l a t i o n

A ( P )  =  0 . 0 5  c m 3/ m o l

=  ( 4 i r / 3 )  N X com plex/U2c o m p le x /3 f c T

w e  f i n d  t h a t  t h e  m a x i m u m  v a l u e  o f  ¿¿com plex i s  0 . 0 9 - 0 . 1 2

D .  A c t u a l l y  0 . 0 5  c m 3/ m o l  i s  a n  o v e r e s t i m a t e  o f  t h e  

p r o b a b l e  d e v i a t i o n  f r o m  l i n e a r i t y  o f  t h e  d a t a  a s  a  

w h o l e ,  s o  t h a t  t h e  u p p e r  l i m i t  f o r  ¿¿complex c a n  b e  s e t  a t  

n o  m o r e  t h a n  a b o u t  0.1 D  o n  t h i s  c r i t e r i o n .

T u r n i n g  t o  t h e  r e f r a c t i v e  i n d e x  d a t a  ( l o w e r  c u r v e  i n  

F i g u r e  1 ) ,  w e  n o t e  t h e  n e g a t i v e  d e v i a t i o n  f r o m  a d d i 

t i v i t y  i n  R  o f  m a g n i t u d e  0 . 5 5  c m 3/ m o l  a t  X  =  0 . 5 .  

T h e  c u r v e  d r a w m  w a s  o b t a i n e d  b y  a  l e a s t - s q u a r e s  f i t  

a s s u m i n g  a  s i m p l e  p a r a b o l i c  f o r m  f o r  A  ( R ) ,  a n d  t y p i c a l  

e r r o r  b a r s  o n  s o m e  o f  t h e  i n d i v i d u a l  m e a s u r e m e n t s  a r e  

i n d i c a t e d .  T h e  p r o b a b l e  e r r o r  i n  t h e  n e g a t i v e  d e v i a t i o n  

f o r  a n  e q u i m o l a r  m i x t u r e  i s  l e s s  t h a n  0 . 0 5  c m 3/ m o l .  

T h e  q u a n t i t y  A  d e f i n e d  i n  e q  1 3  i s  s e e n  t o  b e  p o s i t i v e .  

T h u s  t h e  e n t i r e  d e v i a t i o n  s t e m s  f r o m  t h e  i n e q u a l i t y

¿̂ complex +  ¿dcomplcx/3fcT >  «Ba +  aHFBa (21)

a n d  t h e  d a t a  s h o w  t h e  p r e s e n c e  o f  s p e c i f i c  B - I 1 F B  

i n t e r a c t i o n s ,  w i t h  a  d e c r e a s e  i n  t h e  e l e c t r o n i c  p o l a r i z 

a b i l i t y  o f  t h e  c o m p l e x  r e l a t i v e  t o  t h e  s u m  o f  i s o l a t e d  B  

a n d  H F B  m o l e c u l e s .

I t  i s  n o t  p o s s i b l e  r i g o r o u s l y  t o  s a y  f r o m  t h e s e  e x p e r i 

m e n t s  w h a t  p o r t i o n  o f  t h e  d e v i a t i o n  c o m e s  f r o m  f a i l u r e  

o f  a d d i t i v i t y  i n  t h e  a t o m i c  p o l a r i z a b i l i t y  a n d  w h a t  

p o r t i o n  f r o m  t h e  p r e s e n c e  o f  a  p e r m a n e n t  d i p o l e  m o m e n t  

i n  t h e  B - H F B  c o m p l e x .  I t  i s  a l s o  n o t  p o s s i b l e  t o  d e t e r 

m i n e  h o w  m u c h  o f  t h e  d e v i a t i o n  i s  d u e  t o  d e p a r t u r e s  

f r o m  a d d i t i v i t y  w h i c h  a r i s e  f r o m  t h e  n o n s p e c i f i c  e l e c 

t r o n i c  p e r t u r b a t i o n s  a s s o c i a t e d  w i t h  v a n  d e r  W a a l s  

f o r c e s .  H o w e v e r ,  t h e  u s u a l  m a g n i t u d e  o f  s u c h  e f f e c t s  

i s  m u c h  l e s s  t h a n  1 % .10 P r e l i m i n a r y  i n v e s t i g a t i o n s  

o f  t h e  m o d e l  s y s t e m  c y c l o h e x a n e - H F B ,  f o r  w h i c h  

t h e r e  i s  n o  e v i d e n c e  o f  c o m p l e x  f o r m a t i o n ,  s h o w  

t h a t  R  t h e r e  d e v i a t e s  f r o m  a d d i t i v i t y  b y  n o  m o r e  

t h a n  0 .2 % ,  a b o u t  1 0 %  o f  t h e  e f f e c t  o b s e r v e d  h e r e .  I t  

i s  a l s o  t o  b e  n o t e d  t h a t  i n  t h e  u s u a l  n o n p o l a r  m i x t u r e s  

t h e  d e v i a t i o n s  f r o m  a d d i t i v i t y  i n  R  a r e  p a r a l l e l e d  b y  

s i m i l a r  d e v i a t i o n s  i n  P  a n d  a s  a  r e s u l t  t h e r e  i s  n o  n e t  

c o n t r i b u t i o n  t o  A ,  i n  a c c o r d a n c e  w i t h  t h e  n o t i o n  t h a t  t h e  

e f f e c t s  i n  s u c h  s y s t e m s  a r i s e  f r o m  i n d u c e d  d i p o l e -  

i n d u c e d  d i p o l e  i n t e r a c t i o n s  w h i c h  a f f e c t  m a i n l y  t h e  

e l e c t r o n i c  p o l a r i z a b i l i t y .  I n  t h e  p r e s e n t  c a s e  t h e  d i f 

f e r e n c e  i n  b e h a v i o r  i n  P  a n d  R  i s  s t r i k i n g  a n d  i n  t h i s  

s e n s e  t h e  B - H F B  s y s t e m  c l e a r l y  e x h i b i t s  q u a l i t a t i v e  

b e h a v i o r  c o n s i s t e n t  w i t h  o u r  f o r m a l i s m  a n d  d i s t i n c t l y  

d i f f e r e n t  f r o m  t h a t  o b s e r v e d  i n  s i m p l e  m i x t u r e s .

W e  c a n  a d v a n c e  c e r t a i n  s i m p l e  q u a l i t a t i v e  c o n s i d e r a 

t i o n s  w h i c h  s h e d  l i g h t  o n  t h e  r e l a t i v e  i m p o r t a n c e  o f  

d i p o l e  a n d  a t o m i c  p o l a r i z a b i l i t y  c o n t r i b u t i o n s  t o  t h e  

o b s e r v e d  n o n z e r o  v a l u e  o f  A .  T o  f i r s t  i l l u s t r a t e  o u r  a p 

p r o a c h ,  w e  c o n s i d e r  t h e  a t o m i c  p o l a r i z a b i l i t y  o f  p u r e  B .  

A s  s e e n  f r o m  F i g u r e  1 ,  t h e  d i f f e r e n c e  P  — R  f o r  p u r e  B  

i s  1 . 3 2  c m 3/ m o l  i n  t h e  l i q u i d  p h a s e  a t  2 5 ° .  I f  w e  

a s s o c i a t e  t h i s  q u a n t i t y  w i t h  t h e  a t o m i c  p o l a r i z a b i l i t y  

o f  B  u s i n g  t h e  C l a u s i u s - M o s s o t t i  e q u a t i o n ,  w e  f i n d  

t h a t  a B a =  5 . 3  X  1 0 - 25 c m 3/ m o l e c u l e .  T h i s  p o l a r i z a 

b i l i t y  m a y  b e  r e g a r d e d  a s  m a d e  u p  o f  c o n t r i b u t i o n s  

f r o m  t h e  i r  a c t i v e  n o r m a l  m o d e s  o f  v i b r a t i o n  o f  t h e  B  

m o l e c u l e .  O n l y  s e v e n  o f  t h e s e  v i b r a t i o n s  h a v e  i r  i n 

t e n s i t y  s u f f i c i e n t l y  g r e a t  t o  i n d i c a t e  a  l a r g e  t r a n s i t i o n  

d i p o l e  m o m e n t  a n d  h e n c e  a  l a r g e  c o n t r i b u t i o n  t o  t h e

(23) D . Y . F en by , P h .D . D issertation , U C L A , 1907.
(24) W . J. G aw , P h .D . D issertation , U niversity  o f  S trathclyde, 1900.
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a t o m i c  p o l a r i z a b i l i t y 25: t h e i r  f r e q u e n c i e s  a r e  r 4( a 2u} =  

6 7 1 c m - 1 , r 14( e i u )  =  1 0 3 7  c m - 1 , ^ ( e i u )  =  1 4 8 5  c m -1 
a n d  r j 2( e i u )  =  3 0 9 9  c m - 1 . W e  c o n s i d e r  t h e  i s o t r o p i c  

p o l a r i z a b i l i t y  a =  (,axx +  avv +  azz) / 3  a n d  u s e  f o r  t h e  

c o n t r i b u t i o n  o f  a  n o r m a l  v i b r a t i o n  t o  t h e  p o l a r i z a b i l i t y  

a l o n g  a  g i v e n  p r i n c i p a l  a x i s  o f  t h e  B  m o l e c u l e  t h e  f o r 

m u l a  f r o m  s e c o n d - o r d e r  p e r t u r b a t i o n  t h e o r y  f o r  a  

h a r m o n i c  o s c i l l a t o r 26

aj =  2  nf/D j  ( 22 )

w h e r e  D ,  i s  t h e  e n e r g y  s e p a r a t i o n  b e t w e e n  t h e  g r o u n d  

a n d  f i r s t  e x c i t e d  s t a t e s  o f  t h e  n o r m a l  v i b r a t i o n  j  a n d  (ij 
i s  t h e  t r a n s i t i o n  d i p o l e  m a t r i x  e l e m e n t  b e t w e e n  t h e m .  

F r o m  t h e  k n o w n  o s c i l l a t o r  s t r e n g t h s  o f  t h e  i r  a c t i v e  

t r a n s i t i o n s  i n  B ,  w e  c a n  s a y  t h a t  nj i s  o n  t h e  o r d e r  o f  

0 . 1 - 0 . 2  D  f o r  t h e  s e v e n  v i b r a t i o n a l  m o d e s  l i s t e d .  T a k i n g  

a n  a p p r o x i m a t e  v a l u e  0 . 1 5  D  f o r  e a c h  m o d e  a n d  

s u m m i n g  t h e  c o n t r i b u t i o n s  f r o m  e a c h  t o  t h e  a t o m i c  

p o l a r i z a b i l i t y ,  w h e r e  w e  u s e  t h e  q u o t e d  f r e q u e n c i e s  t o  

o b t a i n  D j  i n  t h e  c a l c u l a t i o n  o f  a, a c c o r d i n g  t o  e q  22 , w e  

f i n d  a  t o t a l  a t o m i c  p o l a r i z a b i l i t y  a B a o f  a b o u t  4  X  1 0 -26 
c m 3/ m o l e c u l e ,  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  e x p e r i m e n t .  

A  s i m i l a r  c a l c u l a t i o n  c a n  b e  c a r r i e d  o u t  f o r  H F B .  W h e n  

a  B - H F B  c o m p l e x  i s  f o r m e d ,  s i x  n e w  v i b r a t i o n a l  m o d e s  

a r i s e .  A s s u m i n g  t h a t  t h e  g e o m e t r y  o f  t h e  c o m p l e x  i n  t h e  

l i q u i d  p h a s e  i s  l i k e  t h a t  i n  t h e  s o l i d  p h a s e 17 w i t h  t h e  

p l a n e s  o f  t h e  B  a n d  H F B  r i n g s  p a r a l l e l ,  t h e s e  c o r r e s p o n d  

t o  s t r e t c h i n g  o f  t h e  B - H F B  b o n d ,  t o r s i o n a l  o s c i l l a t i o n  

a b o u t  i t ,  a n d  r o c k i n g  a n d  s l i d i n g  m o t i o n s  o f  t h e  B  a n d  

H F B  m o i e t i e s  w i t h  r e s p e c t  t o  e a c h  o t h e r .  E a c h  o f  t h e s e  

m o d e s  w o u l d  b e  e x p e c t e d  t o  b e  i r  a c t i v e  i n  v i e w  o f  t h e  

l o w e r e d  s y m m e t r y  a n d  w i l l  c o n t r i b u t e  t o  t h e  a t o m i c  

p o l a r i z a b i l i t y  o f  t h e  c o m p l e x .  T h e i r  f r e q u e n c i e s  w i l l  l i e  

i n  t h e  f a r - i r ,  g i v i n g  r i s e  t o  a  s p e c t r u m  n o t  r e a d i l y  

o b s e r v a b l e  b y  s t a n d a r d  t e c h n i q u e s  a n d  p r e s u m a b l y  

m u c h  b r o a d e n e d  b y  l i f e t i m e  e f f e c t s .  T h e  m o s t  i m p o r 

t a n t  o f  t h e s e  m o d e s  f r o m  o u r  s t a n d p o i n t  w i l l  b e  t h e  

B - H F B  s t r e t c h ,  w h i c h  m a y  b e  e x p e c t e d  t o  h a v e  t h e  

l a r g e s t  t r a n s i t i o n  d i p o l e  m o m e n t .  A l t h o u g h  w e  h a v e  n o  

r i g o r o u s  v a l u e  f o r  t h e  f r e q u e n c y  o f  t h i s  m o d e ,  i t  s e e m s  

r e a s o n a b l e  t o  t a k e  f o r  i t  a  f i g u r e  w h i c h  m a k e s  t h e  q u a n 

t u m  o f  v i b r a t i o n a l  e n e r g y  f o r  t h e  s t r e t c h  e q u a l  t o  a b o u t  

0 . 1  t h e  t o t a l  B - H F B  b o n d  e n e r g y .  A s s u m i n g  t h e  

l a t t e r  t o  b e  a  f e w  k i l o c a l o r i e s ,  t h e  f r e q u e n c y  f o r  t h e  

B - H F B  s t r e t c h  s h o u l d  b e  o n  t h e  o r d e r  o f  2 0 0  c m - 1 . 

I t  m a y  b e  n o t e d  t h a t  t h e  s t r e t c h i n g  f r e q u e n c y  f o r  h y d r o 

g e n  b o n d s ,  w i t h  s i m i l a r  b o n d  e n e r g i e s ,  h a s  b e e n  e s t i 

m a t e d  a t  v a l u e s  o f  t h i s  o r d e r .27 T o  u t i l i z e  e q  2 2  f o r  a  

c a l c u l a t i o n  o f  t h e  a t o m i c  p o l a r i z a b i l i t y  a s s o c i a t e d  w i t h  

t h e  B - H F B  s t r e t c h ,  w e  a l s o  r e q u i r e  a  v a l u e  f o r  t h e  

t r a n s i t i o n  d i p o l e  m o m e n t  f o r  t h i s  m o d e .  T h e  m a g n i 

t u d e  o f  t h e  l a t t e r  d e p e n d s  u p o n  t h e  p o l a r i t y  o f  t h e  

B - H F B  b o n d  w h i c h  f r o m  s y m m e t r y  c o n s i d e r a t i o n s  

c a n n o t  b e  r i g o r o u s l y  z e r o .  S i n c e  t h e  f o r c e  c o n s t a n t  f o r  

t h i s  b o n d  i s  w e a k ,  e x c i t a t i o n  o f  a  s t r e t c h i n g  v i b r a t i o n  

e x t e n d s  t h e  b o n d  b y  a  s i g n i f i c a n t  f r a c t i o n  o f  i t s  l e n g t h  

i n  t h e  g r o u n d  s t a t e ,  a n d  h e n c e  t h e  t r a n s i t i o n  d i p o l e

m o m e n t  s h o u l d  n o t  b e  m u c h  l e s s  t h a n  t h e  “ p e r m a n e n t ”  

d i p o l e  m o m e n t  a s s o c i a t e d  w i t h  t h e  b o n d .  I f  m d e n o t e s  

t h e  l a t t e r  m o m e n t ,  t h e n  t h e  c o n t r i b u t i o n  t o  t h e  i s o t r o p i c  

a t o m i c  p o l a r i z a b i l i t y  a s s o c i a t e d  w i t h  t h e  s t r e t c h i n g  

m o t i o n  s h o u l d  b e  a b o u t  2m2/3D, a n d  t h e  t o t a l  i n c r e 

m e n t a l  c o n t r i b u t i o n  t o  t h e  C l a u s i u s - M o s s o t t i  f u n c t i o n  

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

i s

=  m 2[ ( 2 / A )  +  (1/kT)  3 / 3  ( 2 3 )

F r o m  o u r  e x p e r i m e n t s ,  w e  h a v e  t h a t  A  f o r  t h e  e q u i m o l a r  

B - H F B  m i x t u r e  a t  2 5 °  i s  0 . 5 5  c m s/ m o l ,  a n d  w i t h  o u r  

p r e v i o u s  e s t i m a t e  o f  K x, t h i s  m e a n s  t h a t  <5aacom p icx i s  i n  

t h e  r a n g e  1 X  1 0 -24 t o  2  X  1 0 -24 c m 3/ m o l e c u l e .  O n  

o u r  e s t i m a t e ,  D  i s  n e a r l y  e q u a l  t o  k T  a t  2 5 ° ,  s o  a c c o r d i n g  

t o  e q  2 3  in m u s t  b e  i n  t h e  r a n g e  0 . 2 - 0 . 4  D .  H o w e v e r ,  

t w o - t h i r d s  o f  t h i s  i s  t h e n  a s s o c i a t e d  w i t h  t h e  a t o m i c  

p o l a r i z a b i l i t y  t e r m ,  a n d  o n l y  o n e - t h i r d ,  o r  a b o u t  0 . 1  D ,  

w i t h  t h e  p e r m a n e n t  d i p o l e  t e r m .  T h i s  c o n c l u s i o n  t h a t  

t h e  p e r m a n e n t  d i p o l e  t e r m  i s  e x t r e m e l y  s m a l l  i s  i n  

a g r e e m e n t  w i t h  w o r k  o f  S m y t h ,28 w h o  h a s  f o u n d  n o  

e v i d e n c e  f o r  a  d i e l e c t r i c  r e l a x a t i o n  i n  t h e  m i c r o w a v e  

s p e c t r u m  o f  B - H F B  m i x t u r e s .  N o  o b s e r v a b l e  e f f e c t  

w o u l d  b e  e x p e c t e d  i n  s u c h  e x p e r i m e n t s  w i t h  a  p e r 

m a n e n t  d i p o l e  m o m e n t  o f  t h e  c o m p l e x  a s  s m a l l  a s  t h a t  

e s t i m a t e d  h e r e .  O f  c o u r s e  t h e  n u m e r i c a l  e s t i m a t e s  

g i v e n  a b o v e  a r e  v e r y  r o u g h ,  b u t  i t  s h o u l d  b e  n o t e d  t h a t  

e v e n  i f  a l l  o f  A  w e r e  t o  b e  a s s i g n e d  t o  t h e  p e r m a n e n t  

d i p o l e  t e r m ,  t h e  m a g n i t u d e  o f  t h e  d i p o l e  m o m e n t  o f  t h e  

c o m p l e x  w o u l d  s t i l l  b e  n o  m o r e  t h a n  a  f e w  t e n t h s  o f  a  

d e b y e .29
T o  s u m m a r i z e  w h a t  h a s  b e e n  e s t a b l i s h e d  h e r e :  i n  

u t i l i z i n g  d i e l e c t r i c  m e a s u r e m e n t s  f o r  t h e  c h a r a c t e r i z a 

t i o n  o f  w e a k  c o m p l e x e s ,  i t  i s  e s s e n t i a l  t h a t  r e f r a c t i v e  

i n d e x  s t u d i e s  a l s o  b e  p e r f o r m e d  o n  t h e  s a m e  s y s t e m s .  

T h e  g e n e r a l  f o r m a l i s m  s e t  o u t  i n  s e c t i o n  I I  i n  w h i c h  i t  

i s  s h o w n  h o w  t h e s e  t w o  t y p e s  o f  m e a s u r e m e n t  s h o u l d  b e  

c o m b i n e d  i s  o f  g e n e r a l  v a l i d i t y  a n d  n o t  r e s t r i c t e d  t o  

B - H F B  s y s t e m s .  O u r  m e a s u r e m e n t s ,  t h o u g h  m o r e

(25) G . I lerzberg , “ In frared  and R am an  S p ectra ,M D . van  N ostrand  
C o ., P rin ceton , N . J., 1945, C hapter 3.
(26) See, fo r  exam ple, IT. E yrin g , .T. W alter, and G. K im ball, 
“ Q uantum  C hem istry ,’ ’ Joh n  W iley  and  Sons, Inc., N ow  Y ork , 
N . Y ., 1944, C hapter 8.
(27) G . P im entel and  A . M cC lellan , “ T h e  H yd rogen  B o n d ,”  W . H. 
F reem an, San F rancisco, C alif., 1960, C hapter 3.
(28) C . P. Sm yth , private  com m un ica tion .
(29) O ne o f  the review ers has p oin ted  o u t  th at a lthough  th e in ter
p retation  o f  the  d ilute so lu tion  B -H F B  m easurem ents reported  in 
re f 14 m ay  be  in  error fo r  th e  reasons c ited  in  section  IV , sim ilar 
studies o f  d ilu te solutions o f  H F B  in  cycloh exa n e  have been m ade 
a t  con centration s su fficiently  lo w  for  th e  H a lversta d t-K u m ler  
extrap o la tion  procedure to  b e  justified . A n  analysis o f  these re
su lts14 leads to  a  d ipole  m om en t fo r  H F B  o f  0 .67  D , presum ably  
th e  e ffect o f  excited  states. H ow ever, oth er  m easurem ents on  the 
sam e system 13 lead to  a value o f  0 .0  ± 0 . 1  D  fo r  the  H F B  d ipole 
m om en t and  the sm all loss fo r  pure H F B  a t  m icrow ave frequ encies 
might be  in terpreted  as arising from  a d ipole  m om en t o f  n o  m ore 
than  0.1 D .28 If, in  fa ct, H F B  is polar, ¿¿d a 2 in  eq  12a and all 
subsequent equ ations w ou ld  have to  b e  rep laced  b y  A/x2, the  difference 
betw een  the squares o f  the  d ipole  m om en ts o f  the  com p lex  and pure 
H F B . T h e  conclusion s concern ing  the  presence o f  a com p lex  and 
the m agnitude o f  its  d ipole  m om en t w ou ld  n o t  b e  substantia lly  
altered.
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r e f i n e d  t h a n  p r e v i o u s  w o r k  i n  t h i s  a r e a ,  a r e  n o t  s u f f i 

c i e n t l y  a c c u r a t e  t o  e m p l o y  t h e  f o r m a l i s m  o f  s e c t i o n  I I  

i n  f u l l  q u a n t i t a t i v e  d e t a i l .  H o w e v e r ,  t h e y  a l l o w  a  n u m 

b e r  o f  q u a l i t a t i v e  c o n c l u s i o n s  t o  b e  d r a w n  a b o u t  t h e  

B - H F B  s y s t e m .  T h e  n o n a d d i t i v i t y  o f  R  s h o w s  t h e  

p r e s e n c e  o f  s p e c i f i c  B - H F B  i n t e r a c t i o n s  w h i c h  i t  s e e m s  

r e a s o n a b l e  t o  i n t e r p r e t  i n  t e r m s  o f  f o r m a t i o n  o f  a  c o m 

p l e x .  T h i s  c o m p l e x  h a s  v e r y  l i t t l e  p o l a r  c h a r a c t e r ,  

w i t h  a  p e r m a n e n t  d i p o l e  m o m e n t  p r o b a b l y  n o t  i n  e x c e s s  

o f  0 . 1  D ,  t h e  r e m a i n d e r  o f  A  b e i n g  a s s o c i a t e d  w i t h  

a t o m i c  p o l a r i z a b i l i t y  e f f e c t s  A v h o s e  m a g n i t u d e  s e e m s  

r e a s o n a b l e  o n  t h e  b a s i s  o f  o u r  r o u g h  t h e o r e t i c a l  e s t i 

m a t e s .  P r e v i o u s  e s t i m a t e s  o f  t h e  p e r m a n e n t  d i p o l e  

m o m e n t  o f  t h e  c o m p l e x  a p p e a r  t o  b e  t o o  l a r g e .

F i n a l l y ,  t h e  i m p l i c a t i o n s  o f  t h e s e  r e s u l t s  f o r  t h e  n a t u r e  

o f  t h e  b o n d i n g  i n  t h e  B - H F B  c o m p l e x  s h o u l d  b e  n o t e d .  

I n  t h e  c a s e  o f  u n d o u b t e d  c h a r g e - t r a n s f e r  c o m p l e x e s ,  

e.g., I ,  w i t h  b e n z e n e ,  t h e  d e g r e e  o f  m i x i n g  o f  t h e  c h a r g e -  

t r a n s f e r  s t a t e  i n t o  t h e  g r o u n d  s t a t e  i s  u s u a l l y  e s t i m a t e d  

t o  b e  o n  t h e  o r d e r  o f  5 - 1 0 % ,  l e a d i n g  t o  d i p o l e  m o m e n t s

o f  t h e  c o m p l e x  o n  t h e  o r d e r  o f  1 D  o r  g r e a t e r .  T h e  

b o n d i n g  e n e r g y  o f  t h e  c o m p l e x  a n d  t h e  d i p o l e  m o m e n t  

a r e  b o t h  r o u g h l y  p r o p o r t i o n a l  t o  t h i s  d e g r e e  o f  m i x i n g ,3 
a n d  a  d i p o l e  m o m e n t  o f  t h a t  m a g n i t u d e  i s  u s u a l l y  

i m p l i e d  b y  e n e r g i e s  i n  t h e  k i l o c a l o r i e  r a n g e  a r i s i n g  f r o m  

c h a r g e  t r a n s f e r .  T h e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  

B - H F B  c o m p l e x  i s  i n  t h i s  r a n g e  a n d  i t  s e e m s  d i f f i c u l t  

t o  s e e  h o w  a  c h a r g e  t r a n s f e r  m e c h a n i s m  c o u l d  a c c o u n t  

f o r  s u c h  a  l a r g e  e f f e c t  w i t h o u t  a  g r e a t l y  l a r g e r  d i p o l e  

m o m e n t  t h a n  c a n  b e  i n f e r r e d  f r o m  o u r  w o r k .  W e  

c o n c l u d e  t h a t  a l t h o u g h  s o m e  c h a r g e  t r a n s f e r  m a y  o c c u r  

i n  t h e  B - H F B  m i x t u r e s ,  t h e  f o r m a t i o n  o f  a  c o m p l e x  i s  

a t t r i b u t a b l e  i n  t h e  m a i n  t o  e n t i r e l y  d i f f e r e n t  e f f e c t s .

Acknowledgment. W e  t h a n k  P r o f e s s o r  R ,  L .  S c o t t  

a n d  D r .  D .  V .  F e n b y  f o r  m a n y  h e l p f u l  d i s c u s s i o n s  o n  
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C .  P .  S m y t h  k i n d l y  p r o v i d e d  u s  w i t h  t h e  r e s u l t s  o f  h i s  

m i c r o w a v e  m e a s u r e m e n t s .

Acidity and Association of Aluminum Ion in Dilute Aqueous Acid1

by E rnest Grunw ald and D o d d -W in g  Fong

D ep a rtm en t o f  C h em istry , B ra n d é is  U n iv ers ity , W alth am , M a ssa ch u se tts  0 2 1 5 h (R ece iv ed  S ep tem b er  11 , 1 9 6 8)

T h e  a c i d  d i s s o c i a t i o n  o f  A l ( O H 2) 63+  in  w a t e r  a t  3 0 °  w a s  e x a m i n e d  b y  m e a s u r i n g  t h e  c h a n g e  o f  p H  a s  H C 1  is  
a d d e d  in  v e r y  s m a l l  i n c r e m e n t s  t o  0 . 0 0 7 - 0 . 0 6  v o l .  F  A I C I 3 .  T h e  d a t a  s h o w  c l e a r l y  t h a t  d i m e r i z a t i o n  o f  Q E H O );;- 
A 1 0 H 2+ is  s i g n i f i c a n t .  E q u i l i b r i u m  c o n s t a n t s  ( r e f e r r e d  t o  i n f i n i t e  d i l u t i o n )  w e r e  d e t e r m i n e d  a s  f o l l o w s :  f o r  
a c i d  d i s s o c i a t i o n  o f  A l ( O H 2) 63+ , /C a ° = 2 . 4 4  X  1 0 -5  M a t  3 0 ° ;  f o r  a s s o c i a t i o n  c o n s t a n t  ( H 20)5 A 1 0 H 2+ t o  a  d i m e r .
K °=  6 0  M~l a t  3 0 ° ,  AH0 P S  - 1 1  k c a l ,  AS° «

I n  w a t e r ,  a l u m i n u m  i o n  e x i s t s  l a r g e l y  i n  t h e  f o r m  

o f  t h e  h e x a h y d r a t e ,  A l ( O H 2) 63+,2'3 w h i c h  i s  a  w e a k  

a c i d .4“-6 H o w e v e r ,  t h e  p H  o f  p u r e  a q u e o u s  s o l u t i o n s  

o f  a l u m i n u m  s a l t s  i s  c o n s i s t e n t  w i t h  a  m o d e l  o f  s i m p l e  

a c i d  d i s s o c i a t i o n  ( e q  1 )  o n l y  a t  l o w  a l u m i n u m  c o n 

c e n t r a t i o n  ( < 0 . 0 0 5  v o l .  F )  W 6'7 

x A°
A l ( O H 2) e3+  +  H 20  ; = ±  A l ( O H 2) 5O H 2+  +  H 30 +  ( 1)

A t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  m o d e l  b e c o m e s  p r o 

g r e s s i v e l y  l e s s  a d e q u a t e ,  a n d  s o m e  f o r m  o f  a s s o c i a t i o n  

e v i d e n t l y  b e c o m e s  s i g n i f i c a n t .  I n  t h i s  p a p e r  w e  w i s h  

t o  s h o w  t h a t  t h e  f i r s t  s p e c i e s  t h a t  i s  f o r m e d  i s  t h e  

d i m e r  o f  A l ( O H 2) 6O H 2+ .  T h i s  d i m e r  i s  s u r p r i s i n g l y  

s t a b l e .  T h e  a s s o c i a t i o n  c o n s t a n t ,  K °  ( r e f e r r e d  t o

2 8  g i b b s .

i n f i n i t e  d i l u t i o n ) ,  i s  6 0  a t  3 0 ° ;  AH° — 1 1

k c a l ;  A * S °  «  —  2 8  g i b b s .

R e g a r d i n g  t h e  s t r u c t u r e  o f  t h e  d i m e r ,  w e  p r e f e r  t h e

(1) W ork  supported  b y  the  P etroleum  R esearch F und o f  th e  A m erican 
C hem ical S ociety . G ratefu l acknow ledgm ent is m ade to  the 
donors o f  th at F und.
(2) R . Schuster and A . F ratiello, J .  C h em . P h y s ., 47, 1554 (1967).
(3) R . E . C on n ick  and D . N . F iat, ib id ., 39, 1349 (1 963 ); H . W . 
B aldw in  and H . T aube, ib id ., 33, 206 (1960).
(4) J. N . B r0nsted and K . V olqvartz , Z . P h y s ik . C h em ., 134, 97 
(1928).
(5) R . K . Schofield  and  A . W . T a y lor, J . C h em . S o c ., 4445 (1954).
(6) C . R . F rink  and  M . P eech , In o rg . C h em ., 2, 473 (1963). T h ese  
authors find n o  significant devia tion s fro m  the m odel o f  sim ple 
acid  d issociation  u p  to  0.01 vo l. F  A l3+.
(7) C. Brosset, A c ta  C h em . S ca n d ., 6, 910 (1952), and  references 
c ited  therein.
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hydrated cyclic octahedral structure (2) to that of an 
anhydride with octahedral or tetrahedral structure, 
such as (3) or (4), although such structures cannot be 
ruled out.

H H
0 ...HO

X " /  \
2A1(0H2)60H 2+^=±(H20 )4A1 Al(OH2)44+

\  /
OH... 0
H H

( 2 )

(H 20) mA1— 0 — A1 (OH2) m4+ (m = 5, 3) (3)
H
0

/  \
(H20)„A1 Al(OH2)„4+ (» = 4, 2) (4)

0
H

We prefer (2) because it permits the mutually repelling 
aluminum ions to be fairly far apart, and also because 
the reversible formation of an anhydride would lead to 
the exchange of water molecules between the solvation 
shell of the formal Al3+ species and bulk water. Such 
exchange is known to be quite slow, with a half-life 
greater than 0.02 sec, even under conditions where 
(H20 ) 5A10H2+ and its dimer are present at significant 
concentrations.2'8 We prefer a cyclic structure in
volving two hydroxide bridges to a, linear structure 
with one bridge because of the high stability of the 
dimer relative to that of the complex formed between 
(H20)5A10H2+ and Al(OH2)c3+, in which there can be 
only one hydroxide bridge. The upper limit to the 
association constant for the formation of the latter is 
found by us to be 10 M_1 at 30°.

R esults

We used a differential potentiometric method9 to 
measure the apparent K A of aluminum ion as a function 
of the Al3+ concentration. The relationship can then 
be analyzed theoretically to elucidate the chemical 
equilibria.

Beginning with a “pure solution” of AlCh in water, 
we added HC1 in very small increments and measured 
the pH as a function of HC1 added. Following 
previous practice,9 we defined a titration function, e, 
such that e = 1 +  (equivalents of IICl)/(formula 
wts of AlClg). That is, e = 1 for pure A1C13 in pure 
water. The increments of HC1 added were so small 
that the total decrease in pH below that of the “pure 
solution” was less than about 0.4 unit. Under those 
conditions, pH was an almost exactly linear function 
of «, and dpH/de at e = 1 could be determined ex
perimentally with good precision. An apparent K A 
was then calculated for the formal acid, aluminum ion 
in the given “pure solution,” as described previously. 
Results, obtained at 30°, are summarized in Table I.

Table I: Apparent KA of Al(OH2)63+ in Water at 30° 
by Differential Potentiometry near pH 3

[A l« +]
jKa  (a p p a re n t), 

M  X10* y 4 X a K a ° K °  X  10*

0.00070 1.95 0.763 6.07 (1.62)6
0.00100 1.90 0.729 7.38 (1.78)6
0.00400 1.62 0.576 16.3 1.38
0.0100 1.60 0.460 27.2 1.79
0.0201 1.54 0.379 40.6 1.52
0.0401 1.63 0.310 58.5 1.48
0.0587 1.71 0.277 71.0 1.43

Av 1.46c

0 Calculated from eq 18 and 22; KA° = 2.44 X 10-6. b Omitted 
from average. Formation of (ALOH)24+ is quite insignificant at 
these low concentrations. e Weighted average. K° = 60.

This experimental arrangement avoids several sources 
of potentially serious error. Measurements are made 
well below the pH range in which a hydrous aluminum 
gel precipitates out of solution.7 Small amounts of 
basic hydrolysis products, commonly present in the 
AICI3 • r>H,() reagent,4 cause little or no error in the 
measurement of dpH/de since the linear relationship 
of pH to e = 1 extends, without change in slope, to 
e < 1. The amount of HC1 added is so small that 
measurements are made at virtually constant ionic 
strength and composition. Thus in pH-measuring 
cells with liquid junctions, the junction potentials are 
virtually constant.

An experimental arrangement similar to ours, in 
which, however, the pH was measured by a kinetic 
method, was used by Brpnsted and Volqvartz4 in their 
classical work on the acidity of aquo-ions. Their 
results at 15° for Al(OH2)63+ and for the structurally 
and electrostatically similar roseo-ion, Co(NH3)6OH23+, 
are cited in Table II.

Tables I and II permit the following conclusions. 
The variation of K A with ionic strength for roseo-ion, 
our model substance, is perfectly normal for an acid of 
charge number + 3  and can be brought into quantita
tive agreement with Debye-Hiickel theory. To show 
this, we express KA in terms of K A° (at infinite dilution) 
and molar activity coefficients yz, as in (5).

K a = K A°y+z/y+ 2¡j+i (5)

Activity coefficients in turn are expressed according to 
Debye-Hiickel theory, as in (6), where z is the charge 
number

log yz = - z 2S \ /y /(  1 +  A uV m) (6)

u is the ionic strength, S (the limiting slope) and A are

(8) H . W . B a ld w in  and  H . T a u b e , J . Chem. P h ys., 33, 206 (1960); 
J. A . Jackson , J . F . L em ons, a n d  H . T a u b e , i b i d . ,  32, 553 (1960); 
J. P . H u n t  a nd  H . T a u b e , i b i d . ,  19, 602 (1951).
(9 ) E . G ru n w a ld , J .  A i n e r .  C h e m .  S o c . ,  73, 4934 (1951).
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Table II: Interpretation of K.\ Values in Water at 15° “

Obsd Caled

Data for (H3N )5CoOH23+ (Roseo-ion)

0 1.549'
0.010 0.700 0.711
0.015 0.648 0.637
0.025 0.552 0.550
0.035 0.498 0.498
0.050 0.442 0.447

Data for Al(OH2)68+

0 7.70“
0.005 5.48 5.46
0.01 5.53 5.39
0.02 5.50 5.61

“ Data of Brjzjnsted and Volqvartz.4 6 Volume formal concentra
tion of roseo-ion or aluminum ion. '  KA = KA°yi', eq 7, & = 6 Á. 
d Calculated on the basis of eq 7, 18, and 22; K°KA° — 1.20 X 10~3.

Figure 1. Apparent pAk of aluminum ion at 30° in water 
as a function of the volume formal concentration of AICI3. 
The dashed curve represents the equation, 
pKa =  4.578 +  [2.046m1/2/(1 +  3m1'2) ]  -  0.706M, 
where /x =  6QAICI3]. The solid curve is calculated 
on the basis of two simultaneous equilibria, (1) and (2), 
as described in Case 3 in the text.

known functions, and a is an adjustable parameter.10 
In water, S =  0.5161 at 30° and 0.5028 at 15°; A = 
0.3301 at 30° and 0.3273 at 15°.10 For d we adopt a 
single, as yet unspecified, value for all ion species to be 
considered, all of which are strongly hydrated cations. 
On that basis we may express all activity coefficients 
in terms of a single variable, y, as shown in eq 7 and 8.

is the vol. formal concentration of Al3+, and cA, cB, 
cbb, and Cab denote, respectively, the molar concentra
tions of ALOH /+, A L 0 1F + , (A LO H )24+, and
H2OAL2OH5+.

c =  cA +  c b  +  2 c b b  +  2 c a b  ( 9 )

(e  — l)c = — CB ~  2 c B b  — Ca b  (10)

[ U + ] c b / ca  =  Ka =  ZvaV  (11)

log?/ = - £ V m/(1  +  Aây/n) (7)

log yz =  z~ log y (8)

c b b / c b 2 = K =K °y  8 (12)

c a b / c a Cb  = K* = K*°y-12 (13)

It then follows that K A = K A°yi. The treatment 
still requires that we specify the value of a. This was 
done by fitting the K A data for roseo-ion. As the 
trial value of a was varied from 5 to 9 Á, the fit went 
through a sharp optimum at & =  6 Á. The close 
agreement with observation is demonstrated in Table 
II. The 6 A value for a is consistent with measured 
activity coefficients for a variety of metal chlorides.11 
An a value of 9 Á, suggested by some authors,6'12 is 
decidedly unsatisfactory.

While the ionic strength effect on K A for roseo-ion 
is normal, that for aluminum ion is not. Instead of 
showing the expected systematic decrease, KA is 
nearly stationary between 0.005 and 0.06 M, going 
through a very shallow minimum. Figure 1 shows 
that attempts to reproduce this relationship by an 
extended form of the Debye-Hiickel theory are un
successful even when implausible values are used for 
the adjustable parameters. We shall see in the next 
section that the deviation from normal behavior can be 
ascribed to ionic association according to (2).

Equilibrium Constants. We shall consider the follow
ing species: ALOH23+, ALOH2+, H+, II2OAL2OIF+, 
and (ALOH)W-, where AL =  Al(OH2)5. The stoi
chiometry is then expressed by eq 9 and 10, where c

In addition, we shall make the justified assumptions 
that ca ^  c, and the amount of HC1 added in any 
given measurement of dpH/de is so small that c and p 
may be regarded as constant. On that basis, we shall 
derive expressions for d In [H+3/de = — 2.303dpII/de, 
as follows.

Case 1 : cB b , cA b  « cB. Then, on neglecting cBB 
and Cab in (10), we find that K A =  [H+][H+ — 
(e — l)c]/c, and that d In [H+]/de at e = 1 is related 
to K a by (14).

(14)

Case 2\ cBB «  cAb, cb. Then, on neglecting cBB 
in (10) and making use of (13), we find that 
K a — [H+][H+ — (e — l)c ]/c (l +  K*c) and that 
d In [H+)]/de at e = 1 is related to K A by (15).

/ d !n [H +]\ = /
V de W l  +  K*c),

1/2

(15)

(10) See, fo r  exam p le , R , A . R ob in son  a nd  R . H . S tokes, ‘ ‘ E le c tro ly te  
S o lu tio n s ,”  2nd  ed, B u t te rw o r th  and  C o. L td . ,  L o n d o n , 1959, p  468.
(11) F . H . S pedd ing , P . E . P o rte r, and  J . M . W r ig h t ,  J .  A m c r .  C l i c m .  
S o c . ,  7 4 ,  2781 (1952).
(12) J . K ie lla n d , J .  A m e r .  C h e m .  S o c . ,  59, 1675 (1937).
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Case 8 : cAb  «  c B b , c B . T h e n ,  o n  n e g l e c t i n g  c A b  

i n  ( 1 0 )  a n d  m a k i n g  u s e  o f  ( 1 2 ) ,  w e  f i n d  t h a t  K A i s  

g i v e n  b y  ( 1 6 )  a n d  t h a t  d  I n  [ H + ] / d e  a t  e =  1 i s  

r e l a t e d  t o  K A b y  ( 1 7 )

K a =  [ H + ] + H +  -  ( «  -  l ) c ] / c [ H +  +  2 K K A c ]  ( 1 6 )

2 / d  I n  [ H + ] \  _  x{\  +  2 K K ax )
\  d e  / . . j  “  ( 1 + 3 K K ax ) ;

'T = ([H + ])e=1 (~7)

w h e r e  x =  c / [ H + ]  a t  t =  1 .  O n  s o l v i n g  ( 1 6 )  f o r  

«  =  1 , w e  o b t a i n  ( 1 8 ) ,  a n d  o n  s u b s t i t u t i n g  t h i s  r e s u l t  

i n  ( 1 7 ) ,  w e  a r r i v e  f i n a l l y  a t  ( 1 9 ) .

a- =  [ c / K A ( l  +  2 K K ax ) J '~  ( 1 8 )

f d I n  [ H + ] \  _  /  c ( l  +  2 K K ax ) V 2

V d e  ) (=1 U a (1 + Z K K Ax y )

T h e  e x p e r i m e n t a l  q u a n t i t y ,  K A ( a p p a r e n t ) ,  i s  a l w a y s  

c a l c u l a t e d  o n  t h e  a s s u m p t i o n  o f  n o r m a l  b e h a v i o r  

( C a s e  l ) .13 T h u s ,  o n  c o m p a r i n g  ( 1 4 )  w i t h  ( 1 5 )  a n d  

( 1 9 ) ,  w e  o b t a i n  t h e  f o l l o w i n g  r e l a t i o n s h i p s  b e t w e e n  

K a ( a p p a r e n t )  a n d  K A, d e p e n d i n g  o n  w h i c h  C a s e  

c o r r e s p o n d s  t o  r e a l i t y .

I n  C a s e  1

K a  ( a p p a r e n t )  =  K A =  K A°y4 ( 2 0 )

I n  C a s e  2

K A ( a p p a r e n t )  =  K A ( 1  +  K * c )  ( 21a )  

j+ 4K a  ( a p p a r e n t )  =  K A°(1  +  K*°cy~ 12)  ( 21b )

I n  C a s e  3

K a  ( a p p a r e n t )  =  K A ( 1  +  S K K Ax )2/  ( 1  +  2K K Ax)

( 22 )

C a s e  1 h a s  a l r e a d y  b e e n  d i s p o s e d  o f ,  s i n c e  

K a ( a p p a r e n t )  d o e s  n o t  v a r y  a s  yi . I n  C a s e  

2 , w e  e x p e c t  f r o m  ( 21b )  t h a t  t h e  r e l a t i o n s h i p  o f  

2/~4K a ( a p p a r e n t )  t o  cy~n i s  l i n e a r .  I n  f a c t ,  t h i s  

r e l a t i o n s h i p  i s  s t r o n g l y  a n d  u n m i s t a k a b l y  c u r v e d ,  

s h o w i n g  t h a t  t h e  f o r m a t i o n  o f  H 20 , A L 20 H 6 +  i s  n o t  

t h e  d o m i n a n t  s o u r c e  o f  t h e  d e v i a t i o n  f r o m  n o r m a l  

b e h a v i o r .  F r o m  t h e  r e s u l t  o b t a i n e d  a t  t h e  h i g h e s t

c o n c e n t r a t i o n  w e  e s t i m a t e  t h a t  K *  <  1 0  M~l. I n  

t e s t i n g  f o r  C a s e  3 ,  w e  p r o c e e d e d  a s  f o l l o w s :  ( i )  c a l 

c u l a t e  y f o r  e a c h  e x p e r i m e n t a l  p o i n t ;  n e g l e c t  t h e  

e f f e c t  o f  r e a c t i o n s  1 a n d  2  o n  n; ( i i )  o b t a i n  K A °  b y  

e x t r a p o l a t i o n  o f  l o g  ¡ j / ~ 4- K A ( a p p a r e n t ) ]  t o  i n f i n i t e  

d i l u t i o n ;  ( i i i )  c a l c u l a t e  K K Ax  f r o m  ( 2 2 ) ,  u s i n g  K A =  

K a V ;  ( i v )  c a l c u l a t e  x  f r o m  ( 1 8 ) ,  u s i n g  t h e  r e s u l t  

o b t a i n e d  i n  ( i i i ) ; ( v )  c a l c u l a t e  K A K  a n d  K A°K °  =  

K AK y \
R e s u l t s  o f  t h e  t e s t  a r e  s h o w n  i n  T a b l e  I .  I t  c a n  

b e  s e e n  t h a t  K A°K °  i s  q u i t e  c o n s t a n t  o v e r  t h e  e n t i r e  

c o n c e n t r a t i o n  r a n g e .  F i n a l  a v e r a g e  v a l u e s  a r e ,  a t  

3 0 ° :  K a °  =  2 . 4 4  X  1 0 ~ 5 ; K A ° K °  =  1 . 4 6  X  1 0 “ 3 ; K °  =  

6 0  M~l . T h e  s u c c e s s  o f  t h e  t r e a t m e n t  i n  r e p r o d u c i n g  

K A ( a p p a r e n t )  i s  s h o w n  b y  t h e  s o l i d  c u r v e  i n  F i g u r e  1 .

A n a l o g o u s  t r e a t m e n t  o f  t h e  d a t a  o f  B r p n s t e d  a n d  

V o l q v a r t z 4 l e a d s  t o  t h e s e  v a l u e s  a t  1 5 ° :  K A °  =  0 . 7 7  X  

1 0 - 6 ; K °  =  1 5 6 .  A l t h o u g h  t h e  f i t  o f  t h e  d a t a  i s  

s a t i s f a c t o r y ,  t h e  t e s t  i s  n o t  d e c i s i v e  b e c a u s e  t h e r e  

a r e  o n l y  t h r e e  d a t a  p o i n t s .  F r o m  t h e  t e m p e r a t u r e  

c o e f f i c i e n t  o f  K °  w e  c a l c u l a t e  t h a t  A H ° =  — 1 1 . 0  

k c a l  a n d  A S 0 =  —  2 8  g i b b s .  T h e s e  v a l u e s  a r e  t e n t a 

t i v e  a n d  n e e d  f u r t h e r  c h e c k i n g  b e f o r e  t h e y  c a n  b e  

a c c e p t e d .

Experim ental Section

Materials. A l u m i n u m  c h l o r i d e  h e x a h y d r a t e ,  h y d r o 

c h l o r i c  a c i d ,  a n d  w a t e r  w e r e  r e a g e n t  g r a d e  c h e m i c a l s  

a n d  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e .14
Differential Potentiometric Measurement of K A. 

M e a s u r e m e n t s  a n d  c a l c u l a t i o n s  w e r e  m a d e  s u b s t a n 

t i a l l y  a s  r e c o m m e n d e d  b y  G r u n w a l d .9 T h e  p H  

m e a s u r e m e n t s  w e r e  m a d e  w i t h  a  B e c k m a n  r e s e a r c h  

p H  m e t e r  a n d  a  B e c k m a n  N o .  3 9 0 3 0  g l a s s  a n d  r e f e r e n c e  

“ c o m b i n a t i o n  e l e c t r o d e . ”  p H  r e a d i n g s  w e r e  p r e c i s e  

t o  b e t t e r  t h a n  0.01  u n i t  a n d  r a n g e d  a b o u t  a n  a v e r a g e  

v a l u e  j u s t  a b o v e  p H  3 .  T h e  v a l u e s  o f  d p H / d e  a t  a  

g i v e n  A l C h  c o n c e n t r a t i o n  w e r e  r e p r o d u c i b l e  t o  a b o u t  

± 1 % ,  e x c e p t  i n  t h e  c a s e  o f  0 . 0 6  M  A 1 C U  w h e r e  t h e  

p r e c i s i o n  w a s  ± 3 % .

(13) In the actual calculations we used the more exact equations 
given in ref 9, which do not involve the approximations that c\ = c  = 
constant as e is varied. The main difference between these equations 
and those stated in the text is that they allow for the slight dilution 
as HC1 is added. The difference amounts to a few per cent and is 
nearly constant in all three cases.
(14) D.-W. Fong and E. Grunwald, J . A m er. Chem. Soc., in press.
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E f f e c t  o f  P r e s s u r e  o n  t h e  R a t e  o f  H y d r o l y s i s  o f  M e t h y l  a n d  I s o p r o p y l  B r o m i d e s

by B . T . Baliga and E . W h alley

D ivision  o f  A p p lied  Chem istry , N ational Research C ouncil, Ottawa (Received M a y  6 , 1968)

T h e  r a t e  c o n s t a n t s  f o r  t h e  s p o n t a n e o u s  h y d r o l y s i s  o f  m e t h y l  a n d  i s o p r o p y l  b r o m i d e s  in  w a t e r  h a v e  b e e n  m e a 
s u r e d  t o  a n  a c c u r a c y  o f  a b o u t  0 . 2 %  u p  t o  3  k b a r s  a t  t h r e e  t e m p e r a t u r e s .  T h e  s h a p e  o f  t h e  r a t e - c o n s t a n t -  
p r e s s u r e  c u r v e  f o r  m e t h y l  b r o m i d e  s h o w s  c l e a r l y  t h a t  a  s e c o n d  m e c h a n i s m  o c c u r s  a t  h i g h  p r e s s u r e s .  T h e  h i g h -  

p r e s s u r e  m e c h a n i s m  h a s  p e r h a p s  m o r e  c o v a l e n t  a t t a c h m e n t  o f  w a t e r  in  t h e  t r a n s i t i o n  s t a t e ,  i.e., is  m o r e  S n 2 -  

l i k e ,  t h a n  t h e  l o w - p r e s s u r e  m e c h a n i s m .  T h e  r e s u l t s  f o r  i s o p r o p y l  b r o m i d e  a r e  c o n s i s t e n t  w i t h ,  b u t  d o  n o t  p r o v e ,  

a  s i m i l a r  b u t  m o r e  r e l u c t a n t  c h a n g e  o f  m e c h a n i s m  w i t h  p r e s s u r e .  T h e  a c t i v a t i o n  v o l u m e  f o r  b o t h  r e a c t i o n s  

b e c o m e s  l e s s  n e g a t i v e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  a t  1 b a r ,  b u t  t h i s  t r e n d  r e v e r s e s  a t  a b o u t  5 0 0  b a r s .  T h e  

a c t i v a t i o n  e n t h a l p y  a n d  e n t r o p y  v a r y  w i t h  p r e s s u r e  in  a  c o m p l i c a t e d  f a s h i o n ,  p a r t l y  a l t h o u g h  n o t  e n t i r e l y  c o n 

n e c t e d  w i t h  t h e  c h a n g e  o f  m e c h a n i s m .  T h e  c o n s t a n t - v o l u m e  h e a t  c a p a c i t y  o f  a c t i v a t i o n  i s  a b o u t  — 9 3  c a l  

d e g -1 m o l -1  f o r  b o t h  r e a c t i o n s ,  w h i c h  i s  a b o u t  t w i c e  t h e  c o n s t a n t - p r e s s u r e  h e a t  c a p a c i t y .  I t  v a r i e s  m u c h  

le s s  w i t h  p r e s s u r e  b u t  m u c h  m o r e  w i t h  t e m p e r a t u r e  t h a n  t h e  c o n s t a n t - p r e s s u r e  h e a t  c a p a c i t y .  A  d e t a i l e d  

i n t e r p r e t a t i o n  o f  t h i s  u n e x p e c t e d  b e h a v i o r  i s  p r e m a t u r e  a t  p r e s e n t .

1. Introduction

T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  c o n s t a n t - p r e s 

s u r e  a c t i v a t i o n  e n t h a l p y  A H /  i s  u s u a l l y  d e s c r i b e d  b y  

a n  a c t i v a t i o n  h e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e  A C pt 
d e f i n e d  b y

AC/ =  (dAHZ/dT), (1)

I n  r e c e n t  y e a r s  m a n y  m e a s u r e m e n t s  o f  t h i s  q u a n t i t y  

h a v e  b e e n  m a d e 1 w i t h  a  v i e w  t o  c o r r e l a t i n g  i t  w i t h  

m e c h a n i s m .  A l l  t h e s e  a t t e m p t s ,  h o w e v e r ,  s u f f e r  f r o m  

a  d i s a d v a n t a g e  c o m m o n  t o  a l l  a t t e m p t s  t o  i n t e r p r e t  h e a t  

c a p a c i t i e s  o f  c o n d e n s e d  p h a s e s  a t  c o n s t a n t  p r e s s u r e ,  

n a m e l y  t h a t  p a r t  o f  t h e  e n e r g y  r e q u i r e d  t o  i n c r e a s e  

t h e  t e m p e r a t u r e  g o e s  t o  e x p a n d i n g  t h e  s y s t e m  a g a i n s t  

i t s  o w n  i n t e r n a l  f o r c e s .  U n l e s s  t h e  m a g n i t u d e  o f  t h i s  

e n e r g y  c a n  b e  e s t i m a t e d ,  i t  i s  n o t  p o s s i b l e  t o  d i s c u s s  

t h e  v a r i o u s  c o n t r i b u t i o n s  t o  t h e  h e a t  c a p a c i t y  o f  a c 

t i v a t i o n  w i t h  a n y  a c c u r a c y .  T h e  h e a t  c a p a c i t y  o f  a c 

t i v a t i o n  a t  c o n s t a n t  v o l u m e  A C v t

A < V  =  {dAUvx/dT)v ( 2 )

w h e r e  A U vt i s  t h e  i n t e r n a l  e n e r g y  o f  a c t i v a t i o n  a t  

c o n s t a n t  v o l u m e ,  o u g h t  t o  b e  m o r e  i n f o r m a t i v e  t h a n  

A C / ,  b u t  n o  p r e v i o u s  a t t e m p t  t o  m e a s u r e  i t  h a s  b e e n  

r e p o r t e d .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  t w o  h e a t  

c a p a c i t i e s  o f  a c t i v a t i o n  i s 2

t w o  h e a t  c a p a c i t i e s  f o r  t h e  n e u t r a l  h y d r o l y s i s  o f  e t h y l 

e n e  o x i d e  i n  w a t e r 3 g a v e 4 r o u g h l y  — 3 0  c a l  d e g -1  m o l - 1 . 

T h i s  i s  o f  t h e  m a g n i t u d e  o f  A C /  f o r  m a n y  r e a c t i o n s ,  

a n d  i t  s h o w s  t h a t  t h e  t w o  h e a t  c a p a c i t i e s  c a n  d i f f e r  

s i g n i f i c a n t l y .

T h i s  p a p e r  d e s c r i b e s  t h e  m e a s u r e m e n t  o f  t h e  q u a n t i 

t i e s  r e q u i r e d  t o  d e t e r m i n e  A C /  —  A C V :  f o r  t h e  h y d r o l 

y s i s  o f  m e t h y l  a n d  i s o p r o p y l  b r o m i d e s  i n  w a t e r .  T h e s e  

r e a c t i o n s  w e r e  c h o s e n  b e c a u s e  t h e r e  i s  a l r e a d y  a  l a r g e  

a m o u n t  o f  a c c u r a t e  i n f o r m a t i o n  a b o u t  t h e m ,6-8 i n c l u d 

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

a c t i v a t i o n  a t  c o n s t a n t  p r e s s u r e ,  a n d  t h e y  t y p i f y  a n  

i m p o r t a n t  c l a s s  o f  s o l v o l y s e s .  F u r t h e r m o r e ,  t o  m e a s u r e  

A C /  — ACv% b y  m e a n s  o f  e q  3 ,  t h e  a c t i v a t i o n  v o l u m e  

a n d  i t s  t e m p e r a t u r e  a n d  p r e s s u r e  c o e f f i c i e n t s  a r e  r e 

q u i r e d .  T o  d e t e r m i n e  t h e s e  c o e f f i c i e n t s ,  a c c u r a t e  r a t e  

c o n s t a n t s  a r e  r e q u i r e d  a n d  t h e s e  r e a c t i o n s  c a n  c o n 

v e n i e n t l y  a n d  a c c u r a t e l y  b e  f o l l o w e d  b y  c o n d u c t a n c e  

m e a s u r e m e n t s .

U n f o r t u n a t e l y ,  f o r  a  p r e s e n t  u n d e r s t a n d i n g  o f  t h e s e  

r e a c t i o n s  t h e  m e a s u r e m e n t s  h a v e  r e v e a l e d  u n e x p e c t e d  

c o m p l e x i t i e s ,  a n d  e m p h a s i z e  o u r  i g n o r a n c e  m o r e  t h a n  

o u r  u n d e r s t a n d i n g .  T h e  m o s t  s i g n i f i c a n t  i n f o r m a t i o n  

i s  p r o b a b l y  a  s i g m o i d  v a r i a t i o n  o f  I n  k i n  t h e  p r e s s u r e  

f o r  m e t h y l  b r o m i d e ,  w h i c h  i s  i n t e r p r e t e d  a s  d u e  t o  a  

c h a n g e  o f  m e c h a n i s m .

A C /  -  A ( V
T a A V t

K
q A F t2\

K2 )p
+

% ± l n A A )
k \dp k / / (3)

w h e r e  T  i s  t h e  t e m p e r a t u r e ,  p i s  t h e  p r e s s u r e ,  a a n d  k 
a r e  t h e  t h e r m a l  e x p a n s i v i t y  a n d  c o m p r e s s i b i l i t y  o f  t h e  

m i x t u r e ,  a n d  A V l i s  t h e  a c t i v a t i o n  v o l u m e .  A n  e s t i 

m a t e  o f  t h e  m a g n i t u d e  o f  t h e  d i f f e r e n c e  b e t w e e n  t h e

(1) For reviews, see G. Kohnstam, “The Transition State,” Chemical 
Society Special Publication No. 16, 1962, p 179; J. R. Hulett, Quart. 
Rev., 18, 227 (1964); G. Kohnstam, Advan. Phys. Org. Chem., 5, 
121 (1967); R. E. Robertson, Progr. Phys. Org. Chem., 4, 213 (1966).
(2) E. Whalley, Adv. Phys. Org. Chem., 2, 93 (1964).
(3) J. Koskikallio and E. Whalley, Can. J. Chem., 37, 783 (1959).
(4) B. T. Baliga, R. J. Withey, D. Poulton, and E. Whalley, Trans. 
Faraday Soc., 61, 517 (1965).
(5) E. A. Moelwyn-Hughes, Proc. Roy. Soc., A164, 295 (1938).
(6) E. A. Moelwyn-Hughes, ibid., A220, 386 (1953).
(7) R. L. Heppolette and R. E. Robertson, ibid., A252, 273 (1959).
(8) R. L. Heppolette and R. E. Robertson, Can. J. Chem., 44, 677 
(1966).
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'ELEC TR IC A L LEADS 
TO BRIDGE

Figure 1. Sketch of conductance cell and pressure vessel.

2 .  E x p e r i m e n t a l  M e t h o d s

Materials. M e t h y l  b r o m i d e  f r o m  a  M a t h e s o n  o f  

C a n a d a  l e c t u r e  b o t t l e  a n a l y z e d  9 9 . 9 %  b y  g a s  c h r o 

m a t o g r a p h y ,  a n d  w a s  u s e d  d i r e c t l y .  E a s t m a n  K o d a k  

W h i t e  L a b e l  i s o p r o p y l  b r o m i d e  w a s  r e f l u x e d  o v e r  a n 

h y d r o u s  s o d i u m  s u l f a t e  a n d  d i s t i l l e d ,  a n d  t h e  m i d d l e  

f r a c t i o n  b o i l i n g  a t  5 9 . 5 - 6 0 . 0 °  w a s  c o l l e c t e d .  I t  a n 

a l y z e d  9 9 . 7 %  b y  g a s  c h r o m a t o g r a p h y .  D i s t i l l e d  

w a t e r  w a s  f r e e d  o f  c a r b o n  d i o x i d e  b y  b o i l i n g  a n d  w a s  

s t o r e d  o u t  o f  c o n t a c t  w i t h  c a r b o n  d i o x i d e .  T h e  c o n 

d u c t a n c e  i n  t h e  c e l l  u s e d  w a s  < 0.8  / ¿ m h o .

Pressure Techniques. T h e  p r e s s u r e  e q u i p m e n t  i s  

s h o w n  i n  F i g u r e  1 .  T h e  p r e s s u r e  v e s s e l  i s  o f  t h e  k i n d

u s e d  p r e v i o u s l y ,9 w i t h  t h e  h e a d  m o d i f i e d  f o r  e l e c t r i c a l  

s e a l s .  T h e  e l e c t r i c a l  s e a l s  w e r e  m a d e  w i t h  m i c a  a n d  

V i t o n  O - r i n g s  a s  d e s c r i b e d  e l s e w h e r e 10 a n d  w e r e  h e l d  

i n  p l a c e  b y  a  B a k e l i t e  r e t a i n i n g  p l a t e .  T h e  r e s i s t a n c e  

b e t w e e n  l e a d s  a n d  b e t w e e n  a  l e a d  a n d  t h e  h e a d  w a s  

> 1 0 0  m e g o h m s  a t  a l l  p r e s s u r e s  a n d  t e m p e r a t u r e s .

T h e  p r e s s u r e - t r a n s m i t t i n g  f l u i d  w a s  m e d i u m  g r a d e  

S t a n o l a x ,  a n d  p r e s s u r e  w a s  g e n e r a t e d  b y  a n  a i r - d r i v e n  

o i l  p u m p  a n d  a d j u s t e d  b y  a  s c r e w  i n j e c t o r .  T h e  r a t e  

c o n s t a n t s  o b t a i n e d  i n  t h i s  w o r k  a r e  r e p r o d u c i b l e  t o  0.1

(9) J. K osk ika llio  and E . W halley , Trans. Faraday Soc., 55 , 809 
(1959).
(10) R . J . W ith e y  and E . W halley , ibid., 59 , 895 (1963).
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Table I : Rate Constants 106fc/sec_1 for the Hydrolysis of Methyl Bromide in Water

t° c 50 249 496 741 987 1234

60.00 35.67 39.97 45.40 49.92 53.27
35.59“
35.64

40.00 45.29 50.11 53.41

70.00 103.9 114.8 127.6 140.0 154.6 165.8
103.8“ 115.0 128.0 140.2 154.8 166.0

80.00 274.5 296.4 327.4 365.1 399.9
274.4 296.4 327.5 364.9 400.2
274.9“
274.5“

“ Rates measured at 10 kcps. All others at 5 keps.

p ,  bars
1480 1727 1973 2221 2472 2712 2955

60.52
60.35

68.74
69.04

75.44
75.49

81.59
81.26

87.48
87.10

92.05
92.03

176.9
176.9

187.9
187.8

197.4
197.7

218.1
217.8

238.3
237.9

255.7
255.3

271.7
271.7
271.9

Table II: Rate Constants 106/c/sec 1 for the Hydrolysis of Isopropyl Bromide in Water“

i, "C 50 100 249 398 496

40.00 32.63 33.44 36.33 38.59 40.12
32.53

50.00 115.7 118.5 126.8 134.4 138.9
115.8

60.00 362.5 390.0 426.4

“ All rates measured at 5 kcps.

p ,  bars
741 987 1480 1973 2472 2955

43.79 47.36 54.86 62.97 71.90 81.36

151.8 163.6 192.4 222.4 256.3 289.4

466.8 509.3

o r  0 .2% ,  a n d  s o  t h e  p r e s s u r e  m u s t  b e  m e a s u r e d  t o  a  

c o r r e s p o n d i n g  a c c u r a c y .  I f  t h e  v o l u m e  o f  a c t i v a t i o n  

i s  20  c m 2 m o l - 1 , a  c h a n g e  o f  r a t e  c o n s t a n t  o f  0 . 1%  c o r r e 

s p o n d s  t o  a  c h a n g e  o f  p r e s s u r e  o f  a b o u t  2 b a r s .  T h e  

p r e s s u r e  w a s  m e a s u r e d  b y  a  3 - k b a r  H e i s e  B o u r d o n  

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

a g a i n s t  a  p r e s s u r e  b a l a n c e .  T h e  c o n s t r u c t i o n  o f  t h e  

p r e s s u r e  b a l a n c e s  a n d  t h e i r  c a l i b r a t i o n  a g a i n s t  a  1 7 - m  

d i f f e r e n t i a l  m e r c u r y  c o l u m n  h a v e  b e e n  d e s c r i b e d .11 
T h e  B o u r d o n  g a u g e  w a s  r e p r o d u c i b l e  t o  ±  1 b a r  w h e n  

c a l i b r a t e d  i n  t h i s  w a y ,  a n d  a l l  p r e s s u r e s  h a v e  t h i s  a c 

c u r a c y .

T h e  t h e r m o s t a t  w a s  a  w e l l  i n s u l a t e d  1 5 - g a l l o n  s t a i n 

l e s s  s t e e l  t a n k  f i l l e d  w i t h  l i g h t  t r a n s f o r m e r  o i l  a n d  c o n 

t r o l l e d  t o  ± 0 . 0 0 5 ° .

Conductance Measurements. A  L e e d s  a n d  N o r t h r u p  

C a t a l o g  1 5 5 4 - A 2  a c  b r i d g e  w i t h  a  H e w l e t t - P a c k a r d  

M o d e l  2 0 2 B  o s c i l l a t o r ,  a  R o h d e  a n d  S c h w a r t z  o r  G e n 

e r a l  R a d i o  t u n a b l e  a m p l i f i e r ,  a n d  a n  o s c i l l o s c o p e  w e r e  

u s e d .  T h e  s y s t e m  w a s  t h o r o u g h l y  t e s t e d  a n d  w a s  

c a l i b r a t e d  a g a i n s t  s t a n d a r d  r e s i s t o r s .  I n  t h e  e x p e r i 

m e n t a l  r a n g e ,  t h e  b r i d g e  e r r o r s  w e r e  < 0 .01% .

T h e  c o n d u c t a n c e  c e l l  i s  s h o w n  i n  F i g u r e  1 .  I t  w a s  

m a d e  o f  P y r e x  a n d  w a s  a b o u t  1 5  c m  l o n g  a n d  4  c m  i n  

d i a m e t e r  a t  t h e  u p p e r  e n d .  P r e s s u r e  w a s  t r a n s m i t t e d  

t o  t h e  r e a c t i o n  m i x t u r e  b y  m e r c u r y  t h a t  w a s  h e l d  i n  a  

g l a s s  c u p  t o  i n s u l a t e  i t  e l e c t r i c a l l y  f r o m  t h e  v e s s e l .  

T h e  e l e c t r o d e s  w e r e  o f  p l a t i n u m  a b o u t  6 m m  i n  d i a m 

e t e r .  T h e  e l e c t r i c a l  s e a l  t h r o u g h  t h e  g l a s s  w a s  m a d e  

w i t h  0 . 5  m m  d i a m e t e r ,  0 . 0 5  m m  w a l l ,  1 c m  l o n g ,  

p l a t i n u m  t u b e s .  T h e  t u b e  s e a l s  h a d  m u c h  l o n g e r  l i f e  

u n d e r  p r e s s u r e  t h a n  r o d  s e a l s ,  p r e s u m a b l y  b e c a u s e  t h e  

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

t h a n  a  r o d  c a n .  T h e  l i f e  o f  t h e  s e a l  a t  p r e s s u r e s  u p  t o  

3  k b a r s  w a s  s e v e r a l  t e n s  o f  r u n s .  T h e  c e l l  w a s  s u p 

p o r t e d  b y  a  s t a i n l e s s  s t e e l  h o l d e r  w h i c h  w a s  s u s p e n d e d  

f r o m  t h e  h e a d  o f  t h e  p r e s s u r e  v e s s e l  b y  w i r e  a t t a c h e d  t o  

h o o k s  s c r e w e d  i n t o  t h e  h e a d .

T h e  c e l l s  w e r e  c o n d i t i o n e d  b e f o r e  u s e  b y  r e f l u x i n g  

w i t h  0 . 1  M  a q u e o u s  h y d r o g e n  b r o m i d e  f o r  m a n y  d a y s  

u n t i l  t h e  c o n d u c t a n c e  o f  m i l l i m o l a r  h y d r o g e n  b r o m i d e  

i n  t h e  c e l l  a t  8 0 °  r e m a i n e d  c o n s t a n t  t o  1 i n  1 0 4 f o r  5 0  

h r .  T h e y  w e r e  s t o r e d  i n  a q u e o u s  h y d r o g e n  b r o m i d e  

a t  8 0 ° .  E l e c t r o d e  p o l a r i z a t i o n  w a s  t e s t e d  f o r  b y  m e a 

s u r i n g  t h e  c o n d u c t a n c e  o f  m i l l i m o l a r  h y d r o g e n  b r o m i d e  

i n  t h e  c e l l  b e t w e e n  0 . 5  a n d  1 0  k c p s .  W h e n  t h e  e l e c 

t r o d e s  w e r e  s l i g h t l y  p l a t i n i z e d ,5 t h e  c o n d u c t a n c e  d i f 

f e r e d  b y  a b o u t  0 .02%  a t  r o o m  t e m p e r a t u r e  a n d  p r e s s u r e  

b e t w e e n  0 . 5  a n d  5  k c p s  b u t  a t  7 0 °  a n d  5 0 0  b a r s  t h e  d i f 

f e r e n c e  w a s  a b o u t  0 . 4 % .  T h e  d i f f e r e n c e  w a s  a b o u t  

0 . 0 3 %  i n  t h e  f r e q u e n c y  r a n g e  5 - 1 0  k c p s ,  a n d  t h i s  w a s  

a t  l e a s t  p a r t l y  d u e  t o  l o s s e s  f r o m  t h e  h i g h - p o t e n t i a l  

l e a d  t o  t h e  h e a d  o f  t h e  v e s s e l  t h o u g h  t h e  i n s u l a t o r s

(11) G . S. K ell and  E . W h alley , P hil. Trans. R oy. Soc., A258, 565 
(1965).
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Table III: Comparison of Rate Constants and Activation Parameters with Previous Values

- M e th y l  b ro m id e -
106 fc/sec 1 e x tra p o la te d  —̂A c t iv a t io n  p a ra m e te rs  a t  7 0 °-

-------------------------------------- Is o p ro p y l b ro m id e -
106 fc/sec-1 e x tra p o la te d  --------A c t iv a t io n  pa ra m e te rs  a t  50°

•to p = 0- A ASP , -to p = 0— A U p * . A S ph
6 0 .0 0 ° 7 0 .0 0 ° 8 0 .0 0 ° cal mol-1 cal deg-1 mol-1 R e f 4 0 .0 0 ° 5 0 .0 0 ° 6 0 .0 0 ° cal mol“1 cal deg -1 mol-1 R e f

34.59 101.2 269.2 23,177 ±  —50 -9 .5  ± —0.2 
(50 bar)

This
work

31.70 112.7 355.6 24,300 ±  —50 -1 .5  ±  —0.2 
(50 bar)

This
work

35.12
35.2

101.4
105

271.3
271.5

23,220 -9 .4 7
6»

31.32 110.1 349.8 24,360 -1 .4 8

a The temperatures used were 333.11, 343.66, and 353.38°K, respectively.

s u c h  a s  t h e  V i t o n  O - r i n g ,  B a k e l i t e ,  m i c a ,  S t a n o l a x ,  e t c .  

L o s s e s  o f  t h i s  k i n d  h a v e  n o  e f f e c t  o n  t h e  r a t e  c o n s t a n t  

i f  t h e y  s t a y  c o n s t a n t  t h r o u g h o u t  a  r u n ,  a n d  s o  5  k c p s  

w a s  u s e d  t h r o u g h o u t  t h i s  w o r k .  S o m e  r u n s  w e r e  f o l 

l o w e d  a t  b o t h  5  a n d  1 0  k c p s  a n d  g a v e  r a t e  c o n s t a n t s  

a g r e e i n g  t o  0 .2 % .

Kinetics. S t o c k  0 . 1  M  a q u e o u s  m e t h y l  b r o m i d e  w a s  

m a d e  b y  b u b b l i n g  t h e  g a s  i n t o  d e a e r a t e d  w a t e r .  B o t h  

t h i s  a n d  s t o c k  0 . 0 3  M  a q u e o u s  i s o p r o p y l  b r o m i d e  w e r e  

s t o r e d  a t  0 ° ;  1 . 5  m M  s o l u t i o n s  f o r  k i n e t i c  r u n s  w e r e  

m a d e  b y  d i l u t i o n .  T h e  c e l l s  w e r e  w e l l  r i n s e d  w i t h  d i s 

t i l l e d  w a t e r  a n d  t h e  k i n e t i c  s o l u t i o n  a n d  w e r e  f i l l e d  a n d  

p l a c e d  i n  t h e  p r e s s u r e  v e s s e l .  T h e  v e s s e l  w a s  p r e s 

s u r i z e d  t o  5 0  b a r s  t o  p r e v e n t  l o s s  o f  r e a c t a n t  w h e n  t h e  

s o l u t i o n  w a s  h e a t e d  a n d  w a s  p l a c e d  i n  t h e  t h e r m o s t a t  

w h i c h  w a s  p r e h e a t e d  a b o u t  4 °  h i g h e r  t h a n  t h e  e x p e r i 

m e n t a l  t e m p e r a t u r e  t o  f a c i l i t a t e  t h e r m a l  e q u i l i b r i u m .  

T h e  f i r s t  r e a d i n g s  w e r e  t a k e n  a f t e r  a t  l e a s t  1 h r ,  a n d  

t h e  r e a c t i o n  w a s  f o l l o w e d  f o r  a t  l e a s t  4  t o  5  h a l f - l i v e s .  

I n  t h e  s l o w e r  r u n s ,  t h e  r e a c t i o n  w a s  f o l l o w e d  f o r  2  d a y s ,  

l e a v i n g  a  g a p  o v e r n i g h t .

Calculation of Rate Constants. T h e  e q u i v a l e n t  c o n 

d u c t a n c e  A  ( =  1 0 3 KG /c  w h e r e  K  i s  t h e  c e l l  c o n s t a n t  

e x p r e s s e d  i n  c m “ 1, G t h e  c o n d u c t a n c e  e x p r e s s e d  i n  

m h o s ,  c t h e  c o n c e n t r a t i o n  e x p r e s s e d  i n  m o l  1 . - 1 , a n d  A  

i s  e x p r e s s e d  i n  m h o s  c m 2 m o l - 1 )  o f  h y d r o g e n  b r o m i d e  

c h a n g e s  b y  a b o u t  1 .8 %  o v e r  t h e  c o n c e n t r a t i o n  r a n g e  

0 . 2  t o  1 . 5  m l ,  a n d  s o  t o  o b t a i n  a c c u r a t e  r a t e  c o n s t a n t s  

a n  a l l o w a n c e  m u s t  b e  m a d e .  T h i s  c a n  b e  d o n e  u s i n g  

t h e  l i m i t i n g  l a w

A  =  A c  -  ( H A 0 +  B )c 1 1 2  ( 4 )

w h e r e  A 0 i s  t h e  e q u i v a l e n t  c o n d u c t i v i t y  e x t r a p o l a t e d  

t o  i n f i n i t e  d i l u t i o n

A  =  8 . 2 0  X  1 0 5/ ( e T ) 3' 2 ; B  =  8 2 . 4 / ( e T ) 1^  ( 5 )

e i s  t h e  d i e l e c t r i c  c o n s t a n t ,  T  i s  t h e  C e l s i u s  t e m p e r a t u r e ,  

a n d  t) i s  t h e  v i s c o s i t y  i n  p o i s e s .  B y  r e a r r a n g e m e n t ,  w e  

f i n d  f o r  t h e  a d j u s t e d  c o n d u c t a n c e  G° t h a t  i s  p r o 

p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n

G° =  ( 7 ( 1  +  /S f? 1' 2)  ( 6)

w h e r e

/3 =  ( 1 0 37 f / A 3) 1 /2 ( H A  +  B )  ( 7 )

a n d  s i n c e  0 «  1 ,  A  h a s  b e e n  s u b s t i t u t e d  f o r  A 0 t o  

s u f f i c i e n t  a c c u r a c y .  T h e  d i e l e c t r i c  c o n s t a n t  o f  w a t e r  

w a s  o b t a i n e d  f r o m  r e f  1 2  a n d  1 3  a n d  t h e  v i s c o s i t y  w a s  

i n t e r p o l a t e d  f r o m  r e f  1 4 .  T h e  e q u i v a l e n t  c o n d u c t a n c e  

o f  h y d r o g e n  b r o m i d e  w a s  m e a s u r e d  a t  c o n c e n t r a t i o n s  

o f  0 . 5 ,  1 . 0 ,  a n d  2.0  m M  a t  s e v e r a l  t e m p e r a t u r e s  a n d  

p r e s s u r e s .  T o  s u f f i c i e n t  a c c u r a c y ,  t h e  m e a n  v a l u e  f o r  

t h e  t h r e e  c o n c e n t r a t i o n s  w a s  u s e d  i n  e q  7 .

T h e  f i r s t - o r d e r  r a t e  c o n s t a n t s  w e r e  c a l c u l a t e d  b y  t h e  

G u g g e n h e i m  m e t h o d  u s i n g  l e a s t  s q u a r e s  w i t h  a  d i g i t a l  

c o m p u t e r .  T h e  d e v i a t i o n s  w e r e  a l w a y s  a p p a r e n t l y  

n o n s y s t e m a t i c .

3 . R esults

T h e  f i r s t - o r d e r  r a t e  c o n s t a n t s  f o r  m e t h y l  a n d  i s o 

p r o p y l  b r o m i d e s  a r e  s u m m a r i z e d  i n  T a b l e s  I  a n d  I I  

a n d  a r e  p l o t t e d  a g a i n s t  p r e s s u r e  i n  F i g u r e  2 . T h e  

c u r v e s  f o r  m e t h y l  b r o m i d e  a t  6 0  a n d  7 0 °  a r e  s i g m o i d —  

a n  u n u s u a l  a n d  p r o b a b l y  u n i q u e  o b s e r v a t i o n .  B e c a u s e  

o f  t h i s  u n e x p e c t e d  c o m p l e x i t y ,  a l l  p o i n t s  w e r e  d u p l i 

c a t e d  t o  v e r i f y  t h e i r  a c c u r a c y .  T h e  s t a n d a r d  e r r o r  o f  

t h e  r a t e  c o n s t a n t s  f r o m  t h e  i n t e r n a l  c o n s i s t e n c y  o f  t h e  

l e a s t - s q u a r e s  f i t  w a s  a b o u t  0 . 1% ,  a n d  t h e  r e p r o d u c i b i l 

i t y  o f  d u p l i c a t e  r u n s  ( s e e  T a b l e s  I  a n d  I I )  w a s  0 . 1  t o  

0 . 2 % .  T h e  s t a n d a r d  e r r o r  i s  p r o b a b l y  a b o u t  0 . 1 5 % .  

T h e  r a t e  c o n s t a n t s  e x t r a p o l a t e d  t o  z e r o  p r e s s u r e  a n d  

t h e  a c t i v a t i o n  e n t h a l p i e s  a n d  e n t r o p i e s  o b t a i n e d  b y  

l e a s t - s q u a r e s  f r o m  t h e  m e a s u r e d  r a t e  c o n s t a n t s  a t  5 0  

b a r s  a r e  c o m p a r e d  w i t h  t h o s e  f r o m  o t h e r  w o r k e r s  a t  1 
b a r  i n  T a b l e  I I I .  T h e  a g r e e m e n t  i s  g o o d .  T h e  

a c t i v a t i o n  e n t h a l p y  a n d  e n t r o p y  (TA<S*) a t  1 a n d  

5 0  b a r s  d i f f e r  b y  o n l y  s e v e r a l  t e n s  c a l  m o l -1  ( s e e  l a t e r ,  

F i g u r e s  4  a n d  5 ) .

T o  c a l c u l a t e  t h e  h e a t  c a p a c i t y  o f  a c t i v a t i o n  a t  c o n 

s t a n t  v o l u m e ,  i t  i s  n e c e s s a r y  t o  k n o w  t h e  a c t i v a t i o n  

v o l u m e  a n d  i t s  p r e s s u r e  a n d  t e m p e r a t u r e  c o e f f i c i e n t s .  

T h e  r a t e - c o n s t a n t - p r e s s u r e  c u r v e s  a r e  t o o  c o m p l i c a t e d  

f o r  a n y  n u m e r i c a l  a n a l y s i s  t o  b e  a c c u r a t e ,  p a r t i c u l a r l y  

f o r  m e t h y l  b r o m i d e ,  a n d  a  g r a p h i c a l  a n a l y s i s  i s  n e c e s 

s a r y .  T h e  b e s t  m e t h o d  i s  p r o b a b l y  t o  p l o t  m e a n  a c -

(12) B . B . O w en and S. R . B rink ley , P hys. Rev., 64 , 32 (1943).
(13) B . B . O w en, R . C . M iller, C . E . M ilner, and H . L . C ogan , J. 
Phys. Chem., 65 , 2065 (1961).
(14) K. E. B e tt  and  J. B . C appi, Nature, 207, 620 (1965).
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Figure 2. Rate constants for the hydrolysis of methyl bromide (upper three curves) and isopropyl bromide (lower three curves) in 
water. The numbers attached to the curves are the temperatures.

t i v a t i o n  v o l u m e s  b e t w e e n  a d j a c e n t  p r e s s u r e s

A E m o a n *  =  — [R T  In k(p2) /  k(jpi) ] / ( p 2 —  Pi) ( 8 )

a g a i n s t  t h e  m e a n  p r e s s u r e  M ( p 2 +  pi). T h i s  i s  d o n e  

i n  F i g u r e  3 .  B e c a u s e  o f  t h e  s i g m o i d  r a t e - c o n s t a n t -  

p r e s s u r e  c u r v e  f o r  m e t h y l  b r o m i d e ,  t h e  v o l u m e  o f  a c 

t i v a t i o n  i s  a l s o  s i g m o i d  i n  t h e  p r e s s u r e  a t  6 0  a n d  7 0 ° .  

T h e  z e r o - p r e s s u r e  a c t i v a t i o n  v o l u m e s  w e r e  o b t a i n e d  b y  

e x t r a p o l a t i o n  a n d  a r e  l i s t e d  i n  T a b l e  I V ,  t o g e t h e r  w i t h  

e s t i m a t e d  s t a n d a r d  e r r o r s .  T h e  v o l u m e s  w e r e  c h o s e n  

t o  b e  c o n s i s t e n t  b o t h  w i t h  t h e  c u r v e s  o f  F i g u r e  3  a n d  t h e  

d i f f e r e n c e  o f  a c t i v a t i o n  v o l u m e s  a t  d i f f e r e n t  t e m p e r a 

t u r e s  o b t a i n e d  a s  d e s c r i b e d  i n  t h e  n e x t  p a r a g r a p h .

T h e  f i r s t  d e r i v a t i v e s  o f  t h e  a c t i v a t i o n  v o l u m e  w i t h  

r e s p e c t  t o  p r e s s u r e  a n d  t e m p e r a t u r e ,  o r  t h e  s e c o n d  

d e r i v a t i v e s  o f  t h e  G i b b s  e n e r g y  o f  a c t i v a t i o n  A G 1, w e r e  

o b t a i n e d  a t  z e r o  p r e s s u r e  a s  f o l l o w s .  T h e  p r e s s u r e  c o 

e f f i c i e n t  o f  t h e  a c t i v a t i o n  v o l u m e  i s  t h e  s l o p e  o f  t h e

c u r v e s  i n  F i g u r e  3  a t  z e r o  p r e s s u r e .  T h e  v a l u e s  o b 

t a i n e d  a r e  l i s t e d  i n  T a b l e  I V .  T h e y  d e p e n d  s t r o n g l y  

o n  t h e  t e m p e r a t u r e ,  c h a n g i n g  o v e r  e a c h  10 °  i n t e r v a l  

b y  a b o u t  5  c m 3 m o l -1  k b a r -1  f o r  m e t h y l  b r o m i d e  a n d  

a b o u t  6 c m 3 m o l -1  k b a r -1  f o r  i s o p r o p y l  b r o m i d e .  T h e y  

a p p e a r  t o  r e a c h  z e r o  a t  t h e  h i g h  e n d  o f  t h e  t e m p e r a 

t u r e  r a n g e  f o r  b o t h  s u b s t a n c e s .

T h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  v o l u m e  

i s  b e s t  o b t a i n e d  b y  p l o t t i n g  T i  l o g  fa —  T 2 l o g  fa w h e r e  

fa a n d  fa a r e  t h e  r a t e  c o n s t a n t s  a t  t e m p e r a t u r e s  

T i  a n d  T 2 a n d  t h e  s a m e  p r e s s u r e ,  a g a i n s t  p r e s s u r e .  

T h e  s l o p e  o f  t h e  c u r v e  i s  r e l a t e d  t o  t h e  d i f f e r e n c e  o f  a c 

t i v a t i o n  v o l u m e s  a t  t h e  t w o  t e m p e r a t u r e s  a c c o r d i n g  t o  

t h e  r e l a t i o n

B - r ( T i  l o g  h  -  T 2 l o g  fa) =  -  ( A 7 i *  -  A T V )  ( 9 )  
dp

T h e  c u r v e s  a r e  s h o w n  i n  F i g u r e  4 ,  a n d  y i e l d  t h e  v a l u e s
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Figure 3. Mean activation volumes between adjacent pressures for the hydrolysis of methyl bromide (upper three curves) and 
isopropyl bromide (lower three curves).

a t  1 b a r  f o r  m e t h y l  b r o m i d e

¿ 7 } 7o —  A F 56o =  2 . 1 4  ±  ~ 0 . 1 5  c m 3 m o l -1

A F { 8o —  A F %  =  3 . 2 0  ±  ^ 0 . 1 5  c m 3 m o l -1

A F { so -  A F j60 =  5 . 3 8  ±  ~ 0 . 2 5  c m 3 m o l “ 1

a n d  f o r  i s o p r o p y l  b r o m i d e

A F h o  —  A F l 4o =  2 . 1 4  ±  ~ 0 . 2  c m 3 m o l -1

A F J6o —  A F { 5o =  3 . 0 6  ±  ^ 0 . 2  c m 3 m o l -1

A F * 6o —  A F h o  =  5 . 4  ±  ~ 0 . 3  c m 3 m o l -1

T h e  l a s t  v a l u e  i n  e a c h  s e t  i s  i n c l u d e d  a s  a  c h e c k .  T h e  

t e m p e r a t u r e  c o e f f i c i e n t s  o f  t h e  a c t i v a t i o n  v o l u m e s  o b 

t a i n e d  f r o m  t h e s e  r e s u l t s  a r e  l i s t e d  i n  T a b l e  I V .  T h e  

d i f f e r e n c e  b e t w e e n  t h e  a c t i v a t i o n  v o l u m e s  a t  t w o  

t e m p e r a t u r e s  i s  o f  c o u r s e  m o r e  a c c u r a t e  t h a n  t h e  a c 

t i v a t i o n  v o l u m e s  t h e m s e l v e s .  T h e  t e m p e r a t u r e  c o 

e f f i c i e n t  o f  t h e  a c t i v a t i o n  v o l u m e  i s  a b o u t  5 0 %  h i g h e r  

i n  t h e  h i g h e r  t h a n  i n  t h e  l o w e r  t e m p e r a t u r e  r a n g e  f o r  

b o t h  r e a c t a n t s .

B e c a u s e  o f  t h e  t h e r m o d y n a m i c  r e l a t i o n s

( dS/dp)T =  - { d V / d T ) v

m / d p ) T =  F  -  T (d V / d T )v

w h e r e  S  i s  t h e  e n t r o p y ,  H  t h e  e n t h a l p y ,  a n d  F  t h e  

v o l u m e ,  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  a c t i v a t i o n  

v o l u m e  a n d  t h e  e f f e c t  o f  p r e s s u r e  o n  t h e  a c t i v a t i o n  e n 

t r o p y  A S* a n d  e n t h a l p y  AH* a r e  c l o s e l y  r e l a t e d .  

T h e  v a l u e s  o f  ( 3 A S*/dp)T a t  z e r o  p r e s s u r e  a r e  t h e  

n e g a t i v e  o f  t h e  v a l u e s  o f  ( 3 A V x/d T )v l i s t e d  i n  T a b l e  I V .  

T h e  p o i n t s  i n  F i g u r e  4  a r e  a c t u a l l y  ( 7 \  —  T 2)  l o g  A  
w h e r e  A  i s  t h e  A r r h e n i u s  p r e e x p o n e n t i a l  f a c t o r  ( ekT/h )
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Figure 4. Plot of Ti log k i — log k2 against pressure according to eq 9. The upper tliree curves are for methyl bromide and 
the lower three curves for isopropyl bromide. The numbers attached to the curves are temperatures for that curve.

Table IV : Activation Volumes for the Hydrolysis of Methyl and Isopropyl Bromides in Water

4Vl ,
—Methyl bromide------------

(5 a V x/ dT )v,
-Isopropyl bromide----- ------------------------------------ -

Temp, ca a v x/d p )T, Temp, 4V*, (5 A V /̂6p)t, (5A V */ d T )p,
°c cm3 mol-1 cm3 mol-1 kbar-1 cm3 mol-1 deg-1 °C cm3 mol-11 .cm3 mol“1 kbar-1 cm3 mol-1 deg-1

60.0 oOT 11.0 ± ~ 2  ]
0.21 ±0 .01

40.0 —15.2° ~12
[0.21

70.0 -14.9 5.5 ± ~ 1
10.32 =t 0.01

50.0 -13.1 ~6 J
10.31

80.0 -11 .7 —0.5 ±  ~ 0 .5  j 60.0 -10 .0 0 1

“ The standard error of these volumes is about 0.3 cm3 mol l, all values being in error by the same amount within 0.1 cm3 mol-1.
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Figure 5. Effect of pressure on the free energy, enthalpy or internal energy, and entropy of activation at constant pressure (upper 
frame), and at constant volume (lower frame), for the hydrolysis of methyl bromide.

e x p A , S : / R ,  e  i s  t h e  b a s e  o f  n a t u r a l  l o g a r i t h m s ,  k a n d  h 
B o l t z m a n n ’ s  a n d  P l a n c k ’ s  c o n s t a n t s ,  a n d  R  t h e  g a s  

c o n s t a n t ,  a n d  t h e  s l o p e s  o f  t h e  c u r v e s  a t  a n y  p r e s s u r e  

a r e  (dASt/dp)/2.303R. U p  t o  a b o u t  5 0 0  b a r s  t h e  a c 

t i v a t i o n  e n t r o p y  i n c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e  f o r  

b o t h  m e t h y l  a n d  i s o p r o p y l  b r o m i d e s ,  b u t  d e c r e a s e s  a t  

h i g h e r  p r e s s u r e s .  B y  d i r e c t  a n a l y s i s  o f  t h e  r a t e  c o n 

s t a n t s  u n d e r  p r e s s u r e ,  o r  b y  u s e  o f  t h e  c u r v e s  o f  F i g u r e  

4 ,  t h e  e n t h a l p y  a n d  e n t r o p y  o f  a c t i v a t i o n  a t  c o n s t a n t  

p r e s s u r e  c a n  b e  o b t a i n e d  a s  a  f u n c t i o n  o f  p r e s s u r e .  

T h e  v a l u e s  (T A S 1  i s  p l o t t e d  f o r  t h e  e n t r o p y )  a r e  g i v e n  

i n  t h e  u p p e r  f r a m e s  o f  F i g u r e s  5  a n d  6 . T h e  v a l u e s

f o r  m e t h y l  b r o m i d e  o s c i l l a t e  s t r o n g l y  w i t h  a n  a m p l i t u d e  

w e l l  o v e r  1  k c a l  m o l - 1 . T h e  a c c u r a c y  o f  t h e  r a t e  c o n 

s t a n t s  i s  s u c h  t h a t  t h e  s t r o n g  v a r i a t i o n  m u s t  b e  r e a l .

T h e  c o n s t a n t - v o l u m e  p a r a m e t e r s  o f  a c t i v a t i o n  A U vl 
(U =  i n t e r n a l  e n e r g y )  a n d  A S vt a r e  s o m e t i m e s  s i m p l e r  

f u n c t i o n s  o f  a n  i n d e p e n d e n t  v a r i a b l e  ( u s u a l l y  s o l v e n t  

c o m p o s i t i o n )  t h a n  t h e  c o n s t a n t - p r e s s u r e  p a r a m e 

te r s ,^ 4.15.16 a n c i s o  t h e y  h a v e  b e e n  e x a m i n e d  f o r  t h e  p r e s 

e n t  r e a c t i o n s .  T h e y  w e r e  c a l c u l a t e d  a s  f u n c t i o n s  o f

(15) B . T .  B aliga  and E . W h alley , Can. J . C h e m 4 2 , 1835 (1964),
(16) B . T . B aliga  and E . W h alley , J. P h ys. Chem., 71, 1166 (1967).
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Figure 6. Effect of pressure on the free energy, enthalpy or internal energy, and entropy of activation at constant pressure (upper 
frame) and at constant, volume (lower frame) for the hydrolysis of isopropyl bromide.

p r e s s u r e  f o r  m e t h y l  a n d  i s o p r o p y l  b r o m i d e s  f r o m  t h e  

u s u a l  r e l a t i o n s

A U vx =  A H PX -  TaAVt/ic

A Sy 1  =  ASPf -  a A V t/n

T h e  t h e r m a l  e x p a n s i v i t y  a n d  c o m p r e s s i b i l i t y  o f  w a t e r  

w e r e  k i n d l y  p r o v i d e d  b y  D r .  G .  S .  K e l l  f r o m  a  f i t  t o  

t h e  d a t a  o f  r e f  1 1  w h i c h  w a s  e x t r a p o l a t e d  t o  3  k b a r s .  

T h e  v a l u e s  s o  o b t a i n e d  a r e  p r o b a b l y  a t  l e a s t  a s  r e l i a b l e  

a s  p u b l i s h e d  m e a s u r e m e n t s .  T h e  r e s u l t s  a r e  p l o t t e d  

i n  t h e  l o w e r  f r a m e  o f  F i g u r e s  5  a n d  6 . T h e y  v a r y  w i t h  

p r e s s u r e  i n  m u c h  t h e  s a m e  w a y  a s  t h e  c o n s t a n t - p r e s 

s u r e  p a r a m e t e r s .

T h e r e  a r e  f o u r  t h i r d  d e r i v a t i v e s  o f  t h e  G i b b s  e n e r g y  

w i t h  r e s p e c t  t o  t e m p e r a t u r e  a n d  p r e s s u r e .  T h e  

e f f e c t s  o f  d 3A Gt/dp'i — d2A V x/dp2 c a n  b e  s e e n  i n  t h e  

c u r v a t u r e  o f  m e a n  a c t i v a t i o n  v o l u m e  a g a i n s t  p r e s s u r e  

i n  F i g u r e  3  b u t  n o  a c c u r a t e  v a l u e  c a n  b e  o b t a i n e d .

d 3A  Gx/dpdT2 =  d2A V x/d T 2 =

- d 2A St/dpdT  =  —T ~ 1 dACpt/dp

i s  p r o b a b l y  f i n i t e  a n d  o f  t h e  m a g n i t u d e  0.01  c m 3 m o l -1 
d e g -2  f o r  b o t h  m e t h y l  a n d  i s o p r o p y l  b r o m i d e s ,  w h i c h  

c o r r e s p o n d s  t o  dACpt/dp =  8 0  c a l  d e g -1  m o l -1
k b a r - 1 . T h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  a c t i v a t i o n  

v o l u m e  d e p e n d s  s t r o n g l y  o n  t h e  p r e s s u r e ,  a n d  a c c o r d 

i n g  t o  F i g u r e  4  d A V x/dT  c h a n g e s  s i g n  f o r  b o t h  r e a c 

t i o n s  a t  a b o u t  5 0 0  b a r s .  T h e  v a l u e  o f  â 3A G x/d2pdT  =  

d2A V t/dpdT  =  —  d2A S t/dp2 a p p e a r s  t h e r e f o r e  t o  b e  

a b o u t  0 . 5 4  c m 3 m o l -1  d e g -1  k b a r -1  f o r  b o t h  r e a c t i o n s ,  

w h i c h  a g r e e s  w e l l ,  a s  i t  s h o u l d ,  w i t h  t h e  v a l u e  0 . 5 7  

c m 8 m o l -1  d e g “ 1 k b a r -1  o b t a i n e d  f r o m  t h e  e f f e c t  o f  

t e m p e r a t u r e  o n  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  a c t i v a 

t i o n  v o l u m e .

T h e  v a l u e s  o f  t h e  v a r i o u s  t e r m s  i n  e q  3  g o i n g  t o  

m a k e  t h e  v a l u e  o f  ACPX —  A C V *  a t  1 b a r  a r e  g i v e n  i n  

T a b l e  V .  T h e  p r o p e r t i e s  o f  w a t e r  r e q u i r e d  w e r e  o b 

t a i n e d  f r o m  r e c e n t  m e a s u r e m e n t s  i n  t h i s  l a b o r a t o r y 11 
a n d  a  r e a n a l y s i s  o f  t h e  d e n s i t y  o f  w a t e r  a t  1 a t m .17

F r o m  t h e  v a l u e  o f  A Cpx r e p o r t e d  b y  H e p p o l e t t e  a n d

(17) G . S. K ell, J. Chem. Eng. D ata, 12, 66 (1967).
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Table V : Differences of Heat Capacities of Activation at Constant Pressure and Constant Volume

T a A V

K
\d1— In a  
[ d T

Methyl bromide, 70°, 1 bar —15.8
Isopropyl bromide 50°, 1 bar —18.2

d2 — In k dT
a d-  ~ ■— In kk dp

3 i+ 2 - l n  AY7 ad  + )  + -  — lnAFH k dp = ACpt -  AC»7

5.7 — 5.4 57 7.5 49 cal deg-1 mol-1
0.8 - 3 .0 47.8 5.7 33 cal deg-1 mol-1

R o b e r t s o n ,7,8 A C V 7 i s  f o r  m e t h y l  b r o m i d e

A Cy* =  —  9 5  ±  '— 4 0  c a l  d e g -1  m o l -1 

a n d  f o r  i s o p r o p y l  b r o m i d e

A C V *  =  —  9 2  ±  ~ 1 0  c a l  d e g -1  m o l -1

B y  f a r  t h e  l a r g e s t  c o n t r i b u t i o n  t o  ACpt —  A C V 7 
c o m e s  f r o m  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  a c t i v a 

t i o n  v o l u m e .  A s  p o i n t e d  o u t  i n  t h e  p r e c e d i n g  p a r a 

g r a p h ,  h o w e v e r ,  t h i s  v a l u e  c h a n g e s  s i g n  a t  a b o u t  5 0 0  

b a r s ,  a n d  h a s  a b o u t  t h e  s a m e  m a g n i t u d e  b u t  o p p o s i t e  

s i g n s  a t  0  a n d  1000 b a r s .  d ( A C pt — A C Y**)/dp i s  

t h e r e f o r e  o f  t h e  m a g n i t u d e  o f  — 100 c a l  d e g -1  m o l -1  
k b a r -1  f o r  b o t h  s u b s t r a t e s .  B u t  5 A C pt/dp i s  ~  —  8 0  

c a l  d e g -1  m o l -1  k b a r - 1 , s o  t h a t  A C V 7 i s  m u c h  l e s s  d e 

p e n d e n t  o n  t h e  p r e s s u r e  t h a n  A C pl, a n d  i t s  d e p e n d e n c e  

i s  p r o b a b l y  z e r o  w i t h i n  e x p e r i m e n t a l  e r r o r .  T h e  v a l u e  

o f  A Cp1  —  A C v l i s  l a r g e l y  d e t e r m i n e d  b y  t h e  t e r m

2 (T a A V t/ k) (d I n  A V x/dT)  =  2 ( 2 ’ « / * )  (dA Vt/dT)

w h i c h  c h a n g e s  i n  m a g n i t u d e  b y  a b o u t  5 0 %  i n  a  1 0 °  

i n t e r v a l ,  d u e  m a i n l y  t o  t h e  c h a n g e  i n  d A V x/dT. 
T h i s  i m p l i e s  a n  a p p r e c i a b l e  t e m p e r a t u r e  d e p e n d e n c e  

o f  A C vx — ACvi  a t  1 b a r .  T h e r e  i s ,  h o w e v e r ,  n o  

e v i d e n c e 7,8 t h a t  A Cp* v a r i e s  w i t h  t e m p e r a t u r e ,  s o  t h a t  

a  v a r i a t i o n  o f  A C y 7 i s  i m p l i e d  t h a t  i s  m u c h  g r e a t e r  

t h a n  t h e  v a r i a t i o n  o f  A Cjf.
F u r t h e r m o r e ,  s i n c e  t h e  t h e r m a l  e x p a n s i v i t y  o f  w a t e r  

i s  z e r o  a t  4 ° ,  A C pt —  A C V 7 i s  a l s o  z e r o  t h e r e ;  i t  f o l 

l o w s  t h e n  t h a t  A C pt — AC V 7 f o r  m e t h y l  b r o m i d e  

c h a n g e s  b y  4 9  c a l  d e g -1  m o l -1  i n  6 6 °  a t  1  b a r ,  a n d  f o r  

i s o p r o p y l  b r o m i d e  b y  3 9  c a l  d e g -1  m o l -1  i n  4 6 ° .  T h e  

t e m p e r a t u r e  v a r i a t i o n s  d i s c u s s e d  i n  t h i s  p a r a g r a p h  a r e  

o f  c o u r s e  a t  c o n s t a n t  p r e s s u r e .  I t  i s  w o r t h  e n q u i r i n g  

w h a t  h a p p e n s  t o  A C px — AC y 7 a s  t h e  t e m p e r a t u r e  i s  

v a r i e d  a t  c o n s t a n t  d e n s i t y .  A t  4 °  a n d  1 b a r ,  A C pl —  

ACYt i s  z e r o  b e c a u s e  a i s  z e r o .  T h e  s a m e  d e n s i t y  a s  

a t  t h e s e  c o n d i t i o n s  i s  o b t a i n e d  u n d e r  a  p r e s s u r e  o f  a b o u t  

3 0 0  b a r s  a t  5 0 °  a n d  a b o u t  5 0 0  b a r s  a t  7 0 ° .  T h e n  A C px 
—  A C v % i s  n o t  f a r  f r o m  z e r o  b e c a u s e  d A V t/d T  i s  

s m a l l ,  a n d  i t  s e e m s  t h a t  p e r h a p s  A C pt — A Cvx i s  m u c h  

l e s s  t e m p e r a t u r e  d e p e n d e n t  i f  t h e  v o l u m e  i s  k e p t  c o n 

s t a n t  a s  t h e  t e m p e r a t u r e  i s  v a r i e d .  H o w e v e r ,  t h e  

r e a s o n  w h y  A Cpl  —  A C V 7 i s  s m a l l  c h a n g e s  w i t h  t e m 

p e r a t u r e ,  f r o m  a  s m a l l  t h e r m a l  e x p a n s i v i t y  a t  4 °  t o  a  

s m a l l  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  v o l u m e  

a t  t h e  t e m p e r a t u r e s  o f  t h e  e x p e r i m e n t s .

4 .  D i s c u s s i o n

1. A  Second Mechanism of Hydrolysis of Methyl 
Bromide. T h e  c o m p l e x i t y  o f  t h e  g r a p h  o f  l o g  k a g a i n s t  

p r e s s u r e  f o r  m e t h y l  b r o m i d e  i n  F i g u r e  2  i s  v e r y  s t r i k i n g .  

T h e  a c t i v a t i o n  v o l u m e ,  w h i c h  i s  p l o t t e d  a s  a  f u n c t i o n  

o f  p r e s s u r e  i n  t h e  u p p e r  f r a m e  o f  F i g u r e  3 ,  a t  f i r s t  b e 

c o m e s  l e s s  n e g a t i v e  w i t h  i n c r e a s i n g  p r e s s u r e ,  t h e n  b e 

c o m e s  m o r e  n e g a t i v e ,  a n d  f i n a l l y  l e s s  n e g a t i v e  a g a i n .  

T h e r e  i s  n o  d o u b t  t h a t  t h i s  c o m p l e x i t y  i s  r e a l  b e c a u s e  

e a c h  p o i n t  w a s  d u p l i c a t e d  a n d  r e p r o d u c e d  t o  0 .2%  o r  

b e t t e r  ( s e e  T a b l e  I  f o r  t h e  i n d i v i d u a l  v a l u e s ) .  I f  t h e  

s a m e  m e c h a n i s m  o c c u r r e d  t h r o u g h o u t  t h e  p r e s s u r e  

r a n g e ,  t h e  t r a n s i t i o n  s t a t e  w o u l d  b e  l e s s  c o m p r e s s i b l e  

t h a n  t h e  i n i t i a l  s t a t e  a t  l o w  p r e s s u r e s ,  m o r e  c o m p r e s s i b l e  

n e a r  1.6 k b a r s ,  a n d  a g a i n  l e s s  c o m p r e s s i b l e  a t  h i g h e r  

p r e s s u r e s .  W h i l e  n o t h i n g  p r o h i b i t s  s u c h  b e h a v i o r ,  i t  

s e e m s  p r e f e r a b l e  t o  a s s u m e  t h a t  t h e r e  a r e  t w o  d i f 

f e r e n t  t r a n s i t i o n  s t a t e s  a r i s i n g  f r o m  t w o  c o m p e t i n g  

m e c h a n i s m s ,  o n e  o f  w h i c h  d o m i n a t e s  a t  l o w  p r e s s u r e s  

a n d  t h e  o t h e r  a t  h i g h  p r e s s u r e s .  T h e  h i g h - p r e s s u r e  

m e c h a n i s m  m u s t  o f  c o u r s e  h a v e  t h e  m o r e  n e g a t i v e  

v o l u m e  o f  a c t i v a t i o n .

T h i s  v i e w  a s s u m e s  t h a t  t h e  t w o  t r a n s i t i o n  s t a t e s  a r e  

s e p a r a t e d  b y  a  h i g h  f r e e - e n e r g y  b a r r i e r .  I t  i s ,  h o w e v e r ,  

p o s s i b l e  t o  e x p l a i n  t h e  o b s e r v e d  e f f e c t s  b y  a s s u m i n g  

t h a t  t h e  t r a n s i t i o n  s t a t e  o c c u p i e s  a  b r o a d  c o l  i n  c o n -  

f i g u r a t i o n - f r e e - e n e r g y  s p a c e ,  t h e  d i f f e r e n t  p a r t s  o f  

w h i c h  h a v e  d i f f e r e n t  m o l a r  v o l u m e s .  T h e  e f f e c t  o f  

p r e s s u r e  w o u l d  t h e n  b e  t o  d e p r e s s  o n e  p a r t  c f  t h e  c o l  

f a s t e r  t h a n  t h e  r e s t .  T h e  p l a c e  a t  w h i c h  m o s t  o f  t h e  

r e a c t i o n  c r o s s e s  t h e  c o l  w o u l d  t h e n  c h a n g e  g r a d u a l l y  

w i t h  p r e s s u r e .  I t  i s  d i f f i c u l t  i f  n o t  i m p o s s i b l e  t o  d i s 

t i n g u i s h  b e t w e e n  t h e s e  p o s s i b i l i t i e s  b y  e x p e r i m e n t .  

F o r  d e f i n i t e n e s s ,  h o w e v e r ,  t w o  d i s t i n c t  m e c h a n i s m s  w i l l  

b e  d i s c u s s e d ,  o n e  o f  w h i c h  r e p l a c e s  t h e  o t h e r  a s  t h e  

p r e s s u r e  c h a n g e s .  I t  i s  e a s y ,  i f  p r e f e r r e d ,  t o  t r a n s l a t e  

i n t o  a  d e s c r i p t i o n  i n  w h i c h  a  t r a n s i t i o n  s t a t e  g r a d u a l l y  

c h a n g e s  c h a r a c t e r .

A n  a c c u r a t e  e s t i m a t e  o f  t h e  r e l a t i v e  r a t e  c o n s t a n t s  

o f  t h e  t w o  m e c h a n i s m s  a t  a t m o s p h e r i c  p r e s s u r e  i s  q u i t e  

i m p o s s i b l e ,  b u t  b y  a  v e r y  r o u g h  e x t r a p o l a t i o n  f r o m  

F i g u r e  2  i t  a p p e a r s  t o  b e  o f  t h e  m a g n i t u d e  o f  1 0  r a t h e r  

t h a n  1 o r  1 0 0 .  I f  t h e  a c t i v a t i o n  e n e r g i e s  o f  t h e  t w o  

m e c h a n i s m s  w e r e  d i f f e r e n t ,  t h e n  t h a t  w i t h  t h e  l o w e r  

v a l u e  w o u l d  t e n d  t o  d o m i n a t e  a t  l o w  t e m p e r a t u r e s  a n d  

t h a t  w i t h  t h e  h i g h e r  a t  h i g h  t e m p e r a t u r e s .

M o e l w y n - H u g h e s ,6 f o l l o w i n g  t h e  r e a c t i o n  t i t r i -
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m e t r i c a l l y ,  f o u n d  t h a t  w h i l e  t h e  h e a t  c a p a c i t y  o f  a c t i v a 

t i o n  a t  c o n s t a n t  p r e s s u r e  w a s  n e g a t i v e  b e l o w  a b o u t  6 0  

o r  7 0 ° ,  i t  w a s  p o s i t i v e  a b o v e .  H e p p o l e t t e  a n d  R o b e r t 

s o n ,7 o n  t h e  o t h e r  h a n d ,  w h o  f o l l o w e d  t h e  r e a c t i o n  b y  

t h e  m o r e  a c c u r a t e  c o n d u c t i v i t y  m e t h o d ,  r e p o r t e d  t h a t  

A C pt i s  — 4 6 . 5  c a l  d e g -1  m o l - 1 , e s s e n t i a l l y  i n d e p e n d e n t  

o f  t e m p e r a t u r e  i n  t h e  r a n g e  3 5  t o  1 0 0 ° .  T h e  i n c u r s i o n  

o f  a  n e w  m e c h a n i s m  a t  h i g h  t e m p e r a t u r e s  w o u l d  c o n 

t r i b u t e  a  p o s i t i v e  t e r m  t o  t h e  h e a t  c a p a c i t y  o f  a c t i v a 

t i o n ,  a n d  s o  t h e r e  i s  n o  e v i d e n c e  i n  t h e s e  r e s u l t s  o f  a  

c h a n g e  o f  m e c h a n i s m .

H e p p o l e t t e  a n d  R o b e r t s o n ’ s 7 r e s u l t s  d o  n o t ,  h o w e v e r ,  

e x c l u d e  a  c h a n g e  o f  m e c h a n i s m .  T h e  c o n s t a n t - p r e s 

s u r e  a c t i v a t i o n  h e a t  c a p a c i t y  o f  m e t h y l  b r o m i d e  i s  

a b o u t  10 c a l  d e g -1  m o l -1  l e s s  n e g a t i v e  t h a n  t h o s e  o f  

t h e  o t h e r  m e t h y l  h a l i d e s ,  s o  a  p o s i t i v e  c o n t r i b u t i o n  o f  

10 c a l  d e g -1  m o l -1  o r  m o r e  f r o m  a  c h a n g i n g  m e c h a n i s m  

c o u l d  e a s i l y  o c c u r .  I t  i s  e a s i l y  s h o w n  t h a t  t h e  c o n 

t r i b u t i o n  A C p ^ m e c h )  t o  t h e  c o n s t a n t - p r e s s u r e  a c 

t i v a t i o n  h e a t  c a p a c i t y  o f  a  c h a n g e  f r o m  m e c h a n i s m  1 t o  

m e c h a n i s m  2 i s

A i V C m e c h )  =  f ( l  -  f ) (A E Ay/R T>
w h e r e

/  =  ki/  (ki +  fc2)

ki a n d  fc2 a r e  t h e  r a t e  c o n s t a n t s  f o r  t h e  t w o  m e c h a n i s m s ,  

a n d  A E a i s  t h e  d i f f e r e n c e  i n  A r r h e n i u s  e n e r g y .  I f ,  f o r  

p u r p o s e s  o f  c a l c u l a t i o n ,  /  =  0.1  a n d  A C vx f r o m  t h i s  

c a u s e  i s  10 c a l  d e g -1  m o l - 1 , t h e n  A E  i s  1.6  k c a l  m o l - 1 , 

d / / d 2 '  i s  0 . 6  X  1 0 - c  d e g - 1 , a n d  A C pt c h a n g e s  b y  2  

c a l  d e g -1  m o l -1  o v e r  t h e  r a n g e  3 5 - 1 0 0 ° .  T h e s e  a r e  

n o t  i n c o n s i s t e n t  w i t h  H e p p o l e t t e  a n d  R o b e r t s o n ’ s 7 
m e a s u r e m e n t s ,  a n d  i n d e e d  a p p r e c i a b l y  g r e a t e r  d i f 

f e r e n c e s  o f  a c t i v a t i o n  e n e r g y  c o u l d  b e  t o l e r a t e d .  

T h e r e  i s  t h e r e f o r e  n o  i n c o n s i s t e n c y  b e t w e e n  t h e  p r e s e n t  

e v i d e n c e  f o r  a  c h a n g e  o f  m e c h a n i s m  u n d e r  p r e s s u r e  a t  

7 0 °  a n d  e x i s t i n g  r a t e  c o n s t a n t s  a t  1 b a r  i f  t h e  t w o  m e c h 

a n i s m s  d o  n o t  d i f f e r  i n  a c t i v a t i o n  e n e r g y  b y  m o r e  t h a n  

a  f e w  k c a l  m o l - 1 . A l t h o u g h  i t  i s  n o t  p o s s i b l e  t o  d e t e r 

m i n e  a c t i v a t i o n  e n e r g i e s  o f  t h e  t w o  m e c h a n i s m s  b e 

c a u s e  t h e i r  r a t e s  c a n n o t  b e  w e l l  s e p a r a t e d ,  t h e  a c t i v a 

t i o n  e n t h a l p y  a n d  e n t r o p y  u n d e r  p r e s s u r e ,  g i v e n  i n  

F i g u r e  5 ,  s u g g e s t  t h a t  t h e  m e c h a n i s m s  h a v e  s i m i l a r  

v a l u e s .

W h a t  a r e  t h e  t w o  m e c h a n i s m s ?  T h e  o n l y  i n f o r m a 

t i o n  a t  p r e s e n t  a b o u t  t h e  h i g h - p r e s s u r e  m e c h a n i s m  i s  

t h a t  i t s  a c t i v a t i o n  v o l u m e  i s  m u c h  m o r e  n e g a t i v e  t h a n  

t h a t  f o r  t h e  l o w - p r e s s u r e  m e c h a n i s m ,  b u t  i t s  a c t i v a t i o n  

e n t h a l p y  a n d  e n t r o p y  a r e  n e a r l y  t h e  s a m e ,  a n d  t h i s  i s  

h a r d l y  s u f f i c i e n t  t o  b a s e  m u c h  s p e c u l a t i o n  o n .  T h e  

m o s t  o b v i o u s  i n t e r p r e t a t i o n  i s  t h a t  o n e  m e c h a n i s m  a p 

p r o x i m a t e s  t h e  S n I  m e c h a n i s m  w i t h  a  t r a n s i t i o n  s t a t e  

r e s e m b l i n g
5 +  8-

C H 3 * • - B r

i n t e r a c t i n g  w i t h  t h e  s o l v e n t  b y  e s s e n t i a l l y  d i p o l e -  

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

p r o x i m a t e s  t h e  S n 2  m e c h a n i s m  w i t h  a  t r a n s i t i o n  s t a t e  

r e s e m b l i n g
5+ 8-

H 20 -  • ' C H 3 * • * B r

a l s o  i n t e r a c t i n g  w i t h  t h e  s o l v e n t  b y  e s s e n t i a l l y  d i p o l e -  

d i p o l e  e t c .  f o r c e s .

I t  s e e m s  l i k e l y  t h a t  t h e  S n 2  m e c h a n i s m  w i l l  h a v e  a  

m o r e  n e g a t i v e  v o l u m e  o f  a c t i v a t i o n  t h a n  t h e  S n I  m e c h 

a n i s m .  T h e  r e a s o n s  f o r  t h i s  a r e  a s  f o l l o w s .  I f  t h e  d i 

p o l e s  a r e  s p h e r i c a l  a n d  t h e  s o l v e n t  i s  r e p r e s e n t e d  b y  a  

d i e l e c t r i c ,  t h e  i n t e r a c t i o n  f r e e  e n e r g y 18 i s  p r o p o r t i o n a l  

t o  n2/v w h e r e  n i s  t h e  d i p o l e  m o m e n t  a n d  v i s  t h e  v o l u m e  

o f  a  m o l e c u l e .  T h e  m o l a r  v o l u m e  o f  l i q u i d  m e t h y l  

b r o m i d e  i s  5 4  c m 3 m o l - 1 , a n d  t h e  v o l u m e  o f  a  m o l e  

o f  m e t h y l  b r o m i d e  p l u s  a  m o l e  o f  w a t e r  i s  7 2  c m 3. 

T h e r e  i s  u n d o u b t e d l y  a  c o n t r a c t i o n  w h e n  t h e  S n 2  

t r a n s i t i o n  s t a t e  i s  f o r m e d  d u e  t o  t h e  f o r m a t i o n  o f  t h e  

p a r t i a l  O  • • • C  b o n d ,  a n d  t h e r e  a r e  e x p a n s i o n s  o f  b o t h  

t r a n s i t i o n  s t a t e s  d u e  t o  t h e  l e n g t h e n i n g  o f  t h e  C -  • *Br 
b o n d .  I n  a d d i t i o n ,  b o t h  t r a n s i t i o n  s t a t e s  a r e  c o n 

t r a c t e d  b y  t h e  d i p o l e - s o l v e n t  i n t e r a c t i o n ,19 s o  i t  s e e m s  

t h a t  t h e i r  m o l a r  v o l u m e s  a r e  t h e  s a m e  t o  p e r h a p s  10 t o  

1 5 % .  I f  t h e  s a m e  c h a r g e s  a r e  s e p a r a t e d  i n  b o t h  t r a n s i 

t i o n  s t a t e s ,  t h e  d i p o l e  m o m e n t s  a r e  i n  t h e  r a t i o  o f  t h e  

c h a r g e  s e p a r a t i o n s .  O n  t h e  m o s t  n a i v e  v i e w  o f  t h e  

s t r u c t u r e  o f  t h e  t r a n s i t i o n  s t a t e s ,  t h e  s e p a r a t i o n  o f  t h e  

c h a r g e s  i n  t h e  S n 2 i s  r o u g h l y  d o u b l e  t h a t  i n  t h e  S n I .  

T h e  d i p o l e  m o m e n t  o f  t h e  S n 2 i s  t h e r e f o r e  p r o b a b l y  

a p p r e c i a b l y  g r e a t e r  t h a n  t h a t  o f  t h e  S n I .  H e n c e ,  

b o t h  t h e  i n c r e a s e d  e l e c t r o s t a t i c  i n t e r a c t i o n ,  w h i c h  

c a u s e  b o t h  t h e  t r a n s i t i o n  s t a t e  a n d  t h e  s o l v e n t  t o  c o n 

t r a c t ,  a n d  t h e  f o r m a t i o n  o f  a  n e w  O  • • • C  b o n d  w i l l  

p r o b a b l y  c a u s e  t h e  S n 2  t r a n s i t i o n  s t a t e  t o  h a v e  a  

s m a l l e r  v o l u m e  t h a n  t h e  S n I .  H e n c e ,  t h e  p r e s e n t  

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

h y d r o l y z e d  b y  a  m e c h a n i s m  a p p r o x i m a t i n g  t o  S n I  a t  

l o w  p r e s s u r e  a n d  t e n d e d  t o  b e c o m e  a p p r o x i m a t e l y  

S n 2  a t  h i g h e r  p r e s s u r e .  T h e  t e r m s  S n I  a n d  S n 2  s h o u l d  

n o t  o f  c o u r s e  b e  i n t e r p r e t e d  t o o  l i t e r a l l y :  p e r h a p s  t h e  

t e r m s  “ l e s s  a n d  m o r e  c o v a l e n t  a t t a c h m e n t  o f  w a t e r  i n  

t h e  t r a n s i t i o n  s t a t e ”  w o u l d  b e  m o r e  a c c u r a t e .

T h e  r e s u l t s  f o r  i s o p r o p y l  b r o m i d e  a r e  n o t  i n c o n s i s t e n t  

w i t h  t h i s  s u g g e s t i o n .  I f  m e t h y l  b r o m i d e  a d o p t s  t h e  

“ S N l - l i k e ”  m e c h a n i s m  a t  l o w  p r e s s u r e s ,  t h e n  s o  w o u l d  

i s o p r o p y l  b r o m i d e .  I t  w o u l d  b e  e x p e c t e d  t o  t r a n s f e r  

t o  t h e  “ S N 2 - l i k e ”  m e c h a n i s m  l e s s  r e a d i l y  t h a n  m e t h y l  

b r o m i d e ,  a n d  a s  e x p e c t e d  t h e  r e s u l t s  s h o w  n o  c l e a r  

e v i d e n c e  o f  a  c h a n g e  o f  m e c h a n i s m .  H o w e v e r ,  t h e  

v o l u m e  o f  a c t i v a t i o n  i s  s t r o n g l y  d e p e n d e n t  o n  t h e  p r e s 

s u r e  a t  l o w  p r e s s u r e ,  b u t  b e c o m e s  a l m o s t  i n d e p e n d e n t  

o f  p r e s s u r e  a b o v e  a b o u t  1 k b a r .  T h i s  u n u s u a l  b e h a v i o r  

c a n  b e  e x p l a i n e d  b y  s u p p o s i n g  t h a t  a t  t h e  h i g h e r  p r e s 

s u r e s  t h e  “ S N 2 - l i k e ”  m e c h a n i s m  b e g i n s  t o  i n t r u d e  

e n o u g h  t o  c o m p e n s a t e  t h e  f a l l  i n  t h e  v o l u m e  o f  a c t i v a -

(18) J. G . K irk w ood , J. Chem. P h ys., 2 , 351 (1934).
(19) E . W h alley , ibid., 38 , 1400 (1963).
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t i o n  o f  t h e  “ S N l - l i k e ”  m e c h a n i s m .  T o  v e r i f y  t h i s ,  

t h e  r e a c t i o n s  w i l l  h a v e  t o  b e  f o l l o w e d  t o  y e t  h i g h e r  p r e s 

s u r e s .

2 . Temperature Coefficient of the Activation Volume. 
F o r  m o s t  r e a c t i o n s  s o  f a r  s t u d i e d ,  t h e  m o d u l u s  | A T 1 | 

o f  t h e  a c t i v a t i o n  v o l u m e  i n c r e a s e s  a s  t h e  t e m p e r a t u r e  

i n c r e a s e s .  F o r  e x a m p l e ,  f o r  t h e  s p o n t a n e o u s  h y d r o l 

y s i s  o f  e t h y l e n e  o x i d e  i n  w a t e r 8

C H 2

H 20  + 0 -

C H 2

s+

H 20 ......c h 2
8-

0

c h 2

h 2o — c h 2

c h 2— t i 

t h e  a c t i v a t i o n  v o l u m e  d e c r e a s e s  ( b e c o m e s  m o r e  n e g a 

t i v e )  a t  a b o u t  t h e  r a t e  0 . 1  c m 3 m o l -1  d e g “ 1. T h i s  i s  

t h e  d i r e c t i o n  o f  c h a n g e  e x p e c t e d  o n  s i m p l e  g r o u n d s ,  b e 

c a u s e  t h e  l o w e r  t h e  d e n s i t y  t h e  l o w e r  u s u a l l y  t h e  i n t e r -  

m o l e c u l a r  f o r c e s  a n d  s o  t h e  h i g h e r  t h e  t h e r m a l  e x 

p a n s i o n .  F o r  t h e  h y d r o l y s i s  o f  b o t h  m e t h y l  a n d  i s o 

p r o p y l  b r o m i d e s  a t  1 b a r ,  o n  t h e  o t h e r  h a n d ,  t h e  t r a n s i 

t i o n  s t a t e s  h a v e  a  s m a l l e r  v o l u m e  t h a n  t h e  i n i t i a l  s t a t e s ,  

b u t  h a v e  a  h i g h e r  t h e r m a l  e x p a n s i o n .  F u r t h e r m o r e ,  

t h e  d i f f e r e n c e  o f  t h e r m a l  e x p a n s i o n  i n c r e a s e s  w i t h  i n 

c r e a s i n g  t e m p e r a t u r e .  T h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  

u n d e r  p r e s s u r e ,  h o w e v e r .  A t  a b o u t  5 0 0  b a r s  f o r  b o t h  

r e a c t i o n s  t h e  a c t i v a t i o n  v o l u m e  i s  i n d e p e n d e n t  o f  t e m 

p e r a t u r e ,  a n d  a t  a b o u t  1000  b a r s  i t  v a r i e s  a t  a b o u t  t h e  

s a m e  r a t e  a s  a t  1 b a r  b u t  w i t h  o p p o s i t e  s i g n .

T h e  d e c r e a s e  o f  | A F *  | w i t h  i n c r e a s i n g  t e m p e r a t u r e  

i s  n o t  e n t i r e l y  w i t h o u t  p r e c e d e n t .  T h e  i o n i z a t i o n  

v o l u m e  o f  c a r b o n i c  a c i d 20

2 H 20  +  C 0 2 H C O s -  +  H sO  +

i n  t h e  r a n g e  2 5  t o  6 5 °  i n c r e a s e s  ( b e c o m e s  l e s s  n e g a t i v e )  

a t  a b o u t  t h e  r a t e  0 . 0 7 0  c m 8 m o l “ 1 d e g “ 1 a t  1 b a r  a n d  

a b o u t  t h e  r a t e  0 . 1 0  c m 8 m o l -1  d e g “ 1 a t  3 0 0 0  a t m .  

T h e r e  a p p e a r s ,  h o w e v e r ,  t o  b e  n o  p r e c e d e n t  f o r  t h e  r e 

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

t i v a t i o n  v o l u m e  a s  t h e  p r e s s u r e  i s  i n c r e a s e d .

T h e  u n u s u a l  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  a c t i v a t i o n  

v o l u m e  i s  u n l i k e l y  t o  b e  c o n n e c t e d  w i t h  t h e r e  b e i n g  

t w o  p a r a l l e l  m e c h a n i s m s .  T h e  c o n t r i b u t i o n  t o  dA V 1/ 
dT  o f  t h e  c h a n g i n g  m e c h a n i s m ,  ( d A V /dT)  ( m e c h ) ,  i s

( d A F 7 ô T ) ( m e c h )  = / ( I  —  / )  (A E a/ R T 2) A A F *

w h e r e  A A F *  i s  t h e  d i f f e r e n c e  i n  a c t i v a t i o n  v o l u m e  f o r  

t h e  t w o  m e c h a n i s m s .  I t  i s  u n l i k e l y  t h a t  ( d A F * /  

dT) ( m e c h )  c a n  r e a c h  s e v e r a l  t e n t h s  c m 3 m o l -1  d e g “ 1 f o r  

e i t h e r  m e t h y l  o r  i s o p r o p y l  b r o m i d e s .  H o w e v e r ,  s o m e  

o f  t h e  p e c u l i a r i t i e s  o f  m e t h y l  b r o m i d e  u n d e r  p r e s s u r e ,  

t h a t  a r e  n o t  s o  e v i d e n t  i n  i s o p r o p y l  b r o m i d e ,  m i g h t  b e  

l i n k e d  w i t h  t h e  c h a n g i n g  m e c h a n i s m  u n d e r  p r e s s u r e .

I t  i s  a l s o  u n l i k e l y  t h a t  t h e  e f f e c t  c a n  b e  e x p l a i n e d  o n  

t h e  b a s i s  o f  t h e  s i m p l e  m o d e l  o f  t h e  s o l v a t i o n  o f  t h e  

t r a n s i t i o n  s t a t e  i n  w h i c h  t h e  t r a n s i t i o n  s t a t e  i s  r e p r e 

s e n t e d  a s  a  s p h e r i c a l  d i p o l e  i n  a  s p h e r i c a l  c a v i t y  i n  t h e  

s o l v e n t .  O n  t h i s  m o d e l ,  t h e  e l e c t r o s t a t i c  v o l u m e  o f  s o l 

v a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  A  F e s *  i s 19

A F est =  I M U i y M 3)  X

li(de/dp)  +  [ 1  -  ( 3 / 2 e ) ] ( d  I n  a%/dp) )

w h e r e  / r i  i s  t h e  d i p o l e  m o m e n t  o f  t h e  t r a n s i t i o n  s t a t e ,  

a J i s  t h e  r a d i u s  o f  t h e  c a v i t y  i n  t h e  s o l v e n t ,  e i s  t h e  d i 

e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t ,  a n d  N  i s  A v o g a d r o ’ s  

n u m b e r ,  dt /dp  i s  n e g a t i v e  a n d  b e c o m e s  m o r e  s o  a s  

t h e  t e m p e r a t u r e  i n c r e a s e s ,  a n d  i f  t h e  c a v i t y  e x p a n d s  

t h e r m a l l y  l i k e  e i t h e r  t h e  s o l v e n t  o r  m e t h y l  b r o m i d e ,  s o  

a l s o  d o e s  d I n  a * / dp .  O n l y  t h e  a c t i v a t i o n  v o l u m e  

a b o v e  5 0 0  b a r s  c a n  b e  a c c o m m o d a t e d  i n  t h i s  t h e o r y .

T h e  p e c u l i a r  b e h a v i o r  a t  l o w  p r e s s u r e s  c a n  o f  c o u r s e  

b e  r a t i o n a l i z e d  b y  i n t r o d u c i n g  s p e c i f i c  h y p o t h e s e s ,  b u t  

t h i s  h a s  l i t t l e  v a l u e  a t  p r e s e n t .  T h e s e  o b s e r v a t i o n s  

e m p h a s i z e  o n c e  a g a i n  t h e  c o n t e n t i o n 4 t h a t  t h i n g s  a r e  

o f t e n  q u i t e  d i f f e r e n t  u n d e r  p r e s s u r e ,  a n d  a n  u n d e r 

s t a n d i n g  o f  c h e m i c a l  k i n e t i c s  g l e a n e d  f r o m  s t u d i e s  a t  1 
b a r  o n l y  m a y  b e  v e r y  i n c o m p l e t e .

3. Activation Enthalpy and Entropy under Pressure. 
T h e  e f f e c t  o f  p r e s s u r e  o n  t h e  a c t i v a t i o n  e n t h a l p y  a n d  

e n t r o p y  i s  o f  c o u r s e  c l o s e l y  r e l a t e d  t o  t h e  e f f e c t  o f  t e m 

p e r a t u r e  o n  t h e  a c t i v a t i o n  v o l u m e

{d A E vy d p )T =  A F *  -  (dA V t/dT) p

(dA S,f/dp)T =  -  (d A V y d T )p

N e v e r t h e l e s s ,  t h e y  a r e  w o r t h  m e n t i o n i n g  s e p a r a t e l y .  

T h e  v a r i a t i o n s  o f  A H px a n d  T A S pt a r e  s h o w n  g r a p h i 

c a l l y  i n  t h e  u p p e r  f r a m e s  o f  F i g u r e s  5  a n d  6 . F o r  i s o 

p r o p y l  b r o m i d e  ( F i g u r e  6)  b o t h  h a v e  m i n i m a  a s  f u n c 

t i o n s  o f  p r e s s u r e  s e v e r a l  h u n d r e d  c a l o r i e s  p e r  m o l e  

d e e p  a t  a b o u t  5 0 0  t o  1 0 0 0  b a r s ,  a n d  t h e n  r i s e  s t e a d i l y  b y  

a b o u t  1 k c a l  m o l “ 1. F o r  m e t h y l  b r o m i d e  ( F i g u r e  5 )  

t h e y  o s c i l l a t e  a s  a  f u n c t i o n  o f  p r e s s u r e  w i t h  a n  a m p l i 

t u d e  o f  o v e r  1 k c a l  m o l - 1 .

T h e  c a u s e  o f  t h e s e  v a r i a t i o n s  i s  q u i t e  a s  o b s c u r e  a s  

t h e  c a u s e  o f  t h e  v a r i a t i o n  i n  t h e  t e m p e r a t u r e  c o e f f i c i e n t  

o f  t h e  a c t i v a t i o n  v o l u m e .  N o  d o u b t  p a r t  o f  t h e  c o m 

p l e x i t y ,  f o r  m e t h y l  b r o m i d e  a t  l e a s t ,  i s  c o n n e c t e d  w i t h  

t h e  c h a n g i n g  m e c h a n i s m  t h a t  o c c u r s  a t  h i g h  p r e s s u r e s .

T h e  c o n s t a n t - v o l u m e  e n e r g y  a n d  e n t r o p y  o f  a c 

t i v a t i o n ,  w h i c h  a r e  p l o t t e d  i n  t h e  l o w e r  f r a m e s  o f  

F i g u r e s  5  a n d  6 , a r e  a s  c o m p l e x  f u n c t i o n s  o f  p r e s s u r e  a s  

t h e  c o n s t a n t - p r e s s u r e  p a r a m e t e r s .  C l e a r l y ,  t h e  v a r i a 

t i o n  o f  b o t h  s e t s  o f  p a r a m e t e r s  w i t h  p r e s s u r e  i s  f u n d a 

m e n t a l  t o  a n  u n d e r s t a n d i n g  o f  t h e  m e c h a n i s m s .  I n  

t h i s  s e n s e ,  t h e  r e a c t i o n s  u n d e r  s t u d y  c o n t r a s t  w i t h  t h e  

d i m e r i z a t i o n  o f  c y c l o p e n t a d i e n e ,  f o r  w h i c h  t h e  c o n -
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s t a n t - p r e s s u r e  p a r a m e t e r s 21 a r e  r e p o r t e d  t o  v a r y  w i t h  

p r e s s u r e  i n  a  s t r o n g l y  c o m p e n s a t o r y  w a y ,  b u t  t h e  c o n 

s t a n t - v o l u m e  p a r a m e t e r s  d o  n o t .  F o r  t h e  d i m e r i z a 

t i o n  o f  c y c l o p e n t a d i e n e ,  t h e  c o m p e n s a t i o n  i n  t h e  c o n 

s t a n t - p r e s s u r e  p a r a m e t e r s  i s  p r e s u m a b l y  t r i v i a l ;  i f  t h e  

c o n s t a n t - v o l u m e  p a r a m e t e r s  d o  n o t  c o m p e n s a t e  t h e n  

t h e  c o n s t a n t - p r e s s u r e  p a r a m e t e r s  m u s t  d o  s o  s i m p l y  

b e c a u s e  T a A V t/K v a r i e s  w i t h  p r e s s u r e .

4- Constant-Volume Heat Capacity of Activation. 
T h e  c o n s t a n t - v o l u m e  h e a t  c a p a c i t y  o f  a c t i v a t i o n  i s  

a b o u t  — 9 3  c a l  d e g -1  m o l -1  f o r  b o t h  m e t h y l  a n d  i s o 

p r o p y l  b r o m i d e s .  I t  a p p e a r s  t o  v a r y  m u c h  l e s s  w i t h  

p r e s s u r e  t h a n  t h e  c o n s t a n t - p r e s s u r e  h e a t  c a p a c i t y  o f  

a c t i v a t i o n  b u t  m u c h  m o r e  w i t h  t e m p e r a t u r e .  S o m e  

o f  t h e  p r e s s u r e  v a r i a t i o n  i s  p r o b a b l y  c o n n e c t e d  w i t h  t h e  

c h a n g e  o f  m e c h a n i s m  d i s c u s s e d  i n  s e c t i o n  4 . 1 ,  b u t  n o t  

a l l  o f  i t  i s .

A  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e s e  e f f e c t s  i m p l i e s  a  

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

t h e  v o l u m e  o f  a c t i v a t i o n  ( s e e  s e c t i o n  4 . 2 ) .  A n y  d e 

t a i l e d  d i s c u s s i o n  i s  a t  p r e s e n t  p r e m a t u r e .  C l e a r l y ,  

h o w e v e r ,  d i s c u s s i o n s  w h i c h  i g n o r e  t h e  d i f f e r e n c e  b e 

t w e e n  A C px a n d  A C V 1 m u s t  b e  f a r  f r o m  t h e  t r u t h .  

T h e  c o n t r i b u t i o n s  t o  A C V *  a r e  t h e  c h a n g e s ,  w h e n  t h e  

t r a n s i t i o n  s t a t e  i s  f o r m e d ,  o f  t h e  e x c i t a t i o n  o f  t h e  i n t e r 

n a l  a n d  e x t e r n a l  d e g r e e s  o f  f r e e d o m  o f  t h e  m o l e c u l e s  

g o i n g  t o  m a k e  t h e  t r a n s i t i o n  s t a t e ,  i n c l u d i n g  a l l  t h e  s o l 

v e n t  m o l e c u l e s  a f f e c t e d  b y  t h e  i n i t i a l  a n d  t r a n s i t i o n  

s t a t e s ,  a n d  o f  t h e  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  c o n 

f i g u r a t i o n a l  e n e r g y .  T h e r e  i s  a t  t h e  p r e s e n t  t i m e  n o  

s o u n d  e v i d e n c e  a b o u t  t h e  r e l a t i v e  i m p o r t a n c e  o f  

c h a n g e s  i n  t h e  k i n e t i c  a n d  p o t e n t i a l  e n e r g i e s .

S u m m a r y

T h e  t h e r m o d y n a m i c  a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  

s o l v o l y s i s  o f  m e t h y l  a n d  i s o p r o p y l  b r o m i d e s  a r e  n o w

b e t t e r  k n o w n  t h a n  t h o s e  o f  a n y  o t h e r  r e a c t i o n .  T h e  

f i r s t  a n d  s e c o n d  d e r i v a t i v e s  w i t h  r e s p e c t  t o  t e m p e r a t u r e  

a n d  p r e s s u r e  o f  t h e  G i b b s  e n e r g y  a r e  k n o w n  w e l l ,  a n d  

s o m e t h i n g  i s  k n o w n  a b o u t  t h r e e  o f  t h e  f o u r  t h i r d  d e r i v a 

t i v e s .  U n f o r t u n a t e l y ,  t h e  a d d i t i o n a l  m e a s u r e m e n t s  

s e r v e  t o  i l l u m i n a t e  o u r  i g n o r a n c e  m o r e  t h a n  o u r  u n d e r 

s t a n d i n g .

I t  s e e m s  c l e a r  t h a t  t h e  m e c h a n i s m  o f  h y d r o l y s i s  o f  

m e t h y l  b r o m i d e  c h a n g e s  s i g n i f i c a n t l y  w i t h  p r e s s u r e ,  

p r o b a b l y  i n  t h e  d i r e c t i o n  o f  a  t i g h t e r  b i n d i n g  o f  w a t e r  

m o l e c u l e s  i n  t h e  t r a n s i t i o n  s t a t e  a t  h i g h e r  p r e s s u r e .  

P e r h a p s  a  s i m i l a r  c h a n g e  t e n d s  t o  o c c u r  w i t h  i s o p r o p y l  

b r o m i d e ,  b u t  t h e  e v i d e n c e  i s  l e s s  d r a m a t i c .

T h e  h e a t  c a p a c i t i e s  o f  a c t i v a t i o n  a t  c o n s t a n t  p r e s 

s u r e  a n d  a t  c o n s t a n t  v o l u m e  d i f f e r  b y  a b o u t  a  f a c t o r  o f  

2  a t  t h e  t e m p e r a t u r e  i n v e s t i g a t e d  ( 7 0 °  f o r  m e t h y l  b r o 

m i d e  a n d  5 0 °  f o r  i s o p r o p y l  b r o m i d e ) .  D i s c u s s i o n s  

t h a t  i g n o r e  t h e  l a r g e  c o n t r i b u t i o n  o f  t h e r m a l  e x p a n s i o n  

t o  A C vl m u s t  b e  f a r  f r o m  t h e  t r u t h .  U n f o r t u n a t e l y ,  

i t  i s  n o t  y e t  p o s s i b l e  t o  d i v i d e  A C V { i n t o  i t s  c o m p o 

n e n t s — t h a t  a r i s i n g  f r o m  t h e  e x c i t a t i o n  o f  t h e  d e g r e e s  o f  

f r e e d o m  o f  t h e  s y s t e m  a n d  t h a t  f r o m  t h e  c o n f i g u r a t i o n a l  

e n e r g y .

I t  s e e m s  c l e a r  t h a t  t h e  s p o n t a n e o u s  h y d r o l y s i s  o f  

t h e s e  s i m p l e  h a l i d e s  i s  n o t  t o  b e  u n d e r s t o o d  w i t h o u t  

m u c h  m o r e  e x p e r i m e n t a l  w o r k .  W h a t  i s  r e q u i r e d  a r e  

c r i t i c a l  e x p e r i m e n t s  t h a t  a n s w e r  s p e c i f i c  q u e s t i o n s  

a b o u t  t h e  m e c h a n i s m :  u n f o r t u n a t e l y ,  i t  i s  n o t  e a s y  t o  

d e v i s e  s u c h  e x p e r i m e n t s .  I n  t h e  m e a n t i m e ,  i t  s e e m s  

t h a t  s i m p l e r  s y s t e m s  s h o u l d  b e  s o u g h t  t h a t  m i g h t  b e  

m o r e  r e a d i l y  u n d e r s t a n d a b l e .
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N u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r a  o f  i s o t a c t i c  p o l y ( a c r y l i c  a c i d )  a n d  i t s  s o d i u m  s a l t ,  a s  w e l l  a s  t h e s e  o f  i t s  
m o d e l  c o m p o u n d ,  s h o w  n o  s i g n i f i c a n t  c h a n g e  in  t h e  v i c i n a l  c o u p l i n g  c o n s t a n t s  b e t w e e n  a a n d  /3 p r o t o n s  w i t h  
n e u t r a l i z a t i o n .  F r o m  t h i s  e x p e r i m e n t a l  r e s u l t ,  i t  i s  c o n c l u d e d  t h a t  t h e  p o l y i o n  a n d  i t s  m o d e l  c o m p o u n d  h a v e  
p r a c t i c a l l y  f i x e d  l o c a l  c o n f o r m a t i o n s  i n d e p e n d e n t  o f  t h e i r  d e g r e e s  o f  n e u t r a l i z a t i o n  a n d ,  c o n s e q u e n t l y ,  t h a t  e x 
p a n s i o n  o f  t h e  p o l y i o n  w i t h  i n c r e a s i n g  d e g r e e  o f  n e u t r a l i z a t i o n  ( o f  t h e  p o l y i o n )  m a y  r e a s o n a b l y  b e  i n t e r p r e t e d  
b y  t h e  l o n g - r a n g e  i n t e r a c t i o n ,  i.e., b y  t h e  i n t e r a c t i o n s  b e t w e e n  c h a r g e d  g r o u p s  a t  l o n g  i n t e r v a l s ,  a s s u m i n g  t h a t  
t h e  c h a n g e  in  t h e  s h o r t - r a n g e  i n t e r a c t i o n ,  i.e., t h e  c h a n g e  in  t h e  s i z e  o f  t h e  s e g m e n t  w i t h  d e g r e e  o f  n e u t r a l i z a 
t i o n ,  is  n e g l i g i b l e .  M o r e o v e r ,  d e t a i l e d  a n a l y s i s  s h o w s  t h a t  t h e  i s o t a c t i c  p o l y a c r y l a t e  i o n  h a s  t h e  l o c a l  c o n f o r m a 
t i o n  o f  a  3 i  h e l i c a l  s t r u c t u r e .  I t  h a s  a l s o  b e e n  s h o w n  t h a t  t h e  r e l a t i v e  c h e m i c a l  s h i f t s  o f  t h e  c h a r a c t e r i s t i c  p e a k s  
o f  s t e r e o r e g u l a r  p o l y m e r s  a r e  m a r k e d l y  c h a n g e d  b y  e x c h a n g i n g  t h e  s u b s t i t u e n t s  a n d ,  c o n s e q u e n t l y ,  t h a t  t h e  
t y p i c a l  n m r  p a t t e r n s  o f  i s o t a c t i c  p o l y m e r s  d i s a p p e a r  b y  h y d r o l y s i s  o r  b y  n e u t r a l i z a t i o n .

Introduction

T h e  m a c r o s c o p i c  d i m e n s i o n  o f  a  l i n e a r  p o l y m e r  i n  

s o l u t i o n  c h a n g e s  w i t h  s o l v e n t  a n d  t e m p e r a t u r e .  T h e  

f o l l o w i n g  t w o  f a c t o r s  a r e  b e l i e v e d  t o  b e  r e s p o n s i b l e  f o r  

t h i s  c h a n g e  o f  p o l y m e r  d i m e n s i o n :  t h e  l o n g - r a n g e  i n 

t e r a c t i o n  b e t w e e n  t h e  c o n s t i t u e n t s  o f  t h e  p o l y m e r  c h a i n  

a t  l o n g  i n t e r v a l s  a n d  t h e  s h o r t - r a n g e  i n t e r a c t i o n  b e 

t w e e n  a d j a c e n t  e l e m e n t s .  I n  p a r t i c u l a r ,  i t  i s  w e l l  

k n o w n  t h a t  t h e  r a d i i  o f  g y r a t i o n  o f  p o l y e l e c t r o l y t e s  

m a r k e d l y  c h a n g e  w i t h  d e g r e e  o :  n e u t r a l i z a t i o n  a n d  

i o n i c  s t r e n g t h .  H o w e v e r ,  t h e  c h a n g e  i n  t h e  r a d i u s  o f  

g y r a t i o n  o f  p o l y e l e c t r o l y t e s  i s ,  i n  g e n e r a l ,  a  c o n s e q u e n c e  

o f  t h e  l o n g - r a n g e  i n t e r a c t i o n  o n l y ,  a s s u m i n g  t h a t  t h e  

s i z e  o f  t h e  s e g m e n t ,  i.e., t h e  s h o r t - r a n g e  i n t e r a c t i o n ,  i s  

n o t  a f f e c t e d  b y  t h e  p r e s e n c e  o f  c h a r g e . 1-6 T h e  a s s u m p 

t i o n  a p p e a r s  t o  b e  v a l i d  i n  i n t e r p r e t i n g  t h e  e x p e r i m e n t a l  

r e s u l t s  o f  i n t r i n s i c  v i s c o s i t y  o f  p o l y e l e c t r o l y t e s .  S t r i c t 

l y  s p e a k i n g ,  h o w e v e r ,  w e  h a v e  h a d  n o  e x p e r i m e n t a l  o r  

t h e o r e t i c a l  f o u n d a t i o n  f o r  t h e  a s s u m p t i o n .

I t  h a s  b e e n  o f t e n  p o i n t e d  o u t  t h a t  i s o t a c t i c  p o l y m e r s  

m a y  h a v e  l o c a l l y  h e l i c a l  c o n f o r m a t i o n s  i n  s o l u t i o n .  

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

b e t w e e n  c h a r g e d  g r o u p s ,  i t  m a y  b e  m o r e  p r o b a b l e  t h a t  

i s o t a c t i c  p o l y e l e c t r o l y t e s  h a v e  t h e  l o c a l l y  h e l i c a l  c o n 

f o r m a t i o n s  i n  s o l u t i o n .  A l t h o u g h  t h e  p o s s i b i l i t y  w a s  

p o i n t e d  o u t  i n  a  p r e v i o u s  p a p e r 7 o n  t h e  p o t e n t i o m e t r i c  

t i t r a t i o n  o f  s t e r e o r e g u l a r  p o l y ( m e t h a c r y l i c  a c i d ) ,  t h e  

s p e c u l a t i o n  h a s  n o t  y e t  b e e n  s u p p o r t e d  b y  i n d e p e n d e n t  

e x p e r i m e n t s .

T o  d e t e r m i n e  t h e  l o c a l  c o n f o r m a t i o n  o f  a  p o l y m e r ,  

n m r  s p e c t r o s c o p y  m a y  b e  m o s t  p r o m i s i n g ,  s i n c e  i t  c a n  

r e v e a l  t h e  g e o m e t r i c  r e l a t i o n s h i p  b e t w e e n  t h e  p o s i t i o n s  

o f  h y d r o g e n  a t o m s  o n  t h e  a d j a c e n t  c a r b o n  a t o m s  

t h r o u g h  t h e  v i c i n a l  c o u p l i n g  c o n s t a n t s  b e t w e e n  t h e m ,  

s o  t h a t  t h e  p r o b a b i l i t i e s  o f  irans, gauche, a n d  gauche' 
f o r m s  ( s e e  F i g u r e  1 )  c a n  b e  e s t i m a t e d .  I n  p r a c t i c e ,

t h e  n m r  m e t h o d  h a s  b e e n  u s e d  t o  d e t e r m i n e  n o t  o n l y  

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

c o n f o r m a t i o n s  i n  s o l u t i o n s .8,9 T h e  m a i n  p u r p o s e  o f  

t h e  p r e s e n t  w o r k  i s  t o  d e t e r m i n e  t h e  l o c a l  c o n f o r m a 

t i o n s  o f  i s o t a c t i c  p o l y e l e c t r o l y t e s  f r o m  t h e i r  n m r  s p e c 

t r a  a n d  t o  a c q u i r e  i n f o r m a t i o n  a b o u t  t h e  s h o r t - r a n g e  

i n t e r a c t i o n  i n  p o l y e l e c t r o l y t e  c o i l s .  O u r  s u p p l e m e n 

t a r y  p u r p o s e  i s  t o  f i n d  o u t  w h y ,  i n  n m r  s p e c t r a  o f  i s o 

t a c t i c  p o l y  ( m e t h y l  m e t h a c r y l a t e ) ,  t h e  q u a r t e t  o f  m e t h 

y l e n e  p r o t o n s  a g g r e g a t e s  i n t o  a  s i n g l e t  w h e n  t h i s  p o l y m e r  

i s  h y d r o l y z e d  i n t o  t h e  a c i d  f o r m .7
E v e n  t h o u g h  s t e r e o r e g u l a r  p o l y m e r s ,  s u c h  a s  i s o t a c t i c  

p o l y ( a c r y l i c  a c i d ) ,  a r e  a d o p t e d  a s  s a m p l e s ,  t h e  n m r  

s p e c t r a  o f  l i n e a r  p o l y m e r s  g e n e r a l l y  s h o w  b r o a d  a n d  

v e r y  c o m p l i c a t e d  p a t t e r n s ,  w h e r e  t h e  i n t u i t i v e  a s s i g n 

m e n t  o f  p e a k s  i s  q u i t e  d i f f i c u l t .  O f  t h e  f e w  t e c h n i q u e s  

a v a i l a b l e  f o r  o b t a i n i n g  a c c u r a t e  v a l u e s  o f  n m r  p a r a m 

e t e r s  f r o m  s u c h  c o m p l i c a t e d  s p e c t r a ,  t h e  m e t h o d  u s i n g  a  

m o d e l  c o m p o u n d  (mesn-a,a ' - d i m e t h y l g l u t a r i c  a c i d )  i s  

u s e d  i n  t h i s  w o r k .

Experim ental Section

Sam.ples. ( 1 )  T h e  a,a ' - d i m e t h y l g l u t a r i c  a c i d  (meso- 
D M G A )  w a s  p r e p a r e d  f r o m  d i e t h y l  m e t h y l m a l o n a t e  

a n d  m e t h y l  / 3 - b r o m o i s o b u t y l a t e  b y  t h e  m e t h o d  o f  A u w -

(1) J . H erm ans and J. O verbeek , R ec. Trav. C him ., 67 , 761 (1948).
(2) A . K a tch a lsk y  and S. L ifson , J. P olym er Sci., 11, 409 (1953).
(3) P . J. F lo ry  and J. E . O sterheld , J. P hys. Chem., 58 , 653 (1954).
(4) M . N agasaw a, J. A m . Chem. Soc., 83 , 300 (1961).
(5) A . T ak ah ash i and M . N agasaw a, ibid., 86 , 543 (1964).
(6) M . F ixm an , J. Chem. P h ys ., 41, 3772 (1964).
(7) M . N agasaw a, T . M urase, and K . K o n d o , J. P h ys. Chem., 69, 
4005 (1965).
(8) T . Y o sh in o , Y .  K ik u ch i, and J. K om iya m a , ibid., 70, 1059 
(1966).
(9) F . A . B o v e y , F . P . H o o d , III, E . W . A nderson , and L . C . Snyder, 
J .  Chem. P hys., 42 , 3900 (1965).
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C H p 2 H p i

t -  F o l - m <3 - F o r m g ' - F o r m .

Figure 1. Three conformera of poly(sodium acrylate) and its 
model compound.

e r s  a n d  T h o r p e .10 S e p a r a t i o n  o f  t h e  meso d i a c i d  f r o m  

t h e  m i x t u r e  o f  dl a n d  meso c o m p o u n d s  w a s  c a r r i e d  o u t  

b y  m a k i n g  u s e  o f  a  g r e a t  d i f f e r e n c e  b e t w e e n  s o l u b i l i t i e s  

o f  b o t h  c o r r e s p o n d i n g  a n h y d r i d e s ,  a s  r e p o r t e d  b y  

A l l i n g e r .11 W e  f o u n d  t h e  m e l t i n g  p o i n t  o f  t h e  meso 
a n h y d r i d e  t o  b e  9 1 . 5 - 9 2 . 5 ° ,  w h e r e a s  A l l i n g e r 11 r e 

p o r t e d  a  m e l t i n g  p o i n t  o f  9 1 . 4 - 9 2 . 8 ° .

( 2)  T h e  p o l y m e r i z a t i o n  o f  i s o t a c t i c  p o l y ( m e t h y l  

a c r y l a t e ) ,  P ( M A ) ,  w a s  c a r r i e d  o u t  w i t h  l i t h i u m  a l u m i 

n u m  h y d r i d e  i n  t o l u e n e  a t  — 7 8 °  f o r  2 0  h r .  T h e  d e g r e e  

o f  t a c t i c i t y  i s  I  =  0 . 9 6  w h e n  c a l c u l a t e d  f r o m  t h e  m e t h 

y l e n e  p e a k s  i n  i t s  n m r  s p e c t r u m  ( F i g u r e  3 a )  ,13 w h i c h  w a s  

r u n  o n  a  J N M 4 H - 1 0 0  s p e c t r o m e t e r  ( J a p a n  E l e c t r o n  

O p t i c s  L a b o r a t o r y ,  T o k y o ,  J a p a n ) .  T h e  i s o t a c t i c  

p o l y ( m e t h y l  a c r y l a t e )  t h u s  p r e p a r e d  w a s  h y d r o l y z e d  

w i t h  s o d i u m  h y d r o x i d e  i n  a c e t o n e  a t  r o o m  t e m p e r a 

t u r e .  T h e n  t h e  i s o t a c t i c  p o l y ( s o d i u m  a c r y l a t e ) ,  P -  

( N a A A ) ,  w a s  p u r i f i e d  b y  r e p e a t e d  p r e c i p i t a t i o n  f r o m  i t s  

a q u e o u s  s o l u t i o n  w i t h  m e t h a n o l .  T h e  d e g r e e  o f  h y d r o l 

y s i s  w a s  100% ,  w h e n  e s t i m a t e d  f r o m  t h e  d r y  w e i g h t  

a n d  t h e  a c i d - g r o u p  c o n t e n t  o f  t h e  s a m p l e .

( 3 )  I s o t a c t i c  p o l y ( m e t h y l  m e t h a c r y l a t e ) ,  P ( M M A ) ,  

w a s  p r e p a r e d  b y  p o l y m e r i z a t i o n  o f  m e t h y l  m e t h a c r y 

l a t e  w i t h  p h e n y l m a g n e s i u m  b r o m i d e  i n  t o l u e n e  a t  2 0 °  

f o r  6 h r .  T h e  n m r  s p e c t r u m  o f  P ( M M A )  ( F i g u r e  4 a )  

r e c o r d e d  b y  a  J N M C - 6 0  s p e c t r o m e t e r  s h o w e d  t h e  

a - m e t h y l  t r i p l e t  w i t h  a  m i c r o t a c t i c i t y  o f  I  — 0 .6 8 .13 
T h e  i s o t a c t i c  P ( M M A )  t h u s  p r e p a r e d  w a s  d i s s o l v e d  

i n  9 8 %  s u l f u r i c  a c i d  a n d  h y d r o l y z e d  i n  a n  a t m o s p h e r e  

o f  N 2 g a s  a t  6 0 °  f o r  a b o u t  4  h r ,  a s  r e p o r t e d  p r e v i o u s l y .7 
T h e  d e g r e e  o f  h y d r o l y s i s  o f  t h e  s a m p l e  w a s  7 0 % ,  b u t  

t h e  i n c o m p l e t e  h y d r o l y s i s  h a s  n o  e f f e c t  o n  t h e  f i n a l  c o n 

c l u s i o n  i n  t h e  p r e s e n t  p a p e r .  T h e  l o w  d e g r e e  o f  h y d r o l 

y s i s  s e e m e d  t o  a r i s e  f r o m  t h e  l o w  c o n t e n t  o f  i s o t a c t i c  

s e q u e n c e  i n  t h e  s a m p l e .

Measurements of Nmr Spectra. V a r i a n  H A - 1 0 0  a n d  

J N M 4 H - 1 0 0  s p e c t r o m e t e r s  w e r e  e m p l o y e d  t o  r e c o r d  

t h e  s p e c t r a  o f  t h e  p o l y m e r s  a n d  t h e  m o d e l  c o m p o u n d .  

T h e  c o n c e n t r a t i o n s  o f  t h e  s a m p l e  s o l u t i o n s  w e r e  0 . 0 5  

a n d  0.1 g / m l  f o r  t h e  p o l y m e r s  a n d  0.2  g / m l  f o r  t h e  

m o d e l  c o m p o u n d .  T h e  t e m p e r a t u r e  o f  t h e  m e a s u r e 

m e n t s  i s  i n d i c a t e d  i n  e a c h  f i g u r e  c a p t i o n .

N m r Spectra and Their Interpretation

T h e  d e g r e e s  o f  n e u t r a l i z a t i o n ,  D N ,  o f  t h e  a b o v e  

t h r e e  s a m p l e s  i n  D 20  s o l u t i o n  w e r e  a d j u s t e d  t o  t h e

d e s i r e d  v a l u e s  b y  a d d i n g  N a O D - D 20  s o l u t i o n s .  A n  

i n t e r n a l  r e f e r e n c e  w a s  u s e d  o n l y  i n  m e a s u r e m e n t s  f o r  

F i g u r e s  3 a  a n d  4 a ,  a n d  t h e r e f o r e  t h e  a b s o l u t e  p o s i t i o n s  

o f  t h e  p e a k s  w e r e  n o t  w e l l  a s s i g n e d ,  b e c a u s e  o n l y  t h e i r  

r e l a t i v e  p o s i t i o n s  a r e  r e q u i r e d  f o r  t h e  p r e s e n t  p u r p o s e .

I n  F i g u r e  2  a r e  s h o w n  t h e  s p e c t r a  o f  t h e  m e t h y l e n e  

p r o t o n s  o f  meso-a,a ' - d i m e t h y l g l u t a r i c  a c i d  a n d  i t s  s o 

d i u m  s a l t s .  T h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  a t  r o o m  

t e m p e r a t u r e ,  b u t  c o m p a r i s o n  b e t w e e n  t h e  n m r  p a t t e r n  

o f  a  s a m p l e  ( D N  =  5 0 % )  t a k e n  a t  r o o m  t e m p e r a t u r e  

a n d  o n e  t a k e n  a t  100°  r e v e a l e d  n o  t e m p e r a t u r e  e f f e c t  o n  

t h e  n m r  p a t t e r n  e x c e p t  f o r  a  n a r r o w i n g  o f  t h e  p e a k s  

a n d  a n  i n c r e a s e  o f  r e l a t i v e  c h e m i c a l  s h i f t  b e t w e e n  g e m i -  

n a l  /3 p r o t o n s ,  i.e., n o  s i g n i f i c a n t  c h a n g e  i n  t h e  c o n f o r m a 

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

t h e  r e s u l t s  f o r  d i m e t h y l  meso-a,a ' - d i m e t h y l g l u t a r a t e  

r e p o r t e d  b y  Y o s h i n o ,  et al.,u i t  i s  a s s u m e d  t h a t  t h e  

l o w e r  a n d  t h e  h i g h e r  f i e l d  p a r t s  o f  t h e  t w o  m e t h y l e n e  

s i g n a l s  c o r r e s p o n d  t o  t h e  p r o t o n s  H # >  ( o r i e n t e d  trans t o  

t h e  a p r o t o n s  H a f o r  t h e  p l a n a r  trans c o n f o r m a t i o n )  a n d  

t h e  p r o t o n s  H p i ,  r e s p e c t i v e l y  ( s e e  F i g u r e  1 ) .  T o  o b t a i n  

a c c u r a t e  v a l u e s  o f  t h e  n m r  p a r a m e t e r s  f r o m  s p e c t r a  o f  

t h e  m e t h y l e n e  p a r t s ,  t h e  p a r a m e t e r s  w e r e  f i r s t  e s t i m a t e d  

u s i n g  t h e  f i r s t - o r d e r  a p p r o x i m a t i o n ,  a s  i l l u s t r a t e d  i n  

F i g u r e  2 b .  T h e  e x p e c t e d  s p e c t r u m  ( t o  b e  c o m p a r e d  

w i t h  t h e  o b s e r v e d  s p e c t r u m )  w a s  t h e n  r e p r o d u c e d  w i t h  

t h e  p a r a m e t e r s  t h u s  e s t i m a t e d  u s i n g  t h e  m e t h o d  o f  

F u j i w a r a  a n d  F u j i w a r a , 15 i n  w h i c h  t h e  m e t h y l e n e  p a r t  

s p e c t r u m  i s  a s s u m e d  t o  b e  t h e  K L  p a r t  i n  t h e  A B K L  

s y s t e m .  T h e  p a r a m e t e r s  w e r e  s l i g h t l y  a d j u s t e d  o n c e  

t o  o b t a i n  s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  b o t h  s p e c t r a .  

T w o  e x a m p l e s  f o r  c o m p a r i s o n  o f  t h e  c a l c u l a t e d  a n d  o b 

s e r v e d  s p e c t r a  a r e  s h o w n  i n  F i g u r e s  2 a ,  a ' ,  d ,  a n d  d ' .  

T h e  v a l u e s  o f  t h e  n m r  p a r a m e t e r s  f o r  t h e  m o d e l  c o m 

p o u n d  t h u s  d e t e r m i n e d  a r e  l i s t e d  i n  T a b l e  I .

T h e  o b s e r v e d  p r o t o n  m u l t i p l e t s  o f  i s o t a c t i c  P ( M A )  

w e r e  a s s i g n e d  t o  t h e  m e t h y l e n e  a n d  m e t h i n e  g r o u p s ,  a s

Table I : Relative Chemical Shifts and Spin-Coupling 
Constants (in cps) of f3 Protons of Sodium 
meso-a, a'-Dimethylglutarate

D N , % <JfrP2> <Ja&2> < 8 /9l/S2>

100 13.5 7.3 7.1 45.4
50 13.5 7.0 7.4 46.3
25 13.6 7.0 7.4 47.0
0 13.6 6.9

Mean 7.1

7.4

Mean 7.3

50.7

(10) K . A uw ers and J. F . T h orp e , A n n ., 285, 310 (1895).
(11) N . L . A llinger, J. A m . Chcm. Soc., 81 , 232 (1959).
(12) K . M atsuzak i, T . U ryu , A . Ish ida, T . O hki, and M . T a k eu ch i, 
J . P olym er S ci., P art A - l ,  5 , 2167 (1967).
(13) F . A . B o v e y  and  G . V . D . T iers, Fortschr. H ochpolym er. Forsch., 
3 , 139 (1963).
(14) T . Y osh in o , M . S h inom iya, and  J. K om iya m a , J . A m . Chem . 
Soc., 87 , 387 (1965).
(15) Y .  F u jiw ara  and S. F u jiw ara , Bull. Chem. Soc. Japan , 37 , 1005 
(1964).
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( a )

( a ')

( b )

(C)

2 0  C P S
Figure 2. Methylene spectra of model compounds of isotactic 
poly(acrylic acid) and its sodium salts: (a) observed spectrum
of meso-DMGA (i.e., DN = 0) in octadeuteriodioxane-D20  at 
room temperature; (b)-(d) observed spectra of meso-NaDMGA 
with DN of (b) 25%, (c) 50%, and (d) 100% in D20  at room 
temperature; (a'), (d') calculated spectra obtained with 
parameters for (a) and (d) in Table I, respectively.

H*

(cL)

id)
Figure 3. Nmr spectra of isotactic poly(methyl acrylate) and 
isotactic poly (sodium acrylate): (a) observed methylene and
methine spectrum of isotactic P(MA) in o-dichlorobenzene at 
115°; (b)-(d) observed methylene spectra of isotactic 
P(NaAA) with DN of (b) 20%, (c) 50%, and (d) 100% in 
D20  at 100°; (e) observed methylene spectrum of isotactic 
P(NaAA) with DN of 100% in D2O-0.5 M  NaCl at 100°; 
(b ')-(d ') calculated methylene spectra obtained with 
parameters for (b)-(d) in Table II, respectively. 
Concentrations are 10% (w/v) for all samples.

s h o w n  i n  F i g u r e  3 a ,  w h e r e  t h e  n o t a t i o n  f o r  t h e  m e t h y l 

e n e  p a r t s  i s  t h e  s a m e  a s  i n  F i g u r e  2 b ,  t a k i n g  i n t o  a c 

c o u n t  t h e  r e s u l t s  o b t a i n e d  b y  Y o s h i n o ,  et al.u I n  

F i g u r e s  3 b - d  a r e  s h o w n  t y p i c a l  s p e c t r a  o f  t h e  m e t h y l e n e  

p a r t s  o f  t h e  i s o t a c t i c  P ( A A )  p a r t i a l l y  n e u t r a l i z e d  w i t h  

N a O D .  I t  i s  n o t i c e d  t h a t  t w o  m e t h y l e n e  q u i n t e t s  

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

i n c r e a s e d .  T h e  c a l c u l a t e d  m e t h y l e n e  s p e c t r a  i n  F i g 

u r e s  3 b ' - d '  a n d  t h e  p a r a m e t e r s  l i s t e d  i n  T a b l e  I I  w e r e  

o b t a i n e d  b y  t h e  s a m e  m e t h o d  a s  u s e d  f o r  t h e  m o d e l  

c o m p o u n d .  T h e  a g r e e m e n t  b e t w e e n  t h e  c a l c u l a t e d  

a n d  o b s e r v e d  s p e c t r a  i s  s a t i s f a c t o r y .  T h e  a s y m m e t r y  

o f  t h e  m e t h y l e n e  p e a k s  ( a p p e a r i n g  a t  i n t e r m e d i a t e  

v a l u e s  o f  t h e  d e g r e e  o f  n e u t r a l i z a t i o n )  i s  b e l i e v e d  t o  

a r i s e  f r o m  t h e  i m p e r f e c t i o n  o f  i s o t a c t i c i t y  ( /  =  0 . 9 6 )  

s i n c e  t h e  a n a l o g o u s  a s y m m e t r y  i s  o b s e r v e d  i n  t h e  

m e t h y l e n e  s p e c t r a  o f  P ( M A )  a s  s h o w n  i n  F i g u r e  3 a .  

T h e  s p e c t r u m  o f  t h e  m e t h y l e n e  p a r t  o f  P ( N a A A )  w i t h  

1 0 0 %  d e g r e e  o f  n e u t r a l i z a t i o n  i n  t h e  p r e s e n c e  o f  0 . 5
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Table II : Relative Chemical Shifts and Spin-Coupling 
Constants (in cps) of (3 Protons of Isotactic 
Poly(sodium acrylate)

DN, %
Concn,

% a01'5“ <JaP 2> <fyl£2>

100 1 0 13.5 7.0 7.0 16.0
50 1 0 13.8 7.0 7.0 25.3
40 5 14.0 7.0 7.0 25.3
30 5 14.0 7.0 7.0 27.0
20 1 0 14.0 7.0 7.0 28.7
20 5 14.0 7.0 7.0 29.0

Mean 7.0 Mean 7..0

M  N a C l ,  w h i c h  i s  s h o w n  i n  F i g u r e  3 e ,  i s  t h e  s a m e  a s  t h e  

s p e c t r u m  i n  t h e  a b s e n c e  o f  t h e  s a l t .  T h e  u n c e r t a i n t y -  

i n  t h e  v i c i n a l  c o u p l i n g  c o n s t a n t s  i n  T a b l e s  I  a n d  I I  i s  

e s t i m a t e d  t o  b e  ± 0.2  c p s .

T h e  n m r  s p e c t r u m  o f  i s o t a c t i c  P ( M M A )  i s  s h o w n  

w i t h  a s s i g n m e n t s  o f  p e a k s  i n  F i g u r e  4 a  w h i l e  t h e  s p e c t r a  

o f  t h e  m e t h y l e n e  p a r t  o f  t h e  p a r t i a l l y  n e u t r a l i z e d  p o l y -  

( m e t h a c r y l i c  a c i d ) ,  P ( M A A ) ,  a r e  s h o w n  i n  F i g u r e s  4 b -

d .  A  m a r k e d  t e n d e n c y  f o r  t h e  m e t h y l e n e  q u a r t e t  

( p e a k s  a ,  b ,  c ,  d )  t o  g a t h e r  a n d  c h a n g e  i n t o  a  s i n g l e t  

w i t h  a n  i n c r e a s i n g  d e g r e e  o f  n e u t r a l i z a t i o n  o f  t h e  s a m 

p l e  i s  o b s e r v e d .  T h e  c h a n g e  i n  t h e  a p p e a r a n c e  o f  t h e

Figure 4. Nmr spectra of isotactic poly(methyl methacrylate) 
and isotactic poly (sodium methacrylate): (a) observed
methylene and a-methyl spectrum of isotactic P(MMA) in 
chloroform at 50°; (b)-(d) observed methylene spectra of 
isotactic P(NaMA) with DN of (b) 50%, (c) 100%, and (d) 
150% in D2O at 100°; (b'), (c') calculated methylene spectra 
obtained with parameters for (b) and (c) in Table III, 
respectively. Concentrations were 10% (w/v) for all samples.

s p e c t r u m  i s  s i m i l a r  t o  t h a t  w h i c h  w o u l d  b e  o b s e r v e d  i f  

t h e  i s o t a c t i c  m o l e c u l e  w e r e  i s o m e r i z e d  i n t o  a  s y n d i o -  

t a c t i c  o n e .  P e a k  e  i n  F i g u r e s  4 a  a n d  d  s e e m s  t o  b e  d u e  

t o  t h e  p r e s e n c e  o f  s e q u e n c e s  o t h e r  t h a n  i s o t a c t i c  o n e s .  

T h e  n m r  s p e c t r a  w e r e  a n a l y z e d  b y  r e g a r d i n g  t h e  m e t h 

y l e n e  p a r t  a s  A B  t y p e .16 A  c o m p a r i s o n  b e t w e e n  t h e  o b 

s e r v e d  m e t h y l e n e  s p e c t r a  a n d  c a l c u l a t e d  o n e s  w i t h  

p a r a m e t e r s  l i s t e d  i n  T a b l e  I I I  i s  s h o w n  i n  F i g u r e s  4 b  

a n d  c .

Table III : Relative Chemical Shifts and Spin-Coupling 
Constants (in cps) of /3 Protons of Isotactic 
Poly(sodium methacrylate)

DN, % Concn, % <Jp m >

150 5
100 1 0 15.0 14.7
75 5 15.0 26.0
50 1 0 15.0 23.6
40 5 15.0 34.5
30 5 15.0 37.1
20 5 15.0 37.3

D iscussion

I n  T a b l e s  I  a n d  I I ,  i t  i s  o b s e r v e d  t h a t  t h e  v i c i n a l  

c o u p l i n g  c o n s t a n t s  < J api >  a n d  < J â > ,  a s  w e l l  a s  

t h e  g e m i n a l  c o u p l i n g  c o n s t a n t s  < Jp  132> ,  a r e  i n d e 

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

P ( N a A A )  a n d  m e s o - D M G A .  W h i l e  t h e  i n d e p e n d e n c e  

o f  < J $ i|32 >  s i m p l y  m e a n s  t h a t  t h e  s t e r i c  r e l a t i o n s h i p  

b e t w e e n  1 a n d  p r o t o n s  b e l o n g i n g  t o  t h e  s a m e  

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

h e r e  i t  i s  w o r t h w h i l e  n o t i c i n g  t h e  i n d e p e n d e n c e  o f  

< J a 01 >  a n d  < J a02> ,  s i n c e  i t  p r o v i d e s  i n t e r e s t i n g  

i n f o r m a t i o n  o n  t h e  l o c a l  c o n f o r m a t i o n s  o f  i s o t a c t i c  

P ( N a A A )  a n d  s o d i u m  meso-a, a ' - d i m e t h y l g l u t a r a t e  

( m e s o - N a D M G A ) ,  a s  d i s c u s s e d  b e l o w .  I n  T a b l e s  I I  

a n d  I I I ,  i t  i s  n o t i c e d  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  s a m 

p l e  s o l u t i o n  h a s  n o  e f f e c t  o n  t h e  v a l u e s  o f  < J $1S2> ,  

< J aSi > ,  a n d  < J a $2 >  b u t  d o e s  i n f l u e n c e  t h e  d i f f e r 

e n c e  b e t w e e n  t h e  c h e m i c a l  s h i f t s  o f  t h e  H$ 1 a n d  H fl2 
p r o t o n s ,  < 5 ,sij3 2 > .  T h e s e  e x p e r i m e n t a l  r e s u l t s  i m p l y  

t h a t  v i c i n a l  c o u p l i n g  c o n s t a n t s  d e r i v e d  i n  t h e  p r e s e n t  

p a p e r ,  < J api> a n d  <Jas2>, c a n  b e  u t i l i z e d  i n  e s t i 

m a t i n g  t h e  c o n f o r m a t i o n  o f  t h e  i s o t a c t i c  P ( N a A A )  

w i t h o u t  c o r r e c t i o n  f o r  c o n c e n t r a t i o n .

V i c i n a l  c o u p l i n g  c o n s t a n t s  o b s e r v e d ,  < J „ g i >  a n d  

<  Ja &2 > ,  c a n  b e  r e l a t e d  t o  t h e  c o n f o r m a t i o n s  o f  t h e  

c h a i n  b y  t h e  g e n e r a l  r e l a t i o n s h i p s

<Jal3 2>  =  P  f / t  +  P  «•/,, +  P g ' . /E ( 1 )

= PtJg +  PgJ% +  Pg'Jg (2)
-P t  +  P g  +  i V  =  1 ( 3 )

(16) J. A . P ople , W . G . Schneider, and H . J. B ernstein , “ H ig h -R eso lu 
tion  N uclear M agn etic  R eson a n ce ,”  M cG ra w -H ill B o o k  C o ., In c ., 
N ew  Y o rk , N . Y ., 1959, p 119.

The Journal of Physical Chemistry



C o n f o r m a t i o n s  o f  I s o t a c t i c  P o l y e l e c t r o l y t e s 671

w h e r e  P t, P e, a n d  P E- a r e  t h e  p r o b a b i l i t i e s  t h a t  t h e  

c h a i n  h a s  t h e  trans, gauche, a n d  gauche' f o r m s ,  r e s p e c 

t i v e l y ,  a n d  J t a n d  J g a r e  t h e  v i c i n a l  c o u p l i n g  c o n s t a n t s  

b e t w e e n  t h e  a a n d  ¡3 p r o t o n s  i n  trans a n d  gauche a r r a n g e 

m e n t s .  A c c o r d i n g  t o  e q  1 - 3 ,  t h e  c o n s t a n t  v a l u e s  o f  

< J aei>  a n d  < J aB2 >  i m p l y  t h a t  t h e  v a l u e s  o f  

P t, P g , a n d  P g / ,  a s  w e l l  a s  o f  J t a n d  J e, d o  n o t  c h a n g e  

w i t h  n e u t r a l i z a t i o n ,  i f  w e  m a y  n e g l e c t  t h e  v e r y  s m a l l  

c h a n c e  t h a t  e v e r y  p a r a m e t e r  o n  t h e  r i g h t  s i d e  o f  e q  1 a n d  

2  m i g h t  c h a n g e  c o n s i d e r a b l y  a n d  s t i l l  g i v e  t h e  o b s e r v e d  

v a l u e s  o n  t h e  l e f t  s i d e ,  < J a$i>  a n d  < J aps > ,  f o r  a l l  

d e g r e e s  o f  n e u t r a l i z a t i o n .  T h a t  i s  t o  s a y ,  t h e  p r e s e n t  

e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  s a m p l e s  h a v e  

f i x e d  l o c a l  c o n f o r m a t i o n s  i n d e p e n d e n t  o f  d e g r e e  o f  

n e u t r a l i z a t i o n .

T h e  d e t a i l e d  c a l c u l a t i o n  o f  p r o b a b i l i t i e s  P t , P g , a n d  

P g -  c a n  b e  p e r f o r m e d  a s  f o l l o w s .  T h e  v a l u e s  o f  

< J am>  a n d  < J air c >  i n  meso-a,a ' - d i m e t h y l g l u t a r i c  

a c i d  a n d  i t s  s o d i u m  s a l t  a r e  f o u n d  t o  a g r e e  w i t h  t h e  

v a l u e s  f o r  d i m e t h y l  meso-a,a ' - d i m e t h y l g l u t a r a t e  ( 7 . 0  

a n d  7 . 4  c p s ,  r e s p e c t i v e l y )  r e p o r t e d  b y  M a t s u z a k i ,  

ct a iy  W e  m a y  c o n c l u d e  t h a t  t h e  v a l u e s  o f  P t , P g , a n d  

P g ' ,  a s  w e l l  a s  t h o s e  o f  J t  a n d  J s, a r e  l i t t l e  a f f e c t e d  n o t  

o n l y  b y  s o l v e n t s  b u t  a l s o  b y  t h e  s p e c i e s  o f  t h e  s u b s t i 

t u e n t  X  (i.e., C O O H ,  C O O N a ,  a n d  C O O C H 3) .  T h i s  

c o n c l u s i o n  i s  s u p p o r t e d  b y  m a n y  w o r k s  o n  meso-a,a'- 
d i s u b s t i t u t e d  p e n t a n e s ,  w h e r e  t h e  v a l u e s  o f  < J api >  a n d  

< J a  |52>  a r e  k n o w n  t o  b e  f i x e d  b e t w e e n  6 . 5  a n d  7 . 5  c p s ,  

i n d e p e n d e n t  o f  t h e  n a t u r e  o f  s u b s t i t u e n t  X  ( C l , 18 
C N ,12 a n d  C e H s 19) .  T h u s ,  J t a n d  J g m a y  r e a s o n a b l y  

b e  e s t i m a t e d  t o  b e  1 2 . 1  a n d  3 . 2  c p s ,  r e s p e c t i v e l y ,  w h i c h  

w e r e  d e t e r m i n e d  b y  u s i n g  t r i m e t h y l  m - h e x a h y d r o t r i -  

m e s a t e  b y  Y o s h i n o ,  et al. 7 T h e  p r o b a b i l i t i e s  P t , P g , 

a n d  P g -  f o r  i s o t a c t i c  P ( N a A A )  a n d  w e s o - N a D M G A  c a n  

b e  c a l c u l a t e d  f r o m  e q  1 - 3  b y  s u b s t i t u t i n g  t h e  o b s e r v e d  

v a l u e s  i n t o  < J „ bi >  a n d  < J api>  t o g e t h e r  w i t h  , / t =

1 2 . 1  a n d  J B =  3 . 2  c p s .  T h e  p r o b a b i l i t i e s  t h u s  o b 

t a i n e d  a r e  l i s t e d  i n  T a b l e  I V .

Table IV: Conformations of Sodium
meso-a, a'-Dimethylglutarate and Iso tactic Poly(sodium acrylate)

Pt P* Ac
meso-N aDMGA 0.46 0.44 0.10
Iso tactic P(NaAA) 0.43 0.43 0.14

F r o m  t h e  v a l u e s  i n  T a b l e  I V ,  i t  i s  p o s s i b l e  t o  c a l c u 

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

b y  t h e  i n t e r n a l  r o t a t i o n  a b o u t  t w o  a d j a c e n t  s k e l e t a l  

b o n d s .  I f  w e  n e g l e c t  t h e  p r o b a b i l i t i e s  o f  t t ,  g g ,  a n d  g ' g '  

f o r m s  b e c a u s e  o f  t h e  s t e r i c  h i n d r a n c e  b e t w e e n  s i d e  

g r o u p s  a n d  t a k e  i n t o  a c c o u n t  t h e  p r e s e n c e  o f  m i r r o r  

i m a g e  c o n f o r m a t i o n s ,  t h e  c o n f o r m a t i o n  o f  i s o t a c t i c  

p o l y ( a c r y l i c  a c i d )  i s  e x p r e s s e d  b y  7 2 %  t g ,  1 4 %  t g ' ,  

a n d  1 4 %  g ' g .  ( t  =  trans, g  =  gauche, a n d  g '  =  

gauche'.) T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  i s o t a c t i c

P ( N a A A )  h a s  a  7 2 %  l o c a l  c o n f o r m a t i o n  o f  3 i  h e l i c a l  

s t r u c t u r e .  A l t h o u g h  w e  c a n n o t  o b s e r v e  t h e  v i c i n a l  

c o u p l i n g  c o n s t a n t s  i n  i s o t a c t i c  P ( M A A ) ,  i t  i s  h i g h l y  

p r o b a b l e  t h a t  i s o t a c t i c  P ( M A A )  h a s  a  m o r e  h e l i c a l  

s t r u c t u r e  i n  s o l u t i o n  t h a n  i s o t a c t i c  P ( A A )  s i n c e  t h e  

a - m e t h y l  g r o u p  i s  f a v o r a b l e  f o r  t h e  h e l i c a l  s t r u c t u r e .  

T h i s  c o n c l u s i o n  i s  s u p p o r t e d  b y  t h e  d i f f e r e n c e  o b s e r v e d  

b e t w e e n  t h e  p o t e n t i o m e t r i c  t i t r a t i o n  d a t a  f o r  i s o t a c t i c  

a n d  s y n d i o t a c t i c  p o l y e l e c t r o l y t e s .7'20
T h e  v i c i n a l  c o u p l i n g  c o n s t a n t s  f o r  r a e s o - D M G A  a s  

s h o w n  i n  T a b l e  I  a r e  n o t  a b s o l u t e l y  c o n s t a n t  b u t  

c h a n g e  w i t h  d e g r e e  o f  n e u t r a l i z a t i o n  s l i g h t l y .  I f  t h e  

v a r i a t i o n  i s  a s s u m e d  t o  b e  b e y o n d  t h e  p r e s e n t  e x p e r i 

m e n t a l  e r r o r ,  h o w e v e r ,  t h e  p r o b a b i l i t i e s  o f  t h e  c o n -  

f o r m e r s  w o u l d  d e v i a t e  f r o m  t h e  a v e r a g e  v a l u e s  r e p o r t e d  

i n  T a b l e  I V ,  a t  m o s t  b y  ± 2 % .

A s  d i s c u s s e d  i n  t h e  I n t r o d u c t i o n ,  t h e  r a d i u s  o f  g y r a 

t i o n  o f  a  p o l y  e l e c t r o l y t e ,  i.e., t h e  i n t r i n s i c  v i s c o s i t y  o f  a  

p o l y i o n  i n  s o l u t i o n s ,  m a r k e d l y  i n c r e a s e s  w i t h  i n c r e a s i n g  

d e g r e e  o f  n e u t r a l i z a t i o n .  T h e  c h a n g e  i n  t h e  i n t r i n s i c  

v i s c o s i t y ,  i.e., i n  t h e  r a d i u s  o f  g y r a t i o n  o f  a  p o l y i o n  w i t h  

n e u t r a l i z a t i o n ,  i s ,  i n  g e n e r a l ,  e x p l a i n e d  b y  l o n g - r a n g e  

i n t e r a c t i o n  b e t w e e n  c h a r g e d  s e g m e n t s ,  a s s u m i n g  t h a t  

t h e  s h o r t - r a n g e  i n t e r a c t i o n  i s  a l m o s t  i n d e p e n d e n t  o f  

t h e  d e g r e e  o f  n e u t r a l i z a t i o n .  I t  i s  n o t  p o s s i b l e  t o  e s t i 

m a t e  t h e  r a d i u s  o f  g y r a t i o n  f r o m  t h e  l o c a l  c o n f o r m a t i o n s  

d e t e r m i n e d  b y  t h e  n m r  m e t h o d .9 A t  l e a s t ,  h o w e v e r ,  

t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t  t h a t  t h e  l o c a l  c o n f o r m a 

t i o n  i s  i n d e p e n d e n t  o f  d e g r e e  o f  n e u t r a l i z a t i o n  i s  n o t  i n  

d i s a g r e e m e n t  w i t h  t h e  a b o v e  a s s u m p t i o n .  M o r e o v e r ,  

i f  w e  t a k e  i n t o  a c c o u n t  t h e  f a c t  t h a t  t h e  u n p e r t u r b e d  

d i m e n s i o n  o f  a  p o l y i o n  d e t e r m i n e d  f r o m  i n t r i n s i c  v i s 

c o s i t y  s t u d i e s  i s  n o t  c h a n g e d  m u c h  w i t h  d e g r e e  o f  n e u 

t r a l i z a t i o n ,21 i n  a d d i t i o n  t o  t h e  p r e s e n t  r e s u l t ,  w e  m a y  

s a f e l y  a c c e p t  t h e  a s s u m p t i o n  t h a t  t h e  l o n g - r a n g e  i n t e r 

a c t i o n  b e t w e e n  c h a r g e d  s e g m e n t s  i s  p r e d o m i n a n t  f o r  

t h e  e x p a n s i o n  o f  a  p o l y i o n .  T h i s  c o n c l u s i o n  i s  c o n 

f i r m e d  b y  t h e  f a c t  t h a t  n m r  s p e c t r a  o f  P ( N a A A )  a r e  n o t  

a f f e c t e d  b y  a d d i t i o n  o f  s o d i u m  c h l o r i d e  i n  s p i t e  o f  t h e  

g r e a t  c h a n g e  i n  t h e  v i s c o s i t y  o f  t h e  s o l u t i o n  ( s e e  F i g u r e  

3 e ) .

I n  c o n t r a s t  t o  t h e  b e h a v i o r  o f  t h e  c o u p l i n g  c o n s t a n t s ,  

t h e  r e l a t i v e  c h e m i c a l  s h i f t  b e t w e e n  g e m i n a l  J  p r o t o n s ,  

< 8 /jI ®  > ,  i s  m a r k e d l y  c h a n g e d  w i t h  h y d r o l y s i s  a n d  

n e u t r a l i z a t i o n ,  a s  s e e n  i n  T a b l e s  I —I I I .  T h e  c h a n g e  i s ,  

i n  g e n e r a l ,  c a u s e d  b y  t w o  f a c t o r s :  t h e  c h a n g e  i n  t h e  

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

s t i t u e n t s  o r  s o l v e n t s .  I n  t h e  c a s e  o f  i s o t a c t i c  P ( N a A A )

(17) K . M atsuzak i, T . U ryu , K . T am eda , and M . T ak eu ch i, K ogyo  
K agaku  Zasshi, 68 , 1466 (1965).
(18) D . D osk oc ilov a  and  B . Schneider, Collection Czech. Chem. Com- 
m un ., 29, 2290 (1964).
(19) D . D oskoCilova and B . Schneider, J . P olym er S ci., P art B , 3 , 
213 (1965).
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a n d  m e s o - N a D M G A ,  t h e  c h a n g e  i s  c a u s e d  o n l y  b y  

t h e  e f f e c t  o f  s u b s t i t u e n t s  ( o r  b y  t h e  e f f e c t  o f  s o l 

v e n t s ) ,  s i n c e  t h e  c o n f o r m a t i o n  i s  f o u n d  t o  b e  f i x e d  

o v e r  a l l  d e g r e e s  o f  n e u t r a l i z a t i o n .  I n  t h e  c a s e  o f  

i s o t a c t i c  P ( N a M A ) ,  h o w e v e r ,  w e  w e r e  u n a b l e  t o  

d e c i d e  b e t w e e n  t h e  t w o  p o s s i b i l i t i e s ,  s i n c e  t h e  v i c i n a l  

c o u p l i n g  c o n s t a n t s  a r e  n o t  k n o w n .  I t  i s  a t  l e a s t  p r o b 

a b l e ,  h o w e v e r ,  t h a t  t h e  e f f e c t  o f  t h e  s u b s t i t u e n t  s h o u l d  

b e  m o s t  i m p o r t a n t  f o r  t h e  c h a n g e  i n  <53102 > .  I n  a n y  

c a s e ,  i t  i s  c e r t a i n  t h a t  t h e  e f f e c t  o f  t h e  s u b s t i t u e n t  o r  t h e
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s o l v e n t  s h o u l d  b e  c a r e f u l l y  e x a m i n e d  w h e n  a s s i g n i n g  

t h e  n m r  p e a k s  o r  c a l c u l a t i n g  t h e  t a c t i c i t y  o f  p o l y m e r s .
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P h a s e  t r a n s f o r m a t i o n s  o f  B i 20 3 h a v e  b e e n  s t u d i e d  b y  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s .  T h e  e n t h a l p y  a n d  a c t i v a 
t i o n  e n e r g y  o f  t h e  m o n o c l i n i c - c u b i c  t r a n s f o r m a t i o n  a r e  8.8 a n d  1 1 0  k c a l  m o l “ 1, r e s p e c t i v e l y .  T h e  e n t h a l p i e s  
o f  t h e  c u b i c - t e t r a g o n a l  a n d  t e t r a g o n a l - m o n o c l i n i c  t r a n s f o r m a t i o n s  a r e  e s t i m a t e d  t o  b e  6 .7  a n d  2 .1  k c a l  m o l - 1 . 
T h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  B i 20 3 s h o w s  m a r k e d  c h a n g e s  i n  c o n d u c t i v i t y  a t  t e m p e r a t u r e s  w h e r e  t h e  p h a s e  
t r a n s f o r m a t i o n s  o c c u r .  I n  a d d i t i o n ,  B i 20 3 s h o w s  a  c h a n g e  i n  s l o p e  in  t h e  l o g c r - l / T  c u r v e  d u e  t o  a  c h a n g e  
f r o m  p - t y p e  t o n - t y p e  b e h a v i o r ;  t h i s  o b s e r v a t i o n  is  s u p p o r t e d  b y  t h e  c h a n g e  i n  s i g n  o f  t h e  S e e b e c k  c o e f f i c i e n t ,  
(3, a r o u n d  t h e  s a m e  t e m p e r a t u r e .  c h a n g e s  s i g n  a t  l o w e r  t e m p e r a t u r e s  a s  t h e  o x y g e n  p a r t i a l  p r e s s u r e  is  r e 
d u c e d .  T h e  b a n d  m o d e l  s e e m s  t o  b e  a p p l i c a b l e  in  t h e  c a s e  o f  B i 20 3.

Introduction

B i s m u t h  s e s q u i o x i d e ,  B i 20 3, i s  a n  i m p o r t a n t  s o l i d -  

s t a t e  m a t e r i a l  w h i c h  f i n d s  u s e s  i n  g l a s s  t e c h n o l o g y  a n d  

e l e c t r o n i c s .  T h e  p h a s e  t r a n s f o r m a t i o n s  o f  B i 20 3 h a v e  

b e e n  e x a m i n e d  b y  X - r a y  d i f f r a c t i o n 2 a n d  d i f f e r e n t i a l  

t h e r m a l  a n a l y s i s 3 a n d  i t  a p p e a r s  c e r t a i n  t h a t  t h e r e  i s  

s t r u c t u r a l  h y s t e r e s i s  i n  t h e  r e v e r s i b l e  c r y s t a l  s t r u c 

t u r e  t r a n s f o r m a t i o n .  B i 20 3 c h a n g e s  f r o m  a  m o n o -  

c l i n i c  ( p s e u d o o r t h o r h o m b i c )  s t r u c t u r e  t o  a  c u b i c  s t r u c 

t u r e  o n  h e a t i n g  t o  ^ 7 3 0 °  ( a n d  t h e n  m e l t s  a t  - ~ 8 2 5 ° ) ;  

o n  c o o l i n g ,  t h e  c u b i c  f o r m  r e v e r t s  b a c k  t o  t h e  m o n o 

c l i n i c  f o r m  t h r o u g h  a  m e t a s t a b l e  t e t r a g o n a l  p h a s e .  

T h e r e  s e e m s  t o  b e  s o m e  u n c e r t a i n t y  i n  t h e  e n t h a l p y  o f  

t h e  m o n o c l i n i c - c u b i c  t r a n s f o r m a t i o n 3’4 a n d  t h e r e  a r e  

n o  d a t a  i n  t h e  l i t e r a t u r e  o n  t h e  e n t h a l p i e s  o f  t h e  r e v e r s e  

t r a n s f o r m a t i o n s .

E l e c t r i c a l  p r o p e r t i e s  o f  B i 20 3 h a v e  b e e n  s t u d i e d  b y  a  

f e w  w o r k e r s .5-7 B i 20 3 b e h a v e s  l i k e  a  p - t y p e  s e m i c o n 

d u c t o r  u p  t o  — - 6 5 0 °  a t  m o d e r a t e  p r e s s u r e s  o f  o x y g e n  a n d  

t h e r e  a r e  s o m e  i n d i c a t i o n s  t h a t  i t  c h a n g e s  o v e r  t o  n - t y p e  

b e h a v i o r  a t  r e l a t i v e l y  l o w  t e m p e r a t u r e s  ( < 6 0 0 ° )  a t  

l o w  p r e s s u r e s  o f  o x y g e n  ( < 1 0 -3  m m ) .  W e  h a v e  

p r e s e n t l y  c a r r i e d  o u t  a  s y s t e m a t i c  i n v e s t i g a t i o n  o f  t h e  

p h a s e  t r a n s f o r m a t i o n s  a n d  e l e c t r i c a l  p r o p e r t i e s  o f

s p e c t r o s c o p i c a l l y  p u r e  B i 20 3 w i t h  a  v i e w  t o  o b t a i n i n g  

b e t t e r  i n s i g h t  i n t o  t h e  m e c h a n i s m  o f  c o n d u c t i o n .

Experim ental Section

S p e c t r o s c o p i c a l l y  p u r e  B i 20 3 ( J o h n s o n  a n d  M a t t h e y ,  

L o n d o n )  w a s  u s e d  f o r  t h e  s t u d y .  T h e  s a m p l e  h a d  3  

p p m  o f  A 1  a n d  F e  a n d  l e s s  t h a n  1 p p m  o f  N a ,  C a ,  C u ,  

M g ,  S i ,  A g ,  a n d  o t h e r  i m p u r i t i e s .

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  c u r v e s  w e r e  r e c o r d e d  

e m p l o y i n g  a n  A m i n c o  t h e r m o a n a l y z e r  f i t t e d  w i t h  a  

t e m p e r a t u r e  p r o g r a m m e r  a n d  a n  a u t o m a t i c  v o l t a g e  

s t a b i l i z e r .  A  c o n s t a n t  h e a t i n g  r a t e  o f  1 6 ° / m i n  w a s  e m 

p l o y e d  f o r  t h e  h e a t i n g  c u r v e s .  W h i l e  r e c o r d i n g  t h e  

c o o l i n g  c u r v e s  i t  w a s  n o t  p o s s i b l e  t o  c o n t r o l  t h e  r a t e .  

T h e  e n t h a l p y ,  AH, o f  t h e  m o n o c l i n i c - c u b i c  t r a n s f o r m a -

(1) T o  w h om  all the  correspondence should  be  addressed.
(2) E . M . L ev in  and R . S. R o th , J . R es. N atl. B ur. Std., A68, 189 
(1964).
(3) E . M . L e v in  and C . L . M cD a n ie l, ibid., A69, 237 (1965).
(4) G . G a ttow  and D . Schütze, Z . A norg . A llgem . Chem ., 328 , 45 
(1964).
(5) R . M ansfield , P roc. P h ys. Soc. (L on d on ), B 6 2 , 476 (1949).
(6) K . H a u ffe  and H . P eters, Z . P hysik . Chem., 201, 121 (1952).
(7) O . K . F id rya , N auk Z ap . V inniP s K . Derzh., 17, 125 (1 960 ); 
Chem Abstr., 56 , 6755ft (1962).
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t i o n  w a s  e s t i m a t e d  f r o m  t h e  p e a k  a r e a  e m p l o y i n g  t h e  

p h a s e  t r a n s f o r m a t i o n s  o f  K 2S 0 4 a n d  q u a r t z  a s  e x t e r n a l  

s t a n d a r d s .8 R e l i a b l e  A H  v a l u e s  f o r  p h a s e  t r a n s f o r m a 

t i o n s  h a v e  b e e n  o b t a i n e d  i n  t h i s  l a b o r a t o r y  b y  t h i s  p r o 

c e d u r e .8 I t  m a y  b e  n o t e d  t h a t  t h e  u s e  o f  i n t e r n a l  s t a n 

d a r d s  b y  L e v i n  a n d  M c D a n i e l 3 g a v e  AH  v a l u e s  f o r  t h e  

m o n o c l i n i c - c u b i c  t r a n s f o r m a t i o n  w h i c h  d i f f e r e d  s l i g h t l y  

w i t h  t h e  s t a n d a r d  e m p l o y e d .  T h e  a c t i v a t i o n  e n e r g y  

f o r  t h e  m o n o c l i n i c - c u b i c  t r a n s f o r m a t i o n  w a s  c a l c u l a t e d  

b y  e m p l o y i n g  t h e  p r o c e d u r e  o f  B o r c h a r d t  a n d  D a n i e l s .8'9 
A l t h o u g h  t h e  a c t i v a t i o n  e n e r g y  o b t a i n e d  b y  t h i s  p r o 

c e d u r e  c o u l d  h a v e  l a r g e  u n c e r t a i n t i e s  ( ± 1 5 % ) ,  a  

l i n e a r  l o g  k - l / T  p l o t  s e e m s  t o  i n d i c a t e  t h a t  t h e  t r a n s 

f o r m a t i o n  f o l l o w s  t h e  e x p o n e n t i a l  r a t e  l a w .  T h e r m o -

Figure 1. (a) Differential thermal analysis curves of Bi20 3  in
air: heating curve (rate 16°/min), full line; cooling curve
(rate not known), dotted line, (b) Seebeck coefficient of Bi20 3 
as a function of temperature: open circles, at 160 mm of
oxygen; closed circles, at 10-4 mm of oxygen, (c) Plots of the 
logarithm of electrical conductivity of Bi20 3 against the 
reciprocal of absolute temperature: open circles, at 0.2 mm of
oxygen (while heating); closed circles, at 0.2 mm of oxygen 
(while cooling); triangles, po2 = 157 mm (while heating).
The cooling curve at 157 mm of oxygen is similar in 
appearance to that at 0.2 mm. The conductivities are all 
in micromhos per centimeter.

g r a v i m e t r i c  a n a l y s i s  o f  B i 20 3 w a s  c a r r i e d  o u t  w i t h  a n  

A m i n c o  u n i t  a t  a n  o x y g e n  p a r t i a l  p r e s s u r e  o f  1 5 7  m m .

T h e  e l e c t r i c a l  c o n d u c t i v i t y  a n d  t h e r m o e l e c t r i c  p o w e r  

m e a s u r e m e n t s  w e r e  m a d e  o n  p e l l e t s  p r e p a r e d  f r o m  f u s e d  

B i 20 3. A  p r e s s u r e  o f  2 0 , 0 0 0  p s i  w a s  e m p l o y e d  f o r  

p r e s s i n g  t h e  p e l l e t s .  T h e  m e a s u r e m e n t s  w e r e  r e p e a t e d  

s e v e r a l  t i m e s  o n  f r e s h l y  p r e p a r e d  s a m p l e s  i n  o r d e r  t o  b e  

c e r t a i n  o f  t h e  v a r i o u s  f e a t u r e s  o f  t h e  c o n d u c t i v i t y  a n d  

S e e b e c k  c o e f f i c i e n t  d a t a  ( F i g u r e  1 ) .  T h e  c o n d u c t i v i t y  

c e l l  e m p l o y e d  f o r  t h e  s t u d y  h a s  b e e n  d e s c r i b e d  e l s e 

w h e r e ;10 t h e  c o n d u c t i v i t y  m e a s u r e m e n t s  w e r e  m a d e  

( a t  1 K c )  e m p l o y i n g  a  G R - 1 6 0 8 A  i m p e d a n c e  b r i d g e  

u s i n g  a  G R - 1 2 3 2 A  t u n e d  a m p l i f i e r  a n d  n u l l  d e t e c t o r .  

T h e r m o e l e c t r i c  p o w e r  m e a s u r e m e n t s  w e r e  m a d e  e m 

p l o y i n g  a  c e l l  s i m i l a r  t o  t h a t  d e s c r i b e d  b y  H o n i g  a n d  

c o w o r k e r s .11
T h e  d i e l e c t r i c  c o n s t a n t  o f  B i 20 3 w a s  m e a s u r e d  a s  a  

f u n c t i o n  o f  f r e q u e n c y  ( 2 0  c p s  t o  1 5  M e )  e m p l o y i n g  a  

G R - 7 1 6 C  c a p a c i t a n c e  b r i d g e  a n d  a  B o o n t o n  T y p e  2 6 0  

A P  Q - m e t e r .  T h e  a n d  e0 o b t a i n e d  b y  e x t r a p o l a t i o n  

w e r e  1 2  a n d  2 5 ,  r e s p e c t i v e l y .

R esu lts and D iscussion

Phase Transformations of BviOz. D i f f e r e n t i a l  t h e r m a l  

a n a l y s i s  ( d t a )  o f  B i 20 3 f r o m  r o o m  t e m p e r a t u r e  t o  8 0 0 °  

s h o w e d  ( F i g u r e  l a )  t h e  m o n o c l i n i c - c u b i c  t r a n s f o r m a 

t i o n  t o  b e g i n  a t  ~ 7 2 7 °  w i t h  t h e  p e a k  a t  7 5 2 ° .  B y  e m 

p l o y i n g  e x t e r n a l  s t a n d a r d s ,  t h e  A H  o f  t h e  t r a n s f o r m a 

t i o n  w a s  e s t i m a t e d  t o  b e  8.8  ±  0 . 4  k c a l  m o l - 1 . T h i s  

v a l u e  i s  i n t e r m e d i a t e  t o  t h e  v a l u e s  r e p o r t e d  e a r l i e r  b y  

L e v i n  a n d  M c D a n i e l 3 a n d  G a t t o w  a n d  S c h i i t z e .4 
T h e  e n e r g y  o f  a c t i v a t i o n  o f  t h e  m o n o c l i n i c - c u b i c  t r a n s 

f o r m a t i o n  w a s  f o u n d  t o  b e  1 1 0  ±  1 5  k c a l  m o l - 1 , t y p i c a l  

o f  a  r e c o n s t r u c t i v e  t r a n s f o r m a t i o n .12 S u c h  l a r g e  a c t i 

v a t i o n  e n e r g i e s  a r e  f o u n d  i n  t h e  r e c o n s t r u c t i v e  t r a n s 

f o r m a t i o n  i n v o l v i n g  c h a n g e s  i n  p r i m a r y  c o o r d i n a t i o n  a s  

i n  t h e  t r a n s f o r m a t i o n s  o f  C s C l 13 o r  C a C 0 314 o r  c h a n g e s  

i n  s e c o n d a r y  c o o r d i n a t i o n  a s  i n  t h e  t r a n s f o r m a t i o n s  o f  

t h e  a n a t a s e  a n d  b r o o k i t e  f o r m s  o f  T i 0 2.16
T h e  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  c u r v e s  i n  F i g u r e  l a  

s h o w  t h a t  t h e  c u b i c  f o r m  o f  B i 20 3 c o m e s  b a c k  t o  t h e  

m o n o c l i n i c  f o r m  i n  t w o  s t a g e s  ( p e a k s  a t  ~ 6 3 0  a n d  

5 4 3 ° ) .  A s s u m i n g  t h a t  t h e  p e a k  a t  6 3 0 °  i s  d u e  t o  t h e

(8) K . J. R a o  and C . N . R . R a o , J . M ater. Sci., 1, 238 (1966).
(9) H . J. B orch ard t and F. D aniels, J . A m . Chem. Soc., 79, 41 (1957).
(10) (a) P . N . M eh rotra , G . V . C handrashekhar, E . C . S n bbarao, and 
C . N . R . R a o , Trans. Faraday Soc., 62 , 3586 (1 966 ); (b ) G . V . C hand
rashekhar, P . N . M eh rotra , G . V . S u b ba  R a o , E . C . S u bbarao, and 
C . N . R . R a o , ibid., 63 , 1295 (1967).
(11) J. M . H on ig , A . A . Celia, and  J. C . C ornw ell, “ R a re  E arth  R e 
search ,”  V o l. 2, G ord on  and B reach , N e w  Y o rk , N . Y .,  1964.
(12) C . N . R . R a o  and K . J. R a o , P rog. Solid State Chem., 4 , 131 
(1967).
(13) K . J . R a o , G . V . S ubba  R a o , and  C . N . R . R a o , Trans. Faraday  
Soc., 63 , 1013 (1967).
(14) G . V . S u b ba  R a o , M . N atara jan , and  C . N . R . R a o , J. A m . Cer
am. Soc., 5 1 , 179 (1968).
(15) (a) C . N . R . R a o , Can. J . Chem., 39 , 498 (1 961 ); (b ) C . N . R . 
R a o , S. R . Y oganarasim han, and P . A . F aeth , Trans. Faraday Soc., 
57, 504 (1961).
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c u b i c - ( m e t a s t a b l e )  t e t r a g o n a l  p h a s e  t r a n s f o r m a t i o n 16 
a n d  t h a t  t h e  5 4 3 °  p e a k  i s  d u e  t o  t h e  t e t r a g o n a l - m o n o 

c l i n i c  t r a n s f o r m a t i o n ,  i t  c a n  b e  r e a d i l y  s e e n  t h a t  t h e  

l a t t e r  i s  a  v e r y  s h a r p  t r a n s i t i o n  c o m p a r e d  t o  t h e  f o r m e r .  

T h i s  o b s e r v a t i o n  f u r t h e r  s u b s t a n t i a t e s  t h e  m e t a s t a b l e  

n a t u r e  o f  t h e  t e t r a g o n a l  p h a s e .2 T h e  AH  v a l u e s  o f  t h e  

c u b i c - t e t r a g o n a l  a n d  t e t r a g o n a l - m o n o c l i n i c  t r a n s f o r 

m a t i o n s  a r e  e s t i m a t e d  t o  b e  6 . 7  a n d  2 . 1  k c a l  m o l -1  o n  

t h e  b a s i s  o f  t h e  r e l a t i v e  p e a k  a r e a s .

Electrical Conductivity and Thermoelectric Power Mea
surements. T h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  B i 203  w a s  

m e a s u r e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  u p  t o  ~ 8 2 0 °  a t  

o x y g e n  p a r t i a l  p r e s s u r e s  o f  1 5 7  a n d  0 . 2  m m  w h i l e  b o t h  

h e a t i n g  a n d  c o o l i n g  t h e  s a m p l e .  T h e  l o g  a - l/ T  p l o t s  

( F i g u r e  l c )  s h o w  b r e a k s  w h i c h  c a n  b e  a t t r i b u t e d  t o  

p h a s e  t r a n s f o r m a t i o n s  o r  c h a n g e s  i n  t h e  m e c h a n i s m  o f  

c o n d u c t i o n .10'17 T h u s ,  t h e  h e a t i n g  c u r v e s  i n  F i g u r e  l c  

s h o w  m a r k e d  c h a n g e s  i n  c o n d u c t i v i t y  a r o u n d  7 3 0 °  

w h i c h  a r e  m o s t  l i k e l y  d u e  t o  t h e  p h a s e  t r a n s f o r m a t i o n  

f r o m  t h e  m o n o c l i n i c  t o  t h e  c u b i c  s t r u c t u r e .  I n  a d d i t i o n ,  

t h e  h e a t i n g  c u r v e  a t  a  po2 o f  0.2  m m  s h o w s  a  d i s t i n c t  

c h a n g e  i n  s l o p e  a t  ^ 5 8 0 ° ;  t h e  c u r v e  a t  a  p0 2  o f  1 5 7  m m  

s h o w s  a  c h a n g e  i n  s l o p e  a t  ~ 6 5 0 ° ,  t h o u g h  n o t  a s  d i s 

t i n c t l y .

T h e  c o n d u c t i v i t y  i n  t h e  t e m p e r a t u r e  r a n g e  3 0 0 - 5 8 0 °  

s h o w e d  a n  i n c r e a s e  w i t h  t h e  o x y g e n  p r e s s u r e  a n d  t h e  

d a t a  o b t a i n e d  a t  s e v e r a l  o x y g e n  p a r t i a l  p r e s s u r e s  ( 0 . 2-  

1 5 7  m m  o f  po2) c o u l d  b e  f i t t e d  i n t o  t h e  e q u a t i o n

a =  kpo21H ( 1)

B i 203  i s  u n d o u b t e d l y  a  p - t y p e  s e m i c o n d u c t o r  u p  t o  

~ 5 8 0 °  i n  t h i s  r a n g e  o f  o x y g e n  p a r t i a l  p r e s s u r e s .  T h e  

e n e r g y  o f  a c t i v a t i o n ,  E {, f o r  t h e  c o n d u c t i o n  p r o c e s s  a t  a  

Po2 o f  1 5 7  m m  ( 3 0 0 - 5 8 0 ° )  w a s  f o u n d  t o  b e  1 . 4  e V ,  w h i c h  

d i f f e r s  f r o m  t h e  v a l u e  o f  0 . 9  e V  r e p o r t e d  b y  M a n s f i e l d .6 
T h e  pod 14  d e p e n d e n c e  o f  t h e  c o n d u c t i v i t y  c a n  b e  u n d e r 

s t o o d  i n  t e r m s  o f  t h e  d e f e c t  e q u i l i b r i a  i n v o l v i n g  m e t a l  

i o n  v a c a n c i e s  r a t h e r  t h a n  o x y g e n  i n t e r s t i t i a l s .18 O x y 

g e n  i n t e r s t i t i a l s  s h o u l d  g i v e  r i s e  t o  a  p o 21/6 d e p e n d e n c e  

o f  t h e  c o n d u c t i v i t y .

T h e  c h a n g e  i n  s l o p e  i n  t h e  c o n d u c t i v i t y  c u r v e  a t  5 8 0 °  

a t  0 . 2  m m  o f  o x y g e n  ( o r  a t  ~ 6 5 0 °  a t  1 5 7  m m )  c a n  

b e  a s c r i b e d  t o  a  c h a n g e  i n  t h e  m e c h a n i s m  o f  c o n d u c t i o n  

f r o m  p  t y p e  t o  n  t y p e  o n  t h e  b a s i s  o f  t h e r m o e l e c t r i c  

p o w e r  m e a s u r e m e n t s .  T h e  S e e b e c k  c o e f f i c i e n t ,  (3, 
c h a n g e s  s i g n  a r o u n d  6 5 0 °  a t  a  p0 2  o f  1 6 0  m m  ( F i g u r e  

l b ) .  W h e n  t h e  o x y g e n  p r e s s u r e  w a s  2  X  1 0 ~4 m m ,  /3 

c h a n g e d  s i g n  a r o u n d  5 5 0 ° ;  a t  1 0  ~4 m m  o f  o x y g e n ,  t h e  

c h a n g e  o f  s i g n  w a s  a t  ~ 4 9 0 ° . T h e s e  r e s u l t s  a r e  c o n 

s i s t e n t  w i t h  t h e  o b s e r v a t i o n  o f  t h e  b r e a k  i n  t h e  c o n d u c 

t i v i t y  c u r v e  ( d u e  t o  t h e  c h a n g e  f r o m  p - t y p e  t o  n - t y p e  

b e h a v i o r )  a t  a  l o w e r  t e m p e r a t u r e  ( ~ 5 8 0 ° )  a t  0 . 2  m m  

r a t h e r  t h a n  a t  1 5 7  m m  o f  o x y g e n  ( ~ 6 5 0 ° ) .

T h e  c o n d u c t i v i t y  c u r v e  o f  B i 2C>3 o b t a i n e d  w h i l e  c o o l 

i n g  a t  0 . 2  m m  o f  o x y g e n  ( F i g u r e  l c )  s h o w s  c h a n g e s  i n  

s l o p e  a r o u n d  6 3 6 ,  5 8 5 ,  a n d  5 4 0 ° .  T h e  c h a n g e  i n  c o n 

d u c t i v i t y  a t  6 3 6 °  i s  n o t  s h a r p  a s  i n  t h e  c a s e  o f  t h e  m o n o 
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c l i n i c - c u b i c  t r a n s f o r m a t i o n  a n d  p r o b a b l y  a r i s e s  f r o m  

t h e  c u b i c - t e t r a g o n a l  t r a n s f o r m a t i o n  ( d t a  p e a k  a t  

~ 6 3 0 ° ) .  T h e  b r e a k  a t  5 4 0 °  m a y  s i m i l a r l y  b e  d u e  t o  

t h e  t e t r a g o n a l - m o n o c l i n i c  t r a n s f o r m a t i o n  ( d t a  p e a k  a t  

~ 5 4 0 ° ) .  T h e  b r e a k  a r o u n d  5 8 5 °  i s  l i k e l y  t o  b e  d u e  t o  

t h e  c h a n g e  f r o m  n  t y p e  t o  p  t y p e .19 T h e  c o o l i n g  

c u r v e  a t  1 5 7  m m  o f  o x y g e n  w a s  s i m i l a r  t o  t h a t  a t  0 . 2  

m m  i n  t h a t  i t  s h o w e d  t h e  s a m e  f e a t u r e s .

Mechanism of Conduction. W e  s h a l l  n o w  b r i e f l y  

e x a m i n e  t h e  m e c h a n i s m  o f  c o n d u c t i o n  i n  B i 20 3 o n  t h e  

b a s i s  o f  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  d i s c u s s e d  t i l l  

n o w .  T h e  a c t i v a t i o n  e n e r g y ,  E ¡, a s  m e a s u r e d  f r o m  t h e  

e l e c t r i c a l  c o n d u c t i v i t y  d a t a  i n  t h e  3 0 0 - 5 8 0 °  r a n g e  i s  

q u i t e  l a r g e  ( 1 . 4  e V ) .  T h u s ,  E ¡ >  E e »  f c T m ax. F u r 

t h e r ,  t h e r e  a p p e a r s  t o  b e  n e g l i g i b l e  i n t e r a c t i o n  b e t w e e n  

t h e  c h a r g e  c a r r i e r s  a n d  t h e  p h o n o n s 20 a s  i n d i c a t e d  b y  

t h e  s m a l l  v a l u e  (< < C l)  o f  t h e  F r o l i c h  c o u p l i n g  c o n s t a n t ,

(X f

<*f  =  7re2( 2 m * / ^ 3r L ) 1/2( e co- 1 -  « T 1)  ( 2 )

w h e r e  m* i s  t h e  e f f e c t i v e  m a s s 21’22 o f  t h e  c h a r g e  c a r r i e r s ,  

n, i s  t h e  l o n g i t u d i n a l  m o d e  f r e q u e n c y ,  a n d  e0 a n d  eOT 

a r e  t h e  s t a t i c  a n d  h i g h - f r e q u e n c y  d i e l e c t r i c  c o n s t a n t s ,  

r e s p e c t i v e l y .  T h e  l o w  v a l u e s  o f  m* a n d  « f  r u l e  o u t  t h e  

a p p l i c a b i l i t y  o f  t h e  P o l a r o n  o r  t h e  h o p p i n g  m o d e l  t o  

B i 20 3. T h e  d e p e n d e n c e  o f  t h e  S e e b e c k  c o e f f i c i e n t  o n  

o x y g e n  p a r t i a l  p r e s s u r e  a l s o  p r o v i d e s  f u r t h e r  j u s t i f i c a 

t i o n  t o  t h i s  c o n c l u s i o n .  I f  t h e  h o p p i n g  m o d e l  w e r e  

a p p l i c a b l e ,  ¡3 s h o u l d  v a r y  d i s c o n t i n u o u s l y  t h r o u g h  z e r o ; 

i n s t e a d ,  i t  s h o w s  a  g r a d u a l  c h a n g e  w i t h  o x y g e n  p r e s 

s u r e ,  b e c o m i n g  z e r o  a t  p r o g r e s s i v e l y  l o w e r  t e m p e r a t u r e s  

a s  t h e  o x y g e n  p r e s s u r e  i s  d e c r e a s e d .

O n  t h e  b a s i s  o f  t h e  a b o v e  a r g u m e n t s ,  i t  i s  f e l t  t h a t  t h e  

b a n d  m o d e l  i s  a p p l i c a b l e  i n  t h e  c a s e  o f  B i 20 3. I n i t i a l l y ,  

a t  l o w e r  t e m p e r a t u r e s ,  B i 20 3 h a s  a n  a n i o n  e x c e s s  

a n d  s h o w s  p - t y p e  b e h a v i o r ;  t h e  F e r m i  l e v e l  w i l l  t h e n  

b e  i n  t h e  l o w e r  h a l f  o f  t h e  e n e r g y  g a p .  A t  a  c o n s t a n t  

Po2, t h e  F e r m i  l e v e l  m o v e s  u p w a r d  w i t h  i n c r e a s e  i n  

t e m p e r a t u r e  a c c o m p a n y i n g  t h e  l o s s  o f  o x y g e n  f r o m  t h e  

l a t t i c e .  T h e  F e r m i  l e v e l  a l s o  m o v e s  u p w a r d  w i t h  t h e  

d e c r e a s e  i n  po2 a t  a  c o n s t a n t  t e m p e r a t u r e  ( F i g u r e  2 ) .  

T h e  S e e b e c k  c o e f f i c i e n t  c h a n g e s  s i g n  a t  l o w e r  t e m p e r a -

(16) F or  conven ien ce , w e shall call the m etastab le  in term ediate  phase 
tetragona l in  th is paper.
(17) J. L . B ates, C . A. H inm an, and  T . K aw ada , J. Am. Ceram. Soc., 
SO, 652 (1967).
(18) G . G . L ib ow itz , Prog. Solid State Chem. 2 , 216 (1965).
(19) B o th  electrons and holes a ct  as carriers even  at low er tem pera
tures, bu t e lectrons becom e th e  m a jor ity  carriers aroun d  5 8 5 °. 
T h erm ograv im etrie  analysis curves show ed th at BÍ2O3 starts losing  
ox y gen  a b ove  ~ 3 0 0 °  at a P o 2 o f 157 m m ; the crea tion  o f an ion  v a 
cancies is thus responsible for  p rod ucing  the carrier electrons.
(20) H. F roh lich , in  “ P olarons and E x citon s ,”  C . G . K u p er  an d  G . D . 
W h ite fe ld , E d ., P lenum  Press, N ew  Y o rk , N . Y ., 1963.
(21) T h e  effective  m ass m* w as ca lcu lated  to  be ~ 1 0 -2 m from  th e  
concen tra tion  o f charge carriers5 and  the S eebeck  coefficients. T h e  
va lue o f vl was ca lcu lated  from  th e  R esltrah len  freq u en cy .22 T h e  
values o f  eo and « „  w ere obta in ed  experim entally . I t  m ay  be  n oted  
th at such estim ations o f m* are on ly  ap p rox im ate  since carrier con 
centrations have n ot been m easured at this tim e.
(22) D . M . M a tto x  and L . G ild art, J. Phys. Chem. Solid3, 18, 215 
(1961).
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Figure 2. Position of the Fermi level in BiîCh.

t u r e s  w h e n  p 02 i s  d e c r e a s e d  s i n c e  t h e r e  w i l l  b e  f e w e r  

h o l e s  u n d e r  t h e s e  c o n d i t i o n s .  T h e  c h a n g e s  i n  t h e  S e e -  

b e c k  c o e f f i c i e n t  w i t h  F e r m i  l e v e l ,  £ , c a n  b e  r a t i o n a l i z e d  

b y  t h e  r e l a t i o n 23

efiT =  —  (< T n /< r ) [Æ n  —  ( £  —  - E c ) ]  +  ( o - p / c r )  X

[ Æ P +  ( f - E v ) ]  ( 3 )

w h e r e  <r„ a n d  <rp a r e  t h e  c o n t r i b u t i o n s  t o  c o n d u c t i v i t y  

f r o m  e l e c t r o n s  a n d  h o l e s ,  r e s p e c t i v e l y ,  a n d  R n a n d  R p 
a r e  d e t e r m i n e d  b y  t h e  t r a n s p o r t  i n t e g r a l s .

T h e  l a r g e  c h a n g e  i n  c o n d u c t i v i t y  a c c o m p a n y i n g  t h e  

m o n o c l i n i c - c u b i c  t r a n s f o r m a t i o n  i s  r e a d i l y  u n d e r s t a n d 

a b l e  o n  t h e  b a s i s  o f  t h e  b a n d  m o d e l .  S i n c e  t h e  c h a n g e  

o v e r  t o  t h e  h i g h e r  s y m m e t r y  c u b i c  s t r u c t u r e  w i l l  b e  

a c c o m p a n i e d  b y  t h e  b r o a d e n i n g  o f  b a n d s ,  t h e  c o n d u c 

t i v i t y  w o u l d  b e  e x p e c t e d  t o  s h o w  a  m a r k e d  i n c r e a s e .
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T h e  e x t r a c t i o n  o f  H R e 0 4 o r  H C 1 0 4 i n t o  d i l u t e  s o l u t i o n s  o f  t r i b u t y l  p h o s p h a t e  ( T B P )  in  C C 1 4, i s o o c t a n e ,  a n d  
1 , 2 - d i c h l o r o e t h a n e  h a s  b e e n  s t u d i e d ,  a n d  t h e  e x t r a c t i n g  s p e c i e s  h a v e  b e e n  d e t e r m i n e d .  A  p r e v i o u s  s t u d y  o f  
T B P  in  C C 1 4, w h e r e  t h e  T B P  c o n c e n t r a t i o n s  w e r e  0 .0 3  t o  0 . 3  M a n d  t h e  s t o i c h i o m e t r i c  r a t i o  T B P / H +  w a s  > 3 ,  
i n d i c a t e d  t h e  o n l y  e x t r a c t i n g  s p e c i e s  w e r e  t h e  m o l e c u l a r  a d d u c t  T B P - H 20  a n d  t h e  h y d r o n i u m  i o n  s p e c i e s  
3 T B P - H 30 + - p H 20  • • • C 1 0 4_ , a n  i o n  p a i r ,  w h e r e  0  < p <  1 .5 .  I n  t h i s  s t u d y  e v e n  m o r e  d i l u t e  T B P  s o l u t i o n s  
in  C C 1 4 w e r e  e x a m i n e d ,  a n d  a  t w o - T B P  a c i d  c o m p l e x ,  in  a d d i t i o n  t o  t h e  t h r e e - T B P  c o m p l e x ,  w a s  f o u n d .  I n  t h e  
i s o o c t a n e  s y s t e m  e i t h e r  a  t w o -  o r  t h r e e - T B P  a c i d  c o m p l e x ,  d e p e n d i n g  u p o n  T B P  c o n c e n t r a t i o n ,  w a s  f o u n d  t o  
p r e d o m i n a t e .  W i t h  1 , 2 - d i c h l o r o e t h a n e - T B P  a n d  a t  t h e  o r g a n i c - p h a s e  a c i d  c o n c e n t r a t i o n s  e x a m i n e d ,  o n l y  a  
d i s s o c i a t e d  t h r e e - T B P  c o m p l e x  w a s  f o u n d .  I n  a d d i t i o n  t o  a n  a n i o n  e f f e c t ,  i t  is  s u g g e s t e d  s o l v e n t  e f f e c t s  u p o n
b o t h  T B P  a n d  t h e  e x t r a c t i o n  c o m p l e x  a r e  
o f  t h e  e x t r a c t e d  h y d r o n i u m  i o n  f r o m  t h r e e  t o

I n t r o d u c t i o n

A  p r e v i o u s  s t u d y  o f  H C 1 0 4 e x t r a c t i o n  b y  d i l u t e  

s o l u t i o n s  o f  t r i b u t y l  p h o s p h a t e  ( T B P )  i n  C C 1 4 i n 

d i c a t e d  t h a t  t h e  p r o t o n  w a s  c o o r d i n a t e d  w i t h  t h r e e  

T B P  m o l e c u l e s  i n  t h e  o r g a n i c  p h a s e .2 T h i s  s t u d y  a l s o  

s h o w e d  t h a t  a t  l e a s t  o n e  w a t e r  m o l e c u l e  w a s  a l w a y s  

c o e x t r a c t e d .  F r o m  t h e s e  t w o  r e s u l t s  a  m o d e l  f o r  t h e  

e x t r a c t e d  s p e c i e s  w a s  s u g g e s t e d ;  t h e  c o m p l e x  h a s  a  

h y d r o n i u m  i o n  c o r e  t o  w h i c h  t h e  t h r e e  T B P  m o l e c u l e s  

a r e  c o o r d i n a t e d .  I t  w a s  a l s o  s u g g e s t e d  t h a t  t h i s  

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

u n d e r s t a n d i n g  a c i d  e x t r a c t i o n  b y  d i l u t e  s o l u t i o n s  o f  

o t h e r  w e a k l y  b a s i c  o r g a n i c  e x t r a c t a n t s  a s  w e l l  a s  b y  

o t h e r  T B P - d i l u e n t  s y s t e m s .

;, t o  a  g r e a t e r  o r  l e s s e r  e x t e n t ,  t h e  T B P  c o o r d i n a t i o n  n u m b e r

T o  t e s t  t h e  v a l i d i t y  o f  t h i s  p r o p o s e d  m o d e l  t h e  e x 

t r a c t i o n  o f  H C 1 0 4 b y  T B P  i n  o t h e r  d i l u e n t s  w a s  i n 

v e s t i g a t e d .  I n  t h i s  p a p e r ,  t h e  f i r s t  o f  a  t w o - p a r t  

s t u d y ,  t h e  u s e  o f  i s o o c t a n e  a n d  o f  1 , 2- d i c h l o r o e t h a n e  a s  

d i l u e n t s  w a s  i n v e s t i g a t e d .  I s o o c t a n e  w a s  c h o s e n  t o  

i l l u s t r a t e  t h e  e x t r a c t i o n  p r o c e s s  i n  a  s o l v e n t  w h i c h  

p o s s e s s e s  r e l a t i v e l y  w e a k  s o l v a t i n g  p r o p e r t i e s  a n d  s o  

c a n  b e  c o n s i d e r e d  r e l a t i v e l y  “ i n e r t . ”  T h i s  s y s t e m  w i l l  

b e  u s e d  a s  a  r e f e r e n c e  a g a i n s t  w h i c h  t h e  o t h e r  T B P -  

d i l u e n t  s y s t e m s  c a n  b e  c o m p a r e d .  T h e  s o l v e n t  1 , 2 - d i -

(1) T h is  w ork  w as don e  under the  auspices o f  the  U . S. A to m ic  Energy- 
C om m ission .
(2) D . C . W h itn ey  and R . M . D iam on d , J. P h ys. C h e m 67, 209 
(1963).
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Figure 1. Variation of water content of organic phase with 
TBP concentration in isooctane ([H20]o = total H2O — H20 
dissolved by diluent): line 1, ■, is [H20]o vs. equilibrium 
TBP ([TBP]o = total TBP -  [H2O]0); line 2, •, is [HjO]» 
vs. initial TBP concentration. The symbol • denotes averaged 
measurements by both Karl Fischer titrations and the tritium 
tracer method; V  denotes measurements using tritiated water 
alone. Line 3 is a continuation of the line of unit slope.

Figure 2. Variation of water content of organic phase with 
TBP concentration in 1,2-dichloroethane ([H2O]0 = total 
H20  — H20  dissolved by diluent): line 1, ■, is [H20]o vs. 
equilibrium TBP ([TBP]„ = total TBP -  [H20]„); line 2 
is a continuation of the line of unit slope; line 3, •, V , is 
[H 20 ] o v s . initial TBP concentration. The symbol • denotes 
Karl Fischer titration values; V  denotes values 
using tritiated water.

Figure 3. Variation of acid content of organic phase with 
aqueous HCIO4 activity for 0.074 M TBP in isooctane (line 
3) and for 0.367 M  TBP in isooctane (line 1), as measured 
by ReCh-  tracer out of HCIO4 acid, and for 0.367 M  TBP 
in CCh (line 2), as measured by Re04_ tracer out of HC104 
acid; •, uncorrected data; ■, data corrected for used-up 
TBP. Dashed lines drawn with slope unity.

c h l o r o e t h a n e  w a s  c h o s e n  f o r  i t s  r e l a t i v e l y  h i g h  d i e l e c t r i c  

c o n s t a n t ;  t h i s  p r o p e r t y  m a y  a l l o w  d i s s o c i a t i o n  o f  t h e  

e x t r a c t i o n  c o m p l e x e s  i n t o  i n d e p e n d e n t  i o n s ,  t h u s  f r e e 

i n g  t h e  c a t i o n  f r o m  a n y  c l o s e  i n t e r a c t i o n  w i t h  t h e  a n i o n .  

I n s t e a d  o f  u s i n g  a c i d - b a s e  t i t r a t i o n  m e t h o d s  f o r  d e t e r 

m i n i n g  t h e  a m o u n t  o f  e x t r a c t e d  a c i d ,  a s  w a s  m a i n l y  

d o n e  i n  t h e  p r e v i o u s  T B P - C C h  i n v e s t i g a t i o n ,2 r a d i o 

a c t i v e  p e r r h e n a t e  ( R e 0 4~ )  t r a c e r  w a s  e m p l o y e d .  S i n c e  

t h e  m o l e c u l a r  s t r u c t u r e  a n d  c h a r g e  o f  R e 0 4-  i s  s i m i l a r  

t o  C 1 0 4 ~  i t  i s  f o u n d  t h a t  t h i s  t r a c e r  a n i o n  c a n  b e  u s e d  

s u c c e s s f u l l y  a s  a  m a r k e r  f o r  C 1 0 4 ~  a l t h o u g h  i t  i s  n o t  

i d e n t i c a l  i n  b e h a v i o r .  B e c a u s e  t h i s  r a d i o a c t i v e  t r a c e r  

t e c h n i q u e  a l l o w s  a c c u r a t e  d e t e r m i n a t i o n  o f  m u c h  l o w e r  

o r g a n i c - p h a s e  a c i d  c o n c e n t r a t i o n s  t h a n  t h o s e  p r e v i o u s l y  

o b t a i n e d ,  t h e  T B P - H C I O 4 ( H R e 0 4) - C C l 4 s y s t e m  w a s  

a l s o  r e e x a m i n e d  o v e r  a  g r e a t e r  r a n g e  o f  d i l u t e  T B P  

c o n c e n t r a t i o n s .

E x p e r i m e n t a l  S e c t i o n

Reagents. T h e  H C 1 0 4 s o l u t i o n s  w e r e  p r e p a r e d  b y  

d i l u t i o n  w i t h  d i s t i l l e d  w a t e r  o f  G .  F .  S m i t h  r e a g e n t  

g r a d e  H C 1 0 4, 7 0  t o  7 2 % .  T h e  s t o c k  7 0 - 7 2 %  s o l u t i o n  

w a s  s t a n d a r d i z e d  b y  t i t r a t i o n  w i t h  s o d i u m  h y d r o x i d e  

t o  t h e  b r o m o t h y m o l  b l u e  e n d  p o i n t .  H R e 0 4 s o l u t i o n s  

w e r e  m a d e  b y  d i l u t i o n  f r o m  a  s t o c k  s o l u t i o n ,  s t a n d a r d 

i z e d  i n  t h e  s a m e  w a y ,  a n d  p r e p a r e d  b y  d i s s o l v i n g  

R e 20 7 i n  w a t e r .  T h e  186R e 0 4 ~  t r a c e r  s o l u t i o n  w a s  p r e 

p a r e d  b y  i r r a d i a t i n g  K R e 0 4 w i t h  n e u t r o n s  i n  t h e  V a l -  

l e c i t o s  r e a c t o r  a n d  d i s s o l v i n g  t h e  p r o d u c t  i n  d i s t i l l e d  

w a t e r .  T h e  C C 1 4 w a s  B a k e r  a n d  A d a m s o n  r e a g e n t  

g r a d e ;  t h e  i s o o c t a n e  w a s  S p e c t r o g r a d e  o b t a i n e d  f r o m  

M a t h e s o n  C o l e m a n  a n d  B e l l ,  a n d  t h e  1 , 2 - d i c h l o r o 

e t h a n e  w a s  M a t h e s o n  C o l e m a n  a n d  B e l l  r e a g e n t  g r a d e .

Procedure. P r o c e d u r e s  f o r  s a m p l e  p r e p a r a t i o n ,  m e a 

s u r e m e n t s ,  a n d  d a t a  a n a l y s i s  a r e  e s s e n t i a l l y  t h e  s a m e  

a s  a l r e a d y  n o t e d  e l s e w h e r e .2,3 A d d i t i o n s  o r  c h a n g e s

(3) T . J. Conocchioli, M . I .  Tocher, and E . M . Diamond, J . P h y s .  C h e m .,  
6 9 ,  1106 (1965).
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Figure 4. Variation of acid content of organic phase with 
aqueous HRe04 activity for 0.367 M TBP in 
1,2-dichloroethane: •, uncorrected data;
■, data corrected for activity coefficients.

a r e  a s  f o l l o w s .  ( 1 )  W h e n  u s i n g  1 , 2 - d i c h l o r o e t h a n e  

a s  a  d i l u e n t ,  s h a k i n g  t i m e s  o f  5 - 6  h r  w e r e  n e c e s s a r y  t o  

o b t a i n  r e p r o d u c i b l e  r e s u l t s .  ( 2 )  T h e  v o l u m e  r a t i o s  

o f  o r g a n i c  t o  a q u e o u s  p h a s e s  w e r e  n o t  a l w a y s  k e p t  

o n e - t o - o n e  a s  b e f o r e .  ( 3 )  E n d - p o i n t  d e t e r m i n a t i o n  

i n  t h e  K a r l  F i s c h e r  w a t e r  t i t r a t i o n s  w a s  b y  t h e  d e a d -  

s t o p  i n s t e a d  o f  a  v i s u a l  e n d - p o i n t  t e c h n i q u e .  ( 4 )  T o  

s u p p l e m e n t  t h e  K a r l  F i s c h e r  t i t r a t i o n  a n d  t o  e x t e n d  

t h e  l o w e r  r a n g e  o f  w a t e r  d e t e r m i n a t i o n s ,  t r i t i u m ,  i n  

t h e  f o r m  o f  t r i t i a t e d  w a t e r ,  w a s  u s e d  a s  a  t r a c e r  i n  t h e  

s t u d i e s  o f  w a t e r  e x t r a c t i o n  b y  T B P .  T r a n s f e r  o f  t h e  

e q u i l i b r a t e d  s o l u t i o n s  f r o m  o n e  p i e c e  o f  g l a s s w a r e  t o  

a n o t h e r  w a s  n o t  p o s s i b l e  i n  t h e  i s o o c t a n e  d i l u e n t  s y s 

t e m ,  a s  w h e n  t h i s  w a s  d o n e ,  n o n r e p r o d u c i b l e  e r r o r s  a s  

l a r g e  a s  5 0 %  o c c u r r e d ,  p r o b a b l y  d u e  t o  w a l l  a b s o r p t i o n  

o f  t r i t i u m - l a b e l e d  w a t e r .  C o n s e q u e n t l y ,  g r o u n d - g l a s s -  

s t o p p e r e d  r o u n d - b o t t o m  c e n t r i f u g e  c o n e s  w e r e  u s e d  t o  

e q u i l i b r a t e  t h e  w a t e r  s a m p l e s ,  a n d  p i p e t s  p r e e q u i l i 

b r a t e d  w i t h  n o n a c t i v e  w a t e r - s a t u r a t e d  i s o o c t a n e  o r

Figure 5. Variation of acid content of organic phase with 
TBP concentration in CC14 for aqueous HRe04 concentrations 
of 1.60 M  (•) and of 2.91 M  (O); A, A, resolved n = 3 
line; other dashed line, n = 2; □, data corrected 
for used-up TBP.

Figure 6. Variation of acid content of organic phase with 
TBP concentration in isooctane for aqueous HRe04 
concentration of 0.870 M (#), and for aqueous IIC104 
concentration of 4.00 M  (O); A, resolved n = 3 line; other 
dashed line, n = 2.

1, 2- d i c h l o r o e t h a n e  s o l u t i o n s  w e r e  e m p l o y e d  t o  s e p a r a t e  

t h e m .  A l i q u o t s  f r o m  b o t h  t h e  o r g a n i c  a n d  a q u e o u s  

p h a s e s  w e r e  c o u n t e d  i n  a  r o o m - t e m p e r a t u r e  l i q u i d  

s c i n t i l l a t i o n  a p p a r a t u s .  Q u e n c h i n g  a n d  c o u n t i n g  e f f i 

c i e n c y  w e r e  h e l d  c o n s t a n t  t o  1- 2%  a n d  w e r e  c h e c k e d  

b y  t h e  “ c h a n n e l  r a t i o ”  m e t h o d .  A l l  e x t r a c t i o n s  w e r e  

p e r f o r m e d  a t  2 3  ±  2 ° .

R esults

T h e  e x p e r i m e n t a l  r e s u l t s  a r e  s h o w n  a s  l o g - l o g  p l o t s  

i n  F i g u r e s  1 - 7 .  T h e  r a w  d a t a  a r e  i n d i c a t e d  b y  c i r c l e s  

a n d  a r e  c o n n e c t e d  b y  s o l i d  l i n e s .  C o r r e c t i o n s  m a d e  t o  

t h e  e x p e r i m e n t a l  p o i n t s ,  a s  d e s c r i b e d  b e l o w ,  a r e  i n 

d i c a t e d  i n  e a c h  o f  t h e  p l o t s  b y  s q u a r e  s y m b o l s  a n d  a r e  

c o n n e c t e d  b y  d a s h e d  l i n e s .

T h e  l o g - l o g  p l o t s  o f  o r g a n i c - p h a s e  w a t e r  c o n c e n t r a 

t i o n  vs. T B P  c o n c e n t r a t i o n  a r e  s h o w n  i n  F i g u r e s  1 a n d

Figure 7. Variation of acid content of organic phase with 
TBP concentration in 1,2-dichloroethane for aqueous HRe04 
concentrations of 0.0100 M  and of 0.100 M  (• ); ■, data 
corrected for activity coefficients.
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Figure 8. Water content vs. HC10< concentration in the 
organic phase (as the aqueous HCIO* concentration increases) 
for total TBP concentrations of 0.183 M  and 0.73 M in 
isooctane. Lines 1 and 2, O, and •, are the total organic-phase 
water less the solvent water; line 3, ■, □, is the total 
organic-phase less both the solvent water and the water 
bound to TBP.

2 for the TBP-isooctane and TBP-l,2-dichloroethane 
systems at a water activity of unity (aw =  1). The 
amount of water extracted by the diluent alone, calcu
lated as the product of the molar solubility in the dilu
ent, times the volume fraction of diluent, has already 
been subtracted from the water concentrations plotted 
(water solubility in isooctane, 0.0035 M; literature 
values, 0.002 M 4 to 0.006 Mb at 25°; water solubility 
in 1,2-dichloroethane, 0.125 M; literature value, 0.129 
M 6 at 25°).

The log-log plots in Figures 3 and 4 are of organic- 
phase acid concentration vs. aqueous activity of acid

times the water activity to the appropriate power 
(described below) for 0.073 M and 0.367 M  TBP in 
isooctane; for 0.367 M TBP in CC14; and for 0.367 M 
TBP in 1,2-dichloroethane. Perrhenate tracer out of 
perchloric acid was used to determine the concentra
tions in both the isooctane and CCL systems shown in 
Figure 3; R e04~ tracer out of perrhenic acid was 
used for the 1,2-dichloroethane system, Figure 4.

Figures 5, 6, and 7 show the log-log dependence of 
organic-phase acid concentration vs. concentration of 
TBP in CCh, isooctane, and 1,2-dichloroethane, respec
tively. Perrhenate tracer out of perrhenic acid was 
used in both the CC14 and 1,2-dichloroethane systems 
and for one set of data in the isooctane system; for the 
other set of data in isooctane, perrhenate tracer out of 
perchloric acid was employed.

The relationship between coextracted water and the 
organic-phase acid concentration is shown in Figure 8 
for isooctane. The total amount of water extracted, 
exclusive of that in the diluent itself, is shown by line 1 
for (initial) 0.73 M  TBP and by line 2 for 0.183 M 
TBP. The difference between organic-phase water 
concentration when the acid is present and that which 
extracts into equivalent solutions of TBP alone (but 
corrected to the appropriate water activity) is indicated 
by line 3.

In those systems where R e04~ tracer was used as a 
marker for C104~, the plotted organic-phase acid con
centrations, [H+]0, may be up to a factor of 2 higher 
than the actual HC104 concentrations, as R e04_ ex
tracts somewhat better than C104~ out of HC104. As 
long as the correction for the amount of TBP complexed 
with extracted acid is small, this causes no error in the 
slope analyses used in this paper, as it produces only a 
parallel displacement of the curves and no change in 
slope. But at high concentrations of extracted acid, 
where corrections for that fraction of the TBP com
plexed to the acid become important, a knowledge of 
the actual concentrations of organic-phase HC104 is 
needed, and these were obtained by direct two-phase 
titrations. In those systems where data were obtained 
using R e04~ tracer out of macro-perrhenic acid, no 
problem arises, and the values of [H+]0 plotted are the 
correct ones.

Discussion
TBP-H2O. The equilibrium for the distribution of 

water into a solution of TBP in an organic diluent is 
maintained independently of any other extraction 
equilibria, and may be written

?iTBP(org.) +  mH20  = mH20-nTBP(org.) (1)

(4) T . I . B erkengeim , Zavodskaya Lab., 10, 592 (1 941 ); Chem. A bstr., 
40, 6961 (1946).
(5) B . A . E nglin , A . F . P late, V . M . T u g o lu k o v , and  M . A . P ryanish - 
n ik ova , K h im . i  Teknol. Topliv i  M asel, 10. 42 (1 965 ); Chem A bstr., 
63, 14 608 / (1965).
(6) A . J. S taverm an , R ec. Trav. Chim., 60, 836 (1941).
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The corresponding equilibrium constant is

_  (mH2O-nTBP)0 _  [mH20  • itTBP]0i/H2o . . 
H2° ~ (HsO)*(TBP)o" "  (H20 ) m[TBP]o”?/TBP" j

where parentheses signify activity, brackets denote 
molar concentrations, and y is & molar activity coeffi
cient. With the assumption that the ratio yH,_o/yTBPn 
is a constant in these dilute solutions, eq 2 suggests a 
log-log plot of the organic-phase water concentration 
(corrected for water uptake of the diluent), [H2O]0, vs. 
the equilibrium TBP concentration, [TBP]0, should 
generate a line of slope n, where n is the number of TBP 
molecules bound to each extracted water complex. 
Such plots are shown in Figures 1 and 2 for isooctane 
and 1,2-dichloroethane, respectively. In these figures, 
the data connected by a solid fine result from plotting 
[H20 ] o v s . the initial TBP concentration. It can be 
seen that for values below 0.2 M in dichloroethane and 
below 0.07 M  in isooctane a line of slope 1 can be 
drawn through the points. This suggests that a water 
complex containing only one TBP molecule occurs at 
these (and lower) TBP concentrations, at least when 
aw =  1; the majority of the TBP molecules, however, 
remain unhydrated. Without determining [H2O]0 
as a function of aw it cannot be definitely asserted how 
many water molecules are involved in the complex. 
However, from published2’7'8 and unpublished studies9 
made upon similar extractant-solvent systems, it is 
clear that the assumption of only one water molecule 
being involved is reasonable. That is, at or below 0.2 
M  in dichloroethane and 0.07 M  TBP in isooctane, the 
TBP-water species present is a predominantly 1:1 
(:n =  m =  1) complex. Correcting the TBP concen
trations to equilibrium values, [TBP]0, on this basis 
of as many TBP molecules complexed as there are ex
tracted waters, leads to the dashed curves in Figures 1 
and 2, and values of Ks ,0 for the dichloroethane and 
isooctane systems of 0.44 and 0.12 (mol/1.)-1, respec
tively.

For higher concentrations of TBP, the experimental 
points deviate from the line of unit slope. This result 
probably indicates a higher TBP-wrater complex is 
being formed, but we must also consider how the ac
tivity coefficients of the TBP and of the complex are 
varying. At some point, as the TBP concentration is 
increased, the properties of the solution begin to deviate 
significantly from those of the pure diluent. The in
dividual activity coefficients of the TBP and TBP • H20  
species change from their infinitely dilute solution 
values.10,11 But experience indicates that the coeffi
cients of such similar species change in the same direc
tion, that the assumption of a constant activity co
efficient ratio is still valid. Such ‘ ‘compensation”  of 
activity coefficient effects in extraction systems has 
been described by other authors.12'13 However, at 
some higher concentration of TBP, even the ratio of 
coefficients may no longer remain constant, and then

deviations from the straight line determined at lower 
concentration may occur even though no new species is 
formed. Experience with a number of extraction sys
tems seems to indicate that such behavior does not 
occur much below about 5 volume %  TBP (0.2 M ) .  
Thus the deviations observed in isooctane starting be
low 0.07 M  probably do indicate a new species. Defi
nite corroboration of the existence of at least one addi
tional water complex (in more concentrated solutions) 
has been obtained from nmr studies8,9 made on TB P- 
C C I 4  systems. But over most of the range of TBP 
concentrations in isooctane used in this work, and for 
all the 1,2-dichloroethane solutions, the 1:1 TBP-H 20  
complex is the dominant hydrated species.

A study of [H20 ] o for the TBP-CCh system, using 
both Karl Fischer titrations and normalized infrared 
intensities, has been published previously.2 The data 
presented are quite similar in form to those found in 
Figure 1. A 1:1 TBP-H20  complex occurs up to a 
TBP concentration of 0.1 M .  Beyond this concen
tration the water extraction curve again indicates the 
formation of an additional water-TBP complex. The 
K h2o for the 1:1 complex was 0.15 (mol/1.)-1.

TBP-HiO-HClOi or - HReOi. The extraction of 
HClOi or HReCh by solutions of TBP in a diluent may 
be expressed as

H+ +  X -  +  xR20  +  nTBP(org.) =

H +-»TB P-*H 20  • • • X -(org .) (3)

= H + -nTBP’ xH20(org.) +  X - (org.) (3')

■with the corresponding equilibrium constants

K a =  [H+-wTBP-a;H20  • • • X ' W

[TBP ]oni/TBPK(H2OR(HX) (4)

K d =  [H+• nTBP • FH20  ]o [X -  ]oi/±2/

[TBP ]„ni/TBp’I(H20 ) :c(HX) (4')

From log-log plots of the organic-phase acid concen
tration, [H+]o vs. the aqueous-phase activity product 
(HCKTOCfW))1 =  (Ihcio/ ,  with the TBP concentration 
held constant, it can be determined whether the extract
ing species is an ion pair (eq 4) or a pair of dissociated 
ions (eq 40- Such log-log plots are shown in Figure 3 
for 0.367 M  and 0.073 M  solutions in isooctane and for

(7) C . J. H a rd y , D . Fairhurst, H . A . C . M cK a y , and A . M . W illson , 
Trans. F araday Soc., 60, 1626 (1964).
(8) S. N ishim ura, C . H . K e, and N . C . L i, J. A m er. Chem. Soc., 90, 
234 (1968).
(9) J. J. B ucher, A . B eck , and R . M . D iam on d , unpublished  w ork .
(10) A . M . R ozen , L . P . K hork h orin a , V. G . Y u rk in , and  N . M . 
N o v ik o v a , D okl. A kad . N au k  S S S R , 153, 1387 (1963).
(11) D . D yrssen  and D j. P etk ov ie , J. Inorg. N u cl. Chem., 27, 1381 
(1965).
(12) S. S ierkierski, ib id ., 24, 205 (1962).
(13) A . M . R ozen , “ P hysica l C hem istry  o f S o lven t E x tra ctio n ,”  in 
“ S o lven t E xtraction  C h em istry ,”  D . D yrssen , J. L iljen zin , and J. 
R y d b erg , E d ., N orth -H o lla n d  P ublish ing  C o ., A m sterd am , 1967, pp  
195-235.
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0.367 M TBP solutions in CC14. (Experimentally, x 
has values near 3 and 5 for TBP-CC14 and TBP-iso- 
octane, respectively, as described below.) At low con
centrations of extracted acid all the points lie on lines 
of unit slope, suggesting that the extraction complex is 
associated as ion pairs. At higher concentrations, 
where curvature of the plot becomes pronounced, an 
increasingly large fraction of TBP is complexed with 
the extracted acid. Since such TBP is no longer free, 
this represents a serious departure from the required 
condition of a fixed equilibrium concentration of ex
tractant. The value of [H+]0 can be corrected to a 
fixed concentration of TBP by means of eq 5.

[H + y  =  [H+]0 [TBP ]o '” /  [TBP ]o" (5)

Here primed quantities refer to the condition of a fixed 
(initial) equilibrium concentration, and unprimed 
quantities denote the experimental values, among which 
[TBP]o can be obtained from the relationship

[TBP]„ = [TBPjinitia, -  [TBP-H2O]0 -  n[H+]0

(6)

By using the value n =  3 (whose origin is justified 
later) in applying eq 5 and 6 to correct the data in 
Figure 3, it can be seen that the points on the curved 
portions of the plots are brought onto the straight line 
of unit slope extended from the dilute solution regions 
where corrections are not necessary.

A similar plot for the system TBP-l,2-dichloro- 
ethane is given in Figure 4. With this diluent the slope 
observed is closer to 0.5 than to unity, suggesting the 
presence of a dissociated species (eq 1'). If so, the 
value of [H+]0 should be corrected by an electrostatic, 
or Debye-Hiickel, mean ion activity coefficient. An 
estimate of these coefficients, perhaps a tenuous one 
for a solvent with a dielectric constant of only 10.5, 
was made by using the Mayer-Poirier expression.14 
The computed values of y± were applied to the raw ex
traction data and gave the results indicated by the 
square symbols plotted in Figure 4. Clearly the appli
cation of the calculated y± values to the higher [H+]0 
concentrations lowers these data onto the line of slope 
0.5. This line has already been determined by the 
points at lower concentrations where activity co
efficients are negligibly different from unity. Thus, it 
may be concluded that over the entire range of extracted 
acid concentrations studied, the extraction complex in
1,2-dichloroethane is principally dissociated into two 
independent ions. This result is not unreasonable; 
Fuoss’s equation for ion-pairing would predict approxi
mately 70% free ions at the highest [H+]0 in Figure 4, 
for an a =  7 A .16 At yet higher organic-phase acid 
concentrations, however, the above conclusions may not 
still be true.

It is possible to determine the value of n, the number 
of TBP molecules coordinated in the extracted complex,

for each diluent-TBP system. From log-log plots of 
the extracted acid vs. TBP concentration at a constant 
aHcio/ or aHReo/, the slopes of the curves directly equal 
n for ion-paired complexes or 0.5?) for dissociated com
plexes. The TBP concentrations so used in Figures 5, 
6, and 7 are not equilibrium TBP but initial TBP con
centrations corrected for the amount of TBP bound in 
the acid complex. Except for the case where an ap
preciable amount of TBP is involved in the acid com
plex, correcting the data for the amount of TBP bound 
by water would only result in a parallel displacement of 
the curve and would not change the values of the slopes 
found in the slope analysis techniques employed in this 
paper.

The above outlined procedure is shown in Figure 5 
for TBP-CCh at two fixed concentrations of perrhenic 
acid, 1.60 M and 2.91 M. The plots of the raw data 
(solid lines) do not have a unique slope over the range of 
TBP concentrations used. It is evident, however, that 
a limiting slope equal to two (n =  2) can be obtained 
at the lower end. Extension of this line of slope two 
(dashed line) to higher TBP concentrations and subse
quent subtraction from the raw data yields a line whose 
slope is three (n =  3). It thus appears, for TBP con
centrations in CCL. less than 0.1 M, a two-TBP one- 
HReCh complex predominates, and that above 0.1 iff a 
three-TBP complex takes over. But above about 
0.2 M  TBP it may become questionable to use this type 
of slope analysis; activity coefficient ratios may not 
remain constant, as already mentioned in the TBP -^ O  
discussion, and such behavior would lead to (unknown) 
curvature in the lines.

In a previous study of HCIO4 extraction by TBP- 
CCh,2 only a three-TBP coordinated complex was 
found, in disagreement with the present finding of a 
2TBP complex, as well as a 3TBP species. The pre
vious result, however, is due to the experimental limita
tion of using TBP concentrations >0.0367 iff. With 
that restriction the present data would also yield a 
good fit to a value of n =  3 alone. It is only when 
more dilute TBP solutions are examined by means of 
R e04~ tracer that the existence of a 2TBP complex is 
clearly evident.

Another example of this behavior is shown in Figure
6. The lower curve is a log-log plot of [H+]0 vs. TBP 
in isooctane for 0.874 M  HRe04, and shows only a 
slope of 3 for the range of TBP concentrations studied, 
namely 0.3-0.02 M. But when a higher acid concen
tration is used so as to be able to carry the study to 
smaller TBP concentrations, evidence for a lower com
plex appears. The curve for 4.00 M  HC104 shown in 
Figure 6 covers the range of TBP concentrations from 
7 X 10-4 to 7 X 10~2 M  and clearly can be resolved into 
two components; predominantly a 3:1 complex above

(14) J .  C . P oirier, J. Chem. P hys., 21, 965 (1953).
(15) R . M . F uoss, J. A m er. Chem. Soc., 80 , 5059 (1958).
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7 X 10~3 M TBP and a 2:1 complex below that con
centration. It may be noted that this cross-over point 
is at an order of magnitude lower concentration in iso
octane than in CCh, as will be discussed later.

In Figure 7 the TBP dependence data are shown for 
TBP-l,2-dichloroethane. In this case the extracted 
species is dissociated into two ions; the value of the 
slope in the log-log plot is 0.5n and the raw data must 
be corrected by Debye-Hiickel type activity coeffi
cients.14 At the higher organic-phase acid concentra
tions where these activity coefficient corrections be
come noticeable, the corrected points are shown as open 
squares. A slope of 1.5 is obtained at both acid con
centrations, so that over the range of TBP concentra
tions from 3 X 10-3 iff to 3 X 10_1 M a dissociated 
3TBP complex is extracted. There is no evidence for 
a 2TBP complex in the range of TBP concentrations 
employed.

The amount of water associated with the extracted 
acid complex in TBP-isooctane is shown in Figure 8. 
The slope of line 3 in this figure indicates that four-to- 
five water molecules are coordinated to the ion-paired 
3TBP complexes formed at the TBP concentrations in
vestigated. A previous study of the TBP-CC14-  
HC104-H 20  system2 found a smaller number (~2.5) of 
water molecules coordinated to the acid complex. 
While the different amounts of water coextracted in 
these two solvent systems probably has significance, it 
will only be noted now that both systems have more 
than one water per acid. That is, both systems have 
sufficient coextracted water to allow the formation of a 
hydronium ion. It is this last fact, in addition to the 
finding of a 3TBP complex in CC14, which led to the 
previously suggested model for interpreting acid ex
traction data in these moderately basic organic sys
tems.

However, with the observation in this study of a 
2TBP complex in addition to the 3TBP complex, the 
question arises whether the previously suggested extrac
tion model is appropriate. Unfortunately, wc cannot 
determine the water coextracted by the 2TBP complex 
so as to prove that at least one water molecule is still 
involved with it; the concentrations where this species 
predominates are too low for satisfactory Karl Fischer 
determinations. But we believe the hydronium core 
model is still necessary to explain the present data. 
In each of the three diluent systems, over some range 
of TBP concentrations, a 3TBP complex is found. 
Without the existence of a hydronium ion, with its 
three positive charge sites, it is difficult to conceive how 
TBP coordination numbers of three could be obtained. 
It is suggested that the appearance of a 2TBP species 
at lower TBP concentrations is a natural consequence 
of the stepwise formation of coordination complexes, 
rather than an indication of the breakdown of the pro
posed model. This is analogous to the behavior found 
with metal complexes, where lower complexes appear

in the more dilute solutions of the complexing reagent 
and the (higher) saturated complex occurs in more con
centrated solutions.

Another interesting result of this study is the differ
ence in TBP concentration at which a 2TBP complex 
becomes dominant. In isooctane, the lower complex 
predominates only up to TBP concentrations of 0.007 
M, while it is the major species to almost 0.1 M in 
CC14. Clearly in the CC14 system one or more factors 
are operating to stabilize the 2TBP complex over the 
3TBP complex with respect to the situation in isooc
tane. It is probable that the main factor is the CC14 
molecule itself, providing solvation for both the TBP 
molecule and the extracted 2TBP-acid complex by 
means of dispersion force interactions via its chlorine 
atoms. Interaction of CC14 with the TBP molecules is 
confirmed by activity coefficient measurements on TBP 
in both TBP-CCh,10'16 and TBP-CCl4-H 2On systems. 
These show that the value of ymp initially decreases 
and then becomes constant at a reduced value as the 
amount of CC14 in the solution increases; there is a 
marked negative deviation from ideal behavior. The 
result of this interaction between CC14 and TBP corre
sponds to a reduction in the effective concentration of 
the latter (? /t b p  <1), leading to reduced extraction of 
the acid (see Table I) and a higher range of (stoichio
metric) TBP concentration for which the 2:1 acid com
plex dominates. But we must also consider the inter
action of CC14 with the extracted acid complexes. 
Although the situation is not exactly the same, it can 
be pointed out that the UChiNChVSTBP complex has 
also been shown to have attractive interactions with 
C C I 4 13' 16,17 as diluent; we think it is most reasonable 
that the hydronium ion-TBP complex should behave 
in a similar manner. This should be particularly true 
for the 2:1 complex, with its exposed site, the third 
hydronium hydrogen, and so would reduce the need of 
that complex for a third TBP molecule. The result is 
to again help increase the range of existence of the 2:1 
complex. Thus the interactions of CC14 with TBP 
and with the acid complex both tend to favor the lower 
complex, and the former interaction decreases all acid 
extraction while the latter helps extraction of the 2:1 
complex mainly.

The situation is just the opposite with isooctane as 
the diluent. Activity coefficient data for TBP (and 
for the U 02(N 03)2-2TBP complex) in hexane indicate 
that the hydrocarbons are not very effective in solvat
ing these species.10,17 The coefficients of TBP (and 
U 02(N03)2‘ 2TBP) increase in magnitude with increas
ing proportion of hexane. This time the deviations 
from ideality are positive. The effective concentra
tion of TBP in isooctane is greater than that indicated 
by the stoichiometric value ( j/ t b p  > 1 ) ,  and at any given

(16) A . A p elb la t and A . H orn ik ., Trans. Faraday S oc.,6 3 , 183 (1967).
(17) M . F . P ush lenkov, E . V . K o m a rov , and O. N . S h u va lov , Radio- 
kyim iya , 4, 543 (1963).
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TBP concentration the higher TBP-acid complex 
should be favored over the 2:1 species compared to 
CC14 as a diluent. This trend is reinforced by the rela
tively poorer ability of isooctane to solvate the 2:1 acid 
complex and displace a TBP molecule. The differences 
in behavior of 2:1 and 3:1 acid complexes in CCI4 and 
isooctane thus can be reasonably explained.

A comparison of the extraction data with 1,2-di- 
chloroethane and with isooctane points to still another 
factor which may be important in the extraction 
process. It is noted that only a 3TBP-acid complex is 
found in 1,2-dichloroethane at TBP concentrations 
equal to or lower than those which in isooctane show 
evidence for a 2TBP complex. It would surely be ex
pected that 1,2-dichloroethane would provide free 
TBP and the extracted complex with “ chemical solva
tion”  at least equal to that of isooctane. An estimate 
of the direction of change for the TBP activity coeffi
cient in 1,2-dichloroethane can be obtained from a dis
tribution experiment into water from 0.183 M  TBP in
1,2-dibromoethane, where rather strong negative non
ideality is indicated.12 It might then be expected that 
the interaction of 1,2-dichloroethane with TBP and 
with the extraction complex should yield behavior 
along the lines already found for the TBP-CCU sys
tem. The existence of a lower (2:1) complex might 
therefore be expected to be observed with 1,2-dichloro
ethane at an equal or higher TBP concentration than 
with isooctane. The two systems, however, have a 
major difference. In 1,2-dichloroethane, the extracted 
acid is dissociated; the ReCh-  anion is free of the cation 
complex, while in isooctane the anion is electrostatically 
bound to it. It may be that in isooctane and CCh the 
oppositely charged anion gives sufficient electrostatic 
solvation to the hydronium complex to help displace 
one of the coordinating TBP molecules, to help stabilize 
the lower coordination complex. But in dichloro- 
ethane, the lack of interaction of the dissociated anion 
with the hydronium cation reinforces the latter’s need 
for more complete coordination with TBP. Hence 
the 3:1 complex would be favored down to still lower 
TBP concentrations than in isooctane, as is observed 
experimentally.

It is evident that the resolved lines of slope two or 
three in Figures 5-7 only fit the data up to concentra
tions of about 0.2 M, and have fallen below the experi
mental points at 0.3 M  and higher TBP concentrations. 
From slope analysis this would indicate a still higher 
TBP complex. But the coordination of additional 
TBP molecules to the hydrated hydronium cation 
should be more difficult, though it is conceivable. It 
is unlikely that TBP could coordinate to C104~ or 
R e04~. We believe the enhanced extraction of acid 
at TBP concentrations above 0.2 M  is due mainly to 
the change in the nature of the diluent. It is no longer 
isooctane or C C I 4  or 1,2-dichloroethane, but an iso- 
octane-TBP or CCI4-TBP, etc., mixture with a signifi

cant proportion of TBP. The consequent changes in 
the physical and chemical properties of the diluent 
mixture naturally affect its extraction properties, and 
these changes probably are reflected in the breakdown 
of the assumption of a constant activity coefficient 
ratio i /H x /i/T B p ". This would mean that in CC14, i/ h x  
increases less rapidly with increasing TBP concentra
tion than does j/ t b p ", and in isooctane, j/ h x  decreases 
more rapidly than i/ t b p " . In the more concentrated 
TBP solutions, the extracted acid complex(es) obtain 
better solvation, relative to the TBP molecules them
selves, than in the dilute solutions.

The equilibrium constants for the extraction of 
HRe04 tracer by TBP dissolved in isooctane, CC14, and
1,2-dichloroethane as found in this study are listed 
in Table I. They are not true equilibrium constants,

Table I : Constants for the Extraction of HReCh

Diluent Macro-acid Kta A /1

Isooctane HCIO,
HReO,

5.0 X 10“ 3 8 . 3  X 10" 1 
7 . 6  X K T 1

CCI, HReO, 1.7 X 10“ 3 * 2.0 X 10~ 2 *

AY

1,2-Dichloroethane HReCb 2 . 4  x  1 0 - 4

as concentrations, rather than activities, have been 
used for the organic-phase species. But since the ratio 
of organic-phase activity coefficients appears to be 
constant in dilute solutions of TBP, the substitution of 
concentrations for activities in dilute solution should 
not lead to serious error. However, we shall use a 
different symbol, K ma'd, instead of K. The superscript 
indicates wffiether the species in question is associated
(a) or dissociated (d) and the subscript indicates 
whether a 2:1 or 3:1 complex is involved. The TBP
concentrations used in evaluating the K ’s are equilib
rium values, corrected for the TBP bound in the acid 
complex and to water. Finally, for calculating the 
aqueous activity of perrhenic acid, the activity co
efficient of perchloric acid18 at the same concentration 
was used.

Several points can be made from this table. It can 
be seen that the value of K3a in isooctane is ~ 4 0  times 
larger than that in CC14. We believe that this is 
mainly due to the stronger interaction of CC14 with 
TBP, effectively decreasing the concentration of TBP 
available to the acid complex and so indirectly hindering 
complex formation in CC14. The 3:1 acid complex is 
essentially coordinatively saturated by the TBP, and so 
is not greatly influenced directly by the nature of the 
diluent. But this is not true for the 2:1 complex which

(18) M . Gazith, Israel Atomic Energy Commission Report I A -1004,
(Oct 1964).
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has an open hydronium hydrogen, and so CCh can sol
vate this complex better than can isooctane. This en
hanced solvation by CC14 just about compensates for 
the effect of the enhanced interaction of CCh with TBP 
itself, and so the values of K2a are almost alike in the 
two diluents. The diluent 1,2-dichloroethane also 
must interact with TBP more strongly than does iso
octane, thus hindering formation of the acid complex,17 
but its most important property is its relatively high 
dielectric constant, which favors extraction and leads 
to dissociated ions in the extracted species. No 
evidence for a 2 :1 species was found in this system in the 
concentration range studied, and we believe that the 
loss of interaction with the anion in the dissociated 
species requires a more complete solvation of the cation 
by the TBP, thus favoring the 3:1 complex.

In this paper we have shown that the hydronium 
ion-TBP complex can have lower complexes than the 
saturated 3:1 species, and that the nature of the diluent 
employed affects both the magnitude of the extraction 
and the nature of the extracted complex in a reasonable 
way. Several other studies of HCKV9'20 or HReCh21 
extraction by TBP or TBP-diluent systems have been 
made. These studies, however, are either at higher 
concentrations of TBP than used in this study or use a 
different diluent, so that comparisons with the present 
work are difficult. In the next paper, this type of study 
will be extended to chloroform and to aromatic diluents.

(19) See ref 1-9 in D .C . Whitney and R. M. Diamond, / .  Phys. Chem., 
67,209 (1963).
(20) K. Naito and T . Suzuki, ibid., 66, 983 (1962).
(21) R. Colton, U .K .A .E .A . Report AERE-R3823 (Sept 1961).

Thermodynamic Properties in the Systems Vanadium-Hydrogen, 

Niobium-Hydrogen, and Tantalum-Hydrogen1

by Ewald Veleckis2 and Russell K. Edwards
Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 60616 (Received July 89, 1968)

Comprehensive thermodynamic studies have been conducted for the systems V-H (246-554°), Nb-H (352- 
671°), and Ta-H (350-631°) in the pressure range 1-800 Tori' by measuring the equilibrium hydrogen pressure 
as a function of composition. Each of these systems is comprised of a single solid phase in the temperature and 
pressure ranges studied. For each system a semiempirical equation, based on the statistical formulation of the 
simple interstitial solid solution model, is presented. The equations not only adequately reproduce the P-C-T 
data within the ranges of study but appear to be reliable to much lower temperatures. For example, they 
have been used to predict the T-C boundaries of immiscibility regions; for one system (Nb-H), for which 
comparison with an experimentally derived diagram is possible, agreement is very good. Calculated critical 
compositions, temperatures, and pressures are given. The partial and integral entropies and enthalpies of 
formation were calculated for the single-phase regions at 1 atom % intervals up to the maximum compositions 
of 34 (V-H), 39 (Nb-H), and 27 (Ta-H) atom %  H. The results are compared in detail with those of other 
work.

Introduction

Like palladium, the group Vb transition metals, 
vanadium, niobium, and tantalum, form with hydrogen 
wide ranges of solid solutions which, at lower tempera
tures, are interrupted by miscibility gaps. For the 
palladium-hydrogen system the pressure-composition- 
temperature (P-C-T) data have been obtained both 
above and below the critical temperature. For the 
V-H, Nb-H, and Ta-H  systems such data below the 
critical temperature are difficult to obtain because of 
the slowness of achieving equilibrium; nonetheless, 
these systems afford the opportunity of obtaining 
extensive P -C -T  data above the critical temperatures 
to contribute to the advance of theoretical models.

The reported P-C -T  work from which useful thermo
dynamic data have been or may be calculated consists 
principally of the following studies.3 Kofstad and 
Wallace4 obtained data for the system V -H  in the 
range 165 to 456°. The Nb-H  system, which received 
considerable attention because of the use of niobium 
in nuclear reactors, was investigated by Albrecht,

(1) Abstracted from the Ph.D. Thesis of E. Veleckis, Illinois Insti
tute of Technology, 1960.
(2) Address correspondence to the authors at Argonne National
Laboratory, Chemical Engineering Division, Argonne, 111. 60439.
(3) For more complete literature references refer to H. J. Gold
schmidt, “ Interstitial Alloys,” Butterworth and Co., Ltd., London, 
1967, Chapter 9.
(4) P. Kofstad and W . E. Wallace, J. Amer. Chem Soc., 81, 5019 
(1959).
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Figure 1. Schematic diagram of hydrogen-metal equilibration apparatus: A, porcelain specimen container; B, Vycor tube; C, 
porcelain protection tube; D, liquid metal bath; E, gas displacement rod; Fj, purification and storage furnace for hydrogen; F2, 
gettering furnace for helium purification; G, calibrated bulb for gas measurements; Mi, mercury manometer; M2, M3, oil 
manometers; Ti, T2, cold traps.

et al.b (100-900°), Komjathy6 (300-1500°), and Katz 
and Gulbransen7 (225-513°, by the microbalance tech
nique). The Ta-H system was studied by Kofstad, 
et al.s (300-400°) and by Mallett and Koehl9 (300- 
700°).

The present work was undertaken to establish for 
these systems more comprehensive and reliable P-C-T  
data suitable for detailed thermodynamic evaluation 
and for testing theoretical models.

Experimental Section
Apparatus. Figure 1 shows a schematic diagram of 

the apparatus. The metal specimen was placed in a 
small porcelain crucible, A, which, in turn, was intro
duced into a long Vycor tube, B. The tube was situ
ated within the porcelain protection tube, C, which was 
submerged in the liquid metal bath, D. A Vycor rod, 
E, was placed within the tube to minimize the gas 
volume. The gas pressure in the tube was measured 
with one of the two manometers: manometer Mi 
filled with mercury was used to measure pressures above 
20 Torr; manometer M2 filled with octoil was used for 
pressures in the range 1-20 Torr. In either case, during 
measurement, the mercury level was adjusted to mark 
a in the left arm of manometer Mi to maintain a fixed 
residual gas volume. The number of moles of gas 
to be introduced into this residual volume was quan
titatively measured in a calibrated bulb, G, having a

volume of 509.8 cm3. Fluctuations in the temperature 
of the bulb were reduced by covering it with several 
wrappings of aluminum foil. Temperatures of the bulb 
were measured with two thermocouples attached di
rectly to the glass; pressures of the gas in the bulb were 
read on manometer M 3 filled with octoil. To provide 
parallax-free readings the manometers were attached 
to etched scales backed by mirrors.

Hydrogen was admitted to the system through a 
liquid nitrogen trap, Ti, to rid the gas of condensible 
impurities. It next was passed over zirconium turnings 
contained in furnace Fi for further purification from 
gaseous impurities by the gettering action of zirconium. 
The turnings also served as a reservoir for storage of 
the large quantities of purified hydrogen needed for 
the experiments. Purification of helium, used for 
calibration, was accomplished in a parallel purification 
train consisting also of a trap, T2, and a furnace, F2. 
Furnaces Fi and F2 were operated at 800° whenever

(5) W . M . Albrecht, M. W . Mallett, and W . D. Goode, J. Electrochem. 
Soc., 105, 219 (1958); 106, 981 (1959).
(6) S. Komjathy, J. Less-Common Metals, 2, 466 (1960).
(7) O. M . Katz and E. A. Gulbransen, “ Columbium Metallurgy,” 
D. L. Douglass and F. W . Kunz, Ed., Interscience Publishers, New 
York, N. Y ., 1961, pp 523-537.
(8) P. Kofstad, W . E. Wallace, and L. J. Hyvonen, J. Amer. Chem. 
Soc., 81, 5015 (1959).
(9) M . W . Mallett and B. G. Koehl, J. Electrochem. Soc., 109, 611 
(1962).
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purification of either of the gases by gettering action 
was desired.

The system was evacuated by means of a mechanical 
forepump and a mercury diffusion pump. The vacuum 
obtained was generally 5 X 10 _6 Torr as read with the 
aid of a McLeod gauge.

An electric pot furnace was used for heating the 
liquid bath in which tube C (containing the hydrogen 
equilibration zone) was submerged. Above 350° lead 
was used for the bath; for lower temperatures Wood’s 
metal was employed. Pot capacity was about 20 1. 
The temperature of the bath was controlled so that 
the temperature of the metal sample was held constant 
to within 0.5°. A calibrated chromel-alumel thermo
couple was used for temperature measurements. It 
rested against the Vycor tube in the immediate vicinity 
of the specimen. The thermocouple was frequently 
recalibrated against tin, lead, zinc, antimony, and silver 
freezing point standards.

Procedure. A typical run was made as follows. A 
specimen of metal in foil form was accurately weighed 
and placed in a small porcelain crucible. The latter, 
along with the gas displacement rod, E, was enclosed 
within the Vycor tube, B, which was then attached to 
an auxiliary apparatus (not shown) and degassed at 
800-900° until a vacuum of 10~6 Torr was established. 
Following degassing, the specimen was saturated with 
hydrogen several times by repeated sorption and de
sorption. After the final desorption it was quenched 
in vacuo to room temperature by immersion of the 
Vycor tube in cold water. Pretreated in this manner 
the metals exhibited distinctly increased absorption 
rates.

The evacuated reaction tube was then attached to 
the main apparatus as shown in Figure 1 after the fur
nace had been heated to the desired temperature. The 
effective residual volume surrounding the sample (ex
tending to mark a of manometer Mx and stopcock S 
for the higher pressure measurements or to mark a 
and the variable meniscus level of the left arm of 
manometer M2 for the low-pressure measurements) 
was determined by calibration with helium at each 
furnace temperature anticipated for the subsequent 
hydrogen P -C -T  measurements. For this purpose 
purified helium was first admitted to the volume G 
where its pressure and temperature were measured. 
The gas was then transferred to the residual volume by 
simultaneously raising the mercury levels in the gas 
bulb G and in manometer Mi up to mark a in the left 
arm thus using the apparatus essentially as a Toepler 
pump.

After the helium was removed, hydrogen (obtained 
by heating the turnings in furnace Fi) was admitted to 
the residual volume in a manner similar to that per
formed in the helium calibration. Equilibrium pres
sures were measured following each successive addition 
of hydrogen.

The uptake of hydrogen by the metal specimen was 
generally quite rapid, but an equilibration interval was 
allowed before taking pressure readings. The attain
ment of equilibrium was judged to be complete when 
the pressure remained constant to within the error of 
observation for a period of at least 20 min. Tests with 
longer equilibration times established that this was a 
reliable criterion. The equilibration periods were, of 
course, temperature dependent. Thus, for tempera
tures above 400° equilibrium was achieved within 20 
min; at 300°, however, an interval of 2 hr was neces
sary.

Immediately after the equilibration and measure
ments following the final hydrogen addition, a “ desorp
tion”  measurement was carried out as a test of thermo
dynamic reversibility. This was accomplished by 
removing a measured amount of hydrogen from the 
specimen by Toepler pumping and measuring the pres
sure after the reestablishment of equilibrium.

At the end of the determination of a given pressure vs. 
composition isotherm the Vycor tube was closed off 
and disconnected from the apparatus by separation 
at the ball-socket joint. The metal specimen was 
then completely degassed in the auxiliary apparatus, 
quenched in vacuo to room temperature, and stored in 
preparation for the determination of another isotherm.

The composition of the solid solution after each suc
cessive equilibration (and pressure measurement) could 
be calculated from the net amount of hydrogen ab
sorbed (or desorbed) and the weight of the metal speci
men. Appropriate corrections were made for the gas 
remaining in the residual volume.

Materials. Niobium (99.8% pure) and tantalum 
(99.9% pure) were obtained from Fansteel Metallurgi
cal Corp. in the form of cold-rolled foil. The thickness 
of the niobium foil was 10 mils and of the tantalum 
foil 5 mils. Vanadium (99.5% pure), refined by the 
electron-gun process, was supplied in pellet form by the 
Vanadium Corp. of America; the pellets were flattened 
to 5-10 mils.

Since, for a given system, a single metal specimen was 
used for all absorption experiments, accumulation of 
contaminants from gaseous impurities was a possibility. 
Therefore, the impurity content was assayed (by 
means of vacuum fusion analysis) in both the degassed 
specimens remaining from the experiments and in rep
resentative portions of the as-received metals. The 
results of these analyses, shown in Table I, indicate that 
the accumulation of impurities was not large.

Before use the metal foils were cut in strips approxi
mately 1 in. wide. Specimen sizes were approximately
2.5 g for vanadium, 5 g for niobium, and 7 g for tan
talum.
Results

Presentation of Data. The basic data for each of the 
three studies are sets of pressure-temperature-eom-
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Table I : Gas Analysis Results for As-Received (a) and
Used (b) Specimens of Vanadium, Niobium, and Tantalum“

Sample Oi
Gas content, ppm 

N2 Hi

V anadium  (a ) 1360 43 4
(b ) 1460 39 2

N iob iu m  (a ) 233 0 .5 23
(b ) 487 5 4

T antalu m  (a ) 101 6 9
(b ) 228 8 9

“ Vacuum fusion analyses performed by the Chemical Research 
Services, Inc., Addison, 111.

position values. Because of the great bulk of data, 
they are only presented here graphically; however, they 
are also available in tabular form in a report.10 The 
graphs (Figures 2, 3, and 4) consist of families of iso
therms projected on the square root11 of hydrogen pres
sure vs. composition planes. The lines in Figures 2, 3, 
and 4 result from drawing smooth curves connecting the 
data points for each set of isothermal measurements. 
In the temperature ranges studied, all isotherms show 
monotonic increases of the hydrogen pressure with com
position. This indicates that each of the condensed 
hydrogen-metal systems has only a single homogeneous

O.l 0.2 0.3
Nh

Figure 2. Pressure isotherms for the system V-H: O, 
absorption measurements; •, desorption measurements.

Ewald Veleckis and R ussell K. Edwards

Figure 3. Pressure isotherms for the system Nb-H: O, 
absorption measurements; •, desorption measurements.

phase region. It is evident that with increasing tem
peratures and the consequent lower solubilities of 
hydrogen in the metal, the isotherms progressively ap
proach linearity as is expected according to Sieverts’ 
law. On the other hand, the isotherms become pro
gressively more curved with decreasing temperatures in 
a manner which suggests that at still lower temperatures 
a miscibility gap would exist in the condensed systems.

The desorption data are also shown in the graphs. 
No evidence of hysteresis was observed in any case; 
thus the hydrogen-metal reactions appear to be re
versible. Because of the particular apparatus used, the 
hydrogen pressures were limited within the range 1-800 
Torr. The error in the individual pressure measure
ments was estimated to be ±0.2 Torr.

The relative partial molal entropies and enthalpies 
were derived from sets of data taken from the smooth 
curves of Figures 2, 3, and 4 at selected compositions 
(1 atom %  intervals). A least-squares treatment of 
In •x/T’CTorr) = A +  B71-1 was performed to evaluate 
for each composition the parameters A and B which

(10) E. Veleckis and R. K. Edwards, Report AFOSR-1107 (available 
through the Clearinghouse for Federal Scientific and Technical In
formation, U. S. Department of Commerce, Springfield, Va., as A D - 
282433). This report is essentially identical with ref 1.
(11) At lower hydrogen concentrations it is generally expected that 
Sieverts’ law is obeyed i.e., V P/Nb. =  constant, where P is the hydro
gen pressure and N b is the atom fraction of hydrogen. This form of 
plotting is convenient since any nonlinearity of the plots provides a 
ready measure of the extent to which the solution deviates from 
Sieverts’ law.
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Figure 4. Pressure isotherms for the system Ta-H: O, 
absorption measurements; • . desorption measurements.

yield, respectively, the relative partial molal entropy 
(Sh — iA‘S°h2) = 22(ln\/760 — A) and enthalpy 
(Hh — l/iH°H,) =  RB for atomic hydrogen. The cor
responding integral quantities were derived, via the 
Gibbs-Duhem relation, from the relative partial 
molal quantities for hydrogen by a graphical evalua
tion of the integral12

fNuINu
AX t =  N M / (Xu -  h X° u t)d (N n /N u )  (1)

Here, AX{ (X = S, H) is the entropy (or enthalpy) of 
formation of one gram-atom of solid solution at atom 
fraction Nu from the solid metal and gaseous diatomic 
hydrogen (as an ideal gas) at a pressure of 1 atm; 
likewise (Xu — 1A ^ °h2) is the partial molal entropy 
(or enthalpy) of hydrogen atoms relative to gaseous 
diatomic hydrogen at 1 atm.

To handle the familiar problem of integration of the 
entropy from the infinite dilution limit, Sieverts’ law 
for hydrogen (and consequently Raoult’s law for metal) 
was assumed to be applicable for the composition in
terval IVh A 0.01. Therefore, the contribution to the 
entropy of formation in the interval ,VH = 0 to Nu =

0.01 was taken to be z(SK — 1A*S°h2)z +  R In (1 +  z), 
where zis the value of A h/A /m atiVH = 0 .0 1 , and (Su -
1/iS°Ht)z is the particular value of the relative partial 
molal entropy of hydrogen at the concentration repre
sented by 2.

The use of Sieverts’ law at compositions Nu <  
0.01 is subject to some question since more detailed 
plots than those shown in Figures 2, 3, and 4 indicate 
that at the lower temperatures appreciable deviations 
from Sieverts’ law occur eveninthiscompositionrange.13 
To assess the possible error resulting from the Sieverts’ 
law assumption, an alternative evaluation of (*SM — 
S°mA was carried out using data derived from a linear 
extrapolation to Nu = 0 (with the slope corresponding 
to that at the last observed point) of y/P/N vs. Nun 
plots. The discrepancy between the results for the two 
cases was < 5% , i.e., well within the experimental 
error. Thus, barring extraordinary deviations in the 
region of extrapolation, the Sieverts’ law assumption 
seems to be adequate.

The relative partial and integral entropies and en
thalpies for the three systems are listed as a function of 
composition at 1 atom %  intervals in Tables II and III. 
The assigned errors are the 95% confidence limits.

The partial molal entropy and enthalpy of the metal 
relative to pure solid metal (Xu — I ° M) are not listed 
since they can be readily calculated from the cor
responding partial quantities for hydrogen and the 
derived (eq 1) integral quantities by use of eq 2

AXt =  Nu(Xu ~  ’A X°u2) +  Nu(Xu — X ° m)  (2)

The results from this study are discussed below along 
with other work in the literature. The quality of ex
perimentation in metal-hydrogen systems has im
proved in recent years to a level which merits a detailed 
comparison among related investigations. For the 
three systems studied comparisons are made in Figure 5 
where the relative partial molal entropies, enthalpies 
(both taken as invariant with temperature), and free 
energies (calculated from the first two quantities for 
the arbitrary temperature, 400°) are plotted against 
composition. Only those studies which are readily 
amenable to the extraction of thermodynamic results 
were used in the comparison.

V-H System. The data for the 13 isotherms (246- 
554°) measured in the V -H  system are shown in Figure
2. The thermodynamic data are summarized in 
Tables Ila and Ilia. The results are in good agree
ment (see Figure 5a) with those obtained by Kofstad 
and Wallace,4 whose experiments were performed using 
vanadium of comparable purity. The free energy

(12) See, e.g. (a) O. Kubaschewski, E. L. Evans, and C. B. Alcoek, 
“ Metallurgical Thermochemistry,” Pergamon Press, Oxford, 4th 
ed, 1967, p 43 or (b) G. G. Libowitz, “ The Solid-State Chemistry of 
Binary Metal Hydrides,” W . A. Benjamin, Inc,, New York, N. Y ., 
1965, Chapter 4.
(13) This observation supports the earlier findings of “ complex be
havior in dilute solutions” by Kofstad, et al., for the T a-H 8 and V -H 4 
systems.
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Table II: Entropy Data in the Systems V-H, Nb-H, and Ta-H

,—  ------------------ (a) V-H ------------------
— [Sh -  ‘AS°h2], — ASf, - [Sh -  1/sS°Hs]p

-(b) N b-H -
-ASf,

,------------------------- (c )  T a - H
— [Sh -  '/!S°Hs]. -AS(,

100 A h cal/deg g-atom of H cal/deg g-atom cal/deg g-atom of H cal/deg g-atom cal/deg g atom of H cal/deg g-atom

0 CO 0 CO 0 03 0
1 4 33 ± 0 22 0 023 ± 0 002 4.91 ± 0 21 0 030 ± 0 001 4 74 ± 0 26 0 030 ± 0 003
2 5 94 ± 0 16 0 074 ± 0 003 6.36 ± 0 09 0 086 ± 0 002 6 16 ± 0 20 0 082 ± 0 005
3 6 89 ± 0 15 0 139 ± 0 004 7.18 ± 0 05 0 154 ± 0 003 7 08 ± 0 26 0 149 ± 0 007
4 7 54 ± 0 13 0 211 ± 0 005 7.77 ± 0 06 0 229 ± 0 004 7 70 ± 0 24 0 224 it 0 009

5 8 07 ± 0 08 0 291 ± 0 006 8.23 ± 0 06 0 311 ± 0 005 8 20 ± 0 22 0 304 ± 0 010
6 8 50 ± 0 06 0 375 ± 0 007 8.61 ± 0 07 0 396 ± 0 005 8 62 ± 0 19 0 389 ± 0 O il
7 8 89 0 05 0 463 ± 0 007 8.99 ± 0 07 0 485 ± 0 006 8 99 ± 0 18 0 479 ± 0 013
8 9 21 ± 0 05 0 556 it 0 008 9.30 ± 0 07 0 579 ± 0 006 9 31 ± 0 16 0 572 ± 0 015
9 9 51 ± 0 05 0 652 ± 0 009 9.60 =t 0 07 0 675 ± 0 007 9 62 ± 0 12 0 669 ± 0 016

10 9 77 ± 0 06 0 751 ± 0 010 9.92 ± 0 07 0 775 ± 0 008 9 93 ± 0 14 0 769 ± 0 018
11 10 00 ± 0 07 0 852 ± 0 Oil 10.17 ± 0 07 0 878 ± 0 008 10 21 ± 0 12 0 872 ± 0 020
12 10 25 ± 0 07 0 956 it 0 O il 10.38 ± 0 06 0 984 ± 0 009 10 43 ± 0 11 0 978 ± 0 021
13 10 45 ± 0 08 1 06 ± 0 01 10.59 ± 0 05 1 09 ± 0 01 10 64 ± 0 13 1 09 ± 0 02
14 10 67 ± 0 08 1 17 ± 0 01 10.79 ± 0 05 1 20 ± 0 01 10 81 ± 0 14 1 20 ± 0 03

15 10 88 ± 0 08 1 28 ± 0 01 10.99 ± 0 05 1 31 ± 0 01 10 98 ± 0 17 1 31 ± 0 03
16 11 10 ± 0 08 1 40 ± 0 01 11.16 ± 0 05 1 43 ± 0 01 11 17 =t 0 17 1 42 ± 0 03
17 11 26 ± 0 11 1 51 ± 0 02 11.34 ± 0 06 1 55 ± 0 01 11 36 ± 0 13 1 54 ± 0 03
18 11 43 ± 0 12 1 63 ± 0 02 11.53 ± 0 07 1 66 ± 0 01 11 57 it 0 18 1 66 ± 0 03
19 11 59 ± 0 13 1 75 ± 0 02 11.69 ± 0 07 1 79 ± 0 01 11 74 ± 0 25 1 78 ± 0 04

20 11 77 ± 0 13 1 88 ± 0 02 11.84 ± 0 05 1 91 ± 0 01 11 94 ± 0 25 1 91 ± 0 04
21 11 94 ± 0 12 2 00 ± 0 02 12.02 ± 0 05 2 04 ± 0 01 12 13 ± 0 17 2 04 ± 0 04
22 12 14 ± 0 19 2 13 ± 0 02 12.18 ± 0 05 2 16 ± 0 02 12 32 ± 0 23 2 16 ± 0 05
23 12 31 ± 0 14 2 26 ± 0 02 12.37 =b 0 06 2 29 ± 0 02 12 56 it 0 21 2 30 _1_ 0 05
24 12 55 ± 0 15 2 39 =t 0 03 12.53 ± 0 07 2 42 ± 0 02 12 84 ± 0 14 2 43 ± 0 05

25 12 78 ± 0 18 2 52 ± 0 03 12.68 ± 0 09 2 56 ± 0 02 13 05 ± 0 IS 2 57 ± 0 08
26 13 02 ± 0 30 2 66 ± 0 03 12.83 ± 0 09 2 69 ± 0 02 13 24 ± 0 27 2 71 ± 0 08
27 13 28 ± 0 34 2 80 ± 0 04 12.99 ± 0 09 2 83 ± 0 02 13 42 ± 0 36 2 85 ± 0 08
28 13 47 ± 0 30 2 95 ± 0 04 13.13 ± 0 10 2 97 ± 0 02
29 13 64 ± 0 39 3 10 ± 0 05 13.32 ± 0 12 3 11 dt 0 02

30 13 80 ± 0 39 3 24 ± 0 06 13.51 ± 0 12 3 26 ± 0 02
31 13 90 ± 0 34 3 40 ± 0 06 13.70 ± 0 11 3 41 ± 0 02
32 14 05 ± 0 34 3 55 ± 0 07 13.92 ± 0 15 3 56 ± 0 03
33 14 17 ± 0 68 3 70 ± 0 10 14.13 ± 0 15 3 71 it 0 03
34 14 44 ± 0 39 3 86 ± 0 11 14.36 ± 0 20 3 87 ± 0 03

35 14.56 ± 0 26 4 03 ± 0 04
36 14.80 ± 0 19 4 19 ± 0 04
37 15.03 ± 0 22 4 36 ± 0 05
38 15.28 ± 0 15 4 53 ± 0 05
39 15.58 ± 0 23 4 71 ± 0 07

curves of both studies superimpose throughout the 
entire composition range although the entropy and 
enthalpy curves diverge beyond the experimental 
error below 7VH =  0.15.

Nb~H System. The twelve isotherms obtained for 
the niobium-hydrogen system in the temperature 
range 352-671° are represented in Figure 3. The 
thermodynamic data are listed in Tables lib  and
m b .

The detailed comparison of the thermodynamic 
results of this study with other work reported6-7 is 
made in Figure 5b. The free energy data are in 
excellent agreement with those of Katz and Gulbran-

sen7 and the generally good agreement with the data 
of Albrecht, et al.,6 over most of the composition range 
becomes excellent at the more dilute concentrations.

The agreement in the entropies and enthalpies 
among these three studies is also quite satisfactory 
although the values obtained by Albrecht, et al., do not 
quite fall within the combined error limits. The re
sults of Katz and Gulbransen, which are in excellent 
agreement with this work over most of the composition 
range, show divergence at compositions A h <  0.07. 
For instance, in this range, their (HH — 1/ 2f f 0H.>) vs. 
NH plot shows an abrupt change in slope. No such 
change was observed either by us or by Albrecht, et al.,
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Table III: Enthalpy Data in the Systems V-H, Nb-H, and Ta-H

--------------- (a) V
-  [Hh -  1AH'0Hj I,

-H--------------------x
-AH,,

■-------------------- (b)
-  [ÀH -  V!H°hs],

Nb-H--------------------,
— AHf,

■-------------------- (C)
- P ? h -  ‘Aff°n,h

Ta-H----------------- ,
— AH{,

lOONn keal/g-atom of H keal/g-atom keal/g-atom of H kcal/g-atom keal/g-atom of H keal/g atom

0 6.93 ±  0 . 1 3 0 8.44 ±  0 . 1 4 0 8.05 ±  0 . 1 9 0
l 7 .00 ±  0 . 1 4 0.070 ±  0.001 8 . 57  ± 0 . 1 5 0.085 ±  0.001 8 . 1 1  ±  0 . 1 8 0.081  ±  0.001
2 7 . 03  ±  0 . 1 0 0 . 14 0  ±  0.002 8.65 ±  0.06 0 . 1 7 1  ±  0.002 8 . 1 5  ±  0 . 1 4 0 . 1 6 2  ±  0.002
3 7 . 1 5  ±  0 . 1 0 0 . 2 1 1  ±  0.003 8.69 ±  0.04 0.258 ±  0.002 8. 25  ±  0 . 1 8 0.244 ±  0.004
4 7 . 2 3  ± 0 . 0 8 0.283 ±  0.004 8. 73  ± 0 . 0 4 0.345  ±  0.003 8. 30  ±  0 . 1 8 0. 327  ±  0.006

5 7 . 3 2  ± 0 . 0 5 0.356 ±  0 004 8.78 ±  0.04 0.432 ±  0.003 8.36 ±  0 . 1 6 0 . 41 0  ±  0.008
6 7 . 3 8  ±  0.04 0.429 ±  0 005 8 . 81  ± 0 . 0 5 0 .520 ± 0 . 0 0 3 8 . 41  ± 0 . 1 4 0.494 ± 0 . 0 0 9
7 7 .46 ±  0.03 0.504 ±  0.005 8.90 ± 0 . 0 5 0.609 ±  0.004 8.47  ±  0 . 1 3 0.579 ±  0 .01 0
8 7 . 52  ±  0.04 0.579 ±  0.006 8.97 ± 0 . 0 5 0.699 ±  0.005 8. 52  ±  0 . 1 2 0.664 ±  0 . 01 2
9 7 . 58  ±  0.03 0.654 ± 0 . 0 0 6 9.04 ±  0.05 0.789 ±  0.005 8. 58 ±  0.09 0.750 ±  0 . 0 1 3

10 7 . 6 1  ±  0.05 0 . 7 31  ±  0.006 9 . 1 5  ±  0.05 0.880 ±  0.006 8.66 ±  0 . 1 0 0.836 ±  0 .0 1 4
1 1 7 .68 ±  0.05 0.807 ±  0.007 9.22  ±  0.05 0.973 ± 0 . 0 0 6 8. 72  ± 0 . 0 8 0.924 ±  0 .01 6
12 7 . 7 5  ± 0 . 0 4 0.885 ±  0.006 9.28 ±  0.04 1 .0 6 ± 0 . 0 0 7 8.76 ±  0.08 1 . 0 1  ± 0 . 0 2
13 7 .79  ±  0.05 0.963 ±  0.009 9.34 ± 0 . 0 4 1 . 1 6  ± 0 . 0 1 8.80 ±  0.09 1 . 1 0  ± 0 . 0 2
14 7 . 85  ± 0 . 0 5 1 . 0 4  ± 0 . 0 1 9 .4 1  ±  0.04 1 . 2 5  ± 0 . 0 1 8 . 81  ±  0.09 1 . 1 9  ± 0 . 0 2

15 7 . 9 1  ± 0 . 0 5 1 . 1 2  ± 0 . 0 1 9.48 ±  0.04 1 . 3 5  ± 0 . 0 1 8.82  ±  0 . 1 2 1 . 2 8  ± 0 . 0 2
16 7 .98 ±  0.05 1 . 2 0  ± 0 . 0 1 9.54 ±  0.04 1 . 4 4  ± 0 . 0 1 8.86 ±  0 . 1 2 1 . 3 6  ± 0 . 0 2
17 8.02 ±  0.06 1 . 2 8  ± 0 . 0 1 9 .6 1  ± 0 . 0 4 1 . 5 4  ± 0 . 0 1 8.90 ±  0 . 1 3 1 . 4 5  ± 0 . 0 2
18 8.06 ±  0.08 1 . 3 6  ± 0 . 0 1 9.69 ±  0.05 1 . 6 4  ± 0 . 0 1 8.96 ±  0 . 1 3 1 . 5 4  ± 0 . 0 2
19 8 . 1 0  ±  0.07 1 . 4 5  ± 0 . 0 1 9.74 ±  0.05 1 . 7 4  ± 0 . 0 1 8.99 ±  0 . 1 8 1 . 6 4  ± 0 . 0 3

20 8 . 1 4  ±  0.08 1 . 5 3  ± 0 . 0 1 9.80 ± 0 . 0 4 1 . 8 4  ± 0 . 0 1 9.03 ±  0 . 1 7 1 . 7 3  ± 0 . 0 3
21 8 . 1 9  ±  0.07 1 . 6 1  ± 0 . 0 1 9.88 ±  0.04 1 . 94  ± 0 . 0 1 9.07 ±  0 . 1 2 1 . 8 2  ± 0 . 0 3
22 8 . 2 5 ± 0 . 1 1 1 . 7 0  ± 0 . 0 1 9.95 ±  0.04 2 .04 ± 0 . 0 1 9 . 1 1  ± 0 . 1 6 1 . 9 1  ± 0 . 0 4
23 8. 30  ± 0 . 0 9 1 . 7 8  ± 0 . 0 2 1 0.04 ± 0 . 0 4 2 . 1 4  ± 0 . 0 1 9 . 1 8  ±  0 . 1 4 2 .00  ± 0 . 0 4
24 8.38 ±  0.09 1 . 8 6  ± 0 . 3 2 1 0 . 1 1  ± 0 . 0 5 2 . 24  ± 0 . 0 1 9.28 ±  0.09 2 . 1 0  ± 0 . 0 4

25 8.45 ± 0 . 1 0 1 . 9 5  ± 0 . 3 2 1 0 . 1 8  ±  0.06 2 . 3 5  ± 0 . 0 1 9 .32  ±  0 . 1 1 2 . 1 9  ± 0 . 0 5
26 8. 52  ± 0 . 1 8 2 .04 ± 0 . 3 2 1 0 .2 3  ± 0 . 0 6 2 .4 5 ± 0 . 0 1 9.34 ± 0 . 1 8 2 .29  ± 0 . 0 5
27 8.59 ±  0 . 1 9 2 . 1 3  ± 0 . 0 2 1 0 . 30  ±  0.06 2 .56  ± 0 . 0 1 9.34 ±  0.24 2 . 3 8  ± 0 . 0 6
28 8.62 ± 0 . 1 7 2 . 2 2  ± 3 . 0 2 1 0 . 3 5  ± 0 . 0 7 2.66 ± 0 . 0 2
29 8.62 ±  0.22 2 .3 0  ± 0 . 0 3 10 .44  ± 0 . 0 8 2 . 7 7  ± 0 . 0 2

30 8 . 61  ±  0 .22 2 . 3 9  ± 0 . 0 3 1 0 .5 2  ± 0 . 0 8 2 .88 ± 0 . 0 2
3 1 8.64 ±  0 . 1 9 2 .48 ± 0 . 0 4 1 0.59  ±  0.08 2.99 ± 0 . 0 2
32 8.49 ±  0 . 1 9 2 . 5 7  ± 0 . 0 4 10.68 ±  0 . 1 1 3 . 1 0  ± 0 . 0 2
33 8.40 ±  0.38 2.66 ± 0 . 0 6 1 0 .7 5  ±  0 . 1 1 3 . 2 1  ± 0 . 0 2
34 8.39 ±  0.22 2 .7 4  ± 0 . 0 6 1 0.83  ± 0 . 1 4 3 . 3 2  ± 0 . 0 2

35 1 0 .87  ± 0 . 1 8 3 . 44  ± 0 . 0 3
36 1 0 . 92  ±  0 . 1 2 3 . 5 5  ± 0 . 0 3
37 1 0 .95  ±  0 . 1 5 3 . 67  ± 0 . 0 4
38 1 0. 97  ±  0 . 1 0 3 . 7 8  ± 0 . 0 4
39 1 0.98 ±  0 . 1 5 3 . 90  ± 0 . 0 5

and the conclusion of Katz and Gulfcransen that the 
change in M -H  bond strength is “ larger for the first 
small additions of hydrogen”  does not seem to be war
ranted.

Ta-H System. The nine isotherms obtained for the 
tantalum-hydrogen system in the temperature range 
350-631° are represented in Figure 4. The thermody
namic data are listed in Tables lie  and IIIc.

Comparison of the thermodynamic results of this 
study with those of other work is made in Figure 5c. 
The free energy data of Kofstad, et al,,8 and of Mallett 
and Koehl9 are in excellent agreement with ours. The 
entropy and enthalpy data of the twe studies diverge 
from ours beyond the experimental error. Since the

divergence is in opposite directions, our values are 
probably to be preferred.

Discussion
In the simplest of the several theoretical models14 

which have been used to describe metal-hydrogen sys
tems, it is assumed that hydrogen atoms form solutions 
by entering interstitial positions within a perfect metal 
lattice.16 This assumption may be adequate for the 
systems V-H , Nb-H, and Ta-H (as well as Pd-H) 
since in these cases the hydrided materials have the

(14) See, e.g., G. G. Libowitz, J. Nucl. Mat., 2 ,1  (1960).
(15) A. L. G. Rees, Trans. Faraday Soc., 50, 335 (1954).
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(a) V - H (b) Nb-H (c) T a -H

--------- THIS STUDY --------  THIS STUDY
-------- KOFSTAD 8  WALLACE -------- KATZ 8  GULBRANSEN

-------- ALBRECHT, GOODE 8
MALLETT 

--------  KOMJATHY

--------  THIS STUDY
---------KOFSTAD, WALLACE 8

HYVÖNEN
--------  MALLETT 8  KOEHL

Figure 5. Comparison of thermodynamic data with literature values for the systems V-H, Nb-H, and Ta-H. The free 
energies are calculated for 400°.

same crystal structures as their parent metals. Nmr 
studies16 of tantalum and vanadium hydrides have been 
interpreted17 as indicating that hydrogen atoms are 
quite mobile within the lattice as would be appropriate 
for solution behavior. Thus this simple model was 
chosen to provide a mathematical framework for 
extrapolation of data toward lower temperatures where 
phase diagram features might be revealed.

According to the model chosen, the P -C -T  rela
tionships can be represented by eq 316’18

y/P =  K[r/{s — r ) ]  ex p [(l/A T ) X

( 3 /a r ) ( F F + * r Z > 0) ]  (3)

where P is the hydrogen pressure, r is the H /M  atom 
ratio, s is the number of sites available for hydrogen 
atoms in the metal lattice per metal atom, W is the 
energy of hydrogen atoms dissolved in 1 gram-atom 
of metal with the reference state taken as that of free 
hydrogen atoms at rest, D0 is the dissociation energy of 
the hydrogen molecule in the ground state, and A  is a

(16) R  A. Oriani, E. McCliment, and J. F. Youngblood, J. Chem. 
Phys., 27, 330 (1957).
(17) K. M . Mackay, “ Hydrogen Compounds of the Metallic Ele
ments,”  E. and F. N. Spon, Ltd., London, 1966, p 48.
(18) R. H. Fowler and E. A. Guggenheim, “ Statistical Thermody
namics,” The University Press, Cambridge, 1956, Chapter X III .
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slowly varying function of temperature generally as
sumed to be constant over the temperature ranges 
involved.

Equation 3 being an equivalent form of the expression 
for the relative partial molal free energy of hydrogen, 
(Gh — 1AG?0h2) =  RT In y/P, can be conveniently sepa
rated into its entropy and enthalpy components

0§H -  §£°h2) = - R { l n  K  +  In [r /(s  -  r ) ] j  (4)

(Hk — %H° hj) =  (d/dr)(W +  (r/2)D0) (5)

From the observed entropy data (Table II), the 
values of parameters K  and s were computed by the 
Newton-Raphson successive approximation method19 in 
which assumed values were statistically adjusted to 
provide the best fit to eq 4. For the analysis of the 
relative partial molal enthalpy, eq 5 was expressed 
as

(Hs  -  iH °h2) =  E  A r  (6)
*=0

where A /s  are the interaction energy parameters, A 
quartic polynomial was required to fit the enthalpy 
data (Table III) adequately, although, in the case of 
the Pd-H  system polynomials of only two20 or three21 
terms have proven to be satisfactory. Calculated 
values of the parameters K, s, and A »are listed in Table
IV.

Table IV : Parameters of Eq 7 and Critical Constants 
in the Systems V-H, Nb-H, and Ta-H

V-H Nb-H Ta-H

K, atm1/2
s
do, cal/g-atom 

of H
At, cal/g-atom 

of H
cal/g-atom 

of H
As, cal/g-atom 

of H
At, cal/g-atom 

of H
r„
to, °c
P c, Torr

801
0.779

-6 .9 3  X 103

-6 .5 0  X 103

5.09 X 103

-1 .5 1  X 103

9.57 X 103 
0.21 

51
9.0 X 10~ 4

1024 
, 0.904

-8 .4 3  X 103

-7 .9 5  X 103

1.76 X 104

-3 .8 4  X 104

3.22 X 104 
0.37 

183
5.2 X IO" 2

760
0.702

-8 .0 5  X 103

-6 .6 2  X 10s

1.66 X 104

-3 .3 9  X 104

3.37 X 104 
0.20 

-5 9
4.2 X IO' 11

Combination of eq 3, 5, and 6 gives the semiempirical 
equation

y/P =  K\r/ (s — r) ]  exp RT

i=4
YjAirt (7)

where P  is the hydrogen pressure in atmospheres and R, 
the gas constant, is 1.987 cal/deg g-atom of H. With 
the listed parameters it permits the calculation of the 
P-C -T  relationships for the systems V-H , Nb-H, 
and Ta-H for the temperature and composition range

of the experiments. The families of isotherms in 
Figures 2, 3, and 4 can be reproduced generally within 
^ 3 %  and with a maximum discrepancy of ~1Q%  in P 
except for the steepest portions of the two lowest 
temperature isotherms in the V -H  system where the 
error reaches ~20% . It seems reasonable that eq 7 
will retain its validity to both higher and lower tem
peratures.

The equation was therefore used to extend the P -C - 
T relations to lower temperatures where hydrogen pres
sure measurements are impractical. The critical 
compositions, temperatures, and pressures were cal
culated (also listed in Table IV) from eq 7 and from the 
two additional equations that characterize the critical

Figure 6 . Phase diagrams and isobars for the systems V-H,
Nb-H, and Ta-H : ------■, calculated from eq 7 ; ----------- , from
25, 24, and 26, respectively.

(19) J. B. Scarborough, “ Numerical Mathematical Analysis,” 4th ed, 
The Johns Hopkins Press, Baltimore, Md„ 1958.
(20) J. R. Lacher, Proc. Roy. Soc., Al61, 525 (1937). Lacher used 
W — —EhT ~ {E rb./s)r2, where En is the molal energy of hydrogen 
atoms and ^hh is the nearest-neighbor molal interaction energy. 
Substitution of this expression into eq 3 gives what is widely known 
as Lacher’s formula.
(2 1 ) A Harasima, T. Tanaka, and K. Sakaoku, J. Phys. Soc. Jap., 3, 
208 (1948).
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point, i.e.

[(a  In V P ) /* • > . =  0; [ (a 2 In V W ) > „  = o (8)

Comparison of these critical constants with those from 
another evaluation (Albrecht, et al,6) can be made for 
the case of Nb-H  systems. These investigators used 
both X-ray and hydrogen pressure data to obtain ra = 
0.3, te =  140°, and P„ =  0.01 Torr with which our 
results are in good agreement.

Equation 7 was also used to estimate the boundaries 
of the region in which the metal phase, a, coexists at 
equilibrium with the hydride phase, a'. Throughout 
this region the hydrogen pressure isotherms derived 
from eq 7 assume sigmoidal shapes characteristic22 of 
phase instability. For the systems at equilibrium the 
sigmoid regions must, of course, be replaced by horizon
tal lines. These were evaluated by making use of the 
equal area rule.23 The terminal intersections of the 
horizontal lines with the derived isotherms define the 
boundaries of the (a +  a') coexistence regions. The 
conventional temperature vs. composition diagrams 
(i.e., projections of the boundary points on the t vs. Nh 
plane) constructed by this method are shown in Figure
6. Also shown are some representative isobars as 
calculated from eq 7.

For the Nb-H system a complete phase diagram was 
recently determined by Walter and Chandler24 by hot- 
stage X-ray diffraction and differential thermal analysis. 
Their diagram is shown for comparison in Figure 6 
(dashed lines). Except for minor discrepancies at the 
higher temperatures, there is exceptionally good agree
ment between our calculated and their experimental 
boundaries in the (a +  a') region. A more complicated 
theoretical model, such as that proposed by Rees,16 
subdividing the sites available for hydrogen occupancy 
into statistical classes, would have been required to 
have provided an adequate framework for an equation 
capable of predicting the second two-phase field (a +  
j8). The isobars sketched in Figure 6 in the (a +  ¡3), 
(a +  /?), and /3-phase regions are invalid since the exist

692

ence of the (3 phase was not recognized by the model 
used.

Directly determined phase diagrams for the V -H  and 
Ta-H  systems are not well defined, but those available 
are shown in Figure 6 (dashed lines) for comparison. 
The tentative diagram obtained from X-ray diffraction 
studies at temperature has been presented by Maeland26 
for the V -H  system. The two-phase region predicted 
by our calculations is confirmed by Maeland’s diagram 
although the agreement of the boundary compositions 
is not good. For the Ta-H system Waite, Wallace, 
and Craig26 have constructed a composite phase dia
gram using the heat capacity data of Kelley27 and their 
own X-ray diffraction and electrical resistance results. 
Here again the two-phase field which we predict is 
confirmed but the agreement of the boundary composi
tions is poor.

A comment is in order on the magnitude of the param
eter s. The values listed in Table IV do not nec
essarily represent actual solubility limits as might be 
inferred from eq 7. Higher hydrogen concentrations 
have been obtained by use of more severe hydriding 
conditions.28 The implication in eq 7 results from the 
simplicity of the model used.
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(22) Reference 18, p 558.
(23) Reference 18, p 315.
(24) R. J. Walter and W . T. Chandler, Trans. Met. Soc. A IM S, 233, 
762 (1965).
(25) A. J. Maeland, J. Phys. Chem., 68, 2197 (1964).
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Radiative and Radiationless Processes in Aromatic Molecules. Coronene 

and Benzcoronene1

by William R. Dawson and John L. Kropp
Chemical Sciences Department, TRW  Systems, Redondo Beach, California (,Received August 8, 1968)

The lifetimes of fluorescence and phosphorescence as well as the quantum yields of fluorescence, phosphores
cence, and triplet formation have been measured at temperatures between —196 and 23° for samples of coron- 
ene-hi2, coronene-d12, and benzcoronene in poly (methyl methacrylate). The rate constants for radiationless 
and radiative deactivation of the lowest excited singlet and triplet states Si and Ti have been calculated from 
the lifetimes and quantum yields. The rate constants for radiative deactivation of both Si and Ti are constant 
between —196 and 23° for coronene-/ii2, coronene-di2, and benzcoronene. Rates of intersystem crossing from 
Si to Ti are also insensitive to variation of temperature. The radiative rate constants for depopulation of Ti 
are the same for coronene-/q2 and coronene-d  ̂but the radiative rate constant for depopulation of Si is 7% higher 
for coronene-/ii2 than for coronene-di2. No significant radiationless deactivation of Si directly to the ground 
state has been found for coronene-/^ or coronene-di2 between —196 and 23°. However, in the case of 
benzcoronene direct radiationless deactivation of Si to the ground level does occur at 23° but not at —196°. 
This is associated with the decrease of the fluorescence lifetime of benzocoronene with increasing temperature. 
An activation energy of 514 cm-1 for radiationless deactivation of Si can be obtained from the fluorescence 
lifetimes.

Introduction
Processes by which molecules relax from their ex

cited states are of great interest. Models and theories 
to explain the radiative and radiationless internal con
version processes in aromatic molecules have been pos
tulated.2-4 Accurate specific rates of the various proc
esses may be useful in testing these various theories of 
radiationless transitions. What are needed to calculate 
the various specific rates are measurements of the fluores
cence yield, $f, the phosphorescence yield, $p, the 
triplet yield, $T, the fluorescence lifetime, t f , and the 
phosphorescence lifetime, rp.

We have developed techniques for measuring these 
parameters as a function of temperature and thus de
termining the variation of specific rates as temperature 
is varied. Initially, coronene-fii2, coronene-di2, and 
benzcoronene dissolved in poly(methyl methacrylate) 
(PMM) have been studied. We had originally studied 
delayed fluorescence in coronene-/q2 and coronene-di2.6 
In that work we assumed that $ f was constant with 
temperature. It was desirable to check this assump
tion experimentally. We were also interested in study
ing radiationless processes as a function of temperature. 
Coronene has a long singlet and triplet lifetime and a 
large phosphorescence yield, hence it is a convenient 
compound for these studies also. Benzcoronene was 
also studied to compare results with those obtained for 
coronene. PMM was chosen as a matrix since it has 
no first-order phase transitions between —196 and 100°. 
Thus it presents a relatively stable environment to the 
aromatic hydrocarbon.

Determination of Rate Constants
Figure 1 shows the energy level diagram for a typical 

hydrocarbon. The paths of radiative and radiationless

deactivation of the lowest excited singlet Si and the 
lowest triplet Tx are given together with the rate con
stants. In Figure 1, k x is the rate constant for fluores
cence, k 2 that for deactivation of Si directly to ground, 
and k2 that for intersystem crossing from Sj to Tp, 
kt is the rate constant for triplet emission and kb the rate 
constant for radiationless deactivation of the triplet. 
The following equations give the relation of the mea
sured parameters to the rate constants determined.

<i>F =  ( fc i  +  hi +  k2) ~ t p  =  (ki -f- fc5) - 1

$F =  klTF] <f>T = fcjTF,' i*P = /Cli’T'Tp

The individual rate constants can be separated from the 
above relations so that they can be evaluated from 
measured parameters.6

h =  $ F 7 F  1 = 1 / TF.O ( 1 )

k-2 ==  ( 1  - — ( 2 )

h  = t f ^ t "-1 ( 3 )

*4 = 1r p ” 1 =  1 / t p ,o ( 4 )

kb :=  ( 1  - “ 1 ) r p - 1 ( 5 )

where rF,o and tPi0 are the radiative lifetimes, respec
tively, of phosphorescence and fluorescence.

By using these equations together with the observed

(1) Supported by the Office of Naval Research under Contract 
N 00014-67-C 0327.
(2) (a) G. W . Robinson and R. P. Frosch, J. Chem. Phys., 38, 1187
(1963); (b) M . Gouterman, ibid., 36, 2846 (1952).
(3) E. F. McCoy and I. G. Ross, Aust. J. Chem., 15, 573 (1962);
G. R. Hunt, E. F. McCoy, and I. G. Ross, ibid., 15, 591(1962).
(4) S. H. Lin, J. Chem. Phys., 44, 3759 (1966).
(5) J. L. Kropp and W . R. Dawson, J. Phys. Chem., 71, 4493 (1967).
(6) M . W . Windsor and W . R. Dawson, Mol. Cryst. 4, 253 (1968).
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Figure 1. State diagram of aromatic molecules and the 
first-order rate constants for deactivation of the lowest 
excited singlet and triplet states, Si and TV

values for the parameters, the various rate constants can 
be determined.

Experimental Section
Materials and Sample Preparation. The purity of 

coronene-/ii2 and of coronene-di2 used were the same as 
before.6 Benzocoronene was used as received from 
Rutgerswerke. PMM samples were prepared as pre
viously described.6

Measurement of $F, <E>p,tp, and rF- The method used 
for determining the fluorescence yield $F and phos
phorescence yield $p between —196 and 23° is a modifi
cation of the technique used for measuring $F and $P, of 
aromatic compounds in PMM at room temperature and 
described in detail elsewhere.5 The essential features 
of this method are summarized here. Luminescence, 
emitted from the front face of a PMM sample upon 
which the excitation light impinges, is detected with an 
EMI 9558B multiplier phototube. <i>F and $P are 
determined from two measurements: (1) the equilibrium 
phototube output due to fluorescence and phosphores
cence detected together with the excitation light on, 
and (2) the output due to phosphorescence detected 
immediately after the excitation is shut off. A PMM 
sample containing 1.0 X 10-3 M  pyrene is used as a 
luminescence standard at 23°; Melhuish determined 
that $F for pyrene in PMM has a value of 0.61.7

The above method must be modified to permit mea
surements below room temperature. Figure 2 shows 
the cell used. The outer cell consists of a Pyrex top, 
B, and a square-section quartz bottom, A, 1.5 in. on a 
side. Tube J is joined to part B at the top and to a 
copper block E, at the bottom by a Pyrex-Kovar seal
D. Tube J serves as a reservoir for liquid nitro
gen or other coolant. The copper block contains a hole 
with a 0.50-in. aperture F in the front face. The PMM 
sample G is placed in the copper block and a back plate, 
M, is screwed on to hold it in place. The copper 
block is then put reproducibly into the bottom section A 
by mating B and A. The two sections are mated at a 
flat, ground seal and are clamped together reproducibly

Figure 2. Front and side views of the cell for measurement 
of fluorescence and phosphorescence yields 
between —196 and 23°.

with a yoke. The copper block is positioned so that 
the front edge of the PMM sample is less than 2 mm 
from the quartz surface. This arrangement eliminates 
scattering of excitation and fluorescence or phosphores
cence light by the corners of the quartz tube.

The PMM sample is cooled by pouring liquid nitrogen 
through the tube J into the reservoir in the copper 
block. The temperature of the sample is determined by 
using a copper-constantan thermocouple wire L whose 
junction is in the copper block. The entire apparatus is 
evacuated through K to maintain a low temperature. 
A nichrome heating wire H attached to the outside of 
the quartz bottom prevents frosting of A.

The cell in Figure 2 was made to be compatible with 
the apparatus for measuring luminescence yields. 
Care was taken that the PMM samples were not ex
posed to oxygen from the time they were being pre
pared until the measurements were completed. The 
PMM samples in their original evacuated tube and all 
cell components were put into a nitrogen-filled glove 
bag. The PMM samples Avere then broken from the 
tube and quickly ground and polished. They were 
put into the copper block and the entire cell assembled 
in the glove box. This prevented absorption of atmos
pheric oxygen by the PMM samples. Oxygen results in 
triplet quenching and reduced phosphorescence yield. 
The cell was constantly evacuated during the mea
surement by attaching it to a vacuum pump at K.

Values of $F and $P are determined from comparison 
of the luminescence signals from the pyrene standard 
at 23° to those of PMM samples containing coronene or 
benzeoronene at temperatures between —196 and 23°.

(7) W . H. Melhuish, / .  Opt. Soc. Amer., 54, 183 (1964).
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These luminescence signals are corrected for the varia
tion of the EMI 9558B phototube sensitivity with wave
length. The method used for calibrating the relative 
response of the phototube between 3000 and 7000 Â has 
been described elsewhere.8 The experimentally de
termined response curve decreased more rapidly be
yond 4000 Â than is reported for the S-20 photo 
surface.9 The wavelengths of phosphorescence and 
fluorescence is also needed to assign detector response 
factors. The fluorescence and phosphorescence spectra 
of coronene have been published.6 The fluorescence of 
benzcoronene in PMM is between 4300 and 5000 Â and 
the phosphorescence is between 6000 and 6500 Â.

Values of the triplet lifetime rp were obtained from 
oscilloscope traces showing the decay of phosphores
cence after the excitation light is shut off.

Values of tf were determined using a TRW  nanosec
ond spectral source.10 Lifetimes were determined from 
oscilloscope traces using a Tetronix Model Type 564 
storage oscilloscope. The sample was placed in a 
square-section quartz dewar surrounded by a liquid 
temperature bath. For temperatures between —196 
and 23°, 3-methylpentane was used as a thermal bath. 
Above room temperature water was used.

Measurement of 4>x. A method has been described 
for measuring the triplet yield, $x, of compounds in 
EPA at —196° from separate measurements of the 
excitation coefficient of triplet absorption eT and of 
eT$T.n The ex spectrum is obtained from a detailed 
correlation of the measured spectrum between 3200 and 
7000 A of the extinction coefficient of singlet absorption, 
es, with the measured spectrum of the change in ab
sorbance, A A, arising from T -T  absorption associated 
with the excitation of molecules to the triplet state. 
The value of €x4?t for a wavelength, X, is obtained from 
measurement of the initial rate of increase of AA at X 
resulting from absorption of excitation photons using 
eq 6.

A A/I =  10Q0ét<ï>ttp[ 1 — exp(—f/rp )] (6)

where I  is the excitation intensity and t is the time after 
turning on the excitation beam.

The method of measuring $x must be modified for 
measurements of compounds in PMM for two reasons. 
First, PMM absorbs below 3400 A and care must be 
taken that this absorption does not give rise to large er
ror in determination of $T. Second, the PMM is a 
solid throughout the entire temperature range. EPA 
is liquid at 23° and could be poured into the cell for 
measurement of ex and €x$t. Thus, for the measure
ments of ex^T and ex in EPA the same cell can be filled 
with EPA and ferrioxalate actinomer solutions. How
ever, for solid PMM samples a new holder shown in 
Figure 3 had to be designed.

The modified cell and sample holder, C, are shown in 
Figure 3. The quartz cell, B, has 4 cm long evacuated 
end sections which protrude from the ends of a urethane

Figure 3. Front and side views of cell and sample holder 
used for measurement of the triplet yield at —196 and 23°.

foam box, A. One end of the cell is cemented to the 
box; the other end is fitted to the box with a sliding seal 
of silicone casting resin. The 0.5 cm long cylindrical 
PMM sample, E, with parallel faces is cut, ground, and 
polished under nitrogen in a glove bag and inserted 
into C which has a 0.50-cm2 aperture D. The holder is 
connected to a quartz tube, F, with a 19/38 T inner 
joint. This assembly is inserted into the quartz cell in 
the nitrogen atmosphere. The joint on the mouth of 
the cell allows reproducible positioning of the aperture 
in the center of the cell. The cell was connected to a 
vacuum pump and evacuated before the temperature of 
the PMM sample was lowered to —196° by filling the 
urethane foam box with liquid nitrogen.

Samples of 3.5 X 10~6 M  coronene and 7.0 X 10-5 M 
benzcoronene in PMM were used for measurement of 
ex- The 20% contraction that occurs during polymeri
zation of methyl methacrylate was accounted for in cal
culating concentrations. No further correction is 
necessary at low temperatures since PMM contracts 
less than 3% upon cooling. The absorption spectra of 
the specimens kept under vacuum in the cell were mea
sured at —196 and 23° using a Cary 14 spectrophoto
meter. The absorption spectra of a 0.50-cm sample of 
pure PMM was also measured at these temperatures as 
a background reference. The es spectrum at each tem
perature was determined from the absorption spectra of 
the samples.

The A A spectra of these samples were then measured 
between 3300 and 7000 A with the same PMM speci
mens at temperatures of —196 and 23° using the cell 
shown in Figure 3, and the optical assembly described 
elsewhere.11 These measurements did not have to be 
corrected for light absorption by the PMM since the 
attenuation by a 0.50-cm path of PMM of light wave
lengths longer than 3300 A is less than 2%, but in other

(8) W . R. Dawson and J. L. Kropp, J. Opt. Soc. Amer., 55, 822 (1965).
(9) J. Sharpe, IRE Trans. Nuclear Sci., NS-7, 44 (1960).
(10) T R W  Instruments (Model 31A Manosecond Spectral Source).
(11) W . R. Dawson, J. Opt. Soc. Amer., 58, 222 (1968).
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cases where it may be necessary to measure A A spectra 
below 3200 A, the sample must be shortened and the 
concentration of the aromatic compound increased suffi
ciently so that light absorption by the PMM is negli
gible at wavelengths studied below 3200 A.

Figure 4. Triplet absorption of coronene-diî in PMM: 
solid line, 23°; dotted line, —196°.

The ét spectra of benzcoronene and coronene-di2 in 
PMM are shown in Figures 4 and 5. The ex spectra of 
coronene-dw and coronene-/ii2 are identical to within the 
experimental error. There is also little change in the st 
spectra of coronene-/q2, coronene-di2, and benzcoronene 
between 23 and —196°. This contrasts with the be
havior of the singlet absorption spectra in PMM sam
ples, which become sharper and usually shift to the red 
as the result of a decrease of temperature.

5000a" 6000A°

Figure 5. Triplet absorption of benzcoronene in PMM; 
solid line, 23°; dotted line, —196°.

Values of 6T$t were also measured at —196 and 23° 
with PMM samples in the Dewar cell shown in Figure
3. The rate of buildup of triplet absorption upon 
turning on a beam of 3130-Â excitation light was mea
sured. The wavelengths of T -T  absorption moni

tored were 4813 A for coronene and 5680 A for benz
coronene samples. The concentrations of the benzcoro
nene and coronene in the samples used in these measure
ments were 3 X 10-4 and 1.0X 10-3 M, respectively, 
which was sufficient to absorb the 3131-A excitation 
light completely.

Deterioration of samples containing coronene-/ii2 and 
coronene-dr* in PMM at 23° by the 3131-A excitation 
light was indicated by the decreasing rates of triplet 
buildup occurring during successive intervals of exci
tation. However, an accurate value of could be ob
tained if the rate of buildup of the triplet absorption of 
a coronene sample is measured during the initial expo
sure to excitation light before appreciable deterioration 
occurs. The intensity of the excitation light I was 
measured by ferrioxalate actinometry.12 The actinom- 
eter solution (0.15 M  ferrioxalate) in a 1mm thick 
quartz absorption cell was placed in a separate holder 
similar to C, also having a 0.50-cm2 aperture and a 19/ 
38 T joint. This holder was positioned in the cell in 
Figure 3 so that the aperture was centered in the same 
place as that of the PMM sample. Consequently, the 
same flux of light which excited triplet absorption was 
absorbed by the actinometer solution.

Estimates of Error. Values of rP are accurate to 
within 5% as determined from the linearity of the semi
log plot of the decay of OD with time and the reprodu
cibility of values of the lifetime from sample to sample. 
Using the same criteria to determine the errors in tf 
gives an accuracy of about 5% for those fluorescence 
lifetimes which are much longer than 100 nsec, as in 
this work.

Values of 4>f and 4>p depend upon the value of 4>f 
used for the reference pyrene sample of 0.61. Assum
ing this value to be correct the values of $ f are repro
ducible to within 10% and those of 4>p to within 20%. 
The larger errors in 4>P arise because the signal due to 
phosphorescence is smaller.

Errors in values of 4>t have been detailed elsewhere.11 
There is an additional source of error in plastic samples 
in that at room temperature there is deterioration un
der uv excitation. However, this can be counteracted 
by using fresh samples. We estimate that errors in $T 
are about 10%.

As a consequence of these precision limits, the errors 
in kh k2, and k3, are less than 12% while uncertainty in 
values of kt and &5 are about 20%. However, the ac
curacy of the ratio of values of any of these rate con
stants for a compound taken at two temperatures will 
be greater than the accuracy of the value of the rate 
constant itself.

Results

The fluorescence lifetimes of coronene-/i12 and coro- 
nene-di2 in PMM as a function of temperature are given

(12) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc., A23S, 518 
(1956).
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Figure 6 . Variation of luminescence lifetimes and yields 
with temperature for coronene-fi12 in PMM: a. O, fluorescence 
lifetime, tf, and A, radiative lifetime of fluorescence, tf.o, 
left-hand ordinate; •, fluorescence yield, 5>f, right-hand 
ordinate, b. •, phosphorescence lifetime, rp, and A, 
radiative lifetime of phosphorescence, rp,o, left-hand ordinate; 
O, phosporescence yield, $p, right-hand ordinate.

in Figures 6a and 7a, respectively. The lifetime of 
coronene-/ii2 in PMM is constant from 77 to 340°K with 
a value of 320 ±  15 nsec. The lifetime of coronene-di2 
is also constant over the same temperature range with a 
value of 355 ±  15 nsec. The solid lines in Figures 6a 
and 7a represent the averaged values of the lifetime 
data. The fluorescence yields of these two compounds 
are likewise shown in Figures 6a and 7a and are con
stant with temperature with average values of 0.27 for 
coronene-/ii2 and 0.28 for coronene-di2. There is no 
change of $ t with concentration between 3 X 10~4 and 
1 X 10-3 M.

The phosphorescence yields and phosphorescence 
lifetimes are shown for coronene-Ai2 and coronene-di2 in 
Figure 6b and 7b, respectively. Again, there is no 
change in 4>p as the concentration is varied from 3 X 
10_s to 1 X 10~4 M. The triplet yield was determined 
at —196 and 23° and is 0.68 and 0.34, respectively, for 
coronene-/ii2. The values of $t for coronene-d« are 
0.67 and 0.66 for these same temperatures.

The results for benzcoronene differ from coronene in 
that the values of the fluorescence yield $F and rF, as 
well as the phosphorescence yield and rp vary with tem
perature. The variations of rF and $F with temperature 
are shown in Figure 8a. The curve drawn in Figure 8a 
is given by eq 7. The parameters given in eq 7 repre
sent a least-square fit of the fluorescence lifetime data. 
The corresponding data for $F and rp are shown in 
Figure 8b. The value of 4>t  at room temperature for 
benzcoronene is 0.58. At 77°K the value of Ft has

Figure 7. Variation of luminescence lifetimes and yields with 
temperature for coronene-dn in PMM: a. O, fluorescence 
lifetime, t f , and A, radiative lifetime of fluorescence, rF,o, 
left-hand ordinate; •, fluorescence yield, <i>F, right-hand 
ordinate, b. •, phosphorescence lifetime, rp, and A, 
radiative lifetime of phosphorescence, rp.o, left-hand ordinate; 
O, phosphorescence yield, 5>p, right-hand ordinate.

T (DEG C)

Figure 8 . Variation of luminescence lifetimes and yields with 
temperature for benzcoronene in PMM: a. O, fluorescence 
lifetime, tf, and A, radiative lifetime of fluorescence, tf.o, 
left-hand ordinate; •, fluorescence yield, 4>f, right-hand 
ordinate, b. •, phosphorescence lifetime, rp, and A, 
radiative lifetime of phosphorescence, rp.o, left-hand ordinate; 
O, phosphorescence yield, 4>p, right-hand ordinate.
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Table I : Rate Constants for Depopulation of Si and Ti in Coronene and Benzcoronene

-Coronene-Tm-----------------------• -•---------------------- Coronene-di2----------------------- ■ ---------------------- Benzcoronene-
Process, s e c 1 77°K 296°K 77°K 296°K 77°K 296°

h 8.4 X 106 8.4 X 10® 7.8 X 10s 7.8 X 10* 9.0 X 10« 9.6 X 106

k2 1.6 X 108 2.8 X 108 1.4 X 105 1.7 X 108 a 2.6 X 106

h 2.1 X 108 2.0 X 108 1.9 X 10« 1.9 X 106 1.5 X 108 1.7 X 108

ki 0.017 0.018 0.017 0.017 0.025 0.025
h 0.086 0.141 0 . 0 1 2 0.033 0 . 2 1 0.32

° Since i p  +  4>x = 1.05, k2 is considered to be zero.

increased to 0.66. The value of <t>T of benzcoronene in 
EPA glass at —196° is 0.64, which is very similar to 
that in PMM. Thus the triplet yield of benzcoronene 
is more sensitive to change of temperature than to 
change of solvent.

Discussion

Using eq 1-5 we can calculate the rate constants for 
the various processes that depopulate singlet and triplet 
states in coronene-Ai2, coronene-di2, and benzcoronene. 
The rate constants for these compounds at —196 
and 23° are tabulated in Table I. The values of k x 

were calculated at —196, —130, 80, —37, 2, and 23° 
using eq 1 and values of tf taken from curves fitted to 
tf values in Figures 6a, 7a, and 8a and the values <f>F 
measured at each temperature. The reciprocal of 
values of ky are presented as t f , o in Figures 6a, 7a, and 
8a for the compounds studied. As can be seen, there 
is no change in h  at any temperature for any compound.

Some of the values determined for coronene and for 
coronene-di2 were estimated earlier.5 The values of 
$F and tf at 23° are slightly revised from our earlier 
work. The values of $F for coronene-/q2 and coronene- 
di2 have been increased by 20% from the earlier values. 
The reason for this difference is the use in this work of a 
better phototube calibration factor. In earlier calcu
lations the published wavelength sensitivity curve for 
the EMI 9558B multiplier phototube (S-20 response) 
was used. The present values of luminescence yields 
were calculated using a phototube that has been cali
brated in these laboratories. As described in the ex
perimental section this calibration curve is different 
than the published one. This results in the increase in 
the present values of fluorescence and phosphorescence 
yields. Similarly, the previous value of $F for benz
coronene at 23° of 0.2811 is now determined to be 0.33. 
The present value of t f  of coronene-/q2 in PMM is also 
6% higher than the previous value of 300 nsec.6 We 
believe these latter values to be more accurate. The 
value of rF for coronene-di2 has not previously been mea
sured. In our previous work it was assumed that rF 
was the same for coronene-/q2 and coronene-di2. Using 
these values ky is now measured to be 8.4 X 105 sec-1 
for coronene-di2 compared to 7 X 106 sec-1 prev
iously.

Average values for rF between —196 and 60° for

coronene-lii2 and coronene-di2 of 320 and 355 nsec, re
spectively, differ slightly from each other. This dif
ference is outside the 90% confidence limits established 
for each value by taking the average of values at all 
temperatures. Values of 4>F of coronene-di2 are 4% 
larger than those of coronene-/iX2 and ky of eoronene-/ii2 
is approximately 7% larger than ky of coronene-di2. 
Similarly, values of fc3 for coronene-fti2 are approxima
tely 7 % higher than corresponding values for coronene- 
d 12. This indicates that the rates of both fluorescence 
and intersystem crossing are decreased in coronene-/ii2 
compared to coronene-di2. The value of k 2 is always 
less than 10% of the total decay rate from Si for coro- 
nene-/ii2 and coronene-di2. In view of the experimental 
errors and the indirect method of determining fc2 as a 
small difference between large numbers, the probable 
error in our values of k 2 is such that we cannot rule out 
the possibility that k 2 may actually be zero. This is in 
agreement with previous results. Lim13 reported that k 2 

is zero within experimental error for benzene in an EPA 
glass at —196°. Similarly, Medinger and Wilkinson14 
and Parker and Joyce16 found that k 2 is zero for several 
aromatic compounds in fluid solvents at room tempera
ture. However, in PMM at 23°, it appears that k 2 is 
not zero for many aromatic compounds such as benz
coronene.

The rate constants derived for 1,2-benzcoronene show 
a different behavior with changing temperature than do 
those of coronene. The fluorescence lifetime and fluo
rescence yield of this compound are temperature de
pendent and decrease by about 20% from 77°K to room 
temperature. It can be seen from Figure 8a that values 
of rF and $F can be normalized to nearly fit the same 
curve indicating that ky for benzcoronene is temperature 
independent; ky has a constant value of 9.1 X 10s sec-1 
within 7% from —196 to 23°. This is shown by values 
of rF,o shown in Figure 8a. The decrease in 4>t from 
— 196 to 23° is only 12%. However, k s is still con
stant at these two temperatures to within 12%. The 
value of $F +  $F = 1.05 at 77°K. This gives a nega
tive value for k 2. The best we can do is assume that k 2 

is 0 at —196°, but the fact that values of rF, $F, and <f>T

(13) E. C. Lim, J. Chem. Phys., 36, 3497 (1962).
(14) T. Medinger and F. Wilkinson, Trans. Faraday Soc., 61, 620 
(1965).
(15) C. A. Parker and T . A. Joyce, ibid., 62, 2785 (1966).
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all decrease between 12 and 20% as the temperature in
creases from —196 to 23°, besides showing that the 
rate constants for fluorescence and triplet formation 
remain nearly constant with temperatures, implies that 
the temperature sensitive process observed is the Si-So 
quenching of the excited singlet to ground. At room 
temperature the value of fc2 is estimated to be 2.6 X 
106 sec-1. As in the case of coronene, this is not a reli
able value due to experimental uncertainty and it is 
still quite small. However, with benzcoronene the par
allel temperature dependence of the measured parame
ters is strong evidence that some radiationless deactiva
tion of Si to So occurs at 23° and that fc2 increases with 
increasing temperature.

The phosphorescence lifetime and yields all vary with 
temperature as shown in Figures 6b, 7b, and 8b. How
ever, the value of fc4 (Table I) is independent of temper
ature for both coronene-/i)2, and benzcoronene. Values 
of fc4 are the same within our experimental error for 
coronene-fc12 and coronene-di2, but the value of fc4 for 
benzcoronene is 50% greater than that for coronene. 
Siebrand16 in his theoretical treatment has concluded 
that most hydrocarbons (including coronene) should 
have values of rp,0 =  20-40 sec (fcp =  0.050-0.025 
sec-1), but experimental data here show that the value 
of fcp can be much less than 0.025 sec-1 and is only 0.017 
sec-1 for coronene.

The value of fc5, is reduced upon deuteration in coron- 
ene-d12 compared to coronene-fcu. At —196° fcs for

coronene-/ii2 is 7 times that of coronene-di2. However, 
at room temperature this factor has decreased to 4. 
The value of fc6 increases between —196 and 23° by a 
factor of 1.6 in coronene-fci2, but by a factor of 2.2 in 
coronene-di2. These results indicate a greater temper
ature sensitivity for radiationless depopulation of triplet 
coronene-di2 than coronene-/q2. This has been quali
tatively noted previously.5 It is interesting that even 
for coronene-di2 at —196° the radiationless quenching 
of the triplet plays an important role in deactivation of 
the triplet state. Radiationless quenching of the triplet 
still accounts for 40% of the energy loss in coronene-di2 
where H vibrations are removed.

Benzcoronene fluorescence lifetime and yield are 
temperature dependent. The lifetime data can be fitted 
to eq 7. The best fit of the tf data to the plot is given

( l / r F) -  (1/ro) =  A e x p ( -A E/RT) (7)

in Figure 8a. The parameters that best fit the data 
are A = 7.6 X 106 sec-1 and AE =  514 cm-1. This is a 
low activation energy. It is important to determine 
whether these temperature-dependent activation ener
gies are intermolecular effects or dependent upon sol
vent properties. However, more work is needed in other 
plastic hosts to determine this. Such work is now in 
progress and will be reported elsewhere.17

(16) W . Siebrand, J. Chem. Phys., 46, 440 (1967).
(17) J. L. Kropp and W . R. Dawson, to be published.
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Concurrent Solution and Adsorption Phenomena in Chromatography. 

I. General Considerations

by J. R. Conder,la D. C. Locke,lb and J. H. Purnell
Department of Chemistry, University College of Swansea, Swansea, Glamorgan, Great Britain (Received August 13,1968)

The dependence of the several sources of solute retention in chromatography—bulk liquid partition, liquid inter
facial adsorption, and solid support adsorption—on solvent volume and on surface areas is considered for a 
variety of practical situations. The relative magnitudes of the individual contributions may then be qualita
tively predicted over a wide range of stationary phase loadings, for the situations of (a) constant sample size 
and (b) constant concentration of solute in the mobile phase. The individual contributions are finally summed 
to show qualitatively the various forms of variation of the net retention volume with liquid loading which may be 
met with in practice. The results are presented in graphical form. Certain features are found in these curves 
which are useful for diagnosis of interfacial adsorption effects in chromatography. The predicted curves are in 
formal agreement with published experimental plots. Means for the recognition of and correction for interfacial 
adsorption effects in experimental data are suggested. For chromatographic systems in which all three mech
anisms occur, only bulk liquid partition coefficients can be determined unequivocally by chromatography alone. 
The range of application of chromatography to the measurement of physicochemical data is considerably broad
ened by these conclusions.

The quantitative interpretation of chromatographic 
data is often complicated by the occurrence of solute 
adsorption at one or more of the interfaces present in 
the system. Solid supports for the stationary phase 
have long been known to interact with some types of 
solutes and preventative measures are widely taken. 
Interactions at the other interfaces, on the other hand, 
have received little theoretical and no practical con
sideration. Martin2 was the first to demonstrate that 
solute adsorption on the surface of the bulk liquid 
(Gibbs adsorption) could markedly affect experimental 
retention volumes in some gas-liquid partition chro
matographic (glpc) systems. This finding was repro
duced and extended by Pecsok, et al.,3 and directly sub
stantiated by the static measurements of Martire, 
Pecsok, and Purnell.4,6 In each case, a “ polar”  sta
tionary phase was used. The suggestion was originally 
made2a that an appreciable Gibbs adsorption effect 
would be observed only with such solvents. Later,6,6 
this statement was generalized to include not only polar 
solvents, but any system in which the solute activity 
coefficient, /, exceeded about 5. Martire7 has lately 
shown this to be a sufficient condition, but has further 
demonstrated that liquid surface excess effects may also 
be observed with certain polar solute-polar solvent 
systems in which the solute activity coefficients are only 
around unity.

Pecsok and Gump8 have recently measured, by a 
static method, the relevant solution and surface tension 
data for a variety of polar solutes in the nonpolar liquid, 
squalane, and concluded that a considerable retention 
volume contribution from Gibbs adsorption should be 
found in the corresponding glpc system. In direct con
flict with this, the study of the same systems by Urone 
and Parcher9 appeared to reveal only the occurrence of

substantial adsorption on the surface of the solid sup
port. Thus the general basis of the hypothesis of 
liquid surface adsorption in glpc is to some extent 
challenged and, certainly, doubt is cast on occurrence 
of the phenomenon with nonpolar solvents.

It is the purpose of this paper to define as quantita
tively as possible all sources of solute retention in 
chromatography and thus to test the practice of de
tecting and measuring liquid surface adsorption by 
chromatographic means. In so doing we are able to 
offer a reconciliation of the conflicting data and to pro
pose better procedures for the chromatographic meas
urement of surface phenomena. While all quantita
tive investigations have so far been restricted to glpc 
systems, the results of this paper are equally applicable 
to liquid-liquid chromatographic (11c) systems, where 
the phenomena described have also been tentatively de
tected.10

(1) (a) Department of Chemical Engineering, University College of 
Swansea, (b) Department of Chemistry, Queens College of the City 
University of New York, Flushing, N. Y . 11367.
(2) (a) R. L. Martin, Anal. Chem., 33, 347 (1961); (b) R. L. Martin, 
ibid., 35, 116 (1963).
(3) R. L. Pecsok, A. de Yllana, and A. Abdul-Karim, ibid., 36, 542 
(1964).
(4) D. E. Martire, R. L. Pecsok, and J. H. Purnell, Nature, 203, 1279 
(1964).
(5) D . E. Martire, R. L. Pecsok, and J. H. Purnell, Trans. Faraday 
Soc., 61, 2496 (1965).
(6) D . E. Martire and L. Z. Pollara in “Advances in Chromatog
raphy,” Vol. 1, J. C. Giddings and R. A. Keller, Ed., Marcel Dekker, 
New York, N . Y ., 1966, p 335.
(7) D. E. Martire, Anal. Chem., 38, 244 (1966).
(8) R. L. Pecsok and B. H . Gump, J. Phys. Chem., 71, 2202 (1967).
(9) P. Urone and J. F. Parcher, Anal. Chem., 38, 270 (1966).
(10) D . C. Locke in “Advances in Chromatography,” Vol. 7, J. C. 
Giddings and R. A. Keller, Ed., Marcel Dekker, New York, N . Y ., 
1968.
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Theory

I. Sources of Solute Retention in Glpc and Lie. 
Partitioning of solutes between the mobile phase and the 
liquid stationary phase is the predominant mechanism 
of solute retention in most, but not all, practical glpc 
and 11c systems. Perhaps more often than is generally 
recognized, the solute may also be retained in the 
column by adsorption (i) at the gas-liquid interface (or 
liquid-liquid interface in 11c) and/or (ii) as a result of 
the presence of the solid support. Except as discussed 
below, these retention mechanisms operate essentially 
independently. Consequently, the number of moles of 
solute held stationary within a length dl of the column 
of total length l, in equilibrium with a concentration c in 
the gas phase, is ndl/l where

n =  ?lP l +  qiAi +  ggAs = q<4>, (1)
i

Here qt, qi, and qs are the solute concentrations (mole 
cc-1, mole cm-1, and mole cm-1) in the bulk liquid, gas- 
liquid (or eluent-liquid) interface and support-adsorbed 
phase, respectively; F l is the total volume of liquid 
phase in the column; Ai and A s are the active surface 
areas of the liquid and support, respectively; and <f>; 
represents Vl, A i, or As.

For each of these retention mechanisms, the contri
bution to the net retention volume of an eluted zone 
whose concentration in the gas phase (assumed ideal) 
is c is given11'12 by the equation

Vs., =  (1 — jyo)Kf<j)t (2)
where

K f  =  dqt/dc (3)

j  is the usual James-Martin gas compressibility factor 
and y0 is the mole fraction of solute, corresponding to 
c, at the column outlet. K f  is the gradient of the dis
tribution isotherm for retention mechanism i and is to 
be distinguished from the distribution coefficient, given 
by

K, =  qt/c (4)

In the limit of infinite dilution, K f — K From eq 
1, 2, and 3, the total retention volume, as observed ex
perimentally, is given by

FN =  =  (1 - j y 0)dn/dc (5)
t

We propose to consider only conventional elution 
chromatography in which solute concentrations are very 
small (sample size ~ 0 - l  jumol). Here it is a good ap
proximation to set

jyo«  1 (6)
but curvature of the distribution isotherm for mech
anisms (i) and (ii) is often still sufficiently marked at 
these low concentrations to render the further possible 
approximation, K f  = K {, grossly inaccurate. Using

relation 6, eq 5 can be written in the form

UN = A % SF L (7)

where K'0bS, the experimentally observed partition co
efficient calculated from the experimental Fn and Fl, 
is given by

K 'obs = (1/F l) {dn/dc) (8)

Combination of eq 1, 7, and 8 now gives

(F n/F l ) =  K' obs

= AY  +  (KLA i/Vl) +  (AVA s/F l ) (9)

At true infinite dilution, eq 8 becomes

A obs = u/Vlc (10)

and eq 9 is

Fn/F l =  K ohs

= K l +  (A lY / F l) +  (A sA s/F l) (11)

Equation 11 is applicable when symmetrical peaks are 
observed. The occurrence of asymmetrical peaks 
clearly indicates that effective infinite dilution is not 
attained, and the more general eq 9 must then be used 
instead of eq 11. Asymmetry resulting from kinetic or 
extra-column factors cannot readily be considered and is 
therefore to be experimentally avoided, for example by 
operation at low flow velocities. In consequence, the 
discussion of this paper assumes these effects are absent.

The several retention mechanisms can be treated as 
essentially independent if sufficient solvent is present 
on the solid support to act as a bulk liquid with a depth 
much greater than that of the gas-liquid and liquid- 
solid interfacial layers. The precise required depth 
has not been defined in this context, since the definition 
of “ surface layer”  is arbitrary.13 The surface layer 
can be considered to be the distance from the surface 
to the point to which the influence of that surface ex
tends.14-16 A simple calculation5 gives an indication of 
typical liquid film thicknesses; at 1% solvent/support 
weight ratio (w/w), the average film thickness is about 
50 A if the liquid is spread on Chromosorb P, and about 
150 A on Chromosorb W,6 whereas at 10% loading, the 
average thicknesses are roughly 1000 A and 3000 A, 
respectively. While these values are only guides, since 
they represent averages of layer thicknesses ranging 
from perhaps a monolayer to relatively thick droplets or

(11) J. R . C onder in  “ Progress in G as C h rom a tog ra p h y ,”  J. H . Pur
nell, E d., Joh n  W iley  and Sons In c ., N ew  Y o rk , N . Y .,  1968, p 209.
(12) J. R. Conder and J. H. Purnell, Trans. Faraday Soc., 64, 
3100 (1968); 65, 824, 839 (1969).
(13) E . A . G uggenheim , “ M ixtu res,”  O x ford  U n iversity  Press, L o n 
don, 1952, C hapter 9.
(14) D . E . M artire  in  “ Progress in  G as C h rom a tog ra p h y ,”  J. H . 
Purnell, E d ., Joh n  W iley  and Sons In c ., N ew  Y o rk , N . Y ., 1968, p 
93.
(15) R . A . K eller and G . H . Stew art, Anal. Chem., 34, 1834 (1962).
(16) W . D . H arkins and G . Jura, J. Amer. Chem. Soc., 66, 919 
(1944).

Volume 73, Number 3 March 1969



702 J. R. Conder, D. C. Locke, and J. H. Purnell

layers, it is clear that true bulk solvent may not exist at 
low loadings. Discussion of interfacial effects thus be
comes meaningless because of the absence of the re
quired reference state, the bulk liquid. For most sys
tems, it is unlikely that the essential independence of 
liquid interfacial and bulk liquid effects is maintained 
at solvent/support ratios of less than 5-10% by weight.

II. Choice of Experimental Approach. The stand
ard chromatographic procedure for study of liquid sur
face adsorption2- 5'7’8'14 assumes that the solutions in
volved are at effectively infinite dilution5'6'11 (i.e., con
stant, zero sample concentration), and that no solid 
support interactions can occur. In such circumstances

T n =  A lFl +  KxAi (12)

The solvent/support ratio may then be varied at con
stant temperature, and A L and Ki evaluated from a 
plot of Fn/A i against F l/A i. If Ki >  0, the plot 
will have a nonzero intercept, Ai, and a positive slope, 
A L. A plot of Fn/F l against A i/F l gives the same 
information but the roles of Ki and A L are reversed.

These procedures give no useful information if solid 
support effects occur and cannot be applied at all un
less Ai is known as a function of F l. A preferable 
procedure, which avoids both these shortcomings, is to 
plot F n/ F l against 1 /F l . According to eq 11, this 
allows A L to be determined whether Ai is known or not. 
If Aj is known, both Ki and A sAs can be obtained from 
the plot, as described by Conder.17

If, in addition, the solutions involved are not truly at 
infinite dilution, K '0bs and thus Fn become dependent 
on concentration. In this case, experiments in which 
the solvent/support ratio is varied can be carried out in 
either of two ways: (a) maintaining constant sample 
size so that concentration varies, or (b) adjusting sam
ple size to maintain constant concentration. Experi
mental mode (a) is exemplified in the work of Urone and 
Parcher,9 who varied liquid loading while using a fixed 
amount of sample. Analytical treatment of the re
sults in terms of eq 8 gives no useful information in this 
case since there are too many variables, viz. both the 
distribution coefficients and the area/volume ratios. 
Experimental mode (b), however, is much more useful 
since it eliminates variation of the distribution coeffi
cients and permits their evaluation, as described pre
viously.17

In conducting experiments in either modes (a) or (b), 
the possibility is evident that variations in the relative 
contributions of two or more of the effects can yield 
some compensation among them, so that retention be
havior may appear simpler than is actually the case. 
It is important, therefore, to examine in detail what the 
concentration dependences of the individual terms in 
eq 8 might be. Each individual retention mechanism 
will be considered in turn, and finally the contributions 
will be summed to predict complex retention volume 
relationships which might be met in practice.

III. Effects of Constant Sample Size. A. Bulk 
Solution. The three most common types of partition 
isotherms encountered in chromatographic systems are 
depicted in Figures 1 A(i), (ii), and (iii). By definition,

Figure 1. A, Bulk liquid partition isotherms: (i) 
anti-Langmuir; (ii) linear; and (iii) Langmuir. B, Variation 
of Kh with liquid loading for (i) anti-Langmuir, (ii) linear, 
and (iii) Langmuir partition isotherms. C, Dependence of 
X lVl on Vl for (i) anti-Langmuir; (ii) linear; and (iii) 
langmuir partition isotherms.

A L is equal to q̂ /c and is calculable from the isotherm 
by construction of chords from the origin to any point 
on the curve.11 The corresponding variations of A l 
with Fn and of A LFL with F l are, respectively, shown 
in Figures IB and 1C. In each case, (a) represents 
an anti-Langmuir isotherm, (b) a linear isotherm, and
(c) a Langmuir isotherm. As F l is increased at con
stant sample size, the liquid phase becomes more dilute 
in solute and this can be represented as moving along 
the isotherm to a different point. Since F l increases 
linearly, and proportionally more rapidly than A l 
changes, the variation of A lF l with F l is as shown in 
Figures 1C. In glpc, case (a) is by far the most com
mon; cases (b) and (c) are observed only in the presence 
of very strong negative deviations from Raoult’s law, 
such as might be caused by complexing, hydrogen 
bonding, or other form of association. Insofar as 
peak shape is determined by the partitioning process, 
case (a) leads to peaks with trailing edges steeper than 
their leading edges (skew ratio, tj >l).u.i8,i9

B. Liquid Surface Adsorption. The relationship 
between the liquid surface partition coefficient, Ai, and 
the Gibbs adsorption isotherm has been reviewed re

e l? )  J. R . C onder, J. Chromatogr., 39 , 273 (1939).
(18) G. F. Freeguard and R. Stock in “ Gas Chromatography 1962,”  
M . van Swaay, Ed., Butterworth and Co. Ltd., London, 1962, p 
102.
(19) A. J. B. Cruickshank and D. H. Everett, J. Chromatogr., 11, 289 
(1963).
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cently.6'14 The surface excess concentration, r2(1>, 
which is proportional to the variation of solution surface 
tension with solute mole fraction, (dy/cta2), is by de
finition related to K\ according to

Kr = r2«>/c (13)
Figure 2A(i) presents a typical y-x2 plot; the initial 
rapid decrease in y usually occurs over a quite narrow 
range of x2. For example,8 in the methanol-squalane 
system at 30°, y decreases from 27 dyn cm-1 at x2 =  0 
to its minimum value of 22 dyn cm-1 at x2 =  0.02. In 
Figure 2A(ii) is shown the resulting variation of K z with 
x2 and, in Figure 2A(iii), that of Kj with VL.

Figure 2. A, (i) Change in solution surface tension, y, with 
solute concentration, x2; (ii) variation of K z with solute 
concentration, (iii) change in K z with liquid loading, V l, 
at constant sample size. B, Liquid surface area, A i, as a 
function of liquid loading, V l, for (i) support wetted by 
stationary phase and (ii) support not wetted by stationary 
phase. In (i), vertical broken line: corresponds to Vl of 
formation of an ideal uniform monomolecular liquid film.
In (ii), upper and lower curves: expected extremes of 
anticipated A i- V l plots. C, Variation of KiAi with V l 
for (i) wetted and (ii) nonwetted solid supports, at constant 
sample size. Vertical broken line: point of 
monolayer formation.

The liquid surface adsorption isotherm is Langmuir 
in form (Kz decreasing with increasing concentration), 
which produces skew ratios, ?? <  1. Since the curvature 
of this isotherm can be more pronounced than that of 
the bulk partition isotherm, the effect on peak shape 
can be greater. Consequently, tailed peaks can be antic
ipated when sufficient liquid interfacial adsorption 
occurs, unless solutes are introduced in quantities small 
enough to produce solutions at infinite dilution.

C. Liquid Surface Area. Martin2“ and Pecsok, 
et al.,3 have presented experimental plots of liquid sur
face area vs. Vl- Martire, et al.,6 have independently

confirmed the form of these plots as presented in Figure 
2B(i). The broken vertical lines in the figures indicate 
the point of monolayer formation for an ideally uni
form liquid film. Such a film would reach monolayer 
solvent/support ratio in the vicinity of 0.1 wt %. (For 
clarity, the Vl scales are expanded at low VL to the 
left of the broken lines.)

Experimental techniques used for measurement of Ai 
have been either the continuous flow method of Nelsen 
and Eggertsen20 (used by Martin22) or a modified BET 
technique using nitrogen as the adsorbate.3 In either 
case, what is in fact being measured is a gross area 
(liquid surface plus any exposed solid surface), since all 
exposed surfaces are equally accessible to adsorbable 
vapors. It is also noteworthy that the cross section 
for adsorption of nitrogen differs substantially from that 
for most gc solutes.

Martire, et al.,4'6 determined Ai by first determining 
in a static system the K z value for cyclohexane in 
d,i3'-thiodipropionitrile. Using glpc-measured KiAi 
values2,8 for the same system, they then calculated Ai 
values and thus constructed a “ corrected”  A j-V l plot. 
The value of Ai extrapolated to 0.1% solvent loading 
(i.e., the approximate monolayer point for a uniform 
film), ~ 2  m2 g-1, is quite close to that found for un
coated Chromosorb using a BET-organic vapor tech
nique.21 This is to be expected if the liquid is distrib
uted upon the solid in a monolayer, and, insofar as 
such extrapolation is valid, provides some evidence for 
the smooth distribution of this stationary phase on this 
support.4 6 At high VL values, Ai asymptotically ap
proaches a limiting value. Clearly, this limiting area is 
that of the support less the area of its narrow pores and 
channels. These two area limits are analogous to the 
comparison of the true length of a coastline (Fi, =  0) 
with that of the 3 mile limit (FL > >  0) which ignores 
estuaries, inlets, etc.

One feasible independent method for estimating Ai 
is applicable only to low surface energy solid supports 
such as Teflon. The total surface could be measured 
by a BET-organic vapor technique. Subsequent ex
amination of the same wetted packing by electron 
microscopy should allow calculation of the average size 
and geometrical distribution of liquid droplets on the 
surface. The total surface area could then be ap
portioned to the exposed solid surface and the liquid 
surface areas.

There is no reason to believe that the form of the 
A i-V l plots for the systems previously studied2-5 
apply to all chromatographic solid support-solvent 
combinations. Smooth liquid distributions (such as 
described by Figure 2B(i) can be achieved only if the 
liquid wets the solid support surface. The consequence 
of nonwetting of the support upon the resulting Az is

(20) F. M . Nelsen and F. T. Eggertsen, Anal. Chem., 30, 1387 
(1958).
(21) R. H. Perrett and J. H. Purnell, J. Chromaiogr., 7, 455 (1962).

Volume 73, Number 3 March 1969



pictured in Figure 2B(ii). Instead of a sharp rise up 
to the monolayer point followed by a gradual tailing 
off, the liquid can now only form isolated droplets which 
at small Vl have only a small total surface area. As 
more liquid is added, the combined droplet area in
creases until sufficient solvent is present to cause the 
drops to coalesce. Ax must then level off or fall off, 
again to the same limiting values as found for the wetted 
support.

A i- F l plots of the type shown in Figure 2B(i) are 
expected for most solvent-support systems. Figure 
2B(ii) should better describe the cases of solvents on 
Teflon supports and perhaps strongly polar liquids on 
silanized firebrick.

D. Contribution of Liquid Surface Adsorption to Re
tention. The contribution of liquid surface adsorption 
to retention is given by the product K\A\. For each 
of the expected A i~Vl relationships, KiAi is plotted as 
a function of Vl in Figures 2C(i) and 2C(ii). The 
variations of Kx and of Ai with Vl are opposed and the 
relative sizes of the variation determine the overall 
form of KiAi. For the unwetted support, comparison 
of Figures 2C(i) and 1C immediately shows that no 
compensation, in terms of slopes of opposite sign, is 
possible between K\A\ and K lVl, so that the net re
tention volume must increase with Vl. However, in 
the case of a wetted support, if Ax decreases with VL 
faster than K\ increases, the product can decrease with 
Vl■ This behavior would allow compensation, but only 
if the relative contribution of K\Ax to Fn was significant 
compared with that of KlVl. Evidently, an ob
served lack of dependence of Fn on Vl by no means in
dicates the absence of liquid surface adsorption. This 
point assumes critical importance since it has hitherto 
been axiomatic that the converse is true.

E. Solid Support Adsorption. It is generally sup
posed that adsorption induced by the support takes 
place only at the uncoated solid surface, but account 
should be taken also of the possibility of adsorption at 
the liquid-solid interface where solute and solvent com
pete for the support surface.22 The existence of the 
latter has been conclusively demonstrated recently by 
Urone, et al.,23 for the system acetone-tri-o-tolyl phos- 
phate-Chromosorb P or W. If the surface is com
pletely covered, all apparent support effects must 
clearly stem from this type of adsorption. On the 
other hand, at less than monolayer coverage, or if the 
solvent does not wet the support, adsorption can occur 
at both the liquid-solid and exposed interfaces. Both 
types are taken into account here, as well as the effect 
of wetting and nonwetting of the support.

If the support is wetted, the total area available 
for adsorption varies with Vl as shown in Figure 3A(i). 
The upper curve relates to adsorption at both types of 
location, and the lower to adsorption on exposed solid 
only. These two types of behavior are characteristic 
of nonpolar and polar stationary phases, respectively,
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Figure 3. A, (i) Change in area, As, of solid support accessible 
to polar solute, with Vl. Upper and lower curves: nonpolar 
and very polar stationary phases, respectively. Vertical 
broken line: point of monolayer formation, (ii) Solute 
adsorption coefficient on solid support, K b, as a function of 
solute concentration in the stationary phase, c, for Langmuir 
adsorption isotherm, (iii) Dependence of K b of a polar 
solute on Vl, at constant sample size. Upper and lower 
curves: stationary phases which are, respectively, nonpolar 
and more polar than the solute. Vertical broken line: liquid 
monolayer point. B, Variation of (i) K sAb and (ii)
K bA b/ V j, with Vl, for a polar solute, at constant sample size. 
Upper and lower curves: stationary phases which are 
nonpolar and more polar than the solute, respectively. C, 
Variation of (i) KsAs and (ii) A sAs/F l, on nonwetted 
support, for constant sample size.

on adsorptive solid supports. The variation in the ap
parent Ks associated with either As curve is shown in 
Figure 3A(iii). The initial rapid fall in Ks is due to 
blocking of pores and other active sites by solvent, and 
is most marked for polar solvents. Beyond the point 
of monolayer coverage a region of negative curvature 
reveals the influence of the strongly curved isotherm, 
which is expected to be most frequently of the Langmuir 
type, as indicated by the Kl- c plot shown in Figure 
3A(ii). The sharp minima arising in the Ks-V l curves 
at the point of monolayer formation are notable. The 
resulting dependences of KSAS and of KSAS/Vl on Vl 
are shown in Figures 3B(i) and (ii). A remarkable fea
ture which emerges for nonpolar stationary phases is 
that if the solute is sufficiently polar, a strong hump 
may develop in such plots. This effect is unique to 
nonpolar liquids which wet the support and is a useful 
diagnostic feature.

The alternative situation, in which the solvent does 
not wet the support, is summarized by the plots of K SAS 
and KsAs/Vl against VL in Figures 3C(i) and (ii).

(22) J. C. Giddings, Anal. Chem., 35, 440 (1963).
(23) P. Urone, Y . Takahashi, and G. H. Kennedy, ibid., 40, 1130 
(1968).
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In this case, there can be no marked changes associated 
with a point of monolayer formation. No hump is 
observed and behavior is similar for polar and nonpolar 
solvents. Since nonwetted supports (e.g., Teflon) are 
likely to be only very weakly adsorptive toward most 
solutes, the contribution of KsAs to the net retention 
volume may in this case be insignificant.24

F. Combined Contribution to Retention. Different 
systems may display gross retention effects which re
flect the combined contributions of several or all of the 
physical processes discussed. A number of possibilities 
arise which we consider in turn.

Suppose, first, that the contribution of K SAS to Fn 
can be neglected. We then have three possible situa
tions: (a) KlVl »  KuU] (b) KiAi »  A LFL; and
(c) A”lFl — KiAi. Cases (a) and (b) need not be dis
cussed since the dependence of Fn upon Fl, etc., is as 
shown earlier in Figures 1C and 2C, respectively.

Figure 4. A, Variation of net retention volume, F n, with 
F l for the ease where K lF l — KiAi »  KsAs, for (i) 
wetted and (ii) nonwetted solid supports, at constant sample 
size. Vertical broken line: corresponds to F l at which 
monolayer formation is complete. B, Variation of F n/ F l 
with F l for (i) wetted and (ii) nonwetted solid supports, 
and (iii) variation of F n/ F l with 1 /F l, all at constant sample 
size. Upper and lower curves in (iii): smaller and larger 
sample sizes, respectively. C, Net retention volume of a 
polar solute for K lF l — KiAi ~  KsAs, at constant sample 
size, for wetted support. Upper curve: nonpolar stationary 
phase; lower curve: stationary phase more polar than the 
solute. Vertical broken line: point of monolayer formation.

Case (c), however, is of considerable interest. Fn is 
the sum of separate bulk and surface liquid contribu
tions, and is plotted in Figures 4A(i) and (ii), for wetted 
and nonwetted supports, respectively. The derivative 
plots of Fn/F l against F l are drawn in Figures 4B(i) 
and (ii), corresponding to Figures 4A(i) and (ii), respec
tively. The most important plot for purposes of meas

urement and calculation, however, is that of Fn/'F l 
against 1/F l, shown in Figure 4B(iii). According to 
eq 9, the intercept on the ordinate axis gives A L at in
finite dilution, so that plots for different sample sizes 
all extrapolate to the same point. The positive curva
ture of the plot is determined mainly by Ai, but is re
duced somewhat by the variation of Ki with concen
tration. The latter factor also causes the plot for a 
small sample size to lie above that for a larger sample 
size. Variation of A l with concentration has a much 
smaller influence on the curvature of these plots, since 
the liquid surface absorption isotherm is of greater 
curvature than the bulk liquid partition isotherm.

The second situation of relevance is where A LFL ^  
K\Ai ~  A SA S. Figures 4C are derived from com
pounding the earlier plots for wetted supports. The 
upper and lower curves refer to the extreme cases of 
solvent polarity, i.e., nonpolar and strongly polar, re
spectively. Again, when solute is adsorbed at the non
polar liquid-solid interface, a hump is observed in the 
plots, as in Figures 4C(i) and (ii), but is less pronounced 
than when A gAs predominates; if A SA S is sufficiently 
small compared with A lF l and KuU, this hump may 
not be observed.

Finally, when KuU »  (ALFL +  KiAi), we again 
have behavior which is distinctive enough to be useful 
diagnostically (Figures 3B). An example of such be
havior is to be found in the work of Urone and Parcher.9 
These authors represented their data in the form of re
tention volume per gram of column packing against per
centage loading of solvent on the support. This method 
of presentation, first adopted by Martin,2“ is less basic 
than a plot of Fn against F l, since the weight of solid 
support is included among the variables. In conse
quence, the data can be readily interpreted only if the 
packing density is independent of liquid loading. 
Since this assumption was apparently met for the pack
ings used by Urone and Parcher, their data show exactly 
the same behavior as that of the upper curves in Figure 
3B.

IV. Effects of Constant Mobile Phase Concentration. 
Constant mobile phase concentration can be achieved 
either by operation at infinite dilution or by one of 
several available finite concentration techniques, de
scribed elsewhere.11'12'1?

If c is maintained constant while F l is varied, then 
since a point has been fixed on each of the three relevant 
distribution isotherms, each of the g,, and consequently 
K/, of eq 9 must be constant. Only F l, A i, and As 
can vary. It is then a straightforward matter to con
struct the appropriate plots. Since A"l is constant, 
the variations of A L and A lF l with F l are the same as 
that shown in Figures lB(ii) and IC(ii), respectively. 
The K iA i plot differs from Figures 2C in that the curve 
follows the A i-F l plot because Ki is also constant.

(24) J. J. Kirkland, Anal. Chem., 35, 2003 (1963).
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Likewise, plots of KsAs against Fl follow those of 
Figure 3A(i).

Two compound cases are considered for the condition 
of constant sample concentration. In the first, when 
(KlVl +  K\Ai »  K SAS, Fn will vary with FL ac
cording to Figure 5A(i). In this figure, differences in
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Figure 5. A, Net retention volume at constant solute 
concentration in the mobile phase, for the case where K l V l —  
K 1A1 »  KsAs. In (i) and (ii): upper curves: wetted 
support; lower curves: nonwetted support; broken curves: 
K 1A1 > K l V l ', solid curves: K l V l > K i A i ; vertical broken 
line: point of monolayer formation. Upper curves in (iii) 
smaller and larger sample sizes; curves do not intersect at 
Fl = 03. B, Net retention volume at constant solute 
concentration in the mobile phase, where K l V l  — K\A\
KsAs. (i) Variation of Fn with Fl. Upper curve: 
nonpolar stationary phase which wets the support; middle 
curve: polar stationary phase which wets the support; 
lower curve: nonpolar stationary phase which does not wet 
the support. Vertical broken line: point of monolayer 
formation, (ii) Variation of Fn/F l with Fl. Upper curve: 
nonpolar stationary phase which wets the support; curve 
for polar, wetting stationary phase is similar. Lower curve: 
nonpolar stationary phase which does not wet the support. 
Vertical broken line: point of monolayer formation.

relative importance of K lVl and KxAx are taken into 
account; the pair of broken curves apply to systems in 
which liquid surface adsorption predominates over bulk 
partition, and the pair of full curves to the reverse 
situation. The upper curves of each pair refer to wet
ted supports, and the lower curves to nonwetted sup
ports. It is of interest that Kirkland24 found pre
cisely the behavior shown in the lower solid curve of 
Figure 5A(i) for butanol solute on squalane coated onto 
Kel-F, which is nor wet by the squalane. The Fn/F l 
— Vl and the Fn/ F l — 1 /F l plots are formally quite 
similar for the cases of constant concentration and con
stant sample size, as is made clear by comparison of 
Figures 5A(ii) and (iii) with 4B(ii) and (iii). The main 
differences are twofold. First, KL, still given by the 
intercept on the ordinate axis, now varies with solute 
concentration, but to no great extent, since curvature 
of the bulk partition isotherm is less pronounced than 
that of the adsorption isotherm. Secondly, curvature 
in the plot for a given concentration now reflects only

the variation of A\, since both Kl and Ki are constant. 
Thus if Ax is known as a function of F l, Kj , as well as 
K l , can be determined.

Secondly, we consider the case where K l V l  — K x A x  

~  KSAS. The resulting plots of Fn and of F n/ F l are 
as illustrated in Figure 5B and the behavior is not al
ways formally distinguishable from the situation of con
stant sample size (Figure 4C). The solid support ad
sorption-dominated situation, as may be expected, is 
describable by Figure 3A(i).

Discussion

The results of most importance are obviously those 
describing overall net retention volume for each of the 
various combination cases considered above. Some 
experimental results are available from the literature 
for comparison. It should be pointed out, however, 
that Figures 4 and 5, which involve sums of contribu
tions, can only be illustrative in that their exact form is 
determined by the extent to which each individual re
tention mechanism contributes. For any particular 
situation, the figures describing these individual sources 
of retention should be consulted before drawing con
clusions from the overall retention diagrams.

In most fundamental chromatographic work, an at
tempt is made to reach infinite dilution by the use of 
the smallest convenient detectable sample size consist
ent with an acceptable signal to noise ratio. Martin,2® 
for example, used 0.02 /d (ca. 0.2 /¿mol) of each com
ponent over the whole range of liquid loadings studied. 
This sample size produces chromatographic solutions of 
mean solute mole fractions of the order of 10-3. Ac
cording to the solution tension measurements of Mar- 
tire, et al.,6 at these concentrations (dy/dx), and there
fore r2(1) is almost constant, so that Ki will not vary 
with F l- This is clearly a case where infinite dilution is 
effectively achieved. Martin2® proved that in his 
systems KSAS =  0, so his results should be described by 
a plot in the form of Figure 5A, i.e., by the sum of 
Figures 1C and 2B(i). Some calculations based on his 
data are of interest here. For solution in /3,/F-thiodi- 
propionitrile at 25°, the K\A\ contribution for iso
octane at low loadings (1.5% w/w) is about 90% of F n, 
while at 25% loading, it is 48%. For cyclopentane, 
at 1.5% w /w  of solvent, the liquid surface contribution 
is 77% of the total, while at 25% w/w, it is only 6% of 
Fn. Thus for isooctane, the Fn~Fl plot should be 
similar to the broken portion of the upper curve in 
Figure 5A(i), while that for cyclopentane should be 
closer to the solid upper curve of the same figure. This 
is, in fact, what is evident in Figure 3 of Martin’s 
paper.2®

The more interesting systems to compare are those 
squalane systems studied by Urone and Parcher9 and 
by Pecsok and Gump.8 Constant sample size was used 
in the glpc study,9 and for methanol was 10 /¿mol in 1 
cc of helium carrier gas. For untreated firebrick,
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strong solid support interaction can be anticipated and 
the result should appear as the upper curve in Figure 
3B(i). Such a maximum is in fact found in Figure 1 of 
ref 9. A replot of Urone and Parcher’s data as F n/ F l 
vs. F l is formally similar to our Figure 3B(ii), showing a 
well-developed hump at low solvent/support ratios. 
The magnitude of the solid support adsorption swamps 
out the other retention mechanisms. If pure partition 
was observed, methanol should elute before acetone, 
since its activity coefficient-vapor pressure product is 
about 5 times that of acetone. The relative support 
adsorption coefficients for this firebrick must therefore 
be in the ratio of about 15/1 [Ks(m ethanol)/^(ace
tone) to match the published data.9

Urone and Parcher’s data for tri-o-tolyl phosphate 
stationary phase are dominated at low liquid loadings 
by support adsorption also. However, as more liquid 
is added, interfacial adsorption and partition become 
dominant, resulting in a plot similar to the lower curve 
of Figure 4C(i) for support coated by a polar solvent. 
Data are also given for silanized firebrick.9 The most 
obvious result of the support treatment is a reduction 
in the observed retention volume of methanol by a 
factor of 20 to 40. Clearly the majority of adsorbing 
sites have been eliminated. According to the static 
measurements of Pecsok and Gump,8 the infinite dilu
tion values of K L and K i ,  extrapolated to 75°, are for 
methanol 2.92 and 80 X 10-6 cm, respectively. As
suming that Urone and Parcher’s 1 m X 4 mm i.d. 
columns contained 10 g of packing, values of K^Vl can 
be calculated. Subtracting this A lF l from the F n 
values determined from a redrawn plot of the published 
figure,9 the remainder is (KiAi +  A SAS). Using values 
of A\ taken from Martire, et al,,6 we can then calculate 
values of (K\  +  A SAS/A i) for columns containing 0.5 
to 16% w/w  of squalane. These values range from 34 
X 10-6 cm at 0.5% w /w  to 109 X 10~6 cm at 16% w/w 
squalane. K s A s/ A \  can now be calculated since values 
of K\ as a function of the solute mole fraction in solu
tion can be calculated from Pecsok and Gump’s data as 
follows. Values of the solute mole fraction in solution 
at the column inlet are calculated from the known 
sample size, sample volume, and F l, and vary from 
0.06 at 0.5% w/w  to 0.04 at 16% w/w. (It is interest
ing that over the range of liquid loadings from 0.5 to 
16% w/w, the maximum solute mole fraction varies 
only by a factor of 1.5.) If the reasonable assumption 
is made that the center of the solute band undergoes 
dilution by a factor of about 50 in moving to the outlet 
end of the column, the mole fraction is about 10 ~3 at 
the outlet. At this concentration, calculation from 
Pecsok and Gump’s extrapolated data gives a value of 
K\ for the methanol-squalane system of about 20 X 
10-6 cm for all the liquid loading used. Thus 7%As/ 
Ai goes from about 10 X 10~6 cm at 0.5% w /w  to 
about 90 X 10~6 cm at 16% w/w. Solid support ad
sorption must therefore provide a very significant con

tribution to the overall solute retention in this system 
even after careful silanization. The exact relative 
magnitude of the contribution cannot be deduced, 
since computation of precise values of Ki would require 
more exact information than is available as to the solute 
concentration profile and the dependence of the solu
tion surface tension on concentration in this system. 
The important conclusion is that these three contribu
tions—partition, liquid surface, and solid surface ad
sorption—are all participating to roughly the same ex
tent and add up to an apparent linear variation of Fn 
with 1%. Because support adsorption masks liquid 
interfacial adsorption in the system studied by Urone 
and Parcher,9 no inconsistency exists between their ex
perimental results and the known occurrence8 of liquid 
interfacial adsorption in the system.

Conclusions

The glpc systems so far chosen for study of the Gibbs 
effect have been largely free of complicating support 
effects and so have provided valuable information. If 
the technique is to be extended beyond the relatively 
limited range of suitable systems of this type— and 
there may well be great need for this, for example, to 
allow study of complexing reactions by glpc— certain 
practical and theoretical criteria must clearly be met.

First, we see from earlier argument that the use of 
columns of much less than about 5% w /w  loading is 
undesirable since no theory exists for the liquid surface 
situation in the absence of a bulk phase. It is also 
advantageous to use a sensitive detector which permits 
recording of peaks small enough to approach symmetry 
in profile. If asymmetrical peaks cannot be avoided, 
a procedure is available for dealing with the situation, 
but is longer and involves some loss of accuracy.17

Treatment of data is best effected by plotting FN/ F L 
against 1/F l at constant concentration which may, of 
course, be infinite dilution. This gives K l without 
need for any ancillary data, and can also yield Ki 
and A SAS if Ai is independently determined. Values 
of Kz are given by the intercept on the ordinate axis 
and, since A l varies more slowly with concentration 
than KiAi or K BAS, the plots for different, but small, 
concentrations should all extrapolate to the same point.

Operation at constant sample size, as opposed to 
constant concentration, does not lead to evaluation of 
thermodynamic parameters but is useful for one particu
lar purpose: the appearance of a hump, such as that 
shown in Figures 3B(i) and (ii), in a plot of Fn or Fn/ F l 
against F l, is a diagnostic test for support adsorption in 
the presence of a nonpolar solvent wetting the support. 
More generally, the diagrams previously given can be 
used to draw conclusions about the types of interaction 
involved in a given chromatographic system, operated 
at either constant concentration or constant sample 
size. Finally, because of the possibility of eompensa-
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tion between two or more mechanisms, it is incorrect 
to draw conclusions about surface effects on the basis 
of measurements at only two different loadings. Use 
of a wide range of loadings is mandatory.
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Gas-liquid partition chromatography has been used for the first time to determine accurate values of the limit
ing activity coefficients of C3-C5 alcohols in squalane over the temperature range 50-70°. A newly devised 
data-treatment procedure was used to circumvent the problems of liquid and solid support interfacial adsorption 
which occur in these systems, and which have plagued previous chromatographic investigations. The results 
validate the corrective procedure used, thus allowing the extension of chromatographic techniques to the study 
of the thermodynamics of such systems.

In part I,2a we considered in qualitative detail the 
problems of interpretation which arise when chro
matographic retention arises from the simultaneous oc
currence of bulk solution, liquid interface adsorption, 
and solid interface adsorption. Comparison of the 
alternative procedures of evaluating retention data 
corresponding to constant sample size or to constant 
sample concentration clearly showed the latter to be 
preferable. It was then shown that true bulk partition 
coefficients could always be obtained if the appropriate 
data treatment methods were adopted.2 This work 
describes an experimental glpc test of the methods de
vised. Alcohol-squalane systems have been chosen for 
study because they show complex retention character
istics in high degree. In a previous study of such sys
tems3 the influence of surface retention was not cor
rectly allowed for and it is of interest to determine the 
extent of the error introduced.

Experimental Section

Columns of stainless steel tube of about 50 cm length, 
'A  in. o.d., and 0.028 in. wall thickness were packed 
with squalane supported on carefully HMDS-silanized 
100-120 mesh Sil-O-Cel. Four such columns were 
prepared, the percentage of squalane in the coated pack
ing varying from 7.3 to 32.5 by weight. Squalane was 
deposited on the solid support from solution in ether. 
The exact amount of squalane deposited was deter
mined by careful weighing. The results were checked 
by refluxing weighed portions of the packing with ace

tone in a Soxhlet extraction apparatus until the pack
ing was reduced to a constant weight. In all cases the 
weights of squalane on each column deduced from 
several extractions were within 0.3% of each other and 
in agreement with the expected weight on the column 
to at worst 3% and usually much better. The per
centage loading was taken as the mean of the two values 
so obtained.

The columns were contained in a forced air thermo
stat electronically controlled to within ±0.01° and with 
a total temperature difference between the ends of the 
oven of less than 0.1°. Hydrogen carrier gas, dried by 
passage through 5A molecular sieve and silica gel, was 
flow controlled to better than 1%, the flow being fre
quently checked by use of a thermostated soap bubble 
flow meter.

Liquid samples were injected from a 0-1 A  Hamilton 
microsyringe through a silicone rubber septum con
tained in an injection block heated to 102°. The 
solutes were injected separately and in mixtures with 
no noticeable effect on their retention volumes. The 
retention volume of the peak maximum for each solute 
was measured for a series of sample injection sizes 
ranging from less than 0.01 to 0.07 /d and found to

(1) (a) Department of Chemical Engineering, University College of Swansea, 
(b) Department of Chemistry, Queens College of the City University of New 
York, Flushing, N. Y, 11367,
(2) (a) J. R. Conder, D. C. Locke, and J. H. Purnell, J. Phys. Chem., 
73, 700 (1969); (b) J. R. Conder, J. Chromatogr., 39, 273 (1969).
(3) A. B. Littlewood and F. W . Willmott, Anal. Chem., 38, 1031 
(1966).
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decrease with increase in sample size. The propor
tional change in retention over this range of sample 
size varied from 7 to 70%, depending on the liquid 
loading, temperature, and nature of the solute. With 
markedly asymmetrical peaks, such as were observed in 
all cases in this study, the peak maximum of a sample 
of a given size is found to be almost coincident with a 
point of the same height on the diffuse edge of a peak 
of larger size. A plot of peak height against retention 
volume was thus constructed, effectively reproducing 
the diffuse boundary of a large, asymmetrical peak. 
As retention volume, Fn, increases with changing liquid 
loading, the height of a zone of given solute concen
tration on the boundary also increases. In accordance 
with the procedure of Conder,2b the heights chosen on 
the plots at each liquid loading were therefore propor
tionated to F n by a process of successive approxima
tion to give a series of values of F n at different liquid 
loadings but constant concentration. This was done 
for four different concentrations.

A twin-channel katharometer was situated in the 
thermostat in close proximity to the column, one channel 
being situated at the column outlet and the other at the 
inlet to enable the injection peak to be recorded. The 
time constant of the read-out system did not exceed 
2 sec, the resulting contribution to recorded peak 
asymmetry being negligible. Retention volumes were 
measured from the injection peak and corrected for 
column dead volume by subtracting the retention 
volume of a separately injected air sample.

Squalane used was May and Baker “ Embaphase” 
brand for gas chromatography and the alcohols were 
all B.D.H. laboratory reagents.

Results

It was shown in part I2a that the general retention 
equation

Fn =  A V F l +  K i'A i +  K S'A S (1)

described the retention behavior of a solute subject to 
solution and the several forms of adsorption possible 
in a chromatographic system (see part I for definition 
of symbols). The K  values in eq 1 are primed since 
each is sample size (concentration) dependent. Only 
at true infinite dilution can we write

Fn =  A lF l +  K iA i +  K sA a (2)

with truly constant distribution coefficients.
Since F n of eq 1 is deduced from an experimental 

datum via
Fn =  A obadFL (3)

it follows that we may write

(F n/F l) = A 0bsd = K h' +  ( K / A i  +  A s',4s) /F l (4)

and hence a plot of A 0bsd, the apparent (experimental) 
distribution coefficient, against 1/1%, even at constant

solute concentration, should be a curve since both Ai 
and As are functions of FL. The intercept at 1 /F L = 
0 is A l- Since A L' varies much less with concentration 
than Ki or Ks' and since only low concentrations can 
be used if eq 1 and 4 are to remain valid, K L' is essen
tially constant and equal to the infinite dilution value 
A l . Thus, if K 0bS is determined as a function of Fl, 
plots of the data at a variety of (constant) solute con
centrations should take the form of a family of curves 
with a common intercept. The procedure adopted for 
analyzing the chromatograms so as to maintain con
stant concentration as Fl varies is described in ref 2.

Figure 1 illustrates the families of curves obtained as

Figure 1. Plot of Vr/Vl against 1 ¡V l at four different solute 
concentrations (arbitrary concentration units) for (A) 
1,1-dimethyl-l-propanol and (B) 2-propanol, at 50°.

described for elution at 50° of 2-propanol and of 3- 
methyl-l-butanol, representing the extremes of the 
molecular weight range of solutes used and of distribu
tion coefficients measured. These are typical of all the 
others. The fact that in all cases the curves for dif
ferent solute concentrations extrapolate so closely to a 
common point is encouraging confirmation of our pro
cedure and the theory on which it is based. The de
rived values of K L for all solutes at the three tempera
tures used are listed in Table I.

The data of Table I may be converted to specific re
tention volumes (F g) for bulk solution at infinite 
dilution via the expression

Fg = 273A l/ T pl (5)

where T is absolute temperature and pL is solvent den-

Volume 78, Number 3 March 1969



710 D. F. C a d o g a n , J. R. C o n d e r , D. C . L o c k e , a n d  J. H. P u r n e l l

Table I: Values of KL Derived for Alcohols in Table IV: Values of y p °  for Alcohols in Squalane
Squalane from Plots of Koha against 1 /F l over the Temperature Range 50-70°

Alcohol 50°
-----K l------

60° 70°

2-Propanol 26 14
1-Butanol 148 98 72
2-Butanol 94 63 50
2-Methyl-l-propanol 109 70 57
2-Methyl-2-propanol 46 32 26
2-Pentanol 264 173 125
3-Methyl-l-butanol 330 200 146
1,1-Dimethyl-l-propanol 169 112 83

No. Alcohol 50°
Tp
60° 70°

l 2-Propanol 8.19 6.17
2 1-Butanol 7.22 6.35 5.25
3 2-Butanol 5.04 4.52 3.58
4 2-Methyl-l-propanol 6.28 5.83 4.44
5 2-Methyl-2-propanol 4.65 4.18 3.34
6 2-Pentanol 4.48 3.93 3.28
7 3-Methyl-l-butanol 6.34 5.75 4.58
8 1,1-Dimethyl-l-propanol 2.94 2.68 2.29

sity. The latter was measured at the relevant tem
peratures by dilatometry and the results are listed in 
Table II.

In order to convert Vg data to activity coefficients, 
saturation vapor pressure data are required. Data for
2-propanol were taken from Parks and Barton,4 while 
those for the butanols and pentanols, except for 3- 
methyl-l-butanol, were calculated from the equations

Table II: Density of Squalane (g ml Q

------------------------------ Temp, °C----------------— --------
50 60 70

PL 0.7900 0.7834 0.7770

of Butler, Ramchandani, and Thomson.4 The pub
lished equation6 for 3-methyl-l-butanol is erroneous 
and so the vapor pressure data were plotted and inter
polated for this compound. Table III lists the values 
employed.

Table III: Saturation Vapor Pressures (mm) of Alcohols 
in the Range 50-70°

Alcohol 50°
P2 , mm 

60° 70°

2-Propanol 176.8 288.5 454.8
1-Butanol 35.22 61.86 104.0
2-Butanol 79.38 135.0 219.5
2-Methyl-l-propanol 54.80 94.65 156.4
2-Methyl-2-propanol 175.8 287.7 452.0
2-Pentanol 31.81 56.56 95.90
3-Methyl-l-butanol 18.00 33.45 58.75
1,1-Dimethy 1-1-propanol 75.84 128.2 207.2

Values of 7P° were derived through the usual in
finite dilution equation

TP° = 273R/p2°MsVg (6)

and are listed in Table IV. Since K L' was observed to 
be virtually independent of concentration at the very 
low concentrations used, the data relate essentially to

infinite dilution, so that the possibility of alcohol polym
erization in these solutions is precluded.

Excess partial molar Gibbs free energies, g2e (kcal 
mol-1), were calculated from the yp° values inter
polated to 333.3°K. Partial molar enthalpies, h2e 
(kcal mol-1), were derived from the slopes of the lines 
in Figure 2, and excess partial molar entropies, s2e (eu), 
determined from the difference. The values are all 
presented in Table V.

Table V : Derived Thermodynamic Quantities for
Alcohols in Squalane

Alcohol
SJ1

kcal mol“1
h2e

kcal mol-1
S2®

cal mol-1 deg"1

2-Propanol 1.29 3.36 6.2
1-Butanol 1.22 3.62 7.2
2-Butanol 0.959 3.79 8.5
2-Methyl-l-propanol 1.11 3.58 7.4
2-Methyl-2-propanol 0.916 3.56 7.9
2-Pentanol 0.876 3.47 7.8
3-Methyl-l-butanol 1.12 3.52 7.2
1,1-Dimethyl-l-propanol 0.622 2.90 6.8

In principle, fugacity corrections should be applied 
to 7P° to yield the more meaningful yf°. For the 
alcohols of interest here the literature offers no help 
since no second virial coefficients, B22, for the tempera
ture range of this study have been quoted. We have, 
therefore, adopted a corresponding states approach in 
which all available B22 data6-11 have been plotted in re
duced form as B22/V0 against T/T„ where the critical

(4) G. S. Parks and D. Barton, J. A m er. Chem. Soc., 50, 24 (1928).
(5) J. A. V. Butler, C. N . Ramchandani, and D. W . Thomson, 
J. Chem. Soc., 138, 280 (1935).
(6) J. D . Cox, Trans. Faraday Soc., 57, 1674 (1961).
(7) C. B. Kretschmer and R. Wiebe, J. A m er. Chem. Soc., 76, 2579 
(1954).
(8) J. D. Lambert, G. A. H. Roberts, J. S. Rowlinson, and V. J. W il
kinson, P roc. R oy . Soc., A196, 113 (1949).
(9) J. D. Lambert, D iscussions Faraday Soc., 15, 226 (1953).
(10) M . P. Moreland, J. J. McKetta, and I. H. Silberberg, J. Chem. 
Eng. Data, 12, 329 (1967).
(11) R. L. Pecsok and B. H. Gump, J. P hys. Chem., 71 , 2202 (1967) ; 
(they cite unpublished data of Dymond).
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Figure 2. Temperature dependence of log 7/  for alcohols 
in squalane. Solutes are numbered as in Table IV. Estimated 
experimental errors in 7P° are indicated.

volumes Vc and temperatures Tc are those of Ambrose 
and Townsend.12 The lack of even these data for the 
pentanols restricts the calculations to the lower alcohols. 
With the exception of the data for methanol7'811 and 
ethanol,7 9'11 all the available data were obtained at re
duced temperatures greater than 0.68. Since the re
duced temperature range of interest here is 0.57-0.68,

Table VI: Second Virial Coefficients (cc mol *) for 
Alcohols in the Temperature Range 50-70°

Alcohols so°
—B 22, cc mol 1 

60° 70°

Methanol 1800 1400 1100
Ethanol 2600 2100 1600
1-Propanol 4600 3700 3000
2-Propanol 3100 2400 1900
1-Butanol 7400 8200 5400
2-Butanol 5800 4500 3600
2-Methyl-l-propanol 6600 5500 4400
2-Methyl-2-propanol 3800 2900 2300

a best curve was drawn through the data and extrap
olated. The values of B22 derived are listed in Table
VI.

The values listed are liable to error on a number of 
counts but the overall correction to yv° is only in the

order of a few per cent. Thus, this matter is of second
ary importance. The equation

I n  7 i® =  I n  7 p °  -  W / R T )  (B 2i -  p 2° )  -  (pv f/R T)  ( 7 )

was then used for computation, where p is the mean 
column pressure and v2° the molar volume of solute. 
The term in p Bn/RT was dropped since no data for 
interaction in hydrogen-alcohol vapor mixtures exist 
and no satisfactory method for calculation of B12 is 
known. In any case, the value is small for hydrogen 
carrier gas and the overall result is negligible. Table 
VII lists values of y °  calculated as above.

Table VII: yt° Values for Some Alcohols in Squalane in
the Temperature Range 50-70°

7f° -------,
Alcohol 50° 60° 70»

2-Propanol 8.39 6.31
1-Butanol 7.46 6.57 5.43
2-Butanol 5.06 4.54 3.68
2-Methyl-l-propanol 6.37 5.96 4.57
2-Methyl-2-propanol 4.78 4.30 3.48

Although B22 increases with increasing molecular 
weight, it is seen that the extent of the fugacity correc
tion diminishes. This results from the functional de
pendence of In Yf° on the product p2°/B22. The 
validity of the approximations made is established by 
comparison of the data of Table IV and VII. The 
fugacity correction is small in all cases, never exceeding
3%.

Discussion

Figure 2 illustrates plots of log yp° against 1 /T for 
all the alcohols studied. Experimental errors are in
dicated in the figure. The procedure used to subtract 
adsorption contributions from measured retention data 
is expected to introduce an uncertainty of a few per 
cent into the derived solution activity coefficients. 
Errors of this order in retention data are to be expected 
whenever adsorption phenomena accompany solution 
in chromatographic systems. High precision of the 
order of a few tenths of one per cent is attainable only 
when adsorption phenomena are absent and no correc
tion procedures are required. Although the points 
plotted in Figure 2 appear to be best represented by 
curves of negative curvature for all solutes, it is perhaps 
more realistic, in view of the indicated precision of the 
data, to adopt straight line plots. As shown in Table V, 
the excess enthalpy of mixing varies little from one 
solute to another and averages 3.5 kcal mol“ 1. Savini, 
Winterhalter, and van Ness18 present heat of mixing

(12) D . Ambrose and R. Townsend, J. Chem. Soc., 3614 (1963).
(13) C. G. Savini, D . R. Winterhalter, and H. C. Van Ness, J. Chem. 
Eng. Data, 10, 168 (1965).
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data for some C3-C 5 alcohols in C6-C 9 paraffins, extrap
olated with some misgivings to infinite dilution to give 
values of the order of 5.4 kcal mol“ 1. Little variation 
is expected and found between solutes since h -f is essen
tially the enthalpy of hydrogen-bond breaking. These 
two sets of values are not inconsistent in view of the 
relatively large expected uncertainties (20-40%) in the 
derived chromatographic values. As expected, the ex
cess partial molar entropies of mixing are large and posi
tive, ranging from 6-8 cal mol“ 1 deg“ 1.

The dependence of the activity coefficient on solute 
structure may be seen by reference to Figure 2. The 
dominant features determining solubility are (a) carbon 
number and (b) the position of the -OH group. Thus, 
solubility increases with increasing carbon number and 
increases in the series: primary <  secondary <  tertiary 
alcohol, i.e., as the screening of the -OH group increases. 
In contrast, chain branching at points remote from the 
position of the functional group has little effect on 
solubility.

Support for the validity and accuracy of our activity 
coefficient data is provided by measurements on 
methanol and ethanol in a static apparatus by Peesok 
and Gump.11 These data correlate well with ours 
when plotted in the form of log yp° against carbon 
number.

This agreement between the chromatographically and 
statically measured data would seem to be excellent con
firmation of the general hypothesis and procedures dis
cussed in part I 2a and clearly allows the extension of the 
glpc technique to the study of polar-nonpolar systems. 
The advantages of glpc may thus be brought into a 
new area of study.

It is appropriate now to consider the errors which 
are introduced when remedial procedures for account
ing for surface effects are not adopted. Comparison of 
our data with those of Littlewood and Willmott3 shows 
that at 70° the agreement between the 7P° values is 
remarkably good, but that as the temperature is dimin
ished, disagreement increases. At 50°, our values are 
about 10% greater than theirs. While this may not 
appear to be a significant absolute difference, there are 
considerable relative differences in the general tem
perature dependences observed. Thus, for example, 
in the data of these authors3 there are curious inversions 
in the relative magnitudes of 7P° within the homo
logous series. In contrast, there is a regularity evident 
in our data at all temperatures and the relative values 
of 7P° change httle; the heats of mixing are sensibly 
constant for all the alcohols studied. We conclude that 
failure to correct for surface effects can lead to very 
misleading information, even though the absolute error 
involved may not be very great.

Consideration of eq 1 and the probable temperature 
dependences of the individual terms leads us to an in
teresting conclusion of wide relevance. Significant

surface effects are most likely to occur where bulk 
solubility is low, i.e., where a strong positive deviation 
from Raoult’s law obtains. In consequence, the bulk 
heat of solution will be expected to be considerably less 
than the heat of condensation of the solute. On the 
other hand, the heats of adsorption at the interfaces will 
equal or exceed the heat of condensation. Thus, the 
contribution of the surface terms relative to the bulk 
solution will diminish with increasing temperature and 
at some limiting temperature will become negligible for 
every system.

This proposition offers an explanation for the discrep
ant temperature dependences recorded by Littlewood 
and Willmott3 and also allows correlation of their work 
with ours. Since they ignored the surface contribution 
and in effect attributed the whole of retention to bulk 
solubility, at low temperatures the solubility will appear 
to be enhanced and 7P° will apparently be smaller than 
the true value, in accord with our comparison.

Although in this work we have chosen to evaluate 
only bulk solution data, it is apparent that our method23 
can be further employed to determine at least one of the 
surface partition coefficients if either A\ or As is known. 
Having evaluated KL as described, we may now rewrite 
eq 1 in the form

F n — A lF l =  K\A\ +  KsAg (8)

and a plot of the left-hand side against A\ or A s will 
yield a curve, the limiting slope of which will correspond 
to K\ or Ks, respectively. An alternative procedure 
has been suggested by Conder.2b Data can be ob
tained for Ai as a function of UL for glpc systems23 
and so in principle one of these procedures may be 
followed. We have not chosen to do so here since 
our primary objective has been to establish the glpc 
method as a viable technique for the study of solutions 
in which adsorption effects are also present.

Further discussion of the values of 7P° deduced is 
hindered by lack of an adequate theory for alcohol solu
tions. Considerably more experimental studies are re
quired. In addition, as has been explicitly pointed out 
by Van Ness, et al.,u direct measurement of appropriate 
thermodynamic parameters is the fastest and most 
accurate means available. To this end, we believe that 
the advantages offered by glpc make it most important 
to establish its role in this context.
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Hydrolysis Kinetics of Dilute Aqueous Chromium(III) Perchlorate1

by Larry D. Rich, David L. Cole, and Edward M . Eyring2
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Dissociation field effect relaxation times in dilute aqueous chromium(III) perchlorate solutions have been 
measured and attributed to the hydrolysis equilibrium

h
Cr3+ +  H20 CrOH2+ +  H+

k-i

At 25° the specific rate 7.8 X 10s M~l sec-1 at an ionic strength / i = 5 X  10~4 M. This k-1 is ap
proximately six times smaller than that measured previously for reaction between a proton and A10H2+.

Introduction

The aqueous solution chemistry of chromium(III) 
has been summarized by Earley and Cannon.3 Dilute 
aqueous solutions of chromium(III) perchlorate re
portedly contain the hydrolysis products CrOH2+ and 
Cr(OH)2+ as well as polymeric species such as Cr2- 
(OH)24+. The water molecules in the first coordination 
spheres of these species have been omitted in this 
notation simply for convenience. In the absence of 
evidence for complexing of aquated chromium(III) 
species by perchlorate, we expect that the major equili
bria in acidic, dilute aqueous chromium (III) perchlorate 
solutions will be

kl
Cr3+ +  H20  7TZ) CrOH2+ +  H+ (1)

kï
CrOH2+ +  H20  Cr(OH)2+ +  H+ (2)

kz
2CrOH2+ Cr2(OH)24+ (3)

Two of the corresponding equilibrium constants

= [H+][CrOH2+ ]/[C r3+] = 1.05 X 10^  M (4)

=  [H +][C r(O H )2+]/[CrO H 2+] = HD8-86 M (5)

were determined spectroscopically’ by Emerson and 
Graven4 for chromium (III) perchlorate solutions at 25° 
and ionic strengths ¡j. ranging from 0.01 to 0.05 M. 
Tsuchiya and Umayahara6 have obtained a conducto
metric value of Ki = 1.1 X 1CP4 M for aqueous chromi- 
um(III) sulfate at 25° extrapolated to p. = 0 in excellent 
agreement with the Ki of Emerson and Graven.4 A 
dimerization equilibrium constant

= [Cr2(OH )24+]/[CrO H 2+] 2 ^  104 M~' (6)

can be deduced3'6 from the data of Bjerrum7 and Fin- 
holt.8

In 10~3 M  chromium(III) perchlorate solutions 
maintained at 30° and ranging in pH from 2 to 3, Post- 
mus and King9 found no evidence of polymerization 
after 1.5 years. The very slow polymerization and 
depolymerization reactions of aqueous chromium (III) 
have also been noted by other workers.3'10'11 True 
equilibrium can only be achieved by aging for very long 
periods or by heating aqueous chromium(III) solutions 
well above room temperature. We chose to explore 
the kinetics of chromium(III) perchlorate hydrolysis in 
freshly prepared acidic solutions kept at 25° or below. 
Thus the system is clearly out of true equilibrium and 
the concentration of Cr2(OH)24+ and higher polymers 
can be assumed to be negligible.

Our immediate goal is to determine the rate constants 
ki and k-i. We wish eventually to correlate values of 
ki vs. reciprocal metal ion radii for a large number of 
isovalent ions. For the present we must content our
selves with a comparison of fc_i for chromium (III) with 
a value = 4.4 X 109 M -1 sec-1 found12 for the re
action

fc-L

A loir  • +  H +----- v Al3+ +  11:,()

(1) This research was supported by the Directorate of Chemical 
Sciences, Air Force Office of Scientific Research, Grant AF-AFOSR- 
476-66.
(2) To whom communications should be addressed.
(3) J. E. Earley and R. D. Cannon, “ Transition Metal Chemistry,” 
Vol. 1, R. L. Carlin, Ed., Marcel Dekker, Inc., New York, N . Y ., 
1965, p 34 ff.
(4) K. Emerson and W . M . Graven, J. Inorg. Nucl. C h e m 11, 309 
(1959).
(5) R. Tsuchiya and A. Umayahara, Bull. Chem. Soc. J ap . 36, 554 
(1963).
(6) J. I. Morrow and J. Levy, J. Phys. Chem., 72, 885 (1968).
(7) N. Bjerrum, “Studier over Basiske Kromiformbindelser,” Inaug
ural Dissertation, Copenhagen, 1908.
(8) J. Finholt, Thesis, Berkeley, UCRL Report No. 8879 (1960).
(9) C. Postmus and E. L. King, J. Phys. Chem., 59, 1208 (1955).
(10) J. N . Bronsted and K. Volquartz, Z. Phys. Chem., 134, 97 
(1928).
(11) H. T. Hall and H. Eyring, J . Amer. Chem. Soc., 72, 782 (1950).
(12) L. P. Holmes, D . L. Cole, and E. M . Eyring, J. Phys. Chem., 72, 
301 (1968).
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Table I : Calculated Molar Concentrations and Experimental Dissociation Field Effect
Relaxation Times in Dilute Aqueous Chromium(III) Perchlorate at 25°

co,a pHb n,c ThU [H + ],« [C r '+ ]/ [CrOH»+] / [Cr(OH)j+]/ 7,9 nh
1 0 M l0-< M 10- 5 M 10- 6 M 10- 5 M 10"eM jusec

14.86 3.98i 7.52 0.969 10.72 7.42 7.28 1.92 3.74 ±  0.41 8
11.14 3.97s 5.77 0.972 10.80 5.58 5.43 1.44 4.59 ±  0.17 8

9.20 3.828 5.30 0.967 15.35 5.42 3.70 0.68 3.03 ± 0 . 1 7 9
7.43 4.21, 3.54 0.979 6.22 2.68 4.52 2.05 4.03 ±  0.18 7
5.58 4.31o 2.59 0.981 4.99 1.73 3.64 2.06 4.69 ±  0.32 6
3.71 4.24o 1.89 0.984 5.84 1.28 2.31 1.12 5.26 ±  0.41 5
2.23 4.63s 0.956 0.989 2.33 0.368 1.66 2.01 5.77 ±  0.31 10

° Total molar concentration of chromium(III) perchlorate. 6 Glass electrode pH of the sample solution. c Ionic strength of the 
sample solution. d Activity coefficient of hydrogen ion calculated from the limiting form of the Debye-Hiickel relation. » Molar con
centration of hydrogen ion, [H+] = 10_eH/ yh+- f Molar ionic concentrations calculated from eq 4, 5, and 7 through 10 of the text. 
s Average experimental dissociation field effect relaxation time with standard deviation calculated from the range. h Number of inde
pendent determinations of the relaxation time.

in aqueous aluminum (III) chloride at 25° and ionic 
strength g =  10-3 M.

Eigen’s relaxation methods are well suited to kinetic 
studies of pro to lytic equilibria such as that in eq 1. 
The dissociation field effect or electric field jump (E- 
jump) relaxation method13 permits the ready deter
mination of chemical relaxation times of 10-6 to 10“ 7 
sec that we would anticipate for such a monomeric 
hydrolysis step in '-'-TO“ 4 M  aqueous chromium(III) 
solutions.

Experimental Section
G. F. Smith Co. reagent grade chromium (III) per

chlorate, Cr(C104)3-3H20, was dissolved in distilled, 
deeminized, boiled water to yield an approximately 5 X 
10 ~3 M  stock solution. The exact chromium con
centration was determined volumetrically: oxidation 
to dichromate using ammonium persulfate was followed 
by a titration of the dichromate with ferrous ion, the 
latter solution having been previously standardized 
with a primary standard potassium dichromate solu
tion.14 Sample solutions for the E-jump experiments 
were prepared by adding small aliquots of this stock 
solution under a Linde high-purity dry nitrogen at
mosphere to 10“ 7 ohm-1 cm-1 conductivity water pre
pared by an electrophoretic ion-exclusion technique.15 
The pH of each sample solution was determined with 
a Beckman 1019 pH meter fitted with 41263 glass and 
39071 calomel electrodes.

Our E-jump apparatus for conductometric determi
nation of chemical relaxation times resulting from the 
application of a square, high-voltage wave has been 
described previously.16'17 Our experimental results 
are summarized in Table I. The concentrations shown 
were calculated from the measured pH, known total 
concentration of chromium (III) denoted hereafter by 
Co, eq 4 and 5, and the additional equations

Co = [Cr3+] +  [CrOH2+] +  [Cr(OH)2+] (7)

n =  |(9 [Cr3+] +  4[CrOH2+] +  [Cr(OH)2+] +  3c0) (8)

—log yh+ =  0.509VV (9)

[H+] = 10-pH/  yh+ (10)

The relaxation times r were obtained from the oscillo
scope traces by plotting the relative voltage (ordinate) 
vs. time (abscissa) on semilog paper and drawing a 
single straight line through the data. In no case did a 
photographed oscilloscope trace give rise to multiple 
slopes in the corresponding semilog plot.

Results
The available equilibrium data, eq 1-6, and the 

Smoluchowsky-Debye-Eigen phenomenological equa
tion18 for the limiting values of diffusion-controlled ionic 
reactions led us to anticipate observing two E-jump 
relaxation times each of the order of a few microseconds 
and caused by the coupled monomeric hydrolyses, eq 
1 and 2. For instance, let us assume that fc_i =  9 X 
108 i f “ 1 sec-1 and fc_2 = 4 X 109 M~l sec“ 1. These 
specific rates are plausible since they are considerably 
smaller than the upper limit for the diffusion-controlled 
reaction rate constants calculated from the Smoluchow
sky-Debye-Eigen equation for the general reactions

k-1 fc-s
H+ +  B2+ ----- > and H+ +  B +------>

in water at 25°, and since this phenomenological equa
tion would also predict that /c_2 >  fe_i. Using the 
equilibrium concentrations calculated for the first

(13) M . Eigen and L. De Maeyer, “Technique of Organic Chem
istry,” Vol. V III, Part II, S. L. Friess, E. S. Lewis, and A. Weiss- 
berger, Ed., Interscience Publishers, Inc., New York, N . Y ., 1963, p 
988 ff.
(14) D . A . Skoog and D. M . West, “ Fundamentals of Analytical 
Chemistry,” Holt, Rinehart and Winston, Inc., New York, N . Y ., 
1963, p 457.
(15) W . Haller and H. C. Duecker, J. Res. N at. Bur. Stand,, A64, 
527 (1960).
(16) D . T . Rampton, L. P. Holmes, D . L. Cole, R. P. Jensen, and 
E. M . Eyring, Rev. S ci. Instrum., 38,, 1637 (1967).
(17) D . L. Cole, E. M . Eyring, D . T. Rampton, A . Silzars, and R. P. 
Jensen, J. Phys. Chem., 71, 2771 (1967).
(18) Reference 13, p 1032.
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experiment of Table I (i.e., [H +] =  1.07 X 10"4 M, 
[CrOH2+] =  7.28 X IO"8 M, [Cr(O H )2+] = 1.92 X 
10"6M ), fa =  Kik-i =  9.45 X 104 sec"1 and hi = 
K 2fc_2 =  1.13 X 104 sec"1, we may calculate from the 
appropriate expression for the relaxation times

Tl,2 1 =
“ n +  “ 22 1 ± V -

4 (“ ll“ 22 — “ 12“ 2l) 
(“ 11 +  “ 22) 2 (H )

where
«11 = fa +  M [H + ]  +  [CrOH2+]) (12)

“ i2 = *-i([H +] +  [CrOH2+]) (13)

“ 2i =  (fa -  fc-2[Cr(OH)2 + ]) (14)

«22 = fa +  M [H + ] +  [Cr(OH)i+]) (15)
that n  = 3.93 fisec and r2 = 2.22 fisec. There is no 
serious obstacle to resolving two relaxation times this 
widely spaced as is evident, for example, from a rate 
study19 of nickel(II) diglycine and imidazole complex 
formation. Thus, the simplest inference to draw 
from our observation of a single microsecond time range 
relaxation is that only one protolytic equilibrium is 
present in these aqueous chromium(III) perchlorate 
sample solutions. We can easily provide a tentative 
identification of this equilibrium by plotting the data 
of Table I first in terms of the equation

n " 1 = fa +  M [H + ]  +  [CrOH2+]) (16)

and then in terms of the equation

T2" 1 = fa +  fc_2([H+] +  [Cr(OH),+]) (17)
The least-squares straight line through the data plotted 
in terms of eq 16 has a slope fc_x = 7.8 X 10s M _1 sec-1 
and an intercept fa = 1.4 X 105. The quotient fa/ 
k-i =  1.8 X 10" 4 Mis in quite good agreement with Ki = 
1.1 X IO-4 M  of eq 4. Equation 17 also gives a good 
straight line fit of the data with a slope fc_2 = 1.1 X 
109 A /"1 sec"1 and intercept fa = 1.5 X 10® sec"1. How
ever, the quotient fa/k-2 = 2.4 X 10"4Ai is in very poor 
agreement with Ki =  2.8 X IO"6 M of eq 5. Thus we 
have evidently observed the first monomeric hydrolysis 
step, eq 1.

Discussion
There are actually at least two plausible explanations 

for our failure to observe a second relaxation time at
tributable to the second monomeric hydrolysis step of 
eq 2. It may indeed by true that iv2 is much smaller 
than 10"5'56 in freshly prepared, dilute aqueous chromi
um (III) perchlorate solutions. In this case the correct 
calculation of fa and 1 from the experimental relaxa
tion times requires the iterative solution of

Ki = [H+][CrOH2+ ]/[C r3+] (18)

Co = [Cr3+] +  [CrOH2 + ] (19)

H =  V2(9[Cr3+] +  4[CrOH2+] +  3c0) (20)

and eq 9, 10, and 16 starting from K\ =  1.05 X 10"4 M 
and rapidly attaining a different, constant value of 
K\ = fa/k  ̂1. Since the dominant term in eq 16 is 
[H + ] and not [CrOH2+], the constant values fci = 
1.4 X 10s sec"1, k- 1 =  6.7 X 108 M " 1 sec"1, and K x = 
fa/k- 1 =  2.1 X 10“ 4 M  obtained from eq 18-20, 9, 10, 
and 16 in four iterations do not differ significantly from 
those reported in the preceding paragraph.

The other plausible explanation for our observation 
of one rather than two relaxations in the microsecond 
time region was suggested by Hammes and Steinfeld.19'20 
For a coupled system of two equilibria, such as eq 1 and 
2, one of the two normal concentration variables, iq,21 
proportional to the amplitude of the observed voltage 
change, is a sum of two large terms in the concentra
tions, rate constants, reciprocal relaxation times, etc., 
whereas the other normal concentration variable is 
equal to a difference of two such terms. Thus the 
amplitude of the latter relaxation effect could be too 
small for detection even though both of the coupled 
chemical equilibria were present in the sample sys
tem.

Returning now to a discussion of the kinetics of eq 1, 
it is interesting to compare the previously found12 
k-x =  4.4 X 109 M _1 sec-1 and fa =  4.2 X 104 sec-1 
for aluminum(III) with the present fc_i =  7.8 X 
10s M " 4 sec"1 and fa = 1.4 X 106 sec-1 for chromium- 
(III). Taking the dielectric constant e to be that of 
bulk solvent, 78.5 for water at 25°, and assuming an 
interionic reaction distance a =  7.5 A previously found 
suitable for diffusion-controlled reactions in water,22 
we calculate from the Smoluchowsky-Debye-Eigen 
equation18 that the upper limit of &_j for the reaction 
H+ +  MOH2+ —> M 3+ +  H20  is ~ 2  X 1010 M ~l sec"1. 
Our experimental fc_i values for aluminum(III) and 
chromium(III) both lie comfortably below this limit 
for diffusion-controlled reaction, but why is fc_ 1 for 
Cr(III) only one-sixth that for A l(III)? An explana
tion might involve either differences in dielectric con
stant near CrOH2+ compared to A10H2+ or differences 
in the distances to which solvent water molecules are 
highly structured away from these two ions. Differ
ences in both properties for these two ions would arise 
from differences in ionic radii (for Al3+ r = 0.50 A and 
for Cr3+ r =  0.69 A )23 that in turn yield differences in 
electrostatic potential gradient near the surfaces of 
these isovalent ions.

Since the reverse reaction
k,

Cr(H20 ) 63+— >  Cr(H20 ) 60H 2+ +  H+

(19) G. G. Ham m es and J. I .  S te in fe ld , J. Amer. Chem. Soc., 84, 
4639 (1962).
(20) J. I .  S teinfe ld, B . S. Thesis, M . I .T . ,  1962, pp 51-54.
(21) See re f 13, p  908 ff.
(22) M . E igen and L . D e M aeyer, Proc. Roy. Soc., A247, 505 (1958).
(23) L . Pauling, “ The N a tu re  of the Chem ical Bond and the  S truc
tu re  of Molecules and C rys ta ls ,”  3rd  ed, C orne ll U n ive rs ity  Press, 
Ith aca , N . Y ., 1960.
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involves the separation of repulsive charges as well as 
the migration of a very mobile proton, we are not sur
prised that h  = 1.4 X 105 sec“ 1 for this reaction is a 
great deal larger than the 25° first-order rate constant 
h* ~  10~6 to 1CL6 sec-1 reported24 for the much studied 
reaction

&l*
Cr(H20 ) 63+ ----- > Cr(H20 ) 63+ +  H20

that bears it a superficial resemblance. The ion- 
dipole attractive interaction in this latter reaction as 
well as the lower mobility of H20  than H+ could account 
for a markedly lower h* than fci.

(24) M. Eigen and R. G. Wilkins in “ Mechanisms of Inorganic Re
actions,” Advances in Chemistry Series, No. 49, R. F. Gould, Ed., 
American Chemical Society, Washington, D . C., 1965, p 64.

An Infrared Study of the Adsorption and Mechanism of Surface Reactions of 

1-Propanol on 7-Alumina and 7-Alumina Doped with Sodium 

Hydroxide and Chromium Oxide

by A. V. Deo and I. G. Dalla Lana

Department of Chemical and Petroleum Engineering, University of Alberta, Edmonton, Alberta, Canada 
(Received September 9, 1968)

Infrared studies of the adsorption of 1-propanol on 7-alumina and the effect of doping the 7-alumina with 
sodium hydroxide and/or chromium oxide in the temperature range from room temperature to 400° are 
described. Four different types of surface species were observed: (i) strongly physically hydrogen-bonded
propanol to the surface hydroxyl groups; (ii) an aluminum propoxide type structure chemisorbed on Al3+ 
ions; (iii) a carboxylate structure in which both surface hydroxyl and Al3+ ions are involved; and (iv) a 
conjugated hydrocarbon species bonded probably to the Al3+ ions. Dehydration mainly occurred on the 
pure 7-alumina surface, particularly on the high-frequency hydroxyl groups. On the addition of sodium 
hydroxide, the dehydration reaction was suppressed and the dehydrogenation reaction became dominant. 
The addition of chromium oxide apparently creates more dehydrogenating sites. The dehydrogenation 
possibly proceeds via a mechanism involving both carbonium and carbanion ions. The results are correlated 
by both infrared spectra and mass spectral analysis of the gaseous products.

Introduction

One of the earliest studies of the catalytic dehydro
genation of primary alcohols was reported by Ipatieff1 
in 1936. Komarewsky2 used this method to prepare 
symmetrical ketones. In a similar study, with 1- 
propanol as the feed to a fixed-bed reactor using a 
sodium hydroxide-treated chromia-Alundum catalyst, 
Dalla Lana,3 et al., proposed a chemical model for the 
multiple reaction sequence. By isolating and identify
ing chemical intermediates and by examining the 
chemical reactions of several intermediates under 
identical conditions, they showed the chemical sequence 
involved dehydrogenation of the 1-propanol to propion
aldéhyde followed by parallel condensation of the 
aldehyde to either its aldol or to propyl propionate 
under the elevated temperature at 400°. They also 
encountered some thermal reactions.4 The present 
paper discusses some mechanistic aspects of this reac
tion system, obtained by studying the infrared spectra 
of 1-propanol adsorbed on the catalyst and of the inter

mediate surface species formed thereof. Some atten
tion is also devoted to the catalytic influence of y- 
alumina on 1-propanol.

Infrared spectral studies of the adsorption of primary 
alcohols on alumina have been previously reported. 
Babushkin and Uvaro Vs studied the adsorption of 
ethanol on alumina at 20° and found that the alcohol 
was adsorbed in fragments such as OH, -C H 2-C H 2-  
and also as an ethoxy group bound directly to an 
aluminum atom on the surface, A l-0 -C H 2-C H 3.

(1) V. N. Ipatieff, “ Catalytic Reactions at High Pressures and 
Temperatures,” The Macmillan Co., New York, N. Y ., 1936, pp 
411-451.
(2) Y. I. Komarewsky and J. R. Coley, J. Amer. Chem. Soc., 63, 
700, 3269 (1941); Advan. Catal, 8, 207 (1956).
(3) I. G. Dalla Lana, K. Vasudeva, and D. B. Robinson, J. Catalysis, 
6, 100 (1966).
(4) I. G. Dalla Lana, S. E. Wanke, and A. Y. Deo, paper presented 
at the Second Symposium on Catalysis, Hamilton, Ontario, Canada, 
June 16, 1967.
(5) A. A. Babushkin and A. V. Uvarov, Dokl. Akad. Nauk SSSR, 
110, 581 (1956).
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Figure 1. 1-Propanol on 7-alumina. Heated in 1 cm of PrOH at T° for 1 hr and pumped off at T° for 1 hr.

Roev and Terenin6 studied the mechanism of decom
position of methanol and ethanol on chromium oxide 
catalyst at 20 and 150° and observed that water 
molecules and hydroxyl groups split off from the 
alcohols with the formation of unsaturated compounds. 
The elimination of an H atom also resulted in the forma
tion of surface components of the type Cr-O-R. 
Greenler7 studied the adsorption of methanol and 
ethanol on 7-alumina in the temperature range from 35 
to 430° and identified three surface species, viz., an 
easily removed liquid phase, a surface alkoxide struc
ture, and an ester-like surface structure. More 
recently, Kagel8 studied the adsorption and surface 
mechanism of Ci to C4 normal alcohols on 7-alumina 
in the temperature range from 25 to 500° and observed 
the same three species as reported by Greenler. He 
proposed a mechanism for these adsorption processes. 
The present work restricts the study to 1-propanol but 
investigates the effect of doping 7-alumina with sodium 
hydroxide and chromium oxide, in the temperature 
range from room temperature to 400°. Sodium 
hydroxide is generally believed to suppress the catalytic 
dehydration activity of 7-alumina, and chromium oxide 
itself behaves as a dehydrogenation catalyst. Their

use as doping agents in this work parallels the earlier 
studies reported by Dalla Lana, et al.3

Experimental Section

A 7-Alumina powder, Alon-C,9 was used to prepare 
thin infrared-transparent wafers by pressing she fine 
powder in a 2-in. diameter die at a pressure of 12 
tons/in.2. To dope the 7-alumina catalyst with 
sodium hydroxide and/or chromium oxide, 2% aqueous 
solutions were mixed with alumina into a thick slurry 
using a minimum amount of water. The excess water 
was removed by evaporation from the slurry at 110° 
and the resulting cake was crushed into fine powder, 
which could then be pressed into thin wafers. The 
catalyst wafer was then placed in an in situ infrared 
cell10 with sodium chloride windows. The pretreatment 
of the pure 7-alumina and the one doped with sodium 
hydroxide involved degassing at 450° for 2 hr, heating

(6) L. M . Roev and A. N . Terenin, Dokl. Akad. Nauk SSSR, 124, 
373 (1954).
(7) R. G. Greenler, J. Chem. Phys., 37, 2094 (1962).
(8) R. O. Kagel, J. Phys. Chem., 71, 844 (1967).
(9) Cabot Corporation, Boston, Mass.
(10) J. B. Peri and R. B. Hannan, J. Phys. Chem., 64, 1526 (1960).
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Figure 2. 1-Propanol on NaOH treated 7-alumina. Heated in 1 cm of PrOH at T° for 1 hr and pumped off at T° for 1 hr. ( X : heated 
at 400° for 1 hr and pumped off at 300° for 1 hr.)

in oxygen at 10 cm pressure for 2 hr at 450°, and again 
degassing at this temperature overnight. In the case 
of chromia-doped catalyst, the oxygen treatment was 
followed by heating in hydrogen at 10 cm pressure for 
2 hr at the same temperature to ensure that the 
chromium was in a reduced state.

After cooling to room temperature, the base line 
spectrum of the catalyst was recorded on a Perkin- 
Elmer Model 621 infrared spectrophotometer, using a 
similar evacuated cell without a catalyst wafer in the 
reference beam. Because of the low transmission of 
the catalyst wafers, the reference beam had to be

attenuated and the slits opened to compensate for the 
loss in energy, the slit opening being directly propor
tional to the square root of the reciprocal of transmit
tance.

The 1-propanol (Fisher Co.) was purified by distil
lation followed by repeated freezing and thawing on the 
vacuum rack. One centimeter of absolute pressure of 
propanol vapor was introduced in both cells and the 
spectrum was recorded differentially to eliminate inter
ference from spectrum of gaseous propanol. To check 
that the spectrum of the adsorbed species alone was 
obtained, the procedure was repeated but with removal
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Figure 3. 1-Propanol on NaOH treated 7-alumina doped with chromium oxide. Heated in 1 cm of PrOH at T° and pumped off at T° for 
1 hr. ( X h e a t e d  at 400° for 1 hr and pumped off at 300° for 1 hr.)

of the catalyst from the sample beam and again 
recording the spectrum with vapor alone in both cells.
After recording the spectrum of the adsorbed substance, 
excess alcohol was pumped off at room temperature for 
1 hr. Physically adsorbed alcohol was removed by 
degassing at 100° for 1 hr. High-Lemperature heating 
up to 400° was maintained for a further 1 hr with the 
vapor of propanol at 1 cm pressure in the cell. The 
subsequent degassing was completed in steps of 100°, 
the spectrum being recorded after each step.

The spectra so obtained are shown in Figures 1 to 3.
They show selected spectra for each set of experiments 
and the spectra are shifted along the transmission scale

for convenience and clarity in reading. Although 
Figures 1 to 3 appear rather crowded in detail, the 
presentation of all related spectra in a single figure 
(rather than in several figures) facilitates the observa
tion and comparison of changes in infrared spectra. 
The region between 1300 and 1000 cm-1, where the 
transmission of the catalyst drops sharply, is shown as 
a difference between the base line and the spectrum in 
the adsorbed state, whereas in the region at higher 
frequencies, the spectra are shown as recorded.

After heating the propanol in the presence of the 
catalyst wafer, the infrared spectrum of the vapor was 
recorded to study the products formed. These results
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were checked against the related mass spectra, for the 
same vapor phase as well as for the species removed 
by pumping. The mass spectra were obtained with an 
AEI(MS2) mass spectrometer.

Results and Discussion

I. 1-Propanol on Pure y-Alumina. Figure 1 shows 
the results of adsorption of propanol on alumina at 
different temperatures, along with the base line. The 
base line shows three broad bands at 3785, 3720, and 
3680 cm"’ which are attributed to the three different 
types of surface hydroxyl groups as reported by Peri.10 
The model put forward by Peri11 for the surface sites 
on y-alumina will be used in the discussion of the 
results. The model assumes that even after sufficient 
dehydration, when the water molecules physically 
adsorbed are largely eliminated, the surface of alumina 
still retains hydroxyl groups with neighboring sites of 
oxide and aluminum ions. Moreover, the number of 
oxide ions surrounding the hydroxyl groups differ
entiates them from one another and imparts different 
acidity to them.

Spectra obtained at room temperature and 100° (and 
up to ~170°) are more or less similar to the propanol 
spectrum in the vapor phase except for a few distinct 
changes and sharper bands. The high-frequency 3758 
cm“ 1 band disappears completely while the other two 
hydroxyl bands are still evident. The large broad 
band around 3500 cm-1 is due to hydrogen bonding of 
the alcohol molecules to the surface hydroxyl groups. 
Because of the possibility of hydrogen bonding between 
the alcohol molecules themselves, though normally 
negligible in the gas phase at low pressures, as well 
as with the surface groups, the hydroxyl group inter
actions are difficult to interpret but may be used as an 
indirect evidence of hydrogen bonding with the surface.

There are no changes in the C-H stretching and 
bending regions; however, the OH in-plane bending 
band at 1220 cm-1 shifts to a higher frequency of 
1250 cm“ 1. More pronouncedly, the -C -O H  stretching 
band also shifts upwards from 1060 to around 1150 
cm“ 1. These shifts to higher frequencies and the 
presence of the OH in-plane bending band suggest that 
the H of the hydroxyl group in the alcohol is free and 
that the alcohol molecules are hydrogen bonded to the 
surface hydroxyl through the oxygen in the alcohol. 
Moreover, this band structure corresponds almost 
exactly to that reported7-8 for an aluminum alkoxide 
(in the present case aluminum propoxide). Although 
the 1150 and 1250-cm-1 bands might mask one another, 
additional supporting evidence was observed. The 
large broad band at roughly 3500 cm“ 1 is characteristic 
of hydrogen bonding. Furthermore, pumping at 
higher temperatures after room temperature adsorption 
of alcohol resulted in rather easy desorption of the 
hydrogen-bonded alcohol molecules. The minor dif
ferences are due to the number of hydrocarbon chains,

aluminum propoxide with three hydrocarbon chains, 
while the surface structure will have only one. From 
these results, one may surmise that, up to 170°, twro 
types of adsorbed species (I and II) are formed, with 
their structures as follows.

to -170°
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Structure I is the strongly hydrogen-bonded phys
ically adsorbed species. Considering either Ha where 
the H atom is dissociated as such, or l ib  where the 
hydrogen ion H+ is removed, structure lib  seems to be 
the more plausible one. The H+ ion thus removed is 
free to migrate to oxide surface sites and form H2.

Significant changes occur in the spectra of adsorbed 
species on heating above 170°. The broad band 
around 3500 cm“ 1 attributed to the hydrogen bonding 
with the surface now increases to a larger extent than 
that encountered at room temperature and up to 
~170°. Correspondingly, a new band at around 1650 
cm“ 1 (not shown in figure) appears due to H -O-H  
bending of adsorbed water. This water band and also 
the increased broad band around 3500 cm-1 are easily 
removed on pumping at room temperature.

Four new bands are observed at 1565, 1480, 1450, 
and 1303 cm“ 1. These are stable up to 400° with 
degassing. The bands at 1565 and 1480 cm“ 1 cor
respond to asymmetric and symmetric stretching 
vibrations of the carboxylate ion; the bands at 1450 
and 1303 cm“ 1, which decrease in intensity on pumping 
at higher temperatures, seem to be either characteristic 
of the propionate structure or associated with the 
carboxylate structure. The sources of these two bands 
were not confirmed. Now, since the alkoxide structure 
is not observed above 200° but the carboxylate struc
ture is, it may be expected that the alkoxide must 
have formed the carboxylate. Greenler7 has shown by 
studying the adsorption of CH3OD and CD3OH on 
y-alumina that the hydrogen removed from the surface 
carboxylate (formate) comes from the methyl group, 
and taking into consideration the bridge structure pro
posed by Eischens and Pliskin12 for chemisorbed formic 
acid on nickel, one can write the carboxylate structure

(11) J. B. Peri, J. Phys. Chem., 69, 220 (1965).
(12) E. P. Eischens and. W . A. Pliskin, Actes Congr. Intern. Catalyse, 
Paris (1960).
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of the adsorbed species (III) as 

above ~170° to 400°
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0
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Al— 0 — Al

m

+ % H2

(confirmed by m.s.)

The hydrogen evolved in this reaction was detected 
by mass spectrometer. The shift to the lower fre
quency side of 1565-cm“ 1 band on degassing at higher 
temperatures may be due to a change in Al-Al distance 
with the corresponding change in the carboxylate bond 
angle.

The infrared spectrum of the gaseous products formed 
above 200° shows that propylene is the major reaction 
product. The band at 1650 cm-1 for the adsorbed 
species suggests that water is also formed during the 
reaction above 200°. This was confirmed by mass 
spectral analysis of the gaseous product formed at 
400°, which was found to consist mainly of propylene, 
water, and less than 1% hydrogen. This reaction, 
occurring above 200°, is explained on the basis that 
structure I, hydrogen-bonded propanol, dehydrates 
giving propylene.

— C— C—  C-j-0-

1 . .  I
Al

'Hi
H

Al

(confirmed by m.s.)

/  /
CHj— CH=CH2 + H20

II. 1-Propanol on Sodium Hydroxide Treated y- 
Alumina. Figure 2 shows results from a similar set of 
studies of adsorption of propanol on sodium hydroxide 
treated y-alumina at different temperatures, along with 
the corresponding base line. The base line shows only 
two well-separated hydroxyl bands at 3740 and 3680 
cm-1 instead of the three encountered in the case of 
pure alumina. Peri10 has reported that the band at the 
lower frequency of 3680 cm“ 1 appears to be the more 
acidic of the three hydroxyl groups, shown by the 
greater ease with which it exchanges hydrogen. As a 
result, the disappearance of the high-frequency 3785- 
cm“ 1 band and not the low-frequency more acidic 
3680-cm“ 1 band is rather unexpected. The results 
from the adsorption of propanol on y-alumina (Figure 
1) show that the high-frequency 3785 cm“ 1 hydroxyl 
band disappears completely while the other two remain 
more or less separated, and on desorption at high tem
peratures, this high-frequency band reappears last.

The disappearance suggests that sodium hydroxide 
reacts with the high-frequency surface hydroxyl to 
form Al-O-Na.

Adsorption spectra at room temperature, 100°, and 
200° are more or less similar to the one on pure alumina. 
The following three differences were noted: (i) the
hydroxyl region is more distinctly outlined suggesting a 
lesser degree of hydrogen bonding; (ii) in the C-H  
stretching region, 2940 and 2880-cm“ 1 bands are re
solved into doublets. In conjunction with this, the 
fact that the 1380-cm“ 1 band, which is always smaller in 
intensity than the 1455-cm“ 1 band as is the case on pure 
alumina, has reversed the intensity relation, suggesting 
an O -R  bonding;13 and (iii) the small band at 1562 cm“ 1 
gives an indication of the beginning of formation of 
carboxylate species. From this, one can conclude that 
up to 200° the major surface species formed is the 
alkoxide (II) with very little of the hydrogen-bonded 
species (I).

At 300°, the asymmetric and symmetric stretching 
bands of the carboxylate ion become more pronounced 
but the bands due to the alkoxide species still exist, 
suggesting an abundance of this latter species. Up to 
this high temperature, the spectrum of the gaseous 
phase does not change from that of propanol showing 
that no reaction has taken place.

The spectrum marked X  was taken after heating the 
catalyst with 1 cm of propanol at 400° for 1 hr and then 
pumping off at room temperature, 100, 200, and 300° 
for 1 hr each. Two new bands are observed at 1650 
and 1617 cm“ 1, while the other bands due to the alkoxide 
species were much reduced. These new bands show 
the presence of conjugated double bonds; however, 
these bands disappear after pumping at 400° and then 
only the carboxylate bands remain. The spectrum of 
the gaseous product shows the band structure is similar 
to unsaturated compounds. This was confirmed by 
a mass spectral analysis of the gaseous product, which 
showed the presence of propylene and mainly con
jugated hydrocarbons with the molecular formulas 
CeHio (confirmed by exact mass measurements) and 
7%  hydrogen. Water was not formed in this reaction, 
indicated by the fact that the hydroxyl region did not 
increase in intensity and the absence of the 1650-cm“ 1 
band which disappears on pumping at room tempera
ture.

From studies by other workers on silica and alumina, 
both having surface hydroxyl groups, the greater 
reactivity of alumina is attributed to the electron- 
abstracting Lewis acid centers present on the alumina 
surface as aluminum ions. The results of adsorption of 
propanol on y-alumina and the mechanism proposed 
here suggest that the surface hydroxyl groups more than 
compete with the aluminum ions resulting in dehydra-

(13) K . N akanishi, “ Infrared  A d sorp tion  S p ectroscop y ,”  H olden - 
D a y , In c ., San F ransisco, C alif., 1962, p 22.
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tion of the alcohol. Once this tendency is suppressed 
by doping with sodium hydroxide, the main reaction 
involves aluminum ions and thus the dehydrogenation 
reaction becomes dominant. Sodium hydroxide, it 
seems, does not take part in the reaction but essentially 
suppresses one type of active site and leaves the other 
unaffected. The following mechanism for the forma
tion of unsaturated hydrocarbon then seems plausible.

Hb 2—  C—  C— 0 -

1 (H)(5 ) i i 3+

V
Al3+

— c — c— c —
I + +

V
Al3+

! I I I
-c— c =  c-

' i r

i

CbHi, — c— c ==t  ct c ?  - r
AP+ Al3+

From two alkoxide groups, two carbonium ions will be 
formed, in which either one of two neighboring Al3+ 
ions will be involved to give the unsaturated hydro
carbon and hydrogen. This result was confirmed with 
mass spectral analysis.

III. 1-Propanol on Sodium Hydroxide Treated 
Chromia-Alumina. Figure 3 shows the result of 
adsorption of propanol on sodium hydroxide treated 
chromia-alumina at different temperatures. The spec
tra are similar to those of the propanol adsorbed on 
sodium hydroxide-treated 7-alumina except, (i) the 
hydrogen-bonded hydroxyl region is less intense and, 
(ii) the band structure below 1300 cm-1 is more pro
nounced. This suggests an increase in the number of 
alkoxide species formed on the surface. It may be 
mentioned that the alkoxide species may form equally 
well on chromium ions. The infrared spectrum of the 
gaseous product is unchanged from that of propanol 
up to 300°. At 400°, the presence of unsaturated 
bonds, especially C5H8, and carbon monoxide is indi
cated and confirmed by mass spectral analysis, along 
with 2%  hydrogen. The decrease in the percentage of 
hydrogen found compared with that from sodium 
hydroxide-treated 7-alumina may be attributed to 
chemisorption of hydrogen on chromium ions, which 
did not desorb when pumped at room temperature.

Burwell, et al.,u and Van Reijen, et al.,ls have shown 
that surface chromium ions, on catalyst reduction, are 
in divalent state, Cr2+, surrounded by oxygen neighbors, 
and are responsible for the dehydrogenation character 
of such a catalyst. So, in effect, by adding chromia, 
one increases the number of surface sites available for 
dehydrogenation reaction. The decarboxylation reac

tion and the formation of conjugated hydrocarbons 
may be explained by considering the carbanion ion 
mechanism suggested by earlier workers.

lib — — C— C-i -C-  
1 I I I

- 0 I I

@ ®
\
Al3+

I 1
— * —  c — c —  +

V
Cr2+

or 1
Cr2+

Cr2+
carbonium ion +  carbanion ion — ► C5H8

CO

Such a carbanion ion will then react with another 
carbonium ion, as was shown to form on the sodium 
hydroxide-treated 7-alumina surface, resulting in the 
formation of CsFR

Conclusions

The above results show that, under the conditions 
studied, four types of surface species are mainly formed: 
(i) hydrogen-bonded propanol (I) strongly physically 
adsorbed to the high-frequency surface hydroxyl 
groups; (ii) the aluminum propoxide (II) chemisorbed 
on the electron-abstracting Lewis-acid aluminum ion, 
Al3+; (iii) the carboxylate with the bridge structure
(III) in which a hydroxyl group is involved; and (iv) 
the conjugated hydrocarbon species. These observa
tions concur with the results reported by earlier workers, 
though no single prior study has reported all of these 
species.

The appearance of and extent of formation of each 
species varies with temperature and the composition 
of the catalyst. The formation of the fourth species 
with the conjugated olefinic structure, formed only on 
sodium hydroxide-doped catalyst, is tentatively ex
plained through a carbonium ion and carbanion ion 
mechanism.

The formation of water during the dehydration is 
amply confirmed by both mass spectra and infrared 
analysis. In the latter, the hydrogen-bonded hydroxyl 
region increases in intensity and the 1650-cm"1 band 
due to H -O -H  bending appears, both of which dis
appeared upon pumping at room temperature. In the 
case of hydrogen, the only evidence obtained for its 
presence is the mass spectral analysis. The stoichio
metric amounts of hydrogen suggested by the proposed 
mechanism were not quantitatively established. Very 
recently, Shimizu and Gesser,16 while studying the esr 
spectra of hydrogen adsorbed on porous glass, observed 
signals due to hydrogen on the surface, and have sug
gested that the hydrogen atom becomes attached to the 
aluminum atom of the porous glass. This may be one

( 1 4 )  R .  L .  B u r w e l l ,  A .  B .  L i t t l e w o o d ,  M .  C a r d e w ,  G .  P a s s ,  a n d  
C .  T .  H .  S t o d d a r t ,  J .  A m e r .  C h em . S o c . ,  8 2 ,  6 2 7 2  (1 9 6 0 ) .

( 1 5 )  L .  L .  V a n  R e i j e n ,  W .  M .  H .  S a c h t l e r ,  P .  C o s s e e ,  a n d  D .  N .  
B r o u w e r ,  T h i r d  C o n g r e s s  o n  C a t a ly s i s ,  N o r t h  H o l l a n d  P u b l i s h i n g  
C o . ,  A m s t e r d a m ,  1 9 6 5 ,  p  8 2 9 .

(1 6 )  M .  S h im iz u  a n d  H .  D .  G e s s e r ,  p r i v a t e  d i s c u s s i o n .
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of the reasons accounting for the variation in the amount 
of hydrogen observed in the products via mass spectral 
analysis of products desorbed from sodium hydroxide- 
doped and chromium oxide-doped catalysts. Chrom
ium ions themselves may also present a strong adsorp
tion site for hydrogen.

Thus it appears that the main reaction of propanol 
on 7-alumina is that of dehydration, involving prim
arily one type, the least acidic, of surface hydroxyl 
groups. Once these high-frequency surface sites have 
been removed by doping with sodium hydroxide, the 
hydrogenation reaction involving the Al3+ becomes 
dominant. The addition of chromium oxide to the 
catalyst creates more sites for dehydrogenation.

Adsorption of propanol on chromia-alumina catalyst, 
without sodium hydroxide treatment, gave similar 
results to those obtained on pure 7-alumina. This 
suggested that for dehydrogenation to occur, the 
activity of the dehydrating sites must be first sup
pressed.

Further studies using the intermediates observed 
in propanol dehydrogenation3 and the effect of pre
adsorbed hydrogen, water, and carbon monoxide will 
be reported later.
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E le c t r ic a l  C o n d u c t a n c e s  o f  A q u e o u s  S o d iu m  I o d id e  a n d  t h e  

C o m p a r a t iv e  T h e r m o d y n a m ic  B e h a v io r  o f  A q u e o u s  S o d iu m  

H a lid e  S o lu t io n s  t o  800° a n d  4000 B a r s 1

by Lawrence A. Dunn2 and William L. Marshall

Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37SS0 (Received September 9, 1968)

F r o m  e l e c t r i c a l  c o n d u c t a n c e  m e a s u r e m e n t s  o n  d i l u t e  ( 0 . 0 0 1 - 0 . 1 0  m) a q u e o u s  s o l u t i o n s ,  t h e  i o n i z a t i o n  b e h a v i o r  
o f  N a l  w a s  s t u d i e d  i n  t h e  t e m p e r a t u r e  r a n g e  0 - 8 0 0 °  a n d  a t  p r e s s u r e s  t o  4 0 0 0  b a r s .  B o t h  t h e  c o n v e n t i o n a l  ( K ) 
a n d  c o m p l e t e  (K °)  i o n i z a t i o n  c o n s t a n t s  w e r e  c a l c u l a t e d  f o r  c o m p a r i s o n  w i t h  p u b l i s h e d  v a l u e s  f o r  N a C l  a n d  
N a B r .  A s  e x p e c t e d ,  N a l  i o n i z e d  t o  a  g r e a t e r  e x t e n t  t h a n  e i t h e r  N a B r  o r  N a C l ,  t h e  o r d e r  b e i n g  d i r e c t l y  p r o 
p o r t i o n a l  t o  t h e  a n i o n  s i z e .  T h e  n e t  c h a n g e  (k) in  w a t e r s  o f  s o l v a t i o n  o n  i o n i z a t i o n  d e c r e a s e d  f r o m  1 0 .2  f o r  
N a C l  t o  9 .7  f o r  N a l .  F o r  t h e  t e m p e r a t u r e  r a n g e  4 0 0 - 8 0 0 ° ,  t h e  v a n ’ t  H o f f  i s o c h o r e  y i e l d e d  s t a n d a r d  t h e r m o d y 
n a m i c  f u n c t i o n s  f o r  t h e  c o m p l e t e  e q u i l i b r i u m ,  N a X ( s o l v a t e d )  +  A ;H 20  N a + ( s o l v a t e d )  +  X ~ ( s o l v a t e d ) .  
T h e  A H°  o b t a i n e d ,  a p p r o x i m a t e l y  c o n s t a n t  w i t h  t e m p e r a t u r e ,  w a s  e s s e n t i a l l y  t h e  s a m e  a s  f o u n d  f o r  N a B r  a n d  
N a C l .  W i t h  t h e  c a l c u l a t e d  v a l u e s  o f  A G° a n d  a n  a v e r a g e  v a l u e  f o r  A / / °  o f  — 7 . 0  k c a l  m o l - 1 , s t a n d a r d  e n t r o p y  
c h a n g e s  o f  — 8 8 .3 ,  — 8 6 .2 ,  a n d  — 8 2 .9  c a l  m o l - 1  d e g - 1  f o r  t h e  c o m p l e t e  r e a c t i o n s  w e r e  o b t a i n e d  f o r  N a C l ,  N a B r ,  
a n d  N a l ,  r e s p e c t i v e l y .  T h e  n e g a t i v e  v a l u e s  o f  A S °  s h o w  t h a t  o r d e r  is  i n c r e a s e d  b y  a d d i t i o n a l  s o l v a t i o n  o n  i o n 
i z a t i o n  o f  t h e  e l e c t r o l y t e .  T h u s ,  a t  h i g h  t e m p e r a t u r e s ,  i n c l u s i o n  o f  t h e  s o l v e n t  a s  a  r e a c t a n t  p r o v i d e s  a  s i m p l e  
d e s c r i p t i o n  w h e r e b y  e a c h  e q u i l i b r i u m  c a n  b e  d e s c r i b e d  b y  o n l y  t h r e e  v a l u e s  (Jo, AH°, a n d  AS°) w h i c h  a r e  e s s e n 
t i a l l y  i n d e p e n d e n t  b o t h  o f  t e m p e r a t u r e  a n d  p r e s s u r e .  T h e  c lo s e n e s s  in  v a l u e s  o f  k a n d  A S 0 f o r  t h e  t h r e e  
h a l i d e s  s u g g e s t s  t h a t  a v e r a g e d  v a l u e s  f r o m  t h e s e  s a l t s  m a y  b e  u s e d  t o  e s t i m a t e  t h e  e q u i l i b r i u m  p r o p e r t i e s  o f  

m o s t  1 - 1  s a l t s  b e t w e e n  4 0 0  a n d  8 0 0 ° .

Introduction

The properties of aqueous electrolyte solutions at 
high temperatures and pressures, particularly in the 
supercritical region, are amenable to investigation by 
conductance techniques. This method has been ap
plied in several recent publications from this laboratory 
to the study of the behavior of dilute aqueous solutions 
of KHS04,3 NaCl,4 NaBr,6 and HBr6 to 800° and to pres
sures of 4000 bars. The results from these studies have 
indicated that, at high temperatures and pressures, 
aqueous electrolyte solutions exhibit a simplified be

havior not evident at lower temperatures. It was 
found that the isothermal limiting equivalent conduc
tances of these salts in the temperature range 100-800°

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with Union Carbide Corp. Presented before the Di
vision of Physical Chemistry at the 156th National Meeting of the 
American Chemical Society, Atlantic City, N . J., Sept 8-13, 1968.
(2) Mellon Institute, Carnegie-Mellon University, Pittsburgh, Pa. 
15213.
(3) A. S. Quist and W . L. Marshall, J. Phys. Chem., 70, 3714 (1966).
(4) A. S. Quist and W . L. Marshall, ibid., 72, 684 (1968).
(5) A. S. Quist and W . L. Marshall, ibid., 72, 2100 (1968).
(6) A. S. Quist and W . L. Marshall, ibid., 72, 1545 (1968).
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are linear functions of the solvent density.3-6 More
over, at temperatures from 400 to 800°, the limiting 
equivalent conductances for a particular electrolyte 
were found to be independent of the temperature at 
constant solvent density.3-8

This paper presents conductance measurements of 
dilute (0.001-0.10 to) aqueous Nal solutions at tem
peratures from 0 to 800° and at pressures to 4000 
bars. From these measurements limiting equivalent 
conductances of Nal were obtained at integral temper
atures and densities. Ionization constants (K ) for 
the conventional equilibrium, Nal Na+ +  I - , were 
also obtained where Nal behaves as a weak electrolyte. 
From these values the complete ionization constants 
(K°) for Nal were calculated at each temperature.7’8 
These results were used for calculation of thermody
namic quantities for Nal for comparison with the pre
viously published results for NaCl and NaBr.

For NaCl, NaBr, and Nal a unified behavior has been 
observed between 400 and 800° in the attainment of an 
essentially constant value of AH°, independent both 
of pressure and temperature, that describes the be
havior of all three electrolytes. Similarly constant 
values of AS° and of the net change in waters of solva
tion (k) for each electrolyte have also been calculated.

Experimental Section

A detailed description of the high-pressure conduct
ance equipment and procedures used has been given 
previously.4 The conductance cell with no pressure 
seals in the high-temperature region was used ex
clusively in this work. All solutions were prepared by 
weight from reagent grade Nal (Mallinckrodt Chemical 
Works) and conductivity water. The salt was dried 
for 24 hr at 120° before use. The conductivity water 
was obtained by passing distilled water through an ion- 
exchange column and then redistilling it twice from a 
fused quartz distillation unit. Conductivity measure
ments were made to 800° and 4000 bars on four solu
tions of Nal: 0.0009996, 0.005001, 0.05000, and 0.1000 
to. Previous data of Quist and Marshall9 for 0.01000 to 
Nal solutions under the same conditions have been 
included in the calculations. Four different inner elec
trodes were used for the conductance measurements. 
Their cell constants ranged from 0.495 to 2.104 cm-1, 
as determined iron 0.01 and 0.10 demal KC1 solutions 
at 25.00 ±  0.01°.

Results and Discussion

Specific conductances and equivalent conductances 
were calculated from the experimental data in the man
ner described previously.4 An example of isothermal 
specific conductances of Nal solutions as a function of 
pressure at the temperatures of the measurements is 
shown in Figure 1. From comparable figures for all 
five molalities of Nal, specific conductances at integral 
pressures were obtained by interpolation. Isobaric

724 Lawrence A. D unn and W illiam L. M arshall

Figure 1. Specific conductances of 0.05000 m Nal solutions 
as a function of pressure at several temperatures.

specific conductances for 0.05000 to Nal solutions vs. 
temperature are shown in Figure 2, and isothermal 
equivalent conductances vs. solvent density in Figure 3. 
The other solutions of Nal exhibit similar behavior ex
cept that the density at which the equivalent conduc
tance maximum occurs increases with increasing elec
trolyte molality. For 0.0009996 to Nal the maximum 
occurs near 0.50 g cm-3, while it occurs at about 0.70 g 
cm-3 for 0.1000 to Nal solutions. Similar behavior 
has been observed for NaCl4 and NaBr6 solutions.

From plots like Figure 3 equivalent conductances at 
integral densities were obtained for each molality of Nal 
at the experimental temperatures. These values were 
then plotted against temperature at constant solvent 
density, and from smoothed curves through the data, 
equivalent conductances at various temperatures and 
densities were obtained. These are presented in Table 
I for temperatures from 100 to 800°, and include equiv
alent conductances for 0.01000 to Nal calculated from 
the specific conductances given elsewhere.9 Data ob
tained at 0 and 25° have been used only for comparative 
purposes as shown in Figures 1-3, and have not been 
included in Table I. The values in parentheses repre
sent equivalent conductances at saturation vapor pres
sure at that temperature.

Calculation of Limiting Equivalent Conductances. 
From the conductance values in Table I limiting equiv
alent conductances were calculated by the several meth
ods described previously,4 and with the computer pro
grams developed earlier.3-6 At low temperatures and 
high densities the Robinson-Stokes equation,10 the

(7) W . L. Marshall and A. S. Quist, Proc. Natl. Acad. Sci., U. S., 58, 
901 (1967).
(8) A. S. Quist and W . L. Marshall, J. Phys. Chern., 72, 1536 (1968).
(9) A. S. Quist and W. L. Marshall, ibid., in press.
(10) R. A. Robinson and R. H. Stokes, J. Amer. Chem. Soc., 76, 
1991 (1954).
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Figure 2. Isobarie variation of the specific conductances of 
0.05000 m Nal solutions as a function of temperature at 
pressures from 500 to 4000 bars.

Figure 3. Equivalent conductances of 0.05000 m Nal solutions 
as a function of density at several temperatures.

Fuoss-Onsager-Skinner equation,11 and the Shedlovsky 
equation (including an ionization constant)12 gave es
sentially identical limiting equivalent conductances. 
As found previously for NaCl4 and NaBr,5 at densities 
below 0.70 g cm-3 the Robinson-Stokes equation did 
not represent the data as well as the other equations, 
while below about 0.60 g cm-3 only the Shedlovsky

DENSITY (g cm'3)

Figure 4. Limiting equivalent conductances of Nal as a 
function of density at temperatures to 800°.

equation, which includes an ionization constant, fitted 
the data satisfactorily.

Limiting equivalent conductances calculated for Nal 
at the various temperatures and densities are included 
in Table I, where the (limiting) molality of Nal is set 
equal to zero. At densities of 0.65 g cm-3 and above, 
the standard errors associated with the A0(NaI) values 
of Table I are less than 1%. Below this density the 
uncertainty in the limiting equivalent conductances 
increases with increasing temperature and decreasing 
density. Figure 4 shows the linear relationship ob
served when isothermal values of A0(NaI) from Table I 
are plotted against the density of the solvent. As 
found previously with NaCl4 and NaBr,6 the limiting 
equivalent conductance of Nal at constant density 
increases steadily with temperature, reaching a maxi
mum, constant value at about 400° and above. The 
deviations from linearity (Figure 4) at high tempera
tures and at densities below 0.45 g cm-3 may be due to 
difficulty in making accurate experimental measure
ments at sufficiently low electrolyte concentrations for 
reliable extrapolation to infinite dilution. The limita
tion under these conditions is the relatively high solvent 
conductance.3

A linear equation describing the variation of the lim
iting equivalent conductance of Nal with solvent den
sity (d) in the temperature range 400-800° is given as

Ao(Nal) = 1897 -  1210d (1)

Similar relationships were found previously for KH S04 
(considered as a 1-1 electrolyte),3 NaCl,4 NaBr,6 and 
HBr.6

A0(KHSO4) =  1740 -  HOOd (2)
Ao(NaCl) =  1876 -  1160d (3)
Ao(NaBr) =  1880 -  1180d (4)

Ao(HBr) = 1840 -  560d (5)

(11) R. M . Fuoss, L. Onsager, and J. F. Skinner, J. Phys. Chem,., 69, 
2581 (1965).
(12) T . Shedlovsky, J. Franklin Institute, 225, 739 (1938); R. M. 
Fuoss and T. Shedlovsky, J. Amer. Chem. Soc., 71, 1496 (1949).
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Table I: Equivalent Conductances (cm2 ohm 1 equiv *) of Dilute Aqueous Nal 
Solutions at Various Temperatures and Densities

TCC)

100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

Density, g c*~3

M olality 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0.00000 (356) 336
0.0009996 (345) 329
0.005001 (340) 320
0.01000 (336) 315
0.05000 (322) 309
0.1000 (315) 301

0.00000 496 444
0.0009996 481 434
0.005001 472 424
0.01000 457 414
0.05000 438 402
0.1000 432 391

0.00000 (670) 653 583 526
0.0009996 (655) 645 563 512
0.005001 (630) 602 554 502
0.01000 (595) 589 545 488
0.05000 (570) 548 512 469
0.1000 (540) 540 507 458

0.00000 780 708 644 586
0.0009996 770 698 621 569
0.005001 720 656 610 559
0.01000 694 640 602 544
0.05000 640 605 562 516
0.1000 629 596 556 505

0.00000 (986) 955 888 815 750 687 632
0.0009996 (970) 950 868 805 738 666 611
0.005001 (920) 884 822 747 694 645 600
0.01000 (860) 840 780 730 677 638 586
0.05000 (810) 768 722 678 641 593 550
0.1000 (760) 742 707 665 631 585 538

0.00000 1013 964 910 840 780 718
0.0009996 1002 960 888 830 767 701
0.005001 930 888 838 772 721 666
0.01000 890 850 802 754 702 659
0.05000 798 771 733 700 661 609
0.1000 773 748 717 687 650 599

0.00000 1320 1430 1460 1310 1220 1180 1115 1030 970 934 867 799 739
0.0009996 1076 1175 1190 1200 1180 1155 1102 1015 968 907 847 785 724
0.005001 825 1000 1045 1030 1025 1020 990 940 890 846 790 735 679
0.01000 695 820 920 925 940 965 945 900 858 814 766 716 669
0.05000 495 655 645 705 760 792 798 795 770 738 710 668 613
0.1000 475 600 590 655 720 755 765 767 749 724 697 658 604

0.00000 1440 1420 1440 1300 1220 1170 1110 1040 975 936 869 806
0.0009996 935 1100 1145 1185 1175 1152 1097 1020 970 908 848
0.005001 695 875 980 1005 1015 1010 988 945 890 846 789 738
0.01000 575 715 860 900 930 955 940 9Û5 860 817 770 719
0.05000 400 550 590 680 745 780 790 788 768 740 712 666
0,1000 380 500 545 630 705 741 758 758 746 726 698 658

0.00000 1430 1380 1400 1290 1220 1170 1110 1040 975 934
0.0009996 825 1010 1100 1165 1170 1150 1092 1025 971 906 838
0.005001 590 780 925 980 1005 1000 980 945 890 844 784
0.01000 480 630 800 880 920 942 930 900 856 811 764
0.05000 320 465 550 655 725 762 778 775 762 738 706
0.1000 305 425 500 610 685 722 743 742 738 724 694

0.00000 1390 1370 1380 1290 1220 1179 1105 1040 975 927
0.0009996 730 945 1060 1150 1160 1145 1088 1023 968
0.005001 510 710 870 960 990 987 968 940 886 836
0.01000 410 565 755 855 905 920 918 888 851 804
0.05000 265 400 505 630 705 745 760 760 751 732
0.1000 250 365 460 585 665 701 722 728 726 718

0.00000 1340 1370 1360 1280 1210 1160 1095 1040 970 917
0.0009996 660 895 1025 1130 1150 1140 1080 1020 964 888
0.005001 450 655 825 930 970 972 955 938 880 824
0.01000 350 520 705 830 885 908 903 878
0.05000 220 355 465 605 680 720 735 743 735
0.1000 205 315 425 555 640 675 700 710 710 707

0.00000 1330 1390 1340 1270 1210 1170 1090 1020
0.0009996 610 855 1000 1105 1135 1130 1071 1008
0.005001 405 610 780 900 950 955 935 912 870
0.01000 310 480 665 795 865 890 885 862 834
0.05000 190 315 435 570 650 692 710 722 717
0.1000 175 280 395 520 605 640 672 688 693

0.00000 1390 1420 1360 1250 1200 1160 1080 1010
0.0009996 570 825 980 1075 1115 1120 1061 992 944
0.005001 370 575 740 860 920 935 915 892 858
0.01000 285 445 630 760 835 870 865 843 824
0.05000 165 280 400 535 610 665 688 700
0.10000 150 250 360 485 570 612 638 663 674

0.00000 1200 1460 1360 1240 1190 1160
0.0009996 535 775 950 1045 1090 1110 1048
0.005001 340 545 705 820 885 915 897
0.01000 245 415 595 720 800 848 845
0.05000 140 250 370 490 570 632 653
0.1000 125 220 330 445 525 577 612

0.00000 1310 1550 1370 1240 1190 1160 1060
0.0009996 505 750 935 1010 1060 1095 1032
0.005001 310 520 670 775 850 892
0.01000 220 390 560 680 765 825 820
0.05000 122 225 345 445 525 595 620
0.1000 110 195 305 400 480 540 578

The significance of this similarity in behavior of 1-1 
electrolytes has already been discussed.4“ 6

Calculation of the Complete Ionization Constant of Nal. 
The ionization of Nal in aqueous solutions can be repre
sented by the equations7'8

K °
NaI(H20)y +  MLO uA Na(H20 )m+ +  I(H 20 ) „ -  (6)

K° — aNa(H20)m+ai(H2o)„_/ 0Nai(H20)jaH20l: (7a)
= A /a H2o* (7b)

log K  =  log K° +  k log aH2o (8)

where K° is the complete ionization constant including 
the hydration reaction and K  is the conventional con
stant. The integers j, m, and n represent hydration
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Table II: Negative Logarithm of the Conventional Ionization Constant, K, for the Dissociation 
of Nal into Na+ and I- . Standard State Is the Hypothetical 1 M  Solution

T, °C 0.35 0.40 0.45 0.50

400 3 . 24 2.68 2 .39 2 . 0 1
450 3.46 2 .93 2 .54 2 . 1 1
500 3 . 63 3 . 1 0 2.66 2 . 1 9
550 3. 76 3 . 2 3 2 .77 2 .27
600 3.88 3 . 3 3 2.86 2 .3 4
650 3. 97 3 . 42 2.93 2.44
700 4.06 3. 50 3 . 0 1 2 .52
750 4 . 1 6 3 . 58 3.08 2.62
800 4.25 3 . 65 3 . 1 4 2 .7 3

■ Density, g cm""8—
0.55 0.60 0.65 0.70 0.75

1 . 5 4 1 . 2 3 0.85 0.67 0 . 1 6
1 . 6 3 1 . 3 2 0.92 0.63 0.43
1 . 7 3 1 . 3 3 1 . 04 0.75 0.53
1 . 8 1 1 . 4 5 1 . 1 9 0.85 0.64
1 . 9 1 1 . 5 4 1 . 2 2 0.99 0.70
2.02 1 .68 1 . 3 4 1 . 0 2 0.83
2 . 1 3 1 . 7 9 1 . 48 1 . 1 8 0.83
2.24 1 .89 1 . 60
2 .36 2.00 1 . 7 2

numbers of Nal, Na+, and I- , respectively, while k 
denotes the net change in waters of solvation resulting 
from the ionization of one mole of Nal. Over the 
complete density range from 400 to 800°, values of the 
conventional ionization constant (K) were obtained 
from the experimental data using the Shedlovsky 
equation,12 with A0(NaI) values calculated from eq 1. 
With this procedure the Shedlovsky equation contains 
only one parameter, the conventional ionization con
stant. Table II gives the calculated negative log
arithms of the conventional constants at temperatures 
from 400 to 800° and densities from 0.35 to 0.75 g cm-3. 
These ionization constants are based on the standard 
state of unit molarity at each temperature and density. 
The average uncertainty associated with the values 
in Table II is approximately 0.03 pK unit, with the 
greatest uncertainties occurring at the highest densities 
at all temperatures.

DENSITY (g cm'3)

(.2 (.3 (.4 15 16 U
log CĤ0 (moles/liter)

Figure 5. Log X(molar units) for the equilibrium Nal vi 
Na+ +  1“ as a function of the logarithm of the molar 
concentration of water at temperatures from 400 to 800°.

With the concept of the complete ionization constant 
(including hydration),7'8 where aH2o is replaced by 
the molar concentration of water ( C h 2o )  with a hypo
thetical standard state of unit molarity at the particular 
density (or pressure), isothermal plots of log K  against 
log Ch2o provided linear relationships at the several 
temperatures as shown in Figure 5. The slope k for 
Nal was independent of temperature in the range 400 to 
800°, having an average least-squared value of 9.67 ±  
0.08. Corresponding least-squared values for NaCl 
and NaBr are included in Table IV. These values have 
been proposed to represent the net changes in waters of 
solvation on ionization of one mole of each electrolyte. 
From the value of h = 9.67 for Nal (Figure 5), 
together with the data of Table II, values of log K° (Nal) 
have been calculated and are given in Table III. Cor-

Table III: Values of the Logarithm of the Complete 
Ionization Constants (K°) and the Complete Free 
Energy Changes (AG°, kcal mol-1) for the NaCl, 
NaBr, and Nal Equilibria

o o

--------- NaC
log K°

I ------ »
A G°

---------- - N a B r------ .
log IT0 AG°

.---------- Nal
log K° A Q°

400 - 1 7 . 1 0 52 .7 - 1 6 . 4 9 50.8 - 1 5 . 8 7 48.9
450 - 1 7 . 2 3 57 .0 - 1 6 . 5 8 54.9 - 1 6 . 0 1 5 3 .0
500 - 1 7 . 3 1 6 1 . 2 - 1 6 . 7 3 59.2 - 1 6 . 1 2 57 .0
550 - 1 7 . 4 2 65.6 - 1 6 . 9 0 63.7 - 1 6 . 2 3 6 1 . 1
600 - 1 7 . 5 2 70.0 - 1 7 . 0 4 68. 1 - 1 6 . 3 2 65. 2
650 - 1 7 . 6 2 74.4 - 1 7 . 1 6 72 . 5 - 1 6 . 4 3 69.4
700 - 1 7 . 7 0 78.8 - 1 7 . 2 7 76.9 - 1 6 . 5 2 73 . 6
750 - 1 7 . 7 7 83 .2 - 1 7 . 3 5 8 1 . 2 - 1 6 . 6 1 7 7 . 8
800 - 1 7 . 8 3 87.6 - 1 7 . 3 8 85 .3 - 1 6 . 7 1 8 2 . 1

responding values for NaCl4 and NaBr5 have also been 
included for comparison.

Comparative Thermodynamic Behavior of the Alkali 
Halides. Over the entire range of temperature (T) 
and density (d) studied, the order of association at con
stant T and d, is NaCl >  NaBr >  Nal. This behavior 
can be observed from a comparison of both the con
ventional ionization constants, presented in Table II 
for Nal and previously for the other two halides,4'6 and 
the complete constants, presented in Table III for the
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TEMPERATURE (°C)

0.8 1.0 1.2 1.4 1.6

100°/r(-K)

Figure 6. Log K° (molar units) for the equilibrium 
NaX(HjO)y +  *H20  ta Na(H20 )m+ +  X(H20 )„ -  as a 
function of T -1(0K) for NaCl, NaBr, and Nal.

three alkali halides. Thus, Nal is the most highly- 
ionized electrolyte, while NaCl is the most highly 
associated electrolyte, with NaBr occupying an inter
mediate position. This pattern observed over an ex
treme range of temperature and density implies strongly 
that the halogen ion sizes, independent of the degree of 
hydration, remain in the order, I -  >  Br~ >  CD, 
where the extent of association is expected to be in
versely proportional to the ion sizes. The comparative 
values of AG° for the complete equilibria, tabulated 
in Table III at 400-800°, show the relatively small 
differences in standard free energy changes among 
the three halides.

The approximate constancy of k (the net change in 
waters of solvation) between 400 and 800° allows a 
simple comparison of the thermodynamic functions over 
this range of temperature, since for each electrolyte the 
respective equilibrium does not change in stoichiom
etry. Plots of the log K° data in Table III against 
T -1 (°K) are shown in Figure 6 for the three sodium 
halides. Least-squares analysis of the data indicated 
an average slope of 1540 ±  160 for each of the electro
lytes, within the precision of the measurements. This 
value of the slope yielded a single value of —7.0 kcal 
mol-1 for AH° for the complete equilibrium for each of 
the three electrolytes. With this value of AH° and the 
AG° values in Table III, values for A<S° for the complete 
reactions were calculated, and were found, within the 
precision of the measurements, to be independent of 
both density and temperature (400-800°). Compara
tive values for k, AH0, and AS0 are given in Table IV 
for the three electrolytes. For the complete equilibria

(d In A °/d P )t =  —AV°/RT =  0 (9)

Thus AH° = AE° +  PAV° =  AE°. The negative 
values of AS0, approximately proportional to k, show

Table IV : Thermodynamic Values (AH°, AS°) and k 
for the NaCl, NaBr, and Nal Equilibria, 400-800°

Electrolyte

NaCl
NaBr
Nal

AH°, kcal mol” 1 AS°, cal mol” 1 deg” 1k
10.20 ±  0.15 
9.94 ± 0 .4 8  
9.67 ± 0 .0 8

— 7.0 ± 0 . 7
— 7.0 ±  0.7
— 7.0 ±  0.7

-8 8 .3  ±  0.1 
-8 6 .2  ±  0.3 
— 82.9 ±  0.1

that increase in solvation upon ionization of the ion 
pairs provides greater order in the respective systems.

Simple Description of Alkali Halide Behavior. By 
obtaining complete ionization constants, it has been 
found that at high temperatures not only does k be
come constant with temperature and density, but also 
AH° and AS°. Since AH0 is a constant, independent of 
density and temperature (400-800°) within the pre
cision of the measurements for all three 1-1 salts, only 
AS0 needs to be known for the particular salt in order to 
specify A 0 or AG°. To specify the fraction ionized at a 
particular temperature and pressure, we must know 
the additional single value for k.

The closeness in values of k and AS0 and the essent
ially identical value of AH0 for these three alkali 
halides suggest that the degrees of ionization for most 
1-1 salts are similar in this high-temperature range, 
and can be specified approximately by the above 
relationships and averaged values of A<S° and k from 
those in Table IV. This similar behavior has been 
observed from a conductance study of many 1-1 
electrolytes,9 and also in the observed linear relation
ships of A0 vs. density, where the intercept and slope 
of eq 1-4 are approximately the same for the several 
1-1 electrolytes studied.3̂ 5

Franck and Roth13 have observed some apparent 
simplicity in the spectroscopic study of hydrogen bond
ing in water at temperatures to 400°. At constant 
density, they observe an approach to constancy (above 
400°) in r(max) of an absorption band considered to 
support a continuum model for water. The observed 
electrolyte equilibrium behavior in water from the 
conductance studies and this approach to constancy 
of r(max) in supercritical water perhaps may be re
lated.

The thermodynamic relationships presented herein 
might well be expected to exist at pressures approaching 
zero. With this assumption the fraction of ionization 
can easily be calculated for cases of immediate, applied 
interest, for example, in geochemistry or pressurized 
water technology where pressures of 200-400 bars 
might be the range to be considered. Thus at 200 bars 
and at 400°, sodium iodide (and the other 1-1 electro
lytes investigated) is an extremely weak electrolyte, 
showing about the same extent of dissociation as water 
at 25°.

(13) E. IT. Franck and K . Roth, Discussions Faraday Soc., 43, 108 
(1967).
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Ultraviolet spectra were obtained for 8-quinolinol adsorption on evaporated Ti, Mn, Fe, Ni, and Cu films. 
Each film exposed to 8-quinolinol vapor gave two bands due to adsorbed species near 240 and 265 my. These 
bands were assigned to the ir-ir* transitions of the quinolinol and the quinolinolate, respectively. The relative 
intensities of these two bands varied considerably according to the metal used, and were markedly affected by 
admission of air. These effects are discussed in terms of reaction properties of the metal surfaces. The spec
tra of the adsorbed quinolinol and quinolinolate were changed by addition of acetic acid vapor. These spectral 
changes were explained by considering complex formation of the adsorbed quinolinol with acetic acid by hydro
gen bonding and the effect on the adsorbed quinolinolate of partial oxidation of the metal films during acetic 
acid adsorption.

Introduction

In previous reports,1 an ultraviolet technique was 
applied for adsorption of /3-diketones on evaporated 
metal films in order to investigate the chemical bonding 
of chemisorbed species and electronic properties of the 
metal surfaces. Exposure of the films to /3-diketone 
vapor gave peaks assigned to the -k—k* transition of 
adsorbed /3-diketonate, and in some cases, a band cor
responding to charge transfer from the adsorbent to 
the adsorbed species. These spectra were compared 
with those of the corresponding metal complexes and 
discussed on the basis of the degree of it interaction 
between the metal d7r orbitals and the 7r orbitals of the 
/3-diketonates.

Very little is known about the electronic states of 
metal surfaces, so that adsorption studies for various 
adsorbates by an ultraviolet technique are very useful 
in gaining additional information about reactions and 
electronic properties of metal surfaces. In the present 
paper 8-quinolinol was used as an adsorbate, which has 
been the subject of considerable study as a typical 
nitrogen-oxygen chelating agent of metal ions.2 
Absorption by quinolinol vapor in the ultraviolet region 
was quite weak at room temperature due to its very low 
vapor pressure (path length of 1 cm). However, the 
quinolinol was concentrated rapidly on metal surfaces 
by adsorption, and even the spectra of weakly adsorbed 
species could be observed without evacuating or trap
ping the free quinolinol before recording. Spectral 
changes were examined for preadsorbed or coexisting 
chemical species.

Experimental Section

The ultraviolet cell used was described in the pre
vious paper.1 Thin iron foil, nickel wire, or small 
blocks of the other metals were set on a tungsten fila
ment. The cell was evacuated for 5 hr at a pressure 
less than 10~6 mm and the filament was preheated 
electrically for 20 min in order to remove dissolved 
species in the metal. The path length of the windows

was 1 cm. The resultant films were exposed to 3-quino- 
linol vapor at a constant pressure by opening a stopcock 
from a vessel containing the solid quinolinol. The 
vessel was evacuated beforehand and attached to the 
cell by a taper joint when the cell was pumped out. 
Spectra were recorded before and after admission of the 
gas investigated. Spectral changes were measured as a 
function of exposure time and for effects such as intro
duction of other gases or evacuation of the cell. All 
of the adsorptions were carried out at room tempera
ture.

Spectra were recorded on a Hitachi EPS-2 spectro
photometer. A wire gauge was used to reduce a refer
ence transmission and raise the apparent transmission 
of the sample beam, because there was a large decrease 
of the transmission in the sample beam due to scattering 
of light by metal films. The scanning speed was 10 min 
from 220 to 340 my.

The 8-quinolinol used was G.R. grade obtained from 
Nakarai Chemicals. Acetic acid was G.R. grade, dis
tilled under vacuum for use. The samples of titanium, 
manganese, iron, nickel, and copper had purities of
99.8, 99.9, 99.99, 99.5, and 99.8%, respectively.

Results

Adsorption of 8-Quinolinol. Figure 1 shows ultra
violet spectra of adsorbed species resulting from the 
exposure of Ti, Mn, Fe, Ni, and Cu films to 8-quinolinol 
vapor. The spectra were obtained for the following 
exposure times; Ti: (1) 1 min, (2) 15 min, (3) 30 min,
(4) 16 hr; Mn: (1) 20 min, (2) 16 hr; Fe: (1) 1 min,
(2) 1 hr, (3) 20 hr, (4) 40 hr; Ni: (1) 1 min, (2) 10 min,
(3) 17 hr; Cu: (1) 1 min, (2) 30 min, (3) 15 hr. Each 
spectrum in the figure was obtained by subtracting the 
absorbance of a background spectrum of the metal film 
from that of the apparent spectrum observed. Two

(1) (a) K. Kishi, S. Ikeda, and K. Hirota, J. Phys. Chem., 71, 
4384 (1967); (b) K. Kishi and S. Ikeda, ibid., 73, 15 (1969).
(2) The reactions of 8-quinolinol have been reviewed by J. P. Phillips, 
Chem. Rev., 52,459 (1953).
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4.5 4.0 3.5 4 3.0

xlO cm-1

Figure 1. Ultraviolet spectra for 8-quinolinol adsorption on 
Ti, Mn, Fe, Ni, and Cu, for the following exposure times;
Ti: (1) 1 min, (2) 15 min, (3) 30 min, (4) 16 hr; Mn: (1) 1 
min, (2) 1 hr, (2) 16 hr; Fe: (1) 1 min, (2) 1 hr, (3) 20 hr,
(4) 40 hr; Ni: (1) 1 min, (2) 10 min, (3) 17 hr; Cu: (1) 1 
min, (2) 30 min, (3) 15 hr; — , following elapsed times from 
subsequent admission of air; Ti: 5 min; Mn: 2 min; Fe: 
a, 15 min; b, 30 min; Cu: 30 min.

Table I : Ultraviolet Data for 8-Quinolinol 
and Quinolinolate in Various States

Wavelength, mfx Solvent

Free Species

Molecule 239.5 H20
242 c h 3o h

Anion 253 NaOH aq solution
Cation 251.5 CH3COOH aq solution

Metal Complex

FeQ3 250.5 CH3OH
NiQ2 259 CH3OH
CuQ2 257 CH3OH

Adsorbed State

A B After admission of air

Ti 244 »  ~265 248 > ~262
Mn ~239 «  267 263
Fe 244 > 265 261 259
Ni 246 >  ~265 260
Cu 244 >  ~265 260

peaks were observed for each metal at about 240 and 
265 m/x, whose precise values are listed in Table I. 
These bands in the present paper are designated A and 
B bands, respectively. The intensities of these bands 
initially increased rapidly (exposure times less than 
about 1 hr), but afterward quite slowly for all the metals 
used. The intensity of the A band was larger than that 
of the B band for Cu, Ni, and Fe. The B band domi
nated the A band for Mn, while the reverse was ob
tained for Ti.

Dotted curves show the effect of admission of air into 
the cell. These curves were recorded after the following 
times elapsed from the admission; Ti (5 min), Mn (2 
min), Fe (a, 15 min, b, 30 min). The admission 
strengthened the B band and shifted it to shorter wave
length, while the A band was weakened. These shifts 
are summarized in Table I. Only the B band was ob
served for Mn, Fe, and Cu after 30 min of exposure, 
but the rates of the spectral changes were slow, as can 
be seen in cases a and b of iron.

After adsorption of the quinolinol on Ni, Fe, and Ti 
for 2 hr, 1 hr, and 40 min, respectively, the cell was 
evacuated for 40 min. The resulting spectral changes 
were recorded as indicated by Figure 2. The letters a

Figure 2. Spectral changes of 40 min of evacuation after the 
following exposure (to 8-quinolinol) times; Ni: 2 hr, Fe: 1 hr, 
T i: 40 min. a and b correspond to spectra recorded before 
and after evacuation; — , after 1 hr (Ti) and 
10 hr (Fe) of evacuation.

and b indicate here the corresponding spectra recorded 
before and after the evacuation. Dotted curves indi
cate the changes after 1 hr (Ti) and 10 hr (Fe) of evacu
ation. The A band almost disappeared on Ni and Fe, 
but the B band still remained with considerable inten
sity on evacuation. In the case of Ti, however, the A 
band was more intense than the B band even after 
evacuation, although an appreciable decrease was ob
served in the former. The B band remained after 
evacuation, and increased for these metals by aging.
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Figure 3 shows spectra of adsorbed species on Cu and 
Fe exposed to air. For cases Cu and Fe-a, the metal 
films were exposed to air for 10 min. In case Fe-b the 
film was heated in air at 100° for 40 min and the cell 
was cooled to room temperature. Then the cell was 
evacuated for 1 hr and the quinolinol vapor was in
troduced on these films. Spectra were recorded after

Figure 3. Spectra for 8-quinolinol adsorption on Cu and Fe 
treated by air. Cu, Fe-a: exposed to air for 10 min, evacuated 
for 1 hr. Fe-b: heated in air at 100° for 40 min, evacuated 
for 1 hr. Exposure times were as follows; Cu: (1) 2 min, (2)
10 min, (3) 20 min, (4) 1.5 hr, (5) 2.5 hr; Fe-a: (1) 15 min,
(2) 1 hr, (3) 3 hr, (4) 19 hr; Fe-b: (1) 2 hr, (2) 18 hr, (3) 
after 5 min from subsequent addition of air.

the following exposure times; Cu; (1) 2 min, (2) 10 
min, (3) 20 min, (4) 1.5 hr, (5) 2.5 hr; Fe-a: (1) 15 
min, (2) 1 hr, (3) 3 hr, (4) 19 hr; Fe-b: (1) 2 hr, (2) 
18 hr. Only the B band was observed for modified Cu 
and Fe-a, with peaks at 262 and 258 mp, respectively. 
On the other hand, the A band alone was obtained on 
Fe-b with low intensity, at 245 nip. However, suc
cessive admission of air for 5 min shifted the band to 
250 mp as shown by case 3.

Effect of Admission of Acetic Acid. Addition of 
acetic acid vapor changed the spectra of adsorbed 8- 
quinolinol on Ti and Fe as shown in Figure 4 and Table 
II. The a-cases of Ti and Fe will be discussed first. 
After exposure of the quinolinol for 40 min (Ti) or 2 hr 
(Fe), the cell was evacuated for 20 min after closing the 
stopcock from the quinolinol vessel, in order to remove 
quinolinol vapor to some extent; spectrum 1 was then

Table II : Effect of Addition of Acetic Acid

M —* 8-Quinolinil CHaCOOH -> evacuation

Ti 244 »  265 (mp) 254 251, 246
Fe 244 >  261 257 257

M -> CHaCOOH — 8-Quinolinil —> CHaCOOH

Ti 245 » 2 6 5 254.5
Fe 255 253.5

Figure 4. Effect of addition of acetic acid, a: (1) exposed 
to 8-quinolinol for 40 min (Ti), 2 hr (Fe), evacuated for 20 
min; (2) subsequently exposed to acetic acid (30 mm) for 15 
min (Ti), 1 min (Fe); (3) evacuated for 1 hr. b: (1) exposed 
to acetic acid (30 mm) for 30 min (Ti), 5 min (Fe), evacuated 
for 1 hr on introducing 8-quinolinol vapor; (2) subsequently 
exposed to acetic acid.

recorded. Absorption peaks were found at 244 and 
265 mp for Ti (the former was much more intense 
than the latter), and at 244 and 261 mp for Fe (roughly 
equal intensities). Acetic acid vapor (30 mm) was then 
introduced into the cell and spectral changes were 
measured after 15 min (Ti) or 1 min (Fe), following the 
removal of free gases with a liquid nitrogen trap. 
Both the A and the B bands disappeared and a new 
band was obtained at 254 mp (Ti) and 257 mp (Fe), 
which is indicated in spectrum 2. The cell was sub
sequently evacuated for 1 hr. For Ti the 254-mp 
band shifted to 251 mp with a shoulder at 246 mp. 
However, the 257-mp band for Fe became sharp with
out any shift of the band peak. This is shown in spec
trum 3.

The b-cases indicate the effect of exposure to acetic 
acid on the subsequent adsorption of the quinolinol. 
Titanium or iron was exposed to the acid vapor (30 
mm) for 30 min and 5 min, respectively, and the cell 
was evacuated for 1 hr. A spectrum was then recorded 
as background. Next the quinolinol vapor was intro
duced on evacuating the cell and adsorbed for 1 hr. 
Without the evacuation the quinolinol vapor at very 
low pressure could not diffuse to the film due to con
tinuous desorption acetic acid gas from the glass wall. 
Spectrum 1 was then recorded. An absorption peak 
was observed at 255 mp for Fe. For Ti the intensive A 
band was observed with the B band as a shoulder and
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no new band was detected. The successive addition of 
acetic acid, however, gave a new band at 254.5 m/i.

Discussion
Adsorption of 8-Quinolinol. The relative intensities of 

the A and the B bands differed considerably depending 
on the metal used. Evacuation of the cell showed dif
ferent decreasing rates of the intensities for the two 
bands. Upon addition of air, the A band decreased and 
the B band increased. These facts indicate that the 
two bands originate from different molecular species.

Absorption bands of 8-quinolinolate anion have been 
assigned by Perkampus and Kortum.8 The anion gave 
an intensive 'Bb band around 255 mp as listed in Table 
I. The protonated 8-quinolinol cation gave a band at 
251 m̂ i. The protonated species could not be expected 
in the adsorption of the quinolinol alone. Therefore, 
the A and the B bands were asigned to 7r-7r* transitions 
of adsorbed molecular 8-quinolinol and 8-quinolinolate 
anion on these metal surfaces, respectively.

In 8-quinolinol-metal complexes, the existence of 
various types of coordination has been proposed, especi
ally for the cobalt complexes by Lenzer4 as indicated by 
types (I)-(IV ) in Figure 5. The quinolinol and the

ORDINARY POLYMERIC (Co2Q3(HQ)3)
COMPLEXES (I) Co02 (H) '(CIÔ HjO (HI)

(IV)

Figure 5. Various types of coordination in 
8-quinolinol-metal complexes.

quinolinolate are abbreviated as HQ and Q, respec
tively. In the case of AgQ(HQ) -py, hydrogen bonding 
of the (V) type was proposed as a result of X-ray analy
sis of the complexes.6 Bonding similar to that of types 
(I) to (V) can be expected also for the adsorbed quino
linol and quinolinolate on the metal surfaces. How
ever, there are no means yet to determine which type 
does really predominate.

The intensity ratios of the A band to the B band in
crease along the series Ain <  Fe <  Ni <  Cu <  Ti, for 
about 20 hr of exposure time. In aqueous solution, the 
quinolinolate anion has almost the same molar extinc
tion coefficient as molecular quinolinol. Hence the 
respective intensities of the A and the B bands can be 
considered to correspond to the numbers of these ad
sorbed species. Consequently, the titanium surface is

characterized as favoring coordination (adsorption) of 
the quinolinol molecule and not causing dissociation of 
the OH proton. In metallic titanium, the 3d bands are 
only partially occupied6 and the surface of such a metal 
is expected to have a tendency to draw electrons from 
other chemical species, in this case the lone pair elec
trons of nitrogen and oxygen in the quinolinol.

Manganese and iron favor the proton-dissociated 
chemisorption for ,8-diketones and adsorb a larger num
ber of /3-diketonates than other first transition metals.1 
Manganese and iron are easily dissolved in liquid /3- 
diketones as diketonate complexes.7 The present re
sults for quinolinol adsorption also indicate the pre
dominant tendency of Mn for OH proton-dissociative 
chemisorption. In the case of acetic acid, to be men
tioned below, proton-dissociated adsorption was favored 
on Fe but not on Ti. From these data it can be said 
that in the first transition metals manganese and iron 
generally dissociate the OH proton of adsorbates easily, 
and titanium, nickel, and copper favor molecular ad
sorption by accepting lone pair electrons from the ad
sorbates. However, titanium and nickel would make 
use of different types of orbitals for such an adsorption, 
for example the 3d orbitals in titanium and the outer 
sp8 hybrid orbitals in nickel. Pyridine was consider
ably adsorbed on Ti and Ni but absorption bands of 
adsorbed pyridine were quite different for the two 
metals.8

Such tendencies were, however, modified by exposure 
of the metal films to air. On weakly oxidized metal 
surfaces, the quinolinol was easily dissociated into the 
quinolinolate, but for bulk oxides this is not true, as 
shown by the cases in Figure 3. The same behavior 
was observed for /3-diketone. These results suggest that 
a very reactive form of oxygen exists on the weakly 
oxidized metal surfaces and may generally facilitate 
the dissociation of the OH protons of adsorbates.

From spectral data of metal-8-quinolinolate com
plexes, Popovych and Rogers9 have suggested that large 
bathochromic shifts of the complexes (relative to the 
ligand as a free anion) are characteristic of a strong 
metal-nitrogen (covalent) bond and on the other hand, 
that the absence of such a shift indicates a strong metal- 
oxygen (ionic) bond. The oxidization of the metal sur
faces by subsequently admitted air and, as mentioned 
below, by acetic acid (for iron) shifted the B band to 
shorter wave length, namely near the band position of

(3) H. H. Perkampus and K. Korttlm, Z. Anal. Chem., 190, 111 
(1962).
(4) S. Lenzer, J. Chem. Soc., 5768 (1964).
(5) J. E. Fleming and H. Lynton, Can. J. Chem., 46, 471 (1968).
(6) J. B. Goodenough, Phys. Rev., 120, 67 (1960).
(7) 0 . Kammori, K. Sato, K. Takimoto, and K. Arakawa, Japan 
Analyst, 15, 561 (1966).
(8) K. Kishi and S. Ikeda, "Ultraviolet Studies for the Pyridine and 
2,2'-Bipyridyl Adsorbed on Evaporated Metal Films,” in prepara
tion.
(9) O. Popovych and L. B. Rogers, Spectrochim. Acta, 21, 1229 
(1965).
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the metal complexes with ionic bond character. This 
may indicate that the adsorbent-adsorbate bond be
comes more ionic (more attractive to the oxygen of the 
quinolinol) with partial oxidation of the metal sur
faces.

Effects of Acetic Acid. For titanium quinolinol was 
adsorbed molecularly as mentioned above. Two ex
planations can be considered for the band shift of the 
adsorbed quinolinol after addition of acetic acid vapor. 
The first of these is that the metal surface was oxidized 
by the acid, accompanied by dissociation of the quino
linol, and that therefore the spectra of adsorbed quino- 
linolate became similar to those of metal complexes.

Figure 6. Reaction scheme of adsorbed 8-quinolinol with 
acetic acid on a titanium surface.

The second is the formation of the protonated quinolinol 
cation or a similar species. The protonated cation 
gives a band peak at 251.5 ni/r in aqueous solution, as 
listed in Table I. The first assumption, however, was 
given up by considering that the spectra changed by the 
acid addition were partially reversed on subsequent 
evacuation and that the admission of the acid to fresh 
titanium film could scarcely affect the spectral features 
of the subsequently adsorbed quinolinol. Hydrogen 
chloride and bromide were absorbed by Cr(III)- and 
Fe(III)-quinolinolate complexes and the observed 
changes in color, infrared spectra, and X-ray diffrac
tion patterns, etc., all favored a chemical process for the 
absorption.10 The Cr-N bond disruption was pro
posed for an initial reaction which placed a proton on the

nitrogen and a chloride ion on the chromium. About 6 
moles of HC1 or HBr were absorbed in one mole of the 
complex. Therefore, the oxygen may be also attached 
to the hydrogen halide by hydrogen bonding. From 
a consideration of these data, the second assumption 
was supported and the reaction scheme of Figure 6 
was proposed for the adsorption system. The spectral 
changes upon evacuation can be explained by consider
ing that acetic acid was gradually desorbed from such 
molecular complexes.

For iron the band observed after addition of acetic 
acid probably differed in origin from the band for tita
nium, since subsequent evacuation brought no shift in 
the band position, but only a sharpening of the band 
itself. For the iron modified by the acid preadsorption, 
only one peak was observed at 255 m/j, unlike the case of 
titanium. Therefore, the partial oxidization of the iron 
surface by acetic acid can shed light on the above results 
as follows: The acid dissociates on iron into adsorbed 
acetate and proton; such protons tend to draw electrons 
from the iron surface and partly combine with each 
other accompanied by the evolution of hydrogen gas; 
the partial oxidization of the surface as a result of this 
behavior makes the dissociation of preadsorbed or sub
sequently admitted quinolinol easier; hence the band 
peak of adsorbed quinolinolate approaches a position 
similar to the iron complex. Moreover, this is the 
reason why the band shift was not detected after evacu
ation. Such oxidization is supported by the fact that 
the iron surface was partly oxidized after proton-dissoci
ative adsorption of (3-diketones.1

The above examples suggest that on metal surfaces 
preadsorbed or coexisting gases will play an important 
role in determining the adsorbed forms and states of 
other species. This behavior is probably very useful 
for describing various phenomena about catalytic re
actions by metals.
(10) M. M . Jones, K. V. Dandh, and G. T . Fisher, J. Incrg. Nucl. 
Chem., 26, 773 (1964).

NOTES

The Carbon-Hydrogen Bond Dissociation 

Energy in Methanol1»

by F. R. Cruickshanklb and S. W. Benson
Departm ent o f  Thermochem istry and Chem ical K in etics , Stanford  
Research Institu te, M en lo  Park,, C alifornia  9^025 
(.Received M a y  13, 1968 )

The carbon-hydrogen bond dissociation energy in 
methanol (MeOH) has been previously obtained2

only as an upper limit. In the present work a lower 
limit is obtained thus yielding a relatively accurate 
value whence the jt bond strength of formaldehyde, 
ZV(H CH O), may be calculated.

(1) (a) T his w ork  was supported  in part b y  G rant N o . A P 00353-03, 
A ir P ollu tion  D ivision  o f  the  P ublic  H ea lth  Service ; (b ) P o st 
d octora l R esearch  A ssociate.
(2) E . B u ck ley  and E . W hittle , T rans . Faraday Soc., 58, 536 (1962).
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Table I: Kinetic Data

RUN
NO.

INITIALPRESSURES ch4
(torr)

CO
( tor r)

Alb2 
(torr)

TIME
( sec)

APd
(torr) T(°K)

]0H X
s *2

( mol e/ l )

!°g _i( k -j / Ï mole
sec"* )MeOH

(torr)
l 2(torr)

£ 40.71 10.75 0 ~ n . i 10.75 2845 11.58 628.7 107.2 2.490
9 79.36 10.24 .... -- 10.2 1600 10.6 630.0 113.7 2.450

10 42.47 21.02 l . i 12.9 21.0 5095 21.50 630.0 113.7 2.524
i: 694.4 10.49 0 4.47 10.26 5771 10.0 573.7 7.220 1.49
12' 10.64 11.04 1.37 2.97 3.95 84608 5.7 574.2 7.417 1.550
13 11.1 11.08 0.88 3.77 4.2 86220 6.1 572.0 6,59 1.537
14 12.72 12.25 1.75 3.73 5.7 84191 7.5 567.7 5.21 1.477
15 775.8 11.22 0 a 5.8 2546 18.0 550.8 2.00 1.263
16 638.6 4.08 0 d 3.48 4450 7.3 550.8 2.00 1.220
17 313.3 22.7 1.3 9.2 18.9 20745 21.0 546.8 1.578 1.184
13 149.1 4.56 0 1.87 4.56 800 1.3 628.0 104.0 2.468

*19 98.8 3.85 12.9 14.3 0.85 6298 - - 628.0 104.0 1.277
*20 100.8 3.79 12.7 8.2 2.27 6375 15.-2 629.4 110.7 1.723
121c -- -- 0.6 15.7 -0.68 6300 1.0 629.4 110.7 - -
§22c 98 0.7 13.8 8.1 -0.75 7078 14.0 629.5 110.7 - -
*23 101 3.87 0 ' 0.92 1.56 390 trace 628.9 108.2 1.744
*24 94 3.87 0.7 4.42 2.19 1637 3.5 628.9 108.2 1.688
25 a 650.4 4.1 trace- trace 4.1 4670 -- 549.9 1.894 1.940
26 a 311.5 23.37 1.65 7.95 23.4 20800 18.3 552 2.14 2.004
27 a 378.9 22.1 1.60 9.1 22.1 20950 19.0 551.6 2.09 1.898
28 a •c 302.4 28.7 551.1 2.03 2.033
29 a’ c 61.5 14.5 13.9 10.7 c 3050 -- 625.5 92.9 3.167
30a 38.84 9.16 7.0 12.5 c 2516 14.7 625.5 92.9 3.210
31 a 31.24 7.36 -- -- -- 2860 11.6 626.8 98.5 --
32e 595.1 2.79 0. 0.85 2.74 4038 trace 559 3.20 1.456
33e 316.7 3.23 0 1.4 3.13 7000 trace 557.6 2.96 1.502

HI added initially to runs, 19, 20, 23, 24 was 344. 6, 192.2, 192. 1 , 194. 6 torr, respectively, 
f 16.8 torr CO and 147.2 torr HI only.
§ 158 torr HI added initially.

a Runs in the packed vessel,
k is the amount of I9 consumed. Negative numbers are thus t'he amounts produced in excess 

of the initial pressure.
These runs discussed in the text.

 ̂Non-condensibles merely sampled and no CĤ present.
Performed in unseasoned vessel.

Experimental Section

Iodine (Mallinkrodt) was resublimed and degassed 
at liquid nitrogen temperatures before use. Methanol 
(Matheson Coleman and Bell, Spectroquality) was 
found pure within the sensitivity of an F and M 
Model 810 gas chromatograph and was merely de
gassed before use.

The Cary 15 spectrophotometer modified for use 
with a heated reaction cell has been described previ
ously.3

Methanol was expanded into the reactor containing 
the desired pressure of iodine and the optical density 
monitored, as a function of time, at 445 m/j. When 
sufficient length of trace had been obtained, so that the

initial gradient could be accurately determined, the 
optical density was monitored sequentially at 445, 
280, and 260 mju.

At the end of a run, the pressure change was measured 
on an oil or mercury manometer, nulled through a 
Pace pressure transducer. The products were then 
condensed in a trap cooled by liquid nitrogen and the 
noncondensable fraction was transferred by Toepler 
pump into a calibrated gas buret for estimation. A 
sample of this gas was analyzed for CH4 and CO on a 
2 m X \ in. o.d. Porapak Q column at 90°, using 
5 ml/min He carrier gas. Occasional confirmatory 
analyses were performed on a mass spectrometer.

(3) S. W . B enson , F . R . Cruickshank, and R . Shaw, In t. J . Chem. 
K inetics, in  press.
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Results and Discussion

The results are listed in Table I. The error in AP 
is ± 1 -2 %  of the total pressure. The error in gas 
analyses is ± 5 %  of the total pressure in each com
ponent, the error in the [CH 4]/[C O ]  ratio being 
± 5 % . Methyl iodide was also detected and spot 
analyses were performed on the spectrophotometer. 
By analogy with previously studied4 iodine systems, 
the expected mechanism is

I21=7 21.; K u
1

I- +  CH3OH — >- CH2OH +  HI
2

CH2OH +  I, — ► CH2IOH +  I-
3

CH2IOH — > HI +  CH20
4

CH20  +  I- — > HI +  CHO
6

CHO +  I2- ^ I C H O  +  I-
6

ICHO — > CO +  HI

Of reactions 4 through 6, reaction 4 is the slowest,6 
but it is faster than the rate-controlling step, since the 
observed activation energy is much larger than that of 
the formaldehyde reaction.6 The activation energy 
for reaction —3 may be calculated,6 for the four-center 
process and is 17 kcal/mol. Estimating thermo
dynamic parameters for CH2IOH by bond additivity 
methods,7 we may estimate the rate constant, k3, as 
10«.3-26.2/« (0 =  2.303RT in kcal/mol). The con
centration of CH2IOH which would be present in 
equilibrium with 100 Torr of MeOH and 5 Torr of 
I2 is ~  2 X 10-5 mol/1., giving the value ^ lO 3-8 to the 
ratio, rate of reaction 3/rate of reaction 1. Reaction 
3 is, therefore, not the rate-determining step.

The overall stoichiometry required by the above 
mechanism is

CH3OH +  2I2 — >  4HI -  CO

whence the rate of reaction 1 is — |d[I2]/dh  By the 
initial rate method, ki has been calculated for all runs 
on this basis and the resulting Arrhenius plot (Figure 
1) gives, for the least-squares line through all k\ values 
obtained in the low surface-to-volume ratio (s/v) 
vessel

log V O -  mol“ 1 sec-1) = 11.5 ±  0.7 -  (26 ±  1.8) /0

(errors quoted are the 95% confidence limits).
The above mechanism does not explain the forma

tion of CH4 or CH3I although this was only significant 
in the later stages of reaction. From Figure 1 it is 
seen that runs in which CH4 is produced have rate 
constants equal, within experimental error, to those

calculated for runs in which no CH4 was produced. 
Such results are consistent with the production of 
CH4 from CH3I by the reactions

8
CHSI +  I- — >  C H r +  I,

9
CHS- +  H I — >CH « +  I-

if CH3I production is negligible in the initial stages of 
reaction. No possible homogeneous path exists for' 
the production of CH3I at an observable rate in this 
system, so that it is presumably produced by a surface- 
sensitized reaction, possibly CH3OH +  HI —> CH3I +  
H20 . The effect on the initial rate measurements of 
an increase in the s /v  ratio by a factor of 8 was tested 
by performing several runs in a packed vessel. As 
shown in Figure 1, the rate constant was increased by a 
factor of about 5, although the activation energy was 
unchanged. The activation energy of the surface- 
sensitive reaction, if it was not the rate-determining 
step in the low s/v  vessel, must be the same as that of 
the homogeneous step. If, however, the surface re
action was the rate-controlling step in the low s/v  
vessel, the Arrhenius parameters are remarkably close 
to those expected for the homogeneous process. The

(4) D . B . H artley  and  S. W . B enson , J . Chem. P h ys ., 39 , 132 (1963); 
M . T eranish i and S. W . B enson , J . A m er. Chem. Soc., 85, 2887 
(1963); P . S. N an gia  and  S. W . B enson , ibid., 86, 2773 (1964), and 
subsequent papers.
(5) R . W alsh  and S. W . B enson , ibid., 88, 4570 (1966).
(6) S. W . B enson  and G . R . H augen, ibid., 87, 4036 (1965).
(7) S. W . Benson, “ F oun dations o f  C hem ical K in etics ,”  M cG ra w - 
H ill B o o k  C o. In c ., N ew  Y ork , N . Y ., 1966, p 666.
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Figure 2. Product-time curves for runs 20, 23, and 24.
The errors shown are estimated experimental errors and the 
curves shown are those discussed in the text.

A factor, 1011-61. mol-1 sec-1, is close to that expected 
by analogy with the I* +  CH4 reaction,8 so that the 
activation energy of 26 ±  1.8 kcal/mol must be a 
lower limit if the rate-determining step is the hetero
geneous reaction. Comparing runs 17 and 26 (Table 
I ) , we see that CH4 production for the same run was 
essentially the same in packed and unpacked vessels, 
whereas the initial rate of iodine consumption was 
five times as great. The difference in k\ in the two 
reactors cannot, therefore, be attributed totally to an 
increased rate of CH3I production in the packed vessel. 
The nature of possible surface-sensitized reactions was 
tested in the low s /v  vessel. In run 21 (Table I), 
CO and HI yielded CH4 and H. Run 22 shows that 
HI, itself, decomposes to produce I2 (and presumably 
H2). Addition of MeOH to this mixture resulted in 
the production of a further quantity of iodine and a 
considerable quantity of CH4, as well as CO. If 
CH4 is produced by reactions 8 and 9, and CO by 
reactions 1 through 6, 16.2 Torr of I2 would have been 
consumed and 13.8 Torr produced. A net decrease of
2.4 Torr of I2 would be expected, but production of 
0.75 Torr was observed. The difference may be 
significant and could be due to some surface reaction, 
such as

2H1 i 2 +  h 2

The influence on our initial rate measurements of these 
heterogeneous reactions will be negligible since they 
are very slow.

If CH3I production was significant in the initial 
stages of the reaction, the assumed stoichiometry, and 
therefore kh would be in error. Analyses showed,

however, that in runs 8, 9, and 10, for example, at 
reaction times of up to 1000 sec, no Mel was present, 
±0 .3  Torr and the HI produced was equal, within 
these limits, to twice the iodine consumed. A more 
sensitive measure of the initial value of [M e l] was 
the CH4 produced in runs containing a large excess 
of HI. These runs would also indicate the signifi
cance of such reactions as

HI +  MeOH ; ” M el +  H20  (surface)

Comparison of runs 10 and 30 suggests although the 
errors involved are large by comparison with the con
centrations measured, that the increased rate of CH4 
production in the packed vessel could be totally due to 
the higher concentration of HI arising from the ac
celeration in rate of step 1. Runs 20, 23, and 24 
were essentially the same run, quenched at different 
times, and Figure 2 shows the product-time curves. 
Initial rate measurements were, in this case, made over 
the first 400 sec, and it is seen from Table I that the 
initial rate was inhibited by HI, as expected. Methane, 
and therefore CH3I, production was insignificant over 
the first 400-600 sec and, from the shape of its forma
tion curve, CH4 is clearly a secondary product of the 
reaction. In the initial stages also, [ C O ] » | ( A l 2), 
as required by the proposed mechanism.

After 3000 sec, the curves of Figure 2 are consistent 
with the relation d[C O ]/d f = fd [C H 4]/d f, required by 
the observed steady state in I2. From the observed 
d[CO ]/di, ki = 101-79 1. mol-1 sec-1, in agreement 
with the value (101'723 1 . mol-1 sec-1), calculated from 
— |(d[I2]/d i) initial.

From the proposed reaction scheme

d[CH 4]/d f
fc8fcÆ a[Ia][H I][M e I] 

A h[F ]  +  h i  H I]

The rate constants are well known,9 fc8 = 1011-4-20-5/e, 
fc_§ = io10-1-6/9, and = io9-5-2-3/#, so that the value 
of [M e l]ss is only » 0 .7  Torr, from the observed rate 
of CH4 production. This quantity is virtually un
detectable spectrophotometrically in view of the large 
excess of HI present.

HI (162 Torr) was added to run 28 after 8288 sec, 
and the iodine rose from 1.04 to a maximum of 15.1 
Torr. Equilibrium was not established at this point, 
however, and the iodine disappeared at a slower rate 
than initially. The added HI was not merely re
versing step 1, therefore, but also reacted with Mel 
present, making measurements of the inhibition ratios 
pointless.

The rate of reaction of I2 with MeOH is thus surface 
dependent and this seems to be due only partly, if at all, 
to an increased rate of CH3I production, and partly

(8) C. A. Goy and H. O. Pritchard, J. Phys. Chem., 69, 3040 (1965).
(9) M . C. Flowers and S. W . Benson, J. Chem. Phys., 38, 882 (1963).
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to an increased rate of

2I2 +  CH3OH — > 4HI +  CO (surface)

Because of the surface sensitivity of rhe rate, no 
attempt was made to measure fc_i/fc2, and we conclude 
that 26.0 kcal/mol is at least a lower limit to the acti
vation energy of the homogeneous part of step 1, in 
view of the observed A factor.

This value of E\ leads4 to a C-H  strength of 95.5 ±  2 
kcal/mol for MeOH, which is greater than the limits 
(<  92 kcal/mol) set by the study2 of the photo- 
broruination of MeOH. Recent work by Loucks 
and Laidler10 yields the value of ~91  kcal/mol for the 
C-H bond strength in dimethyl ether which may be 
expected to be similar to that in methanol.

The O-H bond strength in MeOH is 103.6 kcal/mol11 
and the ir-bond strength in formaldehyde is defined as 
AH for the reaction

CH20  — >  CH2 — 6

i.e., the difference in AH for the reactions

CH3OH — >  CH3O • +  H-

CH2OH — ■> CH20  +  H • (7)

which is 103.6U — 291243 13 (± 2 )  = 74.6 ±  2 kcal/mol. 
This is exactly the same as Dn°(acetone)14 (74.6 
kcal/mol) and substituents seem, therefore, to have 
little or no effect on the value of Dna, in contrast to the 
situation for olefins

Dt°(CH2 =  CH2) = 59.1 kcal/mol

.D,r0[(M e )2C =  CH2]  =  55.8 kcal/mol

A possible reason for the invariance of D̂ ° in the ketones 
is that in the carbonyl 7r bond, the electrons are as far 
removed from the C atom as they are in the biradical 
formed, when the ir bond is broken. There will, 
therefore, be no change in the stabilizing effect of 
substituents such as methyl groups as the ir bond is 
broken. This would imply that the sp2 C atoms in 
propylene and in the butenes are probably slightly 
more polar in the biradical than in the ground-state 
olefins, so that there is decreased energy in 7r bond 
formation. This is not an unreasonable conclusion.
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(11) S. W. Benson and R. Shaw, Advances in Chemistry Series, 
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p 288.
(12) The figure 29 kcal/m ol is derived from  the experimental data 
as follows: AHf° (C H 3OH) = -4 8 .0  kcal/mol** and A Hf° (H -) =52.1 
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Methyl Red Dissociation Kinetics in 

Dilute Aqueous Solution1

by L. P. Holmes, A. Silzars, D. L. Cole, L. D. Rich, 
and E. M. Eyring
Departm ent o f  Chemistry, U niversity o f  Utah, Salt Lake City, Utah 
8^112 CReceived August 15, 1968)

Methyl red is a frequently used acid-base indicator 
in temperature-jump relaxation method2 kinetic studies, 
and a knowledge of the specific rates in eq 1 is un
necessary if the sample system equilibrium has a re
laxation time r

methyl red anion (1)

long compared to that of this methyl red equilibrium. 
However, in studying diffusion-controlled reactions, 
such as A10H2+ +  H+ , Al3+ +  H20  characterized 
by relaxation times of the order of 4 ,usec,3 known 
values of ku and fca are needed for a reliable interpre
tation of spectrophotometric temperature-j ump re
laxation data. Values of kn and kR have been de
termined by an electric field-jump (A-jump) relaxation 
method2 and are reported here to meet this need.

Experimental Section

Dilute aqueous solutions of National Aniline Division 
methyl red recrystallized from water, mp 183-185° 
(lit.4 181-182°), were subjected to an electric field 
jump of 2 X 105 V/cm  in the form of a single, square, 
high-voltage pulse of 2 to 3 ,usec duration. A block 
diagram of the /i-jump apparatus is shown in Figure 
1. The sample cell was fashioned from Plexiglas with 
stainless steel electrodes spaced 2 mm apart. White 
light from a 300-W zirconium arc passed through a 
520-nm interference filter and through 1 cm of solution 
in the sample cell before striking the photocathode of a 
1P21 photomultiplier tube. The photomultiplier tube 
was operated below 500 V to avoid saturation. The 
distance from the sample cell to the photomultiplier 
tube was made large (4.5 m) to minimize the need for 
shielding from stray electromagnetic fields. The 
exponential decay in per cent light transmitted as a 
function of time was observed through a Tektronix 
Type W preamplifier on a Type 545 oscilloscope. The

(1) Supported  b y  G rant A M  06231 from  the N ation a l Institu te  o f  
Arthritis and  M eta b o lic  Diseases.
(2) M . E igen and L . D eM aeyer, “ T ech n iqu e o f  O rganic C h em istry ,”  
Y o l. V I I I ,  P art I I , S. L . Friess, E. S. Lewis, and A . W eissberger, 
E d ., In terscience Publishers, N ew  Y ork , N . Y ., 1963, C hapter 18.
(3) L . P . H olm es, D . L. C ole, and  E . M . E yring , J . P hys. Chem., 
72 , 301 (1968).
(4) H . T . C larke and W . R . K irner, Org. S yn ., 2 , 47 (1922).

Volume 78, Number 3 March 1969



738 Notes

Figure 1. Block diagram of the electric field-jump relaxation 
method apparatus. Ri = 101 ohms, R2 = 200 ohms. The 
triggered spark gaps G are both E, G, and G.
Model GP-15; T, trigger pulse generator and time delay;
L, zirconium arc and interference filter;
S, sample cell; P, photomultiplier.

Table I: Electric Field-Jump Relaxation Data 
for Aqueous Methyl Red at 25°

C0,“ 10-» M pH* t ,c psec nd

41.9 5.145 0.62 ±  0.10 4
31.4 5.163 0.73 ± 0 .1 6 3
23.5 5.164 0.83 ±  0.11 3
7.51 5.600 1.16 ±  0.10 4
3.59 5.145 1.24 ± 0 .0 4 3
3.27 5.805 1.67 ± 0 .5 8 5

“ Total methyl red molarity of sample solution calculated from the 
measured molar absorbance at the 460-nm isobestic point assuming a 
molar extinction coefficient of 15,3001. mol-1 cm-1. b Glass electrode 
pH of the sample solution. c Average electric field-jump relaxation 
time with standard deviation calculated from the range of n inde
pendent measurements. d Number of independent determinations 
of T.

resulting relaxation times are given in Table I. The 
estimated experimental error in the individual measure
ments of r is ±15% .

The electrical resistance of the sample cell in all 
cases exceeded 104 ohms so that the jump in temper
ature incident to the E-jump was negligible. The 
reliability of the apparatus was verified by reproducing 
the kinetic results of Ilgenfritz5 for aqueous bromo- 
cresol purple.

Since the ionic strength of our sample solutions never 
exceeded 2 X 10-5 M, we were able to approximate the 
hydrogen ion molarity by the relation [H+] = 10-pH 
where the glass electrode pH was determined with a 
Beckman 1019 meter.

Results and Discussion
The relaxation time r attributable to equilibrium 1 

is given by2

r_1 = fcn([H+3 +  [A- ]) +  ko (2)

The least-squares straight line drawn through a 
r_1 vs. ([H +] +  [A- ]) plot of the data of Table I has 
a slope kR =  3.5 X 1010 Af-1 sec"1 and an intercept 
kr> = 4.8 X 10s sec-1. The quotient E a = fcD/fcR =

10_4 86 is in good agreement with the literature value6'7 
of lO-5-00 at zero ionic strength and 25°.

This value of kR is approximately a third of that cal
culated from the Smoluchowsky-Debye-Eigen phe
nomenological equation2 for diffusion-controlled re
action between H+ and a spherical monoanion in water 
at 25°. Very similar differences between experimental 
and theoretical values of kR have been observed2 for 
such acids as p-nitrophenol, carbonic acid, and acetic 
acid and attributed largely to steric factors. The 
kR for methyl red is also significantly smaller than 
values of 8 X 1010 M~x sec-1 and 7.2 X 1010 M -1 sec-1 
reported5 for the indicators bromocresol purple and 
phenol red, respectively, in water at 15° from similar 
E-jump relaxation method experiment . This dif
ference can be ascribed almost entirely to the greater 
attraction of a dianion for a proton in the equilibrium

¿D
HA-  —  H+ +  A2- (3)

kR
which is under observation in the case of these two 
sulfonephthaleins.

The value kD = 4.8 X 10s sec-1 for methyl red is 
much larger than the corresponding constants 2.4 X 
104 sec-1 and 4.9 X 102 sec-1 found6 for aqueous 
bromocresol purple and phenol red, respectively. 
However, methyl red proton dissociation is from a 
resonance stabilized, zwitterionic acid,7 whereas, in 
the sulfonephthaleins a phenolic proton dissociates. 
Thus, a more instructive comparison is that between 
methyl red and benzoic acid (kd =  2.3 X 106 sec-1) 8 
as well as the three isomeric aminobenzoic acids. The 
values8 7cd =  0.4 X 10s, 7.4 X 105, and 4.4 X 106 
sec-1 for 0-, m-, and p-amino benzoic acids, respec
tively, indicate that the difference between fcD for 
benzoic acid and methyl red can be accounted for 
entirely in terms of zwitterionic forms of protonated 
methyl red that do not involve significant intra
molecular hydrogen bonding. Where intramolecular 
hydrogen bonding is important as in N,N-dimethyl-
o-aminobenzoic acid, fcD drops to8 ~ 1  X 102 sec-1.

Successful measurements of r as short as 0.2 jusec 
with this spectrophotometric E-jump device suggest 
the feasibility of measuring the rate of the helix- 
random coil transition in aqueous poly-L-glutamic 
acid and poly-L-tyrosine. Previous studies9 have 
shown that the relaxation time for this transition in 
these polyanions lies between 0.05 and 2.0 jusec, which 
is too fast for measurement by the more common 
Joule heating temperature-jump relaxation method.

(5) G. Ilgenfritz, Doctoral Dissertation, George August University, 
Goettingen, Germany, 1966.
(6) I. M . Kolthoff, J. Phys. Chem., 34, 1466 (1930).
(7) S. W . Tobey, J. Chem. Educ., 35, 514 (1958).
(8) M . Eigen and E. M . Eyring, J. Amer. Chem. Soc., 84, 3254 (1962).
(9) G. Schwarz, J. Mol. Biol., 11, 64 (1965); R. Lum ry, R. Legare, 
and W . G. Miller, Biopolymers, 2, 489 (1964); and E. Hamori 
and H. A. Scheraga, J. Phys. Chem., 71, 4147 (1967).
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Crystal Field Activation Energies of Hexaaquo 

Transition Metal Complexes

by Audrey L. Companion
Department of Chemistry, Illinois Institute of Technology,
Chicago, Illinois 60616 (Received July 17, 1968)

In recent years the concept of crystal field activation 
energy (CFAE) has been employed by several inves
tigators1-7 in attempts to rationalize trends in kinetic 
data for ligand replacement reactions involving transi
tion metal complexes. The CFAE for an SnI dissocia
tion of a hexacoordinated species, for example, may be 
easily computed in terms of the relative crystal field 
stabilization energy (CFSE) of an octahedron (Oh) 
and square pyramid (Civ) of ligands with the one- 
electron formulas as presented by Basolo and Pearson.* 1 (II) 
Generally, CFAE’s computed this way have been in 
only rough agreement with experiment. In this note 
we examine the possibility of improving these calcula
tions by using many-electron methods and crystal field 
parameters in better accord with observed spectra of 
transition metal ions.

For d2 and d7 configurations (for which one-electron 
formulas may be in considerable error) we computed 
ground state CFSE’s with the matrices given in the 
Appendix in terms of parameters Dq, Ds, and Dt, in 
turn expressed as functions of radial integrals a2 and on. 
While in the octahedral species only the parameter a4 is 
significant in determining the CFSE, in the lower 
symmetry C4v species knowledge of both a2 and on is 
necessary. Purely theoretical calculations yield values 
of the ratio p =  a2/a4 from 2 to 6, results believed to be 
gross exaggerations of the importance of the a2 contribu
tion. While spectroscopic studies of noncubic com
plexes have not yet yielded definitive evidence favoring 
any specific p, several investigations8-11 have indicated 
that a reduction of p to a value of 1 or less is necessary 
for compatibility of theory with experiment. The one- 
electron CFSE’s employed thus far in CFAE considera
tions1 are based on p =  2.

The Aveak-field one-electron and many-electron 
CFAE’s computed for bivalent and trivalent aquo ions 
and the original spectroscopic data used are summarized 
in Table I. The only ions for Avhich nephelauxetic 
relaxation influenced the CFAE over the parameter 
range investigated Avere V3+ and Co2+, for which the 
F -P  separations 13,200 and 12,800 cm-1 were used. 
Comparison of the results of the one-electron and many- 
electron treatments Avith p = 2 indicate that except for 
a small increase (about 1 kcal/mol) in the CFAE for 
d2 and d7 ions the many-electron treatment makes no 
appreciable correction in the computed CFAE’s, at 
least for SnI processes.

Note in Table I that in all cases the CFAE’s of both 
d3 and d8 ions are independent of p, since the ground

Table I : Sn I Crystal Field Activation Energies 
for Hexaaquo Transition Metal Complexes

One-
Many electron C4VCFAE, electron

kcal/mol -  CFAE
Ion Dq, cm-1 P = 0 P = 1 p = 2 p = 2

V2+(d3) ÖOGOr—1 6.8 6.8 6.8 6.8
Cr2+(d4) 1400“ 1.1 - 5 . 7 - 1 2 .6 - 1 2 .6
Mn2+(d6) 0 .0 0 .0 0 .0 0 .0
Fe2+(d6) 1040s 0.9 0.9 - 1 . 7 - 1 . 7
Co2+(d7) 950“ 1.8 1.9 - 2 . 1 - 3 . 1
Ni2+(d8) 850“ 4.8 4.8 4.8 4.8
Cu2+(d9) 1300e 1.1 - 5 . 6 - 1 1 .7 - 1 1 .7
Zn2+(d10) 0 .0 0 .0 0 .0 0 .0
Sc3+(d°) 0 .0 0 .0 0 .0 0 .0
Ti3+(d>) 2030“ - 1 . 7 1.7 - 3 . 3 - 3 . 3
V3+(d2) 1785“ 4.1 3.3 - 4 . 9 - 5 . 8
Cr3+(d3) 1740“ 10.0 10.0 10.0 10.0
Mn3+(d4) 2100s 1.7 - 8 . 6 - 1 8 .9 - 1 8 .9
Fe3+(d6) 0 .0 0.0 0 .0 0 .0

“ C. J. Ballhausen, “ Introduction to Ligand Field Theory,” 
McGraw-Hill Book Co., Inc., New York, N. Y., 1962. s L. E. Orgel, 
“Transition Metal Chemistry,” Methuen and Co., London, 1960. 
« D. S. McClure, ref 2, p 82.

state in Oh, A2g, becomes under the p values considered, 
the ground state Bx in C4v, which has no dependence on 
Ds (see Appendix). This fact, along with the known 
zero CFSE of d°, d8, and d10 ions in any weak field, was 
used in positioning what we call a “ classical”  activation 
energy curve (tvithout crystal field effects) for a series, 
on which computed CFAE’s Avere superimposed. As 
an illustration, consider the free energies of activation12 
determined by Swift and Connick3 by nmr methods for 
the exchange of ligand and solvent water molecules in 
hexaaquo bivalent complexes, shown as open circles in 
Figure 1. Comparison of the difference between the 
experimental activation energies of Mn2+ ai:d Ni2+

(I) F. Basolo and E. G. Pearson, “ Mechanisms of Inorganic 
Reactions,” 2nd ed, John Wiley and Sons, Inc., New York, N. Y ., 
1967, Chapters 2 and 3.
(2) R. G. Pearson in “ Some Aspects of Crystal Field Theory,” T. 
Dunn, D. S. McClure, and R. G. Pearson, Harper and Row, New 
York, N . Y ., 1965.
(3) T. J. Swift and R. E. Connick, J . Chem. Phys., 37, 307 (1962); 
41, 2553 (1964).
(4) M. Eigen in “ Advances of the Chemistry of Coordination Com
pounds,” The Macmillan Co., New York, N. Y ., 1961, p 371.
(5) R. Hogg, G. A. Melson, and R. G. Wilkins, ref 4 p 39.
(6) D. Fiat and R. E. Connick, J. Amer. Chem. Soc., 90, 6C8 (1968).
(7) W. Kruse and D. Thusius, Inorg. Chem., 7, 464 (1968).
(8) J. A. Anysas and A. Companion, J. Chem. Phys., 40, 1205 (1964).
(9) D. S. McClure, ibid., 36, 2757 (1962).
(10) C. K. Jorgensen, “ Absorption Spectra and Chemical Bonding in 
Complexes,”  Pergamon Press, New York, N. Y ., 1962, p 55.
(II) R. A. D. Wentworth and T. S. Piper, Inorg. Chem., 4, 709 (1965).
(12) Association of CFAE with free energies of activation rather 
than with the less accurately known enthalpies is a common pro
cedure, although of questionable validity. The implicit assumption 
of regularly varying entropy changes within a series, although 
logically appealing, is not well founded. At worst the crystal field 
model used in this way may be regarded as a heavily empiricized 
method with which one may make reasonably good first guesses 
about trends in rate constants.
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Figure 1. Activation energies for Sn I  dissociations of bivalent
transition metal ions: p =  0 , ------ p — 1 , ---------; p =  2 , --------.
Open circles represent experimental points of Swift and Connick;3 
open squares, experimental points of Eigen.18

(4.2 kcal/mol) with the computed difference in CFAE’s 
for these ions (4.8 kcal/mol) makes it reasonable to 
assume that the classical activation energy is essentially 
constant across the series. This near-constancy is again 
illustrated by Eigen’s data13 for dissociation of a ligand 
water molecule from a hydrated ion involved in an ion 
pair, [M (H 20 ) b2+, S042~]. The theoretical total acti
vation energies for bivalent ions computed under the 
assumption of a constant classical activation energy 
across the series [7.2 kcal/mol, the Swift and Connick 
result for Mn2+]  are plotted in Figure 1 for p values of 
0, 1, and 2. The open squares represent Eigen’s rate 
constants corrected for classical contributions and with 
the scale adjusted such that —log fc values for Mn2+ 
and Ni2+ correspond to the computed activation energies 
(both independent of p).

For both sets of experimental data, agreement 
between theory and experiment is obviously better for 
the lower p values over the whole range of ions from V2+ 
to Zn2+; in particular, the lower p values correctly pre
dict the observed trend from Mn2+ to Ni2+, for which 
the usual p =  2 fails completely. The largest devia
tions between theory and experiment occur for Cr2+ and 
Cu2+ ions, both of which undergo strong Jabn-Teller 
distortions in six coordination, an effect not included 
in our calculations.

No rate studies by a given group of investigators 
using a consistent method have yet been reported for 
the whole series of trivalent transition metal ions. How
ever, Fiat and Connick8 and Kruse and Thusius7 have 
summarized available substitution rate data indicating 
that for aquo complexes rate constants for Tis+, Fe3+, 
and V3+ are of the same order of magnitude, ordering 
approximately as fc(Ti) >  fc(Fe) >  fc(V). Hexaaquo 
Cr3+ ion is considerably less labile than these three. 
Assuming that reactions of these ions do proceed through 
an SnI elimination of water (a fact not yet definitively 
established) one may see from the CFAE’s in Table I 
that p values of 1 or less describe the trend much more 
properly than the ratio commonly used. (For example, 
p =  2 predicts that V3+ should be considerably more 
labile than Fe3+.)

Based primarily on improved agreement between 
theoretical and experimental activation energies for 
SnI processes of hexaaquo transition metal ions, the 
suggestion is made that radial parameter ratios of 1 or 
less, rather than 2, be used in calculations of crystal 
field activation energies. One-electron formulas com
parable to those of Basolo and Pearson1 may be easily 
derived for any geometry chosen for an intermediate 
(including complexes with mixed ligands) with the 
simple approach presented earlier by Companion and 
Komarynsky.14 In addition, Spees, Perumareddi, and 
Adamson15 have recently recalculated one-electron 
energy levels for some of the Basolo-Pearson inter
mediates.

Acknowledgment. The author is grateful to the 
donors of the American Chemical Society Petroleum 
Research Fund for support of this work.

Appendix: C4v Crystal Field Energy Matrices

d1'6 Configurations

E{ Ai, z2) =  6Dq — 2Ds — 6Dt 

E {Bi, x2 — y2) =  6Dq +  2Ds — Dt 

E {B2, xy) = —iDq +  2Ds — Dt 

E (E, xy, yz) =  —4Dq — Ds +  4Dt

d2,7 Configurations

H [Bi(A2g) ]  =  12Dq -  IDt 

i?[B2(T26) ]  =  2Dq -  7Dt

(13) M . Eigen, Ber. Bunsenges. Physik. Chem., 67, 753 (1963); 
see also G. Geier, ibid,, 69, 615 (1965).
(14) A. Companion and M . Komarynsky, J. Chem. Educ., 41, 257 
(1964).
(15) S. T. Spees, Jr., J. R. Perumareddi, and A. W . Adamson, J. 
Phys. Chem., 72, 1822 (1968).
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A2 F (T Ig) P(Tig)

^(Tig) [ - 3 0 Dq -  4Ds +  30DZ]/5 [20Dq -  l2Ds -  20DQ/Ô

P (Tig) [14Ds +  5 (P -  F) ] /5

E

P (T ik)

^ (T * )

P(Ti.)

P (T U)
[ —1207)ç +  8Ds +  45Di]/20

P (T 2e)

[4Ds +  5/1Z] (15) 1/2/20 

[8Dg +  7Di]/4

P (T U)
[40Dq -  12Ds -  15Z>Z]/10 

[4Ds +  5DZ](15)1/2/10 

[ - 7 0 s  +  5 (P -  F ) ] /5

Dq = «4/6; Ds =  «2/7; Dt = «4/21 ; <22 = çe* 1 2(r2)/7?3; 
«4 =  ge2(?'4) / f i5; where qe is the ligand charge, P the 
ligand-metal distance and (rn) the expectation value of 
the nth power of the d-electron distance from the metal 
nucleus. The above formulas also describe d4 7 8’9 and 
d3,8 configurations if the signs of Dq, Ds, and Dt are 
changed everywhere.

Transference Numbers and Ionic Solvation of 

Lithium Chloride in Dimethylformamide

by Ram Chand Paul, Jai Parkash Singla, and 
Suraj Prakash Narula
Departm ent o f  Chemistry, Panjab U niversity, Chandigarh- 1J+, India  
(Received August 20, 1968)

In a number of publications, the potentialities of 
dimethylformamide1-4 as a protonic solvent have been 
highlighted. Sherrington and Prue5 have briefly men
tioned the measurement of cation transference number 
of potassium thiocyanate in DMF. However, no 
attempt has been made to calculate the solvation of the 
ions on the basis of transference data. Gopal and 
Hussain6 have calculated the solvation number of many 
alkali ions in different solvents from the available con
ductance data. In the absence of transference data of 
various ions, they have claimed only a limited accuracy 
of their results.

Lithium ion being small in size is generally solvated 
in solutions. Lithium chloride is appreciably soluble 
in DM F and accurate conductance data for it are avail
able in the literature.6 It has, therefore, been selected 
as the electrolyte for the present investigations. The 
ionic conductance and the solvation number of lithium 
ion as calculated on the basis of transference data are 
reported here.

Experimental Section

Materials. Lithium chloride (BDH AnalaR) was 
fused in a platinum crucible under a stream of dry 
hydrogen chloride, cooled in a desiccator, and lumps of

the fused salt were powdered and reheated in a weighing 
bottle to 300° for § hr, cooled, and kept in a vacuum 
desiccator for use. Silver nitrate and potassium 
thiocyanate (both BDH AnalaR) were used as received. 
Silver (commercial) was purified by electrolysis in the 
laboratory and converted into wire for use.

Solvent. Dimethylformamide (Baker Analyzed) was 
purified by keeping it over anhydrous sodium carbonate 
(BDH AnalaR) for about 48 hr with occasional shaking. 
It was fractionally distilled. The middle fraction 
(bp 148.5-149.5°, sp. cond. <  2 X 10-7 ohm-1 cm-1) 
was taken for use. As far as possible all transference 
of materials was carried out in a drybox and solutions 
were protected from moisture by silica gel guard tubes.

Determination of Transference Numbers. A weighed 
amount of lithium chloride was dissolved in DMF 
(250 ml). A modified Hittorf transference cell with 
three compartments separated with well-greased stop
cocks was used. The experimental technique for the 
measurement of transference number is exactly the 
same as described by Amis and coworkers.7,8

There was no evolution of gas at the cathode when 
a current of 3-10 mA was employed. A current 
stabilizer (Gelman Instrument Co.) was used along 
with a Richard coulometer to measure the amount of 
current passed. Each experiment was continued for 
about 12-24 hr depending upon the concentration of 
the solution. The time of experiment was increased 
with the dilute solutions.

Because of the solubility of the silver chloride 
(formed at the anode during electrolysis) in DMF, the 
solutions of cathode and middle compartments were 
analyzed. The chloride ion concentrations of the 
solutions were estimated by Volhard’s method. Two

(1) R. C. Paul, P. S. Guraya, and B. R. Sreenathan, Indian J. 
Chem., 1 ,335 (1963).
(2) R. C. Paul, S. Sharda, and B. R. Sreenathan, ibid., 2, 97 (1964).
(3) R. C. Paul, S. C. Ahluwalia, and S. S. Pahil, ibid., 3 : 300, 305 
(1965).
(4) R . C. Paul and B. R. Sreenathan, ibid., 4, 348, 382 (1966).
(5) J. E. Prue and P. J. Sherrington, Trans. Faraday Soc., 57, 
1795 (1961).
(6) R. Gopal and M . M . Hussain, J. Indian Chem. Soc , 40, 981 
(1963).
(7) W . Ves Childs and E. S. Amis, J. Inorg. Nucl. Chem., 16, 114 
(1960).
(8) J. O. Wear, C. V. M cNully, and E. S. Amis, ibid., 18, 48 (1961).
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Figure 1. Plot of transference number vs. y/c. The limiting transference number of the lithium ion, i+° = 0.295.

to three sets of experiment for each concentration were 
performed to check the accuracy of the results. The 
equation for the calculation of transference number is 
the same as employed by Amis and coworkers.7'8

Results and Discussion

In view of the very high resistance offered by the cell 
as well as difficulties of accurate estimation, the 
investigations regarding transference numbers were 
carried out in the concentration range 0.08-4).55 N at 
25°. The transference numbers have been found to 
vary linearly with the square root of the concentration.

On extrapolation, the limiting transference number of 
lithium ion was found to be 0.295 (Figure 1 ). The 
equivalent conductance was combined with the limiting 
transference number to give the individual ionic mobil
ity. The ionic mobility of lithium ion in DMF was 
calculated to be 23.62 (int ohms) - 1  cm2 mol-1. All the 
relevant data are recorded in Table I.

The radius of the solvated ions (r9) was calculated 
from the Stokes equation

ra = F2/Qrrrj\+°N

The crystallographic radius (rc =  0.60 A) was ob
tained from the literature.6 The Robinson-Stokes

correction factor (rcor/r3) was read from the plot of 
r00I/rs vs. rs for tetraalkylammonium ions in water 
solution.9 The volume of the solvent sheath was 
obtained from the equation10

V = 4-7T ( î ’cor3 -  r , ;')/ ? >

The solvation number was thus obtained by dividing 
the above volume by the average volume of a DMF 
molecule (128.4 A3) . 10 The solvation number of lith
ium ions in the concentration range discussed was found 
to be 3.24.

The cation transference number of lithium chloride 
in nonaqueous mixed solvents has been found to 
decrease with the increase in concentration.8 In 
formamide, the cation transference numbers of alkali 
halides decrease with an increase in concentration.10-12 
In water also the cation transference numbers of lithium 
and sodium ions decrease with increase in their con
centration though the transference numbers of K+, Rb+,

(9) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
Butterworth and Co. Ltd., London, 1955, p 120.
(10) J. M . N otley and M . Spiro, J. P h ys. Chem ., 70, 1502 (1966).
(11) L. R. Dawson and C. Berger, J. Amer. Chem. Soc., 79, 4267 
(1957).

(12) G. P. Johari and P. H. Tewari, J. Phys. Chem., 70, 197 (1966).
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Table I: Hittorf Transference Numbers for the Ions 
of Lithium Chloride in Dimethylformamide at 25° °

Concn, mol/1. 
of solvent Wa. F X  10’

tc
( ± 1  %)

t&
( ±1 %) Wsol, g

0.0858 0.1570 1.45 0.257 0.743 45.185
0.2233 0.3434 3.69 0.237 0.763 55.935
0.3149 0.2975 2.75 0.2.35 0.765 55.563
0.5466 0.4397 4.05 0.208 0.792 45.04

X+» le, Â r„ Â r cor, À  So lvatio n  no.

0 .2 9 5 2 3 .6 2 0 .6 0  4. 37 4, 66 3 .2 4

“ Wah is the weight of silver deposited in the coulometer; F is the 
Faraday (quantity of electricity); i„ is the cation transport number; 
fa is the anion transport number; TFboi is the weight of the solution in 
the cathode compartment; fc° is the transport number of the cation 
at infinite dilution; X+° is the ionic conductance at infinite dilution; 
rc is the crystallographic radius of the cation; ra is the Stokes radius 
of the solvated cation; and roor is the corrected value of the radius of 
the solvated cation.

Cs+, Cl- , Br- , and I-  ions remain almost constant with 
an increase in their concentration.13 This difference 
in behavior has been explained on the basis of ion- 
solvent interaction.14

The cation transference number of lithium chloride 
in DMF also decreases with an increase in concentration 
and shows a linear relationship. This behavior of 
lithium chloride is the same as in other solvents includ
ing water. DMF has a high dielectric constant and 
dipole moment. Thus the ion-dipole interaction 
between lithium ion and the solvent may result in the 
solvation of the cation.

The ionic mobilities of different alkali ions have been 
calculated from conductance data in various non- 
aqueous solvents.6 The ionic conductance of lithium 
ion (X+°) in DMF has been reported as 25.0 (int 
ohms) - 1  cm2 mol-1. Using this value, Gopal and 
Hussain6 have calculated the solvation number of 
lithium ion in DMF as 3. However, they have pointed 
out the limited accuracy of this value particularly 
because of the absence of transference data of lithium 
chloride in this solvent. Now the ionic conductance 
of the Li+ ion (X+°) has been obtained from the relation

X+° = A0 X t+°

and has been found to be 23.62 (int ohms) - 1  cm2 mol-1. 
The solvation number of lithium ion calculated on the 
basis of the above value of ionic conductance has been 
found to be 3.24.

Acknowledgment. The authors thankfully acknowl
edge the financial assistance from National Bureau of 
Standards, Washington, D. C.

(13) L. G. Longsworth, J. Amer. Chem. Soc., 54, 2741 (1932).
(14) R. Gopal and O. N. Bhatnagar, J. Phys. Chem., 68, 3892 (1964).

Intensity Contour Maps in Molecular 

Beam Scattering Experiments1

by IT Wolfgang and R. J. Cross, Jr.
Chemistry Department, Yale University,
New Haven, Connecticut 06520 (Received September 12, 1968)

Molecular beam experiments are now yielding infor
mation on the combined velocity and angular distribu
tions of reaction products. The representation of such 
data in easily interpretable yet unambiguous graphical 
form has, however, posed unnecessarily vexing prob
lems. We propose here the adoption of a simple con
vention which, despite its usefulness, does not seem to 
have been described in the literature.

Data are usually presented as relative differential 
cross sections I l (v, 0 , $ ) 2 for a given range of laboratory 
velocity dr and solid angle dO = sin GdGdF. They 
may be presented as an intensity or flux contour map 
on a standard Newton diagram8 (see Figure 1). This 
representation is unambiguous but its phase space is 
symmetric only with respect to the laboratory (LAB) 
origin, the volume elements varying as v2. A system 
symmetric with respect to the center of mass is, how
ever, more useful. It enables one to check that the 
product distribution is symmetric around the collision 
axis (relative velocity vector) as is required of all 
randomly oriented systems, and to ascertain if the for
ward-backward symmetry identifying a long-lived 
intermediate is present.

The common solution to this problem has been to 
transform the LAB cross sections to similar cross sec
tions 7Cm (u , 6, <¡>) referred to an origin at the center of 
mass (CM system). The above symmetry considera
tions can then be readily demonstrated. The trans
formation relationship is (see Appendix)

I cm (u, 9, 4>) = h(v, 0, 4>)(w2/r2) (1)

(Note, however, that most published results to date 
have used the incorrect factor (m2/V) cos S, where S is 
the angle between u and v .)4

Serious difficulties arise with the transformation to 
the CM system as there are normally velocity and 
angular spreads in one or both of the colliding beams. 
Thus there is no unique center of mass. Commonly an

(1) Financial support for this work from  the National Aeronautics 
and Space Administration and from  the National Science Foundation 
is gratefully acknowledged.
(2) I L(!),0,'i,)d!)dfi is the intensity o f product molecules between v 
and v+dv in the solid angle dil divided by (Ia«b). where Ia is the 
beam flux o f A (molecules/cm^ sec) and »b is the number density 
o f B (m olecules/cm q.
(3) D. R. Herschbach, Advan. Chem. Phys., 10, 319 (1906).
(4) The correct transformation has been given by Z. Herman, J. 
Kerstetter, T. Rose, and R. W olfgang, Discussions Faraday Soc., 
44, 123 (1967); W . Miller, S. A. Safron, and D. R. Herschbach, 
ibid., 44, 108 (1967).
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Figure 1. The Newton diagrams, coordinates, and volume elements 
are shown for the three-coordinate systems used.
The transformations from /j, to Pc to / cm are given at the left. 
Note that the Cartesian volume element is unaffected 
by rotation or translation.

approximate transformation is made, assuming some 
sort of average or most probable center of mass. The 
representation of the data has thus been adulterated by 
an arbitrary assumption. The result of this is partic
ularly unrealistic near the center of mass, where there 
will be a “hole” in the intensity distribution due to the 
factor (u2/v2) becoming zero.

An exact treatment actually requires prior knowledge 
of / c m , the goal of the experiment. A complicated 
recursive procedure is therefore required to unfold the 
averaging due to the range of initial conditions.5

These difficulties may be largely overcome by using a 
probability function in Cartesian coordinates

Pc(t>„ Vy, vz) =  P 'c K  Uy, uz) =  / L/w2 =  7cm/ w2 (2)

Like / L it is unambiguous. As the choice of origin is 
arbitrary, it is independent of any assumption as to the 
center of mass. The asymmetry due to unequal size 
of volume elements in the LAB system has been re
moved, though obviously that introduced by the initial 
beam distributions remains. Hence Pc possesses all the 
symmetry properties of 7 C m  about any chosen center of 
mass. It follows that the tests for axial and forward- 
backward symmetry described above can be made as 
well with the Cartesian as with the CM system. Fur

thermore, since Cartesian volume elements are constant 
in size, the “hole” around the center of mass is absent.

Acknowledgment. A proposal made by us to adopt 
the Cartesian coordinate system was accepted by an 
informal group attending the Gordon Conference on 
Molecular Collisions, June 1968, and we are grateful to 
these colleagues. Some of them, particularly R. B. 
Bernstein, B. H. Mahan, and D. R. Herschbach, have 
already used this system privately. Earlier discussions 
with Z. Herman and J. Ross following the Fifth Inter
national Conference on Electronic and Atomic Colli
sions, Leningrad, July 1967, were most stimulating to us 
in developing this convention.

Appendix: Derivation of the
LAB-Cartesian-CM
Transformations

To prove (1) it is convenient to transform nrst from 
the intensity per solid laboratory angle as measured by 
a detector of constant area, Ii,(v, 0 . <t>) to the relative 
probability of finding a product molecule between 
v and v -\- dv, 0  and 0  +  d0 , and 4> and <5? +  d<f>, 
P l ( v , 0, 4>)dt>d0d<I>. This relation is

PL = / l sin 0  (Al)

We may write a similar transformation between the 
analogous intensity as measured by a detector in the 
CM system Icm(u, 6, </>) and Pcu(u, 6, <f>)

Pom =  / cm sin 6 (A2)
Now

Ph(v, 0 , FRhdBdh = Pc,u(u, d, 0 )dwd0d<f> (A3)

where PL and Pc m  are related by the Jacobian of the 
LAB-CM transformation, J = d(v, 0 , 4>)/d(M, 6, <£)r‘ 
(i.e., the ratio of volume elements). This Jacobian is 
the product of the Jaeobians for three transformations: 
first, transform PL to a LAB Cartesian probability, 
Pc(v*, v,,, Vz); next, transform Pc to the analogous CM 
probability P'c {ux, u,„ uz) ; finally, transform P'c to 
P c m - These are, respectively (?>2 sin OR1, 1 , (?/.2 sin0 ).7 
Thus

./ =  (■u2 sin 6)/(v2 sin 0) (A4)

Expressing / L and / cm in terms of PL and PCM gives (1 ). 
Similarly

Pc =  h./v2 =  P'c =  Ic.u/v2 (A5)

(5) E. A. Entemann, Ph.D . Thesis, Harvard University, 1968; 
R. K . B. Helbing, J. Chem. Phys., 48, 472 (1968); P. T . W arnock 
and R. B. Bernstein, W IS-TC I-283 (University o f  Wisconsin, 
Jan 1968).
(6) For a discussion o f Jaeobians, see H. M argenau and G. M . 
M urphy, “ M athematics o f Physics and Chemistry,”  D . Van Nostrand 
Co. Inc., New York, N. Y ., 1956, p 18; W . Kaplan, “ Advanced 
Calculus,”  Addison-W esley, Reading, Mass., 1959, p 90.
(7) The first and third Jaeobians are simply those for the trans
formation between Cartesian and spherical coordinate systems, and 
the second is for the translation and rotation o f a Cartesian co 
ordinate system.
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On the Existence of the Complex A gS 04~ in 

Aqueous Solutions1“

by M. H. Lietzke and R. W. Stoughton
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee (Received September 20, 1968)

In a series of previous communications, the solubility 
of silver sulfate in aqueous potassium nitrate, potassium 
sulfate, magnesium sulfate, and silver nitrate solutions 
over wide temperature ranges115 was described. In all 
of these systems we were able to explain our data with a 
single equation

ln S = In S0 +  S '  V Ï
.1 +  A s/1

VTp '
1 -f- A s /T o _

(1)

and the assumption of complete dissociation of all 
electrolytes. Here S is the stoichiometric solubility 
product; /  is the ionic strength; S is the appropriate 
Debye-Hiickel slope; and the subscript 0 represents 
zero concentration of the supporting electrolyte. The 
values of the parameter A were essentially temperature 
independent but ionic strength dependent.

By contrast, we found it necessary to take into ac
count the presence of HS04-  and the presence of 
U02S04(aq), respectively, in interpreting the solu
bility of silver sulfate in sulfuric and nitric acids2a'b'c 
and in U 02S04 solutions.211 This behavior implies a 
qualitative difference between the complexes HS04“ 
and U02S04(aq) on the one hand and the various other 
possible ion pairs in the above media on the other.

Davies3 and coworkers have interpreted their con
ductance measurements on silver, potassium, and 
magnesium sulfate solutions at 25° in terms of the 
species AgS04- , KSQr and MgS0 4(aq), respectively, 
for which they reported dissociation constants of 0.05, 
0.1, and 0.006. There is some question,4 however, as to 
the meaning of dissociation constants so obtained, 
especially when relatively large, as far as actual species 
in solution is concerned.

Recently, Hopkins and WulfF reported good agree
ment between the values of the heat of solution for 
silver sulfate obtained by direct measurement and the 
value estimated on the assumption of a “weak” second 
ionization step. They take this as evidence and cite 
additional evidence for the existence of AgS04~ ions in 
aqueous solutions of Ag2S04. They6 cite four values 
for the standard Gibbs free energy of solution AG ° of 
silver sulfate (including ourslb of 6595 cal/mol) which 
average to 6550 ±  30 cal/mol— all based on complete 
dissociation at finite concentrations. They then pre
sent three values averaging 6740 ±  25 cal/mol which 
they feel have been corrected for the presence of AgS04- : 
(1) a correction of 140 cal/mol on our valueIb of 6595 
giving 6735 cal/mol; (2) a value of 6707 cal/mol

reported by Pan and Lin6 from a study with the 
Ag(s)/Ag2S04(s) electrode; and (3) a value based on 
the data of Righellato and Davies3 at two concentrations.

Regarding item 1 Hopkins and WulfF suggested that 
our value of the logarithm of the thermodynamic 
solubility product Ks° obtained in Ag2S04-K N 0 3 mix
tures should be the best one since this mixtures probably 
involved the least complications due to ion association. 
Actually, ourvalue in this medium at 25° was 140 cal/mol 
smaller than (not larger than) our average of 6595. 
Thus our AG10 = 6455, not 6735 cal/mol. We had 
rejected the results in Ag2S04-K N 0 3 medialb because 
they were inconsistent with those in the four other 
media and because there appeared to be a greater 
tendency toward hydrolysis to Ag20, particularly at the 
higher temperatures.

We are uncertain as to the limit of error in the value 
of Pan and Lin.6 In the calculation involving the use 
of the two data of Righellato and Davies,3 Hopkins and 
WulfF assumed that “the concentration dependence” 
of “the extent” of the second ionization step “ (but not 
its numerical value)” was “the same as that for T12S04 
and K2S04.” With this assumption and by using a 
Debye-Hiickel expression for the activity coefficient 
of the two ions, — log 7 1 = S ;\ /7 /(l +  Ay/ I )  with 
A =  1 , they obtained a value of AGi° = 6770 cal/mol. 
While their value of A is not unreasonable, as far as we 
know it is not known and could vary by as much as 
about 0.4 to 2.0. Accordingly, we recalculated AG° 
using A = 0.4, 1.0, 1.5, and 2.0 on the assumption that 
the concentrations calculated by Hopkins and WulfF 
were correct. We obtained 6875, 6770, 6680, and 6610 
cal/mol, respectively. Thus we feel that their value 
could be off by at least as much as 10 0  cal/mol due 
solely to the unknown value of A. We do not know how 
to estimate the other uncertainties.

Hopkins and WulfF point out that our value for the 
enthalpy of solution at 25° was 4.47 kcal/mol compared 
to two literature values of 4207 and 4215 cal/mol. 
They imply that this discrepancy may result from our 
not taking into account the presence of AgS04~. 
Actually, we made no explicit claim115 for the accuracy 
of our value of AHi° and would not be surprised if it 
were in error by some 200 to 300 cal/mol. Further, our 
values would be expected to be poorer at the extremes 
(25 and 200°) than at some of the intermediate tem
peratures.

(1) (a) Research sponsored by the U. S. Atom ic Energy Commission 
under contract with the Union Carbide Corporation, (b) M . H. 
Lietzke and R. W . Stoughton, J. Phys. Chem.. 63, 1183, 1186, 1984, 
(1959); 64, 133 (1960); J. Inorg. Nucl. Chem., 28, 1877 (1966).
(2) (a) M . H. Lietzke and R. W . Stoughton, J. Phys. Chem., 63,
1188 (1959); (b) 63, 1190 (1959); (c) 65, 2247 (1961); (d) 64,
816 (1960).
(3) C. W . Davies, “ Ion Association,”  Butterworth, Inc., W ashington, 
D . C., 1962.
(4) G. Scatchard, Ann. Rev. Phys. Chem., 14, 163 (1963).
(5) H. P. Hopkins, Jr., and C. A. Wulff, J. Phys. Chem., 69, 9 (1965).
(6) K. Pan and J-L. Lin, J. Chinese Chem. Soc. (Taiwan), 6, 1 (1959).
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We tried using the value of K  obtained by Righellato 
and Davies3 (model A below) to see whether this 
would improve our calculated solubilities in Ag2S04-  
AgN 03 media at 25°.

A. In this model, S in eq 1 has the value for a 1-1 
electrolyte and S =  (mab+) (uUgsor) • In addition, 
we have the following equations

AgSOr = Ag+ +  SO**“  (2)

Q =  (mAg+) (m so42“ ) / ( « U Es o r )  (3)

biQ = \ n K +  +  A q( / ) )  (4)

where A q (eq 4) and A and In S0 (eq 1) are adjustable 
parameters of fit and where S has twice the value it has 
for a 1-1 electrolyte. We attempted to evaluate the 
three parameters with a least-squares procedure with 
the criterion that 2 % (s°bsd — scaicd)2 be made a 
minimum. However, we encountered mathematical 
convergence difficulties; hence we evaluated A q and A 
by permuting over ranges of values with In »So being the 
only parameter adjusted by the mathematical program. 
The results which gave the lowest variance of fit were 
selected. We then fitted our datalb at all temperatures 
by the method of least squares to each of the following 
models using eq 1.

B. The value of A is assumed to be temperature 
independent but ionic strength dependent.

C. The value of A is assumed to be constant at all 
temperatures and ionic strengths. A term BI is added 
to eq 1, where B is a function of temperature only.

D. This model is similar to model C except that both 
A and B were assumed to be constant at all tempera
tures and ionic strengths.

In order to determine whether one model fitted the 
Ag2S04-AgN 0 3 solubility data better than the others 
the E-ratio test was applied to all possible comparisons 
between pairs of models. At the 95% confidence level 
taking the AgS04~ complex into account did not pro
vide a significantly better fit of the data than did models 
B, C, or D. However, on the 90% confidence level 
taking into account the AgSCh" ion did provide a 
significantly better fit of the solubility data. In this 
connection it is to be noted that since the model based 
on the presence of AgS04_ contains three adjustable 
parameters (A, Aq, and In So) for four 25° data points 
while the other models have at the most three adjustable 
parameters for 24 data points from 25 to 150°, the 
significantly better fit on the 90% confidence level may 
be just apparent.

If the complex AgS04~ exists it should also be of 
significance in the solutions with a common sulfate ion. 
However, if we assume the existence of AgS04~ on the 
basis of the work of Davies and coworkers,3 we are 
obliged to assume also the existence of K S04~ in Ag2S04-  
K2SO4 mixtures and of MgS04(aq) in Ag2S04-M gS04 
mixtures. Because of the mathematical convergence 
difficulties encountered in the Ag2S04-A gN 03 solutions

with only the single complex AgSChD we have not 
attempted the more elaborate calculations with two 
complexes in the same solutions.

In summary, we do not say that the complex AgS04_ 
is not present in our solutions. We say that we did not 
have to take it into account nor did we have to take 
into account the existence of the species K S04-  and 
MgS04(aq) in order satisfactorily to explain our data. 
We feel that there is some question as to the physical 
meaning of the three complexes or ion pairs mentioned 
here.

Photolysis o f 1,1,1-Trifluorom ethylazocyclopropane. 

T h e Fate o f the N .N - c - C 3H 5 Radical

by K. Chakravorty, J. M. Pearson, and M. Szwarc
Departm ent o f  Chem istry, State University College o f Forestry  
at Syracuse U niversity, Syracuse, N ew  York IS 210 
(.Received September 23, 1968 )

The reactions of neutral CH3 radicals and electrophilic 
CF3 radicals were extensively studied in this labora
tory.1̂ 3 The extension of this work to nucleophilic 
radicals was highly desirable, and cyclopropyl seemed 
an appropriate choice. In searching for a convenient 
source for generating cyclopropyl radicals we synthe
sized 1,1,1-trifluoromethylazocyclopropane and inves
tigated its photolysis. Although the system was found 
to be unsuitable for our purpose, it exhibited some 
intriguing features which are reported here.

Experim ental Section

1,1,1-Trifhioromethylazocyclopropane (I), a com
pound not reported in the literature, was synthesized 
by a procedure similar to that used in the prepara
tion of 1,1,1-trifluoromethylazomethane.4 Equivalent 
amounts of cyclopropylamine and trifluoronitrosometh- 
ane were condensed at liquid air temperature and sealed 
under vacuum in a 700-ml Pyrex ampoule. As the 
contents were slowly warmed from —196° to room tem
perature, the amine liquefied and a vigorous reaction 
ensued. The ampoule was maintained at 40° for 1 hr 
to ensure completion of the condensation and thereafter 
the resulting pale yellow liquid was purified by bulb-to- 
bulb distillation. The azo compound (I) was stored in

(1) (a) J. H, Binks and M. Szwarc, J. Chem, P hys., 30, 1494 (1959);
(b) M . Szwarc and J. H. Binks, “ Theoretical Organic Chemistry,” 
Kekule Symposium, Butterworth and Co. Ltd., London, 1959, 
p 262; (c) for details of technique: M . Gazith and M . Szwarc,
J. A m er. Chem. Soc., 79, 3339 (1957).
(2) (a) J. M . Pearson and M . Szwarc, Trans, Faraday Soc., 60, 553
(1964) ; (b) G. E . Owen, J. M . Pearson, and M . Szwarc, ibid.,
61, 1722 (1965).
(3) G. E. Owen, J. M . Pearson, and M. Szwarc, ibid., 60, 564 (1964).
(4) A . H. Dinwoodie and R. N . Haszeldine, J. Chem. Soc., 2266
(1965) .
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Table I: Photolysis of CFsNN-e-iCsHs) in the Gas Phase [Azo Concentration, 10 6 to 10-6 M;  
Diluent, 2,3-Dimethylbutane (p ~  700 ram)]“

00 CF3H/N 2 CF3CH2CH=CH2/N2 c h ,o h = c h 2/ n 2 2-Pyrazoline/Nî c-CjHt/Ni
65 1.0 0.25 0.25 0.15 Very small

120 1.0 0.25 0.25 0.20 Very small

“ The results are given as mole ratios and are accurate to ±0.05.

Table II: Photolysis of CF3NN-c-(C8H5) in Solution (Azo Concentration, 10 4 to 10~6 M;  Temperature, 32°)°

Solvent C F 3H / N 2 C - C 3H S C F 3 / N 2 C H . C H = C H , / N !  c - C 3H , / N 2

2,3-Dimethylbutane 1.0 0.15 0.1 Very small
2,3-Dimethylbutane +  5 mol % 0.0 0.15 0.0

«-methylstyrene
CCI4 +  5 mol % «-methylstyrene 0.0 0.2 0.0

° The results are given as mole ratios and are accurate to ±0.05.

a blackened ampoule at room temperature. It is stable 
in the dark and no decomposition was observed even 
at 120°.

(I ) was characterized by its uv, ir, nmr, and mass 
spectrum: bp 60° (760 m m ); uv max (CH3OH) 337 rnp 
(e 32); ir 3.29 n (C-C3H5), 6.45 ix (— N = N — ) and
7.6- 8.6 n (CF3) ;  nmr (CCh) S =  3.81 (septet, 1, J =
3.5 cps) and 1.54 ppm (m, 4); mass spectrum (70 eV) 
ra/e 138 (parent peak), 110 (C3H6‘ CF3), 69 (CF3), 41 
(C3H5) and 28 (N2).

The photolysis was investigated in the gas phase with
2,3-dimethylbutane as diluent and in the liquid phase 
in 2,3-dimethylbutane and in CC14. Pyrex reaction 
vessels were used and a G.E. AH-6 high-pressure mer
cury lamp served as the light source. The appropriate 
experimental details are given in ref 2 (gas phase) and 
in ref 3 and 2 (liquid phase). Photolysis times were of 
the order of 30-50 hr.

The techniques of product analyses by glpc are 
described elsewhere.1 Gaseous products were analyzed 
on a silica gel column and the liquid products on a 30% 
silicone G.E. SF96 column and also a 15% carbowax 
column. Synthetic samples were used for identification 
of the products (by comparison of retention times) and 
for calibration.

The gas-phase photolysis of (I), performed in the 
presence of 2,3-dimethylbutane, yielded the following 
gaseous products: N2, CF3H, CF3CH2C H =C H 2 (or its 
isomers) and CH8CH =CH ,. Only a trace of cyclo
propane was observed and no combination product

CH2
/

CF3— CH
\

c h 2

was detected. In addition, 2-pyrazoline was isolated

from the liquid residue of the photolysis. The analyt
ical results are summarized in Table I.

In contradistinction to the gas-phase photolysis, the 
liquid-phase irradiation produced the expected com
bination product

CH,
/

CF3— CH
\

c h 2

Its identity was established by comparing it with a 
synthetic sample prepared according to the method of 
Dorer and Rabinovitch.5 The results for the liquid- 
phase photolysis are summarized in Table IT.

Discussion

The dissociation energy of the R— N = N  • radical is 
usually negative6 and therefore the decomposition of azo 
compounds, R iN2R2, often proceeds by simultaneous 
rupture of two bonds yielding a molecule of N2 and two 
radicals Ri and R2. Exceptions are possible7 and (I) 
appears to be in this category. The photolysis un
doubtedly forms CF3 radicals as demonstrated by the 
results. However, the findings presented in Tables I 
and II also show that the sum of the products involving 
CF3 moieties exceeds the total amount of N, formed in 
the reaction. Therefore, at least some of the inter
mediate radical species, c-C3H6— N = N - , or the product 
of their rearrangement, do not decompose with evolu
tion of N2. Indeed, a nitrogen-containing material was

(5) F. H . Dorer and B . S. Rabinovitch, J . P hys. Chem., 69 , 1964 
(1965). We thank Dr. Rabinovitch for the details of preparation 
and purification of C F 3-C-C3H 5.
(6) M. Szwarc, "Peroxide Reaction Mechanism,” Interscience 
Publishers, Inc., New York, N. Y ., 1961, p 153.
(7) (a) W . A. Pryor and K. Smith, J. Amer. Chem. Soc., 89, 1741
(1967); (b) S. Seltzer and F. T. Dunnel, ibid., 87, 2628 (1965);
(c) S. Seltzer and S. G. Mylonakis, ibid., 89, 6584 (1967).
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formed and it was identified as 2-pyrazoline by its 
retention time on a carbowax and on a silicone oil 
column. Calibration was performed with a synthetic 
sample prepared from acrolein and hydrazine hydrate.8 
The presence of some 1-pyrazoline cannot be excluded. 
However, under the conditions of the experiments the
1- pyrazoline (Xmtlx = 315 m/x, e 446)9 would be expected 
to decompose into N2 and cyclopropane, whereas the
2- pyrazoline (Xmax 224 m/q e ?) probably is stable. 
Quantitative analysis showed that 2-pyrazoline/N2 ^  
0.15-0.20 and this value is consistent with the anoma
lous CF3 material balance (see Table I ) .

Undoubtedly, the
CH2—N

/
c h 2

\
C H = N

radicals are the precursors of pyrazoline, abstraction of 
hydrogen from 2 ,3-dimethylbutane leading to the final 
product. The question arises whether the cyclic radical 
is produced directly from the decomposition of the 
excited azo molecule, reaction 1, or by rearrangement 
of the intermediate diazonium radical, c-C3H6—N = N , 
reaction 2.

CF3— N = N — C-C3H5 — ► CF3- +  N— N
J 'CH 0)

c h - ch2

or a scission of the C—N bond followed by

•N=N— C-C3H5 — ► N— Na
j FH (2)

ch2- ch2

The data reported here do not permit us to resolve the 
question. The hypothesis of rearrangement preceding 
the decomposition is plausible and supported by other 
observations which deal with cyclopropane derivatives. 
Photolysis of methylcyclopropyl ketone yields methyl 
propenyl ketone,10 that of dicyclopropyl ketone gives 
cyclopropylpropenyl ketone,11 and of cyclopropane 
carboxaldehyde forms CO and propylene.12 In all 
these examples the absorption of energy by the molec
ular chromophore leads to rupture of the cyclopropane

ring. The formation of CF3CH2C H =C H 2 observed 
by us in the gas-phase photolysis may be also attributed 
to an intramolecular rearrangement. Under our experi
mental conditions any CF3 radicals formed should 
react with diluent to produce CF3H and the probability 
of CF3 combination with allyl radicals (formed from 
the cyclopropyl moiety) is, therefore, negligible.2 
The rearrangement may involve the syn form of the 
azo compound as shown by

N = N

This form could be favored by the attraction between 
the electrophilic CF3 and the nucleophilic c-C3H5.

The virtual absence of cyclopropane in the products 
is significant. Free cyclopropyl radicals should readily 
abstract hydrogen from 2 ,3-dimethylbutane.13 The 
isolation of CF3-C-C3H5 from the products of liquid- 
phase photolysis could be interpreted as evidence for 
the formation of c-C3H5, i.e., the rearrangement of the 
diazonium radical might compete with its decomposition 
into N2 +  • <]. However, an alternative interpretation 
is possible; i.e., the combination of -N2— <(J and CF3 
might give N2 +  CF3—*<(|. Since cyclopropane is not 
formed in the gas-phase photolysis the decomposition 
apparently is slow. The radical rearranges (see 
reaction 2) in the gas phase, although in liquid phase its 
cage combination with CF3, coupled with ejection of 
N2, is quite feasible.
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C O M M U N I C A T I O N S  T O  T H E  E D I T O R
The Configurational Entropy of Titanium Monoxide

Sir: Recent discussions of the thermodynamic prop
erties of TiO1-3 suggest possible inaccuracies in entropy 
data4 resulting from the failure to take into account a 
zero-point entropy owing to frozen-in disorder. Similar 
proposals were advanced by Hoch, Iyer, and Nelken6 
to explain the discrepancies between their equilibrium 
measurements with a galvanic cell and the tabulated 
data6 derived from the calorimetric measurements of 
Shomate7 and Naylor.4 The purpose of the present 
letter is to show that the 0°K entropy of equiatomic 
TiO is zero and that the previous calculation of the 
configurational entropy for a disordered form of equi
atomic TiO is incorrect.

Titanium monoxide may exist in either one of two 
modifications according to temperature. The high- 
temperature form (TiO/s) has the NaCl structure with 
15% of both titanium and oxygen sites vacant8'9 and 
randomly dispersed. Below 1264°K, TiO,? transforms 
to a low-temperature modification (TiO„) with a trans
formation enthalpy of 820 cal/mol.4 Recently,10'11 the 
crystal structure of TiO« was shown to be monoclinic. 
The structure is similar to that of NaCl but has an 
ordered array of vacant lattice sites, so that in every 
third (110) plane of the parent cubic form half of the 
titanium and half of the oxygen atoms are missing 
alternately. From the lattice parameters of the mono
clinic unit cell and the pycnometric density12 it was 
also deduced11 that the ordered material had f  of both 
titanium and oxygen sites vacant. Therefore, the 0°K 
configurational entropy of ordered TiO« is zero.

The 0°K entropy correction of Hoch, et al.,5 was in
tended to allow for the configurational entropy of TiO^ 
with random vacancies but an incorrect number of 
moles was used in their calculation. Since the tabulated 
thermodynamic data refer to 1 mol of TiO (63.97 fe), 
the entropy calculations are based on N titanium atoms 
and N oxygen atoms (N is Avogadro’s number). The 
total number of titanium sites in 1 mol of TiO/? is, 
therefore, 1.177ÌV since in this defect structure the N 
titanium atoms represent only 85% of the total available 
lattice sites. Similar reasoning applies to the oxygen 
sites and hence the configurational entropy of 1 mol of 
TÌO3 with random vacancies is given by

Sp — 2k In
(1.1772V)! 

(0.1772V) ! 2Vl
1.97 eu

where k is the Boltzmann constant.
On this basis, the expected entropy change on ordering 

is 1.97 eu compared with 0.65 eu derived from the 
calorimetric measurements of Naylor.4 A number of

factors may account for this discrepancy. As the na
ture of the transformation was not previously under
stood, the specimen used by Naylor may not have been 
at equilibrium and consequently possessed a low degree 
of order below the transformation temperature. On 
the other hand, short range order of vacancies above the 
transformation temperature would decrease the cal
culated entropy change. Considerable pretransition 
effects were observed by Naylor during his measure
ments and, therefore, the accuracy of the calorimetric 
measurements is low. New measurements on fully 
ordered specimens are required.

The above considerations are strictly applicable only 
to TiO„ of equiatomic composition. The ordered TiOa 
structure, however, is stable over a range of composi
tion.9'11'13 Since the amount and relative proportions 
of titanium and oxygen vacancies varies with com
position,9 a small degree of disorder is inherent in TiO« 
of other than the equiatomic composition. This 
disorder, which can be deduced from X-ray and electron 
diffraction observations11 and from the variation of 
vacancy concentration with composition,9 can be des
cribed in terms of randomly arranged excess atoms of 
one species in the ordered vacant sites and random 
vacancies of the other atomic species in the normally 
occupied sites of the equiatomic ordered TiO« structure. 
Consequently, a small configurational entropy term at 
0°K is expected on both sides of the equiatomic com
position in specimens having the ordered TiO« structure.
(1) P. G. W ahlbeck and P. W . Gilles, J. Cham. Phys., 46, 2465 
(1967).
(2) O. Kubaschewski, Proceedings o f the I.A .E .A . Symposium on 
Thermodynamics, Vienna, Austria, Vol. 11, I960, p 583.
(3) P. W . Gilles, J. Chem. Phys., 46, 4987 (1967).
(4) B. P. Naylor, J. Amer. Chem. Soc., 68, 1077 (1946).
(5) M . Hoch, A. S. Iyer, and J. Nelken, J. Phys. Chem. Solids, 23, 
1463 (1962).
(6) J. F. E lliott and M . Gleiser, “ Thermochemistry for Steelmaking,”  
Addison-W esley Press, Reading, Mass., 1960.
(7) C . H. Shomate, J. Amer. Chem. Soc., 68, 310 (1946).
(8) P. Ehrlich, Z. Anorg. Chem., 247, 53 (1941).
(9) S. Andersson, B. Collen, U . Kuylenstierna, and A. Magneli, 
Acta Chem. Scand., 11, 1641 (1957).
(10) D. Watanabe, J. R. Castles, A. Jostsons, and A. S. Malin, 
Nature, 210, 934 (1966).
(11) D. Watanabe, J. R. Castles, A. Jostsons, and A. S. Malin, 
Acta Cryst., 23, 307 (1967).
(12) U . Kuylenstierna and A. Magneli, Acta Chem. Scand., 10, 
1195 (1956).
(13) A. Jostsons and P. M cDougall, paper presented at the Institute 
o f Metals International Conference on Titanium, London, 1968.
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A  Spatial Periodic Homogeneous Chemical Reaction

Sir: Especially coupled chemical reactions, which are 
far from chemical equilibrium, show phenomena which 
are not observed near chemical equilibrium. One of 
these is the occurrence of oscillations during the reaction 
course.1'2 This communication deals with a similar 
phenomenon: the periodic variation of the course of a 
reaction along a space coordinate (so-called “ steady 
chemical waves” ). Such a phenomenon is predicted 
by the theory of thermodynamics of irreversible pro
cesses.3 A brief derivation, in which we consider only 
the diffusion process and the chemical reaction, may 
show the main features.

The equation of continuity for a chemical component 
of a homogeneous mixture is given by

dc
dt

+  div J = 7 (1)

where c is the concentration of the chemical component, 
J is the space flux, and y is its rate of production.

J = ~ D ~  (2)
dx

where D is the diffusion coefficient

7 = Yt = kac (3)
a t

which is the rate equation for a chemical reaction of 
autocatalytic type A +  C —> C +  C, in which the rate 
of product production is positive (a is the concentration 
of A ). Let us assume further that there is in eq 1 no 
space dependence in y and z as well as no time depen
dence. Then one obtains from (1), (2), and (3)

^ ö2c 
D dx2

kac

for which

(  2 t t X  \

c =  Co sin I —  +  <p]

is a solution, if the wavelength X is 

X D 
2 T\h~

1 ka

Thus, periodic variations in space may be possible, if 
the reaction mechanism contains an autocatalytic step. 
The bromate-cerous ion reaction1'4 is of such a type, 
and although the detailed reaction mechanism is not 
known, it represents a good example for examining the 
phenomenon discussed above. The spatial oscillations 
in this chemical system are detected by using a solution 
of ferroin as an indicator (Figure 1) ;  it changes from 
red to blue as the redox potential increases. This

Figure 1. Alternating layers show the spatial periodic chemical 
reaction. The wavelength is approximately 0.5 mm.

technique also allows one to see very small deviations 
from the mean reaction course, if the reaction course 
changes within a fraction of a millimeter. A configura
tion as shown in Figure 1 is staole for hours. Its 
wavelength is about 0.5 mm and the first-order rate 
constant ka ~  0.4 sec” 1. This pattern is produced in 
the following way: the indicator is added to the system 
bromate-malonic acid-cerous ions (approximate con
centrations: 7 X 10” 2M, 0.3 M, 10~3 M, respectively). 
Then a drop of the indicator is put on the surface, pro
ducing a gradient which propagates toward the interior 
by forming the periodic configuration.5 This pheno
menon occurs in a homogeneous solution. Perhaps 
one can use phenomena of this type to store information 
by chemical reactions. The cybernetic implications of 
these phenomena might be useful in interpreting certain 
aspects in biology.

(1) A. M . Zhabotinskij, Dokl. Akad. Nauk SSSR, 157, 392 (1964).
(2) B. Chance, B. Hess, and A. Betz, Biochem. Biophys. Res. 
Commun. 16, 182 (1964).
(3) I. Prigogine and G. Nicolis, J. Chem. PJ ys., 46, 3542 (1967).
(4) H. Degn, Nature, 213, 589 (1967).
(5) A more detailed report will follow as more experimental data 
are gathered.

Institut für Molekulare Biologie, Heinrich G. Busse
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Stöckheim, Braunschweig, Germany
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Interpretation of the Kinetics of 

Thermogravimetric Analysis

Sir: Thermogravimetric analysis has now become 
accepted as a means of evaluating kinetic parameters of 
solid-state decompositions of the type

aA(s) — >  6B(s) - f  cC(g)

Reactions of this type are exemplified in polymer 
degradation and the decomposition of inorganic com
plexes.

One of the most commonly used methods of analysis of 
thermogravimetric data is that proposed by Freeman 
and Carroll.1 Using a rate expression

— d?ia/di = k(nh)x (1)

in which na is the number of moles of reactant A, k is 
the rate constant for the reaction, x  is the order of the 
reaction, and t is the time parameter, they deduce the 
equation

(-E /2 .3 E )A (1 /T ) = _  A log (~ d I7 a/dQ 
A log Wa A log Wa

in which E is the activation energy for the decomposi
tion reaction, T is the temperature :n degrees Kelvin, 
and W  a is the weight of reactive constituent remaining 
in the sample.

The point of this communication is to show that eq 2 
is incorrect. The error arises from the use of eq 1, 
which, as written, is dimensionally incorrect. The 
rate constant for a reaction of order x  has the di
mensions (moles)(1-:t) X (volume) (x-1) X (time) -1 and 
therefore (1) should be written as

— dna/dt = fc(na) x/T <I-1) (3)

V is the total volume of the sample at time t. Using 
the “ difference-differential”  approach suggested by 
Freeman and Carroll, we deduce

— E/2.3KA(1/T) = — zA log I7a

+  A log ( — AW a/At) +  (x — 1) A log (W) (4)

in which IFis the total weight of the sample attime t. It 
is convenient to rewrite (4) in terms of the percentage 
decomposition (C) which we define as

C = (IFa0 -  Wa)/W°

is the initial weight of active constituent in the 
sample

—E/2.3RA(l/T)

= —x[A log (1 — C) — A log (A-1 — C )]

+  A log [ —d (l  — C)/At] — A log (A -1 — C) (5)

A is defined as the fraction of active component initially 
present in the sample (A = I7a°/I7o). Equation 5 can

be rewritten

_________ — E/2.3.RA(1/T)_________
[A log (1 — C) — A log (A-1 — C )]

_  A log [  — d (l  — C)/dt] — A log (A -1 — C)
[A log (1 -  C )~- A log (A- 1̂ C ) ]  ""

(6)

Equation 6 contains an extra term compared with 
Freeman and Carroll’s equation. The extra term 
disappears for x = 1, but for all other values this 
modified equation should be used for analyzing thermo
gravimetric data by the “ difference-differential”  type of 
approach.

Acknowledgment. J. T. gratefully acknowledges the 
award of a maintenance grant by the Science Research 
Council.
(1) E. S. Freem an and B. C arroll, J. P hys. Chem., 62, 394 (1958).

Department oe Chemistry J. R. MacCallum
University of St. Andrews J. Tanner
St. Andrews, Fife, Scotland
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Reply to “ Interpretation of the Kinetics of 

Thermogravimetric Analysis”

Sir: We do not agree with the authors’ statement1 
that our equation (their eq 2) is dimensionally incorrect. 
Rate constants are endowed with dimensions that make 
a postulated differential rate equation dimensionally 
homogeneous. In the case of chemical reactions in the. 
solid state of the type considered by MacCallum and 
Tanner, rate equations in terms of concentration (i.e., 
moles/volume) are usually inapplicable.

The reaction is usually initiated at active sites pro
vided by defects in the solid reactant. Nuclei grow in 
a manner that is not microscopically uniform through
out the reacting system. The solid product is generally 
insoluble in the reactant. It is at the interface of the 
solid reactant and product that the reaction proceeds.

It is interesting to note that even in apparently 
homogeneous solid systems as in the case for the thermal 
decomposition of organic polymers the rates frequently 
depend upon particle size and shape.2'3

The MacCallum and Tanner eq 4 does not follow 
from their eq 3 unless the assumption is made that 17, 
the total weight at time t, is a linear function of the 
total volume of the reacting system. Although this 
may be the case macroscopically in some solid-state 
reactions, the mechanism of the reaction makes the use

(1) J .  R .  M a cC a llu m  and J .  T anner, J . P h y s . Chem., 73 , 751 (1969).
(2) H . L . F riedm an, J. M acrom ol. S ci., A l ( l ) ,  57 (1967).
(3) E . S. Freem an and A . J. B ecker, J. P olym er S ci., P art A - l , 6, 28, 
29 (1968).
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of concentrations in the kinetic equations rather mean
ingless.

The Freeman-Carroll method consists of inserting a 
temperature-dependent relationship for the rate con
stant directly into the selected differential rate ex
pression. In the case of homogeneous reactions, rate 
equations in terms of concentrations are undoubtedly 
preferred. The appearance then of the term Vx~l will 
appear as given in our eq 14 or as indicated in our case 2.4
(4) E . S. Freem an and B . Carroll, J. P hys. C h e m 62, 394 (1958).

IIT Research Institute E. S. Freeman
Chicago, Illinois 60616
Chemistry Department B. Carroll
Rutgers University 
Newark, New Jersey 07102
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Réévaluation of Frictional Coefficients in 

the System Benzene-Cyclohexane at 25°

Sir: In a recent paper, Mills1 has presented the meas
urements of the intradiffusion coefficients in the system 
labeled benzene (1), benzene (2), labeled cyclohexane
(3), and cyclohexane (4) at 25°. In combination with 
the mutual-diffusion coefficients,2 these values lead to 
the evaluation of the frictional coefficients,3’4 which in 
this case show rather unexpected bumps when plotted 
as a function of the mole fraction.1 The view has been 
advanced1’6 that this unusual concentration dependence 
may be due to an error in the calculation of the activity 
term (d ln a /d c). We have therefore recalculated the 
frictional coefficients and have found a concentration 
dependence without bumps. Because of this difference 
we present our equations and numerical values in some 
detail.

The frictional coefficients R,k are given by3'4

Ri2 c4F2(d In a4/dc4)r,p
RT =

t

f?34 1 c2F2(d In a4/dc4)r,p
RT ~ D 3+C4 D v

Rn 1 C i V 4(c) In 0 ,2 / dc2) t ,p

RT Dl+C2 D v

The subscripts are those given by Mills.1 Dv is the 
mutual-diffusion coefficient; D3+ and Di+ are the intra
diffusion coefficients of cyclohexane and benzene; the 
other symbols have their usual meaning.1 The Rik’s are 
defined so as to be positive.

The equation6

c4(d In ai/dci)T,p = [1 +  m 4(d  In y 4/ d m 4) r  P]  X —~
c2V2

and a similar one for (d In ck/dcTjT.p may be used 
to transform the activity term from molarity c, to

molality to,

R& 1 +  m4(d In yt/dm^T.p 
R T  D v c,i

Rm 1 1  l - f f  to4(5 In yt/dm^T.p 
RT ~ c lD 3+ Dv (2)

Ru 1 1  1 +  wi2(d In ŷ /diTLi) t,p
RT ~ ¡¡LÂ+ Dv .

The activity terms can be derived from the equations 
of Scatchard, et ah,7 if one takes into account that the 
excess chemical potentials mE given by these authors are 
based on the use of mole fractions Xi and activity coef
ficients fi{xifi = aî), even if given as a function of the 
volume fractions Zi.

M2E = M2 — M20 — RT In Xi = RT ln / 2

= r i I W ( l  -  0.16824 +  0.252242)

M4e = M4 — Mio — RT In xq =  RT ln / 4

=  A V & Ï  (1 +  0.25224=) (3)

(1) R . M ills, J. P hys. Chem., 69 , 3116 (1915).
(2) H . S. H arned, D iscussions Faraday Soc., 24, 7 (1947).
(3) J. G. A lbrigh t and R. M ills, J. Phys. Chem., 69, 3120 (1965).
(4) P . J. D u n lop , ibid., 68, 26 (1964).
(5) R . M ills, private  com m unication .
(6) P . J. D u n lop  and L . J. G osting, J. P hys. Chem., 63, 86 (1959).
(7) G . Scatchard, S. E. W o o d , and J. M . M och el, ibid., 43, 119 
(1939).
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Let us first consider benzene (2) as the solvent; then 
we find

Z2 =
n2V2 V2/M2

n 2V 2 “h fi4V 4 V 2/ M 2 +  w%iVi

and

Zi =  1 -  z2 = m4V 4
V2/M2 -f- WI4E4 (4)

Here the n,- is the amount of substance of component i 
and M » the molar mass of component f.

Introducing these relations into (3), the excess 
chemical potential RT In ft will be a function of the 
molality m4. Furthermore, the activity coefficients / 4 
and 74(111474 = «4) are connected by

In 74 = In ft +  In 1/(1 +  m4M2) 

Equations 3 through 5 finally give

1

(5)

1 +  1114(0 In yi/dm-t)t,p =
1 +  TO4M 2

AV42 z22z4

RT (1 -  0.252Z4 +  0.504Z42) (6)

In a like manner one may derive 

1 -f-1112(5 In 72/ dm2) t,1

AV 22 z2z42

RT

1 -f- in 2 ill 4

(1 -  0.252*4 +  0.504*42) (7)

The partial molar volumes V, can be considered to 
be independent of concentration8

F2 = 89.3960 cm3 mol-1

F4 = 108.7674 cm3 mol-1

The molarities c,, which have to be known in eq 2, are 
calculated from

(8)x2V2 +  X4V4

The relations (2) through (8) allow the evaluation of 
the frictional coefficients. The results are given in Table 
I, along with a, [1 +  m;(d In 7¿/5m,-) ]  and Z>v, Dz+ and 
Di+. The latter values have been extracted from a large 
scale plot. It may be seen from Figure 1 that the 
frictional coefficients form a family of smooth curves 
which correlate well with the viscosity9 of the mixture.

(8) S. E. W ood and A. E. Austin, J. Amer. Chem. Soc., 67, 480 (1945).
(9) D. A. Collins and H. Watts, Aust. J. Chem., 17, 516 (1964).
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Comment on Complex Ion Equilibria in 

Molten Salt Mixtures1

The Temkin activities defined by Bloom and Hastie’s 
eq 5 and 6, and their equilibrium expression, however, 
lead to

Sir: Bloom and Hastie2 recently interpreted trans
piration vapor pressure data to indicate the formation 
of complex ions in the molten salt systems PbCl2 +  CsCl 
and CdCl2 +  CsCl. They claimed that their experi
mental activity and activity coefficient data were fitted 
by a model whereby a complex species, PbCl3-  in the 
molten mixture PbCl2 +  CsCl, is formed and mixes 
ideally with the ions from CsCl and PbCl2. A test of 
this model requires the calculation of the Temkin 
activities.3 Although the authors claim to have made 
this test, the equation (eq 7) which they use (without 
derivation or reference) to calculate the activity of 
PbCl2 corresponds to the Dolezalek model of association 
in nonelectrolyte mixtures rather than to the Temkin 
activities in molten salts.4 Their calculated activities 
and activity coefficients for PbCl2 thus correspond to 
the association of PbCl2 and CsCl to form CsPbCl3, 
with random mixing of the hypothetical “ particles” 
PbCl2, CsPbCl3, and CsCl. These do not correspond 
to the Temkin model of random mixing of cations on 
a cation “ sublattice” and random mixing of anions on 
an interpenetrating “ anion sublattice.”

Writing the “ equilibrium constant”  in terms of the 
neutral components is not objectionable and avoids 
difficulties, related to “ self-association” 5 in the pure 
component PbCl2, which would arise if the equilibrium 
were written6

Pb2+ +  3C l-u±PbCl3-

However, if the ionic constituents of the mixture are 
those designated by the authors, Cs+, Pb2+, Cl- , and 
PbCl3~, the Temkin activities of CsCl and PbCl2 in the 
mixture must be written

ctpbci2 — ApblVci2 — (__________WpbCl;,__________
WpbCl2 +  nCaCl +  7?CsPbCl3)

ncsci 4~ 2npbci2 
ftcsci +  2«pbci2 +  ncsPbci3

The two expressions for the activity of PbCl2 are 
clearly not identical and clearly result from two dif
ferent assumptions as to the nature of the species which 
are mixing [CsCl with PbCl2 and with CsPbCl3; or, 
Cs+ with Pb2+, and Cl-  with PbCl3~], which cannot be 
consistent with one another. The authors’ conclusion 
that the results indicate PbCl3-  and CdCl3~ as the 
principal species rests, therefore, on the combination 
of two mutually inconsistent equations in the applica
tion of the Temkin model, which is itself of questionable 
validity for ions of such different size and charge as 
Cl- , PbCl3- , Pb2+, and Cs+. The data do not justify 
these conclusions, particularly since they indicate 
(Figures 1 and 3 of ref 2) finite rather than zero limiting 
slopes for the plots of ypbc i2 (or yCdci2) as I p bci, (or 
Acdci2) —> 1 (and hence, by the Gibbs-Duhem rela
tions, infinite limiting slopes for 7Csci) • For mixtures 
of nonelectrolytes with considerably different molec
ular sizes, volume fractions replace mole fractions as 
the concentration units for estimating the entropy of 
mixing. While a similar approach may prove useful 
for electrolyte mixtures, there is an added difficulty 
because of the presence of ions of opposite charge. 
Replacing an ion by a larger one not only reduces the 
volume available to the other ions of that charge, but 
also further distorts the “ quasi-lattice”  of ions of 
opposite charge.

«csci — NcsNci —

«Pbci2 = N pbAci2 =

ncs \/' «CI \
+  Wpb/'Wei +  Wpbci3/

/ WPb >j/ nci V
V̂ Cs +  Zlpb/ +  n p b c j

In terms of the hypothetical constituents CsCl, PbCl2, 
and CsPbCl3, which are the only ones consistent with 
the authors’ use of the Dolezalek equation, the activity 
of PbCl2 is4

UPbCl2 = iVpbCl2 = _____  n pbci2
WpbCI2 +  ftCsCl +  WCsPbCI3

(1) Research sponsored by the U. S. Atom ic Energy Commission 
under contract with the Union Carbide Corporation.
(2) H. Bloom  and J. W . Hastie, J. Phys. Chem., 72, 2361 (1968).
(3) M . Temkin, Acta Physiochim. URSS, 20, 411 (1945).
(4) F. Dolezalek, Z. Phys. Chem., 64, 727 (1908). See also eq 5a 
and 5b in J. H. Hildebrand and R. L. Scott, “ The Solubility o f 
Non electrolytes,”  3rd ed, D over Publications, New York, N. Y ., 
1950, p 177.
(5) I. Prigogine and M . Defay, “ Chemical Therm odynam ics,” 
Longmans Green and Co., London, 1954, pp 432-434.
(6) J. Braunstein, J. Chem. Phys., 49, 3508 (1968).
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